BASIC RESEARCH PAPER

Autophagy 10:12, 2171-2192; December 2014; © 2014 Taylor & Francis Group, LLC

Autophagy modulates SNCA/a-synuclein release,
thereby generating a hostile microenvironment
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SNCA/a-synuclein aggregation plays a crucial role in synucleinopathies such as Parkinson disease and dementia with
Lewy bodies. Aggregating and nonaggregating SNCA species are degraded by the autophagy-lysosomal pathway (ALP).
Previously, we have shown that the ALP is not only responsible for SNCA degradation but is also involved in the
intracellular aggregation process of SNCA. An additional role of extracellular SNCA in the pathology of
synucleinopathies substantiating a prion-like propagation hypothesis has been suggested since released SNCA species
and spreading of SNCA pathology throughout neural cells have been observed. However, the molecular interplay
between intracellular pathways, SNCA aggregation, release, and response of the local microenvironment remains
unknown. Here, we attributed SNCA-induced toxicity mainly to secreted species in a cell culture model of SNCA
aggregation and in SNCA transgenic mice: We showed that ALP inhibition by bafilomycinA; reduced intracellular SNCA
aggregation but increased secretion of smaller oligomers that exacerbated microenvironmental response including
uptake, inflammation, and cellular damage. Low-aggregated SNCA was predominantly released by exosomes and
RAB11A-associated pathways whereas high-aggregated SNCA was secreted by membrane shedding. In summary, our
study revealed a novel role of the ALP by linking protein degradation to nonclassical secretion for toxic SNCA species.
Thus, impaired ALP in the diseased brain not only limits intracellular degradation of misfolded proteins, but also leads
to a detrimental microenvironmental response due to enhanced SNCA secretion. These findings suggest that the major
toxic role of SNCA is related to its extracellular species and further supports a protective role of intracellular SNCA
aggregation.

Introduction (LNs)."? Intracellular protein homeostasis is understood to be crucial

for SNCA dependent cellular dysfunction in PD and DLB. SNCA

Synucleinopathies including Parkinson disease (PD) and demen-  can be degraded by the ubiquitin-proteasome system (UPS)** and
tia with Lewy bodies (DLB) are a group of neurodegenerative diseases  the autophagy-lysosomal pathway (ALP),>° both compromised in
characterized by misfolded and aggregated forms of SNCA/aSyn  PD”"'* and DLB.'"""? The ALP consists largely of chaperone-medi-
(o-synuclein) in intracellular Lewy bodies (LBs) and neurites ated autophagy (CMA) and malcroautophagy.lo’14 Macroautophagy
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is a unique bulk degradation mechanism capable of breaking down
large intracellular structures such as protein aggregates or organ-
elles."” In contrast, CMA specifically targets proteins containing the
KFERQ motif to lysosomal degradation.'® A chaperone complex
comprising HSPA8/Hsc70 and its cochaperones is responsible for
recognition and translocation of misfolded proteins into the lysosome
via the LAMP2A (lysosomal-associated membrane protein 2, isoform
A) transporter. Autophagy can be modulated at specific stages result-
ing in an activation or inhibition of the cascade.'”'® We have recently
shown that the lysosomal inhibitor bafilomycinA; (BafAl) not only
blocks ALP-mediated SNCA degradation, but also impairs its aggre-
gation and substantiates SNCA toxicity, thereby supporting the
notion that intracellular SNCA aggregation might be cell
protective.'>"?

The paradigm of intracellular SNCA pathology has recently
been extended by its extracellular effects, based on I) the detec-
tion of different SNCA species in human plasma and cerebrospi-
nal fluid of PD patients and controls;?® TI) a hierarchical
spreading of SNCA pathology throughout PD brains;*' and IIT)
a transfer of SNCA pathology from PD brain tissue to embryonic
mesencephalic tissue transplants.”> The resulting concept of cell-
to-cell propagation of SNCA pathology comprises its release,
uptake, and subsequently seeding of intracellular SNCA aggrega-
tion in recipient cells.”> This hypothesis is supported by 7 vivo
findings demonstrating that SNCA pathology is transmitted to
grafted neurons in transgenic mice,”*?* experiments demonstrat-
ing that SNCA pathology is spreading after stereotactic injection
throughout rodent brains,”** and partially investigated iz vitro
by using cell models of SNCA overexpression models.”*! How-
ever, the role of ALP on extracellular SNCA-induced effects has
not been linked to its intracellular aggregation.

Our study elucidates the dynamic interplay between ALP-
dependent SNCA degradation, aggregation, its release and
toxicity, shedding light into the fine-tuned balance between intra-
cellular aggregation and extracellular effects of SNCA. We attri-
bute the major toxic effect to extracellular SNCA species
inducing an adversarial microenvironmental response including
neurotoxicity, inflammatory responses, and uptake of SNCA.
Our study indicates that ALP inhibition by BafAl reduces the
formation of large intracellular aggregates and enhances release of
distinct SNCA species that induce inflammatory and neurotoxic
response of the microenvironment.

Results

Previously, we have shown that inhibition of ALP activity spe-
cifically by BafAl diminished intracellular aggregates and
increased cellular damage in vivo and in vitro.'> Here, we hypoth-
esized that the effect of BafAl on intracellular aggregation and
toxicity is linked to increased release of SNCA aggregating species.

SNCA aggregation is modulated by the ALP inhibitor BafA1l
First, we analyzed the morphology of intracellular SNCA
aggregates in the SNCA aggregation model comprising low-
aggregating SNCA (wild-type SNCA) and high-aggregating
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SNCA-T (C-terminally modified SNCA).'>'”?* SNCA aggre-
gates were defined based on their size and microscopical appear-
ance including aggregates <1 wm (small), homogenous and
ring-shaped aggregates with a size of approximately 1 to 2 pm
(medium), or 2 to 5 pm (large). I) The transfection of H4 neu-
roglioma cells with SNCA constructs (Fig. 1A, Fig. S1A, S1B)
resulted in a homogenous distribution of SNCA and only few
small aggregates. II) Our unique aggregation model used trans-
fection with SNCA-T that specifically led to formation of
medium- and large-sized, detergent-resistant SNCA aggregates
in transfected cells (Fig. 1A, Fig. S1A, S1B).!2 Aggregation of
SNCA-T was further enhanced by cotransfection of SNCAIP/
Sphl (synuclein, o« interacting protein), an interactor of
SNCA? present in LBs and LNs.** Cotransfection of SNCA-T
with SNCAIP further increased the frequency of large, ring-
shaped aggregates exceeding size and number of aggregates com-
pared to SNCA-T transfection alone (Fig. 1A, 1B). These
aggregates mimicked the halo structure of Lewy bodies,”” were
specifically ThioS-positive,'* and might reflect differences in the
protein and lipid composition, or conformational states of
aggregating SNCA species. Cotransfection of both plasmids
resulted in SNCA-T aggregates in about 45% SNCA™ cells
(Table 1). Remarkably, BafAl treatment markedly reduced
larger SNCA-T aggregates in SNCA-T or SNCA-T and
SNCAIP-transfected cells (Table 1, Fig. 1B, C). Moreover,
remaining cells bearing aggregates after BafAl treatment mostly
display small aggregates and occasionally medium sized aggre-
gates between 1 and 2 pm (Fig. 1C, Table 1). Aggregation of
SNCA-T led to 3.5-fold higher intracellular SNCA-T protein
levels as measured by western blot compared to low-aggregating
SNCA 36 h after transfection with equi-molar plasmid ratios
(Fig. S1C). Albeit, while BafAl reduced aggregates, it increased
SDS-soluble SNCA monomers 36 h post transfection, support-
ing blocked lysosomal degradation and accumulation of SNCA
species (Fig. S1C).

Low-aggregating SNCA and high-aggregating SNCA-T
are released by cells

BafAl mainly acts as an ALP inhibitor and neutralizes the
lysosomal pH by blocking the transmembrane v-type ATPase,
prevents the fusion of the lysosome with autophagosomes, and
clearance of target proteins.’® Furthermore, previous findings
indicate that BafAl might also modulate SNCA release.>” Thus,
we asked if BafAl enhances SNCA release from cells overexpress-
ing high-aggregating SNCA-T or low-aggregating SNCA. We
observed substantial extracellular levels of SNCA in the condi-
tioned medium 36 h post transfection from high-aggregating
SNCA-T and SNCA-T and SNCAIP-overexpressing cells com-
pared to mock-transfected cells (4 to 5.7-fold, (*) P = 0.009,
Fig. 1D, E). BafAl slightly enhanced extracellular SNCA levels
of high-aggregating SNCA-T and SNCAIP-expressing cells, even
though we observed a substantial reduction of large aggregates in
SNCA-T and SNCAIP-overexpressing cells (Fig. 1E). Cells over-
expressing low-aggregating SNCA showed only low levels of
released SNCA (Fig. 1D, E). BafAl further increased SNCA
release from SNCA-overexpressing cells by 1.5-fold (Fig. 1E). To
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Figure 1. BafA1 treatment modulates aggregate formation and levels of extracellular SNCA in transfected H4 cells. (A) to (C): Immunocytochemistry of H4
cells transfected with SNCA, SNCA-T and SNCA-T and SNCAIP: (A) Large aggregates of different size and morphology can be observed after transfection
with high-aggregating SNCA-T and SNCAIP whereas SNCA only occasionally leads to smaller intracellular aggregates sized below 1 wm. Scale bar: 5 pm.
(B) Quantification of differentially sized aggregates per cell in H4 cells transfected with SNCA-T alone compared to cotransfection of SNCA-T with SNCAIP.
(€) Treatment with 200 nM BafA1 for 12 h results in smaller and more punctate intracellular structures. (D) to (F): Dot blot analysis of extracellular SNCA
in the conditioned medium of H4 neuron-like cells and CG4 oligodendroglial cells: (D) Representative dot blots of H4 cell medium containing extracellu-
lar SNCA. Recombinant SNCA is used as quantification standard. (E) Dot blot quantification of extracellular SNCA levels in similar volumes of conditioned
medium of H4 cells expressing high-aggregating SNCA-T compared to low-aggregating SNCA and mock-transfected control cells 36 h post-transfection.
Treatment with 200 nM BafA1 for 12 h results in slightly increased levels of extracellular SNCA in the medium of H4 cells transfected with SNCA, and
both SNCA-T and SNCAIP compared to untreated cells. (F) Representative dot blots showing a lack of extracellular SNCA in supernatants of undifferenti-
ated and 6 d differentiated rat oligodendroglial CG4 cells overexpressing SNCA to exclude nonspecific SNCA release. All values are presented as mean +

s.e.m; (*) P = 0.009.

exclude an unspecific release of SNCA we investigated SNCA lev-
els in the medium of SNCA-overexpressing oligodendroglial
CG4 cells and were not able to detect extracellular SNCA
(Fig. 1F).

