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Abstract

The two main pathological hallmarks of Parkinson’s disease are loss of dopamine neurons in the substantia nigra

pars compacta and proteinaceous amyloid fibrils composed mostly of α-synuclein, called Lewy pathology.

Levodopa to enhance dopaminergic transmission remains one of the most effective treatment for alleviating the

motor symptoms of Parkinson’s disease (Olanow, Mov Disord 34:812–815, 2019). In addition, deep brain stimulation

(Bronstein et al., Arch Neurol 68:165, 2011) to modulate basal ganglia circuit activity successfully alleviates some

motor symptoms. MRI guided focused ultrasound in the subthalamic nucleus is a promising therapeutic strategy as

well (Martinez-Fernandez et al., Lancet Neurol 17:54–63, 2018). However, to date, there exists no treatment that

stops the progression of this disease. The findings that α-synuclein can be released from neurons and inherited

through interconnected neural networks opened the door for discovering novel treatment strategies to prevent the

formation and spread of Lewy pathology with the goal of halting PD in its tracks. This hypothesis is based on

discoveries that pathologic aggregates of α-synuclein induce the endogenous α-synuclein protein to adopt a

similar pathologic conformation, and is thus self-propagating. Phase I clinical trials are currently ongoing to test

treatments such as immunotherapy to prevent the neuron to neuron spread of extracellular aggregates. Although

tremendous progress has been made in understanding how Lewy pathology forms and spreads throughout the

brain, cell intrinsic factors also play a critical role in the formation of pathologic α-synuclein, such as mechanisms

that increase endogenous α-synuclein levels, selective expression profiles in distinct neuron subtypes, mutations

and altered function of proteins involved in α-synuclein synthesis and degradation, and oxidative stress. Strategies

that prevent the formation of pathologic α-synuclein should consider extracellular release and propagation, as well

as neuron intrinsic mechanisms.

Keywords: Parkinson’s disease, α-Synuclein, Amyloid, Fibril, Oligomer, Lewy body, Neurodegeneration

Background

Over 10 million people in the world suffer from Parkin-

son’s disease (PD). The two main pathological hallmarks

of PD are loss of dopamine neurons in the substantia

nigra pars compacta (SNc), and protein aggregates

(called Lewy bodies and Lewy neurites) composed

mostly of the protein α-synuclein. Levodopa/carbidopa

is currently the most effective treatment for the motor

symptoms of PD [1]. Deep brain stimulation also allevi-

ates some motor symptoms and MRI guided focused

ultrasound is a developing strategy [2, 3]. However, levo-

dopa does not prevent further neuron loss or Lewy path-

ology. Over time, patients more frequently experience

periods of time in which levodopa does not work and re-

quire higher doses of the drug, which increase side effects

such as dyskinesias. Furthermore, levodopa does not treat

non-motor symptoms including cognitive changes, which

are the primary cause for institutionalization, rapid de-

cline, and death. By the time an individual is seen in the

clinic for PD symptoms, there is an approximately 90%
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loss of dopamine neurons in the SNc [4]. Therefore, it is

critically important to develop therapeutic strategies to

prevent further neuron loss and to prevent the formation

of Lewy pathology in other brain areas.

One of the current strategies to prevent PD progres-

sion includes targeting the formation, extracellular

release and neuron to neuron spread of abnormal α-

synuclein aggregates throughout the nervous system.

Fibrillar aggregates of α-synuclein corrupt normal, en-

dogenously expressed α-synuclein to form pathologic ag-

gregates which are released and spread throughout the

brain. The first line of evidence supporting the release of

pathogenic α-synuclein aggregates was the demonstra-

tion of aggregates in the cerebrospinal fluid, suggesting

it can be released [5]. In addition, studies of PD patients

who received fetal nigral grafts in the striatum showed

that after several years, the fetal graft tissue harbored

Lewy pathology, suggesting the grafted neurons inher-

ited α-synuclein aggregates from neurons from the host

brains [6–10]. Staging studies of Parkinson’s disease also

support that α-synuclein aggregates appear in the brain

in a temporally and spatially predictable manner [11–

13]. In early stages, Lewy pathology first appears in the

enteric nervous system and the olfactory bulb. In the

later stages, Lewy pathology appears in the brainstem,

limbic areas, and cortex; appearance in these brain areas

coincides with the onset of motor, psychiatric, and cog-

nitive symptoms.

Multiple experimental studies have been published that

support that seeds of fibrillar α-synuclein can induce nor-

mal α-synuclein to form pathogenic inclusions. Exposure

of HEK293 cells stably overexpressing α-synuclein to fi-

brils generated from recombinant α-synuclein induces the

formation of insoluble, phosphorylated, and ubiquitinated

aggregates [14]. Exposure of neurons expressing endogen-

ous levels of α-synuclein to fibrils causes formation of

α-synuclein inclusions that morphologically and biochem-

ically resemble Lewy neurites and Lewy bodies [15]. Im-

portantly, injection of fibrils into the striatum produces

Lewy-like pathology in dopamine neurons of the substan-

tia nigra pars compacta, dopaminergic neuron loss and

motor behavior phenotypes similar to PD [16]. α-

Synuclein inclusions are also produced in other brain re-

gions relevant for PD, such as the cortex and amygdala.

Fibril-induced inclusion formation causes multiple pheno-

types, including reduced expression of presynaptic pro-

teins, decreased neuronal connectivity, and reduced spine

density [15, 17–19]. Exposure of neurons from α-

synuclein knockout mice to α-synuclein fibrils does not

produce intracellular inclusions and does not impair neur-

onal connectivity or synapse formation. Thus, the corrup-

tion of endogenous α-synuclein to form insoluble fibrillar

aggregates is responsible for neuronal dysfunction. These

findings have been replicated by many studies and in other

species, such as rats and primates [20–26]. Importantly, fi-

bril exposure of human neuronotypic cells derived from

differentiated induced pluripotent cells (iPSCs) induces

the formation of α-synuclein inclusions and toxicity [27–

30]. These studies demonstrate the potential of human cell

models as a platform for screening compounds that poten-

tially mitigate the formation of α-synuclein aggregation and

progression of PD. Studies showing that peripheral injec-

tion of fibrils induce Parkinson’s disease phenotypes par-

ticularly support that aggregated α-synuclein can travel

along connected neuron pathways [31–34]. Injection of fi-

brils into the duodenal and pylori muscularis layers of the

gut of wild type mice expressing endogenous α-synuclein

results in the formation of Lewy-like pathology to the

brainstem and limbic areas that is associated with behav-

ioral defects [32].

Studies of the triggers of the formation of pathological

α-synuclein are critical. Endogenous overexpression of

α-synuclein, its membrane association with intra- or

extracellular transport vesicles, or its cell-to-cell trans-

mission mechanisms can all play critical roles in the for-

mation of α-synuclein fibrils and aggregates. This review

article will later explore the most recent findings regard-

ing the multifaceted cell intrinsic contributors to the for-

mation of pathologic α-synuclein inclusions.

There remain several outstanding questions in the field:

1) What conformation of α-synuclein aggregates is re-

sponsible for PD phenotypes? 2) Are there selective cell-

surface receptors that facilitate α-synuclein uptake? 3)

Lewy bodies and Lewy neurites are too large to be released

from neurons and taken up by neighboring neurons; are

these larger filaments fragmented and released by the

neuron and if so, what facilitates fragmentation? 4) Are

some neuronal subtypes more susceptible to forming ag-

gregates? 5) α-synuclein is a normal protein in the brain

expressed at presynaptic terminals. What initiates the con-

version of α-synuclein to β-sheet fibrils? We will discuss

these outstanding questions in the following sections.

Main text

What is the species of α-synuclein responsible for PD

phenotypes?

Many proteins implicated in neurodegenerative diseases

convert to a pathologic conformation that induces the en-

dogenous protein to adopt the same conformation and is

thus self-propagating [35]. It is critical to define the con-

formation of α-synuclein that is responsible for this patho-

genic templating. Endogenous α-synuclein is primarily

expressed in neurons where it is enriched at the presynap-

tic terminal [36–39]. The normal conformation of α-

synuclein is either a disordered monomer or in an alpha-

helical, multimeric conformation. α-Synuclein can also

convert from the disordered, monomeric form to β-sheets

that build by recruiting additional monomer to eventually
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form protofilaments and amyloid fibrils [40]. Lewy bodies

and Lewy neurites in PD brains are characterized by fila-

ments of α-synuclein in the amyloid conformation [41,

42].

Both α-synuclein fibrils and oligomers cause toxicity to a

varying extent [43, 44]. The impact of oligomers on the for-

mation of α-synuclein inclusions has historically been diffi-

cult because oligomers are inherently transient in nature

and rapidly recruit monomeric α-synuclein to form fibrils.

The discovery that α-synuclein oligomers can be kinetically

trapped provided a major breakthrough, allowing compari-

sons of the contributions of oligomers and fibrils to PD-

phenotypes [43, 45, 46]. Biophysical characterization of the

kinetically trapped oligomers shows they are composed of

an average of 29 molecules, are approximately 50 nm in

length, have anti-parallel β-sheet configuration, contain

minimal amyloid conformation, and are not seeding com-

petent, i.e. do not elongate in the presence of monomer. In-

jection of oligomers into the striatum of mice induces a

slight loss of dopamine neurons in the substantia nigra pars

compacta (SNc), consistent with previous demonstrations

of their toxicity. In comparison, short fibril fragments are

approximately 70 nm in length with a parallel β-sheet con-

figuration, amyloid conformation, and are seeding compe-

tent. Injection of short fibril fragments into the striatum

significantly reduces the number of dopamine neurons in

the SNc, reduces dopamine transporter-positive terminals

in the striatum, causes seeded formation of α-synuclein in-

clusions in the SNc, cortex, and amygdala, and produces

motor behavior defects [46]. Thus, seeding competent fibril

fragments are responsible for PD-related phenotypes. These

data are important because while some immunotherapy ap-

proaches target fibrillar forms of α-synuclein, other strat-

egies may target monomeric forms and consequently

inhibit the function of normal α-synuclein. Because reduc-

tion of α-synuclein can cause perturbations in striatal levels

of dopamine, which could be an adverse side effect for

treating PD [47–49], antibodies that specifically target fibril-

lar α-synuclein may be most effective in preventing the pro-

gression of PD without causing adverse side effects.

