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Abstract.

Background: Synucleinopathy is a group of neurodegenerative disorders characterized by neurodegeneration and accumu-
lation of alpha-synuclein (a-syn) aggregates in various brain regions. The detailed mechanism of a-syn-caused neurotoxicity
remains obscure, which is partly due to the lack of a suitable model that retains the in vivo three-dimensional cellular network
and allows a convenient dissection of the neurotoxic pathways. Recent studies revealed that the pre-formed recombinant
a-syn amyloid fibrils (PFFs) induce a robust accumulation of pathogenic a-syn species in cultured cells and animals.
Objective: Our goal is to determine whether PFFs are able to induce the pathogenic a-syn accumulation and neurotoxicity
in organotypic brain slice culture, an ex vivo system that retains the in vivo three-dimensional cell-cell connections.
Methods/Results: Adding PFFs to cultured wild-type rat or mouse brain slices induced a time-dependent accumulation of
pathogenic a-syn species, which was indicated by a-syn phosphorylated at serine 129 (pa-syn). The PFF-induced po-syn was
abolished in brain slices prepared from a-syn null mice, suggesting that the pa-syn is from the phosphorylation of endogenous
a-syn. Human PFFs also induced pa-syn in brain slices prepared from mice expressing human a-syn on a mouse a-syn-null
background. Furthermore, the synaptophysin immunoreactivity was inversely associated with pa-syn accumulation and an
increase of neuronal loss was detected.

Conclusion: PFF-treatment of brain slices is able to induce key pathological features of synucleinopathy: pa-syn accumulation
and neurotoxicity. This model will be useful for investigating the neurotoxic mechanism and evaluating efficacy of therapeutic
approaches.

Keywords: Alpha-synuclein, synucleinopathy, organotypic brain slice culture, pre-formed recombinant o-syn amyloid fibrils
(PFFs), aggregation, neurotoxicity

INTRODUCTION it binds other partners [1, 2]. In vitro, the unfolded
recombinant a-syn spontaneously forms oligomers

Alpha-synuclein (a-syn) is generally believed to be and fibrils over time [1, 3] and in vivo, certain forms of
an unfolded protein that adopts various folds when stress and disruption of proteostasis are able to induce
a-syn to aggregate [4]. In patients, the misfolded
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multiple system atrophy (MSA) [7, 8]. PD is the most
common synucleinopathy characterized by nigral
dopaminergic neuron degeneration and the presence
of Lewy bodies and Lewy neurites [9]. The a-syn
aggregates in PD are widely distributed and spread
in a caudal-rostral pattern as the disease progresses
[10, 11]. DLB is the second most common cause of
dementia in elderly [12, 13] and a-syn aggregates
in DLB are commonly detected in the cortex, hip-
pocampus, limbic system and brainstem [12, 14]. In
MSA, aggregated a-syn is characteristically detected
in oligodendrocytes forming the glial cytoplasmic
inclusions (GCIs), which are deposited in various
brain regions including cerebellum and striatum [15].
Despite the differences in clinical manifestation and
pathology, amyloid fibrillary a-syn aggregates are
detected in all synucleinopathies [6] and pa-syn is
commonly used as a marker for the pathogenic a-syn
species [16].

Although the association of a-syn aggregation and
synucleinopathies is well established, the detailed
neurotoxic mechanism remains elusive, which is
partly due to the lack of a suitable model that
recapitulates the pathogenic changes and can be
conveniently studied with modern molecular biolog-
ical approaches. Recently developed PFF models are
based on the prion-like property of misfolded a-syn
[17] and represent a major advance in this field.
In these models, PFFs are added to primary neu-
rons [18, 19] or injected into animals [20], which
is sufficient to induce a robust a-syn aggregation
and neuronal loss. Because the neurotoxicity directly
results from a-syn aggregation, these models are well
suited for studying the neurotoxic mechanism. The
limitation for the PFF/primary neuron model is the
lack of the three-dimensional cellular environment
and the incapability to evaluate the role of cell types
other than neurons. The PFF/animal model over-
comes these drawbacks, but the utilization of a whole
animal makes it difficult to dissect the molecular
mechanism.

