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Abstract.
Background: Mutations in PTEN-induced putative kinase 1 (PINK1) cause autosomal recessive Parkinson’s disease (PD)
and contribute to the risk of sporadic PD. However, the relationship between PD-related PINK1 mutations and alpha-synuclein
(�-syn) aggregation—a main pathological component of PD—remains unexplored.
Objective: To investigate whether �-syn pathology is exacerbated in the absence of PINK1 after �-syn preformed fibril (PFF)
injection in a PD mouse model and its effects on neurodegeneration.
Methods: In this study, 10-week-old Pink1 knockout (KO) and wildtype (WT) mice received stereotaxic unilateral striatal
injection of recombinant mouse �-syn PFF. Then, �-syn pathology progression, inflammatory responses, and neurodegener-
ation were analyzed via immunohistochemistry, western blot analysis, and behavioral testing.
Results: After PFF injection, the total �-syn levels significantly increased, and pathological �-syn was markedly aggregated
in Pink1 KO mice compared with Pink1 WT mice. Then, earlier and more severe neuronal loss and motor deficits occurred.
Moreover, compared with WT mice, Pink1 KO mice had evident microglial/astrocytic immunoreactivity and prolonged
astrocytic activation, and a higher rate of protein phosphatase 2A phosphorylation, which might explain the greater �-syn
aggravation and neuronal death.
Conclusion: The loss of Pink1 function accelerated �-syn aggregation, accumulation and glial activation, thereby leading to
early and significant neurodegeneration and behavioral impairment in the PD mouse model. Therefore, our findings support
the notion that PINK1 dysfunction increases the risk of synucleinopathy.
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INTRODUCTION

Parkinson’s disease (PD) is characterized by aber-
rant alpha-synuclein (�-syn) neuronal aggregates,
known as Lewy bodies/neurites, and the progressive
loss of midbrain dopaminergic neurons [1]. Several
mechanisms have been involved in PD pathogenesis,
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which include mitochondrial dysfunction, abnormal
protein degradation pathways, and neuroinflamma-
tion [2, 3]. However, the interaction between these
pathways is not completely understood [3].

PTEN-induced putative kinase 1 (PINK1) is a
serine/threonine kinase that plays a crucial role in
mitochondrial quality control via the autophagic
degradation of misfolded proteins and regulation of
mitophagy and mitochondrial antigen presentation
[4, 5]. Loss-of-function mutations in the PINK1 gene
were associated with familial and sporadic early-
onset PD [6–9]. Patients with PINK1-related PD have
an early mean age at onset of disease (32 years
old) and present with slow disease progression and
good levodopa responsiveness for the most common
motor symptoms (bradykinesia, resting tremors, and
rigidity) [10–13] and psychotic/psychiatric symp-
toms [13–16]. Pathological findings have rarely been
evaluated. However, autopsies of three patents with
PINK1-linked PD have revealed the presence of Lewy
body pathology in the substantia nigra, amygdala,
cortex, and brainstem as well as nigral cell loss
[17–19]. Meanwhile, one case reported the absence
of Lewy-related pathology [20].

Animal models with depleted Pink1 expression
have reportedly failed to induce significant nigral
dopaminergic neuron loss and definite �-syn pathol-
ogy [21–23] and Parkinsonian motor symptoms [24,
25]. Fibrils generated from recombinant �-syn (�-syn
preformed fibril [�-syn PFF]) can cause misfolding
of endogenous �-syn to form inclusions that closely
resemble those found in PD brains. This allows
researchers to model inclusion formation and assess
associated impact on neuronal function and targets
that could prevent aggregation. Hence, making the
best use of this model, the present study aimed to
investigate whether �-syn pathology is altered by the
absence of PINK1 in an �-syn PFF-injected mouse
model, and its effects on neuronal degeneration and
motor function.

MATERIALS AND METHODS

Animals

C57BL/6N mice (Pink1+/+, Pink1 wild-type
[WT]) and Pink1 knockout (Pink1–/–, Pink1 KO)
mice were obtained, as previously described [26]. All
experiments were approved by the animal research
committee of Hallym University Sacred Heart Hospi-
tal (HMC2019-1-1130-42). Mice with same genetic

background were mated and their 10-week-old
offspring were used. Six mice were used according
to each genotype and the time of sacrifice (Fig. 1).

For genotyping, DNA genome was isolated from
mouse tail biopsies using phenol/chloroform extrac-
tion methods. Briefly, 5 mm of tail was removed and
lysed in 0.25 mL of DNA digestion buffer contain-
ing 50 mM Tris-HCl pH 8.0, 100 mM EDTA pH 8.0,
100 mM NaCl, 1% SDS and 0.5 mg/mL proteinase K
at 55◦C, 250 rpm (Thermo Shaker) overnight. Super-
natants were collected by centrifuged at 10000 rpm
(Centrifuge 5430 R with Eppendorf Rotor FA-45-30-
11) for 10 min at 20◦C, then neutralized with 0.35 mL
of phenol/chloroform/iso-amyl alcohol (25 : 24 : 1)
for 10 min at room temperature (RT). The mixtures
were centrifuged at 10000 rpm for 10 min at 20◦C
and 0.1 mL of the upper phase obtaining DNA were
transfer to new Eppendorf tube. To concentrate DNA
samples, 0.2 mL of 100% ethanol was added, and
incubated for 1 min at RT. DNA pellets were observed
after centrifugation at 10000 rpm for 10 min at 4◦C
and further washed in 1 mL of 70% ice-cold ethanol.
Final DNA pellets were harvested by centrifugation,
dried out by air at RT for 5 min and resuspended in
50 �L of PCR water for 15 min at RT.

The PCR reaction was performed using Thermo
cycler (Applied Biosystems), with the following PCR
conditions: 95◦C for 10 min as the first step; 40 cycles
of 95◦C for 20 s, 58◦C for 30 s, 72◦C for 1 min as
the second step followed by 72◦C for 5 min. Primer
sequences were used as follows: forwards, wild-type
(WT), 5’-GCTCTGGCTTCTGAGGAAGA-3’ and
knockout (KO), 5’-CTAAAGCGCATGCTCCAGA
C-3’; reverse (common), 5’-GAGCCTGAAGTG
CAAACTCC-3’. PCR product sizes for WT and KO
were approximately 350 bp and 500 bp, respectively.
Two bands of 350 bp- and 500 bp-PCR products
exhibiting heterozygous background (Pink1+/–) as a
control cohort (Fig. 1E).

