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Abstract Parkinson’s disease (PD), the most common neurodegenerative movement disorder, is characterized by
dopaminergic neuron loss in the substantia nigra pars compacta (SNpc) and intraneuronal α-synuclein
(α-syn) inclusions. It is highly needed to establish a rodent model that recapitulates the
clinicopathological features of PD within a short period to efficiently investigate the pathological
mechanisms and test disease-modifying therapies. To this end, we analyzed three mouse lines, i.e., wild-
type mice, wild-type human α-syn bacterial artificial chromosome (BAC) transgenic (BAC-SNCA Tg)
mice, and A53T human α-syn BAC transgenic (A53T BAC-SNCA Tg) mice, receiving dorsal striatum
injections of human and mouse α-syn preformed fibrils (hPFFs and mPFFs, respectively). mPFF
injections induced more severe α-syn pathology in most brain regions, including the ipsilateral SNpc,
than hPFF injections in all genotypes at 1-month post-injection. Although these Tg mouse lines
expressed a comparable amount of α-syn in the brains, the mPFF-injected A53T BAC-SNCA Tg mice
exhibited the most severe α-syn pathology as early as 0.5-month post-injection. The mPFF-injected
A53T BAC-SNCA Tg mice showed a 38% reduction in tyrosine hydroxylase (TH)-positive neurons in
the ipsilateral SNpc, apomorphine-induced rotational behavior, and motor dysfunction at 2 months post-
injection. These data indicate that the extent of α-syn pathology induced by α-syn PFF injection depends
on the types of α-syn PFFs and exogenously expressed α-syn in Tg mice. The mPFF-injected A53T
BAC-SNCA Tg mice recapitulate the key features of PD more rapidly than previously reported mouse
models, suggesting their usefulness for testing disease-modifying therapies as well as analyzing the
pathological mechanisms.

Keywords (separated by '-') Parkinson’s disease - Propagation - Dopaminergic neurons - Lewy bodies - α-Synuclein - Transgenic
mouse - Behavioral abnormalities
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Abstract
Parkinson’s disease (PD), the most common neurodegenerative movement disorder, is characterized by dopaminergic neu-
ron loss in the substantia nigra pars compacta (SNpc) and intraneuronal α-synuclein (α-syn) inclusions. It is highly needed 
to establish a rodent model that recapitulates the clinicopathological features of PD within a short period to efficiently 
investigate the pathological mechanisms and test disease-modifying therapies. To this end, we analyzed three mouse lines, 
i.e., wild-type mice, wild-type human α-syn bacterial artificial chromosome (BAC) transgenic (BAC-SNCA Tg) mice, and 
A53T human α-syn BAC transgenic (A53T BAC-SNCA Tg) mice, receiving dorsal striatum injections of human and mouse 
α-syn preformed fibrils (hPFFs and mPFFs, respectively). mPFF injections induced more severe α-syn pathology in most 
brain regions, including the ipsilateral SNpc, than hPFF injections in all genotypes at 1-month post-injection. Although 
these Tg mouse lines expressed a comparable amount of α-syn in the brains, the mPFF-injected A53T BAC-SNCA Tg mice 
exhibited the most severe α-syn pathology as early as 0.5-month post-injection. The mPFF-injected A53T BAC-SNCA Tg 
mice showed a 38% reduction in tyrosine hydroxylase (TH)-positive neurons in the ipsilateral SNpc, apomorphine-induced 
rotational behavior, and motor dysfunction at 2 months post-injection. These data indicate that the extent of α-syn pathol-
ogy induced by α-syn PFF injection depends on the types of α-syn PFFs and exogenously expressed α-syn in Tg mice. The 
mPFF-injected A53T BAC-SNCA Tg mice recapitulate the key features of PD more rapidly than previously reported mouse 
models, suggesting their usefulness for testing disease-modifying therapies as well as analyzing the pathological mechanisms.

Keywords  Parkinson’s disease · Propagation · Dopaminergic neurons · Lewy bodies · α-Synuclein · Transgenic mouse · 
Behavioral abnormalities

Introduction

Parkinson’s disease (PD) is the most common neurodegen-
erative movement disorder [1]. The pathological findings 
include the loss of dopaminergic neurons in the substantia 

nigra pars compacta (SNpc) and the presence of α-synuclein 
(α-syn) inclusions in the form of Lewy bodies (LBs) and 
Lewy neurites. Clinically, dopamine depletion in the nigros-
triatal system causes motor symptoms, which can be par-
tially relieved by dopamine replacement therapy. Although 
this symptomatic therapy is initially effective for motor 
symptoms, most patients suffer from treatment-resistant 
motor symptoms, dysphagia, autonomic failure, psychosis, 
and dementia years after the onset of PD [1, 2]. The patho-
logical changes are also relentlessly progressive, seemingly 
associated with the progression of clinical symptoms. For 
instance, the motor dysfunction scores of the Unified Parkin-
son’s Disease Rating Scale (UPDRS) are linearly related to 
the neuronal density in the SNpc, which decreases with time 
[3]. Lewy pathology is also seen in the widespread brain 
regions in the late stage of PD, and its severity in the cortical 
areas and hippocampus correlates with cognitive decline in 
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PD [4–6]. Thus, one of the greatest unmet therapeutic needs 
in PD is the development of disease-modifying therapies 
that could slow down the disease progression or change the 
course of the disease.

To date, all attempts to develop disease-modifying thera-
pies for PD have failed. One of the biggest reasons for the past 
failures is the discrepancy between human PD and the ani-
mal models used for testing the candidate drugs. Toxin-based 
animal models, i.e., animals administered with 1-methyl-
4-phenyl-1,2,3,6-tetrahydropyridine or 6-hydroxydopamine, 
which rapidly induce dopaminergic neuron loss, have been 
often used to identify the potential disease-modifying thera-
pies [7, 8]. However, their neurotoxic mechanisms are distinct 
from α-syn–induced cellular dysfunction and death. Indeed, 
only a few of the candidates identified in toxin-based ani-
mal models are still considered to have a potential for disease 
modification [7]. Meanwhile, certain point mutations in the 
α-syn gene (SNCA) and genomic duplication and triplica-
tion that contain the SNCA locus lead to autosomal dominant 
familial PD [9–12]. Based on these genetic findings, many 
α-syn transgenic (Tg) rodent models have been generated to 
recapitulate the α-syn–driven pathological changes in PD [7, 
13]. Although these models have enhanced our understand-
ing of fundamental pathological processes of PD, their usage 
has limitations for the development of disease-modifying 
therapies: none of them exhibit α-syn aggregation followed 
by dopaminergic neuron loss in the SNpc or behavioral abnor-
malities within several months of age [7]. To overcome their 
shortcomings, viral vector-based α-syn overexpressing rodent 
models have been also generated [14, 15]. They show PD-like 
phenotypes on the scale of weeks, the timeframes applicable 
to drug discovery. However, one criticism is that this is only 
achieved with extremely high α-syn expression levels in the 
SN (several to 20 times higher than the endogenous level), 
which far exceed both physiological and disease conditions.

Growing evidence suggests that pathological α-syn aggre-
gates behave in a prion-like manner in terms of templated 
fibrilization and intercellular dissemination [16]. Injection of 
α-syn preformed fibrils (PFFs) into animals induces this pro-
cess, formation of LB-like inclusions, and their subsequent 
intercellular spread [17, 18]. Particularly, striatal injection 
of α-syn PFFs recapitulates the features characteristic of 
PD, i.e., the formation of LB-like inclusions followed by 
dopaminergic neuron loss in the SNpc and motor dysfunc-
tion [17]. In WT mice injected with mouse α-syn PFFs in 
the striatum, phosphorylated-α-syn (p-α-syn) pathology 
was observed as early as 30 days post-injection, followed by 
gradual reduction in the number of TH-positive neurons in 
the SNpc, 15 and 35% loss at 90 and 180 days post-injection, 
respectively. Motor impairment was also detected by the 
wire hang test at 90 days post-injection. However, consider-
ing that the effects of candidate disease-modifying therapies 
are evaluated at the end point of a model when it shows some 

PD phenotypes, these features are expected to be shortened 
to accelerate the pace of research. Previous studies showed 
that the development of α-syn pathology after intracerebral 
PFF injections was promoted in α-syn Tg mice compared 
with WT mice [19–22]. However, this pathological accelera-
tion depended on Tg mouse lines and types of α-syn PFFs 
[23, 24], and the degree of dopaminergic neuron loss was 
not evaluated.

