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Abstract

In Parkinson’s disease and other synucleinopathies, fibrillar forms of a-synuclein (aSyn) are hypothesized to structurally
convert and pathologize endogenous aSyn, which then propagates through the neural connections, forming Lewy
pathologies and ultimately causing neurodegeneration. Inoculation of mouse-derived aSyn preformed fibrils (PFFs)
into the unilateral striatum of wild-type mice causes widespread aSyn pathologies in the brain through the neu-

ral network. Here, we used the local injection of antisense oligonucleotides (ASOs) against Snca mRNA to confine

the area of endogenous aSyn protein reduction and not to affect the PFFs properties in this model. We then varied
the timing and location of ASOs injection to examine their impact on the initiation and propagation of aSyn patholo-
gies in the whole brain and the therapeutic effect using abnormally-phosphorylated aSyn (pSyn) as an indicator. By
injecting ASOs before or 0-14 days after the PFFs were inoculated into the same site in the left striatum, the reduction
in endogenous aSyn in the striatum leads to the prevention and inhibition of the regional spread of pSyn pathologies
to the whole brain including the contralateral right hemisphere. ASO post-injection inhibited extension from neu-
ritic pathologies to somatic ones. Moreover, injection of ASOs into the right striatum prevented the remote regional
spread of pSyn pathologies from the left striatum where PFFs were inoculated and no ASO treatment was conducted.
This indicated that the reduction in endogenous aSyn protein levels at the propagation destination site can attenuate
pSyn pathologies, even if those at the propagation initiation site are not inhibited, which is consistent with the origi-
nal concept of prion-like propagation that endogenous aSyn is indispensable for this regional spread. Our results
demonstrate the importance of recruiting endogenous aSyn in this neural network propagation model and indicate

a possible potential for ASO treatment in synucleinopathies.

Keywords ao-synuclein, Propagation, Antisense oligonucleotide, Prion, Parkinson’s disease, Synucleinopathy

*Correspondence:

Tetsuya Nagata

t-naga.nuro@tmd.ac.jp

Takanori Yokota

tak-yokota.nuro@tmd.ac.jp

Full list of author information is available at the end of the article

©The Author(s) 2024. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or

other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/. The Creative Commons Public Domain Dedication waiver (http://creativeco
mmons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.



http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s40478-024-01766-3&domain=pdf
http://orcid.org/0000-0002-2992-9150
http://orcid.org/0000-0003-4111-2693
http://orcid.org/0000-0002-6490-3263

Sano et al. Acta Neuropathologica Communications (2024) 12:75

Introduction

A-synuclein (aSyn) is a major component of somatic and
neuritic inclusions called Lewy bodies (LBs) and Lewy
neurites (LNs), respectively [7, 76, 87]. LBs and LNs are
found together with the neuronal loss [88] and the hall-
marks in the autopsy brains of patients with sporadic
[76, 87] and some familial [69] Parkinson’s disease and
dementia with Lewy bodies (DLB) [7]. Lewy patholo-
gies are also found in the peripheral autonomic nervous
system in association with pure autonomic failure [3].
In addition, aSyn forms glial and neuronal inclusions in
the brain associated with multiple system atrophy (MSA)
[5, 75, 79]. Therefore, these diseases are called synucle-
inopathies. The abnormal aSyn is phosphorylated [23],
partially ubiquitinated [27, 48], associated with p62 [43],
and deposited as fibrillar or filamentous forms [6] with
cross-f structures [71] in the LBs [4].

aSyn is a 140-amino acid residue protein that is pre-
dominantly and ubiquitously abundant in the brain, in
particular throughout the neocortex, hippocampus,
olfactory bulb, striatum, thalamus, and cerebellum [34].
It contains three major domains: an amphipathic helix-
containing N-terminal membrane-binding domain, a
hydrophobic non-amyloid-beta component domain
involved in aSyn aggregation, and a hydrophilic C-ter-
minal domain with chaperone-like activity. Although its
physiological function has not been fully elucidated, aSyn
is known to be abundant in the presynapse and interact
with synaptic vesicles to modulate vesicle recycling phys-
iologically. Point mutations [39, 42, 62, 63, 90] and mul-
tiplication [18, 32, 73] of the SNCA gene, which encodes
aSyn, have been identified as causative genetic abnormal-
ities in familial PD and DLB. Thus, structural changes or
overexpression of aSyn protein are relevant to the devel-
opment of familial PD and DLB.

In brains with sporadic PD, aSyn pathology emerges
from the olfactory bulb and/or brainstem and spreads
to other brain regions concurrently with the progres-
sion of disease symptoms [15]. Similar neuropathological
spreads have been reported in other neurodegenerative
diseases, such as Alzheimer’s disease [13] and amyo-
trophic lateral sclerosis [65]. Studies conducted in vitro
[51, 57, 84], in experimental animals [49, 50, 54, 55, 64],
and in patients [41, 46, 47, 78] have suggested that the
cause of the pathological progression may be prion-like
aSyn transmission, in which pathogenic misfolded aSyn
triggers normal endogenous aSyn aggregation. This
prion-like propagation of aSyn pathology is thought to be
mediated by the uptake of misfolded aSyn by micropino-
cytosis [30] or receptor-mediated endocytosis [53] into
the cell, where it recruits endogenous aSyn [37, 85] and
induces its aggregation by converting normal endogenous
monomers into abnormally-phosphorylated aggregates
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(intracellular propagation). Pathogenic aSyn aggregates
may be released by exocytosis from the affected neuron
[24, 35], reabsorbed by the synaptic terminals of other
neurons, and spread via the neural networks primarily
in a synaptic retrograde manner (network propagation),
as previously reported [29, 33, 38, 49, 54, 59, 72, 83]. It
suggests that treatment to reduce endogenous aSyn pro-
duction may be beneficial in patients with PD and other
synucleinopathies.

Antisense oligonucleotides (ASOs) can specifically
induce the degradation of target mRNA or modulation
of splicing, resulting in a decrease or increase in the cor-
responding protein [8, 77]. In recent years, ASO drugs
have been launched for spinal muscular atrophy [19],
hereditary transthyretin amyloidosis [9], and Duchenne
muscular dystrophy [31, 56, 66], which are all progressive
degenerative diseases. To date, several antibodies [68,
70, 89] and a vaccine [45] have been developed in clini-
cal trials, targeting different forms and structural states
of aSyn. Although these approaches can eliminate path-
ological aSyn aggregates transmitted from cell to cell,
they may be ineffective when targeting intracellular LBs
and LNs. Treatment with ASOs can target intracellular
mRNA and may overcome the limitations of antibody
therapies by reducing endogenous aSyn protein levels.
ASO therapies are already being investigated for PD and
DLB treatment in animal models including the propaga-
tion model [10, 20, 82] and clinical trials are currently
being conducted by IONIS therapeutics (NCT03976349
and NCT04165486). As for the propagation model, the
initiation [20] and progression of abnormal aSyn pathol-
ogy have been reported to be inhibited by Snca mRNA-
targeting ASOs in WT mouse models of prion-like aSyn
pathological propagation [10, 20] induced by inoculation
of recombinant aSyn preformed fibrils (PFFs).

To evaluate the ASO effect against intracellular and
network propagation of aSyn pathologies, here we
chose to inject ASOs intrastriatally rather than intrac-
erebroventricularly (ICV) in order to control the area
of gene knockdown and reduction in aSyn. We used a
WT mouse, aSyn PFFs intrastriatal inoculation model
to examine the effects of Suca ASO injection timing and
locations on the initiation and propagation of abnormal
aSyn pathology. Snca ASOs showed different effects on
aSyn prion-like pathological propagation depending on
the conditions of injection.

Materials and methods

Mice

7 weeks WT C57BL/6 ] female mice (Oriental Yeast)
were maintained on a 12 h light/dark cycle in a path-
ogen-free animal facility with free access to food and
water. All experimental protocols were approved by the
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Institutional Animal Care and Use Committee of Tokyo
Medical and Dental University (Approval Number
A2022-085A).

Oligonucleotide synthesis

All the chemically-modified oligonucleotides used in the
experiment were purchased from GeneDesign and are
described in Additional file 1: Table S1.

Antibodies

The antibodies used in this study are presented in
Additional file 1: Table S2. The anti-phosphorothio-
ate (PS) antibody [39] was kindly provided by Ionis
Pharmaceuticals.

Preparation of recombinant aSyn fibrils

Recombinant mouse WT aSyn fibrils were prepared
as described previously [54]. Briefly, purified aSyn was
incubated at 37 °C in a shaking incubator at 200 rpm in
30 mM Tris—HCI (pH 7.5) containing 0.1% NaN3 for
72 h. aSyn fibrils were pelleted by spinning the assembly
mixtures at 113,000xg for 20 min, resuspended in 30 mM
Tris—HCI buffer (pH 7.5), and sonicated for 3 min. The
protein concentrations were determined by high-perfor-
mance liquid chromatography (HPLC). aSyn fibrils were
re-sonicated for 60 s prior to injections.

Stereotaxic surgery

Seven to 9-week-old female mice positioned on the stere-
otaxic instrument (SR-5 M, Narishige) under anesthesia
with isoflurane (Wako) were unilaterally injected with
10 pg of sonicated recombinant mouse aSyn fibrils into
the left striatum (Lt Str A-P: 0.5 mm; M-L:—2.0 mmy;
D-V: —3.0 mm), with 300 pg antisense oligonucleotides
into the left or right striatum (Rt Str A-P: 0.5 mm; M-L:
2.0 mm; D-V: —3.0 mm), or with phosphate-buffered
saline (PBS) into the unilateral striatum using a microsy-
ringe (1702RN, Hamilton) in the timeline described. All
mice were sacrificed under anesthesia with isoflurane.
After perfusion with PBS, the brains were collected. For
biochemical analysis, brains were snap-frozen with lig-
uid nitrogen and stored at —80 °C. For histopathologi-
cal analysis (silver staining, immunohistochemistry with
anti-pSyn (pSer129), anti-ubiquitin, and anti-p62 anti-
bodies, and immunofluorescence staining), brains were
fixed in a 10% neutral-buffered formalin solution (Wako)
and then cut on a vibratome (VT1000S, Leica) at a 50 pm
thickness. For RNAscope in situ hybridization and
immunohistochemistry with the anti-PS antibody, after
subsequent perfusion with 4% paraformaldehyde, fixed
brains were paraffin-embedded and sectioned (5 pm
thickness) and placed on SuperFrost Plus slides (Thermo
Fischer Scientific).
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Quantitative real-time polymerase chain reaction (PCR)
assay

RNA was extracted from mouse brains by using the
MagNA Pure 96 system (Roche Diagnostics) and reverse-
transcribed (RT) with PrimeScript RT Master Mix
(Takara Bio). To measure the relative RNA expression,
qRT-PCR analysis was conducted using the Light Cycler
480 Real-Time PCR Instrument (Roche Diagnostics). The
primers and probes for qRT-PCR are shown in Addi-
tional file 1: Table S3. After being measured and normal-
ized to Actb mRNA levels, the RNA expression levels
were presented as a percentage of the PBS vehicle treat-
ment group and expressed as mean+ SEM. All qRT-PCR
studies were conducted in accordance with the Minimum
Information for Publication of Quantitative Real-time
PCR Experiments (MIQE) guidelines [16].

