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Parkinson’s disease (PD) is the second most common neurodegenerative disease,
characterized by progressive bradykinesia, rigidity, resting tremor, and gait impairment,
as well as a spectrum of non-motor symptoms including autonomic and cognitive
dysfunction. The cardinal motor symptoms of PD stem from the loss of substantia
nigra (SN) dopaminergic (DAergic) neurons, and it remains unclear why SN DAergic
neurons are preferentially lost in PD. However, recent identification of several genetic
PD forms suggests that mitochondrial and lysosomal dysfunctions play important roles
in the degeneration of midbrain dopamine (DA) neurons. In this review, we discuss the
interplay of cell-autonomous mechanisms linked to DAergic neuron vulnerability and
alpha-synuclein homeostasis. Emerging studies highlight a deleterious feedback cycle,
with oxidative stress, altered DA metabolism, dysfunctional lysosomes, and pathological
alpha-synuclein species representing key events in the pathogenesis of PD. We also
discuss the interactions of alpha-synuclein with toxic DA metabolites, as well as the
biochemical links between intracellular iron, calcium, and alpha-synuclein accumulation.
We suggest that targeting multiple pathways, rather than individual processes, will be
important for developing disease-modifying therapies. In this context, we focus on
current translational efforts specifically targeting lysosomal function, as well as oxidative
stress via calcium and iron modulation. These efforts could have therapeutic benefits for
the broader population of sporadic PD and related synucleinopathies.
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GENETIC LINKS TO PATHWAYS OF PARKINSON’S DISEASE
VULNERABILITY

Parkinson’s disease (PD) is the most common movement disorder, with a late onset for the majority
of cases, affecting 1–2% of the population ≥65 years old (Poewe et al., 2017). The cardinal motor
symptoms of PD are bradykinesia, rigidity, and resting tremor, leading to gait impairment and
dynamic postural control dysfunction that compromise the quality of life for patients (Kalia and
Lang, 2015). The onset of PD motor deficits is largely attributed to dopamine (DA) deficiency
within the basal ganglia, due to the deterioration of substantia nigra pars compacta (SNpc) neurons
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(Damier et al., 1999). The hallmark cellular pathology of most but
not all PD cases consists of intraneuronal eosinophilic inclusions,
namely, Lewy bodies and Lewy neurites, depending on their
localization (Goedert et al., 2013; Surmeier et al., 2017). Despite
being linked to PD, the timing and dynamics of the formation
of Lewy bodies/neurites over the course of the disease remain
enigmatic. Biochemical and ultrastructural evidence suggests that
aggregated/fibrillar alpha-synuclein (aSyn), encoded by SNCA,
is a defining feature of Lewy pathology in PD and Dementia
with Lewy bodies, as well as intraglial inclusions in Multiple
System Atrophy, diseases referred to as alpha-synucleinopathies
(Spillantini et al., 1997; Braak et al., 2003; Goedert et al., 2013;
Lashuel, 2020). Lipids and membranous organelles have also
been documented in Lewy body structures (Lashuel, 2020).
A recent ultrastructural study using correlative and multi-
imaging approaches demonstrated that aSyn-immunopositive
Lewy inclusions also consist of lipid membranes and apparently
damaged mitochondrial and lysosomal organelles with variable
spatial organization (Shahmoradian et al., 2019). This study
is contemporary with the increasing genetic evidence for
the contribution of mitochondrial and lysosomal processing
pathways, converging with aSyn homeostasis in PD pathogenesis
(Mazzulli et al., 2011; Burbulla et al., 2017; Wong and Krainc,
2017). Thus, elucidating the interactions between aSyn and
mitochondrial, lysosomal, and lipid homeostasis pathways in
SNpc dopaminergic (DAergic) neurons will help understand PD
progression and may be beneficial for the discovery of new
therapeutic targets to develop novel therapeutic strategies.

PD is a predominantly sporadic disease with aging
representing the greatest risk factor, whereas up to 10% of
cases occur in a familial manner with both autosomal dominant
and recessive transmission (Hernandez et al., 2016). It is also
likely that genetic as well as environmental causes contribute
to both familial and sporadic PD, albeit to different extents
(Singleton et al., 2013). SNCA was the first gene with mutations
reported to cause autosomal dominant PD (A53T missense
mutation), and to date, additional five missense SNCA mutations
have been identified (A30P, A53E, E46K, G51D, and H50Q)
(Polymeropoulos et al., 1997; Kruger et al., 1998; Zarranz et al.,
2004; Appel-Cresswell et al., 2013; Lesage et al., 2013; Proukakis
et al., 2013; Pasanen et al., 2014). Other genes have also been
considered causal in autosomal dominant PD (including LRRK2,
VPS35). Genes associated with autosomal recessive inheritance
patterns are implicated in typical, early onset disease (PARKIN,
PINK1, DJ-1, FBXO7) (Blauwendraat et al., 2020) and point
toward functional implications for, but not limited to, the
mitochondrial clearance pathway. Further atypical forms of
parkinsonism, with juvenile onsets, include genes implicated in
lysosomal function (ATP13A2) and synaptic vesicle endocytosis
(SVE) pathway (DNAJC6 and SYNJ1). Among several other
genes, LRRK2, SNCA, GBA1, CTSB, and SH3GL2 are associated
with PD risk, as validated in the largest meta-analysis of genome-
wide association studies (GWASs) to date (Nalls et al., 2019).
Collectively, genetic evidence suggests that in both sporadic and
familial PD, mitochondrial, endolysosomal, and synaptic vesicle
homeostasis are compromised (Hardy, 2010; Burbulla et al.,
2017; Nalls et al., 2019; Nguyen et al., 2019).

Understanding the molecular mechanisms underlying the
preferential susceptibility of SNpc DAergic neurons in PD
remains a major focus of research. Because most currently
available PD animal models do not manifest key pathogenic
phenotypes of human pathology (Dawson et al., 2018), it has
been difficult to study these mechanisms in vivo, representing
a major caveat in modeling the disease. Furthermore, the
increasing appreciation of multiple genetic “hits” contributing to
PD raises the importance of addressing mechanistic interactions
and potential pathway intersections using models representative
of patient genetic heterogeneity. A significant development in
this direction has been the establishment of human induced
pluripotent stem cell (iPSC) technology allowing for long-term
cultures of highly enriched patient-derived DAergic neurons
(Kriks et al., 2011; Mazzulli et al., 2011; Burbulla et al., 2017).
Using this technology, neurons from patients with various PD
genetic backgrounds have been studied addressing oxidative
stress levels, mitochondrial function, and lysosomal and calcium
homeostasis, whereas pathological aSyn remains a central aspect
of investigation. aSyn plays a multifaceted pathological role in
PD and related synucleinopathies, with aSyn-dependent toxicity
impacting various cellular pathways (Wong and Krainc, 2017).
Here, we focus on studies providing mechanistic insight into
how interactions between aSyn, mitochondrial, endolysosomal,
and synaptic pathways may be linked to DAergic vulnerability in
PD. When feasible, emphasis is given to evidence derived from
primary neurons and iPSC-derived DAergic neuronal models.

ALPHA-SYNUCLEIN AND MAJOR
DETERMINANTS OF PD DOPAMINERGIC
VULNERABILITY

The neuromelanin-containing SNpc neurons, sending DAergic
projections to the dorsal striatum, are preferentially vulnerable
in PD (Hirsch et al., 1988; Damier et al., 1999). A major
concept is that degeneration is initiated at DAergic terminals,
followed by the soma (Cheng et al., 2010; Grosch et al., 2016).
Quantification of DAergic phenotype deterioration using human
post mortem tissue estimated that clinical PD manifestations
are paralleled by ∼50% reduction of putaminal expression of
tyrosine hydroxylase (TH), the rate limiting enzyme in DA
production (Kordower et al., 2013). Interestingly, while the
putaminal TH and DA transporter (DAT) expressions are lost
within 4 years of diagnosis, a small number of residual TH and
neuromelanin-containing SNpc neurons may persist even after
27 years (Kordower et al., 2013).

A major focus is placed on the distinct anatomical and
functional features of SNpc DAergic neurons, linked to cell-
autonomous pathways of vulnerability (Surmeier et al., 2017;
Wong et al., 2019). Firstly, single-cell tracing followed by
digital reconstruction indicated that rat SNpc DAergic neurons
possess widely spread and highly dense axonal arborization
within the striatum (Matsuda et al., 2009). Such an architecture
can give rise to numerous synaptic connections and leads
to high bioenergetic demands (Matsuda et al., 2009; Bolam
and Pissadaki, 2012). Assuming a similar nigrostriatal system
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FIGURE 1 | PD-linked SNCA mutations and interactions with DA metabolites, calcium, or iron promoting pathological aSyn oligomerization and/or aggregation.
PD-linked SNCA missense mutations that increase the oligomerization and/or fibrillization of aSyn in vitro are shown in red (otherwise black). DA and oxidation
derivatives bind non-specifically to the C-terminus (aa 125–129), further stabilized by long-range electrostatic interactions with E83 of the NAC region (intermittent
gray line). Also, DOPAL/DOPAL-Q adducts with N-terminal aSyn lysines are formed at the 1–60 domains (purple line). Fe2+ (ferrous) and Fe3+ (ferric) iron bind to
adjacent regions at the C-terminus of aSyn (blue line; Fe2+: aa P120-A124 and P128-S129; Fe3+: aa P120-M127). Moreover, a calcium-binding motif has been
mapped to the C-terminus of aSyn (green line; aa 109–140). Calcium also promotes calpain I-mediated cleavage of aSyn, with three major cleavage sites depicted
(green arrows; monomeric aSyn: after aa 57; fibrillar aSyn: after aa 114 and 122).

architecture, human SNpc DAergic neurons were estimated to
form even more synaptic connections, linked to even higher
bioenergetic demands (Bolam and Pissadaki, 2012). Based on
computational modeling, larger size and axonal arbor complexity
significantly increase the energetic cost for maintaining axon
potential propagation and recovering the resting membrane
potential (Pissadaki and Bolam, 2013). Secondly, free cytosolic
DA and DA metabolites are prone to oxidation, generating
reactive quinones that can be neurotoxic and able to readily
modify proteins causing protein aggregation (Sulzer and Zecca,
1999). Thirdly, midbrain DAergic neurons are autonomous
pacemakers, involving spontaneous action potentials firing in a
regular rhythmic manner (Bean, 2007). The accompanying entry
of calcium during repolarization, which supports pacemaking,
DA synthesis, and ATP production, also increases mitochondrial
oxidative stress (Bean, 2007). Notably, while SNpc neurons are
lost in PD, the neighboring ventral tegmental area (VTA) DAergic
neurons are more resilient—a fact that has been partly attributed
to the less extensive arborization and synaptic network, lower
somatodendritic density of calcium channels (L-type), and higher
endogenous expression of calcium buffering proteins (Surmeier
and Schumacker, 2013). In addition, DA metabolism may be
different between SNpc and VTA neurons, possibly leading to
higher levels of toxic intermediates of DA catabolism in PD
(Galter et al., 2003), as will be discussed in more detail.

Alpha-Synuclein and the Synaptic
Compartment
Dysregulation of aSyn homeostasis has detrimental consequences
for many pathways implicated in PD DAergic system
vulnerability. aSyn is a 140 amino acid protein ubiquitously

expressed in the central nervous system, predominately
localized at the presynaptic compartment (Maroteaux et al.,
1988; Iwai et al., 1995). The primary amino acid sequence
can be divided into three domains (Figure 1): the N-terminal
domain (amino acid 1–60), the central domain also termed
non-amyloid component of Aβ plaques (NAC; 61–95), and the
C-terminal domain (96–140). The N-terminal domain mediates
the association of aSyn with anionic phospholipids and shows
preferential binding to smaller (∼45 µm diameter) vesicles
(Middleton and Rhoades, 2010). Accordingly, biochemical and
ultrastructural analyses indicated that aSyn associates with
the membrane of synaptic vesicles (Maroteaux et al., 1988;
Emmanouilidou et al., 2016; Vargas et al., 2017). aSyn oligomers
are considered as primary pathogenic species in PD and related
synucleinopathies. Interaction of aSyn oligomers with synaptic
vesicle-like membranes demonstrated that N-terminus-mediated
binding to membranes allows the rigid oligomeric core to be
inserted into membranes and disrupt their integrity (Fusco
et al., 2017). Interestingly, all familial PD SNCA mutations
are localized in the N-terminal region of aSyn (A30P, A53E/T,
E46K, G51D, and H50Q) (Polymeropoulos et al., 1997; Kruger
et al., 1998; Zarranz et al., 2004; Appel-Cresswell et al., 2013;
Lesage et al., 2013; Proukakis et al., 2013; Pasanen et al.,
2014), and with the exception of G51D and A53E potentiate
aSyn oligomerization and/or fibrillization in vitro, but exhibit
differential propensity of forming inclusions within cells
(Conway et al., 2000; Fares et al., 2014; Lazaro et al., 2014,
Lázaro et al., 2016). In particular, a physiological role of aSyn
in neurotransmission and synaptic vesicle trafficking has been
demonstrated (Wong and Krainc, 2017). aSyn interacts with the
vesicle-associated membrane protein (VAMP) 2 and promotes
SNARE (Soluble N-ethylmaleimide-sensitive factor Attachment
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Protein Receptor) complex assembly (Burre et al., 2010),
which enables neurotransmitter release via synaptic vesicle
exocytosis. However, germline Snca-knockout mouse studies
suggested that aSyn is not essential for basal neurotransmission
in DAergic neurons, but rather plays a regulatory role in activity-
dependent DA release (Abeliovich et al., 2000; Cabin et al., 2002;
Chandra et al., 2004). Nevertheless, the specific physiological
function of aSyn within the central nervous system requires
further elucidation.

