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ABSTRACT

Protein aggregation and accumulation are hallmark features of neurodegenerative diseases. In Parkinson's disease, the pro-

gressive formation and propagation of a-synuclein aggregates—found in Lewy bodies and Lewy neurites—are closely linked

to widespread neuronal dysfunction, dopaminergic neuron loss, and the emergence of both motor and nonmotor symptoms,

including anosmia, cognitive decline, and depression. Despite their pathological significance, the mechanisms underlying the

formation, spread, and clearance of these aggregates remain incompletely understood. In this review, we examine the cellular

and molecular pathways responsible for the elimination of protein aggregates in the diseased brain. We first summarize various

experimental models of a-synuclein pathology, followed by a discussion of the degradation mechanisms in neurons and glial

cells under pathological conditions. These findings offer new insights into cell type-specific clearance pathways and highlight

potential therapeutic targets for mitigating a-synuclein-associated toxicity in Parkinson's disease.

1 | Introduction

Second to Alzheimer's disease, Parkinson's disease (PD) is the
most prevalent neurodegenerative disorder, affecting approx-
imately 1% of individuals aged 65 and older (Kouli et al. 2018;
Aarsland et al. 2021). First described by James Parkinson in
his 1817 essay An Essay on the Shaking Palsy (Parkinson 2002),
PD is characterized primarily by motor dysfunction, including
bradykinesia, resting tremor, postural instability, and muscu-
lar rigidity. Moreover, a wide spectrum of non-motor symp-
toms—including sleep disturbances, constipation, depression,
anxiety, and cognitive decline—as well as cranial sensorimotor

manifestations such as voice and swallowing dysfunction, are
also commonly observed (Lee and Koh 2015; Pfeiffer 2016;
Kouli et al. 2018; Fleming et al. 2012; Lewis and Byblow 2002).
These multifaceted clinical features are cultivated from differ-
ent cellular defects in the brains, one of which is the progressive
loss of dopaminergic (DA) neurons in the substantia nigra pars
compacta (SNpc). In correlation with the clinical symptoms, DA
neurons degenerate in a sequential pattern across different brain
regions, indicating that both the propagation of pathology and
region-specific vulnerability contribute to the development of
PD (Braak et al. 2003; Giguere et al. 2018; Prell 2018). Notably,
beyond dopaminergic neurodegeneration, cholinergic neurons
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in the basal forebrain (Miiller and Bohnen 2013; Perez-Lloret
and Barrantes 2016) and the locus coeruleus-norepinephrine
system (Del Tredici and Braak 2013; Sun et al. 2023) are also
compromised across different stages and brain regions of PD.

Another hallmark of PD pathology is the accumulation of Lewy
bodies (LBs) and Lewy neurites—cytoplasmic inclusions pri-
marily composed of aggregated a-synuclein (a-syn) (Spillantini
et al. 1997; Baba et al. 1998; Spillantini et al. 1998). Similar to
the pattern of DA neuron loss, the anatomical spread of LBs
correlates with symptom progression, forming the basis for the
Braak staging hypothesis (Braak et al. 2003). Despite the well-
documented association between LBs and disease severity, the
mechanisms underlying LB formation, propagation, and clear-
ance remain incompletely understood. Whether their removal
slows disease progression is still under debate, highlighting the
importance of dissecting LB pathology in understanding PD
pathogenesis.

Both familial (monogenic) and sporadic forms of PD have been
recognized as arising from a complex interplay between genetic
predispositions and environmental exposures (Blauwendraat
et al. 2020). Despite its sporadic nature of occurrence, the eti-
ology of sporadic PD is now considered multifactorial, with
contributing factors including genetic susceptibility and envi-
ronmental influences such as pesticide or heavy metal exposure
(Chai and Lim 2013). On the other hand, studies of familial
PD—through genetic history analysis and genome-wide associ-
ation studies (GWAS)—have identified several highly penetrant
variants associated with disease onset. While certain single-
gene mutations appear to be causally linked to familial PD, it is
likely that additional genetic modifiers or environmental factors
also influence disease manifestation and progression. Some of
the identified variants include SNCA (PARKI, encoding a-syn)
(Polymeropoulos et al. 1997), Parkin (PARK7, encoding PRKN)
(Kitada et al. 1998; Leroy et al. 1998), leucine-rich repeat kinase
2 (LRRK2) (Cookson 2010), and PTEN Induced Kinase 1 (PINK1)
(Valente et al. 2004). The underlying molecular mechanisms of
these disease-causing variants have been studied extensively.
For instance, PRKN and PINK1 have been implicated in mito-
chondrial and mitophagy function. However, it remains unclear
whether these mechanisms also contribute to the pathogenesis
of sporadic PD.

