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Abstract
Accumulation of α-synuclein (α-syn) species in dopaminergic neurons is one of the main hallmarks of Parkinson’s disease 
(PD). Several factors have been associated with α-syn aggregation process, including an impairment of the proper protein 
degradation, which might drive the neurons toward an alternative and/or additional clearance mechanism that involves the 
release of undigested material from the cell. It has been reported that extracellular α-syn, released by stressed and/or degen-
erating neurons, might widely contribute to the neuronal toxicity and degeneration. Therefore, the uptake and clearance of 
misfolded/aggregated proteins is a key process to control extracellular deposition of α-syn aggregates, the spreading and 
progression of the disease. All the main brain cell types, neurons, astrocytes and microglia are able to internalize and degrade 
extracellular α-syn, however, glial cells appear to be the most efficient scavengers. Accumulating evidence indicates that the 
endocytosis of α-syn species might be conformation-sensitive, cell- and receptor-type specific, making the scenario highly 
complex. In this review, we will shed light on the different endocytosis mechanisms and receptors recruited for the uptake 
and clearance of pathological α-syn forms with a special focus on glial cells. Moreover, we will discuss how PD-related 
genes, in addition to α-syn itself, may alter the endo-lysosomal pathway causing an impairment of clearance, which, in turn, 
lead to accumulation of toxic species, dysfunctions of glia physiology and progression of the disease.
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Abbreviations
α-syn  α-Synuclein
PD  Parkinson’s disease
LB  Lewy bodies
LN  Lewy neurites
CNS  Central nervous system
Snpc  Substantia nigra pars compacta
AP2  Adaptor protein 2
TLR  Toll-like receptors
LAG3  Lymphocyte-activation gene 3
GCase  Glucocerebrosidase GCase
pffs  pre-formed fibrils

α‑Synuclein and Parkinson’s Disease

α-Synuclein (α-syn) is a 140 amino acids protein abundantly 
expressed in the brain (Ltic et al. 2004) and predominantly 
localized at pre-synaptic terminals of neurons (Iwai et al. 
1995; Jakes et al. 1994). Whether α-syn is also expressed 
in glial cells under normal condition is somewhat still con-
troversial; it would appear that, if it exists, it is expressed at 
very low levels (Mori et al. 2002). To date α-syn physiologi-
cal functions have not been conclusively established, how-
ever, numerous studies associate α-syn to synaptic vesicles 
biogenesis and dynamics and to neurotransmission (Stefanis 
2012). On the other hand, pathologically, it is well known 
that α-syn plays a crucial role in the pathogenesis of PD. 
α-Syn gene, SNCA, was the first gene to be linked to PD 
and is arguably one of the most important given that: (i) 
duplications and triplications of the gene, as well as point 
mutations, cause familial disease, (ii) variation at its locus is 
the major genetic risk factor for sporadic disease and (iii) the 
protein is the principal constituent of Lewy bodies (LB) and 
neurites (LN) (Devine et al. 2011). LB and LN in the surviv-
ing neurons, together with the degeneration of dopaminergic 
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neurons in the substantia nigra pars compacta (SNpc), rep-
resent the principal characteristics of the disease (Lees et al. 
2009; Spillantini et al. 1997). Of interest, LB and LN are 
mainly composed of aggregated α-syn (Goedert et al. 2017), 
thus suggesting that the aggregation process of α-syn and 
its subsequent accumulation in amyloid deposits is a crucial 
event in the pathogenesis of both sporadic and familial PD.