The organotypic brain slice culture is a com-
monly used model that retains the three-dimensional
brain architecture, allows relatively easy manipu-
lations and has been used extensively in studying
neurodegenerative diseases [21-39]. Using an astro-
cytes and hippocampal slice co-culture model, Loria
et al. determined the contribution of astrocytes to
the degradation and spread of o-syn [37]. Very
recently, two groups reported that PFFs induce a-syn
aggregation and inter-neuronal spreading in hip-
pocampal slices [38, 39]. In these studies, the slices

were analyzed relatively shortly after PFF-treatment
(3 days to 2 weeks) and no neurotoxicity was
reported. Here we showed that adding PFFs to organ-
otypic cerebellar slice culture was able to induce a
time-dependent pa-syn accumulation. Importantly,
neurotoxicity was detected 2-4 weeks after PFF-
treatment, which correlates with PFF-induced a-syn
aggregation.

MATERIALS AND METHODS

Animals

Rats and mice were housed and sacrificed accord-
ing to the TACUC-approved protocol at the Van
Andel Institute (VAI). Wild-type C57BL/6 mice were
generated by breeding in the VAI vivarium. Pregnant
Sprague Dawley rats were purchased from Charles
River. Three lines of genetically modified mice used
in this study, a-syn knock-out mice (KO), transgenic
mice overexpressing human a-syn carrying A53T
mutation (AS53T) [40], and Bac transgenic mice
expressing human «-syn on mouse o-syn null
background (OVX) [41], were all on C57BL/6 back-
ground.

Organotypic brain slice culture

Postnatal day 10-12 (P10-12) pups were eutha-
nized. Mouse or rat brains were rapidly dissected
and immersed for one minute in the ice-cold dis-
secting medium enriched with 95% O;-5% CO»
(4mM KCl, 26 mM NaHCO3, 5 mM MgCl,, 1 mM
CaCl, 246 mM sucrose, 10 mM D-glucose, phenol
red (1/1000), filter sterilized). The level of oxygena-
tion was indicated by the color change of phenol red.
Desired brain regions were separated from the rest of
the brain. The orientation of slice was chosen based
on the a-syn expression pattern, the reproducibility
and practicality of slice preparation. Frontal cortex
was sliced coronally. Cerebellum was sagittally cut
with a razor blade to obtain two halves. Dissected
frontal cortex or half cerebellum was glued on the
cutting surface of a vibratome (Leica VT1200) and
immersed in the ice-cold dissecting medium that was
continuously oxygenated with 95% 0,-5% CO;.
Sagittal cerebellar or coronal cortical slices (400 pm
thick) were generated with the vibratome and kept in
the ice-cold, oxygenated medium during the proce-
dure.

Cerebellar slices were counted from medial (slice
1) to lateral (slice 9) (Supplementary Figure 1).



A. Roux et al. / A Brain Slice Model of a-Synucleinopathy 1399

Only the most medial slices (slices 1 and 2) were
used for the study. After removing the glue, the
half-cerebellar or cortical slices were transferred to
6-wells plates containing the Millicell CM insert
membrane (Millipore) pre-balanced with the warm
culture medium (50% Earle’s minimum essential
medium (MEM), 25% Hank solution (HBSS), 25%
inactivated horse serum, 25 mM HEPES, 6.5 mg/ml
high-glucose, 1 mM L-glutamine, 1 x antibiotic-
antimycotic (Gibco)). Depending on the size of the
slice, 2 to 4 slices were deposited in the middle of
each well. The cerebellar or coronal cortical slices
were incubated at 37°C (95% O,-5% CO,) for a few
weeks (2 to 5 weeks). Every 2-3 days, half of the
medium was replaced. Excess medium was removed
to ensure that the slices were wet but directly exposed
to air.

Lactate dehydrogenase activity

Medium was collected and kept at —20°C until
analysis. Cell viability was assessed by the lactate
dehydrogenase (LDH) calorimetric assay (Sigma-
Aldrich), which was performed according to the
protocol suggested by the manufacturer [42].