Among all variants, GWAS have further reinforced the role of a-
syn in PD, with findings such as SNCA gene triplication linked
to familial PD (Singleton et al. 2003), and numerous single nu-
cleotide polymorphisms within SNCA associated with increased
disease risk (Simén-Sanchez et al. 2009). a-syn is a 140 amino-
acid protein composed of three domains: a positively charged
N-terminal region, a central hydrophobic region containing
the nonamyloid-f component (NAC), and an acidic C-terminal
region (Lashuel et al. 2013). Under physiological conditions,
monomeric a-syn is predominantly expressed at presynaptic ter-
minals, where it modulates soluble N-ethylmaleimide-sensitive
factor activating protein receptor complex assembly and vesic-
ular neurotransmitter release (Maroteaux et al. 1988; Lashuel
et al. 2013). In addition to monomers, a-syn a-helical tetramers
have also been described (Bartels et al. 2011). These physiolog-
ical species are generally resistant to fibrillization. However,
under pathological conditions, monomeric a-syn undergoes

misfolding to form soluble oligomers and insoluble fibrils, even-
tually aggregating into LBs. Several factors influence a-syn
aggregation: (1) the central hydrophobic NAC domain is key to
fibril formation, with increased a-syn concentration promot-
ing aggregation (Waxman et al. 2009); (2) familial PD-linked
mutations in SNCA, such as A30P and AS53T, alter fibrilliza-
tion efficiency (Narhi et al. 1999; Li et al. 2001; Jo et al. 2002;
Polymeropoulos et al. 1997; Kriiger et al. 1998); and (3) post-
translational modifications such as phosphorylation, ubiquiti-
nation, and nitration modulate a-syn solubility and aggregation
propensity (Oueslati et al. 2010; Fujiwara et al. 2002). Among
these, phosphorylation at serine 129 of a-syn is most prom-
inently associated with pathology, as it is the dominant a-syn
species found in LBs (Fujiwara et al. 2002).

Intriguingly, the widespread occurrence of a-syn inclusions
is observed in not only neurons but also glia, highlighting the
involvement of multiple cell types in PD pathogenesis (Arai
et al. 1999; Wakabayashi et al. 2000). Insights into how these a-
syn inclusions are formed and eliminated in different cell types
are subjects of rising interest and of great therapeutic potential.
Here we review our current knowledge of different clearance
pathways for a-syn in both neurons and glia. Literature pub-
lished within the last 5years and indexed by PubMed was thor-
oughly reviewed. We begin by discussing a-syn-based PD models
that have been instrumental in probing these pathways, followed
by an overview of cell type-specific degradation systems. While
the functional implications of a-syn in disease have been exten-
sively discussed elsewhere (Bras et al. 2020; Peng et al. 2020; Yi
et al. 2022), we focus here on the mechanisms governing a-syn
clearance and their relevance to therapeutic strategies.

2 | PD Animal Models

Investigations into the mechanisms responsible for o-syn
clearance have largely relied on various experimental mod-
els that recapitulate key pathological features of PD. Among
the most widely used are neurotoxin-based models and trans-
genic animal models expressing wild-type or mutant forms of
human oa-syn. Neurotoxin models—such as those utilizing
6-hydroxydopamine, 1-methyl-4-phenyl-1,2,3,6-tetrahydropyri
dine, or rotenone (a mitochondrial complex I inhibitor)—induce
selective degeneration of dopaminergic neurons in SNpc, thereby
mimicking the hallmark DA neurodegeneration observed in PD
patients (Schober 2004; Tieu 2011; Cannon et al. 2009; Van Laar
et al. 2023). In addition, motor deficits, a-syn aggregation, and
oxidative damage have been detected in animals treated with
these neurotoxins, demonstrating that this approach effectively
models many key features of PD (McCormack et al. 2008; Rocha
et al. 2022; Sanders and Timothy Greenamyre 2013). Although
the severity of phenotypes can vary, these models allow rapid
and reproducible assessment of motor deficits using behavioral
assays including the amphetamine-induced rotation test, ro-
tarod, and pole test—depending on the species and experimen-
tal context. The unilateral lesioning approach, in particular,
provides a robust internal control, enabling direct comparisons
between affected and unaffected hemispheres. Thus, these mod-
els are invaluable for high-throughput screening of neuroprotec-
tive compounds. Nonetheless, many agents that show efficacy
in preclinical neurotoxin models have failed to demonstrate
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clinical potential in human trials, raising concerns about their
translational relevance (Athauda and Foltynie 2015).

