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Prologue 
 

 

 

 



 Neurological disorders are the world’s leading cause of disability. Among these 

diseases, Parkinson’s Disease (PD) shows the fastest growth, as its prevalence more 

than doubled in the period 1995-2015 (1, 2). PD is currently the second most common 

neurodegenerative disease after Alzheimer’s Disease (AD), affecting over 6 million 

people worldwide, and this number is expected to rise quickly as a result of aging of 

the world’s population (1, 2). Most patients present with a sporadic form of PD after the 

age of 60, while inherited, monogenetic forms of PD are rare (5-10%) and can result 

in early-onset (e.g. before the age of 40) forms of PD (3). In recent years, however, an 

increasing number of genetic risk factors for developing PD has been identified, 

including Glucosidase Beta Acid (GBA) mutations (3).  

Patients with PD are diagnosed based on their clinical motor symptoms, in 

particular on the combination of bradykinesia plus resting tremor or rigidity (4). 

However, in the past decades there has been growing emphasis on non-motor 

symptoms that are prevalent in PD - including rapid-eye movement (REM) sleep 

behavior disorder, autonomic disturbances such as incontinence, depression, and 

cognitive problems and hallucinations - which severely impact the quality of life of PD 

patients (3, 5). This shift in perspective demonstrated that PD is – instead of a ‘simple’ 

motor disease – a complex syndrome affecting various brain functions and multiple 

organ systems.   

While the initial clinical descriptions of PD originate from more than 200 years 

ago (6, 7), at this point the pathophysiological process underlying this devastating and 

progressive disease remains unclear. The clinical motor features in PD have been 

linked to the specific degeneration of neuromelanin-containing dopaminergic neurons 

in the substantia nigra pars compacta (SNpc), a pathological hallmark of PD, which 

happens for reasons yet unknown. Moreover, at the microscopic level, neurons in the 

PD brain reveal abnormal inclusions in their soma or their processes in predilected 

brain regions (8). These inclusions are called Lewy bodies (LBs) and Lewy neurites 

(LNs), respectively, and were named after Friedrich Heinrich Lewy who first described 

these structures in 1912 (9). LBs and LNs are defined as hyaline eosinophilic inclusions 

with different morphologies, typically dependent on the brain region involved 

(brainstem, limbic or cortical) (10). Although the mechanisms determining the 

formation and morphology of these inclusions remain elusive, LBs and LNs were found 



 
 

to be strongly immunoreactive for alpha-synuclein (aSyn), which is considered one of 

their major protein components (11, 12).  

This latter finding, published 20 years ago, has resulted in an overwhelming 

amount of studies focusing on this putative ‘pathological protein’ for PD in clinical, 

pathological and experimental settings. Such studies have tremendously advanced our 

insight into the biology of aSyn, and have put this protein at the center stage for the 

development of novel disease-related biomarkers and therapeutic approaches in PD, 

including for example immunotherapies targeting aSyn  (13, 14). 

Importantly, at this moment, there is no cure for PD. 

Current pharmacological treatments focus mainly on dopamine replacement 

strategies, for instance by the administration of levodopa, a precursor to dopamine. 

Although this drug can effectively relieve motor symptoms for many patients, it does 

not modify the course of the disease (15). The therapeutic window of dopamine 

replacement therapies is limited due to the progression of the underlying pathology of 

PD, for instance resulting in motor complications such as wearing-off or on-off 

fluctuations in advanced stages of the disease (16). Therefore, to find a cure of PD, 

the development of disease-modifying strategies that can effectively intervene in the 

disease process of PD – thereby preventing or delaying the onset of clinical symptoms 

and disease progression - are urgently needed. The development of such disease-

modifying therapies requires a thorough understanding of targetable pathological 

pathways and their contribution to the disease process of PD. The knowledge derived 

from post-mortem studies about disease-related alterations in the brain of PD patients 

is of essential importance for this latter purpose.  

In the present thesis, the comparison of post-mortem brain tissue of clinically 

diagnosed and pathologically verified patients with PD (or other diseases, see later) to 

the ‘normal’ aged brain, e.g. age-matched donors without neurological symptoms, 

plays a central role in all chapters. We are well aware that the type of research 

conducted in this thesis would never have been possible without the valuable brain 

donations of patients suffering from neurodegenerative diseases and – equally 

important – persons without a neurological disorder.  
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Chapter 1.1 
Protein aggregation in the pathology 

of Parkinson’s disease and related 
disorders: a key role for             

alpha-synuclein 
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A brief history of a 20-year old research field 

In 1988, Maroteaux and colleagues were the first to describe the protein 

synuclein, which was identified in isolated cDNA from a Torpedo californica encoding 

this protein using an antibody against purified cholinergic synaptic vesicles (1). Apart 

from the localization of this newly identified protein to synaptic vesicles (syn), the 

authors also reported localization to the nuclear envelope (nuclein) – although this 

finding could not be replicated (2) – which together determined the protein’s name. In 

1994, the abundant presence of synuclein in the human brain was demonstrated, in 

the form of 140- and 134-amino acid containing isoforms that represent alpha- and 

beta-synuclein, respectively (2, 3). Later, a third member of the synuclein family was 

identified: gamma-synuclein (4). Although the amount of studies focusing on aSyn was 

limited until the late 1990s, this changed drastically when the genetic location of an  

autosomal dominant mutation causing young-onset PD in a kindred of Italian-American 

ancestry and in independent Greek families were mapped to the SNCA gene, and 

specifically to a alanine-to-threonine substitution at position 53 of the 140 amino acid-

long protein (5).  

In parallel, Spillantini and colleagues demonstrated that LBs and LNs were 

strongly immunoreactive for aSyn in brains of patients with idiopathic PD and also 

dementia with Lewy bodies (DLB) (6, 7). Moreover, immuno-electron microscopy 

showed a strong labeling of isolated LB filaments – which were extracted from sarkosyl 

insoluble fractions of brains with PD and DLB – for antibodies against aSyn (6-8). 

Based on these observations and in vitro experiments demonstrating that recombinant 

full-length and mutant forms of aSyn form filamentous structures under specific 

conditions (9), is is hypothesized that the aggregation of aSyn into oligomeric and 

fibrillary species is an important event in PD pathogenesis (10). In 2003, another key 

finding was done in a pathological study by Heiko Braak and colleagues, which 

presented evidence for a systematic pattern of anatomical distribution of aSyn-

immunopositive inclusions throughout the brain (11). These observations led to the 

development of the most influential neuropathological staging instrument for PD 

pathology thus far (11). Moreover, the hypothesized pathological spreading of protein 

aggregates throughout the brain during the PD disease course formed the initial 

evidence for the ‘spreading’ hypothesis. Although supported by indirect evidence in 

post-mortem studies in patients who underwent neural transplantation (12, 13) as well 
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as experimental results in in vitro and in vivo models of PD (14-17), the relevance of 

the spreading hypothesis in the pathology of PD remains controversial (18).  

Pathological convergence of synucleinopathies 

The identification of aSyn of a key component of LBs in sporadic PD as well as 

DLB, Spillantini et al. confirmed that these Lewy body diseases shared the same 

protein correlate and implicated a central role for aSyn in the pathology of both 

diseases (7). Moreover, in the same time period, aSyn immonoreactivity was also 

reported for the glial cytoplasmic inclusions typical for multiple system atrophy (MSA), 

a neurodegenerative disease characterized by a combination of autonomic symptoms 

with cerebellar (MSA-C) or pyramidal symptoms, including parkinsonism (MSA-P) (19-

21). The presence of aSyn-immunopositive inclusions in neurons and oligodendriglial 

cells are considered  the major pathological hallmarks of PD/DLB and MSA, 

respectively.Together with certain rare diseases showing aSyn insoluble aggregates, 

including neuroaxonal dystrophies and pure autonomic failure (22-24) these diseases 

are collectively grouped as ‘synucleinopathies’ based on their predominant underlying 

pathology. Moreover, the majority of patients with sporadic or familiar AD develops 

Lewy pathology over their disease course as well (25), implicating a role for aSyn 

aggregates also in other neurodegenerative conditions. However, certain diseases that 

are related to PD based on their clinical phenotype, including progressive supranuclear 

palsy (PSP) and corticobasal syndrome, are mainly characterized by deposits with 

hyperphosphorylated tau as major constituent.  

The pathological diagnosis of PD, Parkinson’s disease with dementia (PDD), 

DLB are now based mainly on the immunohistochemical presence of aSyn-

immunopositive inclusions and neurodegeneration in the SN. The difference in 

oligodendroglial versus neuronal inclusions results in a clear pathological 

differentiation between MSA and the subset of synucleinopathies displaying LBs at 

autopsy, encompassing PD, PDD, and DLB, respectively. However, despite of clinical 

differences among these latter group of LB diseases - with presence and timing of 

dementia as most important determinants (26) - the distinction between these 

conditions based on their pathological profiles is currently not unambiguous. For 

instance, although limbic and neocortical load of LBs and LNs has been proposed as 

the pathological correlate of dementia in LBDs, certain patients remain cognitively 
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intact in spite of the presence of cortical LBs (27, 28). As the Braak staging is based 

on the distribution of LB pathology throughout the brain rather than the local density of 

aSyn aggregates, this staging system often does not discriminate between end-stage 

PD and PDD/DLB (28). The distinction between PDD and DLB is even more 

challenging, although it has been suggested that DLB patients display more AD-related 

pathology at autopsy (28-31).  

In addition, at this point, most pathological studies focus on the hallmark 

pathological structures of synucleinopathies, which does not represent a complete 

mapping of aSyn-immunopositive pathological features. For instance, aSyn-

immunoreactive astrocytes have also been described in the brain of patients with PD 

and DLB (32-34). The morphology of such structures and their contribution to different 

synucleinopathies is poorly characterized. A more detailed better mapping of aSyn 

pathology – by means of immunohistochemical or biochemical characterization – will 

allow for a better characterization of the pathology underlying different 

synucleinopathies. 

The heterogeneous morphological nature of Lewy bodies 

Although first descriptions of the presence of LBs in the PD brain derive from 

more than a century ago, the processes by which LB are formed and their role in 

neurodegeneration still remain elusive. LBs are defined as roughly spherical hyaline 

intracytoplasmic proteinaceous inclusion bodies in neuronal cells, that appear 

eosinophilic in haematoxin eosin (H&E) stainings (35). The morphology of LBs 

depends typically on their location in the brain: brain-stem LBs are easily detected by 

the staining pattern of roughly spherical eosinophilic masses – sometimes multiple in 

one cell - displaying a strongly stained core and a peripheral halo, while limbic and 

cortical LBs are less eosinophilic without a sharply defined morphology, ranging from 

compact and globular to irregularly-shaped expansive appearing cytoplasmic 

inclusions (35). In addition to cortical- and midbrain-type LBs, in the midbrain, for 

instance in the substantia nigra and the locus coeruleus, expansive-appearing 

inclusions are often observed that lack the typical midbrain-LB morphology and are 

only weakly eosinophilic (35). Such structures have been termed ‘pale bodies’ and are 

often highlighted by the replacement of neuromelanin. Pale bodies have been 

suggested to represent an early manifestation of LB pathology, although the exact 
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relation between pale bodies and LBs remains unclear (35-38). Where ubiquitin 

immunoreactivity is generally weaker in pale bodies than in midbrain and cortical LBs, 

all of these morphologies are strongly immunoreactive for aSyn (20, 38), showing that 

this marker provides a more sensitive and consistent labeling of pathological inclusions 

in PD.  

Early electron microscopy (EM) studies have reported the ultrastructural 

presence of filamentous components in LBs immunopositive for aSyn (39-43). In 

particular, based on EM-contrast, LBs were described to contain an electron-dense 

core, which is surrounded by radiating filaments (40, 41). The electron-dense core of 

LBs may contain many of the over 300 proteins detected in these structures in 

proteome studies (44). A substantial amount of these protein components of LBs was 

confirmed by immunohistochemical techniques, including aSyn (and synphilin) 

interactors, components of protein degradation systems such as the ubiquitin 

proteasomal system and the autophagy-lysosomal pathway, and cytoskeletal elements 

(35). Further, in addition to proteins, lipids were shown to form a major constituent of 

LBs (45, 46). Although these findings provided insights into the architecture of LBs, the 

number of (ultra)structural studies on LBs is limited, with the main reason being the 

technical challenge to identify these structures with conventional EM techniques in the 

crowded cellular environment.  

 Together, the literature on the structural components of LBs is still incomplete, 

while such information is essential for a better understanding of the pathophysiological 

mechanisms underlying the most important pathological hallmark of PD and DLB. The 

combination of highly selective antibodies against different epitopes and protein 

variants of aSyn in combination with advanced microscopy techniques, for instance 

correlative light and electron microscopy (CLEM) or super-resolution microscopy 

techniques such as stimulated emission depletion (STED) microscopy, may aid in a 

further characterization of the building blocks of LBs and related structures.  

Many faces of aSyn in the human brain 

aSyn is a 14kDa protein ubiquitously and highly expressed in the human brain 

under physiological conditions, where it has been particularly found in presynaptic 

terminals (1, 47-49). Moreover, additional intraneuronal localizations for aSyn have 

been recently described, including nucleus, mitochondria, endoplasmatic reticulum 
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(ER) and Golgi (48). Despite of its neuronal abundance, until this point, our knowledge 

about the function of aSyn remains incomplete. Mainly based on its predominant 

subcellular localization, functions for aSyn have been proposed related to synaptic 

vesicles and synaptic transmission, such as vesicle trafficking, neurotransmitter 

release, and synaptic plasticity (50).  

The primary sequence of aSyn contains 140 amino acids, and is composed of 

three distinct functional domains. Purified recombinant synuclein behaves as a natively 

unfolded protein in in vitro situations (51). However, the first 93 residues adopt an 

alpha-helical conformation in the presence of lipids, implicating an important role for 

the lipophilic N-terminus (NT) and non-amyloid component domain (NAC domain) in 

the interaction of aSyn with membranes (52). Interestingly, the NT (res. 1-60) bears 

the locations for the currently known point mutations in aSyn leading to familial forms 

of PD (50). NAC fragments (res. 61-95) of aSyn were first identified in amyloid plaques 

typical for the pathology of AD, although subsequent studies failed to reproduce this 

result (53, 54). The hydrophobic NAC domain is considered indispensable for aSyn 

aggregation, as deletion of (segments of) this domain greatly reduces aSyn’s 

oligomerization and fibrillization in vitro (55, 56). Residues 96-140 encompass the 

negatively charged, acidic C-terminus (CT) of aSyn, which is unstructured. Many 

interactors have been described for the CT of aSyn, including other proteins and metal 

ions (50, 57). This suggests an important role for the CT in regulating aSyn’s 

interactions, although the exact mechanisms underlying this process remain poorly 

understood (50). The proposed regulatory role of aSyn’s CT is supported by the fact 

that this domain harbors the majority of sites where aSyn can be post-translationally 

modified (PTM), including different phosphorylation sites.  

 In contrast to the helical conformation in the presence of lipids, in vitro studies 

demonstrated that recombinant aSyn can adopt a β-sheet structure under conditions 

of protein aggregation (9, 58). In combination with the identification of aSyn 

immunopositivity in filaments purified from LBs in the DLB brain (21), these findings 

have led to the general belief that aSyn oligomerization and fibrillization plays a central 

role in the pathogenesis of synucleinopathies (57). Indeed, western blots of purified LB 

fractions of the human brain reveal a spectrum of high-weight aSyn-immunositive 

bands indicating the presence of different higher-order conformers of aSyn in LBs (59). 
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Moreover, an increased amount of oligomeric aSyn was reported in brain tissue, blood 

and CSF of patients with PD and DLB compared to age-matched controls (59-66).  

In addition to these different conformational manifestations, aSyn is subject to 

extensive post-translational regulation. The list of aSyn PTMs detected in the human 

brain has grown extensively in recent years, which has highlighted the dynamic 

structural flexibility of this protein. Apart from phosphorylation, these PTMs include 

different truncations, glycosylation, glycation, acetylation, and many more (67, 68). In 

vitro work has demonstrated that PTMs affect aSyn’s biochemical properties - such as 

electrical charge and hydrophobicity, aggregation properties, as well as the binding 

affinities of aSyn with other proteins or lipids (67). Therefore, PTMs add a level of 

complexity in studying the cellular biology of aSyn, as different conformational forms 

of aSyn in combination with PTMs results in plethora of potential manifestations for 

aSyn in the human brain. 

 Certain aSyn PTMs, in particular Serine 129-phosphorylated (Ser129-p) and C-

terminally truncated (CTT) aSyn with cleavage sites for instance at residues 119 and 

122, have been associated with Lewy pathology, as their biochemical enrichment was 

demonstrated in pathology-associated tissue fractions of patients with PD and DLB 

compared to controls using immune-based and mass-spectrometry approaches (66, 

69-73). Moreover, experimental studies have suggested an important role for CTT in 

aSyn aggregation, as enhanced fibril formation was reported for this PTM with 

recombinant aSyn in vitro (71, 74-77). However, the exact role of CT modification by 

either phosphorylation or truncation in aSyn aggregation and toxicity, remains subject 

of active debate (78). At this point, only limited information is available in literature 

about the quantitative abundance and subcellular localization of these PTMs in post-

mortem human brain tissue, while such information is crucial to assess the relevance 

of PTM aSyn in the human brain and their contribution to different synucleinopathies.  

Characterization of (PTM) aSyn species in post-mortem brain tissue: questions 
addressed in this thesis 

 The first overarching aim of this thesis is to obtain more insights into the 

relevance of CTT and Ser129-p aSyn in the pathology of different synucleinopathies. 

For this purpose, we set the following objectives: 
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1. Quantify the abundance for total, Ser129-p and CTTaSyn in brain tissue 

extracts under conditions of healthy aging and in various synucleinopathies 

In order to do this, we have developed different quantitative immuno-based 

biochemical assays for the measurement of total and PTM aSyn in post-mortem human 

brain tissue. We have applied these assays on tissue samples of donors with different 

synucleinopathies including patients with PD, PDD, DLB and MSA. We compared the 

results with values obtained from donors with other neurodegenerative disorder 

(including progressive supranuclear palsy (PSP) and AD) as well as age-matched non-

neurological controls. This comprehensive, multiplatform study is presented in 

Chapter 3 of this thesis.  

2. Define the morphological structures that are immunopositive for antibodies 

against Ser129-p and CTTaSyn in various brain regions of donors with various 

synucleinopathies. 

In order to do this, we have performed immunohistochemical stainings on tissue 

sections of the same cohort as in in Chapter 3, using a  selection of well-characterized 

antibodies against different (PTM) aSyn species in the same post-mortem cohort (69, 

79, 80) and provide a comprehensive description and semi-quantitative analysis of 

their staining patterns in post-mortem brain tissue. The results of this study highlight a 

multitude of morphologies positive for aSyn, and are presented in Chapter 6 of this 

thesis.  

3. Determine the subcellular distribution patterns of Ser129-p and CTT aSyn in 

post-mortem brain tissue of PD patients. 

For this purpose, we have used multiple labeling experiments in combination with 3D 

multicolor STED microscopy in brain sections of PD patients. This super-resolution 

microscopy study is presented in Chapter 7 of this thesis. The results of this study 

provide detailed insights into antibody-labeled subcellular pathology in PD and 

highlight the structural orchestration of Lewy pathology.   
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The accumulation of aSyn into LBs and LNs, the pathological hallmarks of PD, 

has been associated with impaired functioning of protein degradation mechanisms (1, 

2). As became clear in recent years, one of the main routes for the intracellular 

degradation of aSyn is autophagy (3, 4), the lysosome-mediated catabolic process in 

which dysfunctional organelles and proteins are degraded in mammalian cells. 

Autophagy has a pivotal role in the homeostasis of neurons. Protein quality control and 

organelle recycling are particularly important in these cells, which have abundant 

oxidative metabolism and, in most cases, do not replicate in adult life. Moreover, 

reduced autophagy was demonstrated to cause intracellular accumulation of proteins 

and neurodegeneration in in vitro and in vivo experiments (5, 6). The reliance of 

neurons on proper functioning of the autophagy-lysosomal pathway (ALP) is supported 

by observations that the brain is often the most severely affected organ in primary 

lysosomal storage disorders (7). Most of our knowledge of the basic mechanisms 

underlying the cellular process of autophagy was gained in the past decades, after 

pioneering genetic studies in various fungi, particularly Saccharomyces cerevisiae (8). 

In 2016, this breakthrough was recognized by the Nobel Committee by awarding the 

Nobel Prize in Physiology or Medicine to Stefan Hell. In the following paragraphs, an 

overview of the molecular regulation of autophagy is provided, after which the evidence 

for the emerging role for dysfunctional autophagy in PD is summarized and discussed.  

Molecular regulation of autophagy 

So far, three types of autophagy have been identified based on routes that differ 

in the way in which substrates eventually reach the lysosomal lumen: microautophagy, 

chaperone-mediated autophagy (CMA) and macroautophagy. In microautophagy, 

cytosolic substrates are engulfed directly by the lysosome, after deformation of the 

lysosomal membrane, in a non-specific way (9). Macroautophagy is a degradation 

pathway that involves the formation, elongation and nucleation of double-membrane 

organelles - called autophagosomes - by which the substrate is sequestered, before 

fusion with lysosomes (10). Finally, CMA is a highly specific process in which soluble 

cytosolic proteins containing a KFERQ-related targeting motif are recognized by a 

chaperone-complex involving the heat-shock cognate protein of 70 kDa (Hsc70). The 

substrate is subsequently translocated to and internalized by the lysosomal-associated 

membrane protein 2a (LAMP-2a) receptor (11). Under normal conditions, CMA and 

macroautophagy occur constitutively at low levels, while these processes are triggered 
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under conditions of cellular stress, including starvation, oxidative stress and the 

presence of protein aggregates (10). While CMA is characterized by its high specificity, 

macroautophagy was originally considered a nonspecific bulk degradation pathway. 

However, a growing number of selective, specialized types of macroautophagy have 

been described which are generally named after the cargo destined for degradation, 

for instance the targeted degradation of mitochondria (mitophagy), peroxisomes 

(pexophagy), the endoplasmic reticulum (ER; reticulophagy), ribosomes (ribophagy), 

lipid droplets (lipophagy) and many more (12). These specialized forms of 

macroautophagy have their own degradation cues and specific ubiquitin-dependent or 

independent autophagy receptors (reviewed in (13, 14)) .  

Macroautophagy is an evolutionary highly conserved process and its molecular 

pathways have been well-characterized after the discovery of autophagy-related genes 

(ATGs) in Saccharomyces cerevisiae (reviewed in Bento et al. (15)). The mammalian 

target of rapamycin (mTOR), a 289-kDa serine/threonine kinase, has been identified 

as a master regulator of macroautophagy that can be embedded in two protein 

complexes: mTORC1 or mTORC2. Macroautophagy is negatively regulated by 

mTORC1, while mTORC2 is primarily involved in regulation of cellular survival and 

cytoskeletal organization (16). Situations of amino acid deprivation relieve the direct 

inhibition of mTORC1 on a protein complex involving UNC-51-like kinase 1 (ULK-1), 

Atg13 and FIP200, leading to macroautophagy initiation (Figure 1) (17). Binding of 

growth factors or insulin to their corresponding receptors activates the PI3K class 1 

protein complex, which can activate mTORC1 via Akt and the tuberous sclerosis 

complex (TSC1/TSC2 complex) (18). The activation of PI3K class 1 further results in 

the inhibition of a macromolecular protein complex including PI3K class 3 (Vps34), 

Beclin-1 and ATG14L (19), which, when stimulated, promotes autophagosomal 

membrane nucleation (20). AMP activated protein kinase (AMPK) detects the 

intracellular ratio between ATP and AMP and low amounts of energy result in AMPK 

activation. AMPK activation exerts an inhibiting effect on mTORC1 via the TSC1/TSC2 

complex, or in direct phosphorylation of ULK-1, both resulting in the initiation of 

autophagy (21). In this way, eukaryotic cells are equipped with a mechanism in which 
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the initiation of autophagy is tightly coupled to cell growth regulation via either inhibition 

or stimulation of mTOR. 

The transcription factor EB (TFEB) has been identified as key regulator of 

biogenesis and function of lysosomes and functions downstream of mTORC1 (22, 23). 

In resting cells, TFEB is localized at the cytosol, where it interacts with mTORC1 and 

the lysosomal vacuolar-type ATPase complex. The inhibition of mTORC1 activity 

results in dephosphorylation of TFEB, which then translocates to the cell nucleus and 

binds to the lysosome-related genes of the CLEAR network, activating a de novo gene 

transcription (24, 25).   

In addition to the mTOR-dependent pathways, macroautophagy can be initiated 

by a pathway working independent of mTOR (Figure 1) (26). In this pathway, involving 

Ca2+-calpain-G-stimulatory protein α (Gsα) and cAMP-Epac-PLC-ε-inositol signaling, 

1,4,5-triphosphate (IP3) acts as a negative mTOR-independent regulator of 

macroautophagy (27).  The generation of IP3 from PIP2, which is mediated by PLC-ε, 

results in the release of calcium from the endoplasmatic reticulum (ER). The 

subsequent activation of calpains leads to cleavage of Gsα and inhibition of 

macroautophagy. In addition, the conversion of IP3 induces a chain reaction resulting 

in the production of inositol monophosphatase (IMPase) and inositol (Ins), which also 

inhibits autophagic processes. In turn, a decrease of IP3 leads to reduced calcium 

release and AMPK activation, which ultimately results in autophagy induction. 

At the end of all autophagic pathways, the substrate passes the single-wall 

membrane of the lysosome and is exposed to the lysosomal enzymes - including 

proteases, lipases and nucleases - in the lysosomal lumen, where the final hydrolysis 

of the substrate takes place. Lysosomes, first described by Christian de Duve in 1955, 

Figure 1: Molecular regulation of macroautophagy. Situations of amino acid deprivation and 
low amounts of energy, detected by AMPK, can lead to the inhibition of mTORC1, resulting in 
the initiation of autophagy via activation of the ULK1-FIP200-Atg13 complex. In this situation, 
TFEB is dephosphorylated and translocates to the cell nucleus where it binds to ATGs to 
activate de novo gene transcription. Deprivation of growth factors or insulin results in reduced 
activation of the PI3K Class 1 complex, which promotes the formation of autophagosomes via 
activation of the Beclin-1-VSP34 complex. A final mTOR-independent pathway, involving the 
generation of IP3, acts as a negative regulator of autophagy. 
Figure adapted from: Moors et al., Molecular Neurodegeneration (2017) 
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are specialized single-membrane vesicles that play a central role in maintaining cellular 

metabolism (28). By intimately working together, lysosomal enzymes are able to 

degrade macromolecules into their constituent monomeric components. Lysosomes 

contain >100 membrane-associated proteins and integral membrane proteins that 

include receptors, transporters, anchoring proteins and enzymes (29). The lysosomal 

membrane proteins have been implicated in the regulation of the stability and integrity 

of the lysosomes, the fusion of lysosomes with other organelles, the transport back to 

the cytosol of the recycled products, and viral infections (29, 30). The lysosome-

associated membrane proteins (LAMP-1, LAMP-2) represent a major part 

(approximately 50%) of all membrane proteins and have important functions in the 

trafficking of peptides across the membrane (30).  

Converging evidence for a role of ALP dysfunction in PD 

Genetic studies 

A substantial number of recently identified genetic factors have been shown to 

be involved in or to interact with the ALP, as was reviewed by Gan-Or et al. (42). 

Approximately a decade ago, the association between GBA1 mutations and PD was 

first described. Homozygous mutations in the GBA1gene, which encodes for the 

lysosomal hydrolase glucocerebrosidase (GCase), lead to Gaucher Disease (GD), the 

most common LSD. Although parkinsonism is a rare feature in patients with GD, 

several GD patients with parkinsonism had relatives with a typical, late-onset form of 

PD (43). After confirmation of this observation in large-scale multicenter studies (44) 

and meta-analyses (45, 46), the presence of pathogenic heterozygous mutations in 

this gene is now considered as one of the most important genetic risk factors for 

developing PD. It is estimated that the prevalence of PD patients with GBA mutations 

is 5–10%, while this percentage can be higher in certain populations (47). 

Several other variants in lysosomal genes have been associated with PD (48). 

Genome-wide association studies have repeatedly reported an association between 

the SCARB2 gene with a reduced risk of developing PD (42). SCARB2 encodes for 

the lysosomal integral membrane protein type 2 (LIMP2), which interacts with GCase 

and is responsible for its transport to the lysosome (49). The SMPD1 gene encodes 

for the lysosomal enzyme acid sphingomyelinase, which converts sphingomyelin into 
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ceramide. The association of variants of SMPD1 with an increased risk of developing 

PD has now been repeatedly reported (50-53). However, SMPD1 mutations are rare 

and more studies are needed to determine their significance in PD. Mutations in 

the ATP13A2 (PARK9) gene, encoding a lysosomal ATPase, cause a rare form of 

atypical, juvenile-onset autosomal recessive parkinsonism with pyramidal 

neurodegeneration and dementia - the Kufor-Rakeb syndrome. Finally, some other 

LSDs have been associated with parkinsonism, including Niemann-Pick type C, 

Sanfilippo A, GM1 and GM2 gangliosidoses, and Fabry disease (48). However, these 

associations are often based on observations in small patient groups and thus most 

likely only relevant for very small subpopulations of PD patients. 

Apart from mutations in genes that directly encode for lysosomal components, 

direct and indirect roles have been proposed for numerous other PD-related mutations 

involving the process of autophagy. A rare form of autosomal dominant PD is caused 

by mutations in the gene encoding vacuolar protein sorting protein-associated protein 

35 (VPS35), which is involved in endosomal-lysosomal trafficking, a process 

functionally associated with autophagy (42, 54). Moreover, numerous autosomal 

recessive PD genes, including Parkin, PINK1, DJ-1 and Fbxo7 were found to be 

implicated in mitophagy, which is the degradation of dysfunctional mitochondria by 

autophagy (42, 55). Mutations in the leucine-rich repeat kinase 2 (LRRK2) gene are 

among the most common risk factors for PD together with GBA1 mutations. Lrrk2 can 

both be degraded by CMA (56) and macroautophagy (57), but mutated forms of this 

protein impair CMA function leading to accumulation of substrates, including aSyn (56). 

Lrrk2 may also have a more general role in autophagy, as an accumulation of 

autophagic vacuoles has been observed in a cellular model transfected with 

mutated LRRK2 (58). However, the exact role of Lrrk2 in this process remains elusive 

(42, 54). Finally, some proteins encoded by other PD-related genes, 

including SNCA and MAPT, were shown to interact with components of the ALP, 

thereby modifying the process of autophagy (42). 

Together, genetic studies have demonstrated that numerous genetic risk factors 

for PD are directly involved in the functioning of the ALP or mitophagy (42), while for 

other genetic forms of PD, for instance caused by LRRK2, MAPT and SNCA 

mutations, functional interactions of their gene-products with components of the ALP 
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have been reported. However, it is important to note that the prevalence of most of the 

mutations described here in PD is low, and that they do not necessarily lead to PD. 

The genetic studies further suggest that dysfunctional autophagy in PD can have 

different underlying gene-deficits. 

Pathological studies 

After accumulation of autophagic vacuoles in the post-mortem SN of PD 

patients was first described (59), subsequent post-mortem studies demonstrated 

altered expression of numerous ALP components in the PD brain compared to age-

matched controls (60). Increased levels of microtubule-associated protein 1 light chain 

3 (LC3), a marker for autophagosomes, have been observed in the SN of PD patients 

(61) as well as in the temporal cortex of patients with DLB (62). Furthermore, lysosomal 

depletion was indicated by decreased levels of lysosomal-associated membrane 

protein type 1 (LAMP-1) in the SN of PD patients (38, 61). Lower levels of the CMA 

markers LAMP-2a and the chaperone Hsc70 have further been observed in various 

regions of the PD brain compared to controls (63, 64), suggesting CMA deregulation. 

In addition, the deregulation of lysosomal enzymes, in particular GCase, has been 

demonstrated in different brain regions (39-41) and CSF (65-67) of PD patients 

compared to controls, while increased immunoreactivity of the GCase-interactor LIMP2 

was observed in dopaminergic neurons in the SN of PD patients (68). Altered enzyme 

activities in the PD brain have not only been observed for GCase, but also for cathepsin 

A and cathepsin D (38, 41). Cathepsin D activity was increased in the cingulate cortex 

(41) and decreased in the SN (39) in PD, while no changes were found in the frontal 

cortex (69). Finally, contradictory results were obtained for ATP13A2 in the frontal 

cortex of PD and DLB patients, for which both decreased (70) and increased (71) 

protein levels have been reported compared to controls. In the striatum of PD and DLB 

patients, increased ATP13A2 protein levels were found (71). 

A deregulation of the ALP in the PD brain was recently demonstrated by 

transcriptome studies (72-74). Alterations for numerous autophagy-related processes, 

including mTOR signaling, PI3K/AKT signaling and 14-3-3 protein signaling, have been 

reported in post-mortem SN tissue as well as in peripheral blood mononuclear cells 

(PBMCs) of PD patients (72-74). The deregulation of the mTOR-dependent pathway 
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in synucleinopathies was underscored by the finding that mTOR protein expression 

levels were increased in the temporal cortex of patients with DLB in comparison to 

controls, in particular in neurons displaying aSyn accumulation (75). Alterations in 

other upstream autophagy-related proteins were demonstrated in brain tissue of 

patients with PD and DLB compared to controls (76). Immunoreactivity for ULK-1, ULK-

2, VPS35 and autophagy/Beclin-1 regulator 1 (AMBRA1) was shown within mature 

LBs (76). No differences in protein expression levels were observed for these proteins 

in SN tissue of PD patients, although VPS35 levels were increased in the temporal 

cortex of DLB patients (76). Beclin-1 protein expression levels were increased in SN 

tissue (76) but decreased in the cingulate cortex of patients with PD (41). In the post-

mortem SN of PD patients, the subcellular localization of TFEB was changed, as TFEB 

expression in the nuclear compartment of dopaminergic neurons was significantly 

decreased in PD patients compared to controls (77). Moreover, TFEB co-localized with 

LBs in the same region (77). 

In conclusion, pathological studies have shown some evidence for altered ALP 

protein levels and lysosomal enzyme activity in PD and DLB. However, the reported 

alterations are generally subtle and sometimes inconsistent, with large overlap 

between patients and aged controls. Additionally, these pathological studies often also 

show tremendous variability within the group of PD patients. Together, this may 

indicate that multiple pathological processes may underpin dysfunctional autophagy in 

PD or that autophagy is impaired in a subpopulation of PD patients. Moreover, so far, 

most studies have only focused on the SN of PD patients (60). As some of the results 

suggest a differential regulation of autophagy markers between different brain regions, 

systematic studies that map the distribution of lysosomal and autophagy markers in 

different brain regions, stages and molecular subtypes of PD are needed (76). 

Experimental studies: the balance between aSyn aggregation and degradation  

The formation of LBs and LNs in PD has been associated with dysfunction of 

two of the main systems regulating protein degradation in human cells, the ubiquitin–

proteasome system (UPS), which is predominantly involved in the selective 

degradation of short-lived soluble proteins, and the ALP (3). In addition to these 

systems, however, numerous intra- and extracellular proteolytic systems are involved 
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in the degradation of aSyn, including calpains and neurosins (78, 79). Furthermore, 

substantial crosstalk takes place between these different systems, for instance 

between the UPS and CMA and between CMA and macroautophagy (53, 80). It has 

been proposed that degradation of aSyn depends on specific features of this protein, 

involving mutations, its folding state, its localization, and the presence of post-

translational modifications (e.g. ubiquitinated, phosphorylated, truncated, nitrated, 

glycosylated, oxidized, or dopamine-modified forms of aSyn) (81).  

Both UPS and autophagy are implicated in the clearance of wild-type (WT) aSyn 

in PC12 cell lines, as the inhibition of both processes results in the accumulation of the 

protein (3). As WT aSyn contains the CMA-targeting motif required for Hsc70 

recognition, its autophagic degradation is mainly associated with CMA activity,  while 

its clearance is also partially mediated by macroautophagy (82). The detection of aSyn 

in the lumen of lysosomes isolated from the mouse midbrain further provided in vivo 

evidence for lysosomal clearance of aSyn and was mainly associated with markers for 

CMA (83). These results together show the involvement of CMA in the degradation of 

WT aSyn, while macroautophagy may not be of crucial importance in this process. 

However, CMA is not able to degrade oligomeric forms of aSyn, while the presence of 

A30P and A53T mutant forms and different posttranslational modifications of aSyn, 

were reported to specifically impair CMA (84-86).The impairment of CMA in conditions 

of increased aSyn burden implies a critical role for macroautophagy in the degradation 

of more advanced stages of aSyn aggregation.  
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The end-stages of aSyn aggregation, in the form of Lewy body-like aggregates, were 

recently reported to be resistant to the degradation by macroautophagy and to 

impairmacroautophagy by blocking clearance of autophagosomes (87). Together, the 

experimental findings suggest involvement of different proteolytic systems dependent 

on burden and assembly state of aSyn (Figure 2) (1, 4, 88). The functional integrity of 

the lysosomal system plays a crucial role in the regulation of aSyn turnover, and its 

failure leads to the aggregation of this protein. 

Several recent studies have provided some insights into the lysosomal enzymes 

involved in hydrolysis of aSyn. Genetic reduction of GCase activity resulted in the 

Figure 2: Proteolytic degradation of aSyn based on results from experimental 
studies in in vitro and in vivo models of PD. Wild‐type monomeric aSyn is 
predominantly degraded by chaperone‐mediated autophagy and the ubiquitin‐
proteasomal system, whereas macroautophagy is more critically involved in the 
degradation of oligomeric and protofibrillar forms of aSyn. Excessive aSyn blocks 
chaperone‐mediated autophagy and proteasome degradation and promotes aSyn 
aggregation. Figure published in: Moors et al., Movement Disorders (2016) 
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accumulation of aSyn in different model systems of PD (33-35). Additionally, in vitro 

work showed that GCase depletion leads to enhanced cell-to-cell transmission of aSyn 

aggregates, suggesting a role for GCase in the spreading and propagation of 

synucleinopathy (89). As GCase activity is inhibited by aSyn, GCase and aSyn are 

proposed to form a bidirectional pathogenic loop (36). The intralysosomal interaction 

between membrane-bound aSyn and GCase was recently shown in cellular models 

using advanced imaging techniques such as nuclear magnetic resonance 

spectroscopy, site-specific fluorescence, and Förster energy transfer probes, providing 

evidence for a role of GCase in the degradation of aSyn (90-92). Using 

immunoprecipitation and immunofluorescence, the authors were able to confirm this 

interaction in human brain tissue of a sporadic PD patient, a GD carrier with PD and 

patients with type 1 GD (91). Additional pathological studies confirming the interaction 

between GCase and aSyn in autophagosomes or lysosomes using advanced imaging 

methods (i.e superresolution microscopy and nuclear magnetic resonance 

spectroscopy) and immunoprecipitation studies are necessary to determine the role of 

this process in aSyn aggregation in selective vulnerable neurons in sporadic PD. The 

activity of GCase, and hence its ability to clear aSyn, was found to be dependent on 

LIMP-2, the receptor required for the transport of GCase to lysosomes (68). 

Furthermore, the presence of saposin C was found to compete with aSyn binding, 

thereby protecting GCase from aSyn inhibition (93).  

Both in vitro and in vivo studies have further shown the involvement of 

cathepsins in the intralysosomal cleavage of aSyn (94-98). Results from a recent cell 

culture study showed that, similar to GCase, deficiency of cathepsin D leads to 

increased cell-to-cell transmission of aSyn aggregates (94). Paradoxically, in vivo and 

in vitro studies have reported opposite effects, as the expression of cathepsin D was 

shown to be upregulated in the striatum of a monkey MPTP model of PD and in 

fibroblasts from PD patients with GBA mutations, respectively (99, 100). Although 

Cathepsin D was initially suggested to be the main protease involved in aSyn 

degradation, the results of a recent study argue against this notion, as Cathepsin D 

generates amyloidogenic C-terminal truncated species and therefore requires 

assistance of other proteases (101). The study showed that cathepsin B and cathepsin 

L are able to cleave aSyn in its amyloidogenic region, thereby generating short 

fragments that are not prone to aggregation. In summary, cathepsins seem to be 
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involved in the degradation of aSyn. However, the exact mechanisms underlying this 

process and relevance for the pathogenesis of PD remain unclear (101).  

Determinants for ALP impairment in the PD post-mortem brain: questions 
addressed in this thesis 

In addition to the first overarching aim of this thesis discussed in Chapter 1.1, a second 

overarching aim of the present thesis is to determine whether selected components of 

the autophagy-lysosomal pathway (ALP) are altered in the post-mortem PD brain, and 

explore their relation to the presence of GBA mutations. 

For this, we defined the following objectives: 

1 Summarize and review the results of autophagy-enhancing approaches in 

experimental PD model systems to determine the potential of targeted ALP 

modulation as disease-modifying therapy in PD. 

This review study is presented in Chapter 2.  

2. Compare lysosomal enzyme activities and messenger RNA expression levels 

for GCase, beta-hexosaminidase, and cathepsin D, between donors with PD 

and DLB and age-matched controls and determine their relation to the presence 

and severity of GBA mutations 

Several studies have provided evidence for reduced glucocerebrosidase activities in 

different regions of the PD and DLB brain (39-41). We aim to replicate these findings 

in high-quality post-mortem tissue of a cohort including different brain regions from 

donors with clinicopathologically well-characterized end-stage PD and DLB patients as 

well as age-matched non-neurological controls. All donors in the study were screened 

for GBA mutations, allowing a comprehensive analysis of GCase read-outs in GBA-

related as well as sporadic PD/DLB. Additionally, we measured enzymatic activities 

and mRNA expression levels for cathepsin D and beta-hexosaminidase several, as 

well as other lysosomal components in different regions of the brain. This study is 

presented in Chapter 4 of this thesis.  

3. Assess the relationship between GCase, aSyn and Ser129-p aSyn in the post-

mortem brain of patients with GBA-related and sporadic PD and DLB 
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For this, we developed and validated different novel biochemical assays for the 

quantitative measurement of GCase, aSyn, Ser129-p aSyn and GCase substrates in 

post-mortem tissue and applied them on tissue homogenates of the same cohort that 

was presented in Chapter 4. We subsequently applied confirmatory path analyses to 

better understand the relationship between the measured parameters. This study is 

presented in Chapter 5 of this thesis.  

4. Mapping of the subcellular distribution patterns of TFEB in non-neurological 

subjects without GBA mutations and patients with sporadic and GBA-related 

PD and DLB 

As outlined previously in this chapter, TFEB is the major transcriptional regulator of the 

autophagy-lysosomal pathway. Impaired nuclear translocation of TFEB was reported 

to underlie autophagic deficits in aSyn-overexpressing rats (77). To explore whether 

the subcellular localization of TFEB was altered in sporadic or GBA-related PD/DLB, 

we performed multiple labeling experiments and analyzed them with confocal and 

STED super-resolution microscopy. This study is presented in Chapter 8.  
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Abstract 

Converging evidence from genetic, pathological and experimental studies have 

increasingly suggested an important role for autophagy impairment in Parkinson’s 

Disease (PD). Genetic studies have identified mutations in genes encoding for 

components of the autophagy-lysosomal pathway (ALP), including glucosidase beta 

acid 1 (GBA1), that are associated with increased risk for developing PD. Observations 

in PD brain tissue suggest an aberrant regulation of autophagy associated with the 

aggregation of α-synuclein (α-syn). As autophagy is one of the main systems involved 

in the proteolytic degradation of α-syn, pharmacological enhancement of autophagy 

may be an attractive strategy to combat α-syn aggregation in PD. Here, we review the 

potential of autophagy enhancement as disease-modifying therapy in PD based on 

preclinical evidence. In particular, we provide an overview of the molecular regulation 

of autophagy and targets for pharmacological modulation within the ALP. In 

experimental models, beneficial effects on multiple pathological processes involved in 

PD, including α-syn aggregation, cell death, oxidative stress and mitochondrial 

dysfunction, have been demonstrated using the autophagy enhancers rapamycin and 

lithium. However, selectivity of these agents is limited, while upstream ALP signaling 

proteins are involved in many other pathways than autophagy. Broad stimulation of 

autophagy may therefore cause a wide spectrum of dose-dependent side-effects, 

suggesting that its clinical applicability is limited. However, recently developed agents 

selectively targeting core ALP components, including Transcription Factor EB (TFEB), 

lysosomes, GCase as well as chaperone-mediated autophagy regulators, exert more 

specific effects on molecular pathogenetic processes causing PD. To conclude, the 

targeted manipulation of downstream ALP components, rather than broad autophagy 

stimulation, may be an attractive strategy for the development of novel 

pharmacological therapies in PD. Further characterization of dysfunctional autophagy 

in different stages and molecular subtypes of PD in combination with the clinical 

translation of downstream autophagy regulation offers exciting new avenues for future 

drug development.  
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Stimulating macroautophagy in preclinical models of PD   

Approximately a decade ago, pioneering studies have explored the chemical 

stimulation of the ALP in PD model systems using rapamycin and lithium, substances 

that are routinely used to trigger autophagy in vitro. After this, numerous studies have 

tested the effects of numerous other autophagy-enhancing agents on different 

modeled PD-related pathological processes. The following section highlights 

preclinical studies in which effects of chemical agents in preclinical PD models were 

primarily associated with increased autophagy (Table 1).  

Pioneering studies: Rapamycin and lithium 

The most thoroughly tested macroautophagy-enhancer is rapamycin, a 

metabolite isolated from the bacterial strain Streptomyces hygroscopicus. The drug 

inhibits the upstream signaling factor mTOR by binding to its intracellular FKBP12 

receptor, thereby disrupting the ability of mTOR to form assemblies with RAPTOR and 

blocking mTORC1 signaling (10,81). Rapamycin was able to reduce α-syn 

accumulation and blocked α-syn induced neurodegeneration in wild-type, A30P, or 

A53T α-syn expressing PC12 cells (4) and in α-syn-overexpressing mice (68) and rats 

(70), respectively. Rapamycin further reduced cell death in cell lines treated with 6-

OHDA and rotenone (82,83), and reduced neuronal death in the methyl-4-phenyl-

1,2,3,6 tetrahydropyridine (MPTP) mouse model of PD (50,83). In addition, rapamycin 

improved motor function in A53T α-syn overexpressing mice (84) and relieved L-Dopa-

induced dyskinesias in 6-OHDA-treated mice and rats without affecting the therapeutic 

efficacy of L-Dopa (85,86). Finally, rapamycin showed neuroprotective effects in 

Drosophila melanogaster mutated for PINK-1 and Parkin (87). However, rapamycin 

interferes in numerous other pathways than autophagy, while prolonged treatment with 

rapamycin can lead to the inhibition of mTORC2, thereby possibly stimulating other 

important cellular pathways, for instance influencing cell survival mechanisms. In 

addition, the use of rapamycin has been associated with a wide spectrum of side-

effects, including oral and respiratory infections, stomatitis, leukopenia, 

hypertriglyceridemia, hypercholesterolemia and immunosuppression (10). 

Lithium, which is in use as a mood stabilizer in the treatment of bipolar disorders, 

is able to induce autophagy in an mTOR-independent manner by direct non-
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competitive inhibition of IMPase (88). The neuroprotective effects of lithium in in vivo 

and in vitro models have repeatedly been reported (89). However, lithium interferes 

with many other cellular pathways as well, and numerous mechanisms of action have 

been proposed for this drug (90). The use of lithium in bipolar disorders  revealed that 

the drug is associated with a wide spectrum of dose-dependent side-effects, for 

instance including fine hand tremor, hypothyroidism, hypercholesterolemia, 

hyperparathyroidism, and hypercalcemia (91). In preclinical PD models, lithium 

prevented accumulation of α-syn in PC12 cells expressing A53T and A30P α-syn (88) 

and protected against rotenone-induced neurotoxicity and cell death via the induction 

of autophagy in different cell lines (92,93). Two other mood-stabilizing agents - sodium 

valproate and carbamazepine – were demonstrated stimulate autophagy 

independently from mTOR via Ins, which is downstream of IMPase (92). Both sodium 

valproate and carbamazepine were shown to decrease rotenone toxicity and to induce 

autophagy in SH-SY5Y cells (92).  Moreover, combined treatment of sodium valproate 

with lithium alleviated motor impairments in MPTP mice, while it protected SN 

dopaminergic neurons (94). However, similar to lithium, these agents are non-selective 

for autophagy and acts on many other cellular pathways as well, possibly resulting in 

numerous unwanted effects.   

Together, preclinical studies using rapamycin and lithium showed beneficial 

effects on different modeled PD-related pathological processes, including α-syn 

aggregation, mitochondrial dysfunction and oxidative stress, which were associated 

with increased autophagy. Both agents affect many other cellular processes than 

autophagy, and their side-effect profile makes them unsuited for prolonged therapies, 

particularly using the high dosages needed for effects in the brain. However, these 

pioneering studies have provided important insights into the role of autophagy in PD-

related pathological processes and demonstrated the potential of autophagy-

enhancing strategies in experimental settings.  

Other targets for macroautophagy enhancement  

AMPK 

Activation of AMPK, the signaling factor upstream of mTORC1,leads to the 

inhibition of mTORC1 and initiation of autophagy. Numerous agents are associated 
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with the activation of AMPK, including metformin, 5-aminoimidazole-4-carboxamide 

ribonucleotide (AICAR) and resveratrol. The administration of metformin, which is used 

  

Table 1: Reported effects of autophagy-enhancing agents in preclinical PD models 

 Target Agent Main effect PD Model Ref 
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AMPK Metformin Reduced cell death 

 

 

 

Reduced phospho-Ser129 
α-syn levels 

Drosophila melanogaster mutated for LRRK2 

 

 

MPTP mice 

 

α-Syn overexpressing SH-SY5Y cells 

95 

 

 

 

96 

 

98 

AMPK AICAR Reduced cell death LRRK2-mutated Drosophila  Melanogaster 95 

AMPK 
(SIRT1) 

Resveratrol Increased  α-syn 
clearance  

 

Reduced cell death 

 

Improved mitochondrial 
functioning 

α-Syn overexpressing PC12 cells 

 

 

Rotenone-exposed SH-SY5Y cells 

 

Cultured PARK2-mutant fibroblasts 

100 

 

 

100, 101 

 

102 

Beclin-1 PREP 
inhibitor 

(KYP-2047) 

Decreased oligomeric     
α-syn, increased striatal 
DA levels 

A30P  α-syn  transgenic mice 140 

Beclin-1 Isorhyncho 
phylline 

Increased  α-syn 
clearance  

N2a cells transfected for WT, A53T, and A30P 
α-Syn; Embryonic DA neurons 

141 

 

 

 

 

 

 

mTORC1 

 

 

 

 

 

 

Rapamycin 
and Rp 
analogues 
(CCI-779, 

Increased  α-syn 
clearance / 

Reduced  α-syn 
accumulation 

 

 

 

 

 

WT, A30P, and A53T α-syn expressing PC12 
cells 

 

B103 neuronal cells expressing  α-syn and 
Beclin-1 

α-Syn-transgenic mice 

α-Syn-transgenic rats 

 

 

4 

 

 

103 
 

68 

70 
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RAD001 and 
AP23573) 

 

Reduced phospho-Ser129 
α-syn levels 

 

Reduced cell death 

 

 

 

 

 

 

 

Improved motor function, 
reduced synaptic injury 

 

Reduced levodopa-
induced dyskinesia 

 

Reduced mitochondrial 
dysfunction 

α-Syn overexpressing  SH-SY5Y cells 

 

 

Rotenone-exposed SH-SY5Y cells 

6-OHDA and MPP+ treated PC12 cells 

MPTP  mice 

α-Syn-transgenic mice 

α-Syn-transgenic rats 

Drosophila melanogaster mutated for PINK-1 
and Parkin 

 

A53T- α-Syn transgenic mice  

 

 

6-OHDA mice; 6-OHDA rats 

 

Rotenone-exposed SH-SY5Y cells 

Drosophila melanogaster mutated for PINK-1 
and Parkin 

 

98 

 

 

82, 92, 93 

83 

50, 83 

68 

70 

87 

 

 

84 

 

 

85, 86 

 

82, 92 

87 

TFEB 2-HPβCD Increased α-syn clearance  H4 human neuroglioma cells transfected for α-
syn 
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IMPase Lithium Increased clearance of  
A53T and A30P α-syn 

 

Reduced apoptosis and 
mitochondrial dysfunction 

 

Improved motor function, 
increased viability DA cells 
in the SN, decreased loss 
of DOPAC 

PC12 cells expressing A53T and A30P α-syn 

 

 

Rotenone-exposed SH-SY5Y cells 

 

 

MPTP mice (combined treatment with lithium 
and sodium valproate) 

88 

 

 

92,93 

 

 

94 

Ins Sodium 
Valproate 

Reduced apoptosis and 
mitochondrial dysfunction 

 

Improved motor function, 
increased viability DA cells 
in the SN, decreased loss 
of DOPAC 

Rotenone-exposed SH-SY5Y cells 

 

 

MPTP mice (combined treatment with lithium 
and sodium valproate) 

92 

 

 

94 
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Ins Carbamazep
ine 

Reduced apoptosis and 
mitochondrial dysfunction 

Rotenone-exposed SH-SY5Y cells 92 

SLC2A 
transport
ers  

(mTOR- 

independ
ent) 

Trehalose Reduced cell loss 

 

 

Increased α-syn  
clearance 

 

 

 

 

 

Increased clearance of 
detergent-insoluble  α-syn   

 

Reduced motor deficits          

 

Reduced 
neuroinflammation 

Rotenone-treated rats and PC12 cells 

MPTP mice;  A53T α-Syn overexpressing rats 

 

PC12 cells overexpressing WT and A53T α-
Syn 

NB69 human neuroblastoma cells 

Rotenone-treated PC12 cells 

A53T α-Syn overexpressing rats 

 

 

A53T  α-Syn overexpressing mice 

 

 

MPTP mice; A53T α-Syn overexpressing rats 

 

MPTP mice 

107 

108;109 

 

104, 106 

 

105 

107 

109 

 

 

110 

 

 

108;109 

 

108 

Unknown SMERs 
(SMER 10, 
18 & 28) 

Increased A53T α-syn 
clearance 

PC12 cells expressing  A53T α-syn 112 

Unknown Latrepirdine Increased  α-syn 
clearance 

 

Decreased cell death  

Saccharomyces cerevisiael, SH-SY5Y cells 
expressing α-syn and WT mice 

 

Saccharomyces cerevisiae expressing α-syn 

115 

 

 

115 

Unknown Spermidine Reduced motor 
dysfunction, increased 
lifespan; Reduced 
neuronal cell loss 

Drosophila melanogaster expressing  α-syn;  
Caenorhabditis elegans expressing  α-syn 

118 

Unknown 

(polyphen
ols) 

Curcumin 

 

 

Kaempferol 

 

 

 

Reduced  α-syn 
accumulation 

 

Reduced ROS, apoptosis, 
and mitochondrial 
dysfunction 

 

SH-SY5Y Cells expressing WT and A53T  α-
syn 

 

Rotenone-exposed SH-SY5Y cells, mouse 
primary neuronal culture 

 

 

Hu neuroglioma H4 cells expressing αSyn;  

119 

 

 

120 
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in Diabetes Mellitus, showed neuroprotective effects in in vitro and in two in vivo 

overexpressing SH-SY5Y cells (98). Similar results have been reported using AICAR,a 

drug used in the treatment of acute lymphoblastic leukemia (95-97). Resveratrol 

activates AMPK after interaction with its direct target SIRT1 and protective effects of 

this compound have been reported in different in vitro and in vivo models of PD (99-

102), some of which were associated with increased autophagy (100-102).  

Trehalose is a disaccharide that inhibits members of the SLC2A (also known as 

GLUT) family of glucose transporters, leading to an AMPK-dependent - and mTOR-

independent - increase in autophagy (103, 104). The beneficial effects of this drug for 

cell survival and α-syn clearance have been shown and associated to increased 

autophagy in different cell lines (104-106) as well as in different in vivo models (107-

110). However, as trehalose is digested by trehalase into glucose in the small intestine, 

C. album 
polyphenol 
fractions 

Reduced  α-syn 
accumulation; reduced 
ROS  

Yeast cells expressing αSyn 121 

Unknown Nilotinib Increased  α-syn 
clearance; improved motor 
function 

 

Reduced cell death 

Mice expressing A53T α-synuclein; mouse 
primary cortical neurons 

 

 

Mice expressing A53T α-synuclein 

122, 123 

 

 

 

122 

Ly
so

so
m

es
 

 

GCase 

Ambroxol 

 

Restoration of lysosomal 
function; 

increased GCase  activity 

 

Reduction of oxidative 
stress 

GBA1 mutant fibroblasts 

 

 

 

GBA1 mutant fibroblasts 

150; 151 

 

 

 

150 

GCase Isofagomine 

 

Improved motor 
performance, increased α-
syn clearance, reduced 
neuroinflammation 

WT-α-syn overexpressing mice 

 

159 

Lysosom
e 

 

Acidic 
Nanoparticle
s 

Restoration of lysosomal 
function; reduced DA cell 
loss 

Cultured ATP13A2 and GBA-mutant 
fibroblasts; MPTP mice 

145 

Abbreviations: Ref= Reference number; 2-HPβCD = 2-Hydroxypropyl-β-cyclodextrin;  α-syn =  α-synuclein; DA = 
dopaminergic; DOPAC =  3,4-Dihydroxyphenylacetic acid; ROS = reactive oxidative stress;  WT = wild-type; 6-OHDA =  6-
hydroxydopamine; MPTP =  1-methyl-4-fenyl-1,2,3,6-tetrahydropyridine; UPS=ubiquitin-proteasomal system 
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liver and kidney, its bioavailability in the brain may be limited. Recently, two novel 

trehalase-indigestible and autophagy-inducing disaccharides were developed, which 

were shown to reduce polyglutamine aggregation in vitro, highlighting the anti-

aggregation properties of these agents (111). However, to our knowledge, these 

agents have not been tested in preclinical models of PD, yet. In sum, AMPK-dependent 

increase of autophagy showed beneficial effects on different modeled pathological 

processes in PD. However, importantly, as cellular energy sensor, AMPK is involved 

in various key processes, including cell proliferation and survival. Therefore, the global 

manipulation of its function is likely to induce unwanted effects, and limits its 

therapeutic potential in the context of PD. 