Different conformations of fibrils produce distinct

phenotypes, suggesting the existence of different

“strains” may be responsible for different disease pheno-

types [50]. For example, fibrils generated under different

buffer and salt conditions can produce either classic fi-

brils, or flat, twisted assemblies called ribbons [34, 44].

Injection of these different conformations into mice

shows that, while the fibrils cause the most robust loss

of dopamine neurons and motor behavior defects, rib-

bons produce α-synuclein inclusions in oligodendro-

cytes, a characteristic of another α-synucleinopathy,

Multiple Systems Atrophy (MSA). A distinct strain of α-

synuclein assemblies can also be produced by sequen-

tially passaging the α-synuclein fibrils generated using

recombinant α-synuclein [51]. While the classic (non-

passaged) fibrils seed formation of inclusions in neurons

from endogenous α-synuclein, sequential passaging of fi-

brils appears to impart a novel conformation such that

the passaged fibrils are able to additionally cross-seed

tau inclusions similar to those found in Alzheimer’s dis-

ease brains. Thus, distinct structural conformations of α-

synuclein could generate mixed pathologies by cross-

seeding tau. Interestingly, seeds of α-synuclein from

MSA brains are more efficient in propagating α-

synuclein inclusions when injected into mouse brains

than those derived from PD brains [52, 53]. MSA is a

much more rapidly progressing α-synucleinopathy com-

pared to PD, suggesting that the strains of seeds in MSA

brains are more toxic, forming and spreading more rap-

idly throughout the brain [50, 54–57]. In particular, seeds

of α-synuclein from MSA brains maintain strain charac-

teristics following serial propagation and resist inactiva-

tion with formalin, similar to PrP scrapie [55]. Evidence

suggests that the MSA strains are conformationally dis-

tinct from PD strains [56]. In the future, it will be of great

interest to determine how different structural characteris-

tics of these strains could account for different phenotypes

of α-synucleinopathies.

Are there selective cell-surface receptors that facilitate α-

synuclein uptake?

α-Synuclein is an intracellular, cytosolic protein. For the

seeded formation of α-synuclein inclusions to occur and

propagate to additional brain regions, the fibrils must

bind to the neuronal cell surface and gain entry to the

cytoplasm. α-Synuclein fibrils bind to the entire cell sur-

face of neurons (Fig. 1). The development of novel fluor-

escent based techniques allows intracellular fibrils to be

distinguished from extracellular fibrils [58] and demon-

strates that α-synuclein fibrils are internalized. While α-

synuclein fibrils interact with the entire cell surface, fi-

bril uptake and subsequent internalization may depend

on specific receptors and/or post-translational modifica-

tions on the extracellular domain of transmembrane

proteins such as heparin sulfate protein proteoglycans.

Cell surface heparan sulfate proteoglycans (HSPGs)

mediate the uptake and internalization of α-synuclein fi-

brils [59]. HSPGs are glycoproteins with heparin sulfate

chains composed of sulfated repeating subunits of N-

acetylglucosamine and glucuronic acid. There are 17 dis-

tinct types of HSPGs that are found either in the extra-

cellular matrix or on the cell-surface. HSPGs are

responsible for internalization of multiple different car-

gos, such as exosomes, viruses, lipoproteins such as

APOE, and amyloid-β [60, 61]. Binding and internaliza-

tion of α-synuclein fibrils is inhibited by heparin, which

competes for binding with cell surface HSPGs, and

chlorate, which inhibits sulfation [59]. Interestingly,
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oligodendrocytes, which have α-synuclein inclusions in

MSA, utilize HSPGs for internalization, whereas micro-

glia do not, suggesting that fibril internalization may be

cell type selective [62]. To that end, it is possible that

targeting HSPGs could prevent the spread of pathologic

α-synuclein, as has been previously suggested for tauo-

pathies [63].

Specific cell surface receptors that bind and mediate

uptake of α-synuclein fibrils have also been identified.

An unbiased proteomic screen showed that α-synuclein

fibrils but not oligomers or monomer bind the α3-

subunit of the plasma membrane localized Na+/K+

ATPase [64]. In addition, a screen of a library expressing

transmembrane proteins identified that LAG3, amyloid-

β precursor-like protein 1, and neurexin1β bind α-

synuclein fibrils but not monomeric α-synuclein [23].

Importantly, mice lacking LAG3 show reduced fibril-

induced formation of α-synuclein inclusions in the SNc,

rescue of fibril-induced dopamine neuron loss, and res-

cue of motor impairments caused by α-synuclein fibril

injections. Interestingly, LAG3 is mainly expressed on

activated immune cells such as T-cells and natural killer

cells [65]. Activation of the immune system is important

for the PD disease process, including activation of

microglia and T-cell infiltration into the brain [66–68].

These immune cells may play a role in the propagation

of α-synuclein seeds. It will be of great interest to know

if LAG3-positive immune cells are involved in the up-

take and transmission of α-synuclein aggregates. Re-

cently, neurexin1β, which is enriched at the presynaptic

terminal similar to α-synuclein, was shown to mediate

uptake of acetylated fibrillar α-synuclein [69], highlight-

ing that post-translational modifications of pathogenic

α-synuclein should also be considered when determining

selectivity of fibrillar α-synuclein for receptors. It is

important to consider, however, that not one specific re-

ceptor may be responsible for the uptake of α-synuclein

fibrils, implicating the role of a more generalized binding

mechanism.

Are larger filaments fragmented and released by the

neuron and if so, what facilitates fragmentation?

Several lines of evidence show that the major disease

spreading agents consist of seeding-efficient α-

synuclein which are small fibrillar aggregates of around

50 nm in length [46]. Because Lewy bodies and Lewy

neurites are too large to account for released aggregates,

future studies that examine the mechanisms by which

larger filamentous inclusions could fragment within the

cell to become new and efficient nuclei for the propaga-

tion of α-synuclein inclusions and disease phenotypes

will be of great interest. Disaggregation of amyloid fibrils

by chaperones produces both monomeric and oligomeric

α-synuclein [70]. The chaperone, HSP110, in particular,

mitigates formation of α-synuclein aggregates in the

brain [71]. These oligomers could be seeding competent

oligomers that can be propagated from neuron to

neuron. The dissociated monomers could also exist in

an inert conformation or a seeding competent conform-

ation that is released by the neuron, as has been demon-

strated for tau [72]. It is also possible that lysosomal

proteases could cause the fragmentation and release of

smaller seeding-competent conformers of α-synuclein.

Indeed, low pH increases fibril fragmentation in vitro, a

condition that may be replicated in endosomes and lyso-

somes that have an acidic pH [73]. Because disaggre-

gases and protein degradation pathways are currently

being evaluated as putative therapeutic strategies, it is

critical to characterize the species of α-synuclein

Fig. 1 Human α-synuclein fibrils were labeled with Alexa-488. To visualize fibrils at the cell surface, primary hippocampal neurons were incubated

at 4 °C for 30 min with Alexa-488 labeled fibrils, rinsed, and images were captured. To visualize internalized Alexa-488 labeled fibrils and

oligomers, primary hippocampal neurons were pre-incubated with the fibrils or oligomers for 30 min at 4 °C and then incubated for 15 min at

37 °C. The neurons were rinsed and incubated with trypan blue to quench extracellular Alexa-488 label and to visualize intracellular fibrils and

oligomers. When trypan blue binds to proteins on the cell surface, it fluoresces at 560 nm, which is shown in the images as magenta. The right

panel shows quantitation of internalization of unsonicated, long fibrils (F-L), sonicated 50 nm fibrils (F-s) and oligomers (O). From Froula JM, Castellana-

Cruz M, Anabtawi NM, Camino JD, Chen SW, Thrasher DR, Freire J, Yazdi AA, Fleming S, Dobson CM, et al.: Defining alpha-synuclein species

responsible for Parkinson’s disease phenotypes in mice. The Journal of biological chemistry 2019, 294:10392–10,406
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produced by these pathways and whether these treat-

ments reduce or increase the spreading agent.

Are some neuronal subtypes more susceptible to forming

aggregates?

In α-synucleinopathy brains, some neuronal subtypes

show abundant Lewy pathology while it is absent in

other neuronal subtypes. For example, dopaminergic,

noradrenergic, cholinergic and glutamatergic neurons

show abundant α-synuclein aggregates while most

GABAergic neurons are mostly spared [41, 74–79].

Levels of α-synuclein expression may also determine

susceptibility to forming inclusions [76, 78, 80], analo-

gous to in vitro experiments in which increasing con-

centrations of α-synuclein enhances the kinetics of

fibrillization. This could explain the finding that α-

synuclein is enriched at the presynaptic terminal of

glutamatergic neurons but not GABAergic neurons,

making them more susceptible to Lewy pathology

[81] (Fig. 2). However, neurotransmitter phenotype is

not the sole determinant of susceptibility. For ex-

ample, dopaminergic neurons in the SNc are more

vulnerable than neighboring dopamine neurons in the

ventral tegmental area (VTA). However, it should be

noted that few studies have performed stereological

quantification of neurons in the VTA and the one

study to do so reported a loss of neurons in this

dopaminergic regions [82, 83]. Further, glutamatergic

neurons in the Cornu Ammonis (CA) that express

the transcription factor Math2 have higher levels of

α-synuclein and form more abundant inclusions when

compared to low Math2 expressing neurons in the

dentate gyrus [84].