We previously generated bacterial artificial chromosome 
(BAC) Tg mice harboring human α-syn gene (SNCA) and 
SNCA with an A53T mutation (hereafter, BAC-SNCA Tg 
mice and A53T BAC-SNCA Tg mice, respectively) [25, 26]. 
These Tg mice overexpressed exogenous human α-syn in the 
brains in a physiological pattern seen in WT mice, with a mild 
(~ 1.2–1.5-fold) increase of α-syn expression in the SN. The 
BAC-SNCA Tg mice did not exhibit any PD-related pathologi-
cal or behavioral phenotypes, whereas the A53T BAC-SNCA 
Tg mice exhibited REM sleep behavior disorder (RBD)-like 
behavior and hyposmia, both of which are prodromal symp-
toms of PD, with proteinase K-resistant α-syn aggregation 
and slight dopaminergic neuron loss (17% at 18 months of age 
compared with that of age-matched WT mice). In the present 
study, we applied striatal injection of human and mouse α-syn 
PFFs (hPFFs and mPFFs, respectively) to these two SNCA Tg 
mouse lines to generate a novel mouse model showing key 
pathological and behavioral phenotypes of PD within a short 
period amenable to a rapid investigation of the pathological 
mechanisms and drug testing.

Methods

Animals and Ethics Statement

WT mice, homozygous BAC-SNCA Tg mice, and heterozy-
gous A53T BAC-SNCA Tg mice with C57BL/6 J back-
ground were used for this study. To genotype the progeny 
of BAC-SNCA Tg mice and A53T BAC-SNCA Tg mice, 
polymerase chain reaction was performed as described pre-
viously [26]. All experiment procedures were in accordance 
with the national guidelines. The Animal Research Commit-
tee of Kyoto University granted ethical approval and permis-
sion (MedKyo 17,184).

Western Blot Analysis

Western blot analyses were conducted as described previ-
ously [27]. Briefly, phosphate buffer saline (PBS)–perfused 
brains were homogenized in 10 volumes (w/v) of 2% sodium 
dodecyl sulfate (SDS) buffer (150 mM NaCl, 1 mM ethylen-
ediaminetetraacetic acid, 10 mM Tris–HCl, 1% [v/v] Triton 
X-100, 2% [v/v] SDS) on ice, followed by sonication with a 
Bioruptor ultrasonic wave disruption system for 1 min and 
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centrifugation at 20,400 g at 4 °C for 15 min. The super-
natant was boiled in sample buffer (1% [w/v] SDS, 12.5% 
[w/v] glycerol, 0.005% [w/v] bromophenol blue, 2.5% [v/v] 
2-mercaptoethanol, 25 mM Tris–HCl, pH 6.8). Samples 
containing 18 μg of protein were loaded in each lane and 
separated on NuPAGE 4–12% (w/v) gradient gels (Invitro-
gen). Proteins were transferred to polyvinylidene difluoride 
membranes with a Trans-Blot SD Semi-Dry Transfer Cell 
(Bio-Rad). The membranes were treated with 4% (w/v) para-
formaldehyde (PFA) in PBS for 30 min at room temperature 
before blocking to prevent detachment of α-syn from the 
blotted membrane. For western blot analysis, the following 
primary antibodies were used: anti-α-syn (BD Transduction, 
#610,787 [Syn-1], 1:2000), anti-human α-syn (Invitrogen, 
#180,215 [LB509], 1:500), anti-mouse α-syn (Cell Sign-
aling, #4179 [D37A6], 1:1000), and anti-β-actin (Sigma-
Aldrich, #A1978, 1:5000). After blocking with 5% (w/v) 
skim milk in PBS for 30 min, the membranes were incubated 
with primary antibodies at 4 °C for 1 to 3 days, followed by 
reaction with horseradish peroxidase-conjugated secondary 
antibodies (Rockland Immunochemicals, TrueBlot ULTRA) 
for 1 h. Immunoreactive bands were detected with Chemi-
Lumi One Super (Nacalai Tesque), and the chemilumines-
cent signal was detected with Amersham Imager 600 (GE 
Healthcare). Densitometric analyses were performed using 
ImageJ software (National Institutes of Health).

Generation of α‑Syn Monomer and PFFs

α-Syn monomer and PFFs were generated as described pre-
viously with minor modifications [28, 29]. Briefly, mouse 
α-syn and WT or A53T human α-syn were expressed in 
Escherichia coli BL21 (DE3) (BioDynamics Laboratory) 
and were purified by boiling and ion exchange using Q 
Sepharose Fast Flow (GE Healthcare). After dialyzed against 
dialysis buffer (150 mM KCl, 50 mM Tris–HCl, pH 7.5), 
α-syn solution (7 mg/ml) was agitated at 37 °C at 1,000 rpm 
for 10 days. After ultracentrifugation at 186,000 g at 20 °C 
for 20 min, the pellets of α-syn PFFs were resuspended in 
PBS (2.5 µg/µl) and then sonicated with a Bioruptor ultra-
sonic wave disruption system for 5 min before injections. 
The characterization of α-syn PFFs before and after sonica-
tion was described previously [29, 30].

Stereotaxic Surgery

Mice at 2–3 months of age were anesthetized with aver-
tin (2,2,2-tribromoethanol) and then stereotaxically inocu-
lated with 2 µl of α-syn PFFs or PBS into the left dorsal 
striatum (coordinates: AP + 0.2 mm relative to the bregma, 
ML + 2.0 mm from the midline, DV − 2.6 mm from the skull 
surface) using a 33-gauge Neuros syringe (Hamilton).

Immunohistochemical Analysis

Mice were anesthetized with sevoflurane and transcardi-
ally perfused with 4% (w/v) PFA in PBS. The brains were 
removed and immersed in 4% (w/v) PFA in PBS at 4 °C 
overnight. Paraffinized brains were sectioned with a thick-
ness of 8 μm. For immunohistochemical and immunofluo-
rescent analyses, the following primary antibodies were used: 
anti-p-α-syn (Abcam, #ab51253 [EP1536Y], 1:5000), anti-
p-α-syn (Wako, #015–25,191 [#64], 1:1000), anti-tyrosine 
hydroxylase (TH, Millipore, #MAB318 [LNC1], 1:5000), 
anti-TH (Millipore, #AB152, 1:500), anti-p62 (MBL, 
#PM045, 1:1000), anti-ubiquitin (DAKO, #Z0458, 1:1000), 
anti-ionized calcium-binding adapter molecule 1 (Iba1, Wako, 
#019–19,741, 1:100), and anti-glial fibrillary acidic protein 
(GFAP, Sigma-Aldrich, #G3893, 1:500). The sections were 
incubated at 4 °C with the primary antibodies for 1 to 2 days 
and then processed for visualization. As secondary antibod-
ies, Histofine (Nichirei Bioscience) and Alexa Fluor 488 or 
594-conjugated antibodies (Invitrogen) were used for diam-
inobenzidine staining and immunofluorescence, respectively. 
To evaluate p-α-syn–positive pathology and the number of 
dopaminergic neurons in the SNpc, every 10th section was 
stained with the anti-p-α-syn (EP1536Y) and anti-TH (LNC1) 
antibodies. The numbers of p-α-syn–positive and TH-positive 
cells with visible nuclei were manually counted. Semiquanti-
tative analyses were performed on seven coronal Sects. (2.96, 
1.34, 0.14, − 1.82, − 2.92, − 3.88, and − 5.34 mm relative 
to bregma) and color coded onto heat maps. The extent of 
p-α-syn–positive pathology was graded as sparse to severe 
pathology based on the following criteria: sparse, neuritic 
pathology or 2–3 LB-like inclusions; mild, 4–9 LB-like inclu-
sions; moderate, 10–29 LB-like inclusions; and severe, 30 
or more LB-like inclusions seen with a 20 × objective lens. 
Scores were determined by the observations of at least 2 mice 
for each group. To assess microglial activation and reactive 
astrogliosis, the percentage of Iba1- and GFAP-positive areas 
in the ipsilateral SNpc and averaged Iba1-positive area per 
microglia were measured with ImageJ (National Institutes of 
Health). For assessment of nigrostriatal dopaminergic neu-
ron terminals, the TH optical density in the dorsal striatum 
at − 0.22 mm, 0.26 mm, and 0.74 mm relative to the bregma 
was measured with ImageJ.

In Vitroα‑Syn Fibrillization Assay

In vitro α-syn fibrillization assay was performed as described 
previously [31]. Briefly, a mixture consisting of mouse α-syn 
monomer (0.5 mg/ml), WT or A53T human α-syn mono-
mer (0.5 mg/ml), and 0.5 μM thioflavin T were seeded with 
1% (w/w) hPFF or mPFF and then continuously agitated at 
600 rpm. The fluorescence at 535 nm (excitation 450 nm) 
was measured every 0.5 h with a multi-label plate reader 
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(PerkinElmer, 2030 ARVO X3). The initiation and elonga-
tion rates were defined as the inverse values of time to reach 
25% and time from 25 to 75% of maximum thioflavin T 
fluorescence, respectively.