Other macroautophagy-enhancing agents 

A chemical screening approach has resulted in the discovery of three small-molecule 

enhancers of rapamycin (SMERs): SMER10, SMER18 and SMER28 (112). These 

agents induced autophagy and enhanced clearance of mutant A53T α-syn in a PC12 

cell line in an mTOR-independent way (112). Although SMERs have shown promising 

potential in PD model systems, their specific biochemical pathways remain to be 

characterized (113).  The antihistamine latrepirdine was shown to enhance autophagy 

(114) and to attenuate accumulation of α-syn both in vivo and in vitro systems (115). 

Latrepirdine entered phase 3 clinical trials for both Alzheimer’s disease (AD) and HD 

(116), in which was well-tolerated without significant toxicity it failed to show efficacy 

compared to placebo (more information available on: https://clinicaltrials.gov/). 

Although latrepirdine was suggested to act preferentially on α-syn  (117), it probably 

intervenes in many cellular processes, while its biochemical pathways are currently 

unclear (116). Finally, numerous studies have associated beneficial effects in 

preclinical models of PD of other compounds, for instance including spermidine (118), 

different dietary polyphenols other than resveratrol (119-121) and tyrosine kinase 

inhibitors (122,123), with increased macroautophagy. However, the exact mechanisms 

of action for these compounds require further investigation, and these agents may 

affect many other cellular processes other than autophagy. 
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Macroautophagy: a double-edged sword 

Together, studies using macroautophagy-enhancing agents in preclinical models of 

PD have demonstrated that the broad stimulation of autophagy can result in the 

alleviation of different modeled PD-related pathological processes, such as cell death, 

α-syn aggregation, oxidative stress and mitochondrial dysfunction (Table 1). 

However, the clinical translation of these findings is problematic, given that the 

selectivity of these agents for autophagy is limited, while upstream ALP signaling 

proteins are involved in many pathways other than autophagy - for instance including 

apoptosis, cell growth, and immune responses. This lack of selectivity may limit the 

therapeutic potential of broad autophagy stimulation, as it may result in unwanted 

effects. Long-term effects and side-effects of broad stimulation of macroautophagy are 

currently unknown, and more insight in these effects is of crucial importance before 

application of prolonged high-dose therapies in a clinical setting. In particular, the 

intimate relation between macroautophagy and apoptosis should be carefully 

considered. Although macroautophagy and apoptosis comprise two distinct cellular 

processes, various shared components and mechanisms have been identified by 

which autophagy and apoptosis regulate each other (124).  

Another important danger of broad macroautophagy enhancement is the 

complex dual role for autophagy in specific contexts. For example, autophagy can have 

tumor-suppressive, neutral, or tumor-promiting effects in different types and stages of 

cancer (125). Although autophagy can act as tumor suppressor, for instance by the 

removal of damaged organelles, autophagy stimulation can also promote the growth 

Figure 1: Pharmacological strategies to enhance autophagy. Molecular regulation of 
macroautophagy and targets for pharmacological stimulation of the autophagy-lysosomal 
pathway. Situations of amino acid deprivation and low amounts of energy, detected by 
AMPK, can lead to the inhibition of mTORC1, resulting in the initiation of autophagy via 
activation of the ULK1-FIP200-Atg13 complex. In this situation, TFEB is dephosphorylated 
and translocates to the cell nucleus where it binds to ATGs to activate de novo gene 
transcription. Deprivation of growth factors or insulin results in reduced activation of the 
PI3K Class 1 complex, which promotes the formation of autophagosomes via activation of 
the Beclin-1-VSP34 complex. A final mTOR-independent pathway, involving the generation 
of IP3, acts as a negative regulator of autophagy. A number of autophagy-enhancing 
agents, shown in red, is yet available, allowing to act at different levels of the autophagy-
lysosomal pathway 
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of established cancers in certain contexts (125,126). Indeed, excessive stimulation of 

macroautophagy under specific circumstances has been associated with detrimental 

effects. First, the observation of a specific type of cell death characterized by extensive 

autophagic vacuolization of the cytoplasm in PD post-mortem brain tissue (48) has led 

to the highly debated concept of ‘autophagic cell death’. In various in vitro model 

systems of PD, autophagic cell death was reported in cells treated with excessive 

levels of dopamine (127), A53T α-syn (128) and oxidative stress (129). Moreover, 

treatment with rapamycin in presence of oxidative stress reduced cell viability (129), 

while the activation of AMPK has been reported to induce cell death in different in vitro 

models of PD (130).  

The activation of macroautophagy has further been associated with the 

shortening of neurites in a 6-OHDA mouse model, while the indirect activation of mTOR 

by the inhibition of Akt was able to suppress the retrograde axonal degeneration (131). 

In SH-SY5Y cells, autophagy was associated with LRRK2-associated neurite 

degeneration (132). Overexpression of both WT and A53T α-syn in SH-SY5Y and 

PC12 cell lines resulted in a gradual increase in toxicity, mediated by impairment of 

CMA (134). The induction of macroautophagy in these models led to neuronal death, 

indicating that a compensatory upregulation of macroautophagy under the 

circumstances of increased α-syn burden can have detrimental effects (134). 

Furthermore, the activation of macroautophagy in primary cortical neurons 

overexpressing A53T α-syn caused mitochondrial destruction and loss, as well as 

neuronal degeneration (135). Finally, another form  of autophagy-dependent cell death 

– autosis -  was recently described, although its exact mechanisms remain unclear 

(133). 

Taken together, these experimental findings demonstrated that activation or 

stimulation of macroautophagy can have detrimental effects under specific 

circumstances. Maintaining the balance between protective and detrimental effects is 

therefore of vital importance in therapeutic approaches to stimulate broad autophagy 

(136), which implies extensive knowledge about dosage and timing for such therapies 

and may limit their current therapeutic applicability.  
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Selective targeting of ALP components 

Beclin-1 

The activation of Beclin-1 leads to autophagosome formation and initiation of 

autophagy, independent from mTOR (Figure 1). Gene-transfer induced 

overexpression of Beclin-1 was able to reduce accumulation of α-syn in α-syn 

overexpressing mice (137) and PC12 cells (138), suggesting that the Beclin-1 pathway 

may be a viable therapeutic target in PD. Although numerous drugs have been 

associated with increased Beclin-1 activity, including tamoxifen, Beclin-1 expression 

mimetics (BH3 mimetics) and the peptide Tat-Beclin-1, only few studies tested 

pharmacological Beclin-1 stimulation in PD models (139-141). One study showed 

protective effects of tamoxifen, a drug widely used in the treatment of breast cancer, 

in a MPP+ rat model, in which it suppressed radical generation (139). However, this 

effect was not attributed to increased autophagy. Another study reported that the 

inhibition of prolyloligopeptidase (PREP) resulted in a Beclin-1-dependent increase of 

autophagy together with a reduction of α-syn aggregates in cell models and α-syn 

transgenic mice (140). Finally, isorhynchophylline, a natural alkaloid, was reported to 

promote the clearance of WT, A53T and A30P α-syn monomers, as well as oligomeric 

and aggregated forms of α-syn in neuronal cell lines, in which its autophagy-enhancing 

activity was shown to be Beclin-1-dependent (141). As the BH-3 domain of Beclin-1 

interacts with  the pro-survival BCL-2 family members, it was expected that binding of 

Beclin-1 to BCL2 would induce apoptosis, potentially resulting in undesired side-effects 

(126). However, overexpression of Beclin-1 does not result in induction of 

enhancement of apoptotic processes, which suggested that the functional interaction 

of Beclin-1 and BCL-2 is unidirectional, resulting in inhibitory effects on autophagy 

without modifying apoptotic processes (126).  

Macroautophagy stimulation downstream of mTOR 

As the main transcriptional regulator of the CLEAR network, which coordinates 

biogenesis and function of lysosomes, TFEB is a crucial link between the upstream 

signaling pathways that regulate macroautophagy and lysosomes (26). Therefore, 

TFEB forms an attractive target to stimulate macroautophagy downstream of mTOR, 

by intervening at the transcriptional level (Figure 2). The first approaches to stimulate 
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TFEB in PD models have yielded promising results. Overexpression of TFEB was 

demonstrated to eliminate α-syn oligomers and to rescue midbrain dopamine neurons 

from α-syn toxicity in α-syn overexpressing rats (70). In addition, delayed activation of 

TFEB via inhibition of mTORC1, achieved using a derivate of rapamycin (CCI-779), 

alleviated α-syn pathology and was associated with increased autophagic markers and 

the nuclear translocation of TFEB (70). 2-Hydroxypropyl-β-cyclodextrin enables the 

chemical activation of TFEB (142) and was recently shown to promote autophagic 

clearance of α-syn (143). These findings provided a mechanistic link between TFEB 

function and α-syn aggregation, highlighting the role of TFEB in synucleinopathy and 

the potential of TFEB-activating strategies to combat α-syn aggregation in PD.  

Direct targeting of lysosomes 

The modulation of lysosomal activity has recently emerged as an attractive strategy for 

the development of autophagy-enhancing therapies in PD. Recent work showed that 

acidic nanoparticles were able to stimulate lysosomal degradation by the lowering of 

lysosomal pH (144), reverting lysosomal dysfunction in three different PD genetic 

models, including ATP13A2-mutant cells and GBA-mutant cells (145). Moreover, 

acidic nanoparticles attenuated dopaminergic cell death in MPTP-treated mice, 

providing evidence for the feasibility of such strategies in vivo (145). These findings 

highlight the potential of pharmacological interventions on the lysosomal 

system.Another interesting approach is the direct targeting of specific lysosomal 

enzymes such as GCase to stimulate the intralysosomal degradation of α-syn.  

Restoration of GCase expression by an adeno-associated virus reduced α-syn 

aggregation and, interestingly, its expression in the hippocampus was able to reverse 

cognitive impairment in a GD mouse model (78,146,147). As results from the enzyme-

replacement therapies in GD show that GCase does not cross the blood-brain barrier 

(BBB), the development of small-molecule chaperones to correct the folding of GCase 

- thereby enhancing GCase activity and lysosomal function - is currently a topic of great 

interest (148). Small-molecule chaperones specifically target the misfolded GCase 

trapped in the ER, stabilizing the active form of the enzyme and increases trafficking 

of GCase to lysosomes (Figure 2) (149).The pharmacological chaperone ambroxol, 

which has been in use for airway diseases, was shown to increase GCase activity and 
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reduce oxidative stress in PD fibroblasts carrying GBA1 mutations (150). Furthermore, 

ambroxol was shown to restore Cathepsin D, LIMP-2 and Saposin C levels (151), 

which are essential for the proper functioning of GCase (149,152). In this study, 

ambroxol acted preferentially on lysosomal dynamics, as it did not interfere with parkin 

levels or proteasome 20S activity (151). Although ambroxol was initially expected not 

to have CNS effects at clinically used doses (153), the drug was reported to cross the 

BBB in mice (154). Recently, a pilot study carried out in neuronopathic GD patients 

Figure 2: Strategies to combat α-synuclein aggregation by the downstream 
enhancement of autophagy. Oligomeric and mutant forms of α-synuclein impair CMA 
functioning in PD, which may be alleviated by the recently developed retinoic acid alpha 
receptor inhibitors (RA-α-R inhibitors). The intralysosomal presence of α-synuclein further 
results in impaired GCase functioning, while it blocks the transport of GCase from the ER 
to the lysosome. Together, these processes lead to reduced GCase hydrolase activity 
and lysosomal dysfunction in PD. Small-molecule GCase chaperones, including ambroxol 
and isofagomine, specifically target the misfolded GCase trapped in the ER to increase 
trafficking of GCase to lysosomes. Acidic nanoparticles improve lysosomal functioning by 
lowering the pH within the lysosomal lumen 
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showed that high-dose oral ambroxol could cross the BBB, being also well-tolerated, 

in addition to enzyme-replacement therapy. In these patients, ambroxol increased 

lymphocyte GCase activity, reduced CSF glucosylsphingosine levels and was 

associated with improvements in myoclonus, seizures and pupillary light reflex 

dysfunction. Accordingly, ambroxol represents an interesting candidate waiting for 

clinical trials in PD. Other small-molecule chaperones such as AT2101 (isofagomine) 

as well as histone deacetylase inhibitors have been reported to increase GCase levels 

in GD mouse models and fibroblasts (155-158), and are currently tested in the context 

of PD. Additionally, the administration of isofagomine to human WT-α-syn 

overexpressing mice improved motor performance, reduced α-syn immunoreactivity in 

nigral dopaminergic neurons and reduced inflammatory microglial activation (159).  

Together, small chaperone activity-enhancers of GCase were demonstrated to 

improve lysosomal function and enhance α-syn clearance in preclinical models of PD. 

However, a disadvantage of these chaperones is that they inhibit GCase activity by 

binding the catalytic site of the enzyme, suggesting that the balance between 

chaperone functions and inhibitory activity should be carefully considered when using 

these compounds (149). Therefore, molecular chaperones that do not bind the catalytic 

site of GCase are needed to exert maximal effects. Recently, a high throughput 

screening has led to the identification of pyrazolopyrimidine derivatives that did not 

inhibit GCase, but still facilitated its translocation to the lysosome (160). These agents 

were able to enhance GCase activity, reduce substrate accumulation and normalize 

oxygen species production in a macrophage model of GD (161). Interestingly, a recent 

study identified a small-molecule noninhibitory chaperone of GCase (NCGC607) by 

high-throughput screening (162). This chaperone was demonstrated to restore GCase 

activity and protein levels and reduced substrate levels, while it reduced α-syn levels 

in iPSC-derived dopaminergic neurons (162). This study underscores the potential of 

small-molecules targeting GCase activity and protein to prevent or reduce 

accumulation of α-syn levels in vitro. 

Targeting chaperone-mediated autophagy 

CMA impairment in PD has been demonstrated by the lower levels of the CMA 

markers LAMP2a and the chaperone Hsc70 in various regions of the PD brain 

compared to controls (53,54), while a central role for this system is proposed in the 
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degradation of wild-type (WT) α-syn (5). An attractive alternative to the stimulation of 

macroautophagy may therefore be the downstream targeting of CMA components, at 

the level of LAMP2a and Hsc70. The overexpression of LAMP2a has been induced in 

human SH-SY5Y cells, rat primary cortical neurons in vitro and nigral dopaminergic 

neurons in vivo (163). In these different models, overexpression of LAMP2a decreased 

α-syn accumulation and protected against the α-syn-induced dopaminergic 

degeneration (163). Interestingly, retinoic acid alpha receptors (RAR-α) were recently 

identified as CMA inhibitors and synthetic derivatives of all-trans-retinoic acid were 

developed in order to neutralize this effect (164). These derivatives were able to 

specifically stimulate CMA without a compensatory blockage of macroautophagy, while 

LAMP2a was identified as one of their downstream targets (164). However, so far, no 

studies have reported the chemical modulation of CMA in preclinical models of PD yet.  

Modulation of mitophagy 

 The involvement of different PD-related genes in mitophagy suggest a role for 

impaired mitochondrial clearance in PD. By stimulating the removal of damaged 

mitochondria, the therapeutic stimulation of mitophagy may therefore exert 

neuroprotective effects. However, pharmaceutical agents that selectively increase 

mitophagy are currently lacking. The compounds used in vitro to trigger mitophagy, 

such as trifluorocarbonylcyanide phenylhydrazone (FCCP) and antimycin/oligomycin 

combinations, are toxic and therefore not considered for therapy (165). The p62-

mediated mitophagy inducer (PMI) may be a promising chemical candidate, as it is 

suggested to enhance endogenous levels of mitophagy (166).  However, no effects of 

this agent in preclinical models of PD have been described yet. More insights into the 

complex dynamics of mitochondria and the identification of targets able to specifically 

stimulate mitochondrial clearance may allow the development of innovative 

neuroprotective therapies for PD and other neurodegenerative disorders. 

Autophagy-related micro-RNAs 

In recent years, an important role has been suggested for micro-RNAs (miRs) 

in the post-translational regulation of autophagy at various stages of the ALP (167), 

which interconnect autophagy with other cellular signaling systems. A 

recent study showed the downregulation of miR-124, which is predicted to regulate 52 
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genes of the ALP in a MPTP mouse model (168,169), while the delivery of an miR-124 

agomir attenuated lysosomal depletion and cell death (169). A different study 

demonstrated an important role for different miRs in the regulation of CMA markers 

LAMP2a and Hsc70 (170). Interestingly, transfection of these miRs resulted in 

decreased LAMP2a and Hsc70 protein levels as well as in significant α-syn 

aggregation (170). Moreover, CMA-related miRNAs were significantly increased in SN 

and amygdala of PD patients (170). A better understanding of the interaction between 

miRs and ALP components and their role in PD may contribute to valuable insights in 

autophagy regulation and the cross-talk of autophagy with other cellular processes, 

and possibly to future autophagy-enhancing strategies (169,170) . 

The therapeutic value of autophagy enhancers in PD: considerations and 
perspectives 

The identification of autophagy as key player in the degradation of α-syn has 

suggested the potential of autophagy-enhancing strategies as disease-modifying 

therapy to combat α-syn aggregation in PD. Indeed, stimulation of autophagy by known 

autophagy enhancers such as rapamycin and lithium, resulted in increased α-syn 

clearance in different α-syn overexpressing preclinical model systems of PD. 

Moreover, interestingly, increased autophagy levels were associated with 

neuroprotective effects in toxic model systems of PD, as pharmacological autophagy 

enhancement ameliorated cell death and mitochondrial dysfunction, possibly mediated 

by the increased clearance of damaged mitochondria (Table 1). Together, pioneering 

studies have highlighted potential effects of autophagy-enhancement on different 

modeled PD-related pathological processes. However, selectivity of these agents and 

targets for autophagy is limited and broad macroautophagy stimulation may result in a 

wide spectrum of dose-dependent side-effects, making it less suited for high-dosage 

long-term therapies. In addition, the broad and excessive stimulation of 

macroautophagy under specific, yet not fully characterized, circumstances can have 

detrimental effects, including autophagic cell death.  

The recent development of agents selectively targeting ALP components - 

including TFEB, lysosomes and GCase – as well as CMA factors such as LAMP2a, 

enables more specific targeting of pathogenetic processes, and may harbor more 

perspective for the development of disease-modifying therapies in PD than the broad 
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activation of macroautophagy. CMA is a highly specific process that is increasingly 

recognized as a key system in the degradation of WT α-syn (37), which highlights the 

demand for the discovery and development of chemical substances able to specifically 

stimulate CMA traffic. Targeting lysosomes or GCase by acidic nanoparticles and 

small-molecule chaperones, respectively, has emerged as attractive strategy to 

encounter lysosomal depletion in PD, representing an area of intensive investigation. 

Moreover, the modulation of downstream ALP components and CMA could lead to 

more controlled activation of macroautophagy, as substantial crosstalk takes place 

between CMA and macroautophagy (37,171). In the study by McNeill et al., for 

instance, the GCase chaperone ambroxol exerted marked effects on TFEB 

expression, which suggested that the protective effects were partially mediated by 

increased macroautophagy (150). The identification of the exact mechanisms 

underlying the cross-talk between autophagy pathways, lysosomes and GCase may 

allow to identify potential dangers and to determine optimal efficacy of downstream 

autophagy-enhancing approaches.  

Establishing the patient selection, optimal dosage, and timing for maximal 

therapeutic efficiency will be crucial next steps in the design of autophagy-enhancing 

therapies. Timing of the autophagy-enhancing therapies may be of particular 

importance, given the hypothesized differential roles for proteolytic systems in α-syn 

degradation in different stages of aggregation (37). In vitro experiments suggested that 

a compensatory upregulation of macroautophagy under the circumstances of 

increased α-syn burden can have detrimental effects (134). LB-like aggregates were 

further shown to impair macroautophagy by blocking clearance of autophagosomes 

(172), indicating that excessive macroautophagy stimulation in situations of advanced 

synucleinopathy may result in autophagic cell death. A better understanding of the role 

of ALP dysfunction in different stages of PD is therefore essential for the design of 

future disease-modifying therapies.  

Pathological and genetic studies further suggested that various molecular and 

genetic deficits can underlie dysfunctional autophagy in PD. Therefore, the nonspecific 

stimulation of autophagy may have differential outcomes depending on the subtype. 

For instance, upregulation of autophagy in the context of lysosomal dysfunction, in 

which lysosomal clearance of autophagosomes is impaired, may lead to further 
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accumulation of autophagosomes. More insight into the contribution of dysfunctional 

autophagy to the progression of these different genetic and molecular subtypes of PD 

is of key importance in order to identify potential dangers and to develop autophagy-

enhancing therapies that target subtype-specific key pathological processes. The 

development of relevant model systems for these subtypes of PD is therefore urgently 

required. Finally, to monitor therapeutic response of autophagy-enhancing agents, the 

development of novel assays that reliably measure dynamics in autophagic flux in vivo 

are highly desired (11). 

Conclusion 

In conclusion, pioneering studies using macroautophagy-enhancing agents in 

preclinical models have provided important knowledge about the role of autophagy in 

PD and highlighted the promising perspective of autophagy enhancement in this 

disease. The neuroprotective actions of broad autophagy enhancement were 

demonstrated in various in vivo and in vitro models, with effects on various modeled 

neuropathological processes. However, the therapeutic potential of macroautophagy-

enhancing agents may be limited due to their lack of selectivity and the double-edged 

sword properties of macroautophagy. Recently developed compounds that selectively 

target downstream components of the ALP, including GCase, TFEB and CMA 

elements, exert more specific effects on autophagy and may have exciting therapeutic 

perspective. Although several fundamental questions need to be further addressed 

before these novel agents can be applied in a clinical setting, the research field of 

autophagy is developing quickly and clinically relevant updates on these topics may 

be expected soon. Further characterization of dysfunctional autophagy in different 

stages as well as genetic and molecular subtypes of PD in combination with the 

effective clinical translation of downstream autophagy regulation offers exciting new 

avenues for the development of therapeutic strategies in PD.  
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Abstract 

Profiling of different synucleinopathies is currently restricted to immunohistochemical 

detection of pathological accumulation of alpha-synuclein (aSyn) in neurons or glial 

cells. Based on histology and semi-quantitative biochemical analysis specific 

posttranslationally modified (PTM) variants, including C-terminally truncated at position 

119 and 122 (119CTT an 122CTT, respectively) and phosphorylated at Serine-129 

(pSer129) aSyn, are proposed to be involved in the pathogenesis of these diseases. 

Despite this knowledge, absolute levels of different aSyn protein variants based on 

solubility and quantitative information about their presence and in the human brain 

under physiological and different pathological conditions is limited. To address this, we 

generated from 28 donors diagnosed with different synucleinopathies, Alzheimer’s 

disease, progressive supranuclear palsy, or aged neurologically normal subjects 

consecutive biochemical extracts of brain tissue from substantia nigra, putamen and 

hippocampus. We discovered in these samples disease-specific immunoreactivity 

signatures by a reverse phase array-based multiplex approach with >60 aSyn 

antibodies and validated the result by novel antibody-pair based immunoassays 

towards total, 119CTT, 122CTT, and pSer129 aSyn, respectively. All measured forms 

of aSyn were quantifiable in detergent-soluble and -insoluble fractions of all groups 

including neurologically normal subjects, and the substantia nigra showed about 10-

fold lower aSyn levels among all brain regions analyzed. In line with published data, 

synucleinopathies largely shared an enrichment of total, pSer129 aSyn and the other 

analyzed PTM forms of aSyn in the detergent-insoluble fraction compared to the other 

analyzed groups. Our measurements allow, however, for a quantitative separation 

between different synucleinopathies. In addition, we found that multiple system atrophy 

stood out from all other synucleinopathies due to enrichment of these forms of aSyn 

also in the detergent-soluble fraction of substantia nigra and putamen. Together, our 

results achieved by multiplexed and quantitative immunoassays-based approaches in 

human brain extracts point to disease-specific biochemical aSyn profiles in distinct 

neurodegenerative disorders. 
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Introduction  

Pathological accumulation of the protein α-synuclein (aSyn) in neurons or glia 

characterizes a group of neurodegenerative disorders, including Parkinson’s disease 

(PD), dementia with Lewy bodies (DLB) and multiple system atrophy (MSA) [52, 58]. 

aSyn is an abundant protein in the brain with a proposed role in regulating membrane 

trafficking and vesicular transport in presynaptic terminals while other functions intra- 

or extracellularly as well as systemically are unclear [7]. Findings in the post-mortem 

human brain and model systems indicate that aSyn is an intrinsically disordered protein 

and subject to extensive post-translational regulation and modification [35, 38, 48].  

Some of these post-translational modifications (PTMs), in particular phosphorylation at 

Serine 129 (pSer129) and truncation of aSyn’s C-Terminus (CTT), were abundantly 

present in detergent-insoluble and LB-enriched tissue fractions from donors with PD 

and DLB [3, 5, 16, 33]. In support of this finding, immunolabelling with antibodies 

specifically directed against pSer129 and CTT aSyn revealed Lewy bodies and glial 

cytoplasmic inclusions (GCIs, e.g. in oligodendrocytes), the neuropathological 

hallmarks of PD/DLB and MSA, respectively [3, 16, 28, 37, 46]. Moreover, recombinant 

CTT aSyn showed enhanced fibril formation in vitro and overexpression of human 

aSyn1-120 in aSyn-knockout mice resulted in development of pathological inclusions 

in dopaminergic neurons, suggesting a potential regulatory role for the C-terminus in 

aSyn aggregation and formation of Lewy pathology [25, 41, 56, 59]. Finally, cellular 

experiments of aSyn aggregation point to involvement of post-fibrillization events such 

as phosphorylation at Serine 129 and C-terminal truncation while super-resolution 

microscopy of Lewy pathology suggest that the arrangement of these forms of aSyn 

within these pathological features are highly orchestrated [35, 37].  

The detection of pSer129 aSyn and CTT fragments in tissue lysates of different brain 

regions of aged neurologically normal subjects by semi-quantitative Western blotting 

suggested that CTT and Ser129-p aSyn are not only expressed under conditions of 

synucleinopathy, but also produced in the normal brain [33, 40]. However, quantitative 

information about the abundance and properties (for instance solubility) of aSyn 

variants in the human brain under physiological and various pathological conditions 

are limited [3, 22, 31, 57]. Here we provide semi-quantitative and quantitative evidence 

of differential abundance of aSyn species in detergent-soluble (e.g., in RIPA) and -
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insoluble extracts of tissue samples from hippocampus, putamen and substantia nigra 

from a total of 28 clinically and neuropathologically well-defined individuals with a 

synucleinopathy or other neurodegenerative disorders and from neurologically normal 

subjects. We discovered in these samples disease-specific immunoreactivity 

signatures by a reverse phase array (RPA)-based multiplex approach with >60 aSyn 

antibodies and validated the result by novel antibody-pair based immunoassays 

towards total, 119CTT, 122CTT, and pSer129 aSyn, respectively. Remarkably, the 

substantia nigra showed about 10-fold lower detergent-soluble aSyn levels among all 

brain regions analyzed. While literature reports CTT and Ser129-p aSyn species to be 

usually associated with pathological inclusions in synucleinopathies and detergent-

insoluble brain tissue fractions [3, 5, 17, 18, 37], these variants were also readily 

quantifiable in detergent-soluble brain tissue fractions of normal individuals with 

specific enrichment in putamen and substantia nigra of subjects with multiple system 

atrophy (MSA). Together, our comprehensive analysis of aSyn variants in well-

characterized patient samples contributes to a more granular aSyn-related 

pathological profiling of synucleinopathies in addition to conventional 

immunohistochemiscal assessments and extends the knowledge about abundance of 

aSyn in the human brain. This is essential for a better understanding of the role of aSyn 

in the pathogenesis of synucleinopathies, for defining potential novel 

immunohistochemical and biomarker profiles to distinguish different synucleinopathies 

in a more personalized healthcare-based approach, and under this aspect for the 

development of aSyn-directed therapies. 

Methods 

Patient information and neuropathological staging 

Demographics, clinical details and pathological stages of the donors included in this 

study are summarized in Table 1. The study cohort included donors with clinically 

diagnosed and pathologically confirmed PD (N=5), PDD (N=5), DLB (N=5), MSA 

(N=3), progressive supranuclear palsy (N=2) and Alzheimer’s disease (N=3), as well 

as neurologically normal subjects (NNS, N=5) with a mean age similar to the AD, PD(D) 

& DLB donors (Table 1). Clinical information was requested from the treating 

physicians at the time of autopsy and summarized by an experienced assessor blinded 

to the neuropathological diagnosis, while the neuropathology was assessed by an 
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experienced neuropathologist, according to the guidelines of Brain Net Europe [1, 2]. 

For the groups of patients with PD, PDD, DLB or MSA, we selected donors with limited 

concomitant AD pathology (Braak neurofibrillary tangle stage ≤3 and CERAD ≤B) and 

without microinfarcts. Further, all NNS, AD or PSP patients were devoid of LB 

pathologie (Braak LB stage 0) [6]. Post-mortem delay (PMD) for all donors was less 

than 10 hours (Table 1). Post-mortem brain tissue was collected by the Netherlands 

Brain bank (http://www.brainbank.nl) in compliance with local ethical and legal 

guidelines and approved by the local ethics committee. Informed consent for brain 

autopsy and the use of brain tissue and clinical information for scientific research was 

given by either the donor or the next of kin. Brains were dissected in compliance with 

standard operating protocols of the Netherlands Brain Bank and Brain Net Europe [29]. 

Brain tissue processing and fractionation 

An overview of workflow for tissue fractionation is presented in Figure 1A. Note, the 

order of processing the tissue was randomized by donor to avoid any technical bias 

and done separately per brain region.  Frozen tissue blocks of midbrain containing the 

substantia nigra (SN), hippocampus (also containing part of the parahippocampal 

gyrus), and putamen were manually sliced into sections of 40-70mg in a cryostat and 

tissue was immediately stored in Eppendorf tubes at -80°C until further processing. 

After quickly washing the tissue in PBS pH 7.2 (Gibco, 20012-019) containing 1x 

complete protease inhibitor cocktail (Roche, 11 873 580 001) and 2x phosphatase 

inhibitor cocktail set II (Calbiochem, 524625) for thawing and blood removal, it was 

immediately transferred to MagNA Lyser tubes (Roche, 03 358 941 001, Basel, 

Switzerland) containing 1:10 (w/v) precooled 1x radio-immunoprecipitation assay 

(RIPA; Cell Signaling, 9806) buffer with 1x complete protease inhibitor cocktail and 2x 

phosphatase inhibitor cocktail cet II. Subsequently, tissue was homogenized using a 

Precellys homogenizer (6500rpm, 1 x 20s, ~5-10°C in rotor compartment art. no: 

03119.200.RD000 ; Bertin Technologies SAS, France) with Cryolis cooling unit (filled 

with dry ice, art.no 05068.200.RD000; Bertin Technologies). Between the two 

homogenization steps, the tubes were incubated on ice for 15 minutes, while the tubes 

were centrifuged for 2 min at 4°C at 1000 x g after each homogenization and were 

additionally shortly ventilated with ethanol vapor to reduce foam load after 2nd 

homogenization. 
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Table 1: Clinicopathological characteristics of donors included in this study.CERAD: 
Consortium to Establish a Registry for Alzheimer's Disease; M: Male; F: Female; NFT: 
neurofibrillary tangles; LB: Lewy body. NNS: neurologically normal subjects; PSP: 
progressive supranuclear palsy; AD: Alzheimer’s disease; PD: Parkinson’s disease; PDD: 
Parkinson’s disease with dementia; DLB: dementia with Lewy bodies; MSA: multiple system 
atrophy; SD: standard deviation; n.a., not applicable.  

 

 

  

 NNS PSP AD PD PDD DLB MSA 

Number 5 2 3 5 5 5 3 

Age of death 
(mean ± SD) 

 80 ± 7 75 ± 2 80 ± 3 81 ± 6 81 ± 7  83 ± 4 66 ± 6* 

M/F 2/3 2/0 0/3 3/2 4/1 4/1 1/2 

Age of onset 
(mean ± SD) 

n.a. 68 ± 2 70 ± 4 70 ± 7 70 ± 6 75 ± 4 58 ± 5 

Disease 
duration (mean 
± SD) 

n.a. 6 ± 4 10 ± 7 11 ± 5 10 ± 3 9 ± 4 8 ± 3 

Time to onset 
dementia 
(mean ± SD) 

n.a. n.a. 0 n.a.  6 ± 2 0 ± 1  n.a. 

Post-mortem 
delay in 
minutes; 
median (range) 

420        
(385-455) 

452     
(320-585) 

295    
(240-365) 

375    
(310-445) 

325    
(240-425) 

270     
(240-360) 

376     
(295-410) 

Braak NFT                   
(median & 
range) 

2             
(1-3) 

1             
(1) 

6             
(5-6) 

2            
(1-2) 

1             
(1-2) 

1              
(0-3) 

0             
(0-1) 

CERAD 
Amyloid 
Plaque score 
(median & 
range) 

A             
(O-B) 

A            
(A-B) 

C           
(C) 

O          
(O-A) 

A          
(O-B) 

B             
(O-B) 

A            
(O-B) 

Thal phase for 
Amyloid [55] 
(median & 
range) 

1 (0-2) 1 (1) 4 (4-5) 0 (0-2) 2 (0-3) 3 (0-4) 1 (0-2) 

Braak LB                     
(median & 
range) 

0 (0) 0 (0) 0 (0) 6 (4-6) 6 (4-6) 6 (6) 0 (0) 
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Tissue homogenates were transferred (without ceramic beads) to 1.7ml tubes (Sigma-

Aldrich, art. no.  T3406-250EA) and centrifuged for 10min at 1000 x g at 4°C 

(Eppendorf Centrifuge, art. no.  5417R). The supernatant 1 (S1) was transferred in a 

centrifugal tube (Beckman, art. no.  357448; 1.5ml-Polyallomer-Tubes) and centrifuged 

at 100’000 x g at 4°C for 30min (Beckman TL-100 ultracentrifuge with rotor TLA-55). 

This RIPA-soluble fraction containing supernatant 2 (S2) will be further referred to in 

the text as detergent-soluble fraction. It was removed from pellet 2 (P2), aliquoted, and 

immediately frozen on dry-ice and stored at -80°C. P2 was immediately frozen on dry-

ice for at least 15 minutes or stored at -80°C as well. Subsequently, it was thawed on 

ice and washed by resuspending in 500µl cold wash-buffer (= PBS + phosphatase 

inhibitors + protease inhibitors) after which it was centrifuged at 100’000 x g at 4°C for 

30min. This washing step was repeated once. The double washed P2 samples were 

diluted 1:1 in an extraction buffer (further referred to as UTC-buffer, containing 7M urea 

(Merck, art. no. 1.08487.1000), 2M thiourea (Sigma-Aldrich, art. no.  88810), 30mM 

tris-CL pH 7.5 (Sigma, art. no. T5941), and 4% 3-[(3-Cholamidopropyl) 

dimethylammonio]-1-propanesulfonate hydrate (CHAPS; Sigma-Aldrich, art. no.  

C3023) and incubated 1 hour at room temperature. The whole suspension was 

subsequently frozen again at -80°C for at least 15min, after which P2 samples were 

thawed to room temperature, vortexed and centrifuged 10min at 1000 x g. This UTC-

soluble fraction containing supernatant 3 (S3) will be further referred to in the text as 

detergent-insoluble fraction. It was removed from pellet 3 (P3), aliquoted, immediately 

frozen on dry-ice, and stored at -80°C, and so was P3. 

Content and quality of extracts were inspected for all samples by Coomassie blue and 

silver stainings of SDS PAGE electrophoresis gels. Total protein concentrations were 

determined using by bicinchoninic acid (BCA) assays. For detergent-soluble fractions 

protein concentration was measured by a Pierce micro BCA kit (Thermo Scientific, art. 

no: 23235). For the insoluble fraction, the 660nm BCA kit was used because of its 

compatibility with urea containing buffers (Thermo Scientific, art. no: 22662). All protein 

assays were designed and performed according to manufacturer’s guidelines.  

Generation of recombinant aSyn species 

Recombinant human full length, 119CTT and 122CTT aSyn species were generated 

according to the protocol previously published by our and other groups [3, 21]. Polo 



84 
 
 

 

like kinase 2 (PLK2) was expressed in BL21-DE3-pLysS competent E. coli, isolated 

via its His-tag and immediately used to phosphorylate purified aSyn. Briefly, aSyn was 

mixed with PLK2 buffer (200 mM Tris pH 7.5 / 100 mM MgCl2 / 10 mM DTT), 10mM 

ATP, H2O and PLK2, in a molar ratio of aSyn to PLK2 of 167:1. After incubation for 

24h at 30°C without shaking, samples were diluted 1:3 in 20 mM Tris pH 7.5 buffer 

(buffer A) and loaded on a 1ml HiTrap Q column (GE Healthcare). After washing with 

buffer A, the proteins were eluted with a gradient from 20-55% buffer B (20 mM Tris 

pH 7.5 / 1M NaCl) in 35 column volumes. Chromatography was performed on a ÄKTA 

explorer (GE Healthcare). The fractions containing phosphorylated aSyn were pooled, 

concentrated to 0.91mg/ml (measured with Pierce micro BCA protein assay; Thermo 

Scientific) using a 3kD Amicon Ultra unit, aliquoted and frozen at -80°C. 

Generation and characterization of antibodies towards specific aSyn epitopes 

A detailed overview for all utilized antibodies and their epitopes in this study is provided 

in Figure 1B and Table S2. Usage in immunofluorescence or immunohistochemical 

studies and additional characterization of antibodies Syn105, 11A5, 23E8, 5C1, syn-

131 (119CTT aSyn), syn-134 (122CTT aSyn), and syn-142 (pSer129 aSyn) was 

previously published as well [3, 17, 18, 37]. Antibodies generated at Roche and 

Prothena were characterized and validated with highest industrial standards and very 

stringent exclusion criteria based on determination of specificity using biochemical 

assays and ability to immunoreact with Lewy pathology in brain sections, both on  fresh 

frozen or paraffin embedded tissue. Briefly, at Roche, novel antibodies were generated 

by immunizing rabbits either with E. coli derived recombinant full length (aggregated) 

human aSyn, KLH-conjugated peptides or aSyn derived peptide phosphorylated at 

Ser129. All animal experiments followed highest animal welfare standards and were 

performed according to ethics protocols approved by the local animal welfare 

committee at Roche, while animal experiment licenses were approved by the 

respective state authorities. After screening of serum and B cell culture supernatant 

titers, standard B cell cloning was performed to generate rabbit monoclonal antibodies 

(mAbs) [49]. Recombinant mAbs were screened for binding to full length recombinant 

human aSyn, the aSyn peptides aa1-60 and aa96-140 or to aSyn119CTT, 

aSyn122CTT or phosphorylated at Ser129 by ELISA and surface plasmon resonance 

(SPR). Counter-screen by ELISA was performed with beta- and gamma-synuclein for 
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mAbs generated in immunization campaigns against full length aSyn. For CTT and 

pSer129 aSyn specific antibodies, surface plasmon resonance (SPR) was employed 

using the mAbs captured by a Fc specific anti-rabbit polyclonal antibody on the sensor 

chip and biotinylated peptides corresponding to the C-termini of truncated a-synuclein 

(i.e. aSyn(aa 106-119) or  aSyn(aa 106-122), respectively) or the peptide aSyn(122-

135) phosphorylated at Ser129 as analytes, respectively. Biotinylated C-terminal 

elongated peptides (aSyn(aa 106-122) or aSyn(aa 106-124), respectively) or the un-

phosphorylated peptide aSyn(122-135) have been used as negative controls to 

demonstrate the specificity of the mAbs for the truncated C-terminal sequence or 

pSer129, respectively. Roche antibodies generated in immunization campaigns 

against full length aSyn were further epitope mapped on custom made PepStarTM 

peptide microarrays (JPT Peptide Technologies, Berlin, Germany) following the 

manufacturers instruction. Peptide sequences had a length of 15 amino acid residues 

and were designed to cover the whole sequence of human aSyn. Neighboring peptides 

had an overlapping sequence of 11 amino acids. All antibodies were also positive for 

binding human recombinant aSyn on Western blot and labelled synaptic or cytosolic 

aSyn or Lewy pathology in fresh frozen brain sections from independent NNS or PD 

cases, respectively. Description about generation and characterization of Prothena 

antibodies was published previously [3, 17, 18] and was also made available in a patent 

(WO 2007/021255 A1). Different commercially available antibodies were included as 

well: Syn-1 (BD biosciences, art no: 610787), clone 211 (Santa Cruz, art. no: 12767), 

4B12 (Covance, art. no: #SIG-39730); 15G7 (Enzo LifeSciences, art. no: ALX-804-

258-L001)  [4, 12, 14, 31, 37, 44].  

Reverse phase array assays 

Reverse phase protein arrays were generated with brain tissue extracts of all included 

donors [11]. The extracts were spotted contact free (Nanoplotter 2.1, GeSiM, 

Radeberg, Germany) on 16-pad nitrocellulose film slides (ONCYTE Avid, Grace 

Biolabs #305116, Bend, Oregon, United States). Spotted slides were placed in a 

NEXTERION® IC-16 (Schott Nexterion #1262705, Jena Germany) for blocking and 

antibody incubation. Slides were blocked for 15 min in a 1:2 dilution of Odyssey 

blocking buffer (art. no. 927-40000, Li-Cor Biosciences, Bad Homburg, Germany ) and 

0.05% Tween in PBS (art. no. 524653-1EA, Merck Millipore, Burlington, 
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Massachusetts, United States). This buffer was also used as assay buffer for the 

dilution of primary and secondary antibodies. After the blocking buffer was removed, 

six pairs of pads was first incubated with each of the over 60 in-house and commercial 

antibodies with different specificities towards amino acid sequences and regions of 

(PTM) aSyn (see above) to generate two replicate incubations per antibody, and 

afterwards with the species matching fluorescently labeled secondary antibody (Li-Cor 

#926-32210, #926-32211, and #925-32219) donkey anti goat IgGs IRDye 800CW (Li-

Cor #926-32214). The slide was washed two times between primary and secondary 

antibody incubation with assay buffer. Primary antibodies were diluted 1:1000 and 

incubated for 18h at RT. Secondary antibodies were diluted 1:10,000 and incubated 

for 1h at RT. After secondary antibody incubation, the nitrocellulose coated slide was 

washed two times with 0.05% Tween 20 in PBS for 10 seconds, finally rinsed with Milli-

Q water and blow dried with nitrogen. Fluorescent signal intensities were measured by 

scanning the slides with an InnoScan 710 AL infra-red microarray scanner (Innopsys, 

Carbonne, France) with 5 μm/pixel low laser power at 785 nm and PMT gain of from 

20% to 100%. Raw spot intensities were extracted from images by the scanner 

software (Mapix, Innopsys, Carbonne, France) and processed as described in the 

statistical analysis section.  

 
Electrochemiluminescence-based immunoassay for the quantification of a total 
aSyn form  

One quantification method for putative total aSyn (defined by an antibody pair that 

binds to N- and C-terminus, respectively and assuming binding of these antibodies is 

independent of modifications beyond their epitopes at N- or C-terminus), was 

performed using the Elecsys® Total aSyn Prototype Assay (Roche Diagnostics, 

Penzberg, Germany; proprietary, not commercially available). This method was 

previously established as research-grade electrochemiluminescence immunoassay for 

human CSF and serum/plasma [36]. For our purpose, all samples for detergent-soluble 

and -insoluble fractions were 1:100 diluted in PBS buffer pH 7.4 and run on a Cobas® 

e411 immunoassay analyzer (Roche Diagnostics) using an in-house developed 

protocol adapted for our brain tissue extracts.   
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Design, optimization and execution of AlphaLISA® assays for different forms 
of aSyn 

Additional immunoassays for putative total aSyn (e.g., forms of aSyn that contain the 

epitopes for 23E8 and Syn-1, aSyn regions 40-55 and 90-99, respectively; herein 

called ‘total aSyn’), 119CTT aSyn, 122CTT aSyn, and pSer129 aSyn were developed 

for a 384 well plate format (AlphaLISA® platform, Perkin Elmer) with a total assay 

volume of 50µl per well. Assays were designed using an antibody directed against the 

NT of aSyn (res. 40-55; 23E8; Table S1) which was linked with the donor beads by 

biotinylating it using an EZ-link Sulfo-NHS-Biotin labeling kit  (Pierce, art. no. 21326) 

according to manufacturer’s instructions. The commercial antibody Syn-1 (res. 91-99; 

art. no. 610787, BD Biosciences, Oxford, UK) was coupled to the acceptor beads (art. 

no.: 6762001; Perkin Elmer) according to the manufacturer’s instructions for detecting 

Total aSyn, while the Roche developed and characterized antibodies specifically 

against pSer129 aSyn, 119CTT and 122CTT aSyn were coupled to acceptor beads for 

the specific measurement of these PTMs (Table S1). For each antibody pair, a hook 

point was acquired and an immuno-assay for each aSyn form was developed 

according to the manufacturer’s instructions (Fig. S1). To generate a standard curve 

the respective recombinant aSyn was diluted in AlphaLISA® buffer (Fig. S1). Exact 

concentration of the full-length aSyn was previously determined by amino acid-mass 

spectrometry and served as standard for the recombinant 119CTT, 122CTT, and 

pSer129 aSyn in the BCA assay for total protein concentration these aSyn forms. 

Optimal sample dilutions were determined for each immunoassay and separately for 

detergent-soluble and -insoluble fractions, in order to measure samples in the linear 

range of the standard curve and to avoid matrix effects. For the measurement of 

detergent-soluble and -insoluble total aSyn, samples were diluted 1:100 in AlphaLISA® 

buffer. For the measurement of detergent-soluble and -insoluble 119CTT, 122CTT and 

pSer129 samples were diluted 1:10 and 1:20, respectively.  In each assay, 5µl of 

diluted sample was added to the plate, and incubated with 10µl biotinylated 23E8 and 

10µl acceptor bead-coupled antibodies at RT, on a shaking plate set at 600 rpm (total 

aSyn: 24hrs; other aSyn forms: 4hrs). Acceptor bead-coupled antibodies were used at 

a concentration of 10µg/ml in the final well volume. After incubation, 25µl streptavidin-

coated donor beads (end concentration in well: 40 µg/ml) were added, the plate was 
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covered with aluminum foil and incubated for 30 minutes at room temperature on a 

shaking plate set at 600 rpm. Detection was performed directly afterwards on EnVision 

Multilabel Plate Reader (art. no: 2103; Perkin Elmer) in AlphaScreen mode.  

Every plate contained randomized samples for the entire cohort (all brain regions), 

together with a standard curve. All measurements were done in triplicates, median 

values were used for further analyses. Concentrations were calculated for all samples, 

using standard curves in combination with XLFit Software (ID Business Solution, 

Guildford, UK). For each assay, lower limit of detection (LLD) and lower limit of 

quantification LLOQ) were further calculated (Fig. S1 and Table S1). When 

concentration for a particular form of aSyn was lower than the LLD, the value of the 

LLD was assigned and used for further statistical analyses. All concentrations were 

expressed as µg per gram wet tissue.  

Statistical analysis 

For the analyses of both RPA and AlphaLISA® results, between group comparisons 

were conducted on log2-transformed signal intensities and protein levels measured by 

RPA and AlphaLISA®, respectively, using linear models in R software [47] using 

custom-written script. Pairwise comparisons were done with Dunnett’s post-hoc tests. 

P-values for the comparison of each group versus NNS were log10-transformed and 

indicated as positive or negative based on the direction of the mean difference 

compared to NNS (with positive p-values in case of increased aSyn levels in diseased 

groups vs NNS and vice-versa). Transformed P-values were visualized using heat 

maps of hierarchical cluster analyses using R software [47]. Nonparametric tests were 

also applied on untransformed immunoreactivity data to verify our results are robust to 

the fulfillment of assumptions of parametric methods on log transformed values. In 

order to enable a more relative comparison between the levels of the PTM aSyn forms 

with the levels of the putative total aSyn levels, we defined hypothetically, that the level 

of total aSyn in each sample is 100% of all aSyn present in the analysis and that the 

PTM aSyn levels are a fraction of it.  
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Results 

Brain extracts from synucleinopathies show disease-specific antibody 

immunoreactivity profiles 

We hypothesized that different forms of aSyn in human brain segregate differentially 

by solubility. In order to explore this, we generated consecutive RIPA-soluble and -

insoluble fractions of two to three different brain regions per subject, henceforth called 

detergent-soluble and detergent-insoluble fractions, respectively (Table 1 and Fig. 1) 

[42]. We measured by RPAs (Fig. 1) the differential aSyn immunoreactivity (e.g., 

reactivity of more than 60 specific aSyn antibodies towards different PTM and epitope 

regions; Table S2) between each diagnostic group versus NNS, and used the resulting 

p-values to perform unbiased hierarchical clustering and heat map analysis (Fig. 2). 

The RPAs of the detergent-soluble fractions showed similar immunoreactivities in 

groups with neurological diseases compared to NNS in the hippocampus and putamen 

(Fig. 2). Extracts from the SN, however, showed increased immunoreactivities in the 

samples of neurological diseases (note, SN from AD was not extracted) compared to 

NNS, specifically for several antibodies with epitopes mapped at the C-terminus (CT) 

or the non-amyloid complex (NAC) region (Fig. 2). This effect was more pronounced 

for SN samples from MSA patients, resulting in a separate clustering of this patient 

group from the other neurological diseases.  

In contrast to the detergent-soluble fraction, the RPAs of the detergent-insoluble tissue 

fractions showed strongly increased immunoreactivities for many antibodies mainly in 

patients with synucleinopathies compared to NNS, particularly in the hippocampal and 

putamen extracts from patients with PDD and DLB (Fig. 2). Compared to the other 

regions, between-group differences were less evident in the detergent-insoluble 

fractions of the SN, in which extracts from MSA patients revealed the highest increases 

compared to NNS. Overall, most pronounced differences in detergent-insoluble 

fractions were shown for antibodies recognizing pSer129 aSyn and CT aSyn - in 

particular antibodies directed against the transition between NAC domain and the 

beginning of CT the expected to detect total aSyn levels (Fig. 2). Certain antibodies 

directed against CTT aSyn also revealed upregulated immunoreactivities in 

synucleinopathies, while effects were generally less pronounced for antibodies with an 

N-terminus (NT) epitope. Interestingly, although the selected AD patients were 
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Figure 1: Tissue processing and reverse phase arrays. a: Workflow for tissue processing 

towards biochemical analysis of brain tissue extracts. For detailed description, see Methods. 

b: Schematic of aSyn with number of antibodies per epitope group included in RPA analysis 

indicated above the schematic (see also Table S2). 23E8 and Syn-1 antibodies were also used 

in alphaLISA® to measure ‘Total aSyn’. Arrow heads indicate epitopes for antibodies specific 

and selective against posttranslational modification 119CTT, 122CTT, and pSer129 and some 
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were were used together with 23E8 in alphaLISA® for the quantification of the respective forms 

of aSyn. c: Workflow for RPAs: samples were spotted on nitrocellulose film slides. Pairs of 

pads were first incubated with each to generate two replicate incubations for all included 

antibodies, and afterwards with the species-matching fluorescently labeled secondary 

antibody. For detailed description, see Methods. d: Example of two scanned slides containing 

duplicates for 14 antibodies in the analysis. Abbreviations: RIPA: radio-immunoprecipitation 

assay buffer containing protease and phosphatase inhibitors; UTC, extraction buffer containing 

urea , thiourea and 3-[(3-Cholamidopropyl)dimethylammonio]-1-propanesulfonate hydrate 

(CHAPS); SN, substantia nigra.  

neuropathologically classified as free of Lewy pathology, the hippocampal detergent-

insoluble fractions showed increased immunoreactivities for several aSyn antibodies 

as well. Together, the observations in the detergent-insoluble fractions indicate an 

enrichment of insoluble forms of aSyn in all three brain regions in different neurological 

conditions.  

Overall, the RPAs reveal differential biochemical manifestations of aSyn levels in brain 

tissue of patients with neurological disorders indicative of disease-specific profiles 

within the synucleinopathies (Fig. 2).  

High-sensitivity quantification of total aSyn protein levels in human brain tissue extracts 

using two different immunoassay platforms is robust and correlates with RPA 

To confirm and further explore the observed disease-related profiles for specific 

variants of aSyn, including total, CTT, and pSer129 aSyn,, we measured their 

abundance using more quantitative immunoassays. For the quantification of total aSyn 

levels in detergent-soluble and -insoluble fractions of our cohort, we modified the 

previously published Roche Diagnostics proprietary Elecsys® Total aSyn Prototype 

Assay  [36] and we used it as a reference to validate our newly developed AlphaLISA® 

assay for total aSyn. Levels for total aSyn correlated highly between the two platforms 

in all studied brain regions and fractions (Spearman’s ρ>0.9, p <0.0001, Fig. 3A, B). 

Additionally, total aSyn levels measured by AlphaLISA® assays were highly correlative 

with the signal intensities for 23E8 and Syn-1 (the antibody pair of the AlphaLISA® 

assay for total aSyn) obtained by RPAs in both detergent-soluble and -insoluble tissue 

fractions (ρ>0.95; p<0.0001 across all samples; Fig. 3C,D). Similarly, total aSyn 

measured by the AlphaLISA® assay also correlated strongly with immunoreactivity on 
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Figure 2: RPA immunoreactivity patterns towards fractionated brain extracts suggest 
disease-related biochemical aSyn manifestations in different neurological disorders. 
Heat maps of log10-transformed p-values of group comparisons in detergent-soluble and -

insoluble fractions after Dunnett’s post-hoc correction. Colors indicate the significance level for 

each diagnostic group compared to neurologically normal subjects (NNS), with orange 

indicating higher RPA immunoreactivities, cyan values indicating lower RPA 

immunoreactivities, while black indicates no difference (see also color key). Heat maps were 

generated by unsupervised hierarchical clustering. On top of each heat map, the clustering of 

antibody reactivities according to their epitopes is shown (for color code of the epitope regions 

see Figure 1B) . HIP, hippocampus; PUT, putamen; SN, substantia nigra. 
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RPA for detergent-soluble and -insoluble tissue fractions for 4B12, an antibody with 

epitope at res. 103-108 which is near the one for Syn-1 (res. 90-99; Spearman’s ρ>0.9, 

p <0.0001; Fig. 3C,D) [44]. Based on these results, we conclude that semi-quantitative 

signal intensities measured by RPA reflect the quantitatively measured protein levels 

obtained by AlphaLISA®.  

Total aSyn levels were abundantly present in detergent-soluble fractions of all 

samples, including the different brain regions of all donors, in which we measured a 

wide range of concentrations (from <1 until >50µg per gram wet tissue). Total aSyn 

levels were in average 10-fold lower in the SN than in the hippocampus and putamen. 

This was not reflected by differences in total protein levels between these regions 

(mean±SD values for hippocampus/putamen/SN: 48.3±7.0, 51.4±6.7, and 50.0±7.0 

mg/g wet tissue, respectively). On a group level, detergent-soluble total aSyn levels in 

donors diagnosed with a synucleinopathy were not different from the levels in NNS 

(Fig. 4). In contrast to the detergent-soluble total aSyn levels and as expected from the 

RPA analysis, detergent-insoluble total aSyn levels were markedly elevated in donors 

diagnosed with a synucleinopathy compared to NNS (Fig. 4). Interestingly, low levels 

of detergent-insoluble total aSyn were also detected in most of the samples from the 

individuals with AD, PSP, and NNS, who were free of Lewy pathology (Fig. S3, Table 

1). Together, our results indicate that AlphaLISA® is a sensitive and robust method to 

quantitate aSyn levels in brain extracts generated by different buffers. 

Soluble PTM aSyn variants are detectable under physiological and pathological 

conditions 

We next measured by AlphaLISA® the levels of three different PTM forms of aSyn: 

119CTT, 122CTT and pSer129 aSyn. Immunoreactivity towards these PTM aSyn 

variants appeared to be relevant in the RPA analysis to define disease-specific 

signatures (Fig. 2). The large majority of detergent-soluble fractions were quantifiable 

by AlphaLISA®. Intriguingly and similar to total aSyn, low levels of 119CTT, 122CTT 

and pSer129 aSyn are also present in detergent-soluble extracts from patients with AD 

and PSP and in NNS (Fig. 4 and Fig. S3). Also similar to total aSyn, levels of 

119CTTand 122CTT were substantially higher in the hippocampus and putamen 

compared to levels in the SN, and they were generally higher (~1.5 fold) for 122CTT 

aSyn (Fig. 4). Considering total aSyn hypothetically as 100%, 119CTT and 122 CTT 
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Figure 3: Measures for total aSyn by different platforms are strongly correlated. a, b: 
High correlations between alphaLISA® and Elecsys® platforms in detergent-soluble (a) and 

detergent-insoluble fractions (b) in all brain regions. Note the substantially lower levels for total 

aSyn in detergent-soluble fractions of the Substantia nigra (SN) compared to the hippocampus 

(Hip) and putamen (Put). c, d: quantitative measurements of total aSyn levels as measured by 

alphaLISA® show high correlations with the RPA signal intensities over all samples, both in 

detergent-soluble (c) and detergent-insoluble (d) fractions. Values represent Spearman’s 

correlation coefficients. ***, p<0.001. 

each typically comprised a fraction of 1-2% of total aSyn. The average detergent-

soluble pSer129 aSyn concentrations were lower than the CTT aSyn levels in the 

studied brain regions: in the hippocampus and putamen the proportion of detergent-

soluble pSer129 was less than 0.1% of total aSyn, whereas in the SN it reached 0.5%.  
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Figure 4: Protein levels for total, 119CTT, 122CTT, and pSer129 aSyn in different 
fractions of brain tissue extracts with a synucleinopathy and non-neurological subjects. 
Protein levels are expressed as µg per gram wet tissue. Levels of the studied forms of aSyn in 

brain tissue derived from donors with a synucleinopathy (including PD, PDD, DLB and MSA 

patients; dark bars) and non-neurological subjects (light bars), in detergent-soluble and –

insoluble fractions. Statistical comparison between patients with synucleinopathies and non-

neurological subjects was done with log2-transformed data and a linear regression model with 

Dunnett’s posthoc test and replicated with the raw data by Mann-Whitney U tests to consider 

non-normal data distribution. *, p<0.05; **, p<0.01; ***, p<0.001. Bar graphs indicate mean ± 

standard deviation.  

