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Abstract
Parkinson’s disease is a neurodegenerative disorder characterized by the transmission and accumulation of toxic
species of α-synuclein (α-syn). Extracellular vesicles (EVs) are believed to play a vital role in the spread of toxic α-syn
species. Recently, peripheral α-syn pathology has been investigated, but little attention has been devoted to
erythrocytes, which contain abundant α-syn. In this study, we first demonstrated that erythrocyte-derived EVs
isolated from Parkinson’s disease patients carried elevated levels of oligomeric α-syn, compared to those from
healthy controls. Moreover, human erythrocyte-derived EVs, when injected into peripheral blood in a mouse model
of Parkinson’s disease, were found to readily cross the blood-brain barrier (BBB). These EVs accumulated in astrocyte
endfeet, a component of the BBB, where they impaired glutamate uptake, likely via interaction between excitatory
amino acid transporter 2 (EAAT2) and oligomeric α-syn. These data suggest that erythrocyte-derived EVs and the
oligomeric α-syn carried in them may play critical roles in the progression or even initiation of Parkinson’s disease.
Additionally, the mechanisms involved are attributable at least in part to dysfunction of astrocytes induced by these
EVs. These observations provide new insight into the understanding of the mechanisms involved in Parkinson’s
disease.
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Introduction
Parkinson’s disease is a neurodegenerative disorder
characterized by both motor and nonmotor symptoms [40, 82]. Its major pathological hallmark is the
accumulation of insoluble α-synuclein (α-syn) in deposits known as Lewy bodies. A role for α-syn in
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disease pathogenesis is further supported by the link
between Parkinson’s disease and missense mutations
or duplications/triplications of SNCA, the gene that
encodes α-syn [1]. The protein is abundant in the
brain, but is also found in remarkably high concentrations in the blood, particularly within the red
blood cells (RBCs), i.e., erythrocytes [7, 43, 64, 81,
99]. In both the blood and the brain, it can be secreted into the extracellular space, and may be found
either as free protein, or contained within extracellular vesicles (EVs), including exosomes and microvesicles. α-Syn-carrying EVs are believed to transmit
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Parkinson’s disease pathology [88], and have been
found to cross the blood–brain barrier (BBB) in either direction [35, 53].
Many mechanisms have been implicated in the complex processes by which Parkinson’s disease arises. Recently, increasing attention has been paid to the role of
astrocytes. One potential link may be glutamate homeostasis, a process that is under astrocytic control, and
which has profound implications for neuronal survival.
Astrocytic dysfunction resulting in reduced glutamate
uptake, which has been reported in Parkinson’s disease,
leads to abnormal levels of glutamate in the extracellular
space, and subsequent neuronal excitotoxicity and neurodegeneration [9, 14]. Excitatory amino acid transporter
2 (EAAT2), an astrocyte-specific glutamate transporter,
has been proposed to contribute to multiple neurodegenerative disorders [31, 45, 54, 95]. Astrocytes also play
a major role in communication between the cells of the
BBB and neurons, and BBB dysfunction is well-known to
accompany Parkinson’s disease and other neurodegenerative diseases [23, 29, 42, 91]. Currently the links between astrocyte dysfunction and pathological α-syn are
not entirely clear, and although astrocytes express much
less α-syn than neurons [56], they can contain α-synpositive inclusions in Parkinson’s disease [12], including
in their processes [67, 87]. However, the source(s) of this
astrocytic α-syn is not well-understood.
More recently, it has been hypothesized that transmission of α-syn pathology from the periphery to the brain
could contribute to disease progression, and Parkinson’s
disease might even originate outside of the central nervous system (CNS) [10, 11, 51, 71]. Our recent study
showed that α-syn-containing EVs released by RBCs
(RBC-EVs) could enter the brain in wild type (WT)
mice, especially under conditions of BBB disruption induced by lipopolysaccharide (LPS) [53]. More interestingly, these RBC-EVs collected from plasma of
Parkinson’s disease patients were found to induce inflammatory changes in brain microglia [53], suggesting
that systemic spreading may also be a critical pathway of
the periphery-to-CNS transmission of Parkinson’s disease pathology. Given the close proximity of astrocyte
endfeet to the cerebral microvessels [23, 92], it is possible that α-syn or α-syn-carrying EVs could enter astrocytes (potentially among the first brain cells encountered
by peripheral α-syn or α-syn-carrying EVs) from the peripheral blood. Thus, the connections between α-syn, including peripheral sources, and alterations in astrocyte
function in Parkinson’s disease, deserve further study,
particularly given the implication that astrocytes might
mediate early responses to abnormalities of the BBB.
In this study, we further characterize RBC-EVs and explore their role in the progression of Parkinson’s disease
pathology via astrocytes. We show that RBC-EVs can

carry oligomeric species of α-syn into the CNS in a Parkinson’s disease mouse model [30], and that RBC-EVs
from Parkinson’s disease subjects contain higher levels
of oligomeric α-syn compared to healthy control subjects. Long-term injection of RBC-EVs facilitated abnormal α-syn deposition in brain. These EVs are likely first
taken up by the astrocytic endfeet, leading to astrocytic
dysfunction by reducing glutamate uptake via an interaction between EAAT2 and oligomeric α-syn. Our results demonstrate a potential novel mechanism for
astrocyte-dependent Parkinson’s disease pathogenesis via
peripheral abnormalities, implicating astrocyte interactions at the BBB as an early step in possible diseaserelated mechanisms induced by peripheral α-syn.

Results
Mutant α-syn-induced stress increases BBB permeability

BBB dysfunction has been reported as an early event
during Parkinson’s disease pathogenesis [29], and has
been observed in transgenic mice expressing human mutant A53T α-syn (A53T mice) [30]. Our previous study
demonstrated that α-syn-carrying RBC-EVs enter the
brain in WT mice under conditions of LPS-induced BBB
disruption [53]. Therefore, we first characterized the
contents and infiltration of RBC-EVs to the CNS in
A53T mice, in which BBB function is compromised secondary to α-syn-driven pathology.
RBC-EVs carrying RBC marker CD235a [57, 61] were
obtained from human plasma using an immunocapture
protocol [79, 80]. Using Nanoparticle Tracking Analysis
(NTA), we confirmed that the anti-CD235a immunocaptured RBC-EVs from human control and Parkinson’s
disease plasma displayed a similar size distribution as
those obtained from cultured RBCs in our previous
study [53] (Supplemental Figure 1a-c). The specificity of
the EV isolation was confirmed using non-specific
mouse IgG capture as a negative control (Supplemental
Figure 1c). CD235a was enriched in the CD235atargeting, but not in the control IgG preparations (Supplemental Figure 1d). Captured RBC-EVs showed typical
EV structures when imaged by CryoEM (Supplemental
Figure 1f).
Isolated RBC-EVs were labelled with a fluorescent
lipid dye (DiR), and injected i.v. into 3-month-old WT
and A53T mice, in the presence or absence of a BBBdisrupting LPS pre-administration (Fig. 1a). Live animal
imaging showed that fluorescence intensity of DiRlabeled RBC-EVs (DiR-EVs) in the brain of A53T mice
was ~ 30% higher when compared with WT mice (Fig.
1b and c) in the absence of LPS pre-treatment. Of note,
LPS-treated WT and A53T mice showed similar fluorescence intensity when compared to untreated A53T mice,
suggesting that LPS cannot further promote the crossing
of RBC-EVs from blood to CNS in A53T mice (Fig. 1b
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Fig. 1 RBC-EVs can cross BBB in A53T mice. a Schematic representation showing the injection strategy. Briefly, RBC-EVs derived from control
subjects were injected into WT or A53T mice in the presence or absence of LPS pre-administration. b-c Representative images and quantification
of fluorescence signal of DiR-labeled RBC-EVs measured 3 h after injection. (n = 5 for WT injected with DiR-labeled RBC-EVs, n = 3 for other groups;
means + S.E.M; **p < 0.001 by ordinary Two-way ANOVA test and Sidak’s multiple comparisons post-test). d Representative images of mouse
brain slice from WT or A53T mouse (striatum) labeled with antibodies against mouse serum IgG and Kir4.1. Note that IgG signal can be only
detected in A53T mice, and is co-localized with Kir4.1 labeled area

and c). No fluorescence was detected in A53T mice
injected with fluorescent dye only (no EVs) (Fig. 1b).
These results suggest broad dysfunction of the BBB in
A53T mice at a relatively early stage in their α-synrelated pathology [30]. To confirm this and explore the
involvement of astrocytes in BBB leakage, brain slices
from perfused 4 month old A53T or WT mice were labeled with antibodies against IgG, to evaluate BBB disruption [70], and inwardly rectifying potassium channel
Kir4.1, an abundant and functionally important protein
that labels astrocytes, including their processes and endfeet [20, 60]. Fluorescent IgG signals were detected in
A53T mice, and co-localized with Kir4.1, while no IgG
signal was detected in WT mice (Fig. 1d), confirming
disruption of the BBB in A53T mice at early stages, as
previously reported [30], and that astrocytic endfeet are
in close proximity to the BBB leakages.
RBC-EVs from Parkinson’s disease patients more potently
promote α-syn aggregation in mouse brain

Our previous studies have demonstrated that RBCderived EVs contain α-syn [53], and that RBCs from Parkinson’s disease patients contain increased levels of αsyn species, including oligomeric α-syn, compared to
heathy control subjects [94]. Moreover, it is known that
α-syn-carrying EVs from CSF or brains of Parkinson’s
disease patients can promote the formation of α-syn aggregates when introduced into mouse brains [88].