Behavioral Analysis

Behavioral analyses were conducted as described previously 
[32]. Male mice were used for all the behavioral analyses. For 
the comparisons among PBS-injected WT mice, PBS-injected 
A53T BAC-SNCA Tg mice, and mPFF-injected A53T BAC-
SNCA Tg mice, a batch composed of 12, 13, and 13 mice, 
respectively, was subjected to the behavioral tests at 2 months 
post-injection. Before every test, the mice were habituated to 
the experimental environment for more than 30 min.

Apomorphine‑Induced Rotational Behavior Test

Apomorphine-induced rotational behavior test was per-
formed as previously described with minor modifications 
[33]. Mice received a subcutaneous injection of apomor-
phine (0.75 μg/g (body weight)) and were placed in an 
opaque cylinder of 30 cm diameter. After a 5-min habitua-
tion period, movements were recorded for 5 min. Both con-
tralateral and ipsilateral full-body rotations are measured.

Muscular Strength Test

For the grip strength test, mice were lifted and held by their 
tail so that they grasped the wire grid of the grip strength meter 
(O’Hara & Co.) with their forepaws. The mice were then gen-
tly pulled backward by their tail with the posture horizontal 
until they released the grid. The greatest peak force measured 
among three tests was used for statistical analysis. For the 
wire hang test, mice were placed on a wire mesh, which was 
inverted and waved gently so that the mice gripped the wire. 
The latency to fall was recorded, with a 120-s cut-off time.

Elevated Plus Maze Test

The elevated plus maze apparatus (O’Hara & Co.) consisted 
of two open arms (25 cm × 5 cm) and two enclosed arms of 
the same size with transparent walls. The arms were elevated 
to a height of 55 cm above the floor. Mice were placed in the 
central square of the maze (5 cm × 5 cm) and allowed to move 
freely for 10 min. The distance traveled, entries into the arms, 
and time spent in the arms were recorded automatically.

Light/Dark Transition Test

The apparatus for the light/dark transition test consisted of 
a cage (42 × 21 × 25 cm) divided into two sections of equal 
size by a partition with a door (O’Hara & Co.). One chamber 

was brightly illuminated (390 lx), whereas the other chamber 
was dark (2 lx). Mice were placed into the dark area and 
allowed to move freely between the two chambers through 
the open door for 10 min. The transitions between cham-
bers, time spent in each chamber, and distance traveled were 
recorded automatically.

Open Field Test

Mice were placed at the center of the field inside an open 
field apparatus (Accuscan Instruments, 42 × 42 × 30 cm) and 
allowed to move freely for 30 min. The distance traveled, 
time spent in the center area (20 × 20 cm), vertical activity, 
and stereotypic movements were recorded automatically.

Rotarod Test

The accelerating rotarod (Ugo Basile) was used for the rotarod 
test. The speed of the rotarod accelerated from 4 to 40 rpm 
over a 5 min period. Mice were placed on rotating drums (3 cm 
diameter), and the latency to fall was recorded. Mice were sub-
jected to the test three times a day for 2 consecutive days.

Porsolt Forced Swim Test

The apparatus for the Porsolt forced swim test consisted of 
four Plexiglas cylinders (20 cm height × 10 cm diameter). 
The cylinders were filled with water (23 °C), up to a height 
of 7.5 cm. Mice were placed in the cylinders and allowed 
to move freely for 10 min. The immobile time and distance 
traveled were recorded automatically.

Y‑Maze Test

Mice were placed at the end of one arm of the Y-maze appa-
ratus (O’Hara & Co.) and allowed to move freely for 5 min. 
The distance traveled and series of arm entries were recorded. 
An alternation was defined as entries into all three arms on 
consecutive occasions. The number of maximum alternations 
was therefore the total number of arm entries minus two, and 
the percentage of alternations was calculated.

Tail Suspension Test

Mice were suspended 30 cm above the floor in a visually 
isolated area by adhesive tape placed ~ 1 cm from the tip of 
the tail. The immobile time was recorded for 10 min.

Contextual and Cued Fear Conditioning Test

On day 1, conditioning was performed. Mice were placed 
in a test chamber inside a sound-attenuated chamber and 
allowed to explore freely for 2 min. A 55-dB white noise, 
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which is conditioned stimulus (CS), was presented for 
30 s, followed by a foot shock (2 s, 0.35 mA) serving as 
unconditioned stimulus (US). Two more CS-US parings 
were supplied with 2 min interstimulus intervals. On day 2, 
contextual memory retention test was performed 24 h after 
conditioning in the same chamber. The immobile time and 
distance traveled were recorded automatically for 5 min. On 
day 3, auditory-cued fear retention test under altered context 
was performed in a different chamber. Mice were allowed to 
move freely for 3 min, and then CS was presented for 3 min. 
The immobile time and distance traveled were recorded 
automatically.

Statistical Analysis

Statistical calculations were performed with GraphPad Prism 
software, Version 5.0. All the statistical tests conducted are 
described in the figure legends. An F test, a Brown–Forsythe 
test, and a Bartlett’s test were performed to evaluate the dif-
ferences in variances. Differences with p values of less than 
0.05 were considered significant.

Results

BAC‑SNCA Tg Mice and A53T BAC‑SNCA Tg 
Mice Express an Almost Equal Amount of α‑Syn 
in the Brains

In the present study, we used two SNCA Tg mouse lines, 
i.e., BAC-SNCA Tg mice and A53T BAC-SNCA Tg mice, 
both of which we generated previously [25, 26]. We used 
BAC-SNCA Tg and A53T BAC-SNCA Tg mice in homozy-
gous and heterozygous states, respectively, because the lat-
ter line rarely produced homozygous Tg pups. We exam-
ined α-syn expression in the brains of these BAC-SNCA Tg 
mice as well as WT mice. These two SNCA Tg mouse lines 
expressed an almost equal amount of human and total α-syn 
in their brains, with the total α-syn overexpressed by 2.9 
and 2.7-fold in BAC-SNCA Tg and A53T BAC-SNCA Tg 
mice, respectively, relative to WT mice (Fig. 1). However, 
the expression levels of endogenous mouse α-syn in both 
lines were lower than that in WT mice probably because of 
the negative feedback response to exogenous α-syn overex-
pression. Theoretically, the ratios of mouse α-syn to human 
α-syn expression levels are 1:3 and 1:8 in the BAC-SNCA 
mice and A53T BAC-SNCA mice, respectively. The expres-
sion pattern of the exogenous α-syn expressed by the BAC 
transgene closely resembled that of the endogenous mouse 
α-syn in WT mice [26]. Therefore, we presume that the 
ratios of human α-syn to mouse α-syn expression levels 
should be almost the same across the brains of each SNCA 
Tg line. The amount of total α-syn that heterozygous A53T 

BAC-SNCA Tg mice expressed as compared with that of WT 
mice was higher than what we reported previously, possibly 
because of the difference in detergent used to extract proteins 
(i.e., 1% Triton X-100 buffer for the previous studies [26, 32] 
and 2% SDS buffer for the present study).

Comparisons of Pathological Changes Among 
hPFF‑, mPFF‑, and PBS‑Injected Mice at 1‑Month 
Post‑injection

The efficiency of templated fibrillization of α-syn is affected 
by the species of both monomeric α-syn substrate and fibril-
lar α-syn seed. Seeded fibrillization of α-syn across species 
is generally inefficient, which may be attributed to mis-
matches in amino acid sequences [31]. Because it remains 
unclear which fibrillar α-syn seed more efficiently induces 
fibrillization in SNCA Tg mouse lines, we injected hPFFs, 
mPFFs, or PBS into the unilateral dorsal striatum of WT 
mice, BAC-SNCA Tg mice, and A53T BAC-SNCA Tg mice. 
First, we conducted pathological analyses on all the groups 
at 1-month post-injection. P-α-syn immunohistochemis-
try revealed stronger p-α-syn immunoreactivity in the Tg 
mice injected with PBS than that in the WT mice injected 
with PBS in some brain regions (Fig. 2a, Supplementary 
file 1: Fig. S1). However, α-syn PFF-induced α-syn inclu-
sions were clearly distinguished based on its even stronger 
p-α-syn staining intensity and morphology, as we reported 
previously [32]. The pathological analysis revealed that 
p-α-syn–positive inclusions in widespread brain regions 
of both hPFF- and mPFF-injected mice (Fig. 2a, f, Sup-
plementary file 1: Fig. S1). mPFF-injected mice showed 
comparable to more severe α-syn pathology in most brain 
regions compared with hPFF-injected mice in all the geno-
types (Fig. 2f). Specifically, the number of p-α-syn–positive 
cells in the ipsilateral SNpc was higher in mPFF-injected 
mice than that in hPFF-injected mice in all the genotypes 
despite no significant differences among the mPFF-injected 
groups (Fig. 2b). We confirmed that p-α-syn–positive inclu-
sions seen in the ipsilateral SNpc were within TH-positive 
neurons (Fig. 2c). Moreover, most of the p-α-syn inclusions 
were immunopositive for p62 and ubiquitin (Supplementary 
file 2: Fig. S2), both of which are also positive in LBs. Since 
mPFF-injected mice showed more severe α-syn pathology 
than hPFF-injected mice in all the genotypes, we then evalu-
ated the numbers of TH-positive neurons in the SNpc of 
mPFF-injected mice (Fig. 2d, e). mPFF-injected WT and 
BAC-SNCA Tg mice did not show significant change in 
the number of TH-positive neurons in the ipsilateral SNpc, 
whereas mPFF-injected A53T BAC-SNCA Tg mice showed 
significant decrease in the number of TH-positive neurons 
compared with the contralateral SNpc (Fig. 2e).

