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Abstract
Overexposure to manganese (Mn) is an important environmental risk factor for Parkinsonian-like symptoms referred to as
manganism. Alpha-synuclein (α-Syn) oligomerization is a major cause in Mn-induced neurotoxicity. Autophagy, as an adjust
response to control intracellular protein homeostasis, is involved in the degradation of α-Syn monomers or oligomers.
Furthermore, autophagy dysregulation is also related to development of neurodegenerative disorders. Hence, we speculated that
there was an interaction effect betweenα-Syn oligomerization and autophagy uponMn exposure. In this study, we appliedα-Syn
gene knockout mice (α-Syn−/−) and wild-type mice (α-Syn+/+) treated with three different concentrations ofMnCl2 (50, 100, and
200 μmol/kg) to elucidate the physiological role of α-Syn in Mn-induced autophagy dysregulation and neurocytes injury. We
found that activation of chaperone-mediated autophagy (CMA) pathway byMn was independent of α-Syn. Additionally, α-Syn
could ameliorate excessive autophagy induced by high dose Mn (200 μmol/kg). Next, we used 5 mg/kg Rapamycin (Rap) or 3-
methyladenine (3-MA) to regulate autophagy. The study revealed that autophagy is involved in Mn-induced α-Syn oligomer-
ization and neurocytes injury. Taken together, these findings indicated thatα-Syn oligomerization might be the major responsible
for the Mn-induced autophagy dysregulation and neurocytes injury.
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Abbreviations
Mn Manganese
PD Parkinson’s disease
BBB Blood-brain barrier
CNS Central nervous system
α-Syn Alpha-synuclein
CMA Chaperone-mediated autophagy
Rap Rapamycin
3-MA 3-Methyladenine
I.P. Intraperitoneal
S.C. Subcutaneously

MDC Monodansylcadaverine

Introduction

Manganese (Mn), as one of necessary trace elements, is im-
portant for sustaining normal physical function (O'Neal and
Zheng 2015). However, excessive and chronic exposure to
Mn can cause neurotoxicity resulting in neurodegenerative
disorder, referred to as manganism, characterized by
Parkinsonian-like symptoms (Chen et al. 2015). Mn has been
implicated in neurodegeneration due to its role as a
neurotoxicant upon excessive exposure (Horning et al.
2015). Epidemiological studies have reported that a high level
in occupational or environmental setting of Mn is tightly as-
sociated with increased risk for neurodegenerative disease
(O'Neal and Zheng 2015). Therefore, Mn exposure becomes
an important environmental risk for this disorder with
Parkinsonian-like symptoms.

Previous studies on the mechanism of Mn neurotoxicity have
mainly focused on mitochondrial dysfunction, oxidative stress,
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apoptosis, alteration of neurotransmitter metabolism, and calci-
um homeostasis (O'Neal and Zheng 2015). Nevertheless, emerg-
ing evidence indicates that alpha-synuclein (α-Syn) oligomeriza-
tion is a major culprit for Mn-induced neurotoxicity (Xu et al.
2014a). α-Syn, as a chaperon protein with 140 amino acids, is
widely expressed in neural tissue where it predominantly local-
izes to the presynaptic terminal. It can play important roles in the
regulation of synaptic plasticity, vesicle transport, and dopami-
nergic neurotransmission (Benskey et al. 2016). Under some
pathogenic conditions (oxidative stress and exposed to metal,
etc.), α-Syn can spontaneously develop into stable oligomers
themselves eliciting adverse events, including perturbing cellular
proteostasis, damaging membrane structure, and inducing cell
death (Gonzalez-Horta 2015). However, the exact mechanism
of α-Syn monomers or oligomers in autophagy induction is still
limited.

Autophagy is a conserved degradation and recycling cellu-
lar process essential for maintaining homeostasis at low basal
levels, which is grouped microautophagy, macroautophagy,
and chaperone-mediated autophagy (CMA). Emerging evi-
dence indicate that the degradation ofmisfolded/unfolded pro-
teins depend on both macroautophagy and CMA pathways
(Ciechanover and Kwon 2015). Autophagy functions as an
essential cytoprotective response to varying insults
(misfolded/aggregated proteins and damaged organelles).
However, autophagy dysregulation (excessive activation or
inhibition) are connected with the development of neurode-
generative disorders (Zhang et al. 2016). Although several
studies have reported that Mn could induce autophagy dys-
regulation (Yuan et al. 2016; Zhang et al. 2013), little data
exist on α-Syn oligomerization involved in Mn-induced au-
tophagy dysregulation.

Based on above findings, we speculate that α-Syn mono-
mer may play protective role in ameliorating Mn-induced ex-
cess autophagy and neurocytes injury. Conversely, α-Syn
oligomers exacerbate Mn-induced neurocytes injury, and au-
tophagy also tightly involves in Mn-induced α-Syn oligomer-
ization and neurotoxicity. Therefore, in this study, we ex-
plored the important effect of α-Syn on Mn-induced autoph-
agy and apoptosis by α-Syn gene knockout (α-Syn−/−) mice
vs. wild-type (α-Syn+/+) mice. Furthermore, rapamycin (Rap)
and 3-methyladenine (3-MA), autophagy regulators, were in-
troduced into our current study to confirm that there was a
relationship between α-Syn oligomerization and Mn-
induced autophagy dysregulation.

Materials and Methods

Materials

Manganese (II) chloride tetrahydrate and propidium iodide
(PI) were obtained from Sigma Chemical Co. (St. Louis,

MO, USA). Rapamycin (Cat #: HY-10219) and 3-
methyladenine (Cat #: HY-19312) were from MedChem
Express (USA). Annexin V-FITC/PI reagent kit was pur-
chased from Nanjing KeyGen Biotech. Co. Ltd. (Cat No:
KGA 106; China). PrimeScript® RT Enzyme Mix I and
SYBR® Premix Ex Taq™ II kits were from TaKaRa
Biotech. Co. Ltd. Mouse α-Syn, HSC70, p62 monoclonal
primary antibody and rabbit Beclin1, LC3B, and Lamp2A
polyclonal primary antibody were purchased from Abcam
Ltd. (Hong Kong). Horseradish peroxidase (HRP) conjugated
anti-rabbit secondary antibody and HRP conjugated anti-
mouse secondary antibody were purchased from Abcam.
Other chemicals of analytical grade applied in current study
were obtained from local chemical suppliers.