Therefore, we hypothesized that blood-borne RBC-EVs
entering the brain as a result of BBB dysfunction, particularly those carrying pathological forms of α-syn, may
exacerbate the formation of α-syn pathology in the
brain.
To test this notion, we measured oligomeric/fibrillar
α-syn in RBC-EVs, from pooled plasma samples (see
Supplemental Table 2) obtained from a cohort of 109
Parkinson’s disease and 59 healthy control subjects (See
Supplemental Table 1 and Supplemental Table 2 for the
clinical data summary). We isolated CD235a + EVs from
plasma, and measured their oligomeric α-syn content
using a recently developed and validated electrochemiluminescence (ECL)-based assay based on the Meso Scale
Discovery (MSD) platform [94]. We observed that levels
of oligomeric/fibrillar α-syn in Parkinson’s disease subjects were increased by ~ 30% when compared to control
subjects (Fig. 2a). The control IgG-captured samples
showed minimal oligomeric/fibrillar α-syn signal, suggesting that signal detected from Parkinson’s disease
subjects was unlikely to be from contamination by free
α-syn (Fig. 2a). Dot-blot analysis further confirmed that
RBC-derived EVs contained oligomeric α-syn (Fig. 2b).
Having demonstrated elevated levels of oligomeric αsyn in RBC-EVs from Parkinson’s disease subjects, we
next sought to investigate their effects on the brains of
A53T mice. Parkinson’s disease or healthy control RBCEVs were injected twice/week i.v. into 3-month-old
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Fig. 2 RBC-EVs contain oligomeric α-syn species and promote α-syn aggregation. a Levels of oligomeric α-syn in CD235a containing-EVs (RBCEVs) in plasma were isolated by immuno-capture from healthy control subjects (n = 12 pools combined from 59 subjects), patients with PD (n =
11 pools combined from 109 subjects) and reference plasma samples (n = 4; pooled plasma generated from 30 healthy controls) or IgG captured
EVs reference plasma samples (n = 4) measured by ECL immunoassays (means + S.E.M; *p < 0.05 by One-way ANOVA test). b Dot blot analysis of
RBC-EVs isolated from control human subjects. Blots were probed with antibodies specifically against oligomeric α-syn, and oligomerized
synthetic α-syn was used as a loading control. c Schematic representation showing the chronic injection strategy. RBC-EVs obtained from the
plasma from human PD patients or healthy controls were injected 2 times/week i.v. into 3 month old A53T mice for 6 weeks. d-e After chronic
RBC-EVs injection, mouse brain slices were immunofluorescently stained for oligomeric α-syn. Representative images of striatum (STR) (d) and
quantification of fluorescence intensity of oligomeric α-syn in various brain regions (cortex (CTX), striatum (STR), cerebellum (CERE) and midbrain
(MIDB) (e) are shown . Note that A53T mice injected with RBC-EVs derived from PD subjects showed increased levels of oligomeric α-syn
fluorescence intensity compared to A53T mice injected with control RBC-EVs. (Scale bar, 10 μm, n = 5 independent animals were used in each
group means + S.E.M; *p < 0.05 by One-way ANOVA test). f Mouse tissues from different brain regions were also homogenated after chronic RBCEVs injection, and the levels of oligomeric α-syn in mouse brain homogenate of cortex (CTX), striatum (STR), midbrain (MIDB) and cerebellum
(CERE) were measured by an ECL immunoassay (n = 5 independent animals were used in each group; means + S.E.M; *p < 0.05 by Student’s t-test
*p < 0.05 compared to control-EVs injected group)

A53T mice for 6 weeks (Fig. 2c). Immunofluorescence
analysis was conducted to observe the progression of
pathologic α-syn in the brains. Fluorescence intensity of
oligomeric species of α-syn was increased by ~ 30% in
striatum and ~ 20% in midbrain of mice injected with
Parkinson’s disease compared to control RBC-EVs
(Fig. 2d-e). Biochemical analysis of brain homogenate
using the MSD assay showed increased oligomeric α-

syn in striatum (~ 30%), with a trend toward increase
in midbrain from the Parkinson’s disease vs control
RBC-EV injected mice, and no significant effects in
cortex and cerebellum (Fig. 2f). These results suggest
that chronic exposure to oligomeric α-syn containing
RBC-EVs may contribute to the accumulation of
pathological α-syn in the brain in this Parkinson’s disease model.
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Astrocytes internalize RBC-EVs from the periphery and
accumulate oligomeric α-syn in their processes

We next considered the possible involvement of
astrocytes in the pathway that RBC-EVs might take
between entering the brain and provocation of brain
α-syn pathology. Our previous study showed uptake
of RBC-EVs in the brain primarily by microglia. However, these results were obtained under conditions of
LPS-induced systemic inflammation, which might alter
microglial behavior [53]. Moreover, a number of
RBC-EVs in the brain parenchyma were difficult to
classify as being within a cell type, because their signal did not co-localize with any of the commonly
used cell-type markers utilized in that study (GFAP
for astrocytes, Map 2 for neurons, and Iba-1 for
microglia). Notably, some EVs were in close proximity
to astrocytes, often appearing quite near or even surrounded by their processes, with or without the signal
co-localizing with GFAP (Fig. 3a-d). In light of the
finding that in Parkinson’s disease model mice astrocytic endfeet, which typically express little or no
GFAP, rather than the cell bodies, where GFAP is
more abundant [30, 86], showed a close proximity to
the BBB leakages, we examined whether RBC-EVs
might be taken up by the distal processes of astrocytes. Animals were injected i.v. with human RBCEVs, then perfused after 3 h. We found that RBC-EVs
co-localized with the processes of GFAP labeled cells
and Kir4.1 labeled astrocytic endfeet, suggesting that
astrocytes do indeed take up RBC-EVs primarily at
the endfeet regions that are in close physical proximity to the blood vessels (Fig. 3b and d). We next colabeled brain slices with antibodies against Kir4.1,
IBA1 and MAP 2 to investigate the proportion of
RBC-EVs taken up by astrocytes, microglia, and neurons, respectively, in various brain regions. In the
A53T mice, ~ 80% of DiI-labeled EVs co-localized
with the Kir4.1-labeled astrocytic endfeet in the striatum, while ~ 30% were co-localized with the Kir4.1labeled astrocytic endfeet in the striatum of LPStreated mice (Fig. 3e and g). We did not observe any
DiI-labeled EVs co-localized with MAP 2-labeled neurons in A53T mice, while ~ 10% were co-localized
with MAP 2 labeled neurons in LPS-treated WT mice
(Fig. 3g). In midbrain, ~ 50% of DiI-labeled EVs were
co-localized with the Kir4.1-labeled astrocytic endfeet
in A53T mice, while ~ 20% were co-localized with the
Kir4.1-labeled astrocytic endfeet in LPS-treated mice
(Fig. 3e and h), in alignment with the brain regions
showing α-syn aggregation following chronic RBC-EV
injection. This data indicates that RBC-EVs can be
transported into brain astrocyte processes, and their
fate in different cell types depends on brain region
and the mechanism by which the BBB is disrupted.
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We next analyzed whether chronic peripheral injection
of RBC-EVs could result in elevated oligomeric α-syn in
astrocytic endfeet, using the same six-week injection
protocol. Immunolabeling showed that oligomeric α-syn
often co-localized with the Kir4.1-labeled astrocytic endfeet (Fig. 4a). This was confirmed by quantification of
oligomeric α-syn/ Kir4.1 co-localization, which was elevated in cortex, corpus striatum, midbrain and cerebellum of mice injected with Parkinson’s disease compared
to control RBC-EVs (Fig. 4b). These results suggest that
exposure to blood-borne α-syn elevates astrocytic α-syn
primarily at the processes, and that RBC-EV-contained
oligomeric α-syn likely promotes the formation of brain
aggregates in astrocytes.
To corroborate this observation in human disease, we
used brain tissue from 5 Parkinson’s disease and 5
neurologically normal control subjects (Supplemental
Table 3) and immunostaining for oligomeric α-syn [94].
We found that oligomeric α-syn did not co-localize with
GFAP-labeled astrocyte somata (Fig. 4c and Supplemental Figure 2). In agreement with our mouse experiment,
we found an increase in oligomeric α-syn in GFAP+
astrocytic processes of Parkinson’s disease patients in
cortex (~ 2 folds), striatum (~ 2 folds), and cerebellum
(~ 2 folds) (Fig. 4c-d). However, no significant increase
in oligomeric α-syn in astrocytes was observed in substantia nigra of Parkinson’s disease patients (Fig. 4c-d).
We also observed that oligomeric α-syn often colocalized with Kir4.1-labeled astrocytic endfeet, suggesting that oligomeric α-syn in astrocytes may primarily
reside in their processes. This was confirmed by quantification of oligomeric α-syn/Kir4.1 co-localization, which
was elevated in cortex and corpus striatum of Parkinson’s disease subjects (Fig. 4c) compared to controls, further indicating that oligomeric α-syn aggregated at the
astrocytic endfeet.
RBC-EV-induced oligomeric α-syn pathology in astrocytes
affects glutamate clearance via EAAT2