Preparation of recombinant α-syn monomer and
PFF

Mouse recombinant full-length �-syn protein and
�-syn PFF were prepared according to protocols
in our previous publication [27]. Briefly, expres-
sion of recombinant mouse �-syn was performed
under the induction of IPTG inducer. A single
colony of recombinant E. coli BL21 (DE3) con-
taining pD434-SR vector system (Addgene, plasmid
#89073, https://www.addgene.org/89073) was inoc-
ulated into 50 mL in LB medium supplemented

https://www.addgene.org/89073
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Fig. 1. Experimental design. Thioflavin T (ThT) assay was conducted to examine formation of amyloid-like �-sheet structures from PFF
preparation (A). Mouse PFF (mouse �-syn preformed fibril) after sonication, validated by transmission electron microscopy, injected to
mouse striatum (B). Scale bar = 500 �m. Robust pS129-�-syn positive aggregates at the injected site 90 days after PFF injection of Pink1
KO mice (C). Scale bar = 50 �m. Both WT and Pink1 KO animals were unilaterally injected of 5 �g of PFF or �-syn monomer as a control
at 10 weeks of age and sacrificed at 14, 30, 60, 90, 120 days following injection, and immunohistochemistry (IHC), western blotting (WB),
and behavioral tests were done for analysis (D). Genotyping PCR results (E). pS129, antibody detected phosphorylated at serine 129 �-syn;
d, day; mPFF, mouse �-syn preformed fibril; Pink1+/+, wild type (WT); Pink1–/–, Pink1 knockout (KO);+/–, Pink1+/–.

100 �g/mL ampicillin for approximately 16–18 h.
The pre-culture was added to a new 2 L of LB medium
supplemented 100 �g/�L ampicillin and cultivated
then induced by IPTG when reaching OD600 of
0.3–0.6 and incubated for 5 h. The cells were har-
vested by centrifugation at 3000 rpm for 15 min
at 4◦C. The pellet then was resuspended in deion-
ized water containing saturated MgCl2. Cells were
lysed by heating treatment at 98◦C for 30 min. Cell
lysates were collected by centrifugation at 13000 rpm
for 20 min. Protein samples were dialyzed in 20 mM
Tris-HCl pH 8.0 before purification. The purification
was performed using HiTrap Q HP anion-exchange
column (GE Health Care Life Science, UK) with a
running buffer of 20 mM Tris-HCl pH 8.0 and pro-
tein was eluted in fractions containing 400 mM NaCl.
The pure and enriched fractions of recombinant �-syn

protein were determined by SDS-PAGE/Coomassie
blue staining and dialyzed against deionized water
then freeze-dried. �-syn monomer was dissolved in
20 mM Tris-HCl, 200 mM NaCl, pH 8.0 and stored
at –80◦C until usage.

�-syn PFF was prepared in 20 mM Tris-HCl,
200 mM NaCl from 5 mg/ml of �-syn monomer by
a Thermo Shaker (800 rpm at 37◦C) for 10 days.
Thioflavin T assay was applied for quality control
of PFF preparation that showed the 31.5-fold change
in ThT fluorescent signal compared with monomer,
revealed of amyloid-like �-sheet structures (Fig. 1A).
Fibrils were aliquoted and frozen at –80◦C until
usage. To effectively induce pathological �-syn forms
(Fig. 1C), PFF was sonicated at 37◦C for 10 min in an
ultrasonic water bath before injection then imaged by
transmission electron microscopy (TEM) (Fig. 1B).
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Stereotaxic surgery

WT and Pink1 KO animals (10 weeks old)
received unilateral intracranial injection of 5 �g
of PFF or monomeric �-syn in the right striatum
using a stereotaxic apparatus, as described previously
[27]. The coordination corresponding approximately
to Bregma: anterior–posterior (A–P): +0.5 mm,
medial–lateral (M–L): –2.0 mm, and dorsal–ventral
(D–V): –3 mm according to mouse brain atlas.
Mice were monitored regularly after recovery from
surgery and were sacrificed at various time points,
including at baseline without PFF injection (0-day
post-injection [dpi]), 14, 30, 60, 90, and 120 dpi
(Fig. 1D). Control mice received monomeric �-syn
were sacrificed at 120 dpi.

Immunohistochemistry and quantification

The mouse brains were removed after transcar-
dial perfusion with phosphate buffered saline (PBS),
followed by 4% paraformaldehyde (4% PFA), and
underwent overnight post-fixation in 4% PFA, before
being processed. For immunohistochemistry, brains
were sectioned into free-floating coronal slices at the
thickness of 40 �m and the cutting speed of 0.055
mm/s using vibratome.

For immunofluorescence, free-floating slices were
blocked using 10% normal donkey serum in 0.5%
Triton X-100/ PBS for 1 h at RT. Slices were
then incubated with sheep anti-tyrosine hydroxylase
(TH) antibody (Abcam ab113; 1 : 1000) and rabbit
anti-phosphorylated Serine S129 �-syn (pS129-�-
syn) antibody (Abcam ab51253; 1 : 2000), diluting
in 0.5% Triton X-100/PBS overnight at 4◦C, fol-
lowing by washing three times for 10 min each in
PBS at RT. Next, brain sections were incubated
with secondary antibodies conjugated with Alexa
fluor 488 (Abcam ab150177; 1 : 1000) and Alexa
fluor 555 (Abcam ab150074; 1 : 1000) for 2 h at RT.
After washing in PBS three times for 10 min, slices
were mounted onto the slides and with the mounting
medium with DAPI (Vectashield, Vector Laborato-
ries) for nucleus visualization. Fluorescent images
were acquired with an Olympus BX51 conventional
fluorescence microscopy with U-RFL-T power sup-
ply at a 1.25x/0.04NA and 10X/0.3NA objective lens.