Animals and Treatments

Homozygous α-Syn gene knockout (α-Syn−/−) male mice
were purchased from Jackson Laboratory (B6; 129X1-
SncatmlRosl, stock #003692, Bar Harbor, MA). According to
the previous reports, a stable breeding colony could be ex-
panded and maintained by heterozygous offsprings crossed
(Ding et al. 2016). In our study, α-Syn−/− male mice were
crossed with the wild-type female mice (C57/BI6J) to yield
heterozygous mice (F1). Then heterozygous offsprings (F2 ×
F2 and F3 × F3…) crosses were conducted to maintain a sta-
ble breeding colony. As shown in Fig. 1, animal genotype was
confirmed by PCR amplification of genomic DNA set for α-
Syn gene. Ten-week-old homozygous α-Syn−/− and α-Syn+/+

mice (25 ± 5 g) (female:male = 1:1) from identical offspring
generation of F5 heterozygotes were carried out in experi-
ments (Fig. 1a, b).

Animal treatment and care were in accordance with the
National Institutes of Health Guidelines for the Care and
Use of Laboratory Animals and approved by the Animal
Ethical Committee of China Medical University. This study
was divided into two parts. For the first part, we set up each
four groups of α-Syn+/+ and α-Syn−/− mice (10-week-old)
(n = 10 per group) (female:male = 1:1): control (NaCl), three
different dosage ofMnCl2 (50, 100, and 200μmol/kg) groups.
The manner of treatment was conducted by intraperitoneal
(i.p.) injection for five consecutive days every week
(Krishna et al. 2014). During the exposure period, the mice
were periodically subjected to behavioral tests every 2 weeks
and at the sixth week we observed obvious behavioral impair-
ment, which indicated that the animals model of manganism
were successfully established and relevant indicators were
able to collect for detection. For the second part, we used
Rap and 3-MA to pretreat 200 μmol/kg Mn-treated α-Syn+/+

mice. These mice were randomly divided into six groups (10-
week-old) (n = 10 per group) (female:male = 1:1): control
groups (NaCl control, Rap control, and 3-MA control),
200 μmol/kg MnCl2-treated group, and Rap or 3-MA
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pretreated groups (Rap + Mn and 3-MA + Mn). To minimize
the harm of mice, the manner of pretreatment (5 mg/kg Rap or
3-MA) were conducted by subcutaneous injection (s.c.) for
three intermittent days, 2 h before i.p. injection with NaCl
solution or 200 μmol/kg MnCl2 (Matsushita et al. 2016; Pan
et al. 2017). The whole exposure of animals was 6 weeks. The
detailed experimental procedure was illustrated in Fig. 1c. The
injection volume was 5 mL/kg body weight. The mice were
bred at ambient temperature (22–23 °C) and humidity-
controlled room.

Behavioral Tests

Open Field Test

Mice were placed in the center of a square box (50 cm ×
50 cm × 50 cm) that divided into 16 quadrants. Firstly, these
micewere adapted to the unacquainted environment for 2 min.
Then, motor activities were recorded during a 5-min session
by EthoVision XT 11.5 (Noldus, Netherlands) software. Total
distance (cm) and rearing number (n) were used to assess the
spontaneous locomotor activity of animals (Li et al. 2018).

Forced Swim Test

Forced swim test was carried out to observe the motor coor-
dination ability of mice. Briefly, the mice were placed individ-
ually in water tank (100 cm × 50 cm × 30 cm) containing

water (25 ± 1 °C), to be forced to swim from the one side to
another side. During a 5-min session, immobility time (s)
(floating without struggling or exhibiting no valid movements
with their forepaws) was recorded manually (Li et al. 2018).

Static Weight-Bearing Assessment

The incapacitance meter was applied to measure static weight
bearing of mice. The hind limbs of mice were set individually
on load cells. The contralateral hind limbs weight difference
(g) was manually recorded when the animals stabilized its
positioning.

Grasping Strength

Mice were positioned on the wire grid (8 cm × 14 cm) con-
nected to an ordinary electronic scale, and allowed to grasp the
grip while being dragged the tail with increasing firmness till
they loosened their grip. Each mouse was tested three times
and the grasping strength (g) was noted by the scale at the
precise moment of loosening. The mean grasping strength
(g) was calculated automatically.

Measurement of Mn Contents in Striatum

A sample of striatum tissue from each group was wet-digested
with 0.5 mL HNO3 (70% HNO3 for trace metal analysis).
Then the samples were eluted with 0.5 mL 30%H2O2 solution

Fig. 1 The experimental procedure of this study. a The primers used for
genotype identification in this study were shown. b Genotyping of wild-
type (+/+: α-Syn+/+ mice; 105 bp), α-Syn homozygous knock out (−/−:
α-Syn−/−mice; 192 bp), heterozygous (+/−: commonmice; 105~192 bp),
and negative control (0) were shown. c Ten-week-old homozygous α-
Syn−/− and α-Syn+/+ mice from the same generation were exposed to

MnCl2 via i.p. for successive 5 days a week till the behavioral abnormal-
ities were observed by behavioral tests (the whole exposure duration of
MnCl2 lasted 6 weeks totally). For drug pretreatment groups, α-Syn+/+

mice were subjected to Rap (3-MA) via s.c. for interval 3 days a week in
the same period of exposure to Mn. After accomplishment of behavioral
tests, the brain was obtained to detect the relevant indicators
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and the solution was utterly evaporated. The precipitate was
dissolved in 5 mL deionized water and analyzed by a
HITACHI 180-80 atomic absorption spectrometry system
(Wang et al. 2017a). Concentrations were measured using a
standard calibration curve.

Alpha-Synuclein Oligomerization Assay

The detection of α-Syn oligomers was according to our pre-
vious study (Xu et al. 2015). Briefly, after normalization of the
protein concentration, the fresh protein samples (without ul-
trasound and boiling) from striatum tissue of each group were
separated by a 4–20% non-denaturing polyacrylamide gradi-
ent gel (Thermo Fisher Scientific, USA) and then electro-
transferred onto PVDF membranes (Immobilon-PSQ,
Millipore). The membranes were incubated with mouse α-
Syn primary monoclonal antibody (1:500, Abcam Ltd.,
ab1903) overnight at 4 °C. Protein bands were visualized by
chemiluminescent detection system (Pierce) and quantified by
ImageJ.