Collectively, injection of mPFFs induced more 
severe α-syn pathology in all the genotypes at 1-month 
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post-injection than that of hPFFs. Among mPFF-injected 
mice, A53T BAC-SNCA Tg mice showed significant 
decrease in the number of TH-positive neurons in the ipsi-
lateral SNpc as early as 1-month post-injection.

Rapid Formation of α‑Syn Pathology 
in mPFF‑Injected A53T BAC‑SNCA Tg Mice

Although the severity of α-syn pathology is similar 
between mPFF-injected BAC-SNCA Tg and A53T BAC-
SNCA Tg mice at 1-month post-injection, decrease in the 
number of TH-positive neurons was already seen in the 
latter mice at the time point (Fig. 2e). These observations 
prompted us to go back to an earlier time point to see the 
extent of α-syn pathology. The pathological analysis of 
mPFF-injected mice at 0.5-month (2 weeks) post-injection 
clearly showed more severe α-syn pathology in most brain 
regions in the mPFF-injected A53T BAC-SNCA Tg mice 
than those in the mPFF-injected WT and BAC-SNCA Tg 
mice (Fig. 3a–c). These results suggest that mPFF injection 
induces a more rapid formation of α-syn pathology and 

subsequent decrease in the number of TH-positive neurons 
in A53T BAC-SNCA Tg mice than those in WT and BAC-
SNCA Tg mice [34]. Indeed, the α-syn pathology was less 
severe in most brain regions of the mPFF-injected A53T 
BAC-SNCA Tg mice at 1-month post-injection than at 0.5-
month post-injection (Figs. 2f and 3c).

a

b c d

Fig. 1   α-Syn expression in the brains of BAC-SNCA Tg and A53T 
BAC-SNCA Tg mice. a Western blot analysis of whole brain lysates 
of BAC-SNCA Tg (SNCA), A53T BAC-SNCA Tg (A53T-SNCA), and 
WT mice with Syn-1 (human [Hu] and mouse [Mo] α-syn), LB509 
(human α-syn), and D37A6 (mouse α-syn) antibodies. b, c, d Quan-

tification of Syn-1, LB509, and D37A6-positive bands normalized by 
β-actin (n = 3). Results are shown as values relative to WT (b), A53T-
SNCA (c), and WT (d). One-way ANOVA with Tukey’s post hoc test 
was performed; *p < 0.05, **p < 0.01, ***p < 0.001; n.s., not signifi-
cant. Data are the mean ± SEM

Fig. 2   Comparisons of pathological changes among hPFF-, 
mPFF-, and PBS-injected mice at 1-month post-injection. a P-α-
syn (EP1536Y) immunostaining of the ipsilateral SNpc. Scale bar 
100 μm. b Number of p-α-syn–positive cells in the ipsilateral SNpc 
(n = 3–4). A two-tailed Student’s t-test was performed within each 
genotype; *p < 0.05, **p < 0.01. One-way ANOVA with Tukey’s post 
hoc test was performed among mPFF-injected groups; n.s., not sig-
nificant. c Double immunostaining for TH and p-α-syn (#64) in the 
ipsilateral SNpc of mPFF-injected A53T BAC-SNCA Tg mice. Scale 
bar 20  μm. d TH immunostaining of the SNpc of mPFF-injected 
mice. Scale bar 100 µm. e Number of TH-positive cells in the SNpc 
of mPFF-injected mice (n = 4). A two-tailed Student’s t-test was per-
formed within each genotype; *p < 0.05; n.s., not significant. Data 
are the mean ± SEM. f Heat map colors represent the extent of α-syn 
pathology (light yellow, sparse pathology; yellow, mild pathology; 
orange, moderate pathology; red, severe pathology). Left is the injec-
tion (ipsilateral) side
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In Vitro Fibrillization Assay Replicates the Rapid 
Formation of α‑Syn Pathology in mPFF‑Injected 
A53T BAC‑SNCA Tg Mice

To analyze the kinetics of α-syn fibrillization in the condi-
tions that recapitulate the SNCA Tg mice injected with α-syn 
PFFs, we conducted an in vitro α-syn fibrillization assay. We 
prepared two α-syn monomer mixtures: one was a mixture of 
mouse and WT human α-syn monomers that represent BAC-
SNCA Tg mice, and the other was a mixture of mouse and 
A53T human α-syn monomers that represent A53T BAC-
SNCA Tg mice. For simplicity, we used 1:1 ratio of mouse 
and human α-syn monomers. After seeded with hPFFs or 
mPFFs, they were constantly agitated, and the fluorescence 

of thioflavin T was monitored as the extent of α-syn fibrilli-
zation. Both mixtures of α-syn monomers seeded with 
mPFFs showed more rapid initial fibrillization than those 
seeded with hPFFs (Fig. 4a–d). In addition, the mixture of 
mouse and A53T human α-syn monomers showed more 
rapid elongation of fibrillization than the mixture of mouse 
and WT human α-syn monomers (Fig. 4a–d). These in vitro 
results are consistent with in vivo results showing mPFF-
injected A53T BAC-SNCA Tg mice showed the most rapid 
and severe pathology among the models tested (Fig. 2a, b, 
f, Fig. 3, Supplementary file 1: Fig. S1). These results may 
be partially explained by the fact that 53rd amino acid is 
homologous between mouse α-syn and A53T human α-syn 
[31].

a

c

b

Fig. 3   Comparisons of pathological changes in the mPFF-injected 
mice at 0.5-month post-injection. a P-α-syn (EP1536Y) immu-
nostaining of the ipsilateral SNpc, basolateral amygdala (BLA), and 
entorhinal cortex (Ent) of mPFF-injected mice. Scale bar 100 μm. b 
Number of p-α-syn–positive cells in the ipsilateral SNpc of mPFF-

injected mice (n = 3–4). One-way ANOVA with Tukey’s post hoc test 
was performed; **p < 0.01. Data are the mean ± SEM. c Heat map 
colors represent the extent of α-syn pathology (light yellow, sparse 
pathology; yellow, mild pathology; orange, moderate pathology; red, 
severe pathology). Left is the injection (ipsilateral) side
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Pathological Characterization of mPFF‑Injected 
A53T BAC‑SNCA Tg Mice

The results we obtained so far indicate that mPFF-injected 
A53T BAC-SNCA Tg mice have the potential as a novel 
PD mouse model that fulfills the purpose of this study. 
Therefore, we conducted pathological analyses up to 
4 months post-injection to further characterize this model. 
The number of p-α-syn–positive cells in the ipsilateral 
SNpc was the highest at 0.5-month post-injection and 
decreased over time, reaching almost zero at 4 months 
post-injection (Fig. 5a, d). The number of TH-positive 
neurons in the ipsilateral SNpc also decreased over time, 
reaching 38% and 46% reductions at 2 and 4 months post-
injection, respectively (Fig. 5b, e). Interestingly, the sum 
of the number of p-α-syn–positive cells and the decrease 
in the number of TH-positive neurons was almost constant 

throughout the time course (Fig. 5d, e), suggesting the loss 
of α-syn inclusion–bearing dopaminergic neurons. How-
ever, we cannot completely exclude the possibility that 
α-syn inclusion–bearing neurons lost the TH expression 
[35]. TH immunostaining in the dorsal striatum can be used 
to assess the degeneration of nigrostriatal dopaminergic 
neuron terminals [17, 36]. TH optical density in the dorsal 
striatum was not changed in the PBS-injected A53T BAC-
SNCA Tg mice, whereas that was reduced by 42% in mPFF-
injected A53T BAC-SNCA Tg mice at 0.5-month post-
injection, without further reduction throughout the time 
course (Fig. 5c, f). We evaluated α-syn pathology through-
out the brains and found dynamic changes in the sever-
ity of the α-syn pathology, depending on the brain region 
and time point (Fig. 5g, Supplementary files 3  and 4: 
Figs. S3 and S4), which could be attributed to the com-
bination of loss of α-syn inclusion–bearing neurons and 