α-Syn is a natively unfolded and soluble protein with a 
conserved amphipathic N-terminus, an acidic C-terminus 
and a hydrophobic central domain responsible of both oli-
gomerization and fibrillization processes (Giasson et al. 
2001). Several factors have been reported to modulate α-syn 
aggregation and amyloid fibrils formation. Besides duplica-
tion and triplication of the locus, even missense mutations 
(A53T, A30P, E46K and the recently discovered H50Q) 
render α-syn protein more prone to misfolding and aggre-
gation (Greenbaum et al. 2005; Conway et al. 1998; Ghosh 
et al. 2013). Moreover, α-syn aggregation would depend on 
posttranslational modifications (serine 129 phosphorylation) 
(Fujiwara et al. 2002), interaction with other proteins and/
or biomolecules (Recchia et al. 2004) and the presence of 
specific chemical parameters such as acidic pH (Buell et al. 
2014). Furthermore, intraneuronal accumulation of α-syn 
could result also by an impairment of the proper protein 
degradation, which might drive the system toward an alter-
native and/or additional clearance mechanism that involve 
the release of undigested material from the cell (Lopes da 
Fonseca et al. 2015). In this regard, several studies have 
demonstrated that α-syn toxic species can be released by 
stressed and/or degenerating neurons and contribute to the 
spreading of the pathology (Bieri et al. 2018; Lopes da Fon-
seca et al. 2015). Intriguingly, accumulating evidence high-
lights that glial cells can uptake and clear extracellular α-syn 
aggregates (Loria et al. 2017; Sacino et al. 2017), and this 
suggests that even dysfunctions of non-neuronal cells might 
lead to accumulation of extracellular aggregates, spreading 
and progression of the disease.

Glia: Functions and Dysfunctions

Three different types of cells compose the glial cell family, 
microglia, astrocytes and oligodendrocytes with each type 
characterized by specific functions. While oligodendrocytes 
are specialized in generating and sustaining axon myelina-
tion in the Central Nervous System (CNS) (Baumann and 
Pham-Dinh 2001) microglia and astrocytes are more skilled 
in maintaining brain microenvironment homeostasis (Joe 
et al. 2018), and this makes them as main actors during the 
pathology. In this paragraph, we take a closer look at some 
physiological functions and dysfunctions of astrocytes and 
microglial cells in relation to PD.

Microglial cells, the resident phagocytes of the brain, 
perform essential roles in the normal physiology of the 
CNS, including monitoring synapses, pruning synapses dur-
ing synaptic development and shaping new born neurons 
in adult brain (Wake and Fields 2011). Of relevance, they 
constitute the first barrier of the innate immune response 
in the brain and, therefore, microglia are the key players 
upon an inflammatory stimulus. Microglial cells constantly 
screen the parenchyma with their vastly branched and motile 
processes, ready to detect any changes in the surrounding 
tissue (Nimmerjahn et al. 2005). Upon detection of abnor-
mal changes, such as dead neurons or misfolded/aggregated 
proteins, they switch from a resting and ramified phenotype 
into an ameboid, activated phenotype to initiate a repair pro-
gram through the release of inflammatory mediators aimed 
to remove foreigner materials by phagocytosis (Garden and 
Möller 2006). Although a well-regulated inflammatory 
process is essential for tissue repair and CNS integrity, an 
excessive and protracted microglia activation and inflamma-
tion can turn cytotoxic, leading to significant cellular and 
tissue damage that promotes the progression of different dis-
eases including PD. In this regard, several animal models 
of PD reported activated microglial cells, inflammation and 
depletion of dopaminergic neurons, highlighting the neuro-
toxic impact of microglia in PD (Członkowska et al. 1996; 
Mosley et al. 2006; Joers et al. 2017). During the pathol-
ogy, activated microglia might induce neuronal injury and 
death through production of different factors, including pro-
inflammatory cytokines, reactive oxygen species and gluta-
mate (Mosley et al. 2006). Among reactive oxygen species, 
microglial cells produce nitric oxide (NO) and superoxide, 
which are responsible for the massive oxidative stress affect-
ing dopaminergic neurons viability (Appel et al. 2010). 
Moreover, microglia propagate the inflammatory response 
by presentation of antigen-derived peptides through MHC 
II to CD4 T lymphocytes, which process has been reported 
to contribute to dopaminergic neurons degeneration (Harms 
et al. 2013). Of note, elevated levels of pro-inflammatory 
cytokines as well as HLA-positive reactive microglia have 
been observed in the vicinity of dopaminergic neurons also 
in the SNpc of PD postmortem brains (Mogi et al. 1994; 
McGeer et al. 1988), supporting the notion that over-acti-
vated microglia widely contribute to neurodegeneration in 
PD.