Western Bolt Analysis

Protein extraction and immunoblot method were according to
our previous study (Xu et al. 2014b). The following primary
antibodies were used: Beclin1 (1:1000, rabbit polyclonal,
Abcam Ltd., ab62557), LC3B (1:1000, rabbit polyclonal,
Abcam Ltd., ab48394), p62 (1:1000, mouse monoclonal,
Abcam Ltd., ab56416), Lamp 2A (1:1000, rabbit polyclonal,
Abcam Ltd., ab18528), HSC70 (1:1000, mouse monoclonal,
Abcam Ltd., ab2788), and β-actin (1:1000, rabbit polyclonal,
Cell Signaling, ab4967). The expression of protein was de-
tected by ECL chemiluminescent detection system and nor-
malized to β-actin. The intensity of protein bands were quan-
tified relatively by detecting the mean gray value by ImageJ
(ImageJ, NIH, Bethesda, MA, USA).

Quantitative Real-Time PCR Analysis

Total RNA of striatum tissue was extracted using Trizol re-
agent (TaKaRa Biotech. Co. Ltd., China), and was reverse-
transcribed using PrimeScript® RT Enzyme Mix I (TaKaRa
Biotech. Co. Ltd., China). Quantitative real-time PCR was
performed on ABI 7500 Real-Time PCR System (Applied
Biosystems, USA) using SYBR® Premix Ex TaqTM II kit
(TaKaRa Biotech. Co. Ltd., China). The final reaction mixture
volume and reaction condition were the same as our previous
study (Xu et al. 2014a). The primers used in this study are
shown in Table 1 (Koga et al. 2011; Massey et al. 2006; Xu
et al. 2015; Yasuhara et al. 2011). β-actin was used as an
endogenous control. The results were calculated by the
2-△△Ct method.

Co-Immunoprecipitation of Lamp 2A with HSC70
and Alpha-Synuclein

A co-immunoprecipitation (Co-IP) assay was performed as
described previously (Xu et al. 2015). After protein concen-
tration normalization, the fresh protein samples from striatum
tissue of each group were incubated with rabbit polyclone
anti-Lamp 2A (1:40, Abcam Ltd., ab18528), mouse anti-
HSC70 (1:50, Abcam Ltd., ab2788), or mouse anti-α-Syn
(1:50, Abcam Ltd., ab1903) monoclonal antibody at 4 °C
overnight to form antigen-antibody complex. Then
immunomagnetic beads were pre-treated according manufac-
turer’s instruction and re-suspended in binding buffer (con-
taining 50 mM Tris, 150 mM NaCl, 0.2% Triton-100, pH
7.5). The antigen-antibody complex solution was added into
binding buffer, incubated with beads for 2 h. The beads-
antigen-antibody complex was collected by magnetic separa-
tion and loaded onto a 10% SDS-PAGE and electro-
transferred onto PVDF membrane. Membrane blots were
probed with mouse anti-HSC70 (1:1000, Abcam Ltd.,
ab2788), mouse anti-α-Syn (1:500, Abcam Ltd., ab1903), or
rabbit anti-Lamp 2A (1:1000, Abcam Ltd., ab18528) antibod-
ies and visualized using chemiluminescent detection system.

Immunofluorescence of Lamp 2A with HSC70
and Alpha-Synuclein

After fixed with paraformaldehyde, the serial coronary brain
frozen slices (7μm thickness) were directly mounted on slides
and penetrated with 0.5% Triton. Normal sheep serum was
used to blocked non-specific sites. Then, the slices were incu-
bated with these primary antibodies overnight at 4 °C: Lamp
2A rabbit primary antibody (1:200, Abcam Ltd., ab18528)
and HSC70 mouse primary antibody (1:200, Abcam Ltd.,
ab2788), Lamp 2A rabbit primary antibody (1:200, Abcam
Ltd., ab18528), and α-Syn mouse primary antibody (1:50,
Abcam Ltd., ab1903). After being rinsed with PBS, the slices
were incubated with Alexa Fluor 488-labeled donkey anti-

Table 1 Primer sequences used for the amplification of each gene in
this study

Target Primer Sequence(5′-3′)

α-synuclein Sense CACAAGAGGGAATCCTGGAA

Anti-sense TCATGCTGGCCGTGAGG

Lamp 2A Sense GCAGTGCAGATGAAGACAAC

Anti-sense AGTATGATGGCGCTTGAGAC

HSC70 Sense AGCTGCCTGGCATTTGTGTG

Anti-sense GTGCGGTTACCCTGGTCATTG

β-actin Sense GGAGATTACTGCCCTGGCTCCTA

Anti-sense GACTCATCGTACTCCTGCTT
GCTG
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rabbit secondary antibody and 594-labeled donkey anti-
mouse secondary antibody (1:500, Molecular Probes,
Invitrogen, Carlsbad, CA) in darkness for 2 h at room temper-
ature. Olympus confocal microscope (FV 1000S-IX81,
Olympus, Japan) was applied to examine the fluorescent sig-
nal. Colocalization was assessed by calculating the Pearson’s
correlation coefficient using ImageJ.

Apoptosis Assays

The apoptosis was detected by flow cytometry (FCM) accord-
ing to previous description (Yuan et al. 2016). After 20 mg of
the striatum tissue from four mice per group made into single
cell suspension, the cells were dyedwith Annexin V-FITC and
propidium iodide (PI) according to the producer’s manual and
the fluorescent signals were detected by a flow cytometer (BD
FACSCanto CantoII, USA). The early apoptosis percentage of
cells (Annexin V+ /PI−, Q4) was automatically recorded.

MDC Staining of Autophagic Vacuoles

After striatum tissues made into cell suspension, the auto-
fluorescent compound monodansylcadaverine (MDC) was
used to stain autophagic vacuoles (Ding et al. 2016). The cell
suspension were incubated with 0.05 mM MDC in PBS at
37 °C in the dark for 45 min, then washed three times with
PBS. The incidence of autophagy (%) and mean fluorescence
intensity (% of control) were analyzed by Flow cytometer (BD
FACSCanto CantoII, USA).