Preparation of total lysates and sarkosyl-insoluble
fractions of mouse brains and immunoblotting

For the total lysates, frozen mouse brains were homog-
enized on ice in lysis buffer (50 mM N-2-hydroxyethyl-
piperazine-N’-2-ethanesulfonic acid (HEPES, pH 7.4),
150 mM NaCl, 5 mM MgCl2, 10% glycerol, 1% Triton
X-100, and cOmplete EDTA-free protease inhibitor
cocktails (Roche Diagnostics)). The lysates were centri-
fuged at 10,000xg for 10 min at 4 °C. The supernatants
were collected and then sonicated for 20 s. After deter-
mining the protein concentration using a bicinchoninic
acid Protein Assay Kit (Thermo Fisher Scientific), ethyl-
ene glycol tetraacetic acid (EGTA) was added to the final
concentration of 1 mM. Samples were adjusted to the
final concentration of 0.5 pg/uL. For sarkosyl-soluble and
-insoluble fractions, frozen mouse brains were homog-
enized in 20 volumes (w/v) of A68 buffer (10 mM Tris—
HCI (pH 7.5) containing 10% sucrose, 0.8 M NaCl, 1 mM
EGTA, cOmplete EDTA-free protease inhibitor cocktails
(Roche Diagnostics), and PhosSTOP phosphatase inhibi-
tor (Roche Diagnostics)) and then incubated for 30 min
at 37 °C after addition of sarkosyl (final concentration,
2%). The homogenates were centrifuged at 9,500xg for
10 min at 25 °C, and then the supernatants were collected
and ultracentrifuged at 126,000xg for 20 min at 25 °C.
The supernatants were collected as the sarkosyl-soluble
fraction. The pellets were washed with saline and ultra-
centrifuged as before. The resulting pellets were collected
as the sarkosyl-insoluble fraction of the mouse brains,
resuspended in 3 volumes (w/v) 30 mM Tris—HCI (pH
7.5), and sonicated for 30 s. The lysates were added to the
Laemmli sample buffer and heated at 100 °C for 5 min.
Then, 5 to 10 pL samples were loaded on 15% polyacryla-
mide gels (ATTO), electrophoresed, transferred to PVDF
membranes (Bio-Rad), and detected using the anti-pSyn
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(pSer129 #64) antibody. After the final wash, immunore-
active bands were visualized with SuperSignal Westdura
Extended Duration Substrate (Thermo Fisher Scientific)
and detected by Chemidoc (Bio-Rad). The band intensity
of the immunoblots was quantified using Fiji (NIH) by
the background subtraction method described previously
[25].

In situ hybridization (ISH) by RNAscope

In situ hybridization was performed using the
RNAscope 2.5 HD Brown Chromogenic Reagent Kit
according to the manufacturer’s instructions (Advanced
Cell Diagnostics [ACD]). Slides were baked in the oven
for 1 h at 60 °C, and then incubated twice in xylene for
5 min and washed in 100% ethanol twice for 1 min. Sec-
tions were incubated in hydrogen peroxide for 10 min
at room temperature, then washed with distilled water,
and boiled with 1 XRNAscope target retrieval buffer for
15 min. Slides were then washed in distilled water, trans-
ferred to 100% ethanol for 3 min, and then allowed to
dry. Protease Plus treatment was applied to the tissues,
incubated in the oven at 40 °C for 30 min, and washed
in distilled water twice for 2 min. Slides were incubated
with Snca probes (ACD#313,281) for 2 h at 40 °C. Further
amplification of the target probe signal was performed
according to the manufacturer’s instructions (RNAscope
2.5 HD detection protocol Amp 1-6). The hybridization
signals were detected with 3,3’-diaminobenzidine (DAB)
staining. For quantification of Snca mRNA expression,
images were acquired at 20X magnifications using the
slide scanner (VS200, Olympus). DAB signals within the
same (294 um X294 um) area square in each brain area
were binarized automatically using Fiji (NIH). The den-
sity of the signal positive area was quantified.

Immunohistochemistry of anti-PS antibody

The slides were deparaffinized in xylene, pretreated for
antigen retrieval using proteinase K (Dako), and incu-
bated at room temperature (25 °C) for 5 min. The samples
were incubated in BLOX ALL (Vector) to block endog-
enous peroxidase activity. The slides were blocked using
Background Buster (Innovex Biosciences) for 30 min. A
polyclonal rabbit anti-PS antibody [40] was then applied
to the slides at a dilution of 1:15,000 (diluted in 10%
bovine serum albumin), and the slides were incubated at
room temperature (25 °C) for 1 h. After three washes in
PBS, the slides were incubated with donkey anti-rabbit
horseradish peroxidase-conjugated secondary antibody
(Jackson ImmunoResearch Laboratories) at a 1:200 dilu-
tion for 30 min and subsequently developed with DAB
and counterstained with hematoxylin. We used these
solutions as the primary antibody for anti-PS immuno-
histochemical staining.
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Silver staining

Brain sections were stained using Campbell-Switzer
[17, 80] and Gallyas-Braak [14, 26] silver as previously
described.

Immunohistochemistry of anti-pSyn (pSer129),
anti-ubiquitin, anti-p62, anti-lba1, anti-NeuN,

and anti-GFAP antibodies and quantification of pSyn
(pSer129)-positive cells

For anti-pSyn (pSer129), anti-ubiquitin, and anti-p62
immunostaining, Brain sections were treated with 98%
formic acid, washed, and boiled in 20 mM Tris—-HCl
buffer (pH 9.0) at 100 °C for 20 min. For anti-NeuN
immunostaining, the sections were autoclaved for 20 min
at 121°C for 20 min. The sections were then incubated
with 3.0% H,O, in methanol to inactivate endogenous
peroxidases, treated with 0.5% Triton X-100 in PBS,
blocked with 10% calf serum in PBS, and immunostained
with appropriate antibodies. After incubation with the
biotinylated-secondary antibody (Vector), biotin labe-
ling was detected using the ABC staining kit (Vector)
and counterstained with hematoxylin. For quantification
of cells, brain sections approximately 0.5 mm anterior
to the bregma for evaluation of the striatum (caudate
putamen), primary motor cortex and corpus callosum;
approximately 1.7 mm posterior to the bregma for eval-
uation of the primary somatosensory cortex (primary
somatosensory barrel cortex), amygdala (basomedial
amygdala), and thalamus (paraventricular nucleus); and
approximately 3.1 mm posterior to the bregma for evalu-
ation of the substantia nigra (substantia nigra pars com-
pacta) were immunostained for pSer129. Each brain area
was identified by reference to the Mouse Atlas (Allen
Brain Atlas, Allen Institute; http://atlas.brain-map.org/).
The slide of each brain area was observed at 20X mag-
nifications with a slide scanner (VS200, Olympus) using
Virtual-Z scan mode to acquire z-stacks within images
(z-width 1.18 pm, 43 continuous cross-sections images).
For quantification of pSerl29-positive cells, inclusion
localization was defined by hematoxylin staining nuclear
and cell body outlines. Neuritic inclusions were posi-
tive for thread-like structures that are contiguous in two
or more cross-sections. The number of cells with pSyn
(pSer129)-positive somatic or neuritic inclusions within
the same (294 pmx294 pm) area square was counted to
quantify cells specifically within the brain area of interest.
Because it is difficult to accurately observe neuritic inclu-
sions in the presence of somatic inclusions, cells with
both somatic and neuritic inclusions or with only somatic
inclusions were counted as somatic pSyn-positive cells.
Cells with only neuritic inclusions were counted as neu-
ritic pSyn-positive cells.
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Immunofluorescent staining

For double-label immunofluorescence, brain sections
were washed, boiled at 100 °C for 20 min, treated with
0.5% Triton-X 100 in PBS, blocked with 10% calf serum
in PBS, and incubated overnight at 4 °C in a cocktail of
appropriate antibodies. The sections were then washed
and incubated in a cocktail of Alexa Fluor 594-conjugated
donkey anti-rabbit IgG (Invitrogen) and Alexa Fluor
488-conjugated donkey anti-mouse IgG (Invitrogen).
After further washing, sections were coverslipped with
VECTASHIELD Mounting Medium with DAPI (Vector)
and observed with a laser-scanning confocal fluorescence
microscope (A1R, Nikon).

Behavioral analysis

Behavioral tests were conducted between 8:00 a.m. and
12:00 a.m. in a bright room. All devices were cleaned
with 70% ethanol before use to exclude odor effects.

Wire hang tests

Wire hang tests were conducted the day before the sac-
rifice. The mouse was placed on a wire mesh, and the
examiner gently shook it so that the mouse grabbed the
mesh and then flipped it over. The time to fall was meas-
ured using 900 s as a threshold. Measurements were
taken twice in 15 min intervals, and the average value
was used in the analysis.

Rotarod tests

Acclimation for the rotarod test was conducted from
three days before the sacrifice until the day of the sacri-
fice. Every other day during the acclimation period, the
mice were placed on the rotarod apparatus and trained
in acceleration mode, accelerating from 4 to 40 rpm in
5 min, four times each at 5 min intervals [21]. The test
was conducted one hour after the last acclimation on the
day of the sacrifice. The test was performed twice in a
row in the same.

Statistical analysis

Prism 9 (GraphPad Software) was used to analyze the
data for cell counting of immunohistochemistry, behav-
ioral analysis, qRT-PCR and immunoblotting. Data are
presented as mean + SEM. Differences between the two
groups were analyzed by unpaired two-tailed Student’s
t-test. Differences among more than three groups were
analyzed by one-way ANOVA with Tukey’s test.

Results

Suppression of endogenous Snca gene expression

by intrastriatal injection of Snca ASOs in WT mouse brain
To understand the site-specific spread of the gene
knockdown effect by the local injection, we first
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performed intrastriatal injections of Smca ASOs to
achieve suppression of the endogenous Snca gene
expression localized near the site of injection in the
brain of the 7 week-old WT female mouse (n=4). Suca
ASOs showed a dose-dependent suppressive effect on
Snca mRNA in the striatum (Additional file 1: Fig. 1a)
without suppressing Snch and Sncg mRNA (Additional
file 1: Fig. 2), while scrambled ASOs showed no sup-
pressive effect (Additional file 1: Fig. 1b). For sufficient
suppression of the endogenous Suca gene expression,
300 pg of ASOs were injected in the following experi-
ments. The Snca mRNA suppression effect reached
approximately 87% in the left striatum, the site of
Snca ASO injection, compared to approximately 39%
in the right striatum 7 days after the injection of Snca
ASOs (Fig. 1a), a side difference that was consistent
with previous reports [74]. Suppression effects of Suca
mRNA were also observed in the anterior (approxi-
mately 74% on the left and 55% on the right) and the
posterior (approximately 49% on the left and 19%
on the right) half of the cortex with differential ten-
dencies by side, but there was no difference between
sides in the brainstem (approximately 45% on the left
and 39% on the right) (Fig. 1a). The suppressive effect
persisted for more than 30 days (Fig. 1a). ISH to Snca
mRNA was also performed in 7-week-old WT female
mice (n=1) and the results were consistent with those
of qRT-PCR (Fig. 1b, c). Immunostaining with anti-
PS antibody using the serial section of brain prepared
for ISH showed a predominant distribution of Snca
ASOs on the injection side (Fig. 1d) in 7-week-old WT
female mice (n=1), consistent with the observed sup-
pression effect of Smca mRNA (Fig. 1b, c). The results
we obtained from ISH and anti-PS antibody immu-
nostaining revealed that ASOs spread around the site
of the injection site with a greater uptake [74, 91] and
appeared to mainly distribute by passive diffusion.
Consistent with these results, the decrease in aSyn
protein expression was localized around the injection
site, as previously reported [74, 91]. To confirm the
reduction of aSyn protein levels, immunoblotting was
conducted on the brain 14 days after Suca ASO injec-
tion. Approximately 68% of aSyn protein reduction was
observed in the left striatum and approximately 51% in
the left anterior half of the cortex, whereas no reduc-
tion in aSyn protein was observed in the brain counter-
parts on the right side (Fig. le, f).