In order to further investigate the mechanisms by which
RBC-EVs might affect astrocyte functions, we generated
an in vitro model using cultured primary mouse astrocytes. Cultured astrocytes were confirmed to take up
DiI-labelled RBC-EVs (Fig. 5a). To verify that the labeling observed in GFAP+ astrocytes corresponded to
RBC-EVs, even after internalization, cultured astrocytes
treated with DiI-labelled RBC-EVs were co-labeled with
antibodies against human α-syn, which, in mouse astrocytes, may only be derived from the human RBC-EVs.
DiI-RBC-EVs co-localized with human specific α-syn
(Supplemental Figure 3a), suggesting that they were intact, as the lipid and protein content remained together.
Next, to investigate the molecular pathway of astrocyte
RBC-EV uptake, cultured astrocytes were pre-incubated
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Fig. 3 Astrocytes can take up RBC-EVs preferentially at endfeet in vivo. a-d Representative images of brain slices of striatum following peripheral
injection of DiI-EVs and labeling with GFAP (marker for astrocytes) and Kir4.1 (marker for astrocytic endfeet). Note that DiI-EV co-localized with
GFAP (a-b) and Kir4.1 (c-d) (Scale bar, 10 μm). e Analysis of the percentage of DiI-EVs colocalizing with MAP 2, Kir4.1 or IBA1 labeled cells in brain
slices of LPS pre-administered WT mice or A53T mice (n = 5 for LPS pre-administered WT mice; n = 4 for A53T mice). f-h Graphs show analysis of
the percentage of DiI-EVs colocalizing with MAP 2 (marker for neurons), Kir4.1 (marker for astrocytic endfeet) or IBA1 (marker for microglia)
labeled cells in cortex (CTX, (f)), striatum (STR, (g)) and midbrain (MIDB, (h)). Note that increased percentage of DiI-EVs were colocalized with Kir4.1
at striatum in A53T mice compared with the LPS pre-administered WT mice (g; means + S.E.M; n ≥ 4; **p < 0.01 by One-way ANOVA test)

with dynasore, an inhibitor blocking dynamin-dependent
endocytosis, or EiPA, an inhibitor blocking micropinocytosis, before application of RBC-EVs. Analysis of immunofluorescence showed that EV uptake was blocked
by dynasore, but not EiPA, suggesting that dynamindependent endocytosis, but not micropinocytosis, may
be required (Fig. 5b).
Given the importance of glutamate homeostatic dysfunction in Parkinson’s disease [17, 34, 41, 47], we
questioned whether glutamate clearance by astrocytes
might be affected by toxic oligomeric forms of α-syn
carried by RBC-EVs. We measured the effects of
RBC-EVs on astrocytic glutamate clearance by performing an excitatory amino acid uptake assay in

cultured primary astrocytes. 3H-labelled aspartic acid
was added to the media of astrocytes treated with
RBC-EVs in the presence or absence of dynasore.
Treatment with RBC-EVs reduced the uptake of 3Hlabelled aspartic acid in astrocytes by ~ 25% compared
to control (Fig. 5c). The presence of dynasore mitigated this effect, indicating that internalization of EVs
is necessary for the observed dysfunction to occur.
Similarly, treatment with RBC-EVs derived from αsyn knock-out mice did not alter uptake of 3H-labelled aspartic acid when compared to untreated astrocytes (Fig. 5c), emphasizing that α-syn content is
important for determining the detrimental effects of
RBC-EVs on glutamate uptake in astrocytes.
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Fig. 4 RBC-EVs facilitate α-syn aggregation in the processes of astrocytes. a Representative images of brain slices (cortex) following chronic
peripheral injection of RBC-EVs derived from healthy control or PD subjects, co-labeled for oligomeric α-syn, GFAP (marker for astrocytes), and
Kir4.1 (marker for astrocytic endfeet). Note the increased number of α-syn aggregations overlapping with Kir4.1 in brain slice from A53T mice
injected PD RBC-EV (Scale bar, 10 μm). b Quantification analysis of oligomeric α-syn/ Kir4.1 co-localization (n ≥ 5 independent animals were used
in each group means + S.E.M; *p < 0.05 by One-way ANOVA test). c Representative images of human postmortem tissues (cortex) co-labeled for
oligomeric α-syn, GFAP, and Kir4.1. White arrow heads indicate GFAP-labeled astrocytic process without co-localization with oligomeric α-syn,
while white arrows indicate GFAP-labeled or Kir4.1-labeled astrocytic process showing co-localization with oligomeric α-syn (Scale bar, 10 μm). de Quantification analysis of oligomeric α-syn/GFAP co-localization (d) and α-syn/ Kir4.1 co-localization (e) at cortex (CTX), striatum (STR), substantia
nigra (SN) and cerebellum (CERE) (means + S.E.M; n = 5; **p < 0.01 by One-way ANOVA test)

We next sought to determine whether elevated α-syn
might alter the function of EAAT2, which is responsible
for removing over 90% of glutamate from synapses in
CNS [36, 50]. To determine whether EAAT2 and α-syn
might physically interact, we performed proximity
ligation (PL) assay, in which a signal is only observed if
the targets are in close physical proximity (Fig. 6a). The
PL analysis was used in vitro with an antibody against
the c-terminus of EAAT2, and Syn211, which specifically
targets human-derived α-syn. We observed increased

EAAT2/Syn211 (~ 40% of astrocytes) PL products in
cultured astrocytes treated with RBC-EVs, when compared with untreated control or dynasore-treated astrocytes (Fig. 6c), indicating that these proteins were in
close physical proximity, likely interacting. In contrast,
no increase in PL signal was observed between α-syn
and EAAT1, another glutamate transporter expressed in
astrocytes (Supplemental Figure 3b). EAAT2/Syn211
products co-localized with DiI-labeled RBC-EVs along
the processes of GFAP-labeled astrocytes (Fig. 6b). To
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Fig. 5 Astrocytes take up RBC-EVs via dynamin-dependent endocytosis resulting in dysfunction of glutamate clearance. a Representative images
of cultured astrocytes treated with DiI-labeled RBC-EVs in the presence or in the absence of dynasore or EiPA. Application of dynasore prevented
astrocyte uptake of RBC-EVs (Scale bar, 10 μm). b Quantification analysis of percentage of astrocytes showing RBC-EV uptake (means + S.E.M; n =
3; *p < 0.05, ****p < 0.0001 by One-way ANOVA followed by Tukey-Kramer’s post-hoc test). c Quantification analysis of uptake of H3-labelled
aspartic acid in astrocytes. The presence of dynasore mitigated the effect of RBC-EVs (means + S.E.M; n = 3; ***p < 0.001 by ordinary Two-way
ANOVA test and Sidak’s multiple comparisons post-test)

confirm physical interaction between EAAT2 and α-syn,
EAAT2 was immunoprecipitated from lysates of brain
tissue from 4-month-old A53T mice. Western blot analysis of EAAT2 immunoprecipitates with antibodies
against α-syn showed that oligomeric species of α-syn
co-immunoprecipitated with EAAT2 (Fig. 6d), but not
EAAT1 (Supplemental Figure 3c). We further sought to
confirm this observation in vivo using A53T mice
injected with either Parkinson’s disease or control RBCEVs and found a significant increase in the oligomeric αsyn/EAAT2 co-localization (Fig. 6e).
We further analyzed the distribution of oligomeric α-syn
and EAAT2 in astrocytes in brain regions of Parkinson’s
disease and control brains showing critical Parkinson’s disease pathological processes [11]. The immunofluorescence
images showed that EAAT2 often co-localized with clusters
of oligomeric α-syn in striatum in Parkinson’s disease brain
tissues (Fig. 7a and Supplemental Figure 4a), suggesting
that they are also in close proximity in humans, in agreement with our results in A53T mouse. We also performed
the PL assay in our cohort of human brains (Fig. 7c-e). In
Parkinson’s disease patients, the number of EAAT2/
MJFR14 PL products was increased by ~ 2 folds in cortex
and ~ 4 folds in striatum, when compared to healthy

control subjects. Our results using human autopsy tissue
demonstrate that α-syn interacts with EAAT2 at astrocytic
endfeet, in alignment with our observations in the brains of
A53T mice.
RBC-EVs impair astrocytic protection of neurons