Transmission Electron Microscopy

The formation of autophagosome in neuron was observed by
transmission electron microscopy. After mice were anesthe-
tized by 10% chloral hydrate, the striatum tissue was rapidly
trimmed into 1-mm3 tissue on ice and then fixed in 2.5%
glutaraldehyde phosphoric acid for 2 h. The trimmed tissue
sequentially undergone washed in PBS, post-fixed in 1% os-
mium tetroxide for 2 h, dehydrated with gradient alcohol,
embedded, polymerized, trimmed and sectioned into slices,
and stained with uranyl acetate and lead citrate. Finally, 12
pictures per group of the ultrastructural features in neurons
were taken at × 15,000 magnification by transmission electron
microscopy (H-600-4, Hitachi).

Statistical Analysis

All statistical analyses were carried out by SPSS 18.0 soft-
ware. Experimental data were represented as mean ± standard
error of mean (SE). Two-way ANOVA, followed by the
Student-Newman-Keuls test (q test) for multiple comparisons,
was conducted to assess the effect of Mn factor and genotype
factor on the results. Differences between α-Syn+/+ and α-

Syn−/− mice were analyzed by two-tailed, unpaired Student’s
t test. As for Rap/3-MA pretreatment, statistical analysis was
performed by one-way ANOVA followed by Student-
Newman-Keuls test. A P value < 0.05 indicated statistical
significance.

Results

Behavioral Abnormalities Induced by Mn in Both
α-Syn+/+ and α-Syn−/− Mice

We observed obvious motor and behavioral deficits till Mn
exposure for 6 weeks in both α-Syn+/+ and α-Syn−/− mice,
which were shown in Fig. 2 (Supplemental Table S1–2). Open
field test showed that total distance and rearing number in 50–
200 μmol/kg Mn-treated α-Syn+/+ and α-Syn−/− mice were
significantly decreased compared to their controls, respective-
ly (Mn factorF(total distance) = 405.35, P < 0.05, genotype factor
F(total distance) = 38.77, P < 0.05, genotype vs. Mn interaction
F(total distance) = 4.05, P < 0.05; Mn factor F(rearing number) =
78.32, P < 0.05, genotype factor F(rearing number) = 4.19,
P < 0.01, genotype vs. Mn interaction F(rearing number) = 1.19,
P > 0.05; Fig. 2a, b). Compared to Mn-treated α-Syn+/+ mice,
there was a significant decrease of total distance in Mn-treated
α-Syn−/− mice (P < 0.01; Fig. 2a). Rearing number in
200 μmol/kg Mn-treated α-Syn+/+ mice was more decreased
than that in 200 μmol/kgMn-treated α-Syn−/−mice (P < 0.05;
Fig. 2b). Immobility time in forced swimming test showed an
upward trend in Mn-treated α-Syn+/+ and α-Syn−/− mice (Mn
factor F = 436.75, P < 0.01, genotype factor F = 54.45,
P < 0.01, genotype vs. Mn interaction F = 6.43, P < 0.01;
Fig. 2c); further, there was a significant difference between
Mn-treated α-Syn+/+ and α-Syn−/− mice (P < 0.01; Fig. 2c).
With increasing Mn dose, grasping strength of α-Syn+/+ and
α-Syn−/−mice were significantly strengthened (Mn factor F =
18.10, P < 0.01, genotype factor F = 10.26, P < 0.01, geno-
type vs.Mn interaction F = 1.28, P > 0.05), andα-Syn−/−mice
exhibited more abnormal limb-clasping response with stiff-
ness when they were suspended by their tails than α-Syn−/−

mice in 100 and 200 μmol/kg Mn treatment (P < 0.05;
Fig. 2d). In static weight-bearing test, the contralateral hind
paw weight difference increased significantly in Mn-treated
α-Syn+/+ (100, 200 μmol/kg) and α-Syn−/− (50–200 μmol/
kg) mice compared to controls (Mn factor F = 106.09,
P < 0.01, genotype factor F = 11.62, P < 0.01, genotype vs.
Mn interaction F = 5.83, P < 0.01; Fig. 2e). There was a sig-
nificant difference in this indicator between α-Syn+/+ and α-
Syn−/− mice in 200 μmol/kg Mn treatment (P < 0.05; Fig. 2e).
These data suggested that Mn could impair motor coordina-
tion, balance, and grasping strength in both α-Syn+/+ and α-
Syn−/−mice, and induce greater behavioral effects inα-Syn−/−

mice compared with α-Syn+/+ mice. These behavioral
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abnormalities indicated our mice models of manganism were
successfully established.

Alpha-Synuclein Ameliorated Mn-Induced Autophagy
and Apoptosis

Previous study reported that Mn could pass through blood-
brain barrier (BBB) storing central nervous system (CNS),
particularly globus pallidus, striatum, and substantia nigra
(Horning et al. 2015). In this study, we detected the level of
Mn in striatum to reflect the absorption situation of the metal
in Mn-treated groups. Statistical comparisons revealed that
Mn concentration in striatum of Mn-treated α-Syn+/+ and α-
Syn−/− mice (50–200 μmol/kg) gradually increased in a dose-
dependent manners (r = 0.895, P < 0.01, r(−/−) = 0.926,

P < 0.01; Fig. 3a). Mn concentration in striatum in Rap and
3-MA pretreatment were also significantly higher than those
in control group (5.1- and 5.2-fold of the control; respectively,
P < 0.01; Fig. 7a), which indicated that the pretreatment with
Rap or 3-MA had no effects on the brain accumulation of Mn.
The result of apoptotic in this study demonstrated that Mn
damaged nerve cell, which was consistent with previous re-
port (Pfalzer and Bowman 2017) (Mn factor F = 96.02,
P < 0.01, genotype factor F = 18.31, P < 0.01, genotype vs.
Mn interaction F = 3.33, P < 0.05; Fig. 3b; Supplemental
Fig. S1). Another important finding was the significant differ-
ence in apoptotic between α-Syn−/− mice and α-Syn+/+ mice
in 100 and 200 μmol/kg Mn treatment (P < 0.05; Fig. 3b),
suggesting that α-Syn−/− mice more susceptible to Mn than
α-Syn+/+ mice.