In patients with a synucleinopathy, pSer129 aSyn is largely sequestered into the 

detergent-insoluble tissue fractions  

Using AlphaLISA®, detergent-insoluble pSer129, 119CTT and 122CTT levels were 

only detectable in a very small subset of samples from AD, PSP or NNS over all 

analyzed brain regions while protein levels of these aSyn variants were enriched in  

patients diagnosed with a synucleinopathy compared to NNS (Fig. 4 and Fig. S3). In 

particular detergent-insoluble pSer129 aSyn was abundantly present under conditions 

of synucleinopathy, and pSer129 aSyn comprised in some samples up to 50%, 
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considering detergent-insoluble total aSyn levels being 100%. Detergent-insoluble 

CTT aSyn species were also enriched in patients with synucleinopathy compared to 

NNS, but their abundance was less pronounced compared to pSer129 aSyn (Fig. 4). 

Overall, the relative abundance of different aSyn variants compared to total aSyn was 

different in the detergent-soluble versus detergent–insoluble fractions. As opposed to 

the results in detergent-soluble fractions, levels of detergent-insoluble 119CTT aSyn 

were generally higher (up to 10% of detergent-insoluble total aSyn levels) than for 

122CTT aSyn (up to 2% of detergent-insoluble total aSyn levels; Fig. 4). More 

strikingly, while levels of total, 119CTT and 122CTT aSyn in patients with a 

synucleinopathy were about equal or only slightly higher in the detergent-soluble 

versus the detergent-insoluble fraction levels, pSer129 aSyn levels were >10-fold 

higher in detergent-insoluble versus detergent-soluble fractions (Fig. 4). This 

demonstrates that the large majority of pSer129 aSyn was sequestered in detergent-

insoluble fractions under pathological conditions (Fig. 4).  

Quantitative biochemical aSyn profiles for distinct neurodegenerative diseases 

Similar to the RPA analysis, we now asked whether patient groups with distinct 

neurological disorders display specific biochemical signatures based on quantitative 

measures of total and PTM aSyn. The individual data points for all measurements are 

shown in Fig. S2 (detergent-soluble fractions) and Fig. S3 (detergent-insoluble 

fractions), while p-values resulting from the comparison of protein levels for each 

diagnostic group versus NNS were log10-transformed and visualized in hierarchically 

clustered heat maps  as done for the RPA data (Fig. 5).  

In the detergent-soluble fractions, MSA stood out from the other disorders by increased 

levels of PTM aSyn (Fig. S2). In particular, the levels of detergent-soluble pSer129 

aSyn were increased in the putamen of MSA patients compared to NNS (mean±SD 

NNS/MSA: 0.004±0.001/0.018±0.009 µg/g wet tissue; p=0.004), while in the SN, 

119CTT aSyn levels were significantly elevated (mean±SD NNS/MSA: 

0.017±0.003/0.073±0.02 µg/g wet tissue; p=0.016). In contrast, total aSyn and 122CTT 

aSyn levels did not reach significance in the SN of MSA subjects versus NNS (Fig. S2; 

Fig. 5A). The higher levels of detergent-soluble aSyn in the SN of MSA patients 

replicated the enrichment of immunoreactivities observed by RPA (Fig. 2). 



97 
 
 

 

 



98 
 
 

 

Figure 5: Overview of total, Ser129-p, 119CTT, and 122CTT aSyn levels in different 
synucleinopathies and tauopathies as compared to non-neurological subjects. Overview 

of log10-transformed p-values of group comparisons in detergent-soluble (a) and -insoluble 

(b) fractions after Dunnett’s post-hoc correction. Colors indicate the significance level for each 

diagnostic group compared to non-neurological subjects (NNS). The two heat maps illustrate 

the distribution of increased levels of (mainly) PTM aSyn in different brain regions (PUT = 

putamen, HIP = Hippocampus) of patients with synucleinopathies compared to -neurologically 

normal subjects. Note the SN of the AD patients was not processed.  

Also in line with the findings by RPA (Fig. 2), the levels of detergent-insoluble aSyn 

variants were strikingly increased in the hippocampus and putamen of PDD and 

DLBpatients compared to NNS (Fig. S3, Fig. 5B). These differences were most 

pronounced for pSer129 aSyn (mean±SD NNS/PDD/DLB in the hippocampus: <LDL 

(0.0002)/0.20±0.18/0.22±0.15 µg/g wet tissue; mean±SD NNS/PDD/DLB in the 

putamen: 0.002±0.002/0.27±0.24/0.37±0.21 µg/g wet tissue; Fig. S3). In the 

hippocampus, average pSer129 aSyn levels were more than 10-fold higher in PDD 

and DLB patients as compared to PD patients (Fig. S3). In the SN, most significant 

increases for detergent-insoluble total and PTM aSyn levels were observed in MSA 

patients (Fig. 5). Notably, within-group variabilities were generally larger in the SN than 

in hippocampus and putamen (Fig. S3). Similar to NNS, detergent-insoluble aSyn 

variants were not detectable in the vast majority of samples from AD and PSP patients 

(Fig. S3). 

In support of a specific aSyn signature in putamen and SN of MSA subjects, unbiased 

hierarchical clustering of p-values for each diagnostic group in comparison to levels 

detected in NNS, revealed separation of MSA patients from the other diagnostic groups 

based on the aSyn profile in the deteregent-soluble fractions (Fig. 5A). In detergent-

insoluble fractions (Fig. 5B), a clear distinction was visible between patients with a 

synucleinopathy and patients with PSP/AD based on their differences compared to 

NNS. PDD and DLB patients co-clustered in the second degree of the dendrogram, 

based on highest increased levels of detergent-insoluble aSyn variants in the 

hippocampus and putamen. In contrast PD and MSA co-clustered on a separate 

second-degree cluster, probably due to the similar p-values obtained for pSer129 in 

hippocampus and putamen and 119CTT in putamen, respectively. The heat map also 

illustrates, that in our sample set MSA seems to be stronger differentiated from NNS 
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in SN than PD. Together, although in a restricted sample size, our quantitative results 

confirm and validate the semi-quantitative RPA results, demonstrating differential 

biochemical aSyn signatures between neurodegenerative diseases.  

Discussion 

aSyn is one of the most abundant proteins in the entire nervous system (extensively 

reviewed in [53]) and is neuropathologically and genetically at the center of 

synucleinopathies such as PD, DLB, and MSA [20, 45, 51, 58].). aSyn pathology is 

characterized as. intracellular accumulations of aSyn in inclusions like Lewy bodies or 

GCIs and it develops in a progressive and currently unstoppable manner over many 

decades throughout various brain regions and peripheral tissues [32]. This affects 

motor and non-motor functions leading to debilitating and continuously worsening 

neurological conditions. Only recently, clinical trials have started to target aSyn by 

certain aSyn-specific antibodies to test their therapeutic potential in PD [27]. The 

physiological role of aSyn indicates a major role in vesicular membrane interaction a 

presynaptic terminal [7]. Also in Lewy pathology aSyn continues to execute its function 

as surfactant that binds to membranes but leading to pathological accumulation of 

lipids, vesicles, organelles like mitochondria thereby orchestrating also the distribution 

of different forms of aSyn within the Lewy pathology [37, 50]. Despite all this 

knowledge, very little is known about quantitative biochemical proportions of different 

forms of aSyn in the human brain tissue. Having such information may support a better 

understanding of the role of aSyn in the pathogenesis of synucleinopathies and also 

potentially identify novel biomarkers of disease progression and diagnostic tools to 

distinguish between different synucleinopathies. Additionally, such information is 

needed for optimally tailoring novel therapies in personalized healthcare approaches; 

e.g. for modeling pharmacological relationships between aSyn and molecules which 

target this protein in respective patient populations with different synucleinpathies or at 

different stages of the disease.  

In this study, we aimed for quantification of different aSyn variants, including total, 

119CTT, 122CTT, and pSer129 aSyn, in the human brain under physiological and 

various neuropathological conditions. For this we used fractionated tissue extracts of 

three different brain regions from clinically and neuropathologically very well 

characterized individuals. This included samples from six different neurological 
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conditions, of which four were confirmed synucleinopathies, and from a group of 

individuals who were neurologically normal. Employing first a semi-quantitative 

multiplex approach with >60 aSyn specific antibodies by RPA (e.g., in essence this is 

a fractionated brain lysate-based protein array) [11, 42] followed by multiple 

quantitative immunoassays for the different aSyn variants, we tested our hypothesis 

that different patient groups show disease-specific biochemical profiles of aSyn protein 

variants in the brain. In addition, we confirmed published reports about presence of 

pSer129 aSyn and CTT aSyn in the detergent-soluble fraction of brain tissue samples 

from people without a neurological condition [3, 22, 31, 33, 40, 54, 57].  

Our biochemical and quantitative analysis of aSyn in the human brain revealed 

disease-specific profiles that may provide with several novel key insights into the 

underlying pathophysiology of these diseases. Although a relative limited sample size 

(n = 28 individuals), the strength of this study comes from the carefully selected 

samples and subjects and that the overall changes in aSyn species are very robust 

over multiple assay platforms which employed state-of-the art generated and validated 

antibodies. We noted that abundance of fractionated pSer129 aSyn would probably be 

sufficient to differentiate between synucleinopathies and others and even within 

synucleinopathies (Fig. 5). Yet, the combination of multiple antibodies in the RPA and 

the quantitative immunoassays allowed for much better recognition of similarities and 

subtle differences between synucleinopathies, e.g. by co-cluster analysis.  

Soluble total, 119CTT and 122CTT aSyn demonstrated large differences between the 

studied regions, as substantially lower protein levels were measured in the SN as 

compared to hippocampus and putamen. This is in line with a previous study [40], and 

possibly reflects a lower density of synapses in this region. A lower synaptic density in 

the midbrain compared to putamen and hippocampus was suggested by 

immunohistochemical mapping of the expression of the synaptic markers SAP102 and 

PSD95 in mouse brains [61] while in vivo positron emission tomography (PET) imaging 

of a synaptic vesicle glycoprotein 2A radioligand in the brain of healthy subjects 

showed reduced binding potential in the midbrain as compared to hippocampus and 

putamen [15].  

Since CTT variants of aSyn or pSer129 aSyn have been associated with Lewy 

pathology [3, 16, 37, 46]  and thus with detergent-insoluble tissue fractions, it was 
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remarkable to detect these forms not only in synucleinopathies, but also in the 

detergent-soluble fraction of cognitively normal aged subjects (NNS) and neurological 

cases without a synucleinopathy (e.g. AD and PSP) (Fig. 2, 5, S3). Their presence in 

NNS indicates that they are much less likely to be an artifact of sample preparation 

(e.g. that a small fraction of the presumed detergent-insoluble aSyn from Lewy 

pathology has ended up in the detergent-soluble fraction). Moreover, the selected AD 

and PSP donors from the NBB database without Lewy bodies for the current study. 

Thus, this points to a potential relevant physiological process that generates CTT and 

pSer129 at low levels, as previously suggested by others [3, 33, 40]. This is further 

supported by our recent study employing stimulated emission depletion (STED) 

microscopy in which we demonstrate the presence of cytoplasmic pSer129 aSyn 

immunoreactivity patterns in neurons with but also without Lewy inclusions in donors 

with PD and incidental LBD and localization of 122CTT aSyn to the outer membrane 

of mitochondria in the brain of NNS [37]. Another putative physiological function of 

aSyn that could be influenced by C-terminal modification may include modulation of 

sensitive factor attachment protein receptor (SNARE)-complex formation on vesicular 

membranes [8].  

Another remarkable observation includes that MSA samples showed well-detectable 

levels of aSyn in the detergent-soluble fraction in the three brain regions in comparison 

to all other patients and NNS subjects (Fig. 5A and Fig. S2). Whether this is specific to 

the analyzed subjects, needs to be explored in brain tissue of additional donors. 

Nevertheless, the clear differentiation of MSA from the other synucleinopathies 

corroborates recent findings that pathological aSyn in GCIs and Lewy bodies is 

biochemically and biologically distinct [43]. In line with this, the ratio total to modified 

aSyn is shifted towards modified aSyn in the detergent-insoluble fraction of 

synucleinopathies (e.g. CTT forms and pSer129 aSyn in hippocampus and putamen, 

Fig. 5B). Whether this misbalance of different forms of aSyn suggests aggravation of 

disease progression towards development of dementia (e.g. PD progression to PDD 

and PDD co-clusters with DLB) needs to be explored in dedicated prospective 

longitudinal studies.  

A well-known biochemical characteristic of synucleinopathies is a strong enrichment of 

postranslationally-modified aSyn in the detergent-insoluble fraction of brain extracts 
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and we confirm this in our study. One possible explanation for this phenomenon may 

be that certain enzymes like calpains [13, 39] and caspase-1 [59] are processing aSyn 

in the accumulated, less soluble inclusion bodies. Such cleavage and phosphorylation 

of aSyn may also be actively regulated, as a recent study suggested based on a 

cellular model of aSyn fibril-induced inclusion bodies [35]. Also phosphorylation of 

aSyn at Ser129 and C-terminal truncation has been proposed for rendering aSyn less 

soluble [56, 60]. However, as limited correlation was previously found between 

detergent-insoluble aSyn species and Lewy pathology in the brain of PD and DLB 

patients, it has been suggested that the intracellular insoluble aSyn species are formed 

before their sequestration in LBs [30, 34, 57]. Clearly, pSer129 is located in what 

appears to be an outer shell of Lewy bodies and in the cytoplasm of neurons in the PD 

brain [37]. Moreover, recent correlative light and electron microscopy studies indicate 

that aSyn in Lewy bodies and neurites seems to be trapped between distorted 

membrane fragments, organelles and vesicles [50]. Due to the robust binding of aSyn 

to membranes it is conceivable this leads to a biochemical sequestration of different 

forms of aSyn and strong detergents or solvents may be required to extract aSyn from 

this highly lipid-enriched environment. Importantly, the detergents should not interfere 

negatively with aggregation state of aSyn, which is an issue with SDS [19]. 

Overall, our study provides evidence for a differential biochemical manifestation of 

aSyn pathology between synucleinopathies. For example we observed that PDD and 

DLB patients co-clustered together based on profound enrichment of detergent-

insoluble PTM aSyn in the hippocampus and putamen compared to NNS (Fig. 5). MSA 

patients presented with a different profile revealing increased detergent-soluble aSyn 

variants in the putamen and SN compared to NNS, and also increasing levels of 

detergent-insoluble aSyn species in the SN (Fig. 3, 5). This is in line with a study that 

employed semi-quantitative analyses of Western blots in brain tissue from PD, PDD 

and MSA [9]. Detergent-insoluble pSer129 aSyn levels in the hippocampus were 

significantly higher in PDD and DLB patients compared to PD patients, while other 

detergent-insoluble aSyn variants followed the same trend. This finding is in line with 

the results of a previous study showing increased hippocampal SDS-soluble pSer129 

and total aSyn levels in PDD compared to PD [31].  Further, immunohistochemical 

reports have linked dementia in PD to an increased local load of hippocampal and 

cortical Lewy pathology [10, 23, 24, 26]. In our study, increased detergent-insoluble 
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aSyn variants in PDD/DLB patients compared to PD patients were not explained by 

differences in Braak LB stages or disease duration, which were similar between these 

patient groups. Together, a higher regional load of insoluble aSyn in the hippocampus 

of PDD and DLB patients may represent a pathological correlate for dementia in these 

diseases, which is less well reflected by the overall distribution of LB pathology as used 

in the Braak staging. The relationship between insoluble (PTM) aSyn variants in 

hippocampal and cortical regions with clinical scales for dementia should be explored 

further in future studies containing larger numbers of clinically well-characterized 

donors.  

In summary, here we provide novel insights into synucleinopathies by employing 

fractionated brain lysate array-based multi-antibody and multi-platform detection of 

different forms of aSyn. Our correlative approach enabled the discovery of quantitative 

biochemical disease-specific profiles for different forms of aSyn among different 

synucleinopathies. This finding may form the basis for identifying neurological disease-

specific tissue biomarkers to distinguish different synucleinopathies in future 

personalized healthcare approaches and for providing further rationale and context to 

develop novel aSyn-related therapies. 
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Supplementary Tables and Figures 

Table S1: Specifics for alphaLISA® assays for total and post-translationally modified 
aSyn. For the respective quantification of the targeted aSyn species, antibody 23E8 (aSyn 

epitope region amino acid 40-55; Prothena, South San Francisco, CA, USA) was paired in an 

alphaLISA® assay with the mAbs indicated above. For specifics about assay set up see 

methods. LLD, lower limit of detection; LLOQ, lower limit of quantification. 

 

Targeted 
aSyn 

species 

Acceptor 
beads-

conjugated 
antibody 
(µg/ml) 

Epitope 
(Source) 

LLD in 
well 

(ng/ml) 

LLOQ in 
well 

(ng/ml) 

Total aSyn Syn-1 
(10) 

res 91-99 
(BD biosciences) 0.02 0.05 

pSer129  Syn-142 (10) pSer129-specific 
 (Roche) 0.002 0.006 

119CTT  Syn-131 (10) CTT119-specific 
(Roche) 0.02 0.046 

122CTT  Syn-134 (10) CTT122-specific 
(Roche) 0.01 0.014 
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Table S2: Summary table for the antibodies included in reverse array assays 

Abbreviations: aa, amino acid; AB, antibody; CT, C-terminal; CTT. C-terminally truncated; 

Mabs, monoclonal antibodies; NAC, non-β-amyloid component of Alzheimer’s plaques; NT, 

N-terminal; pSer129, phosphorylated at Serine 129 

 

AB Epitope or epitope 
region 

Source Species 

Clone 42 91-99 (NAC) BD Transduction Laboratories (#610787) Mouse 
4B12  103-108 CT) Covance (#SIG-39730) Mouse 
15G7  116-131 (CT) Enzo LifeScience Rat 
211 121-125 (CT) Santa Cruz (#sc-12767) Mouse 
23E8  40-55 (NT) Prothena Mouse 
9A6 91-96 (NAC/CT) Prothena Mouse 
9G5  91-96 (NAC/CT) Prothena Mouse 
1H7  91-99 (NAC/CT) Prothena Mouse 
5C12 111-118 (CT) Prothena Mouse 
5C1 118-126 (CT) Prothena Mouse 
8A5 125–140 (CT) Prothena Mouse 
7H2 CTT Prothena Mouse 
syn105 aa122 (122CTT) Prothena Rabbit 
11A5  Ser129p Prothena Mouse 
14 different Mabs NT Roche Rabbit 
2 different Mabs 25-43 (NT) Roche Rabbit 
1 Mab 45-60 (NT) Roche Rabbit 
3 different Mabs 41-63 (NT) Roche Rabbit 
2 Mabs NAC Roche Rabbit 
1 Mab 93-107 (NAC/CT) Roche Rabbit 
1 Mab 87-119 (NAC/CT) Roche Rabbit 
7 different Mabs 96-140 (CT) Roche Rabbit 
1 Mab 97-114 (CT) Roche Rabbit 
3 different Mabs aa119 (119CTT) Roche Rabbit 
2 different Mabs aa122 (122CTT) Roche Rabbit 
4 different Mabs pSer129 Roche Rabbit 
10 different Mabs Recombinant  human 

aSyn1-140 
Roche Rabbit 
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Figure S1: Hook points and standard curves for alphaLISA® assays for the quantitative 
measurement of total and PTM aSyn. A: Results from hook point analysis for the developed 

alphaLISA® assays. Assays for total, CTT and Ser129-p aSyn were developed using the 

appropriate aSyn species in a concentration of 5µg/ml and acceptor beads in a concentration 

of 10µg/ml. For the rest of the measurement, concentration of biotinylated 23E8 was 0.3 nM 

(dotted line) for Ser129-p aSyn assays and 0.8 nM (solid line) for Total, 119CTT and 122CTT 

aSyn assays. B-D: Standard curves for the developed alphaLISA® assays for the quantitative 

measurement of total (B), Ser129-p (C), 119CTT (D), and 122CTT (E) aSyn. 
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Figure S2:  Quantification of detergent-soluble fractions. Mean levels (±SD) of the studied 

forms of total (A), 119CTT (B), 122CTT (C) and pSer129 (D) aSyn in detergent-soluble tissue 

fractions per brain region and diagnostic group. The baseline of the y-axis is set at the lower 

limit of detection (LLD) of each assay, while the lower limit of quantification (LLOQ) is indicated. 

Note, SN of AD was not processed.  
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Figure S3:  Quantification of detergent-insoluble fractions. Mean levels (±SD) of 

the studied forms of total (A), 119CTT (B), 122CTT (C) and pSer129 (D) aSyn in 

detergent-insoluble tissue fractions per brain region and diagnostic group. The 

baseline of the y-axis is set at the lower limit of detection  (LLD) of each assay, while 

the lower limit of quantification (LLOQ) is indicated. Note, SN of AD was not processed.  
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Abstract  

Mutations in the GBA gene, encoding the lysosomal hydrolase 

glucocerebrosidase (GCase), are the most common known genetic risk factor for 

Parkinson’s disease (PD) and dementia with Lewy bodies (DLB). The present study 

aims to gain more insight into changes in lysosomal activity in different brain regions 

of sporadic PD and DLB patients, screened for GBA variants. Enzymatic activities of 

GCase, β‐hexosaminidase and cathepsin D were measured in frontal cortex, putamen 

and substantia nigra (SN) of a cohort of patients with advanced PD and DLB as well 

as age‐matched non‐demented controls (n=15/group) using fluorometric assays. 

Decreased activity of GCase (-21%) and of Cathepsin D (-15%) was found in the SN 

and frontal cortex of patients with PD and DLB compared to controls, respectively. 

Population stratification was applied based on GBA genotype, showing substantially 

lower GCase activity (~-40%) in GBA variant carriers in all regions. GCase activity was 

further significantly decreased in the SN of PD and DLB patients without GBA variants 

in comparison to controls without GBA variants. Our results show decreased GCase 

activity in brains of PD and DLB patients with and without GBA variants, most 

pronounced in the SN. The results of our study confirm findings from previous studies, 

suggesting a role for GCase in GBA-associated as well as sporadic PD and DLB.  
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Introduction 

Converging evidence from genetic, pathological and experimental studies has 

suggested that impairment of the autophagy-lysosomal pathway (ALP) is a key 

pathological event in the pathogenesis of Parkinson’s disease (PD) and dementia with 

Lewy bodies (DLB) [1, 2]. Mutations in numerous genes encoding for ALP components 

have been associated with increased risk to develop PD, including Glucosidase Beta 

Acid 1 (GBA) [3]. Homozygous GBA mutations cause Gaucher Disease (GD), and 

heterozygous GBA mutations form the major genetic risk factor for PD and DLB. The 

prevalence of GBA variants is estimated 5-10% in PD and DLB patients and higher in 

certain studied populations, particularly among Ashkenazi Jews (~20%) [4-6]. In GD, 

approximately 300 different GBA mutations have been described, many of which are 

also found in PD [7]. Recent studies showed GBA mutations impact the clinical 

phenotype of PD and DLB, as their presence has been associated with Rapid eye 

movement sleep behavior disorder, a more rapid disease course, earlier age of onset 

and higher risk for cognitive decline and dementia [8-11]. Moreover, a worse outcome 

has been reported for pathogenic mutations, for instance L444P , than for milder GBA 

risk factors such as N370S [11-14]. 

GBA encodes for the lysosomal hydrolase β-glucocerebrosidase (GCase), 

which catalyzes the conversion of glucosylceramide into glucose and ceramide [5]. 

Decreased protein levels and enzymatic activity of GCase were found in affected brain 

regions [15-18], dried blood spots [19], fibroblasts [20], peripheral blood mononuclear 

cells [21] and CSF [22-24] of PD patients with GBA mutations, but also in sporadic PD 

patients. Alterations in the activities of several other lysosomal enzymes were found in 

brain tissue and CSF of PD or DLB patients compared to controls, including β-

hexosaminidase (β-Hex) and cathepsin D (CathD) [22-26]. In addition, decreased 

protein levels have been demonstrated for various other ALP components in the PD 

brain [27-30]. Together, these findings suggested that GCase dysfunction as well as 

more widespread deregulation of the lysosomal system is involved in PD and DLB 

pathology. 

 This study aims to obtain more insight into the changes in lysosomal enzymes, 

including GCase, in different regions of PD and DLB brains and their relation to the 

presence of different GBA variants. In order to do this, we measured enzymatic 
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activities for GCase, CathD and β-Hex in the frontal cortex (FC), putamen and 

substantia nigra (SN) of a clinically and pathologically well-characterized cohort of PD 

and DLB patients, as well as in age-matched non-demented controls. To investigate 

whether fluctuations in enzymatic activities were reflected at the level of mRNA, we 

measured expression levels for GBA, and genes encoding CathD (CTSD), GCase’s 

protein-interactors lysosomal integral membrane-protein 2 (LIMP-2) and Saposin C 

(SapC) [31]– which are important determinants for GCase activity [31]- as well as 

selected other components of the ALP. Our results confirm the involvement of GCase 

in GBA-associated as well as idiopathic PD and DLB, most pronounced in the SN, and 

demonstrate a stepwise decrease in GCase activity when comparing distinctive GBA 

genetic subgroups. 

Methods 

Selection of post-mortem human brain tissue  

Human post-mortem brain tissue was collected from clinically diagnosed and 

neuropathologically verified advanced PD and DLB patients (15 per group) and 15 age-

matched non-neurological control subjects from the Netherlands Brain Bank (NBB, 

Amsterdam, The Netherlands; Table 1). All donors had short post-mortem delay (PMD; 

<10 hrs), a pre-analytical factor that can potentially impact the stability of lysosomal 

enzymes [32]. In compliance with all local ethical and legal guidelines, informed 

consent for brain autopsy and the use of brain tissue and clinical information for 

scientific research was given by either the donor or the next of kin. Brains were 

dissected in compliance with standard operating protocols of the Netherlands Brain 

Bank (www.brainbank.nl). Frozen tissue blocks of the superior frontal cortex (FC), 

putamen and SN were collected at autopsy. Tissue blocks were pulverized using a 

mixer mill (model MM400; Retsch, Haan, Germany) during 2 minutes at a frequency of 

30 Hz. Pulverization took place in stainless steel grinding jars, precooled in liquid 

nitrogen to prevent thawing of the tissue. The procedure was repeated, when needed, 

until all tissue was pulverized. Subsequently, tissue was stored at -80°C in aliquots. 
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Table 1: Cohort demographics. *p<0.05 (Pearson Chi-square test) 

 

Genotyping 

High molecular-weight genomic DNA was extracted from frozen cerebellum 

specimens using the Gentra Puregene Tissue Kit (Qiagene, Hilden, Germany). The 

genomic region encompassing GBA open reading frame was amplified in large 

fragments in order to avoid amplification of the neighboring GBAP pseudogene. 

Subsequently, we Sanger sequenced GBA in 43 samples, as for 2 samples (1 control, 

1 DLB patient) no brain tissue was available. We report variants if they are of coding 

effect or within 20 bp from the intron-exon boundaries, and if their minor allele 

frequency (MAF) is lower than 1% in Exome Aggregatium Consortium browser (ExAC, 

   

Controls 

(N=15) 

 

PD 

(N=15) 

 

DLB  

(N=15) 

 

p-value 

 

Age of death (yrs ± SD) 77 ± 6 77 ± 5 77 ± 5 0.67 

Sex (M/F) 4 / 11 11 / 4 10 / 5 0.02* 

Post-mortem delay (hrs ± SD)  6.3 ± 1.7 6.0 ± 1.8 5.2 ± 1.2 0.47 

Braak Lewy Body Score 0-1 (14/1) 4-6 (3/5/7) 4-6 (3/3/9) <0.01* 

Braak score for Neurofibrillary 
Tangles 

0-2 (2/6/7) 0-3 

(2/9/2/2) 

0-3 

(1/8/5/1) 

0.46 

CERAD Amyloid Plaque Score 0-B (4/7/4) O-C 

(7/5/2/1) 

O-C 

(3/3/8/1) 

0.21 

Disease duration (yrs ± SD)  - 15  ± 7 6 ± 3 <0.01* 

No. of donors with GBA risk factors 2 3 4 - 

No. of donors with pathogenic GBA 
variants 

0 3 0 - 
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http://exac.broadinstitute.org/). Variants nomenclature is assigned according to 

NM_000157.3 transcript, consisting of 11 exons and encoding for a total of 536 amino 

acids. We also report common nomenclature attributed to GBA variants (between 

brackets), in which the amino acid count does not include the initial 39 amino acids 

corresponding to the residue signal peptide. We investigated the effect on splicing of 

GBA c.762-18T>A variant according to five splicing prediction tools (SpliceSiteFinder-

like, MaxEntScan, NNSPLICE, GeneSplicer, and Human Splicing Finder) integrated in 

Alamut Visual version 4.2 (Interactive Biosoftware, Rouen, France). 

Enzyme activity assays  

Pulverized tissue (approximately 50mg) was lysed in a 50mM 

Sodium/Phosphate (Na/P), 150 mM NaCl buffer, pH 7.0 and homogenized using a 

homogenizer (Ultra-turrax, model T10B; IKA, Wilmington, North Carolina, USA), after 

which 0.1% of tergitol-typenonyl phenoxypolyethoxylethanol 40 (Igepal CA630; Sigma 

Aldrich, Saint Louis, Missouri, USA) was added. Samples were ultra-sonicated 

(Sonopuls, model: UW3100; Bandelin, Berlin, Germany), kept on ice for 30 minutes, 

and subsequently centrifuged at a speed of 15,000xg for 10 minutes in a bench 

centrifuge (model 5415D; Eppendorf, Hamburg, Germany). Fluorometric enzyme 

activity assays (EAAs) for GCase, β-Hex, and CathD were performed in accordance 

with the protocols previously described [16, 25]. All EAAs were performed in triplicate. 

Mean intra-assay coefficients of variation (CV) were lower than 5% for all enzymes, 

with a maximum CV of 8.5%. Enzymatic activities were normalized for total protein 

content of the samples to obtain the specific activity. Total protein concentration in the 

samples was determined according to the method described by Bradford [33].  

RNA extraction and quantitative PCR  

To determine whether fluctuations in enzymatic activities were reflected at the 

level of mRNA, we have measured the expression levels for different ALP-related 

genes using quantitative PCR (qPCR). Experiments were performed on pulverized FC 

and SN tissue, but not on putamen as not enough material was left. Apart from GBA, 

mRNA expression levels were measured for the genes that encode CathD (CTSD) and 

GCase’s protein interactors LIMP-2 (SCARB2) and Saposin C (PSAP) [31]. Finally, 

genes encoding lysosomal membrane-associated receptors (LAMP-1; LAMP-2) and 

http://exac.broadinstitute.org/
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autophagy (TFEB) were measured as more general markers for the ALP. RNA 

extraction was performed as previously described, using a Trizol/chloroform protocol 

[34]. The RNA integrity number (RIN) was determined using an Agilent TM 2100 

Bioanalyzer and a RNA 6000 Nano LabChip Kit (Agilent Technologies, Palo Alto, 

California, USA). We applied a RIN value of 5.0 as threshold for inclusion for the qPCR 

analysis. Consequently, a smaller subset of 29 samples was included for the FC (11 

controls/10 PD/ 8 DLB) and 27 for the SN (10 controls/9 PD/8 DLB). cDNA synthesis 

was done using the High-Capacity cDNA Reverse Transcription Kit (Art. No. 4368814; 

ThermoFischer, Waltham, Massachusetts, USA), and cDNA was stored at -20°C until 

use. For all genes of interest, intron spanning Taqman assays were designed (Table 

S1). Primers were synthesized by Eurogentec (Luik, Belgium). Taqman probes were 

selected from the Human Universal Probe Library (UPL; Roche Applied Science, 

Indianapolis, Indiana, USA). For normalization, the housekeeping genes m-RIP, OAZ-

1, and POL2RF were selected using geNorm software from a subset of candidate 

housekeeping genes [35]. Standard curves were generated for each assay run. The 

relative expression ratio of each target gene was calculated using the efficiency-

corrected delta-delta Cq method [34, 36]. All assays were performed in duplicate 

(mean CV = 5,4%).  

Statistics 

  Hierarchical clustering analysis was done using R software (Version  3.2.5, R 

Foundation for Statistical Computing, Vienna, Austria) [37], to compare lysosomal 

enzyme activities across different brain areas. Further statistical analyses were 

performed using SPSS package version 20.0 (Statistical Product and Service 

Solutions). As enzyme activities between brain regions were correlated within subjects, 

general linear models for mixed effects were used to test for differences between PD 

and DLB patients with controls, in which contribution of individual patient groups per 

brain region were further studied. In other comparisons, ANCOVA analyses were 

applied. In all models, age was included as a covariate. For the qPCR data, the RIN 

value was included as Weighted Least Squares weight to the models. A p-value < 0.05 

was considered significant in all analyses. All reported p-values were corrected for 

multiple comparisons: multiple comparisons were taken into account in the general 

linear model for mixed effects, while Bonferroni post-hoc tests were applied in the 

univariate models. Graphs and figures were generated using R software and 
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GraphPad (Version 7.0, Prism, La Jolla, CA, USA) and composed in Adobe Photoshop 

(version CS6, Adobe Systems Incorporated, San Jose, CA). 

 

Results 

Lysosomal enzyme activities  

Lysosomal enzyme activities across samples revealed differences between 

brain regions (Fig 1A). GCase activity was higher in the FC compared to the other 

regions, while CathD and β-Hex activities were highest in the putamen. Activities of 

different lysosomal enzymes were sometimes correlated within a brain region, but not 

with post-mortem delay (Fig 1B to D). GCase activity was significantly decreased in 

the SN of PD and DLB patients compared to controls (-21%; p = 0.02), while this effect 

was not significant in other studied brain regions (Fig 2B,D). Post-hoc analyses 

revealed that GCase was particularly decreased in the SN of PD patients compared to 

controls (-22%; p = 0.04), with a similar trend in DLB patients (-20%; p = 0.06). No 

differences in GCase activity were observed between PD and DLB patient groups in 

any of the studied brain regions. For CathD, a significant decrease in enzymatic activity 

was found in the FC of PD and DLB patients compared to controls (-15%; p = 0.05; Fig 

2C). This effect was most pronounced in DLB patients (-18%; p=0.04) while a similar 

trend did not reach significance in PD patients (-12%; p = 0.16). For the activity of β-

Hex, no between-group differences were observed in any of the measured brain 

regions (Fig 2A).  

Gene expression 

To examine whether changes in enzyme activity were reflected at the mRNA level, 

gene expression was assessed for GBA and CTSD. In addition, mRNA expression 

levels were measured for genes encoding the GCase protein interactors LIMP-2 

(SCARB2) and Saposin C (PSAP), which are important determinants for GCase 

activity [31]. Finally, gene expression levels were measured for more general markers 

associated with lysosomes (LAMP-1; LAMP-2) or the ALP (TFEB; Fig 3G). GBA and 

CTSD expression were not correlated with GCase or CathD activity in both SN and FC 

(Fig. S1). However, strong correlations between mRNA expression levels were found 

between certain ALP genes, for instance between GBA and SCARB2 (Fig 3A).  
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Figure 1: Lysosomal enzymatic activities in different regions of the human post-mortem 
brain. a: Cluster analysis of average enzymatic activities across patients for GCase, β-Hex 

and CathD in the different studied regions reveals that GCase activity was highest in the frontal 

cortex, while CathD and β-Hex activities were higher in the putamen compared to the other 

studied regions.  b, c, d: Correlation matrices for lysosomal enzymatic activities and PMD for 

frontal cortex (b), putamen (c) and SN (d).  High correlations were sometimes observed 

between activities of different lysosomal enzymes, but not with PMD. Values represent 

Spearman’s correlation coefficients. *p<0.05; **p<0.01; ***p<0.001 

Normalized mRNA expression levels for all measured genes showed substantial 

variability within groups. Still, decreased normalized GBA mRNA expression levels 

were observed in the SN of PD and DLB patients compared to controls (-13%; p = 

0.04; Fig 3A and G). A similar pattern could be observed in the FC, although 

differences were not significant (-16%; p=0.17). No significan differences in the mRNA 
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Figure 2: Lysosomal enzyme activities in the brain of PD and DLB patients compared to 
controls.  Group comparison of measured specific activities for β-Hex (a), GCase (b) and 

CathD (c) expressed in pmol/min/mg of proteins. Graphs show the  average specific activity 

and standard deviation for non-demented controls (blue), PD patients (green) and DLB 

patients (blue). d. Overview of mean enzyme activities ± standard deviations. The p-value 

indicates the between-group difference per brain region. GCase activity was significantly 

decreased in the SN of PD patients compared to controls, while lower CathD activity was found 

in the frontal cortex of DLB patients compared to controls*p<0.05 

 

expression levels were found for CTSD or any of the other measured ALP-related 

genes in either FC or the SN (Fig 3C, F).  

GBA screening 

According to above-mentioned criteria, six GBA variants were detected in a total 

of 12 out of 43 tested specimens, and specifically in 6 PD patients, 4 DLB patients and 

2 non-demented controls (Table 1). Based on previous literature as well as on the 

predicted effect on GCase functioning, a distinction was made between putative 

pathogenic variants - that are causative for GD - and variants that are risk factors for  
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Figure 3: mRNA expression levels for GBA, CTSD and other ALP components. 
Correlations matrices showing association between mRNA expression levels of GBA and 

genes encoding CTSD, GCase’s protein interactors LIMP-2 (SCARB2) and Saposin C (PSAP) 

and the lysosomal membrane-associated protein LAMP-1 in the frontal cortex (a) and SN (b). 

Normalized mRNA expression levels for GBA (c), CTSD (d) and SCARB2 (e) in PD (green) 

and DLB (red) patients as well as non-demented controls (blue). Expression levels are 

expressed as percentage of the average expression level of non-demented controls. g. 
Schematic outline of the interplay between the measured gene-products. LIMP-2 functions as 

a transporter molecule for GCase from the endoplasmatic reticulum, while the interaction of 

GCase with SapC is essential for its proper function [31]. LAMP-1 and LAMP-2a are lysosome-

associated membrane proteins, while Transcription factor EB (TFEB) is the master regulator 

of biogenesis and function of lysosomes, by activating transcription of autophagy-related 

genes (ATGs). *p<0.05; **p<0.01; ***p<0.001 
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PD. We identified GBA c.535G>C p.Asp179His (p.Asp140His) and GBA c.1448T>C 

p.Leu483Pro (p.Leu444Pro) variants in heterozygous state in ID-24 and ID-26 PD 

donors, respectively. In the context of recessive inheritance, both variants have been 

associated with GD and with PD if carried in heterozygous state [38].  In ID-18 (PD), 

we identified a GBA c.1073C>T p.Pro358Leu (p.Pro319Leu) variant, which has been 

reported before in a Dutch patient with GD type 1 [39]. As this variant affects an 

evolutionary-conserved amino acid, it is likely pathogenic [40]. 

Apart from these GD-associated pathogenic mutations, we detected variants in our 

cohort for which the association with GD is less clear. First, we detected heterozygous 

GBA c.1093G>A p.Glu365Lys (p.Glu326Lys) and GBA c.1223C>T p.Thr408Met 

(p.Thr369Met) variants in eight (3 PD and 3 DLB patients, 2 controls) and two (1 PD 

and 1 DLB patients) brain specimens, respectively. Both of these variants are not 

causative for GD in homozygous carriers, although they may modify GCase activity 

and GD phenotype [41, 42]. In particular p.Glu326Lys has been established as risk 

factor for PD, as it is the most prevalent PD-associated GBA mutation, which was 

demonstrated in a large meta-analysis combining data from different genome-wide 

association studies [43]. Although the association of p.Thr369Met variants with PD is 

more controversial, accumulating evidence suggests that this variant may be risk factor 

with a minor effect [41]. Therefore both p.Glu326Lys and p.Thr369Met and they were 

considered as GBA risk factors in further analyses [6, 10, 41]. Finally, we found GBA 

c.762-18T>A variant in homozygous state in ID-16 PD patient’s brain. Yet, this variant 

is not reported to be associated with GD nor PD. Out of 5 addressed splicing prediction 

tools, only the Human Splicing Finder prediction software predicts that the alternative 

nucleotide introduces a weaker acceptor site, but without affecting the efficiency of the 

default one. Based on these observations, we have considered the c.762-18T>A as 

potential PD risk factor rather than pathogenic variant in our analysis. Of note, for all 

these detected GBA PD risk factors, although MAFs are lower than 1% in the ExAc 

database (p.Glu326Lys: 0.98%; p.Thr369Met: 0.66%; c.762-18T>A: 0.79%), their 

occurrence in the Netherlands is higher than 1%, as shown by the GoNL database 

(p.Glu326Lys: 2.3%; p.Thr369Met: 1.1%; c.762-18T>A: 1.2%) [44].  

One PD donor (ID-24) was found to carry three GBA alterations, namely 

c.535G>C p.Asp179His (p.Asp140His), c.1093G>A p.Glu365Lys (p.Glu326Lys) and 
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c.1223C>T p.Thr408Met (p.Thr369Met) variants. Unfortunately, the phase of these 

variants (cis or trans) could not be established as relatives of the carrier were not 

available for testing. There are examples in the literature in which multiple GBA 

variants are located on the same chromosome as the result of complex genomic 

rearrangements occurring between the GBA gene and the GBAP pseudogene [7], 

which cannot be ruled out in this case. Moreover, the co-occurrence of p.Asp140His 

plus p.Glu365Lys variants on complex alleles has been reported repeatedly [12, 45, 

46]. Of interest, although this patient possibly met the biochemical and genetic criteria 

for being diagnosed with GD [47], clinically and pathologically she was referred as 

affected by PD.  

In our study design, it was not possible to differentiate PD/DLB patients with 

GBA variants (PD/DLB+GBA) from PD/DLB-GBA patients based on clinical symptoms, 

mainly because of the limited sample size. However, for all GBA variant carriers in our 

study substantial cognitive symptoms and other non-motor symptoms were reported 

during the disease course, including visual hallucinations. An overview of prominent 

clinical features of the PD and DLB patients with GBA variants in our study is provided 

in Table S3. All cases with GBA variants showed widespread Lewy Body pathology at 

autopsy, with Braak α-synuclein stages similar to non-carriers.   

 

Population stratification based on GBA variants 

GCase activity was substantially lower in PD/DLB+GBA patients in comparison 

to controls without GBA variants (p<0.0001). This effect was present in all studied brain 

regions (Fig 4A to E). Moreover, GCase enzymatic activity was significantly decreased 

in the group of PD/DLB+GBA patients compared to PD/DLB-GBA patients, confirming 

that the presence of GBA variants was a major determinant for GCase activity in our 

cohort. However, the group of PD/DLB-GBA patient showed significantly decreased 

GCase activity compared to control subjects without GBA variants in the SN (19%; p = 

0.04), but to lesser extent in other brain regions (Fig 4A,B). Similar to GCase activity, 

CathD activity was substantially decreased in the FC of PD/DLB+GBA patients 

compared to controls without GBA variants (-31%; p < 0.01; Fig 4C). However, CathD 

activity was not significantly altered in the other brain regions. For β-Hex, no 

differences in enzymatic activity were observed between PD/DLB+GBA, PD/DLB-GBA  
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Figure 4: Population stratification based on GBA genotype. Specific enzymatic activities 

for GCase (a) CathD (b), and β-Hex (c) for non-demented controls without GBA variants (blue) 

and with GBA risk factors (orange), for PD and DLB patients without GBA variants (green), 

with GBA risk factors (red) and with pathogenic GBA variants (purple). b: Measured GCase 

activities in the SN per GBA variant for controls (blue), PD patients (green) and DLB patients 

(red). e: Overview of mean enzyme activities ± standard deviations in different GBA genetic 

subgroups. P-values indicate the between-group difference per brain region. f: GBA mRNA 

expression levels for controls, PD and DLB patients without GBA variants, with GBA risk 

factors and pathogenic GBA variants. *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001.  
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patients and controls in any of the studied brain regions (Fig 4D). The differences in 

GCase activity between PD/DLB+GBA, PD/DLB-GBA patients and controls were not 

reflected by alterations on the mRNA level in either FC or SN (Fig 4F). 

Discussion 

The present study provides a comprehensive measurement of enzymatic 

activities as well as mRNA expression levels for GCase and other ALP components in 

selectively vulnerable regions of patients with advanced PD patients and DLB. We 

found that GCase activity is decreased in post-mortem brains of PD and DLB patients 

with and without GBA variants compared to age-matched controls. Thereby we confirm 

findings of previous studies in brain tissue from an independent cohort of clinically and 

pathologically well-characterized donors with PD and DLB with short PMD. Our study 

further provides insight in the relation between brain GCase activity and the presence 

of different GBA variants. In particular, population stratification based on GBA 

genotype showed a genotype-dependent decrease in GCase activity (Fig 4). Finally, 

we observed decreased CathD activity in the FC of PD and DLB patients compared to 

controls, particularly in patients carrying GBA mutations.  

As reported in previous studies, we find the most pronounced effects in the SN, 

a region associated with α-synuclein pathology and other biochemical abnormalities, 

including mitochondrial dysfunction, oxidative stress and neurodegeneration [15, 16]. 

A contribution  of dopaminergic cell-death in the SN to the reduction of GCase activity 

in this region cannot be excluded in our study. However, we did not observe differences 

in total protein content– for which we corrected enzymatic activities – or in other 

measured components (for instance β-Hex activity) in the SN of PD and DLB patients 

compared to controls. Moreover, previous studies showed no changes in GCase 

activity could be detected in brain regions with massive neurodegeneration, such as 

the amygdala of donors with Alzheimer’s Disease [15].  

We found a significant 18% decrease of GCase activity in the SN of patients 

without GBA mutation compared to controls, which is in line with the slightly higher 

(33%) [15] or lower (12%) [16] differences that were previously reported in this brain 

region. However, in the first study, a possible contribution of GBA variants in the group 

of sporadic PD patients cannot be ruled out as no genetic screening was reported for 
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this group of donors [15]. Genotyping of our cohort revealed a markedly high rate of 

GBA variants, with 6 carriers out of 15 screened PD donors, 4/14 DLB donors and 2/14 

screened controls. Two previously defined pathogenic variants (Asp140His and 

p.Leu444Pro) were detected, while one possibly pathogenic missense variant 

(p.Pro319Leu) was found. The presence of GBA variants resulted in a substantially 

lower GCase activity in all studied brain regions (~-40%), most pronounced in the SN, 

where the PD/DLB+GBA group showed no overlap with controls (Fig 4B).  

GCase activities were lowest in donors with pathogenic GBA variants. Although 

sample size for different genetic GBA subgroups – particularly the number of donors 

with pathogenic GBA variants - was small, our data indicates a systematic and 

stepwise decrease in GCase activity in different GBA genetic subgroups. Interestingly, 

a similar ‘dose-effect’ of GBA variants in PD has been suggested in recent clinical and 

genetic studies, in which differential effects of mild and severe GBA variants on PD 

clinical phenotype were reported. Severe GBA variants were associated with more 

progressive forms of PD [9, 11-13], and with higher genetic risk to develop PD [14]. 

Insight into the effects of different GBA variants on GCase activity in the brain can be 

important for patient selection and therapeutic efficacy for novel therapies that aim to 

increase GCase enzyme activity as disease-modifying therapy in PD/DLB, for instance 

using small molecule non-inhibitory chaperones [48].   

The lowest GCase activity was detected in PD donor ID-24 who carried three 

GBA variants, whose phases (cis or trans) could not be established. Therefore, it is not 

clear whether these three variants contribute to the lower enzymatic activity in an 

independent manner, with the p.Asp140His variant acting as driving factor, or if they 

act in a synergic fashion. The extremely low GCase enzymatic activity prompts us to 

speculate that both GBA alleles are altered, with two variants being in cis and the 

remaining one in trans. In particular, a combination of p.Asp140His plus p.Glu365Lys 

variants at one allele has been reported in several studies [12, 45, 46]. Of interest is 

the fact that this patient, despite of very low GCase activities, was diagnosed with PD 

and not with GD during her life.  

To investigate whether changes in enzymatic activity were reflected at the level 

of mRNA, we measured expression levels of GBA and CTSD. In addition, we 

measured expression levels for genes encoding GCase’s protein interactors LIMP-2 
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and SapC – which are proposed to be important determinants for GCase activity [31], 

to explore their interrelation. No correlation was found between GBA and CTSD mRNA 

expression with GCase or CathD activity in our data, while the systematic decrease in 

GCase activity in different pathological and genetic GBA subgroups was not observed 

at the mRNA level. The lack of association between mRNA levels and GCase 

enzymatic activity was not unexpected, as it has been reported before in studies on 

GD [7], and indicates that GCase activity is not simply a reflection of a GBA gene 

expression but driven by other factors. In that aspect, it is interesting that we observed 

strong correlations between GBA and genes encoding its post-translational regulators 

LIMP-2 and SapC, indicating an interrelation of these components at a transcriptional 

level.   

Gene expression data showed large variability in patients and controls. This 

variability may be partially explained by differences in tissue composition. In particular 

the content of cellular components in diseased tissue can be changed as a result of 

inflammatory and neurodegenerative processes. Despite of this variability, still, a trend 

for decreased GBA mRNA expression levels was observed in the SN of PD and DLB 

patients. Reduced GBA expression in the SN has previously been reported [16], while 

another study reported a trend for decreased GBA mRNA expression in the anterior 

cingulate cortex [17]. In other regions, including putamen [15], occipital cortex [17], no 

evidence of reduced GBA mRNA expression was found. Interestingly, the results from 

population stratification showed that reduced GBA expression was not associated with 

GBA variants. Taken together, we conclude that lower GCase activities do not 

correspond with lower mRNA levels, while a role for altered GBA mRNA levels in 

sporadic PD and DLB cannot be excluded. However, at this point, the relevance of this 

latter observation is not clear.  

We did not observe differences in β-Hex activities between PD and DLB patients 

compared to controls. A role for β-Hex in PD pathology has been suggested, as 

patients affected by GM2 gangliosidosis, which results from reduced β-Hex activity, 

can manifest with parkinsonism [49-51]. Further, a role of β-Hex in PD pathogenesis is 

supported by animal studies showing that mice lacking β-Hex showed α-synuclein 

positive neuronal inclusions at 4 months of age [52]. In previous biomarker studies it 

was further reported that CSF β-Hex enzyme activity is altered in PD patients 
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compared to age-matched neurological controls [22, 23].  However, no difference in β-

Hex activity was detected in brain tissue of PD and DLB patients compared to controls, 

in our and also other studies [15, 16, 24-26]. Together, the evidence for a role of β-Hex 

in sporadic PD is currently limited.  

We observed decreased CathD activity in the FC of DLB patients compared to 

controls, while a similar non-significant effect was observed in PD patients. Of interest, 

CathD activity was particularly decreased in patients with GBA variants. A role for 

CathD has been proposed in different neurodegenerative diseases [53], including 

Alzheimer’s Disease, Huntington’s Disease and PD PD [54-57]. Our results are in line 

with a previous study, which also showed lower CathD activity in the FC of patients 

with PD and DLB [28], while reduced expression levels of CathD have also been 

reported in the SN of PD patients [27]. CathD is a lysosomal protease involved in the 

post-translational cleavage of prosaposin (encoded by PSAP), leading to the 

production of saposin C, a GCase activator [31, 58]. Thus, interestingly, although we 

did not find changes in the mRNA expression of PSAP, the activity of the enzyme 

responsible for its post-translational regulation was altered. 

The within-subject design of our study allowed to demonstrate the differential 

regulation of lysosomal enzymatic activity in different brain regions, as has been 

suggested previously in the literature [16]. However, in contrast to this study [16], 

enzyme activities were not generally higher for the SN and the FC. Rather, this effect 

seems to depend on the specific lysosomal enzyme, as CathD activity was significantly 

higher in the putamen than in SN and FC. A systematic mapping of lysosomal enzyme 

gene/protein expression and activities in the brain could provide more insight into the 

differential regulation of lysosomal enzymes between brain regions and may allow 

better understanding of region-specific effects of lysosomal proteins.  

In conclusion, our results show decreased GCase activity in the brain of PD and 

DLB patients with and without GBA variants. GCase activities in brain tissue were 

related to the presence as well as the pathogenicity of GBA variants. The results of our 

study confirm findings from previous studies and provide important insights into the 

role of GCase in GBA-associated as well as sporadic PD and DLB.  
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Supplementary Tables and Figures 

Table S1: Patient characteristics and detected GBA variants; CD: clinical diagnosis; PMD: 

post-mortem delay; NFTs: neurofibrillary tangles; LB: Lewy Body; NDC: non-demented control. 

 

 

ID Sex Age Clinical 
diagnosis 

Cause of death LBD   
Duration 

(yrs) 

PMD Braak 
Score 

for NFTs 

Amyloid 
Plaque 
Score 

Braak 
LB 

Score 

 
GBA variant 

 
1 F 77 Control Pulmonary metastasis - 02:55 1 B 0 - 
2 F 84 Control Myelo dysplasia - 06:55 1 O 0 - 
3 F 73 Control Palliative sedation - 07:45 1 B 0 c.1093G>A p.Glu365Lys 
4 F 79 Control Cardiac insufficiency - 10:30 1 O 0 - 
5 F 83 Control Ileus with pancreatic 

cancer 
- 04:40 1 B 0 - 

6 F 76 Control Hepatic failure - 07:15 2 O 0 - 
7 M 76 Control Lung cancer - 06:45 0 O 0 n.a. 
8 F 70 Control Pulmonary insufficiency - 06:15 2 A 0 - 
9 F 83 Control Gastroenteritis - 06:03 2 B 0 - 

10 F 70 Control Cachexia  - 07:35 2 A 0 - 
11 F 64 Control Pneumonia - 05:40 0 A 0 c.1093G>A p.Glu365Lys 
12 F 78 Control Bronchopneumonia - 04:35 2 A 0 - 
13 M 79 Control Euthanasia - 05:45 2 A 0 - 
14 M 79 Control Euthanasia - 06:30 2 A 0 - 
15 M 83 Control Myocardial infarction  - 05:15 1 A 1 - 

           
16 F 80 PD Dehydration 13 05:15 1 C 6 c.762-18T>A  
17 F 81 PD Unknown 5 06:05 0 O 5 - 
18 M 84 PD Pneumonia, dehydration  24 09:00 1 A 5 c.1073C>T p.Pro358Leu  
19 M 74 PD Dehydration, urosepsis 24 06:45 1 O 5 - 
20 M 69 PD Respiratory insufficiency 11 09:15 1 A 5 c.1093G>A p.Glu365Lys 
21 M 76 PD Pneumonia, dehydration 12 04:05 1 O 6 c.1093G>A p.Glu365Lys 
22 M 81 PD Airway infection 17 05:50 1 O 5 - 
23 M 80 PD Cardiac failure 13 05:30 2 B 6 - 
24 F 83 PD Cachexia, dehydration 13 06:05 1 O 4 c.1093G>A p.Glu365Lys,  

c.535G>C p.Asp179His, 
c.1223C>T p.Thr408Met 

25 M 72 PD Gastro-intestinal 
bleeding 

8 04:00 1 A 6 - 

26 M 65 PD Dehydration 19 04:25 1 B 6 c.1448T>C p.Leu483Pro 
27 M 78 PD Pneunomia 16 06:15 0 A 4 - 
28 M 73 PD Unknown 13 04:10 3 O 4 - 
29 F 81 PD Cachexia 33 05:10 3 A 6 - 
30 M 76 PD Dehydration, cachexia 10 08:15 2 O 6 - 

           
31 M 81 DLB Stomach bleeding 4 05:45 2 B 5 n.a. 
32 F 76 DLB Dehydration 10 04:05 1 B 6 - 
33 F 72 DLB Dehydration 6 07:25 1 A 4 - 
34 M 70 DLB Cachexia 6 04:25 1 A 6 - 
35 M 83 DLB Dehydration / delirium 4 05:10 2 B 5 - 
36 M 78 DLB Pentobarbital overdose 4 07:45 2 C 6 - 
37 M 72 DLB Cachexia 12 04:30 1 O 6 c.1093G>A p.Glu365Lys 
38 F 80 DLB Euthanasia 2 05:00 1 O 5 c.1093G>A p.Glu365Lys 
39 M 75 DLB Dehydration 5 04:25 2 B 6 - 
40 M 79 DLB Uraemia by dehydration 3 04:25 1 B 6 - 
41 F 78 DLB Dehydration, cachexia 9 04:50 2 B 6 - 
42 F 81 DLB Cachexia 7 06:30 1 A 4 c.1223C>T p.Thr408Met 
43 M 69 DLB Pneumonia 4 04:40 3 B 6 c.1093G>A p.Glu365Lys 
44 M 83 DLB Pneumonia w. heart 

failure 
13 04:30 0 O 6 - 

45 M 74 DLB Aspiration pneumonia 
 

8 04:25 1 B 4 - 
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Table S2: Specification of primers for qPCR. UPL: Human Universal Probe Library 

 

 

 

 

 

Next pages: 

Table S3: Clinical features of PD and DLB patients with GBA variants. M/F: male/female; 
n.a: information not available 

Target Primer sequence 

5’                                                            3’                              

UPL 
probe 
number 

Amplicon 
length 

Holding 
stage 
(95°C) 

Denaturation 
(95°C) 

Annealing 
(T(°C)/sec) 

Extension 
(65°C) 

GBA F: CCTACTCATGCTGGATGACCA 

R: CCAATGTACAGCAATGCCATGAA 

# 43 105 bp 15 min 15 sec 58 °C/35 sec 30 sec 

CTSD F:  CTC-TGT-CCT-ACC-TGA-ATG-TCA 

R:  AAG-TGC-CTG-TGT-CCA-CAA-TG 

# 39 122 bp 15 nmin 15 sec 58 °C/35 sec 40 sec 

LIMP-2 F: GAAACGGGAGACATTAGAACCA 

R: CAAAGTAGTGTTAATCATAGACTTCAG 

# 48 110 bp 15 min 15 sec 59 °C/35 sec 40 sec 

LAMP-1 F: GGGTCCAGGCTTTCAAGGT 

R: GGCACCACCCACAGCGAT 

# 25 100 bp 15 min 15 sec 57 °C/30 sec 35 sec 

LAMP-2 F: AATGTGACACAAGGAAAGTATTCTAC 

R: ATAAGCCAGCAACACTAGAAT 

# 24 122 bp 15 min 15 sec 58°C/40 sec 45 sec 

TFEB F: GAGATGACCAACAAGCAGCTC 

R: AGCTCAGCCATGTTCATGCC 

# 17 106 bp 15 min 15 sec 56 °C/30 sec 30 sec 

m-RIP F: CTCAACGACGAGGACCTGAC 

R: GGTGCACTGGGTTGTCAAA 

# 36 93 bp 15 min 15 sec 59°C/30 sec 20 sec 

OAZ1 F:  CACCATGCCGCTCCTAAG 

R:  ACAGCAGTGGAGGGAGAC 

# 74 75 bp 15 min 15 sec 57°C/30 sec 20 sec 

POL2RF F:  CATGTCAGACAACGAGGACAA 

R:  TCCAAGTCATCTAGCCCTTCA 

# 25 77 bp 15 min 15 sec 60°C/35 sec 35 sec 
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ID 

G
BA 

G
enotype 

D
iagnosis 

Sex 

 

Age at onset 
(yrs) 

Age of death 
(yrs) 

L-D
opa resp. 

