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Abstract (English) 

Synucleinopathies such as Parkinson’s disease, dementia with Lewy bodies and 

multiple system atrophy (MSA) are detrimental neurodegenerative diseases. Alpha-

synuclein (aSyn), the main aggregating protein found in the pathological inclusions of 

these ailments, exists in numerous modified forms and conformations, leading to 

neuropathological heterogeneity in synucleinopathies. The functional, pathological and 

clinical implications of this heterogeneity remain unclear. Responding this knowledge 

gap requires the development of novel toolsets capable of capturing the biochemical 

and structural diversity of aSyn pathology in the brain and peripheral tissues. 

 

To address this challenge, we describe in Chapter 2 the development and 

characterisation of antibodies that cover all three regions and post-translational 

modifications (PTMs) of aSyn. We assess these antibodies through a comprehensive 

validation pipeline, and select the best performing antibody subset to capture the 

neuropathological diversity of aSyn across Lewy body diseases (LBDs). We 

demonstrate that these antibodies could be used to achieve an in-depth 

characterization of the biochemical and morphological diversity of aSyn aggregates in 

the neuronal and in vivo models of aSyn seeding. Our results suggest that aSyn 

pathology is rich in Serine 129 phosphorylation (pS129) and in previously under-

described PTMs, including nitration and phosphorylation at Tyrosine 39 (nY39, pY39) 

and C-terminal tyrosine phosphorylations (pY133, pY136) across neuronal and glial 

populations in LBDs. We also report that aSyn is hyperphosphorylated in the cellular 

and in vivo seeding models.  

 

In Chapter 3, we demonstrate the power of our antibodies to achieve an unprecedented 

analysis of astrocytic aSyn pathology in LBDs. We characterise the biochemical 

properties, post-translational modifications and the aggregation state of astrocytic 

aSyn accumulations in the limbic regions across sporadic and familial LBDs. The 

astrocytic aSyn is revealed distinctively by antibodies against the late amino-terminus 

(N-terminus) and non-amyloid-beta component (NAC) region of aSyn, but not by the 

extreme N-terminal or carboxy-terminal (C-terminal) antibodies, suggesting that these 

aSyn species are truncated at both ends. The astrocytic aSyn accumulations are 
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negative for the key markers of Lewy bodies (aSyn pS129, Amytracker, p62- and 

ubiquitin-positivity and proteinase K resistance), and positive for aSyn nY39 and pY39. 

These findings suggest that the astrocytic accumulations may be composed of non-

fibrillar, possibly oligomeric conformers of aSyn.            

 

Chapter 4 focuses on deciphering the biochemical and morphological signatures of 

aSyn pathology in MSA. The antibodies described in Chapter 2 are applied to high and 

low pathology regions of MSA brains by immunohistochemistry (IHC). We also 

biochemically profile the aSyn species, and report an abundance of aSyn pS129-

positive glial and neuronal inclusions that correspond to insoluble high molecular 

weight species by Western blot. We detect an enrichment of insoluble and truncated 

aSyn in the MSA cerebellum. By IHC, there is an enhancement of aSyn nY39, pY136 

and of other aSyn PTMs. 

 

Collectively, the new tools and findings described here may pave the way for future 

studies elucidating the role of these neuronal and glial aSyn proteoforms in disease 

pathogenesis and propagation in synucleinopathies. 

 

Keywords: aggregation, alpha-synuclein, antibody development, astrocyte, dementia 

with Lewy bodies, multiple system atrophy, Parkinson’s disease, Parkinson’s disease 

with dementia, post-translational modifications, synucleinopathy  
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Résumé (français) 

Les synucléinopathies, telles que la maladie de Parkinson, la démence avec des corps 

de Lewy et l’atrophie multisystématisée (MSA), sont des maladies neurodégénératives 

nuisibles. L’alpha-synucléine (aSyn), qui est la protéine qui compose majoritairement 

les inclusions pathologiques formées dans ces maladies, existe en tant que mélange 

complexe de formes et conformations modifiées, ce qui entraîne une hétérogénéité 

dans la neuropathologie des synucléinopathies. Les conséquences fonctionnelles, 

pathologiques et cliniques de cette hétérogénéité ne sont toujours pas comprises, et 

combler ce manque de connaissance requiert le développement de nouveaux outils 

capables de représenter la diversité biochimique et structurelle de la pathologie des 

aSyn dans le cerveau et les tissus périphériques. 

 

Nous décrivons dans le chapitre 2 comment, pour relever ce défi, nous avons 

développé et caractérisé des anticorps pour parvenir à entièrement cibler les trois 

régions et les modifications post-traductionnelle (PTMs) de l’aSyn. Nous évaluons ces 

anticorps par un processus de validation exhaustif et sélectionnons les anticorps les 

plus performants pour capturer la diversité neuropathologique d’aSyn que l’on trouve 

dans les maladies à corps de Lewy (LBDs). Nous démontrons que ces anticorps 

peuvent être utilisés pour effectuer une caractérisation approfondie de la diversité 

biochimique et morphologique des agrégats d’aSyn dans des modèles neuronaux et 

in vivo de « seeding » et propagation d’aSyn. Nos résultats suggèrent que la 

pathologie d’aSyn est riche en phosphorylation de la sérine 129 (pS129) et en PTMs 

jusque-là très peu décrits, tels que la nitration et la phosphorylation de la tyrosine 39 

(nY39, pY39) et les phosphorylations des Tyrosines au C-terminus (pY133, pY136) 

dans toute la population neuronale et gliale des tissus de LBDs. Nous rapportons aussi 

que l’aSyn est dans un état hyperphosphorylé dans les modèles cellulaires et in vivo 

de « seeding » et propagation. 

 

Dans le chapitre 3, nous démontrons la puissance de notre ensemble d’anticorps pour 

parvenir à une analyse inédite de la pathologie d’aSyn astrocytaire dans les LBDs. 

Nous caractérisons les propriétés biochimiques, les modifications ainsi que l’état 

d’agrégation des accumulations d’aSyn astrocytaire dans le système limbique des 
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formes familiales et sporadiques de LBDs. Ces aSyn astrocytaires sont distinctement 

détectés par des anticorps contre les régions de la terminaison amine (N-terminus) et 

le composant non-amyloïde (NAC) de l’aSyn, et non par des anticorps contre 

l’extrémité du N-terminus ou la terminaison carboxyle (C-terminus). Ceci suggère que 

ces espèces d’aSyn sont tronquées aux deux extrémités. L’accumulation d’aSyn 

astrocytaire est négative aux marqueurs des corps de Lewy (aSyn pS129, Amytracker, 

positif à la p62 et l’ubiquitine et résistance à la protéinase K), et positive pour l’aSyn 

nY39 et pY39. Dans l’ensemble, ces résultats suggèrent que l’accumulation dans les 

astrocytes pourrait être composé d’aSyn non-fibrillaire, et potentiellement 

oligomérique. 

 

Le chapitre 4 se concentre sur le décryptage des signatures biochimiques et 

morphologiques de la pathologie d’aSyn dans la MSA. Les anticorps décrits dans le 

chapitre 2 sont appliqués par immunohistochimie (IHC) à des régions de pathologie 

élevées et faible de cerveaux de patients avec MSA. Nous établissons également le 

profil biochimique des espèce d’aSyn, et nous rapportons une abondance d’inclusions 

gliales et neuronales positives à l’aSyn pS129 qui correspondent à des espèces 

insolubles de poids moléculaire élevé par Western Blot. Nous détectons un 

enrichissement d’aSyn insolubles et tronqués dans le cerebellum de patients MSA. 

Par IHC, nous trouvons un enrichissement d’aSyn nY39, pY136 et d’autres PTMs 

d’aSyn. 

 

Ensemble, ces nouveaux outils et résultats décrits içi ouvrent la voie à de futurs études 

permettant d’élucider le rôle des formes protéiques d’aSyn neuronales et gliales dans 

la pathogénèse de ces maladies et la propagation des synucléinopathies.  

 

Mots-clés: agrégation, alpha-synucléine, développement d’anticorps, astrocyte, 

démences avec des corps de Lewy, atrophie multisystématisée, maladie de Parkinson, 

démence de la maladie de Parkinson, modifications post-traductionnelles, 

synucléinopathies 
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Abstract (italiano) 

Le sinucleinopatie come il morbo di Parkinson (PD), la demenza del morbo di 

Parkinson (PDD), la demenza da corpi di Lewy (DLB) e l'atrofia multisistemica (MSA), 

sono malattie neurodegenerative. L'alfa-sinucleina (aSyn), la principale proteina 

aggregante che si trova nelle inclusioni patologiche formate in queste malattie, si 

presenta come un aggregato complesso di diverse forme e conformazioni modificate, 

determinando una eterogeneità nella neuropatologia delle sinucleinopatie. Le 

implicazioni funzionali, patologiche e cliniche di questa eterogeneità rimangono poco 

chiare e colmare questa lacuna richiede lo sviluppo di nuovi strumenti in grado di 

catturare la diversità biochimica e strutturale della patologia delle aSyn nel cervello e 

nei tessuti periferici. 

 

Per affrontare questo problema, nel Capitolo 2 descriviamo lo sviluppo e la 

caratterizzazione di anticorpi, allo scopo di trattare estensivamente tutte e tre le regioni 

e le modificazioni post-traduzionali (PTM) dell’aSyn. Valutiamo poi questi anticorpi 

attraverso una pipeline di convalida completa e selezioniamo il sottoinsieme di 

anticorpi più idonei a catturare e caratterizzare la varietà neuropatologica di aSyn 

rivelata da questo set di strumenti attraverso le malattie da corpo di Lewy (LBD). Infine, 

dimostriamo che questi anticorpi potrebbero essere utilizzati per ottenere una 

caratterizzazione approfondita della diversità biochimica e morfologica degli aggregati 

aSyn nei modelli neuronali e in vivo di seeding e diffusione della aSyn. I nostri risultati 

suggeriscono che la patologia aSyn è ricca di fosforilazione della serina 129 (pS129) 

e di PTM finora sotto-descritti, tra cui nitrazione e fosforilazione della tirosina 39 (nY39, 

pY39) e fosforilazioni della tirosina C-terminale (pY133, pY136) nelle popolazioni 

neuronali e gliali nelle LBD. Segnaliamo inoltre che la aSyn si trova in uno stato 

iperfosforilato nei modelli di seeding e diffusione cellulari e in vivo. 

 

Nel Capitolo 3, dimostriamo la capacità del nostro set di strumenti anticorpali di 

ottenere un'analisi senza precedenti della patologia astrocitica aSyn nelle LBD. 

Caratterizziamo le proprietà biochimiche, le modificazioni e lo stato di aggregazione 

degli accumuli di aSyn astrocitici nelle regioni limbiche nelle forme sporadiche e 

familiari di LBD. Queste aSyn astrocitiche sono rivelate in modo distintivo da anticorpi 
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contro le regioni dell'ammino-terminale (N-terminale) e della componente non-beta-

amiloide (NAC) della aSyn, ma non dagli anticorpi contro l'estremo N-terminale o 

carbossi-terminale (C-terminale). Ciò suggerisce che queste specie di aSyn sono 

troncate a entrambe le estremità. Gli accumuli di aSyn astrocitici sono negativi per i 

marcatori chiave dei corpi di Lewy (aSyn pS129, Amytracker, p62 e ubiquitina-

positività e resistenza alla proteinasi K) e positivi per l’aSyn nY39 e pY39. 

Complessivamente, questi risultati suggeriscono che gli accumuli di aSyn astrocitici 

possono essere composti da conformeri non fibrillari e potenzialmente oligomerici di 

aSyn. 

 

Il capitolo 4 si concentra sulla decifrazione delle firme biochimiche e morfologiche della 

patologia aSyn nella MSA. Gli anticorpi descritti nel Capitolo 2 vengono applicati alle 

regioni di alta e bassa patologia dei cervelli MSA mediante tecnica immunoistochimica 

(IHC). Profiliamo anche biochimicamente le specie di aSyn e riportiamo 

un'abbondanza di inclusioni gliali e neuronali positive all’aSyn pS129 che 

corrispondono a specie insolubili ad alto peso molecolare mediante Western blot. 

Rileviamo un arricchimento di aSyn insolubili e troncate nel cervelletto dei pazienti 

MSA. La tecnica IHC rivela un aumento di aSyn nY39, pY136, e di altre PTM di aSyn. 

 

Complessivamente, i nuovi strumenti e le scoperte descritte potrebbero aprire la strada 

a studi futuri che chiariscano il ruolo di queste proteoforme di aSyn neuronali e gliali 

nella patogenesi della malattia e nella propagazione nelle sinucleinopatie. 

 

Parole chiave: aggregazione, alfa-sinucleina, sviluppo di anticorpi, astrociti, demenza 

da corpi di Lewy, atrofia multisistemica, morbo di Parkinson, morbo di Parkinson con 

demenza, modificazioni post-traduzionali, sinucleinopatia 
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CHAPTER 1 Introduction 

Although Parkinson’s disease (PD) was first described by James Parkinson as the 

‘shaking palsy’ in 1817 (Parkinson, 2002), Lewy bodies (LBs), the key pathological 

hallmarks of the disease, were not discovered before the work by Friedrich Lewy in 

1912, by Lafora in 1913 and Tretiakoff in 1919 (Engelhardt, 2017; Engelhardt and 

Gomes, 2017; Holdorff et al., 2013; Lees et al., 2008). In the 1960s, the discovery of 

dopamine deficit in PD patients (Barbeau et al., 1961), and the amelioration of 

parkinsonian symptoms after levodopa delivery gave rise to new therapeutic prospects 

(Birkmayer and Hornykiewicz, 1998; Cotzias et al., 1969), but the cellular and 

molecular mechanisms of Lewy pathology formation and disease progression were still 

unknown. In the 1990s, the non-amyloid-beta component (NAC) peptide was traced to 

the amyloid inclusions in Alzheimer’s disease (AD) (Masliah et al., 1996; Ueda et al., 

1993; Yoshimoto et al., 1995), suggesting that the NAC protein (NAC-P, the name 

given to alpha-synuclein at the time) and tau and/or amyloid-beta interactions may play 

an important role in neurodegenerative diseases. The research on PD and other 

synucleinopathies gained momentum following the identification of 1) a link between 

early-onset familial PD and mutations in the synuclein alpha (SNCA) gene encoding 

alpha-synuclein (aSyn) (Golbe et al., 1990; Krueger et al., 1998; Polymeropoulos et 

al., 1997, 1996), and the subsequent identification of 2) aSyn as the predominant 

aggregated protein within LBs in PD and dementia with Lewy bodies (DLB) (Baba et 

al., 1998; Irizarry et al., 1998; Spillantini et al., 1998b), and glial cytoplasmic inclusions 

(GCIs) in multiple system atrophy (MSA) (Arai et al., 1999; Spillantini et al., 1998a). 

aSyn became the central piece of basic and clinical research and a window to 

understand the cellular mechanisms of synucleinopathies to develop suitable 

therapeutic strategies. In this introductory chapter, we first describe the structural and 

functional properties of aSyn under physiological conditions, followed by an overview 

of the main findings on the mechanisms of aSyn aggregation and the role of aSyn post-

translational modifications (PTMs) in the polymorphisms of aSyn conformers. Next, we 

discuss the symptoms, causes and micropathology of synucleinopathies, focusing on 

the composition and organisation of aSyn inclusions, and the key findings from human 

post-mortem studies on their PTM signatures. Lastly, we summarise the tools available 

to study the cellular and molecular mechanisms underlying synucleinopathies, 
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discussing briefly their advantages and limitations. We close this chapter by providing 

an overview of the primary objectives of this thesis, which focus on addressing these 

limitations, and on developing and validating novel tools to enable a more precise 

understanding of the sequence determinants of aSyn aggregation, pathology formation 

and maturation in PD and other synucleinopathies.  

 

1.1 Physiological and pathological properties of alpha-synuclein 

1.1.1 Alpha-synuclein structure, localisation and function 

Synucleins were first described in Torpedo californica (Maroteaux et al., 1988) and in 

rat brains (Maroteaux and Scheller, 1991) before being identified in human brains in 

the early 1990s (Jakes et al., 1994; Ueda et al., 1994, 1993). Mapped to the long arm 

of chromosome 4 (Spillantini et al., 1995), aSyn is a physiologically soluble and heat-

resistant monomeric protein that does not possess a stable secondary structure per se 

(Fauvet et al., 2012b; George et al., 1995; Gould et al., 2014; Theillet et al., 2016). It 

is composed of 140 amino acid residues that form the three domains of the protein 

(Figure 1. 1). The amphipathic amino-terminal (N-terminal) region is responsible for 

lipid binding and aSyn interactions with membranes (Clayton and George, 1999). The 

NAC region is hydrophobic (Han et al., 1995) with a high propensity to aggregate. The 

negatively charged carboxy-terminal (C-terminal) region enriched in acidic residues 

regulates many of the aSyn interactions with metals and other proteins (Brown, 2009; 

Lautenschlaeger et al., 2018; Payton et al., 2001). Although aSyn remains unfolded in 

aqueous solution, the seven repeat sequences made of 11-residues spanning across 

the N-terminus and the NAC regions of the protein fold into alpha-helices upon 

interaction with lipids or membranes (Davidson et al., 1998; George et al., 1995). 

 

 
Figure 1. 1 The domains and amino acid sequence of alpha-synuclein. aSyn h FL = alpha-synuclein human full-

length; C-terminal = carboxy-terminal; NAC = non-amyloid-beta component; N-terminal = amino-terminal   

 

In the central nervous system (CNS), aSyn has been localised to the presynaptic 

terminals in the rodent brains and rat hippocampal culture (Hsu et al., 1998; Iwai et al., 
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1995; Withers et al., 1997) as well as the neuronal somata and dendrites in rat brains 

(Andringa et al., 2003). Although predominantly in the neuronal soma in the developing 

human brains (Bayer et al., 1999), aSyn is increased in the synapses of adult human 

brains (Bayer et al., 1999). There is evidence that aSyn also localises to the nucleus 

(Schaser et al., 2019; Yu et al., 2007), the mitochondria (Cole et al., 2008; Devi et al., 

2008; Li et al., 2007; Parihar et al., 2008; Robotta et al., 2014; Zhang et al., 2008; 

Zigoneanu et al., 2012) and the endoplasmic reticulum (ER) (Paillusson et al., 2017), 

particularly the mitochondria-associated ER membranes (MAMs) (Guardia-Laguarta et 

al., 2014), but the exact role and partners of aSyn in these cellular compartments is a 

topic of ongoing research.  

 

Although not fully understood yet, a substantial portion of our knowledge on aSyn 

functions comes from studies run on aSyn knockout (KO) mice, where the ablation of 

the SNCA gene results in abnormalities in the lipid, dopamine (DA) and tyrosine 

hydroxylase (TH) metabolisms, as well as in mitochondrial functions: Absence of aSyn 

in mouse tissues and cell lines lead to dysregulated presynaptic DA recruitment and 

release (Abeliovich et al., 2000; Chadchankar et al., 2011; Chadchankar and Yavich, 

2011; Yavich et al., 2004), alterations to the phospholipid composition and the electron 

transport chain functions of the mitochondria (Ellis et al., 2005), disruption to the 

astrocytic fatty acid uptake and trafficking (Castagnet et al., 2005), reduced palmitate 

uptake and arachidonic acid mass (Golovko et al., 2005, 2006a) but an increased mass 

of docosahexaenoic acid and neutral lipid (Barcelo-Coblijn et al., 2006; Golovko et al., 

2006b). Triple KO mice for alpha-, beta- and gamma-synucleins show an overall 

shorter life span, neuronal dysfunction with age, synaptic protein content alterations, 

and a decline in the soluble N-ethylmaleimide-sensitive factor attachment protein 

(SNAP) receptor (SNARE) complex assembly (Burre et al., 2010; Greten-Harrison et 

al., 2010). aSyn has been proposed to chaperone the assembly of the SNARE complex 

by interacting with the SNARE protein vesicle associated membrane protein 2 

(VAMP2) (Burre et al., 2010), thereby having an active part in repeated 

neurotransmitter release. In addition, in vitro studies have shown aSyn to have an 

inhibitory impact on TH i.e. the enzyme that converts tyrosine into levodopa (Perez et 

al., 2002), and that has a regulatory role on the human dopamine transporter (hDAT) 

activity of DA re-uptake from the synaptic cleft (Wersinger and Sidhu, 2003). It has also 

been associated with lipid rafts that in return mediate the synaptic localisation of aSyn 
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(Fortin et al., 2004) – a mechanism that is interrupted by mutations in aSyn such as 

the A30P point mutation. Furthermore, overexpression of aSyn in cultured mouse 

neurons leads to neurotransmitter release inhibition, dysregulated synaptic vesicle 

recycling, reduction in the synaptic vesicle recycling pool size and the synaptic vesicle 

density, and disruption of re-clustering of synaptic vesicles after endocytosis (Nemani 

et al., 2010). Put together, these reports suggest that aSyn has considerable roles in 

synaptic functions and dopamine metabolism in neurons.    

 

1.1.2 aSyn expression and distribution 

aSyn is expressed in the cerebral cortex, limbic region, midbrain, basal ganglia, 

cerebellum, olfactory region and the spinal cord in the CNS (Duda et al., 1999; Iwai et 

al., 1995; Uhlen et al., 2015), and in the Schwann cells of the peripheral nervous 

system (PNS) (Mori et al., 2002). It is also found enriched in the kidney, soft tissue, 

bone marrow, skin, blood and across the gastrointestinal tract (GIT) (Shin et al., 2000; 

Uhlen et al., 2015). On a cellular level, aSyn is abundantly expressed in the neurons 

of the CNS (Taguchi et al., 2016). Although some studies found aSyn to be expressed 

highly in oligodendrocytes during development (Djelloul et al., 2015; Richter‐

Landsberg et al., 2000), mature oligodendrocytes show a decreased level of aSyn. 

Likewise, it has been reported that astrocytes express aSyn (Castagnet et al., 2005) 

and beta-synuclein (bSyn) (Tanji et al., 2001), but how this expression varies 

depending on brain region and astrocyte subtype requires further investigation.   

 

The synucleins are a family of vertebrate-specific proteins made of aSyn, bSyn and 

gamma-synuclein (gSyn). The gene that encodes for aSyn is SNCA (also referred to 

as NACP or PARK1) located on chromosome 4q21 (Chen et al., 1994; Spillantini et 

al., 1995). bSyn has 134 amino acid residues and has a molecular weight (Mw) of 

14,288Da. It shows more than 60% overlap with that of aSyn, is highly expressed in 

the brain, and is located on chromosome 5q35 (Campion et al., 1995; Jakes et al., 

1994; Spillantini et al., 1995). With 127 aa residues, gSyn is also a small protein with 

an Mw of 13,331Da, and is mapped to chromosome 10q23.2 (Ninkina et al., 1998). 

 

The SNCA gene that encodes for aSyn has 6 exons (Spillantini et al., 1995; Touchman 

et al., 2001; Ueda et al., 1993). While aSyn-140 is the canonical form of aSyn with an 
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Mw of 14,460Da, the protein can be expressed as three other isoforms through 

alternative splicing: aSyn-126 with an Mw of 13,109Da; aSyn-112 with an Mw of 

11,372Da and aSyn-98 with an Mw of 10,020Da (Beyer et al., 2008; Campion et al., 

1995; McLean et al., 2012; Tagliafierro and Chiba-Falek, 2016; Ueda et al., 1994, 

1993). The differential expression patterns or the functional roles of these isoforms in 

the brain and elsewhere are not well known. aSyn-140 and aSyn-112 are both 

expressed in the brain during development and adulthood, with aSyn-140 being the 

most predominantly expressed isoform across other bodily tissues but aSyn-112 and 

aSyn-98 remaining specific to brain regions (Beyer et al., 2008; Ueda et al., 1994). An 

increase in aSyn-112 and a decrease in aSyn-140 expression levels have been 

reported in DLB and AD cases (Beyer et al., 2004), and aSyn-126 expression is 

reported to decrease in DLB, AD and Lewy body variant of AD (LBvAD) prefrontal 

cortices (Beyer et al., 2006). Likewise, an increase in aSyn-98 has been reported in 

Lewy body disease (LBD), AD and MSA frontal cortices and PD cerebellum (Beyer et 

al., 2008, 2004; Cardo et al., 2014). These collectively suggest that expression 

patterns of the aSyn isoforms may be altered as part of, or as a response to, aSyn 

pathogenesis.      

 

1.1.3 aSyn aggregation  

A natively unfolded protein (Weinreb et al., 1996), aSyn is typically considered 

amyloidogenic i.e. under particular environmental conditions, it has a propensity to 

undergo conformational change, polymerise and form ordered fibrillar deposits of aSyn 

with a cross-beta sheet structure (Araki et al., 2019). These fibrils are made of beta-

sheet stacks that run perpendicular to the fibrillar axis (Conway et al., 1998, 2000a, 

2006; El-Agnaf et al., 1998; Roeters et al., 2017), and are characteristically stained 

with dyes including thioflavin or Congo red (Conway et al., 2000). Under certain 

conditions in vitro, including alterations in temperature, pH value, metal ions, organic 

solvents and salts (Munishkina et al., 2004, 2003; Uversky et al., 2002, 2001a, 2001b), 

the intermediate pre-molten globule state of aSyn is favoured over unfolded state. 

These monomeric intermediates have exposed hydrophobic surfaces, which interact 

with the hydrophobic surfaces of other monomeric intermediates, eventually forming 

oligomeric ‘nuclei’ for amyloidogenic aggregation (Ghosh et al., 2017). The soluble 

aSyn species are then recruited to these on-pathway species that are 
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thermodynamically more favourable, gradually leading to the formation of protofibrils, 

which eventually form stable amyloid fibrils (Cremades et al., 2012; Marvian et al., 

2020; Uversky et al., 2001a). This fibrillisation process is influenced by several other 

factors, including protein concentration, mechanical agitation (Buell et al., 2014), lipid 

vesicles (Galvagnion et al., 2016), post-translational modifications, pH value and air-

water interface (Campioni et al., 2014).  

 

The aggregation process can take place via primary nucleation where aSyn 

aggregates from monomers spontaneously when there are no pre-existing fibrillar 

nuclei present (Fink, 2006). The process starts with a ‘lag phase’, during which the 

formation of aggregation-prone intermediates is assumed to take place. After the 

formation of these nuclei, the ‘elongation phase’ begins, where aSyn monomers rapidly 

self-assemble into amyloid fibrils. Finally comes the ‘saturation phase’, and this is when 

the fibrillar versus monomeric aSyn reach an equilibrium state. Next to primary 

nucleation, aSyn fibrils can be formed via secondary nucleation events (Buell et al., 

2014; Gaspar et al., 2017; Ghosh et al., 2017), which involves the fragmentation of the 

pre-existing fibrils, thereby creating new surfaces for elongation by the recruitment of 

more monomeric aSyn species. Similarly, ‘seeding’ occurs with shortened lag phases 

when aSyn protofibrils or fibrils template the monomeric aggregation (Buell et al., 2014; 

Wood et al., 1999).   

 

1.1.4 aSyn conformer heterogeneity 

aSyn is a versatile protein that can take various conformations. Different aSyn 

oligomeric populations can exist side by side (Danzer et al., 2007), and aSyn oligomers 

can take annular, spherical or tubular shapes (Conway et al., 2000; Ding et al., 2002; 

Fredenburg et al., 2007; Lashuel et al., 2002). Several recent cryogenic electron 

microscopy (cryo-EM) studies have identified different polymorphs of aSyn wild-type 

(WT) (Guerrero-Ferreira et al., 2019, 2018; B. Li et al., 2018; Y. Li et al., 2018) (Figure 

1. 2), as well as E46K (Boyer et al., 2020) and H50Q (Boyer et al., 2019) fibrils 

generated in vitro. Other studies on fibrils produced from recombinant monomers have 

reported polymorphs of aSyn fibrils with different proteinase K (PK) resistance 

patterns, electron microscopy morphologies and seeding capacity (Bousset et al., 

2013; Landureau et al., 2021; Makky et al., 2016; Shrivastava et al., 2020). 
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Furthermore, different fibrillar end-products have been obtained via amplification 

methods (i.e. real-time quaking induced conversion (RT-QuIC) and protein misfolding 

cyclic amplification (PMCA)) from patient-derived brain and cerebrospinal fluid (CSF) 

materials (Burger et al., 2021; Candelise et al., 2019; Shahnawaz et al., 2020; 

Strohaeker et al., 2019; Tanudjojo et al., 2021; Van der Perren et al., 2020; Yoshinaga 

et al., 2020), bringing about the theory of aSyn ‘strains’ that may be responsible for the 

development of different types of synucleinopathies. It is important to note that the pre-

formed fibrils (PFFs) generated in vitro by recombinant aSyn aggregation tend to differ 

from the PMCA or RT-QuIC fibrillar end-products (Strohaeker et al., 2019), and that 

these amplification methods may not always faithfully replicate the original seed 

structure (Lovestam et al., 2021). Likewise, the cryo-EM of MSA fibrils isolated directly 

from human brains shows an intricate structure composed of asymmetric protofibrils 

(Schweighauser et al., 2020), which are not replicated by in vitro preparations so far, 

collectively suggesting that the fibrillar compositions in human brain tissues may be 

more complex than what we can currently generate and model in cell-free conditions.  

 

 
Figure 1. 2 The six polymorphs of aSyn human wild-type fibrils generated in vitro and resolved by cryo-EM. N-

terminal region is shaded in pink, NAC region in white, and C-terminal in blue. Figure adapted from (Guerrero-

Ferreira et al., 2020). NAC = non-amyloid-beta component; NTD = N-terminal domain  
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1.2 Synucleinopathies 

Synucleinopathies are a subset of neurodegenerative diseases where aSyn is the main 

aggregating protein found in the pathological inclusions that serve as the hallmarks of 

these diseases (Arai et al., 1999; Baba et al., 1998; Dickson et al., 1999b; Irizarry et 

al., 1998; Spillantini et al., 1997, 1998a, 1998b). Synucleinopathies primarily include 

PD, DLB (Spillantini et al., 1998b, 1997) and MSA (Spillantini et al., 1998a). A subset 

of the synucleinopathies, namely PD, DLB, PD with dementia (PDD), incidental Lewy 

body disease (ILBD) and LBvAD, are referred to as LBDs due to the common LB 

pathology seen across them. Yet a small proportion of PD cases, such as those with 

certain PARK8/LRRK2 (Gaig et al., 2007; Giasson et al., 2006) or PARK2/Parkin 

(Cornejo-Olivas et al., 2015; Hayashi et al., 2000) mutations, are found not to show 

any LB pathology. Although PDD, DLB, LBvAD, ILBD and pure autonomic failure (PAF) 

are also considered as part of the synucleinopathy family, we will be primarily focusing 

on PD as it is the most common type of LBD, and on MSA for simplicity and clarity.  

 

1.2.1 Parkinson’s disease 

a) A brief introduction 

First described by James Parkinson in 1817 as the ‘shaking palsy’ or paralysis agitans 

(Parkinson, 2002), PD is currently the second most frequent neurodegenerative 

disease worldwide after AD (Marti et al., 2003). PD shows a rising prevalence as a 

consequence of an increase in the ageing populations globally, combined with 

environmental influences, extended duration of the ailment, and the lack of a cure for 

the disease (Dorsey et al., 2018). This landscape generates considerable economic 

and social burdens (Kowal et al., 2013; Martinez-Martin et al., 2007; Whetten-Goldstein 

et al., 1997), urging for the development of effective treatment options in near future.    

 

b) Aetiology of PD 

PD is a complex disease with an aetiology involving both genetic and environmental 

factors. Less than 10% of the PD cases show a familial history of the disease, and to 

date, almost 30 chromosomal loci have been identified to have links with PD phenotype 

(Klein and Westenberger, 2012). Several studies have now shown that mutations in 
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the SNCA (also known as PARK1 or PARK4) (Golbe et al., 1990; Polymeropoulos et 

al., 1997, 1996) and LRRK2 (PARK8) (Funayama et al., 2005; Paisan-Ruiz et al., 2005, 

2004; Zimprich et al., 2004) genes result in autosomal-dominant monogenic PD; and 

mutations in Parkin (PARK2) (Foroud et al., 2003; Kann et al., 2002; Pramstaller et al., 

2005), PINK1 (PARK6) (Hatano et al., 2004; Valente et al., 2004a, 2004b), DJ-1 

(PARK7) (Bonifati et al., 2003a, 2003b) and ATP13A2 (PARK9) (Di Fonzo et al., 2007; 

Ramirez et al., 2006) genes are associated with autosomal-recessive PD. There are 

also a number of genetic risk factors, such as GBA mutations (Halperin et al., 2006; 

Kono et al., 2007; Tayebi et al., 2003; Varkonyi et al., 2003), which are identified to 

increase the chances of developing parkinsonian traits.     

 

Out of these genes listed, SNCA is of particular interest as it encodes for aSyn protein 

(Jakes et al., 1994). The PD-linked mutations in this gene have been reported to result 

in the expression of aSyn with A30P (Krueger et al., 1998), E46K (Zarranz et al., 2004), 

H50Q (Appel-Cresswell et al., 2013; Proukakis et al., 2013), G51D (Lesage et al., 

2013), A53T (Polymeropoulos et al., 1997), A53E (Pasanen et al., 2014) and most 

recently, T72M (Fevga et al., 2021) and E83Q (Kapasi et al., 2020) mutations. The 

cases that carry SNCA mutations tend to show an early onset of the disease, 

accompanied by an aggressive progression of symptoms (Golbe et al., 1990). There 

are also rare cases with familial PD due to SNCA duplication (Chartier-Harlin et al., 

2004) or triplication (Singleton et al., 2003), with the more gene copies the individuals 

carry, the severer the symptoms and the earlier the disease onset.  