Aggregated pathological forms of aSyn at both presynaptic
terminals (Kramer and Schulz-Schaeffer, 2007) and along
the axon (Braak et al., 1999) have been described in post
mortem patient tissue, implicating aSyn pathology in synaptic
deterioration. SNCA overexpression in transgenic mouse models
has been linked to nigrostriatal terminal loss (Masliah et al.,
2000), DA release deficits, and changes in synaptic vesicle
clustering (Janezic et al., 2013). aSyn overexpression in ventral
midbrain primary neuron cultures was linked to inhibition of
the SVE pathway, attributed to a reduced recycling vesicle pool
and defective reclustering after endocytosis (Nemani et al., 2010).
Interestingly, SVE coordinates the replenishment of synaptic
vesicles following neurotransmission and has emerged as a
pathway of PD vulnerability, with SYNJ1 (synaptojanin 1) and
DNAJC6 (auxilin) implicated as causal (Blauwendraat et al., 2020)
or SH3GL2 (endophilin A1) as risk factor in PD (Nalls et al., 2019;
Nguyen et al., 2019). Briefly, SVE begins with the invagination
of a new clathrin-coated vesicle from the plasma membrane,
with the participation of endophilin A1 and synaptojanin 1.
Subsequently, auxilin-mediated removal of the clathrin lattice
allows for the refilling with neurotransmitters, such as DA.
LRRK2 mutations, leading to hyperactivation of LRRK2 kinase,
are linked to SVE deficits since endophilin A1, synaptojanin 1,
and auxilin are LRRK2 phosphorylation substrates (Matta et al.,
2012; Islam et al., 2016; Nguyen and Krainc, 2018). Using LRRK2
PD iPSC-derived DAergic neurons, it was demonstrated that
increased phosphorylation in the clathrin-binding domain of
auxilin (S627) by LRRK2 impaired clathrin uncoating (Nguyen
and Krainc, 2018). This mechanism was linked to the reduced
density of synaptic vesicles at terminals, which concurred with
oxidized DA accumulation and increased aSyn levels (Nguyen
and Krainc, 2018). Based on this evidence, a synergistic effect of
LRRK2 and aSyn on SVE could lead to decreased DA packaging
into synaptic vesicles, thus contributing to PD vulnerability
(Figure 2). In addition to synaptic deficits, axonopathy has
also been reported in iPSC-derived neuronal cultures from
A53T SNCA patients (Kouroupi et al., 2017). These cultures
showed swollen varicosities immunopositive for aSyn, which
were improved by small molecules targeting aSyn aggregation
(Kouroupi et al., 2017).

Alpha-Synuclein and Mitochondria
Mitochondria are present in the synaptic compartment
(Graham et al., 2017; Reeve et al., 2018) and crucial for
maintaining synaptic activity and neuronal homeostasis by ATP
production, calcium storage, and lipid metabolism (Nunnari and
Suomalainen, 2012). Genetic evidence suggests that the pathways
of mitochondrial quality control (PARKIN, PINK1, DJ-1,

FBOX7) and mitochondrial fusion/fission dynamics (OPA1) are
implicated in PD and parkinsonism (Carelli et al., 2015; Lynch
et al., 2017). Further biochemical studies showed mitochondrial
respiratory chain complex I deficiency in PD SN tissue (Schapira
et al., 1990). Hampering local energy support of DAergic synapses
due to mitochondrial dysfunction could significantly contribute
to progressive loss of nigrostriatal connections. Supporting this
notion, post mortem immunofluorescence analysis showing
putaminal loss of DAergic synapses in PD patients reported
higher mitochondrial marker per axon volume (Reeve et al.,
2018), which may reflect compensatory increased trafficking
for energy support.

Aberrant aSyn–mitochondria interactions resulting in
oxidative/nitrosative stress, as well as mitochondrial trafficking
and respiration defects, can render DAergic synapses vulnerable.
Application of recombinant oligomeric aSyn species to
neuroblastoma cells and primary cortical neurons disrupted
plasma membrane integrity, significantly increased intracellular
reactive oxygen species (ROS), and reduced mitochondrial
activity (Fusco et al., 2017). Formation of pathological oligomeric
aSyn species within neurons, resulting from wild-type aSyn
overexpression or expression of mutant aSyn, has been associated
with reduced anterograde mitochondria trafficking (Prots et al.,
2018) and mitochondrial fragmentation (Kamp et al., 2010;
Nakamura et al., 2011; Cali et al., 2012; Guardia-Laguarta et al.,
2014; Menges et al., 2017). Mitochondrial transport defects
were paralleled by reduced axonal fiber density and decreased
synaptic robustness (Prots et al., 2018). Microfluidic cultures
of iPSC-derived neurons modeling DAergic-medium spiny
neuron synapse showed that PD OPA1 mutant iPSC-derived
DAergic neurons had impaired anterograde mitochondrial
trafficking leading to progressive synaptic loss (Iannielli
et al., 2019). Mitochondria within OPA1 mutant neurons
exhibited a fragmented phenotype, and it is not known whether
fragmentation may per se reduce mitochondrial trafficking. If
so, the role of aSyn in the regulation of mitochondrial dynamics
could be crucial, and further investigation is required. Direct
interaction of both wild-type and mutant (A53T, A30P) aSyn has
been shown at mitochondria-associated membranes (MAMs)
(Guardia-Laguarta et al., 2014), domains of endoplasmic
reticulum (ER)–mitochondria contact, relevant for the exchange
of ions and lipids. The aSyn–MAMs interaction has been
suggested to enhance mitochondrial calcium uptake from the ER
(Cali et al., 2012), which could in turn affect ATP production and
oxidative stress. Furthermore, aSyn accumulation in association
with mitochondria can reduce complex I activity and elevate
mitochondrial ROS production in DAergic neurons (Devi et al.,
2008; Chinta et al., 2010). Proximity ligation assays in human
post mortem PD and rat SN tissue indicated binding of aSyn
to TOM20 (translocase of the outer membrane receptor 20),
which can be a crucial interaction underlying aSyn-dependent
complex I deficiency and oxidative stress (Di Maio et al., 2016).
Specifically, it was shown that via TOM20 binding, oligomeric,
DA-modified, and phosphorylated (S129E phosphomimetic
mutant) aSyn species could hamper the mitochondrial import of
the complex I subunit Ndufs3, linked to lower basal respiration
and oxidative damage (Di Maio et al., 2016). The aSyn–TOM20
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FIGURE 2 | Potential model of the intersection of PD vulnerability pathways with DA metabolism at presynapse, promoting aSyn aggregation. Pre-synaptic calcium
influx (via Cav1.3 calcium channels) drives mitochondrial oxidative phosphorylation (OxPhos), energetically supporting DA sequestration (thick green arrow) and
consecutively neurotransmission. Synaptic vesicles (SVs) are loaded with DA neurotransmitter by VMAT-2, which transports cytosolic DA into the SV in exchange of
H+ provided by the action of the H+-ATPase. Following release, synaptic vesicle endocytosis (SVE) replenishes SVs; however, PD-linked deficits in this pathway can
limit the SV availability (thick red line). Because of ongoing DA biosynthesis (TH-catalyzed conversion of tyrosine to L-DOPA), impairment of DA sequestration into
SVs leads to the accumulation of DA in the cytosol (thick red line). Subsequent build-up of oxidized DA metabolites (yellow highlight) in the cytosol disturbs aSyn
homeostasis and leads to neurotoxicity. Specifically, cytosolic DA oxidation, catalyzed by iron (Fe3+), can lead to increased oxidized DA derivatives (oxDA), as well as
increased levels of the neurotoxic metabolite DOPAL, catalyzed by MAO, further oxidized to DOPAL-Q (thick red arrows). aSyn oligomerization by DOPAL/-Q entails
formation of adducts, whereas binding of DA-Q, calcium, and iron also promote the formation of aSyn oligomers/aggregates. Neuronal detoxification from DOPAL is
mediated by ALDH1A1, which catalyzes its conversion to the non-toxic metabolite DOPAC (thin green arrow). Moreover, DA-Q and iron are removed from the cytosol
over time by sequestration to the dark pigment neuromelanin at the soma (black intermittent arrow), enclosed within membranes, which can be neuroprotective
under physiological conditions.

interaction has also been demonstrated in iPSC-derived DAergic
neurons, possibly contributing to mitochondrial dysfunction in
A53T and SNCA triplication PD neurons (Zambon et al., 2019).
Compared with isogenic controls, A53T SNCA pluripotent stem
cell-derived DAergic neurons showed exacerbated ROS/reactive
nitrogen species (RNS) production and higher susceptibility
upon exposure to mitochondrial toxins (Ryan et al., 2013).
Furthermore, gene expression analysis in sporadic PD SNpc
tissue, and comparison between A53T SNCA and isogenic
pluripotent stem cell-derived DAergic neurons, has linked

axodendritic pathology to an impaired antioxidative stress
response (Czaniecki et al., 2019).

Alpha-Synuclein and Dopamine
DA signaling and metabolism are regulated by the coordinated
actions of enzymes and transporters responsible for DA
synthesis, packaging into vesicles and re-uptake following
release, or for degradation of cytosolic DA. Sequestration or
degradation is particularly important as the accumulation
of DA in the cytosol generates ROS and oxidizes DA
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by-products (Figure 2). TH converts dietary tyrosine to
L-dihydroxyphenylalanine (L-DOPA), which is ultimately
converted to DA by aromatic amino acid decarboxylase
(Molinoff and Axelrod, 1971). Following synthesis, the
vesicular monoamine transporter (VMAT)-2 uses ATP-driven
vesicular electrochemical gradient to package cytosolic DA
into vesicles along the axon and pre-synapses, but also into
tubular structures at the somatodendritic compartment (Li
et al., 2005; Figure 2). Neurotransmission is terminated by
high-affinity DA reuptake through DAT at the pre-synapse,
where DA can be recycled for exocytosis (Figure 2). At this
stage, deficits in the SVE pathway, as reported in LRRK2
PD iPSC-derived DAergic neurons (Nguyen and Krainc,
2018) among other cellular and in vivo models (Nguyen
et al., 2019), can lead to DA accumulation in the cytosol.
Preventing the potentially neurotoxic effects of cytosolic build-
up, the main degradation route begins with DA oxidative
deamination to 3,4-dihydroxyphenylacetaldehyde (DOPAL),
concurring with H2O2 (hydrogen peroxide) generation, by the
outer mitochondrial membrane monoamine oxidase (MAO)
(Masato et al., 2019). Furthermore, the DOPAL metabolite is
potentially toxic for DAergic cells and is by far more potent
than DA in both oligomerizing and forming quinone protein
adducts with aSyn (Burke et al., 2008; Goldstein et al., 2012;
Jinsmaa et al., 2020). Therefore, the route of conversion to
the corresponding non-toxic 3,4-dihydroxyphenylacetic acid
(DOPAC), catalyzed by aldehyde dehydrogenase ALDH1A1
(Masato et al., 2019), is an important detoxification mechanism
(Figure 2). Subsequently, DOPAC is degraded mainly to
homovanillic acid by catechol−O−methyltransferase (Masato
et al., 2019). Dysregulated DA metabolism has been linked to
SNpc vulnerability in PD since post mortem analyses showed
decreased ALDH1A1 mRNA in PD SNpc but not VTA (Liu
et al., 2014) and higher DOPAL:DOPAC and DOPAL:DA ratios
in PD putamen (Goldstein et al., 2011, 2013). In addition,
theoretical indices derived from DA/metabolites relative ratios
have suggested that both reduced vesicular DA uptake and
ALDH1A1 activity accounted for DOPAL accumulation in
PD putamen (Goldstein et al., 2013). Quantitative proteomics
and transcriptomics highlighted mitochondrial and lysosomal
dysregulation and differential vulnerability of DAergic neurons
derived from several isogenic PD gene knockout pluripotent
stem cell lines (Ahfeldt et al., 2020).