Prevention of the appearance of aSyn pathologies by Snca
ASO pre-treatment at the aSyn PFFs inoculation site

To evaluate the effect of Suca ASO local injection prior
to the initiation of aSyn protein aggregation, we injected
Snca ASOs 2 weeks prior to aSyn PFFs inoculation into
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Fig. 1 Intrastriatal injection of antisense oligonucleotides (ASOs) against the Snca gene efficiently downregulated the levels of endogenous Snca
mRNA and a-synuclein (aSyn) protein in the brain, predominantly on the injection side. a Time course of Snca mRNA expression in the striatum,
anterior cortex, posterior cortex, and brainstem on each side of the brain after intrastriatal injection of phosphate-buffered saline (PBS)

or 300 ug of Snca ASOs by gRT-PCR (n=4 per each group; *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001) at 7, 14, 30, or 60 days. ASOs efficiently
downregulated the levels of endogenous Snca mRNA predominantly on the injection side. b Time course of Snca mRNA expression at 0.5 mm
anterior to the bregma and 3.0 mm posterior to the bregma by in situ hybridization at 7 days after left intrastriatal injection of PBS and 7, 14,

or 30 days after left intrastriatal injection of 300 ug of Snca ASOs. The arrows indicate the injection site of PBS or Snca ASOs. The scale bar represents
1 mm. ¢ Quantification of the Snca mRNA expression revealed by in situ hybridization (shown in Fig. 1b) at the striatum, anterior cortex,

and substantia nigra on each side of the brain (n=1). The density of the probe signals was normalized by that measured in the PBS-injected animal.
d Distribution of Snca ASOs by anti-phosphorothioate (PS) antibody immunostaining at 0.5 mm anterior to and 3.0 mm posterior to the bregma

at 7 days after intrastriatal injection of 300 pg of Snca ASOs. The arrow indicates the injection site of Snca ASOs. The scale bar represents 1 mm.

e Immunoblotting of aSyn protein from the ipsilateral striatum at 14 days after intrastriatal injection of 300 pg of Snca ASOs. f Quantification

of aSyn protein from the striatum and anterior cortex on each side of the brain at 14 days after intrastriatal injection of 300 ug of Snca ASOs

by immunoblotting (n=4 per each group; ***P <0.001). The aSyn levels are shown as a ratio to the average of that measured in the PBS-injected
group. ASOs efficiently downregulated the levels of endogenous aSyn protein predominantly on the injection side.“Ipsilateral (contralateral)”
corresponds to a region of the brain ipsilateral (contralateral) to the ASO injection side. The “anterior (posterior) cortex” corresponds to the anterior
(posterior) half of the cortex. The “motor cortex” corresponds to the primary motor cortex. All data are expressed as mean + SEM
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the left striatum of 7-week-old WT female mouse (n=4)
(Fig. 2a). Staining for pSyn (pSer129) revealed two types
of neurons with different pSer129-immunoreactive sig-
nals in the non-treated (PBS) group. One type of neu-
ron showed the inclusions stained with pSer129 in the
somata, as in human LBs. The other type showed inclu-
sions stained with pSer129 were observed in neurites,
similar to those found in human LNs (Fig. 2b). Both types
of inclusions were positive for ubiquitin and p62-stain-
ing, which are features of intracellular inclusion bod-
ies. They were also positive for Campbell-Switzer silver
staining and negative for Gallyas-Braak staining, which
is the same staining property as human LBs and LNs
[81] (Fig. 2b). Several reports have reported differences
in sensitivity to PFFs inoculation depending on the neu-
ronal subtype [29, 52].

In the following, we evaluated separately “somatic
inclusion” and “neuritic inclusion” Consistent with pre-
vious reports [49, 54], robust pSyn-positive cells were
found in the left striatum and the brain areas with neu-
ral connections to the striatum in the PBS pre-treatment
and Control ASO pre-treatment groups (Fig. 2c—f and
Additional file 1: Fig. 3). In the Suca ASO pre-treatment
group compared to the PBS pre-treatment groups, there
was a reduction in the density of pSyn-positive cells with
both somatic (by approximately 95%) and neuritic (by
approximately 92%) inclusions in the left striatum and
many other brain areas (Fig. 2e, f. Among those areas, the
reduction effects in the right primary somatosensory cor-
tex (of approximately 80% in somatic inclusions and 21%
in neuritic inclusions) and amygdala (of approximately
34% in somatic inclusions and 68% in neuritic inclu-
sions) seemed weaker (Fig. 2e, f. Suca ASO pre-treatment
decreased pSyn-positive inclusions in tyrosine hydroxy-
lase (TH)-positive neurons in the left substantia nigra as
shown by double-label immunofluorescence (Additional
file 1: Fig. 4). We also confirmed the significant reduc-
tion of pSyn protein levels by immunoblotting using the
sarkosyl-insoluble fraction (by approximately 93%) in
the Snca ASO group compared to the PBS pre-treatment
groups (Fig. 2g, h). Ubiquitin and p62 immunostain-
ing also showed a reduction in the density of cells with
somatic and neuritic inclusions in the Suca ASO group
(Fig. 2i). No cytotoxicity, immune response elicitation
(Additional file 1: Fig. 5), or motor dysfunction (Addi-
tional file 1: Fig. 6) was evident after preadministration of
Snca ASO, Control ASO or PBS.

Page 7 of 16

Inhibition of the progression of pSyn pathologies by Snca
ASO simultaneous or post-treatment at the aSyn PFFs
inoculation site

To determine if post-treatment of Suca ASOs could
ameliorate aSyn aggregation and pathological propaga-
tion, we next injected Suca ASOs simultaneously or after
PFFs inoculation into the left striatum of 7-week-old W'T
female mouse (n=4) (Fig. 3a). In the Snca ASO simulta-
neous treatment group compared to the PFFs-only group,
there were reductions in the density of cells with pSyn-
positive somatic (by approximately 96%) and neuritic
inclusions (by approximately 70%) in the left striatum
and the other brain areas, including those on the right
side (Fig. 3b—d). In the Snca ASO post-treatment groups,
there were also significant reductions in the density of
cells with pSyn-positive somatic inclusions in the left
striatum and the other brain areas (by approximately 81%
and 79% in the Snca ASO day 7 and day 14 post-treat-
ment groups, respectively) compared to the PFFs-only
group (Fig. 3b, c). Snca ASO injection timing-dependent
suppression of pSyn pathologies was observed in several
brain areas on the left side, including the striatum, motor
cortex, and amygdala. By contrast, no reduction was
observed in the density of cells with pSyn-positive neu-
ritic inclusions following Snca ASO post-treatment more
than 7 days after PFFs inoculation (Fig. 3b, d). Consist-
ent with the somatic pSyn pathologies, immunoblotting
showed that pSyn in the sarkosyl-insoluble fraction was
completely reduced (by approximately 98%) in the Snca
ASO simultaneous treatment compared to the PFFs-only
group (Fig. 3e, f). The reducing effects (of 83% and 90% in
the Snca ASO day 7 and day 14 post-treatment groups,
respectively, compared to the PFFs-only group) were also
significantly observed up to 14 days after PFFs inocula-
tion (Fig. 3e, f).

Suppression of the appearance of pSyn pathologies

by Snca ASO pre-treatment at the distant site of aSyn PFFs
inoculation

To evaluate the effect of local Suca ASO pre-treatment
far from the aSyn PFFs inoculation site, we then injected
Snca ASOs into the right striatum, which was previously
shown to not downregulate aSyn protein in the contralat-
eral striatum (Fig. 1f), 2 weeks prior to PFFs inoculation
into the left striatum (Fig. 4a). pSyn immunostaining
showed significant reductions in the density of pSyn-
positive somatic and neuritic inclusions only in the
right striatum (by approximately 88% for somatic inclu-
sions and 89% for neuritic inclusions) and right primary
motor cortex (by approximately 63% for somatic inclu-
sions and 54% for neuritic inclusions) in the vicinity of
the Snca ASO injection site, compared to the non-treated
(PBS) group (Fig. 4b—d). A significant reduction was also
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observed in the left substantia nigra (by approximately
75% for somatic inclusions and 68% for neuritic inclu-
sions) (Fig. 4c, d). Immunoblotting showed a tendency
toward pSyn levels reduction in the sarkosyl-insoluble
fraction from the anterior half of the cortex on the ipsi-
lateral side of Suca ASO injection (Fig. 4e).

Discussion

Our study demonstrates that suppression of endogenous
Snca gene expression by pre-treatment with Snca ASOs
at the aSyn PFFs inoculation (seeding) site prevented
the progression of various pathological changes, includ-
ing the appearance of pSyn pathology in the whole brain
and abnormal pSyn insolubilization in our mouse aSyn
pathological transmission models of PD and DLB. In
addition, post-treatment with Suca ASOs at the seeding
site reversed the progression of pSyn pathologies and the
abnormal pSyn insolubilization. Finally, pre-treatment
with Snca ASOs at the site contralateral to the seeding
site suppressed the pSyn pathological propagation limit-
edly in areas within the vicinity of the ASO injection site
without inhibiting the propagation to the other areas.
These results demonstrate the potential of Suca ASOs as
a therapy for PD and DLB patients.

As in previous reports, the pSyn pathologies spread
throughout the brain over time after the inoculation of
synthetic PFFs (seeds) generated from mouse recom-
binant aSyn into the striatum of WT mice [28, 49, 54,
58]. These pathologies had spread to areas with both
direct neural connections and networks through mul-
tiple connections to the left striatum. It is also known
that callosotomy can prevent the appearance of pSyn

(See figure on next page.)
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pathologies in the contralateral striatum and cortex of a
similar model [58]. These data suggest that the transmis-
sion of pSyn aggregate amounts depended on the con-
nectivity. Immunostaining of anti-ubiquitin and anti-p62
antibodies were also positive in these pathologies. Inter-
estingly, these pSyn pathologies were stained by Camp-
bell-Switzer silver staining, not Gallyas-Braak staining,
similar to what is observed in human PD [11] and DLB
[67] patients. Campbell-Switzer-positive staining has
been previously reported in the brains of aged homozy-
gous transgenic mice with human A53T mutation (M83
mice) and M83 mice inoculated with brain extracts from
PD or MSA patients [44]. However, there is no report of
this pathology in WT mice inoculated with recombinant
mouse aSyn PFFs, indicating that this model has a high
pathological similarity to PD patients.

