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Abstract
α-Synuclein (α-syn) has been implicated in neurological disorderswith parkinsonism, including Parkinson’s disease andDementia
with Lewy body. Recent studies have shown α-syn oligomers released fromneurons can propagate from cell-to-cell in a prion-like
fashion exacerbating neurodegeneration. In this study, we examined the role of the endosomal sorting complex required for
transport (ESCRT) pathwayon the propagationofα-syn. α-syn,which is transported via the ESCRT pathway throughmultivesicular
bodies for degradation, can also target the degradation of the ESCRT protein-charged multivesicular body protein (CHMP2B), thus
generating a roadblock of endocytosed α-syn. Disruption of the ESCRT transport system also resulted in increased exocytosis of
α-syn thus potentially increasing cell-to-cell propagation of synuclein. Conversely, delivery of a lentiviral vector overexpressing
CHMP2B rescued the neurodegeneration in α-syn transgenic mice. Better understanding of the mechanisms of intracellular
trafficking of α-synmight be important for understanding the pathogenesis and developing new treatments for synucleinopathies.

Introduction
A number of neurodegenerative disorders of the aging popula-
tion are characterized by progressive accumulation of aggre-
gated proteins (e.g. α-synuclein (α-syn), Aβ, SOD-1 and tau)
inside of cells (1). Moreover, recent studies suggest that many
of these protein aggregates might propagate from cell-to-cell
contributing to the hierarchical spreading of the pathology
throughout interconnected circuitries in the CNS (2). α-syn a
chaperone synaptic protein involved in neurotransmitter re-
lease (3) has been identified as the major protein accumulating
and disseminating in patients with Parkinson’s disease (PD) and
dementiawith Lewy body (DLB) (4–7). Althoughmechanisms for
the release and uptake of α-syn oligomers have been examined
in some detail (8,9), the intracellular trafficking and fate of the
endocytosed α-syn and other protein aggregates in the recipient
cells has not been sufficiently explored. It is not clear what

happens and how the protein is targeted for seeding and/or
clearance in the new cell.

The endosomal sorting complex required for transport
(ESCRT) comprises a set of five families of proteins involved in
the sorting and trafficking of proteins from the endosome to
the lysosome via the multivesicular bodies (MVBs) (10–12) ul-
timately resulting in clearance and degradation of the MVB
cargo. The ESCRTs act sequentially to traffic endosomal cargoes
to the MVB, thus playing an important role in targeting endocy-
tosed proteins for autophagy-directed degradation. Mammalian
ESCRT-III proteins are unique among the families of ESCRT
members in their ability to perform membrane remodeling by
inducing cell invagination away from cell cytoplasm. This
allows the formation of the MVB. Mammalian members of the
ESCRT-III family are referred to as charged multivesicular
body proteins (CHMPs) (reviewed in (10)).
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The CHMP proteins have received considerable attention re-
cently for their potential role in autophagy (13) and neurodegen-
erative disorders. For example, mutations in CHMP2B have been
linked to familial forms of frontotemporal dementia (FTD-3)
(14,15), amyotrophic lateral sclerosis (ALS) (16,17) and early
onset Alzheimer’s disease (18), and mutations in CHMP2B have
been shown to result in defective autophagy (19,20).

In this study, we examined the role of the ESCRT endocytosis/
MVB pathway in the cell-to-cell spread of α-syn. We found
that extracellular α-syn is endocytosed by the ESCRT pathway
and targeted for degradation by autophagy through the MVBs.
The ESCRT-III protein, CHMP2B, plays a pivotal role in the traffick-
ing of the endocytosed α-syn. Remarkably, in patients with
DLB and in α-syn tg mice, levels of CHMP2B and CHMP3 were
reduced (while CHMP4B/C were increased). Delivery via gene
therapy of CHMP2B, in cell-based models and in α-syn tg mice
alleviated this block and reduced the intracellular accumulation
of α-syn reversing the α-syn-induced neuropathology. Thus,
intracellular α-syn aggregates can interfere with and target the
ESCRT component CHMP2B for degradation by autophagy there-
by decreasing the degradation of endocytosed extracellular α-syn
leading to accumulation of intraneuronal propagated α-syn and
neurodegeneration.

Results
Extracellular α-syn is endocytosed and targeted to MVBs

Propagating α-syn is one pathway for neuronal pathology
to spread in synucleinopathies (8). In order to examine themech-
anism for uptake and trafficking of extracellular α-syn, we gener-
ated an in vitro co-culture system. In this system, two populations
of cells are separated by a 0.4 µm filter membrane allowing only
proteins and small molecules to passage between the two cham-
bers containing the two separate populations of cells. In the top
chamber, cells (from B103 neuroblastoma cell line) previously
infected with the lentivector (LV) are overexpressing α-syn repre-
senting the ‘donor cells’. In the bottom chamber, cells derived
from the same line are grown on coverslips and represent the
‘acceptor cells’ (Fig. 1A and B). Time course analysis of α-syn in
this system showed a rapid accumulation of α-syn in the media
representing the extracellular α-syn and rapid uptake by the
acceptor cells (Fig. 1C). To characterize the α-syn produced by
thedonor cells and the extracellular α-synuptakenby the acceptor
cells, immunoblot and immunocytochemical analysis was
performed (Supplementary Material, Fig. S1). Both with a mono-
clonal and a polyclonal antibody against α-syn western blot ana-
lysis with SDS-PAGE gels showed that in the neuronal B103 cells

Figure 1. Endocytosed α-syn is targeted to the MVB in an in vitro cell-to-cell transmission assay. (A) An in vitro neuronal co-culture system was devised to mimic the

propagation of α-syn. B103 neuronal ‘donor cells’ infected with LV-α-syn or LV-control (red) were plated in cell culture inserts containing a 0.4 µm membrane. B103

neuronal ‘acceptor cells’ were plated on coverslips. (B) Immunohistochemistry showing α-syn protein (red) from the donor cells was secreted and taken up by acceptor

cells with the neuronal proteinMAP2 (green). Scale bar = 15 µm. (C) Time course of α-syn expression from the donor cells, secretion into themedia, uptake by the acceptor

cells and LDH release assay for cell death of donor cells (n = 4wells for each assay). Immunohistochemistry of co-culturewith donor cells infectedwith (D) LV-control or (E)
LV-α-syn. Scale bar = 15 µm. Coverslipswere stained for α-syn (red) and CHMP2B, CD63, LC3 or LAMP2 (green) aswell as nuclei (DAPI, blue) (n = 3wells for each experiment).

(F) Electron microscopy of acceptor cells incubated with donor cells infected with LV-control or LV-α-syn stained with gold particle labeled anti-CD63 or anti-α-syn. Scale

bar = 1 µm. (G) Quantitation of gold particles permultivesicular body (n = 3 wells for each experiment). *Statistical significance P < 0.05 compared with LV-control-infected

cells. One-way ANOVAwith post hoc Tukey–Krammer.
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infected with LV-α-syn displayed a band at 14 kDa corresponding
to themonomer as well higher MWbands at 42 and 70 kDa corre-
sponding to the multimers (Supplementary Material, Fig. S1A
and B), in themedia aweak band corresponding to the monomer
was identified as well as additional MW bands that appear as a
smear (Supplementary Material, Fig. S1A and B). Likewise, in
the native gels, a band corresponding to monomeric α-syn was
identified as well as multiple bands with a smear appearance
corresponding to α-syn multimers (Supplementary Material,
Fig. S1A and B). Further corroboration was performed by im-
munocytochemistry utilizing the SYN-1 antibody that identifies
monomers and multimers of α-syn and the 5G4 antibody that
favors recognizing aggregated α-syn. As expected, donor cells
infected with LV-α-syn displayed strong SYN-1 and 5G4 immu-
noreactivity (SupplementaryMaterial, Fig. S1C). Likewise, accept-
or cells showed strong SYN-1 and 5G4 immunoreactivity
(SupplementaryMaterial, Fig. S1D). These results support the no-
tion that LV-α-syn-infected donor cells express and secrete both
monomeric and aggregated α-syn that is readily uptaken by the
acceptor cells. This is consistent with our previous studies show-
ing that extracellular α-syn is aggregated (21). The release of
α-syn did not appear to be due to increased cell death (Fig. 1C).
Acceptor cells showed a gradual decrease in accumulation of
α-syn over the course of the experiment suggesting a degradation
pathway for α-syn (Fig. 1C). Based on this time course, cells were
co-cultured together for 24 h prior to analysis.