PFFs or a-syn monomer treatment

PFFs or a-syn monomer treatments were per-
formed after the brain slices were cultured in vitro
for 5 days. Recombinant mouse or human a-syn
was purified following the protocol reported previ-
ously [43, 44]. To prepare amyloid fibrils, purified
a-syn was dialyzed against phosphate-buffered saline
(PBS), concentrated to 350 uM and shaken at 37°C,
1,000 rpm for 7 days. PFFs were diluted to 7 pM
in sterilized PBS and sonicated at 50% power
for 5 minutes (Misonix XL2020). The morphology
of PFFs was imaged by a Tecnai G2 Spirit
TWIN transmission electron microscopy (Supple-
mentary Figure 2). Immediately after sonication,
7 M (0.1 pg/nl) PFFs were added onto the slices
(15 pl/a half rat cerebellar slice; 5 wl/a half mouse
cerebellar slice; 40 wl/a rat coronal cortical slice).
For a-syn monomer treatment, the same amount
of soluble a-syn monomer was added onto the
slices. After 2 days, PFFs/PBS solution was aspi-
rated and half of the culture medium was replaced
with fresh medium. The slices were collected 2, 3,
or 4 weeks after PFFs or monomer treatment as
indicated.

Immunofluorescence staining

Slices were fixed in 4% paraformaldehyde
(PFA)/PBS solution for 2 days at 4°C and then kept
in PBS until the last time point. All slices were
rotated at 37°C for 2 days in the ScaleSQ (0) solution
(22.5% D(-)-sorbitol (w/v), 9.1 M urea, pH 8.4) [45]
to clarify the tissue. After clarification, the slices were
washed in PBS, permeabilized overnight in 0.5% Tri-
ton X-100 in PBS, blocked with 20% bovine serum
albumin (BSA) in PBS for 4h, and stained with
indicated primary and secondary antibodies in the
staining solution (2% normal goat serum and 4% BSA
in PBS).

The primary antibodies used in this study were
antibodies against synaptophysin (Sigma, 1:500),
pa-syn (Abcam, EP1536Y 1:1000), Ibal (Wako,
1:2000), NeuN (Millipore, 1:200), MAP2 (Sigma,
1:500), GFAP (Dako, 1:1000), and synapsin (Chemi-
con, 1:500). After overnight incubation with primary
antibody at 4°C, slices were washed 3 times in
PBS and incubated with Alexa 594-conjugated goat
anti-mouse IgG and/or Alexa 488-conjugated goat
anti-rabbit IgG (ThermoFisher, 1:500) for 2h at
4°C. After the incubation, slices were washed 3
times in PBS. DAPI (1:10,000) was included in
the washing buffer during second wash. Slices were
mounted onto glass microscope slide with Pro-
long Diamond Antifade Mountant (ThermoFisher),
coverslipped and dried at room temperature. The
stained slices were kept at 4°C before analyses with
epifluorescence (Olympus BX63 microscope) and
confocal microscopes (Nikon Alplus-RSi scanning
confocal microscope).

Immunohistochemistry (IHC) staining

Slices were fixed for 2 days in 4% PFA at 4°C,
followed by one week in 30% sucrose at 4°C, embed-
ded in O.C.T. (Optimal Cutting Temperature) and
frozen at —20°C. The frozen thick slices were sec-
tioned with a cryostat to obtain slices with a thickness
of 40 wm. Then the slices were incubated with an anti-
NeuN antibody and processed with the standard IHC
staining procedure.

Biochemical analyses

Slices were collected at 2, 3, or 4 weeks after
the indicated treatment and kept at —20°C. For
protein extraction, frozen slices were weighed,
homogenized with plastic pestles in 10% w/v
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TBS (Tris-buffered saline) with cOmplete™ EDTA-
free Protease Inhibitor Cocktail (Sigma-Aldrich)
and phosphatase inhibitors (30mM NaF, 30 mM
B-glycerophosphate, 0.2mM Na3VO4, 5mM Na-
pyrophosphate, and 30 nM okadaic acid) [46], and
incubated on ice for 15min. Afterwards, samples
were sonicated for 10 s (Branson Digital 450; Ampli-
tude 10%) to obtain total homogenates. The protein
concentrations were determined with the Bradford
Assay (Bio-Rad) and samples were normalized
according their protein concentrations. To determine
the solubility of proteins, normalized samples were
centrifuged at 110,000 g for 1 h at 4°C. Supernatants
were collected as soluble fractions and stored at
—20°C. Each pellet was resuspended in 50 pl of TBS
containing 5% SDS and 8 M urea, centrifuged at
110,000 g for 1h at 25°C, and the supernatant was
collected as the insoluble fraction [46]. For western
blots, samples were separated by 12% SDS-PAGE
and transferred overnight to a nitrocellulose mem-
brane. The membrane was incubated in TBST (10%
Tween 20 in TBS) containing 4% PFA and 0.01%
glutaraldehyde for 30 min at room temperature, and
then washed 3 times with TBST for 10 min each. The
membrane was blocked in 5% milk in TBST for 1 h
at room temperature, and then incubated overnight at
4°C with indicated primary antibody in 2.5% milk in
TBST. After 3 washes in 5% milk in TBST, the mem-
brane was incubated with a secondary antibody in 5%
milk in TBST for 1 hour at room temperature. After 3
washes in TBST for 10 min each, the membrane was
incubated with enhanced chemiluminescence reagent
(Pierce) and the signal was detected with luminescent
image analyzer (LAS-3000, Fujifilm).