Astrocytes, instead, the most populous glial subtype, 
are responsible for a wide variety of complex and essential 
functions implicated in preserving the integrity of the brain. 
Astrocytic cells primarily support neuronal activity and 
function by providing important growth factors, energy gen-
erated by glucose taken up from blood and glutamine that 
then neurons convert in glutamate for neurotransmission. 
Moreover, they tightly control the external chemical micro-
environment, specifically potassium ions concentration, 
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extracellular glutamate and water content (Joe et al. 2018). 
Although few studies have investigated the roles of astro-
cytes under pathological conditions, recent evidence high-
lighted the impact and the importance of the pathophysiol-
ogy of these cells during the disease (Booth et al. 2017). 
They are responsible of the uptake of the excessive gluta-
mate in the synaptic cleft to prevent receptor over-activation 
and excitotoxicity, a trademark of many neurodegenerative 
diseases comprising PD (Kim et al. 2011; Murphy-Royal 
et al. 2017). Furthermore, they participate with microglia 
to the neuroinflammation by releasing pro-inflammatory 
mediators. In this regard, Lee and colleagues showed that 
astrocytes exposed to neuron-derived α-syn aggregates 
underwent changes in the gene expression profile that reflect 
the inflammatory response with induction of different pro-
inflammatory cytokines and chemokines (Lee et al. 2010). 
Moreover, Rannikko et al. (2015) reported that primary 
astrocytes exposed to α-syn display activation of TLR4 path-
way with production of IL-1β, COX-2 and TNF-α cytokines, 
supporting the idea that astrocytes actively contribute to the 
inflammation. Finally, even if not recognized as special-
ized phagocytic cells, astrocytes contribute to the uptake 
and clearance of died neurons and disease-specific protein 
aggregates (Jung and Chung 2018; Booth et al. 2017).

Overall, these observations indicate that loss or altera-
tions of glial functions may be directly associated with path-
ological mechanisms underlying PD. In the next paragraphs, 
we will focus on the ability of glial cells to endocyte and 
clear α-syn. Specifically, we will shed light on the different 
mechanisms and receptors recruited to internalize extracel-
lular α-syn species and on how PD-related genes, in addi-
tion to α-syn itself, may alter the endo-lysosomal pathway 
causing an impairment of clearance, which, in turn, might 
lead to accumulation of toxic species, dysfunctions of glia 
physiology and spreading of the disease.

Endocytosis and Clearance of α‑syn Species: 
A Glial Point of View

Endocytosis is the process by which a cell internalizes mem-
brane proteins, ligands, soluble molecules and particles from 
the extracellular milieu into the cell by endocytic vesicles 
(Lim et al. 2011). Endocytosis could be distinguished in 
two categories, clathrin-independent and clathrin-dependent 
endocytosis. The clathrin-independent pathway compre-
hends two different types of endocytosis, the large-scale 
pathways that include the macropinocytosis and the phago-
cytosis, and the small-scale pathways further divided in 
dynamin-dependent or independent mechanism. Through 
phagocytosis, a cell is able to internalize particulates bigger 
than 0.5 µm within a plasma membrane envelope, while by 
micropinocytosis a cell uptakes large quantities of solute 

or soluble ligands (Gordon 2016). Among the small-scale 
clathrin-independent endocytosis, which leads to the inter-
nalization of particles smaller than 200 nm, the most studied 
and best characterized process is the caveolar endocytic sys-
tem, a dynamin-dependent pathway, mediated by the integral 
membrane proteins caveolins and a complex of peripheral 
membrane proteins, the cavins (Parton et al. 2013). While, 
through the clathrin-dependent endocytosis the cell uptakes 
molecules from the cell membrane through clathrin-coated 
vesicles. Different cargoes can be packaged by this pathway 
using a range of specific adaptor proteins, such as adap-
tor protein 2 (AP2) that mediates on one hand interaction 
with clathrin and, on the other hand, with other accessory 
proteins linked to specific cargoes (McMahon and Boucrot 
2011). When cargo has been taken up, it is sorted in early 
endosomes targeted to mature endosomes and then to lys-
osomes for degradation or sent back to membrane for recy-
cling (Grant and Juile 2009) (Fig. 1a).