Compared with donor cells infected with the LV-control vec-
tor (Fig. 1D and Supplementary Material, Fig. S1), in chambers
where the donor cells were infected with LV-α-syn, the acceptor
cells showed accumulation of α-syn after 24 h. By confocal
microscopy, this internalized α-syn strongly co-localized within
granular intracellular structures with markers of the ESCRT
pathway (CHMP2B), MVBs (CD63), autophagosomes (LC3) and
lysosomes (LAMP2) (Fig. 1E). Combined immunogold and electron
microscopy confirmed that compared with the controls, in the
acceptor cells (where the donors were infected with LV-α-syn)
the MVBs which by immunogold were CD63 positive, displayed
abundant gold particles representing α-syn (Fig. 1F and G). This
suggests that the extracellular α-syn is endocytosed via the
ESCRT pathway and is targeted for degradation with lysosomes.

To further determine if the ESCRT pathway was required for
endocytosis/degradation of extracellular α-syn, acceptor cells
were infected with LVs either overexpressing (LV-CHMP2B) or
downregulating (LV-shCHMP2B) the CHMP2B protein (Supple-
mentaryMaterial, Fig. S2), a component of the ESCRT-III complex
(Fig. 2A and B). Overexpression of CHMP2B in acceptor cells
resulted in a reduced accumulation of the internalized α-syn in
the acceptor cells (Fig. 2C and D). In contrast, downregulation of
CHMP2B (LV-shCHMP2B) resulted in a disruption in the internal-
ization of extracellular of α-syn with extracellular α-syn accumu-
lating in the pericellular region and with some cells lacking any
endocytosed α-syn (Fig. 2E and F and Supplementary Material,
Fig. S3). To verify that the α-syn observed in the acceptor cells
was from the donor cells, we performed similar experiments
with the LV-α-syn-myc vector and immunostained for the c-myc
epitope tag (Supplementary Material, Fig. S4A). These results
were confirmed in primary mouse cortical neurons (Supplemen-
tary Material, Fig. S4B).

To determine if the effects of CHMP2B were specific, we
examined the effect of downregulating CHMP2A or CHMP6
through transfection of siRNA along with co-culture with the
α-syn-expressing cells. Transfection of siCHMP2A did not appear
to have any effect on the subcellular localization or accumulation
of α-syn (Fig. 2G and H), whereas downregulation of CHMP6

reduced α-syn accumulation and increased pericellular accumu-
lation of α-syn (Fig. 2I and J) similar to the effect of CHMP2B.

Because overexpression of CHMP2B resulted in reduced intra-
cellular accumulation of α-syn this could be the result of an
increase in clearance or a decrease in endocytosis of α-syn. To
further investigate the mechanisms involved, we combined the
co-culture system with pharmacological compounds that block
or stimulate autophagosome/lysosome formation. We have pre-
viously shown that treatment with bafilomycin A1 (BafA1)
increases the intracellular accumulation of α-syn and treatment
with an activator of autophagy, rapamycin, decreases intracellu-
lar accumulation of α-syn (22,23).

As expected, compared with controls, acceptor cells overex-
pressing CHMP2B rapidly cleared the internalized α-syn
(Fig. 3A–C and G). In contrast, serum starvation or treatment
with BafA1 resulted in reduced clearance and increased accumu-
lation of α-syn in the intracellular compartment, whereas treat-
ment with rapamycin increased the degradation of α-syn and
reduced the intracellular accumulation of α-syn (Fig. 3A–C, G
and Supplementary Material, Fig. S5A–D). In contrast, acceptor
cells infected with the LV-shCHMP2B and serum-starved or trea-
tedwith BafA1 or rapamycin showed no effects on the accumula-
tion or clearance of α-syn aswould be expected if the degradation
of α-syn by autophagosomes is downstream of the ESCRT-
mediatedMVB formation (Fig. 3D–F, H and SupplementaryMater-
ial, Fig. S5A–D). To determine if α-syn was endocytosed in a
clathrin-dependent mechanism, cells were treated with the
dynamin GTPase inhibitor Dynasore prior to exposure with
exogenous α-syn. Treatment of the B103 neuronal cells with
Dynasore prevented internalization of α-syn suggested that
endocytosis occurs through a clathrin-dependent pathway (Sup-
plementary Material, Fig. S5E and F).

Alterations of ESCRT proteins in the cells internalizing α-syn
affect the accumulation, localization and degradation of α-syn.
However, the ESCRT pathway could also affect the exocytosis
of α-syn either as a secretedprotein or as amicrovesicle. To deter-
mine, if CHMP2B could affect the release of α-syn, then neuronal
cells were infected with LVs expressing α-syn and either CHMP2B
or siCHMP2B in a co-culture systemwhere the acceptor cells were
uninfected (Fig. 4A). Uninfected acceptor cells endocytosed α-syn
when expressed from the donor cells either alone or with
CHMP2Bwith no difference (Fig. 4B andC). In contrast, downregu-
lation of CHMP2B in the donor cells appeared to increase the
uptake of α-syn by the acceptor cells (Fig. 4B and C). Analysis of
α-syn by ELISA showed that in the media secreted by LV-α-syn,
levels of α-syn were higher compared with control and that
knockdown of CHMP2B in donor cells resulted in even higher
levels of α-syn in the media (Fig. 4D). This suggests that downre-
gulated CHMP2B in the donor cells affected their intracellular
capacity to clear α-syn leading to greater release of α-syn in the
media, which in turn translated to higher levels of transmission
into the donor cells in the bottom.

Thus, the model proposed for uptake of extracellular α-syn
involves the import via the ESCRT-mediated endosomal pathway
to theMVBs leading to the autophagosome degradation pathway
(Fig. 3I and J). Overexpression of CHMP2B increases the transport
of the endocytosed α-syn to the autophagosome and thus deg-
radation (Fig. 3I) and conversely, downregulation of CHMP2B
blocks the transport of newly internalized α-syn to the autopha-
gosome leading to an accumulation in the pericellular region
(Fig. 3J). Inhibition of the autophagy pathway by treatment with
BafA1 blocks the degradation of α-syn leading to intracellular
accumulation, regardless of levels of CHMP2B, because the
autophagosome is downstream of the ESCRT pathway (Fig. 3J).
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Figure 2. CHMP2B is involved in the transport of endocytosed α-syn to theMVB in an in vitro cell-to-cell transmission assay. (A) An in vitro neuronal co-culture systemwith

B103 neuronal ‘donor cells’ infected with LV-α-syn or LV-control (red). B103 neuronal ‘acceptor cells’ infected with LV-CHMP2B, LV-control, LV-shCHMP2B, LV-shLucif or

transfected with si-CHMP2A, si-CHMP6 or si-control were plated on coverslips. (B) Timeline indicating infection, co-culture and analysis protocol for the experiment.

(C) Immunohistochemistry of acceptor cells infected with LV-control or LV-CHMP2B co-cultured with donor cells infected with LV-control or LV-α-syn. Coverslips were

stained for α-syn (red) and MAP2 (green) as well as nuclei (DAPI, blue). (D) Coverslips were analyzed to determine levels of α-syn immunoreactivity expressed as pixel

intensity. (E) Immunohistochemistry of acceptor cells infected with LV-shLucif or LV-shCHMP2B co-cultured with donor cells infected with LV-control or LV-α-syn.