Snca ASO pre-treatment into the same site of seed-
ing prevented the aggregation of pSyn in the substan-
tia nigra on the inoculation side, similarly to previous
reports using the same model with ICV injection of
ASOs against Suca mRNA [20]. In addition, the spread
of pathological changes at most ipsilateral and con-
tralateral sites was almost suppressed. One explana-
tion for the complete prevention of pSyn pathologies
and the abnormal aSyn insolubilization of the ipsi-
lateral lesion with direct connectivity to the striatum
may be that the suppression of endogenous aSyn by
ASOs inhibited the initiation and subsequent intracel-
lular propagation of pSyn pathologies induced by the
uptaken PFFs. In the contralateral (right) brain area
with connectivity to the left striatum via multiple neu-
ral connections, although there was no aSyn protein

Fig. 2 Snca ASO ipsilateral pre-treatment prevented the progression of abnormally-phosphorylated aSyn (pSyn) pathology in most brain areas. a
Timeline for a single 300-ug intrastriatal ipsilateral ASO injection 14 days prior to aSyn preformed fibrils (PFFs) inoculation with termination 30 days
after PFFs inoculation. b High-magnification images of cells with somatic and neuritic inclusions in the left amygdala of the PBS-pre-treated

and PFFs-inoculated animals by immunostaining with anti-pSyn (pSer129), anti-ubiquitin, and anti-p62 antibodies and Campbell-Switzer

and Gallyas-Braak silver staining. The scale bar represents 10 um. ¢ Low magnification images of pSyn (pSer129)-positive inclusions in the left
striatum, motor cortex, sensory cortex, amygdala, thalamus, substantia nigra, and the right striatum and motor cortex 30 days after PFFs inoculation
and PBS, Control ASO or Snca ASO injection 14 days before. The scale bar represents 100 pm. d Representative images of pSyn (pSer129)-positive
somatic (arrows) and neuritic (arrowheads) inclusions in the left striatum, motor cortex, sensory cortex, amygdala, thalamus, substantia nigra,

and the right striatum and motor cortex 30 days after PFFs inoculation and PBS, Control ASO or Snca ASO injection 14 days before. The scale

bar represents 20 um. e, f The ratio of cells with pSyn (pSer129)-positive somatic (e) and neuritic (f) inclusions density in the striatum, motor cortex,
sensory cortex, amygdala, thalamus, and substantia nigra on each side of the brain (n=4 per each group; *P<0.05, **F<0.01). In the Snca ASO
pre-treatment group compared to the PBS pre-treatment groups, there were a reductions in the density of pSyn-positive cells with both types

of somatic and neuritic inclusions in the left striatum and other brain areas. The ratio of pSyn (pSer129)-positive cell density to the average

of that measured in the PBS-treated group is shown. g Immunoblotting of pSyn (pSer129 #64) protein in the sarkosyl-insoluble fraction extracted
from the left anterior cortex at 30 days after intrastriatal injection of PFFs. The arrow indicates pSyn monomer bands. h Quantification of pSyn
(pSer129 #64) protein in the sarkosyl-insoluble fraction from the left anterior cortex at 30 days after intrastriatal injection of aSyn PFFs (n=4 per each
group, **P<0.01). Significant reductions in pSyn protein levels were observed in the Snca ASO group compared to the PBS pre-treatment groups.
The pSyn levels are shown as the ratio of the band signal intensity to the average of that measured in the PBS-treated group. i Representative
images of somatic (arrows) and neuritic (arrowheads) inclusions by immunostaining of anti-ubiquitin and anti-p62 antibodies in the left amygdala
and thalamus. The scale bar represents 20 um. “Anterior cortex” means the anterior half of the cortex. The “motor (sensory) cortex” corresponds

to the primary motor (somatosensory) cortex. ND means not detected. All data are expressed mean + SEM
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Fig. 2 (Seelegend on previous page.)

level reduction by ASOs, the absence of intracellular
propagation of pSyn in the left striatum and transmis-
sion of PFFs via multiple neural connections may result
in the lack of pathological changes (Fig. 5a, b). On the
other hand, slight pSyn pathology was observed only in
the contralateral (right) primary somatosensory cortex
and amygdala, which have direct neural connectivity to
the left striatum. It means that only PFFs were uptaken
directly by the presynaptic terminals and transported

retrogradely, with the lack of ASO effects resulting in
progressive pSyn aggregation. However, the pathol-
ogy might be less severe because of the lower neuronal
connectivity to the contralateral than to the ipsilateral
regions [2]. In this model, it is suggested that PFFs con-
vert the endogenous aSyn protein in the first neuron
where it is taken up, and it is the converted endogenous
aSyn, not PFFs, that transmit throughout the brain and
then propagate intracellularly.
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Fig. 3 Snca ASO ipsilateral simultaneous- or post-treatment inhibited the progression of pSyn pathology over time up to 14 days

in a time-dependent manner. a Timeline for a single 300 ug intrastriatal ipsilateral ASO injection after aSyn PFFs inoculation with termination

30 days after PFFs inoculation. b Representative images of pSyn (pSer129)-positive somatic (arrows) and neuritic (arrowheads) inclusions in the left
striatum, motor cortex, sensory cortex, amygdala, thalamus, substantia nigra, and the right striatum and amygdala 30 days after PFFs inoculation
and Snca ASQO injection at the same time (day 0) as the PFFs injection or 7 or 14 days later. The scale bar represents 20 um. ¢, d The ratio of cells
with pSyn (pSer129)-positive somatic (c) and neuritic (d) inclusions density in the striatum, motor cortex, sensory cortex, amygdala, thalamus,

and substantia nigra on each side of the brain (=4 per each group; *P<0.05, **P<0.01, ***P<0.001, ****P < 0.0001). Reductions in the density

of cells with both types of inclusions were observed in the left striatum and the other brain areas, including the right side by simultaneous Snca
ASO treatment. In the Snca ASO post-treatment groups, there were also significant reductions of pSyn-positive somatic inclusions in the left
striatum and the other brain areas. The ratio of pSyn (pSer129)-positive cell density to the average of that measured in the PFFs inoculation-only
group is shown. e Immunoblotting of pSyn (pSer129 #64) protein in the sarkosyl-insoluble fraction extracted from the left anterior cortex

30 days after intrastriatal inoculation of PFFs. The arrow indicates pSyn monomer bands. f Quantification of pSyn (pSer129 #64) protein

in the sarkosyl-insoluble fraction from the left anterior cortex 30 days after intrastriatal inoculation of PFFs (n=4 per each group; *P<0.05, **P<0.01).
pSyn levels in the sarkosyl-insoluble fraction were completely reduced in the simultaneous Snca ASO treatment groups and were also significantly
observed in the post-treatment groups. The pSyn levels are shown as the ratio of the band signal intensity to the average of that measured

in the PFFs inoculation-only group. The “anterior cortex” corresponds to the anterior half of the cortex. The “motor (sensory) cortex” corresponds

to the primary motor (somatosensory) cortex. ND means not detected. All data are expressed mean = SEM

Although previous studies have shown that Smca by 60% to inhibit intracellular propagation. Thus, there
knockout neurons [85] and mice [49] do not exhibit might be a required threshold of endogenous aSyn pro-
abnormal aSyn PFFs-induced pathological aggregates, tein levels for the initiation and intracellular propaga-
it is noteworthy that most of the pathologies were sup-  tion of the pSyn pathologies induced by exogenous aSyn
pressed despite a 60% reduction in aSyn proteins at the  seeds. These results are consistent with a previous report
time of PFFs injection. This suggests that the pathologies  that inoculation of mouse-derived PFFs in Snuca heterozy-
are treatable by suppressing endogenous aSyn proteins  gous knockout mice with a reduction of about 30% in
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Fig. 4 Snca ASO contralateral pre-treatment locally inhibited the progression of pSyn pathology in the vicinity of ASO injection. a Timeline

for a single 300-ug intrastriatal contralateral ASO injection prior to aSyn PFFs injection with termination 30 days after PFFs inoculation. b
Representative images of pSyn (pSer129)-positive somatic (arrows) and neuritic (arrowheads) inclusions in the right striatum and motor cortex
30 days after PFFs inoculation and PBS or Snca ASO treatment 14 days prior to the PFFs inoculation. The scale bar represents 20 um. ¢, d The
ratio of cells with pSyn (pSer129)-positive somatic (c) and neuritic (d) inclusions density in the striatum, motor cortex, sensory cortex, amygdala,
thalamus, and substantia nigra on each side of the brain (n=4 per each group; *P <0.05, **P<0.01). Significant reductions of both types

of inclusions were observed only in the right striatum and primary motor cortex. The ratio of pSyn (pSer129)-positive cell density to the average
of that measured in the PBS-treated group is shown. e Quantification of pSyn (pSer129 #64) protein in the sarkosyl-insoluble fraction from the right
anterior cortex 30 days after intrastriatal inoculation of PFFs (n=4 per each group). The pSyn levels are shown as the ratio of the band signal

to the average of that measured in the PBS-treated group. “Anterior cortex” means the anterior half of the cortex. The “motor (sensory) cortex”
corresponds to the primary motor (somatosensory) cortex. ND means not detected. All the data are expressed mean + SEM
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Fig. 5 Different effects on aSyn pathology propagation depending on timing and location of Iocal Snca ASO injection. a Hypothetical model
for the propagation of aSyn pathologies caused by the topical injection of aSyn PFFs as seeds. The inoculated seeds are uptaken (seeding)
into neurons at the site of inoculation or into neurons whose axons project to them. Seeds convert endogenous aSyn into the pathogenetic
structure and form inclusions (seed-dependent aggregation). The inclusions propagate from the neurite to the soma by recruiting more

endogenous aSyn (intracellular propagation). Pathological propagation from cell to cell is caused by pathogenetically-converted endogenous aSyn
transmission through neural networks and subsequent intracellular propagation (network propagation). b Snca ASO pre-treatment into the seeding
site may prevent the initiation of seed-dependent aggregation by reducing the amount of endogenous aSyn prior to seeding. ¢ Snca ASO
post-treatment into the seeding site may inhibit the seed-dependent aggregation and/or intracellular propagation from the neurite to the soma

in the neurons of the seeding site and those projecting to them by reducing the amount of endogenous aSyn and pathogenetically-converted
aSyn production after seeding and decrease subsequent network propagation to the sites far from seeding. d Snca ASO pre-treatment into the site

far from the seeding may suppress network propagation to the site by locally reducing the amount of endogenous aSyn and intracellular
propagation in neurons. Intact endogenous aSyn protein is shown in gray color in the neuronal background and its reduction is represented

by a decrease in color intensity

aSyn proteins [1] resulted in the very slow progression
of the disease [49]. Since there have been previous stud-
ies showing abnormal synaptic function in the substan-
tia nigra [1] and psychiatric symptoms [60, 61] in Snca
knockout mice, quantitively and spatially limited endog-
enous aSyn reduction by ASO may be suitable as a treat-
ment for synucleinopathies.

Simultaneous injection of ASOs also showed a signifi-
cant reduction of the pSyn-positive somatic and neuritic
inclusions 30 days after PFFs inoculation in many brain
areas. Although it is expected to take a few days for the
reduction of aSyn protein levels by ASOs, simultaneous
ASO injection still completely suppressed both patholog-
ical changes except in the primary somatosensory cortex
and amygdala on the side contralateral to the seeding site
same as in the pre-treatment experiment. pSyn aggre-
gation is initiated in neurons after the uptake of PFFs;

however, the pathological changes might be mitigated
by the interrupted supply of endogenous pathologically
converted aSyn protein. In addition, when ASOs were
injected 7 and 14 days after PFFs inoculation, there was
no decrease in the neuritic inclusions; however, a signifi-
cant reduction was observed in the somatic inclusions. It
is known that in the brain of PD patients, LNs precede
LBs [15, 22, 86], with another study suggesting structural
continuity between them [36]. Similarly, in the mouse
model, pSyn aggregation in the primary neuron pro-
gresses gradually from the neurite to the soma over time
as PFFs get absorbed from the nerve terminal [52]. This
neuritic-to-somatic inclusion process crosses the neuro-
degeneration threshold and is considered to reach patho-
logical significance. In addition, the pSyn protein levels
in the sarkosyl-insoluble fraction were drastically sup-
pressed. Despite the increase in the number of neuritic
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inclusions, there was little increase in the pSyn protein
levels in the sarkosyl-insoluble fraction. A report that the
Lewy body is likely to be located near the voluminous
Lewy neurite suggests a quantitative correlation between
Lewy pathologies and somatic inclusions [12]. Surpris-
ingly, ASOs injected 7 and 14 days after seeding showed
improvement in the pSyn pathologies as shown by immu-
noblotting, with no difference between the two injection
times. Our data suggest that once established, the aSyn
pathologies improved, as previously reported [20]. Taken
together, the fact that the pathology was localized only
in neurites suggests that 7- and 14-days post-treatment
with ASOs was sufficiently effective and that pathogenic
aSyn aggregate deposition is reversible. For the first time
in vivo, we show that suppression of endogenous aSyn
expression levels by Snca ASOs prevents morphologi-
cal progression from earlier neuritic inclusions to larger,
more mature somatic inclusions (Fig. 5¢).