a

c

b

d

Fig. 4   A53T human α-syn fibrillizes more rapidly than WT human 
α-syn in the presence of mouse α-syn in in vitro α-syn fibrillization 
assay. a, b Mixture of mouse α-syn and WT or A53T human α-syn 
monomers seeded with hPFFs, mPFFs, or PBS and then constantly 
agitated. Fluorescence of thioflavin T was plotted every 2 h (n = 4). 
c Initiation rates represent the inverse values of time to reach 25% of 
the maximum fluorescence. d Elongation rates represent the inverse 

values of time from 25 to 75% of the maximum fluorescence. One-
way ANOVA with Tukey’s post hoc test was performed among 
mixtures of mouse α-syn and WT or A53T human α-syn mono-
mer groups; **p < 0.01, ***p < 0.001; n.s., not significant. A two-
tailed Student’s t-test was performed within mPFF-seeded groups; 
####p < 0.0001; n.s., not significant. Data are the mean ± SEM
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newly formed α-syn pathology. This fast turnover in the 
A53T BAC-SNCA mice compared with WT mice reported 
previously [17] suggests faster interneuronal transmission 

of α-syn pathology in the A53T BAC-SNCA than WT mice. 
We also examined glial involvement in this model. Iba1 
immunostaining revealed an increase in Iba1-positive area, 
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the number of microglia, and the averaged Iba-1-positive 
area per microglia with hypertrophic change in the ipsilat-
eral SNpc at 0.5-month post-injection (Fig. 6a–e). GFAP 

immunostaining also revealed trends toward an increase 
in the GFAP-positive area in the ipsilateral SNpc espe-
cially at 1-month post-injection, suggesting the possible 
involvement of reactive astrogliosis (Supplementary file 
6: Fig. S6).

We also conducted pathological analyses on WT mice 
injected with mPFFs up to 2 months post-injection and 
found a constant increase in the number of p-α-syn–positive 
cells without obvious decrease in the number of TH-positive 
neurons in the SNpc (Supplementary file 5: Fig. S5a, b, d, 
e). These results further support the accelerated formation 
of α-syn pathology and neuron loss in the mPFF-injected 
A53T BAC-SNCA Tg mice. Indeed, the mPFF-injected WT 
mice at 2 months post-injection showed a similar number of 
p-α-syn–positive cells and distribution of α-syn pathology 
to those seen in the mPFF-injected A53T BAC-SNCA Tg 
mice at 0.5-month post-injection (Fig. 5d, g, Supplementary 
file 5: Fig. S5d, g). TH optical density was reduced by 18% 
in the mPFF-injected WT mice at 0.5-month post-injection, 

Fig. 5   Pathological characterization of the mPFF-injected A53T 
BAC-SNCA Tg mice. A53T BAC-SNCA Tg mice injected with 
mPFFs (A53T-mPFF) or PBS (A53T-PBS). Month post-injection is 
abbreviated as mpi. a, b P-α-syn (EP1536Y) and TH immunostaining 
of the ipsilateral SNpc. Scale bar 100 μm. c TH immunostaining of 
the striatum. Left is the injection (ipsilateral) side. d Number of p-α-
syn–positive cells in the ipsilateral SNpc (n = 3–4). One-way ANOVA 
with Tukey’s post hoc test was performed; *p < 0.05, **p < 0.01. 
e Number of TH-positive cells in the ipsilateral and contralateral 
SNpc (n = 3–5). Two-way ANOVA with post hoc Sidak’s multiple 
comparison test was performed; *p < 0.05, **p < 0.01, ***p < 0.001, 
****p < 0.0001. f TH optical density ratio of ipsilateral to contralat-
eral side of the dorsal striatum (n = 3–5). One-way ANOVA with 
Tukey’s post hoc test was performed; *p < 0.05, **p < 0.01. g Heat 
map colors represent the extent of α-syn pathology (light yellow, 
sparse pathology; yellow, mild pathology; orange, moderate pathol-
ogy; red, severe pathology). Asterisks indicate the injection sites. 
Data are the mean ± SEM

◂

c

b

a

d e

Fig. 6   Microglial activation in the ipsilateral SNpc of the mPFF-
injected A53T BAC-SNCA Tg mice. a, b Double immunostaining 
for p-α-syn (#64) and Iba1 in the ipsilateral SNpc of mPFF-injected 
A53T BAC-SNCA Tg mice. Scale bar 100 μm (a). Scale bar 50 μm 
(b). c Percentage of Iba1-positive area in the ipsilateral SNpc of 
mPFF-injected A53T BAC-SNCA Tg mice (n = 3–4). Kruskal–Wallis 
test followed by Dunn’s multiple comparisons test: PBS vs. 0.5mpi, 

*p < 0.05. d Number of microglia/105 μm2 in the ipsilateral SNpc 
of mPFF-injected A53T BAC-SNCA Tg mice (n = 3–4). Kruskal–
Wallis test followed by Dunn’s multiple comparisons test: PBS vs. 
0.5mpi, *p < 0.05. e Averaged Iba1-positive area per microglia (μm2) 
in the ipsilateral SNpc of mPFF-injected A53T BAC-SNCA Tg mice 
(n = 3–4). Kruskal–Wallis test followed by Dunn’s multiple compari-
sons test: PBS vs. 0.5mpi, *p < 0.05. Data are the mean ± SEM
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reaching a 30% reduction at 2 months post-injection (Sup-
plementary file 5: Fig. S5c, f). This suggests that the degen-
eration of dopaminergic neuron terminals is more severe 
in the mPFF-injected A53T BAC-SNCA Tg mice than in 
the mPFF-injected WT mice and precedes decrease in the 
number of TH-positive neurons in the SNpc in both groups.

Behavioral Features of mPFF‑Injected A53T 
BAC‑SNCA Tg Mice

We conducted a battery of behavioral analyses including 
an apomorphine-induced rotational behavior test on the 
mPFF-injected A53T BAC-SNCA Tg mice together with 
the PBS-injected WT mice and PBS-injected A53T BAC-
SNCA Tg mice as controls at 2 months post-injection. 
Apomorphine-induced rotational behavior test revealed 
an increased number of contralateral rotations (away from 

the injection side) in the mPFF-injected A53T BAC-
SNCA Tg mice (Fig.  7a, b, Supplementary file 8–10: 
Video 1–3), suggesting dopamine hypersensitivity on 
the ipsilateral side [37]. Latency to fall in rotarod test 
and total distance in open field test were decreased in the 
mPFF-injected A53T BAC-SNCA Tg mice, even though 
both only attained statistical significance when compar-
ing two groups, suggesting possible motor incoordina-
tion and reduced locomotion, respectively, in this model 
(Fig. 7c–e). Wire hang test revealed a decrease in latency 
to fall in the mPFF-injected A53T BAC-SNCA Tg mice, 
suggesting muscle weakness in this model (Fig. 7f). We 
also evaluated memory impairment, anxiety-like behav-
ior, and depression-like behavior by other behavioral 
tests; however, we found no significant abnormalities in 
the mPFF-injected A53T BAC-SNCA Tg mice (Supple-
mentary file 7: Fig. S7).

a b c

d e f

Fig. 7   Behavioral abnormalities in the mPFF-injected A53T BAC-
SNCA Tg mice. WT mice injected with PBS (WT-PBS), A53T 
BAC-SNCA Tg mice injected with PBS (A53T-PBS), and A53T 
BAC-SNCA Tg mice injected with mPFFs (A53T-mPFF) at 2 months 
post-injection (n = 12–13). a, b Number of rotations to the contralat-
eral and ipsilateral directions in apomorphine-induced rotational 
behavior test. One-way ANOVA with Tukey’s post hoc test was 
performed; *p < 0.05, ***p < 0.001. c Latency to fall in rotarod test. 
Two-way repeated measures (RM) ANOVA was performed; Compar-
ing three groups, effect of group, F2,35 = 2.609, p = 0.088. Comparing 

A53T-mPFF with WT-PBS, effect of group, F1,23 = 5.814, p = 0.024. 
d, e Open field test. d Moving distance plotted every 2  min. Two-
way RM ANOVA was performed; comparing three groups, effect 
of group, F2,35 = 2.101, p = 0.138. Comparing A53T-mPFF with 
WT-PBS, effect of group, F1,23 = 5.31, unadjusted p = 0.031. e Total 
distance. One-way ANOVA with Tukey’s post hoc test was per-
formed; n.s., not significant. Comparing A53T-mPFF with WT-PBS, 
a two-tailed unpaired Student’s t-test showed unadjusted p = 0.031. f 
Latency to fall in wire hang test. One-way ANOVA with Tukey’s post 
hoc test was performed; *p < 0.05. Data are the mean ± SEM
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Discussion