 

LRRK2 gene mutations are also of interest as they represent the most frequent cases 

of familial parkinsonism (Schiesling et al., 2008). LRRK2 encodes for the leucine rich 

repeat kinase 2 (LRRK2, also known as dardarin), a protein of 2527 residues and 

unknown function but with some role in neuritic maintenance and cytoskeletal re-

organisation (Civiero et al., 2018; Haebig et al., 2013; MacLeod et al., 2006; Meixner 

et al., 2011). The common disease-causing mutations of this gene are R1441C 

(Zimprich et al., 2004), R1441G (Paisan-Ruiz et al., 2004; Vilas et al., 2019), G2019S 

(Bras et al., 2005; Gaig et al., 2006; Lesage et al., 2006; Ozelius et al., 2006) and 

I2020T (Funayama et al., 2002). LRRK2 and aSyn interactions have been reported 

(Guerreiro et al., 2013; Qing et al., 2009a, 2009b), and some studies showed LRRK2 

localisation to LBs (Alegre-Abarrategui et al., 2008; Greggio et al., 2006; Guerreiro et 
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al., 2013; Qing et al., 2009b; Zhu et al., 2006a, 2006b), but this finding has been 

contested by others (Covy et al., 2006; Giasson et al., 2006; Rajput et al., 2006). 

Furthermore, the neuropathology of LRRK2 mutation cases are non-uniform, with 

several reports finding extensive neuronal loss in the substantia nigra but without any 

Lewy pathology (Agin-Liebes et al., 2020; Funayama et al., 2005; Gaig et al., 2007; 

Giasson et al., 2006; Henderson et al., 2019; Kalia et al., 2015; Marti-Masso et al., 

2009; Takanashi et al., 2018; Vilas et al., 2019; Wszolek et al., 2004), whereas some 

other cases show LBs (Covy et al., 2009; Giasson et al., 2006; Henderson et al., 2019; 

Kalia et al., 2015; Mamais et al., 2018; Ross et al., 2006; Wszolek et al., 2004; Zimprich 

et al., 2004) and/or tau pathology (Covy et al., 2009; Giasson et al., 2006; Henderson 

et al., 2019; Rajput et al., 2006; Wszolek et al., 2004; Zimprich et al., 2004). It remains 

unclear if the type of LRRK2 mutation differentially influences the formation of Lewy 

pathology, and/or if the appropriate tools are yet to be used to reveal the previously 

undetected aSyn inclusions in the LB-negative LRRK2 cases.   

 

The large majority i.e. 85-90% of the reported PD cases, on the other hand, are 

idiopathic with no family history of the disease (Gasser, 2007). Sporadic PD is believed 

to be triggered by a complex interaction of multiple environmental factors, ageing and 

potential genetic predispositions (Delamarre and Meissner, 2017). The role of 

environmental factors aligns well with the proposed peripheral aSyn aggregation 

initiation sites such as the olfactory and gastro-intestinal systems (Braak et al., 2002; 

Hawkes et al., 2009; Klingelhoefer and Reichmann, 2015), where exposure to external 

particles, contaminants and toxins is particularly high. Whilst ageing has been 

identified as the key risk factor for developing PD, the synergy of several other 

environmental aspects have been identified to increase the chances of developing 

parkinsonian traits, such as the use of the synthetic heroin 1-methyl-4-phenyl-1,2,5,6-

tetrahydropyridine (MPTP) (Langston et al., 1983; Nonnekes et al., 2018), contact with 

agricultural pesticides and herbicides such as paraquat and rotenone (Hertzman et al., 

1990; Liou et al., 1997; Tanner et al., 2011), exposure to metals such as manganese, 

copper, lead and mercury (Calne et al., 1994; Cook et al., 1974; Gorell et al., 2004; 

Pamphlett and Bishop, 2022; Willis et al., 2010), choices of lifestyle and diet (Gao et 

al., 2007), and experiences of head injuries (Doder et al., 1999; Nayernouri, 1985). In 

addition, rapid eye movement (REM) sleep behaviour disorder (RBD) is one pre-

existing medical condition which has been found to show strong associations not only 
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with PD but also with DLB and MSA onset (Claassen et al., 2010; Iranzo et al., 2006; 

Schenck et al., 1996). Yet, the underlying reasons for the variability across RBD 

patients who do and do not develop PD and with differential intervals between RBD 

and PD onset, still requires further research. Likewise, larger studies to investigate the 

interaction between these genetic and environmental factors on a mechanistic level 

are essential to identify clear causal relationships between these and the pathogenesis 

of PD.    

 

c) PD symptoms, diagnosis and treatment 

Motor dysfunctions are the key clinical manifestations of PD, and the cardinal 

symptoms include resting and/or action tremor, slowness of movement (bradykinesia), 

instability in posture and rigidity (Gelb et al., 1999). However, the so-called non-motor 

symptoms of PD start showing years before the motor signs, and these may appear 

as olfactory deficits, gastrointestinal, sexual and urinary dysfunctions, mood disorders, 

cognitive deficits, fatigue and sleep disturbances (Gonera et al., 1997; Schapira et al., 

2017; Shiba et al., 2000; Zis et al., 2015). These pre-motor symptoms tend not to be 

specific enough to allow for a differential diagnosis of PD, and by the time the patient 

starts showing cardinal manifestations of PD, almost half of the substantia nigra 

dopaminergic neurons are already lost (Fearnley and Lees, 1991). It is therefore crucial 

to pinpoint key biomarkers of the disease, and to develop sensitive tools that would 

allow for the early diagnosis of, and intervention to, the PD pathology. 

 

Currently, no specific tests are available to diagnose PD conclusively. Instead, the 

diagnosis is carried out by a clinician based on the medical and family history of the 

patient combined with neurological and physical examination (Greffard et al., 2006; 

Hughes et al., 1992a). The diagnostic criteria for probable PD require the presence of 

at least two of the cardinal symptoms, bradykinesia, gait disturbance, resting tremor or 

rigidity (Larsen et al., 2009), which may then be supported by an optional dopamine 

transporter single-photon emission computed tomography (DAT-SPECT) and/or 

transcranial sonography (TCS) imaging (Alonso-Canovas et al., 2019; Mei et al., 2021; 

Suwijn et al., 2015; Tolosa et al., 2007). The clinical diagnosis is not a final one, and 

misdiagnosis may be revealed only after the neuropathological examination of the 

brain post-mortem (Hughes et al., 1992).  
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There is no permanent cure for PD, but several treatment options for the alleviation of 

symptoms are available. These involve pharmacological or surgical interventions and 

complementary therapies, such as speech therapy and physiotherapy. The gold 

standard of pharmacological intervention to lessen the motor symptoms since the 

1960s is the levodopa administration (Rajput et al., 1990), although dopamine agonists 

(e.g. apomorphine, pramipexole, ropinirole, rotigotine, dihydroergocriptine) may be 

sought to enhance the levodopa treatment (Antonini et al., 2009; Latt et al., 2019). 

Other pharmacological treatment options include monoamine oxidase B (MAO-B) 

inhibitors (selegiline, rasagiline, safinamide) and catechol O-methyltransferase 

(COMT) inhibitors (entacapone, tolcapone), which are aimed at reducing the dopamine 

breakdown in the brain, and anticholinergics (benztropine, trihexyphenidyl), but these 

are less effective compared to levodopa, and come with several side effects (Connolly 

and Lang, 2014). Levodopa treatment likewise comes with its downsides: a) it requires 

continuous use for effectiveness; b) the patient may become less responsive over time; 

and c) there are side effects involved such as nausea, dizziness, sleep difficulties, 

hallucinations and dyskinesia. For advanced stage patients non-responsive to 

levodopa, the most promising surgical intervention to date is perhaps the deep brain 

stimulation (DBS) of the subthalamic nucleus by the implantation of electrodes 

(Benabid et al., 1987). However, this is an invasive option with added risks of infection 

and stroke, and may not be suitable for every PD patient. Furthermore, neither 

levodopa administration nor DBS can serve to slow down the disease progression and 

neurodegeneration. A better understanding of the cellular and molecular mechanisms 

of PD is necessary to develop more effective and long-lasting treatment options.  

 

d) Micropathology of PD and other Lewy body diseases 

One of the key hallmarks of PD and other LBDs on a cellular level is the presence of 

LBs (Gibb and Lees, 1988). These are round (5-25µm diameter), eosinophilic and 

highly organised inclusions that contain more than 200 components (Leverenz et al., 

2008; Xia et al., 2008), the most predominant of all being aSyn (Mezey et al., 1998; 

Spillantini et al., 1997). First described by Friedrich Heinrich Lewy in 1912, these 

neuronal cytosolic inclusions were later associated with clinical parkinsonism 

(Greenfield and Bosanquet, 1953). The so-called ‘classical’ Lewy bodies refer to the 



27 
 

neuronal inclusions formed in the brainstem that characteristically have a circular 

appearance with a densely packed core and a looser halo (Lipkin, 1959; Sakamoto et 

al., 2002) and polychromatophilic properties (Greenfield and Bosanquet, 1953; 

Issidorides et al., 1990) (Figure 1. 3). As opposed to the orderly round shape of the 

brainstem LBs, the LBs formed in the cortical regions are less structured in 

morphology, and lack the ‘halo’ observed with the classical LB staining (Katsuse et al., 

2003; Kosaka, 1978).  

 

Next to the LBs detected in the cell bodies of neurons, the aSyn-positive Lewy neurites 

(LNs) and dots are observed in PD (Braak et al., 1999; Mori et al., 2008; Wakabayashi 

et al., 2013). aSyn accumulations in the oligodendrocytes (Arai et al., 1999; Hishikawa 

et al., 2001; Wakabayashi et al., 2000; Wakabayashi and Takahashi, 1996) and 

astrocytes (Braak et al., 2007b; Fathy et al., 2019; Hishikawa et al., 2001; Kovacs et 

al., 2014; Song et al., 2009; Sorrentino et al., 2019; Terada et al., 2003; Wakabayashi 

et al., 2000; Wakabayashi and Takahashi, 1996) have also been reported (for the full 

discussion on astrocytic aSyn in LBDs, see Chapter 3 on p.113). No data is available 

to date on aSyn accumulation in the microglia, but a link between aSyn pathogenesis 

and the activation of microglial cells as part of a neuroinflammatory response has been 

established in PD (Banati et al., 1998; McGeer et al., 1988; Mirza et al., 1999). The 

role aSyn aggregation plays in the astroglial-microglial interactions (Halliday and 

Stevens, 2011) and microglia-mediated neurodegeneration in PD is to be explored 

further.  
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Figure 1. 3 Classical LBs revealed with different histological dyes, including (A) H&E, (B-C) Roque’s chromotrope 

2R-aniline blue, (D) Heidenhain’s azan, (E) Lendrum’s phloxine-tartrazine and (F) Bielschowsky staining. The arrow 

in C shows a LB without a central core. Image A adapted from (Kon et al., 2020); B-C from (Issidorides et al., 1990); 

D-E from (Greenfield and Bosanquet, 1953); and F from (Perkin, 1998). H&E = haematoxylin and eosin; LB = Lewy 

body 

  

e) LB composition 

An increasing number of immunohistochemistry (IHC), electron microscopy (EM) and 

proteomics-based studies are being run to show that LBs are composite structures 

made of multiple components (Wakabayashi et al., 2013). To date, there are only two 

papers that have looked at the contents of LBs via unbiased proteomics analyses 

(Leverenz et al., 2008; Xia et al., 2008), and there are already differences in the 

number and content of the components identified by each study. This may be due to 

the inclusion or exclusion of negative controls in the analysis as well as the different 

techniques followed in each study to isolate the LBs (i.e. laser capture microdissection 

versus sucrose density gradient enrichment), to analyse the components by mass 

spectrometry and to validate the hits. Regardless of these differences, the two studies 

converge on mapping out key categories for the components identified, and many of 

these have also been identified and localised to LBs by IHC (Wakabayashi et al., 
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2007), which include structural and cytoskeletal proteins, aSyn-binding and synphilin-

1-binding proteins, components involved in phosphorylation and signalling, cell cycle 

and apoptosis proteins, chaperones, cytosolic components, protein kinases, 

components of protein synthesis and degradation. Several EM-based studies have 

also demonstrated an accumulation of filaments, lipids and other vesicular structures, 

metal ions and several organelles including mitochondria, lysosomes and 

autophagosomes to be sequestered in the LBs (Adler et al., 2014; Duffy and Tennyson, 

1965; Gai et al., 2000; Kosaka, 1978; Shahmoradian et al., 2019; Wakabayashi et al., 

1998a; Watanabe et al., 1977). These findings altogether suggest that multiple cellular 

processes may be involved in the LB biogenesis and reveal the complexity of the LB 

composition.  

 

f) LB formation, maturation, role and function 

The mechanisms that trigger the LB formation, initiate the sequestration of all the 

organellar, fibrillar and vesicular components, and maintain LB maturation are still 

largely unknown. The large heterogeneity in the morphology and organisation of aSyn-

positive inclusions (Kuusisto et al., 2003), has led the field to assume that these may 

correspond to different maturation stages, with pale bodies (PBs) being the key 

precursors to matured Lewy bodies (Hayashida et al., 1993). PBs are less eosinophilic, 

more irregular in structure and appear homogeneous in composition, but show 

considerable resemblance to LBs in terms of their components, which include 

dystrophic mitochondria, radiating filamentous structures and vacuoles (Gibb et al., 

1991; Hayashida et al., 1993; Iranzo et al., 2014; Kuusisto et al., 2003; Takahashi et 

al., 1994). PBs and LBs show similar levels of abundance, and are often found to co-

occur within the same neuron (Dale et al., 1992; Gibb et al., 1991). Despite such 

evidence, our understanding of a potential evolution of PBs into LBs is limited due to 

the unavailability of LB maturation models in vitro and in vivo.   

 

Similarly, there is no consensus in the field on the role and function of LBs in relation 

to the advancement of LB diseases. On one hand, formation of LBs may result in the 

detriment of neuronal functions and contribute to neuronal apoptosis (Trojanowski et 

al., 1998). The LB load has also been shown to correlate with the severity of cognitive 

impairment (Hurtig et al., 2000; Mattila et al., 2000). On the other hand, LBs may be 
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formed to function as aggresomes in order to contain and discard the excess and toxic 

proteinaceous components within the neurons (Beyer et al., 2009; McNaught et al., 

2002; Olanow et al., 2004). The conclusive understanding of the role of LBs in relation 

to neurodegeneration can only be obtained via faithful models that allow for temporal 

studies.  

 

g) LB ultrastructure and organisation 

EM studies of the last half century, combined with today’s advanced imaging tools and 

super-resolution microscopy, have allowed for a deeper insight into the ultrastructural 

organisation of the LBs and the distribution of different aSyn species in LBs. Although 

Shahmoradian and colleagues recently proposed that many of the examined cortical 

LBs lacked aSyn fibrils (Shahmoradian et al., 2019), the vast majority of the preceding 

literature has converged on the understanding that aSyn accumulates within these LBs 

in fibrillar forms, and form a radiating pattern from the core of the inclusion outwards 

(Arima et al., 1998b; Baba et al., 1998; Spillantini et al., 1998b). By employing high-

resolution confocal scanning laser microscopy (CSLM) and stimulated emission 

depletion (STED) microscopy, Moors and colleagues recently showed that LBs are 

organised in an onion-ring architecture, with full-length aSyn filaments and/or aSyn 

filaments phosphorylated at Serine 129 (aSyn pS129) arranged in the outer layers, and 

the C-terminally truncated aSyn fibrils captured along with lipids and organellar 

components within the core of the inclusions (Moors et al., 2021). This study 1) 

confirms the heterogeneity of aSyn fibrillar proteoforms co-existing within LBs, and 2) 

suggests that these different modified forms of aSyn fibrils may be arranged within the 

inclusions in a particular order.  

 

h) LB distribution 

To identify the affected brain regions in synucleinopathies, we rely on a) the aSyn-

positive inclusion load, and on b) the regional neuronal loss. In terms of Lewy load 

within the CNS, the olfactory bulb, the spinal cord, the medulla (the dorsal vagal 

nucleus), pons (locus coeruleus), midbrain (substantia nigra pars compacta), basal 

forebrain, limbic regions (amygdala, hippocampus, hypothalamus) and the paralimbic 

cortex are all affected at late stages of PD (Braak et al., 2001, 1994, 2000, 2002, 

2003b, 2007a; Dickson et al., 1994; Jellinger, 2003; Kingsbury et al., 2010; Kremer 
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and Bots, 1993; Tamura et al., 2012). Regarding the neuronal loss in PD brains, the 

deterioration of the dopaminergic neurons in the substantia nigra pars compacta is a 

key feature of PD (Damier et al., 1999; Fearnley and Lees, 1991). Degeneration is also 

observed in the neural populations of the dorsal vagal nucleus of the medulla, locus 

coeruleus and pedunculopontine nucleus of the pons, and the intralaminar thalamus 

in the forebrain (Gonzalez-Rodriguez et al., 2020).  

 

Although some works have shown correlation between the LB load and severity of 

clinical symptoms across the PD patients (Hurtig et al., 2000; Mattila et al., 2000), there 

are other lines of evidence to suggest that the Lewy load does not fully correlate with 

the neuronal loss taking place in sporadic PD (Iacono et al., 2015). For instance, 

despite the high Lewy pathology in the lateral hypothalamus, neuronal cell death was 

found not to be predominant feature in this region in PD brains (Kremer and Bots, 

1993). In some familial forms of PD particularly with various LRRK2 mutations, 

furthermore, neurodegeneration in the substantia nigra seems to occur even in the 

absence of LBs (Agin-Liebes et al., 2020; Funayama et al., 2005; Gaig et al., 2007; 

Giasson et al., 2006; Henderson et al., 2019; Kalia et al., 2015; Marti-Masso et al., 

2009; Takanashi et al., 2018; Vilas et al., 2019; Wszolek et al., 2004). Taken together, 

these observations suggest that LB load alone may not be sufficient to inform us on 

the affected brain regions and pathological progression routes.  

 

1.2.2 Multiple system atrophy 

a) A brief introduction 

Multiple system atrophy has been described under several different titles for the large 

part of the 20th Century – it was first referred as olivopontocerebellar atrophy in 1900 

by Dejerine and Thomas (Wenning et al., 1994), then as postural hypotension in 1925 

by Bradbury and Eggleston (Bradbury and Eggleston, 1925), but also as striopallidal-

nigral degeneration by van der Eecken in the same year (Wenning et al., 2004a), and 

later as Shy-Drager syndrome following the landmark publication by the authors in the 

same year (Shy and Drager, 1960). The term multiple system atrophy was finally 

coined in 1969 (Graham and Oppenheimer, 1969) to encompass a neuropathological 

condition that involved different combinations of cerebellar, parkinsonian and 

autonomic dysfunction symptoms. Only in 1989, the ubiquitin-positive GCIs or Papp-
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Lantos inclusions (Papp et al., 1989) were identified as the common denominators of 

these collective of clinical conditions. Soon after the discovery of aSyn as the main 

protein component of LBs in PD and DLB (Spillantini et al., 1998b, 1997), aSyn was 

also mapped to MSA as the predominating constituent of GCIs and neuronal 

cytoplasmic inclusions (NCIs) (Dickson et al., 1999b; Spillantini et al., 1998a; Tu et al., 

1998; Wakabayashi et al., 1998b). Despite such developments in deciphering the 

nature of this illness, MSA remains to be a comparatively less understood progressive 

synucleinopathy with debilitating and eventually fatal consequences for the patients.          

 

b) Aetiology of MSA 

Like PD, MSA is a neurodegenerative disease of unknown causes. There is sparse 

evidence on some environmental factors, such as exposure to metals and pesticides 

(Nee et al., 1991), as contributors to pathogenesis, but a causative link between 

environmental toxins and MSA has not been established clearly. Similarly, genetic 

contributors to disease onset are unclear. Although some reports point at genetic 

predispositions towards developing the disease (Federoff et al., 2016; Nirenberg et al., 

2007; Soma et al., 2006), the familial cases of MSA are rare (Hara et al., 2007; Wullner 

et al., 2008), and no single mutation can be easily associated with the ailment. MSA is 

therefore still considered as sporadic.  

 

c) Symptoms, diagnosis and treatment of MSA 

MSA is a progressive disease that debilitates the patient over time. Based on the 

symptoms and affected brain regions, MSA is subdivided into two classifications i.e. 

parkinsonian-type MSA (MSA-P) and cerebellar-type MSA (MSA-C), with cases 

presenting a combination of symptoms from both referred to as mixed MSA (Gilman et 

al., 2008, 1999; May et al., 2007; Wenning et al., 1994). Regardless of classification, 

the key symptoms of MSA are orthostatic hypotension, urogenital dysfunction, postural 

instability, gait ataxia and parkinsonism (Gilman et al., 2008; Wenning et al., 1994). 

MSA-P, which corresponds to striatonigral degeneration (SND), is predominated by 

progressive signs of parkinsonism that are poorly responsive to levodopa treatment; 

whereas in MSA-C, sometimes called olivopontocerebellar atrophy (OPCA), cerebellar 

ataxia is a more prevalent characteristic (Gilman et al., 2008). 
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The overlapping features of PD, progressive supranuclear palsy (PSP) and MSA make 

differential clinical diagnosis a challenge (Kim et al., 2015; O’Sullivan et al., 2008; 

Schrag et al., 2008). However, compared to PD, MSA progresses more aggressively 

with a median survival time of 8-10 years (H.-J. Kim et al., 2011; Testa et al., 1996; 

Watanabe et al., 2002; Wenning et al., 1994, 2013), and poor response to 

dopaminergic replacement therapies combined with speech problems appearing early 

on as a symptom are key factors to point at probable MSA (Gilman et al., 1999; May 

et al., 2007; Wenning et al., 1994, 2004a). Magnetic resonance imaging (MRI) helps 

identify irregularities in the brainstem, striatum and the cerebellum, such as atrophy in 

the putamen and the pons, but is not fully sensitive to these alterations in all MSA 

patients (Schrag et al., 1998). A definite diagnosis of MSA necessitates post-mortem 

pathological examination of distribution and load of GCIs in the striatonigral, 

corticocerebellar and pyramidal systems (Papp and Lantos, 1994; Trojanowski and 

Revesz, 2007).  

 

MSA is an aggressive disease for which no neuroprotective therapies are available 

(Bensimon et al., 2009; Holmberg et al., 2007). Although MSA-P patients initially 

respond to levodopa administration that may reduce parkinsonian symptoms, this 

response declines dramatically soon after the start of the treatment (Hughes et al., 

1992b). Other therapeutic approaches to target genitourinary dysfunction (Beck et al., 

1994) and sleep disordered breathing (Iranzo et al., 2000) are effective on alleviating 

the symptoms, but do not inhibit or slow down disease progression. Mesenchymal stem 

cell (MSC) therapy has shown promising clinical trial results (Dongmei et al., 2011; Lee 

et al., 2008, 2012), but would need to be examined and refined further in terms of 

safety administration before it can become a standard treatment approach for MSA.  

 

d) Macropathology and micropathology of MSA 

MSA subtypes show differential topographic distribution of aSyn pathology. In MSA-C, 

there is severe atrophy in the cerebellar white matter, the cerebellar peduncles and in 

the pontine base; whereas in MSA-P, there is degeneration in the putamen, caudate 

nucleus, substantia nigra and locus coeruleus regions (Ahmed et al., 2012). The aSyn 

pathology distribution in MSA mixed cases is similar to that seen both in MSA-C and 

MSA-P subtypes, i.e. the regions with the highest load of GCIs are the substantia nigra, 
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pons, locus coeruleus and the putamen. The Purkinje cells of the cerebellum, as well 

as the neuronal populations in the hypothalamus, caudal putamen, caudal nigra, 

medulla oblongata and the motor cortex are also impaired (Lantos, 1998). 

 

In terms of the cell types affected, MSA shows striking differences to LBDs, in the 

sense that the large majority of the aSyn pathology is seen in the oligodendroglial 

cytoplasm, referred to as GCIs (formerly as Papp-Lantos inclusions). aSyn inclusions 

are also observed in the neuronal somata, but due to their morphological and 

compositional differences to LBs, these neuronal inclusions are referred to as NCIs. In 

addition, nuclear inclusions are observed both in the neurons and in oligodendrocytes, 

which are referred to as neuronal nuclear inclusions (NNIs) (Nishie et al., 2004; 

Wakabayashi et al., 2005) and glial nuclear inclusions (GNIs) (Wakabayashi et al., 

1998a), respectively. Next to these inclusions, gliosis, neuroinflammation and neuronal 

loss are other microscopically observed phenomena.   

 

The GCIs are the most frequent type of inclusions observed in MSA, and are therefore 

taken as the hallmark of the disease. The ultrastructural and immunohistochemical 

analysis of these inclusions suggest that GCIs are Gallyas silver staining-positive 

structures composed of aSyn filaments (Braak et al., 1999; Spillantini et al., 1998a) 

along with several other components, such as p62, 14-3-3, microtubule-associated 

proteins (MAPs), tubulin polymerisation promoting protein p25-alpha (TPPP/p25) and 

various other cytoskeletal proteins (Jellinger and Lantos, 2010). Several studies have 

found that the GCI load does not directly correspond to neuronal loss, and therefore 

may not be a prerequisite for the neurodegeneration observed in MSA (Papp and 

Lantos, 1994).  

 

It is not yet clear why there is such a uniquely predominant oligodendroglial aSyn 

inclusion load in MSA pathology, as the data on aSyn expression in these cell types 

has been controversial. Compared to healthy controls, the overall aSyn protein levels 

are found to be increased in crude homogenates from pons as well as frontal and 

cerebellar white matters in MSA (Campbell et al., 2001). Whilst Miller and colleagues 

showed aSyn messenger ribonucleic acid (mRNA) expression to be lacking in the 

oligodendrocytes from healthy control and MSA brains (Miller et al., 2005), Asi and 

colleagues showed a trend for increased oligodendroglial and decreased neuronal 
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aSyn mRNA expression in MSA brains compared to controls (Asi et al., 2014). Further 

research into basal and pathological aSyn expression levels of oligodendrocytes may 

therefore help elucidate mechanisms involved in oligodendroglial aSyn accumulation 

in MSA. 

 

e) Organisation, ultrastructure and composition of aSyn inclusions in MSA 

The NCIs have been shown to be strongly argyrophilic, globular entities (Kato and 

Nakamura, 1990), which contain a mixture of organelles, vesicles and fibrillar 

structures. These fibrillar components appear to be granule-coated, arranged in 

bundles, randomly distributed or organised in parallel (Kato and Nakamura, 1990; 

Takeda et al., 1997). With granule coating, the fibrils appear to be 25-40nm wide 

(Takeda et al., 1997), whereas a smaller subset of non-coated fibrils appear to be 

10nm wide (Kato and Nakamura, 1990). The GCIs are also largely fibrillar (30-50nm), 

with electron-dense granular and amorphous components (Abe et al., 1992; Gai et al., 

1999; Pountney et al., 2004; Tu et al., 1998). 

 

The NCIs are positive for ubiquitin (Arima et al., 1998; Papp and Lantos, 1992) and for 

14-3-3 proteins (Kawamoto et al., 2002; Wakabayashi et al., 2005), but are found to 

be negative for neurofilaments, tau, alpha and beta tubulin, MAPs and actin (Dickson 

et al., 1999b; Kato and Nakamura, 1990; Takeda et al., 1997). The aSyn-positive GCIs 

isolated from MSA white matter via density gradient enrichment, on the other hand, 

are found positive not only for ubiquitin (Arima et al., 1998; Tamaoka et al., 1995), but 

also for 14-3-3 proteins (Giasson et al., 2003; Kawamoto et al., 2002; Wakabayashi et 

al., 2005), alpha- and beta-tubulin, alpha-crystallin B (Gai et al., 1999; Murayama et 

al., 1992; Pountney et al., 2005b; Tamaoka et al., 1995; Uryu et al., 2006), tau (Giasson 

et al., 2003), transferrin, MAP5 (Abe et al., 1992), heat shock proteins (Kawamoto et 

al., 2007; Uryu et al., 2006), neural precursor cell expressed developmentally 

downregulated gene 8 (NEDD8) (Mori et al., 2005) and also p62 (Kuusisto et al., 2001). 

More than 80% of both NCIs and GCIs in the pons show strong positivity for 

cytochrome c, Apaf-1 and activated caspase 9, suggesting a role for mitochondria-

dependant apoptotic cell death in MSA (Kawamoto et al., 2016). Collectively, these 

findings suggest that the glial and neuronal inclusions found in MSA brains are 

composed of a multitude of components, which may be involved re-organisation and 
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maturation of these inclusions. On the other hand, we still do not fully understand the 

exact nature of the aSyn species present in these different types of inclusions. The 

mechanisms and key determinants of aSyn aggregation that may take part in 

sequestering these components to the pathological inclusions are also not well known. 

   

1.2.3 aSyn modifications in synucleinopathies 

PTMs refer to a number of reversible or irreversible chemical alterations that specific 

amino acid residues of a protein may undertake after its translation (Witze et al., 2007). 

Several different PTMs can take place simultaneously, crosstalk and play key roles in 

the properties and the functioning of the proteins in cellular processes, including 

signalling, localisation and protein degradation. Certain aSyn PTMs, such as 

phosphorylation at S129, ubiquitination and C-terminal truncations, have been 

considered to be markers of pathology formation in synucleinopathies. Growing 

evidence from cell-free, cellular and in vivo studies and also directly from human post-

mortem studies point at aSyn PTMs to be not only markers but also key regulators of 

aSyn seeding and aggregation, inclusion formation and maturation in 

synucleinopathies. Here, we present the main findings primarily on human brain tissue-

based studies on aSyn PTMs (Figure 1. 4) along with the current limitations and 

knowledge gaps to our understanding of the role of these modifications in relation to 

aSyn pathogenesis.             

 



37 
 

 
Figure 1. 4 (A) Ubiquitination detected in the (Ai) nigral PBs, (Aii) LBs and in the (Aiii) extrasomal inclusions of a 

PD case. Inclusions in the (Aiv) cingulate cortex of a DLB case, and in the striatum of an (Av) an MSA case, positive 

for ubiquitin. (Avi-viii) Double immunofluorescent labelling of the cingulate cortex of a DLB case shows co-

localisation of total aSyn (green) and ubiquitin (red) in the cortical LBs. Scale bars 10µm (Ai-v) and 100µm (Avi-viii). 

Images Ai-iii adapted from (Kuusisto et al., 2003); images Aiv-v from (Kuusisto et al., 2001); and images Avi-viii 

from (Sampathu et al., 2003). (B) (Bi) Brainstem LBs of PD substantia nigra, and (Bii) GCIs of MSA pontine base 

stain positive for aSyn pS129. aSyn pS129 positivity in the (Biii) substantia nigra, (Biv) amygdala and (Bv) cingulate 

cortex of a DLB case. Total aSyn (red; Bvi) and aSyn pS87 (green; Bvii) show co-localisation in the (Bviii) cortical 

LB of a DLB brain. Scale bars 10µm (Bi-ii); 100µm (Biii-v) and 10µm (Bvi-viii). Images Bi-ii adapted from (Fujiwara 

et al., 2002); images Biii-v from (Sorrentino et al., 2019); and images Bvi-viii from (Paleologou et al., 2010). (C) IHC 

for aSyn pY39 in the (Ci) control versus (Cii) PD substantia nigra. The hippocampal CA2 region from an SNCA 

G51D case probed with total aSyn (green; Ciii) and aSyn pY125 (red; Civ) largely co-localise (DAPI in blue; Cv). 

Scale bar = 25µm (Ci-v). Images Ci-ii adapted from (Brahmachari et al., 2016); and images Ciii-v from (Kiely et al., 

2013). (D) Nitration detected in the nigral LBs of (Di) DLB and (Dii) LBvAD, and in (Diii) the GCIs of MSA. 

Immunofluorescent double-labelling of GCIs in an MSA case with nitrated (green; Div) and total (red; Dv) aSyn 

antibodies show extensive co-localisation (blue= DAPI; Dvi). (Dvii) A cortical LB positive both for total and nitrated 

aSyn. Scale bars 10µm (Di-iii, Dvii) and 50µm (Div-vi). Images Di-vii adapted from (Giasson et al., 2000a). (E) The 

midfrontal cortices of (Ei) DLB, (Eii) MSA and (Eiii) SNCA A53T are positive for an antibody (EL101) specific to 

truncated aSyn at residue D119. Arrows show LBs and arrowheads the LNs. Immunofluorescent labelling of LBs 

from PD substantia nigra show positivity for TH (blue; Eiv), for C-terminally truncated aSyn (red; Ev) detected using 

a truncation-specific aSyn antibody, and for full-length aSyn (green; Evi), altogether displaying different 

compositional layers (DAPI in turquoise; Evii). Scale bars 100µm (Ei-iii) and 10µm (Eiv-vii). Images Ei-iii adapted 

from (Anderson et al., 2006); and images Eiv-vii from (Prasad et al., 2012). aSyn = alpha-synuclein; CA2 = cornu 

ammonis 2 region; DLB = dementia with Lewy bodies; GCI = glial cytoplasmic inclusion; IHC = 

immunohistochemistry; LB = Lewy body; LBvAD= Lewy body variant of Alzheimer’s disease; LN= Lewy neurite; 

MSA= multiple system atrophy; PB= pale body; PD= Parkinson’s disease; TH = tyrosine hydroxylase 



38 
 

 

a) aSyn ubiquitination 

Prior to the description of aSyn as the predominant aggregating protein within LBs 

(Spillantini et al., 1998a, 1997), several histological approaches were used to 

interrogate the composition and ultrastructure of LBs and other pathological inclusions 

linked to neurodegenerative diseases (Greenfield and Bosanquet, 1953). Ubiquitin was 

identified as a common component of pathological aggregates in AD (Mori et al., 1987; 

Perry et al., 1987) and several other neurodegenerative diseases, including Pick’s 

disease (PiD) and PSP (Manetto et al., 1988). This led to the discovery of ubiquitin in 

LBs and its use as a marker of LBs (Dickson et al., 1994, 1989), GCIs (Abe et al., 1992; 

Kato et al., 1991; Kobayashi et al., 1992; Matsuo et al., 1998; Murayama et al., 1992) 

and neuronal cytoplasmic inclusions (NCIs) (Arai et al., 1994; Arima et al., 1998a; Kato 

and Nakamura, 1990; Takeda et al., 1997) in PD, DLB and MSA. Although subsequent 

biochemical studies led to the description of several ubiquitinated proteins in LBs, the 

identity of these proteins and the role of ubiquitination in the biogenesis of pathological 

inclusions remained unclear. In 1995, for instance, Tamaoka and colleagues reported 

the presence of ubiquitinated alpha-crystallin B proteins in GCI-enriched fractions from 

MSA brains but not from neurologically healthy brain lysates (Tamaoka et al., 1995). 