In parallel, transgenic animal models overexpressing either
wild-type or familial PD-linked mutant forms of human a-syn
have been widely used (Kahle et al. 2000; Masliah et al. 2000;
van der Putten et al. 2000). These models typically exhibit ro-
bust formation of LB-like inclusions, alterations in striatal dopa-
mine levels, neuroinflammatory responses, and early nonmotor
symptoms such as olfactory dysfunction and sleep disturbances
(Dovonou et al. 2023; Koprich et al. 2017). Despite clear evi-
dence of a-syn pathology, significant neurodegeneration is often
absent or mild, posing challenges for studying the full course
of PD progression and for testing disease-modifying therapies
targeting neuroprotection.

While traditional neurotoxin and transgenic models offer valu-
able insights into distinct aspects of PD pathophysiology and a-
syn biology, they fall short of fully replicating the multifaceted
nature of the disease. These limitations underscore the need for
complementary models that better recapitulate both the molec-
ular mechanisms and the progressive neurodegeneration seen
in human PD. Recent advances in induced pluripotent stem
cell technology have enabled the modeling of PD using patient-
derived DA neurons and brain organoids (Bose et al. 2022).
These models recapitulate several disease-related phenotypes
and offer valuable insights into PD mechanisms. However, their
partial in vitro nature limits how accurately they reflect the
complex environment in pathological brains. Below, we discuss
three widely used in vivo PD models that complement these sys-
tems and offer strong potential for advancing our understanding
of disease pathogenesis.

2.1 | o-Syn Preformed Fibril (PFF) Injection

To model PD disease progression, exogenous PFF injection gen-
erated from recombinant monomeric a-syn proteins has been
added to primary neuronal cultures or brains to monitor the
formation of a-syn inclusions. Interestingly, the resulting inclu-
sions share several key characteristics with LBs and LNs: they
are filamentous by electron microscopy, threadlike, and spheri-
cal (Luk et al. 2012; Volpicelli-Daley et al. 2014; Volpicelli-Daley
et al. 2011). These sonicated fibrils serve as seeds, triggering en-
dogenous a-syn to be hyperphosphorylated at Ser129 and ubiq-
uitinated for the formation of detergent-resistant aggregates.
This conversion of normal endogenous a-syn into the patholog-
ical conformation grows and propagates in vivo, accompanying
the occurrence of DA neurodegeneration and motor deficits.
The mechanism of converting endogenous a-syn to pathologi-
cal inclusions is unclear. However, the pathological inclusions
and subsequent pathology fail to occur in a-syn knockout mice,
suggesting that the presence of endogenous a-syn is required for
the pathological aggregation and propagation (Luk et al. 2012;
Volpicelli-Daley et al. 2014; Volpicelli-Daley et al. 2011).

The PFF model offers several key advantages over other PD
models, making it a valuable tool for studying a-syn pathology
(Chung et al. 2019; Thakur et al. 2017; Duffy et al. 2018). First,
since aggregation and propagation are seeded by exogenous fi-
brils but driven by endogenous a-syn, the pathological process

unfolds under more physiological conditions—unlike viral or
transgenic models where a-syn is overexpressed at non-native
levels. Second, a-syn inclusions in the PFF model initially ap-
pear in axons and later spread to the soma and dendrites, closely
mirroring the progression pattern described in the Braak stag-
ing hypothesis. Third, the timeline of PFF-induced DA neurode-
generation precedes the onset of motor symptoms, reflecting the
prodromal progression observed in human PD. Furthermore,
the PFF model is highly versatile in terms of the types of in-
jected fibrils (mouse vs. human a-syn, wild-type vs. mutant,
oligomeric vs. fibrillar forms), the stereotaxic coordinates (uni-
lateral or bilateral), and the brain regions targeted. This flexibil-
ity allows fine-tuned manipulation of pathology in both spatial
and temporal manners. Collectively, the PFF model has proven
instrumental in uncovering key aspects of a-syn aggregation,
transmission, and the progressive nature of PD pathology.