BafAl induces SNCA-mediated toxicity in the cellular
microenvironment of transfected cells

To examine total cellular toxicity we quantified CASP3/
aCASP3 (caspase 3, apoptosis-related cysteine peptidase/activated
CASP3)-positive cells (CASP3™) in all cells after transient SNCA
transfection. Note that expression of high-aggregating SNCA-T
alone does not increase CASP3" cells compared to low-
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aggregating  SNCA. Transfection efficiency typically ranges
between 20% and 30%. Thus, SNCA- expressing and nonex-
pressing cells exist within the same cellular microenvironment.
We observed an overall increase of CASP3™ cells after BafAl
treatment of H4 cells transiently transfected with SNCA, SNCA-
T, or SNCA-T and SNCAIP (Fig. 2A). Intriguingly, an increase
of CASP3 activation by BafAl was not observed in SNCA-over-
expressing cells (Fig. 2B). This suggests that the toxic effect of
BafAl was mainly derived from H4 cells not overexpressing
SNCA.

Thus, we tested if toxicity was increased in the microenviron-
ment of SNCA-expressing cells. Therefore, we quantified
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Table 1. Quantification of aggregates in transfected H4 cells

Percentage of H4 cells bearing:

Construct Treatment Aggregates (<1 um) Aggregates (1-5 um)
SNCA -BafA1 23.7% + 5.9% 6.4% =+ 2.4%
SNCA-T -BafA1 18.1% £ 7.2% 35.5% =+ 3.9% *
SNCA-T/SNCAIP  -BafA1 12.7% + 5.6% 44.5% + 4.4% *
SNCA +BafA1 9.1% £ 4.9% 3.3% £ 1.3%
SNCA-T +BafA1 38.5% + 9.6% 8.0% £ 3.3% #
SNCA-T/SNCAIP  +BafA1l 35.1% £+ 7.5% # 11.9% 4= 2.9% #

Immunocytochemical quantification of transfected H4 cells bearing medium
and large SNCA™ aggregates (1-5 wm) and small aggregates (<1 wm): H4
cells transfected with SNCA-T or SNCA-T and SNCAIP constructs reveal a
marked presence of intracellular aggregates compared to SNCA transfected
cells (*). In addition, SNCA-T transfection compared to co-transfection of
SNCA-T and SNCAIP reveals a significant effect of SNCAIP resulting in
enhanced aggregation reflected by the number of aggregate bearing cells.
BafA1 treatment-induced effects on high-aggregating SNCA-T and low-
aggregating SNCA result in a substantial reduction of aggregate bearing
cells (#). All values are mean + s.e.m; differences are significant at (¥)
P < 0.01,at (+) P < 0.05, and at (#) P < 0.05.

CASP3" cells in close proximity (e.g. microenvironment;
Fig. 2C, field 1) to SNCAT cells in relation to CASP3™ cells
more distant from SNCA™ cells (Fig. 2C, field 2,3,4). Impor-
tantly, the number of CASP3™ cells per mm? in the microenvi-
ronment of SNCA-overexpressing cells was increased by 1.8-fold
compared to more distant fields. For cells transfected with high-
aggregating SNCA-T this effect to the microenvironment was
even stronger (2.0-fold) and further enhanced by coexpression
with SNCAIP (2.3-fold; Fig. 2D, Table 2). Even though treat-
ment with BafA1 approximately doubled the number of CASP3™*
cells, the selectivity of this effect to the local microenvironment
persisted (Fig. 2D). Here, the ratio between CASP3 " cells in the
microenvironment and in more distant fields revealed a pro-
nounced effect for low-aggregating SNCA (2.1-fold) indicating
the association of toxicity induction with less aggregated species
(Table 2). These findings suggest an extracellular SNCA-
dependent toxic gradient affecting cells within the microenviron-
ment of cells overexpressing high-aggregating SNCA-T or low-
aggregating SNCA that is modulated by BafAl in a species-

dependent manner.

BafAl reduces the size of SNCA-T containing extracellular
particles, but promotes oligomerization of extracellular
SNCA species

In order to further elucidate the link between extracellular
SNCA and toxicity induction in surrounding cells, we addressed
the characteristics of released extracellular SNCA species. Thus,
levels of SNCA oligomerization (SDS-PAGE and density sucrose
gradient centrifugation) and size of SNCA-associated released
particles (particle fraction preparation) were assessed in condi-
tioned medium of untreated or BafAl-treated H4 cells trans-
fected with SNCA or SNCA-T and SNCAIP (Figs. 3 and 4).
We enriched cell-derived extracellular SNCA by ultracentrifuga-
tion of conditioned medium and separated the pellet containing
the SNCA™ particle fraction (PF) from the BafAl containing
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supernatant (Fig. 3A). The supernatant contained proportionally
low amounts of monomeric, soluble SNCA (Fig. 3B). This prep-
aration method isolated all particles in conditioned medium
including extracellular vesicle structures such as exosomes or
microparticles. This was required to account for the relative large
size of particles in conditioned medium of SNCA-T and
SNCAIP-overexpressing cells (Fig. 3C-F). Importantly, BafAl
treatment increased the amount of released SNCA-T and
SNCAIP as well as SNCA associated with PFs of transfected cells
(Fig. 3A, B). In the absence of BafAl only low levels of SNCA
were detected in PFs compared to SNCA-T and SNCAIP PFs
(Fig. 3A).

Since BafAl markedly changed intracellular aggregation pat-
tern (Fig. 1B), we hypothesized that the change in toxicity was
related to the size of SNCA PFs. Therefore, we first analyzed
SNCA levels in SNCA and SNCA-T and SNCAIP PFs after filter
retardation by excluding particles larger than 10 wm, 5 pwm, or
1.2 wm, respectively. SNCA levels in PFs prepared from SNCA-
expressing H4 cells did not change after applying filters of differ-
ent pore size proving a particle size below 1.2 pm. Interestingly,
BafA1l treatment of SNCA-expressing cells led to the appearance
of enlarged particles between 1.2 and 5 pwm (Fig. 3C, D), sug-
gesting an effect of BafAl on low-aggregating SNCA species. As
expected, PFs from untreated SNCA-T and SNCAIP-expressing
H4 cells showed a substantial amount of larger particles
(>5 wm) (Fig. 3E, F) and the presence of medium-sized par-
ticles. Intriguingly, BafAl treatment of SNCA-T and SNCAIP-
expressing cells resulted only in the release of smaller PFs
(Fig. 3E, F). This also suggests that BafAl does not reduce large
intracellular aggregates by simple release but also shifts released
PFs to smaller particles.

To further investigate the effect of BafAl on released SNCA
species in the PFs we performed density sucrose gradient centri-
fugation of SDS/NP-40-soluble SNCA species from PFs pre-
pared from untreated and BafAl-treated H4 cells expressing
SNCA or SNCA-T and SNCAIP and quantified the levels of
higher and less oligomerized SNCA (Fig. 3G, Fig. S4). As
expected, BafAl substantially increased less oligomerized SNCA-
T and SNCAIP species and reduced the amount of higher oligo-
merized (detergent-soluble) species that entered the gradient.
Interestingly, BafAl led to an increase of higher oligomerized
SNCA species in the 60% sucrose fraction and a decrease of less
oligomerized species in low-sucrose fractions, in line with the fil-
ter retardation assay results (Fig. 3G, Fig. S4). In summary, the
increased BafAl-mediated toxicity in the microenvironment was
paralleled by a reduction of higher aggregated SNCA species in
conditioned medium of SNCA-T and SNCAIP-expressing cells
but an increase of lower aggregated, rather oligomerized species
in SNCA-expressing cells. These findings support the notion,
that extracellular toxicity was associated with oligomerized

SNCA species.