Given the role of ubiquitination in regulating the degradation of proteins, it was initially 

hypothesized that the accumulation of ubiquitinated proteins might manifest an active 

attempt by the neurons to degrade aggregated proteins or prevent further aggregation 

(Tofaris et al., 2003). 

 

The breakthrough identification of aSyn in LBs in 1997 (Spillantini et al., 1997) led 

subsequent IHC and biochemistry studies to show that the ubiquitin-positive LBs (Gai 

et al., 2000; Hasegawa et al., 2002), GCIs and NCIs (Arima et al., 1998a; Dickson et 

al., 1999b; Wakabayashi et al., 1998b) were also positive for aSyn. These observations 

combined with other data implicating impairment of the ubiquitin-proteasome system 

in PD (McNaught and Jenner, 2001) and other neurodegenerative diseases (Keck et 

al., 2003; Keller et al., 2000), led to the speculation that aSyn accumulating in 

pathological inclusions may be ubiquitinated, and that formation of these inclusions 

may reflect the failure to degrade these proteins. However, subsequent studies 

showed a lack of correlation between the accumulation of misfolded and ubiquitinated 
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aSyn aggregates and impairment of the ubiquitin proteasome system (Tofaris et al., 

2003).  

 

Two independent groups showed the co-localization of aSyn and ubiquitin 

biochemically in the GCI-enriched fractions (Dickson et al., 1999b; Gai et al., 1999). 

Subsequent biochemical studies demonstrated that some of the aSyn species 

phosphorylated at S129 in DLB and MSA brain lysates are also mono-, di- and tri-

ubiquitinated (Hasegawa et al., 2002; Kuusisto et al., 2003; Sampathu et al., 2003; 

Tofaris et al., 2003). The majority of these biochemical and immunohistochemical 

studies relied on the use of antibodies against aSyn or ubiquitin. Therefore, it was not 

clear whether the synuclein species containing multiple ubiquitin molecules reflect the 

presence of a polyubiquitin chain or mono-ubiquitination at multiple residues. To 

establish whether aSyn is ubiquitinated and to identify the ubiquitination sites and 

pattern (mono- versus polyubiquitination) on aSyn, Anderson and colleagues 

performed unbiased mass spectrometry studies to map aSyn PTMs, and showed that 

aSyn in isolated LBs are mono-ubiquitinated at multiple lysine residues K12, K21, and 

K23 (Anderson et al., 2006). The same study identified aSyn as the major ubiquitinated 

protein within the LBs. A recent study by Schweighauser and colleagues has also 

identified ubiquitination of sarkosyl-insoluble aSyn at K80, and to a lower extent at K23 

and K60 via mass spectrometry on MSA brains (Schweighauser et al., 2020). 

 

Whether ubiquitination represents an early event that drives aSyn inclusion formation, 

or occurs post aSyn fibrillization was not clear. Spillantini and colleagues showed for 

the first time that a higher number of inclusions are detected using aSyn antibodies 

compared to ubiquitin antibodies both in PD and MSA (Spillantini et al., 1998a, 1998b). 

Kuusisto and colleagues reported that only PBs and LBs, but not punctate inclusions, 

were positive for p62 or ubiquitin after sequential IHC (Kuusisto et al., 2003). These 

observations are in line with a previous study by Gomez-Tortosa et al., which showed 

staining for aSyn and ubiquitin in the hippocampus, substantia nigra and the insular, 

cingulate, entorhinal, frontal and occipital cortices of DLB brains (Gomez-Tortosa et 

al., 2000). Interestingly, 2-10% more structures were found to be immunoreactive to 

aSyn compared to ubiquitin. Likewise, it has been shown that not all the inclusions 

positive for aSyn in DLB cingulate cortex and MSA cerebellum are positive for ubiquitin 

(Kuusisto et al., 2003; Sampathu et al., 2003).  
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A few studies have also reported an imperfect correlation between aSyn and ubiquitin 

immunoreactivity in pathological inclusions found in various synucleinopathies (Probst-

Cousin et al., 1996; Sakamoto et al., 2005, 2002). This could be explained by the fact 

that ubiquitination or other common PTMs (e.g. C-terminal cleavage) interfere with the 

detection of aggregates by aSyn antibodies. Alternatively, it is plausible that 

ubiquitination may be a late event that occurs after aSyn misfolding and fibrillization. 

Under these conditions, it is likely that not all aSyn aggregates can be ubiquitinated. 

This hypothesis is consistent with subsequent studies demonstrating that 1) 

ubiquitination is not required for aSyn aggregation (Sampathu et al., 2003); 2) mono-

ubiquitination of aSyn at different lysine residues inhibits the aggregation of monomeric 

aSyn in vitro (Hejjaoui et al., 2011); 3) the great majority of ubiquitinated aSyn is 

detected in the insoluble rather than soluble fractions (Hasegawa et al., 2002; 

Schweighauser et al., 2020; Tofaris et al., 2003); and 4) several E3 ubiquitin ligases 

accumulate with LBs in PD brains and were shown to interact and ubiquitinate aSyn in 

vitro and in cells (Lee et al., 2007; Liani et al., 2004; Rott et al., 2008). Some of these 

ubiquitin ligases, such as the seven in absentia homologue (SIAH) ligases SIAH-1 and 

SIAH-2 were shown to catalyse the mono-ubiquitination, but not the poly-ubiquitination 

of aSyn (Lee et al., 2007; Liani et al., 2004; Rott et al., 2008)  at multiple lysine residues 

including, K12, K21 and K23 (Rott et al., 2008). The same residues were found mono-

ubiquitinated in synucleinopathy brains (Anderson et al., 2006). Similarly, the ubiquitin-

like proteins NEDD8 and Ubiquilin-2 were found to accumulate in GCIs of MSA brains 

as well as in the LBs of PD and DLB brains (Mori et al., 2012, 2005). Collectively, these 

observations suggest the involvement of the ubiquitin-proteasome system components 

in LB and GCI composition.  

 

Intriguingly, ubiquitin-specific protease 9X (USP9X/FAM), a de-ubiquitinase that was 

reported to be involved in aSyn de-ubiquitination, was shown to be present in the LBs 

and LNs of PD midbrains and cingulate cortices, and also in the cortical LBs of diffuse 

Lewy body disease (DLBD) frontal cortices (Rott et al., 2011). Yet, biochemical 

analyses on brain homogenates from the same synucleinopathy cases revealed an 

overall decrease in USP9X levels and activity in PD and DLBD brains compared to 

healthy brains (Rott et al., 2011), suggesting that de-ubiquitination impairment of 

mono-ubiquitinated aSyn may play a role in aSyn pathogenesis.  
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Systematic immunohistochemical studies demonstrated close association and 

localization between the p62, ubiquitin, and aSyn in LBs of PD and DLB brains, and in 

GCIs of MSA brains (Kuusisto et al., 2003, 2001). Since then, p62 has also been 

recognized as a key component and marker of these aSyn inclusions. Ubiquitinated, 

p62-positive and aSyn pS129-positive filamentous cytoplasmic inclusions were also 

detected within the Schwann cells of MSA cases (Nakamura et al., 2015), suggesting 

a potential crosstalk between aSyn phosphorylation, ubiquitination and p62 recruitment 

to pathological aggregates, which could serve as a signal to target them for 

degradation by autophagy or other pathways. Whether the accumulation of 

ubiquitinated aSyn species in LBs, GCIs and NCIs represent a failed cellular response 

aimed at degrading aSyn aggregates, or a key determinant of aSyn inclusion formation 

and maturation remains unknown.  

 

b) aSyn phosphorylation at Serine 129 

aSyn pS129 was first identified by Fujiwara and colleagues (Fujiwara et al., 2002) using 

mass spectrometry following chemical cleavage of aSyn from insoluble fractions of 

DLB cerebral cortex. One of the two major peptide products was shown to be 

phosphorylated at Serine 129. This discovery inspired the generation of a rabbit 

polyclonal antibody against aSyn pS129, which was then used to demonstrate that LBs 

in the substantia nigra of PD brains and GCIs in the pons of MSA brains are 

immunoreactive for pS129. The first in-house aSyn pS129 rabbit polyclonal antibody 

was generated using synthetic peptides bearing phosphorylation at S129 (Fujiwara et 

al., 2002). It labelled LBs by IHC and recognized a band with an Mw similar to that of 

aSyn in the soluble and insoluble fractions from DLB brains by Western Blot (WB). 

Furthermore, the aSyn fibrils extracted from DLB brains were extensively and 

specifically decorated with gold particles when immunolabeled with the aSyn pS129 

antibody, demonstrating that the aSyn fibrils in LBs and LNs bear this modification. In 

a subsequent study, the authors generated a mouse monoclonal antibody against 

aSyn pS129, i.e. psyn#64, and used it to screen a cohort of 157 brains that included 

not only PD and DLB but also AD, PSP, corticobasal degeneration (CBD), and 

neurofibrillary tangle-predominant dementia (NFTD), as well as clinically healthy 

control cases (Saito et al., 2003). In 25% of these cases, which included 
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neurodegenerative and control brains alike, positivity for aSyn pS129 was detected in 

the form of Lewy dots, threads and LB precursor neuronal inclusions.  

 

Subsequent studies showed that aSyn pS129 species are also mono- and di-

ubiquitinated, and these aSyn species are highly enriched in the insoluble fractions 

(Hasegawa et al., 2002), suggesting a potential crosstalk between aSyn 

phosphorylation and ubiquitination. Neumann and colleagues showed that the pS129-

positive insoluble aSyn species in PD, DLB, MSA, and in neurodegeneration with brain 

iron accumulation type 1 (NBIA1) were also PK-resistant (Neumann et al., 2002). The 

large majority of the aSyn-positive GCIs, NCIs, dystrophic neurites, as well as NNIs 

and GNIs were then found to be aSyn pS129-positive (Nishie et al., 2004). Since then, 

studies in multiple laboratories have consistently shown that phosphorylation at S129 

is a reliable marker of aSyn pathology and is one of the most common PTMs found in 

sporadic PD, PD with A53T mutation, and in MSA cases (Anderson et al., 2006). aSyn 

pS129 positivity within pathological inclusions has also been observed in idiopathic PD 

(Guerreiro et al., 2013; Landeck et al., 2016; Nishie et al., 2004; Vaikath et al., 2019), 

PD with LRRK2 G2019S mutation (Mamais et al., 2013), PD with aSyn G51D mutation 

(Kiely et al., 2013), PDD (Landeck et al., 2016), DLB (Colom-Cadena et al., 2017; Sano 

et al., 2017; Sorrentino et al., 2019; Takao et al., 2004; Vaikath et al., 2019) and MSA 

(Nishie et al., 2004). Combined with the close association of aSyn pS129 with 

aggregated, PK-resistant and insoluble forms of aSyn, these observations led to the 

emergence of aSyn pS129 antibodies as the primary tools to monitor and quantify aSyn 

pathology formation in the brain, peripheral tissues and disease models of 

synucleinopathies (Beach et al., 2010; Delic et al., 2018; Landeck et al., 2016; Lue et 

al., 2012; Mamais et al., 2013; Walker et al., 2013). 

 

While aSyn pS129 immunoreactivity is constantly observed in aSyn pathologies and 

seems to correlate with increased aggregation and pathology formation, estimates of 

the amount of aSyn that is phosphorylated must be treated with a grain of salt. Although 

Fujiwara and colleagues reported that the vast majority (>90%) of aSyn within LBs 

from DLB brains is phosphorylated at S129 (Fujiwara et al., 2002), these findings have 

not been confirmed by other groups. Indeed, the method used by the authors to 

quantify the levels of aSyn could not have yielded an accurate assessment - it was 

based on an extrapolation of the aSyn pS129 levels in relation to the levels of total 
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aSyn proteins from DLB samples using aSyn LB509 for quantitative immunoblotting. 

The LB509 antibody has an epitope in the C-terminus of aSyn (115-122) and loses its 

binding capacity when aSyn is C-terminally truncated (Jakes et al., 1999), which is a 

common aSyn PTM detected both under physiological and pathological conditions in 

human brains (Anderson et al., 2006). Indeed, several reports have demonstrated the 

presence of significant amounts of C-terminally truncated forms of aSyn species 

lacking the pS129 epitope in pathological aSyn aggregates (Anderson et al., 2006; 

Baba et al., 1998; Campbell et al., 2001; Dickson et al., 1999; Gai et al., 1999; Kellie 

et al., 2015; Lewis et al., 2010; Moors et al., 2021; Ohrfelt et al., 2011; Tofaris et al., 

2003; Tong et al., 2010). Therefore, aSyn pS129 antibodies alone may not allow for 

the accurate quantification of total aSyn levels or the capturing of aSyn pathology 

diversity. Furthermore, we recently showed that the presence of additional 

neighbouring modifications such as aSyn phosphorylation at Tyrosine 125 (aSyn 

pY125) or truncations at residues 133 or 135 abolish the immunoreactivity of most 

aSyn pS129 antibodies (Lashuel et al., 2022). Together, these observations suggest 

that aSyn pS129 antibodies detect aggregates composed of the full-length aSyn 

protein, but not aSyn aggregates composed of truncated aSyn species or aSyn bearing 

several C-terminal modifications (Anderson et al., 2006), such as phosphorylations and 

nitration or extreme C-terminal truncations (Chen et al., 2009; Giasson et al., 2000a; 

Kiely et al., 2013; Mahul-Mellier et al., 2018).  

 

Despite these limitations and the fact that no other studies have attempted to quantify 

aSyn pS129 levels from PD and other synucleinopathies, there has been an increasing 

reliance on aSyn pS129 as the sole marker for aSyn pathology. There are several other 

caveats with this approach: 1) aSyn pS129 also occurs physiologically as part of aSyn 

metabolism (Anderson et al., 2006) and as part of aging (Muntane et al., 2012). The 

presence of aSyn pS129 species does not necessarily equate to presence of aSyn 

pathology. 2) aSyn S129 phosphorylation most likely occurs after the fibrillisation of 

the monomeric aSyn species, and is not required for aSyn aggregation (Mahul-Mellier 

et al., 2018). The mere dependence on aSyn pS129 signal may result in neglecting the 

less mature aSyn aggregates that are not yet phosphorylated at S129. 3) Several 

studies have highlighted the difficulties in generating aSyn pS129 antibodies and 

showed that, while being specific for aSyn pS129 versus non-modified aSyn, all aSyn 

pS129 antibodies cross-react with other proteins to different degrees (Delic et al., 2018; 
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Sacino et al., 2014a). Therefore, future studies should place greater emphasis on using 

well-validated aSyn pS129 antibodies and include other complementary experimental 

approaches to assess the aggregation state of the pS129-positive species. 

Furthermore, these results should always be compared to those obtained using 

multiple antibodies capable of capturing aSyn diversity.  

 

c) aSyn phosphorylation at Serine 87 

Although there are four serine and ten threonine putative phosphorylation sites in the 

human aSyn sequence, only phosphorylation at S129 and Serine 87 (aSyn pS87) out 

of these sites have been described to occur in the human brain. Serine 87 is of 

particular interest as it is a human-specific aSyn residue, and it is the only identified 

phosphorylation that is located in the NAC region of aSyn, playing key roles in the 

regulation aSyn aggregation (Giasson et al., 2001). Although an earlier publication 

assigned minimal roles to pS87 in synucleinopathies (Waxman and Giasson, 2008), 

we have shown, using in-house antibodies specific to this modification, the localization 

of aSyn pS87 species to LBs from DLB brains (Paleologou et al., 2010). Unfortunately, 

this modification has not been studied in-depth as: 1) robust and reliable tools to detect 

and quantify this PTM are limited; 2) aSyn pS87 is a human-specific modification, 

rendering it more challenging to model in cellular and animal studies; and 3) all 

biochemical studies suggest that this PTM is much less abundant than ubiquitination 

or aSyn S129 phosphorylation (Anderson et al., 2006).   

 

d) aSyn phosphorylation at Tyrosines 39, 125, 133 and 136 

There are four putative tyrosine phosphorylation sites in human aSyn, namely Tyrosine 

39 (Y39), Tyrosine 125 (Y125), Tyrosine 133 (Y133), and Tyrosine 136 (Y133). The 

latter three sites are located in the C-terminal disordered domain and are near other 

residues that undergo phosphorylation and other types of PTMs (aSyn pS129, 

methionine oxidation and truncations at residues 115, 119, 122, 133, 135). In contrast, 

Y39 is in the N-terminus. Cryo-EM structures of aSyn fibrils derived from different aSyn 

proteins (Guerrero-Ferreira et al., 2019, 2018; B. Li et al., 2018; Y. Li et al., 2018) and 

from MSA brains (Schweighauser et al., 2020) show that Y39 occupies a position that 

is close to the core of the aSyn fibrils. Similar to aSyn pS87, there is a limited number 

of studies on aSyn tyrosine phosphorylations in synucleinopathies. To date, only two 
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studies have investigated the presence of aSyn phosphorylation at Y39 (aSyn pY39) 

in PD tissue (Brahmachari et al., 2016; Mahul-Mellier et al., 2014), and one recent 

study by Schweighauser et al. reported aSyn pY39 in the sarkosyl-insoluble fractions 

from the putamen of some MSA brains (Schweighauser et al., 2020). We previously 

showed that aSyn pY39 and pY125 species exist both in the cingulate cortices of PD 

and healthy control brains (Mahul-Mellier et al., 2014). We also showed that these 

modifications may be linked to the activity of ABL proto-oncogene 1 non-receptor 

tyrosine kinase (c-Abl), an enzyme with increased expression in PD brains (cingulate 

extracts). In another study, a significant increase in aSyn pY39 paralleled with a 

substantial increase in activated c-Abl (c-Abl pY245) levels was also observed in the 

substantia nigra and striatum lysates of PD patients compared to healthy controls 

(Brahmachari et al., 2016).  

 

Our findings reported the existence of phosphorylated aSyn species at Y125 in 

neurologically healthy brains (Mahul-Mellier et al., 2014). This is in line with previous 

results by Chen and colleagues, who showed that aSyn pY125 is present in the cortex 

of young (i.e. <29 years old) human brains, but diminishes in aged (i.e. >70 years old) 

human brains as part of the aging process, and declines even further in DLB brains 

compared to age-matched neurologically healthy controls (Chen et al., 2009). On the 

other hand, a recent study argued that aSyn-positive pathological inclusions in PDD 

and DLB-AD brains are free of aSyn pY125 species (Fayyad et al., 2020). The authors 

did not detect aSyn pY125 species in sodium dodecyl sulphate (SDS)-urea-soluble 

fractions of healthy control, PD or DLB frontal cortices. These findings contradict a 

previous report showing enhanced aSyn pY125 signal overlapping with the aSyn 

pS129-positive species in the hippocampal cornu ammonis 2 (CA2) region of a SNCA 

G51D mutation case (Kiely et al., 2015, 2013). Although several studies have reported 

phosphorylation of aSyn at Y133 (aSyn pY133) and at Y136 (aSyn pY136) in cell 

cultures (Chen et al., 2009; Kleinknecht et al., 2016) and in vitro (Negro et al., 2002), 

to the best of our knowledge, there has been only one study to show aSyn pY133 in 

DLB tissues by IHC, and aSyn pY136 by IHC and WB (Sano et al., 2021). No other 

targeted or systematic investigation exists to assess aSyn phosphorylated at Y133 or 

Y136 in human brains or pathological aSyn inclusions.  

 



46 
 

e) aSyn nitration 

Several lines of evidence showed strong links between the formation of reactive 

oxygen species (ROS), oxidative stress, neurodegeneration and the pathogenesis of 

neurodegenerative diseases, including PD (Jenner and Olanow, 1996), DLB (Lyras et 

al., 2002) and AD (Markesbery, 1997; Sultana et al., 2006). Furthermore, elevated 

levels of several markers of oxidative and nitrosative stress, activated microglia and 

pro-inflammatory cytokines are commonly observed in the brains of PD patients 

(Dexter et al., 1989; Alam et al., 1997; Floor et al., 1998; Hirsch et al., 1998; Giasson 

et al., 2000; Wullner et al., 2003). Dopaminergic neurons in the substantia nigra are 

highly susceptible to oxidative and nitrosative stress due to the high oxygen 

consumption of this brain region together with the auto-oxidation of dopamine. It has 

been proposed that nitric oxide (NO) is one of the key species contributing to the 

neuronal loss in PD substantia nigra (Przedborski and Dawson, 2001), and that this 

toxic role may be mediated by the activity of the peroxynitrite (Beckman et al., 1990). 

To determine the extent of peroxynitrite-induced tyrosine nitration, and to evaluate the 

degree of NO-triggered oxidative damage (Beckman et al., 1992; Ischiropoulos et al., 

1992), several antibodies that allow the detection of nitrotyrosine were developed 

(Beckman et al., 1994). Using an antibody against 3-nitrotyrosine (3-NT), Duda et al. 

showed that nitrated species were localized to the pathological inclusions in 

synucleinopathies, including LBs in PD midbrain, LBs and LNs in DLB and LBvAD 

cingulate cortex and mesencephalon, LB-like inclusions in NBIA1 insular cortex and 

globus pallidus, and the GCIs and NCIs in MSA cerebellum (Duda et al., 2000a).  

 

There are four tyrosine residues within the human aSyn sequence, i.e. Y39, Y125, 

Y133, and Y136, which can be subjected to nitration. To determine whether tyrosine 

nitration takes place specifically on aSyn, Giasson and colleagues developed mouse 

monoclonal antibodies that were raised against nitrated human recombinant aSyn 

protein (Giasson et al., 2000a). The specificity of these antibodies to nitrated aSyn 

species was validated via enzyme-linked immunosorbent assay (ELISA) and WB 

screening using non-modified aSyn and nitrated aSyn, nitrated bSyn and other nitrated 

proteins. Then, using human recombinant aSyn nitrated at one or multiple tyrosine 

residues and also full-length or truncated aSyn, the authors identified antibodies that 

recognize either N-terminally (nSyn14) or C-terminally nitrated aSyn (nSyn12 and 
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nSyn24). These antibodies were used for IHC, WB and EM-immunogold labelling to 

show that nitrated aSyn fibrillar species exist within pathological lesions of PD, DLB, 

LBvAD and MSA, and that nitration at these residues represents disease-specific 

modifications. Similarly, aSyn nitrated species have been detected in cases with PiD 

frontal cortices both by WB and IHC using a nitrated pan-aSyn antibody (Dalfo et al., 

2006). Not all of the aSyn lesions, such as PBs and aSyn-positive neurites, which are 

thought to represent earlier inclusion forms that precede the mature LB formation (Dale 

et al., 1992; Hayashida et al., 1993; Mahul-Mellier et al., 2020), were shown to be 

positive for 3-NT. The enhancement of nitrated aSyn species level in the dopaminergic 

neurons from aged primates was also reported (McCormack et al., 2012). These 

observations suggest that nitration may represent a post-fibrillization event and is not 

required for aSyn aggregation (Gomez-Tortosa et al., 2002). Further studies to assess 

the role of C- versus N-terminal aSyn nitrations in pathology formation and maturation 

in PD, DLB and MSA are yet to be run.   

 

f) aSyn truncation 

Truncation is one of the most prevalent aSyn PTMs found under physiological and 

pathological conditions in the human brain. The presence of truncated species of aSyn 

was described for the first time by WB in DLB (Baba et al., 1998) and MSA (Gai et al., 

1999). In the later studies, the use of antibodies with epitopes against the NAC region 

of aSyn that would allow for the biochemical detection of full-length as well as C- and/or 

N-terminally truncated variants of aSyn then allowed for a better detection of this PTM 

(Campbell et al., 2001; Culvenor et al., 1999).  

 

A small subset of N-terminally (Muntane et al., 2012) and C-terminally (Anderson et 

al., 2006; Campbell et al., 2001; Li et al., 2005; Muntane et al., 2012) truncated aSyn 

species have been reported to be present in healthy human brains, suggesting that 

this PTM may have a physiological role. Yet, an increasing number of studies show 

that cleaved and detergent-insoluble aSyn fragments are enhanced in PD (Anderson 

et al., 2006; Baba et al., 1998; Campbell et al., 2001; Culvenor et al., 1999; Dufty et 

al., 2007; Kellie et al., 2015, p. 201; Killinger et al., 2018; Lewis et al., 2010; Li et al., 

2005; Liu et al., 2005; Moors et al., 2021; Ohrfelt et al., 2011; Prasad et al., 2012; Tong 

et al., 2010; Zhang et al., 2017), DLB (Anderson et al., 2006; Baba et al., 1998; 
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Culvenor et al., 1999; Liu et al., 2005; Muntane et al., 2012; Ohrfelt et al., 2011; 

Waxman et al., 2008; Zhang et al., 2017) and MSA (Anderson et al., 2006; Campbell 

et al., 2001; Dickson et al., 1999b; Gai et al., 1999; Tong et al., 2010) brains. 

Altogether, these findings indicate that aggregation of truncated aSyn species may be 

closely associated with pathogenesis and disease progression in synucleinopathies.     

 

A large number of reports point at an increased level of various aSyn species C-

terminally truncated between residues 100-140 in LBD brains (Anderson et al., 2006; 

Campbell et al., 2001; Kellie et al., 2015, p. 201; Lewis et al., 2010; Ohrfelt et al., 2011; 

Tofaris et al., 2003) and specifically in LBs (Baba et al., 1998; Moors et al., 2021; 

Prasad et al., 2012). The detergent-insoluble aSyn bands with an Mw of 12kDa are 

biochemically profiled in PD, DLB (Anderson et al., 2006; Baba et al., 1998; 

Bhattacharjee et al., 2019; Campbell et al., 2001; Culvenor et al., 1999; Dufty et al., 

2007; Killinger et al., 2018; Lewis et al., 2010; Li et al., 2005; Liu et al., 2005; Muntane 

et al., 2012; Ohrfelt et al., 2011; Prasad et al., 2012; Tong et al., 2010; Waxman et al., 

2008; Zhang et al., 2017) and MSA (Anderson et al., 2006; Campbell et al., 2001; 

Dickson et al., 1999b; Duda et al., 2000b; Gai et al., 1999; Tong et al., 2010) brain 

homogenates,. This 12kDa band is revealed only by N-terminal or NAC region aSyn 

antibodies, but not by C-terminal aSyn antibodies with epitopes after residue 116. 

Similarly, aSyn bands at 10kDa (Anderson et al., 2006; Baba et al., 1998; Campbell et 

al., 2001; Dickson et al., 1999b; Killinger et al., 2018; Li et al., 2005; Liu et al., 2005; 

Zhang et al., 2017) and 8kDa (Bhattacharjee et al., 2019; Culvenor et al., 1999; 

Dickson et al., 1999b; Killinger et al., 2018; Li et al., 2005; Liu et al., 2005; Ohrfelt et 

al., 2011) have also been revealed biochemically using synucleinopathy brains. These 

data suggest that aSyn aggregates are not made of a homogenous population of aSyn 

fibrils, but of a mixture of full-length and truncated aSyn species. 

 

The antibody-based studies allowed for the detection of cleaved aSyn fragments, but 

not for the precise mapping of the cleavage sites. For a more accurate understanding 

of these cleaved aSyn populations in human brain, mass spectrometry-based studies 

were carried by Anderson and colleagues, who have shown that the C-terminally 

truncated species in LBs include aSyn truncated at Aspartic acids 115, 119, 135 (D115, 

D119, D135), Asparagine 122 (N122) and Tyrosine 133 (Y133) (Anderson et al., 2006). 

Likewise, around twenty different aSyn proteoforms, all N-terminally acetylated, were 
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found both in the PD and control cingulate cortices by liquid chromatography with 

tandem mass spectrometry (LC-MS/MS) (Bhattacharjee et al., 2019). An enrichment 

of aSyn fragments in the detergent-insoluble fractions of PD cases, such as aSyn 

truncated at D119 and aSyn truncated in the NAC region at residues 65, 66 or 68 as 

well as full-length aSyn monomers and dimers, was also reported (Bhattacharjee et 

al., 2019). Collectively, the most abundant aSyn species found in PD and DLB brain 

tissues as well as the PD appendix analysed by LC-MS/MS appear to be the 1-119 

and 1-122 fragments of aSyn (Anderson et al., 2006; Bhattacharjee et al., 2019; Kellie 

et al., 2015; Killinger et al., 2018; Ohrfelt et al., 2011).  

 

In addition to mass spectrometry analyses, the use of antibodies specific to truncated 

aSyn allowed for the visualisation of these aSyn fragments by IHC and 

immunofluorescence (IF) (Anderson et al., 2006; Lewis et al., 2010; Moors et al., 2021; 

Prasad et al., 2012). A particular assembly of the different aSyn species within the 

pathological lesions was revealed using truncation-specific antibodies and confocal or 

STED microscopy, where the C-terminally truncated aSyn species at residues 119 and 

122 remain within the inner layers of the LBs, PBs and LNs, with the S129-

phosphorylated and full-length aSyn species surrounding these species on the outer 

layers (Moors et al., 2021; Prasad et al., 2012). Together, these data suggest that a 

particular packing of differentially fragmented aSyn species may be taking place as the 

Lewy inclusions mature over time, where the more truncated the aSyn species, the 

closer it is located within the core of inclusions.  

 

Mass spectrometry studies have also revealed several aSyn species with N-terminal 

truncations in the LBD brains and appendices (Bhattacharjee et al., 2019; Kellie et al., 

2015; Killinger et al., 2018; Muntane et al., 2012). Specifically, the aSyn species 

truncated at residues 5 and 39 were identified in the PD frontal cortex (Kellie et al., 

2015), and aSyn species truncated at residues 47 and 50 in the PD cingulate cortex 

(Bhattacharjee et al., 2019) by mass spectrometry. Interestingly, the top-down mass 

spectrometry analysis revealed aSyn fragments 18-140 and 19-140 in the PD appendix 

(Killinger et al., 2018). Yet the full spectrum of N-terminally cleaved aSyn fragments in 

brain and other CNS regions of synucleinopathies, and the role of these aSyn N-

terminal truncations under physiological and pathological circumstances still need to 

be explored further.   
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A number of proteases have been linked to aSyn cleavage at different sites so far. 

Dufty and colleagues, for instance, detected calpain-1-cleaved aSyn species in around 

70% of LNs and LBs in DLB, and in around 90% of LNs and LBs in PD cases (Dufty et 

al., 2007). Wang and colleagues mapped caspase-1 enzymatic activity to aSyn D121 

in vivo, and showed co-localization of aSyn and caspase-1 within LBs (Wang et al., 

2016). Similarly, Choi and colleagues showed aSyn to be a substrate of matrix 

metalloproteinase-3 (MMP3) in vitro (Choi et al., 2011), and aSyn and MMP3 to be co-

localising in LBs of PD brains. Recently a significant increase of aSyn truncated after 

Asparagine 103 (N103) has been detected in the soluble and insoluble fractions of PD 

substantia nigra and cortex, compared to controls (Zhang et al., 2017). In this report, 

the formation of 1-103 truncated species was linked to the asparagine endopeptidase 

(AEP) activity via in vivo models. In addition, an increase in the protein levels of 

kallikrein-6 in the putamen and the cerebellar white matter; an increase of calpain-1 

activity in the putamen and cerebellar white matter; and an increase of cathepsin-D in 

the pons and cerebellar white matter in MSA tissue has been reported (Kiely et al., 

2019), suggesting the involvement of these proteases in the cleavage of aSyn species. 

Collectively, these suggest that multiple proteases are involved in the processing of 

aSyn not only under physiological but also pathological conditions. Failure to clear 

truncated species generated under physiological conditions may eventually lead to 

their aggregation, which could trigger the formation of pathological inclusions of PD, 

DLB and MSA brains.  

 

g) aSyn SUMOylation 

aSyn SUMOylation is one of the least explored PTMs in the literature - to our 

knowledge, only two papers have investigated aSyn SUMOylation state in the 

inclusions formed in MSA (Pountney et al., 2005; Wong et al., 2013). By IHC, Pountey 

and colleagues and a subsequent study by Wong et al. reported strong punctate 

localization of small ubiquitin-like modifier-1 (SUMO-1) in the aSyn-positive GCIs from 

MSA patients (Pountney et al., 2005; Wong et al., 2013). There is some evidence for 

the localization of SUMO-1 in LBs ( Kim et al., 2011), and for the enhancement of the 

protein inhibitor of activated signal transducer and activator of transcription 2 (PIAS2), 

i.e. the E3 SUMO-protein ligase, in PD brains compared to control tissues (Rott et al., 
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2017). However, additional histological and biochemical studies are needed to explore 

this modification further in human tissue.   

 

h) aSyn acetylation  

N-terminal acetylation of a protein occurs when an acetyl group is transferred to the 

alpha-amino group of the first amino acid in the N-terminus (Varland et al., 2015). This 

is an irreversible modification facilitated by N-acetyl transferases (NATs) (Ree et al., 

2018). Lysine acetylation, on the other hand, is reversible, and is catalysed by lysine 

acetyltransferases (KATs) (Allis et al., 2007; Drazic et al., 2016; Glozak et al., 2005). 

The N-terminal acetylation of aSyn may be important in maintaining an alpha-helical 

conformation that facilitates the membrane binding of the protein (Bartels et al., 2014; 

Dikiy and Eliezer, 2014; Fauvet et al., 2012a; Theillet et al., 2016; Trexler and 

Rhoades, 2012), and has been reported in the mouse brain homogenates (Burre et al., 

2013), in human erythrocytes (Bartels et al., 2011; Fauvet et al., 2012b) and in PD, 

PDD, DLB and healthy control brains by mass spectrometry (Anderson et al., 2006; 

Kellie et al., 2015; Ohrfelt et al., 2011). The lysine acetylation, on the other hand, has 

only been reported by a recent study by Schweighauser and colleagues by mass 

spectrometry analysis of MSA putamen, where aSyn is acetylated at K21, K23, K32, 

K34, K45, K58, K60, K80 and K96 (Schweighauser et al., 2020). Interestingly, the 

lysine residues reported to by acetylated in the mouse brains are K6 and K10 (de 

Oliveira et al., 2017). Further research into the physiological and pathological roles of 

aSyn lysine acetylation is needed, but these efforts are limited by the lack of site-

specific antibodies for this modification.  