Mechanistically, dysregulated DA metabolism has emerged
as a significant SNpc vulnerability pathway, converging
with mitochondrial oxidative stress, with implications
for both lysosomal dysfunction and aSyn pathology
(Figure 3). In line with this, iPSC-derived DAergic neurons
from an SNCA duplication patient showed higher aSyn
aggregation/phosphorylation as well as higher ROS/RNS levels
than cortical neurons derived from the identical iPSC line,
although the underlying mechanisms require elucidation
(Brazdis et al., 2020). Cytosolic DA can be non-enzymatically
converted to reactive DA-o-quinone (DA-Q), catalyzed by
Fe3+ (ferric) iron (Zucca et al., 2017). Additional quinones
and semiquinones are sequentially formed, thus aggravating
oxidative stress (Zucca et al., 2017). Importantly, accumulation

of oxidized DA/DA-Q represents a key phenotype developing
over time in human iPSC-derived DAergic neurons from genetic
PD forms related to mitochondrial (PARKIN, PINK1, DJ-1)
and endolysosomal pathways (LRRK2, GBA1) or sporadic PD
(Burbulla et al., 2017, 2019; Ysselstein et al., 2019; Laperle
et al., 2020). DA promotes the accumulation of pathological
aSyn protofibril intermediates, involving oxidation to DA-Q
(Conway et al., 2001). Moreover, elevation of DA in mouse
SN neurons by lentiviral overexpression of catalytically
hyperactive TH promoted the formation of pathological
aSyn oligomers and accelerated the DAergic deterioration of
A53T aSyn overexpressing mice (Mor et al., 2017). Another
potential DAergic vulnerability mechanism linked to the
aSyn–DA interaction is the impaired lysosomal degradation
of proteins cleared via chaperone-mediated autophagy. DA-
/autoxidized DA-modified aSyn was shown to bind to the
lysosomal membrane, but was not efficiently taken up and
degraded within the lumen (Martinez-Vicente et al., 2008). In
addition, elevation of cytosolic DA in mouse primary ventral
midbrain neurons by L-DOPA administration inhibited protein
degradation via chaperone-mediated autophagy in wild-type
but not aSyn null neurons (Martinez-Vicente et al., 2008).
Based on molecular dynamic simulations, DA and oxidation
derivatives non-specifically bind to the C-terminus of aSyn
(aa 125–129), further stabilized by long-range electrostatic
interactions with the NAC region (aa E83) (Herrera et al., 2008;
Figure 1). An additional mechanism of DA-related toxicity is
the modification of proteins by DA-Q, with adducts formed by
the catechol moiety reacting with thiols of cysteines (Masato
et al., 2019). Two examples of DA-Q modified proteins are
parkin and the lysosomal glucocerebrosidase (GCase). In
neuronal cell lines, DA-Q-modified parkin showed lower E3
ubiquitin ligase activity and decreased solubility (LaVoie et al.,
2005). Moreover, catechol-modified parkin was detected in
human control SNpc (LaVoie et al., 2005). In addition, DA-Q
modification of cysteines at the GCase catalytic site leads to
decreased lysosomal GCase activity in iPSC-derived DAergic
neurons, thus contributing to lysosomal dysfunction (Burbulla
et al., 2017). The primary DA metabolite DOPAL is highly
neurotoxic in vitro and in vivo. Like DA, DOPAL is auto-oxidized
to quinones (DOPAL-Q) with concomitant generation of ROS.
In addition to the reported general increase in cellular oxidative
stress linked to DOPAL and other DA oxidation derivatives,
mitochondria can also be specifically impacted. Use of H2O2-
sensitive genetically encoded thiol redox sensors indicated
that short-term L-DOPA treatment of DAergic neurons induces
MAO activity for catabolism of DA to DOPAL and concomitantly
increases oxidative stress specifically within axonal mitochondria
(Graves et al., 2020). Although this mechanism was shown
to be physiologically relevant for supporting ATP production
(Graves et al., 2020), it may also represent an additional source
of mitochondrial stress in the PD milieu, accentuating DAergic
neuron axonal/synaptic vulnerability. DOPAL is also linked
to aSyn pathology, with injection into rat SN resulting in
high molecular weight aSyn species and loss of TH+ neurons
(Burke et al., 2008). DOPAL/DOPAL-Q modify aSyn via the
formation of adducts between DOPAL/DOPAL-Q aldehyde
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FIGURE 3 | Mitochondrial oxidative stress, lysosomal dysfunction, and pathological aSyn are major converging pathways in the vulnerability of SNpc DAergic
neurons in PD. Calcium influx via Cav1.3 channels during pacemaking and the metabolism of DA to DOPAL by mitochondrially-anchored MAO support mitochondrial
energy production under physiological conditions. However, these mechanisms could also represent a dual source of sustained mitochondrial oxidative stress (mito
ROS) over a long period, contributing to PD SNpc vulnerability. Moreover, DA metabolism and neurotoxic DA metabolites including DA/DOPAL quinones exacerbate
oxidative stress and are linked to pathological aSyn modifications and GCase inhibition (green arrows). In turn, GCase is reciprocally linked to pathological aSyn via
its lipid substrate glucosylceramide (GluCer). GCase deficiency increases GluCer levels, therefore stabilizing oligomeric aSyn intermediates (red arrow), whereas
pathological aSyn inhibits GCase lysosomal activity or trafficking (blue arrow). As part of this vicious feedback cycle, both GCase and pathological aSyn contribute to
oxidative stress (intermittent red arrow) via intersecting with DA metabolism. These major pathways may render SNpc DAergic neurons more vulnerable to the
influence of PD-linked factors, such as aging, environment, and genetics.

moiety and N-terminal aSyn lysines (domain of aa 1–60), thus
increasing aSyn oligomerization (Follmer et al., 2015). aSyn
modification by DOPAL could lead to loss of aSyn function
at the presynapse, since it was shown that DOPAL-modified
aSyn has reduced affinity for synaptic vesicle-like membranes
(Follmer et al., 2015), and that DOPAL-aSyn oligomers have
been shown to permeabilize lipid membranes leading to DA
leak (Plotegher et al., 2017). This leads to a vicious cycle of
cytosolic DA/DOPAL accumulation, oxidative stress, toxic
protein modifications promoting pathological aSyn, and
lysosomal dysfunction via GCase. Addressing DOPAL build-up
mechanisms in detail using iPSC-derived DAergic neurons
will provide further insight into how DA release/metabolism
equilibrium may be altered in PD. Importantly, such studies
could open new venues for DA detoxification approaches, as an
early intervention in PD.

Oxidized DA and derivatives also constitute the basis for
the formation of neuromelanin, a dark polymeric pigment,
which accumulates over a lifetime in human SN neurons and
is considered as detoxifying under physiological conditions
(Zucca et al., 2018). Neuromelanin has been observed in DJ-
1 PD iPSC-derived DAergic neurons (Burbulla et al., 2017)
and iPSC-derived midbrain-like organoids treated with DA or
L-DOPA (Jo et al., 2016). Electron microscopy of human SN
revealed neuromelanin-containing organelles enveloping dark
proteinaceous granular aggregates and lipid bodies (Zucca

et al., 2018). Moreover, biochemical analyses indicated a high
representation of endolysosomal pathway proteins, as well as
higher molecular weight aSyn species, within neuromelanin
organelles (Zucca et al., 2018). In addition to proteins and
lipids, metals, such as Fe3+ (ferric) iron, which catalyzes DA
oxidation, are bound to neuromelanin. Indeed, neuromelanin’s
composition is indicative of the intersection between DA
metabolism and aSyn-related pathways, with iron playing a
significant modulatory role. Iron is enriched in the basal
ganglia and SN (Hallgren and Sourander, 1958), whereas
specifically in the putamen, iron levels increase with age
reaching maximum concentration at 50–60 years (Hallgren
and Sourander, 1958). Interestingly, another group of diseases
shares the feature of high brain iron in the basal ganglia and
progressive neurodegeneration with PD. This is the very rare
and heterogeneous group of neurodegeneration with brain iron
accumulation (NBIA) disorders, characterized by young onset
and progressive extrapyramidal dysfunction (Neumann et al.,
2000). Furthermore, certain NBIA cases show extensive Lewy
pathology in the SN, and specifically SNpc, as well as the cerebral
cortex (Arawaka et al., 1998; Neumann et al., 2000; Tofaris
et al., 2007). Importantly, accumulation of iron in the SN of PD
patients has been reported by several studies (Dexter et al., 1991;
Griffiths et al., 1999; Graham et al., 2000). It is also possible that
regulation of iron metabolism in the periphery is altered in PD
as in the case of ceruloplasmin, a liver-synthesized enzyme that
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converts Fe2+ (ferrous iron) to Fe3+, thus facilitating peripheral
iron transportation. Reduced ceruloplasmin activity has been
reported in the SN and biofluids of some PD patients, and
missense variations in the ceruloplasmin-encoding gene showed
a possible link with SN iron deposition in few PD patients
(Ward et al., 2014). Iron can contribute to the pathways of
oxidative stress and aSyn pathology (Figure 2). After reduction
from the Fe3+ to the Fe2+ state, iron can participate in Fenton
reactions that liberate radicals and can result in neurotoxic
protein oxidation or lipid peroxidation (Halliwell and Gutteridge,
1984; Winterbourn, 1995). Furthermore, iron binds to the
C-terminus of aSyn (Figure 1; Fe2+: aa P120-A124 and P128-
S129; Fe3+: aa P120-M127), increased by S129 phosphorylation
(Lu et al., 2011), a post-translational modification identified in
Lewy bodies (Fujiwara et al., 2002). The aSyn–iron interaction
is potentially toxic, since iron alone or in concert with DOPAL
promotes aSyn oligomerization (Hashimoto et al., 1999; Uversky
et al., 2001; Jinsmaa et al., 2014). Conversely, aSyn can enhance
iron toxicity via conversion of Fe3+ to Fe2+, leading to higher
DOPAL susceptibility in neuronal cells (McDowall et al., 2017).
Such activity has also been demonstrated in vivo following viral
overexpression of human aSyn in the rat SN, leading to TH
neuron loss (McDowall et al., 2017). Consequently, aSyn–iron
interactions can aggravate oxidative stress and contribute to
DAergic neuron vulnerability.

Mitochondrial antioxidants including N-acetylcysteine
(precursor to glutathione synthesis) have also been shown to
prevent the accumulation of oxidized DA and aSyn in iPSC-
derived DAergic cultures (Burbulla et al., 2017). Furthermore,
antioxidant polyamines have recently been identified as
substrates of the PD-linked lysosomal ATPase ATP13A2 (van
Veen et al., 2020). Although the mechanisms are unclear,
polyamine metabolism may be altered during aging but also
in PD. Post mortem examinations have indicated a decrease
of polyamines in basal ganglia (Vivó et al., 2001), and in PD,
there appears to be a reduced expression of the catabolic
enzyme spermidine/spermine N1-acetyltransferase 1 (SAT1)
(Lewandowski et al., 2010). Further elucidation of functional
interactions between modulators of oxidative stress and
PD-linked genes will be important for novel, targeted PD
antioxidant therapies.

Alpha-Synuclein and Calcium
aSyn and calcium homeostasis appear to be reciprocally
regulated. Calcium binds to aSyn at a 32-aa C-terminal domain
(Figure 1; Nielsen et al., 2001). This interaction promotes
aSyn aggregation and can potentiate the interaction between
aSyn and synaptic vesicles (Nielsen et al., 2001; Lautenschläger
et al., 2018). Calcium can also affect aSyn conformation via
the calcium-activated protease calpain I. Using recombinant
aSyn, one major cleavage site for monomeric (after aa 57) and
two additional major sites for fibrillary aSyn (after aa 114 and
122) have been identified (Mishizen-Eberz et al., 2003). In vivo
calpain inhibition via overexpression of the natural inhibitor
calpastatin abolished aSyn truncation and could significantly
reduce aSyn aggregation in A30P aSyn overexpressing mice

(Diepenbroek et al., 2014). Moreover, deficient extracellular
vesicle release, a calcium-dependent process partly mediating
aSyn secretion (Emmanouilidou et al., 2010; Tsunemi et al.,
2014), has been related to progressive aSyn accumulation in
ATP13A2 iPSC-derived DAergic neurons (Tsunemi et al., 2019).
Conversely, aSyn can affect intraneuronal calcium homeostasis,
with overexpression leading to a sustained elevation of basal
calcium levels (Caraveo et al., 2014; Angelova et al., 2016).
Specifically, oligomeric aSyn can induce channel formation on
artificial membranes leading to irregular calcium influx, which
can result in calcium-dependent cellular toxicity (Angelova et al.,
2016). Also, SNCA triplication iPSC-derived cortical neurons
were shown to exhibit abnormal patterns of Ca2+ influx upon
depolarization, attributed to the integration of oligomeric aSyn
species into membranes (Angelova et al., 2020).

In addition, calcium dynamics can contribute to the
vulnerability of SNpc neurons, acting in concert with aSyn and
DA (Figure 2). Calcium enters DAergic neurons via voltage-
gated calcium channels (Cav), residing at the axon terminals
as well as at the soma and proximal dendrites (Lai and Jan,
2006). The pacemaking activity of SNpc DAergic neurons is
accompanied by calcium influx via L-type (Cav1.3 subtype)
calcium channels, which are activated at relatively negative
membrane potential (Surmeier et al., 2017). Measurements using
a mitochondrial matrix-targeted indicator showed that L-type
channel-mediated calcium influx during pacemaking is linked
to mitochondrial calcium influx via ER receptors and leads to
increased basal levels of mitochondrial oxidative stress (Guzman
et al., 2010). This calcium-dependent feed forward mechanism
drives oxidative phosphorylation, but also constitutes sustained
mitochondrial oxidative stress with a key role in SN DAergic
vulnerability (Surmeier et al., 2017). SN mouse primary neurons
treated with the Cav1.2/Cav1.3 negative allosteric modulator
nimodipine were significantly more resilient to L-DOPA, a
treatment that raises cytosolic DA and leads to neurotoxicity
(Mosharov et al., 2009). Along this line, application of L-type
calcium channel negative allosteric modulators (nimodipine
and isradipine) could prevent the exacerbated elevation of
cytosolic calcium and reduce susceptibility of SN neurons, as
compared with VTA, in a Parkinsonian MPP + (1-methyl-4-
phenylpyridinium) neurotoxin model (Lieberman et al., 2017).
aSyn knockout neurons did not show elevation of cytosolic
calcium following MPP + treatment and were less sensitive to
either L-DOPA or MPP+ (Mosharov et al., 2009; Lieberman
et al., 2017). Furthermore, GBA1-PD and ATP13A2-PD iPSC-
derived DAergic neurons showed elevated basal calcium levels
(Schondorf et al., 2014; Tsunemi et al., 2019), and importantly,
inhibition of calcium influx and downstream signaling in
long-term DJ-1 iPSC-derived DAergic neuron cultures could
significantly reduce DA oxidation (Burbulla et al., 2017).
Collectively, Cav1.3-mediated calcium influx (Guzman et al.,
2010) and MAO-mediated DA metabolism (Graves et al., 2020)
represent a dual source of sustained oxidative stress in DAergic
neuron mitochondria and are reciprocally linked to aSyn and
lysosomal homeostasis pathways (Figure 3). Additional calcium
channels may play a role in calcium influx-related DAergic
toxicity. For instance, single-cell mRNA and protein expression
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analyses indicated that the Cav2.3 channel subtype is most
highly abundant in mature mouse SN DAergic neurons (Benkert
et al., 2019). In this study, Cav2.3 channels were shown to
contribute to activity-related calcium oscillations, and their
knockout protected against MPTP (1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridin)-induced SNpc DAergic cell death in mice.
Importantly, Cav2.3 expression was readily detected in GBA1-
PD and healthy control iPSC-derived DAergic neurons (Benkert
et al., 2019). These findings corroborate the importance of
investigating further molecular players in calcium signaling
dysregulation and suggest their contribution to the vulnerability
of human DAergic neurons, for revealing new therapeutic targets.