In the present study, we applied striatal injection of two 
types of α-syn PFFs, i.e., hPFFs and mPFFs, to two SNCA Tg 
mouse lines to generate a novel PD mouse model useful for 
the investigation of pathological mechanisms and drug test-
ing. Among the groups we analyzed, the A53T BAC-SNCA 
Tg mice injected with mPFFs exhibited the most severe LB-
like pathology as early as 0.5-month post-injection. These 
observations are consistent with our recent report about 
A53T BAC-SNCA Tg mice injected with mPFFs into the 
olfactory bulb [32]. The mPFF-injected A53T BAC-SNCA 
Tg mice exhibited motor dysfunction and a 38% reduction of 
TH-positive neurons in the SNpc at 2 months post-injection. 
Given that many clinical trials evaluate the disease-modify-
ing effects of candidate drugs by measuring changes in the 
UPDRS motor dysfunction scores at the endpoints, the motor 
dysfunction seen in this model within a short period after 
α-syn PFF injection could be used as reliable indicators for 
exploring potential disease-modifying therapies. Since the 
major pathological processes of this model are assumed to 
be neuronal uptake of α-syn PFFs, templated fibrillization of 
α-syn in neurons, interneuronal dissemination of pathologi-
cal α-syn aggregates, and α-syn aggregation-induced neu-
ron loss, the best application of this model would be testing 
candidate drugs intervening those processes. Of note, TH-
immunoreactivity in the striatum and microglial activation in 
the SNpc was observed at 0.5-month post-injection, preced-
ing obvious decrease in the number of TH-positive neurons.

Cross-seeded aggregation of human and mouse α-syn is 
bidirectionally restricted, whereas seeded aggregation of 
α-syn within the same host is efficiently induced [31]. How-
ever, it remains unclear how efficiently α-syn aggregation 
could be induced by α-syn PFF injection in SNCA Tg mice 
expressing both human and endogenous mouse α-syn. In 
the present study, we tested two types of SNCA Tg mice and 
two types of α-syn PFFs and identified the mPFF-injected 
A53T BAC-SNCA Tg mice as the model showing the most 
rapid formation of α-syn pathology and subsequent neuron 
loss. However, there are possible ways to further accelerate 
the phenotypes of α-syn PFF-injected mice. For instance, 
human S87N α-syn PFFs were reported to show greater 
seeding activity in mouse primary neurons and WT mice 
than mPFFs [31]. Previous studies reported that the deletion 
of endogenous mouse α-syn exacerbated the α-syn pathol-
ogy in SNCA Tg mice [38, 39]. Therefore, it might be worth 
trying to use different types of PFFs and delete endogenous 
mouse α-syn in SNCA Tg mice in future studies.

Previous studies with a similar concept to that of the 
present study reported a rat PD model injected with α-syn 
PFFs in combination with adeno-associated virus (AAV)-
mediated overexpression of α-syn [40, 41]. Thakur et al. 

first injected human α-syn–expressing AAV at a low dose 
in the SN and ventral tegmental area of WT rat to avoid 
the induction of acute dopaminergic neuron loss [40]. They 
subsequently received injection of human α-syn PFFs into 
the same brain regions 4 weeks later, showing LB-like inclu-
sions and a 55% reduction of dopaminergic neurons in the 
SN and impaired motor behavior 3 more weeks later [40]. 
Hoban et al. injected α-syn–expressing AAV and human 
α-syn PFFs simultaneously into the two sites of SN, induc-
ing a ~ 60% reduction of dopaminergic neurons in the SN 
and impaired motor behavior at 4 weeks post-injection [41]. 
These rat models may have some advantages and disadvan-
tages compared to our mouse model; application of WT 
human α-syn overexpression and human α-syn PFFs may 
faithfully replicate pathobiology of human PD, while direct, 
multiple injections into the SN may cause tissue damage and 
phenotypic variations among samples. Meanwhile, mPFF-
injected WT mice, the current protracted model, are still 
an option for testing disease-modifying therapies in a sense 
that they allow longer windows of opportunity to test the 
therapies. It is necessary to choose the best model for future 
studies depending on the purposes.

The reduction in TH density in the dorsal striatum is one 
of the earliest pathological changes in the mPFF-injected 
A53T BAC-SNCA Tg mice. There was a greater degree of 
reduction in TH density in the dorsal striatum than that in 
TH-positive neurons in the SNpc at 0.5-month post-injec-
tion. Similar observations have been reported by multiple 
studies carried out on subjects with PD. Loss of SN neurons 
and striatal dopamine terminals were estimated to be ~ 30% 
and ~ 70%, respectively, at the onset of motor symptoms 
[42]. Consistently, distal-dominant degeneration in Lewy 
pathology-bearing neurons has been reported. A previous 
study focusing on the cardiac sympathetic nervous system of 
cases with incidental LBs and subjects with PD revealed that 
the accumulation of α-syn aggregates commences in the dis-
tal axons, followed by axonal degeneration and the formation 
of α-syn aggregates in the somata and neurites [43]. In the 
present study, we conducted pathological analysis from 0.5-
month post-injection, when robust p-α-syn–positive somatic 
inclusions were already observed in the dopaminergic neu-
rons of the SNpc in the mPFF-injected A53T BAC-SNCA 
Tg mice. Further details of degenerative processes should be 
examined at earlier time points in future studies.

Microglial activation has been well described in sub-
jects with PD [44–46]. Lines of evidence have suggested 
that α-syn–induced microglial activation plays both benefi-
cial and detrimental roles in neurodegenerative processes. 
Activated microglia engulf neuron-released α-syn into 
autophagosomes for degradation via selective autophagy, 
which protects against neurodegeneration [47]. Meanwhile, 
neuron-released oligomeric α-syn induces neurotoxic 
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microglial activation through Toll-like receptor 2 (TLR2) 
[48]. It has also been demonstrated that recombinant mono-
meric, C-terminal, and fibrillar α-syn are phagocytosed 
through TLR4 by microglia, inducing proinflammatory 
cytokine release and reactive oxygen species production 
[49]. In the present study, microglial activation shown by 
hypertrophic change [50, 51] and an increase in the number 
were observed before obvious dopaminergic neuron loss in 
the mPFF-injected A53T BAC-SNCA Tg mice, suggesting 
that microglia may play some roles in the degenerative pro-
cesses in this model. In this regard, some interventions on 
microglial functions could be also tested in this model.

One of the caveats about the mPFF-injected A53T BAC-
SNCA mice is that this model is generated by a combination of 
PFF injection, α-syn overexpression, and the A53T mutation, 
none of which is seen in sporadic PD patients. This suggests 
that pathological mechanisms seen in this model may differ 
from that in sporadic PD patients. Therefore, it may be better 
to test disease-modifying therapies in multiple PD models 
depending on their therapeutic targets before clinical trials.

Conclusions

We generated a novel mouse model which recapitulates 
several pathological and behavioral features of PD within 
a short period by applying α-syn PFF injection to A53T 
BAC-SNCA Tg mice. This novel model will be useful in the 
development of disease-modifying therapies as well as the 
investigation of pathological mechanisms in PD research.
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with mPFFs; CA1: Cornu ammonis 1

Supplementary Information  The online version contains supplemen-
tary material available at https://​doi.​org/​10.​1007/​s13311-​021-​01169-5.

Acknowledgements  We thank Ms. Rie Hikawa for the technical assis-
tance and Dr. Ken Yasuda for providing an antibody.

Required Author Forms  Disclosure forms provided by the authors are 
available with the online version of this article.

Funding  This research is supported by the program for Brain Mapping 
by Integrated Neurotechnologies for Disease Studies (Brain/MINDS) 
from Ministry of Education, Culture, Sports Science, MEXT, and the 
Japan Agency for Medical Research and Development, AMED under 
the Grant Numbers JP18dm0207020 and JP20dm0207070 (RT), JSPS 
KAKENHI Grant Number JP17H05698 and JP18H04041 (RT), and 
Japan Science and Technology Agency, JST Moonshot R&D–MIL-
LENNIA Program Grant Number JPMJMS2024 (MI, HY and RT). 
japan agency for medical research and development,JP18dm02070
20,Ryosuke Takahashi,JP20dm0207070,Ryosuke Takahashi,japan 
society for the promotion of science,JP17H05698,Ryosuke 
Takahashi,JP18H04041,Ryosuke Takahashi,Strategic Promotion of 
Innovative R and D,JPMJMS2024,Ryosuke Takahashi

Declarations 

Ethics Approval and Consent to Participate  Details of ethical approval 
and permission about animal research are described in the “Methods” 
section. All applicable international, national, and/or institutional 
guidelines for the welfare and usage of animals were followed.

