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Abstract: Parkinson’s disease (PD) is one of the most common diseases of the nervous system characterized by
movement disorders arising from loss of midbrain dopaminergic neurons. The relationship between PD and autoph-
agy has received considerable attention. This study aimed to investigate the involvement of the ATP13A2 gene in
damage of dopaminergic neurons induced by abnormal autophagy in a MPTP-induced PD mouse model. MPTP was
intraperitoneally injected into C57BL mice at 40 mg/kg for 7 days in experimental group. Saline was injected into
mice in the control group. After the injection, the mice were tested at different time points for abnormal limb move-
ment by a swimming test. The brain tissue was collected on day 1, 5, and 7 to measure concentration of intracellular
calcium. The expression of ATP13A2 was evaluated by real-time PCR. The expression of a-synclein, LC3, LAMP-2,
and CaMKK protein was detected by western blot. We found significant motor dysfunction on day 7 in the experimen-
tal group, and the expression of a-synclein in the substantia nigra of the midbrain was significantly increased while
the expression of ATP13A2 gene was reduced significantly compared with the control group. The concentration of
intracellular calcium in the experimental group was significantly higher than in the control group. Autophagy associ-
ated proteins LC3-Il and LAMP-2 were downregulated and CaMKK protein was upregulated in midbrain tissues of
the experimental group compared to control group. In conclusion, our findings suggest that decreased expression of
ATP13A2 may lead to defective autophagy and damage to midbrain dopaminergic neurons.
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Introduction The ATP13A2 gene is one of the genes involved
in the pathogenesis of PD and is located in
the Ip36 PARK 9 locus, encodes a lysosomal
ATPase transporter and participates in pro-
tein degradation by the autophagy and lyso-
somal pathways [5]. ATP13A2 mutations can
cause dysfunction in autophagic vacuole (AV)-
lysosomal fusion, resulting in a significant loss
of lysosomal-mediated degradation of intracel-
lular proteins such as o-Syn, and toxic a-Syn
polymer formation is related to PD dopaminer-
gic nerve injury [6].

Parkinson’s disease (PD) is the second largest
neurodegenerative disease characterized by
dopaminergic neuron loss and Lewy body (LB)
accumulation in the substantia nigra neurons,
and its pathogenesis is related to genetic and
environmental factors [1]. It is widely belie-
ved that aggregation of toxic alpha-synuclein
(x-Syn) plays an important role in PD [2]. The
mechanism of a-Syn accumulation in dopami-
nergic nerve cells has not been fully clarified,
but autophagy can promote a-Syn degradation
and reduce a-Syn aggregation, and autophagy

defects are important in the pathogenesis of Therefore, we aimed to investigate the involve-

PD [3]. Neuropathologic features in mice with
the knockout of autophagy essential gene Atg7
are similar to brain tissue in PD [4].

ment of ATP13A2 gene in the damage of dopa-
minergic neurons induced by abnormal autoph-
agy in a PD mouse model.
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Figure 1. Motor function in mice tested by swimming
test. The swimming score was compared between
MPTP group and control group. *P<0.05 compared
to control group at three days. **P<0.01 compared
to the control group at four days and five days, and
**%P<0.001 compared to control group at six days
and seven days.

Materials and methods
Animals

Animal experiments were performed at No. 4
Affiliated Hospital of Jiangsu University and the
protocols were approved by the Animal Care
and Use Committee of No. 4 Affiliated Hospital
of Jiangsu University. Forty healthy male C57BL
mice (12 weeks old and weight 25-30 g) were
purchased from Haipula Biotechnology Co., Ltd.
and maintained with daily light 14 h and dark
10 h at 22°C with free access to food and
water. The animals were randomly divided
into two groups, A and B. Group A: intraperito-
neal injection of 40 mg/kg 1-methyl-4-phenyl-
1,2,3,6-tetrahydropyridine (MPTP) for 7 con-
secutive days; Group B: intraperitoneal injec-
tion with Brine for 7 consecutive days and was
sacrificed on 7™ day. Group A mice were ran-
domly divided into 3 groups, which were 15t day,
5t day, and 7t day. At each time point, the mid-
brain specimens were collected.

Calcium concentration assay

Ca? concentration was measured using Cal-
cium Assay Kit (Abcam) following the manufac-
turer’s instructions.

Western blot analysis

The midbrain tissues were homogenized and
the lysates were centrifuged at 12,000 rpm for
10 min. The supernatant was collected and
subjected to SDS-PAGE, and then transferred
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onto PVDF membrane. The membrane was
blocked in 5% skim milk and incubated with
antibodies to LC3 (Abgent Biologicals, Littleton;
1:1,000), LAMP-2 (Cell Signaling Technology,
Danvers, MA, USA; 1:500), CaMKK (Cell
Signaling Technology; 1:500) and a-synclein
(Abcam, USA; 1:500) overnight at 4°C. After
washing the membrane was incubated with
HRP-labeled goat anti-rabbit 1gG (BioBMW,
GB23303, 1:3,000) for 2 h at room tempera-
ture. After washing the membranes were devel-
oped with ECL method.