Fig. 2 Summary of the
performance of α-Syn+/+ and α-
Syn−/− mice on behavioral tests
evaluating the motor capacity
6 weeks after Mn exposure. a, b
Total distance and rearing number
were decreased by Mn treatment
in the open field test. c Immobility
time was increased by Mn
treatment in forced swim test. d
Grasping strength was enhanced
in Mn-treated α-Syn+/+ and α-
Syn−/− mice. e Mn-treated α-
Syn+/+ and α-Syn−/− mice
performed the poor ability of
balance in static weight-bearing
test. *P < 0.05 and **P < 0.01 vs.
control; #P < 0.05 and ##P < 0.01
vs. control (−/−); ◆P < 0.05 and
◆◆P < 0.01 α-Syn−/− vs. α-
Syn+/+ mice. n = 6 per group
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Fig. 3 Alpha-synuclein ameliorated Mn-induced autophagy and apopto-
sis. a The increase accumulation of Mn concentration in striatum in Mn-
treated α-Syn−/− and α-Syn+/+ mice were measured. b Apoptosis of both
Mn-treated α-Syn−/− and α-Syn+/+ mice were analyzed using flow cy-
tometry. c TEM images show autophagy vesicle in neurons of both Mn-
treated α-Syn−/− and α-Syn+/+ mice and controls. Arrows indicate
autophagosomes and autolysosomes. The scale bar: 2 μm (controls) and

1 μm (Mn-treated groups). d, e The incidence of autophagy and mean
fluorescence intensity of α-Syn−/− and α-Syn+/+ mice was detected by
MDC-labeled autophagy vesicles using flow cytometry. Statistics are
depicted as mean ± SE, **P < 0.01 vs. control; ##P < 0.01 vs. control
(−/−); ◆P < 0.05 and ◆◆P < 0.01 α-Syn−/− vs. α-Syn+/+ mice; n = 4 per
group
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Considering a close association between autophagy and
apoptosis, we carried out a series of detections to assess au-
tophagy. Firstly, few autophagosomes and phagophores ob-
served by electron microscopy were presented in control
groups (Fig. 3c). In contrast, an obvious increase of
autophagosomes and autolysosomes that contained dense
granules were observed in 100 and 200 μmol/kg Mn-treated
α-Syn−/− and α-Syn+/+ mice (Fig. 3c). To better assess the
level of autophagy, we further used FCM to detect the inci-
dence of autophagy and the mean fluorescence intensity by
MDC-labeled autophagosome. Statistical analysis revealed
that 100 and 200 μmol/kg Mn treatment could activate au-
tophagy in both α-Syn−/− and α-Syn+/+ mice(Mn factor
F(incidence of autophagy) = 1382.30, P < 0.01, genotype factor
F(incidence of autophagy) = 35.80, P < 0.01, genotype vs. Mn inter-
action F(incidence of autophagy) = 20.32, P < 0.01; Mn factor
F(mean fluorescence intensity) = 93.03, P < 0.01, genotype factor
F(mean fluorescence intensity) = 8.89, P < 0.01, genotype vs. Mn
interaction F(mean fluorescence intensity) = 3.62, P < 0.05; Fig. 3d,
e), and this effect (activated autophagy) onα-Syn−/−mice was
more drastic than α-Syn+/+ mice in 200 μmol/kg Mn treat-
ment (P < 0.01; Fig. 3d, e), indicating an excessive autophagy
in α-Syn−/− mice induced by 200 μmol/kg Mn treatment.
These above results suggested that α-Syn might be involved
in the regulation of Mn-induced excessive autophagy and
apoptosis.

Activation of CMA Pathway by Mn Was Independent
of α-Syn

CMA is regarded to be a selective mechanism for the degra-
dation of misfolded/unfolded protein bywhich chaperone pro-
tein HSC70 directly recognizes CMA substrate protein and
transports them to the lysosomes for Lamp 2A-mediated deg-
radation. To explore the activation state of CMA, we detected
the levels of Lamp 2A and HSC70mRNA and protein expres-
sion inMn-treatedα-Syn+/+ andα-Syn−/−mice. The results of
Fig. 4a–c revealed that the levels of Lamp 2A and HSC70
mRNA and protein expression both significantly increased
in response to Mn treatment (50–200 μmol/kg) without dif-
ference between α-Syn+/+ and α-Syn−/− mice (Mn factor
F(Lamp2a mRNA) = 14.57, P < 0.01, genotype factor F(Lamp2a

mRNA) = 0.328, P > 0.05, genotype vs. Mn interaction
F(Lamp2a mRNA) = 0.27, P > 0.05; Mn factor F(HSC70 mRNA) =
10.53, P < 0.01, genotype factor F(HSC70 mRNA) = 0.009,
P > 0.05, genotype vs. Mn interaction F(HSC70 mRNA) =
0.339, P > 0.05; Mn factor F(Lamp2a protein) = 40.23, P < 0.01,
genotype factor F(Lamp2a protein) = 0.61, P > 0.05, genotype vs.
Mn interaction F(Lamp2a protein) = 0.92, P > 0.05; Mn factor
F(HSC70 protein) = 14.71, P < 0.01, genotype factor F(HSC70 pro-

tein) = 1.197, P > 0.05, genotype vs. Mn interaction F(HSC70

protein) = 0.222, P > 0.05). Furthermore, we investigated the
interaction of HSC70 and Lamp 2A by using laser scanning

confocal microscopy and Co-IP. As shown in Fig. 4d, the
brain slices from α-Syn+/+ and α-Syn−/− mice were double
stained by anti-HSC70 antibody conjugated with Alexa
Fluor 594 and anti-Lamp 2A antibody conjugated with
Alexa Fluor 488. The overlay images showed that HSC70
colocalized well with Lamp 2A in 50 μmol/kg Mn-treated
α-Syn+/+ and α-Syn−/− mice, compared to their controls
(Fig. 4d, e). Similarly, the analysis by Co-IP revealed that
the interaction of Lamp 2A andHSC70 significantly enhanced
in Mn treated α-Syn+/+ and α-Syn−/− mice (Fig. 4f, g). These
data indicated that activation of CMA pathway by Mn was
independent ofα-Syn. Next, we further examined the effect of
CMA on Mn-induced α-Syn overexpression. As expected,
Mn significantly increased the levels of both α-Syn mRNA
and protein expression in α-Syn+/+ mice (Fig. 5a–c). Besides,
the enhanced colocalization of Lamp 2A (labeled—Alexa
Fluor 488) with α-Syn (labeled—Alexa Fluor 594) was in-
duced by 50 μmol/kg Mn treatment (Fig. 5d, e). Consistently,
the analysis of Co-IP further confirmed the increased interac-
tion of Lamp 2A and α-Syn in Mn treatment (P < 0.01,
Fig. 5f, g), indicating that CMA pathway might be involved
in the degradation of α-Syn.