 

i) aSyn glycation  

The lysine, arginine or histidine residues of proteins may undergo glycation reactions 

with reducing sugars (Bidasee et al., 2004; Thornalley, 2008). LBs have been shown 

to be positive for advanced glycation end-products (AGEs) by IHC (Castellani et al., 

1996; Muench et al., 2000), and AGE expression to be increased in DLB brains by 

biochemical analyses (Dalfo et al., 2005). Similarly, Vicente Miranda and colleagues 

have shown by WB that the aSyn from LBDs are glycated (Vicente Miranda et al., 

2017). Yet, further research is needed to understand the role of glycation in aSyn 

pathogenesis. 
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j) aSyn O‐GlcNAcylation  

O-GlcNAcylation occurs by the transfer of O-linked N-acetylglucosamine (O-GlcNAc) 

to the serine or threonine residues of proteins (Hart et al., 2011, 2007; Yang and Qian, 

2017). By mass spectrometry, sites of aSyn O-GlcNAcylation have been identified on 

rodent brain lysates at T64 and T72 (Alfaro et al., 2012; Wang et al., 2010) and on 

human erythrocytes at S87 (Wang et al., 2009). The O-GlcNAcylation at T72 (Marotta 

et al., 2015), at S87 (Lewis et al., 2017) and a combination of several threonine and 

serine sites (Levine et al., 2019) by synthetic chemistry have been reported to prevent 

the aggregation of aSyn. No direct evidence has so far been presented, however, on 

the existence of this aSyn modification in synucleinopathies, and for its relevance to 

disease pathogenesis.    

 

1.2.4 Pathology spreading and staging in LBDs 

In the last two decades, several lines of evidence have been presented to support the 

hypothesis that 1) aSyn pathology may initiate in the periphery, and gradually spread 

to and within the brain; and that 2) this spreading occurs in a cell-to-cell manner in a 

prion-like fashion, where misfolded aSyn acts as a template for seeding that allows the 

endogenous monomeric aSyn to aggregate. This has led to the development of 

different approaches for the staging patterns of PD, the most well-known being the 

Braak staging. Here, we review the literature on aSyn pathology in the periphery, the 

Braak and other staging approaches on LBDs and MSA, and state the evidence to 

support or refute these approaches.   

 

a) The ‘dual hit’ theory 

The pre-motor symptoms of sporadic PD and DLB involving anosmia (Haehner et al., 

2009), constipation (Abbott et al., 2001) and sleep problems including excessive 

daytime sleepiness (EDS) and RBD (Abbott et al., 2005; Iranzo et al., 2006), combined 

with the studies to show a lower risk of developing PD in patients undertaking 

vagotomy (Liu et al., 2017; Svensson et al., 2015), has led to a new line of research 

investigating the origins of aSyn pathology in the periphery. Consequently, the ‘dual 

hit’ theory was born, suggesting that the aSyn aggregation initiates in the gut and/or 
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the olfactory system, from where it spreads to the brain (Braak et al., 2003a; Hawkes 

et al., 2009, 2007). This hypothesis has gained support from the subsequently 

increasing number of studies that reported aSyn-positive structures in the human GIT 

with an abundance of aSyn pS129 species in the colon, small intestine and the 

appendix, the stomach, oesophagus and the salivary gland (Beach et al., 2010; 

Corbille et al., 2017; Killinger et al., 2018; Ruffmann et al., 2018; Stokholm et al., 2016) 

(for all the articles to report on aSyn in the GIT, see Table 1. 1). Furthermore, the 

alterations in the gut microbiome (Engen et al., 2017; Heintz-Buschart et al., 2018; 

Hopfner et al., 2017; Li et al., 2017; Lin et al., 2018; Petrov et al., 2017; Qian et al., 

2018; Tan et al., 2018; Wan et al., 2019), bowel inflammation and increased intestinal 

permeability (Clairembault et al., 2015; Devos et al., 2013; Engen et al., 2017; Forsyth 

et al., 2011; Schwiertz et al., 2018) have been widely reported in the PD and MSA 

patients. These data gave birth to the hypothesis that aSyn misfolding may first initiate 

in response to an environmental toxin or pathogen in the enteric nerve cells or the 

olfactory bulb, and spread to the central nervous system by trans-synaptic 

transmission (Hawkes et al., 2007). It is important to note that the large majority of the 

studies looking at aSyn in the GIT relied heavily or only on aSyn pS129 positivity as 

an indicator of aggregation (Table 1. 1). The exact characteristics, including the PTM 

signature and aggregation state, of these aSyn species in the GIT therefore require 

more comprehensive assessments.  

 
Table 1. 1 A summary of the articles to report on aSyn in the GIT, the approaches they have followed to characterise 

aSyn aggregation, and the GIT tissues they have looked at. aSyn = alpha-synuclein; GIT = gastrointestinal tract; 

LB = Lewy body; PK = proteinase K; PLA = proximity ligation assay; PMCA = protein misfolding cyclic amplification 

assay; ub = ubiquitin  
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 main approaches GIT tissues 
article A B C D E F G a b c d e f g 
Adler et al., 2014               
Adler et al., 2016               

Aldecoa et al., 2015               

Annerino et al., 2012               

Antunes et al., 2016               

Barrenschee et al., 2017               

Beach et al., 2013               

Beach et al., 2016               

Beach et al., 2010               

Beach et al., 2018               

Boettner et al., 2012               

Boettner et al., 2015               

Braak et al., 2006               

Calderon-Garciduenas et al., 2017               

Carletti et al., 2017               

Cersosimo et al., 2011               

Chandra et al., 2017               

Chung et al., 2016               

Clairembault et al., 2015               

Corbille et al., 2016a               

Corbille et al., 2016b               

Corbille et al., 2017               

Del Tredici et al., 2010               

Del Tredici and Duda, 2011               

Desmet et al., 2017               

Fenyi et al., 2019               

Fernandez-Arcos et al., 2018               

Folgoas et al., 2013               

Forsyth et al., 2011               

Gao et al., 2015               

Gelpi et al., 2014               

Gold et al., 2013               

Grathwohl et al., 2019               

Gray et al., 2014               

Hilton et al., 2014               

Iranzo et al., 2018               

Ito et al., 2014               

Killinger et al., 2018               

Kim et al., 2017               

Lebouvier et al., 2010               

Lebouvier et al., 2008               

Leclair-Visonneau et al., 2019               

Lee et al., 2018               

Ma et al., 2019               

Masuda et al., 2014               

Mu et al., 2015               

Ohlsson and Englund, 2019               

Pouclet et al., 2012a               

Pouclet et al., 2012b               

Pouclet et al., 2012c               

Punsoni et al., 2019               

Rouaud et al., 2017               

Ruffmann et al., 2018               

Sanchez-Ferro et al., 2015               

Shannon et al., 2012a               

Shannon et al., 2012b               

Sharrad et al., 2013                

Shin et al., 2017               

Shin et al., 2018               

Shin et al., 2019               

Skorvanek et al., 2018               

Sprenger et al., 2015               

Stewart et al., 2014               

Stokholm et al., 2016               

Stolzenberg et al., 2017               

Vilas et al., 2016               

Visanji et al., 2015               

Xuan et al., 2016               

Yan et al., 2018               

A = amyloid dye binding 

B = solubility  

C = LB markers (ub, p62) 

D = PK resistance 

E = PLA 

F = PMCA 

G = aSyn pS129  

 

 
 

a= salivary glands 

b= oesophagus 

c= stomach  

d= small intestine 

e= appendix 

f= colon 

g= other GIT tissue 
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b) Staging of synucleinopathies and the prion-like spreading of aSyn 

In parallel to the findings of aSyn pathology in the gastro-intestinal and olfactory tracts, 

Braak and colleagues immunohistochemically studied different brain regions of a 

subset of ILBD and PD patients with variable clinical symptoms and deciphered that, 

in line with the progression of the clinical symptoms, aSyn pathology progresses in the 

brain following specific pathways (Braak et al., 2003). This has led to the Braak staging 

of PD, where stages 1-2 show pathology in a restricted number of regions, including 

the olfactory bulb and the vagal nerve, but no corresponding clinical motor symptoms; 

stages 3-4 show increasing pathology in the substantia nigra pars compacta, locus 

coeruleus and other brainstem regions, which correspond to the presence of clinical 

motor symptoms; and stages 5-6 where pathology has advanced to the neocortex and 

the basal forebrain, which correlates with increasing cognitive dysfunction (Braak et 

al., 2003a, 2003b, 2002; Del Tredici et al., 2002; Del Tredici and Braak, 2012; Muller 

et al., 2005).  

 

On a cellular level, this spread of pathological aSyn has been believed to be in a prion-

like manner, which gained significant ground after a) longitudinal studies showing that 

transplanted neurons developed aSyn-positive inclusions decades after the PD 

patients received a graft (Kordower et al., 2008; Li et al., 2008); b) lentiviral-based 

rodent and non-human primate models showing the diffusion of aSyn pathology 

spreading after targeted overexpression of the protein (Eslamboli et al., 2007; Helwig 

et al., 2016; Kirik et al., 2003, 2002; Lauwers et al., 2006; Lo Bianco et al., 2002; St 

Martin et al., 2007; Ulusoy et al., 2015, 2013; Yamada et al., 2004) and the spread of 

aSyn pathology from host to graft cells in these models (Angot et al., 2012; Desplats 

et al., 2009; Hansen et al., 2011; Kordower et al., 2011); and c) recombinant PFFs 

(Abdelmotilib et al., 2017; Breid et al., 2016; Holmqvist et al., 2014; Luk et al., 2012a, 

2012b; Masuda-Suzukake et al., 2014, 2013; Osterberg et al., 2015; Paumier et al., 

2015; Peelaerts et al., 2015; Rey et al., 2016, 2013; Reyes et al., 2014; Sacino et al., 

2014b, 2013) and patient-derived aggregates injected to animal models (Bernis et al., 

2015; Holmqvist et al., 2014; Masuda-Suzukake et al., 2013; Prusiner et al., 2015; 

Recasens et al., 2014; Thomzig et al., 2021; Ulusoy et al., 2017; Watts et al., 2013) 

inducing the formation and spreading of aSyn aggregation overtime within the brain, 

from the periphery to the central nervous system, and vice versa. According to the 
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prion theory, the misfolded aSyn species are released from the donor cell and taken 

up by the healthy recipient cell where they then act as seeds to initiate nucleation and 

aggregation of the endogenous, natively unfolded aSyn (Angot et al., 2010; Angot and 

Brundin, 2009), allowing for the cell-to-cell transmission and propagation of aSyn 

pathology.   

 

Next to the ILBD and PD staging proposed by Braak and colleagues (Braak et al., 

2003a, 2003b, 2002; Del Tredici et al., 2002; Del Tredici and Braak, 2012; Muller et 

al., 2005), other staging approaches have been postulated. Namely, McKeith and 

colleagues put forward a diagnostic and staging approach for DLB cases, allowing the 

disease severity and progression to be categorised as brainstem-predominant, limbic 

and neocortical (McKeith et al., 2017, 2005, 1996), which was later on refined by 

Leverenz and colleagues (Leverenz et al., 2008). Marui et al. proposed four groups of 

severity (stages I-IV) for DLB cases based on a semi-quantitative assessment of Lewy 

load in the amygdala, limbic cortex and neocortex (Marui et al., 2002). Deramecourt 

and colleagues, on the other hand, sought to stage the DLB progression to 10 steps 

based on the biochemical profiles of the insoluble aSyn density in the entorhinal, 

cingulate, temporal, frontal and parietal cortices (Deramecourt et al., 2006). An 

improved staging approach by the BrainNet Europe was taken to increase the inter-

observer agreeability and thus reduce variability, and to combine the McKeith and 

Braak staging (Alafuzoff et al., 2009). Likewise, Beach and colleagues proposed the 

unified staging system for Lewy body disorders (USSLB) in order to allow for the 

classification of a larger percentage of subjects showing Lewy pathology (Beach et al., 

2009). This approach consisted of the categorisation of cases into stages referred to 

as olfactory bulb only, brainstem-predominant, limbic-predominant, brainstem and 

limbic, and neocortical (Adler et al., 2019; Adler and Beach, 2016; Beach et al., 2009), 

and intended to incorporate not only ILBD, PD and DLB, but also AD with LBs into the 

staging process. Another approach by Horsager and colleagues proposed to take PD 

in two subtypes: the ‘body-first’ subtype, in which the aSyn pathology originates in the 

periphery and spreads to the CNS; and the ‘brain-first’ subtype, where aSyn pathology 

first forms in the brain and spreads to the PNS (Horsager et al., 2020). With MSA, on 

the other hand, differential progression patterns are observed with MSA-P, MSA-C and 

MSA mixed cases (Halliday et al., 2011), rendering the staging of this disease complex. 

The current staging approaches are based on the symptomatology of the cases (Geser 
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et al., 2006; Seppi et al., 2005; Wenning et al., 2004) but corresponding 

neuropathological examination is needed to understand the disease progression 

pathways in correlation to clinical data. 

 

Several succeeding studies to Braak staging examining LB distribution in large cohorts 

have shown a positive correlation between Lewy pathology load and symptom severity, 

in agreement with the Braak staging model (Hurtig et al., 2000; Mattila et al., 2000; 

Saito et al., 2004). However, a considerable percentage of PD cases do not support 

the Braak model of progression - the symptoms and prognoses of PD patients are 

heterogeneous, and depending on the age of onset and the presence of other co-

morbidities, these differences can be drastic (Alafuzoff et al., 2009; Beach et al., 2009; 

Coughlin et al., 2019; Halliday and McCann, 2010; Kalaitzakis et al., 2008; Parkkinen 

et al., 2008). Kalaitzakis et al. have reported, for instance, 47% of 71 PD cases studied 

do not fit with the spreading model predicted by Braak, with a small subset of these 

cases not showing any pathology in the dorsal vagal nucleus despite 

neurodegeneration in the substantia nigra and the cortex (Kalaitzakis et al., 2008). 

Remarkably, Parkkinen et al. showed that 55% of the 226 aSyn-positive cases, 

pathologically fitting to Braak stages V-VI, did not show the expected corresponding 

clinical symptoms of dementia (Parkkinen et al., 2008). Contrastingly, cases that did 

not present any clinical motor symptoms of PD were retrospectively found to show 

advanced Lewy pathology (Parkkinen et al., 2001). Furthermore, Lewy pathology load 

has shown to be not necessarily an indicator of disease progression routes, but a 

feature of normal ageing (Forno, 1969; Perry et al., 1990) and/or other neuropsychiatric 

comorbidities (Jellinger, 2004; Woodard, 1962). Moreover, the Braak staging studies 

are based on immunohistochemical screening using a C-terminal antibody with an 

epitope against the 116-131 residues of aSyn. Yet, mounting evidence shows that 

aSyn is heavily modified particularly in the C-terminal region in pathology as described 

above, which may render the C-terminal antibodies inefficient to capture the full range 

of aSyn pathology. This caution, combined with the lack of studies on the PTM 

characterisation of the aSyn pathologies in relation to Braak staging deem it necessary 

to re-visit the staging of PD and other LBDs to have a better grasp of how these 

diseases progress, and therefore how they could be interfered with.  
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1.3.2 Epilogue: Tools for research on synucleinopathies  

Earlier studies on synucleinopathies using histological dyes (e.g. haematoxylin and 

eosin, silver stain) combined with typical markers of amyloids (thioflavin, Congo red or 

Amytracker) and inclusion formation (ubiquitin- and p62-positivity) have helped shed 

light on the morphologies and topographical distribution of different types of 

pathologies in these neurodegenerative diseases. Yet our knowledge specific to the 

aSyn species within these inclusions predominantly come from IHC, IF and/or high-

resolution microscopy studies that rely on the use of aSyn antibodies. Very few studies 

have looked at cryo-EM-based ultrastructural (Schweighauser et al., 2020) and 

proteome (Leverenz et al., 2007; Xia et al., 2008) characteristics of the aSyn-positive 

inclusions isolated directly from the human brain, and these have not yet systematically 

covered all the various neuronal and glial inclusion types encountered across different 

synucleinopathies. The biochemical profiling of the aSyn species isolated from post-

mortem tissues (e.g. by sequential extraction, sucrose density centrifugation followed 

by downstream applications including WB and filter trap) is another means to 

understand the sequence, molecular and conformational properties of aSyn species, 

and also depends on the utilisation of reliable aSyn antibodies. Yet the vast majority of 

human post-mortem studies do not account for the PTMs or structural diversity of aSyn 

aggregates due to the limited availability of antibodies to target these different species. 

This necessitates the development, validation and application of a widened range of 

tools to re-visit, capture and characterise aSyn in all its pathological diversity across 

synucleinopathies. 

 

1.3.3 Thesis objectives 

The main objectives of this thesis are a) development and validation of a novel and 

comprehensive antibody toolset against different proteoforms of aSyn; and b) 

systematic and extensive profiling of the aSyn pathology across different brain regions 

and types of synucleinopathies. To fulfil these objectives, Chapter 2 focuses on the 

generation, validation and characterisation processes of aSyn antibodies using a 

recombinant library of aSyn proteins and aSyn KO neurons and mouse brain tissues. 

These antibodies are then used to screen the pathological diversity across LBDs, and 

for the first time the distribution of all key aSyn PTMs. We also describe briefly the 

aSyn PTMs in the neuronal and in vivo fibrillar seeding models. In Chapter 3, we focus 



59 
 

on the astrocytic aSyn pathology revealed in the LBD tissues, and describe the 

biochemical properties of these astrocytic accumulations. Finally, in Chapter 4, we 

specifically look at MSA brain tissues by immunohistochemical and biochemical 

approaches to describe the aSyn proteoforms in this specific type of synucleinopathy. 
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CHAPTER 2 Generation, validation and 
characterisation of alpha-synuclein antibodies as a 
novel toolset1 

The abnormal aggregation and accumulation of aSyn in the brain is a defining hallmark 

of synucleinopathies. An increasing number of studies show that aSyn in pathological 

aggregates exists as a complex mixture of various post-translationally modified forms 

and conformations. The distribution of these different species changes during disease 

progression and varies among the different synucleinopathies. Current approaches for 

detecting aSyn in human tissues and disease models rely on a limited set of antibodies 

that have not been thoroughly assessed for their ability to capture the diversity of aSyn 

proteoforms and aggregation states, and thus are unlikely to provide an accurate 

evaluation of aSyn pathology in the brain. To address these challenges, we developed, 

validated, and characterized an expanded set of antibodies that target different 

sequences and PTMs along the entire length of aSyn, and recognize all conformations 

of the protein (monomers, oligomers and fibrils). We demonstrate that the use of 

multiple antibodies targeting different regions on aSyn is necessary to reveal the 

heterogeneity of aSyn pathology in human LBD brains, and in neuronal and animal 

models of aSyn aggregation and inclusion formation. We also present, for the first time, 

the profiling of aSyn pathology using antibodies against all its key post-translationally 

modified forms across sporadic and familial LBDs. The antibody validation pipeline we 

describe here paves the way for a more systematic investigation of the diversity of 

aSyn pathology in the human brain and peripheral tissues, and in cellular and animal 

models of synucleinopathies.   

 

2.1 Introduction 

Synucleinopathies are a subgroup of neurodegenerative diseases primarily including 

PD, DLB and MSA (Baba et al., 1998; Spillantini et al., 1998a, 1998b). Mounting 

evidence points to the aggregation and accumulation of the presynaptic protein aSyn 

                                            
1 The work presented in this chapter is part of the following publication in preparation: 

Altay M.F., Kumar S.T., Burtscher J., Jagannath S., Miki Y., Parkkinen L., Holton J.L. and Lashuel H.A. (2022) Development and 

validation of an expanded antibody toolset that enables capturing alpha-synuclein pathological diversity in Lewy body diseases. 
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as critical processes in the pathophysiology of synucleinopathies: 1) Fibrillar and 

aggregated forms of aSyn are enriched in pathological inclusions that are the defining 

features of PD, DLB and MSA, including LBs, LNs, GCIs and NCIs (Baba et al., 1998; 

Spillantini et al., 1998b, 1998a); 2) mutations and duplications of the aSyn-encoding 

gene SNCA have been shown to cause familial forms of PD (Appel-Cresswell et al., 

2013; Chartier-Harlin et al., 2004; Kapasi et al., 2020; Kiely et al., 2013; Krueger et al., 

1998; Lesage et al., 2013; Pasanen et al., 2014; Polymeropoulos et al., 1997, 1996; 

Proukakis et al., 2013; Singleton et al., 2003; Spira et al., 2001; Zarranz et al., 2004); 

and 3) inoculation of recombinant aSyn fibrils or PD and MSA brain-derived aSyn 

aggregates is sufficient to induce LB-like inclusion formation in cellular and animal 

models (Kumar et al., 2021; Luk et al., 2012b, 2009; Mahul-Mellier et al., 2020, 2018; 

Tarutani et al., 2016; Volpicelli-Daley et al., 2014), and to induce the spreading of LB-

like intracellular pathology in brain regions and along the gut-brain axis (Arotcarena et 

al., 2020; Dehay and Bezard, 2019; Recasens et al., 2014; Rey et al., 2016, 2013).  

 

Despite aSyn being the common denominator of synucleinopathy brain pathology, 

increasing evidence suggests that aSyn within these inclusions exists as a mixture of 

different post-translationally modified and aggregated forms or strains of the protein 

(Anderson et al., 2006; Schweighauser et al., 2020; Shahmoradian et al., 2019). The 

morphology (Kuusisto et al., 2003), composition (Leverenz et al., 2007; Wakabayashi 

et al., 2013; Xia et al., 2008), structure (Shahmoradian et al., 2019; Strohaeker et al., 

2019) and distribution (Alafuzoff et al., 2009) of the aSyn inclusions show considerable 

diversity (Figure 2. 1A) depending not only on the type of synucleinopathy but also on 

the cell type, the brain region and the individual patient concerned. At the fibril level, 

the recent cryo-EM studies of fibrils generated from full-length, truncated and modified 

recombinant and semisynthetic aSyn monomers in vitro revealed that aSyn is capable 

of forming fibrils of variable morphologies and conformations (Guerrero-Ferreira et al., 

2019; B. Li et al., 2018) (Figure 2. 1B). Likewise, recent cryo-EM studies of fibrils 

isolated from MSA and DLB brains (Schweighauser et al., 2020) show polymorphism 

and suggest the presence of significant biochemical and structural heterogeneity in 

aSyn-related pathologies. 

 

In the field of aSyn research, the detection, quantification and monitoring of aSyn 

pathology in LBs, GCIs and NCIs have largely depended on the use of antibodies 
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targeting different sequences, modifications or conformations of aSyn (Covell et al., 

2017; Dhillon et al., 2017; Duda et al., 2002; Fayyad et al., 2020b; Giasson et al., 

2000b; Henderson et al., 2020; Kovacs et al., 2012; Vaikath et al., 2015; Waxman et 

al., 2008). aSyn accumulating within the neuronal and glial inclusions is subjected to 

different types of PTMs at multiple residues (Figure 2. 1C), including phosphorylation, 

ubiquitination, nitration, acetylation and N- and C-terminal truncations. Of these 

modifications, aSyn pS129 has been described as the most common aSyn PTM in 

pathological aSyn aggregates, and aSyn pS129 levels have been reported to increase 

by multiple folds in PD, DLB and MSA brains (Anderson et al., 2006; Fujiwara et al., 

2002). These observations have led to the emergence of aSyn pS129 as a key marker 

of aSyn pathology. Several antibodies against aSyn pS129 have been developed as 

the primary tools for assessing aSyn pathology formation and spreading in the central 

nervous system and peripheral tissues. However, the extent to which these antibodies 

capture the full spectrum of aSyn pathology has not been systematically investigated. 

Furthermore,  recent findings support a potentially protective effect of aSyn pS129 

(Ghanem et al., 2022), and therefore the absence of this modification does not 

necessarily indicate the absence of aSyn pathology.  
 

Several immunohistochemical and mass spectrometry studies on the distribution of 

aSyn species in LBs and GCIs revealed the presence of various aSyn proteoforms that 

are cleaved at different residues within the C-terminal region of the protein (e.g. 1-115, 

1-119, 1-122, 1-133, 1-135) (Anderson et al., 2006; Baba et al., 1998; Campbell et al., 

2001; Dickson et al., 1999a; Gai et al., 1999; Kellie et al., 2015; Lewis et al., 2010; 

Moors et al., 2019; Ohrfelt et al., 2011; Tofaris et al., 2003; Tong et al., 2010), and of 

other aSyn C-terminal modifications, including phosphorylation and/or nitration at 

Y125, Y133 and Y136 (Chen et al., 2009; John E. Duda et al., 2000; Giasson et al., 

2000a; Mahul-Mellier et al., 2014) (Figure 2. 1C). Interestingly, the most abundant C-

terminally truncated species, i.e. aSyn 1-119 and 1-122 (Anderson et al., 2006; 

Bhattacharjee et al., 2019; Kellie et al., 2015; Killinger et al., 2018; Ohrfelt et al., 2011), 

lack the epitope for aSyn pS129 antibodies. Furthermore, the occurrence of several 

modifications in close proximity to S129 suggests that they may interfere with the 

immunoreactivity of several aSyn C-terminal or pS129 antibodies (Lashuel et al., 2022; 

Mahul-Mellier et al., 2018). 
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Figure 2. 1 (A) Diversity of aSyn pathology in synucleinopathies with (Ai) granular/ punctate cytoplasmic inclusions 

in the neurons; (Aii) classical LBs in the neuronal soma; (Aiii) LNs in the neuronal processes; (Aiv) astrocytic aSyn 

accumulations; (Av) oligodendroglial cytoplasmic inclusions. These pathological structures show differences in their 

positivity to aggregation markers, including ubiquitin (Ub) and p62. Schematic created with BioRender.com 

(agreement no: QW23G6FJ76). (B) Cryo-EM three-dimensional reconstructions of the recombinant full-length aSyn 

PFFs to show the polymorphism of aSyn fibrils generated in vitro (Guerrero-Ferreira et al., 2019; B. Li et al., 2018). 

Four distinct polymorphs were identified based on the protofilament fold and inter-protofilament interfaces: 

Polymorph 1a ‘rod’ (PDB-6CU7, EMD-7618); polymorph 1b ‘twister’ (PDB-6CU8, EMD-7619); polymorph 2a (PDB-

6SSX, EMD-10307); and polymorph 2b (PDB-6SST, EMD-10305). (C) aSyn PTMs identified in synucleinopathy 

brain tissues, which include acetylation, ubiquitination, phosphorylation, nitration and truncation across the whole 

sequence of the protein. (D) A schematic representation of the steps followed for the generation, characterisation, 

validation and application of the novel aSyn monoclonal mouse antibodies. These involved (Di) antibody design via 

the selection of immunogens comprising of aSyn recombinant proteins and peptides; (Dii) immunisation of the mice 

followed by lymphocyte-myeloma fusion; (Diii) screening of the hybridomas via ELISA, DB and WB, isotyping and 
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subcloning, and (Div) acquisition of purified antibodies. These antibodies were then (Dv) characterised using a 

library of aSyn recombinant proteins for their epitopes, conformational selectivity, sensitivity, specificity and 

reactivity via DB and WB. The antibody specificity was then further validated on (Dvi) aSyn KO mouse primary 

hippocampal and cortical neurons, and in aSyn KO mouse amygdala tissues. (Dvii) The antibodies were validated 

on human brain tissues of different LBDs. (Dviii) The mouse aSyn-reactive antibodies were applied to neuronal 

seeding model and PFF-injected mouse brain tissues to profile the newly formed aggregates. Schematic created 

with BioRender.com (agreement no: FN23G6E1SR). aSyn = alpha-synuclein; DB = dot blot; cryo-EM = cryogenic 

electron microscopy; ELISA = enzyme-linked immunoassay; KO = knockout; LB = Lewy body; LBD = Lewy body 

disease; LN = Lewy neurite; PFFs = pre-formed fibrils; PTM = post-translational modification; Ub = ubiquitin; WB = 

Western blot 

 

Interestingly, a large part of the immunohistochemistry and biochemistry studies on 

human brain samples, including the PD staging work by Braak and colleagues (Braak 

et al., 2001, 2003b, 2002), has relied primarily on the use of antibodies with epitopes 

against the C-terminal region of aSyn. Yet, these most commonly used antibodies are 

less likely to capture truncated forms of aSyn, aggregated but not yet phosphorylated 

aSyn, or aggregated aSyn bearing multiple C-terminal modifications (Anderson et al., 

2006; Chen et al., 2009; Giasson et al., 2000a; Kiely et al., 2013; Mahul-Mellier et al., 

2014). Reliance on a single or a restricted number of antibodies in human post-mortem, 

cellular and in vivo studies thus may significantly underestimate the amount, and 

under-represent the diversity, of aSyn pathology. Furthermore, the cellular 

environment dramatically influences the kinetics of aSyn aggregation, fibril 

polymorphism and PTMs (Peng et al., 2018). It is likely that the aSyn aggregates 

formed in the different types of synucleinopathies, or at different stages of disease 

progression, possess distinct biochemical and structural signatures that expose amino 

acid sequences and antibody epitopes differentially. Therefore, it is crucial to use 

multiple, well-characterized and validated antibodies to elucidate the biochemical and 

structural features underlying the pathological heterogeneity of aSyn in different 

synucleinopathies (Baba et al., 1998; Covell et al., 2017; Dhillon et al., 2017; Duda et 

al., 2000b; Giasson et al., 2000b). If successfully deciphered, these differences could 

be exploited to develop novel approaches to identify disease-specific biomarkers for 

PD and other synucleinopathies. They will also improve our currently insufficient 

understanding of the association of aSyn pathology and disease progression (Jellinger, 

2009; Milber et al., 2012; Steiner et al., 2018). 
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Towards this goal, we sought to develop an antibody toolbox that would enable 

capturing the diversity of soluble, aggregated and post-translationally modified forms 

of aSyn, thus making it possible to profile the full heterogeneity of aSyn pathology in 

post-mortem LBD brains. First, a combination of peptides and WT or site-specifically 

modified aSyn proteins were designed and used as immunogens to identify antibodies 

targeting different epitopes and modifications along the sequence of aSyn. The newly 

generated antibodies were complemented with a selection of pre-existing antibodies, 

and these were then systematically characterised with regards to their a) epitopes and 

species reactivity; b) sensitivities to aSyn PTMs neighbouring their epitopes; and c) 

conformational selectivity, using a library of recombinant aSyn monomers, oligomers 

and fibrils (Figure 2. 1D). We validated their specificity to aSyn by employing aSyn KO 

mouse neurons and brain tissues. The antibodies were then titrated for use on post-

mortem synucleinopathy tissues. We selected a subset of antibodies that would allow 

the full coverage of the N-terminus, NAC and C-terminus regions of aSyn as well as 

the post-translationally modified aSyn forms. The antibodies were next used to profile 

the pathological diversity in sporadic and familial LBDs. The use of this expanded 

toolbox revealed distinct and heterogeneously modified aSyn pathologies rich in 

pS129, but also in N-terminal nitration at Tyrosine 39 (Y39) and in N- and C-terminal 

tyrosine phosphorylations, scattered both to neurons and glial cells. To the best of our 

knowledge, this is the first study to employ antibodies targeting all disease-associated 

PTMs to profile aSyn brain pathology in the same set of cases. Finally, we used these 

validated antibodies to assess the dispersion of differentially modified aSyn aggregates 

in seeding-based cellular and animal models. Altogether, our results highlight the 

critical importance of re-visiting human tissues and cellular/tissue samples from model 

organisms using toolsets that capture the diversity of aSyn species. This is a necessary 

first step towards understanding the relationship between aSyn pathology formation, 

neurodegeneration, disease symptomatology and disease progression.  
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2.2 Results 

2.2.1 Design, development and generation of aSyn mouse monoclonal 

antibodies 

To generate antibodies that capture the biochemical and structural diversity of aSyn, 

we employed a collection of human aSyn proteoforms as antigens. These included 

large peptide fragments and proteins spanning the three regions and pathology-

associated PTMs of aSyn (Table 2. 1). The C-terminal region of aSyn was extensively 

covered by using antigen sequences encompassing aSyn residues 108-120, 113-127 

and 108-140, to ensure that all the disease-associated C-terminal truncations are 

targeted. To increase the likelihood of generating antibodies with epitopes in the N-

terminal and/or the NAC region of the protein, human aSyn full-length (1-140) and aSyn 

1-119 recombinant proteins and aSyn 1-20 peptide were employed as immunogens. 

For the generation of aSyn pS129 antibodies, we initiated two programmes – one with 

human aSyn 124-135 peptide phosphorylated at S129 (aSyn 124-135 pS129), and 

another one with human aSyn 120-135 peptide doubly phosphorylated at Y125 and 

S129 (aSyn 120-135 pY125/pS129). This way, we sought to develop phospho-specific 

antibodies that would detect aSyn pS129 even in the presence of neighbouring PTMs. 

Lastly, the mice were immunised with aSyn 34-45 peptide nitrated at Y39 (aSyn 34-45 

nY39) to produce monoclonal antibodies against this N-terminal PTM, for which there 

are no validated antibodies currently available. Following the immunisation of the 

BALB/c mice, test bleeds, hybridoma supernatants and subclones were analysed via 

ELISA, WB and slot/dot blot (DB) against a selected library of aSyn proteins (Table 2. 

2) to determine the strongest and the most specific antibody response. Details of the 

monoclonal antibody generation process are provided in the 2.4 Materials and 

Methods section. A total of 12 aSyn mouse monoclonal antibodies were obtained 

(Table 2. 3), the purity of which was validated by SDS-PAGE/Coomassie staining and 

WB. 
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Table 2. 1 A list of all the programmes initialised to generate monoclonal antibodies against aSyn.  

 
 

Table 2. 2 A list of all aSyn proteins and peptides included in this study. 

 
 

Table 2. 3 A list of all the purified antibodies after finalisation of the monoclonal antibody generation programmes.  
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2.2.2 Characterisation of aSyn antibodies using recombinant synuclein proteins 

and peptides 

a) Epitope mapping and sequential specificity 

Using aSyn and beta-synuclein (bSyn) recombinant protein standards (Table 2. 2), we 

first sought to assess the sequential specificity of our novel monoclonal aSyn 

antibodies and narrow down their epitopes by DB (Figure 2. 2A) and WB (Figure 2. 3). 