It is also possible that some neuronal subtypes express

lower levels of components of degradative machinery

which would lead to higher levels of α-synuclein. For ex-

ample, glutamatergic neurons express lower levels of

BAG3, which is involved in autophagy. Reducing BAG3

increases formation of tau aggregates, whereas increasing

BAG3 reduces tau aggregates [85]. BAG3 expression

may similarly affect α-synuclein levels by potentially fa-

cilitating α-synuclein degradation [86]. Finally, inclusions

in MSA appear in neurons and oligodendrocytes called

glial cytoplasmic inclusions (GCI) [87, 88]. Because

PDGFRA+ and O4+ oligodendrocyte progenitors express

higher levels of α-synuclein than mature oligodendro-

cytes, it is possible that impaired oligodendrocyte matur-

ation may lead to the accumulation of α-synuclein,

making these cells more susceptible to α-synuclein ag-

gregation [89]. Interestingly, a small population of PD

patients with a G51D-α-synuclein mutation also shows

α-synuclein aggregates in oligodendrocytes, as well as in

neurons [88]. Future studies investigating factors that

make oligodendrocytes more susceptible to forming

Lewy pathology will further our understanding of the

mechanisms of MSA and other α-synucleinopathies.

With emerging studies utilizing single cell RNA sequen-

cing to identify distinct subtypes of neurons, researchers

in the future will be better able to characterize the fac-

tors contributing to selective vulnerability.

Fig. 2 Immunofluorescence was performed in primary hippocampal neurons using antibodies to α-synuclein and either vGLUT1 to identify

glutamatergic presynaptic terminals or vGAT to identify GABAergic presynaptic terminals. Colocalization of α-synuclein with vGLUT1 is visualized

as yellow in the merged image. Image from: Froula JM, Henderson BW, Gonzalez JC, Vaden JH, McLean JW, Wu Y, et al. alpha-Synuclein fibril-

induced paradoxical structural and functional defects in hippocampal neurons. Acta Neuropathol Commun. 2018;6(1):35
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What causes the conversion of α-synuclein from a normal

conformation to a β-sheet, seeding competent

conformation?

Total α-synuclein levels

Exposure of neurons to fibrils generated from recombin-

ant α-synuclein induces endogenously expressed α-

synuclein to form inclusions that closely resemble those

found in PD brains, allowing researchers to model inclu-

sion formation, associated impact on neuronal function

and research targets that could prevent aggregation [15].

However, what causes normal α-synuclein to convert to

a pathogenic form in humans [90]? α-Synuclein nor-

mally exists in a disordered conformation or an α-

helical, membrane associated, multimeric conformation.

It is critical to understand what makes α-synuclein con-

vert to forming β-sheets that stack to form protofibrils

and eventually fibrils [90]. In a test tube, increased con-

centration of α-synuclein enhances kinetics of fibrilliza-

tion [91]. The cytosol of the neuron is likely similar to

test tube conditions in that higher levels of α-synuclein

increase the susceptibility of neurons to form inclusions.

The hypothesis that levels of α-synuclein contributing to

its propensity to fibrillize is supported by multiple gen-

omic studies showing that duplication or triplication of

the α-synuclein gene, SNCA, causes PD [92–94]. Even

polymorphisms in the distal enhancer region of SNCA

increase risk for PD and cause a slight (1.06 time) in-

crease in α-synuclein [95]. Mutations in other genes

linked to PD may also impact α-synuclein expression

levels. For example, dominant inherited mutations in

leucine-rich repeat kinase 2 (LRRK2) cause PD [96].

Additionally, neurons from BAC transgenic mice ex-

pressing the G2019S-LRRK2 mutations have higher total

levels of cytosolic α-synuclein which could account for

the increased fibril-induced α-synuclein aggregates

found in mutant LRRK2 expressing mice [97]. Multiple

functional roles have been assigned to LRRK2, but

several studies point to a role for LRRK2 in autophago-

some/lysosome degradation pathways [98, 99]. PD-

associated mutations in LRRK2 increase mRNA transla-

tion, so it is possible that mutant LRRK2 increases

α-synuclein levels by increasing synthesis and preventing

degradation [100]. In addition, mutations in GBA, which

encodes for glucocerebrosidase (GCase), are one of the

most common risk factors for PD [101]. GCase is a lyso-

somal enzyme that hydrolyzes glycosphingolipids. Muta-

tions in GCase reduce its enzymatic function, causing a

buildup of these lipids and consequently impairing lyso-

somal function [102]. Mutations in GBA also cause an

accumulation of total α-synuclein and consequently, α-

synuclein aggregates [103]. In addition to gene muta-

tions, genome wide association studies show that se-

quence variations in genes associated with degradation

pathways associate with PD, including variations of

CHMP2B, TMEM175, SCARB3 and BAG3 [104, 105].

Since PD mostly manifests in individuals over 65 years

of age, it is possible that even slight impairments in pro-

tein degradation pathways could lead to a buildup of α-

synuclein over decades.

Levels of α-synuclein at specific subcellular compart-

ments may also play an important role in its susceptibil-

ity to form aggregates. Lewy neurites in axons form

before Lewy bodies in the soma [106, 107]. Addition of

fibrils to neurons that endogenously express α-synuclein

induces formation of α-synuclein inclusions first in

axons [15]. The enrichment of α-synuclein at the pre-

synaptic terminal is the mostly likely reason for initiation

of aggregate formation in the axon. Interaction of α-

synuclein with partners such as VAMP2, CSPα, and

synapsin may also enhance presynaptic enrichment of α-

synuclein [108–111].

Impaired mitochondrial function

It has been known for decades that impaired mitochondrial

function causes abnormal α-synuclein aggregation. Chronic

administration of 1-methyl-4-phenyl-1,2,3,6-tetrhydropyri-

dine (MPTP) to mice and primates closely recapitulates

symptoms of PD and causes loss of neurons in brain re-

gions relevant for PD: dopamine neurons in the SNc, nor-

adrenergic neurons in the Locus Coeruleus, serotonerigic

neurons in the Raphe Nucleus, and cholinergic neurons in

the Pedunculopontine brainstem nucleus [112]. MPTP is

taken up by neurons and metabolized to MPP+ which in-

hibits mitochondrial complex I. Chronic, but not acute, ad-

ministration of MPTP leads to formation of α-synuclein

aggregates [112, 113]. Interestingly, chronic administration

of MPTP to α-synuclein knockout mice prevented behav-

ioral defects and MPTP-induced loss of dopamine neurons,

suggesting that complex I mediated parkinsonism pheno-

types depend on the corruption of α-synuclein [113]. The

pesticide rotenone is another complex I inhibitor; chronic

administration of rotenone induces formation of α-

synuclein aggregates [114, 115]. Inhibition of complex I

causes increased oxidative stress, resulting in the oxidation

and nitration of α-synuclein which increases its propensity

to aggregate [116]. More research studying the contribution

of pesticides and environmental toxins to α-synuclein ag-

gregation will pave new therapeutic avenues for the preven-

tion of Lewy pathology [117].

Association with membranes

Normally in neurons, the N-terminal domain of α-

synuclein adopts an amphipathic α-helical conformation

that associates with membranes where it assembles into

multimers [118–122]. Disruption of this α-synuclein

membrane association increases its propensity to form

pathological aggregates [120]. Mutations in the N-

terminal domain that prevent α-synuclein membrane
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binding increase aggregate formation in vitro, and when

expressed in cells [120]. Reductions in the ratio of mem-

brane lipids to total α-synuclein causes an excess of

monomeric α-synuclein and enhances amyloid aggrega-

tion [123]. Biophysical studies demonstrate that the role

of membranes in aggregation is not as simple as mem-

brane bound or cytosolic, however. Lipids and membrane

vesicles increase the kinetics of α-synuclein amyloid for-

mation. The central hydrophobic NAC domain (amino

acids 61–95) facilitates α-synuclein amyloid aggregate for-

mation [124]. When α-synuclein is membrane bound, the

NAC domain can toggle between being buried in the

membrane or exposed to the cytosol [125]. Upon expos-

ure to the cytosol, the NAC domain recruits additional

α-synuclein monomer and initiates the formation of ag-

gregates that then dissociate from the membrane [126].

Mutations in α-synuclein (A30P and G51D) that cause

Parkinson’s disease increase exposure of the NAC domain

to the cytosol and away from the membrane, which could

be the initiating factor in the formation of Lewy pathology

in patients with these mutations [127]. Lipid composition

also plays an important role in α-synuclein association and

aggregation [126]. α-Synuclein preferentially associates with

anionic lipids typically found in synaptic vesicles, such as 1,

2-Dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE), 1,

2-Dioleoyl-sn-glycero-3-phosphocholine (DOPC), 1,2-Dio-

leoyl-sn-glycero-3-phosphoserine (DOPS), 1-palmitoyl-2-

oleoyl-sn-glycero-3-phospho-l-serine (POPS), and choles-

terol [128]. Exposure of the NAC domain and amyloid

aggregation is enhanced in the presence of short chain fatty

acids, oleic acid (30,527,540 and 30,517,862), or 1-

palmitoyl-2-oleoyl-sn-glycero-3-phospho-l-serine (POPS)

[126, 128–130]. Oxidative modification to lipids caused by

reactive oxygen species generated from damaged mitochon-

dria could also enhance exposure of the NAC domain to

the cytosol. Therefore, compounds that enhance membrane

association of the NAC domain could serve as potential dis-

ease modifying interventions by preventing α-synuclein ag-

gregation and subsequent spread throughout the brain

[131, 132].