For immunohistochemistry, brain tissues were
blocked with endogenous peroxidase in 3% hydrogen
peroxide for 15 min at RT and washed in PBS three
times for 10 min at RT. Sections were then incubated
in blocking solution containing 2% BSA in 0.3%

Triton X-100/ PBS for 1 h at RT. Primary antibod-
ies including mouse anti-TH antibody (Immunostar,
#22941; 1 : 1000), rabbit anti-pS129-�-syn antibody
(Abcam ab51253; 1 : 1000), rabbit anti-Iba1 (Wako,
#016-20001; 1 : 500), mouse anti-GFAP (Milipore,
#MAB360; 1 : 500), and rabbit anti-NeuN (Abcam
ab177487; 1 : 1000) were applied overnight at 4◦C
then wash by PBS three times for 10 min. Suitable
secondary antibodies conjugated horseradish perox-
idase (HRP) (Enzo; 1 : 1000) were incubated for 2 h
at RT, followed by 3 x 10 min PBS washes. Staining
was developed using DAB peroxidase substrate kit
(Vector Laboratories). Next, mounting slices were
performed onto the slides which then were covered in
mounting medium with coverslips and store at 4◦C.

Semi-quantitative determination of DAB images
was performed using ImageJ Fiji software according
to protocols in the previous study [27]. Representative
and quantitative images of pS129-�-syn pathology,
TH, Iba1, GFAP, and NeuN were acquired with the
Olympus BX51 microscopy with all same param-
eters including brightness, exposure time, contrast,
and resolution. Image color was corrected by set-
ting color deconvolution with the H-DAB function
in ImageJ. Then, mean gray values (value of 0 for
black and 255 for white) from the whole striatum
of four 40 �m slices or the whole substantia nigra
of two 40 �m slices or the motor cortex of four
40 �m slices from an individual animal was measured
repeatedly at each time point by drawing region of
interest. The measured gray level was converted into
relative optical density (OD) by using the following
formula OD = log (255/mean gray level). The aver-
age OD value at each time point was represented for
the measurement of TH degeneration, pS129-�-syn
level, microglial activation, and astrocytic activation.

For cell counts, four 40 �m sections of the motor
cortex from an individual animal were examined.
The number of NeuN-immunopositive cells was cal-
culated using an average of two fields of view per
area and using ImageJ as described previously [28].
The results were averaged across the animals in each
group.

Western blotting

The standard western blot analysis was per-
formed as described previously [27]. Cerebellum was
excluded and mouse brain was dissected into two
hemispheres, i.e., ipsilateral to PFF injection and
contralateral to PFF injection. Firstly, mouse brain
was homogenized in a non-ionic detergent containing
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10 mM Tris-HCl, pH 7.4, 5 mM EDTA, 150 mM
NaCl, 0.5% Nonidet P-40, 1 × proteinase inhibitor
cocktail, and 1 × phosSTOP. The homogenates were
centrifuged at 12000 rpm, 4◦C for 20 min. The super-
natants were collected as NP40-soluble fraction.
The pellets were washed twice in non-ionic buffer,
homogenized in the ionic-detergent buffer which
containing 10 mM Tris-HCl, pH 7.4, 5 mM EDTA,
150 mM NaCl, 0.5% Nonidet P-40, 0.5% sodium
deoxycholate, 1% SDS, 1 × proteinase inhibitor
cocktail, and 1 × phosSTOP and incubated on ice
for 5 min. After centrifugation at 12000 rpm, 4◦C
for 40 min, the suspensions were determined as
NP40-insoluble fraction. Protein concentration mea-
surement was done by BCA assay.

An equal protein amount from each group was
loaded to 12% or 15% (w/v) SDS-PAGE gel
in 2–2.5 h at 80V. Wet transfer with Polyvinyli-
dene fluoride membrane (Immobilon-P, pore size
0.45 �m) was performed in transfer buffer (25 mM
Tris-base, 190 mM glycine, and 20% methanol)
using the Mini Trans-Blot electrophoretic trans-
fer cell (Bio-Rad) with a Model 200/2.0 Power
Supply (Bio-Rad) at 90V for 90 min. After transfer-
ring, membrane was blocked in 5% (w/v) non-fat
dry milk for 1 h at RT. For detection of �-syn
and pS129-�-syn, the blot was fixed with 0.4%
PFA in PBS for 30 min at RT before block-
ing. Primary antibodies including rabbit anti-�-syn
(Abcam ab212184; 1 : 1000), rabbit anti-pS129-�-
syn (Abcam ab51253; 1 : 1000), rabbit anti-PP2A C
subunit (Cell signaling, #2038S; 1 : 1000), rabbit anti-
phospho-PP2A (pTyr307) (Merck, #SAB4503975;
1 : 1000), mouse anti-TH (Immunostar, #22941;
1 : 1000), rabbit anti-NeuN (Abcam ab177487;
1 : 2000), rabbit anti-Iba1 (Wako, #016-20001;
1 : 1000), mouse anti-GFAP (Milipore, #MAB360;
1 : 1000), and mouse anti-�-actin (Santa cruz
biotechnology, #sc47778; 1 : 1000). Protein detec-
tion was performed using goat anti-rabbit IgG (Enzo,
#ADI-SAB-300-J; 1 : 5000) and anti-mouse IgG
(Enzo, #ADI-SAB-100-J; 1 : 5000) HRP-conjugated
antibodies. Finally, immunoreactive proteins were
developed using chemiluminescence (SuperSignal™
West Pico PLUS Chemiluminescent Substrate; Ther-
moFisher Scientific) along with the Amersham Image
600 Western Blot imaging system (GE Healthcare
Life Sciences). Densitometric analysis of Western
blot was performed using ImageJ software. Protein
immunoreactivity was normalized by density of �-
actin bands used as a control for protein loading (n = 3
per time point in each group).

Behavioral analysis

To evaluate the effects of �-syn pathology on motor
behavior, mice underwent behavioral testing, includ-
ing the wire hang test, rotarod test and hindlimb
clasping assessment at baseline before surgery and on
the day of sacrifice according to previously published
protocols [27] with some modifications.

Wire hang test
The mice were placed on a 55 cm-long-wire and

2 mm-thick at the height of 90 cm. The training was
performed by three cycles of 5 min hang and 5 min
rest, then ceased for 1 h. The latency of mice to fall of
the wire was recorded as the time of the mouse could
hold on to the wire and measured in the range from
10 s to 300 s and the average values were computed
from three trials (5 min apart).