Cell-derived extracellular SNCA accumulates in naive H4
cells and induces toxicity

In order to validate the toxic effect of released SNCA species
to the microenvironment, we exposed naive H4 cells to PFs
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to SNCA and SNCA-T PFs (Fig. 4B).
Exposure to PFs derived from BafAl-
treated SNCA-overexpressing cells further
increased cellular toxicity for low-aggregat-
ing SNCA or high-aggregating SNCA-T
(Fig. 4B). Immunofluorescence microscopy of PFs exposed H4
cells revealed a close association of SNCA-positive PFs with the
cellular surface and the presence of intracellular SNCA-immuno-
positive structures paralleled by activation of CASP3 within
affected cells (Fig. 4C). Despite similar toxicity after exposure to
PFs from all SNCA species tested we observed a substantially
higher amount of CASP3™ cells displaying intracellular SNCA-
immunopositive structures after applying SNCA-T and SNCAIP
PFs (80% compared to 29.9% for SNCA PFs, Fig. 4C) suggest-
ing that high-aggregating SNCA species were not degraded to
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SNCA-T SNCA-T/
SNCAIP

SNCA

SNCA-T SNCA-T/
SNCAIP

the same extent as low-aggregating SNCA. PFs derived from
BafAl-treated SNCA-expressing cells significantly enhanced the
number of CASP3™ cells containing SNCA™ structures for all
aggregate species (Fig. 4C).

Uptake of extracellular SNCA by primary neurons induces
cytotoxicity

To study the effect of extracellular SNCA in an environment
consisting of mature neurons and glial cells, we next exposed pri-
mary neuronal cultures to H4 cell-derived extracellular SNCA
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Table 2. Activation of CASP3 in the microenvironment of H4 cells express-
ing low- and high-aggregating aSyn

Ratio of SNCA pos.

Construct Treatment fields/SNCA neg. fields
SNCA -BafA1 1.75+0.38
SNCA-T -BafA1 1.99 + 043
SNCA-T/SNCAIP -BafA1 234+£025%
SNCA +BafA1 2.08 £0.39
SNCA-T +BafA1 1.75+ 044
SNCA-T/SNCAIP +BafA1 1.88 + 0.77

Ratio of the number of CASP3™" cells within SNCA pos. fields (microenviron-
ment) to SNCA neg. fields (distant). Expression of SNCA-T and SNCAIP
resulted in increased numbers of CASP3™ cells in the microenvironment of
SNCA™ cells compared to the expression of SNCA (*). BafA1 treatment leads
to similar effects on the microenvironment for all transfected constructs. All
values are mean + s.e.m; differences are significant at (*) P < 0.05.

PFs containing either low-aggregating SNCA or high-aggregating
SNCA-T (Fig. 5A). Six h exposure of low-aggregating SNCA PFs
increased toxicity, which was even higher for high-aggregating
SNCA-T and SNCAIP PFs exposure (Fig. 5B). Interestingly,
compared to H4 cells, primary neurons did not show increased
toxicity after 6 h PF exposure (Fig. 5B), but required 24 h expo-
sure to induce a toxic response (1.2-fold = 0.019 compared to
1.4-fold £ 0.003, P = 0.02, unpaired Student ¢ test). However,
after 6 h exposure to SNCA-T and SNCAIP and SNCA PFs we
already observed the presence of intracellular inclusions of differ-
ent size in TUBB3™ (tubulin, B 3, class III) neurons illustrated
in z-stacks of confocal images (Fig. 5C) indicating the uptake of
extracellular SNCA species.

Other autophagosomal inhibitors do not reproduce the
BafA1 effect on SNCA release and toxicity induction in naive
cells

We previously showed that BafAl treatment of H4 cells
expressing low-aggregating SNCA and high-aggregating
SNCA-T and SNCAIP reduced the formation of large intra-
cellular aggregates paralleled by a substantial increase of overall
toxicity. In contrast to BafAl, this effect was not present using
the ALP inhibitors chloroquine and 3-MA.'? Thus, we asked
if the BafAl-specific effect on intracellular aggregation persists
for extracellular SNCA. Therefore, we treated SNCA-overex-
pressing H4 cells with chloroquine and 3-MA (Fig. S3). Dot
blot quantification of SNCA in conditioned medium of
treated H4
revealed an increase of extracellular SNCA levels similar to the
BafAl-induced by chloroquine but not by 3-MA (Fig. S3B).
We next exposed naive H4 cells to SNCA and SNCA-T and
SNCAIP PFs prepared from conditioned medium of chloro-
quine and 3-MA-treated, overexpressing cells (Fig. S3C). In

cells overexpressing

low-aggregating SNCA

contrast, we could not detect an aggravated toxicity in naive
cells as observed in the presence of BafAl (Figs. 4 and 5).
Thus, neither chloroquine nor 3-MA was able to mimic the
BafAl-specific effect on SNCA release and toxicity to the
microenvironment.
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SNCA accumulation and inclusion formation are modulated
by BafA1l in vivo

To study the ALP effects on aggregate formation and intracel-
lular SNCA in wvivo, transgenic mice overexpressing human
SNCA under the control of the PDGFB/PDGFb (platelet-derived
growth factor subunit B) promoter, showing SNCA immunore-
active cytoplasmic aggregate-like inclusions in neuronal cells in
the neocortex, hippocampus, and striatum>® were systemically
treated with BafAl. Similar to our 7z vitro findings we obtained a
substantial reduction of dense inclusions within neuronal bodies
in the neocortex (Fig. 6A 3rd row, Fig. 6B). This was paralleled
by a marked increase of diffuse and punctate SNCA immunore-
activity in the neuropil of the neocortex (Fig. 6A 2nd row,
Fig. 6C) and the molecular layer (ML) of the hippocampus
(Fig. 6A 5th row, Fig. 6D) after systemic BafAl treatment. This
confirmed our previous findings on the dichotomous effect after
intracerebral administration of BafAl on nonaggregating and
aggregating SNCA species.'” A more detailed analysis of the sub-
cellular distribution of SNCA in transgenic mice revealed the
accumulation of SNCA in neuronal bodies and to some extent in
the dendritic compartment of MAP2" (microtubule-associated
protein 2) neurons (Fig. S2A). Intriguingly, smaller and punctate
structures were present in the neuropil next to SNCA™ neurons.
Additionally, immunofluorescent staining of SYP (synaptophy-
sin) in SNCA transgenic mice displayed a colabeling of presynap-
tic and axonal structures with SNCA (Fig. S2B). The
quantification of intracellular SNCA levels in the frontal cortex
and the hippocampus of SNCA transgenic mice confirmed the
accumulation of transgenic SNCA (Fig. 6E). Likewise, endoge-
nous mouse SNCA increased after BafA1l treatment in nontrans-
genic mice (Fig. 6E). In particular, BafAl treatment enhanced
the presence of monomeric and oligomeric SNCA species both
in transgenic and in nontransgenic mice (Fig. 6E).

BafA1 treatment enhances SNCA release in vivo

Similar to the 77z vitro assessment of extracellular SNCA BafA1
markedly increased SNCA levels in the cerebrospinal fluid (CSF)
by 2.0-fold in transgenic mice (Fig. 6F). BafA1 also led to detect-
able levels of endogenous SNCA in nontransgenic mice that
could not be measured without BafA1 treatment (Fig. 6F).

BafAl treatment leads to neuronal damage iz vivo

To study the cellular effects of BafAl on neuronal subpopula-
tions in wvive, neuronal marker were immunohistochemically
quantified in SNCA transgenic mice. We detected decreased
numbers of RBFOX3/NeuN™ cells (RNA binding protein, fox-1
homolog (C. elegans) 3) in transgenic mice compared to non-
transgenic mice in the hippocampus (Fig. 7A 1st row, Fig. 7B).
The loss of RBFOX3/NeuN™ cells was pronounced by BafAl in
transgenic, and to a lesser extent in nontransgenic mice (Fig. 7B).

BafA1l
microgliosis 77 vivo
We next investigated the effect of SNCA to the microenviron-

treatment leads to increased astrogliosis and

ment of PDGFB-promoter driven neuronal SNCA expression in
transgenic mice. Thus we compared response and uptake in glial
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to extracellular SNCA associated with particle fractions (PFs) prepared from conditioned medium of H4 cells transfected with SNCA, SNCA-T, and both
SNCA-T and SNCAIP (and control H4 cells). Scale bar 40 wm. (B) Increase of toxicity in naive H4 cells exposed to PFs containing extracellular SNCA from
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Figure 3 (See previous page). Characterization of particle fractions (PFs) prepared from conditioned medium of transfected H4 cells. (A) to (F) Western
blot and dot blot analysis of SNCA associated with PFs prepared from conditioned medium of H4 cells expressing high-aggregating SNCA-T and SNCAIP
or low-aggregating SNCA. (A) Representative protein gel blots of total SNCA™ PFs prepared from 12 ml conditioned medium of transfected H4 cells
-/+BafA1 show an increased presence of extracellular SNCA (14 kDa) or SNCA-T (27 kDa) after BafA1 treatment. (B) 12 ml supernatant after PF separation
contain only low levels of soluble SNCA. (C) Representative western blots of SNCA PFs -/+BafA1 after filter retardation to exclude particles of different
size by using distinct pore size filters reveal enlarged particles (>1 .2 wm) in the presence of BafA1. (D) Representative dot blots of SNCA in the condi-
tioned medium of H4 cells expressing low-aggregating SNCA -/+BafA1. (E) Representative protein gel blots of SNCA-T and SNCAIP PFs after exclusion of
particles of different size by using distinct pore size filters. (F) Quantification of SNCA associated with PFs after using filters of defined pore size normal-
ized to SNCA levels in unfiltered PFs displaying a shift toward smaller particles by BafA1. (G) BafA1 effect on oligomerization analysis of SNCA associated
with PFs prepared from H4 cells expressing SNCA, as well as SNCA-T and SNCAIP measured by sucrose gradient centrifugation. All values are
mean + s.e.m. Differences are significant at (*) P < 0.05.
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cells that do not express transgenic SNCA after BafAl treatement  immunoreactivity in the hippocampus in SNCA transgenic mice
in vivo. We observed an increased hippocampal astrogliosis mea-  (Fig. 7C) and to some extent also in nontransgenic mice. The
sured by quantifying the astroglial density in SNCA transgenic ~ SNCA-mediated astrogliosis enhanced by BafAl was paralleled
mice (Fig. 7A, C). BafAl further enhanced the levels of GFAP by microgliosis and activation of microglia in the neocortex and
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in the hippocampus of SNCA transgenic mice (Fig. 7A, D, E).
Here, quantification of the AIF1/Ibal (allograft inflammatory
factor 1) signal density revealed an activation of microglia that
was further enhanced by BafAl treatment in the hippocampus as
well as in the neocortex (Fig. 7D, E). However, in nontransgenic
mice, BafAl treatment alone only induced a slight, nonsignifi-
cant increase of microglial activation.