Coverslips were stained for α-syn (red) and MAP2 (green) as well as nuclei (DAPI, blue). (F) Coverslips were analyzed to determine levels of α-syn immunoreactivity

expressed as pixel intensity. (G) Immunohistochemistry of acceptor cells (bottom) transfected with si-control or si-CHMP2A and co-cultured with donor cells (top)
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Figure 3. Endocytosed α-syn is transported to the autophagosome for degradation in an ESCRT-III-dependent manner. (A) Immunohistochemistry of acceptor cells

infected with LV-control or LV-CHMP2B co-cultured with donor cells infected with LV-control or LV-α-syn. Cultures were then treated with BafA1, Rapamycin (Rapam)

or Vehicle. Coverslips were stained for α-syn (red) and nuclei (DAPI, blue). (B and C) Coverslips were analyzed to determine levels of α-syn immunoreactivity expressed

as pixel intensity. (D) Immunohistochemistry of acceptor cells infectedwith LV-shCHMP2B or LV-shLucif co-culturedwith donor cells infectedwith LV-α-syn. Cultureswere

then treated with Baf, Rapam or Vehicle. Coverslips were stained for α-syn (red) and nuclei (DAPI, blue). (E and F) Coverslips were analyzed to determine levels of α-syn

immunoreactivity expressed as pixel intensity. (G and H) Lysates from acceptor cells were assayed by electrochemical α-syn assay. (I) Model of the effects of CHMP2B

overexpression on α-syn autophagy degradation. (J) Model of the effects of CHMP2B downregulation on α-syn autophagy degradation. *Indicates statistical significance

P < 0.05 compared with vehicle treatment with LV-control-infected donor cells. #Statistical significance P < 0.05 compared with vehicle treatment with LV-α-syn-infected

donor cells. One-way ANOVAwith post hoc Tukey–Krammer (n = 3 experiments per group).

infected with LV-control or LV-α-syn. Coverslips were immunostained for α-syn (red) and MAP2 (green) as well as nuclei (DAPI, blue). Panels are presented as merged and

split image for α-syn (red). (H) Coverslips were analyzed with ImageJ to determine levels of α-syn immunoreactivity expressed as pixel intensity in the intracellular and

pericellular compartments. (I) Immunohistochemical analysis of acceptor cells (bottom) transfected with si-control or si-CHMP6 and co-cultured with donor cells (top)

infected with LV-control or LV-α-syn. Coverslips were immunostained for α-syn (red) and MAP2 (green) as well as nuclei (DAPI, blue). (J) Coverslips were analyzed to

determine levels of α-syn immunoreactivity expressed as pixel intensity. Scale bar = 15 µm. *Statistical significance P < 0.05 compared with co-culture with LV-control-

infected donor cells. #Statistical significance P < 0.05 compared with LV-control or LV-shLucif infected or si-control transfected acceptor cells. One-way ANOVA with

post hoc Tukey–Krammer (n = 3 wells for each experiment).
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α-syn accumulation in DLB/PD and α-syn tg mice
is associated with decreased CHMP2B protein

The co-culture system showed that the internalization and clear-
ance of extracellular α-syn is dependent on the ESCRT pathway
and previous studies have shown that alterations in the CHMP
proteins might contribute to the neurodegenerative phenotype
in FTD (14,15), ALS (16,17), AD (24), PD (25) and other neurodegen-
erative disease (19,20). To better understand the contribution of
CHMPs to synucleinopathies in vivo, we examined fractionated
brain lysates from DLB or control patients for protein levels of
the ESCRT-III pathway. Interestingly, patients diagnosed with
DLB showed reduced levels of cytosolic CHMP2B compared with
control patients (Fig. 5A and B). Membrane-associated levels of
CHMP3 and CHMP6 were also significantly reduced, whereas le-
vels of CHMP4B/Cwere increased (Fig. 5C andD).Wenext isolated
microvesicles from the whole brain homogenates from DLB and
control patient brains to determine if α-syn was localized to
these vesicles. Microvesicles isolated from DLB patient brains
contained α-syn, whereasmicrovesicles isolated from control pa-
tients did not (Fig. 5E and F). These results were confirmed by im-
munocytochemistry showing reduced levels of CHMP2B, CHMP3
and CHMP6 with increased levels of staining for CHMP4B/C
(Fig. 5G and H). Double immunolabeling and confocal imaging
showed co-localization between large granular intraneuronal
α-syn aggregates with CHMP2B and CHMP4B/C in the DLB cases
but not in control cases (Fig. 5I and J). Consistent with these find-
ings, analysis in mice of ESCRT-III proteins by immunoblot and
immunocytochemistry showed reduced CHMP2B and CHMP3
and increased CHMP4 in α-syn tg mice with co-localization of

CHMP2B with α-syn aggregates (Supplementary Material,
Fig. S6). Further analysis of CHMP2B with the MVB protein
(CD63) showed reduced co-localization in the DLB cases com-
pared with control patients (Supplementary Material, Fig. S7A
and B). Furthermore, combined immunogold and electron mi-
croscopy showed that compared with controls in the neuronal
cells of theDLB cases, gold particles representing CHMP2B immu-
nostaining were significantly reduced in association with the
MVBs (Supplementary Material, Fig. S7C and D). In agreement
with these results, compared with non-tg mice, the α-syn tg
mice showed decreased CHMP2B/CD63 ratio (Supplementary
Material, Fig. S7F and G), reduced CHMP2B gold in MVBs (Supple-
mentary Material, Fig. S7H and I).

Taken together, these results suggest that alterations in the
CHMPs in DLB and models of synucleinopathies might result in
alterations in the trafficking and degradation of aggregated pro-
teins such as α-syn. This also suggests that CHMP2B downregula-
tion, similar to what was observed in the neuronal cells infected
with LV-shCHMP2B in the co-culture system, could also lead to al-
terations in the clearance of extracellular α-syn worsening the
degenerative phenotype.

Given that among others, CHMP2B protein levels are de-
creased in DLB and models of synucleinopathies, we examined
whether this decrease was due to decreased transcription of
CHMP2B mRNA or increased degradation of CHMP2B protein.
Real-time PCR analysis of CHMP2B mRNA in DLB patients (Sup-
plementary Material, Fig. S7E) and in α-syn tg mice (Supple-
mentary Material, Fig. S7J) indicated no significant difference
in transcription of mRNA compared with controls. Given that
α-syn co-localizes with CHMP2B in intracellular granular

Figure 4. Effects of CHMP2B on cell-to-cell transmission of α-synwhen added to donor cells. (A) The in vitro co-culture systemwas used with donor neuronal cell line B103