2.2 | Adeno-Associated Virus (AAV)-Mediated
a-Syn Viral Expression

Unilateral AAV injection of human a-syn into the rodent SNpc
models several key aspects of PD pathology, including neuro-
chemical changes (early and late fluctuations in striatal dopa-
mine), motor dysfunction, and neuroinflammatory changes in
the brains. Notably, a progressive loss of DA neurons in the SNpc
and the tyrosine hydroxylase-positive terminals in the striatum is
detected, although the extent of degeneration varies. Initial stud-
ies in the early 2000s demonstrated that AAV2 achieves robust
expression of human a-syn in the rat SNpc DA neurons (Kirik
et al. 2002; Yamada et al. 2004; Bjorklund and Mattsson 2024;
Huntington and Srinivasan 2021; Volpicelli-Daley et al. 2016).
Later, other serotypes such as AAV2/1, 2/5, 2/6, 2/7, 2/8, and
2/9 were used to deliver wild-type or mutant (A53T, A30P) a-
syn in rats and C57BL/6 mice. While enhanced transduction
efficiency was achieved, the severity of DA neuron loss varied.
Regardless of the serotype, overexpression of either wild-type or
mutant o-syn led to progressive neurodegeneration, loss of stria-
tal dopamine, and associated behavioral deficits (Oliveras-Salva
et al. 2013; St Martin et al. 2007; Bjorklund and Mattsson 2024;
Huntington and Srinivasan 2021; Volpicelli-Daley et al. 2016).
Furthermore, depending on the dosage, the viral a-syn expres-
sion models pre-, early, or advanced symptomatic stages, each
exhibiting different degrees of axonopathy (swelling), loss of ty-
rosine hydroxylase-positive terminals in the striatum, motor im-
pairments, and DA neuron loss (Bjorklund and Mattsson 2024).
In this regard, several factors contribute to the variability in
phenotypic outcomes. These include AAV elements such as pro-
moter and enhancer sequences, capsid serotype, purification
techniques, a-syn variant or strain used, and the method for de-
termining viral titer (Burger et al. 2004; Hammond et al. 2017;
Taymans et al. 2007). As such, batch-to-batch testing of viral
efficiency in vivo is essential for reproducibility and interpreta-
tion of results (Bjorklund and Mattsson 2024; Huntington and
Srinivasan 2021; Volpicelli-Daley et al. 2016).

2.3 | Fly PD Model

Accumulating evidence supports Drosophila melanogaster
as a powerful and versatile model organism for studying PD
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(Munoz-Soriano and Paricio 2011; Xiong and Yu 2018; Dabool
et al. 2019). Its short life cycle, high fecundity, and ease of genetic
manipulation make it especially suitable for large-scale genetic
and pharmacological screens. Importantly, despite evolution-
ary distance from mammals, Drosophila possesses conserved
DA neuron clusters that are functionally analogous to those in
the human brains, enabling meaningful modeling of PD-related
neuronal dysfunction.

The utility of Drosophila in PD research was first demonstrated
in a landmark study in 2000, which showed that pan-neuronal
expression of human a-syn leads to selective degeneration of DA
neurons, mimicking a hallmark feature of PD pathology (Feany
and Bender 2000). In addition to DA neuron loss, these a-syn-
expressing flies displayed robust behavioral phenotypes rem-
iniscent of PD, such as impaired climbing ability (a proxy for
motor deficits) and reduced lifespan. These early findings pro-
vided compelling evidence that Drosophila can be used to model
both the molecular and behavioral aspects of PD. Subsequently,
numerous studies have focused on Drosophila homologs of PD-
associated genes identified in human patients. Mutations, loss-
of-function, or gain-of-function in genes such as parkin, PINK1,
and LRRK2 in flies recapitulate key PD-like phenotypes, includ-
ing mitochondrial defects, locomotor impairments, and age-
dependent neurodegeneration (Imai 2020; Seegobin et al. 2020).
Their interactions with a-syn have also been probed under
various genetic conditions (Todd and Staveley 2008; Haywood
and Staveley 2006; Todd and Staveley 2012; Narwal et al. 2023).
These genetic models have not only helped delineate conserved
pathogenic mechanisms underlying PD but also facilitated the
identification of potential therapeutic targets. For instance,
a-syn modifiers have been identified out of rapid and high-
throughput genetic screens using Drosophila (Ren et al. 2022).
Collectively, these studies firmly establish Drosophila as an in-
valuable in vivo platform for mechanistic dissection and preclin-
ical testing in PD research.