ALP inhibition by BafAl worsens the inflammatory
response iz vivo

To measure the inflammatory response of glial cells to SNCA,
we quantified immunoreactivity of the proinflammatory cyto-
kines TNF/TNFa and IL6, and TNF levels in the hippocampus
of untreated and BafAl-treated animals (Fig. 8A). SNCA trans-
genic mice displayed increased both TNF levels and immunohis-
tochemical signal density (Fig. 8B, D), and IL6 (Fig. 8D)
compared to nontransgenic animals. BafA1l further enhanced the
expression of both inflammatory markers in SNCA transgenic
mice but also in nontransgenic mice.

BafAl increases the accumulation of SNCA within glial cells
in vivo

Beside the accumulation of transgenic SNCA within neurons
of deeper neocortical layers and the hippocampus (Fig. 6) we
also detected accumulation of human SNCA in glial cells in the
superior colliculus (Fig. 9A, C). The superior colliculus typically
contains only a few SNCA-expressing neurons. Thus, the collicu-
lus provides an ideal cellular composition allowing to analyze
SNCA uptake in the microenvironment of SNCA-expressing
neurons by glial cells (Fig. 9A, lowest row), that do not express
SNCA mRNA.?! Intriguingly, the number of SNCA™ glial cells
increased markedly after BafAl treatment suggesting, that glial
uptake of SNCA is modulated by BafA1 (Fig. 9B). Double label-
ing of cells with an antibody against the astroglial marker S100B
(8100 calcium-binding protein B) and a human-specific antibody
against transgenic SNCA confirmed the presence of SNCA in
astroglial cells in the superior colliculus (Fig. 9C, left column;
Fig. 9D), that was increased by BafAl (Fig. 9D). In the hippo-
campus of SNCA transgenic mice we also detected SNCA™ glial
cells (Fig. 9C 2nd left column; Fig. 9E). Note, that we observed
S100B and SNCA double-positive cells predominantly in the
microenvironment of SNCA-immunopositive neurons (Fig. 9C,
“N”). Similar to the superior colliculus, the percentage of

S100B  cells displaying SNCA in the hippocampus was
increased by BafAl (Fig. 9E).

Released SNCA species are associated with different
secretion pathways

In order to understand ALP-modulated SNCA release mecha-
nisms, we investigated nonclassical secretion associated to the
endocytic pathway releasing low- and high-aggregating SNCA
species after BafAl treatment. The endocytic pathway involves
the formation of multivesicular bodies (MVB) containing intra-
luminal vesicles (ILVs) for cargo transport. Multivesicular bodies
(MVBs) are able to fuse with the cell membrane to release their
ILVs as exosomes.”” MVB processing is also linked to ALP since
MVBs can fuse with autophagosomes thereby generating amphi-
somes, which are degraded by the lysosome.40 Another nonclassi-
cal mechanism by which cells are able to release particles
containing proteins is shedding of the cell membrane. The result-
ing microparticles are biochemically and morphologically distinct
from exosomes and are characterized by high levels of phosphati-
dylserine (PS) in the external membrane leaflet binding ANXAS5
(annexin A5).*" As markers for these release pathways, we mea-
sured I) the exosomal marker CDG63 involved in MVB forma-
tion,>”** 1I) RAB11A/rab11 (member RAS oncogene family),
involved in the endosomal recycling pathway and MVB fusion
processes,® and III) the release of ANXAS5-FITC" microparticles
(Fig. 10A). Overexpression of low-aggregating SNCA increased
extracellular CDG63 levels as well as the intracellular expression of
RAB11A (Fig. 10A, B). In contrast, the number of microparticles
in the medium representing membrane shedding was not affected
(Fig. 10D). In contrast, overexpression of high-aggregating
SNCA-T, and SNCA-T and SNCAIP showed no significant
effect CD63 and RAB11A levels but substantially increased the
number of released microparticles (Fig. 10B, C, D), suggesting
that low-aggregating SNCA and high-aggregating SNCA-T are
preferentially released via different nonclassical release pathways.
ALP inhibition by BafA1l broadly enhanced extracellular CD63,
RAB1IA levels, and released microparticles for all SNCA aggre-
gate species. However, highest aggregation of SNCA-T induced
by SNCAIP coexpression attenuated the BafAl-stimulated
RAB1IA induction and further increased microparticle release
(Fig. 10C, D). These data suggest that ALP inhibition might
trigger all cellular release pathways leading to increased extracel-

lular SNCA.

Figure 6 (See previous page). Modulation of intracellular and extracellular SNCA in transgenic mice, by BafA1. (A) Immunohistochemistry of transgenic
mice overexpressing human SNCA under the control of the PDGFB-promoter (SNCA-tg) and nontransgenic mice (non-tg) using an antibody recognizing
human and mouse SNCA. Transgenic mice display SNCA™ inclusions in neuronal bodies and in the neuropil of the neocortex (Neoctx) compared to non-
tg mice. BafA1 has been applied systemically by daily intraperitoneal injection of 0.3 mg/kg or vehicle (saline) for 5 consecutive days. The inset indicates
the representative region of neocortex depicted in the 2nd and in the 3rd row. Scale bar 200 wm. Transgenic mice display SNCA immunoreactivity in
the molecular layer (ML) of the hippocampus (Hippo) indicated by black arrows. Scale bar 50 um. CA1: cornu ammonis field1; SL: stratum lacunosum (B)
BafA1 treatment of SNCA-tg mice diminishes the number of neurons bearing SNCA™ inclusions within the neocortex compared to vehicle-treated SNCA-
tg mice. (C) Quantification of the percentage of the neocortical neuropil area that shows SNCA immunoreactivity in SNCA-tg mice after BafA1 treatment.
(D) Percentage of the neuropil area in the hippocampal ML that displays SNCA immunoreactivity in SNCA-tg mice after BafA1 treatment. (E) Left: Repre-
sentative western blots of protein lysates probed for endogenous mouse and human SNCA depict monomeric (14 kDa) and oligomeric species (42 and
56 kDa). ACTB serves as loading control (42 kDa). Right: Western blot quantification of SNCA expression levels in BafA1-treated transgenic mice overex-
pressing human SNCA and normalized to ACTB (n = 3 animals per group). (F) Extracellular SNCA levels in the CSF of transgenic mice overexpressing
SNCA measured by ELISA. All values are mean + s.e.m. Differences are significant at (#) P < 0.05.
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Figure 7. Neuronal loss paralleled by astro- and microgliosis in transgenic mice, by BafA1 treatment. Inmunohistochemical assessment of neuronal loss
and astrogliosis paralleled by a microgliosis. (A) Representative images of RBFOX3/NeuN™ neurons, GFAP™ astroglia and the microglial marker AIF1 in
the hippocampus of SNCA-tg and non-tg mice treated with BafA1 or vehicle. The insets in the 1st row depict the region of quantification. Insets in the
2nd row depict regions which are magnified in the 3rd row. Scale bar for RBFOX3/NeuN in the hippocampus 50 wm, GFAP in the hippocampus 50 pm
and 20 pm (2nd and 3rd row) and AlF1 in the hippocampus and the neocortex 20 wm (4th and 5th row). Quantification of cell number and optical den-
sity quantification of (B) the neuronal marker RBFOX3/NeuN™, (C) the astroglial marker GFAP, (D) the microglial marker AIF1 in the hippocampus, and (E)
AIF1 in the neocortex of SNCA-tg mice compared to non-tg mice. (B) to (E) Effects of BafA1 treatment in the hippocampus of SNCA-tg mice compared to
vehicle treatment. All values are mean + s.e.m; differences are significant at (#) P < 0.05, unpaired t test, and at (*) P < 0.01.