α-Syn Ameliorated Excessive Autophagy Induced
by High Dose Mn

Macroautophagy can complement the proteasome and CMA,
which is deemed to be a non-selective mechanism for the
turnover of proteins (Jackson and Hewitt 2016). Autophagy
functions as a physiologic stress response and quality control
mechanism within mammalian cells (Ravanan et al. 2017). To
investigate the effect of Mn on macroautophagy, we detected
macroautophagy associated with protein expression (Beclin1,
LC3-II/I, and p62) in both α-Syn+/+ and α-Syn−/− mice.
Beclin1, a protein with a key role in autophagy, is involved
in the recruitment of membranes to form autophagosomes
(Wirawan et al. 2012). LC3-II/I, generally as an autophagy
marker, constantly exists on phagophore and autophagosomal
membranes. p62 is an ubiquitin-binding protein that acts as a
receptor for autophagic substrates (Janda et al. 2015). The
Western blot analysis showed that a significant increase of
Beclin1 in Mn-treated (100, 200 μmol/kg) α-Syn+/+ and α-
Syn−/− mice (Mn factor F = 77.29, P < 0.01, genotype factor
F = 0.88, P > 0.05, genotype vs. Mn interaction F = 0.08,
P > 0.05), an increase of LC3-II/I in Mn-treated (200 μmol/
kg) α-Syn+/+ and (100, 200 μmol/kg) α-Syn−/− mice (Mn
factor F = 41.53, P < 0.01, genotype factor F = 32.02,
P < 0.01, genotype vs. Mn interaction F = 9.82, P < 0.01),
and a reduction of p62 in both Mn-treated (50–200 μmol/
kg) α-Syn+/+ and α-Syn−/− mice, compared to controls (Mn
factor F = 37.41, P < 0.01, genotype factor F = 0.48, P > 0.05,
genotype vs. Mn interaction F = 1.27, P > 0.05; Fig. 6a, b).
The above results suggested that Mn could activate
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macroautophagy in both α-Syn+/+ and α-Syn−/− mice. Of
note, there was a significant difference in LC3-II/I expression
betweenα-Syn+/+ and α-Syn−/−mice in 100 and 200 μmol/kg
Mn treatments (P < 0.01; Fig. 6a, b). The above results sug-
gested that the important role of α-Syn in ameliorating Mn-
induced excessive autophagy.

Macroautophagy Regulated Mn-Induced
Alpha-Synuclein Oligomerization and Its
Neurotoxicity

To explore the effect of autophagy on Mn-induced α-Syn
oligomerization and neurotoxicity, we applied Rap and 3-
MA to pretreat α-Syn+/+ mice. Statistical analysis of MDC-
labeled autophagy vesicles showed that the Rap pretreatment

could significantly activate autophagy, and yet inhibition in-
duced by 3-MA pretreatment (Fig. 7b, c). Consistent with this,
the Western blotting analysis showed that the Rap pretreat-
ment could effectively increase the protein expression of
Beclin1 and LC3-II/I with p62 reduction, whereas 3-MA pre-
treatment induced opposite effects, compared to 200 μmol/kg
Mn treatment (Fig. 7d, e), which suggested that Rap properly
upregulated autophagy and yet 3-MA downregulated autoph-
agy in this study. Next, we found that Rap or 3-MA pretreat-
ment had no effect on the increase of α-Syn mRNA level
induced by Mn (Fig. 7f). A significant decrease of α-Syn
oligomers caused by Rap pretreatment and yet an obvious
increase induced by 3-MA pretreatment compared to
200 μmol/kg Mn treatment (Fig. 7g, h). These results con-
firmed that upregulated autophagy by Rap could effectively

Fig. 4 Low dose Mn activated CMA pathway. a–c The levels of Lamp
2A and HSC70 mRNA and protein expression of α-Syn+/+ and α-Syn−/−

mice were shown. d, e The colocalization of Lamp 2A (green) and
HSC70 (red) of 50 μmol/kg Mn treated α-Syn+/+ and α-Syn−/− mice
and their controls were examined by Olympus confocal microscope with
the × 40 objective lens and assessed by calculating the Pearson’s correla-
tion coefficient. The scale bar: 20 μm. f, g The immunoprecipitation

products and semi-quantitative analysis of Lamp 2A and HSC70 in α-
Syn+ / + and α -Syn− /− mice were shown . Lamp 2A was
immunoprecipitated. Immunoprecipitates were analyzed by immunoblot-
ting for Lamp 2A and HSC70. Statistics are depicted as mean ± SE,
**P < 0.01 vs. control; #P < 0.05 and ##P < 0.01 vs. control (−/−); n = 4
per group
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promote the degradation of α-Syn oligomers, whereas 3-MA
pretreatment caused the oligomers more accumulation upon
Mn exposure. In conjunction, the result of apoptosis con-
firmed that Rap pretreatment partly attenuated Mn-induced
apoptosis and yet 3-MA pretreatment aggravated Mn-
induced apoptosis, compared to 200 μmol/kg Mn treatment
(Fig. 7i; Supplemental Fig. S2). These data indicated the im-
portant role of autophagy in ameliorating Mn-induced α-Syn
oligomerization and neurotoxicity.