3 | «-Syn Toxicity and Neuronal Death

Numerous studies have established that endoplasmic reticulum
(ER) homeostasis plays a critical role in a-syn toxicity, neuronal
death, and PD (Ghemrawi and Khair 2020). Abnormal accumu-
lation of a-syn induces ER stress and fragmentation, triggering
activation of the unfolded protein response and endoplasmic
reticulum-associated degradation, thereby disrupting ER ho-
meostasis. Maintaining ER homeostasis is particularly vital for
DA neuron survival, as these neurons are especially vulnerable
to cellular equilibrium and damage. Overexpression of a-syn in
the ER causes significant loss of DA neurons and motor deficits,
recapitulating PD features (Zeng et al. 2024; Colla et al. 2012).
Furthermore, enhancing ER proteostasis machinery and traf-
ficking has been shown to improve deficits in ER morphology
and lysosomal function, while also reducing a-syn accumula-
tion, underscoring the importance of ER homeostasis in PD pa-
thology (Stojkovska et al. 2022).

a-syn toxicity can also be mitigated through other mechanisms,
including selective degradation of ER via ER-phagy, which
helps maintain cellular homeostasis. Upon ER stress induction
by a-syn accumulation, ER-phagy clears a-syn and restores

ER function through interaction with the ER-phagy receptor
Family with sequence similarity 134, member B, FAM134B.
Overexpression of FAM134B enhances ER-phagy, exerting neu-
roprotective effects on DA neurons and improving motor per-
formance. These findings suggest that ER-phagy represents a
specific ER clearance pathway critical for degrading a-syn (Kim
et al. 2023).

Additionally, mice deficient in the nuclear factor erythroid
2-related factor 2 (Nrf2) and overexpressing human a-syn show
increased reactive oxygen species (ROS), lipid peroxidation, and
free iron accumulation, leading to heightened ferroptosis—a
form of iron-dependent regulated cell death. This results in
age-dependent a-syn pathology and behavioral deficits remi-
niscent of PD. It has been proposed that a-syn decreases Nrf2
protein levels, creating a vicious cycle of a-syn overexpression
and Nrf2 suppression that promotes neuronal ferroptotic death
(Anandhan et al. 2022). Moreover, a-syn is implicated in acti-
vating the mitochondrial permeability transition pore (mPTP), a
key event in ferroptosis (Ganguly et al. 2024) (Figure 1).

