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The pathologic hallmark of Parkinson’s disease is the accumulation of a-synuclein-containing Lewy bodies/neurites almost
exclusively in neurons, and rarely in glial cells. However, emerging evidence suggests that glia such as astrocytes play an im-
portant role in the development of a-synuclein pathology. Using induced pluripotent stem-derived dopaminergic neurons and
astrocytes from healthy subjects and patients carrying mutations in lysosomal ATP13A2, a monogenic form of synucleinop-
athy, we found that astrocytes rapidly internalized a-synuclein, and exhibited higher lysosomal degradation rates compared
with neurons. Moreover, coculturing astrocytes and neurons led to decreased accumulation of a-synuclein in neurons and
consequently diminished interneuronal transfer of a-synuclein. These protective functions of astrocytes were attenuated by
ATP13A2 deficiency, suggesting that the loss of ATP13A2 function in astrocytes at least partially contributes to neuronal
a-synuclein pathology. Together, our results highlight the importance of lysosomal function in astrocytes in the pathogenesis
of synucleinopathies.
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Significance Statement

While most neurodegenerative disorders are characterized by the accumulation of aggregated mutant proteins exclusively in
neurons, the contribution of glial cells in this process remains poorly explored. Here, we demonstrate that astrocytes contrib-
ute to the removal of extracellular a-synuclein and that disruption of this pathway caused by mutations in the Parkinson’s
disease-linked gene ATP13A2 result in a-synuclein accumulation in human dopaminergic neurons. We found that astrocytes
also protect neurons from a-synuclein propagation, whereas ATP13A2 deficiency in astrocytes compromises this protective
function. These results highlight astrocyte-mediated a-synuclein clearance as a potential therapeutic target in disorders char-
acterized by the accumulation of a-synuclein, including Parkinson’s disease.

Introduction
Parkinson’s disease (PD), the most common neurodegenerative
disease next to Alzheimer’s disease, is characterized by the

accumulation of protein aggregates, Lewy bodies and neurites,
which are immunoreactive for a-synuclein (a-syn), a presynap-
tic protein associated with the pathogenesis of sporadic and fam-
ilial PD (Wong and Krainc, 2017). Abnormally elevated a-syn
levels are toxic to neurons, as a-syn locus duplication causes
late-onset PD, while triplication leads to early-onset PD, suggest-
ing dose-dependent a-syn-mediated neurotoxicity (Singleton et
al., 2003; Chartier-Harlin et al., 2004; Ibáñez et al., 2004).
Therefore, it is critical for neurons to maintain a-syn within a
certain level, which is conducted by a complex cellular machin-
ery, including exocytosis, which is mainly conducted by two
pathways—exosomes and lysosomal exocytosis. Both of these
pathways are impaired in Kufor–Rakeb syndrome (KRS; Tsunemi
et al., 2014, 2019), which was originally described as a rare heredi-
tary neurodegenerative disorder caused by loss-of-function muta-
tions inATP13A2 (Ramirez et al., 2006).

ATP13A2 encodes a lysosomal type 5 P-type ATPase that has
been extensively studied, but the precise mechanism of ATP13A2-
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mediated neurodegeneration remains to be explored (Dehay et al.,
2012; Usenovic et al., 2012; Kett et al., 2015; Bento et al., 2016;
Lopes da Fonseca et al., 2016; van Veen et al., 2020). We and others
have reported that mutant (Mut) ATP13A2 results in insufficient
generation of intraluminal vesicles and consequently decreased the
release of exosomes and a-syn into extracellular space (Kong et al.,
2014; Tsunemi et al., 2014). ATP13A2 also regulates another exocy-
totic pathway, lysosomal exocytosis, in which lysosomes directly
fuse with plasma membrane and release their contents (Tsunemi et
al., 2019). Importantly, intracellular levels of a-syn are inversely cor-
related with the amount of a-syn released from neurons by either
pathway, suggesting that secretory pathways, at least in part, regu-
late intracellular a-syn levels (Tsunemi et al., 2014, 2019). While
a-syn secretion would be beneficial for host neurons, it may
enhance the progression of PD pathology as extracellularly released
a-syn may be subsequently taken up by neighboring neurons,
mediating a-syn propagation.

Here, we showed that induced pluripotent stem cell (iPSC)-
derived astrocytes as well as rat primary astrocytes exhibit highly
active phagocytosis, endocytosis, and proteolysis, and play a criti-
cal role in removing extracellular a-syn. We further found that
cocultured astrocytes prevent not only neuronal a-syn accumu-
lation in iPSC-derived dopaminergic (DA) neurons, but also
a-syn transfer between neurons, suggesting a protective role
against the progression of PD pathology. Importantly, these
astrocytic protective functions are partially impaired by ATP13A2
mutations, resulting in the increased accumulation and propagation
of a-syn. Together, these results suggest that astrocytic protective
functions against a-syn toxicity may be potential targets for devel-
oping therapeutic agents for KRS and other related synucleinopa-
thies such as PD.