Antibodies used for western blots were antibodies
against a-syn (BD, mouse 1:1000), pa-syn (Abcam,
EP1536Y 1:1000), B-actin (Sigma, 1:50,000), and
HRP-conjugated goat anti-mouse or rabbit IgG
(H+L) (Bio-Rad).

Quantification of pa-Syn

The signal of pa-syn was normalized against
the B-actin. Quantification of pa-syn/actin was
quantified with the ImagelJ software: (pa-syn - back-
ground)/(Actin - background), n=4-7 independent
brain slice cultures.

Quantification of synaptophysin staining

The images of the punctate synaptophysin stain-
ing were acquired by confocal microscopy with

a 20x objective (Emission wavelength =595 nm,
Excitation wavelength=561 nm; Image resolu-
tion=1024 x 1024; Pinhole size =24.27 pm). The
synaptophysin signals were quantified with the
IMARIS software through z-stacks of images
(Z-step=1.50 pm). We selected the same cerebellar
areas containing cerebellar lobules IX-X. The punc-
tate synaptophysin signals were analyzed through
the “mean” with the diameter of the spots fixed at
4 and a selected area of 200 x 200 on the whole
z-stacks. The quantification included 3 — 4 slices for
each condition and 3 selected areas per slice.

Quantification of NeuN staining

Immunofluorescence images were acquired
by confocal microscopy with a 10x objective
(Emission wavelength =595 nm, Excitation wave-
length=561nm; Image resolution=1024 x 1024;
Pinhole size=29.37 um). The density of NeuN
staining on the whole slice was quantified with the
ImageJ software (3—4 slices for each condition).

Statistical analyses

Statistical analyses were performed with GraphPad
Prism (GraphPad Software, La Jolla, CA, USA).

RESULTS

Establishing the organotypic cerebellar slice
culture

Because cerebellar slice culture has a long in vitro
viability [25, 29, 30] and o-syn aggregation is known
to occur in the cerebella of PD, DLB, and MSA
patients [47, 48], we chose cerebellar slice to study
PFF-induced effects. P10 pups were sacrificed to pre-
pare 400 wm-thick cerebellar slices. LDH activity in
the medium was low (Supplementary Figure 3A, B)
and stable from 2 hto 11 days in culture, indicating no
increase of cell death during the culture. Immunoflu-
orescence staining revealed the presence of various
brain cell types in cultured slices, including neurons
(NeuN staining), microglia (Ibal staining), astrocytes
(GFAP staining), and specific neuronal structures
including dendrites (MAP2 staining) and synapses
(synaptophysin and synapsin staining) (Supplemen-
tary Figure 3C).

The expression of a-syn is known to be uneven
in the cerebellum [49]. We performed immunoblot
analysis to determine the level of a-syn in each
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cerebellar slice and observed a gradient of a-syn
expression, with highest levels in the medial slices
(Supplementary Figure 1). To ensure that the results
are comparable, in all our studies, we only used the
2 most medial slices (slice 1 and 2 in Supplementary
Figure 1), which express the highest levels of a-syn.

PFFs induce pa-syn accumulation in rat brain
slices

Rat cerebellar slices were cultured for 5 days and
then mouse PFFs or equivalent amount of mouse «-
syn monomer were added onto the slices. Untreated
cerebellar slices were used as another set of control.
After treatment, slices were cultured with the stan-
dard protocol and collected at the end of 4 weeks for
analyses (Fig. 1A).