The question was raised as to whether suppression
of endogenous aSyn levels by ASOs might not pre-
vent the formation of somatic and neuritic inclusions
if a large amount of pathological aSyn was continu-
ously transmitted. In addition, when ASOs are injected
by ICV as reported in a previous study [20], it is dif-
ficult to distinguish whether the intracellular propaga-
tion from the inoculated PFFs at the inoculation site
or the transmission of pathological misfolded endog-
enous aSyn is prevented since endogenous aSyn levels
are suppressed throughout the brain. Therefore, we
injected a Snca ASO pre-treatment (14 days) into the
contralateral (right) striatum, where multiple neural
connections are from the left striatum (seeding site). At
30 days after PFFs inoculation (44 days after ASO injec-
tion), the pSyn pathology had spread to many areas of
the brain. In the right striatum, the site of ASO injec-
tion, the formation of somatic and neuritic inclusions
was almost completely suppressed, as was their forma-
tion in the nearby primary motor cortex, where there
also was a reduction in pSyn protein levels in the sarko-
syl-insoluble fraction. The suppression of pathology in
these areas correlated with the degree of endogenous
aSyn protein suppression. These results suggest that
the presence of endogenous aSyn is more important
for intracellular propagation than the amount of abnor-
mally-converted aSyn transmitted from other neurons
and that ASOs might prevent the propagation from
transmitted endogenous misfolded aSyn (Fig. 5d).

One limitation of this study is the short duration of
observation, limited to 30 days. In the similar mouse
model of recombinant mouse aSyn PFFs intrastri-
atal inoculation, neuronal death, including TH posi-
tive neurons in the substantia nigra [49], was observed
90-180 days after inoculation, and the deterioration in
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motor function [49, 54]was reported at the same time.
Consequently, our study could not assess the potential
preventive or therapeutic impact of Snca ASO over
such an extended timeframe.

Conclusion

We demonstrate that local injection of Suca ASOs
achieved a strong reduction in endogenous aSyn
around the site of injection. In the aSyn pathological
propagation model mice, ASO injection into the seed-
ing site prevented or ameliorated the initiation and
propagation of pSyn pathologies to both the site and
other brain areas with neural connections to the site
in a time-dependent manner and reduced other asso-
ciated pathologies. Biochemically, the insolubilization
of aSyn was also inhibited. Snca ASOs injection via
multiple neural connections from the seeding site also
inhibited the propagation of pSyn pathologies to the
ASO injection site. These results indicate that ASO-
induced reduction in endogenous aSyn has preventive,
disease-modifying, and curative potential in all types of
synucleinopathies.

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/540478-024-01766-3.

[ Additional file 1. Supplementary Information. }

Acknowledgements

We thank Dr. Frank C. Bennett (lonis Pharmaceuticals) for providing the anti-
PS antibody. Access to the slide scanner V5200 (Olympus) was given by the
Research Core of Tokyo Medical and Dental University (TMDU).

Author contributions

TS, TN, TU, HM, MH, and TY designed the research. TS, TN, KY-T, TU, SE, AN, AS,
and AS performed the experiments and analyzed the results. TS, TN, and TY
wrote the manuscript. TY and TN coordinated and supervised the project. All
authors have read and approved the final manuscript.

Funding

This research was supported by the Basic Science and Platform Tech-

nology Programs for Innovative Biological Medicine (Grant Number
18am0301003h0005) and Advanced Biological Medicine (Grant Number
23am0401006h0005) to T.Y. and a Japan Society for the Promotion of Science
KAKENHI Grant-in-Aid for Scientific Research (A) (Grant Number 22H00440) to
TN. from the Ministry of Education, Culture, Sports, Science, and Technology
(MEXT) of Japan (Tokyo).

Declarations

Ethics approval

All experimental protocols were approved by the Institutional Animal Care
and Use Committee of Tokyo Medical and Dental University (Approval Num-
ber A2022-085A).


https://doi.org/10.1186/s40478-024-01766-3
https://doi.org/10.1186/s40478-024-01766-3

Sano et al. Acta Neuropathologica Communications (2024) 12:75

Competing interests

T.. has ongoing collaborations with Takeda Pharmaceutical Co,, Ltd. and
serves as an academic advisor for Rena Therapeutics Inc. and Nissan Chemical
Corporation. The other authors declare no competing interests.

Author details

"Department of Neurology and Neurological Science, Graduate School

of Medical and Dental Sciences, Tokyo Medical and Dental University,

1-5-45 Yushima, Bunkyo-Ku, Tokyo 113-8519, Japan. >Center for Brain
Integration Research, Tokyo Medical and Dental University, 1-5-45 Yushima,
Bunkyo-Ku, Tokyo 113-8519, Japan. *NucleoTIDE and PepTIDE Drug Discovery
Center, Tokyo Medical and Dental University, 1-5-45 Yushima, Bunkyo-Ku,
Tokyo 113-8519, Japan. “Department of Neurology, Osaka University Graduate
School of Medicine, 2-2 Yamadaoka, Suita 565-0871, Japan. *Department

of Brain and Neurosciences, Tokyo Metropolitan Institute of Medical Science,
2-1-6 Kamikitazawa, Setagaya-Ku, Tokyo 156-0057, Japan.

Received: 21 March 2024 Accepted: 26 March 2024
Published online: 14 May 2024

References

1. Abeliovich A, Schmitz Y, Farifias |, Choi-Lundberg D, Ho WH, Castillo PE,
Shinsky N, Verdugo JM, Armanini M, Ryan A et al (2000) Mice lacking
alpha-synuclein display functional deficits in the nigrostriatal dopamine
system. Neuron 25:239-252. https://doi.org/10.1016/50896-6273(00)
80886-7

2. Alloway KD, Lou L, Nwabueze-Ogbo F, Chakrabarti S (2006) Topography
of cortical projections to the dorsolateral neostriatum in rats: multiple
overlapping sensorimotor pathways. J Comp Neurol 499:33-48. https://
doi.org/10.1002/cne.21039

3. Arai K Kato N, Kashiwado K, Hattori T (2000) Pure autonomic failure in
association with human alpha-synucleinopathy. Neurosci Lett 296:171-
173. https://doi.org/10.1016/50304-3940(00)01623-2

4. ArakiK, Yagi N, Aoyama K, Choong CJ, Hayakawa H, Fujimura H, Nagai Y,
Goto Y, Mochizuki H (2019) Parkinson's disease is a type of amyloidosis
featuring accumulation of amyloid fibrils of a-synuclein. Proc Natl Acad
SciUS A 116:17963-17969. https://doi.org/10.1073/pnas. 1906124116

5. ArimaK, Uéda K, Sunohara N, Arakawa K, Hirai S, Nakamura M, Tonozuka-
Uehara H, Kawai M (1998) NACP/alpha-synuclein immunoreactivity in
fibrillary components of neuronal and oligodendroglial cytoplasmic
inclusions in the pontine nuclei in multiple system atrophy. Acta Neuro-
pathol 96:439-444. https://doi.org/10.1007/s004010050917

6. Arima K, Uéda K, Sunohara N, Hirai S, Izumiyama Y, Tonozuka-Uehara H,
Kawai M (1998) Immunoelectron-microscopic demonstration of NACP/
alpha-synuclein-epitopes on the filamentous component of Lewy bod-
ies in Parkinson's disease and in dementia with Lewy bodies. Brain Res
808:93-100. https://doi.org/10.1016/50006-8993(98)00734-3

7. Baba M, Nakajo S, Tu PH, Tomita T, Nakaya K, Lee VM, Trojanowski JQ,
Iwatsubo T (1998) Aggregation of alpha-synuclein in Lewy bodies of
sporadic Parkinson’s disease and dementia with Lewy bodies. Am J Pathol
152:879-884

8. Bennett CF, Swayze EE (2010) RNA targeting therapeutics: molecular
mechanisms of antisense oligonucleotides as a therapeutic platform.
Annu Rev Pharmacol Toxicol 50:259-293. https://doi.org/10.1146/annur
ev.pharmtox.010909.105654

9. Benson MD, Waddington-Cruz M, Berk JL, Polydefkis M, Dyck PJ, Wang AK,
Plante-Bordeneuve V, Barroso FA, Merlini G, Obici L et al (2018) Inotersen
treatment for patients with hereditary transthyretin amyloidosis. N Engl J
Med 379:22-31. https://doi.org/10.1056/NEJMoa1716793

10. Boutros SW, Raber J, Unni VK (2021) Effects of alpha-synuclein targeted
antisense oligonucleotides on lewy body-like pathology and behavioral
disturbances induced by injections of pre-formed fibrils in the mouse
motor cortex. J Parkinsons Dis 11:1091-1115. https://doi.org/10.3233/
jpd-212566

11. Braak E, Braak H (1999) Silver staining method for demonstrating Lewy
bodies in Parkinson's disease and argyrophilic oligodendrocytes in mul-
tiple system atrophy. J Neurosci Methods 87:111-115. https://doi.org/10.
1016/50165-0270(98)00173-3

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Page 14 of 16

Braak E, Sandmann-Keil D, Riib U, Gai WP, de Vos RA, Steur EN, Arai K,
Braak H (2001) alpha-synuclein immunopositive Parkinson’s disease-
related inclusion bodies in lower brain stem nuclei. Acta Neuropathol
101:195-201. https://doi.org/10.1007/500401000024 7

Braak H, Braak E (1995) Staging of Alzheimer's disease-related neurofibril-
lary changes. Neurobiol Aging 16:271-278. https://doi.org/10.1016/0197-
4580(95)00021-6

Braak H, Braak E, Ohm T, Bohl J (1988) Silver impregnation of Alzheimer’s
neurofibrillary changes counterstained for basophilic material and lipo-
fuscin pigment. Stain Technol 63:197-200. https://doi.org/10.3109/10520
298809107184

Braak H, Del Tredici K, Rib U, de Vos RA, Jansen Steur EN, Braak E (2003)
Staging of brain pathology related to sporadic Parkinson’s disease. Neuro-
biol Aging 24:197-211. https://doi.org/10.1016/50197-4580(02)00065-9
Bustin SA, Benes V, Garson JA, Hellemans J, Huggett J, Kubista M, Muel-
ler R, Nolan T, Pfaffl MW, Shipley GL et al (2009) The MIQE guidelines:
minimum information for publication of quantitative real-time PCR
experiments. Clin Chem 55:611-622. https://doi.org/10.1373/clinchem.
2008.112797