Small lipid vesicles called exosomes may play a role in

the spread and toxicity of α-synuclein. Exosomes are re-

leased by neurons and other cell types and can be formed

either by direct budding from the plasma membrane, or are

released internal vesicles of multivesicular bodies. α-

Synuclein can be released from the cell in association with

exosomes. Some studies have suggested that exosomal α-

synuclein might play a role in enhancing the spread of ag-

gregates throughout multiple brain regions and form neur-

onal toxicity [133–136]. A recent study demonstrated that

overexpression of the chaperone, 14–3-3, prevented neuron

to neuron propagation of α-synuclein but paradoxically in-

creased release of non-toxic exosomal α-synuclein [137].

Thus, the role of exosomal α-synuclein in the propagation

of pathology requires further research. Fibrillar α-synuclein

associated with exosomes can be detected in fluids such as

cerebral spinal fluid and may provide an important bio-

marker for diagnosis and early detection of PD [138, 139].

Conclusions

The findings that fibrillar seeds of α-synuclein can tem-

plate endogenous α-synuclein to form polymers which

ultimately spread throughout the neuron and the ner-

vous system made a substantial contribution to the PD

field. It is still important to not lose sight of whether or

not the spread of α-synuclein is a primary driver of PD

progression [90]. There exist multiple neuron-intrinsic

mechanisms that likely contribute to conversion of nor-

mal α-synuclein to abnormal aggregates. This is espe-

cially relevant when examining cases of mutation-driven

versus idiopathic PD. For instance, is PD progression in

these patients solely a consequence of a genetic initiator

or trigger of fibril formation (e.g. SNCA polymorphisms

that result in α-synuclein overexpression), notwithstand-

ing the subsequent propagation of α-synuclein? That is

to say, if an individual’s genetic profile hinders or en-

hances the propensity of α-synuclein aggregates to form

in mutant-driven cases of PD, does the manner in which

α-synuclein is spread still hold clinical relevance? In

addition, it is worth noting that 90% of PD cases are not

driven by a known mutation. For idiopathic cases, ques-

tions like these remain unclear. Therefore, whether it is

the templated seeding of α-synuclein presently discussed

or some epiphenomenal cause that may not be directly

related to the consequential dissemination of pathologic

α-synuclein, further studies investigating external factors

that might initiate α-synuclein aggregation to disease

phenotypes remain crucial.

Still, research on the extracellular release of α-

synuclein and its inheritance by connected neurons

opens up the field for novel treatments that can poten-

tially halt PD in its tracks, including immunotherapy to

prevent the neuron to neuron spread of aggregated α-

synuclein. Recently, administration of monoclonal anti-

bodies for α-synuclein, PRX002 and BIIB054 were dem-

onstrated to have a favorable safety, tolerability and

pharmacokinetic profile [140–142]. Affitope PD01A

which triggers an immune response to α-synuclein also

has a favorable safety profile. Hopefully, it will soon be

determined that immunotherapy to α-synuclein can slow

the progression of PD.

Prodromal detection of α-synuclein aggregates

is also critical when developing therapies that target

α-synuclein aggregation. Older individuals with min-

imal motor symptoms show loss of dopamine termi-

nals in the striatum, loss of dopamine neurons, and

robust α-synuclein inclusions [143]. These data sug-

gest that prodromal individuals can be identified
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whereby targeting α-synuclein could most effectively

prevent development of more severe motor symp-

toms. Hopefully, more sensitive techniques such as

RT-QuIC to identify fibrillar α-synuclein in biofluids

[139], or imaging methods to detect the early loss of

dopamine terminals in the striatum [4], will help

with early diagnosis before the almost complete loss

of dopamine neurons.

To discover a novel therapeutic that prevents abnor-

mal α-synuclein requires a comprehensive understand-

ing of the initial triggers of α-synuclein aggregation and

how aggregation propagates within neurons and across

the brain. To this end, there remain several outstanding

questions and challenges for the field:

1) Precisely defining, with rigorous biophysical

methods, the pathogenic conformation of α-

synuclein.

2) Determining whether specific receptors facilitate

uptake of fibrillar α-synuclein or if post-

translational modifications to extracellular domains

of transmembrane proteins facilitate fibril binding

and uptake.

3) Understanding how small species of fibrillar

aggregates are generated and released by the

neuron.

4) Discovering the cell intrinsic mechanisms that

trigger α-synuclein aggregation. For example, in-

creased expression or decreased degradation of α-

synuclein can initiate the formation of small amyl-

oid aggregates that, over the course of a lifetime,

can assemble to form Lewy bodies and Lewy neur-

ites. Impairments in mitochondrial function or an

increase in oxidative stress can induce protein mod-

ifications that facilitate the conversion of α-

synuclein to a fibrillar pathway. Changes in mem-

brane composition or changes in expression of

binding partners can initiate α-synuclein

aggregation.

5) Determining if some neuronal subtypes are more

susceptible to forming aggregates due to reduced

levels of protein degradation pathways, reduced

lipid metabolizing enzymes, or higher levels of

oxidant stress, as examples.

6) Determining if and how early formation of

aggregates impairs neuronal function. By the time

the aggregates assemble into Lewy bodies and the

neurons die, possible interventions are likely too

late.

Discovering compounds that can prevent the nucle-

ation and accumulation of α-synuclein fibrillar species

will hopefully lead to the first therapeutics that halt PD

in its tracks.

Abbreviations

HSPGs: Heparan sulfate proteoglycans; MPTP: 1-methyl-4-phenyl-1,2,3,6-

tetrhydropyridine; MSA: Multiple Systems Atrophy; PD: Parkinson’s disease;

SNc: Substantia nigra pars compacta

Acknowledgements

The author would like to thank Lindsay Stoyka, MSTP student, for her

outstanding skills in reading and editing the manuscript. The author read

and approved the final manuscript.

Authors’ contributions

B.A.A. and L.V.D researched, wrote and edited the manuscript. The authors

read and approved the final manuscript.

Funding

Funding support for this project was provided by the Michael J Fox

Foundation and NIH/NINDS: R01NS102257 to L.V.-D.

Availability of data and materials

Data sharing is not applicable to this article as no datasets were generated

or analyzed during the current study. All data was published previously.

Ethics approval and consent to participate

Not applicable.

Consent for publication

Not applicable.

Competing interests

The authors declare that they have no competing interests.

Received: 6 September 2019 Accepted: 24 February 2020

References

1. Olanow CW. Levodopa is the best symptomatic therapy for PD: nothing

more, nothing less. Mov Disord. 2019;34:812–5.

2. Bronstein JM, Tagliati M, Alterman RL, Lozano AM, Volkmann J, Stefani A,

Horak FB, Okun MS, Foote KD, Krack P, et al. Deep brain stimulation for

Parkinson disease: an expert consensus and review of key issues. Arch

Neurol. 2011;68:165.

3. Martinez-Fernandez R, Rodriguez-Rojas R, Del Alamo M, Hernandez-

Fernandez F, Pineda-Pardo JA, Dileone M, Alonso-Frech F, Foffani G, Obeso

I, Gasca-Salas C, et al. Focused ultrasound subthalamotomy in patients with

asymmetric Parkinson’s disease: a pilot study. Lancet Neurol. 2018;17:54–63.

4. Kordower JH, Olanow CW, Dodiya HB, Chu Y, Beach TG, Adler CH, Halliday

GM, Bartus RT. Disease duration and the integrity of the nigrostriatal system

in Parkinson’s disease. Brain. 2013;136:2419–31.

5. El-Agnaf OM, Salem SA, Paleologou KE, Cooper LJ, Fullwood NJ, Gibson MJ,

Curran MD, Court JA, Mann DM, Ikeda S, et al. Alpha-synuclein implicated in

Parkinson’s disease is present in extracellular biological fluids, including

human plasma. FASEB J. 2003;17:1945–7.

6. Kurowska Z, Englund E, Widner H, Lindvall O, Li JY, Brundin P. Signs of

degeneration in 12-22-year old grafts of mesencephalic dopamine neurons

in patients with Parkinson’s disease. J Park Dis. 2011;1:83–92.

7. Kordower JH, Chu Y, Hauser RA, Freeman TB, Olanow CW. Lewy body-like

pathology in long-term embryonic nigral transplants in Parkinson’s disease.

Nat Med. 2008;14:504–6.

8. Kordower JH, Chu Y, Hauser RA, Olanow CW, Freeman TB. Transplanted

dopaminergic neurons develop PD pathologic changes: a second case

report. Mov Disord. 2008;23:2303–6.

9. Li JY, Englund E, Holton JL, Soulet D, Hagell P, Lees AJ, Lashley T, Quinn NP,

Rehncrona S, Bjorklund A, et al. Lewy bodies in grafted neurons in subjects

with Parkinson’s disease suggest host-to-graft disease propagation. Nat

Med. 2008;14:501–3.

10. Li JY, Englund E, Widner H, Rehncrona S, Bjorklund A, Lindvall O, Brundin P.

Characterization of Lewy body pathology in 12- and 16-year-old intrastriatal

mesencephalic grafts surviving in a patient with Parkinson’s disease. Mov

Disord. 2010;25:1091–6.

11. Adler CH, Beach TG. Neuropathological basis of nonmotor manifestations of

Parkinson’s disease. Mov Disord. 2016;31:1114–9.