Rotarod test
For assessment of motor coordination and balance,

mice were tested on the Rotarod apparatus. Mice
were given a training session of three 5 min trials
(5 min apart) to familiarize them to the rotarod appa-
ratus at the speed of 30 rpm. During the test period
(1 h later), animals were placed on the rotarod and
recorded the latency to fall off the rotarod in the range
of 30 s to 300 s. Each mouse received three consec-
utive trials and the mean values were used for the
analysis.

Hindlimb clasping assessment
To assess the behavioral phenotype and disease

progression, mice were suspended by the tail for
10–15 s and recorded their hind and forepaw while
suspended using hand camera. Score hindlimb clasp-
ing from videos of mice suspended by their tail was
assigned on a scale from 0–4 based on a modified
criteria as following: score 0, no limb clasping, nor-
mal escape extension; score 1, one hind limb exhibits
and loss of mobility, toes exhibit normal splay; score
1.5, one hindlimb exhibits incomplete splay and
loss of mobility, one hindlimb exhibits curled toes;
score 2, both hind limbs exhibit incomplete splay,
toes exhibit normal splay; score 2.5, both hindlimbs
exhibit incomplete splay and loss of mobility, one
hindlimb exhibits curled toes; score 3, both hind limbs
exhibit clasping with curled toes and immobility;
score 4, forelimbs and hind limbs exhibit clasping
and are crossed, curled toes and immobility.
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Statistical analysis

All statistical analysis of data was performed using
Graphpad Prism version 8 software (https://www.
graphpad.com/). All graphical data are presented as
mean ± SEM. For analysis of differences between
two genotypes at each time point, one-way ANOVA
followed by Sidak’s multiple comparisons or
two-way ANOVA followed by Turkey’s multiple com-
parisons was used. Statistical significance finding was
set for the comparison between baseline and each
time point post-injection within each genotype as fol-
lows: ∗ if p < 0.05, ∗∗ if p < 0.01, and ∗∗∗ if p < 0.001 or
for the comparison between two animal groups with
WT and Pink1 KO at each time point (n = 3 per time
point in each group) as follows:

# if p < 0.05, ## if p < 0.01, and ### if p < 0.001.

RESULTS

Wide spreads of pathological α-syn to various
anatomical connected brain regions after PFF
injection

PFF-induced �-syn aggregates were observed as
early as 2 weeks post-injection in both Pink1 WT and
KO mouse brains. Phosphorylated �-syn immunore-
active aggregates were prominent in striatum and
different brain regions that project to the striatum,
such as the motor cortex (MoCx), amygdala, substan-
tia nigra (SN), and hippocampus and were observed
in both brain hemispheres (Supplementary Figure 1).

Dominant pathological α-syn accumulation in
the striatum, SN, and MoCx of Pink1 KO mice

Striatal �-syn PFF injection resulted in a pro-
gressive propagation of �-syn aggregates in the
whole striatum at 14 dpi, with the greatest propor-
tion of phosphorylated �-syn-positive inclusions at
90 dpi and a reduction at 120 dpi, in both Pink1
WT and KO mice. The ipsilateral striatum of Pink1
KO mice showed significantly greater pS129-�-syn
deposits than that of WT controls from 60 to 120
dpi (Fig. 2A, B). Likewise, pathological pS129-�-
syn levels increased significantly in the contralateral
striatum of PFF-injected Pink1 KO mice compared
with WT mice at 14, 30, and 90 dpi (Supplementary
Figure 2A, B). Double-staining immunofluorescent
analysis of midbrain sections with TH and pS129-
�-syn antibodies revealed the presence of Lewy

neurite and Lewy body-like inclusions in dopamin-
ergic neurons in the ipsilateral SN of PFF-injected
both genotypes at different time points (Fig. 2C,
D). In addition, in the ipsilateral SN of Pink1
KO mice, pathological �-syn levels significantly
increased from 14 dpi and peaked at 90 dpi; these
were remarkably higher in Pink1 KO mice than in
WT mice (Fig. 2C, D). In the contralateral SN,
pS129-�-syn inclusions were not remarkable dur-
ing the observation period in Pink1 KO and WT
mice (Supplementary Figure 2C, quantification data
not shown). Moreover, there was a conspicuously
increased burden of pS129-�-syn aggregates at 30,
90, and 120 dpi in the ipsilateral MoCx (Supple-
mentary Figure 3A, B) and at 90 and 120 dpi in the
contralateral MoCx (Supplementary Figures 3A, C)
of PFF-injected Pink1 KO mice compared with that
of WT mice. As expected, there was no pS129-�-
syn-positive aggregate in the brains of any animals
at baseline and of animals that received an equal
amount of monomeric �-syn at 120 dpi (Fig. 2A,
C; Supplementary Figure 2A, C; and Supplementary
Figure 3A). The findings suggested that PINK1 dys-
function resulted in the abundant �-syn deposition in
the striatum, SN, and MoCx.

Increased levels of soluble and insoluble α-syn in
Pink1 KO mice after PFF injection

The �-syn aggregates induced by PFF injection
have greater insolubility, which is similar to human
Lewy body pathology properties [29]. To investigate
changes in total �-syn proteins in the whole brain,
we extracted proteins from both brain hemispheres,
and separated them into NP40-soluble and insolu-
ble fractions in Pink1 KO and WT mice. Pink1 KO
mice had higher soluble and insoluble �-syn contents
than WT mice after PFF injection (Fig. 3A–D). The
NP40-soluble �-syn fraction in PFF-injected Pink1
KO mice was increased from 30 to 120 dpi in the
ipsilateral brain and from 60 to 120 dpi in the con-
tralateral brain. Moreover, it significantly differed
between Pink1 KO and WT mice at 30 and 120 dpi
in the ipsilateral side (Fig. 3A) and at 120 dpi in the
contralateral side of the brain (Fig. 3B). The NP40-
insoluble �-syn level in the ipsilateral side of WT and
Pink1 KO mice increased over time, and it was sig-
nificantly higher levels at 60 and 90 dpi in Pink1 KO
mice compared with WT mice (Fig. 3C). In contrast,
a significant increase was only observed in the con-
tralateral brain of Pink1 KO mice, and it peaked at 90
dpi (Fig. 3D). In the same manner, the phosphorylated