LYSOSOMAL DYSFUNCTION AND
ALPHA-SYNUCLEIN LINKED BY
GLUCOCEREBROSIDASE

Inefficient clearance via the autophagy–lysosome pathway has
long been linked to PD (Anglade et al., 1997), and pathological
aSyn can interfere with, and compromise, several stages of
this pathway (Xilouri et al., 2016). In more recent years, the
increasing understanding of the key role of specifically lysosomal
dysfunction in PD (Nalls et al., 2019) has highlighted GBA1
as a crucial molecular player with direct implications for aSyn
homeostasis. The gene GBA1 is the most common PD risk
factor and encodes for the lysosomal enzyme GCase (Sidransky
et al., 2009). GCase is active in the acidic endolysosomal
lumen, hydrolyzing glucose moieties from the glucolipids
glucosylceramide (GluCer) and glucosylsphingosine (GluSph)
(Do et al., 2019). Homozygous GBA1 loss-of-function mutations
lead to the lysosomal storage disorder Gaucher’s disease,
characterized by accumulation of GluCer and GluSph within
the lysosomes of macrophages. In some Gaucher patients,
manifestations of parkinsonism and dementia, as well as
Lewy pathology, have been described (Wong et al., 2004).
Heterozygous GBA1 mutations are encountered in 7–12% of PD
patients (GBA1-PD) (Do et al., 2019) and shown to increase
risk for motor symptom severity and dementia progression
(Winder-Rhodes et al., 2013).

GCase function is strongly and reciprocally connected to
aSyn homeostasis (Figure 3), but GCase has also emerged
as a molecular convergence target of pathways associated
with multiple genetic or idiopathic PD forms. A Gaucher’s
disease mouse model expressing mutant GCase showed
hippocampal aSyn aggregation and memory deficits, and
phenotypes significantly improved by adeno-viral wild-type
GBA1 overexpression (Sardi et al., 2011). Generally, GCase
deficiency is associated with higher intracellular aSyn levels,
in neuronal models and iPSC-derived DAergic neurons from
Gaucher’s disease and GBA1-PD patients (Mazzulli et al., 2011;
Schondorf et al., 2014; Aflaki et al., 2016; Kim et al., 2018;
Burbulla et al., 2019). In particular, the buildup of GluCer
on endolysosomal membranes promotes the formation of
pathological high molecular weight aSyn species, further
converted to insoluble species (Mazzulli et al., 2011; Zunke
et al., 2018). Moreover, increased GluCer was also shown to

de-stabilize aSyn tetramers (Kim et al., 2018), which in contrast
to oligomers are proposed to represent physiological multimeric
forms less prone to aggregate (Bartels et al., 2011; Dettmer
et al., 2015), although this is still controversial. GluCer-induced
aSyn forms have also been directly associated with endogenous
neurotoxicity, as well as decreased neuronal viability upon
endocytosis from healthy DAergic neurons (Zunke et al., 2018).
An equally important aspect of the aSyn–GCase interaction is
that increased aSyn levels can per se impair lysosomal GCase
activity via improper enzyme maturation and trafficking, an
effect that also disrupts other lysosomal enzymes (Mazzulli
et al., 2016a; Cuddy et al., 2019). Specifically, aSyn disrupts
the association between the SNARE protein ykt6, implicated
in ER–Golgi trafficking, and membranes, validated in iPSC-
derived DAergic neurons from SNCA triplication- or A53T
aSyn PD patients (Cuddy et al., 2019). Further mechanistic
investigations in iPSC-derived DAergic neurons have revealed
that some PD-associated proteins exert an inhibitory effect on
GCase activity that can, at least partly, be attributed to DA
oxidation. In long-term cultures of DJ-1-deficient iPSC-derived
DAergic neurons, a time-dependent pathogenic cascade has
been discovered that started with mitochondrial oxidative stress
promoting the generation of DA-Qs (Burbulla et al., 2017).
These species of oxidized DA led to disruption of GCase activity
through modification of cysteine residues at the GCase catalytic
center (Burbulla et al., 2017). A similar concurrent elevation of
oxidized DA and reduced GCase activity was also observed in
PINK1, PARKIN, LRRK2, and SNCA triplication iPSC-derived
DAergic neurons (>90 days of neurons in culture), but also
in sporadic PD iPSC-derived DAergic neurons at later time
points (>180 days) (Burbulla et al., 2017). Further studies
will be important to identify additional pathways affecting
GCase activity in different PD forms beyond DA metabolism
(Laperle et al., 2020).

DISEASE-MODIFYING THERAPIES
FOR PD

Thus far, there is strong evidence indicating that lysosomal
dysfunction and mitochondrial oxidative stress are key factors
for DAergic neuron vulnerability and tightly connected to aSyn
homeostasis in PD etiopathology. Moreover, calcium and iron
can have a significant contribution in pathways related to
oxidative stress and pathological aSyn formation. Consequently,
in this section, we discuss therapeutic approaches and clinical
studies focusing on the molecular target GCase, as well as calcium
and iron, as three important factors with high relevance for
aSyn homeostasis. Notably, such therapeutic approaches are not
directly targeting pathological aSyn, but could possibly restore
the unbalanced equilibrium between aSyn, mitochondrial, and
lysosomal pathways (for aSyn-targeted therapies, see Charvin
et al., 2018).

The function of GCase is crucial for both glucolipid
metabolism and aSyn homeostasis. Increasing GCase activity is,
at present, the overarching aim of translational efforts specifically
targeting PD lysosomal dysfunction. To this end, one major
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emerging approach in GBA1-PD is promoting mutant lysosomal
GCase translocation to the lysosome via small molecule
modulators, validated in iPSC-derived DAergic culture studies.
For instance, long-term cultured (>100 days) iPSC-derived
DAergic neurons from Gaucher patients exhibited key disease-
related phenotypes of GluCer/GluSph and aSyn accumulation
(Aflaki et al., 2016). Treatment with a GCase modulator
(21 days, compound NCGC607) improved both phenotypes
(Aflaki et al., 2016). Importantly, small molecule enhancement
of GCase activity (8 days, compound NCGC00188758) could
also reduce aSyn in SNCA- and ATP13A2/PARK9-PD iPSC-
derived DAergic long-term cultured neurons (>90 days), which
also showed reduced GCase activity (Mazzulli et al., 2016b).
Alternatively, promoting wild-type GCase activity (10 days,
compound S-181) successfully reduced glucolipids and DA/aSyn
pathological phenotypes in LRRK2, DJ-1, and PARKIN as well
as sporadic PD long-term iPSC-derived DAergic cultures (up
to day 160) (Burbulla et al., 2019). Furthermore, application of
a farnesyltransferase inhibitor (LNK-754) could also promote
GCase lysosomal translocation by promoting the ykt6–Golgi
membrane interaction, reducing pathological aSyn in SNCA-
PD DAergic neurons (Cuddy et al., 2019). Indirect targeting
of GCase activity includes pharmacological or genetic LRRK2
inhibition, assessed in GBA1- and LRRK2-PD iPSC-derived
DAergic neurons (Nguyen and Krainc, 2018; Ysselstein et al.,
2019). This approach could significantly improve the pathological
accumulation of oxidized DA and aSyn (including pS129-aSyn)
(Ysselstein et al., 2019). Currently, the two main approaches
to increase GCase activity in GBA1-PD patients that reached
clinical trials are either compounds aiming to enhance the activity
of mutant GCase function or targeted gene therapy. The small
molecule chaperone ambroxol has been successfully used to
enhance mutant GCase activity and reduce pathological aSyn
in GBA1 and SNCA mouse models (Migdalska-Richards et al.,
2016). Results from a Phase 2 clinical trial using ambroxol
in a small patient cohort with and without GBA1 mutations
(NCT02941822) suggested that the compound penetrated the
CSF and targeted GCase, leading to increased total aSyn levels
in the cerebrospinal fluid (CSF) (Mullin et al., 2020). However,
the mechanisms underlying the effect of GCase targeting on
total aSyn in CSF are not clear. Concerning gene therapy,
a Phase 1/2a addresses the AAV (adeno-associated virus)9-
mediated delivery of wild-type GBA1 into the central nervous
system (NCT04127578). Biochemical assessments include GCase
activity and GluCer/GluSph levels in the blood and CSF biofluids
of GBA1-PD patients.

Voltage-gated calcium channels are targets for PD
pharmacological interventions. The effects of isradipine, an
L-type (Cav1) channel antagonist of the dihydropyridine
class, have been more extensively studied with promising
in vitro and in vivo results (Leandrou et al., 2019). Moreover,
epidemiological studies suggested that dihydropyridine use was
associated with reduced PD risk (Ritz et al., 2010; Pasternak
et al., 2012). However, results from the completion of a Phase
3 clinical study of 3-year duration, in previously untreated
early PD patients (NCT02168842), indicated that isradipine
did not slow the rate of clinical PD progression, as measured
by UPDRS (Unified Parkinson’s Disease Rating Scale) scores

(parts I–III, corresponding to mental function, daily living,
and motor function) (Parkinson Study Group Steady-Pd Iii
Investigators, 2020). It thus remains to be examined whether
a highly selective antagonist of Cav1.3 channels, linked to the
pacemaking activity-induced oxidative stress in SNpc DAergic
neurons (Guzman et al., 2010), may show disease-modifying
potential. An additional challenge in objectively assessing efficacy
of calcium-targeting approaches is the identification of specific
target engagement markers.

Targeting iron in PD aims at alleviating DAergic neurons
from an agent that can enhance oxidative stress and aSyn
pathology. To this end, administration of the iron chelator
deferiprone to mice prior to neurotoxic lesion was shown
to protect them from nigrostriatal DAergic loss and mitigate
oxidative stress (Devos et al., 2014). A 2-year pilot, double-blind,
placebo-controlled randomized clinical trial using deferiprone
in early stage PD (NCT00943748), in addition to DAergic
therapy, indicated reduction of SN iron deposition and some
improvement of motor symptoms based on UPDRS score (Devos
et al., 2014). However, cessation of deferiprone treatment led
to reappearance of SN iron deposition and waned clinical
improvement (Devos et al., 2014). Moreover, PD patients with
lower ceruloplasmin activity in the CSF showed a greater
reduction of SN iron levels within a 1-year deferiprone regimen
(Grolez et al., 2015). Therefore, efficacy of iron chelation may
vary between individuals, due to underlying differences in iron
metabolism in the periphery. A follow-up Phase 2 clinical trial
for 9 months (NCT02655315) and an additional 9-month Phase 2
study specifically in early stage PD (NCT02728843) further assess
deferiprone for motor and non-motor symptoms (Movement
Disorder Society-UPDRS scores).

The diverse genetic background of PD patients places a
variable burden on the aSyn, mitochondrial, and lysosomal
pathways of DAergic susceptibility, likely contributing to
the heterogeneous clinical presentation. This realization
intensifies the need for specific and sensitive biomarkers
allowing for distinguishing disease stages, thus optimizing
patient stratification. Such biomarkers could improve the
evaluation or possibly predict patient responses to different
therapies in the endeavor for personalized medicine. Under
this scope, a thorough understanding of interactions between
DAergic vulnerability pathways, aging, and environmental
and genetic factors (Figure 3) can be instrumental to
emerging strategies involving implantation of iPSC-derived
DAergic progenitors from autologous sources into PD patients
(Schweitzer et al., 2020).