Hijaz and Volpicelli-Daley Molecular Neurodegeneration           (2020) 15:19 Page 8 of 12



12. Beach TG, Adler CH, Lue L, Sue LI, Bachalakuri J, Henry-Watson J, Sasse J,

Boyer S, Shirohi S, Brooks R, et al. Unified staging system for Lewy body

disorders: correlation with nigrostriatal degeneration, cognitive impairment

and motor dysfunction. Acta Neuropathol. 2009;117:613–34.

13. Braak H, Rub U, Gai WP, Del Tredici K. Idiopathic Parkinson’s disease:

possible routes by which vulnerable neuronal types may be subject to

neuroinvasion by an unknown pathogen. J Neural Transm. 2003;110:517–36.

14. Luk KC, Song C, O'Brien P, Stieber A, Branch JR, Brunden KR, Trojanowski JQ,

Lee VM. Exogenous alpha-synuclein fibrils seed the formation of Lewy

body-like intracellular inclusions in cultured cells. Proc Natl Acad Sci U S A.

2009;106:20051–6.

15. Volpicelli-Daley LA, Luk KC, Patel TP, Tanik SA, Riddle DM, Stieber A, Meaney

DF, Trojanowski JQ, Lee VM. Exogenous alpha-synuclein fibrils induce Lewy

body pathology leading to synaptic dysfunction and neuron death. Neuron.

2011;72:57–71.

16. Luk KC, Kehm V, Carroll J, Zhang B, O'Brien P, Trojanowski JQ, Lee VM.

Pathological alpha-synuclein transmission initiates Parkinson-like

neurodegeneration in nontransgenic mice. Science. 2012;338:949–53.

17. Froula JM, Henderson BW, Gonzalez JC, Vaden JH, McLean JW, Wu Y,

Banumurthy G, Overstreet-Wadiche L, Herskowitz JH, Volpicelli-Daley LA.

alpha-Synuclein fibril-induced paradoxical structural and functional defects

in hippocampal neurons. Acta Neuropathol Commun. 2018;6:35.

18. Blumenstock S, Rodrigues EF, Peters F, Blazquez-Llorca L, Schmidt F, Giese A,

Herms J. Seeding and transgenic overexpression of alpha-synuclein triggers

dendritic spine pathology in the neocortex. EMBO Mol Med. 2017;9:716–31.

19. Wu Q, Takano H, Riddle DM, Trojanowski JQ, Coulter DA, Lee VM. alpha-

Synuclein (alphaSyn) preformed fibrils induce endogenous alphaSyn

aggregation, compromise synaptic activity and enhance synapse loss in

cultured excitatory hippocampal neurons. J Neurosci. 2019;39:5080–94.

20. Paumier KL, Luk KC, Manfredsson FP, Kanaan NM, Lipton JW, Collier TJ,

Steece-Collier K, Kemp CJ, Celano S, Schulz E, et al. Intrastriatal injection of

pre-formed mouse alpha-synuclein fibrils into rats triggers alpha-synuclein

pathology and bilateral nigrostriatal degeneration. Neurobiol Dis. 2015;82:

185–99.

21. Masuda-Suzukake M, Nonaka T, Hosokawa M, Oikawa T, Arai T, Akiyama H,

Mann DM, Hasegawa M. Prion-like spreading of pathological alpha-

synuclein in brain. Brain. 2013;136:1128–38.

22. Shimozawa A, Ono M, Takahara D, Tarutani A, Imura S, Masuda-Suzukake M,

Higuchi M, Yanai K, Hisanaga SI, Hasegawa M. Propagation of pathological

alpha-synuclein in marmoset brain. Acta Neuropathol Commun. 2017;5:12.

23. Mao X, Ou MT, Karuppagounder SS, Kam TI, Yin X, Xiong Y, Ge P, Umanah GE,

Brahmachari S, Shin JH, et al. Pathological alpha-synuclein transmission

initiated by binding lymphocyte-activation gene 3. Science. 2016;353:aah3374.

24. Rey NL, George S, Steiner JA, Madaj Z, Luk KC, Trojanowski JQ, Lee VM,

Brundin P. Spread of aggregates after olfactory bulb injection of alpha-

synuclein fibrils is associated with early neuronal loss and is reduced long

term. Acta Neuropathol. 2018;135:65–83.

25. Manfredsson FP, Luk KC, Benskey MJ, Gezer A, Garcia J, Kuhn NC, Sandoval

IM, Patterson JR, O'Mara A, Yonkers R, Kordower JH. Induction of alpha-

synuclein pathology in the enteric nervous system of the rat and non-

human primate results in gastrointestinal dysmotility and transient CNS

pathology. Neurobiol Dis. 2018;112:106–18.

26. Chu Y, Muller S, Tavares A, Barret O, Alagille D, Seibyl J, Tamagnan G, Marek

K, Luk KC, Trojanowski JQ, et al. Intrastriatal alpha-synuclein fibrils in

monkeys: spreading, imaging and neuropathological changes. Brain. 2019;

142:3565–79.

27. Prots I, Grosch J, Brazdis RM, Simmnacher K, Veber V, Havlicek S, Hannappel

C, Krach F, Krumbiegel M, Schutz O, et al. alpha-Synuclein oligomers induce

early axonal dysfunction in human iPSC-based models of synucleinopathies.

Proc Natl Acad Sci U S A. 2018;115:7813–8.

28. Gribaudo S, Tixador P, Bousset L, Fenyi A, Lino P, Melki R, Peyrin JM, Perrier

AL. Propagation of alpha-Synuclein strains within human reconstructed

neuronal network. Stem Cell Rep. 2019;12:230–44.

29. Chen Y, Dolt KS, Kriek M, Baker T, Downey P, Drummond NJ, Canham MA,

Natalwala A, Rosser S, Kunath T. Engineering synucleinopathy-resistant

human dopaminergic neurons by CRISPR-mediated deletion of the SNCA

gene. Eur J Neurosci. 2019;49:510–24.

30. Kim S, Yun SP, Lee S, Umanah GE, Bandaru VVR, Yin X, Rhee P,

Karuppagounder SS, Kwon SH, Lee H, et al. GBA1 deficiency negatively

affects physiological alpha-synuclein tetramers and related multimers. Proc

Natl Acad Sci U S A. 2018;115:798–803.

31. Ayers JI, Brooks MM, Rutherford NJ, Howard JK, Sorrentino ZA, Riffe CJ,

Giasson BI. Robust central nervous system pathology in transgenic mice

following peripheral injection of alpha-Synuclein fibrils. J Virol. 2017;91.

https://doi.org/10.1128/JVI.02095-16.

32. Kim S, Kwon SH, Kam TI, Panicker N, Karuppagounder SS, Lee S, Lee JH, Kim

WR, Kook M, Foss CA, et al. Transneuronal propagation of pathologic alpha-

Synuclein from the gut to the brain models Parkinson’s disease. Neuron.

2019;103:627–41.

33. Lohmann S, Bernis ME, Tachu BJ, Ziemski A, Grigoletto J, Tamguney G. Oral

and intravenous transmission of alpha-synuclein fibrils to mice. Acta

Neuropathol. 2019;138:515–33.

34. Peelaerts W, Bousset L, Van der Perren A, Moskalyuk A, Pulizzi R, Giugliano

M, Van den Haute C, Melki R, Baekelandt V. alpha-Synuclein strains cause

distinct synucleinopathies after local and systemic administration. Nature.

2015;522:340–4.

35. Jucker M, Walker LC. Propagation and spread of pathogenic protein

assemblies in neurodegenerative diseases. Nat Neurosci. 2018;21:1341–9.

36. Vargas KJ, Schrod N, Davis T, Fernandez-Busnadiego R, Taguchi YV, Laugks

U, Lucic V, Chandra SS. Synucleins have multiple effects on presynaptic

architecture. Cell Rep. 2017;18:161–73.

37. Maroteaux L, Campanelli JT, Scheller RH. Synuclein: a neuron-specific

protein localized to the nucleus and presynaptic nerve terminal. J Neurosci.

1988;8:2804–15.

38. Clayton DF, George JM. Synucleins in synaptic plasticity and

neurodegenerative disorders. J Neurosci Res. 1999;58:120–9.

39. Boassa D, Berlanga ML, Yang MA, Terada M, Hu J, Bushong EA, Hwang M,

Masliah E, George JM, Ellisman MH. Mapping the subcellular distribution of

alpha-synuclein in neurons using genetically encoded probes for correlated

light and electron microscopy: implications for Parkinson’s disease

pathogenesis. J Neurosci. 2013;33:2605–15.

40. Cremades N, Dobson CM. The contribution of biophysical and structural

studies of protein self-assembly to the design of therapeutic strategies for

amyloid diseases. Neurobiol Dis. 2017;109:178–90.

41. Spillantini MG, Crowther RA, Jakes R, Hasegawa M, Goedert M. alpha-

Synuclein in filamentous inclusions of Lewy bodies from Parkinson’s disease

and dementia with lewy bodies. Proc Natl Acad Sci U S A. 1998;95:6469–73.

42. Spillantini MG, Schmidt ML, Lee VM, Trojanowski JQ, Jakes R, Goedert M.

Alpha-synuclein in Lewy bodies. Nature. 1997;388:839–40.

43. Chen SW, Drakulic S, Deas E, Ouberai M, Aprile FA, Arranz R, Ness S,

Roodveldt C, Guilliams T, De-Genst EJ, et al. Structural characterization of

toxic oligomers that are kinetically trapped during alpha-synuclein fibril

formation. Proc Natl Acad Sci U S A. 2015;112:E1994–2003.