Having found that astrocyte internalization of RBC-EVs
led to oligomeric α-syn co-localization with EAAT2 and
reduced aspartic acid uptake, we examined whether exposure of astrocytes to RBC-EVs impaired their ability
to protect neurons from excitotoxicity using a trans-well
culture model (Fig. 8a). Astrocytes cultured in the insert
compartment were treated with either RBC-EVs or control media; after the excess (extracellular) RBC-EVs were
washed out, the insert was transferred to wells in which
primary neurons were plated. The co-culture arrangement was then treated with various concentrations of
glutamate, none of which were toxic to neurons in the
presence of astrocytes not exposed to RBC-EVs (no reduction of synaptophysin-positive signals, an index of
neurodegeneration [13, 102], compared non-treated neurons; Fig. 8a-d) [5]. The count of synaptophysin-positive
signals was reduced by ~ 30% in the presence of 100 μM
glutamate in the RBC-EVs treated astrocytes, when
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Fig. 6 Interaction of α-syn and EAAT2 following RBC-EV exposure. a Schematic representation demonstrating the proximity ligation (PL) assay
using antibodies against EAAT2 and human α-syn. b Representative images of cultured astrocytes containing EAAT2/α-syn complexes (proximity
ligation products) treated with DiI-labeled RBC-EVs. White arrows indicate DiI-labeled RBC-EVs overlapping with proximity ligation products, white
arrow heads indicate DiI-labeled RBC-EVs not overlapping with proximity ligation products (Scale bar, 10 μm). c Quantification analysis of
percentage of astrocytes containing EAAT2/α-syn complexes (means + S.E.M; n = 3; ****p < 0.0001 by One-way ANOVA test). Note that the
presence of dynasore eliminated the RBC-EV-induced increase of EAAT2/α-syn complexes. d Western blot analysis of EAAT2 (E2)
immunoprecipitates (IP) from the lysates of A53T mouse brain performed with antibodies against EAAT2 and human α-syn (211). IP with control
nonimmune rabbit immunoglobulins (IgG) served as control. e Quantification analysis of oligomeric α-syn/EAAT2 co-localization in cortex (CTX),
striatum (STR), midbrain (MIDB) and cerebellum (CERE) (means + S.E.M; n = 5 independent animals were used in each group; ****p < 0.0001 by
One-way ANOVA test)

compared with RBC-EV-treated astrocytes with 50 μM
glutamate administration or without glutamate administration (Fig. 8b-d).
We also noted that fluorescence intensity of synaptophysin in striatum of mice injected with Parkinson’s disease RBC-EVs was reduced by ~ 50% when compared to
control RBC-EV-injected mice (Fig. 8e). To corroborate
these observations, synaptosomes were isolated from
mouse brains after chronic EV injection [44]. MSD immunoassay measuring oligomeric α-syn detected increased oligomeric α-syn in striatum (~ 30%) from the
Parkinson’s disease vs control RBC-EV-injected, while
no significant effect was observed in cortex, midbrain or
cerebellum (Fig. 8f and g), suggesting that astrocytic dysfunction mediated by RBC-EVs may further result in αsyn aggregation in or near synapses. In agreement with
our observation, fluorescence analysis of Parkinson’s disease and control brains showed that synaptophysin was
reduced in the striatum of Parkinson’s disease brain,
compared to controls (Fig. 8h).

Discussion
In this study, we made several novel observations, including: 1) compromise of the BBB in the A53T α-syn
Parkinson’s disease mouse model permits entry of RBCderived EVs in the absence of LPS; 2) oligomeric α-syn
contained in RBC-EVs, particularly those isolated from
Parkinson’s disease patients, may lead to oligomeric αsyn pathology in the endfeet of astrocytes (a
phenomenon also observed in human autopsy tissue);
and 3) RBC-EV influx likely leads to the disruption of
astrocytic handling of glutamate, a critical step in metabolic homeostasis [86], which could culminate in
neurodegeneration.
Implications of peripheral α-syn contribution to
Parkinson’s disease pathogenesis or progression

Mounting evidence unequivocally indicates that peripheral organs, e.g., the gastrointestinal system, heart, and
skin, can be impaired at the earliest stages of Parkinson’s
disease [19, 22, 51]. RBCs contain abundant α-syn [8,
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Fig. 7 Oligomeric α-syn shows a close proximity with EAAT2 at the astrocytic endfeet in human brain tissue. a Representative images of human
postmortem tissues (striatum (STR)) co-labeled for oligomeric α-syn and EAAT2. Note overlap of oligomeric α-syn with EAAT2 (Scale bar, 10 μm). b
Quantification analysis of oligomeric α-syn/EAAT2 co-localization in cortex (CTX), striatum (STR), substantia nigra (SN) and cerebellum (CERE)
(means + S.E.M; n ≥ 5; *p < 0.05 by One-way ANOVA test). c Representative images of human postmortem tissues (striatum (STR)) containing
EAAT2/oligomeric α-syn complexes (proximity ligation products indicated by white arrows). Note that EAAT2/oligomeric α-syn complexes often
co-localized with Kir4.1 labeled astrocytic endfeet (Scale bar, 10 μm). d-e Quantification analysis of number EAAT2/oligomeric α-syn complexes (d)
or overlapping with Kir4.1 labeled astrocytic endfeet (e) in cortex (CTX), striatum (STR), substantia nigra (SN) and cerebellum (CERE) of healthy
control or PD human postmortem tissues (means + S.E.M; n = 5; *p < 0.05 by One-way ANOVA test)

81], and Parkinson’s disease patients exhibit morphological abnormalities of erythrocytes [69], possibly via
the known effects of aggregated α-syn on cell membranes [38, 73]. Although its source is unknown, evidence published by other research groups [25, 64], and
our previous study [94], showed that oligomeric αsynuclein can be even detected in plasma and red blood
cells derived from healthy control subjects not demonstrating any Parkinson’s disease-related abnormalities in
the CNS [64, 94, 99, 104]. In the present study, we show

that RBC-derived EVs also contain oligomeric α-syn,
which is increased in Parkinson’s disease patients, further suggesting the possibility that peripheral α-syn from
RBC-EVs might represent an early driving source of
pathological α-syn in Parkinson’s disease development
and progression, as suggested previously [53].
In addition to peripheral pathology in Parkinson’s disease, it has been suggested that α-syn may also be transmitted from the periphery to the brain [35, 62, 63, 71,
72, 75, 98], which raises the possibility that peripheral
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Fig. 8 RBC-EVs impair astrocytic protection of neurons. a Schematic representation demonstrating the setup of the trans-well model. Astrocytes
were cultured in the insert compartment of the trans-well and neurons were cultured in the bottom of the wells. b Representative images of
cultured neurons labelled with synaptophysin. Note that RBC-EV pre-treated astrocytes cannot prevent the loss of synaptophysin-positive signals
in the presence of glutamate treatment (Scale bar, 4 μm). c-d Quantification analysis of number synaptophysin puncta (means + S.E.M; n = 3;
*p < 0.05 by One-way ANOVA). e Quantification analysis of fluorescence intensity of synaptophysin labeling in cortex (CTX), striatum (STR),
midbrain (MIDB) and cerebellum (CERE) (means + S.E.M; n = 5; ****p < 0.0001 by One-way ANOVA test). f-g Graphs show the levels of oligomeric
α-syn in synaptosomes of mouse cortex (CTX), striatum (STR), midbrain (MIDB) and cerebellum (CERE) after chronic RBC-EV injection (f) and
normalized value against the concentration of oligomeric α-syn in cerebellum (g) (n = 5 independent animals were used in each group; means
+ S.E.M; *p < 0.05 by Student’s t-test *p < 0.05 compared to control-EVs injected group). h Quantification analysis of fluorescence intensity of
synaptophysin labeling in cortex (CTX), striatum (STR), substantia nigra (SN) and cerebellum (CERE) of healthy control or PD human postmortem
tissues (means + S.E.M; n = 5; *p < 0.05 by One-way ANOVA test)

components could contribute to the onset or progression of Parkinson’s disease. Most such studies to date,
however, have been focused on the trans-synaptic
spreading via nerves. Recent studies by us and others
have indicated that systemic spreading of α-syn and
other proteins directly from blood across the BBB may
be an alternative pathway [6, 66, 89]. Our recent work
demonstrated that RBC-derived, α-syn-carrying EVs
could transfer from blood into the brain, likely via
adsorptive-mediated transcytosis, particularly under
LPS-induced systemic inflammation [53]. Our observation that A53T mice show BBB disruption at the early
stage, in agreement with previous studies [30], further

indicates that LPS-induced systemic inflammation is not
required for RBC-EV transport in A53T mice even at
early stages. To this end, there are multiple lines of evidence to suggest that the BBB is compromised in human
diseases, including Parkinson’s disease [23, 29, 42, 91].
The BBB requires extensive support of multiple cell
types, including astrocytes, to maintain its integrity [52],
and abnormal astrogliosis mediated by toxic species of
α-syn likely contributes to BBB disruption in Parkinson’s
disease [15, 46]. When the BBB becomes dysfunctional,
either via aging processes or secondary to a CNS pathology, peripheral α-syn can be important. In addition, a
number of studies have identified an inflammatory
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response, accompanied by production of inflammatory
cytokines, as a component of α-synuclein-induced astrogliosis [15, 46]. Astrocyte inflammatory activity modulates microglial behavior, in turn amplifying brain
inflammation, and its toxic effects on neurons, as well as
having consequences for BBB permeability [3, 21].