The two antibodies, LASH-EGT403 and 5B10-A12, targeted the N-terminus of aSyn, 

i.e. residues 1-5 and 1-10, respectively. All the other novel monoclonal antibodies were 

mapped to the C-terminal region spanning residues 110-132, and showed staggered 

coverage of this region of the protein (Figure 2. 2B; Table 2. 3). The epitopes of these 

seven antibodies were mapped to residues 110-115 (2F10-E12), 115-125 (7H10-E12), 

120-125 (4E9-G10), 121-125 (1F10-B12), 121-132 (4E9-C12), 123-125 (2C4-B12) 

and 126-132 (6B2-D12). The results of the epitope mapping of all the novel monoclonal 

antibodies are summarised in Figure 2. 2B (antibodies marked with *).  

 

The newly produced monoclonal antibodies alone were not sufficient to achieve full 

coverage of the aSyn sequence. Therefore, we expanded the antibody set to include 

in-house polyclonal aSyn antibodies  (Figure 2. 2B, antibodies marked with **), as well 

as a number of commercially available and frequently used aSyn antibodies (Figure 2. 

2B, antibodies marked with ***). It is worth noting that, of these commercial antibodies, 

LASH-BL 34-45, LASH-BL 80-96, LASH-BL 117-122, LASH-BL A15127A (120-122) 

as well as LASH-BL pY39 were developed jointly with Biolegend  (Figure 2. 2B, 

antibodies marked with *°*). The epitopes and sequential specificities of all these 

antibodies were validated by DB and WB (Figure 2. 2A-B; Figure 2. 3). We mapped 

the epitope of the homemade polyclonal LASH-EGTNter antibody to aSyn residues 1-

20. For all the commercial antibodies, the epitopes we identified were similar to those 

reported in the literature (Figure 2. 2A-B; Figure 2. 3).  

 

 



70 
 

 
Figure 2. 2 Validation and epitope mapping of aSyn antibodies. (A) DB validation of the novel monoclonal, in-house 

polyclonal and commercially available aSyn antibodies against the N-terminal, non-amyloid component (NAC) and 

the C-terminal regions of aSyn for epitope mapping, specificity and species reactivity using a selected library of 

aSyn and bSyn recombinant proteins under native conditions. Protein loading control was run via Ponceau S 

staining. All loaded proteins represent human aSyn forms except for human bSyn and mouse aSyn full-length (m 

FL) proteins. (B) A schematic to represent the novel monoclonal (marked with *), in-house polyclonal (marked with 

**) and pre-existing commercial aSyn antibodies (marked with ***) included in this study. The commercial antibodies 
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developed jointly with Biolegend are marked with *°*. The epitope information of each antibody is indicated in blue. 

Schematic created with BioRender.com (agreement no: JR23G6G5LA). (C) Validation of the aSyn PTM antibodies 

via DB screening. aSyn = alpha-synuclein; bSyn = beta-synuclein; DB = dot blot; FL = full-length; m = mouse; PTM 

= post-translational modification   

 

In addition to the antibodies against non-modified aSyn, we also generated novel 

monoclonal antibodies that target specific aSyn PTMs. Three aSyn PTM antibodies 

were developed, two of which were mapped to aSyn nY39 (5E9-G8 and 5E9-C10), 

and one to aSyn truncated at residue 120 (6A3-E9) by DB and WB  (Figure 2. 2B-C; 

Figure 2. 4A). Amongst the monoclonal antibodies against aSyn nY39, we observed 

that 5E1-G8 was weakly positive to aSyn WT and aSyn nY39 by WB (Figure 2. 4A, red 

arrow) but not by DB (Figure 2. 2C). On the other hand, the other monoclonal antibody 

5E1-C10 was positive only for aSyn nY39 both by DB and WB  (Figure 2. 2C; Figure 

2. 4A). The specificity of 6A3-E9 was further validated via supplementary DB, WB and 

surface plasmon resonance (SPR) analyses (Figure 2. 4B-D), all of which showed that 

it only detects human aSyn cleaved at residue 120. We complemented our battery of 

antibodies against the aSyn PTMs with the previously generated in-house polyclonal 

antibodies against aSyn nY39 (LASH-EGT nY39), aSyn pY39 (LASH-EGT pY39), 

aSyn pS87 (LASH pS87), aSyn pY125 (LASH-EGT pY125), aSyn pS129 (LASH-EGT 

pS129), with the monoclonal aSyn pY39 antibody generated in collaboration with 

Biolegend (LASH-BL pY39) and with the commercially available aSyn pS129 antibody 

AB EP1536Y, which were also screened and validated in parallel to the novel 

monoclonal aSyn PTM antibodies. These antibodies were found to be specific to their 

targeted modifications by DB and WB (Figure 2. 2B-C; Figure 2. 4A). Altogether, this 

selection provided us with 18 aSyn non-modified and 10 aSyn PTM antibodies to work 

with.  
 



72 
  



73 
 

Figure 2. 3 Validation and epitope mapping of aSyn antibodies. WB validation of the novel monoclonal, in-house 

polyclonal and commercially available aSyn antibodies against the N-terminal, non-amyloid component (NAC) and 

the C-terminal regions of aSyn for epitope mapping, specificity and species reactivity using a selected library of 

aSyn recombinant proteins under denatured conditions. Protein loading control was run via re-blotting the 

membranes with complementary aSyn antibodies. All loaded proteins represent human alpha-synuclein (aSyn) 

forms except for human beta-synuclein (bSyn) and mouse aSyn full-length (m FL) proteins. aSyn = alpha-synuclein; 

bSyn = beta-synuclein; FL = full-length; m = mouse; WB = Western blot 

 

 
Figure 2. 4 Validation of the aSyn PTM antibodies via DB, WB and SPR using human recombinant aSyn standards. 

In-house and commercial aSyn PTM antibodies were validated by (A) WB screening. Further (B) DB and (C) WB 

analyses on 6A3-E9 showed that this antibody is specific to human aSyn truncated at residue 120. (D) SPR 

sensograms showed the binding responses of immobilised antibody 6A3-E9 against varying concentrations of aSyn 

human 1-120 (top) or aSyn human full-length (bottom). aSyn = alpha-synuclein; DB = dot blot; PTM = post-

translational modification; SPR = surface plasmon resonance; WB = Western blot; WT = wild-type  

 

b) Sensitivity to neighbouring aSyn PTMs 

We have recently shown that the aSyn pS129 antibody binding could be affected by 

the presence of aSyn PTMs neighbouring S129 (Lashuel et al., 2022), and 

hypothesised that sensitivity to neighbouring PTMs could also be applicable to other 
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C-terminal as well as N-terminal or NAC region antibodies. Therefore, we investigated 

the reactivity of the non-modified aSyn antibodies in the presence of PTMs nearby their 

epitopes by DB and WB, and the results are summarised in Table 2. 4. We note that a 

large number of the aSyn C-terminal antibodies (i.e. 8 out of 12) showed sensitivity to 

the presence of aSyn pY125 and/or truncations across residues ~119-125 (Table 2. 

4). In the presence of aSyn pY125, for instance, antibody 4E9-G10 (120-125) failed to 

produce a positive result both by DB and WB (Figure 2. 2A; Figure 2. 3, red arrow). 

This finding is in line with the mapped epitope of this antibody (Figure 2. 2B), which 

covers Y125. Therefore, phosphorylation of this residue may hinder the antibody 

recognition. Similarly, the antibody 4E9-C12 (121-132) generated a weaker signal by 

DB and WB when aSyn pY125 was present or if residues 120-125 were absent  (Figure 

2. 2A; Figure 2. 3, red arrows). Interestingly, the antibodies 1F10-B12 (121-125) and 

2C4-B12 (123-125) were sensitive to this modification only by DB (Figure 2. 2A, red 

arrows), but were not noticeably affected by the presence of aSyn pY125 under the 

denaturing conditions of WB (Figure 2. 3). The 6B2-D12 (126-132) positive signal was 

weakened in the presence of aSyn pS129, especially by DB (Figure 2. 2A, red arrow). 

The positive signals revealed by AB LB509 (115-122), 7H10-E12 (115-125) and LASH-

BL 117-122 were all affected by C-terminal truncations roughly between residues 119-

125 (Figure 2. 2A; Figure 2. 3, red arrows), but less so by the presence of aSyn pY125. 

We expanded the same analysis to the NAC region and N-terminal antibodies. Of the 

two antibodies with epitopes in the NAC region, the BD SYN-1 (91-99) signal appeared 

to be weaker when aSyn is phosphorylated at Serine 87 (Figure 2. 3, red arrow), 

whereas this modification did not have an impact on the positivity of LASH-BL 80-96. 

The LASH-BL 34-45 antibody showed no sensitivity to the presence of nY39 or pY39, 

but lost all positive signal with the N-terminal truncation at residue 39 (Figure 2. 2A; 

Figure 2. 3, red arrows). Collectively, our results highlight that the antibody sensitivities 

to the presence of PTMs should always be considered before aSyn antibodies are 

selected for prospective experimental studies.  

 
Table 2. 4 Characterisation of non-modified aSyn antibodies using recombinant synuclein proteins and peptides. 

aSyn = alpha-synuclein; bSyn = beta-synuclein; DB = dot blot; f = fibril; hu = human; m = monomer; mus = mouse; 

o = oligomer; PTM = post-translational modification; WB = Western blot 
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c) Species reactivity 

Next, we assessed the reactivity of the full antibody panel to human and mouse aSyn. 

All N-terminal and NAC-region antibodies, including LASH-EGT403 (1-5), 5B10-A12 

(1-10), LASH-EGTNter (1-20), LASH-BL (34-45), LASH-BL (80-96) and BD SYN-1 (91-

99) were identified as both human- and mouse-reactive (Figure 2. 2A). The large 

majority of the C-terminal antibodies, on the other hand, detected only human aSyn 

proteins, with the exception of 2F10-E12 (110-115), 6B2-D12 (126-132) and Abcam 

(134-138) antibodies that were reactive to both human and mouse aSyn  (Figure 2. 

2A). These findings are consistent with the sequence differences between human and 

mouse aSyn in the C-terminus, particularly across the region covering residues 115-

125  (Figure 2. 5A). Interestingly, the N-terminal antibodies LASH-EGT403 (1-5), 

LASH-EGTNter (1-20), LASH-BL (34-45) and the extreme C-terminal antibody AB 

(134-138) showed reactivity also to bSyn, whereas the N-terminal antibody 5B10-A12 

(1-10), the NAC-region antibodies and the rest of the C-terminal antibodies were 

negative to bSyn (Figure 2. 2A; Figure 2. 3). These results are consistent with the 

sequence similarities and differences between aSyn and bSyn (Figure 2. 5B). All 

antibodies used in this study are listed in Table 2. 5. 
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Figure 2. 5 Amino acid sequences of aSyn, of its mouse orthologue and its protein homologues. (A) The amino acid 

sequence of aSyn human and its mouse orthologue. The residue differences between the two proteins are 

highlighted in red. (B) The synuclein family comprises three homologous proteins – alpha (aSyn), beta (bSyn) and 

gamma synuclein (gSyn). Only alpha- and beta-synuclein were included in this study. The sequence differences 

are highlighted in red.   

 

d) Conformational selectivity 

aSyn exists in different conformations in healthy and diseased human tissues (Covell 

et al., 2017; Gai et al., 2003; Kovacs et al., 2012; Roberts et al., 2015; Spillantini et al., 

1998a, 1998b). Therefore, we sought to determine the selectivity of the antibodies 

against non-modified aSyn towards the different aSyn conformations. To this end, DB 

and WB analyses were run on purified recombinant aSyn WT monomers, oligomers 

and fibrils (Figure 2. 6A-B; Table 2. 4), which were prepared and characterized as 

described previously (Kumar et al., 2020b). Electron microscopy (EM) analysis 

revealed that monomers, oligomers and fibrils of aSyn exhibit morphological 

differences (Figure 2. 6A). Interestingly, all antibodies were strongly positive for all 

conformations of aSyn both by DB and WB except for LASH-BL 34-45, which was 

positive for aSyn monomers, oligomers and fibrils by DB, but lost its positivity to high-

molecular weight (HMW) aSyn oligomers under denatured conditions (Figure 2. 6B, 

red arrow). These results suggest that the vast majority of the selected antibodies are 

capable of recognizing all conformations and aggregation states of aSyn. 
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Table 2. 5 A list of all the primary and secondary antibodies used in this study. 
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Figure 2. 6 Selectivity of aSyn antibodies over aSyn conformations. (A) Representative EM images of aSyn human 

WT monomers, oligomers and fibrils. (B) DB and WB characterisation of the novel monoclonal, in-house polyclonal 
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and commercially available aSyn antibodies to determine their conformational selectivity using aSyn human WT 

recombinant monomers, oligomers and pre-formed fibrils. aSyn = alpha-synuclein; DB = dot blot; EM = electron 

microscopy; f = fibrils; m = monomers; o = oligomers; WB = Western blot; WT = wild-type 

 

2.2.3 Validation of antibodies using aSyn knockout mouse primary neurons and 

brain tissues 

a) aSyn KO mouse primary neurons 

To validate the specificity of the antibodies to aSyn species, we assessed their 

immunoreactivity using aSyn KO mouse primary neurons. We first determined the 

minimal working concentration for each of the mouse-reactive antibodies on WT naïve 

and PFF-seeded hippocampal neurons by immunocytochemistry (ICC). This approach 

allowed us to work on aSyn KO neurons with appropriate antibody concentrations that 

otherwise permit the detection of endogenous aSyn, exogenously added aSyn fibrils 

and the newly formed aSyn aggregates in WT neurons, based on a well-characterised 

neuronal seeding model (Mahul-Mellier et al., 2020, 2018; Volpicelli-Daley et al., 2014). 

For the antibodies that are human-reactive only, we opted for the recommended 

dilutions by the suppliers when such information was available, and if not, we aimed at 

a final antibody concentration of 2-5µg/mL for ICC. We then screened the antibodies 

using aSyn KO hippocampal and cortical neurons.  

 

By ICC, we observed that LASH-EGT403 (1-5), 5B10-A12 (1-10), BD SYN-1 (91-99), 

2F10-E12 (110-115), AB LB509 (115-122), 4E9-G10 (120-125), 4E9-C12 (121-132) 

and 6B2-D12 (126-132) antibodies showed no non-specific background in 

hippocampal (Figure 2. 7A) and cortical (Figure 2. 7B) aSyn KO neurons. The LASH-

EGTNter (1-20), LASH-BL (34-45) and AB (134-138) antibodies showed positivity, 

possibly for bSyn protein, both in hippocampal and cortical aSyn KO neurons (Figure 

2. 7A-B, blue arrows), an observation consistent with DB and WB results on 

recombinant bSyn reactivity using these antibodies (Table 2. 4; Figure 2. 2A; Figure 2. 

3). Collectively, all of these antibodies showed specificity by ICC on aSyn KO 

hippocampal and cortical neurons. The cytoplasmic and/or nuclear signals detected in 

hippocampal and cortical aSyn KO neurons with BL 4B12 (103-108), 7H10-E12 (115-

125), LASH-BL (117-122), LASH-BL A15127A (120-122), 1F10-B12 (121-125) and 

2C4-B12 (123-125), on the other hand, were deemed to be non-specific background 
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(Figure 2. 7A-B, red arrows). Interestingly, the LASH-BL 80-96 antibody revealed a 

weak, non-specific cytoplasmic signal in the hippocampal (Figure 2. 7A, red arrow) but 

not in cortical aSyn KO neurons (Figure 2. 7B). The specificity of the aSyn PTM 

antibodies was screened also by ICC. The LASH-BL pY39, LASH-EGT pY39, LASH-

EGT pY125, AB EP1536Y pS129, LASH-EGT pS129, LASH-EGT nY39 and 6A3-E9 

antibodies were negative by ICC (Figure 2. 8A-B), suggesting that these antibodies 

are specific and show no cross-reactivity. In contrast, the monoclonal aSyn nY39 

antibodies 5E1-G8 and 5E1-C10 showed strong positivity both in the hippocampal and 

cortical aSyn KO neurons, and mild nuclear positivity was observed with LASH pS87 

(Figure 2. 8A-B, red arrows).  

 

We used a similar approach to investigate the specificity of the aSyn antibodies in 

neuronal lysates by WB. For the WB, sequential extraction was run on aSyn KO 

hippocampal and cortical neurons, and then the soluble and insoluble fractions were 

profiled using the battery of aSyn antibodies. aSyn mouse or human recombinant 

standards were used as positive controls. Of the human-reactive non-modified aSyn 

antibodies, faint non-specific bands were present mainly in the HMW regions of the 

soluble and/or insoluble fractions of BL 4B12 (103-108), AB LB509 (115-122), LASH-

BL A15127A (120-122), 4E9-G10 (120-125) (Figure 2. 9A, red arrows), but not in the 

region to which monomeric aSyn migrates, at 15kDa. Non-specific bands were not 

observed with the human-reactive 7H10-E12 (115-125), LASH-BL (117-122), 1F10-

B12 (121-125), 4E9-C12 (121-132) and 2C4-B12 (123-125) antibodies (Figure 2. 9A). 

The human- and mouse-reactive non-modified aSyn antibodies i.e. LASH-EGT403 (1-

5), 5B10-A12 (1-10), LASH-EGTNter (1-20), LASH-BL (34-45), LASH-BL (80-96), BD 

SYN-1 (91-99), 2F10-E12 (110-115), 6B2-D12 (126-132) and AB (134-138), did not 

detect any non-specific bands at 15kDa in the phosphate buffered saline(PBS)-treated 

soluble or insoluble fractions (Figure 2. 9A), with AB (134-138) possibly detecting bSyn 

in the PBS-treated soluble neuronal fractions (Figure 2. 9A, blue arrows). On the other 

hand, LASH-EGT403, 5B10-A12, LASH-EGTNter, LASH-BL 34-45, LASH-BL 80-96, 

2F10-E12, 6B2-D12 and AB 134-138 showed non-specific bands in the HMW regions 

in the soluble and/or insoluble fractions (Figure 2. 9A, red arrows). The aSyn PTM 

antibodies did not reveal any non-specificity, except for LASH-BL pY39, LASH-EGT 

pY39, 5E1-G8 nY39 and 5E1-C10 nY39 that detected a few non-specific bands 
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between 35-180kDa, and LASH-EGT pS129 which detected both HMW bands and 

bands around 15kDa in the insoluble fractions (Figure 2. 9B, red arrows). 
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Figure 2. 7 Specificity validation of non-modified aSyn antibodies on aSyn KO hippocampal and cortical neurons by 

ICC. PBS- and PFF-treated aSyn KO (A) hippocampal and (B) cortical neurons were immunostained to validate 

the specificity of the antibodies with epitopes against the N-terminus, NAC region and C-terminus of aSyn. Blue 
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arrows indicate bSyn positivity in PBS-treated neurons, green arrows indicate positivity to aSyn mouse WT fibrils in 

PFF-treated neurons, and red arrows indicate non-specific background both in PBS- and PFF-treated neurons. 

aSyn = alpha-synuclein; bSyn = beta-synuclein; ICC= immunocytochemistry; KO = knockout; MAP2 = microtubule 

associated protein 2; PBS = phosphate buffered saline; PFF = pre-formed fibril; WT = wild-type 

 

 

Figure 2. 8 Specificity validation of aSyn PTM antibodies on aSyn KO hippocampal and cortical neurons by ICC. 
PBS- and PFF-treated aSyn KO (A) hippocampal and (B) cortical neurons were immunostained to validate the 

specificity of the antibodies with epitopes against the PTMs of aSyn. Green arrows indicate positivity to aSyn mouse 

WT fibrils in PFF-treated neurons, and red arrows indicate non-specific background both in PBS- and PFF-treated 

neurons. aSyn = alpha-synuclein; bSyn = beta-synuclein; ICC = immunocytochemistry; KO = knockout; MAP2 = 

microtubule associated protein 2; PBS = phosphate buffered saline; PFF = pre-formed fibril; PTM = post-

translational modification; WT = wild-type 

 

b) aSyn KO mouse brain tissues 

Next, we validated the specificity of the non-modified and PTM aSyn antibodies on 

aSyn KO mouse amygdala tissue, a brain region previously shown to be particularly 
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affected by aSyn pathology (Burtscher et al., 2019). By immunofluorescence (IF), we 

observed no background with any of the antibodies against non-modified aSyn (Figure 

2. 10A). With the aSyn PTM antibodies, on the other hand, we observed non-specific 

punctate cytoplasmic positivity with LASH pS87, LASH-EGT pY125, LASH-EGT 

pS129 and mild diffuse background with 5E1-G8 and 5E9-C10 nY39 antibodies (Figure 

2. 10B, red arrows). A summary of the findings on aSyn KO neurons and mouse tissue 

for each antibody is presented in Table 2. 6. 
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Figure 2. 9 Specificity validation of aSyn antibodies on aSyn KO hippocampal and cortical neurons by WB. PBS- 

and PFF-treated aSyn KO hippocampal and cortical neurons were separated to soluble and insoluble fractions by 

sequential extraction, and stained using (A) non-modified and (B) aSyn PTM antibodies for specificity validation. 

Green arrows indicate bands specific to aSyn mouse WT fibrils, blue arrows indicate bSyn-specific bands, and red 

arrows indicate non-specific background. aSyn = alpha-synuclein; bSyn = beta-synuclein; KO = knockout; PBS = 

phosphate buffered saline; PFF = pre-formed fibril; PTM = post-translational modification; WB = Western blot; WT 

= wild-type 
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Figure 2. 10 Specificity validation of aSyn antibodies on aSyn KO mouse brain tissue by IF. The in-house and 

commercial antibodies against (A) non-modified aSyn and against (B) aSyn PTMs were screened for their specificity 
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using aSyn KO mouse amygdala sections. Red arrows indicate non-specific background. aSyn = alpha-synuclein; 

IF = immunofluorescence; KO = knockout; PTM = post-translational modification   

 

Table 2. 6 Specificity summary of aSyn antibodies on aSyn KO mouse neuronal culture and brain tissues. aSyn = 

alpha-synuclein; KO = knockout 
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2.2.4 Antibody validation and application in human post-mortem brain tissues 

Following the characterisation and validation of the antibodies using recombinant aSyn 

proteins, aSyn KO mouse primary neurons and brain tissues, we sought to apply these 

tools for human post-mortem brain tissue studies. The antibodies were first titrated for 

immunohistochemistry (IHC) by comparing different pre-treatment conditions and 

antibody dilutions. All of the non-modified aSyn antibodies (18) revealed mild to 

extensive staining of aSyn pathology in the PD cingulate cortex (Figure 2. 11A) except 

for the LASH-EGT403 (1-5) and 6B2-D12 (126-132) antibodies, which were rarely 

immunoreactive to LBs and did not detect LNs. Amongst the three PTM antibodies 

against aSyn nY39, we observed positivity only with the LASH-EGT nY39 polyclonal 

antibody, which detected cortical LBs and LNs. The 5E1-G8 and 5E1-C10 nY39 

monoclonal antibodies, on the other hand, were negative on PD tissue by IHC. With 

regards to aSyn phosphorylation, some LBs but also thin neurites were positive for 

aSyn pY39, detected both by the monoclonal LASH-BL pY39 and by the polyclonal 

LASH-EGT pY39 antibodies. Likewise, extensive LB and LN pathology was revealed 

both by the commercial AB EP1536Y and the homemade LASH-EGT pS129 

antibodies. On the contrary, the LASH pS87 and LASH-EGT pY125 antibodies showed 

little to no reactivity in the PD cingulate cortex. The truncation-specific antibody 6A3-

E9  (aSyn-120) detected exclusively the LBs without producing signal in the neurites 

(Figure 2. 11A). 

 

Interestingly, triple immunolabelling using aSyn N-terminal, C-terminal and PTM 

antibodies revealed that the cortical LBs were equally detected by all antibodies 

(Figure 2. 11B; Figure 2. 12). Yet, some of the LNs and Lewy dots were selectively 

revealed by the LASH-BL 34-45 antibody, and not by the AB 134-138 or the 81A pS129 

antibodies (Figure 2. 11B, arrows), suggesting that a portion of neuritic pathology is 

non-phosphorylated and may be cleaved in the extreme C-terminus. Overall, these 

results support our hypothesis that capturing the diversity of aSyn species in 

pathological aggregates requires  the use of multiple antibodies targeting different 

domains and disease-relevant PTMs.  
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Figure 2. 11 Application and validation of the aSyn antibodies on PD tissue. (A) The in-house monoclonal, polyclonal 

and commercial aSyn antibodies were titrated for IHC on the PD cingulate cortex. (B) Triple labelling of PD cingulate 

cortex by IF using an aSyn N-terminal (LASH-BL 34-45), a C-terminal (AB 134-138) and a pS129 (BL 81A-biotin) 

antibody. aSyn = alpha-synuclein; IF = immunofluorescence; IHC = immunohistochemistry; PD = Parkinson’s 

disease 
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Figure 2. 12 IF labelling of PD cingulate cortex using the aSyn N-terminal LASH-EGTNter 1-20 or LASH-BL 34-45, 

aSyn C-terminal BL 4B12 103-108 or AB 134-138, and aSyn pS129 BL 81A-biotin antibodies. aSyn = alpha-

synuclein; IF = immunofluorescence; IHC = immunohistochemistry; PD = Parkinson’s disease 

 

2.2.5 A selected panel of aSyn antibodies reveal the morphological diversity of 

human pathology  

aSyn exists in heterogeneous conformations and proteoforms in human tissues 

(Anderson et al., 2006; John E Duda et al., 2000; John E. Duda et al., 2000; Fujiwara 

et al., 2002; Giasson et al., 2000b; Kuusisto et al., 2003); yet, profiling of the same set 

of synucleinopathy tissues systematically for a full range of aSyn PTMs to capture 

pathological diversity, has not been performed previously. Therefore, we sought to 

characterize aSyn pathology across different types of LBDs using our battery of 

antibodies.  
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For this, we selected the best performing aSyn antibody subset that would allow for 

the maximal coverage of the aSyn sequence and PTMs. This subset included two 

antibodies against the N-terminus (LASH-EGTNter 1-20 and LASH-BL 34-45), two 

antibodies against the NAC region (LASH-BL 80-96 and BD SYN-1 91-99), and two 

antibodies against the C-terminus (i.e. 2F10-E12 110-115 and AB 134-138) of aSyn. 

Two additional antibodies were incorporated to cover the aSyn serine 

phosphorylations: AB EP1536Y pS129, as this antibody has been the most specific to 

aSyn pS129 species in our hands and in the literature (Delic et al., 2018), and LASH 

pS87. For the N-terminal tyrosine phosphorylation modification, we opted for the 

monoclonal LASH-BL pY39 antibody. For the C-terminal phosphorylation at Y125, we 

switched to the polyclonal aSyn pY125 antibody from Abcam as our homemade LASH-

EGT pY125 antibody revealed no positivity in the PD cingulate cortex (Figure 2. 11A)  

and showed high background when applied to aSyn KO mouse brain tissues (Figure 

2. 10B). To cover all possible C-terminal tyrosine phosphorylation modifications, we 

also included the polyclonal aSyn pY133 and pY136 antibodies from Abcam. To the 

best of our knowledge, these two C-terminal tyrosine phosphorylations have not been 

explored in post-mortem tissues, with the exception of one recent study (Sano et al., 

2021). The specificities of these three Abcam antibodies were validated in 

hippocampal and cortical aSyn KO neurons by ICC and WB (Figure 2. 13A-C; Table 

2. 6). Finally, we added 6A3-E9 against aSyn 1-120 and LASH-EGT nY39 to our 

selection. The final antibody subset chosen for further human tissue screening is 

presented in Figure 2. 14A. 

 

The specificity of this antibody selection to aSyn species in human brain tissue was 

validated directly using post-mortem materials of cases with neurodegenerative 

diseases that are not classified as synucleinopathies. The frontal cortices of 

progressive supranuclear palsy (PSP) and corticobasal degeneration (CBD), and the 

hippocampi of Alzheimer’s disease (AD), Pick’s disease (PiD) and frontotemporal lobar 

degeneration of TAR DNA-binding protein 43 type C (FTLD-TDP/C) cases were 

immunostained. Rare aSyn-positive inclusions were revealed by the LASH-EGTNter 

antibody in the CBD frontal cortex (Figure 2. 15, arrow), whereas the other non-

modified aSyn antibodies did not show any immunoreactivity. With regards to the aSyn 

PTM antibodies, LASH-EGT nY39 and 6A3-E9 aSyn-120 were negative in all cases 

stained (Figure 2. 15). AB EP1536Y (pS129) detected neuritic aSyn and AB pY133 
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extracellular aSyn structures in AD hippocampi (Figure 2. 15, arrows). AB pY136 

showed rare neuronal cytoplasmic positivity in the FTLD-TDP/C hippocampus, and 

LASH-BL pY39 scarce diffuse cytoplasmic positivity in PSP and extracellular aSyn in 

CBD frontal cortices (Figure 2. 15, arrows). Interestingly, both the LASH pS87 and AB 

pY125 antibodies revealed sparse granular cytoplasmic structures in the FTLD-TDP/C, 

AD and PiD hippocampi ((Figure 2. 15, arrows). These results suggest that the positive 

structures are genuine aSyn species that are found co-existing in brain tissues of 

patients with neuropathologies not classified as synucleinopathies.    

 

The selected aSyn antibodies were then used to immunohistochemically analyse the 

substantia nigra of sporadic (PD n=5, PDD n=2, DLB n=1) and familial (SNCA G51D 

n=3, SNCA H50Q n=1, SNCA duplication n=1) LBDs. Across these diseases, 

moderate to dense staining of LBs and LNs was observed with LASH-EGTNter (1-20) 

antibody, which was also positive for Lewy dots, thin threads, pale bodies (PBs), 

extracellular aSyn structures and coiled body-like oligodendroglial inclusions, but 

negative for astroglial structures (Figure 2. 14B). The AB 134-138 antibody labelled 

LBs, LNs, PBs and extracellular aSyn, and the 2F10-E12 (110-115) antibody densely 

labelled classical LBs, dystrophic neurites and thin threads, coiled body-like 

oligodendroglial inclusions but not any astrocytes. In contrast, the LASH-BL 34-45, 

LASH-BL 80-96 and BD SYN-1 antibodies showed very similar profiles, revealing LBs, 

dystrophic neurites and thin threads, coiled body-like oligodendroglial inclusions but 

also distinctively the punctate neuronal cytoplasmic and punctate astroglial 

accumulations (Figure 2. 14B). Similar punctate astroglial structures were also picked 

up by the N-terminal PTM antibodies LASH-EGT nY9 and LASH-BL pY39. Additionally, 

LASH-EGT nY39 revealed punctate cytoplasmic neuronal accumulations, PBs, thin 

threads and extracellular aSyn accumulations, and LASH-BL pY39 thin threads, 

extracellular aSyn structures, coiled body-like oligodendrocytes and some LBs. With 

the same set of aSyn PTM antibodies in the cingulate cortex of these LB disorders, we 

again observed a similar phenomenon where LASH-BL pY39 and LASH-EGT nY39 

antibodies picked up star-shaped glial structures (Figure 2. 14C).  

 

Both in the substantia nigra and the cingulate cortex, the most abundant aSyn PTM 

we observed was aSyn pS129, and the AB EP1536Y antibody against this modification 

labelled LBs, PBs, diffuse neuronal cytoplasmic aSyn, neurites and dots extensively 
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(Figure 2. 14B-C). In contrast, LASH pS87 together with AB pY125 revealed the 

scantiest structures across the LBDs. LASH pS87 antibody unveiled very rare granular 

cytoplasmic bodies in the neurons, dystrophic neurites and PBs in the substantia nigra 

(Figure 2. 14B), but no glial accumulations or thin threads (Figure 2. 14B-C). Similarly, 

AB pY125 labelled only very rare granular cytoplasmic aSyn structures and rare PBs 

in the substantia nigra, without staining any neurites or LBs in either of the two regions 

looked at (Figure 2. 14B-C). The other C-terminal tyrosine phosphorylation antibody 

AB pY133 detected some LBs with multiple centres, PBs and rare thin threads, 

whereas AB pY136 moderately picked up LBs, neurites, dots and thin threads. The 

truncation-specific 6A3-E9 antibody (aSyn-120), on the contrary, stained PBs, 

neuronal nuclear thread-like and extracellular aSyn structures, but no neurites. 

Altogether, our set of antibodies was able to uncover large heterogeneity of aSyn 

pathology in LBDs that is distributed both in neuronal and glial cells that cannot be 

discerned in its entirety when only individual antibodies are used. We further observed 

the cell-specific occurrence of different aSyn modifications, and report co-existence of 

differentially modified aSyn species, including several combinations that have not been 

previously described systematically, such as aSyn nY39, pY133 and pY136. 