Discussion

Cellular protein homeostasis is maintained by synthesis, recy-
cling, degradation, and secretion processes. The decline or
impairment of these processes disrupts protein homeostasis
resulting in the formation of protein oligomers and aggregates.
Intracellular protein oligomerization and aggregation under oxi-
dative stress and mitochondrial impairment is counteracted by
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protein degradation processes that are linked to disease mecha-
nisms in synucleinopathies.® Here, the pathological hallmark is
aggregated SNCA in LBs and LNs. However, we have previously
shown that inhibition of the ALP-mediated degradation by
BafAl reduces large aggregates but aggravated SNCA toxicity'
suggesting that ALP is involved in the regulation of SNCA aggre-
gation and reflects a cell-autonomous protective mechanism. In
the present study we comprehensively attribute the ALP
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Figure 8. Inflammatory response in transgenic mice, by BafA1 treatment. Immunohistochemical assessment of the inflammatory response in SNCA trans-
genic mice. (A) Representative images of the inflammatory marker TNF and IL6 in the hippocampus of SNCA-tg and non-tg mice treated with BafA1 or
vehicle. Black arrows indicate TNF and IL6 immunoreactivity. Scale bar for TNF and IL6 in the hippocampus 30 wm. Optical density quantification of
(B) the inflammatory markers TNF and (D) IL6 in the hippocampus of SNCA-tg mice compared to non-tg mice. (B) to (D) Effects of BafA1 treatment in the
hippocampus of SNCA-tg mice compared to vehicle treatment. (C) The absolute amount of TNF as measured by ELISA in SNCA-tg mice treated with
BafA1 compared to vehicle-treated animals. All values are mean -+ s.e.m; differences are significant at (#) P < 0.05, unpaired t test and at (*) P < 0.01.

mediated toxicity of SNCA to extracellular SNCA species. Block-
ing ALP by BafAl shifted larger intracellular aggregates to
smaller and rather oligomerized SNCA species and exacerbated
their release in association with membranous particles. This shift
to smaller aggregated species led to detrimental microenviron-
mental responses in a cell culture model of SNCA aggregation,
in primary neuronal cultures, and in SNCA transgenic mice. It
also suggests that aggregate formation is rather a detoxifying
event whereas the decreased aggregate formation alters the cellu-
lar protein homeostasis triggering the secretion of toxic SNCA
species. Also, a more detailed characterization of SNCA release
mechanisms suggested an activation of nonclassical secretory
pathways by blocking ALP depending on the aggregation state of
SNCA. Our findings support the interconnection between the

www.landesbioscience.com
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ALP and nonclassical release mechanisms for SNCA species lead-
ing to the induction of neuro-inflammation and -degeneration
within the cellular microenvironment.

The propensity of SNCA to polymerize into partially folded
intermediates that assemble into oligomers, protofibrils, and
finally elongate into mature fibrillar amyloid filaments is based
on its intrinsic structure*® and points to its structural integrity as
a crucial requirement to prevent intracellular aggregation. Muta-
tions within the protein, identified isoforms lacking functional
protein domains, and oxidative stress-induced post-translational
modifications lead to conformational changes and oligomeriza-
tion of different SNCA species.*>*® In response to SNCA aggre-
gation, activation of ALP components can be detected in brain
tissue of PD or DLB patients.””'"'* Oligomeric SNCA can be
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Figure 9. BafA1 treatment increases the accumulation of SNCA in glial cells in the microenvironment of SNCA-expressing neurons in transgenic mice.
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their morphological appearance in close proximity. Scale bar 1st row 50 wm, 2nd and 3rd row 20 pum. (B) Quantification of glial cells based on their mor-
phology displaying SNCA immunoreactivity in the colliculus of SNCA-tg mice -/+BafA1 treatment. (C) Confocal images of S100B™ astroglia (red) double-
labeling for SNCA (green) in close proximity to SNCA™' neurons (N; defined by morphology) in the hippocampus and colliculus of SNCA-tg mice either
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animals. All values are mean + s.e.m; differences are significant at (#) P < 0.05.
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Figure 10. Modulation of nonclassical secretory pathway by BafA1 treatment in H4 cells expressing low-aggregating SNCA and high-aggregating SNCA-
T. (A) Scheme of markers for distinct nonclassical secretory pathways including exosome release, endocytic recycling pathway, and microparticle shed-
ding. MVBs = multivesicular bodies, ILVs = intraluminal vesicles, PS = phosphatidylserine (B) Quantification of extracellular CD63 levels in the medium
of H4 cells expressing low-aggregating SNCA and high-aggregating SNCA-T and SNCAIP compared to control cells (mock) by dot blot analysis. Cells
have been treated with or without 200 nM BafA1 for 12 h. (C) Quantification of RAB11A expression in H4 cell lysates expressing low-aggregating SNCA
and high-aggregating SNCA-T and SNCAIP -/+ BafA1 treatment. (D) Left: FACS analysis of released microparticles by transfected H4 cells -/+ BafA1 using
a FITC-labeled ANXA5 antibody. Right: Representative scatter plots and histograms showing medium with ANXA5 as control for background signals,
unstained microparticles to exclude auto fluorescence and microparticles stained for ANXA5 as positive control defining gating criteria. All values are

mean + s.e.m; differences are significant at (*) P < 0.01 and at (#) P < 0.05.

degraded via ALP, potentially leading to the clearance of larger
aggregated species.”” In addition, ALP not only mediates SNCA
degradation, but is also involved in the aggregation process of
SNCA: Here, inhibition by BafAl potentiated SNCA toxicity
but reduced larger aggregate formation in SNCA-overexpressing
cells (Fig. S1)."* Systemically applied BafAl increased smaller
SNCA aggregate species within the neuropil of neurons in the
neocortex and the hippocampus in SNCA transgenic mice, but
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again reduced larger and dense intracellular SNCA inclusions in
SNCA™ neurons (Fig. 6), substantiating the BafAl-specific
effects after intracerebral administration of BafA1.'* This dichot-
omous effect on SNCA species depending on their aggregate state
could also be detected in our cell culture model overexpressing
low-aggregating SNCA or high-aggregating SNCA-T, represent-
ing an artificial SNCA aggregation model that develops ThioS-
positive fibrillar SNCA aggregates.'> Total levels of intracellular
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SNCA were increased by BafAl but a marked reduction of pref-
erably large aggregates and a switch to more punctate and diffuse
distribution of SNCA were observed for high-aggregating
SNCA-T (Fig. 1). These findings support that ALP inhibition
might influence the spectrum of SNCA aggregation, substantiat-
ing the presence of lower aggregating and oligomerized, but
more toxic SNCA species. The present results underline the
notion that aggregate intermediates or oligomers of SNCA repre-
sent the toxic species, whereas larger aggregate formation is rather
detoxifying.***®

The detection of monomeric and oligomeric SNCA species in
extracellular biological fluids like CSF and plasma fundamentally
extended the understanding of SNCA-related pathology.*® Extra-
cellular SNCA species exist in the interstitial brain fluid of SNCA
transgenic and wild-type mice suggesting that the protein is also
constitutively released.*” Oligomerized and proteinase K-resis-
tant extracellular SNCA is found in cellular models.?®** In line
with this, we detected extracellular SNCA species in our high-
aggregating (SNCA-T) and low-aggregating (SNCA) culture
model (Fig. 1). The amount of extracellular SNCA correlated
with its intracellular level after transient overexpression. How-
ever, overexpressed SNCAIP could not be detected in PFs
obtained from conditioned media of SNCA-T and SNCAIP-
overexpressing cells therefore excluding disrupted membrane
integrity as the primary cause of extracellular SNCA. Also, the
oligodendroglial precursor cell line CG4 overexpressing SNCA
did not release measurable amounts of SNCA suggesting that
release of SNCA might be cell specific and a well-controlled
mechanism. Lysosomal blocking has been reported to enhance
the presence of extracellular SNCA in vitro whereas proteasomal
impairment did not change its release.’”*®" Consistently, we
showed that BafAl administration mildly increased the amount
of overexpressed SNCA in the medium in our cellular model.
Moreover, transgenic mice overexpressing human SNCA also
show extracellular SNCA in the CSF which was substantially
augmented by systemic BafAl treatment (Fig. 7). Importantly,
lysosomal blocking by chloroquine, a weak base that concentrates
in the acidic lysosome thereby raising the pH, resulted in
increased levels of extracellular SNCA (Fig. S3). Interestingly,
this effect was not present 77z vitro using another ALP inhibitor
(3-methyladenine, 3-MA), that blocks the formation of autopha-
gosomes at an early stage of the ALP. Thus, it limits the associa-
tion of the ALP with SNCA secretion to late lysosomal stages
and not to early autophagosome generation within the ALP, sug-
gesting that late lysosome modulation might directly influence
the intracellular aggregation process and the interaction with the
secretion machinery, potentially via the MVB-compartment.*?
Furthermore, both compounds did not enhance the toxic effect
of extracellular SNCA in naive cells. These results support our
previous findings demonstrating that 3-MA and chloroquine are
not able to mimic the specific effect of BafAl on both intracellu-
lar aggregation, release, and toxicity.12 It further indicates that
BafAl-induced modulation of SNCA aggregation and release
occurs at distinct stages of the ALP that are not targeted by
3-MA or chloroquine.
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Intriguingly, aggravation of toxicity by BafAl was mediated
by SNCA aggregate species released by SNCA-expressing cells.
Transient transfection resulted in a mixture of SNCA-expressing
and nonexpressing cells within the same microenvironment.
Here, the observed overall induction of toxicity by BafAl treat-
ment was not pronounced in SNCA-expressing, but rather
appeared in surrounding naive H4 cells (Fig. 2). This important
finding supports the detrimental effect of extracellular SNCA
and suggests that release of SNCA into the microenvironment
reflects a cell-protective mechanism. This was underlined by
treating both naive H4 cells and primary neuronal cultures with
conditioned media of cells expressing high-aggregating and low-
aggregating SNCA species. This SNCA-dependent induction of
toxicity in cells within the microenvironment could even be exac-
erbated by blocking the lysosomal degradation using BafAl.
Extracellular SNCA derived from overexpressing cells in the pres-
ence of BafAl markedly increased apoptotic response in naive H4
cells or primary neuronal cultures, indicating that blocking the
lysosomal compartment has not only implications for the forma-
tion of intracellular aggregates but also for released SNCA spe-
cies. A detailed analysis of extracellular SNCA revealed an
association with larger particles for high-aggregating SNCA-T
and smaller sized particles below 1.2 wm for low-aggregating
SNCA (Fig. 3). BafAl presence not only shifts the size of these
particles toward smaller particles (Fig. 3C-F) but also clearly
modulates the oligomerization of SNCA toward less oligomer-
ized species for high-aggregating SNCA-T (Fig. 3G). On the
other hand, for low-aggregating SNCA the presence of BafAl
resulted in enlarged particles and an increase of oligomerized
SNCA species (Fig. 3). The latter findings explain the enhanced
apoptotic action in close proximity of SNCA-expressing cells.
Even though treatment with BafA1 led to an overall induction of
apoptosis, the direct toxicity to the microenvironment was
markedly enhanced and can therefore be attributed to the modu-
lated extracellular SNCA species. Thus, we hypothesize that the
neurotoxic effects under ALP challenge are mainly caused by
extracellular SNCA rather than its intracellular presence. Our
findings also underline that the composition and vesicular associ-
ation of extracellular SNCA species appear to be crucial for the
effect on the cellular microenvironment. Here, lower-aggregated,
oligomeric SNCA species represent the toxic insult extracellular
rather than larger aggregated structures. Moreover, BafAl seems
to favor the pathway for these oligomeric SNCA species resulting
in enhanced secretion and exacerbated toxicity in the
microenvironment.