https://www.graphpad.com/
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Fig. 2. Dominant pathological �-syn accumulation in the striatum and SN of Pink1 KO mice. Representative images of pS129-�-syn
aggregates with DAB staining in the ipsilateral striatum after PFF or monomeric �-syn injection (A) and its quantification (B). Representative
images of pS129-�-syn positive aggregates with DAB staining (left) and double-immunofluorescent staining images showed co-localization
of pS129-�-syn positive inclusions with nigral dopaminergic neurons (right) in the ipsilateral SN after PFF or monomeric �-syn injection (C).
Scale bar = 100 �m. Quantification of pS129-�-syn optical density in ipsilateral substantia nigra (D). Statistical significance was performed
using one-way ANOVA followed by post-hoc Sidak’s test and two-way ANOVA followed by post-hoc Turkey’s test and for multiple group
comparisons. Statistical significance finding was set for the comparison between baseline and each time point post-injection within each
genotype as follows: ∗ if p < 0.05, ∗∗ if p < 0.01, and ∗∗∗ if p < 0.001 or for the comparison between two animal groups with Pink1 WT
and Pink1 KO at each time point (n = 3 per time point in each group) as follows: # if p < 0.05, ## if p < 0.01, and ### if p < 0.001. dpi, day
post-injection; mono, monomeric �-syn; PFF, �-syn preformed fibril; TH, tyrosine hydroxylase; otherwise are same as previous figures.



1208 T.T. Nguyen et al. / PINK1 Dysfunction Accelerates Synucleinopathy

Fig. 3. Increased levels of soluble and insoluble �-syn in Pink1 KO mice after PFF injection. Representative immunoblots of NP40-soluble
�-syn levels in both brain hemispheres after PFF injection and its quantification analysis normalized to �-actin in the ipsilateral brain (A) and
contralateral brain (B). Representative immunoblots of NP40-insoluble �-syn levels in the ipsilateral brain (C) and contralateral brain (D).
pS129-�-syn levels in both brain hemispheres and its quantification analysis in the ipsilateral brain (E) and contralateral brain (F). Statistical
analysis was determined using one-way ANOVA followed by post-hoc Sidak’s test and two-way ANOVA followed by post-hoc Turkey’s test
and for multiple group comparisons. Ipsi, ipsilateral; Contra, contralateral; otherwise are same as previous figures.

�-syn levels in the insoluble fraction significantly
increased at 60 and 90 dpi in PFF-injected WT
mice and from 30 to 120 dpi in Pink1 KO mice.
Further, it was significantly greater at 90 and 120 dpi

in Pink1 KO mice compared with WT mice (Fig. 3E).
In the contralateral brain, the phosphorylated �-syn
levels were only significantly increased from 30 to
120 dpi in Pink1 KO mice after PFF injection and
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were remarkably higher at 120 dpi in Pink1 KO
mice than WT mice (Fig. 3F). Hence, the observa-
tions suggested that PINK1 dysfunction resulted in
higher soluble, insoluble, and phosphorylated �-syn
contents.

Loss of Pink1 function increased glial activation
after PFF injection

Glial responses were analyzed with the whole brain
homogenates using immunoblotting. After PFF injec-
tion, the Iba1-positive microglial levels markedly
increased at 14 dpi in the whole brain of the two
animal genotypes, and they were remarkably higher
in the ipsilateral brain of Pink1 KO than that of
WT mice (Fig. 4A–D). Furthermore, the GFAP-
immunoreactive astrocytic levels peaked at 14 dpi
and then decreased in the whole brain of PFF-injected
WT mice, while there was a sustained activation of
GFAP-positive astrocytes from 14 to 60 dpi in the
ipsilateral brain and from 14 to 30 dpi in the contralat-
eral brain of PFF-injected Pink1 KO mice (Fig. 4G,
H). Moreover, compared with the GFAP expression
levels of WT mice, those of PFF-injected Pink1 KO
mice were significantly higher at 14 and 30 dpi in
the ipsilateral brain and at 14 dpi in the contralateral
brain (Fig. 4E–H). Using immunohistochemistry, the
greater gliosis was observed in Pink1 KO mice at
14dpi, which is the peak of glial activation, along
with higher Iba1- and GFAP-immunoreactive den-
sity (Fig. 4A, B, E, F). The microglial and astrocytic
cell shape revealed a more activated form (especially
the large cell body shown in the blue box (Fig. 4A, E).
Therefore, the PINK1 deficiency provoked increased
activation of glial cells after PFF injection.

Increased phosphorylation of protein
phosphatase 2A in PFF-injected Pink1 KO mice

Protein phosphatase (PP) 2A is the main �-syn
Ser/Thr phosphatase whose activity facilitated �-syn
dephosphorylation [30, 31]. PP2A attenuated �-syn
aggregation with serine 129 phosphorylation by 50%
in Lewy bodies with dementia and �-syn triplica-
tion brains [32]. PP2A acts downstream of PINK1
to mediate neuroprotection and it is inactivated by
the phosphorylation at Tyr307 [33]. In this study, the
levels of PP2A and phosphorylated PP2A at Tyr307
(p-PP2A), inactivated form of PP2A, were evaluated.
Our study showed an increase in p-PP2A levels at 30
and 90 dpi of the ipsilateral brain and 60 and 90 dpi
of the contralateral brain in PFF-injected Pink1 KO

mouse compared with WT mice. Meanwhile, there
was no significant difference in PP2A levels (Sup-
plementary Figure 4A–D). The p-PP2A/PP2A ratio
substantially peaked at 90 dpi in PFF-injected Pink1
KO mice, and it was greater at 30, 90, and 120 dpi in
the ipsilateral brain and at 90 dpi in the contralateral
brain in Pink1 KO mice compared with WT mice
(Supplementary Figure 4E, F). Thus, the findings
suggested that Pink1 KO mice after PFF injection
increased phosphorylated PP2A.