(top) infected with both LV-control or LV-α-syn and LV-CHMP2B or LV-shCHMP2B. (B) Uninfected acceptor neuronal cell line B103 (bottom) were examined by

immunohistochemistry for MAP2 (green), α-syn (red) and nuclei (DAPI, blue). Panels are presented as merged and split image for α-syn (red). (C) Neuronal cells were

analyzed with ImageJ to determine levels of α-syn immunoreactivity expressed as pixel intensity. (D) Supernatant from the acceptor cell chamber was assayed by

electrochemical assay for α-syn. *Indicates statistical significance P < 0.05 compared with acceptor cells with LV-control only. #Statistical significance P < 0.05

compared with acceptor cells with LV-α-syn alone. One-way ANOVAwith post hoc Tukey–Krammer (n = 3 experiments per condition).
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aggregates, we hypothesized that increased levels of intracellular
α-syn might lead to increased degradation of CHMP2B. To deter-
mine the route of CHMP2B degradation, the neuronal cell line
B103 was infected with the LV-α-syn vector to increase the intra-
cellular accumulation of α-syn and then examined for endogen-
ous CHMP2B in the presence of proteasome or autophagy
modulators (Fig. 6). Overexpression of α-syn in the B103 cells re-
duced endogenous levels of CHMP2B (Fig. 6A–F) similar to the ob-
servation in human DLB patients (Fig. 5) and α-syn tg mice
(Supplementary Material, Fig. S6). In cells overexpressing α-syn,
treatment with BafA1, an autophagy inhibitor, blocked the degrad-
ation of CHMP2B, whereas treatment with lactacystin, a proteo-
some inhibitor, had much less effect on the levels of CHMP2B
(not shown). This suggests that the α-syn-induced degradation of
CHMP2B occurs primarily through the autophagy pathway. Simi-
larly, treatment of cells with the autophagy inducer rapamycin
increased the degradation of CHMP2B (Fig. 6A–F). In this system,
compared with LV-control, levels of α-syn immunoreactivity were
considerably elevated in the LV-α-syn group and were further
elevated by treatments with BafA1 and lactacystin, whereas rapa-
mycin decreased α-syn accumulation (Fig. 6A–F). Together, these
results suggest that intracellular accumulation of α-syn might

interact with CHMP2B inducing CHMP2B degradation; the reduced
levels ofCHMP2Bmight in turn result indefective internalizationof
extracellular aggregates such as α-syn furtherworsening of the de-
generative phenotype (Fig. 6G).

Furtheranalysis ofα-synandCHMP2Bpotential interactionwas
performed by co-immunoprecipitation with the brains of α-syn tg
and DLB patients with an antibody against CHMP2B and then
probed for α-syn. We observed α-syn interaction with CHMP2B in
α-syn tg mice and in DLB patient brains but not in non-tg mouse
or control human brains (Supplementary Material, Fig. S8A). This
was confirmed by co-immunolocalization with antibodies for
α-syn and CHMP2B in sections from α-syn tg and DLB human
brains where CHMP2B immunoreactive granular structures were
co-localizedwithα-syn immunoreactive Lewybody-like intraneur-
onal inclusions (Supplementary Material, Fig. S8B).

Increasing CHMP2B in vivo can reduce α-syn
accumulation and ameliorate the neurodegenerative
pathology in transgenic mice

Because CHMP2B is downregulated in mouse models and pa-
tients with DLB, then it is possible that increasing the expression

Figure 5. Dysregulation of ESCRT-III proteins in DLB. Western blot analysis of (A) cytosolic and (C) membrane fractions of brain homogenates showing levels of ESCRT-III

complex proteins CHMP2A, CHMP2B, CHMP3, CHMP4B/C and CHMP6 on postmortem human brain samples from control subjects and DLB patients. Densitometric

analysis of (B) cytosolic and (D) membrane fraction western blots of CHMP2A, CHMP2B, CHMP3, CHMP4B/C and CHMP6 immunoreactivity analyzed as ratio to β-actin

signal. (E) Microvesicles (MV) isolated from whole brain homogenates of normal or DLB patient brains were analyzed by immunoblot for the multivesicular body

marker CD63 and CD81 as well as the presence of α-syn. (F) Electron microscopy of isolated MV stained with gold particle labeled anti-α-syn. Scale bar = 50 nm (n = 4

control and n = 4 DLB cases). (G) Immunohistochemical detection of CHMP2A, CHMP2B, CHMP3 and CHMP4B/C in control and DLB brains. Scale bar = 20 µm.

Arrowheads indicate Lewy neurite. (H) Optical density analysis of immunohistochemical immunoreactivity. (I) Brain sections from the control subject and DLB

patients were double labeled with antibodies against α-syn (red) and CHMP2B or CHMP4B/C (green) and imaged with the laser scanning confocal microscope. (J)
Analysis of % of cells showing co-localization between α-syn and CHMP2B or CHMP4B/C. *Indicates statistical significance P < 0.05 compared with control subjects.

One-way ANOVAwith post hoc Tukey–Krammer (n = 8 control cases and n = 12 DLB cases).
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of CHMP2B could overcome this blockade and reduce the
accumulation of internalized α-syn as we showed in the in vitro
experiments (Fig. 2). To investigate this possibility in vivo, the
LV-CHMP2B or LV-shCHMP2B vectors were injected into the
hippocampus of non-tg and α-syn tgmodel of DLB (Fig. 7A). Intra-
cerebral delivery of LV-CHMP2B significantly increased expres-
sion of CHMP2B throughout the hippocampus in neuronal
soma, whereas the shCHMP2B decreased the expression of this
protein in pyramidal cells in the hippocampus (Fig. 7B and D).
In this tg model of DLB, α-syn accumulates in neuritic processes,
synapses and neuronal cell bodies in the CA1 and CA3 regions.

Compared with mice injected with LV-control, the α-syn tg
mice that received LV-CHMP2B showed a significant reduction
in the accumulation of α-syn in the neuronal cell bodies and
neurites in the hippocampus (Fig. 7C and E). Compared with
mice that received LV-shLucif (as control), α-syn tg mice that
were injected with LV-shCHMP2B displayed reduced intraneuro-
nal α-syn; however, there was a considerable increase and
re-localization of α-syn immunoreactivity to the surface of the
neurons and to granular structures in the perineuronal region
(Fig. 7C and E) similar to the results obtained for the in vitro
experiments (Fig. 2E).

Figure 6. α-syn overexpression leads to CHMP2B degradation through the autophagy pathway. B103 neuronal cells were infected with LV-α-syn or LV-control and then

treated with BafA1, Rapamycin (Rapam) or vehicle (control). (A) Immunohistochemistry of fixed cells with α-syn (red), CHMP2B (green) and nuclei (DAPI, blue). Optical

density analysis of immunohistochemical immunoreactivity for (B) CHMP2B and (C) α-syn is calculated as pixel intensity. (D) Representative immunoblot of B103 cells

infectedwith LV-control of LV-α-syn and treatedwith BafA1, Rapamor Vehicle. Quantitative densitometry of immunoblot for (E) CHMP2B and (F) α-syn normalized to actin

signal. (G) Model of intracellular α-syn affecting CHMP2B degradation and its effects on endocytosis of extracellular α-syn. *Indicates statistical significance P < 0.05

compared with LV-control-infected cells. #Statistical significance P < 0.05 compared with vehicle treated LV-α-syn-infected cells. One-way ANOVA with post hoc Tukey–

Krammer (n = 3 wells for each experiment).

Figure 7. Lentivirus overexpression of CHMP2B reduces accumulation of α-syn in the α-syn tg mouse model of DLB. (A) The LV-CHMP2B, LV-Control, LV-shCHMP2B or LV-

shLucif lentivirus vectors were delivered by stereotaxic injection into the hippocampus of α-syn tg mouse model of DLB. (B and D) Four weeks after injection, mice were

sacrificed and brains were analyzed by immunohistochemistry and computer-aided image analysis for CHMP2B. (C and E) Brains were analyzed by

immunohistochemistry for α-syn. Arrowheads indicate pericellular α-syn aggregates. *Indicates statistical significance P < 0.05 compared with treatment with

LV-control. One-way ANOVAwith post hoc Tukey–Krammer. Scale bar represents 200 µm in low power images and 40 µm in high power images (n = 10 mice per group).
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We have previously reported that the α-syn tg model displays
astrogliosis and loss of neurons in the CA3 region of the hippo-
campus (26,27). To evaluate the effects on neurodegeneration
of modulating CHMP2B in the α-syn tg mouse, levels of GFAP
and NeuN were analyzed. Compared with non-tg mice, α-syn tg
mice treated with the LV-control displayed increased GFAP im-
munoreactivity (Fig. 8A–C) and decreased NeuN neurons in CA3
(Fig. 8D–F). Treatment of α-syn tg mice with the LV-CHMP2B
restored levels of GFAP immunoreactivity (Fig. 8A–C) and NeuN
cell counts in CA3 comparable to non-tg controls (Fig. 8D–F). In
contrast, α-syn tg mice treated with the LV-shCHMP2B displayed
significant astrogliosis and neuronal loss (Fig. 8C and F).