Released SNCA species are potentially transferred from neu-
rons to neighboring neuronal and glial cells, seed pathological

3052 31d increase cellular dam-

protein deposits in recipient cells,
age in vitro.” In naive cells exposed to cell-derived extracellular
SNCA species even an uptake of these species could be observed
(Figs. 4 and 5). Moreover, the uptake of SNCA could also
explain the relative low increase of extracellular SNCA levels in
the transient transfection model after BafAl treatment (Fig. 1
and 2). We observed SNCA-immunopositive structures in associ-

ation with the cell surface of neuroglioma cells exposed to particle
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fractions, internalized in apoptotic cells, and the formation of
SNCA-immunopositive inclusions within TUBB3-positive pri-
mary neurons. As part of the cell-to-cell transmission cascade, it
has been shown that extracellular SNCA can be taken up by
recipient cells, seed aggregation processes, and lead to cellular
damage.”® Within the hippocampus of SNCA transgenic mice
we could observe accumulating SNCA preferably in the ML of
the hippocampus not only in neurons, but also in astroglial cells
not expressing the transgene within the microenvironment of
SNCA™ neurons (Figs. 6 and 9). Accordingly, analyzing the
superior colliculus with lower neuronal density confirmed accu-
mulating SNCA preferably within astrocytes in the microenvi-
ronment of SNCA-expressing neurons (Fig. 9). In both regions
intra-glial presence of SNCA was exacerbated by BafAl treat-
ment. Interestingly, the effect of BafAl on astroglial cells con-
taining human SNCA was even pronounced in the neuron-dense
hippocampus suggesting a correlation of the microenvironmental
uptake with the number of SNCA-expressing neurons. Conse-
quently, SNCA transgenic mice displayed a substantial neuronal
loss due to SNCA presence which was aggravated by ALP inhibi-
tion using BafAl in the hippocampus (Fig. 7). In vivo studies
suggest that transmitted SNCA activates astrocytes and stimulates
inflammatory response.ZG’52 Here we show that BafAl treatment
not only augmented this effect by decreasing the number of neu-
rons in the ML but also exacerbated the inflammatory response
of glial cells to released SNCA by inducing astrogliosis, micro-
gliosis, and stimulating the proinflammatory cytokines IL6 and
TNF (Figs. 7 and 8). Similarly, applied extracellular SNCA was
also detected in astroglial cells followed by the upregulation of
neuroinflammatory cytokines.”" Future analysis of uptake mech-
anisms of SNCA potentially needs to focus on receptor-mediated
uptake studies and subsequent glial activation pathways.”® Taken
together, inhibition of ALP by BafA1 substantiated SNCA release
and led to neurotoxicity, micro- and astrogliosis, and inflamma-
tory response within the same microenvironment.

SNCA bears no secretory signal peptide sequence and its
release is insensitive to brefeldinA suggesting that it is not
released via the classical endoplasmatic reticulum (ER)-Golgi
secretory pathway.”® Previous reports demonstrate that SNCA
can be constitutively released under physiological conditions via
exocytosis or by exosome release.”®?”°" We detected elevated
levels of the exosome-specific transmembrane protein CD63 in
the medium of H4 cells and increased expression of RAB11A
reflecting augmented MVB formation and release of exosomes
by overexpression of low-aggregating SNCA. This complies
with increased levels of extracellular SNCA caused by functional
mutations in the endosomal sorting complex required for trans-
port (ESCRT)-machinery involved in exosome generation that
can be restored by RAB11A.%” Overexpression of high-aggregat-
ing SNCA-T did not affect RAB11A expression or extracellular
CD63 levels (Fig. 10), suggesting a rather exosome-independent
release. Here, increased extracellular microparticles indicate
membrane shedding®' as a potential release mechanism for
higher-aggregated SNCA species. Even though litte is known
about microparticle release from brain structures it has been
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shown that microparticles containing galactocerebroside are
present in the CSF of patients suffering from epilepsy,”® multi-
ple sclerosis and are detected in plasma after stroke, or traumatic
brain injury.”® Low-aggregating SNCA did not significantly
stimulate the release of microparticles. In summary, exosome-
associated SNCA release was mainly active for low-aggregating
SNCA species, whereas microparticle shedding was substanti-
ated by the presence of high-aggregating SNCA-T. This extends
the initial findings that ALP modulates the release of SNCA via
nonclassical pathways since lysosomal dysfunction by pharmaco-
logical and genetic manipulation increased the exosome-related
release for low-aggregating SNCA species.”®>”%" This is further
supported by a study showing that the secretion of exosomes
can be inhibited by autophagy induction causing a marked
fusion of MVB with autophagosomes.®’ Moreover, RAB11A
regulates MVB formation and fusion of MVBs with autophago-
somes,””®* providing a potential molecular link between ALP-
mediated degradation and MVB-associated release mechanisms
of SNCA.

This study clearly attributes the toxic effect of SNCA to its
released species, rather than a solely cell-autonomous effect of
SNCA. Also, challenging ALP further supports a protective role
of intracellular SNCA aggregation. ALP inhibition by BafAl
induced a variety of nonclassical release pathways as a potential
novel consequence of impaired ALP in the diseased brain. Inhibi-
tion of the lysosomal degradation potentially shifted aggregate-
prone SNCA species to less aggregated forms that can be released
by exosomes and microparticle shedding. Even though this effect
seemed to protect individual SNCA-overexpressing cells, SNCA
secretion was detrimental for the local microenvironment,
thereby attributing toxic effects of SNCA to low-aggregated
extracellular species. A BafAl-sensitive pathway at a late ALP
stage seems to influence I) aggregate formation as a detoxifying
event, II) release of smaller aggregated but more toxic SNCA spe-
cies, and III) increases microenvironmental response. /n vivo, this
resulted in neuronal loss, astrogliosis, and proinflammatory
response of the microenvironment. Future studies will aim to
decipher the detailed molecular mechanisms of ALP-mediated
SNCA aggregation, secretion, and cellular responses following
uptake of SNCA species. Nevertheless, our study clearly shows
that ALP not only performs protein degradation, but also con-
nects aggregation and degradation to SNCA secretion as a com-
prehensive pathway in the pathology of synucleinopathies.

In conclusion, the paradigm shift from intracellular detrimen-
tal effects of SNCA to extracellular presence and pathology in
synucleinopathies is substantially extended by our findings attrib-
uting the major toxic effect of SNCA to extracellular species and
linking the ALP process to its release. In line with other iz vivo
studies on hierarchical spreading of SNCA pathology and on
transfer of SNCA pathology from PD brain tissue to transplants,
our data substantiate not only the molecular mechanisms of the
release but also the cell-to-cell propagation concepts of SNCA in
PD. These intriguing concepts will lead to novel understanding
in PD pathology and enable the development of novel therapeu-
tic strategies.
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Materials and Methods

Cell culture and calcium-phosphate transfection

H4 neuroglioma cells of human origin (ATCC, HTB-148)
were maintained in Opti-MEM +4GlutaMAX (Invitrogen,
51985-042) supplemented with 10% fetal calf serum (FCS; Invi-
trogen, 10270-106) at 37°C, and plated 24 h prior transfection
on glass cover slips (Thermo Fisher Scientific, CBO0130RAC/
6302277) in 24-well plates (6x10% cells) or in G-well plates
(2x10° cells), respectively.

The rodent oligodendroglial precursor cell line CG4 was cul-
tured in poly-L-ornithine (Sigma, P4957) coated flasks and
grown in DMEM (PAN-Biotech, P04-04510) containing 4.5 g/
| glucose and 0.584 g/l stable glutamine supplemented with N2
(Invitrogen, 17502048), biotin (10 ng/ml, Sigma-Aldrich,
B4639), basic fibroblast growth factor (bFGF; 10 ng/ml, R&D
Systems, 233-FB), and platelet derived growth factor (PDGF;
10 ng/ml, R&D Systems, 1055-AA-050). CG4 cells stably over-
expressing SNCA were cultured in presence of 200 wg/ml geneti-
cin (Invitrogen, 10131-027). CG4 cells were differentiated for 6
d by withdrawal of growth factors, the addition of triiodothyro-
nine (30 ng/ml; Sigma-Aldrich, T2877), and low dose of FCS
(0.5%, Invitrogen).