CONCLUSION AND PERSPECTIVES

Developments in the field of genetics have revealed a strong
genetic component underlying familial and sporadic forms
of PD. Mechanistic evidence has highlighted a deleterious
feedback cycle whereby mitochondrial, lysosomal, and aSyn
pathways converge and lead to DAergic susceptibility. In
this feedback loop, calcium and iron can have a significant
contribution as modulators exacerbating synaptic vulnerability.
So far, the use of iPSC technology has helped to demonstrate
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that lysosomal dysfunction, accumulation of oxidized DA,
and pathological aSyn represent shared iPSC-derived DAergic
neuron phenotypes, despite the heterogeneity of PD genetic
backgrounds. The concept of mechanistic convergence in
DAergic vulnerability suggests that disease-modifying therapies
require specific molecular targets able to restore equilibrium
between individual pathways. Ideally, novel biomarkers
reflecting the pathological status of PD-related pathways
will optimize patient stratification for testing therapeutic
responses and potentially increasing benefits for specific PD
subpopulations. Furthermore, considering the wide use of
DAergic medication for relieving PD motor symptoms, it will be
crucial to investigate in detail DA metabolism and particularly
DOPAL build-up mechanisms using iPSC-derived DAergic
neurons. Such studies will provide novel insight into how DA
release/metabolism equilibrium is altered in PD and open new
venues for DA detoxification approaches, potentially as early
interventions in PD.

iPSC-derived DAergic neurons used for in vitro modeling
of PD represent a platform for investigating mechanisms
of PD etiopathology and facilitate early phases of drug
discovery. This technology, however, also presents limitations
for studying PD biology, and several crucial questions remain
to be elucidated. For example, interpretation and comparison
of findings among different studies can be complicated by
the fact that DAergic neuron cultures were obtained with
variable purity and analyses were performed at different in vitro
ages. Therefore, establishing conditions for culturing iPSC-
derived DAergic neurons from different genetic backgrounds
over longer periods would have to be standardized to
accurately monitor the manifestation of different phenotypes
including aSyn accumulation, lysosomal function, and oxidative

stress. Moreover, iPSC-derived DAergic neuron cultures are
especially suitable for studying cell-autonomous pathways of
PD vulnerability. Yet, experimental disease modeling paradigms
using additional cell types, including but not limited to glial cells,
are required to better recapitulate the cell-to-cell interactions
of the midbrain milieu. To this end, utilizing iPSC technology
allowing for neuron–glia co-cultures as well as midbrain
organoids may provide important answers. Patient-specific
iPSC-derived models will serve as a resource for in vitro
and in vivo disease modeling and drug screening, with the
goal of testing neuroprotective compounds and developing
therapeutic interventions.
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(2014). The novel Parkinson’s disease linked mutation G51D attenuates in vitro
aggregation and membrane binding of α-synuclein, and enhances its secretion
and nuclear localization in cells. Hum. Mol. Genet. 23, 4491–4509. doi: 10.1093/
hmg/ddu165

Follmer, C., Coelho-Cerqueira, E., Yatabe-Franco, D. Y., Araujo, G. D., Pinheiro,
A. S., Domont, G. B., et al. (2015). Oligomerization and Membrane-binding
Properties of Covalent Adducts Formed by the Interaction of alpha-Synuclein
with the Toxic Dopamine Metabolite 3,4-Dihydroxyphenylacetaldehyde
(DOPAL). J. Biol. Chem. 290, 27660–27679. doi: 10.1074/jbc.M115.686584

Fujiwara, H., Hasegawa, M., Dohmae, N., Kawashima, A., Masliah, E., Goldberg,
M. S., et al. (2002). alpha-Synuclein is phosphorylated in synucleinopathy
lesions. Nat. Cell Biol. 4, 160–164. doi: 10.1038/ncb748

Fusco, G., Chen, S. W., Williamson, P. T. F., Cascella, R., Perni, M., Jarvis, J. A.,
et al. (2017). Structural basis of membrane disruption and cellular toxicity by
α-synuclein oligomers. Science 358, 1440–1443. doi: 10.1126/science.aan6160

Galter, D., Buervenich, S., Carmine, A., Anvret, M., and Olson, L. (2003). ALDH1
mRNA: presence in human dopamine neurons and decreases in substantia
nigra in Parkinson’s disease and in the ventral tegmental area in schizophrenia.
Neurobiol. Dis. 14, 637–647. doi: 10.1016/j.nbd.2003.09.001

Goedert, M., Spillantini, M. G., Del Tredici, K., and Braak, H. (2013). 100 years of
Lewy pathology. Nat. Rev. Neurol. 9, 13–24. doi: 10.1038/nrneurol.2012.242

Goldstein, D. S., Sullivan, P., Cooney, A., Jinsmaa, Y., Sullivan, R., Gross, D. J., et al.
(2012). Vesicular uptake blockade generates the toxic dopamine metabolite 3,4-
dihydroxyphenylacetaldehyde in PC12 cells: relevance to the pathogenesis of
Parkinson’s disease. J. Neurochem. 123, 932–943. doi: 10.1111/j.1471-4159.2012.
07924.x

Goldstein, D. S., Sullivan, P., Holmes, C., Kopin, I. J., Basile, M. J., and Mash, D. C.
(2011). Catechols in post-mortem brain of patients with Parkinson disease. Eur.
J. Neurol. 18, 703–710. doi: 10.1111/j.1468-1331.2010.03246.x

Goldstein, D. S., Sullivan, P., Holmes, C., Miller, G. W., Alter, S., Strong, R.,
et al. (2013). Determinants of buildup of the toxic dopamine metabolite
DOPAL in Parkinson’s disease. J. Neurochem. 126, 591–603. doi: 10.1111/jnc.
12345

Graham, J. M., Paley, M. N. J., Grünewald, R. A., Hoggard, N., and Griffiths, P. D.
(2000). Brain iron deposition in Parkinson’s disease imaged using the PRIME
magnetic resonance sequence. Brain 123, 2423–2431. doi: 10.1093/brain/123.
12.2423

Frontiers in Cell and Developmental Biology | www.frontiersin.org 12 December 2020 | Volume 8 | Article 580634

https://doi.org/10.1126/scitranslmed.aau6870
https://doi.org/10.1126/science.aam9080
https://doi.org/10.1126/science.aam9080
https://doi.org/10.1007/s00401-007-0303-9
https://doi.org/10.1007/s00401-007-0303-9
https://doi.org/10.1126/science.1195227
https://doi.org/10.1523/JNEUROSCI.22-20-08797.2002
https://doi.org/10.1074/jbc.M111.302794
https://doi.org/10.1074/jbc.M111.302794
https://doi.org/10.1073/pnas.1413201111
https://doi.org/10.1073/pnas.1413201111
https://doi.org/10.1002/ana.24410
https://doi.org/10.1073/pnas.0406283101
https://doi.org/10.1073/pnas.0406283101
https://doi.org/10.1038/nrd.2018.136
https://doi.org/10.1002/ana.21995
https://doi.org/10.1016/j.neulet.2010.09.061
https://doi.org/10.1073/pnas.97.2.571
https://doi.org/10.1126/science.1063522
https://doi.org/10.1016/j.neuron.2019.09.001
https://doi.org/10.1016/j.neuron.2019.09.001
https://doi.org/10.1073/pnas.1900576116
https://doi.org/10.1093/brain/122.8.1437
https://doi.org/10.1038/s41593-018-0236-8
https://doi.org/10.1038/s41593-018-0236-8
https://doi.org/10.1038/ncomms8314
https://doi.org/10.1074/jbc.M710012200
https://doi.org/10.1089/ars.2013.5593
https://doi.org/10.1093/brain/114.4.1953
https://doi.org/10.1126/scitranslmed.aaf3634
https://doi.org/10.1126/scitranslmed.aaf3634
https://doi.org/10.1093/hmg/ddu112
https://doi.org/10.1093/hmg/ddu112
https://doi.org/10.1186/s13024-019-0336-2
https://doi.org/10.1186/s13024-019-0336-2
https://doi.org/10.1523/JNEUROSCI.5699-09.2010
https://doi.org/10.1093/brain/awv403
https://doi.org/10.1093/hmg/ddu165
https://doi.org/10.1093/hmg/ddu165
https://doi.org/10.1074/jbc.M115.686584
https://doi.org/10.1038/ncb748
https://doi.org/10.1126/science.aan6160
https://doi.org/10.1016/j.nbd.2003.09.001
https://doi.org/10.1038/nrneurol.2012.242
https://doi.org/10.1111/j.1471-4159.2012.07924.x
https://doi.org/10.1111/j.1471-4159.2012.07924.x
https://doi.org/10.1111/j.1468-1331.2010.03246.x
https://doi.org/10.1111/jnc.12345
https://doi.org/10.1111/jnc.12345
https://doi.org/10.1093/brain/123.12.2423
https://doi.org/10.1093/brain/123.12.2423
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


fcell-08-580634 December 8, 2020 Time: 12:0 # 13

Minakaki et al. Alpha-Synuclein Convergence With Mitochondrial/Lysosomal Pathways

Graham, L. C., Eaton, S. L., Brunton, P. J., Atrih, A., Smith, C., Lamont, D. J.,
et al. (2017). Proteomic profiling of neuronal mitochondria reveals modulators
of synaptic architecture. Mol. Neurodegener. 12:77. doi: 10.1186/s13024-017-
0221-9

Graves, S. M., Xie, Z., Stout, K. A., Zampese, E., Burbulla, L. F., Shih, J. C., et al.
(2020). Dopamine metabolism by a monoamine oxidase mitochondrial shuttle
activates the electron transport chain. Nat. Neurosci. 23, 15–20. doi: 10.1038/
s41593-019-0556-3

Griffiths, P. D., Dobson, B. R., Jones, G. R., and Clarke, D. T. (1999). Iron in the
basal ganglia in Parkinson’s disease: An in vitro study using extended X-ray
absorption fine structure and cryo-electron microscopy. Brain 122, 667–673.
doi: 10.1093/brain/122.4.667

Grolez, G., Moreau, C., Sablonnière, B., Garçon, G., Devedjian, J. C., Meguig, S.,
et al. (2015). Ceruloplasmin activity and iron chelation treatment of patients
with Parkinson’s disease. BMC Neurol. 15:74. doi: 10.1186/s12883-015-0331-3

Grosch, J., Winkler, J., and Kohl, Z. (2016). Early Degeneration of Both
Dopaminergic and Serotonergic Axons – A Common Mechanism in
Parkinson’s Disease. Front. Cell. Neurosci. 10, 293–293. doi: 10.3389/fncel.2016.
00293

Guardia-Laguarta, C., Area-Gomez, E., Rub, C., Liu, Y., Magrane, J., Becker,
D., et al. (2014). alpha-Synuclein is localized to mitochondria-associated
ER membranes. J. Neurosci. 34, 249–259. doi: 10.1523/JNEUROSCI.2507-
13.2014

Guzman, J. N., Sanchez-Padilla, J., Wokosin, D., Kondapalli, J., Ilijic, E.,
Schumacker, P. T., et al. (2010). Oxidant stress evoked by pacemaking in
dopaminergic neurons is attenuated by DJ-1. Nature 468, 696–700. doi: 10.1038/
nature09536

Hallgren, B., and Sourander, P. (1958). The effect of age on the non-haemin iron
in the human brain. J. Neurochem. 3, 41–51. doi: 10.1111/j.1471-4159.1958.
tb12607.x

Halliwell, B., and Gutteridge, J. M. (1984). Lipid peroxidation, oxygen radicals,
cell damage, and antioxidant therapy. Lancet 1, 1396–1397. doi: 10.1016/S0140-
6736(84)91886-5

Hardy, J. (2010). Genetic analysis of pathways to Parkinson disease. Neuron 68,
201–206. doi: 10.1016/j.neuron.2010.10.014

Hashimoto, M., Hsu, L. J., Xia, Y., Takeda, A., Sisk, A., Sundsmo, M.,
et al. (1999). Oxidative stress induces amyloid-like aggregate formation
of NACP/alpha-synuclein in vitro. Neuroreport 10, 717–721. doi: 10.1097/
00001756-199903170-00011

Hernandez, D. G., Reed, X., and Singleton, A. B. (2016). Genetics in
Parkinson disease: Mendelian versus non-Mendelian inheritance. J. Neurochem.
139(Suppl. 1), 59–74. doi: 10.1111/jnc.13593

Herrera, F. E., Chesi, A., Paleologou, K. E., Schmid, A., Munoz, A., Vendruscolo,
M., et al. (2008). Inhibition of alpha-synuclein fibrillization by dopamine is
mediated by interactions with five C-terminal residues and with E83 in the NAC
region. PLoS One 3:e3394. doi: 10.1371/journal.pone.0003394

Hirsch, E., Graybiel, A. M., and Agid, Y. A. (1988). Melanized dopaminergic
neurons are differentially susceptible to degeneration in Parkinson’s disease.
Nature 334, 345–348. doi: 10.1038/334345a0

Iannielli, A., Ugolini, G. S., Cordiglieri, C., Bido, S., Rubio, A., Colasante, G., et al.
(2019). Reconstitution of the Human Nigro-striatal Pathway on-a-Chip Reveals
OPA1-Dependent Mitochondrial Defects and Loss of Dopaminergic Synapses.
Cell Rep. 29, 4646.e–4656.e. doi: 10.1016/j.celrep.2019.11.111

Islam, M. S., Nolte, H., Jacob, W., Ziegler, A. B., Putz, S., Grosjean, Y., et al.
(2016). Human R1441C LRRK2 regulates the synaptic vesicle proteome and
phosphoproteome in a Drosophila model of Parkinson’s disease. Hum. Mol.
Genet. 25, 5365–5382. doi: 10.1093/hmg/ddw352

Iwai, A., Masliah, E., Yoshimoto, M., Ge, N., Flanagan, L., Rohan, et al. (1995).
The precursor protein of non-Aβ component of Alzheimer’s disease amyloid
is a presynaptic protein of the central nervous system. Neuron 14, 467–475.
doi: 10.1016/0896-6273(95)90302-X