 

Fam
ily history 

of PD
/D

LB 

First sym
ptom

 

(Later) m
otor 

sym
ptom

s  

(Later) 
cognitive 

sym
ptom

s  

 

O
ther 

non-m
otor 

sym
ptom

s  

16 

c.762-18T>A (VU
S)  

PD 

F 67 

80 

Yes 

n.a. 

W
alking problem

s; 
hypokinetic syndrom

e   

Extrapyram
idal sym

ptom
s;  

falls; apraxia. 

Variable alertness; aphasia; 
disorientation problem

s; 
dem

entia; confusion.  

Visual and auditory 
hallucinations Behavioral 
problem

s. 

18 

c.1073C>T p.Pro358Leu  
(p.Pro319Leu; VU

S)  

PD 

M
 

60 

84 

Yes 

N
egative 

M
ild one-sided Parkinson 

syndrom
e at the left side of 

the body 

Freezing; w
alking problem

s; 
dyskinesia  

M
em

ory function decreased; 
w

ord finding problem
s; 

concentration problem
s; 

confusion 

Visual hallucinations; character 
changes 

20 

c.1093G
>A p.G

lu365Lys 
(p.G

lu326Lys) 

PD 

M
 

58 

69 

Yes 

n.a. 

Depression; initial 
dem

entia  

Bradykinesia; starting 
problem

s; shuffling gate; 
freezing;;  falls; trem

or. 

M
em

ory problem
s; 

speech; w
ord finding 

problem
s; dem

entia.   

Depression; frequent 
hallucinations; psychosis.  

21 

c.1093G
>A p.G

lu365Lys 
(p.G

lu326Lys) 

PD 

M
 

64 

76 

Yes 

n.a. 

n.a. 

Apraxia; trem
or; w

alking 
problem

s; Falling. 

M
em

ory problem
s; orientation 

disturbed; confusion.  

Incontinency; narcolepsy. 
Hallucinations; agitated 
behavior; constipation. 

24 

M
ultiple variants: 

Asp140His; p.G
lu326Lys; 

p
Thr369M

et 

PD 

F 70 

83 

Yes 

n.a. 

Trem
or; double vision; vertigo; 

depressive m
ood  

Choreatic m
ovem

ents; stability 
and w

alking problem
s; falling; 

sw
allow

ing problem
s. 

M
em

ory problem
s; confusion; 

dem
entia.  

Incontinence; constipation; 
visual and auditive 
hallucinations; sleeping 
problem

s; reduced 
consciousness.  
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26 

c.1448T>C p.Leu483Pro 

(p.Leu444Pro) 

PD 

M
 

46 

65 

N
o 

 
 

 
 

Yes (m
other suffered from

 PD). 

M
ild one-sided Parkinson 

syndrom
e at the left side of the 

body.   

W
alking problem

s; falling; 
sw

allow
ing problem

s; speech 
problem

s; freezing. 

M
ild dem

entia; progressive 
cognitive disturbances. 

Sleeping problem
s; excessive 

daytim
e sleepiness; behavioral 

problem
s; hallucinations.  

37 

c.1093G
>A p.G

lu365Lys (p.G
lu326Lys) 

DLB 

M
 

60 

72 

Yes 

Yes (sister; brother and aunt suffered 
from

 PD.  

M
em

ory problem
s.  

Stooped posture; trem
or; w

alking 
problem

s; hypokinesia; speech problem
s 

(dysarthria); falling. 

W
ord finding and concentration 

problem
s; disturbed attention and 

orientation; confusion. 

Constipation; behavioral problem
s; 

incontinence; hallucinations.  

38 

c.1093G
>A p.G

lu365Lys 
(p.G

lu326Lys) 

DLB 

F 78 

80 

Yes 

N
egative 

M
em

ory problem
s  

Asym
m

etric rigidity; soft voice  

W
ord finding problem

s; 
im

paired orientation 

Constipation; 
pseudohallucinations  

42 

 c.1223C>T p.Thr408M
et 

(p
Thr369M

et) 

DLB 

F 74 

81 

Yes 

N
o (m

other bipolar and 
dem

ented; father dem
ented) 

Bradykinesia ; problem
s w

ith 
speech fine m

otor skills and 
w

alking; Hypersalivation; 
Depressive m

ood.  

Rigidity; falling.  

M
em

ory problem
s; 

concentration problem
s; 

bradyphrenia; confusion; 
disturbed orientation.  

Depressive m
ood;  

hypersalivation; hallucinations; 
constipation.  

43 

c.1093G
>A p.G

lu365Lys 
(p.G

lu326Lys) 

DLB 

M
 

65 

69 

n.a. 

N
o (m

other and father of m
other 

dem
ented) 

M
em

ory problem
s and apraxia  

Sw
allow

ing problem
s.  

Im
paired attention; confusion; 

psychosis; variable consciousness; 
disturbed orientation in tim

e. 

Depressive m
ood; anxiety; sleeping 

problem
s; behavioral problem

s.  
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Fig S1: Correlation charts showing the limited association between mRNA expression 
levels of GBA and genes encoding CTSD with enzymatic activities for GCase and 
CathD  in the frontal cortex (a) and SN (b). 
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Path mediation analysis reveals 

GBA impacts Lewy body         
disease status by increasing            

α-synuclein levels 
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Abstract  

Synucleinopathies including Parkinson`s disease (PD) and Dementia with Lewy bodies 

(DLB) are characterized by the accumulation of α-synuclein in intraneuronal inclusions, 

named Lewy bodies. Mutations in GBA1, the gene encoding the lysosomal hydrolase 

glucocerebrosidase, have been identified as the most common genetic risk factor for 

PD and DLB. However, despite extensive research, the mechanism by which 

glucocerebrosidase dysfunction increases the risk for PD or DLB still remains elusive. 

In our study we expand the toolbox for PD-DLB post-mortem studies by introducing 

new quantitative biochemical immuno-based assays for glucocerebrosidase and α-

synuclein(total and phosphorylated at Serine 129) protein levels, as well as a liquid 

chromatography–mass spectrometry method for the detection of the 

glucocerebrosidase lipid substrate glucosylsphingosine. These assays were applied 

on tissue samples from frontal cortex, putamen and substantia nigra of PD (n=15) and 

DLB (n=15) patients and age-matched non-demented controls (n=15). Our results 

confirm elevated p-129 over total α-synuclein levels in the insoluble fraction of PD and 

DLB post-mortem brain tissue, while we found significantly increased α-synuclein 

levels in the soluble fractions in PD and DLB. Furthermore, we identified an inverse 

correlation between reduced glucocerebrosidase enzyme activity and protein levels 

with increased glucosylsphingosine levels. In the substantia nigra, a brain region 

particularly vulnerable in Parkinson`s disease, we found a significant correlation 

between glucocerebrosidase protein reduction and increased p129/total α-synuclein 

ratios. We assessed the direction and strength of the interrelation between all 

measured parameters by confirmatory path analysis. Interestingly, we found that 

glucocerebrosidase dysfunction impacts the PD-DLB status by increasing α-synuclein 

ratios in the substantia nigra, which was partly mediated by increasing 

glucosylsphingosine levels. In conclusion, we show that the introduced immuno-based 

assays enable the quantitative assessment of glucocerebrosidase and α-synuclein 

parameters in post-mortem brain. In the substantia nigra, reduced glucocerebrosidase 

levels contribute to the increase in α-synuclein levels and to PD-DLB disease 

manifestation partly by increasing its glycolipid substrate glucosylsphingosine. This 

interrelation between glucocerebrosidase, glucosylsphingosine and α-synuclein 

parameters supports the hypothesis that glucocerebrosidase acts as a modulator of 

PD-DLB. 
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Introduction 

Parkinson’s disease (PD) and Dementia with Lewy bodies (DLB) are 

synucleinopathies, characterised by the accumulation of Lewy bodies containing the 

aggregated protein α-synuclein (1-3). Genetic, biochemical as well as animal studies 

have centred α-synuclein as a main pathological driver and target for therapeutic 

intervention in Parkinson’s disease (4-8).  

Furthermore, it has been shown that α-synuclein within LBs is subjected to several 

post-translational modifications (9). One of these post-translational modifications is the 

phosphorylation at residue Ser129 of α-synuclein, which has been correlated with the 

degree of PD pathology (10, 11). More than 90% of α-synuclein within LBs is 

phosphorylated at Ser129. (12, 13). Dysfunction of cellular degradation mechanisms, 

including lysosomal dysfunction, may directly contribute to the accumulation of 

pathological α-synuclein in PD and DLB (14).  

The GBA1 gene encodes the lysosomal enzyme glucocerebrosidase, which 

hydrolyses its glycolipid substrates glucosylceramide and glucosylsphingosine. 

Genetic deficiency of glucocerebrosidase leads to the accumulation of both glycolipid 

substrates and causes the lysosomal storage disorder Gaucher disease (15). Gaucher 

disease patients and their relatives, carrying a heterozygous GBA1 mutation, were 

shown to have an increased risk for developing PD and DLB (16, 17). Moreover, 

mutations in the glucocerebrosidase (GBA1) gene are the most common known 

genetic risk factor for PD and DLB (18-20).  

The mechanism by which GBA1 mutations increase the risk for PD and DLB is still 

unknown. Hypotheses include a gain-of-function mechanism by which dysfunctional 

glucocerebrosidase directly interacts with α-synuclein, which then promotes α-

synuclein accumulation and aggregation (21). An alternative loss-of-function 

hypothesis proposes that glucocerebrosidase deficiency leads to an accumulation of 

its lipid substrates, which affects α-synuclein aggregation, trafficking and clearance 

(21-24). The third hypothesis represents a bi-directional feedback loop between 

glucocerebrosidase and α-synuclein, where oligomeric α-synuclein interferes with 

GCase trafficking, which further exacerbates α-synuclein pathology (24).  
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Recent post-mortem studies aimed to address disease relevance of altered 

glucocerebrosidase in idiopathic PD by using immunohistochemical and biochemical 

methods (25-29). They find reduced glucocerebrosidase activity in idiopathic PD 

without GBA mutations, most evident but not exclusively in brain areas like the 

substantia nigra and anterior cingulate cortex (27-29). Biochemical analyses by semi-

quantitative western blotting indicate a reciprocal relationship between reduced 

glucocerebrosidase and increased α-synuclein protein levels (25, 26). However, given 

the limited number of studies and methodological restrictions, the interrelation between 

glucocerebrosidase, α-synuclein and potential synergistic effects in idiopathic PD is 

still poorly understood. 

 In this study, we aimed to characterize the interrelation between glucocerebrosidase 

and α-synuclein in human brain tissue to obtain more insight into the mechanism 

underlying GBA-associated PD. For this purpose, , we combined quantitative 

measurements of glucocerebrosidase and α-synuclein protein levels with path analysis  

In order to do this, we developed tools to quantitatively assess glucocerebrosidase and 

α-synuclein parameters in brain tissue of PD and DLB patients and age-matched non-

neurological controls (N=15 per group). We measured these parameters in three 

different brain regions (frontal cortex, putamen and substantia nigra). By applying 

statistical path analysis, we investigated the link between GBA carrier status, 

glucocerebrosidase activity and protein levels, its lipid substrate glucosylsphingosine 

and α-synuclein (total and p129-phosphorylated). We find that in the substantia nigra, 

glucocerebrosidase dysfunction correlates with an increase in soluble α-synuclein 

species, partly mediated by increased glucosylsphingosine lipid levels.  

Results 

Biochemical assessment of PD and DLB post-mortem brain tissue 

In the current study we analysed post-mortem tissue samples from three different brain 

regions (frontal cortex, putamen and substantia nigra) of 15 PD, 15 DLB cases and 15 

non-neurological controls from the Netherlands Brain Bank (NBB, Amsterdam, The 

Netherlands) (Figure 1). Results from genetic screening of the GBA gene in this cohort 

were reported in an earlier study, revealing the presence of different GBA variants (29) 

(Table 1). PD and DLB cases showed characteristic α-synuclein pathology with no 
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significant differences in the distribution or load of β-amyloid or tau pathology (Table 

1). All PD and DLB cases were at Braak Parkinson’s disease stage IV to VI at autopsy 

whereas non-neurological controls did not show Lewy body pathology in the brain 

except for one case with Braak score I (Table 1) (30). Post-mortem tissue from the 

three brain regions was processed and fractionated into triton-soluble and triton-

insoluble fractions for further biochemical assessments (Figure 1). We quantified 

glucocerebrosidase protein levels and enzyme activity, its lipid substrate 

glucosylsphingosine and both total as well as p129 phosphorylated α-synuclein in 

frontal cortex, putamen and substantia nigra samples (Figure 1).  

pSer129/total α-synuclein ratios are increased in PD-DLB tissue and predict disease 

status  

Previous post-mortem studies using semi-quantitative western blotting indicated that 

insoluble forms of α-synuclein are increased in Parkinson’s disease brains whereas 

soluble forms are not significantly changed or even reduced (26, 31, 32). α-Synuclein 

phosphorylation at serine 129 (pSer129 α-syn) is considered to contribute to α-

synuclein pathology in LB disorders (12, 13) and is selectively increased under 

pathological conditions as shown by immunohistochemistry (33, 34). We aimed to 

advance biochemical assessment of α-synuclein in human post-mortem tissue by 

developing immuno-based assays for quantitative measurements of total and serine 

pSer129 phosphorylated α-synuclein in both soluble and insoluble fractions. Both 

AlphaLISA immunoassays, for total and pSer129 α-syn, were generated using two anti- 

α synuclein specific monoclonal antibodies and tested against recombinant total and 

PLK2 phosphorylated synuclein (Figure SM1A+B).  

Our biochemical assessment of α-synuclein pathology did not reveal statistically 

significant differences between the DLB and PD cases, which prompted us to group 

PD and DLB cases into one cohort for further analysis (Figure S2A+B). We detected a 

pronounced increase of pSer129 α-syn/total α-syn ratios in the insoluble fraction for 

the PD-DLB group versus non-neurological controls in all analysed brain regions 

(Figure 2A). In frontal cortex we find a 36 fold (p<0.001), in putamen a 72 fold (p<0.001) 

and in the substantia nigra a 20 fold (p<0.001) increase of pSer129 α-syn/total α-syn 

ratios in the PD-DLB group compared to controls.  Notably, we also found significantly  



148 
 
 

 

 

Table 1: Cohort demographics. 
  

NDC DLB PD 
 

 
N (N = 15) (N = 15) (N = 15) P-value 

Age (yrs)† 45 78 (75, 81) 78 (73, 81) 78 (74, 81) 0.942* 

Sex (Males)‡ 45 4 (27) 10 (67) 11 (73) 0.021** 

Braak NFT (2–3) 45 7 (47) 6 (40) 4 (27) 0.516 

Braak LB (0–2) 45 15 (100) 0 (0) 0 (0) < 0.001 

(3–4)  0 (0) 3 (20) 3 (20)  

(5–6)  0 (0) 12 (80) 12 (80)  

PMD (hrs) 45 6.2 (5.5, 7.1) 4.7 (4.4, 5.5) 5.8 (4.8, 6.5) 0.082 

Disease duration (yr) 45 0 6 (4.0, 8.5) 13 (11.5, 18.0) < 0.001 

GBA variant carriers 43 2 (14) 4 (29) 6 (40) 0.304 
† Median (Q1, Q3) for numerical variables 
‡ n (%) for categorical variables  
*Kruskal-Wallis test for numerical variables 
**Pearson test for Categorical variables 

increased ratios of pSer129 α-syn/total α-syn in the soluble fraction (Figure 2B) of all 

three brain regions: cortex (50%, p<0.001), putamen (20%, p=0.012) and substantia 

nigra (50%, p<0.001). Absolute amounts of pSer129 α-syn were also elevated in both 

insoluble and soluble fractions (S2C, D). Furthermore, pSer129 α-syn in the insoluble 

fraction reflects the Braak LB disease staging in all brain regions (Figure 2C). Applying 

both immuno-based α-synuclein assays on the soluble and insoluble fraction, we 

detected increased ratios of pSer129 α-syn/total α-syn in all three analysed brain 

regions in the PD-DLB group and were able to separate the PD-DLB group from the 

NDC group. 

 

 



149 
 
 

 

 

Figure 1: Biochemical assessment of PD and DLB post-mortem brain tissue.  

Reduced glucocerebrosidase protein and increased glucosylsphingosine levels in PD-

DLB patient brain tissue  

Reduced glucocerebrosidase protein levels and enzyme activity have previously been 

detected in PD brain tissue using semi-quantitative western blotting and a 4-methyl-

umbellferyl β-glucopyranoside based enzyme activity assay (25-27). In order to 

comprehensively analyse glucocerebrosidase status in PD-DLB brain tissue, we a) 

developed a sensitive and specific glucocerebrosidase protein assay b) measured 

glucocerebrosidase enzyme activity with the artificial fluorogenic substrate resorufin-

β-D-glucopyranoside and c) quantified the endogenous glucocerebrosidase lipid 

substrate glucosylsphingosine by liquid chromatography coupled to mass 

spectrometry. The glucocerebrosidase AlphaLISA immunoassay was established with 

two newly generated mouse monoclonal antibodies and tested against human 

recombinant glucocerebrosidase (Figure SM1C). 
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Figure 2: pSer129/ total α-syn protein ratios are increased in PD-DLB brain tissue and 
predict disease status. Box plots showing the ratio of pSer129 and total α-synuclein protein 

in the insoluble (A) and soluble fraction (B) from brain tissue derived from NDC and PD-DLB 

subjects. FC= fold change, p = Wilcoxon test P-value.  C pSer129 α-synuclein levels in the 

insoluble fraction with Braak Lewy body staging. NDC = non-demented controls. PD-DLB = 

Parkinson’s disease and Dementia with Lewy bodies.  r = Spearman correlation coefficient.      

p = p-value. 
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First, we assessed the overall correlation of the different readouts across all tissues 

and disease groups. We identified statistically significant correlations between all three 

glucocerebrosidase readouts (Figure S3A). Glucocerebrosidase activity and protein 

levels were tightly correlated with each other (Spearman`s rho = 0.9, p< 0.001) and 

were inversely correlated to glucosylsphingosine lipid levels (Spearman`s rho = -0.44, 

p< 0.001). 

Comparing the total levels of all three parameters between brain regions, we found a 

trend for glucocerebrosidase protein reduction in the PD-DLB group in all regions 

(CORTEX -20.1%, p = 0.25; PUTAMEN -10%, 0.26, SUBSTANTIA NIGRA -21%,p = 

0.081) (Figure 3B). For the glucocerebrosidase enzyme activity we only find a trend for 

reduction in cortex and putamen (CORTEX 11,3%, p = 0.346; PUTAMEN 7,9%, 

p = 0.31; SN -0,6%, p = 0.358) (Fig. 3B). In line with a reduction in glucocerebrosidase 

protein levels, glucosylsphingosine levels were found to be increased in PD-DLB 

patients compared to controls (CORTEX 30%, p = 0.015; PUTAMEN 10%, p = 0.25; 

SN 10%, p = 0.497) (Figure 3C). 

When stratifying by mutant carrier status, a variable that substantially impacts 

glucocerebrosidase variance, we find association of glucocerebrosidase and PD/DLB 

disease status (Fig. S3). We also assessed the three glucocerebrosidase readouts 

comparing the NDC group to a subgroup of PD-DLB subjects carrying GBA variants 

(PD-DLB + GBA) (Fig. S3B-D). We found that the differences between PD-DLB + GBA 

and controls are most pronounced in the substantia nigra with a reduction in 

glucocerebrosidase activity of −24% (p = 0.048) and a reduction in protein levels of 

−39% (p = 0.004). In line with this, a trend for increased glucosylsphingosine levels 

(30%, p = 0.129) was observed in PD-DLB + GBA compared to controls (Fig. S3 B-D). 

In summary, using the three glucocerebrosidase assays we identified reduced 

glucocerebrosidase levels, which inversely correlated with elevated 

glucosylsphingosine levels in the DLB-LB group compared to the control group, which 

is most pronounced in the DLB-LB + GBA carrier subgroup. 
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Figure 3: Reduced glucocerebrosidase protein and increased glucosylsphingosine 
levels in PD-DLB patient tissue.  Box plots showing glucocerebrosidase activity (A), protein 

levels (B) and the glucosylsphingosine lipid substrate levels (C) in the soluble fraction of brain 

tissue derived from NDC and PD-DLB subjects. GBA carriers are marked with black filled 

circles. PR= percent reduction, FC= fold change, p= Wilcoxon test P-value.  
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Reduced glucocerebrosidase levels correlate with increased α-synuclein levels 
in the Substantia nigra  

Our data demonstrate that we can quantitatively assess both glucocerebrosidase and 

p129/total α-synuclein protein levels in the soluble fraction of post-mortem brain tissue 

which enabled us to perform correlation analysis. 

We found a strong association between reduced glucocerebrosidase protein levels 

with increased p129Ser/total α-synuclein ratios in the substantia nigra (Spearman's 

rho = −0.4, p = 0.0064) (Fig. 4). Furthermore, we find that all GBA variant carriers 

cluster in the region of reduced glucocerebrosidase levels and increased p129Ser/total 

α-synuclein. 

 

 
 

Figure 4: Reduced glucocerebrosidase levels correlate with increased pSer129/ total α-
syn protein ratios in the Substantia nigra. Correlation analysis between glucocerebrosidase 

protein levels and pSer129/ total α-synuclein ratios in the soluble fraction of NDC and PD-DLB 

brain tissue. GBA carriers are marked with black filled circles. r = Spearman correlation 

coefficient. P = p value. 
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The impact of glucocerebrosidase dysfunction on a-synuclein accumulation is 
partly mediated through increasing glucosylsphingosine levels in the Substantia 
nigra 

Our analyses described so far have addressed the total effects of one measured 

parameter on another (e.g. association of glucocerebrosidase protein levels with PD-

DLB disease status), omitting putative indirect effects through other parameters (e. g. 

through glucosylsphingosine and/or α-synuclein). In order to determine how different 

measured parameters are inter-related with each other, reflecting a more complex 

physiological environment, we integrated our data into a path analysis framework. 

We defined six hypothetical path models describing how glucocerebrosidase and α-

synuclein parameters could impact the PD-DLB disease status (Figure 5). The GBA 

variant carrier status (yes/no), glucocerebrosidase protein levels, glucosylsphingosine  

 

Figure 5: Hypothetical networks linking glucocerebrosidase to PD-DLB. A-F Hypothetical 

models encompassing the GBA variant carrier status (yes/no), glucocerebrosidase protein 

levels, glucosylsphingosine levels, p129/total α-synuclein ratio and the disease status 

(NDC/PD-DLB). Nodes denote the variables and arrows the direction of the functional 

relationship. A In model A glucocerebrosidase levels depend on the GBA carrier status, but 
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are linked to disease independently from glucosylsphingosine or pSer129/total α-synuclein 

ratios. B Model B postulates that GBA variants lead to a reduction in glucocerebrosidase and 

increased glucosylsphingosine levels, but pSer129/total α-synuclein ratios have an 

independent effect on the PD-DLB status. C Model C describes a linear cascade, where GBA 

variants lead to a reduction in glucocerebrosidase protein and increased glucosylsphingosine 

levels. Increased glucosylsphingosine levels cause an increase in pSer129/total α-synuclein 

ratios and ultimately lead to the PD-DLB disease manifestation. D Model D proposes that 

glucocerebrosidase levels impact p129/total α-synuclein ratios either directly or through 

glucosylsphingosine and subsequently impact the PD-DLB disease status. E In model E 

glucocerebrosidase protein levels influence the PD-DLB disease status only through direct 

effects on p129/total α-synuclein ratios not through changes in glucosylsphingosine levels F 
Model F encompasses all previously described models and allows independent effects for all 

measured parameters.  

levels, p129/total α-synuclein ratios and the disease status (NDC/PD-DLB) were 

included into the analysis. The competing models were selected a) to reflect plausible 

biological pathways (C, D, F), b) to test consistency and relevance of certain mediators 

(B, D, E) and c) to illustrate a statistical approach typically used for the analysis of such 

data (A, the multivariable regression). We evaluated the competing models by testing 

for each model whether predictions of dependence and independence among 

variables are consistent with our data (35, 36), and estimated direct and indirect effects 

(37, 38). We tested the hypothetical paths for the substantia nigra (Figure 6). Figure 

6A shows the path coefficients estimates for all six models integrated in one path 

diagram. Corresponding posterior probabilities that the path coefficient β is away from 

null are presented within brackets.   

We found that GBA variants are strongly related to reduced glucocerebrosidase levels 

(β = −1.32, P(β < 0) = 1.00). Furthermore, reduced glucocerebrosidase protein levels 

are linked to elevated glucosylsphingosine levels (β = −0.29, P(β < 0) = 0.97) and the 

p129/total α-synuclein ratio is strongly linked to the PD-DLB disease status (β = 0.68, 

P(β > 0) = 1.00). 

Testing the six hypothetical models, we found strong evidence against models A and 

B (see d-separation tests and Akaike information criterion (AIC) results in Table S6A). 

Path coefficients for both models are low (Fig. 6A). Notably, both models propose that 

α-synuclein is not a component of the glucocerebrosidase path, i.e. 



156 
 
 

 

glucocerebrosidase dysfunction would impact the PD-DLB disease status independent 

of pSer129/total α-synuclein ratios. 

Among the remaining models (C—F), models C + D fit best to our data. Model D has 

the smallest AIC, none of the predicted claims of independence were rejected (Fig. 

S6A), all path coefficients of this model are elevated (Fig. 6A), and the two indirect 

effects that characterize this model have both >95% probability of being different from 

null (Fig. 6B). 

In contrast to models A + B, models C + D propose that α-synuclein is part of the 

glucocerebrosidase path to PD-DLB disease status. In these models, changes in 

glucocerebrosidase and its downstream effects impact the disease status through 

increased pSer129/total α-synuclein ratios. Interestingly, model D proposes that 

glucosylsphingosine is not the only mediator of elevated α-synuclein, but that changes 

in glucocerebrosidase contribute to α-synuclein accumulation via alternative 

mechanisms (β = −0.29, P(β < 0) = 0.98) (Fig. 6A). 

We replicated our analysis by replacing the PD-DLB disease status with p129/total α-

synuclein ratios in the insoluble fraction as a quantitative proxy of disease status, and 

were able to confirm the above described findings (Fig. S6B+C). 

Taken together, our path analyses suggest that in the substantia nigra reduced 

glucocerebrosidase levels lead to an increase in p129/total α-synuclein ratios, either 

by increasing its glycolipid substrate glucosylsphingosine and/or by yet unknown 

mechanisms, thereby ultimately impacting PD-DLB manifestation. Discussion 

Despite extensive research, the mechanism by which glucocerebrosidase dysfunction 

increases the risk of PD and DLB still remains elusive. Hypotheses include a toxic gain-

of-function due to misfolded glucocerebrosidase; lipid substrate accumulation caused 

by glucocerebrosidase loss of function or a bi-directional feedback loop between 

glucocerebrosidase and α-synuclein (24, 39, 40). 

In the present study we introduce a set of new biochemical tools that allowed us to 

quantitatively assess the status of the glucocerebrosidase as well as α-synuclein in 

PD-DLB post-mortem brain tissue. By combining our results in the substantia nigra 

with path analyses, we postulate a model in which glucocerebrosidase dysfunction  
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Figure 6: The impact of glucocerebrosidase dysfunction on a-synuclein accumulation 
is partly mediated through increasing glucosylsphingosine levels in the substantia 
nigra. A: Summary fit statistics of the d-separation test of six competing models described in 

Figure 5. Path diagram showing path coefficients (standardized regression weights:β) of all 

competing models. Within brackets, the posterior probability that β is greater than or smaller 

than the null (P|β| > 0| Data). B: Summary statistics of the posterior densities of all direct and 

indirect effect estimates of models. Bold font highlights the effects that have a high certainty of 

being different from the null.  

increases α-synuclein levels, thereby contributing to the PD-DLB disease 

manifestation.  

Immunohistochemical detection of pSer129 α-synuclein represents a specific and 

sensitive method to detect this pathological form of α-synuclein in human brain tissue 



158 
 
 

 

(12, 13, 34). Histological analyses, the gold standard for post-mortem diagnosis of 

Lewy-body disorders, are used to classify the degree of pathology (30).  

We have established α-synuclein immunoassays directed against total and pSer129 

phosphorylated α-synuclein to allow for quantification of soluble and insoluble α-

synuclein in different brain regions. Analysis of insoluble α-synuclein clearly 

discriminated PD-DLB from control samples in all brain regions analysed. We found 

that insoluble α-synuclein levels are increased in the frontal cortex of PD-DLB patients, 

a region affected at a late stage of the disease (Braak staging 5–6). Furthermore, levels 

of insoluble α-synuclein in the cortex were in correspondence with Braak staging. Thus, 

we conclude that our biochemical approach enables both quantitative and sensitive 

detection of α-synuclein pathology.  

Analysis of the soluble fraction revealed increased levels of pSer129 α-synuclein and 

pSer129/total α-synuclein ratio in PD-DLB cases compared to controls for all brain 

regions analysed. Basal levels of pSer129 α-synuclein are observed in controls, which 

are in line with previous findings and implies a role of pSer129 α-synuclein in normal 

cellular homeostasis (41). As pSer129 α-synuclein is described to affect α-synuclein 

conformation and solubility, accumulation of soluble pSer129 α-synuclein could 

represent an early event in disease pathology leading to subsequent formation and 

aggregation of insoluble α-synuclein into Lewy bodies as previously proposed (10, 11). 

While we are not able to address this in our human post-mortem study, our approach 

can help to assess the relationship between pSer129 phosphorylation and α-synuclein 

aggregation in future studies. 

We used three independent readouts to assess glucocerebrosidase status in PD-DLB 

brain tissue. We introduced the first quantitative immuno-based assay to measure total 

glucocerebrosidase protein levels and found a good overall correlation between the 

newly established glucocerebrosidase protein assay, enzyme activity and 

glucosylsphingosine levels.  

In all three analysed tissues we found a trend for reduced glucocerebrosidase protein 

level in relation to the disease status. For the substantia nigra, we detected a 21% 

reduction in glucocerebrosidase protein levels in the PD-DLB group and 39% reduction 

in the PD-DLB + GBA subgroup carrying GBA variants. These results are in line with 
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previous reports, which identified reduced glucocerebrosidase protein levels and/or 

activity in brain tissue from idiopathic as well as PD patients carrying GBA variants (25-

27, 29). Gegg et al. also describe the strongest reduction in glucocerebrosidase protein 

levels in the substantia nigra using semi-quantitative western blotting (25, 27, 29). 

Furthermore, they describe comparable results with 22% reduction in 

glucocerebrosidase protein levels for the sporadic PD group and 57% for the PD-GBA 

population. Unexpectedly, we only detected a 24% reduction of glucocerebrosidase 

activity in the PD-DLB + GBA carrier group and no reduction in the PD-DLB group. The 

reasons for these differing results are unclear, since a reduction in protein levels would 

be expected to lead to a reduction in enzyme activity. We anticipate that the resorufin-

β-D-glucopyranoside based glucocerebrosidase activity assay used in our 

experiments might be less sensitive to assess glucocerebrosidase activity in post-

mortem brain tissue than the 4-methylumbelliferyl-β-D-glucopyranoside based assay 

used in previous studies (25, 26). In addition, we also found a trend for increased 

glucosylsphingosine levels in the PD-DLB group, which further suggests that 

glucocerebrosidase activity is reduced in the disease group.  

To the best of our knowledge, we provide the first quantitative analysis of p129 α-

synuclein, total α-synuclein and glucocerebrosidase in PD-DLB post-mortem brain 

tissue. We found an inverse correlation between glucocerebrosidase protein levels and 

α-synuclein levels specifically in the substantia nigra supporting in vitro and in vivo 

studies that propose an inverse relationship between the two proteins in Parkinson’s 

disease and Dementia with Lewy Bodies (42). To gain a deeper understanding on how 

glucocerebrosidase and α-synuclein are interrelated with each other and impact the 

PD-DLB disease status, we included our data into path analyses. We found that, in the 

substantia nigra, reduced glucocerebrosidase protein levels induce an increase in 

p129/total α-synuclein ratio, either by increasing its glycolipid substrate 

glucosylsphingosine and/or by other mechanisms, thereby ultimately impacting the 

PD-DLB manifestation.  

The increase in α-synuclein levels could be induced by different mechanisms. One 

possibility, which our data support, is that a reduction in glucocerebrosidase leads to 

an increase in its glycolipid substrate glucosylsphingosine. Glucosylsphingosine has 

been shown to accumulate to a high degree in the plasma and tissue of Gaucher 
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disease patients with glucocerebrosidase dysfunction (Nilsson and Svennerholm, 

1982; Orvisky 2002; Ferraz 2014). Furthermore, increased glucosylsphingosine levels 

have been found  in the substantia nigra of sporadic PD patients (28).  A recent study 

by Taguchi et al. shows that glucosylsphingosine triggers the formation of oligomeric 

α-synuclein species in human cells and accumulates in homozygous GD/PD mouse 

brain. This supports the hypothesis that glucosylsphingosine promotes pathological α-

synuclein accumulation, thereby increasing PD risk in GD patients and GBA mutation 

carriers (23). An alternative explanation could be that elevated glucosylsphingosine 

levels, which under normal conditions are extremely low, interfere with lysosomal 

homeostasis and lead to an altered lysosomal processing and degradation of α-

synuclein.   

A second scenario, which our data support, is that glucocerebrosidase dysfunction 

increases p129/total α-synuclein ratio independent of its glycolipid substrate 

glucosylsphingosine. Yap et al., have shown that α-synuclein and glucocerebrosidase 

can physically interact  (43-45). They postulate that α-synuclein binding to 

glucocerebrosidase in the lysosome interferes with glucocerebrosidase membrane 

binding and enzyme activity and that glucocerebrosidase moves membrane-bound α-

synuclein away from the lysosomal membrane and thereby perturbing its degradation. 

Our path analyses in the substantia nigra support both scenarios with 

comparable probabilities; glucocerebrosidase would impact α-synuclein levels either 

by increasing glucosylsphingosine levels, by independent mechanisms or even a 

combination of both. These findings further underscore the complexity of the 

relationship between glucocerebrosidase and α-synuclein and suggest that 

glucocerebrosidase dysfunction could contribute through a combination of factors to 

the accumulation of toxic α-synuclein species and ultimately to Parkinson's disease 

and Dementia with Lewy Bodies. Because of the complexity of the relationship, the 

availability of sensitive and quantitative methods to assess the status of 

glucocerebrosidase and α-synuclein are an important prerequisite for understanding 

this relationship.  

Our study introduces new quantitative glucocerebrosidase and α-synuclein 

assays in combination with path analysis as useful tools for modelling and 

understanding the pathological link between glucocerebrosidase and α-synuclein in 
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PD and DLB.  We anticipate that future studies applying these quantitative tools on 

larger cohorts will help to understand the role of glucocerebrosidase in Parkinson’s 

disease and may eventually support the development of biomarkers and ultimately 

disease modifying therapies. 

Material and Methods 

Post-mortem brain material 

Human post-mortem brain tissue was obtained from clinically diagnosed and 

neuropathologically confirmed PD patients with dementia, DLB patients, and age-

matched control subjects (15/group) from the Netherlands Brain Bank (NBB, 

Amsterdam, The Netherlands). The details of the cohort demographics are specified 

in Table 1. In compliance with local ethical and legal guidelines, informed consent for 

brain autopsy and the use of brain tissue and clinical information for scientific research 

was given by either the donor or the next of kin. Brains were dissected in compliance 

with protocols of the Netherlands Brain Bank (www.brainbank.nl). Medial frontal gyrus 

was collected from 1 cm slice of the brain at the level of the tip of the anterior horn of 

lateral ventricle. Putamen was collected from 1 cm slices at the level of globus pallidus 

substantia nigra was collected from midbrain in 1 cm slice at the level of the oculomotor 

nerve. 

Tissue processing 

Frozen human tissue samples were pulverized under liquid nitrogen and aliquoted. For 

tissue lysis, tissue samples (250 mg) were solubilized in 1 ml lysis buffer (50 mM 

potassium phosphate dibasic, 50 mM citric acid monohydrate, 110 mM potassium 

chloride, 10 mM sodium chloride, 0.10% Triton X-100) + protease inhibitor cocktail 

(Roche) using the Precellys hard tissue homogenizing kit and a PreCellys24 

homogenizer (both Bertin instruments). After 30 min incubation on ice, lysates were 

centrifuged at 14′000 x g/4 °C for 10 min and separated into pellet and supernatant 

fraction. The supernatant fraction (= Triton X-100-soluble fraction) was used for 

subsequent protein and enzyme activity analysis. The pellet was washed with lysis 

buffer to remove Triton X-100 soluble proteins, the remaining insoluble material was 

extracted with UTC buffer (30 mM Tris-HCl pH 7.5; 7 M Urea; 2 M Thiourea; 4% 

Chaps). The measurements in the soluble fraction were corrected for total protein. 
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Additional analyses correcting for neuronal (neuron-specific enolase) and non-

neuronal protein (S100b) content did not reveal significant differences between groups 

in any of the studied brain regions(Data not shown). 

Protein determination 

Protein determination for the Triton X-100 soluble fraction was performed using two 

different protein determination kits according to the manufacturer's protocols (μBCA 

Kit/ Cat. No. 23227 and 660 nm: Cat No. 22662, both Thermo Fisher). Correlation 

analysis revealed a high association of total protein content with different protein 

readouts in the Triton-X-100 soluble fraction, therefore soluble readouts were 

normalized to total protein content. No normalization was performed for 

glycosphingolipids analysis and analysis of the Triton-X-100 insoluble pellet. 

Immuno-based assays 

Immunoassays for different proteins have been developed in a 384 well plate format 

(AlphaLISA platform, Perkin Elmer) according to manufacturer's instructions. Detection 

was performed on EnVision Multilabel Plate Reader (Perkin Elmer) in AlphaScreen 

mode. 

Glucocerebrosidase immunoassay was developed using two in house generated anti-

human GCase specific mouse monoclonal antibodies (1/23, Biotin-labelled at 2.5 nM 

final concentration; 1/17, directly coupled to acceptor beads). Specificity of the 

immunoassay was confirmed using human GBA-KO H4 cell lines (Data not shown). 

Human recombinant glucocerebrosidase served as reference standard (Fig. SM1C). 

The Triton X-100-soluble fraction of human brain was diluted 1:10 to 1:20 for analysis. 

Alpha synuclein immunoassay was developed using anti-alpha synuclein specific 

mouse monoclonal antibodies (syn 23E8, Biotin-labelled at 1 nM final concentration; 

clone 42 (BD), directly coupled to acceptor beads). E.coli derived recombinant human 

alpha synuclein served as reference standard (Fig. SM1A). The Triton X-100-soluble 

and Triton X-100-insoluble fractions of human brain were diluted 1:50 for analysis. 

Alpha synuclein (phosphorylated at pSer 129) immunoassay was developed using two 

anti-alpha-synuclein specific mouse monoclonal antibodies (23E8, Biotin-labelled at 

2 nM final concentration; a-syn p129 11A5; antibodies provided by Prothena, South 
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San Francisco, CA, USA) directly coupled to acceptor beads. E.coli derived 

recombinant, PLK2 in-vitro phophorylated human pSer129 alpha-synulein served as 

reference standard (Fig. SM1B). The Triton X-100-soluble and Triton X-100-insoluble 

fractions of human brain were diluted 1:50 for analysis. 

Glucocerebrosidase activity assay 

The glucocerebrosidase enzyme activity was determined with the fluorogenic substrate 

resorufin β-D-glucopyranoside (Sigma). Samples from the Triton X-100-soluble 

fraction were diluted 1/8 in acidic GC assay buffer (50 mM citric acid, 50 mM KPi, 

110 mM KCl, 10 mM NaCl, 1 mM MgCl2/ pH 6) and 50 μl transferred to 96 well assay 

plates (COSTAR 3904). 30 μl resorufin β-D-glucopyranoside solution (40 mM in GC 

assay buffer) was added per sample. Directly after addition of the substrate the 

fluorescence intensity (ex: 535 nm, em: 595 nm) was detected for baseline signal with 

a SpectraMax paradigm multi-mode microplate reader (Molecular Devices). After 2 h 

incubation in the dark on a plate shaker the fluorescence signal was detected, baseline 

values subtracted and GCase activity calculated. 

Glucosylsphingosine analysis by mass spectrometry 

100 mg frozen pulverized brain tissue was weighed, transferred into 2 ml hard tissue 

homogenizing vials prefilled with ceramic beads (Bertin, CatNo.03961–1-002.2) and 

homogenized with 1000 μl distilled water with a Precellys homogenizer (Bertin), 

operated in two cycles for 15 s at 5000 rpm. Calibration standards, quality controls and 

brain samples were cleaned up by supported liquid extraction (SLE). For calibration 

standards and quality controls D-glucosyl-β-1-1′-D-erythro-sphingosine and D-

galactosyl-β-1-1′-D-erythro-sphingosine purchased by Avanti Polar Lipids were spiked 

into pooled brain homogenate. 100 μl aliquots of each brain homogenate were diluted 

with 300 μl methanol containing D-glucosyl-β-1-1′-D-erythro-sphingosine-d5 and D-

galactosyl-β-1-1′-D-erythro-sphingosine-d5 as internal standards and loaded onto a 

Isolute 400 μl SLE+ 96-well-plate from Biotage (Part No. 820–0400-P01). After 

applying a short pulse of pressure the samples were left for 5 min on the plate to 

complete the absorption process. Then two portions of 900 μl of tertiary butyl-methyl-

ether (Sigma-Aldrich No.179787) were added for elution. The eluates were collected, 

evaporated to dryness (45 °C, 4 h) and reconstituted in 50 μl acetonitrile/ H2O 90/10 
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containing 1% DMSO. 2 μl were injected. Compounds were glycospecifically separated 

on a BEH glycan amide column (100 × 2.1 mm, 1.7 μM particle size, purchased from 

Waters) using 100 mM ammonium acetate (Fluka No.09690) and acetonitrile (HPLC 

grade, Merck) as eluents and measured on a Waters Xevo-TQ-S mass spectrometer 

operating in positive ion electrospray mode and multiple reaction monitoring mode 

(MRM) recording the transition m/z 462.3 to 282.3 at a cone voltage of 30 V and a 

collision energy of 18 eV. 

Statistical analyses 

Descriptive statistics: Continuous variables were compared between disease groups 

by Wilcoxon/Kruskall-Wallis tests. Reported fold changes and relative percent changes 

are based on group medians. The association between continuous variables was 

tested by Spearman correlation and between categorical variables by the Fisher exact 

test. Significance level was set at 0.05. Statistics were implemented in R. 

In addition, instead of assuming all measured parameters were independent from each 

other and finding those with stronger association with the disease, we postulated 

hypothetical models that describe the way the measured factors are interrelated and 

how glucocerebrosidase is linked to disease (Fig. 5). Agreement between such models 

and our empirical data was tested using Confirmatory Path Analysis. Such an approach 

allowed separating direct influences from mediated effects (e.g. if A affects B and B 

affects C, Does A affect C because of B?, i.e. A - > B - > C). Statistical parameters for 

direct and indirect effects were expressed in terms of path coefficients (standardized 

regression weights) and were derived from generalized linear model equations 

(dichotomous/continuous data as appropriate) structured according to the 

hypothesized causal paths. Parameters were estimated using both Markov Chain 

Monte Carlo simulation (Bayesian framework with uninformative priors) and likelihood-

based methods (frequentist framework) using JAGS software in R (R2jags library) and 

base/stats tools in R respectively. Posterior median and posterior probabilities are 

reported as summary statistics of direct and indirect effects. Models adequacy with our 

empirical data and goodness of fit were assessed by d-separation tests (Shipley 2010) 

and information criteria indexes (AIC and BIC) as recommended (Shipley, 2013). 
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Supplementary Tables and Figures 

Table S1: Overview of donors included in this study and their GBA mutation status 
 

ID 
Clinical 

diagnosis 
GBA variant 

 
1 Control - 
2 Control - 
3 Control c.1093G>A p.Glu365Lys 
4 Control - 
5 Control - 
6 Control - 
7 Control n.a. 
8 Control - 
9 Control - 

10 Control - 
11 Control c.1093G>A p.Glu365Lys 
12 Control - 
13 Control - 
14 Control - 
15 Control - 
16 PD c.762-18T>A  
17 PD - 
18 PD c.1073C>T p.Pro358Leu  
19 PD - 
20 PD c.1093G>A p.Glu365Lys 
21 PD c.1093G>A p.Glu365Lys 
22 PD - 
23 PD - 
24 PD c.1093G>A p.Glu365Lys,  c.535G>C p.Asp179His, c.1223C>T p.Thr408Met 
25 PD - 
26 PD c.1448T>C p.Leu483Pro 
27 PD - 
28 PD - 
29 PD - 
30 PD - 
31 DLB n.a. 
32 DLB - 
33 DLB - 
34 DLB - 
35 DLB - 
36 DLB - 
37 DLB c.1093G>A p.Glu365Lys 
38 DLB c.1093G>A p.Glu365Lys 
39 DLB - 
40 DLB - 
41 DLB - 
42 DLB c.1223C>T p.Thr408Met 
43 DLB c.1093G>A p.Glu365Lys 
44 DLB - 
45 DLB - 
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Figure S2: pSer129/ total α-syn protein ratios and absolute concentrations are increased 
in PD and DLB brain tissue. Box plots showing the ratio of pSer129 and total α-synuclein 

protein in the insoluble (A) and soluble fraction (B) from brain tissue derived from NDC, PD 

and DLB subjects. FC= fold change, p = Wilcoxon test P-value.  Box plots showing absolute 
pSer129 α-synuclein levels (ng/ml) in the insoluble fraction (C) and soluble faction (D) of NDC 

and PD-DLB subjects. NDC = non-demented controls. PD-DLB = Parkinson’s disease and 

Dementia with Lewy bodies.  r = Spearman correlation coefficient. p = p-value. 
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Figure S3: Reduced glucocerebrosidase protein levels, activity and increased 
glucosylsphingosine levels in GBA variant carrier PD-DLB subjects. Spearman 

correlation of glucocerebrosidase activity, protein and glucosylsphingosine levels (A)  Box 

plots showing glucocerebrosidase activity (B), protein levels (C) and the lipid substrate levels 

of glucosylsphingosine (D) in the soluble fraction of brain tissue derived from NDC and GBA 

variant carrier PD-DLB subjects. GBA carriers are marked with black filled circles. PR= percent 

reduction, FC= fold change, p= Wilcoxon test P-value.  
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Figure S6: The impact of glucocerebrosidase dysfunction on a-synuclein accumulation 
is partly mediated through increased glucosylsphingosine levels in the substantia nigra   
A Summary fit statistics of the d-separation test of six competing models. B Path diagram 

showing path coefficients (standardized regression weights:β) for all competing models. Within 

brackets, the posterior probability that β is greater than or smaller than null (P|β| > 0| Data), 

PD-DLB status was replaced by p129/total α-synuclein ratios in the insoluble fraction.                    
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C Summary statistics of the posterior densities of all direct and indirect effectest imates of 

models. Bold font highlights the effects that have a high certainty of being different from null. 

 

 

Figure SM1 Total α-synuclein, p-129 α-synuclein and glucocerebrosidase immunoassay 
validation A: Serial dilution of recombinant α-synuclein protein and detection by α-synuclein 

antibody syn23E8 (Biotin-labelled) and antibody syn42(BD) (directly coupled to acceptor 

beads). B: Serial dilution of recombinant phosphorylated α-synuclein protein and detection by 

α-synuclein antibody a-syn23E8 (Biotin-labelled) and antibody a-syn p129(11A5) syn129 

(directly coupled to acceptor beads). C Serial dilution of recombinant glucocerebrosidase 

protein and detection by glucocerebrosidase antibody 1/23 (Biotin-labelled) and antibody 1/17 

(directly coupled to acceptor beads).  
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Abstract  

Post-translational modification of α-synuclein (α-syn), among which phosphorylation 

(pSer129) and C-terminal truncation (CTT), may play an important role in the 

pathogenesis of Parkinson’s disease (PD) and related disorders. To develop biomarker 

panels and therapeutic strategies for PD and other related neurodegenerative 

disorders, a thorough understanding of the role of these α-syn variants in physiological 

and pathological conditions is required. The present study assessed which cell types 

and morphological features are immunoreactive for antibodies selectively raised 

against the C-terminus (CT), pSer129 and 122CTT α-syn in different brain regions of 

donors with PD with and without dementia, dementia with Lewy bodies, and multiple 

system atrophy, as well as non-neurological controls. All studied antibodies revealed 

pathological hallmark structures such as Lewy bodies, Lewy neurites, and 

oligodendroglial cytoplasmic inclusions. In addition, many other disease-related 

morphologies were labeled by the analyzed antibodies, including garland-shaped 

astrocytic features and diffusely stained astrocytes, grouped globular structures, 

neuronal nuclear deposits and patches of small neurites and dot-like structures. In 

contrast to pSer129 and CTT α-syn, CT α-syn immunoreactivity patterns were 

characterized by pronounced synaptic-like staining in patients and non-neurological 

subjects. Systematic analysis of structures immunopositive for CT, pSer129 or CTT α-

syn in adjacent sections displayed differential profiles between antibodies, 

demonstrating that antibodies against various α-syn epitopes provide complementary 

information. To conclude, antibodies against pSer129 and CTT α-syn reveal a 

multitude of morphologies in brains with different synucleinopathies, in neurons, 

oligodendrocytes and astrocytes, while our data suggests that a panel of antibodies 

may aid in a better characterization of synucleinopathies. 
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Introduction  

Synucleinopathies encompass a group of neurological disorders characterized by 

neuronal or glial inclusions of the protein alpha-synuclein (α-syn). These disorders 

show substantial neuropathological diversity, dependent on the predilected cell types, 

morphology of and distribution patterns of α-syn aggregates in the central nervous 

system(1-5). α-Syn-immunoreactive neuronal cytoplasmic and neuritic depositions, 

called Lewy bodies (LBs) and Lewy neurites (LNs) respectively, are the main 

pathological hallmarks of Parkinsons’s disease (PD) and dementia with Lewy bodies 

(DLB), whereas oligodendrocytic depositions are predominantly observed in multiple 

system atrophy (MSA) (6, 7). In the past years, post-mortem human brain studies have 

highlighted that α-syn is not only present in neurons but also in protoplasmic astrocytes 

in pathological conditions (8, 9), but a systematic analysis among synucleinopathies is 

lacking. Furthermore, these astrocytes  may contribute to the progression of these 

disease and initiate an inflammatory response (10).  

α-Syn is a 14kDa protein that is abundant in the brain under physiological conditions 

and particularly enriched in pre-synaptic terminals, where it is proposed to be involved 

in vesicle trafficking dynamics(11-13). α-Syn can be post-translationally modified 

(PTM) at different sites, (14, 15). Some of these PTMs, in particular α-syn 

phosphorylation at Serine 129 (pSer129) and C-terminal truncation (CTT), have been 

associated with PD and DLB, as elevated levels for these variants were identified in 

pathology-associated brain tissue fractions and in CSF of PD and DLB patients 

compared to controls (16-18). Immunohistochemistry using antibodies against CTT 

and pSer129 α-syn confirmed their localization in LBs, LNs and GCIs (16, 17, 19). 

Moreover, experimental studies suggest a central role for CTT α-syn in α-syn 

aggregation dynamics as it was found to enhance its fibril formation and aggregation 

in vitro and in transgenic animal models of PD (20-25). Based on these results, CTT 

and pSer129 α-syn have been proposed as potential targets for the development of 

biomarkers or novel therapeuties, leading to a quickly growing interest in these α-syn 

species (15, 26).  

To define biomarker panels related to α-syn and understand the relevance of CTT and 

pSer129 α-syn in disease mechanisms in PD and related disorders, it is important to 

dissect the localization and abundance of α-syn PTMs in the human brain in 
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physiological and pathological conditions. The present study addresses the research 

question which cell types and morphological features are most selectively vulnerable 

to pSer129 and CTT α-syn pathology in brain tissue of healthy and diseased donors. 

We studied the presence and localization of these α-syn protein variants in well-

characterized post-mortem brain tissue of non-neurological controls, patients with PD, 

PD with dementia (PDD), dementia with Lewy bodies (DLB) and multiple system 

atrophy (MSA) using immunohistochemistry. In addition, we included post-mortem 

brain tissue of Alzheimer patients (AD) and progressive supranuclear palsy (PSP) as 

a comparison. We compared immunoreactivity patterns for a panel of antibodies 

selectively raised against the C-terminus (5C1) of α-syn, pSer129 (11A5) and residue 

122CTT (SYN105) α-syn for pathological subtyping of synucleinopathies. Our results 

highlight a multitude of α-syn-immunopositive morphological features in neurons and 

glial cells in different synucleinopathies. Systematic analysis of the immunoreactivity 

patterns of the employed antibodies in substantia nigra (SN), hippocampus and cortex 

of the synucleinopathies revealed different α-syn immunoreactivity profiles for PD, 

PDD, DLB and MSA. Our data suggest that a panel of antibodies against these various 

α-syn epitopes may aid in better characterization and differential diagnosis among 

synucleinopathies. 

Results  

α-Syn protein variants reveal a wide morphological diversity in neurons and glial 
cells in the post-mortem human brain.  

The analyzed antibodies against CT, pSer129 and 122CTT α-syn all showed 

immunohistochemical labeling of pathological hallmark structures for different 

synucleinopathies in different brain regions,  LBs and LNs (Fig. 1b, c, g, o, r, s) in PD, 

PDD and DLB patients and glial cytoplasmic inclusions (GCIs) of oligodendrocytic 

origin (i.e. Papp-Lantos bodies) in MSA patients (Fig. 1l, n). Typical midbrain-type LBs 

displayed a targetoid morphology with stronger peripheral immunolabeling with respect 

to their center (Fig. 1b). LBs in the tENT cortex, hippocampus and putamen appeared 

different than in the SNpc, as they were generally uniformly and diffusely labeled by all 

antibodies, with heterogeneous shapes ranging from compact and roughly spherical to 

expansive-appearing, cytoplasm-filling inclusions. In the tENT cortex, LBs were mainly 

distributed in the deeper cortical layers 5 and 6 whereas small thin neurites were 
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Figure 1. A variety of morphological structures in the stained tissue sections detected 
by pSer129 aSyn. Diffuse cytoplasmic neuronal immunoreactivity (DCNIR) (a), targetoid (left) 

and compact Lewy body (right) (b), cortical Lewy body (c), extracellular targetoid α-syn positive 

body (d), dot-like structures (e), garland-shaped astrocytic staining (f), thread-like Lewy 

neurites (g), diffusely stained astrocyte (h), α-syn immunopositive glial extensions radiating 

around the nucleus (encircled) (i), grouped globular α-syn immunopositive structures (j), small 

astrocytic or neuritic profile indicated by asterisks (k), Papp-Lantos body (l), glial nuclear 

inclusions indicated by arrow (m), ring-shaped cytoplasmic glial inclusion (n), compact bulgy 

Lewy neurite (o), neuronal granular nuclear reactivity (p), patch of small neurites and dot-like 

structures (q), small thin neurites (r) and bulgy Lewy neurite with targetoid appearance (s). 

Images a, b, d, g, k and s have been captured in the SNpc and r in the tENT cortex of a 79-

year-old male DLB donor. Images c, i, m and q have been captured in the deep layers of the 
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tENT cortex of a 72-year-old male PDD donor and pictures e and o in the SNpc of that same 

donor. Images h, l and n have been captured in (h, n) and just outside (l) the SNpc of a 72-

year-old female MSA donor and p in the SNpc of a 66-year-old male MSA donor. Lastly, 

images f and j were captured in the tENT cortex of a 83-year-old male DLB donor and the 

SNpc of a 71-year-old male DLB donor respectively. The images were captured at 600x 

magnification and the scale bar represents a width of 20 µm.   

predominantly present in the superficial cortical layers 1 and 2. The pyramidal layers 

of the hippocampus (in particular the CA2) in PD, PDD and DLB donors were mainly 

characterized by many small, thread-like and fewer bulgy LNs  (Fig. 2). Most commonly 

observed glial cytoplasmic inclusions (GCIs) were Papp-Lantos bodies in 

oligodendrocytes (Fig. 1l) but also ring-shaped GCIs reminiscent of tau-

immunopositive coiled bodies in oligodendrocytes in PSP (Fig. 1n). These structures 

were most abundant in the putamen and the SNpc of MSA patients, but   could be also 

observed in smaller numbers in the SNpc and putamen of PD, PDD and DLB donors 

(Table S2). Vice versa, however, LBs were only rarely detected in MSA donors, while 

those observed showed a similar morphology as in PD, PDD and DLB.  