Materials and Methods
Cell culture. Human iPSCs were taken from four normal patients of

either sex and two male KRS patients (155°C.T, Mut 1; 3176 T.G,
3253 delC, Mut 2) were cultured and reprogrammed as described previ-
ously (Tsunemi et al., 2019). Differentiation toward dopaminergic neu-
rons was conducted following the protocol described previously
(Mazzulli et al., 2016; Tsunemi et al., 2019). At 40d after the initiation of
differentiation, we infected lentiviruses depending on the experiments.
Differentiation into astrocytes and maturation were performed following
the manufacturer instructions (STEMCELL Tech). At 12d after the gen-
eration of embryonic bodies, astrocyte differentiation was induced. At
21d after differentiation, the medium was replaced with the Astrocyte
Maturation Medium. The astrocytes at 35 d after differentiation were
used for the experiments (Fig. 1A,B). For neuron–astrocyte coculture
experiments, the coverslips for DA neurons were prepared following a
published protocol with a few modifications (Kaech and Banker, 2006).
The paraffin wax (Sigma-Aldrich) was applied to the 18 mm coverslips
on Parafilm. After being coated with 5mg/ml poly-D-Lysine overnight,
the coverslips were washed three times in sterile water every 2 h and
coated with 50 mg/ml laminin overnight. DA neurons at 21–30d after
the start of differentiation were plated on the coated coverslips at a den-
sity of 5� 105 cells/coverslip. At day 40, neurons on a coverslip were
placed in each well of 6-well dishes on the bottom of which differentiated
astrocytes were plated at a density of 2� 106 cells/well (Fig. 2). For the
a-syn transfer experiment, control (Cont) and ATP13A2 Mut DA neu-
rons that were separately plated at a density of 5� 105 cells/coverslip
were cocultured in a 10 cm dish (see Fig. 5A,B), on the bottom of which
astrocytes were plated at a density of 1� 107 cells/dish (see Fig. 5C–F)
for 5–7 d. Then, each DA neuron on the coverslips and astrocytes on the
bottom of the plates were separately harvested for immunoblotting. Rat
primary neurons and astrocytes were cultured as described previously
(Meberg and Miller, 2003; Al-Bader et al., 2011). Astrocyte-conditioned
medium was generated by culturing astrocytes for 24 h. Rat primary

cortical neurons were cultured in the medium containing Neurobasal
medium with B27 Supplement (Thermo Fisher Scientific) and 10%
astrocyte-conditioned medium for 24 h (Fig. 2E–H). Fluorescent-tagged
a-syn (a-syn Alexa Fluor 555) was generated as described previously
(Tsunemi et al., 2019).

Immunocytochemistry. Immunocytochemical analysis was con-
ducted as described previously (Tsunemi et al., 2014, 2019; Tsunemi and
Krainc, 2014). Briefly, after fixation in 4% paraformaldehyde, the cells
were permeabilized/blocked in PBS containing 0.1% saponin, 1% BSA,
and 5% normal goat serum for 20min. Specimens were then incubated
with primary antibodies overnight, washed in PBS, and then incubated
with Alexa Fluor-conjugated anti-rabbit or anti-mouse antibodies at
1:400 dilution for 1 h. Confocal imaging was conducted on the Zeiss
LSM 880 confocal system with the Zeiss AX10 inverted microscope
equipped with a Plan-APOCHROMAT 63� (1.4 numerical aperture)
oil-immersion objective.

Electron microscopy. Electron microscopic analysis was conducted as
described previously with modifications (Tsunemi et al., 2014). Briefly,
the cells were fixed with 2.5% glutaraldehyde in 0.1 M phosphate buffer,
pH 7.4, overnight. After being postfixed with 1% osmium tetroxide in
phosphate buffer, the cells were dehydrated through a series of graded
ethanol steps and embedded in Epon812 (Oken Shoji). The resin blocks
were thin sectioned with Ultramicrotome UC6 (Leica). The sections
were stained with uranyl acetate and lead citrate, and then analyzed with
a transmission electron microscope (model HT7700, Hitachi).

Western blotting. Immunoblotting was conducted as described previ-
ously (Tsunemi et al., 2014, 2019; Tsunemi and Krainc, 2014). The anti-
bodies used were anti-human S100 b (Abcam), anti-human glial
fibrillary acidic protein (GFAP; Cell Signaling Technology), anti-human
a-synuclein C-20 (Santa Cruz Biotechnology), anti-human a-synuclein
211 (Santa Cruz Biotechnology), anti-human glyceraldehyde-3-phos-
phate dehydrogenase (GAPDH; Millipore), human vimentin (BD
Biosciences), anti-human lysosome-associated membrane protein 1
(LAMP1; Santa Cruz Biotechnology), anti-human early endosome anti-
gen 1 (EEA1; Cell Signaling Technology), anti-human epidermal growth
factor receptor (EGFR; Cell Signaling Technology), anti-human CD63
(Developmental Studies Hybridoma Bank), anti-human Flotillin-1 (BD
Biosciences), anti-human b -III tubulin (Covance), and anti-human TH
(Millipore).

Exosome isolation and nanoparticle tracking analysis. Exosomes
were purified as described previously (Tsunemi et al., 2014). Briefly, exo-
somes were collected from cell-conditioned media using a basic differen-
tial centrifugation method (200� g for 5min, 1200� g for 10min, and
16,500� g for 30min), followed by ultracentrifugation at 110,000� g for
60min. After washing in PBS, exosomes were collected by centrifugation
at 110,000� g for 60min. Analysis of extracellular vesicles was con-
ducted by the NanoSight LM10 system (NanoSight), configured with a
405 nm laser and a high-sensitivity digital camera system (OrcaFlash2.8,
Hamamatsu C11440, NanoSight). Samples were administered and
recorded for 1min under sustained flow controlled by script control sys-
tem equipped with a NanoSight syringe pump. Videos were analyzed by
NTA software (version 2.3).