Campbell S, Switzer R, Martin T (1987) Alzheimer's plagues and tangles:
a controlled and enhanced silver staining method. Soc Neurosci Abstr
13:67

Chartier-Harlin MC, Kachergus J, Roumier C, Mouroux V, Douay X, Lincoln
S, Levecque C, Larvor L, Andrieux J, Hulihan M et al (2004) Alpha-synu-
clein locus duplication as a cause of familial Parkinson'’s disease. Lancet
364:1167-1169. https://doi.org/10.1016/50140-6736(04)17103-1
Chiriboga CA, Swoboda KJ, Darras BT, lannaccone ST, Montes J, De Vivo
DC, Norris DA, Bennett CF, Bishop KM (2016) Results from a phase 1 study
of nusinersen (ISIS-SMN(Rx)) in children with spinal muscular atrophy.
Neurology 86:890-897. https://doi.org/10.1212/wnl.0000000000002445
ColeTA, Zhao H, Collier TJ, Sandoval |, Sortwell CE, Steece-Collier K,

Daley BF, Booms A, Lipton J, Welch M et al (2021) a-Synuclein antisense
oligonucleotides as a disease-modifying therapy for Parkinson’s disease.
JCl Insight. https://doi.org/10.1172/jciinsight.135633

Dai Y, Dudek NL, Li Q, Fowler SC, Muma NA (2009) Striatal expression of a
calmodulin fragment improved motor function, weight loss, and neuro-
pathology in the R6/2 mouse model of Huntington's disease. J Neurosci
29:11550-11559. https://doi.org/10.1523/jneurosci.3307-09.2009

Del Tredici K, Rib U, De Vos RA, Bohl JR, Braak H (2002) Where does par-
kinson disease pathology begin in the brain? J Neuropathol Exp Neurol
61:413-426. https://doi.org/10.1093/jnen/61.5.413

Fujiwara H, Hasegawa M, Dohmae N, Kawashima A, Masliah E, Goldberg
MS, Shen J, Takio K, Iwatsubo T (2002) alpha-Synuclein is phosphorylated
in synucleinopathy lesions. Nat Cell Biol 4:160-164. https://doi.org/10.
1038/ncb748

Fussi N, Hollerhage M, Chakroun T, Nykdnen NP, Rosler TW, Koeglsper-
ger T, Wurst W, Behrends C, Hoglinger GU (2018) Exosomal secretion

of a-synuclein as protective mechanism after upstream blockage

of macroautophagy. Cell Death Dis 9:757. https://doi.org/10.1038/
s41419-018-0816-2

Gallo-Oller G, Ordofez R, Dotor J (2018) A new background subtraction
method for Western blot densitometry band quantification through
image analysis software. J Immunol Methods 457:1-5. https://doi.org/10.
1016/},jim.2018.03.004

Gallyas F (1971) Silver staining of Alzheimer’s neurofibrillary changes by
means of physical development. Acta Morphol Acad Sci Hung 19:1-8
Hasegawa M, Fujiwara H, Nonaka T, Wakabayashi K, Takahashi H, Lee

VM, Trojanowski JQ, Mann D, Iwatsubo T (2002) Phosphorylated alpha-
synuclein is ubiquitinated in alpha-synucleinopathy lesions. J Biol Chem
277:49071-49076. https://doi.org/10.1074/jbc.M208046200

Henderson MX, Cornblath EJ, Darwich A, Zhang B, Brown H, Gathagan
RJ, Sandler RM, Bassett DS, Trojanowski JQ, Lee VMY (2019) Spread of
a-synuclein pathology through the brain connectome is modulated by
selective vulnerability and predicted by network analysis. Nat Neurosci
22:1248-1257. https://doi.org/10.1038/541593-019-0457-5

Henrich MT, Geibl FF, Lakshminarasimhan H, Stegmann A, Giasson Bl, Mao
X, Dawson VL, Dawson TM, Oertel WH, Surmeier DJ (2020) Determinants
of seeding and spreading of a-synuclein pathology in the brain. Sci Adv.
https://doi.org/10.1126/sciadv.abc2487

Holmes BB, DeVos SL, Kfoury N, Li M, Jacks R, Yanamandra K, Ouidja

MO, Brodsky FM, Marasa J, Bagchi DP et al (2013) Heparan sulfate


https://doi.org/10.1016/s0896-6273(00)80886-7
https://doi.org/10.1016/s0896-6273(00)80886-7
https://doi.org/10.1002/cne.21039
https://doi.org/10.1002/cne.21039
https://doi.org/10.1016/s0304-3940(00)01623-2
https://doi.org/10.1073/pnas.1906124116
https://doi.org/10.1007/s004010050917
https://doi.org/10.1016/s0006-8993(98)00734-3
https://doi.org/10.1146/annurev.pharmtox.010909.105654
https://doi.org/10.1146/annurev.pharmtox.010909.105654
https://doi.org/10.1056/NEJMoa1716793
https://doi.org/10.3233/jpd-212566
https://doi.org/10.3233/jpd-212566
https://doi.org/10.1016/s0165-0270(98)00173-3
https://doi.org/10.1016/s0165-0270(98)00173-3
https://doi.org/10.1007/s004010000247
https://doi.org/10.1016/0197-4580(95)00021-6
https://doi.org/10.1016/0197-4580(95)00021-6
https://doi.org/10.3109/10520298809107184
https://doi.org/10.3109/10520298809107184
https://doi.org/10.1016/s0197-4580(02)00065-9
https://doi.org/10.1373/clinchem.2008.112797
https://doi.org/10.1373/clinchem.2008.112797
https://doi.org/10.1016/s0140-6736(04)17103-1
https://doi.org/10.1212/wnl.0000000000002445
https://doi.org/10.1172/jci.insight.135633
https://doi.org/10.1523/jneurosci.3307-09.2009
https://doi.org/10.1093/jnen/61.5.413
https://doi.org/10.1038/ncb748
https://doi.org/10.1038/ncb748
https://doi.org/10.1038/s41419-018-0816-2
https://doi.org/10.1038/s41419-018-0816-2
https://doi.org/10.1016/j.jim.2018.03.004
https://doi.org/10.1016/j.jim.2018.03.004
https://doi.org/10.1074/jbc.M208046200
https://doi.org/10.1038/s41593-019-0457-5
https://doi.org/10.1126/sciadv.abc2487

Sano et al. Acta Neuropathologica Communications

31

32.

33

34

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

(2024) 12:75

proteoglycans mediate internalization and propagation of specific
proteopathic seeds. Proc Natl Acad Sci U S A 110:E3138-3147. https://doi.
org/10.1073/pnas.1301440110

Hwang J, Yokota T (2019) Recent advancements in exon-skipping
therapies using antisense oligonucleotides and genome editing for the
treatment of various muscular dystrophies. Expert Rev Mol Med 21:e5.
https://doi.org/10.1017/erm.2019.5

Ibanez P, Bonnet AM, Débarges B, Lohmann E, Tison F, Pollak P, Agid Y,
Durr A, Brice A (2004) Causal relation between alpha-synuclein gene
duplication and familial Parkinson’s disease. Lancet 364:1169-1171.
https://doi.org/10.1016/50140-6736(04)17104-3

Imamura 'Y, Okuzumi A, Yoshinaga S, Hiyama A, Furukawa Y, Miyasaka T,
Hattori N, Nukina N (2022) Quantum-dot-labeled synuclein seed assay
identifies drugs modulating the experimental prion-like transmission.
Commun Biol 5:636. https://doi.org/10.1038/542003-022-03590-8

Iwai A, Masliah E, Yoshimoto M, Ge N, Flanagan L, de Silva HA, Kittel

A, Saitoh T (1995) The precursor protein of non-A beta component of
Alzheimer’s disease amyloid is a presynaptic protein of the central nerv-
ous system. Neuron 14:467-475. https://doi.org/10.1016/0896-6273(95)
90302-x

Jang A, Lee HJ, Suk JE, Jung JW, Kim KP, Lee SJ (2010) Non-classical exocy-
tosis of alpha-synuclein is sensitive to folding states and promoted under
stress conditions. J Neurochem 113:1263-1274. https://doi.org/10.1111/j.
1471-4159.2010.06695.x

Kanazawa T, Uchihara T, Takahashi A, Nakamura A, Orimo S, Mizusawa H
(2008) Three-layered structure shared between Lewy bodies and lewy
neurites-three-dimensional reconstruction of triple-labeled sections.
Brain Pathol 18:415-422. https://doi.org/10.1111/}.1750-3639.2008.
00140.x

Karpowicz RJ Jr, Haney CM, Mihaila TS, Sandler RM, Petersson EJ, Lee VM
(2017) Selective imaging of internalized proteopathic a-synuclein seeds
in primary neurons reveals mechanistic insight into transmission of synu-
cleinopathies. J Biol Chem 292:13482-13497. https://doi.org/10.1074/jbc.
M117.780296

Kawakami I, Motoda A, Hashimoto M, Shimozawa A, Masuda-Suzukake
M, Ohtani R, Takase M, Kumashiro M, Samejima K, Hasegawa M (2021)
Progression of phosphorylated a-synuclein. In: Fuscata M (ed) Brain
Pathology published. John Wiley & Sons Ltd on behalf of International
Society of Neuropathology, New Jersey, p 12952

Kiely AP, Asi YT, Kara E, Limousin P, Ling H, Lewis P, Proukakis C, Quinn N,
Lees AJ, Hardy J et al (2013) a-Synucleinopathy associated with G51D
SNCA mutation: a link between Parkinson'’s disease and multiple system
atrophy? Acta Neuropathol 125:753-769. https://doi.org/10.1007/
s00401-013-1096-7

Kordasiewicz HB, Stanek LM, Wancewicz EV, Mazur C, McAlonis MM, Pytel
KA, Artates JW, Weiss A, Cheng SH, Shihabuddin LS et al (2012) Sustained
therapeutic reversal of Huntington's disease by transient repression of
huntingtin synthesis. Neuron 74:1031-1044. https://doi.org/10.1016/].
neuron.2012.05.009

Kordower JH, Chu Y, Hauser RA, Freeman TB, Olanow CW (2008) Lewy
body-like pathology in long-term embryonic nigral transplants in Parkin-
son'’s disease. Nat Med 14:504-506. https://doi.org/10.1038/nm1747
Krtiger R, Kuhn W, Muller T, Woitalla D, Graeber M, Késel S, Przuntek H,
Epplen JT, Schols L, Riess O (1998) Ala30Pro mutation in the gene encod-
ing alpha-synuclein in Parkinson'’s disease. Nat Genet 18:106-108. https://
doi.org/10.1038/ng0298-106

Kuusisto E, Parkkinen L, Alafuzoff | (2003) Morphogenesis of Lewy bodies:
dissimilar incorporation of alpha-synuclein, ubiquitin, and p62. J Neu-
ropathol Exp Neurol 62:1241-1253. https://doi.org/10.1093/jnen/62.12.
1241

Lavenir |, Passarella D, Masuda-Suzukake M, Curry A, Holton JL, Ghetti

B, Goedert M (2019) Silver staining (Campbell-Switzer) of neuronal
a-synuclein assemblies induced by multiple system atrophy and
Parkinson’s disease brain extracts in transgenic mice. Acta Neuropathol
Commun 7:148. https://doi.org/10.1186/540478-019-0804-5

Lemos M, Venezia S, Refolo V, Heras-Garvin A, Schmidhuber S, Giese A,
Leonov A, Ryazanov S, Griesinger C, Galabova G et al (2020) Targeting
a-synuclein by PD03 AFFITOPE® and Anle138b rescues neurodegenera-
tive pathology in a model of multiple system atrophy: clinical relevance.
Trans| Neurodegener 9:38. https://doi.org/10.1186/540035-020-00217-y

46.