In our DLB-like tgmodel, the abnormal accumulation of α-syn
in the limbic system is associated with memory deficits (28). For
this reason to evaluate the effects of CHMP2B in the α-syn tg
mice, the context-dependent learning in an open field test was
performed. Compared with the LV-control injected non-tg mice,
the LV-shLucif α-syn tg displayed increased activity and reduced
habituation to the novel environment indicating learning deficits
(Fig. 8G). In contrast, α-syn tg mice that received LV-CHMP2B
performed similar to the LV-control non-tg, whereas mice that
received the LV-shCHMP2B performed slightly worse than the

α-syn tg mice injected with the LV-shLucif (Fig. 8G). Compared
with α-syn tg mice on Day 4, mice treated with LV-CHMP2B
showed significantly less hyperactivity and were similar to LV-
control-treated non-tg mice (Fig. 8H). These studies suggest
that upregulating CHMP2B via gene therapy with lentiviral vec-
tors reduces the intracellular accumulation of α-syn and amelio-
rates the neurodegenerative and behavioral alterations in a tg
model of DLB.

Discussion
In this study, we showed that once endocytosed, extracellular α-
syn is transported to the autophagosome for degradation
through the ESCRT system in MVBs. This transport mechanism
might be disrupted by reduced levels of CHMP2B thus generating
a roadblock for the internalization of α-syn resulting in abnormal
accumulation in the pericellular region and impaired lysosomal
degradation. This could lead to neuronal dysfunction in the
newly ‘infected’ neuron, which propagates the α-syn pathology.
Moreover, in the brains of DLB patients as well as inmodels of sy-
nucleinopathies, CHMP2B is reduced. Gene therapy with LV-

Figure 8. Lentivirus overexpression of CHMP2B ameliorates neurodegeneration and behavior deficits in the α-syn tgmousemodel of DLB. The LV-CHMP2B, LV-control, LV-

shCHMP2B or LV-shLucif lentivirus vectors were delivered by stereotaxic injection to the D-line α-syn tg mouse model of DLB. Four weeks after injection, mice were

sacrificed and brains were analyzed by immunohistochemistry for (A) GFAP and (D) NeuN. Insets show high power magnification of sections from the hippocampus.

Optical density analysis of immunohistochemical immunoreactivity of GFAP in the hippocampus was analyzed in (B) non-tg and (C) α-syn tg mice. Stereological

estimates (dissector method) of total NeuN positive neuronal counts was measured in the hippocampus of (E) non-tg and (F) α-syn tg mice. (G) Behavioral

performance analysis in the context-dependent learning in an open field test. (H) Total activity on Day 4 in the open field. *Indicates statistical significance P < 0.05

compared with treatment with LV-control non-tg. #Statistical significance P < 0.05 compared with LV-control α-syn tg. One-way ANOVA with post hoc Tukey–Krammer.

Scale bar represents 200 µm in low power images and 40 µm in high power images (n = 10 non-tg and tg mice per group).
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CHMP2B reduces the neuronal accumulation of α-syn and ame-
liorates the neurodegenerative pathology in tg mice.

Propagation of α-syn from neuron-to-neuron and neuron-to-
glial cells has been proposed to play an important role in theme-
chanisms of neurodegeneration and progression of the function-
al deficits in PD/DLB patients (8,29,30). The transfer of α-syn from
cell-to-cell requires several independent steps including (1) se-
cretion from donor cells, (2) receptor binding to acceptor cells,
(3) internalization/endocytosis by acceptor cells and (4) intracel-
lular trafficking in acceptor cells (31). The characteristics of the
secreted α-syn in this study are in agreement with our previous
studies showing that in this system there is both monomeric
and multimeric forms of α-syn present in donor cells and condi-
tioned media (21). The question of secretion of α-syn aggregates
by donor cells has been extensively investigated and appears
to involve a tetradotoxin-dependent clear vesicle pathway,
exosome-mediated release (32–34) and membrane penetration
(35–37). Overexpression of CHMP2B in the α-syn tg model of
DLB appeared to reduce the neuronal accumulation of α-syn
and improve memory deficits measured in the mice. We have
previously shown α-syn accumulation in astrocytes and micro-
glia in these animals; however, because the lentivirus vector
used to deliver the CHMP2B gene primarily infects neurons, we
focused our analysis on neuronal α-syn accumulation.

Previous studies have shown, and we confirm in this study,
that α-syn is endocytosed by acceptor cells via a dynamin-
dependent pathway (34) wherein some instances it could traffic
into the endosomal/lysosomal pathway for degradation (38,39).
However, less is known about the mechanisms of cellular traf-
ficking and alterations in PD/DLB. This study bridges this gap by
providing new evidence showing that ESCRT-III-dependent for-
mation of MVBs plays a key role by transporting the α-syn from
the endosome to the autophagy pathway. The ESCRT-III set of
proteins of the ESCRT family targets vesicles for the formation
of MVBs through its unique ability to performmembrane remod-
eling by inducing cell invagination away from cell cytoplasm.
This allows the formation of large MVBs that act as a depot for
proteins and organelles in transit for autophagy-mediated
degradation. The process of invagination of the endosome into
the MVB begins with the binding of CHMP4 and CHMP6 to the
membrane. This complex recruits CHMP3 and either CHMP2A
or CHMP2B (40). Previous studies have shown that CHMP2A and
CHMP2B differentially interact with distinct endosomal vesicles
for trafficking to the MVB (41). In fact, in our study, we observed
reduced trafficking of α-syn when CHMP2B was reduced by
short-hairpin RNA (shRNA) but not when CHMP2A was reduced
by siRNA. Thus, it would appear that α-syn-containing endo-
somes are targeted to the MVB by CHMP2B specifically.

CHMP2B is a 24 kDa protein that is part of the ESCRT-III com-
plex that plays a role in the transport of proteins fromendosomes
to lysosomes (42). This process is dependent on the interactions
between the C-terminus of CHMP2Bwith the ATPase of VPS4 (43).
VPS34 is also responsible for the final disassembly of the full
ESCRT-III complex after membrane scission (43). Because
CHMP2B is recruited only after CHMP4 is already localized
at the membrane, it may be that downregulation or reduced
CHMP2B levels leave CHMP4 protein bound to the membrane
thus stabilizing levels of CHMP4 protein. This may account for
the increased levels of CHMP4 we observed in both DLB patients
and α-syn tg mice when CHMP2B and CHMP3 are reduced.

Under physiological conditions, this CHMP2B-mediated
process might allow the clearance of aggregated proteins such
as α-syn via autophagy; however, we propose that in PD/DLB
this process is disrupted. In our model, we present evidence

supporting the possibility that the intracellular aggregates of α-
syn can interact with CHMP2B resulting in targeted degradation
of this ESCRT-III. Reduced CHMP2B blocks the transit of newly
formed endocytic vesicles containing α-syn from being targeted
to the autophagosome for degradation resulting in an accumula-
tion of these aggregates at the pericellular membrane or possibly
recycling of endocytic vesicles to the extracellular space ultim-
ately leading to neurotoxicity. The characteristics and mechan-
isms through which intracellular α-syn binds and disrupts
ESCRT-III is unclear; however, a recent report suggested that
endocytosed α-syn aggregates targeted to lysosomes could rup-
ture the lysosome membrane leading to entry to the cytoplasm
(44) where it could potentially interact with components of
the ESCRT-III pathway. Thus, the propagated α-syn could be the
source of the intracellular interference that leads to an accumu-
lation of α-syn at the pericellular membrane, thus forming a
feedback loop. However, additional studies need to be completed
in order to confirm these findings.