Lysosomal proteolysis in live neurons and lysosomal enzyme activity
assays. EGFR degradation assay was conducted as described previously
(Usenovic et al., 2012). Briefly, DA neurons or astrocytes were treated
with 150 ng/ml human EGF (PreproTech) to stimulate endocytosis of
EGFR. The levels of EGFR were monitored with anti-EGFR antibody.
Long-lived protein degradation assays were performed by radioactive
pulse-chase using tritium-labeled leucine (catalog #NET460A001MC,
PerkinElmer) as previously described (Kaushik and Cuervo, 2009;
Tsunemi et al., 2019). Glucocerebrosidase activity assays in lysosome-
enriched P2 fractions isolated from DA neurons and astrocytes were per-
formed using the artificial enzyme substrates 4MU-glucopyranoside (for
GCase) and 4MU-sulfate potassium salt (for a-i-2-sulf) as described pre-
viously (Mazzulli et al., 2011; Tsunemi et al., 2019).

a-Synuclein detection. a-Synuclein oligomers/fibrils were formed as
described previously (Mazzulli et al., 2011). Briefly, after a-syn mono-
mers were incubated at 37°C for 10d under continuous agitation of
1000 rpm, a-syn oligomers/fibrils were centrifuged at 10,000 � g for
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Figure 1. Astrocytes absorb different a-syn species from culture media. A, Astrocytes differentiated from iPSCs that were taken from two normal individuals (Cont 1 and Cont 2) and two
patients with ATP13A2 mutations (Mut 1 and Mut 2). The cells were stained with astrocyte markers GFAP (top) or b -S100 (bottom). B, Immunoblot characterization of astrocytes with astro-
cyte markers including vimentin (top), GFAP (second from top), glutamine synthetase (second from bottom), and b -S100 (bottom). C–E, iPSC-derived astrocytes can absorb a-syn from the
media. C, Representative images of a-syn immunofluorescence in Cont 1 astrocytes before (top) and after culturing in the media containing monomeric a-syn (middle) and oligomeric/fibrillar
a-syn (bottom) for 24 h. GFAP is used for astrocytic marker. D, Quantification of a-syn fluorescence intensities normalized by a nuclear marker, 49,69-diamidino-2-phenylindole dihydrochloride
(DAPI) intensities in astrocytes (n= 3, *p= 0.001, **p= 0.015, one-way ANOVA with Tukey’s post hoc test). E, The quantification of a-syn levels in astrocytes that were cultured in the normal
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30min. The pellets were resuspended in PBS, and fibril formation was
assessed by Thioflavin T spectroscopic assay and electron microscopic
analysis. For analyzing a-synuclein internalization, 100 ng/ml a-synu-
clein oligomers/fibrils were added in the media for the indicated time,
and DA neurons or astrocytes were washed four times in PBS and fixed
in 4% paraformaldehyde.

Statistical analysis. All data were prepared for analysis with standard
spreadsheet software (Excel, Microsoft). Statistical analysis was per-
formed by one-way ANOVA with post hoc Tukey’s test or Student’s t
test. All error bars represent the SEM in figures.

Results
Astrocytes can uptake a-synuclein secreted from DA neurons
We have reported that increased neuronal secretion of a-syn, via
either exosomal secretion or lysosomal exocytosis, results in
lower intracellular a-syn (Tsunemi et al., 2014, 2019). Secreted
a-syn is taken up by glial cells such as astrocytes and causes
inflammatory responses (Lee et al., 2010; Loria et al., 2017).
Using astrocytes differentiated from control iPSCs (Fig. 1A,B),

Figure 2. Coculturing of astrocytes and neurons lowers neuronal levels of a-syn. A, Representative immunoblot for a-syn, GAPDH, and vimentin in Triton-soluble (right two columns) and
Sodium dodecyl sulfate (SDS)-soluble fractions (left two columns) from rat primary cortical neurons that were cultured without (each left column) or with (each right column) rat primary astro-
cytes. B, Densitometric quantification is shown as the relative a-syn levels against GAPDH in Triton-soluble fractions in cortical neurons (n= 3, *p= 0.021, Student’s t test). C, Densitometric
quantification is shown as the relative a-syn levels against vimentin in SDS-soluble fractions in cortical neurons (n= 3, *p= 0.035, Student’s t test). D, A representative image of rat primary
neuron that was cocultured with a-syn Alexa Fluor 555-containing astrocytes. E, Expression of a-syn mRNA in rat primary neurons before and after being cultured in astrocyte-conditioned
media (n= 3, p= 0.80, Student’s t test). F, Representative immunoblot for Triton-soluble (right four columns) and SDS-soluble fractions (left four columns) from rat primary cortical neurons
before and after cultured in astrocyte-conditioned media. G, Densitometric quantification is shown as the relative a-syn levels against GAPDH in Triton-soluble fractions in rat primary cortical
neurons (n= 3, p= 0.75, Student’s t test). H, Densitometric quantification is shown as the relative a-syn levels against vimentin in SDS-soluble fractions in rat primary cortical neurons (n= 3,
p= 0.71, Student’s t test). I, Representative immunoblot for Triton-soluble fractions (top two lanes) and SDS-soluble fractions (bottom two lanes) from Cont (Cont 1; left four columns) and
Mut (ATP13A2 Mut 1; right four columns) DA neurons that were cultured without (left) or with (right) Cont astrocytes. J, Densitometric quantification is shown as the relative a-syn levels
against GAPDH in Triton-soluble fractions in DA neurons (n= 3, *p= 0.018, **p= 0.033, Student’s t test). K, Densitometric quantification is shown as the relative a-syn levels against vimentin
in SDS-soluble fractions in DA neurons (n= 3, *p= 0.005, **p= 0.009, Student’s t test). In all graphs, error bars indicate SEM.