We detected a significant amount of pa-syn in
slices treated with PFFs, but not in a-syn monomer
treated or untreated control slices (Fig. 1B). Using
antibody against total a-syn, we did not detect a
significant increase of the full-length a-syn in slices
treated with PFFs or a-syn monomer. Only in PFF-
treated slices, truncated a-syn was detected (Fig. 1B)
and was likely derived from PFFs. Immunofluores-
cence staining revealed that the po-syn was unevenly
distributed in the cerebellar slice and the majority was
in the granular layer (Fig. 1C, D). Our results revealed
that PFFs are able to induce pa-syn accumulation in
rat cerebellar slice culture.

The PFF-treatment was also tested in slices pre-
pared from pre-frontal cortical region of mouse
brains (Fig. 1E). Four weeks after PFF-treatment,
pa-syn was detected in PFF-treated slices, but not
in untreated or monomer treated control slices. Thus,
the PFF-induced pa-syn accumulation is not limited
to slices prepared from cerebellum.

Time-dependent pa-syn accumulation in
PFF-treated rat cerebellar slices

According to the prion-like seeding theory [17],
the PFF-induced pa-syn accumulation is expected to
be a time-dependent process. To test this possibility,
we collected slices 2, 3, and 4 weeks after the
treatments. As expected, no pa-syn was detected in
either untreated or a-syn monomer treated control
slices (Fig. 2A, B). The pa-syn was detected in slices
collected 2 weeks after PFF-treatment and its signal
increased over time. Immunofluorescence staining
confirmed the gradual increase of pa-syn (Fig. 2C).

Solubility of a-syn in these slices was also deter-
mined (Fig. 2D). As expected, almost all endogenous
a-syn in untreated slices was soluble. In a-syn
monomer-treated slices, the majority of a-syn was
soluble as well and no pa-syn was detected. In PFF-
treated slices, a significant portion of a-syn appeared
in the insoluble fraction and almost all pa-syn was in
the insoluble fraction.

These results led us to conclude that mouse PFFs
induce pa-syn to accumulate in a time-dependent
manner, which is consistent with the interpretation
that PFFs seeded the endogenous a-syn to misfold,
resulting in a gradual increase of pa-syn.

PFF-induced pa-syn accumulation in cerebellar
slices prepared from genetically engineered mice

To determine whether PFF-induced pa-syn is
indeed derived from PFF-seeded conversion of
endogenous a-syn, we prepared cerebellar slices
from a-syn knockout or wild-type mouse pups. With-
out PFF-treatment, no pa-syn was detected in slices
prepared from either wild-type or a-syn-null pups
(Fig. 3). After PFF-treatment, a significant amount of
pa-syn was detected in wild-type mouse brain slices,
but not in the slices prepared from a-syn-null mice.
Together with the observation that similar amount
of a-syn monomer did not induce pa-syn in a-syn-
null slices (Supplementary Figure 4), these results
indicated that the PFF-treatment induced endogenous
a-syn to misfold and become phosphorylated at ser-
ine 129 residue.

Next, we tested whether human PFFs were able
to induce pa-syn in cerebellar slices derived from
genetically engineered mice that express human o-
syn. We chose two mouse lines: the transgenic mice
overexpressing human a-syn carrying AS3T muta-
tion (AS3T mice) [40] and the BAC transgenic mice
expressing human wild-type a-syn (OVX mice). In
OVX mice, the human a-syn expression is under the
control of endogenous human a-syn promoter, at 2
fold of the endogenous mouse a-syn level and on the
mouse a-syn-null background [41].