All the major brain cell types (neurons, astrocytes and 
microglia) have endocytic activity and are capable of uptak-
ing extracellular α-syn aggregates, however, to date micro-
glia appear to be the most efficient scavengers (Lee et al. 
2008a). Although several studies reported α-syn aggregates 
internalized in microglial cells, the precise process underly-
ing this function is not completely understood. Park et al. 
demonstrated that immortalized BV2 cells uptake α-syn 
through the ganglioside GM1 and the mechanism seems to 
be clathrin-, dynamin- and caveolae-independent, but linked 
to lipid rafts of plasma membrane (Park et al. 2009). Other 
studies reported that phagocytosis of α-syn aggregated forms 
occurs through Fcγ or scavenger receptor (Choi et al. 2015; 
Cao et al. 2012; Zhang et al. 2007). In addition, different 
Toll-like receptors (TLRs) have been associated with α-syn 
pathological forms uptake both in in vitro (Kim et al. 2013; 
Fellner et al. 2013; Roodveldt et al. 2013) and in in vivo 
studies (Stefanova et al. 2011; Kim et al. 2013). Specifically, 
TLR4 is required for fibrillary α-syn internalization (Fell-
ner et al. 2013), and, of interest, TLR4 deficiency impairs 
microglia endocytosis resulting in poor α-syn clearance and 
increased mediated-neurodegeneration in a multiple system 
atrophy model (Stefanova et al. 2011). Besides TLR4, also 
microglial TLR2 has been shown to bind extracellular α-syn 
(Kim et al. 2013). Of note, Kim and colleagues proposed that 
TLR-ligand activity of α-syn may be conformation-sensitive, 
given that only oligomeric species can interact with TLR2 
(Kim et al. 2013). Supporting the idea that internalization of 
α-syn might depend on the conformation state of the protein, 
two different studies showed that microglia in the presence 
of α-syn monomeric form displayed an enhanced phagocytic 
function, which seems to be inhibited by aggregated spe-
cies (Park et al. 2008; Choi et al. 2015). Interestingly, Lee 
et al. reported that the clearance of α-syn pathological spe-
cies is significantly slowed down in activated and inflamed 



164 Cellular and Molecular Neurobiology (2019) 39:161–168

1 3

microglia (Lee et al. 2008a), suggesting that the phagocytic 
function of microglia may be impaired during the disease.

Although very few studies have investigated the endo-
cytosis and clearance of α-syn in astrocytes, even these 
cells can be sweepers of α-syn aggregates. Recent literature 
showed that α-syn toxic species can be efficiently internal-
ized by astrocytic cells and degraded through the lysosomal 
pathway (Lindström et al. 2017; Loria et al. 2017; Sacino 
et al. 2017). Moreover, Loria et al., by using co-cultures 
of primary neurons and astrocytes observed that fibrillary 
α-syn can be transferred to neighboring cells, and, inter-
estingly, they showed that α-syn is more transferred from 
astrocytes to astrocytes and from neurons to astrocytes but 
less from astrocytes to neurons. Furthermore, the authors 
demonstrated that, differently from neurons, astrocytes are 
able to efficiently degrade α-syn (Loria et al. 2017). These 
results suggest that also astrocytes have an active role in 
uptaking and clearing extracellular α-syn species released 
by stressed and/or degenerating neurons. Intriguingly, it 
has been shown that upon extensive uptake of α-syn aggre-
gates, astrocytic cells exhibit large intracellular deposits 

due to the overwhelming of endo-lysosomal machinery and 
to an incomplete digestion (Lindström et al. 2017; Sacino 
et al. 2017), indicative of an impaired phagocytic activity 
even for astrocytes under pathological conditions. In this 
context, in the first phases of the disease glial cells might 
play a beneficial role with the endocytosis and clearance of 
α-syn species; however, during the pathology a persistent 
generation of α-syn aggregates might compromise the endo-
lysosomal system causing an accumulation of undigested 
α-syn species, which, with time, might lead to glia physiol-
ogy dysfunctions, spreading and progression of the disease.