/

media or in the media containing a-syn (conditioned media; n= 3, *p= 0.001,
**p= 0.0011, one-way ANOVA with Tukey’s post hoc test). F, Trypan blue assay with Cont 1
and Mut 1 astrocytes that were cultured in the media containing oligomeric/fibrillar a-syn
for 24 h. G, Representative immunoblot for a-syn of lysates from astrocytes before (leftmost
lane), after being cocultured with Cont 1 and 2 and Mut 1 DA neurons and DA neurons har-
boring a-syn triplication (lanes 2–5), and after being cultured in the leftover media of Cont
1 and 2 and Mut 1 DA neurons and DA neurons harboring a-syn triplication (lanes 6–9). H,
Densitometric quantification is shown as the relative a-syn levels against GFAP in astrocytes
(n= 3, *p= 0.003, **p= 0.042, ***p= 0.001, one-way ANOVA with Tukey’s post hoc test).
I, Representative immunoblot for a-syn of lysates from astrocytes before (leftmost lane), af-
ter being cocultured with Cont 1 and 2 and Mut 1 DA neurons and DA neurons harboring
a-syn triplication that were cultured in the media containing oligomeric/fibrillar a-syn for
24 h (lanes 2–5) or cultured in the leftover media of Cont 1 and 2, and Mut 1 DA neurons
and DA neurons harboring a-syn triplication after they were cultured in the media contain-
ing oligomeric/fibrillar a-syn for 24 h (lanes 6–9). J, Densitometric quantification is shown
as the relative a-syn levels against GFAP in astrocytes (n= 3, *p= 0.001, **p= 0.0013,
***p= 0.003, one-way ANOVA with Tukey’s post hoc test). Scale bars: A, C, and F, 50mm. In
all graphs, error bars indicate the SEM.
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we found that under normal conditions, a-syn levels in astro-
cytes were very low (Fig. 1C, top, D, left). However, after cultur-
ing astrocytes in media containing a-syn monomers, astrocytic
a-syn levels increased (Fig. 1C, middle, D, center), suggesting
that astrocytes took up a-syn from the extracellular space, con-
sistent with previous reports (Lee et al., 2010; Loria et al., 2017).
Astrocytes were also able to take up a-syn oligomer/fibrils (Fig.
1C, bottom, D, right). This increase in a-syn levels in astrocytes
was further confirmed by a sensitive ELISA (Tsunemi et al.,
2014, 2019; Fig. 1E), and the uptake of a-syn was confirmed by
the trypan blue assay to exclude the possibility that a-syn
attached to the outside of plasma membranes (Fig. 1F; Tsunemi
et al., 2019).

We next examined the relationship between the amounts of
a-syn in the media and a-syn levels in astrocytes. While a-syn
was not detectable in control astrocytes before coculturing with
neurons (Fig. 1G,H, leftmost lane), it became detectable after 24
h of coculturing with DA neurons. (Fig. 1G,H, lanes 2–5).
Interestingly, the increase in astrocytic a-syn was more pro-
nounced when astrocytes were cocultured with control neurons
compared with ATP13A2-mutant DA neurons, consistent with
our prior observations that ATP13A2-mutant DA neurons
secreted less a-syn than control neurons (Cont 1 and 2 vs
ATP13A2 Mut; 0.73 6 0.02, p=0.042; Fig. 1G,H, lane 4;
Tsunemi et al., 2014, 2019). In contrast, coculturing of astrocytes
with neurons carrying a-syn triplication, which express higher
levels of a-syn, resulted in dramatically increased uptake of
a-syn into astrocytes (Cont 1 and 2 vs ATP13A2 Mut; 2.21 6
0.03, p= 0.001; Fig. 1G,H, lane 5).

To exclude the possibility that a-syn directly transferred from
neurons to astrocytes, we cultured astrocytes in cell media used
for neuronal cultures, and found that a-syn levels in astrocytes
were comparable to those cocultured with neurons, further sug-
gesting that astrocytic a-syn originated from neuronally secreted
a-syn (Fig. 1G,H, lanes 6–9). To examine whether astrocytes can
uptake a-syn oligomers/fibrils secreted from neurons, we cul-
tured astrocytes in media either containing a-syn oligomers/
fibrils or cocultured with DA neurons. These experiments
revealed that a-syn oligomers/fibrils were detected in astrocytes
in the presence of control or mutant ATP13A2 neurons (Cont 1,
Cont 2, Mut 1, and Mut 2) or DA neurons carrying SNCA tripli-
cations (Fig. 1I,J, leftmost lane; Fig. 1I,J, lanes 2–5). Similarly,
astrocytic a-syn oligomers/fibrils were detected after culturing
astrocytes with neuronal media (Fig. 1I,J, lanes 6–9). Together,
these data demonstrate that astrocytes can take up different
a-syn species secreted from DA neurons into the media.