Janezic, S., Threlfell, S., Dodson, P. D., Dowie, M. J., Taylor, T. N., Potgieter,
D., et al. (2013). Deficits in dopaminergic transmission precede neuron loss
and dysfunction in a new Parkinson model. Proc. Natl. Acad. Sci. U S A. 110,
E4016–E4025. doi: 10.1073/pnas.1309143110

Jinsmaa, Y., Isonaka, R., Sharabi, Y., and Goldstein, D. S. (2020). 3,4-
Dihydroxyphenylacetaldehyde Is More Efficient than Dopamine in
Oligomerizing and Quinonizing α-Synuclein. J. Pharmacol. Exp. Therapeut.
372, 157–165. doi: 10.1124/jpet.119.262246

Jinsmaa, Y., Sullivan, P., Gross, D., Cooney, A., Sharabi, Y., and Goldstein, D. S.
(2014). Divalent metal ions enhance DOPAL-induced oligomerization of alpha-
synuclein. Neurosci. Lett. 569, 27–32. doi: 10.1016/j.neulet.2014.03.016

Jo, J., Xiao, Y., Sun, A. X., Cukuroglu, E., Tran, H. D., Göke, J., et al.
(2016). Midbrain-like Organoids from Human Pluripotent Stem Cells Contain
Functional Dopaminergic and Neuromelanin-Producing Neurons. Cell Stem
Cell 19, 248–257. doi: 10.1016/j.stem.2016.07.005

Kalia, L. V., and Lang, A. E. (2015). Parkinson’s disease. Lancet 386, 896–912.
doi: 10.1016/S0140-6736(14)61393-3

Kamp, F., Exner, N., Lutz, A. K., Wender, N., Hegermann, J., Brunner, B., et al.
(2010). Inhibition of mitochondrial fusion by α-synuclein is rescued by PINK1.
Parkin and DJ-1. EMBO J. 29, 3571–3589. doi: 10.1038/emboj.2010.223

Kim, S., Yun, S. P., Lee, S., Umanah, G. E., Bandaru, V. V. R., Yin, X., et al. (2018).
GBA1 deficiency negatively affects physiological alpha-synuclein tetramers and
related multimers. Proc. Natl. Acad. Sci. U S A. 115, 798–803. doi: 10.1073/pnas.
1700465115

Kordower, J. H., Olanow, C. W., Dodiya, H. B., Chu, Y., Beach, T. G., Adler, C. H.,
et al. (2013). Disease duration and the integrity of the nigrostriatal system in
Parkinson’s disease. Brain 136, 2419–2431. doi: 10.1093/brain/awt192

Kouroupi, G., Taoufik, E., Vlachos, I. S., Tsioras, K., Antoniou, N., Papastefanaki,
F., et al. (2017). Defective synaptic connectivity and axonal neuropathology in a
human iPSC-based model of familial Parkinson’s disease. Proc. Natl. Acad. Sci.
U S A. 114, E3679–E3688. doi: 10.1073/pnas.1617259114

Kramer, M. L., and Schulz-Schaeffer, W. J. (2007). Presynaptic alpha-synuclein
aggregates, not Lewy bodies, cause neurodegeneration in dementia with Lewy
bodies. J. Neurosci. 27, 1405–1410. doi: 10.1523/JNEUROSCI.4564-06.2007

Kriks, S., Shim, J. W., Piao, J., Ganat, Y. M., Wakeman, D. R., Xie, Z., et al. (2011).
Dopamine neurons derived from human ES cells efficiently engraft in animal
models of Parkinson’s disease. Nature 480, 547–551. doi: 10.1038/nature10648

Kruger, R., Kuhn, W., Muller, T., Woitalla, D., Graeber, M., Kosel, S., et al. (1998).
Ala30Pro mutation in the gene encoding alpha-synuclein in Parkinson’s disease.
Nat. Genet. 18, 106–108. doi: 10.1038/ng0298-106

Lai, H. C., and Jan, L. Y. (2006). The distribution and targeting of neuronal voltage-
gated ion channels. Nat. Rev. Neurosci. 7, 548–562. doi: 10.1038/nrn1938

Laperle, A. H., Sances, S., Yucer, N., Dardov, V. J., Garcia, V. J., Ho, R., et al.
(2020). iPSC modeling of young-onset Parkinson’s disease reveals a molecular
signature of disease and novel therapeutic candidates. Nat. Med. 26, 289–299.
doi: 10.1038/s41591-019-0739-1

Lashuel, H. A. (2020). Do Lewy bodies contain alpha-synuclein fibrils? and Does
it matter? A brief history and critical analysis of recent reports. Neurobiol. Dis.
141:104876. doi: 10.1016/j.nbd.2020.104876

Lautenschläger, J., Stephens, A. D., Fusco, G., Ströhl, F., Curry, N., Zacharopoulou,
M., et al. (2018). C-terminal calcium binding of α-synuclein modulates synaptic
vesicle interaction. Nat. Commun. 9:712. doi: 10.1038/s41467-018-03111-4

LaVoie, M. J., Ostaszewski, B. L., Weihofen, A., Schlossmacher, M. G., and Selkoe,
D. J. (2005). Dopamine covalently modifies and functionally inactivates parkin.
Nat. Med. 11, 1214–1221. doi: 10.1038/nm1314

Lázaro, D. F., Dias, M. C., Carija, A., Navarro, S., Madaleno, C. S., Tenreiro,
S., et al. (2016). The effects of the novel A53E alpha-synuclein mutation on
its oligomerization and aggregation. Acta Neuropathol. Commun. 4:128. doi:
10.1186/s40478-016-0402-8

Lazaro, D. F., Rodrigues, E. F., Langohr, R., Shahpasandzadeh, H., Ribeiro, T.,
Guerreiro, P., et al. (2014). Systematic comparison of the effects of alpha-
synuclein mutations on its oligomerization and aggregation. PLoS Genet.
10:e1004741. doi: 10.1371/journal.pgen.1004741

Leandrou, E., Emmanouilidou, E., and Vekrellis, K. (2019). Voltage-Gated Calcium
Channels and α-Synuclein: Implications in Parkinson’s Disease. Front. Mol.
Neurosci. 12:237. doi: 10.3389/fnmol.2019.00237

Lesage, S., Anheim, M., Letournel, F., Bousset, L., Honore, A., Rozas, N., et al.
(2013). G51D alpha-synuclein mutation causes a novel parkinsonian-pyramidal
syndrome. Ann. Neurol. 73, 459–471. doi: 10.1002/ana.23894

Lewandowski, N. M., Ju, S., Verbitsky, M., Ross, B., Geddie, M. L., Rockenstein, E.,
et al. (2010). Polyamine pathway contributes to the pathogenesis of Parkinson
disease. Proc. Natl. Acad. Sci. U S A. 107, 16970–16975. doi: 10.1073/pnas.
1011751107

Li, H., Waites, C. L., Staal, R. G., Dobryy, Y., Park, J., Sulzer, D. L., et al. (2005).
Sorting of Vesicular Monoamine Transporter 2 to the Regulated Secretory
Pathway Confers the Somatodendritic Exocytosis of Monoamines. Neuron 48,
619–633. doi: 10.1016/j.neuron.2005.09.033

Frontiers in Cell and Developmental Biology | www.frontiersin.org 13 December 2020 | Volume 8 | Article 580634

https://doi.org/10.1186/s13024-017-0221-9
https://doi.org/10.1186/s13024-017-0221-9
https://doi.org/10.1038/s41593-019-0556-3
https://doi.org/10.1038/s41593-019-0556-3
https://doi.org/10.1093/brain/122.4.667
https://doi.org/10.1186/s12883-015-0331-3
https://doi.org/10.3389/fncel.2016.00293
https://doi.org/10.3389/fncel.2016.00293
https://doi.org/10.1523/JNEUROSCI.2507-13.2014
https://doi.org/10.1523/JNEUROSCI.2507-13.2014
https://doi.org/10.1038/nature09536
https://doi.org/10.1038/nature09536
https://doi.org/10.1111/j.1471-4159.1958.tb12607.x
https://doi.org/10.1111/j.1471-4159.1958.tb12607.x
https://doi.org/10.1016/S0140-6736(84)91886-5
https://doi.org/10.1016/S0140-6736(84)91886-5
https://doi.org/10.1016/j.neuron.2010.10.014
https://doi.org/10.1097/00001756-199903170-00011
https://doi.org/10.1097/00001756-199903170-00011
https://doi.org/10.1111/jnc.13593
https://doi.org/10.1371/journal.pone.0003394
https://doi.org/10.1038/334345a0
https://doi.org/10.1016/j.celrep.2019.11.111
https://doi.org/10.1093/hmg/ddw352
https://doi.org/10.1016/0896-6273(95)90302-X
https://doi.org/10.1073/pnas.1309143110
https://doi.org/10.1124/jpet.119.262246
https://doi.org/10.1016/j.neulet.2014.03.016
https://doi.org/10.1016/j.stem.2016.07.005
https://doi.org/10.1016/S0140-6736(14)61393-3
https://doi.org/10.1038/emboj.2010.223
https://doi.org/10.1073/pnas.1700465115
https://doi.org/10.1073/pnas.1700465115
https://doi.org/10.1093/brain/awt192
https://doi.org/10.1073/pnas.1617259114
https://doi.org/10.1523/JNEUROSCI.4564-06.2007
https://doi.org/10.1038/nature10648
https://doi.org/10.1038/ng0298-106
https://doi.org/10.1038/nrn1938
https://doi.org/10.1038/s41591-019-0739-1
https://doi.org/10.1016/j.nbd.2020.104876
https://doi.org/10.1038/s41467-018-03111-4
https://doi.org/10.1038/nm1314
https://doi.org/10.1186/s40478-016-0402-8
https://doi.org/10.1186/s40478-016-0402-8
https://doi.org/10.1371/journal.pgen.1004741
https://doi.org/10.3389/fnmol.2019.00237
https://doi.org/10.1002/ana.23894
https://doi.org/10.1073/pnas.1011751107
https://doi.org/10.1073/pnas.1011751107
https://doi.org/10.1016/j.neuron.2005.09.033
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


fcell-08-580634 December 8, 2020 Time: 12:0 # 14

Minakaki et al. Alpha-Synuclein Convergence With Mitochondrial/Lysosomal Pathways

Lieberman, O. J., Choi, S. J., Kanter, E., Saverchenko, A., Frier, M. D., Fiore, G. M.,
et al. (2017). α-Synuclein-Dependent Calcium Entry Underlies Differential
Sensitivity of Cultured SN and VTA Dopaminergic Neurons to a Parkinsonian
Neurotoxin. eNeuro 4, ENEURO.167–ENEURO.117. doi: 10.1523/ENEURO.
0167-17.2017

Liu, G., Yu, J., Ding, J., Xie, C., Sun, L., Rudenko, I., et al. (2014). Aldehyde
dehydrogenase 1 defines and protects a nigrostriatal dopaminergic neuron
subpopulation. J. Clin. Invest. 124, 3032–3046. doi: 10.1172/JCI72176

Lu, Y., Prudent, M., Fauvet, B., Lashuel, H. A., and Girault, H. H. (2011).
Phosphorylation of α-Synuclein at Y125 and S129 Alters Its Metal Binding
Properties: Implications for Understanding the Role of α-Synuclein in the
Pathogenesis of Parkinson’s Disease and Related Disorders. ACS Chemic.
Neurosci. 2, 667–675. doi: 10.1021/cn200074d

Lynch, D. S., Loh, S. H. Y., Harley, J., Noyce, A. J., Martins, L. M., Wood, N. W.,
et al. (2017). Nonsyndromic Parkinson disease in a family with autosomal
dominant optic atrophy due to OPA1 mutations. Neurol. Genet. 3, 188–188e.
doi: 10.1212/NXG.0000000000000188

Maroteaux, L., Campanelli, J. T., and Scheller, R. H. (1988). Synuclein: a neuron-
specific protein localized to the nucleus and presynaptic nerve terminal.
J. Neurosci. 8, 2804–2815. doi: 10.1523/JNEUROSCI.08-08-02804.1988

Martinez-Vicente, M., Talloczy, Z., Kaushik, S., Massey, A. C., Mazzulli, J.,
Mosharov, E. V., et al. (2008). Dopamine-modified alpha-synuclein blocks
chaperone-mediated autophagy. J. Clin. Invest. 118, 777–788. doi: 10.1172/
JCI32806

Masato, A., Plotegher, N., Boassa, D., and Bubacco, L. (2019). Impaired dopamine
metabolism in Parkinson’s disease pathogenesis. Mol. Neurodegener. 14:35. doi:
10.1186/s13024-019-0332-6

Masliah, E., Rockenstein, E., Veinbergs, I., Mallory, M., Hashimoto, M., Takeda,
A., et al. (2000). Dopaminergic loss and inclusion body formation in alpha-
synuclein mice: implications for neurodegenerative disorders. Science 287,
1265–1269. doi: 10.1126/science.287.5456.1265

Matsuda, W., Furuta, T., Nakamura, K. C., Hioki, H., Fujiyama, F., Arai, R.,
et al. (2009). Single nigrostriatal dopaminergic neurons form widely spread and
highly dense axonal arborizations in the neostriatum. J. Neurosci. 29, 444–453.
doi: 10.1523/JNEUROSCI.4029-08.2009