4 | Neuronal Degradation of o-Syn

Despite intensive studies, how a-syn-containing LBs are elimi-
nated and how a-syn proteins are degraded remain largely un-
clear. In addition to a-syn, LBs harbor ubiquitinated proteins
and are often surrounded by autophagosome- and lysosome-like
structures, implicating multiple degradation pathways in their
clearance (Hoffmann et al. 2019). Thus, like other intracellular
proteins, a-syn is likely degraded through the ubiquitin-prote-
asome system (UPS) (Bi et al. 2021; Lim and Tan 2007) and the
autophagy-lysosome pathway (ALP). In 2001, impaired expres-
sion of proteasomal subunits and reduced peptidase activities
in DA neurons were first reported in PD (McNaught et al. 2003;
McNaught and Jenner 2001). Subsequent studies have demon-
strated that disrupting proteasomal function by depleting var-
ious proteasomal subunits—including Rpt2, Rpt3, Rpnll, or
Rpn6—Ileads to the accumulation of misfolded proteins or Lewy
body-like inclusions, accompanied by motor deficits charac-
teristic of PD (Bedford et al. 2008; Pathare et al. 2012; Tashiro
et al. 2012; Tonoki et al. 2009; Wahl et al. 2008). Overexpression
of the ubiquitin ligase Nedd4, which has been shown to target
a-syn for endosomal/lysosomal degradation, reduced a-syn
levels and protects against AAV-a-syn-induced neurodegener-
ation in the SNpc (Chung et al. 2013; Davies et al. 2014; Tardiff
et al. 2013). Furthermore, pharmacological inhibition of the pro-
teasome with compounds like MG132 in differentiated neuronal
cell lines results in enhanced levels of a-syn, suggesting protea-
somal degradation of a-syn (Bennett et al. 1999; Webb et al. 2003;
Choi et al. 2022). Systemic administration of proteasome inhibi-
tors in rats induces the formation of a-syn and ubiquitin-positive
inclusions resembling LBs in surviving neurons, leading to pro-
gressive motor deficits that closely mimic the key pathological
features of PD (McNaught et al. 2004). On the other hand, nu-
merous studies have shown that a-syn inhibits proteasome ac-
tivity, particularly when present in oligomeric or fibrillar forms
(McKinnon et al. 2020; Tanaka et al. 2001). Proteasomal deg-
radation is disrupted in various cell lines expressing wild-type
or mutant a-syn (Chen et al. 2005; Emmanouilidou et al. 2010;
Lindersson et al. 2004; Snyder et al. 2003; Tanaka et al. 2001).
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Ferroptotic cell death
FIGURE1 | o-syn toxicity and neuronal death. Abnormal accumulation of a-syn induces endoplasmic reticulum (ER) stress, causing a disrup-
tion in ER homeostatsis. Under stress conditions, ER-related pathways such as ER-associated degradation (ERAD), ER-Phagy, and unfold protein
response (UPR, not shown) are dysfunctional, leading to motor deficits and DA neurodegeneration, features of PD. On the other hand, a-syn ac-
cumulation decreases erythroid 2-related factor 2 protein levels, increases the level of reactive oxygen species (ROS), and regulates mitochondrial
function via the activation of the mitochondrial permeability transition pore (mPTP). These changes result in ferroptotic cell death and eventually

DA neurodegeneration and motor deficits.

Overall, impaired proteasome function exacerbates a-syn accu-
mulation, which further binds to and inhibits the proteasome's
proteolytic activity.

Three major ALP pathways have been described: macroautoph-
agy (commonly referred to as autophagy), chaperone-mediated
autophagy (CMA), and microautophagy. Among these, CMA is
a selective lysosomal degradation pathway that targets short-
lived, soluble cytosolic proteins bearing a specific pentapeptide
motif recognized by the molecular chaperone heat shock cog-
nate 70 (Dice 2007). Proteins containing this motif—including
a-syn—are delivered to lysosomes through interaction with
lysosome-associated membrane protein 2A (LAMP2A), which
mediates their translocation across the lysosomal membrane.
Disruption of the CMA recognition motif in a-syn or genetic
downregulation of LAMP2A results in a-syn accumulation in
neuronal cell lines and primary neurons, highlighting CMA
as a key route for a-syn clearance (Cuervo et al. 2004; Vogiatzi
et al. 2008). Supporting this, reduced LAMP2A expression has
been reported in early-stage PD patient brains, accompanied
by elevated levels of a-syn and other CMA substrates such as
myocyte-specific enhancer factor 2D (Murphy et al. 2015;
Vogiatzi et al. 2008). Furthermore, knockdown of LAMP2A
expression in rodent models leads to the accumulation of
ubiquitin-positive a-syn inclusions in the SNpc, followed by pro-
gressive DA neuron loss (Xilouri et al. 2016). Taken together,
these findings underscore the importance of CMA in regulating
neuronal a-syn homeostasis.

Pharmacological inhibition of autophagy—such as with
3-methyladenine—in differentiated neuronal cell lines increases
a-syn levels, indicating that a-syn is also degraded through au-
tophagy (Vogiatzi et al. 2008; Webb et al. 2003). Autophagy
is a tightly regulated degradative process orchestrated by

autophagy-related genes (ATGs). Under cellular stress, the ATG1/
UNC-51-like kinase 1 (ATG1/ULK1) complex initiates autopha-
gosome formation by recruiting the class ITI phosphatidylinositol
3-kinase (PI3K) complex, which generates phosphatidylinositol
3-phosphate and drives nucleation of the isolation membrane
(phagophore) (Russell et al. 2013). Phagophore expansion is me-
diated by two ubiquitin-like conjugation systems—ATG12-ATG5
and ATG8 lipidation—and fueled by ATG9-positive vesicles
sourced from the Golgi, recycling endosomes, or plasma mem-
brane (Mari et al. 2010; Yamamoto et al. 2012). Upon closure,
the double-membrane autophagosome fuses with lysosomes to
form autolysosomes, where hydrolases degrade enclosed cargos
(Mizushima 2020; Galluzzi et al. 2017; Klionsky et al. 2016).