 

 
Figure 2. 13 Specificity validation of the aSyn antibodies against C-terminal tyrosine phosphorylations on aSyn KO 

hippocampal and cortical neurons by ICC and WB. PBS- and PFF-treated aSyn KO (A) hippocampal and (B) cortical 

neurons were immunostained to validate the specificity of the Abcam antibodies with epitopes against aSyn pY125, 

pY133 and pY136. (C) PBS- and PFF-treated aSyn KO hippocampal and cortical neurons were separated to soluble 

and insoluble fractions by sequential extraction, and stained using Abcam pY125, pY133 and pY136 antibodies for 
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specificity validation. aSyn = alpha-synuclein; ICC = immunocytochemistry; KO = knockout; MAP2 = microtubule 

associated protein 2; PBS = phosphate buffered saline; PFF = pre-formed fibril; WB = Western blot 
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Figure 2. 14 A selected panel of aSyn antibodies reveal the broad diversity of human pathology in the substantia 

nigra of LBDs. (A) An outline to show the epitopes of the aSyn antibody selection used for IHC studies on LBD 

tissues. Schematic created with BioRender.com (agreement no: NU23G6E7KK). (B) Representative images from 

the substantia nigra of sporadic (PD, DLB) and familial (SNCA H50Q) LBDs screened with the selection of aSyn 

non-modified and aSyn PTM antibodies. (C) Representative images from the cingulate cortex of sporadic (DLB) 

and familial (SNCA G51D) LBDs screened with the selected aSyn PTM antibodies. aSyn = alpha-synuclein; DLB = 

dementia with Lewy bodies; IHC = immunohistochemistry; LBD = Lewy body disease; PD = Parkinson’s disease; 

PTM = post-translational modification  
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Figure 2. 15 Specificity validation of aSyn antibodies on post-mortem human tissues via IHC. The frontal cortices 

of PSP and CBD, and the hippocampi of AD, PiD and FTLD-TDP type C were stained using the selection of aSyn 
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non-modified and PTM antibodies. No cross-reactivity was observed. Arrows indicate aSyn-positive structures 

detected on each tissue. AD = Alzheimer’s disease; aSyn = alpha-synuclein; CBD = corticobasal degeneration; ctx 

= cortex; FTLD-TDP/C = frontotemporal lobar degeneration of TAR DNA-binding protein 43 type C; hipp = 

hippocampus; IHC = immunohistochemistry; PiD = Pick’s disease; PSP = posterior supranuclear palsy 

 

2.2.6 Biochemical and morphological diversity of aSyn aggregates in cellular 

and animal models of aSyn seeding 

aSyn antibodies are essential for the characterisation of preclinical models. Seeding-

based cellular and animal models using aSyn PFFs have emerged as the most 

common tools to investigate mechanisms and pathways of aSyn pathology formation 

(Kumar et al., 2021; Luk et al., 2012b, 2009; Mahul-Mellier et al., 2020, 2018; Volpicelli-

Daley et al., 2014, 2011). In the majority of the studies using these models, monitoring, 

quantification and characterisation of aSyn are based on the detection of aSyn pS129 

species. However, no study has systematically assessed the occurrence of other 

disease-associated PTMs in these models, with the exception of some C-terminal 

cleaved aSyn species (Elfarrash et al., 2019; Luk et al., 2012b, 2009; Mahul-Mellier et 

al., 2020, 2018; Volpicelli-Daley et al., 2011). Therefore, our knowledge about the role 

of PTMs in regulating aSyn seeding and LB formation in these models remains 

incomplete.  

 

To address this knowledge gap and characterize the diversity of aSyn species in these 

PFF models, we first sought to determine the ability of our antibodies to detect 

exogenously added PFFs in aSyn KO hippocampal and cortical neurons, by ICC 

(Figure 2. 7; Figure 2. 8) and WB (Figure 2. 9) 14 hours after treatment. All of the 9 

non-modified and mouse aSyn-reactive antibodies i.e. the N-terminal LASH-EGT403 

(1-5), 5B10-A12 (1-10), LASH-EGTNter (1-20) and LASH-BL 34-45; the NAC-region 

LASH-BL 80-96, BD SYN-1 (91-99); and the C-terminal 2F10-E12 (110-115), 6B2-D12 

(126-132) and AB 134-138 antibodies detected exogenous fibrils in the PFF-treated 

hippocampal  (Figure 2. 7A) and cortical (Figure 2. 7B) aSyn KO neurons by ICC. By 

WB, bands specific to exogenously added fibrils were revealed between 10kDa-35kDa 

by these antibodies (Figure 2. 9A, green arrows) except for the 6B2-D12 (126-132) 

antibody, which failed to detect any bands in the PFF-added neuronal fractions. With 

the aSyn PTM antibodies, no positivity was detected in the PFF-treated hippocampal 
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or cortical aSyn KO neurons using the aSyn pY39, pS129, pY133 or pY136 antibodies 

by ICC (Figure 2. 8A-B; Figure 2. 13A-B) or by WB (Figure 2. 9A; Figure 2. 13C). 

Similarly, no positivity was revealed with the LASH-EGT nY39 antibody in the 

hippocampal or cortical aSyn KO neurons by ICC (Figure 2. 8A-B) or WB (Figure 2. 

9B). On the contrary, the monoclonal nY39 antibodies 5E1-G8 and 5E1-C10 were 

positive both in the PFF-treated and control (PBS-treated) aSyn KO neurons, signals 

which we presumed to be non-specific by ICC (Figure 2. 8A-B, red arrows). Intriguingly, 

6A3-E9 antibody against aSyn-120 showed no background in PBS-treated control 

neurons (Figure 2. 8A-B) but showed positivity to PFF-treated hippocampal and 

cortical aSyn KO neurons by ICC (Figure 2. 8A-B, green arrows), and so we cannot 

rule out the possibility that this antibody may be reactive to aSyn full-length mouse 

fibrils. By WB, on the other hand, no bands were revealed in the PFF-treated aSyn KO 

hippocampal and cortical soluble and insoluble fractions (Figure 2. 9B). Collectively, 

these results confirm the specificity of our antibodies, and suggest that the internalised 

PFFs do not undergo any type of PTMs, except for N- and C-terminal cleavages, in the 

absence of seeding. 

 

Finally, the mouse aSyn-reactive antibodies (Table 2. 5) were used to characterize the 

PTM profile of newly formed aSyn aggregates in the neuronal seeding model (Mahul-

Mellier et al., 2020, 2020; Volpicelli-Daley et al., 2014, 2011), and in the PFF-injected 

in vivo model (Burtscher et al., 2019; Luk et al., 2012b; Masuda-Suzukake et al., 2013) 

of aSyn. Whilst all the non-modified aSyn antibodies detected the endogenous aSyn 

in PFF-treated or control (PBS-treated) WT hippocampal neurons by ICC, the 5B10-

A12 (1-10), LASH-EGTNter (1-20), LASH-BL 34-45 and AB 134-138 antibodies 

showed almost complete overlap with the aSyn pS129-positive inclusions in the PFF-

treated neurons (Figure 2. 16A, arrows), suggesting that these could be useful and 

alternative tools to aSyn pS129 for monitoring the aSyn aggregation in cell culture, 

especially if the cross-reactivity of the pS129 antibodies may confound the results. A 

similar pattern of overlap with the aSyn-positive inclusions, specifically for 5B10-A12 

(1-10), LASH-EGTNter (1-20), 2F10-E12 (110-115) and AB 134-138 antibodies (Figure 

2. 16C, arrows), was also observed in the amygdala of WT mice that had been injected 

with PFFs in the striatum. The amygdala has previously been reported to be particularly 

prone to develop early and substantial aSyn pathology in this model (Burtscher et al., 

2019). We speculate that this staining pattern may be due to the preferential exposure 
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of epitopes in the extreme N- and C-terminal aSyn, whereas the hydrophobic NAC 

region is less accessible and buried in the core of the newly formed aggregates.   

 

With the aSyn nY39 antibodies, we did not see any positivity in the neurons or in mouse 

tissue (Figure 2. 16B-C), except for diffuse cytoplasmic staining with the 5E1-G8 and 

5E1-C10, which we also observed in aSyn KO neurons and therefore deemed non-

specific (Figure 2. 8A-B). With the N-terminal tyrosine phosphorylation at Y39, on the 

other hand, both in the PFF-treated neurons and in the PFF-injected mouse amygdala, 

we detected punctate structures in close proximity to, and partially overlapping with, 

the aSyn pS129-positive inclusions (Figure 2. 16B-C, arrowheads). We noted similar 

punctate positivity also with aSyn pY133 and pY136 antibodies in the neuronal seeding 

model (Figure 2. 16B, arrowheads), which again partially overlapped with the aSyn 

pS129-positive accumulations. Altogether, these data suggest that aSyn may become 

hyperphosphorylated during the aggregation and inclusion maturation processes. 

Further research is needed to decipher the mechanism of formation and fate of these 

puncta structures, which are not detectable by the aSyn pS129 antibodies. These 

results illustrate the power of the antibodies we have presented in this study to 

investigate the role of PTMs in regulating aSyn seeding and inclusion formation, and 

to capture the morphological and biochemical diversity of aSyn aggregates in the 

cellular and in vivo models of aSyn seeding.    
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Figure 2. 16 Application of the aSyn antibodies to the cellular and animal seeding models to profile the newly formed 

aSyn aggregates. WT hippocampal neurons were seeded with PFFs for 14 days, and the newly formed aggregates 

monitored by ICC using the mouse-reactive (A) non-modified aSyn and (B) aSyn PTM antibodies in parallel to aSyn 

pS129 antibodies BL 81A or AB MJF-R13. (C) The same type of screening was run in PFF-injected mouse 
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amygdala tissues by IHC. The non-modified aSyn antibody signals overlapping with the aSyn pS129-positive 

aggregates are marked with an arrow. The punctate positivity shown by aSyn pY39, pY133 and pY136 antibodies 

in close proximity to aSyn pS129-positive aggregates are shown by arrowheads. Note the non-specific diffuse 

positivity revealed by the two monoclonal nY39 antibodies 5E1-G8 and 5E1-C10 in the WT hippocampal neurons 

as also revealed in the aSyn KO neurons using these two antibodies (Supplementary Figure 5). aSyn = alpha-

synuclein; ICC = immunocytochemistry; IHC – immunohistochemistry; KO = knockout; PFFs = pre-formed fibrils; 

PTM = post-translational modification; WT = wild-type    

 

2.3 Discussion 

Previous studies focusing on the development and application of multiple antibodies 

have been instrumental in the understanding of aSyn heterogeneity in LBDs and MSA 

(Almandoz-Gil et al., 2017; Covell et al., 2017; Croisier et al., 2006; Dhillon et al., 2017; 

Duda et al., 2002, 2000b; Fagerqvist et al., 2013; Galvin et al., 2000; Giasson et al., 

2000a, 2000b; Henderson et al., 2020; Vaikath et al., 2015; Waxman et al., 2008). On 

the other hand, no reports are yet available that characterise and validate aSyn non-

modified and PTM antibodies in a single study, followed by pathology profiling on the 

same set of LBD cases. In this study, we presented the development, validation and 

characterization of 12 novel monoclonal antibodies against different regions and PTMs 

of aSyn. These were complemented with pre-existing in-house and commercial 

antibodies to guarantee a more comprehensive coverage of the aSyn biochemical and 

structural diversity. In total, 31 antibodies were thoroughly characterised using a 

stringent validation pipeline (Figure 2. 1D), leading to the selection of 14 of them for 

profiling the diversity of aSyn pathology in LBDs  (Table 2. 7). Although all of the 

antibodies targeting non-modified aSyn sequences efficiently detected LBs, 

considerable differences particularly in the revelation of astroglial aSyn accumulations, 

punctate neuronal cytoplasmic inclusions and a subset of LNs and dots were observed 

in the substantia nigra and cingulate cortex of LBDs. This finding suggests differential 

capacities of the individual antibodies to uncover specific aspects of aSyn pathology 

with important implications for disease staging and characterisation of disease 

subtypes. Specifically, our results indicate that the use of single antibodies or 

inappropriate antibody combinations may result in profound underrating of the aSyn 

pathological load and diversity. 
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Table 2. 7 A summary of the pathology detection patterns of aSyn non-modified and PTM antibodies on LBD 

substantia nigra. aSyn = alpha-synuclein; LB = Lewy body; LBD = Lewy body disease; LN = Lewy neurite; PB = 

pale body; PTM = post-translational modification; - absent; + mild; ++ moderate; +++ frequent 

 
 

LBs are mature inclusions composed of a mixture of full-length and N- and C-terminally 

truncated aSyn species (Bhattacharjee et al., 2019; Moors et al., 2021; Prasad et al., 

2012). This makes LBs more likely to be detected by aSyn antibodies regardless of 

their sequential epitopes. Yet, the other types of aSyn accumulations may be difficult 

to detect using single antibodies. These may include less mature and poorly 

characterised manifestations of aSyn pathology, such as granular/punctate neuronal 

inclusions, astroglial aSyn accumulations, and a subset of LNs, which could be 

composed of homogenous aSyn proteoforms. The availability of the expanded toolbox 
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presented herein enables us to perform systematic profiling of aSyn species and 

pathology at a single cell level by ICC/IHC, which is not possible by biochemical 

methods such as WB. With this work, we identified antibodies that were able to detect 

specific aSyn species and inclusions in distinct cell types. This paves the way for future 

elucidation of the sequence, cell type or cell environment determinants of aSyn 

pathology formation and multiple cellular and molecular processes linked to 

neurodegeneration. 

 

Our pioneering study allowed for the investigation of the most prominent disease-

associated phosphorylation, nitration and truncation PTMs of aSyn at the same time 

on the same set of LBD cases. This was enabled by the combined use of a total of 6 

non-modified aSyn antibodies against all three regions of the protein and 8 different 

aSyn PTM antibodies that were used to screen a subset of LB disorders. Our results 

revealed a wide range of aSyn inclusion types at differing densities. We confirm that 

aSyn pS129 is the most abundant disease-related modification of aSyn in the 

substantia nigra, an observation consistent with previous publications reporting similar 

results on aSyn pS129 enrichment in diseased brains by mass spectrometry analyses 

(Anderson et al., 2006; Fujiwara et al., 2002). Uniquely, we report here that LB 

disorders are also rich in N-terminal nitration at Y39. Nitrated aSyn in post-mortem 

human studies has been previously reported (Duda et al., 2000) but the site-specific 

N-terminal nitration at Y39 was not investigated due to the lack of an antibody targeting 

this modification specifically. Similarly, only a handful of studies so far have 

investigated the N-terminal (Chen et al., 2009; Mahul-Mellier et al., 2014) and C-

terminal (Sano et al., 2021) tyrosine phosphorylations. Here we describe the 

widespread co-presence of these modifications across LB disorders scattered to 

neurons and glia. Our study was limited in deciphering the distribution of ubiquitinated 

or acetylated aSyn species due to the lack of antibodies against this particular 

modification of the protein, and future efforts to develop appropriate tools to fill in this 

gap will provide an even more complete picture of aSyn pathology heterogeneity.   

 

The neuronal seeding model of aSyn aggregation and LB-like inclusion formation has 

been well characterised, and the occurrences of the phosphorylation at Serine 129 and 

C-terminal truncations have been described by several groups (Mahul-Mellier et al., 

2020, 2018; Volpicelli-Daley et al., 2014, 2011). Here, we show that the neuronal aSyn 
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inclusions are hyperphosphorylated, and report for the first time the formation of 

punctate intracellular structures that are positive for N- or C-terminal tyrosine 

phosphorylations (pY39, pY133, pY136), which are not revealed by the aSyn pS129 

antibodies. These findings illustrate the power of using multiple antibodies to gain 

insight into the role of PTMs in regulating the formation of different types of aSyn 

aggregates. Prospective studies to decipher the cellular mechanisms modulating these 

modifications, and the role of these PTMs in aSyn aggregation, aggregate maturation 

and aSyn-mediated toxicity may be of crucial translational value.  

 

In summary, we highlight the limitations of relying on individual antibodies for aSyn 

pathology characterisation, and provide a selected, well-characterised toolset of 

antibodies for an extensive evaluation of aSyn pathology diversity. Clearly, not every 

study design will justify the use of the complete set used here. However, the provided 

characterizations of the individual antibodies, including their capacities to uncover 

specific features of aSyn pathology, will enable the choice of appropriate antibodies for 

specific studies based on solid rationales, a possibility that did not exist before. On the 

other hand, re-visiting the staging studies of PD and other LBDs based on aSyn 

pathology would greatly benefit from using a good selection of several well-suited 

antibodies described here to possibly resolve inconsistencies observed when 

correlating pathology with symptomatology (Jellinger, 2009; Milber et al., 2012; 

Parkkinen et al., 2008, 2007; Steiner et al., 2018).  

 

The scope of this work primarily covered sporadic and familial LBDs, and thus studying 

MSA pathology using this toolset in upcoming studies may shed light onto our 

understanding of this synucleinopathy type. Finally, we believe that future research 

aimed at re-visiting 1) PD and other LBD staging in the central nervous system using 

large cohorts, and 2) aSyn aggregation in the periphery using this validated antibody 

set would open new avenues in our comprehension of aSyn pathology spreading 

routes, and help identify novel therapeutic targets to interfere with these mechanisms. 
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2.4 Materials and methods 

2.4.1 Generation of aSyn monoclonal antibodies 

A combination of aSyn human recombinant proteins and peptides against different 

forms and modifications of aSyn were used for the immunisation of BALB/c mice (Table 

2. 1). These were solubilised in PBS and, where appropriate, conjugated to the carrier 

protein keyhole limpet hemocyanin (KLH). Following pre-immune serum collection, 

BALB/c mice were subcutaneously injected with the immunogen-complete Freund’s 

adjuvant mixture on Day 0, and with immunogen-incomplete Freund’s adjuvant on Day 

21 and Day 42. Test bleeds were run on Days 35 and 56, and antibody response was 

evaluated by ELISA, WB and DB. Animals with strong immunoreactivities were 

euthanised and their splenocytes surgically harvested. 

 
aSyn human proteins and peptides used for BALB/c mouse immunisation. 

 

Hybridoma technology was used for the production of monoclonal antibodies, where 

the antibody-producing lymphocytes were fused with Sp2/0-Ag14 (ATCC #CRL-8287) 

mouse myeloma cells using polyethylene glycol at a 5:1 ratio. The hybridomas were 

grown in hypoxanthine-aminopterin-thymidine selective media to eliminate unfused 

myeloma cells. Supernatants of 6 to 44 clones per programme were tested by ELISA, 

DB and WB against a selected library of aSyn proteins (Table 2. 2) to determine the 

clones with the strongest and the most specific results. Selected clones were further 

sub-cultured for several rounds to maintain stability, subjected to serial dilution to 

ensure monoclonality, and screened by ELISA, DB and WB for the identification of 

positive and specific clones. Isotyping and in vitro production of antibodies were carried 

out with the selected subclones, on an Akta 25 fast protein liquid chromatography 

(FPLC) system using a 25mL protein G sepharose column (Cytiva) according to the 

instructions of the manufacturer. Briefly, the resin was equilibrated using 10 column 

volumes of buffer A (20mM phosphate buffer pH7.2) before loading the filtrated sample 

on the column. Following a wash step of 10 CV with buffer A, antibodies were eluted 
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using an isocratic elution with buffer B (100mM glycine pH2.7), and were immediately 

pH-neutralised with 1M Tris buffer pH8.0 upon their harvest in fractionation tubes. 

Buffer exchange was performed against 10mM PBS using a 30kDa dialysis 

membrane, and the harvested antibodies were stored at -70 °C. Antibody 

concentrations were determined using absorbance reading at 280nm, and purity was 

determined by size exclusion chromatography. An average of 45mg from each of the 

12 antibodies were obtained.  

 

2.4.2 Expression and purification of aSyn monomers 

The expression and purification of human and mouse aSyn were carried out as 

described (Fauvet et al., 2012b). Briefly, pT7-7 plasmids encoding variants of mouse 

and human aSyn were used to transform BL21(DE3) chemically competent E. coli and 

let to grow on an agar dish with ampicillin. One colony was transferred to 400mL of 

Luria broth (LB) media with ampicillin at 100µg/mL and left to grow at 37 °C on shaker 

(at 180RPM) for 16h. The small culture was then used to inoculate a large culture of 

6L LB media with ampicillin at 100µg/mL. At an optic density (OD600) of 0.5-0.6, 

isopropyl β-D-1-thiogalactopyranoside was added at a final concentration of 1mM to 

induce aSyn expression. The large culture was left to grow further for 4h on shaker, 

centrifuged at 4,000g for 15min at 4 °C. The pellet was re-suspended on ice in lysis 

buffer (10mL p/L of culture) containing 20mM Tris pH8.0, 0.3mM phenylmethylsulfonyl 

fluoride (PMSF) protease inhibitor and cOmplete, mini, EDTA-free protease inhibitor 

cocktail tablet (Roche #4693159001; one tablet per 10mL lysis buffer). Cells were lysed 

by sonication (59s-pulse and 59s-no pulse over 5min at 60% amplitude). The lysate 

was centrifuged at 4 °C for 30min at 20,000g, the supernatant boiled for 5-15min at 

100 °C, and the centrifugation step repeated. Supernatant was filtered using a 0.22µm 

syringe filter, and purified via anion exchange chromatography and reverse-phase high 

performance liquid chromatography (HPLC). The quality control of the proteins was 

run via analysis by liquid chromatography-mass spectrometry (LC-MS), ultra-

performance liquid chromatography (UPLC) and SDS-PAGE separation and 

Coomassie staining. aSyn nY39, pY39, pS87, pY125 and pS129 protein standards 

were prepared using semi-synthesis as previously described (Hejjaoui et al., 2012). 
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2.4.3 aSyn oligomer generation 

Generation of aSyn oligomers was carried out as previously described (Kumar et al., 

2020b). Briefly, aSyn human WT monomers were dissolved in PBS for a final 

concentration of 12mg/mL, and was supplemented with benzonase at 1uL/mL. The 

solution was incubated in low-protein binding tubes at 37 °C for 5h at 900rpm, 

centrifuged for 10min at 12,000g at 4 °C, and 5mL of supernatant was run through a 

PBS-equilibrated Hiload 26/600 Superdex 200pg column. Eluted fractions were 

screened via SDS-PAGE. Oligomeric fractions were characterised by EM, circular 

dichroism (CD) before being collected, snap frozen and stored at -20 °C. 

  

2.4.4 Generation of aSyn pre-formed fibrils in vitro 

Lyophilised human or mouse aSyn WT monomers were re-suspended in PBS, and the 

pH was adjusted to 7.5. The protein solution was passed through filters with 100kDa 

cut-off to remove any spontaneously formed aggregates. Protein concentration was 

measured via ultraviolet absorption at 280nm and/or by bicinchoninic acid (BCA) 

assay. Monomers in solution were left on an orbital shaker (at 1000RPM) for 5 days at 

37 °C. For application to cellular seeding models, the fibrils were sonicated to achieve 

a median fibril length of 50-100nm. The final fibril prep was characterised for the 

monomer-to-fibril ratio by sedimentation and filtration assays as described in (Kumar 

et al., 2020a), for amyloid formation by ThT assay, and for fibril length quantification 

by electron microscopy analysis. 

 

2.4.5 Dot blot/slot blot and Western blot analysis using aSyn recombinant 

proteins 

For the dot blot/slot blot analysis, aSyn proteins were diluted in PBS and blotted on a 

nitrocellulose membrane of 0.22µm in 50µL volume corresponding to 250ng of protein 

loading. For the WB analysis, aSyn proteins were diluted in PBS and Laemmli buffer 

4X (50% glycerol, 1M Tris at pH 6.8, 20% β-mercaptoethanol, 10% SDS and 0.1% 

bromophenol blue), loaded onto a 4-16% Tricine gel in 10µL volume corresponding to 

100ng of protein loading and transferred onto a nitrocellulose membrane of pore size 

0.22µm using a semi-dry transfer system (BioRad) for 45min at 0.5A and 25V. Where 

appropriate, Ponceau S staining (2% Ponceau S in 5% acetic acid) was applied as 
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protein loading control. The membranes were blocked overnight at 4 °C in Odyssey 

blocking buffer (Li-Cor). They were incubated with primary antibodies diluted in PBS 

for 2h at RT, washed three times for 10min in PBS with 0.01% Tween-20 (PBS-T), 

incubated in dark with secondary antibodies diluted in PBS and washed three times for 

10min in PBS-T. For the primary and secondary antibody details, see Table 2. 5. The 

membranes were imaged at 700nm and/or 800nm using the Li-Cor Odyssey CLx 

imaging system, and the images processed using Image Studio 5.2.   

 

2.4.6 Surface plasmon resonance (Biacore) 

SPR data were collected on a Biacore 8 K device (GE Healthcare). Antibody (6A3) was 

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 α-syn monomers (human WT 1-20 or human WT 

1-140) at a concentration ranging between 2.5 μM to 0.1 μM in PBS buffer were 

injected into both flow cells at a flow rate of 30 μL/min at 25 °C. Each sample cycle has 

the contact time (association phase) of 120 s and is followed by a dissociation time of 

600 s. After every injection cycle, surface regeneration of the Biacore chips was 

performed using 10 mM glycine (pH 3.0). 

  

2.4.7 Mouse primary neuronal culture and seeding assay 

Primary hippocampal and cortical neurons were collected from P0 pups of WT 

(C57BL/6JRccHsd, Harlan) or aSyn KO (C57BL/6J OlaHsd, Harlan) mice, according 

to the dissection procedure described elsewhere (Steiner et al., 2002). Following the 
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plating in poly-L-lysine-coated plates (300,000 cells/mL), the neurons were left to 

mature at 37 °C with 5% CO2. WT neurons were treated with 70nM aSyn mouse WT 

PFFs on day in vitro (DIV)7 and left to incubate for 14 days; and aSyn KO neurons on 

DIV20 and left to incubate for 24h, as described (Mahul-Mellier et al., 2020, 2018; 

Volpicelli-Daley et al., 2014, 2011). 

2.4.8 Immunocytochemistry and confocal imaging 

Mouse primary neurons were washed twice in PBS, fixed with 4% PFA for 20min at 

RT and stained as described elsewhere (Mahul-Mellier et al., 2015). The antibodies 

used for ICC are detailed in Table 2. 5. Imaging was carried out on a confocal laser-

scanning microscope (LSM 700, Carl Zeiss, Germany) and image analysis on Zen 

Digital Imaging software (RRID: SCR_013672).  

 

2.4.9 Cell lysis, sequential extraction and Western blotting  

Mouse primary neurons were washed in PBS twice on ice and extracted in Tris-

buffered saline (TBS; 50mM Tris and 150mM NaCl at pH7.5) with 1% Triton X-100 and 

with protease inhibitor (PI) cocktail (1:100), 1mM phenylmethane sulfonyl fluoride 

(PMSF), phosphatase inhibitor cocktails 2 and 3 (1:100), as described previously 

(Mahul-Mellier et al., 2020, 2018; Volpicelli-Daley et al., 2014, 2011). The cells were 

lysed via sonication (1s intermittent pulse 10 times at 20% amplitude) using a small 

probe (Sonic Vibra Cell, Blanc Labo, Switzerland). The lysate was incubated for 30min 

on ice and centrifuged at 100,000g for 30min at 4 °C. The supernatant i.e. the ‘soluble’ 

fraction, was collected and diluted in 4X Laemmli buffer (50% glycerol, 1M Tris at pH 

6.8, 20% β-mercaptoethanol, 10% SDS and 0.1% bromophenol blue). As the wash 

step, the pellet was re-suspended in lysis buffer, sonicated and centrifuged as 

described above. Supernatant was discarded and the pellet re-suspended in TBS with 

2% sodium dodecyl sulphate supplemented with protease and phosphatase inhibitors 

as described above. The re-suspension, i.e. the ‘insoluble fraction’, was sonicated (1s 

intermittent pulse 15 times at 20% amplitude) and diluted in 4X Laemmli buffer. Protein 

concentration was determined by BCA assay separately for the soluble and the 

insoluble fractions.  

 

The soluble and insoluble fractions were separated on a 16% Tricine gel 

(ThermoFisher), transferred onto a nitrocellulose membrane of pore size 0.22µm using 
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a semi-dry transfer system (BioRad) for 45min at 0.5A and 25V. The membranes were 

blocked overnight at 4 °C in Odyssey blocking buffer (Li-Cor), and washed three times 

for 10min in PBS with 0.01% Tween-20 (PBS-T). Membranes were incubated with 

primary antibodies diluted in PBS for 2h at RT, washed three times for 10min in PBS-

T, incubated in dark with secondary antibodies diluted in PBS and washed three times 

for 10min in PBS-T. For the antibody details, see Table 2. 5. The membranes were 

imaged at 700nm and/or 800nm using the Li-Cor Odyssey CLx imaging system, and 

the images processed using Image Studio 5.2.   

 

2.4.10 Animals and intra-striatal stereotaxic injection procedure 

All animal experimentation was performed in compliance with the European 

Communities Council Directive of 24 November 1986 (86/609EEC) and with approval 

of the Cantonal Veterinary Authorities (Vaud, Switzerland) and the Swiss Federal 

Veterinary Office (authorisation number VD2067.2).  C57BL/6JRj male mice (Janvier 

Labs) at 3 months of age were stereotaxically injected with aSyn mouse WT PFFs 

(5mg in 2mL PBS) in the right dorsal striatum. 6 months post-injection, the animals 

were sacrificed by intracardiac perfusion with heparinized sodium chloride (NaCl; 

0.9%), and fixed with 4% paraformaldehyde (PFA) in PBS overnight, and paraffin-

embedded for immunohistochemical studies. For the antibody validation studies, naïve 

adult aSyn KO mice (C57BL/6J OlaHsd, Harlan) were sacrificed and brain sections 

were prepared in the same way as for PFF-injected WT animals. 

 

2.4.11 Immunofluorescent double-labelling of mouse tissue and imaging  

WT and aSyn KO mouse paraffin-embedded brain sections were cut coronally to 4µm 

and dewaxed. Epitope retrieval was carried out in 10mM trisodium citrate buffer at 

pH6.0 for 20min at 95 °C. Tissue blocking was run by incubation in 3% bovine serum 

albumin (BSA) and 0.1% Triton X-100 in PBS for 1h at RT. Sections were then 

incubated with the primary antibody solution overnight at 4 °C, and with the secondary 

antibody solution for 60min at RT (Table 2. 5). Slides were mounted using an aqueous 

mounting medium, and tiled imaging was carried out on the Olympus VS120 

microscope. 
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2.4.12 Human brain tissue samples 

Post-mortem human brains were collected in accordance with the London Multicentre 

Research Ethics Committee-approved protocol, and upon the written informed consent 

from donors. The samples were stored under the licence approved by the Human 

Tissue Authority (no. 12198). The ethical approval for research was given by the NRES 

Committee London Central. The cases were selected from the Queen Square Brain 

Bank (QSBB), UCL Institute of Neurology in London, UK.   

 

2.4.13 Immunohistochemistry of human brain samples and imaging 

5 PD, 2 PDD, 1 DLB, 1 SNCA H50Q, 3 SNCA G51D mutation and 1 SNCA duplication 

brain were used for the immunohistochemical studies. Formalin-fixed paraffin-

embedded (FFPE) sections were cut sequentially to 8µm of thickness, de-paraffinised, 

and treated with methanol and hydrogen peroxide at 1:50 ratio in order to quench the 

endogenous peroxidase. For epitope retrieval, the sections were treated for 10min with 

98% formic acid and 10min with citrate buffer under pressure-cooking. After the 

blocking in 10% non-fat milk in TBS-Tween (TBST), sections were incubated in primary 

antibody solution for 1h at RT, washed three times for 5min in TBST, incubated in 

secondary antibody solution for 30min at RT and washed three times for 5min in TBST. 

For the antibody details, see Table 2. 5. Avidin-biotin complex was applied according 

to the manufacturer’s instructions, and colour development was run using di-

aminobenzidine/ hydrogen peroxide for 2-5min. Counterstaining was run using Mayer’s 

haematoxylin (TCS Biosciences).  

 

2.5 Contributions of the authors  

Hilal A. Lashuel conceived and conceptualised the study. Hilal A. Lashuel and Melek 

Firat Altay designed the experiments. Senthil T. Kumar ran the SPR experiment. 

Johannes Burtscher provided the aSyn KO and PFF-seeded WT mouse brain tissues 

for IHC. Somanath Jagannath generated and characterised the aSyn oligomers. 

Janice L. Holton selected the human cases. Laura Parkkinen contributed to the 

optimisation of the IHC assays on human cases. Janice H. Holton, Yasuo Miki and 

Laura Parkkinen contributed to the analysis of the human data. Melek Firat Altay 

performed all other experiments involved in the study and wrote the chapter. 



112 
 

  



113 
 

CHAPTER 3 Astrocytic aSyn pathology in Lewy body 
diseases2  

 

aSyn is a pre-synaptic monomeric protein that can form aggregates in neurons in PD, 

PDD and DLB, and in oligodendrocytes in MSA. Although the accumulation of aSyn in 

astrocytes has previously been described in PD, PDD and DLB, the biochemical 

properties of aSyn in this type of pathology and its topographical distribution have not 

been studied in detail. Here, we present a systematic investigation of aSyn astrocytic 

pathology, using an expanded toolset of antibodies covering the entire sequence and 

PTMs of aSyn in LBDs, including sporadic PD, PDD, DLB, familial PD with SNCA 

G51D mutation and SNCA duplication, and in MSA. Astrocytic aSyn was mainly 

detected in the limbic cortical regions of LBDs, but were absent in key pathological 

regions of MSA. These astrocytic aSyn accumulations were detected only with a 

subset of aSyn antibodies with epitopes against the mid N-terminal and NAC regions, 

but not with the extreme N- or C-terminal antibodies. The astroglial accumulations were 

negative to canonical aSyn aggregation markers, including p62, ubiquitin and aSyn 

pS129, but positive for phosphorylated and nitrated forms of aSyn at Tyrosine 39 (Y39), 

and mostly not resistant to PK. Our findings suggest that astrocytic aSyn 

accumulations are a major part of aSyn pathology in LBDs, and possess a distinct 

sequence and PTM signature that is characterized by both N- and C-terminal 

truncations and modifications at Y39. To the best of our knowledge, this is the first 

description of aSyn accumulation made solely from N-and C-terminally cleaved aSyn 

species and the first report demonstrating that astrocytic aSyn exists as a mixture of 

Y39 phosphorylated and nitrated species. These observations underscore the critical 

importance of systematic characterization of aSyn in different cell types as a necessary 

step to capturing the diversity of aSyn species and pathology in the brain. Our findings 

combined with further studies on the role of astrocytic pathology in the progression of 

LBDs can pave the way towards identifying novel disease mechanisms and therapeutic 

targets. 

                                            
2 The work presented in this chapter is part of the following publication in preparation: 

Altay M.F., Liu A.K.L., Holton J.L., Parkkinen L., Lashuel H.A. (2022) Prominent astrocytic alpha-synuclein pathology with unique 

post-translational modification signatures unveiled across Lewy body disorders. 
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3.1 Introduction 

PD, PDD, DLB and MSA are age-related neurodegenerative diseases that are 

characterized by the abnormal accumulation and aggregation of aSyn. Hence, they 

are collectively referred to as synucleinopathies. PD, PDD and DLB typically involve 

the accumulation of aSyn in the neuronal soma and processes as LBs and LNs, 

respectively (Baba et al., 1998; Spillantini et al., 1998b, 1997). MSA, on the other hand, 

is primarily characterized by the inclusion formation mainly in the oligodendrocytes 

called GCIs (Spillantini et al., 1998a).  