Primary hippocampal cells were prepared from E18 Wistar rat
embryos. Dissected hippocampi were dissociated with 0.25%
trypsin (PAN Biotech, P10-023100) and 0.1 mg/ml DNase I
(Worthington, LS002139) for 30 min. After addition of 10%
FCS, dissociated cells were washed and resuspended in Neuro-
basal medium (Invitrogen, 21103-049) containing 2 mM L-glu-
tamine (Invitrogen, 25030024) and 1% B-27 supplement
(Invitrogen, 17504-044). 1 x 10° cells were plated on poly-L-
lysine-coated (50 pg/ml, Sigma-Aldrich, P9155) glass coverslips
in 24-well plates. Half of the medium was replaced every 3 to 4 d.

Transfection of cells was performed using calcium-phosphate
as described previously.'*> Equimolar ratios of plasmids encoding
SNCA (human wild-type SNCA), aggregation-prone SNCA-T
(c-terminal tagged SNCA), SNCAIP (synphilin-1), or empty
expression vector (EV),' were transfected compared to mock as
control. Cells were treated 24 h post-transfection with 200 nM
BafAl (Applichem, A7823,0001), 5 mM 3-methyladenine
(3-MA, Sigma Aldrich, M9281), 50 uM chloroquine diphos-
phate salt (CQ, Sigma Aldrich, C6628), or vehicle (DMSO or
aqua dest.) for 12 h and fixed or harvested for further analysis. A
total experimental duration of 36 h post-transfection has been
chosen to reduce the transfection-associated background toxicity.

SDS-PAGE and protein gel blotting

Transfected H4 cells were collected in homogenization buffer
consisting of 50 mM Tris (Sigma, T1503), 150 mM NaCl
(Merck, 1064045000), 1 mM EDTA (Applichem, A5097,0250),
protease/phosphatase  inhibitors ~ (Roche, 11836170001/
04906837001) and homogenized by freeze-thawing, followed by
trituration (23 and 27 gauge needles), and sonication for 30 s.
Lysates were generated by incubating homogenates with radio-
immunoprecipitation assay buffer (RIPA) with a final concentra-

tion of 1% Nonidet P-40 (NP-40; Roche, 11754599001), 0.1%
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SDS (Applichem, A1112,0100), 0.5% sodium deoxycholate
(Sigma, D6750), 50 mM Tris, 150 mM NaCl, 1 mM EDTA,
and protease/phosphatase inhibitors (Roche) for 1 h at 4°C. Fro-
zen brain tissue was homogenized in ice-cold homogenization
buffer by using the Micro-Dismembrator U (Sartorius, Goettin-
gen, Germany) at 1,500 rpm for 6 min, followed by sonication
for 30 s and centrifugation at 800 X g for 10 min. The quantifica-
tion of protein amounts of cell lysates and brain tissue homoge-
nates was assessed using Pierce BCA protein assay (Thermo
Scientific, 23225). Fifteen to 30 wg total proteins were separated
on 4-12% or 12% Bis-Tris gels (Life Technologies,
NP0322BOX), transferred to a PVDF-FL membrane or nitrocel-
lulose membrane (Immobilon-P, Merck Millipore, IPVH00010),
and blocked for 1 h in 1% BSA (Sigma, A9647) in PBS-T (phos-
phate-buffered saline; Applichem, A0965,9010) containing 0.1%
Tween 20 (Applichem A1389.0500). Incubation with primary
antibodies against human and rodent SNCA (1:1,000; BD Trans-
duction Laboratories, 610786), ACTB/bAct (actin, B) (1:2500;
Abcam, 8226), RAB11A (1:1,000; BD Transduction Laborato-
ries, 610656) at 4°C overnight was followed by washing with
PBS-T and signal detection using the fluorescent-labeled second-
ary antibodies donkey anti-mouse (Alexa 488, 1:1000; Invitrogen,
A21202), donkey anti-rabbit (Alexa 647, 1:1,000; Dianova, 711—
605-152), or horseradish peroxidase (HRP)-conjugated goat anti-
mouse antibody (1:5,000; Jacksonlmmuno, 115-035-068) for
1 h at room temperature (RT). Immunoblots of cell lysates were
analyzed by fluorescent intensity with the FusionFX (Peglab,
Erlangen, Germany) and quantified using the BiolD software
(Vilber Lourmat, Eberhardzell, Germany). Immunoblots of brain
homogenates were visualized with enhanced chemiluminescence
(PerkinElmer, NEL105001EA), and analyzed with the VersaDoc
gel imaging system (BioRad, Munich, Germany).

Immunocytochemistry and aggregate analysis in H4 cells

H4 cells, plated and transfected on 13 mm glass coverslips,
were fixed for 15 min using 4% paraformaldehyde (Sigma,
441244), washed with Tris buffered saline (TBS, pH 7.4) and
blocked with fish skin gelatine buffer (FSGB) containing Triton
X-100 (Sigma, T9284) for 1 h at RT. Primary antibodies against
SNCA (1:250; Enzo Life Sciences, ALX-804-258-1L001) was
applied overnight at 4°C. After washing cells were incubated
with donkey anti-rat secondary antibody (Alexa 488, 1:1,000;
Invitrogen, A21208) for 1 h at RT. Nuclei were counterstained
with 4'6’-diamidino-2-phenylindol (DAPI, 1:10,000; Sigma,
D8417) for 15 min. After an additional washing with FSGB and
TBS the coverslips were mounted using Prolong Antifade reagent
(Invitrogen, P36930) and captured with an Axio Imager M2
microscope combined with an AxioCam MRm camera and an
ApoTome for Axiolmager (Carl Zeiss AG, Jena, Germany).

For quantification of intracellular aggregates 5 fields of view
per coverslip of at least 3 independent experiments were ran-
domly selected. At least 200 SNCA-transfected cells were quanti-
fied for the presence of intracellular small aggregates (<1 pm)
and medium and large sized aggregates (1 to 5 wm) by an
observer blinded to the transfection and treatment conditions.
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The percentage of cells containing accumulations or aggregates of
all transfected cells was quantified.

Dot blot analysis of SNCA in conditioned medium

Released SNCA by transfected H4 cells was analyzed by dot
blot analysis using 2 ml of conditioned medium (CM) 36 h
post-transfection. Collected CM was centrifuged for 5 min at
300 x gat 4°C to remove remaining cells and applied to a nitro-
cellulose membrane (Millipore, VSWP02500) clamped in a dot
blot chamber (Minifold I, Schleicher & Schuell BioScience, Das-
sel, Germany) by gentle vacuum. After air-drying, the membrane
was blocked with 1% BSA in PBS-T at RT for 15 min and incu-
bated with primary antibody against SNCA (1:1,000; BD Trans-
duction Laboratories) or CD63 (1:200; SantaCruz, sc-15363)
overnight at 4°C. After washing with PBS-Tween the membrane
was incubated with HRP-conjugated goat anti-mouse secondary
antibody (1:10,000, Jackson Immuno, 115-035-068) for 1 h at
RT. The blots were developed with Pierce Super Signal West
Femto Chemiluminescent Substrate Kit (Thermo Fisher Scien-
tific, 34094) for 5 min. Chemiluminescence was detected using a
Fusion FX7 detection system (Peglab) and quantified using
BiolD software (Vilber Lourmat).

Toxicity assessment iz vitro

Toxicity was analyzed by ToxiLight enzyme activity assay for
membrane integrity (Lonza, LT07-117) according to the man-
ufacturer’s protocol. The total toxicity measured by ToxiLight
was complemented in adaptation of our previously described
model'? by the cell based assessment of toxicity using an anti-
body against activated (cleaved) CASP3 (1:500; Cell Signaling
Technology, 9661). For quantification of total CASP3 activation
at least 400 DAPI-positive cells were classified for each experi-
ment. CASP3 activation specifically in SNCA transfected H4
cells was determined by counting CASP3™ cells in at least 200
SNCA™ cells.

Microenvironmental response in cell culture

Toxicity induction within the cellular microenvironment of
SNCA-expressing cells was assessed by quantifying CASP3 " cells
in 2 distinct types of predefined fields in each immunocytochem-
ical image (Fig. 2C). To generate an overall equal number of
fields containing SNCA-expressing H4 cells (SNCA-positive
fields, white labeled) and SNCA-nonexpressing H4 cells (SNCA-
negative fields, gray labeled), the grid size was defined using the
mean number of SNCA expressing cells/image in all conditions.
This resulted in 6 x 7 fields/image (20 x magnification, each
image 447.63 wm x 335.4 pm). The mean number of CASP3™*
cells per area was recorded in 5 images for each condition in 3
independent experiments.

Particle fraction preparation and cellular exposure
experiments

Twelve ml of CM resulting from transfected H4 cells were
collected 36 h post-transfection and centrifuged at 300 x g for
5 min at 4°C to remove floating cells. The supernatant was trans-

ferred to ultracentrifugation tubes (Polyallomer, 13.2 ml, 14 x
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89 mm, Beckman Coulter, 331372) and centrifuged at 134.
434 x g for 60 min at 4°C using an Optima TM LE-80K centri-
fuge (Beckman Coulter, Pasadena, USA) with a rotor type SW41
Ti (Beckman Coulter). After carefully aspirating the supernatant,
the pellet containing the particle fraction (PF) was dissolved in
the respective growth medium and applied to naive H4 cells or
primary neuronal cultures for 6 and 24 h (one pellet per well).
Fourteen, 21 and 28 d-old primary neuronal cultures were used
for 3 independent particle fraction exposure experiments. In par-
allel experiments 12 ml of CM were collected as described above
and centrifuged at 300 X g for 5 min at 4°C to remove floating
cells. Particles of different sizes were excluded from the condi-
tioned medium using filters with defined pore size (10 wm,
5 pm, 1.2 pm; Acrodisc premium, Pall Life Sciences, Pallap-
4001; 512-3118; 17593-K) prior ultracentrifugation. Pellets
were analyzed by western blotting and supernatants by dot
blotting for characterization of particle fractions.