In cerebellar slices prepared from A53T mice, a
background level of pa-syn was detected in untreated
slices (Fig. 4A), which was likely due to the over-
expression of the aggregation-prone A53T mutant
a-syn [40]. When AS53T mouse cerebellar slices were
treated with human PFFs, a significant increase of
pa-syn was detected (Fig. 4A), consistent with the
idea that PFFs seeded additional a-syn to misfold
and become phosphorylated at serine 129.
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Fig. 1. Exogenous PFFs induce pa-syn accumulation in cerebellar slice culture. A) Timeline for the experiment. B) Rat cerebellar slices
were treated with PFFs, a-syn monomer (M) or untreated (C). Four weeks after the treatment, slices were lysed and the presence of po-syn,
total a-syn and B-actin were detected by immunoblot analyses. C) Representative epifluorescence (top panel) and confocal images (bottom
panel) of pa-syn in slices that were untreated, a-syn monomer or PFF-treated for 4 weeks. Scale bars represent 400 wm (top panel) and
100 wm (bottom panel). D) A representative high magnification image of pa-syn in PFF-treated slice. Scale bar represents 20 wm. E) The
schematic of brain slices prepared from pre-frontal cortex (PFC) is on the left. The mouse PFC slices were treated with PFFs, a-syn monomer
(M) or no treatment (C) for 4 weeks and the accumulation of pa-syn was detected by immunoblot analysis. Equal loading was verified by
Coomassie Blue stain of the blot.
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Fig. 2. Time-dependent accumulation of pa-syn in PFF-treated cerebellar slices. A) Rat cerebellar slices were treated with PFFs, a-syn
monomer (M) or untreated (C) for 2, 3, or 4 weeks as indicated. The presence of pa-syn, total a-syn and B-actin were detected by
immunoblot analyses. B) Quantification of the results from immunoblot analyses. Error bar represents standard deviation. Statistical analysis
was performed by two-way ANOVA with Tukey post hoc test (n=4-7 independent cultures). ****p <0.0001, ***p <0.001, **p <0.01. C)
Immunofluorescence staining of pa-syn in slices treated with PFFs, a-syn monomer or untreated for 2, 3, or 4 weeks as indicated. Scale
bar represents 600 um. D) Cerebellar slices were untreated or treated with a-syn monomer or PFFs for 2, 3, and 4 weeks as indicated.
Lysates were centrifuged at 110,000 g for 1 h at 4°C to separate soluble and insoluble fractions. Total a-syn and pa-syn were determined by
immunoblot analyses.
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Fig. 3. PFF-induced pa-syn is derived from endogenous a-syn. A)
Cerebellar slices from wild-type (WT) or a-syn knock-out (KO)
mice were treated with or without PFFs for 4 weeks. The presence
of pa-syn and B-actin were detected by immunoblot analyses. B)
Immunofluorescence staining of pa-syn in wild-type (WT) or a-
syn knock-out (KO) cerebellar slices treated with mouse PFFs as
indicated. Scale bar represents 100 wm.

For slices prepared from OVX mice, there was
much less background pa-syn signal (Fig. 4B).
Human PFF-induced pa-syn accumulation was
detected by both western blot (Fig. 4B) and
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immunofluorescence (Fig. 4C). Together, our results
supported that human PFFs are able to induce
pa-syn accumulation in cerebellar slices prepared
from genetically engineered mice expressing human
o-syn.

The PFF-induced pa-syn accumulation is
accompanied with neurotoxicity

To determine whether PFF-induced pa-syn accu-
mulation is accompanied with neurotoxicity, we
performed immunofluorescence staining of synapto-
physin, a marker of the synaptic network that has
been used to demonstrate neurotoxicity in various
neurodegeneration models [50-52]. At 3 and 4 weeks
after the treatment with PFFs or a-syn monomer,
the punctate synaptophysin staining showed a time-
dependent reduction in PFF-treated slices, but not in
untreated or a-syn monomer treated slices (Fig. SA,
5C and Supplementary Figure 5). In slices prepared
from a-syn-null mice, however, the PFF treatment
did not cause an obvious loss of synaptophysin
staining (Fig. 5B), suggesting that the reduction
in synaptophysin signal was due to PFF-induced
endogenous a-syn aggregation, but not due to the

OVX mice
— M PFFs
kDa
pa-syn
-20
-15
p-actin w—| 45

OVX + human PFFs

Fig.4. Human a-syn PFFs induce pa-syn accumulation in cerebellar slices prepared from transgenic mice expressing human a-syn transgene.
Cerebellar slices were prepared from transgenic mice expressing human a-syn carrying AS3T mutation (A) or wild-type a-syn (B). Slices
were treated with human a-syn PFFs (PFFs), human a-syn monomer (M) or untreated (—). Four weeks after the treatment, the presence
of pa-syn in these slices was determined by immunoblot analysis. C) Immunofluorescence staining of pa-syn in cerebellar slices prepared
from transgenic mice overexpressing wild-type a-syn (OVX) or a-syn knock-out mice (KO) that received human a-syn PFFs or monomer