PFF-induced early and severe
neurodegeneration in Pink1 KO mice

The magnitude of nigrostriatal degeneration was
assessed by TH immunoreactive quantification in the
striatum and SN (Fig. 5A–F). The loss of striatal TH
intensity was observed over time in the ipsilateral
side of PFF-injected both genotype mice and signifi-
cantly greater in Pink1 KO mice compared with WT
mice at 60 dpi (Fig. 5A, B). The TH density did not
change in the contralateral striatum of Pink1 KO and
WT mice during the observation period (Fig. 5A, C).
The TH intensity in the ipsilateral SN decreased over
time and remarkably at 90 and 120 dpi in both the
PFF-injected genotype groups, but it was not signifi-
cantly different between the two genotypes during the
observation period (Fig. 5D, E). Meanwhile, it only
significantly decreased at 120 dpi in the contralateral
SN of PFF-injected Pink1 KO mice (Fig. 5F). Intras-
triatal injection of monomeric �-syn did not cause
striatal dopaminergic denervation or loss of nigral
dopaminergic neurons (Fig. 5A–F).

To examine the neurodegeneration of other neu-
rons above the dopaminergic neuron, we used
neuronal nuclear protein (NeuN) as a neuronal
nuclear antigen and neuron differentiation marker
[34]. Western blot analysis revealed a dramatic
decrease in NeuN-immunoreactivity at 120 dpi in the
whole brain of PFF-injected Pink1 KO mice com-
pared with that of WT mice while the monomeric
injected groups did not exhibit neuronal loss (Fig. 5G,
H). The NeuN-positive cell numbers at 120 dpi
were significantly less in the ipsilateral MoCx and
decreased but not statistically in the contralateral
MoCx of PFF-injected Pink1 KO mice compared
with that of WT mice (Supplementary Figure 3D,
E). The findings suggested that neurodegeneration
occurred not only in the nigrostriatal system but also
in other brain regions, for example, MoCx. Alto-
gether, loss of Pink1 function resulted in early and
severe neurodegeneration.



1210 T.T. Nguyen et al. / PINK1 Dysfunction Accelerates Synucleinopathy

Fig. 4. (Continued)



T.T. Nguyen et al. / PINK1 Dysfunction Accelerates Synucleinopathy 1211

Fig. 4. Loss of Pink1 function increased glial activation after PFF injection. Iba1-positive microglial immunoreactivity in the whole striatum
at baseline and 14 days after PFF injection (A) and its quantification (B). Scale bar = 200 �m. Western blot result of Iba1 expression level and
its densitometry in the ipsilateral (C) and contralateral (D) brain. GFAP-positive astrocytic immunoreactivity in the striatum at baseline and
14 days after PFF injection (E) and its quantification (F). Scale bar = 200 �m. The glial cell morphology revealed with higher magnification in
the blue box of A and E at the site of blue arrowhead (Scale bar = 10 �m). Immunoblot result for GFAP expression level and its densitometry
in the ipsilateral (G) and contralateral (H) brain. �-actin was used as a loading control. Differences were determined using one-way ANOVA
followed by post-hoc Sidak’s test and two-way ANOVA followed by post-hoc Turkey’s test and for multiple group comparisons. Iba1, Ionized
calcium binding adaptor molecule 1; GFAP, Glial fibrillary acidic protein; otherwise are same as previous figures.

Significant motor deficits in PFF-injected Pink1
KO mice

To evaluate the effects of �-syn pathology on
behavioral performances, two animal groups were
assessed before injection and at sacrifice days. The
latency to fall on the rotarod apparatus did not
differ significantly at all time points between the
groups (Fig. 5I). Both genotypes showed decreased
performance in the wire hang test at 90 dpi after
PFF injection (Fig. 5J). The hindlimb clasping score
increased over time in both groups. However, it
increased significantly earlier at 60 dpi in PFF-
injected Pink1 KO mice than in WT mice, and the
PFF-injected Pink1 KO mice had a significantly
higher score than WT mice at 120 dpi (Fig. 5K).
Hence, the sign of motor symptoms was strongly
observed in Pink1 KO mice after PFF injection.

DISCUSSION

In this study, the accumulation of pathological �-
syn was observed in both genotype mice after PFF
injection. However, the absence of PINK1 led to a
significantly higher �-syn level and its accumulation,
microglial activation, and prolonged astrocytic acti-
vation in the brain, resulting in early neuronal death
and, consequently, motor deficits compared with WT
control.

In our study, Pink1 KO mice after PFF injection
showed significantly greater levels in the soluble and
insoluble �-syn and pS129-�-syn in the brain lysates
and higher pS129-�-syn aggregates in the ipsilateral
striatum and SN compared with WT mice. Consis-
tent with our findings in Pink1 KO animals, previous
studies showed significantly greater pS129-�-syn
inclusions and more severe nigral dopaminergic neu-
ron loss in Pink1 KO mice compared with WT mice
after viral vector of �-syn overexpression treatment
[25] and in Pink1 KO rats after PFF injection [35].
During disease progression, �-syn undergoes con-
formational changes to form oligomers and high
molecular weight aggregates including the phospho-
rylated form of �Syn that tend to make the protein

more insoluble. For this reason, the current study
evaluated the alteration in content of soluble, insol-
uble �Syn as well as pS129-�-syn levels in both
genotype groups until 4 months while another study
using PFF-injected Pink1 KO and WT rats did not
assess total �-syn levels but measured pS129-�-syn
levels in the soluble and insoluble contents of brain at
4 weeks [24]. Our study showed a significant increase
in the soluble �-syn and pS129-�-syn levels from
30 dpi until 120 dpi in PFF-injected Pink1 KO mice
compared to that of WT mice. That suggested the
greater chance of �-syn to become misfolding and
form insoluble aggregates for an extended period in
PINK1 dysfunction.