As well as conformation-dependent, evidence indicates 
that the uptake of extracellular α-syn might even be cell- and 
receptor-type specific. In this context, it has been shown 
that heparan sulfate, PrPC prion protein and lymphocyte-
activation gene 3 (LAG3) mediate the uptake of fibrillary 
α-syn, but not of its soluble form, exclusively in neuronal 
cells and not in microglia and astrocytes (Aulić et al. 2017; 
Ihse et al. 2017; Mao et al. 2016). Additionally, supporting 
the idea of cell-type specificity, in contrast to what observed 
in microglia, α-syn aggregates endocytosis is not mediated 

Fig. 1  a Schematic representation of the receptors recruited for inter-
nalization of α-syn species by glial cells. TLR2 and TLR4 receptors 
mediate α-syn species endocytosis through clathrin-dependent path-
way, while the ganglioside GM1, Fcγ and scavenger receptors (SRs) 
have been reported to mediate α-syn species phagocytosis through 
clathrin-independent process. The internalization of material drives to 
formation of an early endosome (EE) that then matures to late endo-
some (LE) and fuses with lysosome (L), which undergoes a progres-
sive acidification leading to α-syn species degradation. b PD-related 

genes might lead to an impairment of α-syn aggregates degradation 
and accumulation of toxic species. LRRK2 pathological mutants 
through physiological interaction with Rab proteins might slow down 
the fusion of endosomes and thus the functionality of the endocytic 
pathway. Mutations in ATP13A2 and GBA might compromise lyso-
somal structure and activity, causing accumulation of undigested 
α-syn species, which, with time, might lead to glial physiology dys-
functions, spreading and progression of the disease
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through TLR4 in astrocytic cells (Rannikko et al. 2015; Fell-
ner et al. 2013). Furthermore, a recent study by Outeiro’s 
group showed that in a neuron-like cell line the internaliza-
tion of α-syn is mediated by its interaction with the plasma 
membrane (Masaracchia et al. 2018). In support of this, even 
Lee and colleagues observed in the same cell line that the 
monomeric form of α-syn might enter the cell by transloca-
tion across the plasma membrane (Lee et al. 2008b), thus 
removing the recruitment of any receptor for the endocyto-
sis. Taken together, these findings indicate that the uptake/
clearance of α-syn might involve different pathways and 
receptors and be unique for each cell type and α-syn form, 
making the scenario highly complex and needy of deeply 
investigations.

A Role of PD‑Related Genes in the Clearance 
of α‑syn Pathological Species?