in different responses of brain cells to RBC-EVs. Finally,
in our previous study, 8-week old (~ 2 months old) mice
were used for RBC-EVs injection, while in this study, 3month old mice were utilized because it takes time for
A53T mice to develop CNS pathology. To this end,
aging has been proposed as a key modulator in altering
physiological function of the BBB and brain cells [91,
92]. In other words, it is quite possible that the distribution of RBC-EVs may heavily depend on the age of mice
in a given study.
As described above, by way of physical proximity, astrocytes are among the first cells in the brain to contact
periphery-derived α-syn crossing the BBB. This, along
with their established ability to take up α-syn in vitro
[46, 83], may explain the robust entry of RBC-EVs and
associated oligomeric α-syn into astrocyte processes.
Interestingly, although RBC-EVs could be taken up by
astrocytes in different brain regions (cortex, striatum,
and midbrain), our results show that the preferential uptake of RBC-EVs in astrocytic endfeet is particularly pronounced in striatum (Fig. 3), an early site of Parkinson’s
disease pathogenesis [11, 12], in A53T animals, in agreement with previous evidence demonstrating significantly
increased permeability of the BBB in striatum of Parkinson’s disease patients [29]. Furthermore, following a subchronic exposure to exogenously applied RBC-EVs in
the present study, significant changes in oligomeric αsyn levels (Fig. 2c-f) were more apparent in striatum, either in the tissue as a whole (immunoassays shown in
Fig. 2) or in specific cells (Fig. 4), suggesting that the accumulation of α-syn aggregates might be correlated with
the amount of RBC-EV uptake by astrocytes. Also, it has
been reported that early stages of Parkinson’s disease
feature degeneration of nigrostriatal dopaminergic terminals in the striatum, prior to the loss of the cell bodies
in the substantia nigra [22, 26, 27, 39, 96]. Thus, our observations of the preferential uptake in astrocytic endfeet
and accumulation of toxic α-syn species in striatum is in
alignment with the concept of the involvement of the
nigrostriatal pathway in Parkinson’s disease development. Notably, when the effect of EV uptake on oligomeric α-syn expression was measured with greater
spatial resolution (that is, by cell type, comparing cell
body to processes in astrocytes) in Fig. 4, multiple regions showed significant differences in oligomeric α-syn,
supporting the notion that α-syn pathology may further
spread into other brain regions following infiltration of
oligomeric α-syn-containing EVs, which might represent
a process similar to that resulting in the progression of
Parkinson’s disease in humans.
Another major discovery of this study is that chronic
injection of Parkinson’s disease RBC-EVs in mice resulted in accumulation of oligomeric α-syn, the toxic
species of α-syn, prominently in the astrocytic endfeet,

Oligomeric α-syn from the blood is taken up by
astrocytes

Multiple studies have demonstrated that astrocytes take
up oligomeric α-syn likely derived from the CNS [15, 32,
74], leading to neuroinflammation and neuronal toxicity.
Uptake of peripheral oligomeric α-syn by astrocytes is a
novel pathway revealed in this study. In our previous investigation [53], we observed that RBC-EVs could be
transported into the brain after LPS-treatment, and are
largely colocalized with Iba-1+ microglia, not with
GFAP+ astrocytes or MAP 2+ neurons. In contrast, in
the present study, periphery-derived oligomeric α-syncontaining RBC-EVs were taken up by astrocytes, mostly
at the endfeet surrounding the BBB. A few major differences between our studies may help account for this obvious discrepancy. First, the uptake of EVs by astrocytes
was assessed using co-localization of EVs with GFAP in
our previous investigation. However, GFAP is expressed
primarily in the somata and proximal processes of astrocytes, limiting its utility to measure the co-localization of
EVs with the distal processes, the part of the cell in closest contact with the BBB, and most likely site of initial
EV internalization [86]. Indeed, astrocytic endfeet cover
the major area of vascular surfaces [58, 68, 84] in
addition to shaping the BBB. These interactions play a
critical role in regulating the exchange between peripheral blood flow and CNS activities [4]. In the current
study, using a marker (Kir4.1) more sensitive for astrocyte processes, we revealed evidence for astrocyte uptake
of RBC-EVs. This result also explained a phenomenon
in our previous study, i.e. some signals could not be associated with a particular cellular marker [53]. As to the
difference in neuronal uptake, it should be noted that, in
both studies, neuronal uptake makes up a very small
proportion of EVs (3–11%, depending on region) and
thus a precise comparison in neuronal uptake between
the two experiments is quite challenging. To further
complicate the issue, in our previous study, LPS was
used to induce systemic inflammation to facilitate the
entry of EVs into the brain. It is well-known that LPS results in potent microglial activation [37], which could
promote microglial uptake of RBC-EVs while suppressing the uptake by other cell types. Indeed, in the current
study, we observed a larger proportion of EVs in the striatum and midbrain of LPS-treated animals compared
with A53T animals, further supporting the possible hypothesis that LPS and α-syn-related stress might result
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suggesting that this may be the major, or initial, locus of
pathology transferred to the brain by RBC-EVs during
BBB disruption. This finding is consistent with the
observation of α-syn aggregations localized at the astrocytic endfeet in postmortem Parkinson’s disease brains
[12, 100]. However, the relative abundance of astrocyte
α-syn arising from different sources (i.e., neuronal, peripheral, or endogenously expressed) remains to be determined. Regardless of what proportion of astrocytic α-syn
is derived from peripheral sources, in agreement with
our observation, a recent study demonstrated evidence
that peripheral injection of blood EVs derived from aged
mice activate astrocytes [55], further indicating that astrocytes play a critical role in response to peripheralderived EVs. In addition, stroke-induced enhanced BBB
permeability promotes EVs and pro-inflammatory factors passing through the BBB, resulting in abnormal activation of astrocytes [59, 103]. This evidence further
suggests that astrocytes play a role as a defense system
in response to BBB disruption and peripheral insults,
and their responses to insult may in turn exacerbate the
condition of the brain.
Taken together, astrocytes play a potential role in taking up peripheral RBC-EVs, which may act as the starting point of the molecular mechanisms contributing to
the progression of α-syn pathology in Parkinson’s
disease.

dysfunction of the glutamate homeostasis. Relatedly, it is
well-known that an essential event in neurodegeneration,
including Parkinson’s disease, is represented by loss of
synapses on neurites [2, 18]. Previous studies have demonstrated that synaptophysin levels are unchanged in
A53T mice compared to control mice [85]. In addition,
in vitro evidence suggested that overexpression of A53T
α-syn in culture neurons did not affect the density of
synaptophysin accumulations [93]. These suggest that
A53T α-syn overexpression alone might not be able to
induce similar changes in RBC-EVs (and thus further
changes in synapses) to those in Parkinson’s diseasederived RBC-EVs. Indeed, introduction of RBC-EVs
from human Parkinson’s disease patients resulted in loss
of synapses compared to those from control subjects,
along with accumulations of oligomeric α-syn. Given
that the synaptic dysfunction in Parkinson’s disease is
likely associated with vulnerability of human dopaminergic terminals, further resulting in abnormal dopamine
metabolism and depletion in dopamine neurotransmission, this finding is in alignment with the human condition, particularly given our observation in human tissue
of loss of synaptophysin in striatum. The observed astrocytic dysfunction of glutamate re-uptake mediated by
RBC-EV uptake is likely to facilitate the loss of dopaminergic terminals, as evidenced by the loss of synapses,
along with neurites in a region-specific manner. Further
studies are needed to confirm whether dopaminergic
terminals are particularly vulnerable to astrocytic uptake
of RBC-EVs. One caveat, however, is that it is difficult to
assess the effects of RBC-EVs on healthy brains, as entry
of RBC-EVs into the brains of WT animals with intact
BBB (i.e., not disrupted by LPS injection or other treatments) is exceedingly low, and alternative methods for
introducing them into the brain (e.g., injection) would
not preserve the anatomical distribution that may contribute to astrocyte uptake in the distal processes.

Oligomeric α-syn disrupts glutamate handling leading to
the loss of synapses

One of the critical functions of astrocytes is to rapidly
remove excess glutamate in the extracellular space to
prevent neuronal excitotoxicity [49], a process that has
been highlighted in Parkinson’s disease [97, 105]. Here,
we observe a novel mechanism by demonstrating a direct interaction between oligomeric α-syn and EAAT2,
one of the key machineries in recycling glutamate. Our
in vivo results show that long-term injection of RBCEVs derived from Parkinson’s disease patients resulted
in increased interaction between oligomeric α-syn and
EAAT2 at the astrocytic endfeet. Consistently, increased
association between oligomeric α-syn and EAAT2 were
observed at astrocytic endfeet in Parkinson’s disease
post-mortem brain tissues, suggesting that dysfunction
of glutamate clearance in astrocytes is likely a detrimental result of oligomeric α-syn spreading from peripheral
circulation.
While the result obtained in autopsy tissue is correlational, in a previous observation, along with BBB leakage and the development of α-syn aggregation in the
endfeet of astrocytes at the early stage of development,
A53T mice demonstrated direct evidence of dysfunction
of glutamate uptake in astrocytes [30], further supporting the argument that RBC derived-α-syn provokes

Conclusion
Our observations show that BBB disruption during
early stages of Parkinson’s disease pathogenesis allows
the transport of oligomeric α-syn containing RBC-EVs
from peripheral circulation into the CNS, leading to
or enhancing oligomeric α-syn pathology in the endfeet of astrocytes. The resulting abnormality of astrocytic function likely involves disruption of astrocytic
handling of glutamate via the interaction between excess α-syn and EAAT2. Although the cross-talk between peripheral α-synucleinopathies and astrocyte
dysfunction-dependent α-syn spreading still requires
further investigation, this potential new pathway further emphasizes that initiation of α-synucleinopathies
is likely derived from a set of complex mechanisms
and the function of astrocytic endfeet in their role as
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a component of the BBB may be a key to understanding the initiation and progression of Parkinson’s
disease.