However, the mechanism by which PINK1 loss
promotes the �-syn pathology remains unclear. Some
studies revealed that the dysfunction of PINK1
increased the production of mitochondrial reactive
oxygen species, leading to �-syn accumulation and
neuronal death [36–38]. In addition, PINK1 inter-
acts with �-syn via its kinase domain in the cytosol,
promotes �-syn degradation by activating autophagy,
and prevents �-syn localization in the mitochondria,
thereby suppressing �-syn-induced mitochondrial
dysfunction [39, 40]. The loss of Pink1 function may
impair its downstream signaling pathways, for exam-
ple, Tank-binding kinase 1 (TBK1)-mediated protein
clearance, reduces TBK1 phosphorylation and activ-
ity, consequently, failure in mediating proteophagy
pathways, which induced increased abnormal �-syn
contents [24]. In addition, a global transcriptome
analysis of Pink1-deficient mouse cerebellar tissues
showed the selective dysregulation of Ube3a encod-
ing ubiquitin-protein ligase E3A, which plays a role
in the degradation of cytoplasmic misfolded �-syn
[41]. Hence, these studies suggested that failure in
several mechanisms affected by PINK1 deficiency
caused increased intracellular �-syn contents and
abnormal �-syn accumulation after PFF injection.

Interestingly, we found that PFF-injected Pink1
KO mice presented with hyperactivation of microglia
and sustained activation of astrocytes. Previous
studies including our recent paper showed that PFF-
injected WT mice induced significant glial activation
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Fig. 5. PFF-induced neurodegeneration and manifestation of motor symptoms in PD mouse models. TH-positive immunoreactive striatal
integration (A) and its densitometric quantification (B, C). Scale bar = 500 �m. TH-positive nigral dopaminergic neurons (D) and its quan-
tification data (E, F). Scale bar = 100 �m. Western blot result of NeuN-positive immunoreactivity and its densitometric quantification from
the whole brain normalized to �-actin (G, H). The latency in rotarod (I) and wire hang (J) performance and hindlimb clasping score analysis
(K) of mice after PFF injection (n = 9–12). Statistical significance was performed using one-way ANOVA followed by post-hoc Sidak’s test
and two-way ANOVA followed by post-hoc Turkey’s test and for multiple group comparisons. TH, tyrosine hydroxylase; NeuN, neuronal
nuclear protein; I, ipsilateral; C, contralateral; otherwise are same as previous figures.

[27, 42]. In the current research, Pink1 KO mice
showed higher and sustained glial activation after PFF
injection compared with WT mice. It is unclear why
PINK1 dysfunction aggravates neuroinflammation in
PFF-injected animal model but can be surmised from
previous studies as follows. Mitochondria play an
important role in controlling innate immune path-
ways [41, 43, 44]. PINK1/Parkin mutations lead
to incomplete mitophagy, might provoke mitochon-
drial fragmentation, promote mitochondrial reactive
oxygen species in astrocytes via the pyrin domain
containing 3 (NLRP3)-inflammasome and other
pathways, which then further enhance toxic inflam-
matory cytokines and neighboring cell dysfunction
[43]. Moreover, the loss of PINK1 increased GFAP
expression, altered glial inflammatory secretion
profiles by increasing pro-inflammatory cytokines
(interleukin[IL]-1�, tumor necrosis factor-�), and
nitric oxide levels in astrocytes and nitric oxide lev-
els in the mixed glia [45]. Furthermore, even without
PFF injection, Pink1 KO mice showed increased
glial activation compared with WT mice. For exam-
ple, Torress-Odio et al. showed higher Iba1-strained
microglia and GFAP-stained astrocytes in the brain-
stem and striatal tracts of Pink1 KO mice at the age
of 18 months compared with the same-age WT mice
and confirmed the early activation of astrocytes in
the olfactory bulb at 9 months old [41]. The ongoing
neuroinflammation in the whole brain until 18 months
old, which were observed by a significant increase in
ceramide levels in Pink1 KO mice compared with
WT mice [41]. In addition, the PFF-injected WT
mouse model of Izco et al. revealed that glial acti-
vation with a high IL-1� expression was an early
event at 15dpi, which preceded �-syn inclusion [42].
This glial activation might contribute to or aggra-
vate �-syn pathology in previous studies [25, 27,
41, 46]. Therefore, PINK1 dysfunction induced more
glial activation compared with control, which in turn
aggravated �-syn pathology in this current research.
In addition, our study showed a remarkable nigral
dopaminergic neuron loss in the ipsilateral brain and
a modest loss in the contralateral brain even few �-
Syn inclusions in dopaminergic neurons (Fig. 5F and
Supplementary Figure 2C). This finding was similar

to that of Sorrentino et al. [47] and an autopsy report
of a PINK1-linked PD patient presenting with loss
of nigral neuron without Lewy pathology [20]. That
demonstrated other factors rather than �-syn pathol-
ogy could lead to neuronal death, for example, SN
gliosis could be involved in PINK1-linked PD cases
[17–20].

PP2A is a phosphatase and highly expressed in
neurons, plays an essential role in the pathogenesis
of neurodegenerative disorders via the dephospho-
rylation of tau or �-syn to alleviate the production
of abnormal proteins. It was reported that PP2A
activation by the treatment of metformin reduced
pS129-�-syn level [31]. The Src/calmodulin com-
plex caused PP2A phosphorylation at Tyr307 and
suppressed its phosphatase activity [48]. The over-
expression of �-syn reduced PP2A activity by
enhancing PP2A Tyr307 phosphorylation through
the Src tyrosine kinase pathway [49] and PP2A
activity was rescued by PINK1 overexpression [33].
PINK1 negatively regulated the PI3K/Akt/mTOR
pathway [50], which might block mTOR-induced
PP2A phosphorylation [51] whose suppression of
PP2A activity [31]. In addition, PINK1 dysfunction
decreased PP2A activity in in vitro of dopaminer-
gic cell culture and the mouse striatum, suggesting
that the protective activity of PINK1 could suppress
the inactivation of PP2A [52]. Our study showed an
increase in dysfunctional PP2A (p-PP2A) in Pink1
KO mice after PFF injection. It peaked at 90 dpi,
which was the point of the highest pS129-�-syn lev-
els, and they were markedly higher in Pink1 KO mice
than in WT mice. That suggested Pink1 KO caused
the impairment in PP2A activation that failed to
dephosphorylate pS129-�-syn, later on, pS129-�-syn
aggregation triggered further PP2A phosphorylation.
That was shown in a remarkable increase of p-
PP2A/PP2A ratio in PFF-injected Pink1 KO mice
from 30 or 60 to 120dpi and significantly different
at 90 dpi in the whole brain and 120 dpi in the ipsi-
lateral side compared with WT mice. Consequently,
higher pS129-�-syn levels were observed. By con-
trast, although the p-PP2A level had an increasing
trend in PFF-injected WT mice, it was lower than
that of Pink1 KO mice, and p-PP2A/PP2A ratio
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did not change overall. This might explain why the
PP2A activity was rescued with the protective func-
tion of PINK1 and resulted in lesser pS129-�-syn
levels in WT mice compared with Pink1 KO mice.
Thus, these observations could explain why PP2A
phosphorylation decreased the dephosphorylation of
pS129-�-syn, thereby leading to higher levels of
pathological pS129-�-syn forms in Pink1 KO mice
after PFF injection.