In addition to these common morphologies, a closer inspection of the stained human 

post-mortem brain tissue of patients with synucleinopathies resulted in the 

identification of a variety of additional α-syn-immunopositive morphological structures, 

in different cell types (Fig. 1). Firstly, nuclear deposits were occasionally observed both 

in glial cells and neurons (Fig. 1m, p) in all studied brain regions, but specifically in 

patients with synucleinopathy. Additionally, different α-syn-immunopositive astrocytic 

features were labeled, including grouped globular structures (Fig. 1j), garland-shaped 

astrocytic staining (Fig. 1f) and diffusely stained astrocytes (Fig. 1h), while α-syn- 

immunopositive glial extensions radiating around a glial nucleus were also observed 

(Fig. 1i).  Patches of small neurites and dot-like structures (Fig. 1q) were further 

repeatedly found in addition to small astrocytic and/or neuritic structures (Fig. 1k). Dot-

like structures (Fig. 1e; typically ~1-6µm) were finally detected by all antibodies mainly 

in patients with a synucleinopathy, but sporadically also in non-demented controls, and 

in patients with AD and PSP (Table 2; Table S1).  
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Table 1. Demographic details and neuropathological features of the selected study cohort. SD, 

standard deviation; CERAD, Consortium to Establish a Registry for Alzheimer’s Disease; NFT, 

neurofibrillary tangle. †No midbrain/SNpc AD sections were evaluated and scored. NNS: non-

neurological subjects 

group  NNS  PD  

 

PDD  DLB MSA-P 

 

PSP  

 

AD  

 

N 5 6 6 5 3 2 3† 

age at 
death 
(mean 
years ± SD) 

80 ± 7 81 ± 5 81 ± 7 83 ± 7 

 

66 ± 6 74 ± 2 80 ± 3 

female 
(percentage 
of group) 

3 (60) 3 (50) 

 

1 (20) 1 (17) 2 (67) 0 (0) 3 (100) 

post-
mortem 
delay range 
(minutes) 

385-455 310-445 240-425 240-430 295-410 320-585 240-365 

CERAD 
amyloid-β 
median 
(range) 

A (O-B) O (O-A) A (O-B) B (O-B) A (O-B) B (A-B) C (C) 

Braak LB 
median 
(range) 

0 (0) 6 (4-6) 6 (4-6) 6 (4-6) - 0 (0) 0 (0) 

Braak NFT 
median 
(range) 

2 (1-3) 1.5 (1-2) 1 (1-2) 0 (0-3) 0 (0-1) 1 (1) 6 (5-6) 

 

 No neurofibrillary tangles, plaques or tufted astrocytes immunoreactive for α-syn 

protein variants (Fig 2) were observed in AD and PSP donors, while limited 

immunoreactive structures were detected in these groups or in non-neurological 

controls. However, several α-syn-immunopositive features were detected in controls, 

including small astrocytic/neuritic profiles, while diffuse cytoplasmic neuronal 

immunoreactivity was reported in certain neurons in the SNpc of controls (Table S1). 
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In contrast to CTT and pSer129 aSyn-selective antibodies, an antibody against α-syn’s 

CT consistently showed strong synaptic-like staining not only in patients with a 

synucleinopathy, but also in AD, PSP donors and non-neurological subjects, more in 

the hippocampus, tENT cortex and putamen than in the SN (Figure 2, d-I until d-VII). 
Interestingly, this synaptic-like staining pattern was diminished after the addition of 

0.1%Triton and – to a lesser extent - after application of antigen retrieval methods (Fig. 

S2c). Together, antibodies against different protein variants of α-syn show a wide 

morphological diversity in different regions of the post-mortem human brain under 

conditions of synucleinopathy. 

Disease-specific immunoreactivity profiles revealed by different α-syn protein 
variants 

To further characterize the immunolabeling patterns for different α-syn protein variants, 

a subset of  commonly observed morphological features – including LBs, LNs, dot-like 

and small neuritic structures, GCIs and synaptic-like staining - were systematically 

scored in all immunostainings according to pre-defined criteria (Table 2). The median 

score per brain region and diagnostic group was visualized in radar charts (Fig. 3). The 

antibodies against CT, CTT and pSer129 α-syn were compared to KM-51, which is an 

antibody commonly used for neuropathological diagnosis of synucleinopathies (4).   

The results of the analysis showed that immunostaining profiles for MSA patients 

appeared different compared to PD, PDD and DLB groups in the putamen and SNpc, 

based on the predominant presence of glial α-syn pathology in these regions in MSA. 

Moreover, these GCIs were detected by all studied antibodies – in particular by the 

antibodies against pSer129 α-syn amd CTT aSyn but to lesser extent by 5C1. In the 

hippocampus CA2 and tENT cortex of MSA patients, only few GCIs were observed, 

and also the presence of other pathological structures was limited. In these regions, 

the largest immunostaining profile areas were observed in PDD and DLB patients, 

suggesting that PDD and DLB patients in our cohort had the highest load of 

pathological structures. PDD and DLB showed similar immunoreactivity patterns with 

all antibodies and in all studied brain regions (Fig. 3). 
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Table 2. Definitions of the morphological structures based on localization, size and shape. The 

terminology of hallmark structures is based on localization and shape is derived from 

descriptions of Alafuzoff et al., Kovacs et al., and Lin et al. (2, 39, 46, 47). The structures have 

been defined for immunostainings of 10 µm thick human brain tissue sections analyzed with 

brightfield at 600x magnification. GM, grey matter; WM, white matter. 

structure location shape size 

Lewy body (LB)  GM, extraneuronal either targetoid (predominant in 

midbrain) or compact (predominant in 

hippocampus and deep cortical 

layers) 

diameter: 6-

25 µm  

GM, intraneuronal either targetoid (predominant in 

midbrain) or compact (predominant in 

hippocampus) 

diameter: 6-

25 µm 

nuclear 

inclusion 

GM, neuronal; in 

nucleus or even 

nucleolus 

tiny aggregates in nucleus if  

nucleolus is in focus: neuronal 

granular nuclear reactivity 

 

 

 

 

<1 µm 

GM/WM, glial cells; 

in nucleus 

tiny aggregates in nucleus when in 

the plane at which the nucleus is in 

focus, a DAB positive nuclear 

membrane, or entire nucleus  

dot-like 

structure 

GM, extracellular compact dot, homogeneously DAB 

positive 

diameter: 1-6 

µm  

diffuse 

cytoplasmic 

neuronal 

immunoreactivit

y (DCNIR) 

GM, neuronal cell 

body 

DAB positive haze in the neuronal 

cytoplasm, sometimes it seems to 

contain DAB positive granules 

spread 

throughout 

the entire 

soma 

small astrocytic 

and/or neuritic 

profile 

GM/WM, either 

around glial cells 

(astrocytic) or 

neurons (neuritic) 

tiny aggregates, sometimes 

branching such that they resemble 

tiny tree-like structures 

diameter: 2-

12 µm 

(depending 

on shape) 
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small thin 

neurite 

GM, neuronal or 

glial processes 

line shaped, dependent on where the 

cut through the section has been 

made 

length: < 15 

µm, width: < 

2 µm 

thread-like Lewy 

neurite (LN) 

GM, neuronal 

processes 

line shaped, (might not always 

appear homogeneous or as a single 

structure along its length = a set of 

aligned small thin neurites) 

length: >15 

µm width: < 2 

µm 

bulgy LN GM, neuronal 

processes 

compared to thread-like LNs, these 

are closer to ropes in shape, often 

darkly stained and the structure may 

have a targetoid appearance 

length: >15 

µm width: > 

2-3 µm 

patch of small 

neurites and 

dot-like 

structures 

GM, around 

neurons 

most clearly visible with 20x objective 

as cloud of dot-like structures spaced 

up to 3 µm apart 

diameter 

cloud: < 60 

µm 

Papp-Lantos 

body 

GM/WM, glial cell flame-shaped or conical inclusion 

within glial cell 

diameter: 5-

13 µm 

ring-shaped 

glial cytoplasmic 

inclusion 

GM/WM, glial cell worm-like structure entirely or partly 

coiled around the nucleus of a glial 

cell 

diameter: 5-

15 µm  

diffusely stained 

astrocyte 

GM/WM, glial cell spider-like structure with dense core, 

merely clusters of α-syn 

immunopositive astrocytic processes 

diameter: ~ 

40 µm  

α-syn 

immunopositive 

glial extensions 

radiating around 

nucleus 

GM/WM, glial cell sun-like structure; an unstained glial 

nucleus surrounded by radially 

positioned small thin neurite-like 

structures 

diameter: < 

20-30 µm  

grouped 

globular α-syn 

GM/WM, around 

glial cells 

globular; dense group of dot-like 

structures and seeming bulgy LNs cut 

perpendicularly to its axis 

diameter 

group: < 40 

µm 
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immunopositive 

structures 

garland-shaped 

astrocytic 

staining 

GM/WM, around 

glial cells 

rather large branched tree-like 

structures 

diameter: < 

40 µm 

synaptic-like 
staining 

GM, along 
neuronal 
processes 

tiny speckles or boutons diameter: < 2 
µm  

 

In all radar charts, pSer129 spanned the widest area of all synucleinopathy groups and 

hence detected most pathological structures. In particular, more dot-like and small 

neuritic features were detected by antibody against pSer129 α-syn compared to CTT 

α-syn or KM-51, while also the numbers of detected GCIs were most abundant using 

this antibody. CTT α-syn appeared similar in its immunostaining profile as KM51. The 

antibody against CT α-syn showed an profile clearly aberrant from pSer129, CTT aSyn, 

and KM51 due to prominent synaptic-like staining. This was more pronounced in the 

in the hippocampus CA2, tENT cortex and putamen in comparison to the SN, and was 

present both in patients and non-neurological subjects (Fig. 3). Moreover, in these 

brain regions with higher synaptic-like staining, lower amounts of pathology-associated 

morphological structures – such as LBs, LNs and GCIs -  were immunopositive for CT 

α-syn as compared to the other studied α-syn protein variants in all patient groups (Fig 

3).  Together, antibodies against different protein variants of α-syn show distinct 

immunoreactivity patterns in different diseases, suggesting that they could provide 

complementary information for pathological diagnosis of synucleinopathies.  
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Figure 2. Overview images of the hippocampus CA2 region of consecutive tissue sections 

from one brain donor per diagnostic group, immunostained with KM51, 11A5, SYN105 and 

5C1. Please note the characteristic synaptic-like staining revealed by 5C1 in images d-I until 

d-VII. The imaged brain tissue was obtained from a 80-year-old male non-neurological donor, 

a 76-year-old female PD donor, 72-year-old male PDD donor, 83-year-old male DLB donor, a 

72-year-old female MSA donor, 77-year-old female AD donor, 72-year-old male PSP donor. 

Lewy bodies are indicated with an arrow and Papp-Lantos bodies with an asterisk. The images 

were captured at 400x magnification and the scale bar represents a width of 40 μm.  
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Figure 3. Visualization of immunoreactivity patterns in radar charts: results of the semi-

quantitative assessment of the main morphological structures that are revealed by each 

antibody for each brain region and different diagnostic groups. 5C1 immunostaining profiles 

are characterized by prominent synaptic-like, whereas SYN105 and 11A5 clearly distinguish 

between PD/PDD/DLB versus MSA. In all cases 11A5 reveals most of the scored 

morphologies as it always has the largest immunostaining line profile area, while 

immunoreactivity profiles for SYN105 and 11A5 were similar.  
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Discussion 

In this study, we aimed to define which cell types and morphological structures are 

immunoreactive for antibodies selectively raised against the C-terminus (CT), pSer129 

and 122CTT α-syn in different brain regions of donors with PD, DLB, MSA and non-

neurological controls. We observed that pSer129 and 122CTT α-syn revealed strong 

labeling of characteristic pathological hallmark structures for distinct 

synucleinopathies, e.g. neuronal inclusions such as LBs and LNs in PD/PDD/DLB 

patients and oligodendroglial cytoplasmic inclusions in MSA patients. The 5C1 

antibody against α-syn's CT (res. 118-126), however, detected less pathological 

structures but prominent synaptic-like staining both in patients and controls. 

Interestingly, a closer inspection of the immunostainings revealed many more many 

more α‐syn-immunopositive structures in addition to these hallmark structures in in 

brains with synucleinopathy that are less highlighted in literature, including astroglial 

features and nuclear staining profiles. 

Astroglial structures immunopositive for α‐syn have been reported in the past mainly 

in the temporal cortex and more recently in the insular cortex of DLB patients (8, 27-

29). In our study, morphological features related to astroglia in our study included 

diffusely stained astrocytes and garland-shaped astrocytic staining. These 

morphological structures were observed in all analyzed brain regions of patients with 

a synucleinopathy – particularly in DLB - and very occasionally in patients with 

neurodegenerative diseases not primarily related to α-syn (AD, PSP) (AD/PSP). We 

observed very limited α‐syn-positive astrocytic features in MSA, which is in line with 

previous reports (9).  Immunoreactivity of astrocytes for pSer129 α‐syn was described 

before (30), while immunoreactivity of astrocytes for CTT α‐syn has not been reported 

until now. However, this latter finding is in line with previous suggestions that a 

substantial part of α‐syn in astrocytes may be truncated, based on the observation that 

most studies reporting α‐syn-immunopositive astrocytes used antibodies against the 

central portion of α‐syn (31). Currently, the provenance of astrocytic α‐syn in inclusions 

is unclear, although it has been suggested that astrocytes take up extracellular α‐syn 

released from neurons, either by an active process or as a result of their degeneration 

(31). As an important role for astrocytes has been proposed in the spreading of α‐syn 

(31), more insight into the clinical relevance of astrocytic α‐syn accumulation and its 
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contribution to the pathology of different synucleinopathies is critical, particularly in the 

context of (immuno)therapies aiming to slow disease progression in PD/DLB.   

 

We further report a variety of other less frequently described α-syn-immunopositive 

structures, such as patches of small neurites and dot-like structures, together resulting 

in a multitude of α‐syn-positive morphologies. Nuclear staining detected by 11A5 is in 

support of results from a recent study reporting nuclear localization of α‐syn modulated 

by pSer129, in cellular systems and the temporal lobe of the DLB brain (32). Although 

these morphologies were less frequently observed than the hallmark structures – and 

therefore not semi-quantitatively scored in the present study – our observations 

highlight that the neuropathology of synucleinopathies encompasses more features 

than just their hallmark structures (27, 33, 34).  

Antibodies against pSer129 α-syn  and – to lesser extent – 122CTT α-syn  showed a 

wide range of morphological structures in patients with synucleinopathies, with very 

limited reactivity in non-neurological controls or in patients with neurodegenerative 

diseases not primarily related to α-syn (AD, PSP) (AD/PSP). This supports the 

enrichment of pSer129 and CTT α-syn in pathological inclusions as was suggested by 

biochemical and other immunohistochemical studies (16, 19, 25, 35). Our data indicate 

that the immunoreactivity profiles of antibodies against PTM α-syn – and particularly 

pSer129 α-syn - are associated with pathological inclusions and that they are sensitive 

markers for α-syn pathology by means of immunohistochemistry (25, 36-38).  5C1, 

with an epitope spanning res. 118-126 of α-syn’s CT showed a distinct immunostaining 

profile characterized by extensive synaptic-like staining in patients with 

synucleinopathies, but also in neurodegenerative diseases not primarily related to α-

syn (AD, PSP) and in non-neurological subjects. The latter observation indicates that 

5C1 detects physiological forms of α‐syn. The synaptic-like staining patterns were 

observed in in all studied brain regions, but more pronounced in hippocampus, tENT 

cortex and putamen compared to the SN. Synaptic-like staining has been previously 

described in immunostainings with antibodies against recombinant full length and 

against CT α-syn in post-mortem human brain tissue (39).  

 

The observed differences in immunoreactivity patterns for antibodies detecting 

different α‐syn species suggests that these antibodies can provide complementary 
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information about α‐syn localization under physiological and pathological conditions. 

In support of this, pSer129 and CTT α‐syn reveal different subcellular localization 

patterns for different α-syn epitopes which was recently reported using high-resolution 

microscopy techniques 39.  This may indicate that compiling a larger panel of well-

characterized α‐syn antibodies with different epitopes, could allow for a more complete 

characterization of α‐syn pathology. Interestingly, the development of a similar panel 

of antibodies was recently reported in the context of AD, detecting PTMs of tau (40). 

The amount of available antibodies against different conformations, epitopes and/or 

PTMs of α‐syn has quickly grown and even antibodies detecting other proteins may 

serve as potential candidates for such a panel (39, 41-44). 

 

The main strength of this study is the systematic analysis of immunostaining patterns 

for the three antibodies of interest in adjacent tissue sections of a clinically and 

pathologically well-characterized cohort that includes donors with different 

synucleinopathies. Moreover, substantial information on epitope characterization and 

biochemical validation of the selected antibodies is available in literature. (16, 20). 

However, there are limitations to this study worth noting, mainly concerning the semi-

quantitative assessment of scores. For instance, although we set strict definitions of 

the morphological structures, the analysis was performed in 2D, which may still have 

caused ambiguities when scoring. Neuritic structures could perhaps be cut such that 

they resemble dot-like structures or even a LB. Hence, we tried to make agreements 

on avoiding such ambiguities by, in this case, when small structures were located along 

a straight line, considering them as a LN. Similar analyses in a larger sample size may 

in the future also yield more rigid conclusions. 

 

In conclusion, we defined and mapped the morphological structures immunostained 

with the biochemically well-characterized 11A5, SYN105 and 5C1 antibodies in post-

mortem human brain tissue of donors with and without synucleinopathy. Mainly 

antibodies against pSer129 and CTT α-syn revealed a multitude of morphologies in 

brains with different synucleinopathies, in neurons, oligodendrocytes and astrocytes, 

and highlight tremendous morphological heterogeneity of α-syn pathology even within 

one disease. Our data suggests that a panel of highly-selective antibodies against 

different α-syn epitopes may aid in a better characterization of neuropathological 



189 
 
 

 

features of different synucleinopathies However, further exploration of these and other 

antibodies in larger cohorts providing more insights into the clinical relevance of the 

listed pathological structures and more detailed subtyping of among synucleinopathies. 

 

Methods 
Post-mortem brain tissue. For this study, formalin fixed, paraffin-embedded brain 

tissue from a cohort of donors who suffered from different synucleinopathies (PD, PDD, 

DLB and MSA-P; MSA with Parkinsonim) and non-neurological donors (Table 1) was 

cut into 10 μm-thick sections which were utilized for immunostainings. The brain 

regions of interest for this study were the SNpc, the CA2 region of the hippocampus, 

tENT cortex and putamen. The brain tissue was collected by the Netherlands 

Brainbank (www.brainkbank.nl) and the Normal Aging Brain Collection Amsterdam 

(NABCA) and from all donors or representatives written informed consent for a brain 

autopsy, the use of brain tissue and clinical information for research purposes was 

obtained. All procedures of the NBB and NABCA were approved by the local ethical 

committee of Amsterdam UMC (Amsterdam).  

Immunohistochemistry. The staining protocol for each of the utilized antibodies was 

optimized by testing different concentrations and AR methods. End dilutions for 

application were set at the lowest antibody dilution after which increasing antibody 

concentration did no longer lead to an increase in the amount of observed 

morphological structures.  

For this study three different antibodies produced by Prothena (U.S.A.) (SYN105, 68 

ng/ml; 11A5, 60 ng/ml; 5C1, 111 ng/ml) were compared to the commercially available 

KM51 antibody (Novocastra, U.K., 1:500 diluted in Phosphate Buffered Saline (PBS, 

pH = 7.4) with 2% normal goat serum (DAKO)). The 11A5 antibody specifically detects 

pSer129 α-syn, which has been confirmed by means of western blotting (16, 19). 

Immunoblotting showed that SYN105 detects α-syn calpain cleaved at residue 122 

(CTT-122 α-syn) and that the binding site of 5C1 stretches from residue aa 118 until 

126 (16, 20, 21). All the experiments were performed using an EnvisionTM+ kit (DAKO) 

as a high-sensitivity visualization system with 3,3’-diaminobenzidine (DAB) as the 

visible chromogen. 
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As protocols for pathological assessment of α-syn pathology often include antigen 

retrieval methods, we studied potential enhancing and diminishing effects of ARs and 

Triton were tested for each of these antibodies next (Fig. S2). The following AR 

methods were applied and compared to no AR method: 1) a ten minute incubation step 

in 80% Formic Acid (FA) at room temperature (RT); 2) a thirty minute incubation step 

in citrate buffer pH=6 in a steamer at 95°C; 3) a ten minute incubation step in 20µg/ml 

proteinase K in a tris-EDTA buffer pH=8.0, at 37°C. Furthermore, the effect of the 

addition of 0.1% Triton x-100 in the blocking solutions was explored. We observed that 

the addition of 0.1%Triton diminished the detection of immunoreactive morphological 

structures for all studied antibodies. The addition of formic acid (80%) pre-treatment in 

the protocol, in contrast, generally resulted in mildly enhanced detection of 

immunoreactive structures for the antibodies of interest (Fig. S2a-IV, b-IV and c-IV). 

Sometimes, the effect of AR was dependent on the antibody: heat-induced AR in citrate 

buffer as well as proteinase K pretreatments enhanced SYN105 immunostainings, 

while less structures were labeled in 11A5 immunostainings (Fig. S2).  To compare the 

detection profiles between antibodies against different α-syn protein variants, it was 

decided to perform qualitative and semi-quantitative analyses on immunostaining 

without pre-treatment.  

The α‐syn clone KM51 antibody against human recombinant α‐syn is the preferred 

antibody for neuropathological diagnostics in many centers, based on guidelines of the 

BrainNet Europe consortium (4). As in previously described protocols, 

immunolabelings for KM51 were performed using both heath-induced AR in citrate 

buffer pH=6 and, subsequently, 80% FA (4). α‐Syn immunoreactive structures, 

visualized with the KM51 clone, include granular structures and LBs, extracellular LB-

like structures, bulgy and thread-like LNs (4, 5, 45). We compared antibody 

immunostaining profiles of 11A5, SYN105 and 5C1 with the KM51 profile in adjacent 

sections.  

Qualitative and semi-quantitative analysis. For analysis, the immunostained 

sections were first examined qualitatively by means of light microscopy (Leica DM5000 

B photo microscope). High-resolution images were captured with the Leica DFC450 

camera (HC PL APO 40 x 1.30 NA oil or HC PL APO 63 x 1.40 NA – 0.60 oil objective) 

and the LAS 4.0 software.  
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Then, in all brain sections, the detectability of the morphological structures (defined in 

Table 2) was assessed. The immunoreactivity of these structures was assessed per 

brain region, and for each structure was determined whether it was always present (+), 

sometimes present (+/-) or not present at all (-) within a diagnostic group. For the semi-

quantitative analysis, a representative anatomical region of interest (ROI) was chosen 

with an HC PLAN APO 20 x 0.70 NA objective in each tissue section of each subject 

and photographed with the Leica DFC450 camera and the Nuance Spectral Imager 

software (version 3.0.2). As the putamen spanned a wider surface, three ROIs were 

selected with an HC PL APO 10 x 0.40 NA objective (the most caudal, middle and 

rostral part of the putamen) in this region, that were again analyzed with an HC PLAN 

APO 20 x 0.70 NA objective.  

The presence of the main morphological structures, namely intraneuronal LBs (both 

targetoid and non-targetoid), thread-like and bulgy LNs,  dot-like and small structures 

and GCIs (only including Papp-Lantos and ring-shaped GCIs ) was then assessed in 

these ROIs, after which median scores were calculated and presented for each 

diagnostic subgroup and non-neurological subjects. For the putamen, the median 

score for each of the sections (over three ROIs) was taken as the score for the putamen 

region of that study subject. The ROIs were scored by consulting the rubric in table 3, 

by two independent raters, CM and TM. The median scores were calculated in SPSS 

22 after scoring the before mentioned labels from 1 to 4 respectively per diagnostic 

group for each brain region and antibody. The overall percentage of agreement 

between the semi-quantitative scores assessed by rater 1 (CM) and 2 (TM) was 84%.  

For comparison of the visualization of pathological structures between antibodies, a 

‘total pathology score’ was composed by summing the semi-quantitative scores for all 

main morphological structures, but the synaptic-like staining, for each synucleinopathy 

patient. Hence, excluding the total pathology scores for AD, PSP and non-neurological 

donors, for each antibody the sample size was n = 18 for the SNpc and n = 20 for 

hippocampus CA2, tENT cortex and putamen (Table S4). Then the median total 

pathology scores of the four antibodies were compared per brain region by means of 

a non-parametric Kruskal-Wallis test after conforming that the independent 

observations were similarly distributed for each antibody within each brain region. The 

post-hoc pairwise comparisons were Dunn-Bonferroni corrected for multiple 
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comparisons. A p-value below α = 0.05 after Bonferroni correction for multiple 

comparisons was considered significant in all comparisons.  

Lastly, the radar charts in figures 3 and S3 were extracted from Excel 2010, figures 1, 

2 and S2 were constructed in Adobe Photoshop CS6 Extended and figure 4 in 

Graphpad 7. 
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Supplementary Tables and Figures 

Supplementary Table S1. The detectability of morphological structures with each antibody in 

each of the diagnostic groups and brain regions. A ‘-’ indicates that the structure was not 

detectable at all, ‘+/-’ indicates that the structure was variably detectable and ‘+’ indicates that 

the structure was consistently detectable. The assessment of DCNIR was ambiguous in the 

hippocampus CA2, tENT cortex and putamen due to the abundant presence of lipofuscin, 

hence N/A is denoted. The diagnostic subgroups for which a symbol holds are indicated with 

a superscript: 1=PD, 2=PDD, 3=DLB, 4=MSA, 5=PSP, 6=AD and 7= non-neurological control 

and if a group is not mentioned in a subscript, the structure has not been detected in that group. 

LB, Lewy body; NGNIR, neuronal granular nuclear immunoreactivity; DCNIR, diffuse 

cytoplasmic neuronal immunoreactivity; LN, Lewy neurite; PSNDS, patch of small neurites and 

dot-like structures; RSGCI, ring-shaped glial cytoplasmic inclusion; DSA, diffusely stained 

astrocyte; IR, immunoreactivity; GSAS, garland-shaped astrocytic staining; GGAPS, grouped 

globular α-syn-immunopositive structure. 

location 

midbrain (SNpc) hippocampus CA2 transentorhinal cortex putamen 

KM51 
SYN 
105 11A5 5C1 KM51 

SYN 
105 11A5 5C1 KM51 

SYN1
05 

11
A5 5C1 KM51 

SYN 
105 11A5 5C1 

extracellular 

LB 
+: 1,3,5       
+/-: 2 

+: 2,3      
+/-: 1 

+: 2,3      
+/-: 
1,4 

+: 
1,2,
3       
+/-: 
5 

+/-: 
1,2,3,6 

+: 3         
+/-: 1,2 

+: 3         
+/-: 1,2 

+/-: 
1,2,3
,6 

+/-: 
1,2,3 

+: 3               
+/-: 
1,2,4 

+: 
2,3       
+/-: 
1,4 

+/-: 
1,2,3,
6 

+/-: 1     
+: 2,3       

+: 2          
+/-: 1,3 

+: 
1,2,3 

+: 3       
+/-: 
1,2 

dot-like 
structure 

+: 1,2,3       
+/-: 4,7 

+: 
1,2,3      
+/-: 
4,7 

+: 
1,2,3    
+/-: 
4,7 

+: 
1,2,
3,5     
+/-: 
4,7 

+: 
1,2,3,4,
5,6  +/-
: 7 

+: 
1,2,3  

+: 
1,2,3 

+/-: 
1,2,3
,4,6 

+: 
1,2,3,5,
6     +/-: 
4,7 

+:2,3      
+/-: 
1,6 

+: 
1,2,
3      
+/-: 
4,6,
7 

+/-: 
1,2,3,
6,7 

+: 
1,2,3     
+/-: 5,6 

+: 
2,3,4,5   
+/-: 
1,6,7 

+: 
1,2,3    
+/-: 4,5 

+: 3       
+/-: 
1,2,7 

intracellular  
small 
astrocytic/
neuritic 
profile 

+: 
1,2,3,5,6       
+/-: 4,7 +: all +: all 

+: 
all +: all 

+: 
1,2,3,4,

5,6   
+/-: 7 +: all 

+: 
all +: all +: all 

+: 
all +: all 

+: 
1,2,3,4,
6    +/-: 

5,7 

+: 
1,2,3,4,
5     +/-

: 6,7 

+: 
1,2,3,4,
5     +/-

: 6 +: all 

synaptic-
like 
staining - 

+/-: 
3,5 - 

+: 4         
+/-: 
1,2,
3,5,

7 - +/-: 3 - 

+: 
1,2,3
,4,5,

6  
+/-: 
7 - - - 

+: 
3,4,6     
+/-: 7 +/-: 1 -  - 

+: 
1,2,3,
4,5,6   
+/-: 7 

neuron  

NGNIR - 
+/-: 

2,3,4 +/-: 4 - +/-: 1 +/-: 1,3 +/-: 2,3 - 
+/-: 

1,3,4 
+/-: 

1,2,3 
+/-: 
2 - +/-: 4 - - +/-: 4 

LB 
+: 1,2,3    
+/-: 4 

+: 
1,2,3,

5 

+: 
1,2,3       
+/-: 4 

+: 
1,2,

3     
+/-: 
4 

+: 2,3      
+/-: 1 

+/-: 
1,2,3 

+: 3         
+/-: 1,2 

+: 2       
+/-: 
1,3 

+:2,3      
+/-: 1,6 

+: 2,3      
+/-: 1 

+: 
1,2,

3 

+: 
2,3        

+/-: 1 
+: 

1,2,3 
+/-: 

1,2,3 
+/-: 

1,2,3 
+: 2,3      
+/-: 1 

 DCNIR 

+: 
1,2,3,4       
+/-: 5,7 

+: 
1,2,3    
+/-: 

4,5,7 

+: 
1,2,3,4    

+/-: 
5,7 

+: 
1,2,

3     
+/-: 
4,5,

7 N/A N/A N/A N/A N/A N/A 
N/
A N/A N/A N/A N/A N/A 

small thin 
neurite 

+: 3       
+/-: 

1,2,4,5 

+:2,3,
5   +/-
: 1,4 

+: 
1,2,3,4 

+: 2       
+/-: 
1,3 

+: 2,3      
+/-: 1 

+: 
1,2,3 

+: 
1,2,3    

+/-: 4,6 - +: 1,2,3 
+: 2,3      
+/-: 1 

+: 
1,2,
3     

+/-: 
4,6 - 

+: 
1,2,3,4   
+/-: 6 

+: 2,3       
+/-: 1,4 

+: 
1,2,3    

+/-: 4,6 - 



196 
 
 

 

thread-like 
LN 

+: 3       
+/-: 

1,2,4,5 
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1,3,5   
+/-: 
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+: 
1,2,3,4 

+/-: 
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+: 
1,2,3      
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+: 3       
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1,2,3     
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+/-: 
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+: 2,3    
+/-: 1 

+: 
1,2,3 
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+/-: 1 

+/-: 
1,2,3 
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1,2,4 
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+/-: 2 

+: 
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1,4 

+/-: 
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1,2,3    
+/-: 4 

+: 
1,2,3    
+/-: 4 

+/-: 
1,2,3,

4 

PSNDS - - 
+: 3        

+/-: 2 - 
+: 3       

+/-: 2  
+/-: 

1,2,3 
+: 2,3      
+/-: 1 - +/-: 2,3 +/-: 3 

+: 3        
+/-: 
1,2 - 

+/-: 
1,2,3 +/-: 1 +/-: 2,3 - 

glial cell  
glial 
nuclear 
inclusion 

+/-: 
1,2,3,4,5 

+: 4, 5       
+/-: 

1,2,3 
+: 3,4 
/-: 1,2 

+: 4 
/-: 
1,3 

+/-: 
1,2,4,5 +/-: 4 +/-: 4 

+/-: 
4 +/-: 4 

+/-: 
3,4 

+/-: 
2,3,
4 +/-: 4 

+/-: 
1,2,3,4 

+/-: 
2,3,4 

+: 4      
+/-: 

1,2,3 - 

Papp-
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body 
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+/-: 1,2 
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+/-: 

1,2,3,
5 

+: 4        
+/-: 

1,2,3,5 

+: 4         
+/-: 
1,2,

3 +/-: 4 +: 4 +: 4 +: 4 +: 4 

+: 4       
+/-: 
2,3 
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1,2 +: 4 +: 4 

+: 4       
+/-:1  

+: 4      
+/-: 3 +: 4 

RSGCI 
+: 4       

+/-: 1 

+: 4       
+/-: 

1,2,3 

+: 4        
+/-: 

1,2,3 

+: 4       
+/-: 
1,2,

3 +/-: 4 +: 4 +:4 
+/-: 
4 +: 4 

+: 4        
+/-: 3 

+: 4        
+/-: 
1,3 +: 4 

+: 4        
+/-: 

1,2,3,7 +: 4       
+: 3,4      

+/-: 1,2 +: 4 

DSA - 
+/-: 3, 

5 +/-: 3 - - +/-: 1 +/-: 1,3 - +/-: 3 - 
+/-: 
3,6 - +/-: 3 -  

+/-: 
1,2,3 - 

α-syn IR 
glial 
extensions
* - 

+/-: 
2,3,5 

+/-: 
1,3 - +/-: 3 +/-: 1,2 

+/-: 
1,2,3 - +/-: 2 - 

+: 
2,3       
+/-: 
1 - +/-: 3 - 

+/-: 
1,2,3,4 -  

GSAS and 
GGAPS +/-: 3,5 

+/-: 
1,3,5 

+: 3        
+/-: 
1,2 

+/-: 
1,2,
3,5 +/-: 2,3 

+/-: 
1,2,3 

+/-: 
1,2,3 

+/-: 
2 +/-: 3,6 +/-: 2  

+/-: 
1,2,
3 - 

+: 2,3      
+/-: 1 

+/-: 
1,2,3,6 

+: 3      
+/-: 

1,2,4 +/-: 3 
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Supplementary Figure S2. Differences in immunostaining after the application of different AR 

methods photographed for SYN105, 11A5 and 5C1 in the SNpc of a PD patient. Please note 

that neuromelanin is visible in the large dopaminergic neurons. The thin black arrows point at 

examples of Lewy bodies, the filled thick arrows at examples of bulgy Lewy neurites, the empty 

thick arrows at thread-like Lewy neurites and no clear glial structures or nuclear staining is 

visible. Synaptic-like staining revealed by 5C1 is mainly visible in c-I and c-V. The images have 

been captured at 400x magnification and the scale bar represents a width of 100 µm.   
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Supplementary Figure S3. Results of the semi-quantitative assessment of the main 

morphological structures that are revealed in the AD and PSP brain by each antibody, for 

each brain region presented in radar charts.  
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Abstract  

Post-translational modifications of alpha-synuclein (aSyn), particularly phosphorylation 

at Serine 129 (Ser129-p) and truncation of its C-terminus (CTT), have been implicated 

in Parkinson’s disease (PD) pathology. To gain more insight in the relevance of 

Ser129-p and CTT aSyn under physiological and pathological conditions, we 

investigated their subcellular distribution patterns in normal aged and PD brains using 

highly selective antibodies in combination with 3D multicolor STED microscopy. We 

show that CTT aSyn localizes in mitochondria in PD patients and controls, whereas 

the organization of Ser129-p in a cytoplasmic network is strongly associated with 

pathology. Nigral Lewy bodies show an onion skin-like architecture, with a structured 

framework of Ser129-p aSyn and neurofilaments encapsulating CTT aSyn in their core, 

which displayed high content of proteins and lipids by label-free CARS microscopy. 

The subcellular phenotypes of antibody-labeled pathology identified in this study 

provide evidence for a crucial role of Ser129-p aSyn in Lewy body formation. 
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Introduction 

The presence of cellular inclusions – termed Lewy Bodies (LBs) and Lewy 

Neurites (LNs) – in predilected brain regions pathologically defines Parkinson’s 

disease (PD) and dementia with Lewy bodies (DLB). LBs and LNs are defined as 

eosinophilic inclusions with different morphologies, typically dependent on brain region 

(brainstem, limbic or cortical) 1, 2. The mechanism determining the formation and 

morphology of these inclusions remains elusive. LBs and LNs are strongly 

immunoreactive for alpha-synuclein (aSyn), which is one of their major components 3. 

aSyn is a 14kDa protein ubiquitously and highly expressed in neurons under 

physiological conditions. Its enrichment in presynaptic terminals has been established 
4, 5, 6, 7, while more recent studies have reported additional intraneuronal localizations 

for aSyn, including mitochondria, endoplasmatic reticulum (ER) and Golgi 7. The 

primary sequence of aSyn contains 140 amino acids and is composed of three distinct 

domains. An important role has been proposed for the lipophilic N-terminus (NT) and 

non-amyloid-β component domain (NAC domain) in the interaction of aSyn with lipid 

membranes 7, 8, while the residues 96-140 encompass the negatively charged, acidic 

C-terminus (CT) of aSyn for which important roles have been proposed in the 

interaction of aSyn with other proteins or metal ions 9. The CT further harbors the 

majority of sites where aSyn can be post-translationally modified (PTM) 10.  

The list of aSyn PTMs detected in the human brain has grown extensively in 

recent years, which highlights the physicochemical and structural flexibility of aSyn 11, 

12. Some of these PTMs have been implicated in PD pathology - in particular the 

phosphorylation at Serine 129 (Ser129-p) and truncations of the C-terminus (CTT). 

Ser129-p aSyn and different CTT fragments of aSyn were identified in pathology-

associated fractions of the DLB brain using mass spectrometry and immuno-based 

biochemical assays 13, 14, 15. Among the CTT variants most consistently identified in 

human brain tissue are the truncations at Asp-119 and Asn-122 14, 15, 16. Although 

Ser129-p and CTTaSyn can be detected in small amounts under physiological 

circumstances17, these PTMs are enriched under pathological conditions 13, 14, 16, 18, 19. 

Immunohistochemical analyses in post-mortem brain tissue of DLB patients and also 

aSyn transgenic mouse brains have pointed to a potential role of 122CTT in axonal 

and synaptic degeneration, which was ameliorated by blocking of calpain-mediated 
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cleavage of aSyn by overexpressing calpastatin in aSyn transgenic mice 20. A laminar 

appearance of LBs with tyrosine hydroxylase (TH) and ubiquitin in the inner core, 

surrounded by 122CTT aSyn and Ser129-p aSyn in inner and outer layers, 

respectively, was previously described in the substantia nigra (SN) of subjects with 

incidential Lewy body disease (iLBD) and PD patients21. There results suggest that 

these forms of aSyn play a central role in the formation of LBs. Experimental studies 

have further suggested an important role for CTT in aSyn aggregation, as enhanced 

fibril formation was reported for this PTM with recombinant aSyn in vitro 16, 22, 23, 24, 25.  

However, the exact role of CT modification by either phosphorylation or truncation in 

aSyn aggregation and toxicity, remains subject of active debate 26.  

A great interest has emerged for PTM aSyn as a potential biomarker and 

therapeutic target for PD 27, 28, and led to the development of new research tools, 

including antibodies specifically directed against Ser129-p and CTT aSyn. Although 

such antibodies were reported to show immunoreactivity in LBs and LNs 13, 14, 21, only 

little is known about their detailed immunoreactivity patterns in the human brain. More 

information on the subcellular distribution of Ser129-p and CTT aSyn is crucial for a 

better understanding of their relevance in PD pathology, and therefore highly relevant 

for ongoing and upcoming immunovaccination therapies targeting different aSyn 

species. In this study, we aim to define the manifestation of Ser129-p and CTT aSyn 

in neurons under physiological and pathological conditions. For this purpose, we 

mapped subcellular immunoreactivity patterns of highly selective antibodies directed 

against Ser129-p and CTT aSyn in post-mortem brain tissue of clinically diagnosed 

and neuropathologically verified PD patients, as well as donors with iLBD and aged 

non-neurological subjects, using high-resolution 3D confocal scanning laser 

microscopy (CSLM) and stimulated emission depletion (STED) microscopy.  

Our results provide detailed insights into antibody-labeled subcellular pathology 

in PD, demonstrating a systematic onion skin-like architecture of nigral LBs composed 

of layers enriched for specific aSyn epitopes, in line with previous results from Prasad 

et al21. In extension of this previous finding, we discovered that Ser129-p aSyn at the 

periphery of such onion-skin type LBs is embedded in a structured cage-like framework 

of cytoskeletal components such as intermediate neurofilaments. Results of label-free 

coherent anti-Stokes Raman scattering (CARS) microscopy confirm the presence of 
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increased lipid and protein contents in the core of a-Syn immunopositive inclusions. 

Together, these observations suggest the encapsulation of aggregated proteins and 

lipids in the core of LBs. Cytoplasmic CTT reactivity is associated with mitochondria in 

PD patients as well as controls, while Ser129-p aSyn is organized in a cytoplasmic 

network in neurons specifically in brains with LB pathology. The presence of this 

cytoplasmic network in neurons without inclusions in patients with early PD stages and 

incidental LB disease (Braak 3) suggests that this feature is an early subcellular 

manifestation of aSyn pathology. Based on our observations in the different 

experiments in this study, we identified a subset of subcellular phenotypes associated 

with pathology, which possibly reflect different maturation stages of Lewy pathology. 

Our data suggest extensive cellular regulation of Lewy body formation and maturation, 

and support a key role for Ser129-p aSyn in this process.  

Results 

Antibodies against aSyn protein variants highlight the heterogeneous nature of 
Lewy pathology 

In accordance with existing literature 13, 14, 21, immunohistochemical (IHC) 

stainings using antibodies (specified in Supplementary Tables 1 and 5, and 

Supplementary Figures 9 and 10) selectively raised against truncated aSyn species 

(119 and 122 CTT aSyn) and Ser129-p aSyn labeled a variety of pathology-associated 

morphologies in post-mortem brain tissue from clinically diagnosed and 

neuropathologically confirmed advanced PD patients (Braak 5/6; Supplementary Table 

2), including LBs and LNs. These neuronal inclusions were also detected using 

antibodies directed against epitopes within specific domains (CT, NT and NAC 

domain), while this group of antibodies revealed synaptic-like staining profiles in 

addition, most prominently in the hippocampus and transentorhinal cortex. 

Representative images of neuronal aSyn-positive inclusions labeled with antibodies 

against different aSyn epitopes, taken in the substantia nigra (SN), hippocampus and 

transentorhinal cortex of PD patients, are shown in Supplementary Figure 1, together 

with KM-51, an antibody commonly used for neuropathological diagnosis 29. 

Lewy pathology in PD has been described to display substantial morphological 

heterogeneity, is amongst others determined by size of the inclusions, brain region, 
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and specific cell type 1. When focusing on perinuclear aSyn-immunopositive 

intracytoplasmic inclusion bodies in the different analyzed brain regions (SN, 

hippocampus, transentorhinal cortex), we defined two main types of morphologies 

based on their IHC labeling profiles for antibodies against aSyn. In a large subset of 

spherical LBs in the SN, immunoreactivity for aSyn antibodies revealed a ring-shaped 

appearance, i.e. with a strong immunopositive band surrounding a central – weakly or 

unstained - core (Supplementary Figure 1A). Inspection in adjacent brain sections of 

the same patients suggested that this ring-shaped appearance of LBs was most clearly 

visualized by antibodies against Ser129-p aSyn and CT aSyn (Supplementary Figure 

1A, xiv, xxvi). Antibodies directed against other aSyn epitopes generally revealed less 

contrast between core and immunoreactive ring. For certain antibodies, an area of 

weaker immunoreactivity surrounding the strongest immunopositive portion of LBs 

could be observed (f.i. Supplementary Figure 1A, xviii). The ring-shaped, lamellar 

appearance of midbrain LBs has been described with antibodies against aSyn in 

literature21, and a subset of these morphologies were shown to represent the 

eosinophilic ‘classical LBs’ unambiguously identified by hematoxylin and eosin 

stainings2. Peripheral immunoreactivity surrounding a weakly stained central core 

could also be observed in a subset of the dystrophic LNs in the SN (Supplementary 

Figure 1B). 

Other intracytoplasmic aSyn-immunopositive inclusions showed diffuse and 

uniform labeling throughout the structure. This IHC pattern was generally observed for 

limbic and cortical LBs in the hippocampal CA2 region and transentorhinal cortex, 

respectively, but also for certain inclusions in the SN 1, 2. In the latter region, a subset 

of inclusions with uniform aSyn labeling have previously been termed as pale-body like 
1, 2. The shapes of inclusion bodies uniformly labeled for aSyn showed substantial 

heterogeneity, including globular and compact appearing structures (f.i. 

Supplementary Figure 1A, xxiii), as well as irregularly-shaped expansive-appearing 

cytoplasmic inclusions (f.i. Supplementary Figure 1A, i&iii), as has been previously 

described for cortical LBs 1, 2, 30.  
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A subset of nigral LBs and LNs displays a consistent onion skin-like distribution 
of aSyn epitopes  

 To further assess the exact localization patterns of aSyn epitopes in different LB 

and LN morphologies, multiple immunofluorescent labelings were performed using 

antibodies selectively raised against different aSyn variants, in different combinations 

and stained features were inspected by high-resolution confocal and STED 

microscopy. Similar to our observations in brightfield microscopy, we observed a 

variety of aSyn-immunopositive features. As described before, a major distinction 

could be made between LB and LN morphologies that revealed either a ring-shaped 

appearance or a uniform distribution of Ser129-p aSyn immunoreactivity.  

 In the subset of ring-shaped LBs in the SN, we observed that Ser129-p aSyn, 

119CTT and 122CTT only partially co-localized, using different combinations of 

antibodies (Supplementary Tables 1 and 5 and Supplementary Figures 9 and 10). In 

particular, Ser129-p immunopositive rings in nigral LBs localized consistently more 

towards their periphery as compared to staining patterns for 119CTT or 122CTT aSyn 

(Figure 1A, C, Supplementary Video 1,2). Interestingly, different localization patterns 

were also observed between antibodies against NAC, NT and CT residues 118-126 of 

aSyn, with CT aSyn immunoreactivity surrounding the other domains (Figure 1B, D, 

Supplementary Video 3). 

When combining all these antibodies in one multiple labeling protocol, a gradual 

and distinct distribution of immunoreactivities in nigral LBs was observed (Figure 2A). 

The lamellar organization of different concentric rings together demonstrated an onion 

skin-like morphology (Figure 2E, Supplementary Video 4), with pronounced reactivity 

for CT and Ser129-p aSyn at the periphery, while antibodies against CTT aSyn, NT 

and NAC aSyn localized more towards the core of these structures (Figure 2A-C). 

These distribution differences were confirmed using a set of different antibodies 

directed against similar epitopes (Supplementary Figure 2; Supplementary Table 1). 

Converging DAPI reactivity was consistently observed at the core of midbrain-type 

LBs, although this signal was generally weaker than its staining intensity in neighboring 

cell nuclei (Figure 2B). 3D CSLM analyses showed that the lamellar build- up of this 

subset of LBs was present throughout the entire structure (Figure 2E, Supplementary  
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Fig 1: Lamellar distribution patterns of aSyn PTMs and aSyn domains in LBs. A: Triple 

labeling of aSyn PTMs: representative raw STED image of a nigral LBin patient PD7, showing 

immunoreactivity for Ser129-p aSyn at the periphery of the LB while 119CTT and 122 CTT 

aSyn are localized in the core of the structure. B: 3D reconstruction based on deconvolved 

CSLM images showing the lamellar distribution of different aSyn PTMs in a nigral LB in patient 

PD6. C: Triple labeling of different aSyn domains: raw STED image of a nigral LB, showing 

immunoreactivity for CT aSyn at the periphery of the LB and NT and NAC aSyn staining in the 

core of the structure, taken in the SN of patient PD8. C: 3D reconstruction based on 

deconvolved CSLM images showing different localization for different aSyn domains in a 

complex of three LBs in the SN of patient PD8. Scale bar in A and C: = 2 µm 

Video 4). Interestingly, dystrophic LNs in the SN were frequently observed to contain 

compositions similar to these LBs (Figure 2D). 

  To test the consistency of this observation, we semi-quantitatively examined 30 

LBs in formalin-fixed paraffin embedded SN sections from 7 PD patients 

(Supplementary Table 3). LBs included for analysis contained a Ser129-p aSyn 
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immunopositive ring-shaped appearance, were localized in the cytoplasm of 

neuromelanin-containing dopaminergic neurons and had a diameter larger than 5µm 

(further explained in Methods). For each of the scanned LBs, relative signal intensities 

(as % of peak intensity within the same structure) were plotted per channel over a 

normalized LB diameter, in order to generate line profiles that visualize the distributions 

of aSyn epitopes in each LB. The average line profile over the 30 LBs showed a clear 

separation of peak intensity localizations for the different aSyn epitopes, revealing that 

this gradual difference in distributions was consistent in the LBs selected for analysis 

(Fig. 2F, upper panel). In addition, we determined the position in each LB where the 

peak intensity for each aSyn epitope was localized relative to the LB origin, which we 

ranked among the different epitopes (Fig. 2F, lower panel). A different distribution of 

peak intensities was observed and confirmed by statistical analysis of this data (χ2: 

73.912 (4); p <0.0001; Figure 2F; Supplementary Table 3; post-hoc tests presented in 

Supplementary Table 4).   

The peak intensities of 122CTT aSyn were localized at a more central position 

compared to Ser129-p aSyn in almost all (97%; Table S3) analyzed LBs. Moreover, 

immunoreactivity of CTT aSyn was localized more to the core of LBs than antibodies 

against res 118-126 of aSyn’s CT in 97% of the analyzed LBs (Table S3), which was 

even more localized to the periphery than Ser129-p aSyn (Figure 2F). This finding 

confirms that the antibodies against 122CTT and CT aSyn in our study detect different 

aSyn species, and indicate that most of aSyn with an intact 118-126 portion of the 

epitope aSyn is present at the extreme periphery of LBs, while a substantial portion of 

aSyn in the LB core contains shortened CT. This effect could be specific for truncations 

at the CT, as peak intensities for NAC and NT aSyn were found more towards the 

central portion of the LB (Fig. 2F). No differences were observed between LBs 

measured in different patients for our analysis.  
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Fig 2: Onion skin-like orchestration of different aSyn epitopes in nigral LBs and LNs. A, 
B: Raw STED-images showing immunoreactivities for different aSyn epitopes in onion skin-

type LBs in the SN of patient PD1 (A) and PD5 (B). Immunoreactivities for CT and Ser129-p 

aSyn are localized at the periphery of the structures, while NT, NAC and 122CTT reactivities 

were present mainly in their core. C: Raw STED image of protocol including an antibody 

against 119CTT aSyn, taken in the SN of patient PD5. D: Raw STED image of a dystrophic 

LN in the SN of patient PD7. E: 3D reconstruction of an entire nigral LB based on deconvolved 

CSLM images in patient PD1. F: Top: Average line profile (±SEM) for 30 onion skin-like LBs 

measured in the SN of 8 PD patients, showing a separation of peak intensities. Bottom: 

summary of rankings of peak intensity locations from core to periphery for the studied aSyn 

epitopes, highlighting peripheral localization of CT and Ser129-p aSyn. Right: a schematic 

depiction of the lamellar architecture of LBs as revealed by antibodies against different aSyn 

epitopes. Source data for this Figure are provided as a Source Data file. A-C: Scale bar = 5 

µm; D: Scale bar = 10 µm.  
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Distribution patterns for different aSyn epitopes were also analyzed in 

cytoplasmic neuronal inclusions with uniform Ser129-p immunoreactivity without ring-

shaped appearance, in the same sections (in case of SN) and in other sections of the 

same patients (hippocampus/transentorhinal cortex). A detailed look on these inclusion 

bodies showed a homogeneous labeling for Ser129-p aSyn, except for typical ‘cavities’ 

lacking Ser129-p reactivity (Supplementary Figure 3A, D). Although such inclusions 

were unambiguously stained for Ser129-p aSyn, antibodies against other aSyn 

epitopes (particularly 122CTT, NAC and NT aSyn) generally revealed weak signal 

intensities that were distributed diffusely throughout the inclusion, while 

immunoreactivity for DAPI was barely increased compared to the surrounding. As a 

result of this, these inclusions appeared relatively unstructured – e.g. no systematic 

distribution patterns for aSyn epitopes were observed (f.i. Supplementary Figure 3A, 

Supplementary Video 5). Taken together, our results show morphology-dependent 

distribution patterns for aSyn epitopes in Ser129-p aSyn-positive cytoplasmic and 

neuritic inclusions and provide evidence for a consistent lamellar and onion skin-like 

3D organization of a subset of midbrain LBs and LNs.  

Onion skin-type LBs contain a cytoskeletal framework associated with 
Ser129-p aSyn 

The consistent lamellar architecture of midbrain onion skin-type LBs may suggest that 

this LB morphology is the result of extensive cellular organization. Major constituents 

in organizing cellular organelles and substructures are cytoskeletal proteins, which 

have been identified in LBs by immunohistochemical approaches before 31. In order to 

obtain more insight into their detailed distribution patterns in onion skin-type LBs and 

their association with aSyn immunoreactivity patterns, we applied additional multiple 

labeling experiments including markers for intermediate neurofilaments and beta-

tubulin which were analyzed using 3D gated STED microscopy. Markers for 

intermediate neurofilament and beta-tubulin showed immunoreactivity mainly at the 

periphery of nigral onion-skin type LBs, where they were associated with the 

immunoreactive band for Ser129-p aSyn (Figure 3). Together with Ser129-p aSyn, 

cytoskeletal markers visualized a ‘cage-like’ framework formed by cytoskeletal 

components and Ser129-p aSyn at the peripheral portion of LBs (Figure 3D).  
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Fig 3: Ser129-p aSyn forms a cage-like framework with cytoskeletal components at the 
periphery of nigral LBs. A: Deconvolved STED image of neuromelanin-containing 

dopaminergic neuron in the SN with LB. Immunoreactivity for beta-tubulin and neurofilament 

(in two rings) is observed at the periphery of the LB. B: Deconvolved STED images showing 

the detailed structure of neurofilament in a onion skin-type LB at different magnifications. C: 
Deconvolved STED images showing detailed beta-tubulin reactivity at the periphery of a LB. 

D: Left: 3D reconstruction of the localization of Ser129-p aSyn and cytoskeletal components 

in a nigral LB, highlighting the wheel-like structure of neurofilament. Right: schematic summary 

of the results. NF: neurofilament; β-Tub: beta-tubulin. A: Scale bar = 5 µm; B: upper and middle 

row: scale bar = 2 µm; lower row: scale bar = 0.5 µm; C: Upper row: Scale bar = 5 µm, lower 

row: scale bar = 1 µm. D: Scale bar = 5 µm.  

Although LBs are defined in brightfield microscopy as spherical smooth-edged 

inclusions, detailed STED imaging revealed that the outline of many LBs revealed 

irregular and radiating Ser129-p aSyn immunoreactivity patterns (Supplementary 

Figure 4). Beta-tubulin immunoreactivity showed substantial co-localization with 

Ser129-p aSyn at the LB periphery, and visualized similar radiating features, although 

even localized slightly more towards the outer LB portion (Figure 3B). Antibodies 

against intermediate neurofilaments, in contrast, revealed a remarkably structured 
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organization at the periphery of LBs. In particular, two immunopositive rings were 

labeled in LBs: one ring localized at the central portion of the Ser129-p aSyn 

immunopositive band, while another ring surrounded the Ser129-p/beta tubulin signals. 

These rings are connected by neurofilament-immunoreactive elements giving rise to a 

structure resembling a wheel (Figure 3B). The detailed distribution of cytoskeletal 

components around the Ser129-p immunopositive band was also observed in 3D 

(Figure 3D, Supplementary Video 6-S8).  

The wheel-like structure of neurofilaments at the peripheral portion of LBs was 

observed in many onion skin-type morphologies in the SN of all PD patients analyzed 

in this study, suggesting that this is a general feature of this LB-type (Supplementary 

Figure 5). For cytoplasmic inclusions uniformly labeled for Ser129-p aSyn and 

(dystrophic) LNs, the presence of cytoskeletal markers was less prominent, although 

(diffuse) immunoreactivity was occasionally observed in these morphologies. 

Together, this demonstrated that he organization of Ser129-p aSyn and cytoskeletal 

markers was characteristic for a specific subset of cytoplasmic inclusions, and may 

indicate that their recruitment and organization is an event related to certain maturation 

stages of LBs.  

Lipids and proteins are centralized in nigral aSyn-positive inclusion bodies 

 Together, our high-resolution microscopic observations revealed that in the 

heterogeneous landscape of aSyn pathology, a subset of morphologies reveals a 

consistent and structured ‘onion skin-like’ organization, pointing to the possibility that 

this LB morphology reflects an organized encapsulation of material in the LB core.  

Recently, we demonstrated that LBs contain increased protein and lipid levels using a 

label-free nonlinear optical imaging technique, CARS, on native brain tissue sections 

in combination with confocal microscopy 32. Here, we applied the a similar pipeline 

(Supplementary Figure 11) on sections of fresh-frozen midbrain tissue - including the 

SNpc - of 5 PD patients (Supplementary Table 2), to explore the distribution of lipid 

and protein contents in Ser129-p aSyn-immunopositive inclusions.  

We included a total of 57 neuronal inclusion bodies (3 to 7 inclusion bodies per 

patient) immunopositive for Ser129-p aSyn with a diameter larger than 5µm in the 

SNpc of these sections. In line with our observations in brightfield microscopy, CARS 
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data of these inclusions revealed substantial heterogeneity in the chemical 

composition of aSyn inclusions, both within and between patients (Figure 4E). Among 

the scanned inclusions were structures displaying higher levels for both proteins and 

lipids, inclusions with higher protein levels without increased lipid levels, and inclusions 

without detectable differences in protein and lipid levels compared to the environment 

(Figure 4A-C).  The majority of scanned sctructures showed higher protein levels (37 

out of 57) as compared to the direct environment, while higher lipid content was 

detected by CARS in 20 out of 57 inclusions (Figure 4E).  