Density gradient centrifugation

Density sucrose gradient centrifugation was performed as pre-
viously described®® with minor modifications. Briefly, particle
fractions were homogenized in 50 mM Tris/ HCl pH 7.4 buffer
containing 150 mM NaCl, 2 mM EDTA, 1% (v/v) NP-40,
0.1% (w/v) SDS, and protease inhibitors cockrails (Roche) in a
Potter douncer homogenizer at 4 °C. The lysate were layered on
a continuous 10% to 30% sucrose gradient (30 ml) in 25 mM
Tris-HCI, pH 7.4, 0.2 M NaCl, on the top of a 60% sucrose
cushion (4 ml). After centrifugation for 18 h at 4°C in a Sorvall
SW-28 rotor (Thermo Fisher Scientific, Waltham, USA) at
122,000 x g, 24 sucrose fractions with 1.5 ml each were col-
lected. 400 Wl of each fraction were mixed with 100 pl methanol
and directly spotted onto a nitrocellulose membrane. Fractions 1
to 3 represent the 60% sucrose cushion containing higher oligo-
merized proteins. Fractions 4 to 24 consist of decreasing percen-
tages of sucrose and represent a decline of oligomerization.

FACS analysis of microparticles in conditioned medium

500 pl CM collected from transfected H4 cells was trans-
ferred into FACS tubes (Sarstedt, 55.1579) and incubated for
30 min at 4°C with ANXAS5-FITC-solution (ImmunoTools,
31490013) after 1:1 dilution with Jonosteril® (Fresenius-Kabi).
Microparticles in the CM were analyzed with a CyFlow® Space
(Partec, Muenster, Germany) and evaluated with the FloMax
2.81 analysis and quantification software (Partec). The cut-off
fluorescence intensity for defining microparticles was set by
measuring the auto fluorescence of unstained microparticles.
CM stained with ANXAS5-FITC-solution was measured to
exclude background fluorescent intensity. The concentration of
microparticles per ml was determined by gating ANXAS-FITC™
particles. ANXAS5-FITC binding was confirmed by adding
EDTA (final concentration 20 mM) to the CM. Size determina-
tion of ANXAS-FITC" microparticles was carried out using
synthetic beads of known size (0.1 pm, 0.5 pm, 1.0 pm,
2 wm; Fluoresbrite Beads Polysciences, 18859-1, 18860-1,
186041, 18862-1) as calibrator using forward and sideward
scatter signal.
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SNCA transgenic mice and treatment

Heterozygous transgenic mice overexpressing human SNCA
under the control of the neuron-specific PDGFBM—promoter
were used.”® These mice show abnormal detergent-insoluble
SNCA and develop SNCA-immunopositive cytoplasmic aggre-
gate-like inclusions in neuronal cells that are distributed through-
out the neocortex, hippocampus, and striatum.?® In transgenic
mice, SNCA begins to accumulate in the neuropil and in neuro-
nal cell bodies in deep layers of the neocortex and the hippocam-
pus at 3 mo of age.” The transgenic animals and nontransgenic
littermates at the age of 5 to 6 mo were treated with BafAl
(0.3 mg/kg) or vehicle (saline) by daily intraperitoneal injections
for 5 consecutive d (4 groups, 8 animals each). Mice were anes-
thetized with chloral hydrate (Sigma, C8383) and flush-perfused
transcardially with 0.9% saline. Brains were removed and fixed
in phosphate-buffered 4% paraformaldehyde, pH 7.4, at 4°C for
48 h for further analysis. All the procedures for animal experi-
ments were approved by the Institutional Animal Care and Use
Committee of the US.

ELISA of homogenates and CSF from SNCA transgenic
mice

TNF concentration was measured by ELISA (TNF Human
ELISA Kit, Invitrogen, KHC3011) in homogenates from dis-
sected fresh frozen hippocampi of nontransgenic and transgenic
mice following the manufacturer’s protocol. All samples were
run in triplicates. For the assessment of extracellular SNCA con-
centrations approximately 5 to 10 wl CSF were obtained from
the cistern magna of nontransgenic and transgenic mice utilizing
a micropipette. Five pl of CSF were analyzed for total SNCA
amount by ELISA (Hu SNCA ELISA Kig, Invitrogen,
KHBO0061) following the manufacturer’s protocol. Briefly,
SNCA standard (concentration 15 ng/ml) was reconstituted and
diluted serially after equilibration time (7.5, 3.75, 1.88, 0.94,
0.47 and 0.23 ng/ml). 50 pl of standard or samples diluted in
sample buffer were transferred to the ELISA plate (for example,
5 wl CSF into 45 pl buffer, or 25 pl (1:10) into 25 pl buf-
fer).50 pl of human SNCA antibody solution were added into
each well and incubated for 3 h at RT. After aspirating the solu-
tion wells were washed 4 times and incubated with 100 pl anti-
rabbit IgG HRP solution for 30 min at RT followed by incuba-
tion with 100 pl of the stabilized chromogen at RT in the dark.
Plates were read at 450 nm and cytokine concentrations were
estimated from the appropriate standard curve and expressed as
ng/ml sample volume.

Immunohistochemical analysis in SNCA transgenic mice

40 wm brain sections were generated serially (Vibratome
2000, Leica, Wetzlar, Germany). For immunohistochemistry,
free floating sections were incubated overnight at 4°C with
monoclonal antibodies against SNCA (1:500; Millipore,
AB5038), RBFOX3/NeuN (1:1000; Merck Millipore,
MAB377), GFAP (1:2000; Millipore, MAB360), IL6 (1:500,
Novus Biologicals, NB600-1131), and TNF (1:100, Abcam,
ab1793) followed by biotinylated goat anti-rabbit IgG (1:100;
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Vector Laboratories, BA-1000), Avidin D-horseradish peroxi-
dase (1:200; Vector Laboratories, A-2004), and subsequent
detection with diaminobenzidine (DAB, Vector Laboratories,
SK-4100). For each animal, 3 sections were analyzed by the dis-
sector method using the Stereo-Investigator System (MBF Bio-
science, Williston, USA), averaged, and expressed as total cell
counts. For optical density, sections were imaged with a bright-
field digital microscope (Olympus, Shinjuku, Japan) and ana-
lyzed with the Image Pro-Plus system (Media Cybernetics,
Rockville, USA).

Double-immunofluorescence and confocal analysis in SNCA
transgenic mice

To quantify colocalization, sections were double labeled with
combinations of antibodies against human SNCA (1:200; Milli-
pore, 36-008) and S100B (astroglial marker, 1:1,000; Sigma,
SAB1402349). SNCA-immunopositive structures were detected
with the fluorescein isothiocyanate (FITC)-conjugated horse
anti-mouse antibody (1:75; Vector Laboratories, FI-2000) while
the mouse S100B was detected with the Tyramide Signal
Amplification-Direct (Red) system (1:100; Perkin Elmer,
NEL702001KT) and sections were mounted under glass cover-
slips with anti-fading media (Vector Laboratories, H-1000). The
immuno-labeled blind-coded sections were serially imaged with a
Zeiss 63 x (NA 1.4) objective of an Axiovert 35 microscope
(Carl Zeiss AG) with an attached MRC1024 LSCM system (Bio-
Rad) and analyzed with the Image 1.63 program (National Insti-
tutes of Health). Ten digital confocal images (512 x 512 pixel
area) with a focal plane of 1 pm from each of 3 immuno-stained
sections per mouse of hippocampus and superior colliculus were
used (n = 3 mice per group). Images were converted to 8-bit
grayscale and threshold function was used to set a black and
white threshold corresponding to the respective immunostaining.
For quantification of S100B, “Analyze Particles” function was
used to sum up the total area of positive staining and calculate
the fraction of the total area. The colocalization of images was
analyzed with Image] software (National Institutes of Health)
and the colocalization Colormap plug-in (Adam Gorlewicz;
hetp://rsbweb.nih.gov/ij/notes.html). For subcellular localization
of SNCA, sections were double labeled with combinations of
antibodies against human SNCA and MAP2 (1:100; Millipore)
to detect neuronal bodies and dendritic structures or SYP (Sy38,
1:500; Millipore) for axonal and synaptic staining and imaged as
described above.

Statistical analysis

All numeric results are reported as mean + s.e.m. and repre-
sent data from a minimum of 3 independent experiments unless
otherwise stated. Statistical significance of difference between
groups was determined in instances of single comparisons by the
2-tailed unpaired Student # test of the means or one-sample # test
if values have been compared with normalized control values. In
instances of multiple-means comparison, the one-way analysis of
variance (ANOVA) was used for the determination of signifi-
cance followed by the post-hoc test Tukey or Dunett if values
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have been compared with control values. Statistical analysis was

performed for all assays and significant differences are depicted
in the figures by graphical representation. Statistics has been per-

formed using GraphPad Prism (GraphPad Software, La Jolla,

USA).
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