Competing Interests  The authors declare no competing interests.

References

	 1.	 Kalia LV, Lang AE. Parkinson’s disease. The Lancet. 2015;386:896–912.
	 2.	 Hely MA, Reid WG, Adena MA, Halliday GM, Morris JG. The 

Sydney multicenter study of Parkinson’s disease: the inevitability 
of dementia at 20 years. Mov Disord. 2008;23:837–44.

	 3.	 Greffard S, Verny M, Bonnet AM, Beinis JY, Gallinari C, Meaume 
S, Piette F, Hauw JJ, Duyckaerts C. Motor score of the Unified 
Parkinson Disease Rating Scale as a good predictor of Lewy body-
associated neuronal loss in the substantia nigra. Arch Neurol. 
2006;63:584–8.

	 4.	 Irwin DJ, White MT, Toledo JB, Xie SX, Robinson JL, Van Deerlin V, Lee 
VM, Leverenz JB, Montine TJ, Duda JE, et al. Neuropathologic sub-
strates of Parkinson disease dementia. Ann Neurol. 2012;72:587–98.

	 5.	 Hall H, Reyes S, Landeck N, Bye C, Leanza G, Double K, Thompson 
L, Halliday G, Kirik D. Hippocampal Lewy pathology and choliner-
gic dysfunction are associated with dementia in Parkinson’s disease. 
Brain. 2014;137:2493–508.

	 6.	 Churchyard A, Lees AJ. The relationship between dementia and 
direct involvement of the hippocampus and amygdala in Parkin-
son’s disease. Neurology. 1997;49:1570–6.

	 7.	 Koprich JB, Kalia LV, Brotchie JM. Animal models of 
α-synucleinopathy for Parkinson disease drug development. Nat 
Rev Neurosci. 2017;18:515–29.

	 8.	 Salamon A, Zádori D, Szpisjak L, Klivényi P, Vécsei L. Neu-
roprotection in Parkinson's disease: facts and hopes. J Neural 
Transm (Vienna, Austria : 1996) 2020;127:821–829.

	 9.	 Polymeropoulos MH, Lavedan C, Leroy E, Ide SE, Dehejia A, 
Dutra A, Pike B, Root H, Rubenstein J, Boyer R, et al. Mutation 
in the alpha-synuclein gene identified in families with Parkinson’s 
disease. Science. 1997;276:2045–7.

	10.	 Singleton AB, Farrer M, Johnson J, Singleton A, Hague S, Kachergus J, 
Hulihan M, Peuralinna T, Dutra A, Nussbaum R, et al. alpha-Synuclein 
locus triplication causes Parkinson’s disease. Science. 2003;302:841.

	11.	 Chartier-Harlin MC, Kachergus J, Roumier C, Mouroux V, Douay 
X, Lincoln S, Levecque C, Larvor L, Andrieux J, Hulihan M, et al. 
Alpha-synuclein locus duplication as a cause of familial Parkin-
son’s disease. Lancet (London, England). 2004;364:1167–9.

675

676

677

678

679

680

681

682

683

684

685

686

687

688

689

690

691

692

693

694

695

696

697

698

699

700

701

702
703
704
705
706
707
708
709
710
711
712
713
714
715
716
717
718

719
720

721
722

723
724

725
726
727
728
729
730
731
732
733
734
735
736
737

738

739
740
741
742

743

744

745
746
747
748
749
750
751
752
753
754
755
756
757
758
759
760
761
762
763
764
765
766
767
768
769
770
771
772
773
774
775
776
777
778
779
780

https://doi.org/10.1007/s13311-021-01169-5


UNCORRECTED PROOF

Journal : Large 13311 Article No : 1169 Pages : 16 MS Code : 1169 Dispatch : 3-12-2021

Rapid Induction of Dopaminergic Neuron Loss Accompanied by Lewy Body‑Like Inclusions in A53T…

1 3

	12.	 Ibáñez P, Bonnet AM, Débarges B, Lohmann E, Tison F, Pollak P, 
Agid Y, Dürr A, Brice A. Causal relation between alpha-synuclein 
gene duplication and familial Parkinson’s disease. Lancet (Lon-
don, England). 2004;364:1169–71.

	13.	 Visanji NP, Brotchie JM, Kalia LV, Koprich JB, Tandon A, Watts 
JC, Lang AE. α-Synuclein-based animal models of Parkinson’s 
disease: challenges and opportunities in a new era. Trends Neu-
rosci. 2016;39:750–62.

	14.	 Decressac M, Mattsson B, Lundblad M, Weikop P, Björklund A. 
Progressive neurodegenerative and behavioural changes induced 
by AAV-mediated overexpression of α-synuclein in midbrain 
dopamine neurons. Neurobiol Dis. 2012;45:939–53.

	15.	 Van der Perren A, Toelen J, Casteels C, Macchi F, Van Rompuy AS, 
Sarre S, Casadei N, Nuber S, Himmelreich U, Osorio Garcia MI, et al. 
Longitudinal follow-up and characterization of a robust rat model for 
Parkinson’s disease based on overexpression of alpha-synuclein with 
adeno-associated viral vectors. Neurobiol Aging. 2015;36:1543–58.

	16.	 Uemura N, Uemura MT, Luk KC, Lee VM, Trojanowski JQ. Cell-
to-cell transmission of tau and α-synuclein. Trends Mol Med. 
2020.

	17.	 Luk KC, Kehm V, Carroll J, Zhang B, O’Brien P, Trojanowski 
JQ, Lee VM. Pathological alpha-synuclein transmission initiates 
Parkinson-like neurodegeneration in nontransgenic mice. Science. 
2012;338:949–53.

	18.	 Masuda-Suzukake M, Nonaka T, Hosokawa M, Oikawa T, Arai 
T, Akiyama H, Mann DM, Hasegawa M. Prion-like spreading of 
pathological alpha-synuclein in brain. Brain. 2013;136:1128–38.

	19.	 Luk KC, Kehm VM, Zhang B, O’Brien P, Trojanowski JQ, Lee 
VM. Intracerebral inoculation of pathological alpha-synuclein 
initiates a rapidly progressive neurodegenerative alpha-synucle-
inopathy in mice. J Exp Med. 2012;209:975–86.

	20.	 Sacino AN, Brooks M, McGarvey NH, McKinney AB, Thomas 
MA, Levites Y, Ran Y, Golde TE, Giasson BI. Induction of CNS 
α-synuclein pathology by fibrillar and non-amyloidogenic recom-
binant α-synuclein. Acta Neuropathol Commun. 2013;1:38.

	21.	 Sorrentino ZA, Brooks MMT, Hudson V 3rd, Rutherford NJ, 
Golde TE, Giasson BI, Chakrabarty P. Intrastriatal injection of 
α-synuclein can lead to widespread synucleinopathy independent 
of neuroanatomic connectivity. Mol Neurodegener. 2017;12:40.

	22.	 Sacino AN, Brooks M, McKinney AB, Thomas MA, Shaw G, 
Golde TE, Giasson BI. Brain injection of α-synuclein induces 
multiple proteinopathies, gliosis, and a neuronal injury marker. J 
Neurosci. 2014;34:12368–78.

	23.	 Sacino AN, Brooks M, Thomas MA, McKinney AB, McGarvey 
NH, Rutherford NJ, Ceballos-Diaz C, Robertson J, Golde TE, 
Giasson BI. Amyloidogenic alpha-synuclein seeds do not invari-
ably induce rapid, widespread pathology in mice. Acta Neuro-
pathol. 2014;127:645–65.

	24.	 Rutherford NJ, Dhillon JS, Riffe CJ, Howard JK, Brooks M, 
Giasson BI. Comparison of the in vivo induction and transmis-
sion of α-synuclein pathology by mutant α-synuclein fibril seeds 
in transgenic mice. Hum Mol Genet. 2017;26:4906–15.

	25.	 Yamakado H, Moriwaki Y, Yamasaki N, Miyakawa T, Kurisu J, 
Uemura K, Inoue H, Takahashi M, Takahashi R. alpha-Synuclein 
BAC transgenic mice as a model for Parkinson’s disease mani-
fested decreased anxiety-like behavior and hyperlocomotion. Neu-
rosci Res. 2012;73:173–7.

	26.	 Taguchi T, Ikuno M, Hondo M, Parajuli LK, Taguchi K, Ueda J, 
Sawamura M, Okuda S, Nakanishi E, Hara J, et al. α-Synuclein 
BAC transgenic mice exhibit RBD-like behaviour and hyposmia: 
a prodromal Parkinson’s disease model. Brain. 2020;143:249–65.