Despite this heterogeneity and the limited total number of inclusions scanned, 

some recurring patterns could be observed in the distribution of lipid and proteins in 

the LBs. When considering the subset of inclusions in which increased lipid content 

was detected, we observed that the increase in lipids was more pronounced in their 

central portion (in 14 out of 20 inclusions; Figure 4E). This pattern was also observed 

for proteins, as 28 out of 37 inclusions showed increased protein content mainly in the 

center. Interestingly, in all 14 inclusions that demonstrated centralized lipid content, 

this was accompanied by increased protein content in the core.  Overall, our results 

show that in the subset of aSyn-positive inclusions that shows increased protein and 

lipid content compared to the surrounding, these components are predominantly in the 

central portion of this structure, supporting the idea that LBs represent organized 

encapsulations of accumulated cellular material.  

Distinct cytoplasmic manifestations of Ser129-p and CTT aSyn 

Apart from their localization in aSyn-immunopositive inclusion bodies, Ser129-p and 

122CTT aSyn antibodies also revealed cytoplasmic immunoreactivity in neurons 

outside of these structures. Immunoreactivity for 119CTT was specific for pathological 

inclusions with limited immunoreactivity in the cytoplasm. The appearance of 

cytoplasmic reactivity was different for Ser129-p and 122CTT aSyn (Figure 5A). In 

particular, 122CTT aSyn revealed many immunoreactive punctae throughout the 

neuronal cytoplasm, while Ser129-p aSyn immunoreactivity visualized an 

intracytoplasmic network surrounding a nucleus lacking immunoreactivity (Figure 5A). 

This cytoplasmic network was sometimes in continuation with similar Ser129-p 

immunoreactive features in the proximal portion of the neuronal processes.  
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Fig 4: Protein and lipid distribution of nigral LBs. A-C: Different compositions of LBs as 

identified by CARS microscopy. The fluorescence images of Ser129-p aSyn of different LB 

types are depicted (first column). CARS signal intensities at 2850 cm-1 and 2930 cm-1 shows 

lipid (second column) and protein (third column) distributions, respectively. Low CARS-

intensities are depicted in blue, whereas high intensities are depicted in red. LBs with different 

compositions were identified: LBs with high CARS intensities for proteins and lipids compared 

to the direct environment (A1-3), with high CARS intensity for proteins but not lipids (B1-3), 

and with low CARS intensity for proteins and lipids (C1-3). D: Representative image of a LB 

with high protein and lipid signal centralized in the structure. E: Numbers and proportions of 

nigral LBs with high (centralized) lipids or proteins per patient. In total 57 LBs were observed 

in 5 PDD patients (n=3-7 per patient) of which 37 showed high protein concentration and 20 

showed high lipid concentration compared to surrounding tissue. In total 14 out of 20 with high 

lipid concentration showed lipids mainly in the center, whereas 28 out of 37 showed mainly 

proteins in the center.A-C: Scale bar = 10 µm; D: Scale bar = 5µm. 

Limited colocalization was observed between the 122CTT immunopositive punctae 

and the cytoplasmic network immunopositive for Ser129-p aSyn. 122CTT aSyn 

punctae are associated with mitochondria  

122CTT immunopositive punctae were not only observed in PD patients, but 

also in brain tissue sections of donors without Lewy pathology (Supplementary Figure 

7A). The pattern appeared more pronounced in the hippocampus and transentorhinal 

cortex compared to the SN (Figure 5B). We observed the punctate reactivity pattern of 

122CTT aSyn using different antibodies against this epitope (syn105 and asyn-134), 

while this pattern was not observed for 119CTT aSyn. These 122CTT aSyn-reactive 
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punctae were more pronounced in the cytoplasm of neurons compared to the 

environment. Analysis with subcellular markers revealed that a subset of the 122CTT-

reactive punctae in the cytoplasm of neurons co-localized with mitochondrial 

morphologies immunoreactive for Porin/VDAC reactivity, which is a marker for the 

outer membrane of mitochondria (Figure 5B). This association between CTT aSyn and 

mitochondria was also observed in 3D (Supplementary Video 10). Together, our 

findings suggest widespread 122CTT aSyn expression in the brain of donors with and 

without PD, particularly in the neuronal cytoplasm where 122CTT aSyn is possibly 

associated with mitochondria.  

Ser129-p aSyn reveals disease-associated intracytoplasmic network 

The Ser129-p aSyn immunopositive cytoplasmic network was frequently visible in 

large neuromelanin-containing neurons in the SN (Figure 5C), but also in other cell 

types, such as pyramidal neurons in the transentorhinal cortex. Most often, cytoplasmic 

Ser129-p aSyn immunoreactivity was observed in neurons containing an expansive-

appearing inclusion uniformly stained for Ser129-p aSyn, and in a smaller fraction of 

neurons containing onion skin-type LBs. However, the cytoplasmic network was also 

observed in a subset of neuromelanin-containing neurons without apparent inclusion 

in PD patients (f.i.  Figure 6A, 1). Other neuromelanin-containing neurons without 

inclusion in donors with PD did not reveal a Ser129-p aSyn immunopositive 

cytoplasmic network, while it was not observed in donors without Lewy pathology 

(Supplementary Figure  7B). The Ser129-p aSyn immunoreactive cytoplasmic network 

showed only limited overlap with other intracytoplasmic networks such as intermediate 

neurofilaments, beta-tubulin (Figure 5C) or endoplasmatic reticulum (ER; 

Supplementary Figure 6). This indicates that the alignment of Ser129-p positive 

elements is not simply explained by localization of Ser129-p aSyn to these networks. 

The observed diameter of the structures in the network was generally 70-80 nm and 

probably limited by the resolution of the applied scan settings. Importantly, the same 

feature was also identified in donors with iLBD or for PD patients staged as Braak 3, 

suggesting that the Ser129-p aSyn network manifests already at early stages of LB 

formation (Supplementary Figure 8, Supplementary Video 9) 33. Together, these 

observations suggest that the Ser129-p aSyn immunopositive network is a pathological 

phenotype, possibly representing an early stage of Lewy pathology. 
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Fig 5: Subcellular manifestation of features containing 122CTT and Ser129-p aSyn. A: 
Overview of a neuromelanin-containing dopaminergic neuron in the SN with a LB (upper row) 

and a zoom-in on its cytoplasm (lower row). Signal intensity for 122CTT and Ser129-p aSyn 

was highest in the LB, suggesting an enrichment for these PTMs in pathological inclusions. 

However, cytoplasmic reactivity could also be observed, showing different manifestations for 

122CTT and Ser129-p aSyn. B: Cytoplasmic 122CTT immunopositive punctae showed 

association with staining patterns for VDAC/Porin-immunopositive mitochondria in the 

hippocampal CA2 of a PD patient. Staining was also observed in a LN (indicated with an 

asterix). C: Ser129-p aSyn immunopositive network showed limited overlap with 

intracytoplasmic networks visualized by markers for beta-tubulin and neurofilament in the 
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cytoplasm of a melanin-containing dopaminergic neuron in the SN of a PD patient. D: 
Localization of 122CTT immunopositive punctae at the outer membrane of mitochondria in the 

hippocampal CA2 of a PD patient at different magnifications. E: Dopaminergic neuron in the 

SN containing a combination of expansive-appearing inclusion and onion-skin type LB 

surrounded by a Ser129-p aSyn immunoreactive network. Insert: zoom in of Ser129-p aSyn 

immunoreactive elements with a diameter of ~70nm. A: Deconvolved CSLM images; B-E: 
deconvolved STED images. A: Upper row: scale bar = 5 µm; lower row: scale bar = 2 µm; B: 
scale bar = 5 µm; C: scale bar = 2 µm; D: upper row: scale bar = 1 µm; lower row: scale bar = 

0.5 µm; E: main figure: scale bar = 5 µm; inset: scale bar = 0.5 µm. 

Pathological subcellular phenotypes of Ser129-p aSyn 

By comparing cytoplasmic Ser129-p aSyn-immunoreactivity patterns with 

different specific antibodies within and between patients, we were able to identify 

several commonly observed reactivity patterns in melanin-containing neurons of brains 

with Lewy pathology. These subcellular phenotypes were strongly associated with 

pathology, as they were observed in patients with end-stage PD and in iLBD but not in 

any of the analyzed neurons in non-neurological control subjects. Representative 

examples are summarized in  Figure 6A, as visualized by CSLM 3D reconstructions of 

large z-stacks of neuromelanin-containing nigral neurons in adjacent brain sections of 

the same patient. Commonly observed cellular phenotypes in the SN of PD patients 

based on Ser129-p aSyn immunoreactivity included: 1) neurons with Ser129-p aSyn 

immunopositive cytoplasmic network but without apparent inclusion body; 2/3) neurons 

with network and smaller (<5µm) or larger irregularly shaped expansive-appearing 

inclusions; 4) neurons revealing a Ser129-p aSyn immunopositive network and (a 

combination of) and uniformly stained and onion skin-like inclusions; 5) neurons with a 

Ser129-p aSyn immunopositive network and onion skin-type inclusions; 6) neurons 

without an intracytoplasmatic Ser129-p aSyn positive network, but with onion skin-type 

inclusion. These different faces of Ser129-p aSyn immunoreactivity possibly reflect 

different maturation stages of LBs (Figure 6B, as discussed later in the text), and may 

suggest a role for Ser129-p aSyn at different stages of Lewy inclusion formation.  
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Discussion 

aSyn has been established as a major component of Lewy pathology, but the 

subcellular distribution of specific pathology-associated forms of this protein – both 

within and outside the inclusions - is unclear. Detailed insight into the aSyn-based 

architecture of neuronal inclusions may allow for a better understaining of Lewy 

inclusion formation, which is a key event in PD pathophysiology. In the present study 

we explored the subcellular distribution patterns for CTT and Ser129-p forms of aSyn 

by means of specific antibody multiple labeling immunostainings in brain sections of 

PD patients in combination with high-resolution 3D CSLM and STED microscopy. This 

allowed an unprecedented detailed view on antibody-labeled subcellular pathological 

phenotypes, revealing several novel aspects of Lewy pathology.  

First, we observed a Ser129-p-immunopositive cytoplasmic network in PD patients, 

using different antibodies directed against this epitope. Diffuse or granular cytoplasmic 

immunoreactivity has been described as a specific feature of certain antibodies against 

aSyn in different studies using light microscopy 2, 29, including antibodies with a 

proposed preferential affinity for disease-associated aSyn 34, 35. The Ser129-p aSyn 

cytoplasmic network was most often observed in the vicinity of a compact inclusion, 

although 3D revealed that this network could also be observed in neurons without 

apparent inclusions, indicating that this feature could represent an early phenotype of 

LB formation. Interesting in this perspective are the results of a previous study, which 

found that increased expression levels for Ser129-p aSyn in soluble fractions of 

cingulate and temporal cortices – as measured by western blotting – preceded the 

presence of histologically identified Lewy inclusions 36. These findings suggest a role 

of Ser129-p aSyn already at early stages of LB formation - thereby contradicting 

theories that Ser129-p aSyn occurs after LB formation 26 - which may have important 

implications for the interpretation of results of biomarker studies measuring Ser129-p 

aSyn in body fluids or peripheral tissues. The notion of a role of Ser129-p aSyn early 

in inclusion formation is supported by the experimental findings that inclusion formation 

after administration of recombinant (full-length and CTT) aSyn pre-formed fibrils 

involved the recruitment of soluble endogenous aSyn and its intracellular 

phosphorylation at Ser129 37, 38. Possible roles of Ser129-p at this stage could be a 

stabilizing effect on aggregating proteins 39 - Ser129-p was demonstrated to inhibit  
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Figure 6: Many intracytoplasmic faces of Ser129-p aSyn hint to different maturation 
stages of LBs. A: Different patterns of Ser129-p aSyn immunoreactivity in neuromelanin-

containing dopaminergic cells in the SN of PD patients, based on Ser129-p aSyn 

immunoreactivity patterns. Images are 2D visualizations of 3D reconstructions based on CSLM 

image stacks. The following cellular phenotypes were commonly observed: 1) neurons 

containing immunopositive intracytoplasmic network but without apparent inclusion; 2,3) 

neurons with intracytoplasmic immunopositive network and smaller (2) and larger (3) 

unstructured and expansive-appearing inclusions; 4) neuron with immunopositive 

intracytoplasmatic network and combination of diffusely labeled expansive-appearing inclusion 

and compact onion skin-type LBs; 5) neuron with intracytoplasmic network and onion skin-type 

LB; 6) neuron without intracytoplasmic network and onion skin-type LB. Scale bars: 5µm. B) 
Hypothetical sequence of events in LB formation in dopaminergic neurons in the SN of PD 

patients, based on Ser129-p aSyn immunoreactivity patterns (visualized in green; detailed 

explanation in text). 1) Neuromelanin-containing neuron under conditions of aSyn 

homeostasis; 2) alignment of Ser129-p aSyn into a cytoplasmic network; 3) sequestration of 

proteins into expanding inclusion; 4,5) recruitment of cytoskeletal structures to restructure the 
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inclusion in a compaction-like manner, resulting in a multilam ellar onion skin-type LB 

morphology (6) which reflects the encapsulation of highly aggregated proteins and lipids in its 

core. 

aSyn fibrillogenesis in vitro 26, 40 - while Ser129-p aSyn has also been suggested to 

serve as an activator of autophagic instruments 41, 42.  

The different localization of the Syn105 and 11A5 antibodies, directed against 

122CTT and Ser129-p aSyn, respectively, in midbrain LBs and dystrophic LNs has 

been described before21. Here, we confirm this finding using new highly-specific 

antibodies against the same epitopes (Supplementary Table 5 and Supplementary 

Figures 9 and 10), and for different CTT aSyn (calpain-cleaved at res. 119 and 122) 

species. We further observed a separation between antibodies against NT/NAC 

domains and CT domains of aSyn in LBs. Integrating antibodies selectively directed 

against the above mentioned aSyn PTMs and domains in multiple labeling protocols 

revealed a 3D onion skin-like orchestration of LBs, with concentric lamellar bands 

enriched for specific aSyn epitopes. The consistency of this lamination was revealed 

by semi-quantitative analysis in a subset of nigral LBs and different PD patients. The 

multilamellar appearance of LBs has been described in different studies that focused 

on the ultrastructure of LBs using EM techniques 43, 44, while lamination patterns in LBs 

and dystrophic LNs were also suggested in studies using light microscopy 21, 45, 46. 

Interestingly, in the present study this lamellar phenotype was visualized by the gradual 

distribution of immunoreactivities for antibodies directed against different epitopes on 

one single protein, aSyn.  

We explored whether the differences in the distribution of aSyn epitopes 

throughout nigral LBs were related to the distribution of proteins and lipids in these 

structures using CARS microscopy, a label-free imaging technique. Unfortunately, due 

to the impaired morphological integrity of the fresh-frozen tissue sections after CARS 

imaging, a detailed subclassification of LB morphologies by high-resolution CSLM or 

STED imaging was not possible. However, the results provided interesting insights into 

the biochemical composition of aSyn immunopositive inclusions. First of all, we 

observed substantial heterogeneity in the content of proteins and lipids between 

inclusions within subjects. Results showed that increased lipid content could be 

detected in a fraction of nigral Ser129-p positive inclusions. In this subset of lipid-
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enriched inclusions, lipids were found to be centralized in the core of this structure, 

together with increased protein content. In a previous study, we demonstrated the 

presence of lipid and membraneous structures in LBs using correlative light and 

electron microscopy (CLEM) and TEM, which was confirmed by CARS and Fourier 

transform infrared spectroscopy (FTIR) 32. Moreover, reactivity in the core of LBs has 

further been described for different lipophilic dyes 32, 46, 47. The functional relevance 

behind clustering of lipids in the center of LBs is not clear at this point. However, 

extensive experimental evidence has demonstrated the binding of aSyn to 

(bio)membranes, while the presence of lipid molecules was repeatedly reported to 

increase the aggregation rate of aSyn 48.  

At the periphery of nigral onion skin-type LBs, the band of Ser129-p aSyn 

immunoreactivity was embedded in an organized cage-like framework of cytoskeletal 

components, including beta-tubulin and intermediate neurofilaments. The structured 

presence of cytoskeletal components, major constituents in organizing cellular 

organelles and substructures, at the periphery of LBs is suggestive of the active 

encapsulation of proteins and lipids in the core of these structures. This theory was 

supported by the results of label-free CARS microscopy, which showed increased 

protein and lipid content mainly at the core of aSyn-positive inclusions. The 

displacement of intermediate neurofilaments from their normal cellular distribution and 

their encapsulation of aggregated proteins have been previously described as 

consistent features of intracellular aggresome formation 49, 50. Although the 

arrangement of neurofilament at the rim of Lewy-type pathology has been reported 

before 31, this study provides important new detailed insights into the structured 

organization of  such components at the LB periphery. Thereby, our results confirm 

previous studies proposing that LBs share phenotypic features with aggresomes 51. 

Our observations indicate that the interplay of Ser129-p aSyn with cytoskeletal proteins 

may be an important step in the process of LB morphogenesis. 

Based on Ser129-p Syn immunoreactivity patterns within and between PD 

patients, we identified a subset of commonly observed subcellular pathological 

phenotypes in neuromelanin-containing neurons in the SN of PD patients (Figure 6A), 

which may reflect different maturation stages of LB pathology. Based on our high-

resolution observations in different experimental setups, combined with CARS data, 
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we propose a hypothetical sequence of events in the formation of LBs in the SN (Figure 

6B). We speculate that different subcellular phenotypes of aSyn pathology are tightly 

coupled to the progressive collapse of protein degradation systems. In healthy 

dopaminergic neurons, the basal proteolytic activity of the intracellular protein 

degradation systems – in particular the ubiquitin-proteasomal system (UPS) and 

chaperone-mediated autophagy (CMA)- are able to maintain protein homeostasis 

(Figure 6B, step 1) 52. In situations of increased protein burden, these systems are 

overloaded, and superfluous aSyn could start to aggregate with itself, other proteins, 

membranes and/or organelles 32. Extensive phosphorylation of aSyn may take place 

to stabilize the expanding mass of cellular debris and to activate the macrophagic 

machinery 42. The Ser129-p aSyn-immunopositive intracytoplasmic network may 

reflect the alignment and sequestration of aggregated material for focused clearance 

by means of autophagy and aggrephagy (step 2) 49, 50. When the expansive-appearing 

inclusion cannot be not cleared (step 3), it will continue to grow and occupy an 

increasing surface in the cytoplasm. At a certain point, cytoskeletal systems may be 

recruited to the LB to actively restructure the inclusion into a compact and stable 

morphology (step 4, 5). Interestingly, the idea of a restructuring of LBs during their 

maturation in a compaction-like manner has been proposed before in literature 2. In 

the mature onion skin-like morphology, highly aggregated proteins and lipids are 

centralized in the core of the structure, encapsulated by a cage-like framework of 

Ser129-p aSyn and cytoskeletal components (step 5, 6). This hypothetical sequence 

of events in LB maturation could be further explored in future experimental studies, for 

instance in cellular and animal models of aSyn aggregation in PD.  

In line with previous studies using antibodies against CTT aSyn species, we 

found two CTT variants to localize towards the core of LBs 17, 21, 53. Moreover, the 

different localization between antibodies against residues 118-126 of aSyn’s CT and 

NT/NAC antibodies suggested that a large part of aSyn in the LB core has a shortened 

CT. In addition, this may suggest that other CTT variants than 119CTT and 122CTT 

also localize preferntially in the LB core. CTT of aSyn was repeatedly found to increase 

the propensity of aSyn to form amyloid aggregates in vitro 16, 22, 23, 25, and these 

observations together have led to the hypothesis that CTT aSyn plays a critical role in 

the initiation of protein aggregation 21. However, as LBs were demonstrated to contain 

a medley of fragmented membranes and organelles 32, including components that are 
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able to cleave aSyn, for instance caspase-1 25, it cannot be ruled out that the 

enrichment of CTT aSyn in the core of LBs and LNs is the result of post-aggregation 

events. Interestingly, the results of a recent study in a neuronal aSyn PFF model 

suggested that the post-aggregation CTT of aSyn (primarily at Glu-114) plays a key 

role in the cellular processing of aSyn fibrils38. Amongst others, CTT of aSyn led to 

efficient packaging of aSyn fibrils in inclusion bodies38. These results support an 

extensive cellular regulation of Lewy inclusion formation and a crucial role for aSyn 

PTMs in this process.  

Punctate cytoplasmic reactivity for 122CTT aSyn only showed limited co-

localization with the Ser129-p immunoreactive network and was independent of the 

presence of Lewy pathology (Supplementary Figure 6A). This PTM has been 

previously suggested to be a normal cellular process 16 and, indeed, presence of CTT 

aSyn was detected in brains of non-neurological control subjects by western blotting 
17. Interestingly, a substantial part of the 122CTT aSyn immunoreactive punctae in the 

cytoplasm was observed to localize at the outer membrane of VDAC/Porin-reactive 

mitochondria in diseased neurons from PD patients, but also in healthy neurons from 

non-neurological control subjects. This could be placed in line with the findings of the 

previously mentioned study, in which a 15kDa band corresponding with CTT aSyn, 

was observed in fractions enriched for lysosomes and mitochondria derived from SH-

SY5Y cells expressing human WT α-synuclein 17. Future experimental studies are 

necessary to explore the functional relevance of the co-occurence of 122CTT aSyn 

and mitochondria.  

The immunoreactivity of aSyn antibodies often surrounded an unstained central 

core, which showed converging immunoreactivity for DAPI - a dye that binds to T-A-

rich regions of DNA 54. This feature has already been reported before 55. Although at 

this point the relevance of this observation is not clear, it was speculated that this may 

be the result of mitochondrial DNA incorporated in LBs 55. Alternatively, DAPI may 

interact with certain aggregated proteins or lipids in the center of LBs. The limited 

immunoreactivity in the core of LBs may be the result of limited accessibility of antigen 

in this densely packed domain 46 or of masking or destruction of epitopes by its strong 

chemical environment. Importantly, LBs were shown to contain many (>300) proteins 
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as identified by proteomics, which are predominantly centralized at the core of LBs 

based on our CARS results. 

In summary, the present study provides a STED perspective on the architecture 

of Lewy pathology. Our results reveal a structured onion skin-like distribution of 

different forms of aSyn in nigral LBs and LNs. Our data suggest that LBs are actively 

regulated, structured encapsulations of aggregated proteins and lipids by a cage-like 

framework of Ser129-p aSyn and cytoskeletal components. Analysis of subcellular 

reactivity patterns led to the identification of different pathology-associated, Ser129-p 

aSyn-immunopositive subcellular phenotypes, suggesting a central role for Ser129-p 

aSyn in Lewy inclusion formation. The applied combination of well-characterized highly 

specific antibodies and super-resolution microscopy techniques in this study allowed 

an unprecedented detailed phenotyping of antibody-labeled subcellular pathology, 

which opens exciting opportunities for better characterization and understanding of LB 

formation in the pathology of PD. 

Material and methods 

Post-mortem human brain tissue 

Post-mortem human brain tissue from clinically diagnosed and 

neuropathologically verified donors with advanced PD as well as non-demented 

controls was collected by the Netherlands Brain Bank (www.brainbank.nl). In 

compliance with all local ethical and legal guidelines 56, informed consent for brain 

autopsy and the use of brain tissue and clinical information for scientific research was 

given by either the donor or the next of kin. The procedures of the Netherlands Brain 

Bank (Amsterdam, The Netherlands) were approved by the Institutional Review Board 

and Medical Ethical Board (METC) from the VU University Medical Center (VUmc), 

Amsterdam. Brains were dissected in compliance with standard operating protocols of 

the Netherlands Brain Bank and Brain Net Europe. 

 The details of all donors included in this study are listed in Supplementary Table 

2. Most of these PD donors developed symptoms of dementia during their disease 

course (Supplementary Table 2), and had extensive α-synuclein pathology throughout 

the brain (Braak LB stage 5/6) 33. In addition, donors with earlier Braak stages (Braak 

LB stage 3/4) were included in our study, as well as iLBD cases that did not develop 
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clinical Parkinson’s disease but displayed Lewy pathology in their brain (Braak LB 

stage 3) 33. Formalin-fixed paraffin-embedded (FFPE) tissue blocks of the substantia 

nigra (SN) and hippocampus - also containing part of the parahippocampal gyrus- from 

these donors with PD, iLBD and also 6 non-demented controls (details in 

Supplementary Table 2) were cut into 10 and 20 µm thick sections, which were utilized 

for immunohistochemistry and multiple labeling experiments. In addition, fresh-frozen 

tissue blocks of the SN from 5 patients with advanced PD were cut into 10 µm for 

CARS microscopy (specified in Supplementary Table 2).  

Generation and initial characterization of aSyn antibodies 

A detailed overview of all utilized antibodies and their epitopes in this study is 

provided in Supplementary Table 1. Generation and characterization of antibody 11A5 

and syn105 was previously described 14, 57, 58. Additional novel antibodies were 

generated by immunizing rabbits either with E. coli derived recombinant full length 

aggregated aSyn (asyn-055 and asyn-058) or KLH-conjugated peptides representing 

the C-terminus of 119CTT, 122CTT aSyn, or aSyn derived peptide phosphorylated at 

Ser129, respectively (for asyn-131, asyn-134, asyn-142; Supplementary Table 5 and 

Supplementary Figures 9 and 10. After screening of serum titers, standard B cell 

cloning was performed to generate rabbit monoclonal antibodies (mAbs). Recombinant 

mAbs were screened for binding to the peptides representing the aa1-60, 61-95, and 

aa96-140 by ELISA, respectively (for asyn-055 and asyn-058), or the C-terminus of 

aSyn119CTT, aSyn122CTT or phosphorylated at Ser129, respectively (for asyn-131, 

asyn-134, asyn-142), by ELISA and surface plasmon resonance (SPR). For asyn-055 

and asyn-058, counter-screen by ELISA was performed with beta- and gamma-

synuclein. For asyn-131, and asyn-134 ELISA- or SPR-based counter-screenings 

using C-terminal elongated peptides were performed to identify mAbs highly specific 

for the C-termini of 119CTT or 122CTT aSyn. ELISA- or SPR based counter-

screenings using the corresponding non-phosphorylated peptide were performed to 

identify asyn-142 as highly specific for aSyn phosphorylated at Ser129. All animal 

experiments followed highest animal welfare standards and were performed according 

to ethics protocols approved by the local animal welfare committee at Roche, while 

animal experiment licenses were approved by the respective state authorities. For all 

novel antibodies used in this study, details on their characterization are provided in 
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Supplementary Table 5 and Supplementary Figure 9. Additionally, in Supplementary 

Figure 10, specificity of all aSyn mAbs used in this study is shown based on Western 

blot with different recombinant forms of aSyn.  

Antibodies included in the multiple labeling experiments were first optimized for 

immunohistochemistry. In the multiple labeling for the studied aSyn epitope, 

immunoreactivity patterns were validated using at least one different antibody raised 

against a similar epitope, with exception of the antibodies against 119CTT and the N-

terminus of aSyn, as no other available antibody against a similar epitope could be 

integrated in the multiple labeling protocol. 

Immunohistochemistry 

Protocols for the antibodies against aSyn were optimized for light microscopy to 

characterize their immunoreactivity in human post-mortem formalin-fixed paraffin-

embedded brain tissue. All IHC protocols could be optimized without antigen retrieval 

procedure and without addition of Triton. The EnvisionTM+ kit (DAKO, Santa Clara, 

USA) was used as a high-sensitivity visualization system, with 3,3’-diaminobenzidine 

(DAB; 1:50 diluted in substrate buffer; DAKO) as the visible chromogen. Stained 

sections were analyzed using a Leica DM5000 B photo microscope (Leica 

Microsystems, Heidelberg, Germany). All brightfield images included in Supplementary 

Figure  1 were acquired using a HC PL APO 63x1.40 oil objective using a Leica 

DFC450 digital camera (Leica Microsystems). 

Development of triple and multiple labeling protocols  

1. Immunoreactivity patterns of aSyn epitopes 

Using immunofluorescent stainings, antibodies against different domains and 

PTMs of aSyn were co-visualized and their local distribution patterns were assessed 

in pathological structures and neurons. Triple labeling experiments, including DAPI and 

two antibodies against aSyn were performed to obtain insight into their distribution 

patterns. Moreover, to allow systematic comparison of distribution patterns of different 

aSyn epitopes, protocols were developed to visualize multiple (4 or 5) antibodies 

against aSyn in the same section.To validate findings from the initial multiple labeling 

experiments, different antibodies against similar epitopes were selected. This 
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‘validation set’ of antibodies was optimized for additional multiple labeling protocols. 

The sets of antibodies used in the different protocols are specified in Supplementary 

Table 1. No antigen retrieval methods or permeabilization steps were applied in any of 

these experiments.  

For each protocol, we made use of a combination of direct and indirect 

immunodetection methods. Several primary antibodies (specified in Supplementary 

Table 1) were directly labeled with fluorochromes following standard protocols of 

different labeling kits (art. no. A20181, A20183, A20186, 21335 for labeling with Alexa 

488, Alexa 546, Alexa 647, and biotin, respectively; Thermo Fisher Scientific, Waltham, 

USA). Each protocol started with an indirect immunolabeling using unlabeled primary 

antibodies raised in rabbit/mouse using their appropriate secondary antibodies (with 

different conjugates, specified in Supplementary Table 1). Sections were then blocked 

for 1 hour in 5% normal rabbit serum and 5% normal mouse serum in PBS. After this, 

a biotinylated primary antibody (raised in mouse or rabbit) could be incubated and 

visualized by fluophore-conjugated streptavidin. Then, sections were incubated in 

blocking solution (2% normal goat serum) containing the diluted directly labeled 

antibodies together with DAPI (1 µg/ml). Sections were mounted in Mowiol mounting 

solution using glass cover slips (Art. No.: 630-2746; Glaswarenfabrik Karl Hecht, 

Sondheim, Germany). Negative control stainings lacking primary antibodies were 

performed to control for background/autofluorescence levels and aspecific staining. 

Single stainings using a directly labeled antibody against Ser129-p aSyn were scanned 

to determine autofluorescence levels of the studied morphological structures (LBs, 

LNs), which was found negligible under the applied scan settings.  

Association CTT and Ser129-p aSyn with subcellular markers 

In order to study the association of immunoreactivity of CTT and Ser129-p aSyn with 

subcellular structures, additional multiple labeling protocols were further designed. 

Apart from the described antibodies against aSyn, these protocols also included some 

commercial antibodies as markers for subcellular structures, including mitochondria, 

ER and cytoskeletal proteins (Supplementary Table 1). In these protocols, heat-

induced epitope retrieval using citrate buffer (pH 6) and a permeabilization step (1hr 

incubation in 0.1% Triton-x) was included. Negative control stainings lacking primary 
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antibodies were included to control for background/autofluorescence levels and 

aspecific staining.  

Confocal and STED microscopy 

 CSLM and STED microscopy were performed using a Leica TCS SP8 STED 

3X microscope (Leica Microsystems). All images were acquired using a HC PL APO 

CS2 100× 1.4 NA oil objective lens, with the resolution set to a pixel size of 20 nm x 

20 nm. All signals were detected using gated hybrid detectors in counting mode. 

Sections were sequentially scanned for each fluorophore, by irradiation with a pulsed 

white light laser at different wavelengths (indicated in Supplementary Table 1). Stacks 

in the Z-direction were made for each image. To obtain CSLM images of the DAPI 

signal, sections were irradiated with a solid state laser at a wavelength of 405 nm. For 

STED imaging, a pulsed STED laser line at a wavelength of 775 nm was used to 

deplete Abberior (580, 635P), Alexa (594, 647) or Li-Cor (680 nm) fluorophores, while 

continuous wave (CW) STED lasers with wavelengths of 660 nm and 592 nm were 

used to deplete the Alexa 546 and Alexa 488 fluorophores, respectively. The DAPI 

signal was not depleted, so this channel was scanned at the same resolution as the 

CSLM images.  

After scanning, deconvolution was performed using CMLE (for CSLM images) 

and GMLE algorithms in Huygens Professional (Scientific Volume Imaging; Huygens, 

The Netherlands) software. Images were adjusted for brightness/contrast in ImageJ 

(National Institute of Health, USA). 3D reconstructions were made using the LAS X 3D 

Visualization package (Leica Microsystems). Final figures were composed using 

Adobe Photoshop (CS6, Adobe Systems Incorporated). 

Image processing and semi-quantitative analysis 

Nigral LBs were classified and selected for inclusion in the analysis based on 

their immunopositivity for Ser129-p in combination with morphological criteria 

(specified in Results section). Additional criteria for inclusion were 1) the diameter of 

the structure (at least 5µm) and 2) the presence of specific signal for all channels 

(signal intensity of raw CSLM images substantially higher than autofluorescence or 

background levels under the applied scan settings). In this selected subset of LBs, 

distribution patterns of immunoreactivities were analyzed on deconvolved CSLM 
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images of 30 LBs in the SN of 8 patients with advanced PD (Supplementary Table 2). 

Z-stacks were made for each structure, of which three frames in the central portion of 

the structure (Z length: 0.30µm; step size between frames: 0.15 µm) were selected to 

quantify the x-y distribution for different markers. For the analysis, a maximum Z-

projection of these selected frames was first made in ImageJ. Subsequently, three 100 

px (2µm) thick lines were drawn over three equatorial planes of the LBs (similar to 46) 

in ImageJ, along which signal intensities for each channel were measured using a 

script. The average intensity for each channel at each point of the diameter was 

normalized to its maximum intensity in the same structure, while the position along the 

diameter was expressed as % diameter. Normalized values were used to generate 

average line profiles per morphological structure. The center of the LB was defined as 

the origin of the structure 46. The position in the LB with the maximum intensity was 

determined per channel. Ranking of absolute positions of maximum intensities per 

structure with respect to the origin of the LB were compared between channels 

(nonparametric Friedman test). P-values for multiple comparisons were adjusted using 

Dunn’s correction for multiple comparisons. Statistical analyses were done using 

SPSS software (version 22, IBM) and GraphPad software (version 7.0, Prism). 

Coherent anti-Stokes Raman scattering  

The workflow used for CARS microscopy is outlined in Supplementary Figure 

11. The detection of the lipid and protein distribution was performed on native, dried 

samples 59, 60. A commercial setup (Leica TCS SP5 II CARS, Leica Microsystems) was 

used with an HCX IRAPO L25X/0.95W (Leica Microsystems) objective. For the lipid 

distribution intensity images were taken at 2850 cm-1 (Pump-wavelength 816 nm, 

Stokes-wavelength 1064 nm) and for the protein distribution intensity images at 2930 

cm-1 (Pump-wavelength 810 nm, Stokes-wavelength 1064 nm). The laser power at the 

sample was 28 mW (Pump) and 21 mW (Stokes). Integration times of 34 s per image 

with a pixel dwell time of 32 µs, 1024x1024 pixels and a spatial resolution of 300 nm 

were used 61. After the label-free detection of the lipid and protein distribution, 

immunofluorescent stainings were performed on the same sections (Supplementary 

Figure 11). Tissue sections were fixed in 4% formaldehyde for 10 minutes and stained 

for aSyn, using two primary antibodies raised against aSyn (LB509; ab27766, Abcam, 

Cambridge, UK) and Ser129-p aSyn (ab59264, Abcam) and their appropriate 
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secondary antibodies. After this, sections were incubated in Sudan Black for 30 min 

and mounted in Mowiol. For fluorescence detection, a commercial setup (Leica TCS 

SP5 II CARS, Leica Microsystems, Heidelberg, Germany) was used. Data evaluation 

was done in Matlab with the Image Processing and Statistics toolboxes (The 

Mathworks, Inc., Mass.,USA). First, large overview CARS-intensity and fluorescence 

images were manually overlaid by comparison of morphological features. The 

distribution of aSyn, proteins and lipids was identified by the overlay of both 

fluorescence images (Supplementary Figure 11). Therewith, autofluorescence of the 

surrounding tissue and the fluorescent signal of the aSyn-immunopositive inclusions 

could be separated. The inclusion bodies were manually identified based on 

morphology. Only inclusions with a diameter of 5-20 µm were included for analysis. 

Image processing and analysis of CARS images  

For an objective evaluation of CARS intensity of aSyn-immunopositive inclusion 

bodies, the mean CARS intensity of the direct surrounding, a donut with a width of 3.5 

µm, was compared with the CARS intensity of the inclusion (Supplementary Figure 

10A, light blue and yellow area). The areas of aSyn-immunopositivity were transferred 

into the CARS-intensity images. Areas with no intensity in the CARS intensity images 

(holes) were excluded by intensity thresholding. CARS-pixel-intensities higher than 1.4 

times the mean CARS-intensity of the surrounding were defined as higher protein/lipid 

content, which was determined based on pilot measurements in a subset of (~40) 

aSyn-positive inclusions. The ratio between the CARS-pixel-intensities of the LB and 

the mean CARS intensity of the surrounding were calculated and the areas with higher 

protein/lipid content were marked in red (Supplementary Figure 12). Morphological 

filtering and image processing were performed in Matlab R2017a, MathWorks. 
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Supplementary Tables and Figures 

Supplementary Table 1: Antibodies used in final multiple labeling experiments with direct and 

indirect detection. Exp: experiment. 1) light microscopy; 2) multiple labeling of aSyn epitopes; 

3) multiple labeling of aSyn epitopes with CTT119; 4) multiple labeling of aSyn epitiopes, 

validation set; 5) multiple labeling PTMs and cytoskeletal markers; 6) multiple labeling PTMs 

+ ER; 7) multiple labeling PTMs and mitochondria. *: biotinylated antibody used in multiple 

labeling protocols. When PTM-specific is indicated in the Table, the antibody was raised to 

specifically recognize PTM protein variants of aSyn, while other antibodies were designed to 

recognize specific sequence motifs in the C-terminus.  Further details  on the specificity of 

these antibodies for different forms of aSyn are presented in Supplementary Table 5 and 

Supplementary Figures 9 and 10. Abbreviation: AB ID: antibody identifier; Exp: experiment; 

Ref: reference for additional information on AB characterization; d.l.: antibody directly labeled 

with fluophore. 

 

 

Epitope AB ID 
(Cat #) 

Source Host  Exp Fluorochrome STED 
depletion 
wavelength 

Ref 

Ser129-p 
(PTM-
soecicic) 

11A5 Prothena Mouse 1,2,5,6,7 Alexa 
488(d.l.)/Alexa 
488 

592 14 

Ser129-p 
(PTM-
specific) 

asyn-142 
 

Roche Rabbit 1,4,5,6,7 Alexa 488 
(d.l.)/Alexa 488 

592  

122CTT 
(PTM-
specific) 

Syn105 Prothena Rabbit 1,2*,5*,6*,7 Alexa 547 
Alexa 
594/Abberior 
635p 

660 
775 

57 

122CTT 
(PTM-
specific) 

asyn-134 
 

Roche Rabbit 1,4*,5*,6*,7 Alexa 547 
Alexa 
594/Abberior 
635p 

660 
775 

 

119CTT 
(PTM-
specific) 

asyn-131 
 

Roche Rabbit 1,3,5,7 Alexa 647 (d.l.) 775  

NT (40-55) 23E8 Prothena Mouse 1,4 Alexa 647 (d.l.) 775  
NAC asyn-055 Roche Rabbit 1,2 Alexa 488 

Li-Cor 680 
592 
775 

 

NAC asyn-058 Roche Rabbit 1,4 Li-Cor 680 775  
CT (118-126) 5C1 Prothena Mouse 1,2 Alexa 594 775 58 
CT (121-125) SC-211 Santa Cruz Mouse 1,4 Alexa 594 775  
KM-51 MONX10738 Monosan Mouse 1 - (only light 

microscopy) 
-  

Intermediate 
neurofilament 

837801 BioLegend Mouse 5,6 Abberior 580 775  

Beta-tubulin ab18207 Abcam Rabbit 5 Abberior 635p 775  
Calreticulin ab2907 Abcam Rabbit 6 Abberior 635p 775  
VDAC/Porin ab14734 Abcam Mouse 7 Abberior 580 775  



236 
 
 

 

Supplementary Table 2: Brain tissue of different donors included in the experiments. 
Abbreviations: CD: clinical diagnosis; CERAD: CERAD age-related score for neuritic 

plaques; Exp: Experiments: 1) FFPE sections used for immunofluorescence multiple labeling 

experiments; 2) Snap-frozen sections used for CARS microscopy; Three of these donors 

(indicated by *) were also studied in the study by Shahmoradian et al. (Ref 42). The identifier 

of these donors in this study is added to the table. PDD: PD with dementia; AD: Alzheimer’s 

Disease 

ID Diag. Age at 
death 

Sex Braak 
aSyn 
stage 

Braak 
NFT 
stage 

CERAD 
score 

Age of 
diagnosis 

Age at 
onset 
dementia 

Exp Figure Donor 
ID in 
REF42  

PD1 PDD 80 M 6 1 B 55 73 1 2A,E, S5  
PD2* PDD 72 M 6 1 O  64 69 1 S1A J 
PD3 PD 72 M 6 1 A  57  -  1 -  
PD4* PDD 80 M 6 1  O  69 77 1 S1B; 

4B,D; 
S3A,C, S5 

L 

PD5* PD 77 M 6 2 O 59 - 1 2B,C A 
PD6 PD+AD 74 M 6 4 B  64 73 1 1B; 

4A,B,D; 
5A,C; S5, 
S6 

 

PD7 PDD 66 F 6 1 A  57  64  1 1A; 2D; 
4C,E;5E; 
S3D; 
S2;S4  

 

PD8 PDD 87 M 6 3 C 77 86 1 1C  
PD9 PD 67 F 6 1 B 60  - 2 -  
PD10 PDD 81 M 6 2 O 72 79 2 3C  
PD11 PDD 74 M 5 3 O 67 71 2 3D  
PD12 PDD 76 M 6 1 B 66 71 2 3A, B  
PD13 PDD 83 M 6 1 B 78 80 1,2 S5  
PD14 PD 90 F 3 2 A 85 - 1 S8  
PD15 PDD 85 F 4 2 C 74 82 1 -  
iLBD1 C 93 F 3 2 O - - 1 S8  
iLBD2 C 86 F 3 3 A - - 1 S8  
iLBD3 C 98 M 3 2 O - - 1 S8  
C1 C 83 F 0 3 A - - 1 S6A  
C2 C 80 M 0 1 B - - 1 -  
C3 C 89 F 0 1  A  - - 1 S6B  
C4 C 84 F 0 1 O - - 1 -  
C5 C 81 M 0 2 O - - 1 -  
C6 C 70 F 0 2 A - - 1 -  
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Supplementary Table 3: Number of structures scanned per patient and locations for 
peak intensities for different aSyn epitopes in the semi-quantitative measurement of line 
profiles. Values represent the distance of peak intensities relative to the origin of the LB (with 

values of 0 representing the LB origin, 50 the peripheral border, Figure 2F). 

 

LB # Donor DAPI NAC NT CTT Ser129-
p 

CT 

1 1 9 15 15 28 35 45 
2 1 19 7 3 22 39 48 
3 1 4 34 35 25 38 46 
4 2 4 23 24 37 40 47 
5 2 9 24 19 20 35 45 
6 4 3 10 10 33 40 43 
7 4 2 2 34 1 32 46 
8 4 0 14 27 24 33 40 
9 4 20 3 3 25 40 46 
10 5 3 0 1 1 30 37 
11 5 4 47 48 24 39 47 
12 5 16 14 11 39 37 42 
13 5 17 2 2 46 47 36 
14 5 25 1 4 30 35 41 
15 5 6 17 17 31 39 41 
16 5 6 16 3 34 38 46 
17 6 1 19 20 21 36 45 
18 6 2 16 12 29 35 42 
19 6 18 16 10 1 37 43 
20 6 11 46 48 34 39 48 
21 6 12 47 48 37 41 48 
22 6 0 8 0 34 37 46 
23 7 4 13 46 21 38 41 
24 7 0 1 1 36 44 47 
25 13 5 43 43 32 38 46 
26 13 3 17 22 17 27 46 
27 13 20 5 11 16 39 44 
28 13 10 9 11 15 35 38 
29 13 1 2 5 26 38 47 
30 13 18 1 7 30 37 42 
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Supplementary Table 4: Different localization of peak intensities between aSyn 
epitopes. Overview of Dunn’s corrected p-values of multiple comparisons. Ns = not significant; 

*: p<0.05; **p<0.01; ***p<0.001 

 

 

 

 

 

 

 

 

 

 

 

Supplementary Table 5. Specifications of novel aSyn mAbs generated at Roche. Specific 

binding of aSyn Mabs was assessed by ELISA, custom-made PepStarTM peptide microarrays 

(JPT, Berlin, Germany), or surface plasmon resonance (SPR). For ELISA, the full length 

human recombinant αSyn, βSyn or αSyn proteins, indicated fragments or peptides were 

coated or linked by biotin tag on an ELISA plate, incubated with primary antibody and primary 

antibody was detected by anti-rabbit secondary antibody with a colorimetric readout (OD, 

optical density). For the peptide array, peptide sequences had a length of 15 amino acid 

residues and were designed to cover the whole sequence of human aSyn. Neighboring 

peptides had an overlapping sequence of 11 amino acids. Primary antibodies were hybridized 

with the array and detected by fluorescently labelled anti-rabbit IgG antibodies following the 

manufacturers’ instruction. For SPR see Supplementary Figure 9. Binding late indicates the 

binding strength of the peptide towards the mAb at the end of the association phase. aa, amino 

acids; CTT, C-terminal truncation; ELISA, enzyme-linked immunosorbent assay; hu, human; 

NAC, non-β-amyloid component of Alzheimer’s plaques region of aSyn; rec., recombinant; RU, 

relative unit. 

 NAC NT 122CTT Ser129-p CT 
NAC X 1,00 <0.001*** <0.001*** <0.001*** 
NT ns X ns 0.008** <0.001*** 
122CTT <0.001*** ns X 0.025* <0.001*** 
Ser129-p <0.001*** 0.008** 0.025* X 0.05* 
CT <0.001*** <0.001*** <0.001*** 0.05* X 
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Antibody specifications – Roche antibody set 1 

Epitope mAb 
 

hu rec. aSyn Monomer 
Binding EC50 (ng/ml) 
 
hu rec.  aSyn, aa1-60 (OD) 
 
hu rec. aSyn, aa96-140 
(OD) 

Protein array for full length α-, β-, or γSyn 
 
Peptide array-based epitope mapping, 
immunoreactivity for indicated peptides 
 
Overall conclusion 
 

NAC asyn-
055 
(rabbit) 

1508.0 
 
0.0 
 
0.0 

Binds to αSyn but not βSyn or Syn 
 
aa65-79 (weak), aa93-107, aa97-111 (weak) 
 
Based on ELISA and epitope mapping, 
presumable conformational epitope in NAC 
region 
 

NAC 
(continued) 

asyn-
058 
(rabbit) 

1167.7 
 
0.0 
 
0.0 

No binding to aSyn, beta-Syn, gamma-Syn 
 
No detection of imunoreactivity to any peptide 
 
Based on clear result in ELISA, presumable 
conformational epitope in NAC region 

 

Antibody specifications – Roche antibody set 2 

Epitope mAb 
 

OD on ELISA / SPR  binding late 
(RU) in kinetic screening mode 
 

aSyn 
119CTT 

asyn-
131 
(rabbit) 
 

aSyn(106-119): 1.119 / 324 
aSyn(106-122): 0.088 / 14 

aSyn 
122CTT 

asyn-
134 
(rabbit) 
 

aSyn(111-122): 1.368 / 523 
aSyn(111-124): 0.075 / 1 
 

aSyn 
pSer129 

asyn-
142 
(rabbit) 
 

aSyn(122-135, pSer129):  1.209 / 
152 
aSyn(122-135):  0.145 / 3 
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Supplementary Figure 1: Characterization of immunoreactivity for antibodies against 
aSyn domains and PTMs in post-mortem brains with advanced PD pathology. A: 
Representative brightfield images for selected morphological structures detected by antibodies 

against different aSyn epitopes. All images were taken in the SN or transentorhinal cortex of 

patient PD2. Different IHC features are flagged (discussed in text). Black and white arrowheads 

highlight aSyn-immunopositive neuronal inclusions. In xviii, a weaker ring of immunopositivity 

(white dot) surround the portion with strongest labeling (indicated with a ^). In xxviii, a 

dystrophic LN is indicated by an asterix. B: Example of a dystrophic LN with with stronger 

immunolabeling at its periphery compared to its core, as observed using an antibody against 

Ser129-p aSyn (11A5) in the SN of patient PD4. Scale bar = 10µm. C: Schematic outline of 

the aSyn protein together with the epitopes for the different antibodies used in the present 

study (See also Supplementary Table 1). A: Scale bar = 20µm; B: scale bar = 10µm. 

 

 



241 
 
 

 

 

Supplementary Figure 2: Multilamellar pattern of immunoreactivities for different aSyn 
epitopes in onion-skin like LBs is observed with different antibodies (validation set). 
Raw STED images taken in the SN of patient PD7. Scale bar: 2µm  

 



242 
 
 

 

 

Supplementary Figure 3: Distribution patterns of aSyn PTMs and domains in nigral 
expansive-appearing aSyn inclusions and cortical LBs. A. B. C: Representative 

deconvolved STED images of nigral expansive-appearing inclusions in the SN, and LBs in the 

transentorhinal cortex. and hippocampus of patient PD4. The distribution of immunoreactivities 

was generally more diffuse, although CT and Ser129-p aSyn immunoreactivity at the edges of 

the structure often sharply delineated the inclusion. D. 3D reconstruction of a expansive-

appearing inclusion body in the SN based on deconvolved CSLM images, taken in patient 

PD7. A-C: Scale bar = 2 µm 
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Supplementary Figure 4: Gallery of radiating Ser129-p immunoreactivity 
patterns at the periphery of nigral LBs. STED deconvolved images taken in the SN 

of different PD patients. Scale bars main Figure = 2μm; scale bars insets = 0.5μm 
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Supplementary Figure 5: Gallery of ‘wheel-like’ neurofilament structures in nigral LBs 
immunopositive for Ser129-p aSyn (not shown). Deconvolved CSLM images captured in 

the SN of various patients (indicated in Supplementary Table 2). Scale bars = 2μm. 
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Supplementary Figure 6: Intracytoplasmic 129Ser-p aSyn network shows limited co-
localization with other intracytoplasmatic networks. Images were taken in a dopaminergic 

neuron the SN of a PD patient containing a combination of a combination of expansive 

appearing inclusion and a small LB with a barely distinguishable ring-structure. A: Overview: 

deconvolved CSLM images of the entire neuron showing different intracytoplasmatic networks 

reactive for calreticulin (ER marker), neurofilament and Ser129-p aSyn. Note the limited 

availability of epitope in the area containing neuromelanin (visible in brightfield image as dark 

material). B: Detailed view on the area in the blue square indicated in A. Deconvolved STED 

images showing limited co-localization between markers for intracytoplasmic networks of 

neurofilament. C: Detailed view of the inclusion (area indicated in the grey square in A). The 

compact-appearing spherical LBs shows 1) radiating immunoreactivity patterns for Ser129-p 

aSyn; 2) a cage-like framework of neurofilament. NF: intermediate neurofilament. A: Scale bar 

= 5µm; B, C: scale bar = 2 µm 
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Supplementary Figure 7: Subcellular reactivity patterns for CTT and Ser129-p aSyn in 
brains without Lewy pathology. A: The dot-like pattern of 122CTT aSyn was visible both in 

PD patients and brains without Lewy pathology (NNC = non-neurological control). This pattern 

was not observed in negative controls lacking the primary antibody. Images taken in the 

hippocampus. B: The cytoplasmic Ser129-p positive network (indicated by yellow arrowhead) 

was only observed in certain cells in PD patients – often associated with the presence of an 

inclusion - and not in non-demented controls. Raw CSLM images that were scanned, 

processed and visualized in the same way. Images taken in melanin-containing cells in the 

SN. A,B: Scale bar = 5µm. Abbreviations: NNC = non-neurological control; BF: brightfield.  
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Supplementary Figure 8: PTM aSyn immunoreactivity patterns in donors with iLBD and 
PD with Braak stage 3 for LBs. A: Ser129-p aSyn immunopositive network is present in the 

SN of donors with iLBD, but is not highlighted by antibodies against 119CTT or 122CTT aSyn 

– despite of strong co-localization of these PTMs in LBs. B: More detailed view on some of the 

Ser129-p aSyn immunopositive cytoplasmic networks in neuromelanin-containing 

dopaminergic neurons with and without apparent inclusions. Please note that some of these 

features were very subtle in cells without inclusion (top left) as opposed to the dense network 

that is visualized in neurons with expansive-appearing inclusion bodies. C: Examples of 

Ser129-p aSyn immunoreactive networks in other iLBD and PD patients (indicated in 
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Supplementary Table 2). Deconvolved CSLM images. A: Upper row: scale bar = 5 µm; lower 

row: scale bar = 2 µm; B: main image: scale bar = 5 µm; inset: scale bar = 2 µm; C: scale bar 

= 5 µm.  

 
 

 
 

Supplementary Figure 9. Specificity of novel Roche mAbs directed against truncated or 
phosphorylated α-synuclein. The specificity of asyn-131mAb (A) and asyn-134 mAb (B) 
against truncated isoforms of α-synuclein has been analyzed by surface plasmon resonance 

(SPR) using the mAbs captured by a Fc specific anti-rabbit polyclonal antibody on the sensor 

chip and biotinylated peptides corresponding to the C-termini of truncated α-synuclein (i.e. 

aSyn(aa 106-119) or  aSyn(aa 106-122), respectively) as analytes. Biotinylated C-terminal 

elongated peptides (aSyn(aa 106-122) or aSyn(aa 106-124), respectively) have been used as 

negative control to demonstrate the specificity of the mAbs for the truncated C-terminal 

sequence.  The asyn-142 mAb against α-synuclein phosphorylated at Serine-129 (C) was 

analyzed similarly, whereas biotinylated peptides corresponding to Serine-129 phosphorylated 

or non-phosphorylated α-synuclein (i.e. aSyn(aa 122-135, pSer129) or  aSyn(aa 122-135), 

respectively) were employed as analytes. Biotinylated peptides have been grafted with 

streptavidin to increase the sensitivity of the SPR analysis. Analyses have been performed on 

a Biacore B4000 instrument at 25°C according to a method described by Schräml and Biehl.62 
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Supplementary Figure 10: Specificity of various aSyn mAbs based on Western blot with 
different recombinant forms of aSyn. Method: Recombinant forms of full length aSyn, 

pSer129 aSyn, aSyn1-119, and aSyn1-122 were expressed tag-free in E. coli and purified by 

well-established protocols. 10 ng of protein was run per lane on a 4-12% Bis/Tris 

polyacrylamide gel under denaturing conditions and transferred to a nitrocellulose membrane 

for Western blotting. One gel was stained by Silver Quest to visualize total protein load. 

Western blots were blocked by Super Block (Thermo 37515) followed by 5% milk, each for 

15min at RT and then incubated with 0.01 μg/ml (syn105), 0.1 μg/ml (211), or 1μg/ml (all 

others) primary antibody concentration and bound antibody was detected with anti-mouse IgG-

HRP (211, 23E8, 5C1, 11A5) or anti-rabbit IgG-HRP (all others). Images of optimal exposure 

times (1-18seconds) of individual blots are shown. Results: As expected, 23E8 (epitope region 

within aa40-55), asyn-055, and asyn-058 (both with epitopes within the NAC region) bind all 
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forms of analyzed recombinant aSyn. Binding of both C-terminal aSyn Mabs 5C1 (epitope in 

aa118-126) and 211 (epitope within aa121-125) was abolished in aSyn1-119 and aSyn1-122 

whereas full length aSyn and pSer129 aSyn were recognized as expected, respectively. Note 

the strong specificity of 11A5 and asyn-142 for pSer129aSyn (both mAbs were generated and 

selected for binding pSer129 aSyn), of asyn-131 to aSyn1-119 (generated and selected to bind 

aSyn truncated at aa119), and of syn105 and asyn-134 to aSyn1-122 (generated and selected 

to bind aSyn truncated at aa122) and the complete lack of biding to other forms of aSyn by all 

these antibodies, confirming their high specificity and selectivity.  
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Supplementary Figure 11: CARS-Workflow for the detection of the lipid and protein 
distribution in Lewy bodies. White light images were measured to detect the SN. The CARS-

intensity was measured as overview images. On the same slide an immunohistological staining 

was performed and the fluorescence was detected for aSyn and Ser129-p aSyn. The images 

were manually overlaid. LBs were identified and small regions-of-interest (ROIs) were 

extracted. These ROIs were evaluated, and the protein and lipid distribution of aSyn-positive 

inclusions was detected. 
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Supplementary Figure 12: Evaluation of the centralization of lipids and proteins by 
CARS. The LBs were identified by aSyn staining (yellow) in the CARS-intensity images. 
For an objective evaluation of CARS intensity of the LBs, the mean CARS intensity of the direct 
surrounding (A, cyan), a donut with a width of 3.5 µm, was compared with the CARS-intensity 
of each LB pixel (A, yellow). CARS-pixel-intensities higher than 1.4 times the mean CARS-
intensity of the surrounding were defined as higher protein/lipid content. The ratio between the 
CARS-pixel-intensities of the LB and the mean CARS intensity of the surrounding were 
calculated and areas with higher protein/lipid content were marked in red. Areas without CARS 
intensity (holes) were excluded by intensity thresholding in the first step. Scale bars = 10 µm.  
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network in neurons with a-synuclein 
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Abstract 

Impairment of autophagy is implicated in the pathogenesis of sporadic Parkinson’s 

disease and dementia with Lewy bodies (sPD/DLB) and PD/DLB associated with 

mutations in GBA (GBA-PD/DLB). Here, we examine whether dysfunctional autophagy 

in sPD/DLB and GBA-PD/DLB is related to impaired trafficking of the transcription 

factor EB (TFEB), which is the major transcriptional regulator of the autophagy-

lysosomal pathway. In order to test this hypothesis, we semi-quantitatively scored 

subcellular localization patterns of TFEB in dopaminergic neurons in the substantia 

nigra of patients with sPD/DLB (N=9) and GBA-PD/DLB (N=9) scanned using confocal 

and stimulated emission depletion microscopy (STED) microscopy and compared this 

to our observations in the brain of normal subjects (N=7). In line with previous studies, 

we observed reduced nuclear immunoreactivity of TFEB PSer129 in the brain of 

sPD/DLB and GBA-PD/DLB patients compared to controls, which was more frequently 

observed in neurons with pSer129 aSyn cytopathology. In addition, we observed 

perinuclear clusters immunopositive for TFEB which localized to the trans-Golgi 

network of neurons with PSer129 aSyn cytopathology in sPD/DLB and GBA-DLB. 