As discussed earlier, the clearance of extracellular α-syn 
involves the internalization and consequent degradation 
process, which occurs through the endo-lysosomal vesicles 
(Fig. 1a). A number of genes linked to PD, either carrying 
causal mutations (LRRK2 and ATP13A2) or more com-
mon variants acting as risk factors (heterozygous muta-
tions in glucocerebrosidase, GBA), have been reported to 
play a role in the endo-lysosomal process. Accumulating 
literature provided strong evidence that LRRK2 directly 
impacts the endocytic machinery through interaction with 
Rab membrane-associated small GTPases, which control the 
maturation and fusion of a subset of endosomes that lead to 
degradation of lysosomal content (Roosen and Mark 2016). 
Specifically, Rab5 (Heo et al. 2010), Rab7L1 (Beilina et al. 
2014), Rab32 and Rab38 (Waschbüsch et al. 2014) inter-
act with LRRK2, and Rab3a/b/c, Rab8a/b, Rab10, Rab12, 
Rab35 and Rab43 have been reported to be direct physi-
ological substrates of LRRK2 kinase activity (Steger et al. 
2016, 2017; Bae et al. 2018; Yu et al. 2018). Additionally, 
it has been reported that LRRK2 with pathological muta-
tions results in an increased phosphorylation (Steger et al. 
2016) and physiological function of Rab proteins (Beilina 
et al. 2014). Moreover, supporting the notion that LRRK2 
regulates the endo-lysosomal pathway, LRRK2 has been 
reported to localize on lysosomes under control (Alegre-
Abarrategui et al. 2009) and stress conditions (Eguchi et al. 
2018) and positively regulate the clearance activity in micro-
glia (Schapansky et al. 2014). Interestingly, Melrose’s group 
demonstrated that microglial cells with LRRK2 deficiency 
exhibited an enhanced endocytosis of monomeric α-syn 
compared with wild-type cells likely due to an increase 
in Rab5-positive endosomes (Maekawa et al. 2016). Alto-
gether, these findings indicate that LRRK2 controls diverse 
vesicular trafficking events of the endo-lysosomal pathway 

and suggest that LRRK2 mutations might widely impact the 
endocytic machinery and the digestion of unfolded/aggre-
gated proteins in glial cells.

GBA and ATP13A2 genes, a risk factor and a causal muta-
tion of PD, respectively, encode proteins related to lysosome 
biology and functionality. Specifically, glucocerebrosidase 
(GCase) is an enzyme associated with lysosomal membranes 
where it converts glucosyl-ceramides into ceramide. Of 
interest, it has been reported that GCase activity modulates 
α-syn levels (Manning-Boğ et al. 2009). In this regard, Maz-
zulli et al. showed that functional loss of GCase impacts 
lysosomal protein degradation causing aggregation of α-syn 
and neurotoxicity mediated by aggregates-dependent mecha-
nisms (Mazzulli et al. 2011). In addition to a loss of func-
tion, also a GCase gain of function has been reported to 
compromise lysosomal activity leading to accumulation of 
α-syn in neuronal cells (Cullen et al. 2011). Even mutations 
in ATP13A2, a transmembrane lysosomal P5-type ATPase, 
have been reported to cause lysosomal degradation dysfunc-
tions likely due to an impaired targeting of the ATPase to 
lysosomes (Podhajska et al. 2012; Ugolino et al. 2011). In 
this context, studies performed in dopaminergic cells reveal 
that ATP13A2 deficiency induces instability of the lysoso-
mal membrane, impaired vesicle acidification and decreased 
degradation of lysosomal substrates (Dehay et al. 2012a, b; 
Usenovic et al. 2012). Interestingly, as well as GCase, cells 
with ATP13A2 mutants or ATP13A2 deficiency displayed 
a marked accumulation of α-syn due to an impairment of 
lysosomal proteolysis (Dehay et al. 2012b; Usenovic et al. 
2012), indicating that the proper physiology of lysosomes is 
crucial for the quality control system and the cell physiology. 
Overall, although different studies showed a link between 
PD-related genes and lysosomal functionality in neuronal 
cells, whether these genes impact endo-lysosomal system 
in astrocytes and microglia is still unknown and needy of 
investigations. In support of a role of ATP13A2 on lysoso-
mal activity of glial cells, Qiao et al. found that astrocytes 
expressed high levels of ATP13A2 and its deficiency in 
astrocytes induces lysosomal permeabilization, which leads 
to cathepsin B release and cell activation (Qiao et al. 2016).

Taken together, these observations propose that, in addi-
tion to α-syn itself, mutations in other PD-related genes 
might compromise the clearance through alterations of 
vesicular trafficking events of the endo-lysosomal pathway 
(Fig. 1b). The uptake and clearance of α-syn toxic species is 
a key event to control the extracellular deposition of α-syn 
aggregates and alterations of this process might cause accu-
mulation of toxic species, which, with time, might lead to 
dysfunctions of glia physiology, spreading and progression 
of PD.
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