47.

48.

49.

50.

52.

53.

54.

55.

56.

57.

58.

59.

60.

62.

Page 150f 16

Li JY, Englund E, Holton JL, Soulet D, Hagell P, Lees AJ, Lashley T, Quinn NP,
Rehncrona S, Bjorklund A et al (2008) Lewy bodies in grafted neurons in
subjects with Parkinson’s disease suggest host-to-graft disease propaga-
tion. Nat Med 14:501-503. https://doi.org/10.1038/nm1746

Liu B, Fang F, Pedersen NL, Tillander A, Ludvigsson JF, Ekbom A, Sven-
ningsson P, Chen H, Wirdefeldt K (2017) Vagotomy and Parkinson disease:
a Swedish register-based matched-cohort study. Neurology 88:1996-
2002. https://doi.org/10.1212/wnl.0000000000003961

Lowe J, Blanchard A, Morrell K, Lennox G, Reynolds L, Billett M, Landon M,
Mayer RJ (1988) Ubiquitin is a common factor in intermediate filament
inclusion bodies of diverse type in man, including those of Parkinson'’s
disease, Pick’s disease, and Alzheimer’s disease, as well as Rosenthal fibres
in cerebellar astrocytomas, cytoplasmic bodies in muscle, and mallory
bodies in alcoholic liver disease. J Pathol 155:9-15. https://doi.org/10.
1002/path.1711550105

Luk KC, Kehm'V, Carroll J, Zhang B, O'Brien P, Trojanowski JQ, Lee VM
(2012) Pathological a-synuclein transmission initiates Parkinson-like
neurodegeneration in nontransgenic mice. Science 338:949-953. https://
doi.org/10.1126/science.1227157

Luk KC, Kehm VM, Zhang B, O'Brien P, Trojanowski JQ, Lee VM (2012)
Intracerebral inoculation of pathological a-synuclein initiates a rapidly
progressive neurodegenerative a-synucleinopathy in mice. J Exp Med
209:975-986. https://doi.org/10.1084/jem.20112457

. Luk KC, Song C, O'Brien P, Stieber A, Branch JR, Brunden KR, Trojanowski

JQ, Lee VM (2009) Exogenous alpha-synuclein fibrils seed the formation
of Lewy body-like intracellular inclusions in cultured cells. Proc Natl Acad
Sci U S A 106:20051-20056. https://doi.org/10.1073/pnas.0908005106
Luna E, Decker SC, Riddle DM, Caputo A, Zhang B, Cole T, Caswell C, Xie
SX, Lee VMY, Luk KC (2018) Differential a-synuclein expression contributes
to selective vulnerability of hippocampal neuron subpopulations to fibril-
induced toxicity. Acta Neuropathol 135:855-875. https://doi.org/10.1007/
s00401-018-1829-8

Mao X, Ou MT, Karuppagounder SS, Kam Tl, Yin X, Xiong Y, Ge P, Umanah
GE, Brahmachari S, Shin JH et al (2016) Pathological a-synuclein transmis-
sion initiated by binding lymphocyte-activation gene 3. Science. https://
doi.org/10.1126/science.aah3374

Masuda-Suzukake M, Nonaka T, Hosokawa M, Kubo M, Shimozawa A,
Akiyama H, Hasegawa M (2014) Pathological alpha-synuclein propagates
through neural networks. Acta Neuropathol Commun 2:88. https://doi.
0rg/10.1186/540478-014-0088-8

Masuda-Suzukake M, Nonaka T, Hosokawa M, Oikawa T, Arai T, Akiyama
H, Mann DM, Hasegawa M (2013) Prion-like spreading of pathological
a-synuclein in brain. Brain 136:1128-1138. https://doi.org/10.1093/brain/
awt037

Nguyen Q, Yokota T (2017) Immortalized muscle cell model to test the
exon skipping efficacy for duchenne muscular dystrophy. J Pers Med.
https://doi.org/10.3390/jpm7040013

Nonaka T, Watanabe ST, Iwatsubo T, Hasegawa M (2010) Seeded aggrega-
tion and toxicity of {alpha}-synuclein and tau: cellular models of neuro-
degenerative diseases. J Biol Chem 285:34885-34898. https://doi.org/10.
1074/jbc.M110.148460

Okuzumi A, Kurosawa M, Hatano T, Takanashi M, Nojiri S, Fukuhara T,
Yamanaka T, Miyazaki H, Yoshinaga S, Furukawa Y et al (2018) Rapid dis-
semination of alpha-synuclein seeds through neural circuits in an in-vivo
prion-like seeding experiment. Acta Neuropathol Commun 6:96. https://
doi.org/10.1186/540478-018-0587-0

Paumier KL, Luk KC, Manfredsson FP, Kanaan NM, Lipton JW, Collier TJ,
Steece-Collier K, Kemp CJ, Celano S, Schulz E et al (2015) Intrastriatal
injection of pre-formed mouse a-synuclein fibrils into rats triggers
a-synuclein pathology and bilateral nigrostriatal degeneration. Neurobiol
Dis 82:185-199. https://doi.org/10.1016/j.nbd.2015.06.003

Pefa-Oliver Y, Buchman VL, Dalley JW, Robbins TW, Schumann G, Ripley
TL, King SL, Stephens DN (2012) Deletion of alpha-synuclein decreases
impulsivity in mice. Genes Brain Behav 11:137-146. https://doi.org/10.
1111/j.1601-183X.2011.00758 x

. Pefa-Oliver Y, Buchman VL, Stephens DN (2010) Lack of involvement

of alpha-synuclein in unconditioned anxiety in mice. Behav Brain Res
209:234-240. https://doi.org/10.1016/j.bbr.2010.01.049
Polymeropoulos MH, Lavedan C, Leroy E, Ide SE, Dehejia A, Dutra

A, Pike B, Root H, Rubenstein J, Boyer R et al (1997) Mutation in the


https://doi.org/10.1073/pnas.1301440110
https://doi.org/10.1073/pnas.1301440110
https://doi.org/10.1017/erm.2019.5
https://doi.org/10.1016/s0140-6736(04)17104-3
https://doi.org/10.1038/s42003-022-03590-8
https://doi.org/10.1016/0896-6273(95)90302-x
https://doi.org/10.1016/0896-6273(95)90302-x
https://doi.org/10.1111/j.1471-4159.2010.06695.x
https://doi.org/10.1111/j.1471-4159.2010.06695.x
https://doi.org/10.1111/j.1750-3639.2008.00140.x
https://doi.org/10.1111/j.1750-3639.2008.00140.x
https://doi.org/10.1074/jbc.M117.780296
https://doi.org/10.1074/jbc.M117.780296
https://doi.org/10.1007/s00401-013-1096-7
https://doi.org/10.1007/s00401-013-1096-7
https://doi.org/10.1016/j.neuron.2012.05.009
https://doi.org/10.1016/j.neuron.2012.05.009
https://doi.org/10.1038/nm1747
https://doi.org/10.1038/ng0298-106
https://doi.org/10.1038/ng0298-106
https://doi.org/10.1093/jnen/62.12.1241
https://doi.org/10.1093/jnen/62.12.1241
https://doi.org/10.1186/s40478-019-0804-5
https://doi.org/10.1186/s40035-020-00217-y
https://doi.org/10.1038/nm1746
https://doi.org/10.1212/wnl.0000000000003961
https://doi.org/10.1002/path.1711550105
https://doi.org/10.1002/path.1711550105
https://doi.org/10.1126/science.1227157
https://doi.org/10.1126/science.1227157
https://doi.org/10.1084/jem.20112457
https://doi.org/10.1073/pnas.0908005106
https://doi.org/10.1007/s00401-018-1829-8
https://doi.org/10.1007/s00401-018-1829-8
https://doi.org/10.1126/science.aah3374
https://doi.org/10.1126/science.aah3374
https://doi.org/10.1186/s40478-014-0088-8
https://doi.org/10.1186/s40478-014-0088-8
https://doi.org/10.1093/brain/awt037
https://doi.org/10.1093/brain/awt037
https://doi.org/10.3390/jpm7040013
https://doi.org/10.1074/jbc.M110.148460
https://doi.org/10.1074/jbc.M110.148460
https://doi.org/10.1186/s40478-018-0587-0
https://doi.org/10.1186/s40478-018-0587-0
https://doi.org/10.1016/j.nbd.2015.06.003
https://doi.org/10.1111/j.1601-183X.2011.00758.x
https://doi.org/10.1111/j.1601-183X.2011.00758.x
https://doi.org/10.1016/j.bbr.2010.01.049

Sano et al. Acta Neuropathologica Communications

63.

64.

65.

66.

67.

68.

69.

70.

71

72.

73.

74.

75.

76.

77.

78.

(2024) 12:75

alpha-synuclein gene identified in families with Parkinson’s disease. Sci-
ence 276:2045-2047. https://doi.org/10.1126/science.276.5321.2045
Proukakis C, Dudzik CG, Brier T, MacKay DS, Cooper JM, Millhauser GL,
Houlden H, Schapira AH (2013) A novel a-synuclein missense mutation
in Parkinson disease. Neurology 80:1062-1064. https://doi.org/10.1212/
WNL.0b013e31828727ba

Prusiner SB, Woerman AL, Mordes DA, Watts JC, Rampersaud R, Berry DB,
Patel S, Oehler A, Lowe JK, Kravitz SN et al (2015) Evidence for a-synuclein
prions causing multiple system atrophy in humans with parkinsonism.
Proc Natl Acad Sci USA 112:E5308-5317. https://doi.org/10.1073/pnas.
1514475112

Ravits JM, La Spada AR (2009) ALS motor phenotype heterogeneity, focal-
ity, and spread: deconstructing motor neuron degeneration. Neurology
73:805-811. https://doi.org/10.1212/WNL.0b013e3181b6bbbd
Rodrigues M, Yokota T (2018) An overview of recent advances and clinical
applications of exon skipping and splice modulation for muscular dystro-
phy and various genetic diseases. Methods Mol Biol 1828:31-55. https://
doi.org/10.1007/978-1-4939-8651-4_2

Sandmann-Keil D, Braak H, Okochi M, Haass C, Braak E (1999) Alpha-
synuclein immunoreactive Lewy bodies and Lewy neurites in Parkinson’s
disease are detectable by an advanced silver-staining technique. Acta
Neuropathol 98:461-464. https://doi.org/10.1007/s004010051110
Schenk DB, Koller M, Ness DK, Griffith SG, Grundman M, Zago W, Soto J,
Atiee G, Ostrowitzki S, Kinney GG (2017) First-in-human assessment of
PRX002, an anti-a-synuclein monoclonal antibody, in healthy volunteers.
Mov Disord 32:211-218. https://doi.org/10.1002/mds.26878

Schneider SA, Alcalay RN (2017) Neuropathology of genetic synucle-
inopathies with parkinsonism: review of the literature. Mov Disord
32:1504-1523. https://doi.org/10.1002/mds.27193

Schofield DJ, Irving L, Calo L, Bogstedt A, Rees G, Nuccitelli A, Narwal R,
Petrone M, Roberts J, Brown L et al (2019) Preclinical development of a
high affinity a-synuclein antibody, MEDI1341, that can enter the brain,
sequester extracellular a-synuclein and attenuate a-synuclein spreading
in vivo. Neurobiol Dis 132:104582. https://doi.org/10.1016/j.nbd.2019.
104582