Interestingly, aberrant TFEB localization patterns compared to controls were observed 

also in cells without aSyn cytopathology in GBA-PD/DLB patients, mainly in cases 

carrying severe variants. Our results highlight a key role of impaired TFEB trafficking 

in sporadic and mainly GBA-related PD/DLB.  
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Introduction 

Parkinson’s disease (PD) and dementia with Lewy bodies (DLB) are 

neurodegenerative diseases pathologically defined by the presence of neuronal 

cytoplasmic and axonal inclusions, termed Lewy bodies (LBs) and Lewy neurites, in 

predilected regions of the brain1. LBs consist of membranes and proteins, among 

which post-translationally modified, e.g. serine 129 phosphorylated (pSer129), alpha-

synuclein (aSyn) 2-5. Under physiological conditions, aSyn is cleared by intracellular 

degradation systems such as the ubiquitin-proteasomal system and the autophagy 

related pathway (ALP) 6, 7. In contrast, in PD and DLB, pathological forms of aSyn 

accumulate in neurons and are not adequately degraded by these protein degradation 

mechanisms. A causal role of impairment of the ALP in PD/DLB is also supported by 

genetic GWAS and linkage studies, that have shown that many genetic risk factors 

converge to the ALP 8, 9.  

The most common genetic risk factors associated with PD and DLB are heterozygous 

mutations in the GBA gene. GBA encodes for glucocerebrosidase (GCase), a 

lysosomal hydrolase that catalyzes the catabolism of its physiological substrate 

glucocylceramide into glucose and ceramide10-12. Results of pathological and 

experimental studies have suggested a reciprocal relationship between GCase and 

aSyn 13-21, although the nature of this relationship is currently unclear. While the ability 

of GCase and aSyn to physically interact has been demonstrated in vitro using nuclear 

magnetic resonance spectroscopy 22, 23, an alternative hypothesis is that aSyn and 

GCase interact indirectly, as a result of increased substrate levels of GCase 13, 24-26, 

decreased intracellular trafficking of GCase 19, 20, 26, and/or ALP malfunction 19, 20, 27, 28. 

Indeed, recent evidence from induced pluripotent stem cell-derived neurons from 

patients with GBA-related PD and GD has recently suggested widespread ALP 

impairment in these diseases 29-31.  

The key regulator of ALP is transcription factor EB (TFEB), which is localized at the 

cytosol, where it interacts with mTORC132. The inhibition of mTORC1 activity results 

in dephosphorylation of TFEB, upon which it translocates to the nucleus to activate 

transcription of the Coordinated Lysosomal Expression and Regulation (CLEAR) 

network, including GBA 26, 32-34. Interestingly, a previous study showed altered 

subcellular TFEB patterns in a rat model overexpressing aSyn, in which increased 
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cytoplasmic retention of TFEB was observed, which was confirmed in post-mortem 

midbrain brain tissue sections of PD donors 35.  

To test the hypothesis that TFEB is malfunctioning in GBA-PD/DLB and sPD/DLB, we 

explored the subcellular localization of TFEB in melanin-containing dopaminergic 

neurons with and without subcellular PSer129 aSyn pathology in the substantia nigra 

pars compacta (SNpc) of GBA-PD/DLB and sPD/DLB brains, using high-resolution 

confocal and stimulated emission depletion microscopy (STED) microscopy. We 

included post-mortem midbrain tissue, including the SNpc, of patients with GBA 

variants (n=10), sPD/DLB sporadic (N=9) and non-neurological subjects (N=7). In 

pSer129 aSyn immunoreactive neurons, we observed an unanticipated accumulation 

of TFEB at the trans-Golgi network (TGN) in patients with sPD/DLB and GBA-PD/DLB. 

In the subgroup of GBA-PD/DLB patients, we observed TFEB clusters also in neurons 

without pSer129 aSyn cytopathology, which was most pronounced in patients with 

severe GBA variants.  

Further, we confirm reduced nuclear localization of TFEB under conditions of aSyn 

pathology. Our results highlight a key role of impaired TFEB trafficking in the 

pathogenesis of sporadic and GBA-related PD/DLB.  

Materials and methods  

Post-mortem human midbrain sections: 

Post-mortem human brain tissue from clinically diagnosed and neuropathologically 

verified donors with advanced sporadic PD and DLB without GBA variants (9 

individuals), PD and DLB patients with GBA variants PD  (9 individuals) and age-

matched non-neurological control subjects without GBA variants (7 individuals; Table 

1). These patients represent a subset of a cohort for which the genotyping and various 

biochemical measurements were previously published 13, 36.  The demographics of the 

selected patients are presented in Table S1.  
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Table 1: Group characteristics of controls, sPD/DLB and GBA-PD/DLB patients in the 
present study.  

 

 

 

 

 

 

 

 

 

 

Following all ethical and legal guidelines, informed consent for brain autopsy and the 

use of brain tissue and clinical information for scientific research was given by either 

the donors or their family. Brains were dissected in compliance with standard operating 

protocols of the Netherlands Brain Bank and Brain Net Europe, and neuropathology 

was assessed by an experienced neuropathologist, according to the guidelines of 

Brain Net Europe 37, 38. For the groups of patients with PD and DLB, we selected donors 

with a Braak stage for LBs ≥4, limited concomitant AD pathology (Braak neurofibrillary 

tangle stage ≤3 and CERAD ≤B) and without microinfarcts. Further, all NNS, AD or 

PSP patients were devoid of LB pathology (Braak LB stage 0) 39. Post-mortem delay 

(PMD) for all donors was less than 10 hours. Formalin-fixed paraffin-embedded (FFPE) 

tissue blocks of the midbrain containing the SN from all included donors were cut into 

10μm thick sections, which were used for immunohistochemistry and multiple labelling 

experiments. 

Immunohistochemical staining procedure 

Double and triple labeling experiments were performed on 10μm thick FFPE sections. 

After deparaffination, antigen retrieval was performed in 10mM citrate buffer (pH 6) in 

   

Controls 

(N=7) 

 

sPD/DLB 

(N=9) 

 

GBA-PD/DLB  

(N=9) 

Age of death (yrs ± SD) 77 ± 5 77 ± 4 77 ± 6 

Sex (M/F) 1/6 7/2 5/4 

Post-mortem delay (minutes ± SD) 342 ± 97 314 ± 60 330 ± 92 

Braak Lewy Body Score 0-1 (6/1) 4-6 (2/3/4) 4-6 (2/2/5) 

Braak score for Neurofibrillary 

Tangles 

1-2 (2/5) 0-2 (3/4/2) 1-3 (8/0/1) 

CERAD Amyloid Plaque Score O-B (1/4/2) O-B (4/2/3) O-C (4/2/2/1) 

Specific GCase activity in SN 

(pmol/min/mg)36 

1032 ± 142 828 ± 116 553 ± 209 
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a steamer at 96ºC for 30 minutes. In double labelling protocols, sections were 

subsequently blocked in a blocking buffer (BS) containing 2%normal donkey serum 

and 0.1% Triton-X in TBS (pH 7.6) for one hour, after which primary antibodies were 

incubated overnight at 4ºC. Afterwards, antibodies were washed and incubated in 

appropriate secondary antibodies diluted in BS for 2 hours at room temperature. In 

case of multiple labelling experiments, after incubation with secondary antibodies 

sections were blocked for 1 hour in 5% normal rabbit serum and 5% normal mouse 

serum in TBS and incubated for 2 hours at room temperature in BS containing directly 

labelled antibodies 4. Direct labelling of antibodies was done using a Zenon™ Alexa 

FluorTM 594 Rabbit IgG Labelling Kit (Catalogue Nº Z25307, ThermoFisher Scientific). 

DAPI was added to the BS in a concentration 1 µg/ml in the last incubation step. 

Sections were mounted in Mowiol mounting solution using glass cover slips (Art. No.: 

630-2746; Glaswarenfabrik Karl Hecht, Sondheim, Germany). Negative control 

stainings lacking primary antibodies were performed to control for 

background/autofluorescence levels and aspecific staining. In addition to multiple 

labelings, immunoreactivity patterns for the different antibodies were carefully 

examined to control whether immunoreactivity patterns were caused by eventual 

cross-reactivity between antibodies. Antibodies utilized for the experiments of this 

study are summarized in Table S2.  

Confocal and stimulated emission depletion microscopy  

Confocal laser scanning microscopy and stimulated emission depletion (STED) 

microscopy were performed using a Leica TCS SP8 STED 3X microscope (Leica 

Microsystems). All images were acquired using a HC PL APO CS2 100x 1.4 NA oil 

objective lens, with the resolution set to a pixel size of 20 nm x 20 nm. Gated hybrid 

detectors were used in counting mode. Sections were sequentially scanned for each 

fluorophore, by irradiation with a pulsed white light laser at different wavelengths. A 

pulsed STED laser line at a wavelength of 775 nm was used to deplete the Alexa594 

fluorophore, while a continuous wave (CW) STED laser with wavelengths of 592 nm 

was used to deplete the Alexa 488 fluorophore, respectively. After scanning, 

deconvolution was performed using CMLE (for non-depleted images) or GMLE (for 

STED images) algorithms in Huygens Professional software (Scientific Volume 
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Imaging, Huygens, the Netherlands). Images were adjusted for brightness/contrast in 

ImageJ (National Institute of Health, USA). 

Selection of cells for scanning and semi-quantitative scoring 

Images were collected of neuromelanin-containing cells in the substantia nigra pars 

compacta, using the 100x 1.4 NA oil objective lens. The presence of neuromelanin was 

verified for each cells in the brightfield mode. In addition, cells were selected based on 

the visibility of a nucleus and a cytoplasm. The presence of cytoplasmic PSer129 

immunoreactivity was used to distinguish between cells with and without 

cytopathology. TFEB reactivity patterns were not used as a criterion for selection. For 

all cells, a z-stack of 1.05µm was scanned based on the z-position of the nucleus and 

nucleolus. A total of 336 neuromelanin-containing dopaminergic cells was scanned, 

including 100 neurons of non-neurological controls, 109 ofsPD/DLB and 129 of GBA-

PD/DLB patients (Table S3). The amount of cells scanned per individual ranged from 

7 to 27, and was, amongst others, determined by extensive loss of nigral neurons in 

PD/DLB patients. A distinction was made between neurons with and neurons without 

subcellular immunoreactivity for pSer129 aSyn. This was done according to the 

previously described detailed subcellular phenotypes of pSer129 aSyn – including 

different cytoplasmic inclusions as well as cytoplasmic network. As these features were 

not observed in controls in a previous study by us4 or in the present study, these 

phenotypes were therefore considered as highly specific for aSyn cytopathology.  

Raw confocal images, which were scanned under the same settings, were processed 

in the same way in ImageJ. For every scanned cell, the images from brightfield, TFEB 

and DAPI channels were extracted for semi-quantitative analysis, without information 

about PSer129 aSyn. Subsequently, all images were further blinded for diagnosis by 

randomized coding. In this blind analysis, two independent raters semi-quantitatively 

assessed nuclear TFEB immunoreactivity. Based on pilot measurements in a subset 

of cells, the following scores were defined: 1: a pronounced lower density of TFEB 

punctae in the nucleus versus cytoplasm; 2: comparable densities of TFEB punctae in 

the nucleus versus cytoplasm; 3: pronounced nucleolar labeling. The inter-rater 

reliability of the scores, estimated by the Cronbach’s alpha coefficient, for this nuclear 

score was 0.88. An unexpected feature of TFEB immunreactivity patterns was the 

presence of cytoplasmic clusters seemingly independent of cytoplasmic TFEB 
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punctae. This feature was semi-quantitatively scored as well by two independent 

assessors: ranging from 0) no cytoplasmic TFEB clusters to 3) large/many cytoplasmic 

TFEB clusters. The inter-rater reliability of the scores, estimated by the Cronbach’s 

alpha coefficient, for TFEB clusters was 0.91. 

Statistics 

As mentioned before, different amounts of cells were scanned in different individuals 

– partially as a result of severe loss of nigral neurons in some of the PD/DLB patients. 

To assure that our results could not be attributed to measurements in a single 

individual, we applied Generalized Estimating Equations (GEE) models47 with an 

ordinal probit response for our statistical analysis. For each test, Wald Chi-Square and 

B statistics (together with 95% confidence interval) are presented in the results section. 

For correlation analyses, Spearman tests were performed.  

Results 

TFEB subcellular immunoreactivity patterns in sporadic and GBA-related PD/DLB 

The immunoreactivity patterns for TFEB in neuromelanin-containing dopaminergic 

neurons in the SNpc showed a variety of intracytoplasmic distribution patterns. Most 

prominently, immunopatterns were characterized by many punctae immunoreactive for 

TFEB, which were distributed throughout the cytoplasm as well as in their nucleus 

(Figure 1). In a subset of these neurons, the nucleolar portion of their nuclear 

compartment –outlined based on DAPI signal – was strongly labeled by TFEB (Figure 

1A). The scanned neurons showed heterogeneity in the distribution of TFEB 

immunopositive punctae in the nucleus versus the cytoplasm. While most scanned 

neurons showed a substantial amount of punctae immunopositive for TFEB in the 

nucleus (Figure 1A, D, E), a subset of neurons showed limited TFEB immunoreactivity 

in the nuclear compartment of cells relative to the cytoplasm (Figure 1C, F). This effect 

seemed to be mostly observed in neurons from patients with PD and DLB and less in 

controls, which was later tested in semi-quantitative analyses.  
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Figure 1: Representative examples of TFEB localization patterns in dopaminergic SNpc 
neurons in PD/DLB patients and controls. Raw confocal images captured in donors ID12 

(A), ID44 (B), ID16 (C), ID9 (D), ID45 (E), ID24 (F). A-D: Neurons without pSer129 aSyn 

cytopathology; E, F: Neurons with pSer129 aSyn cytopathology. Features immunoreactive for 

TFEB included nuclear and cytoplasmic punctae in different proportions, nucleolar staining 

patterns (A), and perinuclear clusters (B, C, E, F). The outline of the DAPI signal is projected 

in blue in the TFEB images to indicate the nucleus. Yellow arrow heads indicate TFEB 

immunopositive clusters. All scale bars represent 5µm.  
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In addition to immunoreactive punctae (typically around 0.3µm in the raw CSLM 

signal), a subset of neurons displayed larger TFEB immunoreactive clusters in the 

cytoplasm (Figure 1B,C,E,F; yellow arrowheads). These clusters appeared most 

frequently in neurons with subcellular PSer129 aSyn immunoreactivity, and could be 

observed to lesser extent in neurons without apparent aSyn cytopathology (f.i. Figure 

1B,C).  

Nuclear TFEB expression is reduced in sPD/DLB and particularly GBA-PD/DLB  

Nuclear immunoreactivity was semi-quantitatively scored in a blind analysis (see 

Methods). Analyses showed more neurons with nuclear TFEB in controls compared to 

PD/DLB patients (p=0.027; Wald Chi-Square: 4.883; B=0.727; 95% confidence interval 

(CI) [0.082:-1.371]). In particular GBA-PD/DLB patients showed reduced nuclear TFEB 

immunoreactivity than controls (p=0.009; Wald Chi-Square: 6.828; B=-0.848; 95% 

confidence interval (CI) [-1.484:-0.212]), while this effect was less pronounced in 

sPD/DLB patients (p=0.112; Wald Chi-Square: 2.524; B=-0.612; 95%CI [-1.367: 

0.143]; Figure 2A). These results are in support of previous indications that nuclear 

TFEB immunoreactivity is reduced in dopaminergic neurons in the SNpc of patients 

with PD compared to controls 35.  

Interestingly, the results of our analyses convincingly showed that nuclear localization 

of TFEB was reduced mainly in neurons affected by pSer129 aSyn cytopathology 

(Figure 2B). When comparing neurons with and without pathology scanned in the 

different diagnostic groups, we observed less nuclear immunostaining in cells with 

pSer129 aSyn pathology than without (p=0.0004; Wald Chi-Square: 12.541; B=-0.687; 

95%CI [-1.068:-0.307]). This effect was still significant when including only cells from 

PD/DLB patients in the analysis (p=0.025; Wald Chi-Square: 5.004; B=-0.422; 95%CI 

[-0.792:-0.052]). While nuclear TFEB immunoreactivity in neurons with PSer129 aSyn 

cytopathology was reduced compared to controls both in patients with GBA-PD/DLB 

and sPD/DLB (Figure 2C), we observed a trend for lower nuclear immunoreactivity 

scores also in neurons without apparent aSyn pathology, specifically in the GBA-

PD/DLB group compared to cells in controls (p=0.067; Wald Chi-Square: 3.335; B=-

0.638; 95%CI [-1.322:0.047]). This effect was not observed in sPD/DLB 

patients(p=0.363; Wald Chi-Square: 0.828; B=-0.417; 95%CI [-1.316:0.481]) and may 

partially explain more pronounced effects in GBA-PD/DLB patients on a group level. 
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Figure 2: Nuclear TFEB immunoreactivity is reduced in neurons with pSer129 aSyn 
cytopathology in sPD/DLB and GBA-PD/DLB. A: Frequency distributions pattern of semi-

quantitatively scored nuclear TFEB immunoreactivities. High nuclear TFEB immunoreactivity 

scores were more frequently found in controls compared to sPD/DLB and GBA-PD/DLB, while 

the proportion of low nuclear TFEB scores was lowest in this group. B: The frequency 

distribution of nuclear TFEB immunoreactivity scores in cells with and without subcellular 

pSer129 aSyn pathology shows reduced nuclear immunoreactivity in cells with pSer129 aSyn 

cytopathology. C: Frequency distributions for nuclear TFEB immunoreactivity scores in cells 

with and without pSer129 aSyn pathology per group. IR = immunoreactivity; aSyn+ : neurons 

with pSer129 aSyn pathology; aSyn- : neurons without pSer129 aSyn pathology. n.s.: not 

significant. *p < 0.05; ** p < 0.01. 
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Cytoplasmic clustering of TFEB in neurons with aSyn cytopathology  

The semi-quantitative scores of TFEB clusters in the cytoplasm of neurons showed  

pronounced differences between diagnostic groups, as the proportion of cells revealing  

TFEB clusters was significantly larger in PD/DLB patients compared to controls 

(p=0.0002; Wald Chi-Square: 14.141; B=1.111; 95% CI [0.532:1.689]. This effect was 

observed in sporadic (p = 0.003; Wald Chi-Square: 8.808; B=0.908; 95% CI 

[0.308:1.507]) and particularly in GBA-related PD/DLB patients (p=0.0002; Wald Chi-

Square: 14.045; B=1.291; 95%CI [0.616:1.966]) (Figure 3A). Moreover, this effect was 

strongly associated with the presence of PSer129 aSyn cytopathology, as cells that 

contained Ser129 aSyn pathology showed more TFEB clusters compared to cells 

without pathology (p= 4.72E-11; Wald Chi-Square: 43.290; B=1.215; 95%CI 

[0.853:1.577], Figure 3B). This effect was still strongly significant when only including 

cells from PD/DLB patients (p=5.70E-7; Wald Chi-Square: 25.012; B=0.935; 95%CI 

[0.568:1.301]). Despite of this association between the presence of TFEB clusters and 

PSer129 aSyn cytopathology, our analysis in cells without PSer129 aSyn neurons 

showed a significantly increased number of cells with TFEB clusters specifically in 

GBA-PD/DLB patients compared to controls (p=0.017; Wald Chi-Square: 5.672; 

B=0.997; 95%CI [0.176:1.817], Figure 3C). For sPD/DLB patients, no such effect was 

observed in cells without cytoplasmic PSer129 aSyn immunoreactivity (0.421; Wald 

Chi-Square: 0.646; B=0.935; 95%CI [-0.426:1.018]). Similar to the nuclear TFEB 

immunoreactivity described in the previous section, the more pronounced alterations 

found in GBA-PD/DLB compared to sPD/DLB may be partially attributed to the results 

in neurons without aSyn pathology.  

Subcellular localization of TFEB in patients with pathogenic GBA variants 

In our semi-quantitative analyses, alterations in the group of GBA-PD/DLB patients 

compared to controls were more pronounced than in sPD/DLB patients. To further 

explore alterations in TFEB localization in GBA-PD/DLB patients, we selected two 

donors of our cohort with severe GBA mutations and very low residual GCase acitivity 

to assess TFEB immunoreactivity patterns in more detail. One patient (ID26) was found 

to carry a severe L444P variant 40, and a 52% reduction of GCase activity was found 

in the SN compared to the average activity in controls 36. The other donor (ID24) was 

found to carry three GBA variants (p.Asp140His, p.Glu326Lys, and p.Thr369Met) and 
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Figure 3: TFEB clusters are mostly observed in GBA-PD/DLB patients and strongly 
related to the presence of pSer129 aSyn cytopathology. A: Frequency distributions for 

semi-quantitatively scored TFEB clusters. TFEB clusters were most frequently observed in 

GBA-PD/DLB. B: TFEB clusters were more frequently observed in neurons with pSer129 aSyn 

pathology as compared to neurons without aSyn cytopathology.  C: Frequency distributions 

for TFEB cluster scores in cells with and without pSer129 aSyn pathology per disease group. 

TFEB clusters were more frequently observed in cells with pSer129 aSyn pathology in both 

sPD/DLB and GBA-PD/DLB patients compared to controls, while TFEB clusters were also 

more frequently observed in neurons without pSer129 aSyn pathology in GBA-PD/DLB 

patients. aSyn+ : neurons with pSer129 aSyn pathology; aSyn- : neurons without pSer129 

aSyn pathology. n.s.: not significant. *p < 0.05; **p < 0.01; ***p < 0.001.  
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GCase activity in the SN of this donor was reduced by 85% compared to controls 36.  

A detailed look at the SNpc of these patients with pathogenic GBA variants revealed 

severe TFEB clustering in neuromelanin-containing dopaminergic neurons with 

pSer129 aSyn pathology (Figure 4Aii, Bii). However, TFEB clustering was also 

commonly observed in cells without cytopathology (Figure 4Ai, Bi). Typically, TFEB 

reactivity in neurons of the PD patient with severe GBA variants was concentrated in 

dense clusters in the cytosol, showing limited immunopositive punctae in the cytoplasm 

and particularly in the nucleus. The described pattern of immunoreactivity, particularly 

for TFEB clusters, appeared more extreme compared to sPD/DLB patients or to 

patients with milder GBA variants. A selection of representative subcellular phenotypes 

of TFEB reactivity in these cases is presented in Figure 4.  

TFEB clusters at the trans-Golgi network in the presence of aSyn cytopathology 

TFEB immunopositive clusters in aSyn immunoreactive neurons in the SN were 

localized mainly at the perinuclear portion of the cytoplasm, where it revealed to be 

present in a network. Zooming in on these features using STED microscopy, 

demonstrated that these TFEB clusters often showed a cisternal morphology. These 

observations led to the hypothesis that TFEB clusters at the Golgi apparatus in neurons 

with aSyn pathology. This hypothesis was explored using multiple labeling setup in 

combination with 3D gated STED microscopy, including antibodies against pSer129 

aSyn, TFEB, TGN46 – which is a marker for the trans-Golgi network (TGN) - and DAPI. 

Our results convincingly demonstrated the localization of the described TFEB clusters 

to the TGN. Where in most neuromelanin-containing dopaminergic neurons, smaller 

TFEB clusters occupied a small part of the TGN (Fig. 5A), in other cells strong TFEB 

reactivity was observed throughout the entire structure (Fig. 5B) usually in the 

presence of pSer129 aSyn cytopathology. Together, our STED observations suggests 

that TFEB accumulates at the TGN under conditions of pSer129 aSyn cytopathology.  
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Figure 4: Representative TFEB immunoreactivity patterns in dopaminergic neurons in 
the SNpc of patients carrying severe GBA variants. Representative raw confocal images 

are shown for donor ID26 with an L444P variant (three neurons i-iii; A) and for donor ID24, 
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which carries multiple GBA variants (B).  TFEB reactivity in neurons of PD patients with severe 

GBA variants was characterized by dense clusters in the cytosol, with limited immunopositive 

punctae in the cytoplasm and particularly in the nucleus. These patterns were not only 

observed in neurons with pSer129 aSyn pathology (Aii, Aiii; Biii), but also in neurons without 

apparent aSyn pathology (Ai; Bi, Bii). All scale bars represent 5µm.  

Discussion 

A growing amount of pathological studies have focused on dissecting the determinants 

of ALP impairment in post-mortem brain tissue of patients with PD/DLB. Many of these 

studies revealed mild effects on different ALP components in the context of PD/DLB, 

and these results were sometimes contradictive 41, 42. In the present study, using 3D 

confocal and STED microscopy, we showed that  the presence of subcellular PSer129 

aSyn cytopathology is a major determinant for changes in the subcellular  localization 

of TFEB. We observed more cytoplasmic retention of TFEB and clustering at the TGN 

in nigral neuromelanin-containing neurons in GBA-PD/DLB and sPD/DLB donors 

compared to controls, which were related to the presence of pSer129 cytopathology 

both in sPD/DLB and GBA-PD/DLB patients. Our results indicate that impaired cellular 

trafficking of TFEB in neurons is strongly affected by PSer129 cytopathology in 

sPD/DLB and in GBA-PD/DLB.  

In 2013, the study by Decressac et al. first demonstrated a mechanistic link between 

aSyn toxicity and impaired TFEB function in a rat model with adeno-associated virus 

(AAV) vector-mediated overexpression of human wild-type aSyn in the midbrain35. In 

this model, dynamic changes in CLEAR gene products (both mRNA expression levels 

and protein levels) were observed over time 35. These alterations were related to 

decreased protein expression levels of TFEB in nuclear tissue fractions, while TFEB 

protein expression was unchanged in the cytoplasm fractions 35. The cytoplasmic 

retention of TFEB was supported by experiments in post-mortem human brain tissue, 

in which reduced nuclear immunoreactivity was observed in sPD patients compared to 

controls 35. In our study, we aimed to replicate this result using multiple labeling 

experiments and high-resolution microscopy, allowing more insight into the detailed 

subcellular localization of TFEB and its relation to subcellular pSer129 aSyn pathology. 

Using this approach, we further aimed to obtain more insight into possible differences 

in TFEB localization patterns in GBA-carriers versus sPD/DLB patients.  
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Figure 5:  Cytoplasmic clusters immunoreactive for TFEB represent accumulations at 
the TGN in dopaminergic SNpc neurons in PD/DLB. Deconvolved confocal (A upper panels 

and D) and STED (A lower panels, B, C). A: Overview image (upper panels) and detailed 

magnification (lower panels) of the co-localization of TFEB clusters at the TGN (visualized by 

TGN46),  taken in sPD patient ID17, in a dopaminergic SNpc neuron with subcellular pSer129 

aSyn pathology. B: Image taken in a dopaminergic SNpc neuron with subcellular pSer129 

aSyn pathology in GBA-PD patient ID 24, demonstrating extensive perinuclear TFEB 

immunoreactivity localizing in the TGN, displaying a detailed cisternal morphology (the 

pSer129 aSyn channel is not shown here). C: Image taken in a DLB patient with a Glu326Lys 

variant (ID37) showing TFEB immunopositive punctae  in the cytoplasm and mild co-
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localization to the TGN (indicated by yellow arrow heads). D: Image taken in a dopaminergic 

neuron of a control (ID9) without aSyn cytopathology, in which cytoplasmic TFEB 

immunopositive punctae show very limited co-localization with TGN structures. Scale bars: A, 

upper panels = 5µm; lower panels = 1µm; B: 2µm; C: 2µm; D: 5µm 

In line with the result of Decressac et al. 35, we observed significantly reduced nuclear 

immunoreactivity in neuromelanin-containing neurons in the SNpc of patients with 

sPD/DLB and particularly GBA-PD/DLB. Reduced expression of TFEB in nuclear 

tissue fractions been reported in different neurodegenerative diseases, including 

Alzheimer’s disease and Amyotrophic lateral sclerosis 43, 44. These results demonstrate 

that nuclear TFEB expression is reduced in different neurodegenerative diseases in 

which protein aggregation takes place, suggesting that impaired nuclear translocation 

of TFEB is related to impaired protein homeostasis in neurons.  

Apart from neuronal cytoplasmic and nuclear punctae, we observed larger perinuclear 

clusters immunopositive for TFEB. Our semi-quantitative analysis demonstrated that 

these TFEB clusters were most frequently present in neurons with pSer129 aSyn 

cytopathology. Detailed co-localization analysis revealed TFEB clusters localized at 

the TGN. A link between TFEB and the (trans-)Golgi network was previously 

established in gene ontology analyses of the CLEAR network, showing an important 

role for TFEB in the transcriptional control of TGN elements 45. Moreover,  recent 

evidence has suggested a role of the Golgi apparatus in ALP functioning as it is 

involved in many processes in early stages of autophagy, amongst others in mannose 

6-phosphate receptors-mediated sorting of lysosomal enzymes 46, as a source of 

membranes of double-layered membranes for ALP components 47, 48, and  for the 

formation of autophagosomes 49. The Golgi ribbon has further been suggested as a 

subcellular location of mTOR 50, which may be activated by the GPase Rheb localized 

at the Golgi membrane 51, thereby negatively regulating autophagy. In line with this, 

Golgi fragmentation resulted in the activation of autophagy in HeLa cells 50. These 

findings together demonstrate a regulatory role of the Golgi system at the mTOR-TFEB 

axis.  
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Figure 6:  Hypothetical interrelation between pSer129 aSyn, GCase and TFEB within 
SNpc neurons in sPD/DLB and GBA-PD/DLB patients based on our findings and 
previous literature. A: In sPD/DLB, various pathogenic processes may lead to increased 

accumulation of aSyn, inducing ALP stress (1). As a result of ALP stress, the translocation of 

TFEB to the nucleus is impaired (2), resulting in less translation of CLEAR genes. Consequent 

lysosomal depletion will result in less GBA and GCase activity (3) and further ALP stress (4). 
Moreover, the accumulating levels of GCase substrates may aggravate aSyn aggregation, as 

described before in literature13, 24-26 (4). B: Decreased GCase enzymatic activity caused by 

GBA variants36 may lead to ALP stress (1) resulting in impaired TFEB trafficking (2). Reduced 

nuclear TFEB localization results in less transcription of CLEAR genes. The resulting 

lysosomal depletion may contribute to aSyn accumulation (2), which initiates the vicious cycle 

presented in A (4,5). Moreover, accumulating substrate levels may contribute to further aSyn 

aggregation13, 24-26 (1). 
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Although accumulation of TFEB at the TGN has not been reported before, a similar 

phenotype was described for ATG9A – an ALP component involved in early stages of 

autophagosome formation and intimately linked to the subcellular localization of TFEB 
52. In genetic mouse and cellular models of adaptor protein 4 (AP-4) deficiency and in 

human skin fibroblasts of patients with AP-4 mutations accumulation of ATG9A at the 

TGN associated with axonopathy and an impaired ability to dispose cytoplasmic 

aggregates of huntingtin53-55.  Although future experiments are clearly needed to shed 

light on the consequences of TFEB accumulation at the TGN under conditions of aSyn 

pathology, our observations highlight that the Golgi apparatus is an important 

regulatory center for ALP (dys)function and may reflect defective trafficking of ALP 

proteins in GBA-PD/DLB and sPD/DLB.  

Over all scanned cells, reduced nuclear TFEB and cytoplasmic clustering of TFEB 

were most pronounced in GBA-related PD/DLB patients. When distinguishing between 

cells with and without PSer129 cytopathology, we observed that these effects were 

mainly driven by the results in the group of cells without pathology. Cells with aSyn 

pathology in both sPD/DLB and GBA-PD/DLB patients revealed clear TFEB 

localization differences compared to controls, while in cells without pathology altered 

TFEB localization compared to controls was only observed in GBA-PD/DLB patients. 

In support this, the subcellular immunoreactivity patterns for two patients with severe 

GBA variants leading to very low residual GCase activities 36 – one donor carrying the 

pathogenic L444P variant and one donor with three  GBA variants (p.Asp140His, 

p.Glu326Lys, and p.Thr369Met) - were characterized by extensive TFEB clusters, 

occupying a substantial volume of the TGN (Fig. 5B) in cells with and without aSyn 

pathology.  

Together, these results may be indicative for different molecular mechanisms 

underlying the pathogenesis GBA-related versus sporadic PD patients. In Figure 6 we 

present a hypothetical model which could explain the more extreme differences in 

GBA-related PD/DLB patients, based on our findings and previous literature. In 

sPD/DLB patients, GCase dysfunction could be mainly an indirect consequence of 

aSyn pathology – acting via ALP stress and TFEB mislocalization. In GBA-related 

PD/DLB, in contrast, genetically reduced GCase activity could underlie a vicious cycle 

that increases ALP dysfunction, aSyn pathology and TFEB mislocalization over time 
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in diseased cells. Our models would be in favor of a modulating role of GCase in aSyn 

aggregation, both by increasing intracellular substrate levels as well as by affecting 

ALP functioning 13, 19, 25, 26, 56.  

In conclusion, our results on TFEB subcellular localisation in post-mortem human brain 

tissue of GBA-PD/DLB and sPD/DLB have demonstrated a link between pSer129 aSyn 

cytopathology and TFEB subcellular localization at the TGN in the PD/DLB brain, and 

provided suggestions for different pathological mechanisms underlying the etiology of 

sporadic and GBA-related PD/DLB. Our observations support an important role for 

impaired TFEB trafficking in the pathogenesis of GBA carriers and sPD/DLB, thereby 

underlining the potential of increasing nuclear TFEB as a possible target for urgently 

required disease-modifying therapies.  
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Supplementary Tables and Figures 

Table S1: Donors selected for this study. More detailed demographics were provided in 

Moors et al 2017 36   

ID 
in 
36 

Diagnosis Age Sex GBA variant Braak 
LB 
stage 

Braak 
NFT 
score 

CERAD 
amyloid 
score 

1 control 77 F - 0 1 B 

6 control 76 F - 0 2 O 

8 control 70 F - 0 2 A 

9 control 83 F - 0 2 B 

10 control 70 F - 0 2 A 

12 control 78 F  0 2 A 
15 control 83 M - 1 1 A 

17 PD 81 F - 5 0 O 

19 PD 74 M - 5 1 O 

22 PD 81 M  5 1 O 

25 PD 72 M - 6 1 A 

27 PD 78 M - 4 0 A 

39 DLB 75 M - 6 2 B 

41 DLB 78 F - 6 2 B 

44 DLB 83 M - 6 0 O 

45 DLB 74 M - 4 1 B 

16 PD 80 F c.762-18T>A 6 1 C 

18 PD  84 M p.Pro319Leu 5 1  A 

21 PD 76 M p.Glu326Lys 6 1  O 

24 PD 83 F 
p.Asp140His, p.Glu326Lys, and 
p.Thr369Met 4 1 O 

26 PD 65 M p.Leu444Pro 6 1 B 

37 DLB 72 M p.Glu326Lys 6 1 O 

38 DLB 80 F p.Glu326Lys 5 1 O 

42 DLB 81 F p.Thr369Met 4 1  A 

43 DLB 69 M p.Glu326Lys 6 3 B 



279 
 
 

 

Table S2:  Details of antibodies used for the present study. 

Reference/ 

Art no. 
Source Epitope Epitope Host (clonality) 

11A5 Prothena P–Ser129 α–syn 

 

P–Ser129 α–syn 

 

Mouse 

(monoclonal) 

A303-673A Behyl TFEB 
TFEB 

Rabbit 

(monoclonal) 

NB300-575 Novus Biologicals TGN38 
TGN38 

Mouse 

(monoclonal) 

NBP1-49643 Novus Biologicals TGN46 
TGN46 

Rabbit 

(polyclonal) 

 

 

 

Table S3: Number of nigral neuromelanin-containing dopaminergic neurons with and 

without pathology scanned in the different diagnostic groups for our semi-quantitative 

analysis 

 Pathology  

α-SYN (–) α-SYN (+) Total 

Diagnosis NNC 98 0 98 

sPD/DLB 54 55 109 

GBA-
PD/DLB 

57 72 129 

 Total 209 127 336 
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Chapter 9 
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Summary of main findings 

In the introduction of this thesis, we presented two overarching thesis aims:  

1. To obtain more insights into the relevance of C-terminally truncated (CTT) 

and Serine 129 phosphorylated (Ser129-p) alpha-synuclein (aSyn) in the 

pathology of different synucleinopathies 

2. To determine whether selected components of the autophagy-lysosomal 

pathway (ALP) are altered in the post-mortem PD brain, and explore their 

relation to the presence of GBA mutations. 

For this, we performed different studies, which were presented in Chapter 2-8. The 

results of these studies have provided further insight into the determinants underlying 

aSyn aggregation and impaired protein degradation in the human post-mortem brain 

with PD. In the upcoming section, a summary of the main results of these studies is 

given.  

Ser129-p aSyn and CTT aSyn at residues 119 (119CTT) and 122 (122CTT) 

have been associated with pathology as they were found enriched in the post-mortem 

brain of patients with PD and DLB and associated with LB pathology (1-4). Moreover, 

experimental studies found that CTT of aSyn leads to increased fibril formation in vitro 

and in vivo, suggesting an important role for this PTM in aSyn aggregation mechanisms 

(5-7). Despite these suggestions, very little is known about quantitative biochemical 

proportions of these aSyn PTMs in the brain under physiological and pathological 

conditions, although such information is important for a better understanding of the role 

of aSyn in the pathogenesis of synucleinopathies and helps defining biomarkers or 

molecular profiles to distinguish between different synucleinopathies. In Chapter 3 we 

present a comprehensive biochemical analysis using different quantitative immuno-

based assays and provide detailed insights into the protein levels of PTMs and total 

aSyn in brain tissue extracts fractionated based on their solubility, from patients with 

and without synucleinopathy. We confirmed that soluble PTM aSyn variants are 

present in the brain under physiological conditions (2, 8). For CTT, aSyn levels 

represented approximately 1% of total aSyn levels in non-neurological subjects, while 

soluble pSer129 aSyn levels were substantially lower. While soluble CTT and pSer129 

aSyn were elevatedin MSA patients, the other diagnostic groups showed substantial 

overlap in soluble PTM aSyn species with non-neurological subjects. pSer129 aSyn 
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was present in patients with a synucleinopathy in which it could comprise in some 

samples up to 50% of total aSyn levels in insoluble tissue fractions. Moreoverlevels of 

insoluble pSer129 aSyn could be 10-fold higher than soluble pSer129 aSyn in the 

same subject, demonstrating that the large majority of pSer129 aSyn is sequestered 

in insoluble tissue-fractions that are associated with aSyn pathology. Although less 

pronounced than for pSer129 aSyn, we also observed enrichments of insoluble CTT 

aSyn levels in different brain regions from patients with a synucleinopathy compared 

to controls. The presented quantitative assays in combination with reverse phase array 

data for ~70 aSyn antibodies further showed different biochemical manifestations of 

aSyn pathology between synucleinopathies, suggesting that such information could be 

useful for the development of plate-based quantitative neuropathology – which could 

be tested in larger studies possibly also involving other markers than aSyn variants.  

In Chapter 4 and 5, we applied a series of biochemical assays for the 

measurement of protein levels, enzymatic activities and mRNA expression levels for 

different lysosomal enzymes including GCase, as well as its substrate levels and (total 

and pSer129) aSyn, in post-mortem brain tissue of a cohort of patients with PD and 

DLB, which was screened for the presence of GBA variants. GBA genotyping in this 

group of advanced patients revealed the presence of different GBA variants, 

particularly in the PD (4/14) and DLB (6/15) patient groups, but also in controls (2/15). 

Our results presented in Chapter 4, confirmed that the presence of GBA mutations 

had a striking effect on GCase activity in all measured brain regions, both in patients 

and controls, in which GCase activity could be reduced by more than 50% compared 

to controls depending on the load and pathogenicity of GBA variants. Differences were 

more pronounced in the SN as compared to the frontal cortex and putamen. 

Interestingly, apart from GCase, we observed a marked decrease in Cathepsin D 

activities (~-30%) in the frontal cortex of PD and DLB patients with GBA mutations 

(GBA-PD/DLB) compared to controls, while a similar trend was observed in the SN. 

This latter finding is suggestive of more widespread lysosomal dysfunction resulting 

from GBA deficiency. Another interesting finding was a milder decrease (~-20%) of 

GCase activity in sporadic PD/DLB (sPD/DLB) patients, which reached statistical 

significance in the SN. For the other measured lysosomal enzymes, no significant 

differences were found in sporadic PD or DLB patients versus controls. Together, our 
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findings are in support of previous studies suggesting a role for GCase in both GBA-

PD/DLB and sPD/DLB (12-14).  

In Chapter 5, we applied newly developed quantitative immuno-based 

biochemical assays to measure protein levels for GCase and liquid chromatography–

mass spectrometry to determine its substrate levels in the same cohort as in Chapter 
4. GCase protein levels correlated highly with enzymatic activity levels. Similar to 

GCase activities, GCase protein levels were decreased in GBA-PD/DLB compared to 

controls, while sPD/DLB patients displayed a milder decrease of GCase protein levels, 

most pronounced in the SN. Glucosylsphingosine levels showed an inverse correlation 

with GCase protein levels with a trend towards higher levels in PD/DLB patients with 

GBA variants. Ser129-p aSyn and total aSyn levels were measured in the same 

fractions, and – as expected – insoluble levels were increased in PD/DLB patients 

compared to controls. Moreover, subtle increases in Ser129-p/total aSyn ratios were 

also observed in soluble fractions of PD/DLB patients compared to controls. An inverse 

correlation was demonstrated between GCase protein levels and soluble Ser129-

p/total aSyn ratios in the SN, indicating a link between these pathological processes. 

This was supported by the results of apath analysis, which provided evidence for a 

scenario in which reduced GCase levels in the SN lead to increased Ser129-p/total 

aSyn ratios partially by increased substrate levels, thereby impactingdisease status. 

In Chapter 6, we present a study in which we applied well-characterized 

antibodies against 122CTT aSyn, Ser129-p aSyn, and aSyn’s CT (res. 118-126),(15, 

16) to define histopathological staining patterns in post-mortem brain tissue of patients 

with different synucleinopathies and non-neurogical subjects. In this study, we aimed 

to provide an overview of (pathological) morphologies detected by these antibodies 

against different aSyn protein variants in the human brain. Our results confirmed that 

antibodies against PTM aSyn – and in particular against pSer129 aSyn - allow a 

sensitive detection of LBs, LNs in PD/DLB and GCIs in MSA. This supports the 

enrichment of pSer129 and CTT α-syn in pathological inclusions as was suggested by 

previous biochemical and other immunohistochemical studies (1, 2, 4, 17). In contrast, 

antibodies against aSyn’s CT (and also other aSyn domains, Chapter 7) revealed 

pronounced synaptic-like staining patterns in patients and controls.  Importantly, we 

observed a multitude of additional morphologies immunopositive for aSyn variants in 
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different cell types, for instance including poorly characterized astrocytic features. 

These findings showed that neuropathology of synucleinopathies encompasses more 

features than just the hallmark structures, highlighting substantial morphological 

heterogeneity of aSyn pathology even within one disease. Future studies in larger 

cohorts and experimental settings are needed to shed light on the functional relevance 

of such features in the pathogenesis of different synucleinopathies. As highly-selective 

antibodies against different aSyn protein variants revealed different features in  

immunohistochemical staining patterns (Chapter 6, Chapter 7), a larger panel of 

antibodies against different aSyn protein variants may provide complementary 

information and allow for a more complete characterization of α‐syn pathology in the 

human brain. 

 In Chapter 7, we present the detailed subcellular distribution patterns of 

Ser129-p, 119CTT aSyn and 122CTT aSyn in neurons with and without Lewy 

pathology in the brain of PD patients and controls using high-end STED microscopy. 

We observed different localizations for CTT and Ser129-p aSyn in LBs and LNs and 

combined with antibodies with epitopes directed against different aSyn domains we 

visualized a consistent ‘onion skin-type’ 3D architecture of a subset of nigral LBs. The 

structured presence of a cytoskeletal framework at the periphery of such LBs, including 

Ser129-p aSyn, neurofilament and beta-tubulin, suggests an active regulation of LB 

morphogenesis. We hypothesized that the morphology of onion skin-type LBs could 

represent the encapsulation of highly aggregated components. Indeed, label-free 

CARS microscopy provided evidence for a centralization of enriched protein and lipid 

contents in the core of LBs. Interestingly, the cytoplasmic immunoreactivity patterns of 

CTT and Ser129-p aSyn showed different localization in the cytoplasm of the neurons. 

In particular, diffusely distributed 122CTT aSyn-immunoreactive punctae were 

observed in neurons with and without Lewy pathology, thatwere associated with the 

outer membrane of mitochondria. Substantial immunoreactivity was observed in 

patients as well as controls – supporting that CTT represents a physiological 

modification – while cytoplasmic Ser129-p was observed only in brains with LB 

pathology. Ser129-p was present in a cytoplasmic network. Interestingly, this network 

was also commonly observed in neurons without apparent inclusion in the brain of 

donors with incidental LB disease and patients with lower Braak stages (3 or 4), 

indicating this subcellular phenotype may be an early manifestation of LB pathology. 
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Based on Ser129-p aSyn immunoreactivity patterns, we defined different phenotypes 

of subcellular aSyn pathology, leading to a hypothesis on LB formation and maturation.  

In Chapter 2, we reviewed the literature on autophagy-enhancing approaches in 

experimental model systems of PD, to assess the potential of such strategies for the 

development of disease modifying therapies in PD. In this study, we proposed that 

TFEB - the main transcriptional regulator of the ALP (18, 19) – is a promising target to 

stimulate ALP activity. Using our pipeline of Chapter 7 for multiple labeling 

experiments in combination with 3D multicolor STED microscopy in human brain tissue 

sections, in Chapter 8 we mapped the detailed subcellular localization patterns of 

TFEB in neurons with and without Ser129-p aSyn cytopathology of sporadic and GBA-

related patients (from the same cohort as in Chapters 4 and 5). Previously, the study 

by Decressac et al. (20) convincingly demonstrated a link between TFEB and aSyn 

toxicity in a human aSyn overexpressing rat model. A reduced nuclear localization of 

TFEB was observed as a result of aSyn overexpression. This finding was validated in 

the post-mortem SN of sPD patients (20). In our study, we aimed study the subcellular 

TFEB localization patterns in Ser129-aSyn+ and Ser129-aSyn- neurons sPD/DLB and 

GBA-PD/DLB (21). Our analysis revealed striking changes in subcellular 

immunoreactivity patterns for TFEB under conditions of pSer129 aSyn cytopathology 

in both sporadic and GBA-PD/DLB.  First, we observed a reduction of nuclear 

immunoreactivity in cells with versus without pSer129 aSyn cytopathology. Moreover, 

we observed an unanticipated clustering of TFEB at the trans-Golgi network in 

pSer129-aSyn+ neurons in patients with sporadic and GBA-related PD. Interestingly, 

we observed cytoplasmic TFEB clustering and reduced nuclear immunoreactivity in 

patients with GBA- PD/DLB, compared to controls not only in cells affected with 

pSer129 aSyn pathology but also in cells without pathology, while this effects was not 

observed in sPD/DLB patients. Our results highlight a key role of impaired TFEB 

trafficking in sporadic and mainly GBA-PD/DLB. Moreover, by linking GCase, ALP 

dysfunction and aSyn pathology, TFEB is an interesting candidate for therapeutic 

approaches in GBA- PD/DLB and sPD/DLB.   

Different manifestations of pSer129 and CTT aSyn in the human brain 

In different chapters of our thesis (Chapter 3, 6, and 7), we have focused on measuring 

the abundance and (sub)cellular manifestation of different aSyn protein variants using 
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highly selective antibodies. In the following paragraphs, the main findings concerning 

these variants in previous and our own studies are further discussed. 

PTM aSyn in different synucleinopathies 

In chapters 3 and 6 of this thesis, we have compared the protein levels and 

immunohistochemical staining patterns for CTT and Ser129-p aSyn in the same post-

mortem cohort, including patient groups with different synucleinopathies, including PD, 

PDD, DLB, and MSA, and donors without a synucleinopathy. Using 

immunohistochemistry, the difference between MSA and PD/DLB is generally easily 

made based on the oligodendroglial origin of protein aggregates in MSA. The 

application of antibodies against Ser129-p and CTT aSyn in immunohistochemical 

stainings showed improved detection of such cytoplasmic glial inclusions in the MSA 

brain compared to the KM-51 antibody, which is an antibody regularly used for 

neuropathological diagnoses. However, the pathological separation between end-

stage PD, PDD and DLB using immunohistochemical methods is more challenging, 

although our semi-quantitatively scored morphological structures in Chapter 6 showed 

a trend for increased aSyn pathology burden in the hippocampus and cortex for PDD 

and DLB patients. Despite of the small numbers per diagnostic group, our quantitative 

biochemical analyses in Chapter 3 showed increased levels of insoluble total and PTM 

aSyn in the hippocampus and putamen – but not the SN – of patients with PDD and 

DLB compared to patients with PD. An increased load of insoluble (PTM) aSyn was 

also observed in analyses of reverse phase arrays in hippocampus and putamen, 

showing a clustering of PDD and DLB groups separate from PD patients. Increased 

hippocampal and cortical pSer129 aSyn levels were previously reported in PDD 

patients compared to PD patients (24). Together, these results suggest that the local 

load – rather than just the presence - of aSyn pathology in the hippocampus and 

putamen forms a pathological correlate for the occurrence of dementia related to PD.  

Currently, the pathological differential diagnosis of synucleinopathies is based 

on the presence of either aSyn immunopositive LBs (in PD/DLB) or GCIs (in MSA) and 

nigral neurodegeneration. Importantly, these hallmark structures represent only a 

fraction of aSyn-labeled pathology, as many additional morphologies related to 

synucleinopathy can be identified in brains with synucleinopathy, including garland-

shaped astrocytic structures, diffusely stained astrocytes and grouped globular α-syn-
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immunopositive structures, nuclear staining, and patches of small neurites and dot-like 

structures. Although some of these features have been addressed in previous studies 

(25-28), at this point the relevance of these structures to the pathology and clinical 

symptoms in different synucleinopathies is unclear and should be further investigated. 

A more complete characterization of the morphological range of aSyn-immunopositive 

structures might contribute to a differentiation of synucleinopathies based on 

morphological features.  

Despite of the small sample sizes in our study, we provide suggestions for 

disease-specific biochemical aSyn manifestations in the post-mortem brain by 

immuno-based assays. Moreover, the presented biochemical workflow holds promise 

for the development of plate-based neuropathology. Future studies in larger cohorts 

are clearly necessary to explore whether such aSyn signatures could be used to 

separate between synucleinopathies. An interesting approach in such studies could be 

to combine a selection of antibodies against (PTM) aSyn together with antibodies 

against marker proteins for concomitant AD-pathology, such as (hyper)phosphorylated 

tau and amyloid-beta. For instance, both in our semi-quantitative assessment of aSyn 

pathology and in our comprehensive multiplatform biochemical assessment of aSyn 

species in brain fractions, we did not detect any difference between donors with PDD 

and DLB. Possibly, an additional quantitative biochemical examination of pathological 

proteins implicated in AD could improve differentiation between these diseases, since 

DLB patients may display more AD-related pathology at autopsy (29-32). Further, 

markers for other pathological processes, including inflammation, could be integrated, 

while markers for specific cell types (f.i. oligodendrocytes/atrocytes/tyrosine 

hydroxylase) could be included as indicators of degenerative processes.  

Ser129-p aSyn: the dominant pathology-associated PTM of aSyn 

In chapter 3 we showed that protein levels for Ser129-p aSyn were detectable 

in soluble tissue fractions of non-neurological control subjects, which is in line with 

previous reports using both semi-quantitative and quantitative approaches (8, 24, 33). 

However, levels were very low compared to soluble total aSyn, suggesting limited 

relevance of Ser129-p aSyn under physiological conditions. In contrast, under 

conditions of synucleinopathy, levels of insoluble Ser129-p aSyn are extremely 

upregulated, forming up to 60% of measured total aSyn levels. Our findings confirm 
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previous reports that found enrichment of Ser129-p aSyn in pathology-associated 

tissue fractions (1, 3, 24). Our findings support that pSer129 aSyn is predominantly 

expressed under conditions of synucleinopathy and implicated in LB pathology. 

These findings are in line with observations in immunohistochemical stainings, 

in which antibodies raised against Ser129-p aSyn specifically labeled pathology-

associated morphologies, with very limited immunoreactivity in non-neurological 

control subjects (e.g. in the form of synaptic-like staining), in non-aSyn related 

parkinsonism (PSP), or in AD. Antibodies raised against different domains of aSyn, in 

contrast, demonstrated pronounced synaptic-like staining patterns in non-neurological 

control subjects (presented in chapters 3 and 4). Using high-resolution confocal and 

STED imaging, we observed cytoplasmic networks immunopositive for Ser129-p 

reactivity specifically in PD patients, and not in control subjects. This network was often 

visible in neurons displaying inclusion bodies, and occasionally in neurons without 

apparent inclusion. Moreover, this network was not only observed in PD patients with 

end-stage LB pathology (Braak stage 6), but also in patients with earlier Braak stages 

(f.i. Braak 3) or in donors with incidental Lewy body disease (iLBD), suggesting this 

network could represent an early manifestation of LB pathology. Together, our findings 

highlight pSer129 aSyn as a highly sensitive marker for synucleinopathy.  

CTT aSyn: a physiologically relevant PTM enriched under conditions of aSyn 

pathology 

In contrast to Ser129-p aSyn, soluble levels for 119CTT and 122CTT aSyn were 

generally higher than insoluble levels in the same sample. In all brain regions, 119CTT 

and 122CTT aSyn were strongly correlated with total aSyn levels, indicating that a 

stable proportion of total aSyn (>1%) is CTT under physiological conditions. CTT aSyn 

was highly expressed in hippocampus and putamen compared to the SN. Using STED 

microscopy analysis (Chapter 7), we observed that diffusely distributed 122CTT aSyn-

immunopositive punctae co-localized with the outer membrane of mitochondria, 

visualized by VDAC/Porin. Based on these observations, we concluded that 119CTT 

and 122CTT aSyn are physiologically expressed, while 122CTT aSyn is associated 

with the outer membrane ofmitochondria. Interestingly, previous studies reported the 

presence of CTT aSyn in non-neurogical control tissue (2, 8). Moreover, CTT aSyn 

was most pronounced in fractions enriched for lysosomes and mitochondria derived 
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from SH-SY5Y cells expressing human WT α-synuclein (8). Although emerging 

evidence has suggested a functional association between mitochondria and different 

forms of aSyn (34-38) in in vitro or in in vivo model systems of PD, future experimental 

studies are necessary to explore the functional relevance of the occurrence of 122CTT 

aSyn in mitochondria.  

Apart from their physiological abundance, 119 and 122 aSyn are also implicated in 

aSyn pathology. First, substantial levels of these CTT species could be detected in 

RIPA-insoluble tissue fractions from patients with a synucleinopathy, but not in 

controls. The presence of these and other CTT forms of aSyn in LB-associated tissue 

fractions has been demonstrated before using semi-quantitative and mass 

spectrometry approaches (1, 2, 39). Antibodies specifically directed against 122CTT 

aSyn labeled different pathology-associated morphological structures in 

immunohistochemical stainings, including LBs, LNs and GCIs, although to a lesser 

extent than Ser129-p aSyn (Chapter 6). In midbrain LBs, CTT aSyn was mainly 

present at the core of the structure (Chapter 7). As CTT aSyn was repeatedly found 

to increase the propensity of aSyn to form amyloid aggregates in vitro (2, 6, 7, 40), this 

led to the hypothesis that CTT aSyn plays a critical role in the initiation of protein 

aggregation (4). However, based on our findings in a post-mortem setting, we cannot 

draw conclusions on the role of CTT aSyn at the initial stages of LB formation. We 

cannot rule out the possibility that CTT is present at the core of LBs as a result of post-

aggregation events.  The LB core contains a variety of fragmented membranes and 

organelles (41), including components that are capable of cleaving aSyn, such as 

calpains (42, 43) and caspase-1 (7), which may explain the prominent local presence 

of CTT aSyn. Interestingly, CTT was recently implicated in the processing of PFFs 

exogenously administered to primary neurons, suggesting a central role in inclusion 

formation after the aggregation of aSyn (17).  
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Ser129-p aSyn and the detection of pathological (sub)cellular phenotypes 

Antibodies against Ser129-p aSyn showed a strong labeling of pathological 

structures in patients with different synucleinopathies, while limited immunopositive 

morphologies were observed in controls and donors with AD and PSP (Chapter 6). 
Moreover, unlike the antibodies against 122CTT described in the previous paragraph, 

no cytoplasmic immunoreactivity for antibodies against Ser129-p aSyn was observed 

in the brains of non-neurological control subjects (Chapter 7, Chapter 8). 
Consequently, the cytoplasmic distribution patterns that were observed for this aSyn 

PTM were considered to reflect subcellular aSyn pathology. Based on Ser129-p aSyn 

reactivity patterns, we identified different subcellular phenotypes of aSyn pathology in 

the SN of PD patients (Figure 1). These different faces of Ser129-p aSyn 

immunoreactivity possibly reflect different stages of LB formation and may suggest a 

role for Ser129-p aSyn at different stages of Lewy inclusion formation. Interestingly, 

3D imaging revealed that the Ser129-p aSyn immunopositive network could also be 

observed in neurons without apparent inclusions, indicating this feature could 

represent an early phenotype of LB formation. In support of this, we observed neurons 

with the immunopositive network in brains of donors with early stages of PD (Braak 

stage 3) and iLBD (Braak stage 3), which showed that Ser129-p aSyn cytoplasmic  

Table 1: Summarized differences in biochemical and immunohistochemical 
manifestations for Ser129-p and CTT aSyn presented in this thesis  
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reactivity is not only present under conditions of end-stage LB pathology. Interesting 

in this perspective are the results of a previous study, which found that increased 

expression levels for Ser129-p aSyn in soluble fractions of cingulate and temporal 

cortices – as measured by western blotting – preceded the presence of histologically 

identified Lewy inclusions (44).These findings suggest a pathogenic role for Ser129-p 

aSyn already at early stages of LB formation - thereby contradicting theories that 

Ser129-p aSyn occurs only after LB formation (45). In conclusion, detailed mapping of 

Ser129-p aSyn immunoreactivities in the PD brain resulted in the identification of 

different subcellular pathological manifestations of aSyn pathology, suggesting an 

important role for Ser129-p aSyn at various stages of Lewy inclusion formation.  