Matta, S., Van Kolen, K., da Cunha, R., van den Bogaart, G., Mandemakers, W.,
Miskiewicz, K., et al. (2012). LRRK2 controls an EndoA phosphorylation cycle
in synaptic endocytosis. Neuron 75, 1008–1021. doi: 10.1016/j.neuron.2012.08.
022

Mazzulli, J. R., Xu, Y. H., Sun, Y., Knight, A. L., McLean, P. J., Caldwell, G. A.,
et al. (2011). Gaucher disease glucocerebrosidase and alpha-synuclein form a
bidirectional pathogenic loop in synucleinopathies. Cell 146, 37–52. doi: 10.
1016/j.cell.2011.06.001

Mazzulli, J. R., Zunke, F., Isacson, O., Studer, L., and Krainc, D. (2016a).
α-Synuclein-induced lysosomal dysfunction occurs through disruptions in
protein trafficking in human midbrain synucleinopathy models. Proc. Natl.
Acad. Sci. U S A. 113, 1931–1936. doi: 10.1073/pnas.1520335113

Mazzulli, J. R., Zunke, F., Tsunemi, T., Toker, N. J., Jeon, S., Burbulla, L. F., et al.
(2016b). Activation of beta-Glucocerebrosidase Reduces Pathological alpha-
Synuclein and Restores Lysosomal Function in Parkinson’s Patient Midbrain
Neurons. J. Neurosci. 36, 7693–7706. doi: 10.1523/JNEUROSCI.0628-16.2016

McDowall, J. S., Ntai, I., Honeychurch, K. C., Hart, J. P., Colin, P., Schneider,
B. L., et al. (2017). Alpha-synuclein ferrireductase activity is detectible in vivo,
is altered in Parkinson’s disease and increases the neurotoxicity of DOPAL. Mol.
Cell Neurosci. 85, 1–11. doi: 10.1016/j.mcn.2017.08.001

Menges, S., Minakaki, G., Schaefer, P. M., Meixner, H., Prots, I., Schlötzer-
Schrehardt, U., et al. (2017). Alpha-synuclein prevents the formation of
spherical mitochondria and apoptosis under oxidative stress. Sci. Rep. 7:42942.
doi: 10.1038/srep42942

Middleton, E. R., and Rhoades, E. (2010). Effects of curvature and composition
on alpha-synuclein binding to lipid vesicles. Biophys. J. 99, 2279–2288. doi:
10.1016/j.bpj.2010.07.056

Migdalska-Richards, A., Daly, L., Bezard, E., and Schapira, A. H. (2016). Ambroxol
effects in glucocerebrosidase and α-synuclein transgenic mice. Ann. Neurol. 80,
766–775. doi: 10.1002/ana.24790

Mishizen-Eberz, A. J., Guttmann, R. P., Giasson, B. I., Day, G. A. III, Hodara,
R., Ischiropoulos, H., et al. (2003). Distinct cleavage patterns of normal and
pathologic forms of alpha-synuclein by calpain I in vitro. J. Neurochem. 86,
836–847. doi: 10.1046/j.1471-4159.2003.01878.x

Molinoff, P. B., and Axelrod, J. (1971). Biochemistry of catecholamines. Annu. Rev.
Biochem. 40, 465–500. doi: 10.1146/annurev.bi.40.070171.002341

Mor, D. E., Tsika, E., Mazzulli, J. R., Gould, N. S., Kim, H., Daniels, M. J.,
et al. (2017). Dopamine induces soluble α-synuclein oligomers and nigrostriatal
degeneration. Nat. Neurosci. 20, 1560–1568. doi: 10.1038/nn.4641

Mosharov, E. V., Larsen, K. E., Kanter, E., Phillips, K. A., Wilson, K., Schmitz,
Y., et al. (2009). Interplay between cytosolic dopamine, calcium, and alpha-
synuclein causes selective death of substantia nigra neurons. Neuron 62,
218–229. doi: 10.1016/j.neuron.2009.01.033

Mullin, S., Smith, L., Lee, K., D’Souza, G., Woodgate, P., Elflein, J., et al.
(2020). Ambroxol for the Treatment of Patients With Parkinson Disease
With and Without Glucocerebrosidase Gene Mutations: A Nonrandomized.
Noncontrolled Trial. JAMA Neurol. 77, 427–434. doi: 10.1001/jamaneurol.2019.
4611

Nakamura, K., Nemani, V. M., Azarbal, F., Skibinski, G., Levy, J. M., Egami,
K., et al. (2011). Direct membrane association drives mitochondrial fission by
the Parkinson disease-associated protein alpha-synuclein. J. Biol. Chem. 286,
20710–20726. doi: 10.1074/jbc.M110.213538

Nalls, M. A., Blauwendraat, C., Vallerga, C. L., Heilbron, K., Bandres-Ciga, S.,
Chang, D., et al. (2019). Identification of novel risk loci, causal insights,
and heritable risk for Parkinson’s disease: a meta-analysis of genome-wide
association studies. Lancet Neurol. 18, 1091–1102. doi: 10.1016/S1474-4422(19)
30320-5

Nemani, V. M., Lu, W., Berge, V., Nakamura, K., Onoa, B., Lee, M. K., et al. (2010).
Increased expression of alpha-synuclein reduces neurotransmitter release by
inhibiting synaptic vesicle reclustering after endocytosis. Neuron 65, 66–79.
doi: 10.1016/j.neuron.2009.12.023

Neumann, M., Adler, S., Schluter, O., Kremmer, E., Benecke, R., and Kretzschmar,
H. A. (2000). Alpha-synuclein accumulation in a case of neurodegeneration
with brain iron accumulation type 1 (NBIA-1, formerly Hallervorden-Spatz
syndrome) with widespread cortical and brainstem-type Lewy bodies. Acta
Neuropathol. 100, 568–574. doi: 10.1007/s004010000224

Nguyen, M., and Krainc, D. (2018). LRRK2 phosphorylation of auxilin mediates
synaptic defects in dopaminergic neurons from patients with Parkinson’s
disease. Proc. Natl. Acad. Sci. 115:5576. doi: 10.1073/pnas.1717590115

Nguyen, M., Wong, Y. C., Ysselstein, D., Severino, A., and Krainc, D. (2019).
Synaptic. Mitochondrial, and Lysosomal Dysfunction in Parkinson’s Disease.
Trends Neurosci. 42, 140–149. doi: 10.1016/j.tins.2018.11.001

Nielsen, M. S., Vorum, H., Lindersson, E., and Jensen, P. H. (2001). Ca2+ binding
to alpha-synuclein regulates ligand binding and oligomerization. J. Biol. Chem.
276, 22680–22684. doi: 10.1074/jbc.M101181200

Nunnari, J., and Suomalainen, A. (2012). Mitochondria: In Sickness and in Health.
Cell 148, 1145–1159. doi: 10.1016/j.cell.2012.02.035

Parkinson Study Group Steady-Pd Iii Investigators. (2020). Isradipine Versus
Placebo in Early Parkinson Disease. Ann. Internal Med. 172, 591–598. doi:
10.7326/M19-2534

Pasanen, P., Myllykangas, L., Siitonen, M., Raunio, A., Kaakkola, S., Lyytinen, J.,
et al. (2014). Novel alpha-synuclein mutation A53E associated with atypical
multiple system atrophy and Parkinson’s disease-type pathology. Neurobiol.
Aging 35, 2181–2185e. doi: 10.1016/j.neurobiolaging.2014.03.024

Pasternak, B., Svanström, H., Nielsen, N. M., Fugger, L., Melbye, M., and Hviid,
A. (2012). Use of calcium channel blockers and Parkinson’s disease. Am. J.
Epidemiol. 175, 627–635. doi: 10.1093/aje/kwr362

Pissadaki, E., and Bolam, J. P. (2013). The energy cost of action potential
propagation in dopamine neurons: clues to susceptibility in Parkinson’s disease.
Front. Computat. Neurosci. 7:13. doi: 10.3389/fncom.2013.00013

Plotegher, N., Berti, G., Ferrari, E., Tessari, I., Zanetti, M., Lunelli, L., et al.
(2017). DOPAL derived alpha-synuclein oligomers impair synaptic vesicles
physiological function. Sci. Rep. 7:40699. doi: 10.1038/srep40699

Poewe, W., Seppi, K., Tanner, C. M., Halliday, G. M., Brundin, P., Volkmann, J.,
et al. (2017). Parkinson disease. Nat. Rev. Dis. Primers 3:17013. doi: 10.1038/
nrdp.2017.13

Polymeropoulos, M. H., Lavedan, C., Leroy, E., Ide, S. E., Dehejia, A., Dutra, A.,
et al. (1997). Mutation in the alpha-synuclein gene identified in families with
Parkinson’s disease. Science 276, 2045–2047. doi: 10.1126/science.276.5321.2045

Prots, I., Grosch, J., Brazdis, R. M., Simmnacher, K., Veber, V., Havlicek, S., et al.
(2018). alpha-Synuclein oligomers induce early axonal dysfunction in human
iPSC-based models of synucleinopathies. Proc. Natl. Acad. Sci. U S A. 115,
7813–7818. doi: 10.1073/pnas.1713129115

Frontiers in Cell and Developmental Biology | www.frontiersin.org 14 December 2020 | Volume 8 | Article 580634

https://doi.org/10.1523/ENEURO.0167-17.2017
https://doi.org/10.1523/ENEURO.0167-17.2017
https://doi.org/10.1172/JCI72176
https://doi.org/10.1021/cn200074d
https://doi.org/10.1212/NXG.0000000000000188
https://doi.org/10.1523/JNEUROSCI.08-08-02804.1988
https://doi.org/10.1172/JCI32806
https://doi.org/10.1172/JCI32806
https://doi.org/10.1186/s13024-019-0332-6
https://doi.org/10.1186/s13024-019-0332-6
https://doi.org/10.1126/science.287.5456.1265
https://doi.org/10.1523/JNEUROSCI.4029-08.2009
https://doi.org/10.1016/j.neuron.2012.08.022
https://doi.org/10.1016/j.neuron.2012.08.022
https://doi.org/10.1016/j.cell.2011.06.001
https://doi.org/10.1016/j.cell.2011.06.001
https://doi.org/10.1073/pnas.1520335113
https://doi.org/10.1523/JNEUROSCI.0628-16.2016
https://doi.org/10.1016/j.mcn.2017.08.001
https://doi.org/10.1038/srep42942
https://doi.org/10.1016/j.bpj.2010.07.056
https://doi.org/10.1016/j.bpj.2010.07.056
https://doi.org/10.1002/ana.24790
https://doi.org/10.1046/j.1471-4159.2003.01878.x
https://doi.org/10.1146/annurev.bi.40.070171.002341
https://doi.org/10.1038/nn.4641
https://doi.org/10.1016/j.neuron.2009.01.033
https://doi.org/10.1001/jamaneurol.2019.4611
https://doi.org/10.1001/jamaneurol.2019.4611
https://doi.org/10.1074/jbc.M110.213538
https://doi.org/10.1016/S1474-4422(19)30320-5
https://doi.org/10.1016/S1474-4422(19)30320-5
https://doi.org/10.1016/j.neuron.2009.12.023
https://doi.org/10.1007/s004010000224
https://doi.org/10.1073/pnas.1717590115
https://doi.org/10.1016/j.tins.2018.11.001
https://doi.org/10.1074/jbc.M101181200
https://doi.org/10.1016/j.cell.2012.02.035
https://doi.org/10.7326/M19-2534
https://doi.org/10.7326/M19-2534
https://doi.org/10.1016/j.neurobiolaging.2014.03.024
https://doi.org/10.1093/aje/kwr362
https://doi.org/10.3389/fncom.2013.00013
https://doi.org/10.1038/srep40699
https://doi.org/10.1038/nrdp.2017.13
https://doi.org/10.1038/nrdp.2017.13
https://doi.org/10.1126/science.276.5321.2045
https://doi.org/10.1073/pnas.1713129115
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


fcell-08-580634 December 8, 2020 Time: 12:0 # 15

Minakaki et al. Alpha-Synuclein Convergence With Mitochondrial/Lysosomal Pathways

Proukakis, C., Dudzik, C. G., Brier, T., MacKay, D. S., Cooper, J. M., Millhauser,
G. L., et al. (2013). A novel α-synuclein missense mutation in Parkinson disease.
Neurology 80, 1062–1064. doi: 10.1212/WNL.0b013e31828727ba

Reeve, A. K., Grady, J. P., Cosgrave, E. M., Bennison, E., Chen, C., Hepplewhite,
P. D., et al. (2018). Mitochondrial dysfunction within the synapses of substantia
nigra neurons in Parkinson’s disease. NPJ Parkinson’s Dis. 4, 9–9. doi: 10.1038/
s41531-018-0044-6

Ritz, B., Rhodes, S. L., Qian, L., Schernhammer, E., Olsen, J. H., and Friis, S.
(2010). L-type calcium channel blockers and Parkinson disease in Denmark.
Ann. Neurol. 67, 600–606. doi: 10.1002/ana.21937

Ryan, S. D., Dolatabadi, N., Chan, S. F., Zhang, X., Akhtar, M. W., Parker, J.,
et al. (2013). Isogenic human iPSC Parkinson’s model shows nitrosative stress-
induced dysfunction in MEF2-PGC1α transcription. Cell 155, 1351–1364. doi:
10.1016/j.cell.2013.11.009