Coculturing ATP13A2 neurons with astrocytes lowers levels
of neuronal a-syn levels
Next, we examined how a-syn uptake by astrocytes affects a-syn
levels in neurons in a steady-state condition. Using rat primary
neurons and astrocytes (Meberg and Miller, 2003; Al-Bader et
al., 2011), we found that both Triton-soluble (Fig. 2A, left two
lanes, B) and SDS-soluble fractions of neuronal a-syn (Fig. 2A,
right two lanes, C) were decreased after coculturing neurons
with astrocytes, indicating that astrocyte-mediated a-syn uptake
was able to lower intracellular a-syn levels in neurons. To further
confirm that astrocytes uptake neuronal a-syn, we labeled syn-
thetic a-syn fibrils with Alexa Fluor 555 (a-syn 555; Tsunemi et
al., 2019). After DA neurons were exposed to a-syn 555 over-
night and then cocultured with astrocytes, we were able to detect
a-syn 555 in astrocytes, further demonstrating that astrocytic
a-syn was of neuronal origin (Fig. 2D). To examine whether

astrocytes generate and release some factors that could reduce
a-syn expression in neurons, we analyzed the expression and
protein levels of neuronal a-syn before and after culturing neu-
rons with astrocyte-derived conditioned media. We did not find
any differences in either a-syn expression (Fig. 2E) or a-syn pro-
tein levels (Fig. 2F–H) before and after culturing neurons with
astrocyte-derived conditioned media. These results suggest that
it is unlikely that astrocytes send some sort of a signal that would
lower neuronal a-syn levels. To examine the effect of ATP13A2
on neuronal a-syn levels, iPSC-derived DA neurons and astro-
cytes were used. We found that a-syn levels in control DA neu-
rons did not change when these neurons were cocultured with
control or mutant astrocytes (Fig. 2I, left four lanes, J,K, left four
lanes). In contrast, levels of a-syn in ATP13A2-mutant DA neu-
rons were significantly reduced when the neurons were cocul-
tured with control or mutant astrocytes (Fig. 2I, right four lanes,
J,K, right four lanes). Importantly, the reduction of a-syn levels
in ATP13A2-mutant neurons was more profound when the neu-
rons were cocultured with control compared with mutant
ATP13A2 astrocytes (Fig. 2J,K, right four lanes). Thus, astrocytes
offer an important mechanism for regulating neuronal a-syn lev-
els by taking up secreted a-syn, but this regulation is less efficient
in mutant ATP13A2 astrocytes.

Proteolysis and degradation of a-syn is more efficient in
astrocytes compared with neurons
Our data so far indicate that astrocytes can uptake secreted
a-syn and therefore protect neurons from accumulation of
a-syn. Based on these results, we hypothesized that a-syn gets
efficiently degraded in astrocytes. To test this hypothesis, we first
measured the degradation of EGFR, which is expressed on
the plasma membrane, but is endocytosed and degraded in
lysosomes on binding to EGF (Usenovic et al., 2012). These
experiments revealed significantly increased average EGFR
degradation rates in both control and PARK 9 mutant astro-
cytes compared with DA neurons (Fig. 3A,B). However,
ATP13A2 deficiency because of mutations decreased EGFR
degradation rates in either DA neurons or astrocytes (Fig.
3A,B), suggesting that ATP13A2 mutations impair the endo-
cytic pathway in both cell types.

We then measured a-syn internalization (Fig. 3C,D) by
exposing the cells to oligomeric/fibrillar human a-syn (Tremblay
et al., 2019). We found that oligomeric/fibrillar a-syn internal-
ization was faster in astrocytes than neurons, demonstrating a
higher rate of endocytic activity (Fig. 3D), whereas ATP13A2
deficiency decreased the a-syn internalization rates in astrocytes.
Next, we compared the proteolytic capacity in control (Fig. 3E)
and ATP13A2-mutated DA neurons (Fig. 3F) and control (Fig.
3G) and ATP13A2-mutated astrocytes (Fig. 3H) by pulse-chase
analysis (Tsunemi and Krainc, 2014; Tsunemi et al., 2019). The
results showed that lysosomal proteolysis was significantly higher
in astrocytes than in neurons (Fig. 3I), whereas ATP13A2 defi-
ciency leads to decreased lysosomal proteolysis in both DA neu-
rons and astrocytes (Fig. 3I). The activity of glucocerebrosidase
in lysosome-enriched fractions in astrocytes was higher than
those in DA neurons (Fig. 3J; p=0.037), further supporting the
notion of higher proteolytic capacity in astrocytes.

To begin exploring the reasons for the increased proteolytic
capacity of astrocytes, we compared endolysosomal protein levels
and found that astrocytes contain increased levels of both EEA1,
an early endosomal protein, and LAMP1, a lysosomal protein,
compared with neurons (Fig. 4A–C). ATP13A2 deficiency
resulted in increased EEA1 and LAMP1 levels both in astrocytes
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and neurons (Fig. 4B,C). Using TEM to quantify electron-dense
vesicles (EDVs), we found that EDVs were abundant in astro-
cytes (Fig. 4D,E; Cont astrocytes vs Cont DA neurons, p= 0.017),
whereas ATP13A2 deficiency resulted in a further increase of
EDVs both in astrocytes and neurons. These results were con-
firmed by immunocytochemistry, showing that astrocytes con-
tained more LAMP1-positive vesicles than neurons (Cont
astrocytes vs Cont DA neurons, p=0.009), while ATP13A2 defi-
ciency resulted in increased LAMP1-positive vesicles and EDVs
both in astrocytes and neurons (Fig. 4F,G). Together, these

results suggest that both endocytic activities and lysosomal pro-
teolytic activities were higher in astrocytes compared with neu-
rons, possibly because of the higher density of endolysosomes in
astrocytes.