treatment as indicated. Scale bar represents 100 pm.
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Fig. 5. Time-dependent reduction in synaptophysin immunoreactivity in PFF-treated slices. A) Cerebellar slices from wild-type mice
received no treatment (Control), a-syn monomer (Monomer) or PFF-treatment for 2, 3, or 4 weeks as indicated. Synaptophysin was stained
by immunofluorescence. B) Immunofluorescence staining of synaptophysin was performed on cerebellar slices prepared from a-syn-null
mice received PFF-treatment for 2, 3, or 4 weeks as indicated. C) Quantification of synaptophysin staining. Error bar represents standard
deviation. Images were captured by a Nikon Alplus-RSi scanning confocal microscope. Statistical analysis was performed by two-way
ANOVA with Tukey post hoc test (n=5 independent cultures). ****p <0.0001, ***p <0.001, **p<0.01, *p <0.05. Scale bar represents
20 pm.
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exposure to exogenously added PFFs. Quantifica-
tion of the synaptophysin signal was performed with
the Imaris Software. A similar amount of synapto-
physin staining was observed among untreated and
a-syn monomer-treated slices at 2, 3, or 4 weeks
after the treatment (Fig. 5C), which indicated that the
neuronal structure was stable during the experiment.
For PFF-treated slices, the synaptophysin staining
was at a similar level of untreated or monomer
treated controls at 2 weeks, but significantly reduced
at 3 and 4 weeks after PFF-treatment. Notably, in
slices prepared from a-syn-null mice, the synap-
tophysin staining remained constant 4 weeks after
PFF-treatment (Fig. 5B, C). These results suggested
that the synaptoxicity was associated with PFF-
induced misfolding of endogenous a-syn.

Immunofluorescence staining with an anti-NeuN
antibody was performed to determine whether the
PFF-induced a-syn aggregation resulted in neuronal
loss. Indeed, although the PFF-treated slices at 2 or 3
weeks did not show a significant reduction in NeuN
stain, at 4 weeks, the PFF-treated slice displayed
a significant decrease in NeuN staining (Fig. 6).
Similar result was obtained by IHC staining of brain
slices with an anti-NeuN antibody (Supplementary
Figure 6).

Together, our results suggested that PFF-treatment
caused neurotoxicity in cerebellar slices. The toxicity
appeared to be time-dependent and occurred at 3—4
weeks after PFF-treatment.

DISCUSSION

Our study established an organotypic brain slice
culture model that displays the key features of synu-
cleinopathies, a-syn aggregation and neurotoxicity.
The synucleinopathy in our model is induced by
addition of exogenously prepared PFFs, which is
consistent with the prion-like seeding theory and indi-
cates that the aggregated a-syn is able to seed the
endogenous a-syn in a manner similar to prions [17].
The in vivo like three-dimensional environment of the
brain slice culture, the time-dependent a-syn aggre-
gation and neurotoxicity, and the relative ease for
manipulation are the advantages of this model.

In this model, the accumulation of pa-syn was
first detected at 2 weeks after PFF-treatment, while
a significant decrease of synaptophysin stain was at
3 weeks after PFF-treatment and the loss of NeuN
stain was at 4 weeks. Together with the observation
that PFFs failed to induce a reduction in synapto-

physin stain in slices prepared from a-syn-null mice,
the timeline of these PFF-induced events suggests
sequential changes in these neurons that starts with
a-syn. That is, the PFF-induced endogenous a-syn
misfolding occurs first, then the accumulation of pa-
syn results in the disruption of synaptic structures,
and the last event s the loss of cell body. The sequence
of these changes fits the “dying-back degeneration”
theory of PD [53], which is supported by observa-
tions from decades of post-mortem and neuroimaging
studies [54]. Notably, using the PFF/primary neu-
ron model, Volpicelli-Daley et al. also showed that
PFF-induced a-syn aggregation was initiated at the
synaptic terminal and gradually spread to cell bodys;
the reduction of synaptic proteins proceeds neuronal
death [18, 55]. Thus, PFF-induced changes are simi-
lar in primary neurons and brain slice models, which
are similar to the pathogenic changes in synucle-
inopathy patients.

The pathogenesis of synucleinopathies is known to
involve different cell types. In MSA, misfolded a-syn
accumulates in oligodendrocytes [15]. In other synu-
cleinopathies, although a-syn aggregates are mainly
accumulated in neurons, the involvement of other cell
types is well documented [56], including microglia
[57, 58], astrocytes [59, 60], infiltrated monocytes
and macrophages [61, 62], T cells [63—-65], etc.
Although the peripheral immune cells were not
examined in this study, our results revealed that brain
resident cell types are present in brain slices, which
offers us an opportunity to dissect the contribution of
various cell types to the pathogenic process.