Sardi, S. P., Clarke, J., Kinnecom, C., Tamsett, T. J., Li, L., Stanek, L. M., et al. (2011).
CNS expression of glucocerebrosidase corrects alpha-synuclein pathology and
memory in a mouse model of Gaucher-related synucleinopathy. Proc. Natl.
Acad. Sci. U S A. 108, 12101–12106. doi: 10.1073/pnas.1108197108

Schapira, A. H., Cooper, J. M., Dexter, D., Clark, J. B., Jenner, P., and Marsden,
C. D. (1990). Mitochondrial complex I deficiency in Parkinson’s disease.
J. Neurochem. 54, 823–827. doi: 10.1111/j.1471-4159.1990.tb02325.x

Schondorf, D. C., Aureli, M., McAllister, F. E., Hindley, C. J., Mayer, F., Schmid, B.,
et al. (2014). iPSC-derived neurons from GBA1-associated Parkinson’s disease
patients show autophagic defects and impaired calcium homeostasis. Nat.
Commun. 5:4028. doi: 10.1038/ncomms5028

Schweitzer, J. S., Song, B., Herrington, T. M., Park, T.-Y., Lee, N., Ko, S., et al.
(2020). Personalized iPSC-Derived Dopamine Progenitor Cells for Parkinson’s
Disease. N. Engl. J. Med. 382, 1926–1932. doi: 10.1056/NEJMoa1915872

Shahmoradian, S. H., Lewis, A. J., Genoud, C., Hench, J., Moors, T. E., Navarro,
P. P., et al. (2019). Lewy pathology in Parkinson’s disease consists of crowded
organelles and lipid membranes. Nat. Neurosci. 22, 1099–1109. doi: 10.1038/
s41593-019-0423-2

Sidransky, E., Nalls, M. A., Aasly, J. O., Aharon-Peretz, J., Annesi, G., Barbosa,
E. R., et al. (2009). Multicenter analysis of glucocerebrosidase mutations
in Parkinson’s disease. N. Engl. J. Med. 361, 1651–1661. doi: 10.1056/
NEJMoa0901281

Singleton, A. B., Farrer, M. J., and Bonifati, V. (2013). The genetics of Parkinson’s
disease: progress and therapeutic implications. Mov. Disord. 28, 14–23. doi:
10.1002/mds.25249

Spillantini, M. G., Schmidt, M. L., Lee, V. M. Y., Trojanowski, J. Q., Jakes, R.,
and Goedert, M. (1997). α-Synuclein in Lewy bodies. Nature 388, 839–840.
doi: 10.1038/42166

Sulzer, D., and Zecca, L. (1999). Intraneuronal dopamine-quinone synthesis: A
review. Neurotox. Res. 1, 181–195. doi: 10.1007/BF03033289

Surmeier, D. J., and Schumacker, P. T. (2013). Calcium, bioenergetics, and neuronal
vulnerability in Parkinson’s disease. J. Biol. Chem. 288, 10736–10741. doi: 10.
1074/jbc.R112.410530

Surmeier, D. J., Obeso, J. A., and Halliday, G. M. (2017). Selective neuronal
vulnerability in Parkinson disease. Nat. Rev. Neurosci. 18, 101–113. doi: 10.
1038/nrn.2016.178

Tofaris, G. K., Revesz, T., Jacques, T. S., Papacostas, S., and Chataway, J. (2007).
Adult-Onset Neurodegeneration With Brain Iron Accumulation and Cortical
α-Synuclein and Tau Pathology: A Distinct Clinicopathological Entity. Arch.
Neurol. 64, 280–282. doi: 10.1001/archneur.64.2.280

Tsunemi, T., Hamada, K., and Krainc, D. (2014). ATP13A2/PARK9 regulates
secretion of exosomes and α-synuclein. J. Neurosci. 34, 15281–15287. doi: 10.
1523/JNEUROSCI.1629-14.2014

Tsunemi, T., Perez-Rosello, T., Ishiguro, Y., Yoroisaka, A., Jeon, S., Hamada, K.,
et al. (2019). Increased Lysosomal Exocytosis Induced by Lysosomal Ca(2+)
Channel Agonists Protects Human Dopaminergic Neurons from α-Synuclein
Toxicity. J. Neurosci. 39, 5760–5772. doi: 10.1523/JNEUROSCI.3085-18.2019

Uversky, V. N., Li, J., and Fink, A. L. (2001). Metal-triggered structural
transformations, aggregation, and fibrillation of human alpha-synuclein.
A possible molecular NK between Parkinson’s disease and heavy metal
exposure. J. Biol. Chem. 276, 44284–44296. doi: 10.1074/jbc.M105343200

van Veen, S., Martin, S., Van den Haute, C., Benoy, V., Lyons, J., Vanhoutte, R.,
et al. (2020). ATP13A2 deficiency disrupts lysosomal polyamine export. Nature
578, 419–424. doi: 10.1038/s41586-020-1968-7

Vargas, K. J., Schrod, N., Davis, T., Fernandez-Busnadiego, R., Taguchi, Y. V.,
Laugks, U., et al. (2017). Synucleins Have Multiple Effects on Presynaptic
Architecture. Cell Rep. 18, 161–173. doi: 10.1016/j.celrep.2016.12.023

Vivó, M., de Vera, N., Cortés, R., Mengod, G., Camón, L., and Martínez, E.
(2001). Polyamines in the basal ganglia of human brain. Influence of aging and
degenerative movement disorders. Neurosci. Lett. 304, 107–111. doi: 10.1016/
S0304-3940(01)01776-1

Ward, R. J., Zucca, F. A., Duyn, J. H., Crichton, R. R., and Zecca, L. (2014). The
role of iron in brain ageing and neurodegenerative disorders. Lancet Neurol. 13,
1045–1060. doi: 10.1016/S1474-4422(14)70117-6

Winder-Rhodes, S. E., Evans, J. R., Ban, M., Mason, S. L., Williams-Gray, C. H.,
Foltynie, T., et al. (2013). Glucocerebrosidase mutations influence the natural
history of Parkinson’s disease in a community-based incident cohort. Brain
136(Pt 2), 392–399. doi: 10.1093/brain/aws318

Winterbourn, C. C. (1995). Toxicity of iron and hydrogen peroxide: the Fenton
reaction. Toxicol. Lett. 82-83, 969–974. doi: 10.1016/0378-4274(95)03532-X

Wong, K., Sidransky, E., Verma, A., Mixon, T., Sandberg, G. D., Wakefield, L. K.,
et al. (2004). Neuropathology provides clues to the pathophysiology of Gaucher
disease. Mol. Genet. Metab. 82, 192–207. doi: 10.1016/j.ymgme.2004.04.011

Wong, Y. C., and Krainc, D. (2017). α-synuclein toxicity in neurodegeneration:
mechanism and therapeutic strategies. Nat. Med. 23, 1–13. doi: 10.1038/nm.
4269

Wong, Y. C., Luk, K., Purtell, K., Burke Nanni, S., Stoessl, A. J., Trudeau, L. E.,
et al. (2019). Neuronal vulnerability in Parkinson disease: Should the focus be
on axons and synaptic terminals? Mov. Disord. 34, 1406–1422. doi: 10.1002/
mds.27823

Xilouri, M., Brekk, O. R., and Stefanis, L. (2016). Autophagy and Alpha-Synuclein:
Relevance to Parkinson’s Disease and Related Synucleopathies. Mov. Disord. 31,
178–192. doi: 10.1002/mds.26477

Ysselstein, D., Nguyen, M., Young, T. J., Severino, A., Schwake, M., Merchant,
K., et al. (2019). LRRK2 kinase activity regulates lysosomal glucocerebrosidase
in neurons derived from Parkinson’s disease patients. Nat. Commun. 10:5570.
doi: 10.1038/s41467-019-13413-w

Zambon, F., Cherubini, M., Fernandes, H. J. R., Lang, C., Ryan, B. J., Volpato,
V., et al. (2019). Cellular α-synuclein pathology is associated with bioenergetic
dysfunction in Parkinson’s iPSC-derived dopamine neurons. Hum. Mol. Genet.
28, 2001–2013. doi: 10.1093/hmg/ddz038

Zarranz, J. J., Alegre, J., Gomez-Esteban, J. C., Lezcano, E., Ros, R., Ampuero, I.,
et al. (2004). The new mutation. E46K, of alpha-synuclein causes Parkinson and
Lewy body dementia. Ann. Neurol. 55, 164–173. doi: 10.1002/ana.10795

Zucca, F. A., Segura-Aguilar, J., Ferrari, E., Muñoz, P., Paris, I., Sulzer, D., et al.
(2017). Interactions of iron, dopamine and neuromelanin pathways in brain
aging and Parkinson’s disease. Prog. Neurobiol. 155, 96–119.

Zucca, F. A., Vanna, R., Cupaioli, F. A., Bellei, C., De Palma, A., Di Silvestre,
D., et al. (2018). Neuromelanin organelles are specialized autolysosomes that
accumulate undegraded proteins and lipids in aging human brain and are likely
involved in Parkinson’s disease. NPJ Parkinson’s Dis. 4:17. doi: 10.1038/s41531-
018-0050-8

Zunke, F., Moise, A. C., Belur, N. R., Gelyana, E., Stojkovska, I., Dzaferbegovic,
H., et al. (2018). Reversible Conformational Conversion of alpha-Synuclein into
Toxic Assemblies by Glucosylceramide. Neuron 97, 92.e–107.e. doi: 10.1016/j.
neuron.2017.12.012

Conflict of Interest: DK was the Founder and Scientific Advisory Board Chair
of Lysosomal Therapeutics Inc., and Vanqua Bio. DK serves on the scientific
advisory boards of The Silverstein Foundation, Intellia Therapeutics, and Prevail
Therapeutics and is a Venture Partner at OrbiMed.

The remaining authors declare that the research was conducted in the absence of
any commercial or financial relationships that could be construed as a potential
conflict of interest.

Copyright © 2020 Minakaki, Krainc and Burbulla. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice. No
use, distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Cell and Developmental Biology | www.frontiersin.org 15 December 2020 | Volume 8 | Article 580634

https://doi.org/10.1212/WNL.0b013e31828727ba
https://doi.org/10.1038/s41531-018-0044-6
https://doi.org/10.1038/s41531-018-0044-6
https://doi.org/10.1002/ana.21937
https://doi.org/10.1016/j.cell.2013.11.009
https://doi.org/10.1016/j.cell.2013.11.009
https://doi.org/10.1073/pnas.1108197108
https://doi.org/10.1111/j.1471-4159.1990.tb02325.x
https://doi.org/10.1038/ncomms5028
https://doi.org/10.1056/NEJMoa1915872
https://doi.org/10.1038/s41593-019-0423-2
https://doi.org/10.1038/s41593-019-0423-2
https://doi.org/10.1056/NEJMoa0901281
https://doi.org/10.1056/NEJMoa0901281
https://doi.org/10.1002/mds.25249
https://doi.org/10.1002/mds.25249
https://doi.org/10.1038/42166
https://doi.org/10.1007/BF03033289
https://doi.org/10.1074/jbc.R112.410530
https://doi.org/10.1074/jbc.R112.410530
https://doi.org/10.1038/nrn.2016.178
https://doi.org/10.1038/nrn.2016.178
https://doi.org/10.1001/archneur.64.2.280
https://doi.org/10.1523/JNEUROSCI.1629-14.2014
https://doi.org/10.1523/JNEUROSCI.1629-14.2014
https://doi.org/10.1523/JNEUROSCI.3085-18.2019
https://doi.org/10.1074/jbc.M105343200
https://doi.org/10.1038/s41586-020-1968-7
https://doi.org/10.1016/j.celrep.2016.12.023
https://doi.org/10.1016/S0304-3940(01)01776-1
https://doi.org/10.1016/S0304-3940(01)01776-1
https://doi.org/10.1016/S1474-4422(14)70117-6
https://doi.org/10.1093/brain/aws318
https://doi.org/10.1016/0378-4274(95)03532-X
https://doi.org/10.1016/j.ymgme.2004.04.011
https://doi.org/10.1038/nm.4269
https://doi.org/10.1038/nm.4269
https://doi.org/10.1002/mds.27823
https://doi.org/10.1002/mds.27823
https://doi.org/10.1002/mds.26477
https://doi.org/10.1038/s41467-019-13413-w
https://doi.org/10.1093/hmg/ddz038
https://doi.org/10.1002/ana.10795
https://doi.org/10.1038/s41531-018-0050-8
https://doi.org/10.1038/s41531-018-0050-8
https://doi.org/10.1016/j.neuron.2017.12.012
https://doi.org/10.1016/j.neuron.2017.12.012
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

	The Convergence of Alpha-Synuclein, Mitochondrial, and Lysosomal Pathways in Vulnerability of Midbrain Dopaminergic Neurons in Parkinson's Disease
	Genetic Links to Pathways of Parkinson's Disease Vulnerability
	Alpha-Synuclein and Major Determinants of Pd DOPAMINERGIC Vulnerability
	Alpha-Synuclein and the Synaptic Compartment
	Alpha-Synuclein and Mitochondria
	Alpha-Synuclein and Dopamine
	Alpha-Synuclein and Calcium

	Lysosomal Dysfunction and ALPHA-SYNUCLEIN Linked by Glucocerebrosidase
	Disease-Modifying Therapies for Pd
	Conclusion and Perspectives
	Author Contributions
	Funding
	Acknowledgments
	References