Discussion

Our results demonstrated that the physiological role of α-Syn
could ameliorate Mn-induced excessive autophagy and
neurocytes injury, as evidenced by α-Syn+/+ vs. α-Syn−/−

mice. Furthermore, another important finding of the current
study was the important role of upregulation autophagy in

ameliorating Mn-induced α-Syn oligomerization and
neurocytes injury proved by the application of Rap and 3-
MA in α-Syn+/+ mice. Taken together, these results further
indicated that α-Syn oligomerization exerted more detrimen-
tal neurotoxicity role than excessive autophagy in the process
of Mn-induced neurocytes injury (Fig. 8).

It is well known that overexposure to Mn could result in a
neurodegenerative disorder known as ‘manganism,’ charac-
terized by behavioral changes, tremors, difficulty walking,
and slow and clumsy movements (Braak and Del Tredici
2017). In this study, open field test was used to assess spon-
taneous locomotor activities of the animals; forced swim test
was employed to evaluate the ability of motor coordination;
grasping strength was conducted to observe the flexibility of
limbs; and measure of the contralateral hind limbs weight
difference in static weight bearing test was used to evaluate
the ability of balancing the load between both hind limbs (Rial
et al. 2014; Tetreault et al. 2011; Wang et al. 2017b). Our

Fig. 5 CMA pathway involved in the degradation of α-Syn. a–c The
levels of the α-Syn mRNA and protein expression of Mn-treated α-
Syn+/+ and α-Syn−/− mice were shown. d, e The colocalization of Lamp
2A (green) and α-Syn (red) of 50 μmol/kg Mn treated α-Syn+/+ and the
control were examined by Olympus confocal microscope with the × 40
objective lens and assessed by calculating the Pearson’s correlation

coefficient. The scale bar: 20 μm. f, g The immunoprecipitation products
and semi-quantitative analysis of Lamp 2A and α-Syn in α-Syn+/+ mice
were shown. Lamp 2A was immunoprecipitated. Immunoprecipitates
were analyzed by immunoblotting for Lamp 2A and α-Syn. *P < 0.05
and **P < 0.01 vs. control; n = 4 per group
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results showed that abnormal behavioral changes were ob-
served in both α-Syn+/+ and α-Syn−/− mice till exposure to
Mn (50–200 μmol/kg) for 6 weeks (i.e., the decreased total
distance and rearing number, tested in an open-field; the in-
creased immobility time, tested in forced swim test; the in-
creased grasping strength, tested with the grasping strength
test; and the increased contralateral hind limbs weight differ-
ence, tested in static weight bearing test). These above obser-
vations in mice reflected their poor capacity of locomotor
activity, motor coordination, balance, and tetanic grasping per-
formance, which suggested a behavioral dysfunction. The det-
rimental effect of Mn on behavioral changes might result from
deficits in dopaminergic (DAergic) neurotransmission and
eventual degeneration of these neurons (O'Neal and Zheng
2015). These behavioral changes indicated that our mice mod-
el of manganism was successfully established and provided
ideal condition for further investigation. It is noteworthy that
in the context of no difference inMn concentration in striatum,
we observed that there were significant differences in behav-
ioral parameters (total distance, rearing number, immobility
time, grasping strength, and the contralateral hind pawweight)
and apoptosis between Mn-treated α-Syn−/− mice and α-
Syn+/+ mice, which indicated mice lack of α-Syn might be
more susceptible to toxicants. This effect corroborates the no-
tion of α-Syn as a Mn store, appearing to be neuroprotective
against Mn-induced neurotoxicity (Peres et al. 2016). Besides
this, many literatures have reported that Mn can cause the
dopaminergic cell death through mitochondrial apoptosis
pathway causing the release of cytochrome C, and activation

of caspase-3/caspase-9 apoptosis signaling. Harischandra
et al. (2015) found that α-Syn appeared to be protective
against mitochondrial apoptosis early on, inhibited caspase-
3/caspas-9 activation upon Mn exposure. They also reported
many aspects about the neuroprotection of α-Syn at the early
stages of Mn exposure, including attenuating the downstream
apoptotic cascade, interfering with PKCδ by reducing its pro-
teolytic cleavage and kinase activity, reducing p300 histone
acetyltrasferase activity, retaining primary neuronal
morphology.

Autophagy homeostasis is essential for maintaining cell
homeostasis and ensures cell survival under stressful condi-
tions.When imbalanced autophagy—either overactive or sup-
pressed—occurs, the detrimental effect on neuron occurs,
leading to cell damage or death (Xilouri et al. 2016). Recent
evidence indicates that Mn could activate autophagic cell
death in dopaminergic neurons (Zhang et al. 2013).
Moreover, autophagy performed a protective role at early
stage upon Mn exposure, while autophagy dysregulation at
later phases induced dopaminergic neurodegeneration
(Zhang et al. 2013). The results of Fig. 3d, e showed that the
level of autophagy inα-Syn−/−mice was higher thanα-Syn+/+

mice in 200 μmol/kg Mn treatment, which hinted that α-Syn
might ameliorate excess autophagy. In order to explore the
effect of α-Syn on autophagy, we used α-Syn−/− and α-
Syn+/+ mice in the current study, which generated by homol-
ogous recombination and selected from the same generation
(F6 generation owning stable genotypes) to avoid unknown
variation in background strain, to demonstrate the important

Fig. 6 α-Syn ameliorated
excessive autophagy by high dose
Mn. a, b The protein expressions
of Beclin1, LC3-II/I and p62 inα-
Syn+/+ and α-Syn−/− mice
determined by Western blotting
and semi-quantitative analysis
were shown. Statistics are
depicted as mean ± SE from three
independent tests, *P < 0.05 and
**P < 0.01 vs. control;
##P < 0.01 vs. control (−/−);
◆◆P < 0.01 α-Syn−/− vs. α-
Syn+/+ mice. n = 4 per group
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role of α-Syn in ameliorating Mn-induced excessive autoph-
agy and neurotoxicity by vs. α-Syn+/+ mice. CMA and
macroautophagy, as two important subtypes of autophagy,
play a critical role in cellular quality control to protect neurons
from many kinds of damage and disease, such as acute injury,
chronic neurodegeneration, and brain tumors (Wu et al. 2015;
Zhang et al. 2016). The activity of CMA can be modulated by
the levels of Lamp 2A and HSC70 (Wu et al. 2015). In the
present study, our findings demonstrated that exposure to Mn
could induce activation of CMA pathway, which was support-
ed by the increase in the levels of both Lamp 2A and HSC70
levels, and the enhanced colocalization and combination of
both Lamp 2A and HSC70. In addition, CMA bases on the
recognition of a specific amino acid sequence (KFERQ) to
selectively degrade protein substrates (Wu et al. 2015). α-
Syn, as one of the most containing the KFERQ-like motif