Putative differential roles of Ser129-p and CTT aSyn in LB formation: a hypothesis 

Together, our data hint at differential roles for Ser129-p and CTT aSyn in the 

formation of cellular inclusion bodies such as LB-like inclusions. This is not surprising, 

taken into account that Ser129-p and CTT of aSyn could result in differential structural 

Figure 1: Different patterns of Ser129-p aSyn immunoreactivity in neuromelanin-
containing dopaminergic cells in the SN of PD patients. Images are maximum 
projections of 3D CSLM image stacks. The following cellular phenotypes were commonly 
observed: 1) neurons containing intracytoplasmic network but without apparent inclusion; 
2,3) neurons with intracytoplasmic network and smaller (2) and larger (3) unstructured 
and expansive appearing inclusions; 4) neuron with intracytoplasmatic network and 
combination of unstructured and expansive appearing inclusion and compact onion skin-
type LBs; 5) neuron with intracytoplasmic network and onion skin-type LB; 6) neuron 
without intracytoplasmic network and onion skin-type LB. Scale bars: 5µm. (Figure from 
Chapter 4) 
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and functional consequences in vitro, including opposite effects on aSyn fibrillization 

(46) and likely different protein interactors. For instance, one study using peptide 

pulldown assays in combination with mass spectrometry in synaptosomes isolated 

from the mouse brain demonstrated that pSer129-aSyn interacted preferentially with 

cytoskeletal proteins, whereas non-phosphorylated aSyn interacted preferentially with 

mitochondrial electron transport chain complexes (47). Interestingly, using STED 

microscopy, we show co-occurrence of Ser129-p aSyn with cytoskeletal components 

at the periphery of midbrain-type LBs, together giving rise to a structured filamentous 

framework, encapsulating components in the core. As cytoskeletal components, such 

as intermediate neurofilaments and beta-tubulin, are a major constituent in the active 

organization of cellular organelles and substructures, this suggests a role for Ser129-

p aSyn in LB morphogenesis. This can be placed in line with the filamentous 

cytoplasmic network in neurons immunoreactive for Ser129-p aSyn, which may be 

related to the trafficking of aggregated components to and their sequestration into a 

cellular inclusion body. Possible roles of Ser129-p at this stage could be a stabilizing 

effect on aggregating proteins (48) - Ser129-p was demonstrated to inhibit aSyn 

fibrillogenesis in vitro (45, 49) - while Ser129-p aSyn has also been suggested to serve 

as an activator of autophagic instruments (50, 51).  

Immunolabeling with antibodies against 119 and 122CTT consistently localized 

consistently more towards the core of LBs compared to Ser129-p aSyn. Ultrastructural 

observations in LBs revealed that the central portion of LBs is electron-dense (52), 

indicating that this part contains the majority of the >300 proteins identified in LBs by 

proteomic studies (53, 54). Indeed, label-free CARS imaging in combination with 

correlative fluorescence microscopy demonstrated the increased presence of protein 

and lipid content mainly in the central portion of LBs. As was already outlined above, 

using our static, post-mortem approach we cannot establish whether the presence of 

CTT aSyn in the core of LBs is the result of post-aggregation modifications that take 

place in the LB. When the latter is the case, the question arises whether truncation 

occurs as a passive event resulting from the presence of calpains, caspases and 

lysosomal proteases that are trapped in the LB, or whether the intense CTT in the core 

of a LB is actively regulated. An interesting observation in this respect is the recent 

finding that the post-fibrillization CTT resulted in lateral association and dense packing 

of fibrils by the removal of charged residues on the CT (17). In this way, post-
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aggregation CTT may therefore stimulate dense packing of the LB. However, CTT may 

also be implicated earlier than after LB formation. It was recently shown that 

exogenously added aSyn PFFs were truncated after their internalization by primary 

neurons (17), implicating a key role of CTT in the initial cellular processing of aSyn 

seeds. This event was followed by the recruitment of soluble endogenous aSyn and its 

intracellular phosphorylation at Ser129 (17, 55, 56), which was also observed after 

direct administration of exogenous CTT PFFs (55).  

The combined results of experimental studies and our observations in the 

human brain suggest that aSyn PTMs are not only markers of aSyn pathology, but also 

have key regulatory and signaling functions at different stages of LB formation. We 

propose important regulatory roles for Ser129-p aSyn in the stabilization of aggregated 

cellular material and its sequestration into cytoplasmic inclusions, while the interplay 

of Ser129-p aSyn with cytoskeletal structures may be critically involved in the 

morphogenesis of LBs.  CTT, in contrast, may be actively stimulated under conditions 

of pathology in order to further stimulate fibrillization and compact packing of the 

components in LB core, thereby contributing to the organization of the inclusion in a 

compaction-like manner (57). A hypothetical pathway leading to LB formation, based 

on these integrated findings, is presented in Figure 2.  

In sum, differences in biochemical manifestations as well as subcellular 

localizations for Ser129-p compared to CTT aSyn, suggest differential roles in LB 

formation. Although substantial characterization has been done on in vitro structural 

and biochemical features of different PTMs of aSyn, such as membrane affinities and 

aggregation properties (reviewed in (46)), little is known about the effects of CTT and 

Ser129-p on trafficking, localization and signaling of aSyn to other cellular components. 

The future application of (time-lapse) high- and super-resolution microscopy 

techniques in combination with well-characterized antibodies in model systems of 

increasing complexity may allow mechanistic insights into these processes. A better 

characterization of structural and functional properties of aSyn PTMs as well as their 

upstream and downstream signaling pathways may allow a better understanding of 

aSyn biology and homeostasis, a key process underlying the pathological hallmark of 

PD. 
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Figure 2: Hypothetical process leading to LB formation with important regulatory roles 
of aSyn PTMs based on the findings in our study and (recent) literature. After initial 
aggregation of aSyn together with membranes, organelles and other proteins (41), its 
phosphorylation at Ser129 may serve to stabilize these aggregating elements (45, 48, 49). 
When aSyn fibrils are formed in the aggregation process, they become truncated, after which 
endogenous WT aSyn is recruited and Ser129-p (17, 55). Ser129-p aSyn was further shown 
to stimulate the recruitment of autophagic instruments for its degradation by autophagy or 
aggrephagy (51). By the latter process, aggregating components are sequestered in a 
cytoplasmic inclusion body, which is subject to active cellular regulation. The recruitment of 
cytoskeletal components may contribute to LB morphogenesis, in which highly aggregated 
proteins and lipids are  encapsulated in its core. The stimulation of CTT aSyn contributes to 
the transformation of the LB morphology in a compaction-like manner, by the parallel packing 
of aSyn fibrils (17).  
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Determinants of dysfunctional ALP in post-mortem brain tissue of PD patients 

In Chapters 4, 5, and 8, we have aimed to identify the major determinants of ALP 

dysfunction in sporadic and GBA-related PD and DLB. In Chapters 5 and 8, we further 

investigated the relationship between ALP read-outs and aSyn pathology. In the 

following paragraphs, the major novel insights are discussed. However, first, some of 

the major methodological challenges of measuring ALP function in post-mortem brain 

tissue are addressed. 

Challenges of measuring ALP components in post-mortem human tissue  

Selection of a post-mortem cohort 

Although genetic studies have provided strong evidence for dysfunction of the 

ALP as risk factor for PD and DLB, the pathological evidence for this is still limited, as 

results from post-mortem studies have yielded some contradictory results (58-60). (58-

60). For a better understanding of ALP dysfunction in PD, the importance of a clinically, 

genetically and pathologically well-characterized cohort is becoming more evident, 

particularly in the light of our growing awareness of the prevalence of ALP-related gene 

variants associated with PD (61-63). For instance, we demonstrated that the presence 

of GBA mutations is not only an important determinant of GCase activity (64), but also 

impacted other components of the ALP, such as Cathepsin D. This illustrates that 

information on the genetic variants underlying a certain molecular subtype of PD/DLB 

is essential for a correct interpretation of changes in the ALP. Another important 

limitation of current neuropathological studies focusing on ALP dysfunction in PD is 

that different brain regions are used for analyses, resulting in a fragmented knowledge 

about the expression of lysosomal enzymes in different regions of the PD and normally 

aged brain (59). The present and previous studies by others showed a differential 

regional expression of lysosomal enzyme activities in the brain (12). A systematic 

mapping of mRNA expression levels, protein levels and enzymatic activities for ALP 

components in different regions of the brain under conditions of healthy aging would 

provide an important reference for the interpretation and embedding of results from 

individual studies.   
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Interrelations between aSyn and autophagy: dissecting a cell-specific dynamic process 

 Neuropathological studies that assessed ALP functioning in post-mortem 

studies have so far been performed mainly on homogenized tissue blocks with a 

variable cell type composition. As the resolution of such approaches is limited, it is 

impossible to attribute such findings to cell-specific pathological events. For instance, 

although the use of correlative quantitative biochemical approaches allowed us to 

show a relation between Ser129-p/total aSyn and GCase protein levels at a ‘whole-

tissue’ level, based on our presented approach it is impossible to pinpoint for instance 

the cell types that drive this effect or its underlying subcellular events. The development 

of novel biochemical techniques that have a higher – i.e. cellular – resolution is required 

to better understand the ALP alterations observed in post-mortem brain tissue of PD 

patients, and to relate these findings to other pathological events such as degeneration 

of dopaminergic neurons in the SN and aSyn aggregation.  

 Another level of complexity of investigating autophagy in association with 

aggregation of aSyn or related proteins in human brain tissue is the context-dependent 

and dynamic nature of their relationship. Substantial evidence from experimental 

studies demonstrated that the different cellular protein degradation machineries – 

including UPS, CMA and autophagy - are highly interrelated, as for instance inhibition 

of one system leads to a compensatory upregulation of the others (65, 66), while 

increasing aSyn burden is associated with their selective impairment and progressive 

collapse under conditions of protein stress (60, 67-69). This suggests that many 

components of the ALP may exhibit a biphasic response pattern depending on the cell-

specific aggregation stage of aSyn. The resultant large cell-to-cell variabilities are likely 

to be not detected in the ‘whole-tissue’ design. Such limitations resulting from the cell-

specific dynamic changes in ALP functioning from the ‘static’ post-mortem perspective 

could lead to an underestimation of the importance of ALP dysfunction in PD pathology.   

In search of an “autophagomometer” 

In chapter 8, we used high-resolution CSLM as well as super-resolution STED 

microscopy to study the relation between aSyn pathology and TFEB subcellular 

localization patterns. Indeed, we observed a variability from cell to cell, which was 

strongly associated with the presence of subcellular pathological phenotypes of 
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Ser129-p aSyn particularly in sporadic PD donors without GBA mutation. This 

illustrates that information from (high-resolution) microscopy studies can provide us 

more insight into cell-specific changes in location patterns for key ALP proteins, and 

relate this to, for instance, the presence of cellular pathology. However, in spite of the 

subcellular resolution of immunohistochemistry in combination with advanced 

microscopy, this only provides indirect measures of ALP functioning. Moreover, 

evidence that (semi-quantitative) immunohistochemical results for LC3 – which is the 

most often used marker for autophagy - and other ATG gene-products correspond to 

autophagic activity is limited (70).  

Taken together, the assessment of ALP functioning in human brain tissue and 

other specimens remains technically challenging. The growing appreciation of the 

relevance of protein degradation failure to the pathophysiology of PD and other 

neurodegenerative diseases, urges the development of novel methods that can reliably 

measure autophagy in human specimens. As discussed in Chapter 8, the 

development of such an “autophagomometer” is urgently required, not only to better 

characterize ALP functioning in PD pathophysiology, but particularly in the context of 

autophagy as a therapeutic target, as a biomarker to monitor the effect of autophagy-

enhancing treatments in patients (58, 71).  

GCase activity in GBA-PD/DLB versus sPD/DLB 

In chapter 4 we confirmed that GCase activity is decreased in GBA-PD/DLB 

and sPD/DLB in a clinicopathologically well-characterized post-mortem cohort (12-14). 

As can be expected, the most important determinants for GCase activities in our post-

mortem cohort were the presence and pathogenicity of GBA mutations. Although 

sample sizes were small, we observed the largest effects on GCase activity for putative 

pathogenic GBA variants that are associated with Gaucher disease (GD) when present 

in a homozygous state. For GBA variants that do not lead to GD but are associated 

with an increased risk of developing PD, a milder decrease in GCase activities was 

observed. Interestingly, low GCase activities were also measured in non-neurological 

control subjects with GBA risk factors for developing PD, showing that even a moderate 

decrease of GCase activity (40%) did not necessarily lead to PD in these subjects. 
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 In the past years, substantial evidence has demonstrated differential effects of 

different GBA variants on the risk and clinical course of PD. First and importantly, the 

genetic risk of developing PD was higher for severe heterozygous GBA mutations than 

for the mild GBA mutations – which were classified based on their resulting clinical 

phenotype in GD (72). Moreover, severe GBA variants were associated with more 

progressive forms of PD, and in particular with   rapid eye movement sleep behavior 

disorder, a more rapid disease course, earlier age of onset, and higher risk for cognitive 

decline and dementia (73-76). These latter findings have demonstrated that “the 

mutation matters”, and highlight the importance of residual GCase activity for the 

clinical course of PD. Based on this evidence, the pharmacological enhancement of 

GCase enzymatic activity in GBA-related PD has emerged as an important target for 

disease-modifying therapies, in order to delay the progression – and possibly even the 

onset - of specific clinical symptoms (in particular cognitive symptoms) in PD. Different 

approaches to enhance GCase activity – for instance using (noninhibitory) small 

molecule chaperones, substrate inhibitors, and gene therapy – have now proven their 

potential in preclinical models of PD (77-83). Some of them have already found their 

way to clinical trials, and updates may be expected soon in this exciting field (58).  

The finding of reduced GCase activities in patients without GBA mutations as 

compared to age-matched non-neurological controls was also in line with previous 

results (12-14), demonstrating that GCase enzymatic activity is strongly associated 

with GBA mutations and modestly with sporadic Parkinson’s disease (64). Where the 

clinical relevance of different GBA variants to PD is evident, the importance of impaired 

GCase activity in sPD/DLB patients is less clear. A positive correlation was found 

between GCase activity and PD duration in dried blood spots of a large cohort patients 

without GBA mutations (N=395), which could be suggestive of a milder disease course 

in sporadic patients with normal GCase activities (64). More evidence in support of an 

impact of GCase activity on the clinical course of sporadic PD is derived from a CSF 

biomarker study, in which lower GCase activities were associated with worse cognitive 

performance as measured by the Montreal Cognitive Assessment (MoCA) (84). Such 

indications suggest that low GCase activities – even in the absence of GBA mutations 

- are a risk factor for faster disease progression in PD, and that the measurement of 

GCase activity in human specimens could provide information about clinical 

progression in patients without GBA mutations.  
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Neuropathological features of GBA-related PD and DLB 

 So far, only a limited number of studies have compared PD-related pathology in 

autopsied brains with and without GBA mutations. The few available reports show that 

patients with GBA-related PD display LB pathology in the brain with distributions similar 

to non-carriers (reviewed in (85)). Although early reports suggested more widespread 

cortical LB pathology (86, 87), this could not been confirmed in direct comparisons 

between GBA-related and sporadic PD patients in more recent reports (85, 88, 89). A 

major problem in detecting different pathological manifestations in GBA-associated 

versus sporadic PD is the small sample size of autopsied cases known to have GBA 

mutations. However, biochemical approaches have provided indications for differences 

in aSyn pathology load between PD/DLB patients with and without GBA mutations. 

Interestingly, we and others have reported an inverse correlation between GCase 

activity and Ser129-p/total aSyn levels in the SN and the anterior cingulate cortex (14), 

respectively. High Ser129-p/total aSyn ratios were particularly observed in GBA-

PD/DLB patients (Chapter 5). These results suggest an effect of decreased GCase 

activities on the load of aSyn pathology. However, larger-scale pathological studies are 

clearly required to examine the impact of GBA variants on neuropathology in GBA-

PD/DLB, including the morphology, load and distribution of aSyn pathology, as well as 

the relation to concomitant AD pathology. 

GCase dysfunction: a driver for widespread lysosomal dysfunction? 

 In Chapter 4, we reported high correlations between GCase, CathD and β-Hex 

within each studied brain region, suggesting that the activity of lysosomal enzymes in 

the brain is intimately linked, which was supported by other studies (90). This suggests 

that GCase deficiency resulting from GBA-variants could also have an effect on 

widespread lysosomal functioning. Indeed, lower enzymatic activities for CathD and β-

Hex were observed in patients with GBA-PD/DLB as compared to sporadic cases, 

which were most pronounced in the SN (Chapter 4). Again, effects were subtle, with 

substantial overlap between groups, and some of them did not reach statistical 

significance when including also non-neurological controls to the analyses, as in 

Chapter 4. However, taken together the data indicate that decreased GCase 

deficiency resulting from GBA mutations could underlie widespread lysosomal 

dysfunction. This ‘lysosomal depletion’ may have a central place in the 
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pathophysiology of PD as impairment of lysosomal clearance could increase the risk 

of intracellular aSyn aggregation (91-93). 

In Chapter 5, using statistical confirmatory path analysis based on correlative 

biochemical results in the same tissue lysates, we provided evidence that GBA variants 

may impact aSyn pathology by increasing its substrate glucosylsphingosine. Indeed, 

previous work showed that increased levels of GCase’s lipid substrates could enhance 

aSyn aggregation (93, 94). However, our results also support a scenario in which 

decreased GCase levels lead to increased Ser129-p/total aSyn ratios independent of 

its substrate, by as yet unknown mechanisms. Although direct interactions of GCase 

with aSyn have been shown as well, using nuclear magnetic resonance spectroscopy 

techniques, the physiological relevance of this interaction is at this point unclear (95, 

96). An alternative hypothesis could be that GCase impacts aSyn pathology via a more 

general ‘upstream’ effect of GBA variants on ALP functioning (Figure 2). In support of 

this, we found reduced enzymatic activities for CathD in GBA-associated PD/DLB, 

which is a protease with a proposed key role in aSyn degradation mechanisms (97-

99).  

The SN: a region particularly vulnerable to GCase and ALP dysfunction 

 For many of our results on GCase or GBA, the most pronounced effects were 

observed in the SN. For instance, we found significantly reduced GCase activities 

specifically in the SN of PD/DLB patients without GBA mutations as compared to 

controls without GBA mutations. Also in GBA mutation carriers, who had very low 

GCase activities in all brain regions, the largest effects were found in the SN. Two 

earlier studies have also reported more pronounced reductions of GCase read-outs in 

the SN of PD patients as compared to other brain regions (12, 13). The SN is a region 

strongly implicated in the neuropathology of PD because of the degeneration of nigral 

neuromelanin-containing dopaminergic neurons during the disease. Moreover, the SN 

is associated with LB pathology already at early stages of PD (23), and results from 

our and many other studies have allocated many other biochemical abnormalities to 

this region (59). The validated result of GCase deficiency in the SN of sporadic PD 

patients suggest an increased vulnerability of this region, for which the underlying 

reason is unknown. The applied study design, a biochemical measurement of markers 

in whole tissue blocks with a variable cellular composition, makes it impossible to 
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exclude the effect of cellular loss. However, in our study we did not find differences in 

total protein levels – for which we normalized our results – or for lysosomal components 

in the SN of PD and DLB patients compared to controls. Moreover, changes in GCase 

activity could not be detected in other brain regions with marked neurodegeneration, 

such as the amygdala of donors with Alzheimer’s disease (13). It has been 

hypothesized that the selectivity of GCase deficits in the SN is related to other events 

in this region, including mitochondrial dysfunction and oxidative stress (13). Future 

studies are clearly needed to explore these options, and provide more insights into the 

mechanisms underlying regional/cellular specificity of GCase dysfunction in (sporadic) 

PD/DLB.  

TFEB: linking lysosomal depletion and autophagy dysfunction in PD?  

  To explore the effect of GCase on ALP function, and their relation to intracellular 

aSyn pathology, in Chapter 8 we decided to zoom in on the subcellular localization 

patterns of TFEB, the master regulator of the ALP, in PD/DLB patients with and without 

GBA variants. As reviewed in Chapter 2, TFEB controls the transcription of genes in 

the CLEAR network – including autophagy-related genes (ATGs) – that coordinates 

biogenesis and function of lysosomes by its translocation from the cytoplasm to the 

nucleus (18, 19).  Thereby, TFEB is a crucial link between the upstream autophagy 

machinery and downstream lysosomal processes. Reduced nuclear expression of 

TFEB has been described as a pathological event in different neurodegenerative 

diseases, including PD, AD and amyotrophic lateral sclerosis (20, 104, 105). Using 

STEDmicroscopy we were able to confirm the cytoplasmic retention of TFEB under 

conditions of PD/DLB. The finding of reduced nuclear TFEB in different conditions 

indicates that this event is not disease-specific but a general response. As we 

established in our study that reduced nuclear immunoreactivity of TFEB was strongly 

related to the presence of pSer129 aSyn cytopathology, the cytoplasmic retention of 

TFEB may be related to cellular proteolytic stress.  

 An interesting finding was the presence of cytoplasmic clusters immunoreactive 

for TFEB and morphologically different from the typical cytoplasmic punctae. The 

cisternal morphology of the TFEB clusters co-localized to the trans-Golgi network. 

Semi-quantitative analyses demonstrated that the TFEB clusters were most often 

observed in neurons with pSer129 aSyn cytopathology, demonstrating that the 
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Figure 6:  Hypothetical interrelation between pSer129 aSyn, GCase and TFEB within 
SNpc neurons in sPD/DLB and GBA-PD/DLB patients based on our findings and 
previous literature. A: In sPD/DLB, various pathogenic processes may lead to increased 

accumulation of aSyn, inducing ALP stress (1). As a result of ALP stress, the translocation of 

TFEB to the nucleus is impaired (2), resulting in less translation of CLEAR genes. Consequent 

lysosomal depletion will result in less GBA and GCase activity (3) and further ALP stress (4). 
Moreover, the accumulating levels of GCase substrates may aggravate aSyn aggregation, as 

described before in literature13, 24-26 (4). B: Decreased GCase enzymatic activity caused by 

GBA variants36 may lead to ALP stress (1) resulting in impaired TFEB trafficking (2). Reduced 

nuclear TFEB localization results in less transcription of CLEAR genes. The resulting 

lysosomal depletion may contribute to aSyn accumulation (2), which initiates the vicious cycle 

presented in A (4,5). Moreover, accumulating substrate levels may contribute to further aSyn 

aggregation13, 24-26 (1). 
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accumulation of TFEB at the Golgi network is an event related to Ser129p aSyn 

cytopathology in sPD/DLB and GBA-PD/DLB. Although the accumulation of other ALP 

components at the trans-Golgi network has been described before and is associated 

with dysfunctional autophagy (106-108), the functional relevance of TFEB localization 

to the Golgi network is yet unclear.  

 Interestingly, although less clear than for pSer129 aSyn pathology, a 

relationship of TFEB subcellular localization with GCase activitywas observed. Effects 

of reduced nuclear TFEB immunoreactivity and increased cytoplasmic clusters 

compared to controls were most pronounced in GBA-PD/DLB patients. In cells with 

pSer129 aSyn pathology the differences with controls were similar in patients with and 

without GBA mutations. Nevertheless, in cells without pSer129 aSyn pathology  

reduced nuclear TFEB immunoreactivity and increased cytoplasmic clusters were 

specifically observed in GBA-PD/DLB. These results may suggest that the alteration 

of TFEB localization in patients with GBA mutations is not necessarily the result of 

aSyn cytopathology, but can also occur in cells without pathology resulting from 

impaired GCase functioning. Taken together, these results may reflect the presence of 

different pathological mechanisms underlying ALP dysfunction and aSyn pathology in 

GBA-related versus sPD/DLB patients.  

In Chapter 8, we propose a hypothetical model which could explain these 

differential findings (Figure 3). Based on our observations in the human brain and 

previous literature, we hypothesize that TFEB could link GCase to aSyn pathology, 

possibly partially explaining the bi-directional reciprocal relationship between GCase 

and aSyn pathology (Chapter 4) (93). According to the model, GCase dysfunction in 

sPD/DLB patients could to a large extent be an indirect consequence of aSyn 

pathology – acting via ALP stress and TFEB mislocalization. By contrast, in GBA-

PD/DLB genetically reduced GCase activity could underlie a vicious cycle that 

increases ALP dysfunction, aSyn pathology and TFEB mislocalization over time in 

diseased cells. Our model would be in favor of a modulating role for GCase in aSyn 

aggregation, both by increasing intracellular substrate levels as well as by affecting 

ALP functioning (93, 109-112). In combination, the results from Chapter 4 and 

Chapter 8 support the hypothesis that GCase deficiency in GBA-PD/DLB drives a 

more widespread ALP dysfunction, possibly via its effects on TFEB. We have now  



305 
 
 

 

 

 

Figure 4: Summarizing Figure combining the results and hypotheses  presented in 
Figure 2 and 3. Based on our results, we hypothesize that GBA mutations result in 
GCase deficiency in GBA-PD/DLB, which may drive a more widespread ALP dysfunction 
– amongst others via its effects on TFEB - thereby impacting aSyn burden. Our models 
would be in favor of a modulating role of GCase in aSyn aggregation 
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integrated this in a summarizing Figure (Figure 4) highlighting several novel 

hypotheses on aSyn pathology and inclusion formation based on our observations in 

the post-mortem human brain presented in this thesis. 

Conclusion 

Together, the studies presented in this thesis confirm that CTT and mainly Ser129-p 

aSyn are important markers for aSyn pathology in PD and related disorders: our 

findings demonstrated differences in their biochemical manifestations and (sub)cellular 

localizations in human brain tissue. However, our results also demonstrate that aSyn 

pathology in PD comprises of more than solely a synuclein story. We found different 

indications that impaired ALP functioning is intimately linked with aSyn pathology in 

GBA-related and sporadic PD. Moreover, our hypothesis that aSyn in LBs is 

orchestrated as a result of its interactions with structural proteins highlights that aSyn 

aggregation and inclusion formation in PD are not independent processes, but an 

active part of the dynamic and complex cellular environment in which they take place.  

The combination of different approaches, techniques and perspectives applied to post-

mortem brain tissue of patients with PD and related disorders, has improved our 

knowledge of the different major protein determinants underlying key pathological 

processes in PD. Although they were obtained in a post-mortem setting, we used our 

findings to generate a number of novel hypotheses. To test these hypotheses, it will 

be crucial to translate our observations in the human brain to experimental cellular or 

animal models of PD. By applying similar biochemical and high-resolution microscopy 

approaches as presented in this study to model systems of PD, we may achieve a 

better understanding of the sequence of events involved in the pathogenesis of PD. In 

addition, manipulation of such processes in disease models will hopefully lead us to 

novel therapeutic options to effectively treat this devastating disease.   
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De ziekte van Parkinson is de snelst groeiende neurologische aandoening ter wereld 

[1]. In de laatste twintig jaar is het aantal mensen dat lijdt aan de ziekte van Parkinson 

wereldwijd gestegen tot meer dan 60 miljoen [1]. De kans is aanzienlijk dat dit aantal 

door de  toenemende vergrijzing van de wereldbevolking in de komende decennia 

verder zal toenemen. De maatschappelijke noodzaak van het vinden van een 

effectieve behandeling van de ziekte wordt daarmee steeds urgenter.  

De ziekte van Parkinson is een slopende en progressieve neurodegeneratieve 

aandoening waarbij patiënten naast bewegingsproblematiek – op basis waarvan de 

klinische diagnose wordt gesteld – lijden onder tal van andere klachten. Gezamenlijk 

laten deze klachten zien dat de ziekte van Parkinson een complex syndroom is waarbij 

meerdere hersengebieden en orgaansystemen zijn aangedaan.  

Op dit moment is het niet mogelijk om met behulp van medicatie het beloop van de 

ziekte van Parkinson te beïnvloeden. Om tot een dergelijke behandeling te komen is 

meer kennis van het ziekteproces noodzakelijk. De pathologie van de ziekte van 

Parkinson wordt gekenmerkt door het afsterven van dopamine-producerende 

neuronen in de substantia nigra (SN) in het middendeel van de hersenen. Daarnaast 

kunnen na autopsie inclusies en zwellingen in hersencellen microscopisch worden 

waargenomen in verschillende hersengebieden. Deze worden Lewy bodies (LBs) en 

Lewy neurieten (LNs) genoemd en bestaan voornamelijk uit opgehoopt alpha-

synucleïne (aSyn) [2]. Dit eiwit komt in deze ophopingen vaak voor in de vorm van 

bepaalde post-translationeel gemodificeerde eiwitvarianten, bijvoorbeeld in 

gefosforyleerde (Ser129-p) of getrunceerde (CTT) vorm [3].  

Het ophopen van aSyn speelt ook een belangrijke rol in aandoeningen gerelateerd aan 

de ziekte van Parkinson, zoals dementie met Lewy Bodies (DLB) en 

multisysteematrofie (MSA). Collectief worden deze ziektes synucleinopathieën 

genoemd. Omdat verschillende mutaties in en overexpressie van aSyn kunnen leiden 

tot genetische varianten van de ziekte van Parkinson, is het bewijs dat dit eiwit een 

belangrijke rol speelt in het ontstaan van deze ziekte sterk. De meeste strategieën om 

de ziekte te behandelen berusten momenteel dan ook op het verminderen van aSyn 

in de hersenen.  
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Recent ontdekte genetische mutaties die het risico op het ontwikkelen van de ziekte 

van Parkinson verhogen laten echter zien dat er naast aSyn ook andere celprocessen 

zijn die een rol spelen bij het ontstaan van de ziekte. Deze mutaties bevinden zich vaak 

in genen van het autofagie-lysosomale systeem, wat betrokken is bij de afbraak van 

eiwitten. De meestvoorkomende mutaties die het risico op de ziekte van Parkinson 

verhogen komen voor in het GBA gen, hetgeen codeert voor het lysosomale enzym 

glucocerebrosidase. Hoe deze verstoringen in enzymen betrokken bij eiwitafbraak 

samenhangen met aSyn in de ziekte van Parkinson is nog grotendeels onbekend. 

Het doel van dit proefschrift is om door middel van onderzoek in hersenen van donoren 

met de ziekte van Parkinson en gerelateerde aandoeningen meer te weten te komen 

over: 

1. Het voorkomen van vermeende pathologische eiwitvarianten (CTT en Ser129-

p) van aSyn in de hersenen van donoren met de ziekte van Parkinson;  

2. Veranderingen in systemen betrokken bij eiwitafbraak in de ziekte van 

Parkinson en hun relatie met de aanwezigheid van mutaties in het GBA gen. 

Om deze vragen te beantwoorden heb ik als onderdeel van onderzoeksteams een 

aantal studies uitgevoerd waarvan de resultaten gepresenteerd zijn in dit proefschrift. 

Hieronder staan de belangrijkste bevindingen per hoofdstuk kort beschreven.  

Vergelijkende kwantitatieve metingen van aSyn varianten in humaan hersenweefsel 

van patiënten met de ziekte van Parkinson en leeftijdsgekoppelde controles zijn tot op 

heden zeldzaam in de literatuur. Om deze reden hebben wij nieuwe kwantitatieve 

methoden ontwikkeld om CTT en Ser129-p aSyn te meten in hersenweefsel, zoals 

beschreven in hoofdstuk 3. Met deze methoden analyseerden wij vervolgens de 

hersenen van donoren met de ziekte van Parkinson (zowel met als zonder dementie), 

DLB en MSA, evenals controles en donoren met andere neurodegeneratieve 

aandoeningen. Een eerste interessante bevinding was dat CTT en Ser129-p aSyn (in 

kleine hoeveelheden) voorkomen in hersenen zonder neurologische aandoeningen. 

Dit zou een fysiologische functie kunnen aanduiden voor deze eiwitvarianten. Wij 

vonden vooral grote toenames in de hoeveelheden van buffer-onoplosbare CTT en 

Ser129-p aSyn in donoren met de ziekte van Parkinson, DLB en MSA. Hoewel wij in 

deze studie slechts een klein aantal proefpersonen per ziektegroep hebben 
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geanalyseerd, vonden wij verder aanwijzingen dat de oplosbaarheid van aSyn 

varianten en hun verspreiding over verschillende hersengebieden verschilden tussen 

synucleinopathieën: wij zagen meer buffer-onoplosbare Ser129-p aSyn in de 

hippocampus van donoren met DLB en de ziekte van Parkinson met dementie in 

vergelijking met ziektegroepen zonder dementie, terwijl in de hersenen van patiënten 

met MSA naast buffer-onoplosbare vormen tevens een toename van buffer-oplosbare 

vormen van aSyn meetbaar was. Als de resultaten behaald met onze nieuwe 

methoden kunnen worden gevalideerd in een grotere onderzoeksgroep, zouden deze 

kunnen bijdragen aan de ontwikkeling van een betere biochemische profilering van 

synucleinopathieën. 

In hoodstuk 4 hebben wij door middel van enzymactiviteitsmetingen voor de 

lysosomale enzymen glucocerebrosidase, beta-hexosaminidase en cathepsine D in 

hersenweefsel getracht het dysfunctioneren van het lysosomale 

eiwitopruiminssysteem in de ziekte van Parkinson in kaart te brengen. In deze studie 

vergeleken wij donoren met de ziekte van Parkinson en DLB met leeftijdsgekoppelde 

controles (N=15 per groep). Hoewel de data een grote variabiliteit liet zien, vonden wij 

een significante afname van glucocerebrosidase activiteit in de substantia nigra van 

donoren met de ziekte van Parkinson in vergelijking met controles, met een zelfde 

trend voor DLB. Uit de genotypering van ons cohort bleek dat vier donoren met de 

ziekte van Parkinson, zes donoren met DLB en ook twee controledonoren afwijkende 

varianten in het GBA gen bevatten. Interessant genoeg werd de variatie in de data 

vrijwel volledig verklaard op basis van deze GBA varianten. Glucocerebrosidase-

activiteit was sterk verminderd (>50%) in individuen met GBA varianten, waarbij tevens 

lagere cathepsine D activiteit zichtbaar was in de frontale cortex. Bovendien vonden 

wij een significante vermindering van glucocerebrosidase-activiteit in de substantia 

nigra van donoren met de ziekte van Parkinson/DLB zonder GBA varianten. Deze 

laatste bevinding suggereert dat glucocerebrosidase niet alleen een rol speelt in de 

ziekte van Parkinson en DLB gerelateerd aan GBA mutaties, maar ook in  andere 

vormen van deze ziektes.  

Hoofdstuk 5 beschrijft hoe wij in ditzelfde cohort met behulp van nieuwe methoden 

niet alleen glucocerebrosidase activiteit, maar ook de concentraties van dit eiwit en 

een van zijn substraten (glucosylsphingosine) hebben bepaald, evenals de activiteit 



317 
 
 

 

van (Ser129-p en totale) aSyn. Wij vonden lagere concentraties glucocerebrosidase in 

de hersenen  van donoren met de ziekte van Parkinson en DLB vergeleken met 

controles, welke correleerden met hogere hoeveelheden van substraat en aSyn 

pathologie. Op basis van deze correlatieve data in dezelfde lysaten voerden wij 

vervolgens een statistische analyse uit om meer inzicht te krijgen in de relatie tussen 

de verschillende variabelen in onze studies. Onze bevindingen laten op een 

biochemisch niveau een relatie zien tussen twee hoofdrolspelers binnen de pathologie 

van de ziekte van Parkinson: glucocerebrosidase en aSyn. 

Belangrijke hulpmiddelen in de studie van specifieke eiwitvarianten zijn goed 

gekarakteriseerde antilichamen. In hoofdstuk 6 definieerden wij de immunoreactiviteit 

van antilichamen die specifiek zijn opgewekt tegen Ser129-p en 122CTT aSyn in 

hersenen van donoren met verschillende aandoeningen (ziekte van Parkinson met en 

zonder dementie, DLB, MSA, ziekte van Alzheimer, progressieve supranucleaire 

parese) en controles. Ons doel hierbij was in kaart te brengen welke celtypen en 

morfologische structuren Ser129-p en 122CTT aSyn varianten bevatten. Onze 

bevindingen laten zien dat antilichamen tegen Ser129-p en 122CTT aSyn varianten 

een goede detectie bieden van pathologische structuren. Dit in tegenstelling tot een 

antilichaam tegen de C-terminus van aSyn, wat zowel in donoren met 

synucleinopathieën als in controles voornamelijk synaptische aankleuring laat zien van 

fysiologische aSyn. In dit hoofdstuk beschrijven wij de grote verscheidenheid aan 

ziekte-gerelateerde structuren die CTT en Ser129-p aSyn bevatten, waaronder niet 

eerder beschreven gliale morfologieën. Onze bevindingen laten zien dat de 

neuropathologie van synucleinopathieën meer omvat dan de ‘keurmerk’ structuren, en 

suggereren dat complementaire eigenschappen van antilichamen tegen verschillende 

eiwitvarianten kunnen helpen om tot een completer begrip hiervan te komen.  

Hoofdstuk 7 beschrijft het gebruik van antilichamen tegen CTT en Ser129-p aSyn 

varianten voor superresolutie microscopie, met als doel meer te weten te komen over 

hun subcellulaire distributiepatronen in neuronen met en zonder LB pathologie. De 

combinatie met andere antilichamen tegen aSyn domeinen en subcellulaire structuren 

bracht een consistente en opmerkelijk gestructureerde ‘ui-achtige’ architectuur van 

LBs gedetailleerd in beeld. In deze beelden is aan de buitenkant van de LBs een 

georganiseerd web zichtbaar van neurofilamenten en tubulines, samen met Ser129-p 
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aSyn. CTT varianten – en ook antilichamen tegen de membraanbindende N-terminus 

en NAC-domain van aSyn – clusteren in de kern van deze structuur. Met behulp van 

CARS imaging localiseerden wij de grootste hoeveelheden vetten en eiwitten in de 

kern van de LBs. Gezamenlijk suggereren onze bevindingen dat de morfologie van 

LBs wordt bepaald door een proces waarbij opgehoopte eiwitten en vetten worden 

ingekapseld in neurofilamenten, met een mogelijke rol voor Ser129-p aSyn in de 

regulatie van deze inclusievorming. Wij vonden verder dat cytoplasmatische 

netwerken van Ser129-p aSyn sterk geassocieerd zijn met (vroege stadia van) LB 

pathologie, terwijl CTT aSyn werd gelokaliseerd op het buitenmembraan van 

mitochondriën in zowel donoren met de ziekte van Parkinson als controles, hetgeen 

een fysiologische functie suggereert. In deze studie brachten wij aSyn pathologie in 

groot detail in beeld, wat ons in staat stelt een nieuwe hypothese te presenteren over 

de formatie en maturatie van LBs.  

In het laatste hoofdstuk, hoofdstuk 8, zijn onze nieuwe inzichten over aSyn 

cytopathologie gekoppeld aan de subcellulaire lokalisatie van TFEB, de belangrijkste 

transcriptiefactor voor autofagie. TFEB merkten wij in hoofdstuk 2 al aan als een 

interessant ‘target’ om autofagie te stimuleren als therapie voor de ziekte van 

Parkinson. Hoofdstuk 8 laat zien dat neuronen met Ser129-p aSyn cytopathologie een 

verminderde hoeveelheid TFEB in hun nucleus bevatten in vergelijking met ‘gezonde’ 

neuronen. Daarnaast vertonen TFEB vaker clusters in het cytoplasma van cellen met 

aSyn pathologie, welke samenvallen met het trans-Golgi netwerk. Samen lijken deze 

veranderingen een verstoord transport van TFEB binnen cellen te reflecteren. In 

donoren met de ziekte van Parkinson met GBA varianten zagen wij dezelfde 

veranderingen in TFEB lokalisatie ook in cellen zonder aSyn pathologie. Onze eerste 

bevindingen in dit project laten daarmee een duidelijke relatie zien tussen aSyn 

pathologie en TFEB. De meer uitgesproken resultaten in donoren met GBA mutaties 

brengen veranderd transport van TFEB ook in verband met glucocerebrosidase, 

hetgeen interessante therapeutische implicaties kan hebben.  

De verschillende studies in mijn proefschrift bevestigen dat CTT en Ser129-p aSyn 

een belangrijke rol spelen in de pathologie van de ziekte van Parkinson en 

gerelateerde aandoeningen. Onze resultaten toonden verschillen aan in hun 

biochemische manifestatie alswel in (sub)cellulaire voorkomen in hersenweefsel. 
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Daarnaast brengen de resultaten van dit proefschrift aSyn pathologie in nauw verband 

met andere cellulaire processen, zoals falende eiwitopruiming. Wij vonden 

aanwijzingen voor verstoring van het lysosomale-autofagie systeem in de ziekte van 

Parkinson - zowel in GBA-gerelateerde als -ongerelateerde vormen - die gerelateerd 

waren aan aSyn pathologie. Daarnaast hypothetiseren wij op basis van 

microscopische bevindingen dat aSyn georkestreerd voorkomt in LBs door zijn 

interacties met structuurbrengende eiwitten. Deze resultaten onderstrepen dat aSyn 

pathologie en inclusievorming niet op zichzelf staande processen zijn, maar onderdeel 

zijn van de complexe cellulaire context waarin deze zich afspeelt.  

De combinatie van verschillende technieken en perspectieven toegepast op post-

mortem hersenenweefsel in dit proefschrift heeft onze kennis over enkele belangrijke 

eiwitten binnen de pathologie van de ziekte van Parkinson vergroot en tot nieuwe 

hypothesen geleid. Om deze hypothesen te testen en zodoende meer inzichten te 

krijgen in elkaar opvolgende stappen die leiden tot de pathologie die wordt 

waargenomen in hersenen met de ziekte van Parkinson, is het nu cruciaal om onze 

bevindingen in de humane hersenen te vertalen naar experimentele cel- en 

diermodellen. Een beter begrip en de manipulatie van vroege pathologische processen 

in de ziekte van Parkinson zal hopelijk leiden tot de zo verlangde therapeutische 

mogelijkheden om deze snelgroeiende en desastreuze ziekte effectief te behandelen. 
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In de laatste pagina’s van een proefschrift komt doorgaans de aap uit de mouw. Nee, 
de heldhaftige kandidaat heeft het eigenlijk helemaal niet in zijn eentje gedaan. Sterker 
nog, zonder de hulp van anderen was er ook van dit proefschrift weinig terecht 
gekomen. De (soms internationale) samenwerkingen die de basis vormen voor dit 
proefschrift waren voor mij een van de hoogtepunten van mijn promotieonderzoek. 
Daarom is het voor mij een groot plezier om hierbij diegenen die mij gedurende de 
afgelopen jaren op wat voor manier dan ook hebben geholpen bij mijn proefschrift in 
het spreekwoordelijke zonnetje te zetten. 

Ik wil graag beginnen met mijn directe supervisor gedurende mijn promotietraject, 
Wilma. Dat dit proefschrift er zonder jou niet zou zijn geweest moge duidelijk zijn. 
Gedurende meer dan 5 jaar heb ik intensief met jou mogen samenwerken aan allerlei 
gave projecten. Ik heb enorm veel van je geleerd, bijvoorbeeld van jouw expertise op 
het gebied van neuroanatomie en pathologie van de ziekte van Parkinson. Door de 
jaren heen hebben we samen de oprichting en een prachtige groei van jouw 
onderzoeksgroep Clinical Neuroanatomy and Biobanking (CNAB) meegemaakt. Het 
was een onvergetelijke ervaring om met jou en anderen de pathologische laesies in 
de hersenen met Parkinson opnieuw onder de loep te nemen met de nieuwste 
microscopische technieken. Deze ontdekkingsreis leverde ons verschillende nieuwe 
inzichten op, met mogelijke implicaties voor ons onderzoeksveld. De ziekte van 
Parkinson, de afgelopen 20 jaar steevast als ‘proteinopathy’ beschouwd, wordt in de 
literatuur steeds vaker aangehaald als ‘lipidopathy’ of een ‘lysosomal disease’. Jouw 
bijdrage aan deze kentering is niet te verwaarlozen. Ons werkoverleg op 
donderdagmiddag begon vaak met een bespreking van praktische zaken en deadlines, 
tot het moment dat ik uitwaaierde over alle nieuwe hypothesen die ik in die betreffende 
week had bedacht. Ondanks jouw drukke schema nam je deze altijd serieus en hadden 
we lange en zeer leerzame discussies, die ik zal missen. Ik ben je verder enorm 
dankbaar voor het vertrouwen en de vrijheid die ik als promovendus heb mogen 
ervaren. Deze hebben eraan bijgedragen dat ik altijd met plezier aan mijn onderzoek 
heb gewerkt, en tevens de kans gegeven om periodes in Italië in Perugia en in 
Zwitserland bij Roche door te brengen. Dit heeft mooie hoofdstukken opgeleverd voor 
mijn proefschrift en in mijn leven. Ik ben je hier erg dankbaar voor.  

Voor diezelfde vrijheid en flexibiliteit wil ik ook graag mijn promotoren, prof.dr. Henk 
Berendse en pr.dr Jeroen Geurts bedanken. Henk, wat een voorrecht om onder jou 
te mogen promoveren. Ik wil je bedanken voor de grote steun die ik tijdens het gehele 
project van jou ervaren heb, ook als manuscripten niet direct ‘goed vielen’ bij de 
tijdschriften waar wij ze indienden. Tijdens onze vergaderingen was ik altijd blij met de 
sturing die je gaf in het maken van de juiste keuzes. Waar wij oorspronkelijk het plan 
hadden om tijdens mijn promotieonderzoek een vertaalslag te maken naar de 
ontwikkeling van nieuwe diagnostische biomarkers, moedigde jij mij aan om mijn 
nieuwe passie (superresolutie microscopie) te volgen. Hier zal ik ook in de komende 
jaren nog veel aan hebben. Jeroen, je bent een enorme inspiratiebron gebleken 
tijdens verschillende fases van mijn promotietraject. Je enthousiasme en creativiteit in 
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combinatie met je kritische geest hebben er tijdens onze vergaderingen altijd voor 
gezorgd dat ik het beste in mezelf naar boven moest (kon?) halen. Daarnaast ben ik 
je enorm dankbaar dat ik altijd bij je terecht kon voor je al je adviezen, tips en 
mentorschap. Ik hoop ook zeker dat we in de toekomst in contact zullen blijven. 

In addition to the excellent support I received from the members of my PhD committee, 
I was privileged to have two additional mentors, dr. Markus Britschgi from Roche 
(Switzerland) and prof.dr. Tommaso Beccari (Universitá degli Studi di Perugia, Italy). 
I am very grateful for the time I spent in both of your laboratories. Markus, I am sorry 
for all those evenings when you tried – after a busy day of meetings – to leave your 
office but instead got stuck with a RiSE student that started  conceptual discussions 
about aggresome formation. Many thanks for taking the time for this, and for everything 
I have learned during the 9 months in your lab, for instance about assay development. 
Maybe even more important, thank you for being a great example for me by your 
outstanding academic qualities and leadership. I am very happy we will stay in touch. 
Tommaso, it is an honor for me to have gotten to know you. I will never forget the 
wonderful 7 months I had in Perugia, where your lab is the best place in the world to 
be trained in enzymatic activity assays. I want to thank you for your trust in me, and for 
all your lessons that I will never forget, about biochemistry and lysosomal storage 
diseases. However, equally important was your education on Moka-coffee, art, 
mortadella, and the drying of peperoncini. I have always felt at home in Perugia and 
would love to go back soon, thank you very much for your hospitality.  

Ook wil ik in het bijzonder twee zeer getalenteerde en gemotiveerde studenten 
bedanken die mij enorm hebben geholpen met hun inspanningen tijdens hun stages. 
Christina, ik ben blij dat wij nog steeds contact hebben en ik ben enorm trots op wat 
je hebt bereikt tijdens en na je stage. Onze wetenschappelijke ochtendmeetings waren 
onvergetelijk, hoewel ik nog altijd in het duister tast over sommige van jouw metaforen. 
Ik hoop je de komende jaren in de VS te treffen, in Californië, Boston, of ergens 
ertussenin. Cesc, I was very happy to work with you during the last period of my PhD, 
during which you have been a great help for me by your excellent work on multiple 
labeling experiments and imaging. I am confident that the interesting initial dataset we 
generated will lead to a nice manuscript!  

Aan mijn collega’s van de CNAB sectie in Amsterdam ben ik tevens veel dank 
verschuldigd. Voor het hogere doel van het oplossen van fundamentele vragen en de 
translatie hiervan voor de patiënt, bewijst CNAB telkens weer uit te blinken in het 
genereren van esthetisch waanzinnig mooie beelden met verschillende technieken, 
van MRI tot nanoscopie. De vele inzichten en lessen tijdens onze lab-meetings waren 
van grote waarde voor mijn project. Dagmar, ik wil je bedanken voor je waardevolle 
lessen als ‘senior’ tijdens het begin van mijn PhD, en voor de gezellige koffie- en 
borrelmomenten. Hanneke, ik heb met veel plezier met je samengewerkt aan gave (!) 
projecten en hoop dat we daarover in contact blijven. Het was erg leuk je beter te leren 
kennen tijdens verschillende conferenties. Yasmine, many thanks for your unique 
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scientific insights and questions along the way, and especially for those random catch-
ups in the hallway of the O2-building! Laura, wat was het altijd fijn om een probleem 
met jou te bespreken: door  jouw nuchterheid haalde je de angel uit de situatie en had 
je altijd direct een oplossing klaar. Linda, hoewel we in ons onderzoek niet heel veel 
samen hebben gewerkt was het altijd en overal fijn om je te treffen, in conferenties, 
meetings, voor koffie of voor lunch. Ik ben heel blij voor je dat je een mooie plek hebt 
gevonden! Angela, thank you so much for always being a great help, you were there 
when I needed you. I miss our chats about our common passion for restaurants and 
bars in Amsterdam-West. Evelien, ik heb er erg van genoten om samen de STED uit 
te vinden en ons te verwonderen over de vele mysteries die de hersenen op deze 
nieuwe schaal voor ons opwierpen. Ik wil je ook erg bedanken voor je prachtige 
afscheidscadeau, waar ik veel aan heb gehad voor het design van dit boekje. John, jij 
leerde mij lang geleden de fijne kneepjes van immunohistochemie en ik had me geen 
betere leermeester kunnen voorstellen. Hoewel ik minder met ze samen heb gewerkt, 
wil ik graag Allert, Yvon, Martijn, Emma, en Nour bedanken voor de zeer fijne tijd en 
hen heel veel succes wensen binnen CNAB of hun nieuwe baan! 

Hoewel in de proloog van deze thesis al vermeld, wil ik de Nederlandse Hersenbank 
hier nog een keer bedanken voor de zeer prettige samenwerking, en specifiek Michiel 
voor alle leuke gesprekken over natuur en vogels in Zuid-Oost. 

I am grateful that I have worked in great teams in both Perugia and Basel. I would like 
to thank prof.dr Lucilla Parnetti for sharing her tremendous expertise and for hosting 
me in Silvestrini, Davide for being a great mentor and pub-mate at the same time, 
Silvia for her great supervision and for showing me around in gorgeous Gubbio,  
Claudia for picking me up at the Perugia train station on my first day and still being a 
great friend, Maria Rachele for the unforgettable family dinner, Ana for being such a 
great labmate, and Marcelo for teaching me how to really cook pasta.  

At Roche, I would like to thank Daniel for his great help and guidance in the lab and 
fantastic fondue, and for making me feel very welcome in the lab together with the 
other lab members (in particular Liz!). I thank all the people involved in our exciting 
GCase projects at Roche, involving Ravi Jagasia, Tomas Kremer, Anna-Lisa 
Gündner, for the great collaboration, Gonzalo Duran Pacheco for his excellent 
statistical support, Matthias Lauer for the discussions about aggresomes and material 
science over lunch (“is a Lewy Body more like a hard or a soft boiled egg?”). Finally, I 
would like to thank Markus von Kienling, Markus Britschgi (again...), the RiSE 
committee for making the internship within Roche possible, and my RiSE colleagues 
with whom I have had many great experiences, not (at all) related to science.  

I would like to acknowledge our collaborators at Prothena, in particular Wagner Zago 
and Robin Barbour, for making their antibodies available to us and for the great 
scientific input in our projects. I would also like to thank our collaborators at the 
Department of Biophysics, Ruhr-University Bochum, Bochum, Germany - prof. Klaus 
Gerwert, Daniel Niedieker, and Dominik Röhr - for their help with the CARS 
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measurements in tissue and the collaborators at the Erasmus University in Rotterdam 
(Prof. Vincenzo Bonifati and dr. Marialuisa Quadri) for their help in the genotyping 
our post-mortem cohort in Chapter 2.  

I would like to express my gratefulness to dr. Silke Nuber and prof.dr. Dennis Selkoe 
for their trust in me based on the findings presented in this thesis and for providing me 
with the great opportunity to join their team at the Brigham and Women’s Center and 
for making me feel very welcome there. 

Anne-Marie van Dam: ik ben enorm blij dat ik jou tijdens mijn eerste stage heb leren 
kennen. Hoewel vaak niet direct betrokken bij de projecten voor dit proefschrift, zijn we 
eigenlijk voortdurend in contact gebleven. Ik heb je eerlijke mening altijd erg op prijs 
gesteld en ik hoop daar ook in de toekomst nog veel gebruik van te kunnen maken.  

Pieter Voorn en Benjamin Drukarch, ik wil jullie bedanken voor onze prettige 
wetenschappelijke discussies tijdens mijn promotietraject. Jullie scherpzinnige 
kritieken hebben mij op meerdere momenten geïnspireerd en verder geholpen.    

Ik heb altijd een beroep kunnen doen op de zeer kundige optical imaging experts van 
het AO2M, die geen uitdaging uit de weg gaan om de grenzen van de apparatuur te 
verkennen. Ik heb altijd erg genoten van dit soort spannende ontwikkelingen, waaraan 
ik vooral heb mogen werken met Evelien Timmermans, Jeroen Kole, René Musters, 
en Marko Popovic.  

De afdeling van Anatomie en Neurowetenschappen wil ik eigenlijk als geheel 
bedanken. Ik heb er een enorm fijne tijd gehad: Meiling, Sandra, Regina, Floor en 
voorheen Merel, als secretariaat het gezicht van de afdeling: ik wil jullie enorm 
bedanken voor alle hulp en steun die ik heb ervaren tijdens mijn ANW-periode! Verder 
hebben alle contacten met collega’s het leven in O2 een stuk aangenamer gemaakt: 
bedankt Kim & Heleen (mijn eerste kamergenoten!), Anand, Svenja, Thecla, 
Quinten, Jolanda, Madison, Sarah, Marijn, Myrte, Tianne, Shanna, Merijn, Niels, 
Piet, Stefanos, Maxine en de andere PANDA-leden voor het uitwisselen van PhD 
ervaringen en bovenal de leuke tijd in onze kantoortuin. Menno, Linda, Chris, 
Michael, Kees, John Brevé, Marcel, Yvar, en vele anderen: dank jullie wel voor het 
leuke contact, de borrels, de warme gesprekken in de (destijds) kille O2 gangen, de 
onzinnige koffie-conversaties en de lol tijdens afdelingsuitjes! 

Hier voorts een snelle opsomming van diegenen die een bijdrage hebben geleverd aan 
mijn proefschrift door tot vermoeiends toe naar mijn gepassioneerde doch soms 
onbegrijpelijke verhalen te luisteren. Ik doel daarbij op onze zelfbenoemde anti- (of 
pro?) corporale studentenvereniging RSVAHC (Rene, Stijn, Alban, Tin, Olie), mijn 
huisgenoten op de 24-II (24/7) JVWO-straat  (Ka Wing, Yannick, Erik, Rob), mijn 
maatjes van het CGU (Rene, Alban, Sjoerd, Stefan, Sjoerd, Olmo, Matthijs, 
Mathijs, Steven, Melle, Oskar) en mijn mede-bewegingswetenschappers (Hessel, 
Tim). Special shout out here to Nicolette and Jeremy, my brave and inspiring friends 
of who I am very proud, thank you so much for your support and pep talks  
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Bart & Sybren: Ik ben heel blij dat ik aan mijn master neurowetenschappen zulke 
geweldige vrienden heb overgehouden. We zien elkaar altijd te weinig, maar misschien 
maakt dat onze avonden, samen met de plus-ones, alleen maar bijzonderder! Bart: 
samen zijn wij tijdens onze eerste stage ingewijd in de praktijk van 
neurowetenschappelijk onderzoek. In mijn herinnering heb ik de gehele stage lang 
gegiecheld als een pubermeisje om onze gigantisch flauwe grappen. Jammer dat je er 
niet bij kan zijn bij de verdediging, maar ik ben heel blij voor jullie prachtige avontuur 
Down Under. Syb: ik ben superblij dat ik jou vandaag als paranimf bij me heb, dat 
geeft me een hoop rust en vertrouwen! Als ik een antwoord niet weet, vraag ik het 
gewoon aan jou. 
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