It has been shown that autophagy function in neurons is crucial
for a-syn degradation in vivo. Conditional deletion of Atg7 in
DA neurons leads to the accumulation of ubiquitinated inclu-
sions and age-dependent neurodegeneration (Hunn et al. 2019;
Sato et al. 2018; Friedman et al. 2012). Conversely, upregulation
of autophagy through overexpression of Atg7 or Beclin-1 low-
ers a-syn levels and ameliorates neurodegeneration in a-syn-
overexpressing transgenic mice (Spencer et al. 2009). These
findings underscore the importance of autophagy, alongside
CMA, in a-syn degradation. It is noteworthy that these degrada-
tion pathways may compensate for each other. For instance, au-
tophagy deficiency in neurons does not necessarily result in an
overall increase in brain a-syn levels, possibly due to the com-
pensatory action from other systems (Hunn et al. 2019). Based
on a plethora of evidence in the past decades, it is in consensus
that endogenous a-syn, like monomeric or prefibrillar a-syn, is
targeted by UPS (Bennett et al. 1999; Shimura et al. 2001; Tofaris
et al. 2011), whereas ALP is induced under stress conditions and
is responsible for the degradation of aggregated and fibrillar a-
syn (Ebrahimi-Fakhari et al. 2011) (Figure 2A).
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FIGURE 2 | a-syn degradation in neurons and glia in PD. (A) mono-
meric or prefibrillar a-syn are eliminated in neurons via the UPS pathway.
Under pathological conditions, fibrillar a-syn are targeted by autophagy
while CMA is the major route for monomeric or prefibrillar a-syn. (B) In
activated microglia, a-syn fibrils are targeted by P62-mediated selective
autophagy. On the other hand, a-syn is degraded via GAK/d Aux-mediated
autophagy mechanisms in adult fly glia. GAK/dAux also controls lyso-
somal acidification via phosphorylation of Vha44, the V, C subunit of
V-ATPase, for degrading a-syn in adult fly glia.

5 | Glial Degradation of a-Syn: Microglia and
Adult Fly Glia

Given that a-syn inclusions are observed in both neurons and
glia, increasing attention has focused on whether glial cells, par-
ticularly microglia, employ similar degradation mechanisms to
clear a-syn. Emerging evidence suggests that autophagy is es-
sential in microglial responses in PD pathology (Gao et al. 2023;
Cheng et al. 2020; Qin et al. 2021; Zhang et al. 2025; Zhang
et al. 2023). Conditional deletion of Atg7 in microglia leads to
behavioral phenotypes resembling autism spectrum disorder,
along with impaired synaptosome degradation, altered spine
density, and disrupted brain connectivity (Kim et al. 2017).
Additionally, deficiency in microglial autophagy has been linked
to increased oligodendrocyte numbers and heightened seizure
susceptibility, indicating non-cell-autonomous effects (Alam
et al. 2021). In models of Alzheimer's disease, loss of microglial
Atg7 results in defective Af clearance and increased tau pathol-
ogy (Cho et al. 2014; Xu et al. 2021). Together, these findings
highlight the vital role of microglial autophagy in maintaining
brain homeostasis and clearing pathological aggregates in neu-
rodegenerative diseases.