 

In the early 2000s, several studies reported the presence of aSyn-positive astrocytes 

in LBDs (Hishikawa et al., 2001; Shoji et al., 2000; Takeda et al., 2000; Terada et al., 

2003; Wakabayashi et al., 2000) (Table 3. 1). Yet, despite the increasing number of 

publications aimed at dissecting the molecular and structural features of aSyn 

pathology, very little is known about the biochemical properties and distribution of aSyn 

species associated with the astrocytes, how they form, and what role they may have 

in the pathogenesis of PD and other synucleinopathies. Only a limited number of 

studies (13) have been published, using a limited number of antibodies, on the 

characterization of aSyn astrocytic pathology and its relationship to aSyn neuronal 

pathology, disease stage or duration (Braak et al., 2007b; Fathy et al., 2019; Hishikawa 

et al., 2001; Kovacs et al., 2014, 2012; Nakamura et al., 2016; Shoji et al., 2000; Song 

et al., 2009; Sorrentino et al., 2019; Takeda et al., 2000; Terada et al., 2003, 2000; 

Wakabayashi et al., 2000).  
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Table 3. 1 The studies since 2000 investigating the astrocytic aSyn pathology in human disease brains.  

 

 

One of the key reasons for the scarcity of data on astrocytic aSyn is that only a few of 

the aSyn antibodies appear to reveal these species. Although previous studies have 

reported that the astrocytic aSyn is detected by antibodies with epitopes against the 

NAC region of aSyn (Braak et al., 2007b; Kovacs et al., 2012; Sorrentino et al., 2019), 

they did not define the sequence properties of aSyn or identify the molecular 
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determinants underpinning their observations. These astrocytic aSyn species are not 

revealed by the classical inclusion markers such as positivity for ubiquitin (Braak et al., 

2007b; Kovacs et al., 2014; Nakamura et al., 2016; Takeda et al., 2000; Terada et al., 

2000) and p62 (Braak et al., 2007b; Kovacs et al., 2014; Nakamura et al., 2016; Takeda 

et al., 2000; Terada et al., 2000), and their PTM profile and aggregation states have 

not been systematically investigated beyond two studies that assessed S129 

phosphorylation status (Nakamura et al., 2016; Sorrentino et al., 2019). Furthermore, 

the majority of the antibodies used to characterise and diagnose aSyn pathology are 

directed at the C-terminal domain of the protein, which could lead to the under-

reporting of aSyn astrocytic pathology. The lack of appropriate tools and techniques 

that allow for the selective isolation and characterization of the astrocytic aSyn 

presents major challenges to defining their biochemical properties and relationship to 

other aSyn brain pathologies.  

 

To address these challenges, we assessed aSyn astrocytic pathology using an 

expanded set of antibodies that target epitopes throughout the entire sequence of the 

protein and for the first time against all key aSyn PTMs (8 PTMs). To further 

characterize the aggregation state of aSyn species in the astroglia, we used antibodies 

against known markers of LBs (ubiquitin, p62), aSyn aggregate-specific antibodies, the 

amyloid-specific dye Amytracker, and investigated their resistance to proteolysis by 

PK. With the aim of shedding light on the biochemical properties of astrocytic aSyn 

pathology across different regions and synucleinopathies, we extended our studies to 

several limbic brain regions, including the entorhinal cortex, hippocampus, cingulate 

cortex, insula and amygdala of PD, PDD and DLB; and the pons, putamen, cerebellum, 

frontal cortex and occipital cortex of MSA.  

 

Our studies show that astrocytic aSyn accumulations occur extensively in the limbic 

and cortical areas of LB disease cases. These aSyn species are post-translationally 

modified at Tyrosine 39 and cleaved at both the N- and C-termini of the protein, as 

evidenced by the fact that they are detected with antibodies targeting epitopes 

approximately between residues 34-99. In addition to presenting new insight into the 

sequence, aggregation state and biochemical properties of astrocytic aSyn, our work 

provides a validated toolset that should enable a more systematic re-assessment of 

the role of astrocytic aSyn pathology in the development and progression of 
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synucleinopathies. Our findings also emphasise the importance of using an expanded 

set of appropriate and validated detection tools capable of capturing the diversity of 

aSyn species to map and characterize aSyn pathology in astrocytes and other cell 

types.   

 

3.2 Results  

3.2.1 Mapping the astrocytic aSyn proteoform in LBDs 

We have previously shown that the use of antibodies against different regions and 

post-translational modifications of aSyn enables revealing the pathological diversity 

across synucleinopathies (see Chapter 2 on p.61). Therefore, we sought to use an 

expanded antibody tool box to characterize the aSyn astrocytic pathology. A complete 

list of the antibodies used in this study and their epitopes is shown in Table 3. 2. DLB 

entorhinal cortex was stained using two antibodies against the N-terminal (epitopes 1-

20 and 34-45), two against the NAC region (epitopes 80-96 and 91-99) and two against 

the C-terminal regions (epitopes 110-115 and 134-138) of aSyn (Figure 3. 1A). The 

same sections were also screened for aSyn PTMs, including Serine (at Ser87 and 

Ser129) and Tyrosine (at Tyr39, Tyr125, Tyr133 and Tyr136) phosphorylations, N-

terminal nitration at Tyr39 (nY39) and C-terminal truncation at residue 120 (Figure 3. 

1B). Whilst all the antibodies against non-modified aSyn were able to detect LBs and 

LNs, only the N-terminal antibody LASH-BL 34-45 and the two NAC region antibodies 

LASH-BL 80-96 and BD SYN-1 (epitope 91-99) were able to reveal the star-like 

astroglial aSyn structures (Figure 3. 1A). We confirmed the specificity of these three 

antibodies to aSyn by pre-adsorption treatment, after which the positivity to LBs and 

star-like structures was lost (Figure 3. 2). Strikingly, only the two antibodies against the 

aSyn PTMs in the N-terminal region of the protein, i.e. pY39 and nY39, but not the 

antibodies targeting the C-terminal aSyn PTMs, were positive for these astroglial 

structures (Figure 3. 1B).  
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Table 3. 2 The primary and secondary antibodies included in this study. 
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Figure 3. 1 The star-like astrocytic aSyn accumulations in the entorhinal cortex of a DLB patient. (A) The EC of DLB 

brains were immunohistochemically stained using aSyn antibodies with epitopes against the N-terminus (LASH-

EGTNter 1-20 and LASH-BL 34-45), the NAC region (LASH-BL 80-96 and BD SYN-1 91-99) and the C-terminus 

(2F10-E12 110-115 and AB 134-138) of aSyn. The extreme N-terminal antibody LASH-EGTNter as well as the C-

terminal antibodies 2F10-E12 and AB 134-138 showed neuronal pathology in the soma and neurites. The late N-

terminal antibody LASH-BL 34-45 as well as the two NAC region antibodies LASH-BL 80-96 and BD SYN-1 were 

positive for LBs and LNs, but also distinctively detected star-shaped glial aSyn species (insets). (B) The aSyn PTM 

antibodies against phosphorylation and nitration at Tyrosine 39 (Y39) were also reactive to the star-like astroglial 

pattern (insets). (C) Star-like aSyn species are associated with the GFAP-positive astrocytes in the DLB brains as 

shown by IF using antibodies for astrocytic and neuronal markers GFAP and NF, and LASH-BL 34-45 antibody 

against aSyn. The star-like aSyn species (arrows) appeared in and around the GFAP-positive astrocytes, and not 
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the LNs. Images on the upper panel taken using Olympus slide scanner at 40x magnification, and the lower panel 

on Zeiss LSM700 confocal microscope. Scale bar for Figure 1A-B is 20µm for the main images and 40µm for the 

insets. aSyn = alpha-synuclein; DLB = dementia with Lewy bodies; EC = entorhinal cortex; GFAP = glial fibrillary 

acidic protein; IF = immunofluorescence; LB = Lewy body; LN = Lewy neurite; NAC = non-amyloid-beta component; 

NF = neurofilament; PTM = post-translational modification 

 

 
Figure 3. 2 Specificity validation of the aSyn antibodies LASH-BL 34-45, LASH-BL 80-96 and BD SYN-1 by pre-

adsorption followed by IHC on DLB cingulate cortex. aSyn = alpha-synuclein; DLB = dementia with Lewy bodies; 

IHC = immunohistochemistry  

 

To validate that these structures represent aSyn in the astrocytes, we performed 

immunofluorescent labelling. DLB cingulate cortex was stained using LASH-BL 34-45, 

the best performing antibody to reveal the star-like aSyn accumulations by 

immunohistochemistry (Figure 3. 1A), and glial fibrillary acidic protein (GFAP) and 

neurofilament (NF) antibodies i.e. the standard markers for astrocytes and neurons, 

respectively. The cortical LBs were positive for NF and LASH-BL 34-45, and negative 

for GFAP (Figure 3. 3A). The GFAP-positive astrocytes, on the other hand, were also 

positive for LASH-BL 34-45, and negative for NF by confocal imaging (Figure 3. 1C). 

The oligodendroglia and the microglia in the white matter, marked with myelin basic 

protein (MBP) and ionised calcium binding adaptor protein 1 (Iba1) respectively, were 
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negative to aSyn (Figure 3. 3B). Microglial positivity to aSyn was observed in the grey 

matter as rare events and did not show a star-like morphology (Figure 3. 3B). 

Collectively, these observations demonstrate that the star-like structures revealed by 

immunohistochemistry using the late N-terminal and NAC region aSyn antibodies 

represent aSyn accumulations in and around the astrocytes. These findings also 

suggest that the extreme N- and C-terminal regions of aSyn are either masked by 

heavy modifications, bound to other molecules or are cleaved, and thus explain why 

astrocytic aSyn cannot be detected with antibodies targeting these regions. 

 

 
Figure 3. 3 (A) A representative image of a cortical LB positive for NF and LASH-BL 34-45, and negative for GFAP. 

Image from DLB cingulate cortex, taken using Zeiss LSM700 confocal microscope. (B) The oligodendrocytes and 

microglial cells, marked by anti-MBP and anti-Iba1 antibodies, respectively, were negative for aSyn in the white 

matter (upper two panels). Punctate aSyn positivity was detected in the microglial cells in the grey matter (lower 

panel) as rare events. Images taken from DLB cingulate cortex using Olympus slide scanner at 40x magnification. 

aSyn = alpha-synuclein; DLB = dementia with Lewy body; GFAP = glial fibrillary acidic protein; Iba1 = ionised 

calcium binding adaptor protein 1; MBP = myelin basic protein; LB = Lewy body; NF = neurofilament 
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3.2.2 Astrocytic aSyn is modified at Tyrosine 39 

As shown in Figure 3. 1B, our data show for the first time that astrocytic aSyn 

accumulations contain a mixture of aSyn species that are phosphorylated or nitrated 

at Tyrosine 39 (Y39). To corroborate our findings, we first validated the specificity of 

the aSyn pY39 and nY39 antibodies. The antibodies were incubated with aSyn 

recombinant protein bearing either pY39 or nY39 before using them to detect site-

specifically nitrated and phosphorylated recombinant aSyn by slot blot (SB). The 

positive signal for aSyn nY39 and for aSyn pY39 recombinant proteins were lost after 

the pre-blocking of LASH-EGT nY39 and LASH-BL pY39 antibodies, respectively 

(Figure 3. 4A). The same pre-blocking protocol was then repeated, and the pre-blocked 

antibody solutions applied onto DLB cingulate cortex tissues. Similarly, following the 

pre-blocking of the antibodies, the positivity for aSyn nY39 and pY39-positive species, 

including that for the astroglial structures, was abolished (Figure 3. 4B). Next, we 

immunofluorescently co-labelled the cingulate sections with GFAP and aSyn pY39 or 

nY39 antibodies. Consistent with our observations by brightfield microscopy (Figure 3. 

1B), GFAP-positive astrocytes showed star-like aSyn inclusions positive for nY39 

(Figure 3. 4C). 
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Figure 3. 4 Astrocytic aSyn is modified at Tyrosine 39. (A) The specificity of the aSyn PTM antibodies against 

phosphorylation and nitration at Y39 were validated via antibody pre-blocking overnight followed by SB analysis. 

(B) The signal for astrocytic aSyn phosphorylated and nitrated at Y39 was lost with the antibody pre-blocking in the 

DLB cingulate cortex. (C) The GFAP- and aSyn-positive astrocytes in the cingulate cortex of DLB were positive for 

aSyn nY39. aSyn = alpha-synuclein; DLB = dementia with Lewy bodies; GFAP = glial fibrillary acidic protein; PTM 

= post-translational modification; SB = slot blot 
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3.2.3 Astrocytic aSyn accumulations occur across LBDs and may be truncated 

in the N- and C-termini 

Having established that the star-like aSyn structures are astrocytic in DLB brains, we 

then sought to explore if the astrocytic aSyn exhibits similar biochemical and staining 

properties across other LBDs. We screened, using the same set of antibodies against 

non-modified aSyn, the cingulate cortices of sporadic and familial PD, PDD and DLB 

cases. The astrocytic aSyn accumulations were observed widely across these LB 

diseases (Figure 3. 5A; Figure 3. 6). These sections were double-labelled with aSyn 

LASH-BL 34-45 antibody and GFAP, which revealed that GFAP-positive astrocytes 

are positive to the aSyn accumulations in these cases (Figure 3. 7). The pons, 

putamen, cerebellum, frontal cortex and occipital cortex of MSA cases were stained 

using these aSyn antibodies, but we failed to detect astroglial pathology in the MSA 

brains.  

 
To determine if the astrocytic aSyn species are also N-terminally and/or C-terminally 

truncated, and to more precisely map their sequence, we stained the same cingulate 

sections using BL 4B12 antibody, which targets residues 103-108. Interestingly, the 

astroglial structures were not detected using this antibody in any of the LBD cases in 

the cingulate cortex (Figure 3. 6B). Our results suggest that astrocytic aSyn may be 

truncated in the N-terminus between residues 21-33, and in the C-terminus between 

residues 100-102 (Figure 3. 5C).  
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Figure 3. 5 Astrocytic aSyn accumulations occur across LBDs, and may be truncated in the N- and C-termini. (A) 

PD, PDD, DLB, SNCA G51D mutation and SNCA duplication cingulate cortices were immunohistochemically 

stained using the three aSyn antibodies LASH-BL 34-45, LASH-BL 80-96 and BD SYN-1, and astrocytic 
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accumulations (insets) were revealed across these LBDs. (B) To further map the C-terminal truncation region of the 

astrocytic aSyn, the same cingulate cortex sections were stained using the C-terminal BL 4B12 antibody with an 

epitope 103-108 of aSyn. Neuronal inclusions were revealed, but the astrocytic aSyn was not detected, suggesting 

that the aSyn species associated with the astrocytes are truncated at residues 21-33 in the N-terminus, and at 

residues 100-102 in the C-terminus. (C) A summary to show the antibodies that are positive and negative for 

astrocytic aSyn, and their epitopes. The areas in stripes denote the potential truncation regions in the N- and C-

termini. Schematic created with BioRender.com (agreement no: DJ23GJF70T). Scale bar for Figure 3A is 20µm for 

the main images and 40µm for the insets. aSyn = alpha-synuclein; DLB = dementia with Lewy bodies; LB = Lewy 

body; LBD = Lewy body disease; PD = Parkinson’s disease; PDD = Parkinson’s disease with dementia 

 

 
Figure 3. 6 The cingulate cortex of sporadic PD, PDD, DLB, SNCA G51D mutation and SNCA duplication cases 

immunostained using antibodies against the N-terminal (LASH-EGTNter) and C-terminal (2F10-E12 and AB 134-

138) of aSyn. Astrocytic aSyn was not detected using these antibodies. aSyn = alpha-synuclein; DLB = dementia 

with Lewy bodies; PD = Parkinson’s disease; PDD = Parkinson’s disease with dementia 
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Figure 3. 7 Representative IF images of GFAP-positive astrocytes from DLB, SNCA G51D mutation and SNCA 

duplication cingulate cortices, showing positivity for aSyn detected using LASH-BL 34-45 antibody. Images taken 

using Olympus slide scanner at 40x magnification. aSyn = alpha-synuclein; DLB = dementia with Lewy body; GFAP 

= glial fibrillary acidic protein; IF = immunofluorescence; NF = neurofilament 

 

3.2.4 Astrocytic aSyn accumulations are not immunoreactive for the classical 

Lewy pathology markers  

To investigate the nature and aggregation state of aSyn in these accumulations, the 

astrocytic aSyn species were screened for the canonical markers of aSyn aggregation 

and inclusion formation. DLB cingulate cortex was triple labelled with LASH-BL 34-45 

and GFAP, and either with antibodies against p62, ubiquitin, aSyn pS129 or with the 

amyloid dye Amytracker. In line with our brightfield microscopy results (Figure 3. 1B), 

the cortical LBs and LNs showed strong positivity to aSyn pS129, whereas the 

astrocytes positive for LASH-BL 34-45 remained negative for aSyn pS129 (Figure 3. 

8A). Similarly, whereas the cortical LBs were positive for ubiquitin and p62, the aSyn-

positive astrocytes were negative for these LB markers (Figure 3. 8B-C). In contrast, 
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astrocytic aSyn accumulations showed only partial positivity to amyloid dye 

Amytracker, which also labelled the cortical LBs (Figure 3. 8D). Considering that 

several of the key lysine residues, found to be ubiquitinated in LBs  (Anderson et al., 

2006), reside in the N-terminal domain of the protein (i.e. K12, K21 and K23), and that 

p62 is a monoubiquitin- and polyubiquitin-binding protein (Cavey et al., 2004; Lee and 

Weihl, 2017; Raasi et al., 2005), the absence of ubiquitin and p62 positivity in the 

astrocytic aSyn is in line with our observations that the aSyn species in the astroglia 

are N-terminally truncated between residues 21-33.   

 

One of the characteristics of aggregated aSyn in LB diseases is their resistance to PK 

digestion (Neumann et al., 2004; Tanji et al., 2010). To further characterize the 

aggregation state of aSyn in astrocytes, we treated the DLB cingulate cortex tissues 

with PK, and observed that the large majority of the astrocytic aSyn signal disappeared 

after PK treatment (Figure 3. 8E). Next, we profiled the astrocytic aSyn using two 

antibodies, 5G4 and SYNO4, that show preferential binding to aggregated aSyn 

(Kovacs et al., 2014, 2012; Kumar et al., 2020b; Vaikath et al., 2015). Interestingly, the 

star-shaped astrocytic aSyn accumulations were revealed by the 5G4 antibody, but 

not by the SYNO4 antibody (Figure 3. 8F). Altogether, these observations suggest that 

aSyn species that accumulate in the astrocytes may not possess the amyloid-like 

properties of aSyn fibrils found in LBs and LNs, but could still represent a mixture of 

soluble and non-amyloidogenic aggregates i.e. oligomers. Unfortunately, the lack of 

oligomer-specific antibodies and our inability to isolate and interrogate astrocytic aSyn 

make it difficult to more precisely determine the exact aggregation state of aSyn in the 

astrocytes. 
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Figure 3. 8 Astrocytic aSyn is free of classical inclusion markers. (A-C) The GFAP-positive astrocytic accumulations 

in DLB cingulate cortex were negative to aSyn pS129 (AB EP1536Y), ubiquitin and p62. (D) These astrocytic 

species showed partial overlap with the amyloid marker Amytracker (arrows). Images of cortical LBs are included 

as positive controls for aSyn pS129, ubiquitin, p62 and Amytracker reactivity. Images for Figure 4A-C taken using 

Olympus slide scanner at 40x magnification, and for Figure 4D on Zeiss LSM700 confocal microscope. (E) The 

astrocytic aSyn signal (arrows) was largely abolished after PK treatment in DLB cingulate cortex. The 2F10-E12 

staining was included as a positive control to show the PK resistance of LBs and LNs. (F) The star-shaped astrocytic 

aSyn accumulations were revealed by the 5G4 antibody, but not by the SYNO4 antibody in the DLB cingulate 
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cortex. agg-aSyn = aggregated alpha-synuclein; aSyn = alpha-synuclein; DLB = dementia with Lewy bodies; GFAP 

= glial fibrillary acidic protein; LB = Lewy body; LN = Lewy neurite; PK = proteinase K   

 

3.2.5 Astrocytic aSyn accumulations occur in several limbic regions of LBDs 

After having observed the frequent occurrence of astrocytic aSyn in the cingulate 

cortices of LBDs (Figure 3. 5A), we expanded our screening of astrocytic aSyn species 

in other limbic brain regions. We observed that the astrocytic aSyn accumulations were 

also prominently present in the entorhinal cortex, the insula, the amygdala and the 

CA2-CA4 of the hippocampus (Figure 3. 9A; Figure 3. 10) of LBDs. Interestingly, we 

identified different morphologies of astrocytic aSyn accumulations. The majority of the 

astrocytic aSyn accumulations appeared in soma-sparing star-like forms typically 

labelling the ramified processes of astrocytes (Figure 3. 9B). In the hippocampal 

subregions, the astrocytic aSyn accumulations were predominantly in the soma and 

did not exhibit a star-shaped morphology (Figure 3. 9C). Altogether, our findings 

demonstrate that astrocytic aSyn is a prominent pathological feature of LB diseases, 

and presents itself in a number of brain regions.    
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Figure 3. 9 Astrocytic aSyn accumulations occur in several limbic regions of LB disease brains. (A) The astrocytic 

aSyn accumulations were encountered in the EC (SNCA G51D), insula (PDD), amygdala (DLB) and hippocampal 

CA4 (SNCA duplication) regions of LBDs. (B) The astrocytic accumulations showed morphological diversity, with 

the majority showing a star shape and labelling the ramified processes (cingulate cortex). (C) Some of the astrocytic 

aSyn appeared as cytoplasmic accumulations (CA4). Figure 5B-C images from a SNCA duplication brain stained 

with the LASH-BL 34-45 antibody. aSyn = alpha-synuclein; CA4 = cornu ammonis 4; DLB= dementia with Lewy 

bodies; EC = entorhinal cortex; LB = Lewy body; LBD = Lewy body disease; PD = Parkinson’s disease; PDD = 

Parkinson’s disease with dementia. 
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Figure 3. 10 Representative images from the SNCA duplication EC, insula and amygdala immunostained using 

antibodies against the N-terminal, NAC and C-terminal regions of aSyn. The astrocytic aSyn detected only by LASH-

BL34-45, LASH-BL80-96 and BD SYN-1 (91-99) antibodies. Similar staining patterns were observed in the same 

regions from PD, PDD, DLB and SNCA G51D cases stained with the same antibody set. aSyn = alpha-synuclein; 

DLB = dementia with Lewy bodies; EC = entorhinal cortex; PD = Parkinson’s disease; PDD = Parkinson’s disease 

with dementia  

 

3.3 Discussion 

Astrocytic aSyn pathology is a relatively less explored aspect of neuropathology in 

synucleinopathies. In this study, we systematically characterised the biochemical 

properties and aggregation state of astrocytic aSyn accumulations using an expanded 

tool box of aSyn antibodies across the Lewy body diseases. Our results demonstrate 

that the astrocytic aSyn accumulations are widely present in several brain regions of 

PD, PDD and DLB cases, are negative for ubiquitin, p62 and aSyn pS129, but show 

positivity to other aSyn PTMs, including nitration and phosphorylation at Y39. 

Furthermore, only a subset of antibodies against non-modified aSyn are able to reveal 

astrocytic aSyn in brain tissues. These are antibodies that targeted the NAC (80-96 

and 91-99) and the late N-terminal (34-45) regions of the protein. This is in line with 

the previous studies that reported astrocytic positivity only, or primarily with NAC region 

aSyn antibodies (Braak et al., 2007; Fathy et al., 2019; Hishikawa et al., 2001; Kovacs 

et al., 2014, 2012; Song et al., 2009; Sorrentino et al., 2019; Takeda et al., 2000; 

Terada et al., 2003) (Figure 3. 11). However, our studies allow for the more precise 

mapping, to the extent possible using antibodies, of the putative cleavage sites and 
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demonstrate conclusively that the majority of astrocytic aSyn are both N- and C-

terminally truncated. In addition, we demonstrate for the first time that astrocytic aSyn 

exists as a mixture of non-amyloid species that are phosphorylated or nitrated at Y39. 

 

 
Figure 3. 11 A representation of the aSyn sequence, the publications that have reported aSyn positivity in the 

astrocytes, and the antibodies they have used. aSyn = alpha-synuclein; agg-aSyn = aggregated alpha-synuclein     

 

The fact that we were not able to detect astrocytic aSyn species with three antibodies 

targeting the C-terminal region of the protein spanning residues 103 to 138 strongly 

suggests that the astrocytic aSyn may be C-terminally truncated somewhere between 

residues 100-102. Similarly, the astrocytic aSyn species were detected by an antibody 

targeting residues 34-45 (LASH-BL 34-45), but not an antibody targeting the first N-

terminal 20 amino acids (LASH-EGTNter 1-20). These results suggest that the N-

terminal truncation of astrocytic aSyn is likely to occur between residues 21-33. 

Although an initial study (Shoji et al., 2000) reported the detection of astrocytic aSyn 

using an antibody with an N-terminal epitope (MDV, 1-15), subsequent studies showed 

that N-terminal antibodies covering aSyn residues 1-21 (Sorrentino et al., 2019; 

Takeda et al., 2000; Terada et al., 2003) did not detect astrocytic aSyn. Altogether, 

these data demonstrate that the great majority of aSyn in astrocytes are subjected to 

both N- and C-terminal cleavage at approximately residues 21-33 and 100-102, 

respectively. These results are supported by our findings that astrocytic aSyn 

inclusions were immunoreactive for only aSyn PTMs in the mid-N-terminal region. 

However, we cannot rule out the possibility that the extreme N- and C-terminal 
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sequences are masked by aSyn interactions with other proteins, especially since both 

termini serve as hubs for regulating aSyn membranes/lipids and protein interactions. If 

this is the case, it would suggest that aSyn conformations and interactome in 

astrocytes are distinct from those in neurons, where aSyn is detectable using both N- 

and C-terminal-targeting antibodies. Whether truncated aSyn species are cleaved in 

the neurons, in the astrocytes or in the extracellular space is an important gap of 

knowledge that should be addressed and could shed new light into the role of PTMs in 

regulating the function/dysfunction of aSyn and mechanisms of aSyn trafficking 

between neurons and glia in the disease brains.  

 

Very little is known about the aggregation state of the astrocytic aSyn species. Kovacs 

and colleagues (Kovacs et al., 2014, 2012) were the first to show positivity for 

astrocytes with the 5G4 antibody, reported to be specific for oligomeric and fibrillar 

forms of aSyn (Kovacs et al., 2012; Kumar et al., 2020b). Similar astrocytic positivity 

using 5G4 was also detected by Sorrentino and colleagues (Sorrentino et al., 2019), 

but there has not been any studies to validate these findings using multiple aggregated 

aSyn antibodies and define the aggregation state of aSyn in astrocytes. Similarly, only 

two studies have assessed the ultrastructure of astrocytic aSyn by EM (Kovacs et al., 

2014; Nakamura et al., 2016). Nakamura et al. described the aSyn pS129-positive 

subpial astrocytic processes in the MSA brains as non-filamentous (Nakamura et al., 

2016), and Kovacs and colleagues reported that the astrocytic accumulations of LB 

diseases are beta-sheet-rich oligomers (Kovacs et al., 2014). 

 

In this study, we investigated the aggregation state of aSyn in astrocytes using multiple 

approaches, including aSyn conformational/ aggregate-specific antibodies (5G4 and 

SYNO4), amyloid dyes and limited proteolysis (PK resistance). In line with Kovacs and 

colleagues (Kovacs et al., 2014), the astrocytic inclusions of LB diseases were 

revealed by 5G4, but were not detected with SYNO4. We also report that the majority 

of the astrocytic aSyn did not show resistance to PK digestion, and were only partially 

positive to the amyloid dye Amytracker. These findings, combined with our observation 

that astrocytic aSyn accumulations are not positive for the canonical markers of LBs, 

including ubiquitin, p62, and the most common pathology-associated aSyn PTM, 

pS129 (Anderson et al., 2006; Fujiwara et al., 2002), suggest that aSyn accumulations 
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in astrocytes possess a distinct PTM and sequence signature, and may be composed 

primarily of oligomers or other non-fibrillar forms of the protein.  

 

We speculate that the lack of aSyn phosphorylation at S129 is because the astrocytic 

aSyn species are truncated in the C-terminus, and no longer carry the binding site for 

the aSyn pS129 antibodies. Likewise, these aSyn accumulations are cleaved in the N-

terminus, the domain where aSyn is found to be ubiquitinated in disease brains 

(Anderson et al., 2006). Given that aSyn pS129 has been reported to be important for 

priming aSyn ubiquitination (Hasegawa et al., 2002), the absence of pS129 could 

explain the absence of ubiquitination at other lysine residues in the protein. One final 

possibility is that both of these aSyn PTMs are linked to the formation of aSyn 

pathology (Anderson et al., 2006; Fujiwara et al., 2002; Hasegawa et al., 2002), and 

their absence suggests that the astrocytic aSyn species exist in non-aggregated forms. 

The fact that astrocytic aSyn is cleaved and non-fibrillar at the same time is surprising 

given that removal of the solubilising N- and C-terminal domains is expected to 

increase the hydrophobicity and aggregation propensity of the protein (Bodles et al., 

2000; Crowther et al., 1998; Eliezer et al., 2001; Giasson et al., 2001; Han et al., 1995; 

Volpicelli-Daley et al., 2011). Therefore, more extensive investigations of astrocytic 

aSyn conformations and aggregation state are needed. These studies could shed 

novel insights into the function(s) of aSyn in astrocytes and the role of astrocytic 

pathology in the pathogenesis of LB diseases. Furthermore, understanding what keeps 

these truncated aSyn species from forming fibrils in astrocytes could shed light on 

novel mechanisms for regulating aSyn aggregation. 

 

These observations raise important questions about the origins and mechanisms 

involved in the astrocytic uptake, processing, degradation and/or release of aSyn. Cell 

culture studies have shown that astrocytes take up (Braidy et al., 2013; Cavaliere et 

al., 2017; Hua et al., 2019; H.-J. Lee et al., 2010b; Lindstrom et al., 2017; Loria et al., 

2017; Rostami et al., 2017), degrade (Hua et al., 2019; Lindstrom et al., 2017; Loria et 

al., 2017; Rostami et al., 2017), and/or release (Cavaliere et al., 2017; Loria et al., 

2017; Rostami et al., 2017) aSyn. Yet, a consensus has not been reached on whether 

or not the astrocytic uptake and processing of aSyn may have cytoprotective (Hua et 

al., 2019; Lindstrom et al., 2017; Loria et al., 2017) or cytotoxic (Braidy et al., 2013; 

Cavaliere et al., 2017; H.-J. Lee et al., 2010b; Lindstrom et al., 2017; Rostami et al., 
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2017) consequences. Kovacs and colleagues have shown that the astrocytic aSyn is 

localised in the endo-lysosomal compartments in the disease brains (Kovacs et al., 

2014). Similarly, cell model-based research has shown that glial-glial and glial-

neuronal oligomeric aSyn transfer can occur in lysosomal vesicles via direct transfer 

or tunnelling nanotubes (Cavaliere et al., 2017; Loria et al., 2017; Rostami et al., 2017). 

The fact that the great majority, if not all, of astrocytic aSyn across different LBDs is 

truncated suggests differential processing of aSyn in the astrocytes that may reflect its 

astrocytic functions, or a cellular response to aSyn species originating neurons or other 

glial cells. Altogether, a precise understanding of the astrocytic involvement in the cell-

to-cell propagation of misfolded aSyn is needed to grasp the pathology spreading 

pathways in LB diseases. 

 

Astrocytes are the most populous type of glial cells in the brain, with crucial functions 

in neuronal survival, synaptic maintenance, glucose metabolism, water homeostasis 

and in immune response (Sofroniew and Vinters, 2010). Insults may activate 

astrocytes (Wilhelmsson et al., 2006), which can in turn signal the microglia (Farina et 

al., 2007; H.-J. Lee et al., 2010a; Zhang et al., 2005) and act as key determinants of 

microglial activation and neuroinflammation in disease progression (Yamanaka et al., 

2008). Furthermore, aSyn aggregates have been reported to activate both astrocytes 

(Chavarria et al., 2018; Chou et al., 2021; Fellner et al., 2013; Klegeris et al., 2006; H.-

J. Lee et al., 2010b) and microglia (Fellner et al., 2013; E.-J. Lee et al., 2010) into 

giving an inflammatory response. Nitrated aSyn in particular has been reported to 

induce microglial activation (Reynolds et al., 2009, 2008a, 2008b; Thomas et al., 

2007), which may then attain neurotoxic characteristics (Reynolds et al., 2009, 2008b). 

We found astrocytic aSyn to be nitrated at Y39, and speculate that this specific aSyn 

PTM may play a key role in the astrocytic signalling of microglia and neuroinflammation 

in LB diseases. Further studies to investigate the mechanisms of astrocytic activation 

of microglia, and the involvement of aSyn nY39 taken up and/or released by astrocytes 

within this context may further explain the interaction of neuroinflammation and 

neurodegeneration in LBDs.    

 

To our knowledge, this is the first study that examined the post-translational 

modifications profile (serine and tyrosine phosphorylations, tyrosine nitration and N- 

and C-terminal truncations) of astrocytic aSyn inclusions in Lewy body diseases. 
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Although this hypothesis cannot be validated by biochemical profiling due to technical 

limitations to the isolation of astrocytic accumulations from the rest of the aSyn 

pathology, the failure of 4 different N- and C-terminal antibodies to detect astrocytic 

aSyn species strongly supports our conclusions on the biochemical properties of aSyn 

in astrocytic pathology. Furthermore, this is the first study reporting on aSyn brain 

pathological species that is composed primarily of truncated aSyn species. Previous 

studies have also shown high abundance of N- and C-terminally truncated aSyn 

species in the human brain (Anderson et al., 2006; Bhattacharjee et al., 2019; Kellie et 

al., 2015; Moors et al., 2021; Ohrfelt et al., 2011) and appendix (Killinger et al., 2018); 

however, in many of these studies the full-length protein remains highly abundant as 

the dominant species, as evidenced by the fact that antibodies against phosphorylated 

aSyn at S129 remain the primary tools used to monitor and quantify aSyn pathology in 

human brains and in animal models of synucleinopathies. The co-occurrence of N- and 

C-terminal truncation in the astrocytic aSyn without fibrillisation is particularly 

important, as the NAC region alone is known to be prone to aggregation by itself 

(Giasson et al., 2001). Which cell-specific mechanisms may prevent aSyn from forming 

aggregates in the astrocytes can have implications for understanding the cellular 

determinants of aSyn pathology formation and therapeutic applications.  