Coculturing astrocytes and neurons decreases transfer of
a-syn between neurons
Based on these results, we hypothesized that the secretion of
a-syn from neurons, followed by uptake and degradation of
a-syn by astrocytes leads to less a-syn available for neuron-to-

Figure 3. Astrocytes exhibit higher rates of lysosomal proteolysis compared with neurons. A, Representative immunoblot for EGFR degradation in iPSC-derived Cont (Cont 1) and Mut (Mut
1) astrocytes and Cont and Mut DA neurons that was followed for 5 h. B, Levels of EGFR were normalized to GAPDH levels and expressed as percentage levels of the initial time point (T0;
n= 6, *p= 0.037, **p= 0.01, ***p= 0.015, ****p= 0.041, one-way ANOVA with Tukey’s post hoc test). C, Representative images of a-syn internalization assay in Cont (Cont 1) and Mut
(ATP13A2 Mut1) astrocytes and DA neurons. At 0, 1, 6, and 24 h after incubation with a-syn oligomers/fibrils, the astrocytes and DA neurons were fixed and stained with GFAP with DAPI and
b-iii-T with DAPI, respectively. D, Analysis of a-syn internalization assay in astrocytes and DA neurons (n= 3, *p= 0.037, **p= 0.0014, one-way ANOVA with Tukey’s post hoc test). E–I,
Lysosomal proteolysis of Cont (E) and Mut (F) DA neurons and Cont (G) and Mut (H) astrocytes is calculated by subtracting lysosomal inhibitors (2.5 mM NH4Cl and 50mM leupeptin) sensitive
to proteolysis from total proteolysis at 8, 20, and 28 h after chase. I, Lysosomal (red) and nonlysosomal (light blue) proteolysis in Cont 1–3, Mut 1, and 2 DA neurons (left four columns) and in
Cont 1 and 3 and Mut 1 and 2 astrocytes (right four columns; n= 3, *p= 0.009, **p= 0.022, ***p= 0.039, one-way ANOVA with Tukey’s post hoc test). J, Glucocerebrosidase (GCase) activities
in lysosome-enriched fractions extracted from Cont 1 and 3, Mut 1, and 2 DA neurons (left four columns) and in Cont 1 and 2, Mut 1 and 2 astrocytes (right four columns; n= 3, *p= 0.009,
**p= 0.037, ***p= 0.027, ****p= 0.019, one-way ANOVA with Tukey’s post hoc test). In all graphs, error bars indicate SEM.
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neuron propagation. To this end, we used a triple coculture sys-
tem in which mutant and control DA neurons were cultured on
the coverslips and astrocytes were cultured on the bottom of a
dish, allowing us to analyze the changes in a-syn levels in each
type of cell separately. We tested whether the presence of astro-
cytes affected neuron-to-neuron a-syn transmission (Fig. 5). In
the absence of astrocytes, lentivirus-mediated expression of wild-
type ATP13A2 in mutant DA neurons led to an decrease in
a-syn levels in mutant DA neurons because of increased exocy-
tosis (Tsunemi et al., 2014, 2019; Fig. 5A,B, first and third lanes
from left) and an increase in a-syn levels in control DA neurons
(Fig. 5A,B, second and forth lanes from left), showing that a-syn
secreted from mutant DA neurons was taken up by control DA
neurons. Then we examined the effect of coculturing astrocytes
on this a-syn transfer between neurons (Fig. 5C–F). Similarly,
lentivirus-mediated expression of wild-type ATP13A2 in mutant
DA neurons increased a-syn secretion and resulted in reduced
intracellular a-syn levels (Fig. 5C,D, first and third lanes from
left). While a-syn was expressed in control astrocytes at very low
levels, the secreted a-syn was taken up by astrocytes (Fig. 5C,D,
right two lanes); therefore, a-syn levels remained unchanged in
cocultured control DA neurons (Fig. 5C,D, second and fourth
lanes from left). These results suggested that the presence of
astrocytes protects healthy neurons from extracellular a-syn.

We next examined whether ATP13A2 deficiency in astrocytes
affects this neuronal a-syn transmission. Indeed, a-syn levels
increased in control DA neurons, suggesting that reduced uptake
and degradation of a-syn in ATP13A2-mutated astrocytes
resulted in increased a-syn transmission between DA neurons
(Fig. 5E,F, first and third lanes from left). Together, our data
demonstrated that astrocytes have the capacity to clear extracel-
lular a-syn more efficiently than neurons, whereas ATP13A2
deficiency partially disrupts this protective role of astrocytes,
potentially contributing to PD pathology.

Discussion
Recent studies using ATP13A2-mutant DA neurons demon-
strated that decreased exosomal or lysosomal secretion of a-syn
results in neuronal accumulation of a-syn, whereas enhancing
these pathways leads to decreased levels of neuronal a-syn
(Tsunemi et al., 2014, 2019; Filippini et al., 2019). However, the
fate of secreted a-syn has not been explored in detail. In this
study, we focused on the role of astrocytes and ATP13A2 in the
regulation of a-syn secreted from neurons.

Astrocytes are known to provide metabolic and trophic sup-
port to neurons, and more recent studies also suggest that astro-
cytes play important roles in modulating neurotransmission, cell