44. Bousset L, Pieri L, Ruiz-Arlandis G, Gath J, Jensen PH, Habenstein B, Madiona

K, Olieric V, Bockmann A, Meier BH, Melki R. Structural and functional

characterization of two alpha-synuclein strains. Nat Commun. 2013;4:2575.

45. Cremades N, Cohen SI, Deas E, Abramov AY, Chen AY, Orte A, Sandal M, Clarke

RW, Dunne P, Aprile FA, et al. Direct observation of the interconversion of

normal and toxic forms of alpha-synuclein. Cell. 2012;149:1048–59.

46. Froula JM, Castellana-Cruz M, Anabtawi NM, Camino JD, Chen SW, Thrasher

DR, Freire J, Yazdi AA, Fleming S, Dobson CM, et al. Defining alpha-

synuclein species responsible for Parkinson’s disease phenotypes in mice. J

Biol Chem. 2019;294:10392–406.

47. Abeliovich A, Schmitz Y, Farinas I, Choi-Lundberg D, Ho WH, Castillo PE,

Shinsky N, Verdugo JM, Armanini M, Ryan A, et al. Mice lacking alpha-

synuclein display functional deficits in the nigrostriatal dopamine system.

Neuron. 2000;25:239–52.

48. Zharikov AD, Cannon JR, Tapias V, Bai Q, Horowitz MP, Shah V, El Ayadi A,

Hastings TG, Greenamyre JT, Burton EA. shRNA targeting alpha-synuclein

prevents neurodegeneration in a Parkinson’s disease model. J Clin Invest.

2015;125:2721–35.

49. Gorbatyuk OS, Li S, Nash K, Gorbatyuk M, Lewin AS, Sullivan LF, Mandel RJ,

Chen W, Meyers C, Manfredsson FP, Muzyczka N. In vivo RNAi-mediated

alpha-synuclein silencing induces nigrostriatal degeneration. Mol Ther. 2010;

18:1450–7.

50. Melki R. Role of different alpha-Synuclein strains in Synucleinopathies,

similarities with other neurodegenerative diseases. J Park Dis. 2015;5:217–27.

51. Guo JL, Covell DJ, Daniels JP, Iba M, Stieber A, Zhang B, Riddle DM, Kwong

LK, Xu Y, Trojanowski JQ, Lee VM. Distinct alpha-synuclein strains

differentially promote tau inclusions in neurons. Cell. 2013;154:103–17.

52. Prusiner SB, Woerman AL, Mordes DA, Watts JC, Rampersaud R, Berry DB,

Patel S, Oehler A, Lowe JK, Kravitz SN, et al. Evidence for alpha-synuclein

Hijaz and Volpicelli-Daley Molecular Neurodegeneration           (2020) 15:19 Page 9 of 12

https://doi.org/10.1128/JVI.02095-16


prions causing multiple system atrophy in humans with parkinsonism. Proc

Natl Acad Sci U S A. 2015;112:E5308–17.

53. Peng C, Gathagan RJ, Covell DJ, Medellin C, Stieber A, Robinson JL, Zhang

B, Pitkin RM, Olufemi MF, Luk KC, et al. Cellular milieu imparts distinct

pathological alpha-synuclein strains in alpha-synucleinopathies. Nature.

2018;557:558–63.

54. Yamasaki TR, Holmes BB, Furman JL, Dhavale DD, Su BW, Song ES, Cairns NJ,

Kotzbauer PT, Diamond MI. Parkinson's disease and multiple system atrophy

have distinct alpha-synuclein seed characteristics. J Biol Chem. 2019;294:

1045–58.

55. Woerman AL, Oehler A, Kazmi SA, Lee J, Halliday GM, Middleton LT,

Gentleman SM, Mordes DA, Spina S, Grinberg LT, et al. Multiple system

atrophy prions retain strain specificity after serial propagation in two

different Tg(SNCA*A53T) mouse lines. Acta Neuropathol. 2019;137:437–54.

56. Woerman AL, Kazmi SA, Patel S, Freyman Y, Oehler A, Aoyagi A, Mordes DA,

Halliday GM, Middleton LT, Gentleman SM, et al. MSA prions exhibit

remarkable stability and resistance to inactivation. Acta Neuropathol. 2018;

135:49–63.

57. Peng C, Gathagan RJ, Lee VM. Distinct alpha-Synuclein strains and

implications for heterogeneity among alpha-Synucleinopathies. Neurobiol

Dis. 2018;109:209–18.

58. Karpowicz RJ Jr, Haney CM, Mihaila TS, Sandler RM, Petersson EJ, Lee VM.

Selective imaging of internalized proteopathic alpha-synuclein seeds in

primary neurons reveals mechanistic insight into transmission of

synucleinopathies. J Biol Chem. 2017;292:13482–97.

59. Holmes BB, DeVos SL, Kfoury N, Li M, Jacks R, Yanamandra K, Ouidja MO,

Brodsky FM, Marasa J, Bagchi DP, et al. Heparan sulfate proteoglycans

mediate internalization and propagation of specific proteopathic seeds.

Proc Natl Acad Sci U S A. 2013;110:E3138–47.

60. Christianson HC, Belting M. Heparan sulfate proteoglycan as a cell-surface

endocytosis receptor. Matrix Biol. 2014;35:51–5.

61. Kanekiyo T, Zhang J, Liu Q, Liu CC, Zhang L, Bu G. Heparan sulphate

proteoglycan and the low-density lipoprotein receptor-related protein 1

constitute major pathways for neuronal amyloid-beta uptake. J Neurosci.

2011;31:1644–51.

62. Ihse E, Yamakado H, van Wijk XM, Lawrence R, Esko JD, Masliah E. Cellular

internalization of alpha-synuclein aggregates by cell surface heparan sulfate

depends on aggregate conformation and cell type. Sci Rep. 2017;7:9008.

63. Alavi Naini SM, Soussi-Yanicostas N. Heparan sulfate as a therapeutic target

in Tauopathies: insights from Zebrafish. Front Cell Dev Biol. 2018;6:163.

64. Shrivastava AN, Redeker V, Fritz N, Pieri L, Almeida LG, Spolidoro M,

Liebmann T, Bousset L, Renner M, Lena C, et al. alpha-synuclein assemblies

sequester neuronal alpha3-Na+/K+-ATPase and impair Na+ gradient. EMBO

J. 2015;34:2408–23.

65. Andrews LP, Marciscano AE, Drake CG, Vignali DA. LAG3 (CD223) as a

cancer immunotherapy target. Immunol Rev. 2017;276:80–96.

66. Sulzer D, Alcalay RN, Garretti F, Cote L, Kanter E, Agin-Liebes J, Liong C,

McMurtrey C, Hildebrand WH, Mao X, et al. T cells from patients with

Parkinson’s disease recognize alpha-synuclein peptides. Nature. 2017;546:

656–61.

67. McGeer PL, Itagaki S, Boyes BE, McGeer EG. Reactive microglia are positive

for HLA-DR in the substantia nigra of Parkinson’s and Alzheimer’s disease

brains. Neurology. 1988;38:1285–91.

68. Imamura K, Hishikawa N, Sawada M, Nagatsu T, Yoshida M, Hashizume Y.

Distribution of major histocompatibility complex class II-positive microglia

and cytokine profile of Parkinson’s disease brains. Acta Neuropathol. 2003;

106:518–26.

69. Birol M, Wojcik SP, Miranker AD, Rhoades E. Identification of N-linked

glycans as specific mediators of neuronal uptake of acetylated alpha-

Synuclein. PLoS Biol. 2019;17:e3000318.

70. Gao X, Carroni M, Nussbaum-Krammer C, Mogk A, Nillegoda NB, Szlachcic A,

Guilbride DL, Saibil HR, Mayer MP, Bukau B. Human Hsp70 disaggregase

reverses Parkinson’s-linked alpha-Synuclein amyloid fibrils. Mol Cell. 2015;59:

781–93.

71. Taguchi YV, Gorenberg EL, Nagy M, Thrasher D, Fenton WA, Volpicelli-Daley

L, Horwich AL, Chandra SS. Hsp110 mitigates alpha-synuclein pathology

in vivo. Proc Natl Acad Sci U S A. 2019;116:24310–6.

72. Sharma AM, Thomas TL, Woodard DR, Kashmer OM, Diamond MI. Tau

monomer encodes strains. Elife. 2018;7. https://doi.org/10.7554/eLife.37813.

73. Buell AK, Galvagnion C, Gaspar R, Sparr E, Vendruscolo M, Knowles TP, Linse

S, Dobson CM. Solution conditions determine the relative importance of

nucleation and growth processes in alpha-synuclein aggregation. Proc Natl

Acad Sci U S A. 2014;111:7671–6.

74. Seidel K, Mahlke J, Siswanto S, Kruger R, Heinsen H, Auburger G, Bouzrou M,

Grinberg LT, Wicht H, Korf HW, et al. The brainstem pathologies of

Parkinson’s disease and dementia with Lewy bodies. Brain Pathol. 2015;25:

121–35.

75. Gomez-Tortosa E, Sanders JL, Newell K, Hyman BT. Cortical neurons

expressing calcium binding proteins are spared in dementia with Lewy

bodies. Acta Neuropathol. 2001;101:36–42.

76. Taguchi K, Watanabe Y, Tsujimura A, Tanaka M. Expression of alpha-

synuclein is regulated in a neuronal cell type-dependent manner. Anat Sci

Int. 2019;94:11–22.

77. Hall H, Reyes S, Landeck N, Bye C, Leanza G, Double K, Thompson L,

Halliday G, Kirik D. Hippocampal Lewy pathology and cholinergic

dysfunction are associated with dementia in Parkinson’s disease. Brain. 2014;

137:2493–508.