	27.	 Ikuno M, Yamakado H, Akiyama H, Parajuli LK, Taguchi K, Hara 
J, Uemura N, Hatanaka Y, Higaki K, Ohno K, et al. GBA haplo-
insufficiency accelerates alpha-synuclein pathology with altered 
lipid metabolism in a prodromal model of Parkinson’s disease. 
Hum Mol Genet. 2019;28:1894–904.

	28.	 Uemura N, Uemura MT, Lo A, Bassil F, Zhang B, Luk KC, Lee 
VM, Takahashi R, Trojanowski JQ. Slow progressive accumula-
tion of oligodendroglial alpha-synuclein (alpha-Syn) pathology 
in synthetic alpha-Syn fibril-induced mouse models of synucle-
inopathy. J Neuropathol Exp Neurol. 2019;78:877–90.

	29.	 Uemura N, Yagi H, Uemura MT, Hatanaka Y, Yamakado H, Takahashi 
R. Inoculation of alpha-synuclein preformed fibrils into the mouse gas-
trointestinal tract induces Lewy body-like aggregates in the brainstem 
via the vagus nerve. Mol Neurodegener. 2018;13:21.

	30.	 Uemura N, Yagi H, Uemura MT, Yamakado H, Takahashi R. Limited 
spread of pathology within the brainstem of alpha-synuclein BAC 
transgenic mice inoculated with preformed fibrils into the gastroin-
testinal tract. Neurosci Lett 2020;716:134651.

	31.	 Luk KC, Covell DJ, Kehm VM, Zhang B, Song IY, Byrne MD, 
Pitkin RM, Decker SC, Trojanowski JQ, Lee VM. Molecular and 
biological compatibility with host alpha-synuclein influences fibril 
pathogenicity. Cell Rep. 2016;16:3373–87.

	32.	 Uemura N, Ueda J, Yoshihara T, Ikuno M, Uemura MT, Yamakado 
H, Asano M, Trojanowski JQ, Takahashi R. α-Synuclein spread 
from olfactory bulb causes hyposmia, anxiety, and memory loss in 
BAC-SNCA Mice. Mov Disord. 2021.

	33.	 da Conceição FS, Ngo-Abdalla S, Houzel JC, Rehen SK. Murine 
model for Parkinson’s disease: from 6-OH dopamine lesion to 
behavioral test. Journal of visualized experiments: JoVE. 2010.

	34.	 Osterberg VR, Spinelli KJ, Weston LJ, Luk KC, Woltjer RL, 
Unni VK. Progressive aggregation of alpha-synuclein and selec-
tive degeneration of lewy inclusion-bearing neurons in a mouse 
model of parkinsonism. Cell Rep. 2015;10:1252–60.

	35.	 Decressac M, Kadkhodaei B, Mattsson B, Laguna A, Perlmann T, 
Björklund A. α-Synuclein-induced down-regulation of Nurr1 dis-
rupts GDNF signaling in nigral dopamine neurons. Sci Transl Med. 
2012;4:163ra156.

	36.	 Kordower JH, Olanow CW, Dodiya HB, Chu Y, Beach TG, Adler CH, 
Halliday GM, Bartus RT. Disease duration and the integrity of the 
nigrostriatal system in Parkinson’s disease. Brain. 2013;136:2419–31.

	37.	 Bové J, Perier C. Neurotoxin-based models of Parkinson’s dis-
ease. Neuroscience. 2012;211:51–76.

	38.	 Cabin DE, Gispert-Sanchez S, Murphy D, Auburger G, Myers 
RR, Nussbaum RL. Exacerbated synucleinopathy in mice 
expressing A53T SNCA on a Snca null background. Neurobiol 
Aging. 2005;26:25–35.

	39.	 Fares MB, Maco B, Oueslati A, Rockenstein E, Ninkina N, 
Buchman VL, Masliah E, Lashuel HA. Induction of de novo 
α-synuclein fibrillization in a neuronal model for Parkinson’s 
disease. Proc Natl Acad Sci U S A. 2016;113:E912-921.

	40.	 Thakur P, Breger LS, Lundblad M, Wan OW, Mattsson B, Luk KC, 
Lee VMY, Trojanowski JQ, Björklund A. Modeling Parkinson’s 
disease pathology by combination of fibril seeds and α-synuclein 
overexpression in the rat brain. Proc Natl Acad Sci U S A. 
2017;114:E8284-e8293.

	41.	 Hoban DB, Shrigley S, Mattsson B, Breger LS, Jarl U, Cardoso T, 
Nelander Wahlestedt J, Luk KC, Björklund A, Parmar M. Impact 
of α-synuclein pathology on transplanted hESC-derived dopamin-
ergic neurons in a humanized α-synuclein rat model of PD. Proc 
Natl Acad Sci U S A. 2020;117:15209–20.

	42.	 Cheng HC, Ulane CM, Burke RE. Clinical progression in Parkinson 
disease and the neurobiology of axons. Ann Neurol. 2010;67:715–25.

	43.	 Orimo S, Uchihara T, Nakamura A, Mori F, Kakita A, Wakabayashi 
K, Takahashi H. Axonal alpha-synuclein aggregates herald centrip-
etal degeneration of cardiac sympathetic nerve in Parkinson’s disease. 
Brain. 2008;131:642–50.

	44.	 McGeer PL, Itagaki S, Akiyama H, McGeer EG. Rate of cell death 
in parkinsonism indicates active neuropathological process. Ann 
Neurol. 1988;24:574–6.

	45.	 Imamura K, Hishikawa N, Sawada M, Nagatsu T, Yoshida M, 
Hashizume Y. Distribution of major histocompatibility complex 

781
782
783
784
785
786
787
788
789
790
791
792
793
794
795
796
797
798
799
800
801
802
803
804
805
806
807
808
809
810
811
812
813
814
815
816
817
818
819
820
821
822
823
824
825
826
827
828
829
830
831
832
833
834
835
836
837
838
839
840
841
842
843
844
845
846

847
848
849
850
851
852
853
854
855
856
857
858
859
860
861
862
863
864
865
866
867
868
869
870
871
872
873
874
875
876
877
878
879
880
881
882
883
884
885
886
887
888
889
890
891
892
893
894
895
896
897
898
899
900
901
902
903
904
905
906
907
908
909
910
911
912



UNCORRECTED PROOF

Journal : Large 13311 Article No : 1169 Pages : 16 MS Code : 1169 Dispatch : 3-12-2021

	 S. Okuda et al.

1 3

class II-positive microglia and cytokine profile of Parkinson’s dis-
ease brains. Acta Neuropathol. 2003;106:518–26.

	46.	 Croisier E, Moran LB, Dexter DT, Pearce RK, Graeber MB. Micro-
glial inflammation in the parkinsonian substantia nigra: relationship 
to alpha-synuclein deposition. J Neuroinflammation. 2005;2:14.

	47.	 Choi I, Zhang Y, Seegobin SP, Pruvost M, Wang Q, Purtell K, 
Zhang B, Yue Z. Microglia clear neuron-released α-synuclein via 
selective autophagy and prevent neurodegeneration. Nat Commun. 
2020;11:1386.

	48.	 Kim C, Ho DH, Suk JE, You S, Michael S, Kang J, Joong Lee S, 
Masliah E, Hwang D, Lee HJ, Lee SJ. Neuron-released oligomeric 
alpha-synuclein is an endogenous agonist of TLR2 for paracrine 
activation of microglia. Nat Commun. 2013;4:1562.

	49.	 Fellner L, Irschick R, Schanda K, Reindl M, Klimaschewski L, 
Poewe W, Wenning GK, Stefanova N. Toll-like receptor 4 is 
required for α-synuclein dependent activation of microglia and 
astroglia. Glia. 2013;61:349–60.

	50.	 Streit WJ, Xue QS, Tischer J, Bechmann I. Microglial pathology 
Acta neuropathologica communications. 2014;2:142.

	51.	 Ransohoff RM. How neuroinflammation contributes to neurode-
generation. Science. 2016;353:777–83.

Publisher's Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

913
914
915
916
917
918
919
920
921
922
923
924
925

926
927
928
929
930
931
932
933

934
935

936



Journal : Large 13311 Article No : 1169 Pages : 1 MS Code : 1169 Dispatch : 3-12-2021

Journal:	 13311
Article:	 1169

Author Query Form
Please ensure you fill out your response to the queries raised below and return this form along 

with your corrections

Dear Author

During the process of typesetting your article, the following queries have arisen. Please check your typeset proof 
carefully against the queries listed below and mark the necessary changes either directly on the proof/online grid or in the 
‘Author’s response’ area provided below

Query Details Required Author’s Response
AQ1 Electronic supplementary material Supplementary file 8–10: Video 1–3 is cited but not 

provided. Kindly check and provide the same.