FVKKDQ proteins, degrades partly depending on CMA path-
way (Jackson and Hewitt 2016). Our results corroborated with
previous findings (Wu et al. 2015), which demonstrated that
CMA pathway might be involved in the degradation of Mn-
induced α-Syn overexpression. Macroautophagy, a non-
selective mechanism for the turnover of proteins, generally
regarded to be crucial for the degradation of α-Syn oligomers
and aggregates, since CMA is unable to deal with large protein
species (Wu et al. 2015). Autophagy-associated proteins
(ATG) encoded by autophagy-associated (atg) genes are tight-
ly involved in the whole autophasosome formation process
(Zhang et al. 2016). In the present study, we found that Mn
could activate macroautophagy by increasing Beclin1, LC3-
II/I, and decreasing autophagy substrates p62. Importantly, a
more increase of LC3-II/I protein expression in Mn-treated α-
Syn− /− mice than α-Syn+/+ mice, indicat ing that

Fig. 7 Macroautophagy regulated Mn-induced alpha-synuclein oligo-
merization and its neurocytes injury. a Effects of Rap or 3-MA pretreat-
ment on accumulation of Mn concentration in striatumwere measured. b,
c Effects of Rap or 3-MA pretreatment on Mn-induced autophagy occur-
rence were determined by flow cytometry. d, e The protein expressions
and semi-quantitative analysis of Beclin1, LC3-II/I and p62 in 200 μmol/

kg Rap and 3-MA pretreated α-Syn+/+ mice were shown. f–h Effects of
Rap or 3-MA pretreatment on the levels of α-Syn mRNA and protein
expression was shown. i Effects of Rap or 3-MA pretreatment on Mn-
induced nerve cells apoptosis. Statistics are depicted as mean ± SE from
three independent tests. *P < 0.05 and **P < 0.01 vs. control; #P < 0.05
and ##P < 0.01 vs. Mn (200). n = 4 per group
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macroautophagy in α-Syn−/− mice was excessive activation
by Mn, which was consistent with the above result of FCM
detecting MDC-labeled autophagy vesicles.

In our previous study, we reported that Mn could pro-
mote α-Syn oligomerization in a dose-dependent manner
through activation of iNOS and S-nitrosylation of protein
disulfide isomerase inducing nitrosative stress in ER (Xu
et al. 2014a). α-Syn oligomers perform neurotoxic effect
to the cell via interaction with membranes (Gonzalez-
Horta 2015). Previous studies have demonstrated that α-
Syn oligomers could suppress macroautophagy via inter-
action with Rab1a (Winslow et al. 2010). Furthermore,
the enlarged autophagosomes and lysosomes presented
in cells overexpressing α-Syn, owing to α-Syn aggre-
gates, resist to degradation leading to a failure of
macroau tophagy pathway and accumula t ion of
autophagosomes (Tanik et al. 2013). As part of the
proteostasis network, autophagy exerts to proteome integ-
rity and principally plays an adaptive or a ‘programmed
cell survival’ role to protect or harm organisms during
different situations (Booth et al. 2014). Hence, to

determine the role of autophagy in Mn-induced α-Syn
oligomerization and neurotoxicity, we applied Rap, which
is a promoter of autophagy, and 3-MA, as an inhibitor of
autophagy to pretreat α-Syn+/+ mice in this study. Our
results showed that the pretreatment with Rap (3-MA)
had no effects on the brain accumulation of Mn.
Moreover, considering to eliminate autophagy dysfunc-
tion (overactivation or suppression) to cause adverse ef-
fects, we chose a reasonable and effective Rap and 3-MA
dosage to pretreat α-Syn+/+ mice, which was supported by
an increase of LC3-II/I with p62 reduction in Rap control
group and an increase of p62 in 3-MA control group,
meanwhile, without significant changes of apoptosis and
autophagy occurrence. As expected, Rap pretreatment
could upregulate autophagy to promote the degradation
of Mn-induced α-Syn oligomers and yet further accumu-
lation induced by 3-MA. Additionally, apoptosis also ap-
peared the same change. These results indicated that acti-
vation of autophagy could ameliorate Mn-induced α-Syn
oligomerization and apoptosis. Taken together, our results
further revealed that the α-Syn oligomerization might be

Fig. 8 Effect of the cross-talk between SNCA/α-synuclein oligomeriza-
tion and autophagy onMn-induced neurocytes injury. Mice lack ofα-Syn
performed excessive autophagy and apoptosis aggravation upon Mn ex-
posure by vs. α-Syn+/+ mice, which suggested the neuroprotective role of
α-Syn in ameliorating Mn-induced excessive autophagy and neurocytes
injury. On the other hand, autophagy (both macroautophagy and CMA)

was involved in the degradation of Mn-induced α-Syn overexpression
(monomers and oligomers). Upregulation (downregulation) of autophagy
by Rap (3-MA) could ameliorate (exacerbate) Mn-induced α-Syn oligo-
merization and apoptosis, indicating the causative role of α-Syn in the
development of Mn-induced neurodegenerative diseases
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more causative for Mn-induced neurotoxicity than exces-
sive autophagy.

In conclusion, our data demonstrated the neuroprotective
role of α-Syn in ameliorating Mn-induced excessive autoph-
agy and neurocytes injury by α-Syn+/+ vs. α-Syn−/− mice.
Besides, we also revealed the important role of autophagy in
the regulation of Mn-induced α-Syn oligomerization and
neurocytes injury by Rap or 3-MA pretreatment in vivo.
Additional studies are required to verify the detailed mecha-
nism of their interactions in vitro. Hopefully, the neuroprotec-
tive role of autophagy in regulating effectively the intracellu-
lar homeostasis of α-Syn may act as a potent impetus for
neurodegeneration.
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