In fact, the question of how the spread of α-syn from cell-to-
cell can occur if intracellular α-syn is interfering with the uptake
of this extracellular α-syn has not escaped our attention. Extra-
cellular α-syn presumably is initially released from affected
cells in brain regions such as the brainstem, caudate or olfactory
bulbwhere areas of α-syn accumulation are first observed (45–47).
This extracellular α-syn would encounter cells with low levels of
endogenous α-syn with an intact ESCRT system leading to MVB
formation and autophagy-mediated degradation. Some of this
endocytosed α-syn could leak from the endolysosome of the
newly ‘infected’ neuron and interact with the endogenous
α-syn seeding aggregation (44). These intracellular aggregates
would lead to decreased CHMP2B protein levels, decreased
ESCRT-III function and decreased internalization/degradation
of the extracellular α-syn. We showed that downregulation of
CHMP2B in cells in culture led to an increase in cell-to-cell spread
and uptake of α-syn form those same cells. Therefore, the
increased uptake of α-syn, leading to the targeted degradation
of CHMP2B leads to increased cell-to-cell propagation of α-syn
providing a positive feedback loop perpetuating the disease
synucleinopathy. It should also be noted that while these experi-
ments were designed to investigate the effects of CHMP2B on the
endocytosis and exocytosis of α-syn, there might be many other
proteins affected by the dysregulation of the ESCRT system.

A model for α-syn interfering with its own clearance is in
agreement with previous studies that have shown that autop-
hagy is altered in PD/DLB (48,49). For example, α-syn mutations
associated with familial PD and post-translational modifications
such as oxidation have been shown to interfere with chaperone-
mediated autophagy (49). Moreover, we have found that in DLB
and in α-syn tg models, mTor and ATG7 are dysregulated result-
ing in reduced autophagy (22,23). Additionally, defective autop-
hagy results in increased release of α-syn (50). In this study, we
propose that, α-syn either aggregating intracellularly or endocy-
tosed α-syn aggregates leaking from the endosome/lysosome
could bind to CHMP2B disrupting the ESCRT pathway. Studies
in yeast reveal that depletion of any component of the ESCRT-
III complex can completely block the formation of MVB (11). For
this study, we found that several components of the ESCRT-III
system such as CHMP2B, CHMP3 and CHMP4 are altered in
DLB and that CHMP2B is co-localized with intracellular α-syn
aggregates and with Lewy bodies in DLB and α-syn tg mice.
This is consistent with previous studies that have shown that
CHMP2B immunoreactivity is present in LB’s in PD (25) and
other synucleinopathies (51), and we show here that CHMP2B
and α-syn co-precipitate in DLB and tg mice.
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Interestingly, CHMP2B mutations have been shown to be a
rare cause of autosomal dominant FTD linked to chromosome
3 (FTD-3) which was described in a Danish cohort, with a further
CHMP2B mutation identified in an unrelated patient with FTD in
Belgium (14,52–54). Thesemutations result in C-terminal trunca-
tions of the CHMP2B protein that results in alterations in vesicu-
lar fusion events within the endosome–lysosome and autophagy
degradation pathways (52). The mutation occurs in the splice
acceptor site for the sixth and final CHMP2B exon, leading to
the formation of two novel transcripts termed CHMP2BIntron5
and CHMP2BDelta10. Missense mutations in CHMP2B have also
been associated with the FTD-motor neuron disease spectrum
of disorders (52).

Overexpression of mutant CHMP2B in tg mice has been
described tomimic some aspects of FTD including decreased sur-
vival and gliosis and accumulation of p62- and ubiquitin-positive
inclusions (55). These findings were not observed in CHMP2B
knockout mice or in transgenic mice expressing wild-type
CHMP2B, suggesting that CHMP2B mutations promote neuro-
pathology via gain of function (56). Similarly, although lentivirus
delivery of shRNA-directed against CHMP2B was able to knock-
down the expression of the protein in α-syn tg mice; we did not
observed a significant increase in α-syn accumulation or any
increase in neuropathology. Interestingly, we found that gene
therapy with LV-CHMP2B rescued the alterations in the ESCRT-
III pathway, enhanced autophagy, reduced accumulation of
α-syn and ameliorated the neurodegenerative pathology in cellu-
lar and animal models. This suggests that at least in models of
DLB where endogenous expression of CHMP2B is normal and
increased accumulation of α-syn is pathogenic, overexpression
of CHMP2B might rescue the pathology. In contrast, in models
of FTD-3 where mutant CHMP2B is present, downregulation of
the dominant mutant protein expression may be required to
observe an effect (57).

In conclusion, we report that propagating extracellular α-syn
is endocytosed by the ESCRT pathway and targeted for degrad-
ation by autophagy through the MVBs. Remarkably, in patients
with DLB and in α-syn tg mice, levels of CHMP2B (and CHMP3)
were reduced resulting in impaired degradation and trafficking
of endocytosed extracellular α-syn. Delivery via gene therapy
of CHMP2B ameliorated this block. This study supports a role of
alterations of CHMP2B in the prion-like propagation and im-
paired clearance of α-syn and suggests that increasing CHMP2B
might be of therapeutic value.

Materials and Methods
Animal care

All experiments described were carried out in strict accordance
with good animal practice according to NIH recommendations,
and all procedures for animal use were approved by the Institu-
tional Animal Care and Use Committee at the University of
California at San Diego (UCSD) under protocol #S02221.

Human specimens, neuropathological evaluation
and criteria for diagnosis

A total of 20 cases (n = 8 non-demented controls and n = 12
DLB cases) were included for this study. Autopsy material was
obtained from patients (Table 1) studied neurologically and
psychometrically at the Alzheimer Disease Research Center/
University of California, San Diego (ADRC/UCSD). The last neuro-
behavioral evaluation was performed within 12 months before
death and included Blessed score, Mini Mental State Examination
and dementia-rating scale (58,59). Brainswere processed and eval-
uated according to standardmethods (60). At autopsy, brainswere
divided sagitally; the left hemibrain was fixed in formalin of 4%
paraformaldehyde (PFA) for neuropathological analysis and the
right frozen at −70°C for subsequent neurochemical analysis.
Paraffin sections from 10% buffered formalin-fixed neocortical,
limbic system and subcortical material stained with hematoxylin
and eosin, thioflavin S, ubiquitin (Dako, Z0458) and α-syn (Milli-
pore, AB5038P) were used for routine neuropathological analysis
that included assessment of plaques, tangles, Lewy bodies and
Braak stage (60). The diagnosis of DLB was based in the initial
clinical presentation with dementia followed by parkinsonism
and the presence of α-syn and ubiquitin-positive LBs in cortical
and subcortical regions (61,62).

Construction of lentivirus vectors

The Flag-tagged mouse Chmp2B was a generous gift from
Fen-Biao Gao (63). The Chmp2B cDNA was PCR amplified and
cloned into the LV to generate LV-Chmp2B. An shRNA designed
against the mouse Chmp2B (aa575-596) was cloned into the
pSuper-GFP vector as previously described (63) to generate LV-
shChmp2B. The control shRNA lentivector (LV-shLucif ) contains
an shRNA-directed against firefly luciferase.

The lentivirus vector expressing the human wild-type α-syn
and myc-tagged α-syn have been previously described (64,65).
Lentiviruses were prepared by transient transfection in 293T
cells (66).

Establishment of a neuronal cell line expressing α-syn
and ESCRT-III proteins

For these experiments, we used the rat neuroblastoma cell line
B103. This model was selected, because overexpression of α-syn
in these cells results in mitochondrial alterations, reduced cell
viability, defective neurite outgrowth and abnormal accumula-
tion of oligomeric α-syn (67). For all experiments, cells were
infected with LV expressing wt α-syn at amultiplicity of infection
(MOI) of 20.