The involvement of various types of brain cells can
also be modeled in the co-culture system. Indeed,
using the astrocytes/primary neuron co-culture sys-
tem, Loria er al. showed that astrocytes plays a
role in degradation rather than spreading of mis-
folded a-syn, and they confirmed their finding with
an astrocytes/hippocampal slice co-culture system
[37]. The advantage of our PFF/brain slice model,
at least theoretically, is the presence of all brain
cell types with native three-dimensional connec-
tions, which creates an “in vivo-like” environment
and allows it to recapitulate the pathogenic process.
This point is exemplified by the brain slice model
of prion disease [30, 31]. Although many cultured
cell lines can be infected with prion, none of them
exhibit toxicity. In contrast, neurotoxicity associated
with prion-infection is faithfully recapitulated in the
organotypic brain slice culture [31], which allowed
the identification of the neurotoxic pathways and test-
ing for effective therapies [32, 33, 66].
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Fig. 6. Time-dependent reduction in NeuN immunoreactivity in PFF-treated slices. A) Wild-type mouse cerebellar slices received no
treatment (Control) or PFF-treatment for 2, 3 or 4 weeks as indicated. The immunofluorescence staining of NeuN was imaged by a Nikon
Alplus-RSi scanning confocal microscope. B) Quantification of NeuN staining. Error bar represents standard deviation. Statistical analysis
was performed by two-way ANOVA with Tukey post hoc test (n=3 independent cultures). ****p <0.0001. Scale bar represents 200 pm.

Our results are consistent with the prion-like
spreading theory of a-syn aggregates [17]. PFFs, the
in vitro prepared recombinant a-syn aggregates, are
able to enter the neurons in the brain slices and induce
the aggregation of host-encoded endogenous a-syn,
resulting in neurotoxicity. The use of human a-syn
PFFs and mouse expressing human a-syn transgene
makes the model more relevant to human disease.

Future studies are required to determine whether o-
syn aggregates in diseased brain homogenates are
able to induce such a change in the slice culture. If
successful, that will be an excellent model for testing
new therapies.

Despite the advantages, this model also has some
potential shortcomings. We choose cerebellar slice
culture because of its long-term viability. Although
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a-syn aggregation is documented in the cerebellum
in PD, DLB and MSA [47, 48], the relatively lower
level and uneven a-syn expression in the cerebellum
may limit the extent of a-syn aggregation. Because of
the uneven a-syn expression, immunofluorescence is
probably more sensitive than western blot to detect
PFF-induced pa-syn. In this study, we used medial
cerebellar slices with higher a-syn expression level
to limit its influence and showed PFF-seeded endoge-
nous a-syn misfolding by both immunofluorescence
and western blot (Figs. 1 and 2). In the future, using
transgenic mice with more robust and even a-syn
expression in the cerebellum should overcome this
potential pitfall. Another concern is the potential vari-
ability in the status of slice culture, which may affect
the detection of neurotoxicity. As shown in our study,
proper controls are important to mitigate this con-
cern. Although using the cerebellar slices prepared
from young pups is not ideal to model late-age-
onset neurodegenerative diseases, it is the best choice
to maintain cell viability in culture. Several groups
reported their trials of culturing brain slices from
adult mice [67-70], but the neuronal viability appears
to be a major challenge [21]. Further technical
development is needed to overcome this hurdle.

While we were preparing this manuscript, Elfar-
rash et al. reported PFF-induced a-syn aggregation in
hippocampal slice model [38]. Using microinjection
to apply PFFs to the slices, they elegantly demon-
strated inter-neuronal spreading of a-syn aggregates.
More recently, Shrivastava et al. reported differen-
tial seeding capabilities of various polymorphs of
PFFs in their hippocampal slice model [39]. Different
from their hippocampal models, our cerebellar slice
model offers a longer time period to observe PFF-
induced effects, which allowed us to detect robust
pa-syn accumulation and the resulting synaptoxicity
and neurotoxicity. All three studies support that the
synthetically generated PFFs are able to induce o-
syn to aggregate in organotypic brain slice cultures.
Together with previous reported approach of viral
vector mediated transgene expression in brain slices
[35, 36], this method opens new avenues to study
synucleinopathies.
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