Figure 4. Higher endocytic activity in astrocytes compared with neurons. A–C, Immunoblot analysis for endosomal protein levels in astrocytes and neurons. A, Representative immunoblot
for EEA1 (top), LAMP1 (second from top), GAPDH (middle), vimentin (second from bottom), and GFAP (bottom) of lysates from Cont 1 and 2, Mut 1 and 2 DA neurons (left four columns) and
Cont 1 and 2 and Mut 1 and 2 astrocytes (right four columns). B, Densitometric quantification is shown as the relative EEA1 levels against GAPDH in Cont 1 and 2 and Mut 1 and 2 astrocytes
(left four columns), and in Cont 1 and 2 and Mut 1 and 2 DA neurons (right four columns; n= 3, *p= 0.031, **p= 0.027, one-way ANOVA with Tukey’s post hoc test). C, Densitometric quanti-
fication is shown as the relative LAMP1 levels against GAPDH in Cont 1 and 2 and Mut 1 and 2 astrocytes (left four columns), and Cont 1 and 2 and Mut 1 and 2 DA neurons (right four col-
umns; n= 3, *p= 0.039, **p= 0.027, one-way ANOVA with Tukey’s post hoc test). D, Representative EM images of electron-dense vesicles in Cont (Cont 1; top left) and Mut (ATP13A2 Mut 1;
bottom left) astrocytes and in Cont (top right) and Mut (bottom right) DA neurons. Scale bar, 5mm. E, Quantification analysis of the number of electron-dense vesicles from Cont and Mut
astrocytes (left two columns) and Cont and Mut DA neurons (right two columns; n= 10–20, *p= 0.033, **p= 0.027, ***p= 0.017, ****p= 0.021, one-way ANOVA with Tukey’s post hoc
test). F, Representative images of LAMP1-positive vesicles in Cont and Mut astrocytes and Cont and Mut DA neurons. Scale bars: astrocytes, 50mm; neurons, 10mm. G, Quantification analysis
of the number of LAMP1-positive vesicles from Cont and Mut astrocytes (left two columns) and Cont and Mut DA neurons (right two columns; n= 10-20, *p= 0.039, **p= 0.033,
***p= 0.009, ****p= 0.013, one-way ANOVA with Tukey’s post hoc test). In all graphs, error bars indicate the SEM.
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Figure 5. Coculturing neurons with astrocytes prevents a-syn transfer between neurons. A–D, The effect of coculturing astrocytes on the a-syn transmission between neurons. A, The
a-syn transmission from Mut (ATP13A2 Mut 1) to Cont (Cont 1) DA neurons in the absence of coculturing astrocytes. Immunoblot analysis of a-syn levels in Mut and Cont DA neurons (left
two columns) and a-syn levels in ATP13A2 overexpressing Mut and Cont DA neurons (right two columns). B, Densitometric quantification of a-syn levels normalized to b -III-tubulin in neu-
rons that were not cocultured with astrocytes (n= 3, *p= 0.029, **p= 0.017, one-way ANOVA with Tukey’s post hoc test). C, The a-syn transmission from Mut to Cont DA neurons in the
presence of coculturing Cont astrocytes. Immunoblot analysis of a-syn levels in Mut and Cont neurons (first two columns) and a-syn levels in ATP13A2 overexpressing Mut and Cont DA
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signaling, inflammation, synapse modulation, and metabolite
and electrolyte homeostasis (Bélanger et al., 2011). For example,
glutamate transporters (EAAT1 and EAAT2) and Kir4.1 are able
to clear excess extracellular glutamate and potassium, respec-
tively, released from neurons (Ben Haim and Rowitch, 2017);
whereas, their malfunction results in aberrant neuronal excitabil-
ity, leading to epilepsy (Barker-Haliski and White, 2015). In
addition, astrocytes can uptake misfolded toxic protein aggre-
gates including huntingtin (Shin et al., 2005), amyloid-b (Pihlaja
et al., 2008; Xiao et al., 2014), and a-syn (Lee et al., 2010;
Bliederhaeuser et al., 2016; Loria et al., 2017). In this study, we
observed astrocyte-mediated clearance of neuronal a-syn (Figs.
1, 2), revealing an important role of astrocytes in regulation
of neuronal a-syn. Interestingly, the astrocytic uptake was
decreased by the presence of ATP13A2 deficiency (Fig. 3C,D),
leading to increased a-syn levels in DA neurons (Fig. 2D,F).
Astrocyte-mediated neuroprotection was also recently observed
in another PD-associated mutation, LRRK2 G2019S (di Domenico
et al., 2019). In addition, the astrocyte-specific overexpression of the
redox-sensitive transcriptional factor erythroid 1 related factor 2
(Nrf2) leads to decreased a-syn levels in neurons from mice
expressing mutant a-synA53T (Gan et al., 2012). These results sug-
gest a significant involvement of astrocytes in the regulation of
a-syn in PD. Of note, astrocytes that uptake mutant proteins may
also become reactive astrocytes, which exhibit neurotoxicity (Shin et
al., 2005) or induce inflammation (Lee et al., 2010). Indeed, a lack of
ATP13A2 induces activation of nod-like receptor protein 3
(NLRP3) inflammasome to produce excess IL-1b from astrocytes,
whereas the overexpression of ATP13A2 can reverse it (Qiao et al.,
2016). However, our results favor a neuroprotective function for
astrocytes through the removal of a-syn, as astrocyte-mediated
a-syn clearance mitigates its accumulation in neurons, suggesting
an important astrocytic regulation of neuronal protein homeostasis
(Figs. 2, 3). Importantly, this neuroprotective a-syn clearance is
reduced in ATP13A2-mutant astrocytes, contributing to a-syn
accumulation in DA neurons (Fig. 2D,F).