The neuronal cell line was grown as described above and
plated onto poly-l-lysine-coated glass coverslips at a density of
5 × 104 cells. Five hours after plating, cells were infected with
the LV-α-syn at an MOI of 20 and incubated for 48 h. Control ex-
periments were performed with cells infected with LV-control.
Cell viability was assayed by LDH release (CytoTox NonRadioac-
tive Cytotoxicity Assay, Promega) (22).

Table 1. Summary of human cases

Group N Mean
age (yrs)

Gender
M/F

PMT (h) Braak
stage

Blessed
score

Brain weight
(gms)

LB’s in neocortex
(score)

LB’s in midbrain
(score)

Control 8 76 ± 10 3/5 8 ± 13 0 0 1215 ± 90 0 0
DLB 12 83 ± 5 6/6 9 ± 1.5 III–IV 26 ± 2 1110 ± 95 3+ 2+

PMT, postmortem time.

1110 | Human Molecular Genetics, 2016, Vol. 25, No. 6



For siRNA transfection experiments, B103 cells were plated at
a density of 5 × 104 cells per well of a 12-well dish and transfected
with siPort NeoFX reagent (Ambion) according tomanufacturer’s
directions. Five nanomolar of siCHMP2A (ID#26027, Ambion),
siCHMP6 (ID#35989, Ambion) or siCtrl (Ambion) were added to
each well in Optimem. Cells were incubated for 6 h and then
refed complete media. Forty-eight hours after transfection, cells
were co-cultured with inserts containing B103 cells infected with
LV-control or LV-α-syn for 24 h prior to fixation with 4% PFA.

For co-culture analysis, 5 × 104 B103 cellswere plated ontopoly-
l-lysine-coated glass coverslips or onto 12-well cell culture inserts
containing a 0.4 µm PET membrane (Fisher Scientific). Cultures
were incubated separately for 6 h to allow cells to attach and
then co-cultured until analysis. To examine the effects on the
autophagy pathway, lactacystin (2.5 µm—24 h, Sigma), rapamycin
(200 nm—6 h or 10 nM—24 h, Sigma) or BafA1 (200 nM—6 h,
Sigma) was added prior to fixation (22). For serum starvation,
B103 cells were washed twice with warm PBS and then incubated
inDMEMwith 0.5%FBS for 18 h to induce autophagy. Additionally,
experiments were conducted with Dynasore, a dynamin GTPase
inhibitor (68). B103 cells infected with LV-control or LV-α-syn
were plated at 5 × 104 cells per well of 12-well dish on poly-ly-
sine-coated glass coverslips for 24 h. Cells were treated with
80 µm Dynasore dissolved in DMSO or control DMSO for 30 min
at 37°C. Cells then were treated with oligomerized human α-syn
for 10 min at 37°C.

Primary mouse cortical neurons (Life Technologies) were pla-
ted on poly-lysine-coated glass coverslips in 12-well dishes and
grown according to manufacturer’s directions. Ten days after
plating, cells were infected with LV-control, LV-CHMP2B or LV-
shCHMP2B at MOI = 50. Forty-eight hours after infection, mouse
cortical cells were co-culturedwith B103 cells previously infected
with LV-control or LV-α-syn for 48 h.

At the conclusion of all experiments, cells were washed twice
with ice-cold PBS followed by fixation with cold 4% PFA.

Real-time PCR analysis

Total RNA was isolated from mice brains using the RNeasy lipid
mini kit (Qiagen) and was reverse transcribed using RT2 First
Strand kit (Qiagen) from 1 μg of total RNA. Real-time PCR analysis
was performed using the StepOnePlus real-time PCR system (Ap-
plied Biosystems) with primers specific for human or mouse
CHMP2B (Life Technologies). Relative quantification of gene ex-
pression was calculated by the comparative threshold cycle (Ct)
method and expressed as 2-exp (ΔΔCt) using mouse β-actin as
an internal control as previously described (69).

α-syn quantitative assay

Following co-culture with α-syn-expressing cells, culture super-
natant was assayed with the Human α-syn Electroluminescence
Assay (MesoScale Discovery) at a 1:2 dilution according to manu-
facturer’s directions. α-syn quantities were determined with a
standard curve of recombinant human α-syn.

Microvesicle isolation

Isolation of microvesicles from frozen tissue was performed as
previously described (70). Frozen frontal cortex (2 g) was dis-
sected and treated with 20 units/ml of papain in Hibernate E
(Life Technologies) (10:1 ration) for 15 min at 37°C. Then, 20 ml
of cold Hibernate E is added, and the solution is gently homoge-
nated. The brain homogenate is filtered through a 40 µl mesh fil-
ter, and the supernatant is serial centrifugation: 300g for 10 min,
2000g for 10 min, 10 000g for 30 min. The supernatant is then

passed through a 0.2 µm filter. And centrifuged at 100 000g for
70 min at 4°C. The pellet contains the microvesicle fraction.
This fraction is then further cleaned by washing twice in PBS fol-
lowed by centrifugation at 100 000g for 80 min. The purity of mi-
crovesicles is confirmed by the presence of CD63 (Systems
Bioscience, EXOAB-CD63A-1) and CD81 (Systems Bioscience,
EXOAB-CD81A-1) through immunoblot.

Co-immunoprecipitation of CHMP2B

All procedures for immunoprecipitation were performed at 4°C.
Human and mice brains were lysed using PDGF buffer (1 mm
HEPES, 5 m benzamidine, 2 m 2-mercaptoethanol, 3 m

EDTA, 0.5 m MgSO4 and 0.05% NaN3) with phosphatase and
protease inhibitor cocktails (Roche Applied Science). After a brief
sonication, samples were centrifuged for 5 min at 5000g. Dyna-
beads Protein A (Life Technologies) were pre-incubated with 5 µg
of normal rabbit IgG or anti-CHMP2B (Abcam, ab76332) for 1 h,
and then beads were washed with ice-cold PBS for three times.
A total of 10 mg of each brain homogenate was then added to
the antibody-Dynabeads. After overnight incubation, samples
were washed (0.1% Triton X-100, 150 m NaCl in PBS) three
times. Samples were resuspended in 1× sample buffer (Life Tech-
nologies) boiled 10 min and then analyzed by immunoblot.

Immunoblot analysis

Tissues were homogenized in TNE buffer (50 m Tris–HCl, pH
7.4, 150 m NaCl, 1 m EDTA; all fromSigma-Aldrich) containing
1%Nonidet P-40 (Calbiochem)with protease andphosphatase in-
hibitor cocktails (Roche). Tissue homogenates were separated
into cytosolic (soluble) andmembrane (pellet) fractions by centri-
fugation at 100 000g for 1 h at 4°C (23). Protein concentration was
assayed by BCA (Pierce Biotechnology, Rockford, IL, USA). For
western blot analysis, 20 µg of each fraction was resolved on a
4–12% Bis–Tris SDS-PAGE gel and blotted onto polyvinylidene
fluoride membranes. In addition, for tissue culture material
neuronal cell lysates and conditioned media was concentrated
and run on SDS-PAGE and native gels. Blots were incubated
with antibodies against α-syn (Millipore, AB5038P, BD Bios-
ciences, 610787, 5G4 clone Millipore mabn389), CHMP2A
(Abcam, ab76335), CHMP2B (Abcam, ab76332), CHMP3 (Abcam,
ab76333), CHMP4B/C (recognizes both CHMP4B and CHMP4C)
(Abcam, ab76334), CHMP6 (Abcam, ab67168), CD63 (Systems Bio-
science), CD81 (Systems Bioscience) and actin (Millipore,
mab1501) followed by secondary antibodies tagged with horse-
radish peroxidase (Santa Cruz), visualized by enhanced chemilu-
minescence and analyzedwith a Versadoc XL imaging apparatus
(BioRad). Analysis of actin levels was used as a loading control.