Serpell LC, Berriman J, Jakes R, Goedert M, Crowther RA (2000) Fiber
diffraction of synthetic alpha-synuclein filaments shows amyloid-like
cross-beta conformation. Proc Natl Acad Sci U S A 97:4897-4902. https://
doi.org/10.1073/pnas.97.9.4897

Shimozawa A, Ono M, Takahara D, Tarutani A, Imura S, Masuda-Suzukake
M, Higuchi M, Yanai K, Hisanaga SI, Hasegawa M (2017) Propagation of
pathological a-synuclein in marmoset brain. Acta Neuropathol Commun
5:12. https://doi.org/10.1186/540478-017-0413-0

Singleton AB, Farrer M, Johnson J, Singleton A, Hague S, Kachergus J, Huli-
han M, Peuralinna T, Dutra A, Nussbaum R et al (2003) alpha-Synuclein
locus triplication causes Parkinson’s disease. Science 302:841. https://doi.
org/10.1126/science.1090278

Sommer W, Rimondini R, O'Connor W, Hansson AC, Ungerstedt U, Fuxe

K (1996) Intrastriatally injected c-fos antisense oligonucleotide interferes
with striatonigral but not striatopallidal gamma-aminobutyric acid trans-
mission in the conscious rat. Proc Natl Acad Sci USA 93:14134-14139.
https://doi.org/10.1073/pnas.93.24.14134

Spillantini MG, Crowther RA, Jakes R, Cairns NJ, Lantos PL, Goedert M
(1998) Filamentous alpha-synuclein inclusions link multiple system atro-
phy with Parkinson’s disease and dementia with Lewy bodies. Neurosci
Lett 251:205-208. https://doi.org/10.1016/50304-3940(98)00504-7
Spillantini MG, Schmidt ML, Lee VI, Trojanowski JQ, Jakes R, Goedert M
(1997) Alpha-synuclein in Lewy bodies. Nature 388:839-840. https://doi.
0rg/10.1038/42166

Stein H, Hausen P (1969) Enzyme from calf thymus degrading the RNA
moiety of DNA-RNA Hybrids: effect on DNA-dependent RNA polymerase.
Science 166:393-395. https://doi.org/10.1126/science.166.3903.393
Svensson E, Horvath-Puho E, Thomsen RW, Djurhuus JC, Pedersen L,
Borghammer P, Sarensen HT (2015) Vagotomy and subsequent risk of
Parkinson’s disease. Ann Neurol 78:522-529. https://doi.org/10.1002/ana.
24448

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

Page 16 of 16

Tu PH, Galvin JE, Baba M, Giasson B, Tomita T, Leight S, Nakajo S, Iwatsubo
T, Trojanowski JQ, Lee VM (1998) Glial cytoplasmic inclusions in white
matter oligodendrocytes of multiple system atrophy brains contain
insoluble alpha-synuclein. Ann Neurol 44:415-422. https://doi.org/10.
1002/ana.410440324

Uchihara T (2007) Silver diagnosis in neuropathology: principles, practice
and revised interpretation. Acta Neuropathol 113:483-499. https://doi.
org/10.1007/500401-007-0200-2

Uchihara T, Nakamura A, Mochizuki Y, Hayashi M, Orimo S, Isozaki E, Mizu-
tani T (2005) Silver stainings distinguish Lewy bodies and glial cytoplas-
mic inclusions: comparison between Gallyas-Braak and Campbell-Switzer
methods. Acta Neuropathol 110:255-260. https://doi.org/10.1007/
s00401-005-1044-2

Uehara T, Choong CJ, Nakamori M, Hayakawa H, Nishiyama K, Kasahara

Y, Baba K, Nagata T, Yokota T, Tsuda H et al (2019) Amido-bridged nucleic
acid (AmNA)-modified antisense oligonucleotides targeting a-synuclein
as a novel therapy for Parkinson’s disease. Sci Rep 9:7567. https://doi.org/
10.1038/541598-019-43772-9

Uemura N, Yagi H, Uemura MT, Hatanaka Y, Yamakado H, Takahashi

R (2018) Inoculation of a-synuclein preformed fibrils into the mouse
gastrointestinal tract induces Lewy body-like aggregates in the brainstem
via the vagus nerve. Mol Neurodegener 13:21. https://doi.org/10.1186/
$13024-018-0257-5

Volpicelli-Daley LA, Luk KC, Lee VM (2014) Addition of exogenous
a-synuclein preformed fibrils to primary neuronal cultures to seed recruit-
ment of endogenous a-synuclein to Lewy body and Lewy neurite-like
aggregates. Nat Protoc 9:2135-2146. https://doi.org/10.1038/nprot.2014.
143

Volpicelli-Daley LA, Luk KC, Patel TP, Tanik SA, Riddle DM, Stieber A,
Meaney DF, Trojanowski JQ, Lee VM (2011) Exogenous a-synuclein fibrils
induce Lewy body pathology leading to synaptic dysfunction and
neuron death. Neuron 72:57-71. https://doi.org/10.1016/j.neuron.2011.
08.033

Wakabayashi K, Hayashi S, Kakita A, Yamada M, Toyoshima Y, Yoshimoto
M, Takahashi H (1998) Accumulation of alpha-synuclein/NACP is a cyto-
pathological feature common to Lewy body disease and multiple system
atrophy. Acta Neuropathol 96:445-452. https://doi.org/10.1007/50040
10050918

Wakabayashi K, Matsumoto K, Takayama K, Yoshimoto M, Takahashi H
(1997) NACP, a presynaptic protein, immunoreactivity in Lewy bodies in
Parkinson’s disease. Neurosci Lett 239:45-48. https://doi.org/10.1016/
50304-3940(97)00891-4

Wakabayashi K, Tanji K, Mori F, Takahashi H (2007) The Lewy body in Par-
kinson's disease: molecules implicated in the formation and degradation
of alpha-synuclein aggregates. Neuropathology 27:494-506. https://doi.
org/10.1111/j.1440-1789.2007.00803.x

Weihofen A, LiuY, Arndt JW, Huy C, Quan C, Smith BA, Baeriswyl JL,
Cavegn N, Senn L, Su L et al (2019) Development of an aggregate-
selective, human-derived a-synuclein antibody BIIB054 that amelio-

rates disease phenotypes in Parkinson’s disease models. Neurobiol Dis
124:276-288. https://doi.org/10.1016/j.nbd.2018.10.016

Zarranz JJ, Alegre J, Gomez-Esteban JC, Lezcano E, Ros R, Ampuero |,
Vidal L, Hoenicka J, Rodriguez O, Atarés B et al (2004) The new mutation,
E46K, of alpha-synuclein causes Parkinson and Lewy body dementia. Ann
Neurol 55:164-173. https://doi.org/10.1002/ana.10795

Zhou LW, Zhang SP, Weiss B (1996) Intrastriatal administration of an oligo-
deoxynucleotide antisense to the D2 dopamine receptor mRNA inhibits
D2 dopamine receptor-mediated behavior and D2 dopamine receptors
in normal mice and in mice lesioned with 6-hydroxydopamine. Neuro-
chem Int 29:583-595. https://doi.org/10.1016/50197-0186(96)00064-2

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


https://doi.org/10.1126/science.276.5321.2045
https://doi.org/10.1212/WNL.0b013e31828727ba
https://doi.org/10.1212/WNL.0b013e31828727ba
https://doi.org/10.1073/pnas.1514475112
https://doi.org/10.1073/pnas.1514475112
https://doi.org/10.1212/WNL.0b013e3181b6bbbd
https://doi.org/10.1007/978-1-4939-8651-4_2
https://doi.org/10.1007/978-1-4939-8651-4_2
https://doi.org/10.1007/s004010051110
https://doi.org/10.1002/mds.26878
https://doi.org/10.1002/mds.27193
https://doi.org/10.1016/j.nbd.2019.104582
https://doi.org/10.1016/j.nbd.2019.104582
https://doi.org/10.1073/pnas.97.9.4897
https://doi.org/10.1073/pnas.97.9.4897
https://doi.org/10.1186/s40478-017-0413-0
https://doi.org/10.1126/science.1090278
https://doi.org/10.1126/science.1090278
https://doi.org/10.1073/pnas.93.24.14134
https://doi.org/10.1016/s0304-3940(98)00504-7
https://doi.org/10.1038/42166
https://doi.org/10.1038/42166
https://doi.org/10.1126/science.166.3903.393
https://doi.org/10.1002/ana.24448
https://doi.org/10.1002/ana.24448
https://doi.org/10.1002/ana.410440324
https://doi.org/10.1002/ana.410440324
https://doi.org/10.1007/s00401-007-0200-2
https://doi.org/10.1007/s00401-007-0200-2
https://doi.org/10.1007/s00401-005-1044-2
https://doi.org/10.1007/s00401-005-1044-2
https://doi.org/10.1038/s41598-019-43772-9
https://doi.org/10.1038/s41598-019-43772-9
https://doi.org/10.1186/s13024-018-0257-5
https://doi.org/10.1186/s13024-018-0257-5
https://doi.org/10.1038/nprot.2014.143
https://doi.org/10.1038/nprot.2014.143
https://doi.org/10.1016/j.neuron.2011.08.033
https://doi.org/10.1016/j.neuron.2011.08.033
https://doi.org/10.1007/s004010050918
https://doi.org/10.1007/s004010050918
https://doi.org/10.1016/s0304-3940(97)00891-4
https://doi.org/10.1016/s0304-3940(97)00891-4
https://doi.org/10.1111/j.1440-1789.2007.00803.x
https://doi.org/10.1111/j.1440-1789.2007.00803.x
https://doi.org/10.1016/j.nbd.2018.10.016
https://doi.org/10.1002/ana.10795
https://doi.org/10.1016/s0197-0186(96)00064-2

	Effects of local reduction of endogenous α-synuclein using antisense oligonucleotides on the fibril-induced propagation of pathology through the neural network in wild-type mice
	Abstract 
	Introduction
	Materials and methods
	Mice
	Oligonucleotide synthesis
	Antibodies
	Preparation of recombinant aSyn fibrils
	Stereotaxic surgery
	Quantitative real-time polymerase chain reaction (PCR) assay
	Preparation of total lysates and sarkosyl-insoluble fractions of mouse brains and immunoblotting
	In situ hybridization (ISH) by RNAscope
	Immunohistochemistry of anti-PS antibody
	Silver staining
	Immunohistochemistry of anti-pSyn (pSer129), anti-ubiquitin, anti-p62, anti-Iba1, anti-NeuN, and anti-GFAP antibodies and quantification of pSyn (pSer129)-positive cells
	Immunofluorescent staining
	Behavioral analysis
	Wire hang tests
	Rotarod tests
	Statistical analysis

	Results
	Suppression of endogenous Snca gene expression by intrastriatal injection of Snca ASOs in WT mouse brain
	Prevention of the appearance of aSyn pathologies by Snca ASO pre-treatment at the aSyn PFFs inoculation site
	Inhibition of the progression of pSyn pathologies by Snca ASO simultaneous or post-treatment at the aSyn PFFs inoculation site
	Suppression of the appearance of pSyn pathologies by Snca ASO pre-treatment at the distant site of aSyn PFFs inoculation

	Discussion
	Conclusion
	Acknowledgements
	References