We found that a-syn was abundantly expressed in neurons,
but rarely in astrocytes (Fig. 1), which is consistent with previous
reports (Zhang et al., 2014). In line with previous studies (Loria
et al., 2017), we found that phagocytosis and the endosomal
pathway were more active in astrocytes compared with neurons.
Indeed, internalization and recycling of a-syn were more active
in astrocytes compared with neurons (Fig. 3C,D), but were
reduced in both cell types in the presence of ATP13A2 deficiency

(Fig. 3C,D). However, a-syn internalization was still more effi-
cient in mutant astrocytes compared with neurons, indicating
that extracellular a-syn is more likely taken up by astrocytes
even in the presence of ATP13A2 mutations. While a-syn is
degraded through multiple pathways (Wong and Krainc, 2017),
recent evidence emphasized the importance of lysosomal degra-
dation of a-syn in neurons as defects in lysosomal hydrolases
have been linked to several genetic forms of Parkinson’s disease
(Ramirez et al., 2006; Mazzulli et al., 2011). We found that lyso-
somal degradation was more active in astrocytes compared with
neurons (Fig. 3E–I), suggesting that astrocytes have better
capacity to digest lipids, amino acids, complex sugars, and pro-
teins including a-syn (Loria et al., 2017). Interestingly, a-syn
accumulation was observed in astrocytes in patients with spo-
radic PD, but with a lower frequency compared with neurons,
possibly because of higher proteolysis in astrocytes (Wakabayashi et
al., 2000). Moreover, PD-associated mutations in GBA1 also
resulted in decreased lysosomal function in iPSC-derived astrocytes,
raising the possibility that dysfunctional astrocytic proteolysis con-
tributes to neuronal a-syn accumulation in PD (Aflaki et al., 2020).

Recent studies showed that a-syn can be transmitted from
neuron to neuron, and a-syn pathology may spread in a “prion-
like” manner (Guo and Lee, 2014), but the role of astrocytic
ATP13A2 in modulating this transmission was previously not
known. While the precise propagation mechanisms remain to be
determined, initial studies in cultured cells demonstrated that
a-syn can be transmitted via exosome secretion (Danzer et al.,
2012), whereas later studies using microfluidic chambers
revealed that a-syn can be released from axon terminals, suggest-
ing synaptic propagation (Brahic et al., 2016; Mao et al., 2016).
Studies in mouse brains have further documented that a-syn
first spreads to anatomically connected lesions, and subsequently
to lesions without direct connections, suggesting that both forms
of transmissions may occur but at different rates (Luk et al.,
2012). While some studies proposed direct transfer via tunnel
nanotubes (Rostami et al., 2017), most previous results suggest
that a-syn can be released and transmitted by multiple pathways
including exosomal secretion and lysosomal exocytosis (Tsunemi et
al., 2014, 2019). Our coculturing experiments demonstrated that
astrocytes play a protective role in a-syn propagation by preventing
indirect a-syn transfer, consistent with the previous report (Loria et
al., 2017; Fig. 5A–D). We found that ATP13A2-deficiency impaired
this protective role of astrocytes, leading to increased a-syn transfer
between neurons (Fig. 5E,F).

In conclusion, using iPSC-derived astrocytes and neurons, we
showed that intraneuronal a-syn levels were, at least in part,
regulated by astrocytic uptake and lysosomal degradation.
Impairment of these pathways by familial PD-associated
ATP13A2 mutations contributed to increased accumulation and
propagation of a-syn in DA neurons. Although patients with
ATP13A2 mutations present with parkinsonism, supranuclear
gaze palsy, and dementia, they also respond well to treatment
with levodopa, suggesting a degeneration of nigral DA neurons
that is typically seen in PD. In addition, Atp13a2 mouse models
and DA neurons differentiated from patient-derived iPSCs all
demonstrated increased levels of a-syn, as commonly seen in PD
(Schultheis et al., 2013; Tsunemi et al., 2019). Importantly, cogni-
tive decline and dementia develop in most patients with sporadic
PD and in patients with genetic forms of PD (Kalia and Lang,
2015), and patients with sporadic PD have been also shown to
have altered ATP13A2 in the nigra (Ramirez et al., 2006; Dehay
et al., 2012; Ramonet et al., 2012; Murphy et al., 2013), suggesting
that our studies of ATP13A2 may be more broadly informative

/

neurons (next two columns) after being cocultured with Cont astrocytes. Immunoblot
analysis of a-syn levels in Cont astrocytes cocultured with Mut and ATP13A2 overex-
pressing Mut DA neurons (right two columns). D, Densitometric quantification of
a-syn levels normalized to b -III-tubulin in neurons in the presence of coculturing
astrocytes (left graph; n = 3, *p = 0.027, one-way ANOVA with Tukey’s post hoc test).
Densitometric quantification of a-syn levels normalized to GFAP in Cont astrocytes
(right graph; n = 3, *p = 0.002, Student’s t test). E, F, The a-syn transmission from
Mut to Cont DA neurons in the presence of coculturing Mut astrocytes. E, Immunoblot
analysis of a-syn levels in Mut and Cont neurons (left two columns) and a-syn levels
in ATP13A2 overexpressing Mut and Cont DA neurons (next two columns) after cocul-
tured with Mut 1 astrocytes. Immunoblot analysis of a-syn levels in Mut astrocytes
that were cocultured with Mut and ATP13A2 overexpressing Mut DA neurons (right
two columns). F, Densitometric quantification of a-syn levels normalized to b -III-
tubulin in neurons in the presence of coculturing Mut astrocytes (left graph; n = 3,
*p = 0.017, **p = 0.022, one-way ANOVA with Tukey’s post hoc test). Densitometric
quantification of a-syn levels normalized to GFAP in Mut astrocytes (right graph;
n = 3, *p = 0.003, Student’s t test). Error bars indicate the SEM.
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for PD and other synucleinopathies. Therefore, targeting astro-
cytic clearance of a-syn may be an important therapeutic strat-
egy for ameliorating a-syn-mediated pathology not only for KRS
but also other synucleinopathies.
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