Transgenic mouse lines and injections of lentiviral
vectors

For this study, mice overexpressing α-syn from the murine Thy1
promoter (line 61) (6 month old, male, C57/Bl6) were utilized (71).
This model was selected, because mice from this line develop
intraneuronal α-syn aggregates distributed through the brain
similar to PD and DLB (72). A cohort of n = 10 non-tg and 40 tg
(LV-control, LV-CHMP2B, LV-shLucif, LV-shCHMP2B, n = 10 mice
per group) was injected bilaterally with 3 µl each of the lentiviral
preparations (2.5 × 107 TU) into the hippocampus (using a 5 µl
Hamilton syringe) as previously described (73). We and others
have previously shown that a single injection to the hippocam-
pus in this region will generate transgene delivery throughout
the whole hippocampus for up to 6 months after vector delivery
(73–75). Mice survived for 4 weeks months after the lentiviral
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injection. Brains and peripheral tissues were removed and
divided sagitally. The right hemibrain was postfixed in phos-
phate-buffered 4% PFA (pH 7.4) at 4°C for 48 h for neuropatho-
logical analysis, whereas the left hemibrain was snap-frozen
and stored at −70°C for subsequent protein analysis.

Behavioral analysis

Context-dependent learning in an open field was analyzed using
a Kinder SmartFrame Cage Rack Station activity monitor system
(Kinder Scientific, Poway, CA, USA), in three-dimensional space
using a 7 × 15 beam configuration. Data collection began when
an animal was placed in the test chamber. Animals were evalu-
ated for 10 min for three consecutive days, given a 2-day dishabi-
tuation period, followed by a fourth trial (28,76).

Immunocytochemical and neuropathological analyses

Analysis of α-syn accumulation was performed in serially sec-
tioned, free-floating, blind-coded vibratome sections from α-syn
tg and non-tg (77). Sections were incubated overnight at 4°C with
an anti-α-syn antibody (affinity purified rabbit polyclonal,
Millipore) (78), followed by biotinylated goat anti-rabbit IgG (Vec-
tor Laboratories, Inc.), AvidinD-HRP (ABC Elite, Vector) and detec-
tion with the Tyramide Signal Amplification™-Direct (Red)
system (NEN Life Sciences) to determine the number of α-syn im-
munoreactive inclusions in the neocortex. For each case, three
sections were analyzed by the dissector method using the
Stereo-Investigator System (MBF Bioscience), and the results
were averaged and expressed as numbers per mm3.

To determine the co-localization between α-syn immunola-
beled-neurons and Chmp2B, 40 µm-thick vibratome sections
were immunolabeled with the rabbit polyclonal antibody against
α-syn (Millipore) (78) and the Chmp2B (Abcam) antibody. The
α-syn immunoreactive structuresweredetectedwith theTyramide
Signal Amplification™-Direct (Red) system (NEN Life Sciences),
whereas the Chmp2B was detected with the horse anti-mouse
IgG fluorescein isothiocyanate (FITC) antibody (Vector).

To determine if the CHMP2B gene transfer ameliorated, the
neurodegenerative alterations associated with the expression
of α-syn, briefly as previously described (79,80), blind-coded,
40-µm-thick vibratome sections from mouse brains fixed in 4%
PFA were immunolabeled with the mouse monoclonal anti-
bodies against NeuN (neuronal marker, Millipore, mab377) or
glial fibrillary acidic protein (GFAP, astroglial marker, Millipore,
mab3402) (81). After overnight incubation with the primary anti-
bodies, sections were incubated with biotinylated secondary
antibody and reacted with diaminobenzidine. All sections were
processed under the same standardized conditions. The immu-
nolabeled blind-coded sections were serially imaged with the
LSCM and analyzed with the Image 1.43 program (NIH), as previ-
ously described (81,82). For each mouse, a total of three sections
from the hippocampus and three from the cortex were analyzed
and for each section, four fields in the frontal cortex and hippo-
campus were examined. All sections were processed simultan-
eously under the same conditions and experiments were
performed twice in order to assess the reproducibility of results.
Sections were imaged with a Zeiss 63× (N.A. 1.4) objective on an
Axiovert 35 microscope (Zeiss) with an attached MRC1024 LSCM
system (BioRad) (78).

Double immunolabeling and fluorescence co-labeling

To determine the co-localization between α-syn, ESCRT and au-
tophagy markers double-labeling experiments were performed,
as previously described (83). For this purpose, vibratome sections

were immunolabeled with the antibodies against α-syn (BD Bios-
ciences or Millipore, MABN389, 5G4 clone Millipore mabn389), c-
myc (9E10, Sigma, m5546) CHMP2A (Abcam), CHMP2B (Abcam),
CHMP4B/C (Abcam), CD63 (System Biosciences), LC3 (Abcam,
ab4753) or LAMP2 (Santa Cruz, sc8100). The α-syn, immunoreac-
tive structures were detected with the Tyramide Signal Amplifi-
cation™-Direct (Red) system (NEN Life Sciences), whereas the
other antibodies were detected with FITC-tagged secondary anti-
bodies (Vector). All sections were processed simultaneously
under the same conditions, and experiments were performed
twice in order to assess the reproducibility of results. Sections
were imaged with a Zeiss 63× (N.A. 1.4) objective on an Axiovert
35 microscope (Zeiss) with an attached MRC1024 LSCM system
(BioRad) (78).

Electron microscopy and immunogold analysis

Briefly, vibratome sections were postfixed in 1% glutaraldehyde,
then treatedwith osmium tetraoxide, embedded in epon araldite
and sectioned with the ultramicrotome (Leica). Grids were ana-
lyzed with a Zeiss OM 10 electron microscope as previously de-
scribed (84). For immunogold labeling, sections were mounted
in nickel grids, etched and incubated with antibodies against α-
syn (Millipore, MABN389) or Chmp2B (Abcam) followed by label-
ing with 10 nm Aurion ImmunoGold particles (Electron Micros-
copy Sciences) with silver enhancement. A total of 125 cells
were analyzed per condition. Cells were randomly acquired
from three grids, and electron micrographs were obtained at a
magnification of 25 000×.

Intracellular localization analysis

Briefly, as previously described, coverslips double labeled with
antibodies against the neuronal marker MAP2 (Millipore,
mab3418) (FITC) and α-syn (Life Technologies, 328100) (Tyramide
Red) were mounted on superfrost slides (Fisher) containing DAPI
and imagedwith a Zeiss 63× (N.A. 1.4) objective on an Axiovert 35
microscope (Zeiss) with an attached MRC1024 laser scanning
confocal microscope system (BioRad). A series of 10 digital
images (512 × 512 pixels) of the neuronal cells were obtained.
Each digital image contained between 6 and 10 cells. On average,
50 cells were analyzed per condition, with ImageJ program to de-
termine the pixel intensity and particle number inside (intracel-
lular) and around the cells (pericellular). At first, images were
converted to grayscale then inverted and a mask generated to
segment the two cellular compartments. Then, the region of
interest in the cellular compartment was traced semi-automatic-
ally and a threshold was applied followed by estimation of pixel
intensity and particle counts. Values were expressed as mean ±
SEM per image per condition.

Statistical analysis

All experiments were performed blind-coded, and all microscop-
ic evaluations were imaged for four fields per slide. Values in the
figures are expressed asmeans ± SEM. To determine the statistic-
al significance, values were compared by using the one-way
ANOVA with post hoc Dunnet when comparing the scFV-treated
samples to LV-control-treated samples. Additional comparisons
were done using Tukey–Krammer or Fisher post hoc tests. The dif-
ferences were considered to be significant if P-values were <0.05.
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