A53T mice (B6;C3-Tg (Prnp-SNCA*A53T)83Vle/J) [28],
α-syn knock out mice (B6;129X1-Snca<tm1Rosl>/J) [80],
and their wild-type controls of either sex were purchased
from Jackson laboratory for RBC-EV injection studies.
The genotype of all A53T mice was confirmed by using
genomic DNA samples isolated from mouse tails and
RT-PCR following the animal provider’s instructions.
Additionally, brain tissues from 1- to 3-day-old C57BL/6
mice of either sex were used to prepare cultures of primary astrocytes and primary cortical neurons. All animals were kept and bred on a 12/12-h light/dark cycle
with ad libitum food and water. Experiments were approved by the Institutional Animal Care and Use Committee of the University of Washington (IACUC
number: PROTO201600894: 3439–01).

Demographic information of all subjects is listed in Supplemental Table 1, and the plasma pooling strategy for
RBC-derived EV injection experiments is listed in Supplemental Table 2.
Human reference plasma was generated by pooling ~
30 healthy controls for optimization of the RBC-EV
immuno-capture method. Human erythrocytes from
healthy control subjects were also purchased from ZenBio (Research Triangle Park, North Carolina) for isolation of EVs from cultured erythrocytes.
Post-mortem human brain specimens were provided
by the University of Washington Alzheimer’s Disease
Research Center neuropathology core. Formalin-fixed
paraffin embedded human brain specimens of 5 Parkinson’s disease patients and 5 age−/sex-matched control
subjects were used. Specimens containing the frontal
cortex, the corpus striatum, substantia nigra, and cerebellum were cut to a thickness of 7 μm and tissue sections were mounted onto glass microscope slides. The
demographic information is listed in Supplemental
Table 3.

Human subjects and clinical sample collection

EV isolation

All participants underwent detailed informed consent
procedures and provided consent in writing in accordance with procedures approved by the institutional review boards at the Veterans Affairs Puget Sound Health
Care System and the University of Washington (IRB:
STUDY00003047).
Plasma samples were collected from 109 patients with
Parkinson’s disease and 59 age- and sex-matched healthy
controls as previously described [80]. All Parkinson’s disease patients and 9 of the controls were enrolled in the
Pacific Udall Center Clinical Core which includes sites
at the University of Washington/Veterans Affairs Puget
Sound Health Care System, and Oregon Health Sciences
University/Veterans Affairs Portland Health Care System. The remainder of the controls were from the University of Washington Alzheimer’s Disease Research
Center neuropathology core. All subjects underwent
evaluations consisting of medical history, physical and
neurological examinations, laboratory tests, and neuropsychological assessments. All Parkinson’s disease patients were determined to meet UK Parkinson’s Disease
Society Brain Bank clinical diagnostic criteria for Parkinson’s disease as determined by a consensus of movement
disorder specialists [16]. Control subjects were in good
health without evidence of a neurodegenerative disorder.
Similar sample collection protocols and quality control
procedures were followed at all participating sites as previously described [80], including key steps such as use of
polypropylene collection and storage tubes, rapid separation into single use aliquots, and freezing of plasma
samples, to minimize potential site variability.

The method for human RBC-derived EV isolation from
cultured human erythrocytes was previously described
[53]. Briefly, human erythrocytes from healthy controls
were cultured in RPMI-1640 culture medium containing
25 mM HEPES at 37 °C with 5% CO2 for 48 h. Culture
medium was collected and centrifuged at 1500×g for 10
min, followed by centrifugation at 3000×g for 15 min (2
times) to remove the intact cells, cell debris and apoptotic blebs. Supernatants were collected and subjected to
centrifugation at 150,000×g for 2 h. The resulting pellet
was then washed with ice cold PBS, followed by centrifugation at 200,000×g for 2 h. The EV pellet was resuspended and collected using ice cold PBS. Next, the EV
sample was purified using a sepharose CL-2B column
(Sigma, USA). 0.5 mL fractions were collected in 1.5 mL
tubes and the protein concentration of each fraction was
measured based on UV absorbance at 280 nm using a
NanoDrop™ Lite Spectrophotometer (Thermo Fisher Scientific, USA). Two observed protein peaks (Peak 1 and
Peak 2; EVs were enriched in Peak 1 as described previously [53]) were further concentrated using Amicon®
Ultra centrifugal filter devices (cut-off MW 100 kDa,
Millipore Corporation, USA).
To allow the use of archived plasma samples from patients with Parkinson’s disease and healthy controls,
RBC-EVs were also isolated from human plasma using
an immuno-capture method developed by our laboratory
[80]. Briefly, 10 μg of antibodies against CD235a or IgG
isotype controls were coupled onto one set (1 mg) of M270 Epoxy beads in alignment with the manufacturer’s
instructions (Dynabeads® Antibody Coupling Kit,

Materials and methods
Animals
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Thermo Fisher Scientific, USA). Plasma samples were
thawed at 37o C, followed by centrifugation at 2000×g
for 15 min and 12,000×g for 30 min. Supernatant of
plasma was diluted in PBS (pH 7.4) at a 1:3 ratio. Next,
one set of antibody-coated beads and 900 μL of diluted
plasma were incubated for ~ 24 h at 4 °C with gentle rotation. After the incubation, beads were washed four
times using 1 mL of 0.1% BSA/PBS (pH 7.4) to remove
non-specific binding and transferred into a new tube before elution. For immunoassays, EVs were eluted from
the beads and lysed by incubating the beads in 110 μL of
1% Triton X-100 plus 10% of a protease inhibitor cocktail (P2714, Sigma-Aldrich;prepared in 10 ml of H2O) in
0.1% BSA/PBS (pH 7.4). For NTA, animal injection, and
EM, EVs were eluted from the beads using 70 μl 0.1 M
glycine followed by a room temperature incubation on a
vortex shaker for 15 min. The supernatant was neutralized by adding 5 ul of 1 M Tris (pH 7).

For immunofluorescent analysis of RBC-EV distribution, animals were pre-treated with LPS and injected
with RBC-EVs as above, then perfused after 3 h. The descending aorta was clamped and both jugular veins were
severed. An 18-gauge butterfly needle was injected into
the left ventricle of the heart and then PBS infused at a
rate of 2 ml/min for 5 min, followed by perfusion of 4%
paraformaldehyde solution at a rate of 2 ml/min for 5
min. Brains were removed and immersed in 4% paraformaldehyde solution at 4 °C overnight. After dehydration
in 20% sucrose, sagittal brain sections (20 μm) were prepared with a sliding microtome (Leica, Wetzlar,
Germany).
To investigate chronic exposure to RBC-EVs, RBCEVs obtained from the plasma of human Parkinson’s disease patients or healthy controls were labeled with DiI,
and injected 2 times/week i.v. [50 μg EVs (proteins) per
mice] into 3 month old A53T mice (n = 5 for each
group) for 6 weeks via tail vein. Animal weight was recorded every week without showing significant weight
loss during the injection. Then, mice were perfused, and
brain tissues were collected as described above.

RBC-EV injection in mouse

The RBC-EVs isolated from cultured human RBCs or
from human plasma were labeled with Vybrant™ DiI
cell-labeling solution in accordance with the manufacturer’s instructions (Thermo Fisher, USA), which were
previously described [53]. Briefly, RBC-EVs were resuspended in 500 μL of PBS followed by the application
of DiI solution (10− 3 μmol). Then, RBC-EVs were incubated with DiI solution for 20 min at room temperature.
Next, excess DiI dye was removed and the labeled EVs
were concentrated using Amicon® Ultra centrifugal filter
devices (cut-off MW 100 kDa). Finally, the EVs were
washed three times using PBS, and resuspended in 50 μL
of PBS before use.
The distribution of intravenously (i.v.) injected RBCEVs in mice in vivo was assessed in live animals and by
immunofluorescence. Some animals underwent an LPS
pre-injection procedure previously demonstrated to
allow RBC-EVs to cross from the blood into the brain in
WT mice [53]. Three month old animals of either sex
were weighed and given an intraperitoneal injection of
LPS (3 mg/kg dissolved in sterile normal saline) derived
from Salmonella typhimurium (Sigma Aldrich) or control saline three times (at 0, 6 and 24 h), followed by a
28 h waiting period before RBC-EV injection. Vybrant™
DiR cell-labeling solution were added to the RBC-EVs
according to the manufacturer’s instructions, and DiRlabeled RBC-EVs dissolved in PBS (50 μg per mice) or
control (PBS without EVs) were intravenously injected
via the tail vein to LPS (3 mg/kg of mice, n = 5) or control saline pre-injected (i.p. injection) mice (n = 5). The
heads of the mice were shaved to reduce potential interference, prior to injection of RBC-EVs. Mice were anesthetized with 2% isoflurane during imaging with an IVIS
Spectrum in vivo imaging system (PerkinElmer, USA).