78. Wakabayashi K, Hansen LA, Masliah E. Cortical Lewy body-containing

neurons are pyramidal cells: laser confocal imaging of double-

immunolabeled sections with anti-ubiquitin and SMI32. Acta Neuropathol.

1995;89:404–8.

79. Del Tredici K, Braak H. Dysfunction of the locus coeruleus-norepinephrine

system and related circuitry in Parkinson's disease-related dementia. J

Neurol Neurosurg Psychiatry. 2013;84:774–83.

80. Erskine D, Patterson L, Alexandris A, Hanson PS, McKeith IG, Attems J, Morris

CM. Regional levels of physiological alpha-synuclein are directly associated

with Lewy body pathology. Acta Neuropathol. 2018;135:153–4.

81. Taguchi K, Watanabe Y, Tsujimura A, Tanaka M. Brain region-dependent

differential expression of alpha-synuclein. J Comp Neurol. 2016;524:1236–58.

82. Blesa J, Przedborski S. Parkinson’s disease: animal models and dopaminergic

cell vulnerability. Front Neuroanat. 2014;8:155.

83. Giguere N, Burke Nanni S, Trudeau LE. On cell loss and selective

vulnerability of neuronal populations in Parkinson’s disease. Front Neurol.

2018;9:455.

84. Luna E, Decker SC, Riddle DM, Caputo A, Zhang B, Cole T, Caswell C, Xie SX,

Lee VMY, Luk KC. Differential alpha-synuclein expression contributes to

selective vulnerability of hippocampal neuron subpopulations to fibril-

induced toxicity. Acta Neuropathol. 2018;135:855–75.

85. Fu H, Possenti A, Freer R, Nakano Y, Hernandez Villegas NC, Tang M, Cauhy

PVM, Lassus BA, Chen S, Fowler SL, et al. A tau homeostasis signature is

linked with the cellular and regional vulnerability of excitatory neurons to

tau pathology. Nat Neurosci. 2019;22:47–56.

86. Cao YL, Yang YP, Mao CJ, Zhang XQ, Wang CT, Yang J, Lv DJ, Wang F, Hu

LF, Liu CF. A role of BAG3 in regulating SNCA/alpha-synuclein clearance via

selective macroautophagy. Neurobiol Aging. 2017;60:104–15.

87. Jellinger KA. Neuropathology of multiple system atrophy: new thoughts

about pathogenesis. Mov Disord. 2014;29:1720–41.

88. Kiely AP, Asi YT, Kara E, Limousin P, Ling H, Lewis P, Proukakis C, Quinn N,

Lees AJ, Hardy J, et al. alpha-Synucleinopathy associated with G51D SNCA

mutation: a link between Parkinson’s disease and multiple system atrophy?

Acta Neuropathol. 2013;125:753–69.

89. Djelloul M, Holmqvist S, Boza-Serrano A, Azevedo C, Yeung MS, Goldwurm

S, Frisen J, Deierborg T, Roybon L. Alpha-Synuclein expression in the

oligodendrocyte lineage: an in vitro and in vivo study using rodent and

human models. Stem Cell Rep. 2015;5:174–84.

90. Killinger BA, Kordower JH. Spreading of alpha-synuclein - relevant or

epiphenomenon? J Neurochem. 2019;150:605–11.

91. Conway KA, Harper JD, Lansbury PT. Accelerated in vitro fibril formation by

a mutant alpha-synuclein linked to early-onset Parkinson disease. Nat Med.

1998;4:1318–20.

92. Miller DW, Hague SM, Clarimon J, Baptista M, Gwinn-Hardy K, Cookson MR,

Singleton AB. Alpha-synuclein in blood and brain from familial Parkinson

disease with SNCA locus triplication. Neurology. 2004;62:1835–8.

93. Singleton AB, Farrer M, Johnson J, Singleton A, Hague S, Kachergus J,

Hulihan M, Peuralinna T, Dutra A, Nussbaum R, et al. alpha-Synuclein locus

triplication causes Parkinson’s disease. Science. 2003;302:841.

94. Farrer M, Kachergus J, Forno L, Lincoln S, Wang DS, Hulihan M, Maraganore

D, Gwinn-Hardy K, Wszolek Z, Dickson D, Langston JW. Comparison of

kindreds with parkinsonism and alpha-synuclein genomic multiplications.

Ann Neurol. 2004;55:174–9.

95. Soldner F, Stelzer Y, Shivalila CS, Abraham BJ, Latourelle JC, Barrasa MI,

Goldmann J, Myers RH, Young RA, Jaenisch R. Parkinson-associated risk

Hijaz and Volpicelli-Daley Molecular Neurodegeneration           (2020) 15:19 Page 10 of 12

https://doi.org/10.7554/eLife.37813


variant in distal enhancer of alpha-synuclein modulates target gene

expression. Nature. 2016;533:95–9.

96. Kluss JH, Mamais A, Cookson MR. LRRK2 links genetic and sporadic

Parkinson’s disease. Biochem Soc Trans. 2019;47:651–61.

97. Volpicelli-Daley LA, Abdelmotilib H, Liu Z, Stoyka L, Daher JP, Milnerwood

AJ, Unni VK, Hirst WD, Yue Z, Zhao HT, et al. G2019S-LRRK2 expression

augments alpha-Synuclein sequestration into inclusions in neurons. J

Neurosci. 2016;36:7415–27.

98. Orenstein SJ, Kuo SH, Tasset I, Arias E, Koga H, Fernandez-Carasa I, Cortes E,

Honig LS, Dauer W, Consiglio A, et al. Interplay of LRRK2 with chaperone-

mediated autophagy. Nat Neurosci. 2013;16:394–406.

99. Schapansky J, Khasnavis S, DeAndrade MP, Nardozzi JD, Falkson SR, Boyd JD,

Sanderson JB, Bartels T, Melrose HL, LaVoie MJ. Familial knockin mutation of

LRRK2 causes lysosomal dysfunction and accumulation of endogenous

insoluble alpha-synuclein in neurons. Neurobiol Dis. 2018;111:26–35.

100. Martin I, Kim JW, Dawson VL, Dawson TM. LRRK2 pathobiology in

Parkinson’s disease - virtual inclusion. J Neurochem. 2016;139(Suppl 1):75–6.

101. Sidransky E, Samaddar T, Tayebi N. Mutations in GBA are associated with

familial Parkinson disease susceptibility and age at onset. Neurology. 2009;

73:1424–5 author reply 1425-1426.

102. Stojkovska I, Krainc D, Mazzulli JR. Molecular mechanisms of alpha-synuclein

and GBA1 in Parkinson's disease. Cell Tissue Res. 2018;373:51–60.

103. Mazzulli JR, Xu YH, Sun Y, Knight AL, McLean PJ, Caldwell GA, Sidransky E,

Grabowski GA, Krainc D. Gaucher disease glucocerebrosidase and alpha-

synuclein form a bidirectional pathogenic loop in synucleinopathies. Cell.

2011;146:37–52.

104. Blauwendraat C, Heilbron K, Vallerga CL, Bandres-Ciga S, von Coelln R,

Pihlstrom L, Simon-Sanchez J, Schulte C, Sharma M, Krohn L, et al. Parkinson’s

disease age at onset genome-wide association study: defining heritability,

genetic loci, and alpha-synuclein mechanisms. Mov Disord. 2019;34:866–75.

105. Bandres-Ciga S, Saez-Atienzar S, Bonet-Ponce L, Billingsley K, Vitale D,

Blauwendraat C, Gibbs JR, Pihlstrom L, Gan-Or Z, International Parkinson’s

Disease Genomics C, et al. The endocytic membrane trafficking pathway plays

a major role in the risk of Parkinson’s disease. Mov Disord. 2019;34:460–8.

106. Braak H, Del Tredici K, Rub U, de Vos RA, Jansen Steur EN, Braak E. Staging

of brain pathology related to sporadic Parkinson’s disease. Neurobiol Aging.

2003;24:197–211.

107. Braak H, Sandmann-Keil D, Gai W, Braak E. Extensive axonal Lewy neurites in

Parkinson’s disease: a novel pathological feature revealed by alpha-synuclein

immunocytochemistry. Neurosci Lett. 1999;265:67–9.

108. Atias M, Tevet Y, Sun J, Stavsky A, Tal S, Kahn J, Roy S, Gitler D. Synapsins regulate

alpha-synuclein functions. Proc Natl Acad Sci U S A. 2019;116:11116–8.

109. Burre J, Sharma M, Tsetsenis T, Buchman V, Etherton MR, Sudhof TC. Alpha-

synuclein promotes SNARE-complex assembly in vivo and in vitro. Science. 2010;

329:1663–7.

110. Chandra S, Gallardo G, Fernandez-Chacon R, Schluter OM, Sudhof TC. Alpha-

synuclein cooperates with CSPalpha in preventing neurodegeneration. Cell.

2005;123:383–96.

111. Sun J, Wang L, Bao H, Premi S, Das U, Chapman ER, Roy S. Functional

cooperation of alpha-synuclein and VAMP2 in synaptic vesicle recycling.

Proc Natl Acad Sci U S A. 2019;116:11113–5.

112. Masilamoni GJ, Smith Y. Chronic MPTP administration regimen in monkeys:

a model of dopaminergic and non-dopaminergic cell loss in Parkinson’s

disease. J Neural Transm (Vienna). 2018;125:337–63.

113. Fornai F, Schluter OM, Lenzi P, Gesi M, Ruffoli R, Ferrucci M, Lazzeri G,

Busceti CL, Pontarelli F, Battaglia G, et al. Parkinson-like syndrome induced

by continuous MPTP infusion: convergent roles of the ubiquitin-proteasome

system and alpha-synuclein. Proc Natl Acad Sci U S A. 2005;102:3413–8.