Recent studies have uncovered a pivotal role for microglial
autophagy in the clearance of a-syn. Choi et al. demonstrated
that microglia internalize neuron-released a-syn and degrade
it through p62-mediated selective autophagy (Choi, Seegobin,
et al. 2020; Choi, Zhang, et al. 2020). In both acute (AAV-a-syn
injection) and chronic (Thyl-human a-syn transgenic mice) PD
models, microglia-specific deletion of Atg7 exacerbated a-syn
inclusions, increased S129 phosphorylated a-syn, and worsened
DA neurodegeneration. Interestingly, two recent studies also
demonstrated the importance of glial ALP in a-syn clearance.
An initial behavioral screen monitoring fly climbing distance
first identified dAuxilin (dAux), the fly homolog of the PD
risk factor Cyclin-G-associated kinase (GAK), as a key modu-
lator for a broad spectrum of PD-like symptoms in flies (Song

et al. 2017). Using both fly and mouse PD models, subsequent
work showed that GAK/dAux regulates autophagy initiation
in adult fly glia and mouse microglia (Zhang et al. 2023). Loss
of GAK/dAux leads to increased size and number of autopha-
gosomes and upregulation of autophagy-related components,
including members of the ATG1/ULK1 and class III PI3K com-
plexes. Moreover, GAK/dAux interacts with ATG1/ULK1 via
its uncoating domain and regulates the trafficking of Atgl and
Atg9 to autophagosomes, controlling the onset of autophagy in
glia. Importantly, GAK/dAux deficiency contributes to PD-like
phenotypes in flies, including progressive DA neuron loss and
locomotion dysfunction (Wang et al. 2024; Zhang et al. 2023).
Additionally, GAK/dAux was shown to regulate phosphoryla-
tion at two key Atg9 sites, reinforcing its role in glial autophagy
regulation (Wang et al. 2025; Yi et al. 2024).

Intriguingly, GAK/dAux plays additional roles in controlling
glial a-syn clearance (Zhang et al. 2025). Lack of glial GAK/
dAux increases the lysosome number and size, impairs ly-
sosomal acidification, and reduces hydrolase activity—ulti-
mately blocking the degradation of substrates including a-syn.
In adult fly glia lacking dAux, a-syn accumulates predomi-
nantly within dysfunctional lysosomes, and exogenous o-syn
PFF levels are further elevated in the absence of microglial
GAK. Mechanistically, dAux facilitates the phosphorylation at
the serine 543 of Vha44, the V, C subunit of the vacuolar-type
Ht-translocating ATPase, and promotes proper assembly. This
phosphorylation-dependent control of lysosomal acidification
is essential for efficient a-syn degradation. Finally, disruption
in these glial lysosome-dependent mechanisms causes defective
a-syn clearance, locomotor deficits, and DA neurodegeneration,
linking the mechanistic basis with PD pathology. Together with
findings from other studies, these results highlight the impor-
tance of glial ALP in eliminating pathological aggregates, of-
fering new insights into therapeutic targets for slowing disease
progression in PD (Quick et al. 2023; Yi et al. 2022) (Figure 2B).

6 | Concluding Remarks

The clearance of a-syn is a central determinant in the pathogen-
esis and progression of PD. A growing body of evidence high-
lights the multifaceted nature of a-syn homeostasis, including
the coordination of intracellular degradation systems such as
UPS and ALP in both neurons and glia. These pathways manage
misfolded and aggregated a-syn, hence influencing their tran-
scellular propagation, ultimately shaping the spatial-temporal
trajectory of neurodegeneration in the brains. Glial cells—par-
ticularly astrocytes and microglia—are emerging as key players
in the uptake, degradation, and inflammatory modulation of a-
syn pathology. Their ability to internalize and process toxic ag-
gregates suggests that therapeutic strategies aimed at enhancing
glial clearance mechanisms may offer neuroprotection and po-
tentially slow disease progression. Despite significant advances,
many questions remain regarding the efficiency, regulation, and
pathological alterations of these clearance systemsin the diseased
brains. Thus, a deeper understanding of the molecular and cel-
lular pathways governing a-syn clearance will be instrumental
in shaping next-generation interventions for PD. Targeting these
pathways—particularly enhancing glial clearance capacities—
offers promising avenues for mitigating a-syn accumulation and
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its associated neurodegenerative consequences. Future research
should aim to elucidate the regulatory cross-talk between differ-
ent degradation systems and among cells, identify biomarkers of
impaired clearance, and develop disease-modifying strategies to
restore or augment these mechanisms for clinical interventions.
In addition, exploring additional a-syn clearance mechanisms
in systems beyond the central nervous system will be crucial for
developing a more comprehensive understanding of its pathobi-
ology and identifying novel therapeutic opportunities.
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