Nanoparticle tracking analysis (NTA)

The number of particles and size distribution in RBCEV preparations were analyzed with NTA (NS300;
Nanosight, Amesbury, UK). For RBC-EVs derived from
cultured fresh RBCs, each fraction was diluted 1000-fold
in PBS in order to optimize the number of particles
counted. For EVs isolated from plasma using the
immuno-capture method, eluted EVs were diluted 10fold in PBS, followed by NTA analysis. For each fraction,
three videos (60 s each) were captured, and all fractions
were analyzed using the same threshold. Analysis was
performed by NTA 3.2 software (Nanosight, Amesbury,
UK).
Primary neuron and astrocyte cultures

The cultures were established as described previously
[77, 101] with modifications. Briefly, primary cortical astrocytes were prepared from postnatal day 0 to 3 mice.
Cortices were isolated and cleaned of blood vessels and
meninges in cold dissecting media (Dulbecco’s modified
Eagle’s medium F12, Thermo Fisher, USA). Tissue was
digested for 30 min at 37 °C in Dulbecco’s modified Eagle’s medium F12 with 0.5 mmol/L EDTA, 0.2 mg/mL lcysteine, 15 U/mL papain (Worthington Biochemical,
USA), and 10 μg/mL DNase (Worthington Biochemical,
USA) (10-mL digestion media per three brains). After
digestion, cortical tissue was washed three times with
culture media [Dulbecco’s modified Eagle’s medium F12
supplemented with 10% fetal bovine serum and 1% penicillin/streptomycin (Corning, Tewksbury, USA)]. After
washing, cortices were triturated with a fire-polished
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Pasteur pipette in 10 mL of culture media. Tissue was
allowed to settle, and the supernatant was passed
through a cell strainer (pore size, 100 μm). The
remaining tissue was triturated again in 5 mL of culture
media, passed through a strainer, and combined with the
previous 10 mL of triturated cells. The resulting cells
were seeded in culture media, into vented 75-cm2 flasks
coated with poly-d-lysine, two brains per flask. Culture
medium was changed 24 h later, and astrocytes were
maintained at 37 °C, 5% CO2, until they reached confluence (9 to 10 days), at which point they were plated for
use.
Flasks containing confluent astrocyte cultures were
gently shaken to remove microglia, washed once with
PBS, and incubated with 0.25% trypsin EDTA at 37 °C
for approximately 5 min. Cells were washed with an
equal volume of media, collected into a 50-mL conical
tube, and centrifuged at 1600×g for 10 min at room
temperature. The resulting pellet was resuspended to a
final volume of 10 mL per flask collected and counted
using a hemocytometer. Cells were plated onto insert
wells (for co-culture, 1 × 105 cells per coverslip) or into
24-well plates (1 × 105 cells per well). Cultures were at
least 99% glial fibrillary acidic protein (GFAP) positive.
For neuronal cultures, cortices of mouse brains from
postnatal day 0 to 3 mice were placed in cold neuronal
dissection media [Neurobasal A supplemented with B27
and 0.5 mmol/L l-glutamine (Thermo Fisher, USA)].
Ventral mesencephalons were dissected from the brains
and digested for 15 min at 30 °C in 12 mL Hibernate A
without calcium chloride (BrainBits, USA), 0.5 mmol/L lglutamine, 15 U/mL papain, and 17 μg/mL DNase. Tissue was washed three times with neuronal dissection
media and triturated in 2 mL of the same media with a
fire-polished Pasteur pipette. Tissue was allowed to settle, and the supernatant was passed through a cell
strainer (pore size, 100 μm). Trituration and cell straining were repeated twice more. Cells were spun at
1000×g for 5 min at room temperature. The resulting
pellet was resuspended in neuronal media (Neurobasal
A supplemented with B27, 2 mmol/L l-glutamine, and
1% penicillin/streptomycin) and counted using a
hemocytometer. Cells (1.5 × 105 per well) were plated
into 24-well plates. Neurons were allowed to grow for
14 days before experiment. Changes of culture media
were performed on days 2, 3, 6 and 12.

Thermo Fisher Scientific, USA); anti-Kir4.1 (KCNJ10,
Alomone labs, USA); anti-EAAT2 (MAB 2262; Millipore
Sigma, USA); α-synuclein filament (MJFR14–6–4-2,
Abcam, USA) anti-synaptophysin (D-4, sc-17,750, Santa
Cruz Biotechnology, USA)) diluted in blocking solution.
Brain slices were washed using washing buffer (0.1%
Tween in PBS) and incubated with corresponding secondary antibodies diluted in PBS containing 0.3% of Triton X-100 for 2 h. After washing with PBS or washing
buffer, brain slides were embedded in Vectashield
medium or Vectashield medium with DAPI (when
indicated).
Human postmortem tissue staining was performed
as described previously [33]. Fixed and paraffinembedded tissue sections were deparaffinized by
washing 4 × 10 min in xylene and 2 × 5 min in 50% xylene/50% ethanol. Tissue was rehydrated by washing
2 × 5 min in 100% ethanol, 3 × 1 min in 95, 70, and
50% ethanol, rinsed in deionized water, and washed
2 × 5 min in phosphate-buffered saline (PBS). Tissue
was heated (≥100 °C) in 10 mmol/L citric acid (pH
6.0) for 15 min, cooled for 30 min at room
temperature (25 °C), and washed 3 × 10 min with TBST. Tissue was blocked overnight in 5% normal goat
serum (NGS), 2% BSA, and 0.25% Triton X-100,
made in TBS-T. Tissue was incubated with primary
antibodies (anti-GFAP (PA1–10004, Thermo Fisher
Scientific, USA); anti-Kir4.1 (KCNJ10, Alomone labs,
USA); anti-EAAT2 (MAB 2262; Millipore Sigma,
USA); α-synuclein filament (MJFR14–6–4-2, Abcam,
USA); anti-synaptophysin (D-4, sc-17,750, Santa Cruz
Biotechnology, USA); chicken antibodies against
MAP 2 (ab5392, Abcam, USA)) in blocking solution
overnight. After incubation with primary antibodies,
tissue was washed with 5% NGS and 2% BSA in TBST 3 × 10 min, and incubated with secondary antibodies
conjugated with Alexa Fluor 488 or 568 (dilution 1:
500; Life Technologies, Carlsbad, CA) in 5% NGS and
2% BSA, made in TBS-T, overnight. After incubation
with secondary antibodies, tissue was washed 3 × 10
min in TBS-T, followed by rocking in 0.3% Sudan
Black in 70% ethanol for 30 min. Tissue was rinsed
twice in 70% ethanol, washed 3 × 10 min in TBS-T,
and mounted with Vectashield with DAPI (Vector Laboratories, USA).
Immunocytochemistry was performed as described
previously [78]. Cells were fixed in 4% paraformaldehyde
for 30 min at room temperature, washed 2 × 5 min with
PBS, and blocked in 4% NGS, 1% BSA, and 0.4% Triton
X-100 for 1 h at room temperature. Primary antibodies
(anti-GFAP (PA1–10004, Thermo Fisher, USA; antisynaptophysin (D-4, sc-17,750, Santa Cruz Biotechnology, USA); anti-α-syn (clone 42, 624,096, BD Bioscience,
USA)) were diluted in blocking buffer and incubated

Immunofluorescence

Mouse brain slice staining was performed as described
previously [53]. Mouse brain slices were washed with
PBS and treated with blocking solution (1% BSA, 0.4%
Triton X-100 and 4% goat serum in PBS) for 1 h at room
temperature followed by incubation overnight at 4 °C
with primary antibodies (anti-GFAP (PA1–10004,
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overnight at 4 °C. Astrocytes fixed after mitochondrial
imaging were stained with primary antibodies following
with overnight incubation at 4 °C. Cells were washed 3 ×
5 min with 0.1% Tween-20 in PBS and incubated with
secondary antibodies conjugated with Alexa Fluor 488,
568, or 633 diluted 1:500 (488 and 568) or 1:100 (633)
(Thermo Fisher, Carlsbad, CA; Abcam, USA) in 0.3%
Triton X-100 in PBS for 1 h at room temperature,
followed by washing 3 × 5 min with 0.1% Tween-20 in
PBS. Stained cells were mounted with Vectashield with
DAPI. Immunofluorescence images were captured by
imaging with an oil-immersion Plan Apo VC × 60 objective using a laser-scanning confocal microscope
(Olympus, USA). Z-series images were acquired from
randomly selected fields in the presence or in the absence of DiI-labeled RBC-EVs. Note that DiI signal in
the brain may signify that EV membrane is present, but
cannot inform on the number of EVs or their cargo.
Captured images were analyzed using Fiji software,
which is a derivative of ImageJ [76]. For the quantitative
analysis of fluorescence intensity, three square fields
(size 20 μm2) including GFAP-positive signal, were randomly selected (excluding any artifacts) for each image
or region of interest (ROI), followed by measurement of
fluorescence intensity of the selected area. Then, fluorescence intensity of the background, selected manually in
each image outside the positive area, was deducted from
the intensity of the signal. For the co-localization analysis, square ROI (size 20 μm2) were randomly selected
for the two channels of interest, followed by calculation
of Mander’s overlap coefficient between the analytes in
the selected ROI, which has been described previously
[24]. The DiI-signals, representing the labeling of RBCEVs, were defined as a mean intensity of at least 10%
higher than background labeling, which were manually
counted and analyzed as described previously by our laboratory [53].

instructions. Fluorescence images were acquired at room
temperature using a confocal laser scanning microscope
(Olympus, PA, USA) and oil Plan Apo VC × 60 objective
(numerical aperture 1.4). For human postmortem brain
tissues, after overnight incubation with primary antibodies, modification of manufacturer’s instructions was
applied at the ligation and amplification steps: time of incubation with the ligase buffer was increased to 90 min
and time in the polymerase buffer was increased to 2 h.
Fluorescence intensities of PL products in cultured astrocytes and human postmortem brain tissues were measured in Fiji and verified by 3 independent investigators.