114. Betarbet R, Sherer TB, MacKenzie G, Garcia-Osuna M, Panov AV, Greenamyre

JT. Chronic systemic pesticide exposure reproduces features of Parkinson’s

disease. Nat Neurosci. 2000;3:1301–6.

115. Sherer TB, Betarbet R, Stout AK, Lund S, Baptista M, Panov AV, Cookson MR,

Greenamyre JT. An in vitro model of Parkinson’s disease: linking

mitochondrial impairment to altered alpha-synuclein metabolism and

oxidative damage. J Neurosci. 2002;22:7006–15.

116. Paxinou E, Chen Q, Weisse M, Giasson BI, Norris EH, Rueter SM, Trojanowski

JQ, Lee VM, Ischiropoulos H. Induction of alpha-synuclein aggregation by

intracellular nitrative insult. J Neurosci. 2001;21:8053–61.

117. Rocha EM, De Miranda B, Sanders LH. Alpha-synuclein: pathology,

mitochondrial dysfunction and neuroinflammation in Parkinson’s disease.

Neurobiol Dis. 2018;109:249–57.

118. Chandra S, Chen X, Rizo J, Jahn R, Sudhof TC. A broken alpha -helix in

folded alpha -Synuclein. J Biol Chem. 2003;278:15313–8.

119. Burre J, Sharma M, Sudhof TC. alpha-Synuclein assembles into higher-order

multimers upon membrane binding to promote SNARE complex formation.

Proc Natl Acad Sci U S A. 2014;111:E4274–83.

120. Burre J, Sharma M, Sudhof TC. Definition of a molecular pathway mediating

alpha-synuclein neurotoxicity. J Neurosci. 2015;35:5221–32.

121. Dettmer U, Newman AJ, Soldner F, Luth ES, Kim NC, von Saucken VE,

Sanderson JB, Jaenisch R, Bartels T, Selkoe D. Parkinson-causing alpha-

synuclein missense mutations shift native tetramers to monomers as a

mechanism for disease initiation. Nat Commun. 2015;6:7314.

122. Dettmer U, Newman AJ, von Saucken VE, Bartels T, Selkoe D. KTKEGV repeat motifs

are key mediators of normal alpha-synuclein tetramerization: their mutation causes

excess monomers and neurotoxicity. Proc Natl Acad Sci U S A. 2015;112:9596–601.

123. Galvagnion C. The role of lipids interacting with alpha-Synuclein in the

pathogenesis of Parkinson’s disease. J Park Dis. 2017;7:433–50.

124. Waxman EA, Mazzulli JR, Giasson BI. Characterization of hydrophobic residue

requirements for alpha-synuclein fibrillization. Biochemistry. 2009;48:9427–36.

125. Fusco G, De Simone A, Gopinath T, Vostrikov V, Vendruscolo M, Dobson CM,

Veglia G. Direct observation of the three regions in alpha-synuclein that

determine its membrane-bound behaviour. Nat Commun. 2014;5:3827.

126. Lv Z, Hashemi M, Banerjee S, Zagorski K, Rochet JC, Lyubchenko YL.

Assembly of alpha-synuclein aggregates on phospholipid bilayers. Biochim

Biophys Acta Proteins Proteomics. 2019;1867:802–12.

127. Ysselstein D, Joshi M, Mishra V, Griggs AM, Asiago JM, McCabe GP, Stanciu

LA, Post CB, Rochet JC. Effects of impaired membrane interactions on alpha-

synuclein aggregation and neurotoxicity. Neurobiol Dis. 2015;79:150–63.

128. Galvagnion C, Brown JW, Ouberai MM, Flagmeier P, Vendruscolo M, Buell

AK, Sparr E, Dobson CM. Chemical properties of lipids strongly affect the

kinetics of the membrane-induced aggregation of alpha-synuclein. Proc

Natl Acad Sci U S A. 2016;113:7065–70.

129. Fanning S, Haque A, Imberdis T, Baru V, Barrasa MI, Nuber S, Termine D,

Ramalingam N, Ho GPH, Noble T, et al. Lipidomic analysis of alpha-

Synuclein neurotoxicity identifies Stearoyl CoA Desaturase as a target for

Parkinson treatment. Mol Cell. 2019;73:1001–1014.e1008.

130. Vincent BM, Tardiff DF, Piotrowski JS, Aron R, Lucas MC, Chung CY, Bacherman

H, Chen Y, Pires M, Subramaniam R, et al. Inhibiting Stearoyl-CoA Desaturase

ameliorates alpha-Synuclein cytotoxicity. Cell Rep. 2018;25:2742–2754.e2731.

131. Perni M, Galvagnion C, Maltsev A, Meisl G, Muller MB, Challa PK, Kirkegaard

JB, Flagmeier P, Cohen SI, Cascella R, et al. A natural product inhibits the

initiation of alpha-synuclein aggregation and suppresses its toxicity. Proc

Natl Acad Sci U S A. 2017;114:E1009–17.

132. Ysselstein D, Dehay B, Costantino IM, McCabe GP, Frosch MP, George JM,

Bezard E, Rochet JC. Endosulfine-alpha inhibits membrane-induced alpha-

synuclein aggregation and protects against alpha-synuclein neurotoxicity.

Acta Neuropathol Commun. 2017;5:3.

133. Emmanouilidou E, Melachroinou K, Roumeliotis T, Garbis SD, Ntzouni M,

Margaritis LH, Stefanis L, Vekrellis K. Cell-produced alpha-synuclein is

secreted in a calcium-dependent manner by exosomes and impacts

neuronal survival. J Neurosci. 2010;30:6838–51.

134. Danzer KM, Kranich LR, Ruf WP, Cagsal-Getkin O, Winslow AR, Zhu L,

Vanderburg CR, McLean PJ. Exosomal cell-to-cell transmission of alpha

synuclein oligomers. Mol Neurodegener. 2012;7:42.

135. Stuendl A, Kunadt M, Kruse N, Bartels C, Moebius W, Danzer KM,

Mollenhauer B, Schneider A. Induction of alpha-synuclein aggregate

formation by CSF exosomes from patients with Parkinson’s disease and

dementia with Lewy bodies. Brain. 2016;139:481–94.

136. Ngolab J, Trinh I, Rockenstein E, Mante M, Florio J, Trejo M, Masliah D, Adame A,

Masliah E, Rissman RA. Brain-derived exosomes from dementia with Lewy bodies

propagate alpha-synuclein pathology. Acta Neuropathol Commun. 2017;5:46.

137. Wang B, Underwood R, Kamath A, Britain C, McFerrin MB, McLean PJ,

Volpicelli-Daley LA, Whitaker RH, Placzek WJ, Becker K, et al. 14-3-3 proteins

reduce cell-to-cell transfer and propagation of pathogenic alpha-Synuclein.

J Neurosci. 2018;38:8211–32.

138. Shahnawaz M, Tokuda T, Waragai M, Mendez N, Ishii R, Trenkwalder C,

Mollenhauer B, Soto C. Development of a biochemical diagnosis of

Parkinson disease by detection of alpha-Synuclein misfolded aggregates in

cerebrospinal fluid. JAMA Neurol. 2017;74:163–72.

139. Fairfoul G, McGuire LI, Pal S, Ironside JW, Neumann J, Christie S, Joachim C,

Esiri M, Evetts SG, Rolinski M, et al. Alpha-synuclein RT-QuIC in the CSF of

patients with alpha-synucleinopathies. Ann Clin Transl Neurol. 2016;3:812–8.

Hijaz and Volpicelli-Daley Molecular Neurodegeneration           (2020) 15:19 Page 11 of 12



140. Brys M, Fanning L, Hung S, Ellenbogen A, Penner N, Yang M, Welch M,

Koenig E, David E, Fox T, et al. Randomized phase I clinical trial of anti-

alpha-synuclein antibody BIIB054. Mov Disord. 2019;34:1154–63.

141. Schenk DB, Koller M, Ness DK, Griffith SG, Grundman M, Zago W, Soto J,

Atiee G, Ostrowitzki S, Kinney GG. First-in-human assessment of PRX002, an

anti-alpha-synuclein monoclonal antibody, in healthy volunteers. Mov

Disord. 2017;32:211–8.

142. Jankovic J, Goodman I, Safirstein B, Marmon TK, Schenk DB, Koller M, Zago

W, Ness DK, Griffith SG, Grundman M, et al. Safety and tolerability of

multiple ascending doses of PRX002/RG7935, an anti-alpha-Synuclein

monoclonal antibody, in patients with Parkinson disease: a randomized

clinical trial. JAMA Neurol. 2018;75:1206–14.

143. Chu Y, Buchman AS, Olanow CW, Kordower JH. Do subjects with minimal

motor features have prodromal Parkinson disease? Ann Neurol. 2018;83:

562–74.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in

published maps and institutional affiliations.

Hijaz and Volpicelli-Daley Molecular Neurodegeneration           (2020) 15:19 Page 12 of 12


	Abstract
	Background
	Main text
	What is the species of α-synuclein responsible for PD phenotypes?
	Are there selective cell-surface receptors that facilitate α-synuclein uptake?
	Are larger filaments fragmented and released by the neuron and if so, what facilitates fragmentation?
	Are some neuronal subtypes more susceptible to forming aggregates?
	What causes the conversion of α-synuclein from a normal conformation to a β-sheet, seeding competent conformation?
	Total α-synuclein levels
	Impaired mitochondrial function
	Association with membranes


	Conclusions
	Abbreviations
	Acknowledgements
	Authors’ contributions
	Funding
	Availability of data and materials
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	References
	Publisher’s Note