 

Our findings raise several important questions that should be addressed in future 

studies to clarify 1) if these truncated species of aSyn become cleaved after 

internalisation by the astrocytes, or are internalised after being cleaved; 2) why these 

astrocytic aSyn inclusions appear in abundance in LBDs but are spared in MSA; 3) the 

precise nature of the aggregation state of aSyn in these astrocytes; and 4) the 

occurrence of astrocytic pathology in relation to LB disease staging and progression. 

The expanded toolset that we present here should facilitate these studies and advance 

our understanding of the function of astrocytic aSyn in health and disease.  

 

3.4 Materials and methods  

3.4.1 Antibodies  

The primary and secondary antibodies used in this study are detailed in Table 3. 2. 
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3.4.2 Human brain tissue samples 

Post-mortem human brains stored at QSBB, University College London (UCL) Institute 

of Neurology, and Oxford Brain Bank (OBB), Nuffield Department of Clinical 

Neurosciences in University of Oxford, were collected in accordance with approved 

protocols by the London Multicentre Research Ethics Committee and the Ethics 

Committee of the University of Oxford (ref 15/SC/0639). All participants had given prior 

written informed consent for the brain donation. Both brain banks comply with the 

requirements of the Human Tissue Act 2004 and the Codes of Practice set by the 

Human Tissue Authority (licence numbers 12198 for QSBB and 12217 for OBB). 3 

cases of sporadic PD, MSA and familial PD with SNCA G51D mutation, 2 cases with 

PDD, 1 case with DLB and 1 case with PD with SNCA duplication were derived from 

QSBB, and 2 cases with sporadic PD, 2 cases with PDD and 2 cases with DLB from 

OBB were used in this study. 

 

3.4.3 Immunohistochemistry with 3,3'-diaminobenzidine revelation and imaging 

FFPE sections were dewaxed in xylene and rehydrated through decreasing 

concentrations of industrial denatured alcohol (IDA). Antigen retrieval was carried out 

for the appropriate antibody (Table 3. 2). Autoclaving (AC) was run at 121°C for 10 

minutes in citrate buffer (pH6.0). For formic acid (FA) pre-treatment, tissues were 

incubated in 80-100% FA for 15 minutes (except for 5 minutes with 5G4) at RT. For 

PK pre-treatment, tissues were incubated at 37°C for 5 minutes in 20µg/mL of PK 

diluted in TE-CaCl2 buffer (50mM Tris-base, 1mM EDTA, 5mM CaCl2, 0.5% Triton X-

100, adjusted to pH8.0). Next, the sections were incubated for 30 minutes in 3% 

hydrogen peroxide in PBS for quenching the endogenous peroxidase activity. Sections 

were briefly rinsed in distilled water and PBS, blocked in 10% foetal bovine serum 

(FBS) for 30 minutes at RT, and left at 4°C overnight for incubation with the primary 

antibodies. Subsequently, the sections were washed in PBS-T (3x 5 minutes) and 

incubated in the secondary antibody-horseradish peroxidase (HRP) complex as part 

of REAL EnVision detection system (Dako #K5007) for 1h at RT. Sections were rinsed 

in PBS-T (3x 5 minutes) before visualisation with 3,3'-diaminobenzidine (DAB), and 

counterstained with Mayer’s haematoxylin. Finally, they were dehydrated in increasing 

concentrations of IDA, cleared in xylene (3x 5 minutes) and mounted using 
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Dibutylphthalate Polystyrene Xylene (DPX). Imaging of the slides was carried out on 

the Olympus VS120 microscope. 

 

3.4.4 Immunofluorescent labelling of human brain tissues and imaging 

After the blocking in 10% FBS in PBS-T for 60 minutes at RT, sections were washed 

in PBS for 5 minutes and incubated for 1 minute in TrueBlack lipofuscin 

autofluorescence quencher (Biotium #23007) in 70% ethanol. The sections were 

washed in PBS (3x 5 minutes) and incubated in primary antibodies overnight at 4°C. 

They were rinsed in PBS (3x 5minutes) and incubated in secondary antibodies for 1h 

at RT in dark. Amytracker 680 (Ebba Biotech) was applied according to the 

manufacturer’s instructions, at a dilution of 1:1,000, and the tissue washed in PBS (3x 

5 minutes). The slides were mounted using an aqueous mounting medium with DAPI 

(Vector Laboratories #H-1500-10). Tiled imaging was carried out on the Olympus 

VS120 microscope. Confocal imaging was carried out on a confocal laser-scanning 

microscope (LSM 700, Carl Zeiss, Germany), and image analysis on Zen Digital 

Imaging software (RRID: SCR_013672).  

 

3.4.5 Recombinant aSyn generation, antibody pre-adsorption and slot blot 

analysis 

aSyn expression and purification was performed as described (Fauvet et al., 2012b). 

In brief, aSyn human WT-encoding pT7-7 plasmids were used to transform BL21(DE3) 

chemically competent E. coli, which were then grown on an agar dish supplemented 

with ampicillin. A single colony was transferred to Luria broth media with ampicillin at 

100µg/mL, the small culture was left to grow at 37 °C on shaker (at 180RPM) for 16h, 

and was then used to inoculate a large culture of 6L Luria broth media supplemented 

with ampicillin at 100µg/mL. aSyn expression was induced at an optic density of 0.5-

0.6A, using IPTG at a final concentration of 1mM. The culture was grown for another 

4h on shaker, centrifuged at 4,000g for 15min at 4 °C, and the pellet collected. The 

lysis buffer of 20mM Tris pH8.0, 0.3uM PMSF protease inhibitor and cOmplete, mini, 

EDTA-free protease inhibitor cocktail tablet (Roche #4693159001; one tablet per 10mL 

lysis buffer) was used to re-suspend the pellet (10mL p/L of culture) on ice. Cell lysis 

was carried out by sonication (59s-pulse and 59s-no pulse over 5min at 60% 
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amplitude), and the lysate was spun down for 30min at 20,000g and 4 °C. The 

supernatant was collected and boiled for 15min at 100 °C, and the centrifugation 

repeated before the supernatant was filtered via a 0.22µm syringe filter. The 

purification was performed by anion exchange chromatography and reverse-phase 

HPLC. The protein quality control was carried out by LC-MS, UPLC, and SDS-PAGE 

separation and Coomassie staining. The preparation of the aSyn nY39 and pY39 

proteins involved the use of a semi-synthetic approach as described previously 

(Hejjaoui et al., 2012). 

 

For the antibody pre-adsorption, 5-fold of recombinant aSyn protein, or just PBS as 

control, was added to the IHC-optimised antibody solution in PBS (see Table 3. 2 for 

the IHC dilutions). The mixture was incubated overnight at 4 °C on a wheel, and the 

probing protocol, adapted from (Kumar et al., 2020b), was carried out for the slot blot 

analysis. 200ng of aSyn proteins diluted in PBS to 100µL were blotted on 0.22µm 

nitrocellulose membranes, which were blocked at 4 °C overnight in Odyssey blocking 

buffer (Li-Cor). After the incubation with primary antibodies diluted in PBS for 2h at RT, 

the membranes were washed x3 for 10 minutes in PBS-T, incubated with the 

secondary antibodies diluted in PBS in the dark, and washed x3 for 10 minutes in PBS-

T. For the SB dilutions of the primary and secondary antibodies, see Table 3. 2. 

Imaging was carried out at 700nm and 800nm using Li-Cor Odyssey CLx, and the 

image processing using Image Studio 5.2.   

 

3.5 Contributions of the authors  

Hilal A. Lashuel and Laura Parkkinen conceived and conceptualised the study. Hilal A. 

Lashuel, Laura Parkkinen and Melek Firat Altay designed the experiments. Janice L. 

Holton selected the cases originating the Queen Square Brain Bank, and Laura 

Parkkinen those originating the Oxford Brain Bank. Janice L. Holton contributed to, and 

Laura Parkkinen and Melek Firat Altay finalised the determination of optimal IHC 

conditions for the aSyn antibodies (Figure 3. 1A-B). Laura Parkkinen and Alan K.L. Liu 

provided the PD, PDD and DLB images for Figure 3. 5A and for Figure 3. 8F (SYNO4), 

and contributed to the analysis and interpretation of neuropathological data. Melek 

Firat Altay performed all other experiments and wrote the chapter.    
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CHAPTER 4 Capturing the aSyn proteoforms in MSA  

MSA is a progressive neurodegenerative disorder with no effective disease-modifying 

therapies. Although aSyn has been described as the main aggregating protein in the 

glial and neuronal inclusions, the pathological hallmarks of MSA, our current 

knowledge of the aSyn proteoforms present in MSA tissue is limited. This knowledge 

gap has significant implications for understanding the role of aSyn in the pathogenesis 

of MSA and developing diagnostics for distinguishing MSA from PD and other 

neurodegenerative diseases. To fill in this knowledge gap, we used an expanded 

validated antibody tools set (15) to immunohistochemically and biochemically map the 

PTMs of aSyn in the MSA prefrontal and occipital cortices and cerebellum. Our results 

show that, in addition to an enrichment of phosphorylation at Serine 129 (S129) and 

C-terminal truncation, aggregated aSyn species are also positive for nitration and 

phosphorylation at Tyrosine 39 (Y39) and C-terminal phosphorylations at Tyrosine 133 

(Y133) and Tyrosine 136 (Y136). Some of these aSyn PTMs, namely aSyn nY39, 

pY133 and pY136, are reported to be present in MSA pathology for the first time. These 

findings should be replicated in larger cohorts and could pave the way for a better 

understanding of the role of aSyn modifications in the development, maturation and 

spreading of aSyn pathology or cellular responses to aSyn pathology in MSA. 

 

4.1 Introduction  

MSA is a rare sporadic type of synucleinopathy characterised by the loss of neurons 

in the substantia nigra, striatum, inferior olivary nucleus of the medulla, pons and 

cerebellum (Lantos, 1998). It is a fatal, adult-onset neurodegenerative disease that 

leads to autonomic nervous system failure, ataxia and parkinsonism (Fanciulli and 

Wenning, 2015). The prognosis is poor, with a progressive decline in the quality of life 

and an average of 8 years of life expectancy post-diagnosis (Bower et al., 1997). 

Currently, no cure is available to treat MSA, and the present medications are aimed at 

providing symptomatic relief only, thus underscoring the importance of understanding 

the underlying disease mechanisms and the development of effective therapies 

(Lopez-Cuina et al., 2018). 
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Soon after aSyn was described as the main aggregating protein in the LBs of PD and 

DLB (Baba et al., 1998; Irizarry et al., 1998; Spillantini et al., 1998b), it was also 

identified within the proteinaceous accumulations in GCIs of MSA (Spillantini et al., 

1998a), which led to re-classifying MSA as a synucleinopathy, a group of 

neurodegenerative diseases that are characterized by the accumulation of aggregated 

forms of aSyn. Why aSyn accumulations take place primarily in the oligodendrocytes, 

and why the aSyn pathology appears to be far more aggressive in this disease type 

compared to LBDs remains unknown. Furthermore, the overlying clinical 

characteristics of MSA with several other neurodegenerative diseases frequently result 

in the misdiagnosis of MSA as PD, DLB or PSP, and vice versa (Kim et al., 2015; Koga 

et al., 2015), necessitating the need for identifying biomarkers to help with early and 

accurate diagnosis. Mounting evidence from human post-mortem studies (Anderson 

et al., 2006; Bhattacharjee et al., 2019; Duda et al., 2000a; Fujiwara et al., 2002; 

Hasegawa et al., 2002; Schweighauser et al., 2020), from cellular and in vivo models 

(Chen et al., 2009; Mahul-Mellier et al., 2018, 2014; Volpicelli-Daley et al., 2011) point 

to key roles of PTMs as master regulators of aSyn aggregation, inclusion maturation 

and spreading mechanisms. Differential PTM signature of aSyn aggregates in the 

CNS, PNS and body fluids identified in MSA patients may help towards establishing 

MSA-specific biomarkers.  

 

We hypothesised that the aSyn PTMs detected directly in MSA brain tissues may 

provide clues on the biochemical determinants of aSyn aggregation and pathology in 

MSA and help identify unique pathological signatures that distinguish MSA from other 

neurodegenerative diseases. With this aim in mind, we focused our efforts to 

immunohistochemically profile the regions of high and low pathology (prefrontal cortex 

and occipital cortex, respectively) from 3 MSA and 3 healthy control cases, using a 

well-characterised set of aSyn antibodies (15 in total) against all three regions and 

described modifications of aSyn (Figure 4. 1A). In parallel, the cerebellar samples were 

sequentially extracted and biochemically profiled to better determine the aSyn 

proteoforms present in MSA brains. We found an abundance of aSyn pS129-positive, 

but also interestingly aSyn nY39-, pY39-, pY133- and pY136-positive glial and 

neuronal inclusions. Our results may pave the way for further insight on the role of 

aSyn PTM profile on the aggressiveness of aSyn strains that are specific to MSA. 
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Replication and validation of the findings reported herein with additional cases is 

currently underway both in our laboratory and by our collaborators. 

 

4.2 Results 

Towards deciphering the spectrum of aSyn PTMs in the MSA brains, we sought to 

profile aSyn species in the brain by IHC and biochemistry. For the 

immunohistochemical studies, three MSA and three healthy control cases were 

selected, with one region of high pathology (prefrontal cortex) and one region of low 

pathology (occipital cortex). The selection of antibodies (Figure 4. 1A) was based on 

extensive characterisation as described in Chapter 2 (p.61). In the prefrontal cortex, 

antibodies targeting multiple non-modified regions throughout the sequence of aSyn 

(epitopes 1-20, 34-45, 80-96, 91-99, 103-108, 110-115 and 134-138) revealed similar 

staining patterns as previously observed in terms of the detection of GCIs and NCIs. 

Interestingly, the 2F10-E12 antibody (epitope 110-115) revealed extensive neuritic 

pathology that is not captured by other non-modified aSyn antibodies (Figure 4. 1B). 

Next, we performed staining in the same regions using aSyn antibodies that target 

multiple aSyn PTMs. As has previously been reported, the most prominent modification 

detected was aSyn pS129 (Figure 4. 1C). In addition, we observed that the frontal 

cortex of the MSA cases were abundantly positive for aSyn nY39, pY39 and aSyn 

pY136 (Figure 4. 1C). Moderate positivity for aSyn pY133 and aSyn truncated at 

residue 120 were also observed in the GCIs. On the other hand, the GCIs or NCIs 

appeared negative for aSyn pS87 and aSyn pY125 (Figure 4. 1C). In the occipital 

cortex i.e. the region of low aSyn pathology, fewer inclusions were revealed by these 

non-modified aSyn antibodies (Figure 4. 2A) compared to prefrontal cortex. 

Nonetheless, these inclusions still showed rare positivity for aSyn pS129 as well as 

aSyn nY39, pY39, pY133 and pY136 (Figure 4. 2B), but were negative for aSyn pS87, 

pY125 and aSyn 1-120. To the best of our knowledge, this is the first study to report 

the presence of aSyn pY133 and pY136 in MSA, and the co-existence of multiple 

tyrosine phosphorylations, N-terminal nitration and phosphorylation at S129 in the 

same disease tissues.  
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Figure 4. 1 The screening of MSA frontal cortex using a selection of aSyn antibodies against different regions and 

modifications of the protein. (A) The schematic of the antibodies employed for the IHC studies, and their epitopes. 

Schematic created with BioRender.com (agreement no: DI23K01SXD). The prefrontal cortex of three MSA cases 

were immunohistochemically stained using (B) aSyn non-modified and (C) aSyn PTM antibodies. aSyn = alpha-

synuclein; IHC = immunohistochemistry; MSA = multiple system atrophy; PTM = post-translational modification  
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Figure 4. 2 The occipital cortex of three MSA cases were immunohistochemically stained using (A) aSyn non-

modified and (B) aSyn PTM antibodies. aSyn = alpha-synuclein; MSA = multiple system atrophy; PTM = post-

translational modification  

 

To validate our findings, we aimed to profile the aSyn proteoforms biochemically using 

the same brain samples. Towards this goal, we chose an optimised sequential 

extraction protocol that allows for the separation of cytosolic soluble (high-salt [HS] 

fraction), membrane-bound soluble (Triton [Tx] fraction) and aggregated insoluble 

(sodium dodecyl sulphate-urea [SDS-urea] fraction) aSyn using small amounts (100-

200mg) of starting brain material (Figure 4. 3). The cerebellar tissues of MSA and 

healthy control brains were then extracted and profiled using a selection of antibodies 

(9) against non-modified aSyn and aSyn PTMs. In the SDS-urea fractions, specific to 

MSA samples only, we observed aSyn-positive bands at 15kDa with the non-modified 

aSyn antibodies LASH-BL 80-96, BD SYN-1 (91-99), BL 4B12 (103-108) and AB 134-
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138 (Figure 4. 4A, blue arrows). This band was also detected with the AB MJF-R13 

(pS129) antibody, indicating the presence of detergent-insoluble aggregated aSyn 

phosphorylated at S129 (Figure 4. 4A, blue arrows). In addition to the 15kDa band, we 

detected 12kDa positivity with the non-modified aSyn antibodies LASH-BL 80-96, BD 

SYN-1 and BL 4B12 (Figure 4. 4A, green arrows), but not with aSyn pS129 or AB 134-

138 antibodies, suggesting that these species at 12kDa may correspond to aSyn 

truncated in the C-terminus somewhere between residues 110-140. With the HMW 

species, all of the total aSyn antibodies and also aSyn pS129 antibody revealed a band 

at around 35kDa, as well as smeared aSyn positivity in the stacking gel (Figure 4. 4A, 

purple arrows). Unlike the IHC data, we were unable to detect any SDS-urea soluble 

aSyn pY39, pY133, pY136 or nY39 species, suggesting that higher protein loading 

may be needed to capture these aSyn PTMs by WB (Figure 4. 4B). We also note that 

as a significant amount of aSyn did not migrate and remained in the stacking gel, many 

of the modified aSyn forms may be trapped in this material. Therefore, we are 

conducting further optimization on this protocol to allow for more disassociation and 

characterization of these insoluble aSyn species also via mass spectrometry. 

Interestingly, the aSyn pS129-positive aSyn species were revealed only in the SDS-

urea fractions, and not in the Tx or HS fractions, suggesting that this modification is 

specific to, and enhanced in, insoluble aSyn species. The truncated aSyn at 12kDa, 

on the other hand, was present both in the HS and Triton fractions in MSA samples, 

and in the HS fractions in the control samples (Figure 4. 4A, green arrows). This 

suggests that whilst there are insoluble and C-terminally truncated species specifically 

in MSA, there are also truncated but non-aggregated aSyn species that are present 

physiologically both in MSA and healthy control cases. These observations are 

consistent with previous studies suggesting physiological functions for some truncated 

forms of aSyn (Anderson et al., 2006; Campbell et al., 2001; Li et al., 2005; Muntane 

et al., 2012).  
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Figure 4. 3 The key steps involved in the sequential extraction protocol that allows for the separation of cytosolic, 

membrane-bound and insoluble aSyn species from small amounts fresh frozen brain material. Schematic created 

with Biorender.com (agreement no: GP23KQP92Q). aSyn = alpha-synuclein; HS = high salt; SDS = sodium dodecyl 

sulphate; Tx = Triton X-100 
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Figure 4. 4 The biochemical profiling of the aSyn proteoforms in MSA. The cerebellum of three MSA and three 

healthy control cases were sequentially extracted and profiled by WB. (A) The blue arrows show bands positive for 

aSyn at 15kDa, green arrows for aSyn at 12kDa, and purple arrows for aSyn at 35kDa and in the stacking gel. (B) 

No positivity was revealed by WB for aSyn pY39, pY133, pY136 or aSyn nY39. aSyn = alpha-synuclein; CTR = 

control; HS = high salt; HS-Tx = high salt-Triton-X100; MSA = multiple system atrophy; SDS= sodium dodecyl 

sulphate; WB = Western blot   

 
4.3 Discussion  

The primary objective of this study is to achieve a comprehensive profiling of aSyn 

pathology in MSA through deciphering the biochemical signature of aSyn aggregates 

and the distribution aSyn proteoforms in MSA brains using immunohistochemistry and 

WB. We report that MSA brain tissues are enriched in insoluble aSyn that is C-

terminally truncated or phosphorylated at S129. We also report that GCIs and NCIs in 

MSA brains are strongly positive for aSyn pS129, but also to aSyn nY39 and aSyn 

pY136. We also detected moderate positivity to aSyn pY39, pY133 and aSyn truncated 

at residue 120 in MSA frontal cortex, but found all brain tissues examined to be 

negative for aSyn pY125 and pS87.  

 

Increasing evidence suggests that aSyn PTMs serve as master regulators of aSyn 

aggregation, seeding and inclusion maturation processes, yet we have limited 

knowledge on the exact modifications this protein may undergo in human tissue in 

health and disease. Whilst the most commonly studied aSyn modifications, namely 

ubiquitination, phosphorylation at S129 and C-terminal truncations have been 

frequently reported in LBDs, even these modifications are understudied in MSA human 

tissues compared to other synucleinopathies. aSyn is ubiquitinated (Arima et al., 

1998a; Dickson et al., 1999b; Gai et al., 1999; Kuusisto et al., 2001; Schweighauser et 

al., 2020; Wakabayashi et al., 1998b) and phosphorylated at S129 (Anderson et al., 

2006; Neumann et al., 2002; Nishie et al., 2004).  Only two studies reported aSyn 

nitration in the GCIs and NCIs of MSA (Duda et al., 2000a; Giasson et al., 2000a). In 

addition, one recent study has reported that aSyn pY39, threonine phosphorylation at 

T59, T64, T72 and T81, N-terminal acetylation and lysine acetylation at K21, K23, K32, 

K34, K45, K58, K60, K80 and K96 were found in the aSyn-enriched insoluble fractions 

from MSA brains (Schweighauser et al., 2020).  
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However, the authors noted that these modifications were present at low levels and 

only in a subset of MSA cases studied. Thus, the robustness of these findings and the 

confidence level for the identification of these PTMs remain unclear. No studies have 

reported on whether aSyn is phosphorylated at C-terminal tyrosines, and only one 

recent study has looked at the aSyn nY39-, pS87 and pS129-positive inclusion 

distribution in PD and MSA brains (Sonustun et al., 2022) using the antibodies we have 

described in Chapter 2 (p.61). Furthermore, only a handful of studies have investigated 

the co-existence of multiple aSyn PTMs in MSA tissues, and primarily focused on the 

interaction of ubiquitination, phosphorylation at S129 and C-terminal truncations 

(Anderson et al., 2006; Dickson et al., 1999b, p. 19999; Fujiwara et al., 2002; Ishizawa 

et al., 2008; Schweighauser et al., 2020).  

 

Here, we report, for the first time, that MSA brains, differentially from the healthy control 

cases, are positive not only for aSyn pS129 but also for C-terminal tyrosine 

phosphorylations at Y133 and Y136. By IHC, we also detected aSyn nY39, pY39 and 

aSyn truncated at residue 120 in the glial and neuronal inclusions of MSA brains. In 

addition, we detected insoluble and S129-phosphorylated 15kDa and HMW species 

biochemically. The C-terminally truncated aSyn species were present unequivocally in 

the cytosolic, membrane-bound and insoluble fractions across the MSA cases. The 

presence of these truncated species in the cytosolic fractions of control cases suggests 

that C-terminally truncated aSyn species are present in the human brains as part of 

physiological metabolism, but also in the pathological aSyn aggregates specifically in 

MSA.  

 

The lack of antibodies specific to ubiquitinated aSyn made it difficult to investigate this 

modification in relation to other aSyn PTMs. aSyn acetylation has also been reported 

in MSA tissues recently (Schweighauser et al., 2020), but this modification remained 

out of the scope of our study due to the lack of antibodies site-specifically targeting this 

aSyn modification. Further investigations to address these limitations would involve 

shotgun and targeted proteomics analyses to map all the aSyn proteoforms exactly 

and comprehensively in MSA. Likewise, further immunohistochemical and biochemical 

studies to cover other affected brain regions, and to cover a larger cohort of MSA cases 

to include MSA-C, MSA-P and MSA mixed subtypes would give us clues as to which 
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aSyn PTMs are universally present across different MSA regions, and which aSyn 

PTMs may differ between MSA subtypes. Finally, future study could involve 

comparative mapping of the aSyn PTMs in the neuronal inclusions in brain regions 

equally affected in LBDs and MSA (e.g. substantia nigra and temporal cortex) to 

identify any potential differences in the PTM signatures between LBDs and MSA, which 

may help us understand the role of modifications that may render aSyn strains more 

aggressive in MSA.          

 

4.4 Materials and methods 

4.4.1 Antibodies  

A list of antibodies used for this study is presented in Table 4. 1. 

 
Table 4. 1 The primary and secondary antibodies included in this study. 
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4.4.2 Human brain tissue samples 

Post-mortem human brains were obtained and selected by the Neurobiobank 

Muenchen (NBM), Munich, Germany. The samples were collected and stored in 

accordance with the applicable European Union guidelines as well as the internal 

guidelines approved by the Ethics Committee of the Ludwig-Maximilians-Universitaet 

(LMU) Munich upon the written informed consent from donors (#345-13). The ethical 

approval for research was given by the Ethics Committee of the LMU Munich (#18-

851). 

 

4.4.3 Immunohistochemistry with DAB revelation and imaging 

3 MSA and 3 healthy control brains were used for the immunohistochemical studies. 

FFPE sections from prefrontal and occipital cortices were dewaxed in xylene and 

rehydrated through decreasing concentrations of IDA. AC was run at 121°C for 10 

minutes in citrate buffer (pH6.0). For FA pre-treatment, tissues were incubated in 80-

100% FA for 15 minutes at RT. The sections were incubated for 30 minutes in 3% 

hydrogen peroxide in PBS for quenching the endogenous peroxidase activity. Sections 

were briefly rinsed in distilled water and PBS, blocked in 10% FBS for 30 minutes at 

RT and left at 4°C overnight for incubation with the primary antibodies. Subsequently, 

the sections were washed in PBS-T (3x 5 minutes) and incubated in the secondary 

HRP complex as part of REAL EnVision detection system (Dako #K5007) for 1h at RT. 

Sections were rinsed in PBS-T (3x 5 minutes) before visualisation with DAB and 

counterstained with Mayer’s haematoxylin. Finally, they were dehydrated in increasing 

concentrations of IDA, cleared in xylene (3x 5 minutes) and mounted using DPX. 

Scanning was carried out on the Olympus VS120 microscope. 

 

4.4.4 Sequential extraction and Western blotting  

100-200mg of cerebellar frozen tissue from 3 MSA and 3 healthy control brains was 

disassociated in 4 volumes of ice-cold HS homogenization buffer at pH7.4 (50mM Tris-

HCl; 750mM NaCl; 10mM NaF; 5mM EDTA; 1mM EGTA) supplemented with 1% 

protease and phosphatase inhibitors. Samples were sonicated for further 

homogenization, left on ice for 30 minutes, and centrifuged at 1,000g for 5 minutes at 
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4°C. The non-homogenised material was discarded, and the supernatant was 

centrifuged at 160,000g for 60 minutes at 4°C. The supernatant was saved as the HS-

soluble fraction. The pellet was re-suspended in 4 volumes of homogenization buffer, 

sonicated until fully homogenized, and spun at 160,000g for 60 minutes at 4°C. The 

supernatant was discarded, and the pellet was re-suspended in 4 volumes of HS 

homogenization buffer supplemented with protease and phosphatase inhibitors and 

1% Triton X-100 (Tx). The sample was sonicated until homogenization and spun at 

160,000g for 60 minutes at 4°C. The supernatant was saved as the HS-Tx fraction. 

The pellet was re-suspended in 4 volumes of HS-Tx buffer supplemented with 

inhibitors and 30% sucrose, and centrifuged at 160,000g for 60 minutes at 4°C to float 

the myelin. The supernatant was discarded and the pellet was re-suspended in HS 

homogenization buffer supplemented with inhibitors and 5% SDS by sonication. This 

sample was saved as the SDS-urea fraction. The protein concentration was 

determined by BCA assay separately for each fraction.  

 

The HS, HS-Tx (10µg) and SDS-urea (80µg) fractions were separated on a 16% 

Tricine gel, transferred onto a nitrocellulose membrane of pore size 0.22µm using a 

semi-dry transfer system (BioRad) for 45min at 0.5A and 25V. The membranes were 

blocked overnight at 4 °C in Odyssey blocking buffer (Li-Cor) and washed three times 

for 10min in PBS with 0.01% Tween-20 (PBS-T). Membranes were incubated with 

primary antibodies diluted in PBS for 2h at RT, washed three times for 10min in PBS-

T, incubated in dark with secondary antibodies diluted in PBS and washed three times 

for 10min in PBS-T. The membranes were imaged at 700nm and/or 800nm using the 

Li-Cor Odyssey CLx imaging system, and the images were processed using Image 

Studio 5.2.   

 

4.5 Contributions of the authors 

Hilal A. Lashuel conceived and conceptualised the study. Viktoria Ruf selected the 

cases originating the Neurobiobank Muenchen, and contributed to the analysis and 

interpretation of neuropathological data. Melek Firat Altay designed and performed the 

experiments, and wrote the chapter.    
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CHAPTER 5 Conclusion 

5.1 Achieved results and future development 

Synucleinopathies represent a group of diseases that progressively get worse and 

lower the life quality of patients. The common neuropathological feature of these 

ailments is the accumulation of aggregated forms of aSyn in the neurons and glial cells. 

Despite our knowledge that aSyn plays a key role in the pathogenesis of 

synucleinopathies, the particular processes linking aSyn aggregation, inclusion 

formation and maturation, neurodegeneration, and pathology spreading in the 

periphery and CNS remain unknown. In particular, the sequence and molecular 

determinants as well as the mechanisms of aSyn aggregation, the biochemical and 

structural properties of the aggregates and the unique pathological signature that 

distinguish each disease require new answers. Combined with the lack of a cure, this 

makes it crucial that we understand the mechanisms of aSyn pathogenesis and 

spreading to be able to develop and offer new disease-modifying strategies. 

 

Within this context, the goal of the thesis was to develop and validate new tools that 

would help address these knowledge gaps. Towards this goal, this study focused on 

three key areas of study: 1) The development, validation and application of aSyn 

antibodies as a large and well-characterised toolset to capture the pathological 

diversity in synucleinopathies (Chapter 2); 2) application of these tools for a better 

understanding of the nature of astrocytic aSyn pathology in LBDs (Chapter 3); and 3) 

application of these tools to fully profile the aSyn proteoforms and inclusion types in 

MSA (Chapter 4).  

 

The studies described in Chapter 2 have allowed us to develop 12 novel monoclonal 

antibodies against different regions and modifications of aSyn. In addition, 31 

antibodies of non-modified aSyn and aSyn PTMs were fully characterized and 

validated through an extensive pipeline that utilizes a combination of biochemical 

assays, post-mortem human brain tissues of Lewy body diseases and cellular and 

animal models of pathology formation and spreading, in cells and animals revealed 

heterogeneous populations of co-existing aSyn species. This enabled us to assemble 

the most comprehensive antibody toolset. We revealed that aSyn inclusions in LBDs 
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are not only rich in pS129 and ubiquitination as previously described, but also in 

tyrosine phosphorylations and N-terminal nitrations, and are distributed across 

neurons and glial cells. In the neuronal and mouse seeding models, similarly, we 

discovered aSyn in the newly formed aggregates to be hyperphosphorylated.  

 

The exploration of the LBDs using this battery of antibodies has also opened a new 

avenue of research related to astrocytic aSyn pathology, described in Chapter 3. The 

accumulation of aSyn in the astrocytes has previously been reported in the literature 

as early as the 2000s, but a systematic investigation into the sequence properties, 

PTMs and aggregation state of these species has not been performed. Using our new 

panel of antibodies, we have been able to provide the most comprehensive analysis of 

astrocytic aSyn pathology, detailed in Chapter 3. We were able to investigate the 

characteristics of these astrocytic accumulations at a single cell level, which also 

helped us more precisely and methodically map the N- and C-terminal truncation sites 

of the astrocytic aSyn. We demonstrated that these astrocytic aSyn accumulations are 

negative for all key markers of LBs, and showed for the first time that they are nitrated 

and phosphorylated in the N-terminal Tyrosine 39. Our data point at the state of 

astrocytic aSyn to be non-aggregated oligomeric, but further in-depth structural 

analysis is needed to understand the exact nature of these accumulations. To the best 

of our knowledge, this is the first description of aSyn inclusions that are entirely 

composed of N- and C-terminally cleaved aSyn species. This work paves the way for 

future studies to decipher the role of these modified astrocytic aSyn species in 

astrocytic pathology formation, the cell-to-cell spreading of pathology, and also in the 

immune responses via astrocyte-microglia interactions are key for the identification of 

therapeutic targets.  

 

Finally, in Chapter 4, we present an additional proof-of-concept study focused on 

deciphering the diversity of aSyn species in MSA, a rare but a relentless type of 

synucleinopathy that is less frequently studied in comparison to LBDs. The 

immunohistochemical screening revealed multiple and also previously under-

described aSyn modifications in the MSA brain tissues. We were able to capture some 

of these modifications by Western blotting, including truncations and phosphorylations, 

and ongoing work is under way to precisely identify the differentially modified aSyn 

forms in MSA by proteomics approaches. This work is significant as a detailed insight 
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into the different types of aSyn species present in MSA versus PD and other LBDs 

may help us understand the underlying mechanistic, cellular and molecular reasons 

for the more aggressive nature of MSA pathology, and eventually develop new means 

and therapeutic approaches to alleviate, stop or even reverse disease progression 

across all synucleinopathies.    

 

We envision that the work presented here would unfold in two directions: 1) The re-

visiting of PD and other LBD staging using this advanced toolset of aSyn antibodies 

and looking at larger cohorts to have a deeper understanding of the aSyn pathogenesis 

and the role of aSyn PTMs in the advancement of pathology; and 2) the exploration of 

the peripheral pathology of aSyn with these antibodies to better determine original sites 

of aSyn aggregation and pathogenesis.  
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