Proximity ligation (PL) assay

PL assays in cultured cells were performed as described
previously [48, 78] with modifications. Cultured astrocytes were treated with RBC-EVs at 37 °C for 3 h. Then,
cultured astrocytes were fixed in 4% formaldehyde in
PBS, washed with PBS and blocked by incubating with
blocking solution (5% donkey serum, 2% BSA and 0.1
Triton x-100 in PBS) for 1 h. Primary antibodies against
the intracellular domain of EAAT2 and α-syn were applied to the cells in 0.1% BSA in blocking solution overnight at 4 °C. Further steps were performed using
secondary antibodies conjugated with oligonucleotides
(PLA probes anti-mouse minus and anti-rabbit plus,
DUO92004 and DUO92002, Sigma Aldrich, USA) and
Duolink II fluorescence kit (DUO92014, Sigma Aldrich,
USA) in accordance with the manufacturer’s

Electrochemiluminescence (ECL) immunoassays for total
and aggregated α-syn quantification

The ECL immunoassays were performed as previously
described and validated [94] with minor modifications
for human RBC-EV and mouse brain tissue homogenate
samples in this study. Antibodies against α-syn clone 42
(624,096, BD Bioscience, San Jose, CA, USA) were labelled with sulfo-TAG reagent in alignment with MSD
instructions, and used as the detector for both assays.
Antibodies against α-syn MJFR-1 clone 12.1 (ab138501,
Abcam, USA) and antibodies against conformation specific, α-syn filaments MJFR-14 (ab209538, Abcam, USA)
were independently biotinylated, linker conjugated, and
coated onto standard 96-well U-Plex plates (MSD, USA)
by incubating the plates with 10 μg/ml of capture antibody solutions for 2 h at room temperature with 600
rpm shaking. After washing three times with 150 μl
Washing Buffer (MSD, USA), plates were blocked with
150 μL Diluent 35 (MSD, USA) for 1 h while shaking at
600 rpm at room temperature, following with three
washes using Washing Buffer. Immuno-captured RBCEV samples were subjected to a 1:2 dilution using Diluent 35, and brain tissue homogenates were diluted 1:20
with Diluent 35. Then, 50 μl of diluted sample and calibrator (recombinant α-syn, Proteos, USA, and oligomeric α-syn [94] were loaded to the immunoassay plate
following with 1 h room temperature incubation on a
shaker at 600 rpm. Next, the plate was washed three
times using Washing Buffer and sulfo-TAG-labelled
anti-α-syn clone 42 antibody (1μg/ml) was added along
with room temperature incubation for 1 h on a shaker at
600 rpm. Finally, the plate was washed three times using
Washing Buffer and 150 μL of Read Buffer T (MSD,
USA) was applied to each well, and plates were analyzed
in a Quickplex SQ 120 (MSD, USA). Data analysis was
performed with the MSD Discovery Workbench 3.0
Data Analysis Toolbox.
3

H-d-aspartate uptake assay

Uptake assays were performed on cultured astrocytes, as
described previously [33]. Astrocytes were first incubated
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in the presence or in the absence of dynasore for 3 h at
37 °C, followed by application of RBC-EVs and incubation for 3 h at 37 °C. Then, astrocytes were washed twice
with warm Krebs-Ringer solution (16 mmol/L sodium
phosphate, 119 mmol/L NaCl, 4.7 mmol/L KCl, 1.8
mmol/L CaCl2, 1.2 mmol/L MgSO4, 1.3 mmol/L EDTA,
and 5.6 mmol/L glucose; pH 7.4). After the second wash,
cells were incubated with Krebs-Ringer solution with
3
H-d-aspartate (1.3 μmol/L, 0.03 μCi/mL, specific activity
1 mCi/mL; American Radiolabeled Chemicals, St. Louis,
MO) at 37 °C for 10 min. Astrocytes were washed three
times with ice-cold Krebs-Ringer solution. After the
third wash, astrocytes were rocked in 1 N NaOH for 30
min at room temperature. The resulting solutions were
collected in scintillation fluid and measured using a scintillation counter. For each replicate, 3H measurements
were averaged for each group and normalized to the
value for astrocytes without treatment (control group).

antibodies (Abcam, USA). The immunoreactive bands
were visualized using ECL reagents (Amersham Pharmacia Biotech, Buckinghamshire, UK).
Dot blot analysis was performed following a standard
protocol (Abcam, USA). Samples were spotted directly
onto a nitrocellulose membrane. The membrane was
then incubated with primary antibodies (MJF14–6–4-2
for oligomeric α-syn) overnight at 4 °C, followed by secondary horseradish peroxidase (HRP) conjugated antibodies (Abcam, USA) for 0.5 h at room temperature.
Proteins were visualized using ECL reagents (Amersham
Pharmacia Biotech, Buckinghamshire, UK).

Electron microscopy (EM)

RBC-EV sample preparation was conducted based on a
previously described protocol [65]. Briefly, RBC-EV samples were pre-incubated with antibodies against CD63
(556,019, BD Biosciences, USA) overnight at 4 °C,
followed by incubation with 10-nm gold conjugated goat
anti-mouse IgG antibody (abcam) for 60 min at room
temperature. Then, samples were applied to glowdischarged holey grids, following with loading and blotting of 10 μl RBC-EV samples for 5 min (repeated 3
times). Grids with EV samples were plunged in liquid
ethane using a Vitrobot (FEI) and maintained in liquid
nitrogen until imaging. Images were acquired and collected on a FEI Tecnai G2 F20 (FEI Co, USA) at 200 kV
Cryo-S/TEM equipped with a Gatan K-2 Summit Direct
Detect camera. Leginon software was used to automate
data collection [90].
Western blot and dot-blot analysis

Western blotting was performed following a standard
protocol, which was previously described [53]. RBC-EV
samples (~ 10 μg proteins) were solubilized with
Laemmli sample buffer and were electrophoretically separated on 4–15% Criterion™ TGX Stain-Free™ Protein
Gel (Bio-Rad Laboratories, USA) and then transferred to
polyvinylidene difluoride (PVDF) membranes (Bio-Rad
Laboratories, USA). The membrane was probed with
corresponding primary antibodies (CD235a (MA5–
12484, in a bovine serum albumin (BSA)-free PBS buffer,
Thermo Fisher Scientific, USA); EAAT2 (MAB 2262;
Millipore Sigma, USA); EAAT1 (A-3, sc-515,839, Santa
Cruz Biotechnology, USA); anti-α-syn (clone 42, 624,
096, BD Bioscience, USA)) overnight at 4 °C. After washing, membranes were then incubated with appropriate
horseradish peroxidase (HRP)-conjugated secondary

Statistical analysis

Statistical analysis was performed using Prism 8.0
(GraphPad, USA). The group differences were assessed
by one-way ANOVA analysis (for three or more groups),
Two-way ANOVA analysis (for three or more groups
with two factors) or t-test (for two groups), followed by
Tukey-Kramer’s post-hoc test, Sidak’s multiple comparisons post-test and Dunn’s post-hoc test, respectively, for
multiple comparisons. Values with p < 0.05 were
regarded as significant.
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Additional file 1 Supplemental Figure 1 Characterization of RBC-EV.
(a-d) The size distribution (a-c) and total particle number (d) of cultured
RBC-EVs and immunocaptured RBC EVs (anti-CD235a and IgG capture)
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and 211. Note that DiI labeled RBC-EVs often co-localized with 211 positive signals. (b) Quantification analysis of percentage of astrocytes containing EAAT1/211 complexes. (c) Western blot analysis of EAAT1 (E1) and
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Representative images of human post mortem tissues (striatum (STR) and
substantia nigra (SN)) co-labeled with EAAT2 and MJFR14. Supplemental
Table 1. Characteristics of the clinical cohort of plasma samples. Supplemental Table 2 Characteristics of the plasma pooling information. Supplemental Table 3. Characteristics of the clinical cohort of postmortem
brain tissues.
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