Importantly, Pink1 KO mice presented with the
early loss of striatal dopaminergic neuron and sig-
nificant loss of NeuN-immunopositive neurons after
PFF injection in our study. The previous study by
Creed and Goldberg did not find the striatal neurode-
generation in their Pink1 KO rat models within the
short observation period of 4 weeks post-injection
[24]. However, for a 4-month observation period,
our study found that the significant loss in striatal
TH intensity was observed earlier at 60 dpi in our
Pink1 KO mice than WT mice—observed at 90
dpi after PFF injection. It occurred at 60 dpi prior
to the loss of nigral soma at 90 dpi, suggesting
axonopathy preceded cell body degeneration, simi-
lar to early PD [53]. The current study revealed a
significant decrease in diffuse neuronal marker in
the whole brain of Pink1 KO mice after PFF injec-
tion, thereby indicating neurodegeneration occurred
not only in the nigrostriatal system but also in other
brain regions, for example, MoCx (Supplementary
Figure 3D, E). In WT mice, the involvement of
PINK1 in the misfolded protein clearance pathway
could result in the successful clearance of �-syn
aggregates, the number of pS129-�-syn inclusions
did not yet affect neuron loss in the whole brain. By
contrast, in the absence of PINK1, impaired protein
degradation might lead to prolonged increasing �-
syn contents and a greater risk of misfolding and
aggregation. Furthermore, failed autophagic degra-
dation of full-length pS129-�-syn could produce a
mitotoxic form of phosphorylated �-syn, pSyn∗, a
form of reactive and truncated pS129-�-syn without
N and C terminal ends [54, 55]. Higher pS129-�-syn
levels might consequently increase the chance to con-
verse from full-length pS129-�-syn to pSyn∗, which
might explain the significant neurodegeneration that
is significantly greater in Pink1 KO mice (Fig. 5G, H).
Further studies examining the effect of PFF-triggered
neurodegeneration on interneuron function should be
performed in the future.

In addition, in Pink1 KO mice after PFF injec-
tion, early neuronal loss caused faster progression
of motor impairment as evidenced by the hindlimb

clasping score above all things. Significant neuronal
loss at 120 dpi caused significant motor impairment
based on the wire hang test and a higher clasping
score in Pink1 KO compared with WT mice. Without
PFF injection, Pink1 KO mice did not present with
gross motor dysfunctions at the age of 20–27 months
[56]. Meanwhile, Grant et al. showed that compared
with WT rats, Pink1 KO rats developed early and pro-
gressive vocalization and oromotor deficits, but not
motor phenotypes [57]. The deficits in our Pink1 KO
mouse model provided more evidence about hidden
phenotypes. Our study did not observe changes of
motor coordination function in the rotarod test, simi-
lar to other published Pink1-deficient mouse models
[21, 58]. To detect neuromuscular abnormalities in
motor strength, our mouse groups underwent sequen-
tial wire hang tests. WT mice had a weak performance
at 90 dpi, and Pink1 KO mice exhibited poor perfor-
mance at 90 and 120 dpi. Importantly, the hindlimb
clasping assessment, a measure of striatal dysfunc-
tion [59], showed a defect in PFF-injected Pink1
KO mice at 60 dpi, which is associated with stri-
atal dopaminergic degeneration. The limb clasping
phenotype of Pink1 KO mice was progressive and
more severe at 120 dpi compared with that of WT
mice (Fig. 5K). These data demonstrated that Pink1
KO mice could develop early-onset and progressive
neurological deterioration in a time-dependent man-
ner. The observations were indicative of early-onset
PINK1-associated Parkinsonism. Moreover, our PD
Pink1 KO mouse model showed prominent pS129-
�-syn deposits in the amygdala from 14 days after
PFF injection compared with WT mice (Supplemen-
tary Figure 1), which were not observed in the PD
Pink1 KO rat model of Creed and Goldberg [24].
This finding could explain the presence of anxiety in
Pink1 KO mice based on the open field test [46] and
psychotic/psychiatric symptoms among patients with
PINK1-related PD [13–16].

Hence, we suggest that the intrastriatal PFF injec-
tion might be associated with �-syn pathology, which
was in accordance with PD pathology and was exac-
erbated in Pink1 KO mice compared with WT mice.
The PFF-injected Pink1 KO animal model might
be useful for studying mechanisms and for devel-
oping therapeutic approaches due to the following
advantages—the robust �-syn pathology was associ-
ated with bilaterally progressive neurodegeneration,
and the model could provide the most combination of
evidence for PD pathogenesis, which includes mito-
chondrial dysfunction with loss of function PINK1
and inflammation.
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In conclusion, loss of Pink1 function acceler-
ated the aggregation and accumulation of �-syn
and, consequently, led to early and significant
neurodegeneration and behavioral impairment in
the PD mouse model. Loss of PINK1 enhanced
microglial/astrocytic activation, sustained astrocytic
activation, and aggravated PP2A phosphorylation
(dysfunctional PP2A) and, subsequently, increased
phosphorylated �-syn depositions. Moreover, glial
hyperactivation could lead to neuronal death (Sup-
plementary Figure 5). Therefore, our findings support
the notion that PINK1 dysfunction increased the risk
of synucleinopathy.

Nevertheless, further studies must be conducted to
better understand the detailed molecular mechanisms
of PINK1 dysfunction contributing �-syn pathology
and the long-term change in synucleinopathy and
neurodegeneration caused by PINK1 dysfunction.
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