Real-time PCR

Total RNA was extracted from midbrain tissues
with TRIzol reagent (Invitrogen, Carlsbad, CA,
USA). Reverse transcription was performed
with a first-strand cDNA synthesis kit (Applied
Thermoscientific, USA) according to the manu-
facturer’s instructions. Next, fluorescence qu-
antitative PCR was performed using SYBR
Green PCR amplification master mix (TakaRa,
Dalian, China) according to the manufacturer’s
protocol. The reaction conditions were as fol-
lows: initial denaturation at 95°C for 30 s and
then 40 cycles of denaturation at 95°C for 5 s
and annealing at 60°C for 34 s (ABI 7500 sys-
tem, USA). The primers were synthesized by
Songon (Shanghai, China). mRNA expression
levels were calculated using 222¢t method and
normalized to B-actin.

Statistical analysis

Data were expressed as mean + sem, and one-
way ANOVA was used for comparison among
groups with SPSS19.0 software. P<0.05 was
considered statistically significant.

Results
Establishment of MPTP mouse model

Behavioral test showed that C57BL mice inject-
ed with MPTP had a poor swimming score fol-
lowing prolonged days of injection, indicating
that the MPTP model mice showed abnormal
motor function compared with the control group
(Figure 1).

Accumulation of a-synclein and downregula-
tion of ATP13A2 in midbrain tissues of MPTP
mice

The expression of a-synclein protein was de-
tected by western blot in the midbrain tissues,
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Figure 2. a-synclein and ATP13A2 expression levels in midbrain tissues. A. Western blot analysis of a-synclein
protein expression in the midbrain tissues of control group and MPTP group. GAPDH was used as loading control.
**%P<0.001 compared to control group (n=5). B. Real-time PCR analysis of ATP13A2 mRNA expression in the
midbrain tissues of control group and MPTP group. ***P<0.001 compared to control group (n=5).
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Figure 3. Concentration of calcium in midbrain tis-
sues. Calcium concentration in the midbrain tis-
sues of the control group and the MPTP group were
measured. ***P<0.001 compared to control group
(n=5).

and the results showed that the expression of
a-synclein was significantly increased after
continuous injection of MPTP for seven days,
compared with the control group (Figure 2A).
Real-time PCR was used to detect the expres-
sion of ATP13A2 in midbrain tissues. The
results showed that ATP13A2 expression was
significantly lower in the MPTP group than in
the control group (Figure 2B).

Enhanced intracellular calcium release in mid-
brain tissues of MPTP mice

The concentration of intracellular calcium in
midbrain tissue of mice with continuous injec-
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tion of MPTP for 7 days was higher than that of
the control group (Figure 3).

Downregulation of autophagy-related-protein
LC3-Il and LAMP-2 in midbrain tissues of MPTP
mice

The microtubule-associated protein-1 light
chain 3 (LC3) is an autophagy-related protein
and the conversion from LC3-1 to LC3-1l is con-
sidered to be an important marker of autopha-
gosome formation [7]. The lysosome-associat-
ed membrane protein (LAMP-2) is important in
the maturation of autophagosomes and the
fusion with lysosomes [8]. Therefore, we detect-
ed the levels of LC3-II/LC3-I and LAMP-2 in the
midbrain tissues. The results showed that the
levels of LC3-lI/LC3-1 and LAMP-2 in the mid-
brain tissues were significantly lower in the
MPTP group than in the control group (Figure
4).

Upregulation of CaMKK in midbrain tissues of
MPTP mice

Calmodulin-dependent protein kinase kinase
(CaMKK) is an upstream signaling protein of
AMPK. Activation of CaMKK can activate AMPK
to inhibit the synthesis of autophagy-associat-
ed proteins [9]. The expression of CaMKK pro-
tein in midbrain tissues of the mice in two
groups was detected. The results showed that
the expression of CaMKK was significantly
increased in mice continuously injected with
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Figure 4. LAMP-2, LC3-ll and LC3-I levels in mid-
brain tissues. Western blot analysis of LAMP-2,

LC3-Il and LC3-I protein expression in the mid-
LC3- 11 ot : brain tissues of control group and MPTP group.
GAPDH was used as loading control. *P<0.05,
**P<0.01, ***P<0.001 compared to control
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Figure 5. The expression of CaMKK in midbrain tissues. Western blot
analysis of CaMKK protein expression in the midbrain tissues of control
group and MPTP group. GAPDH was used as loading control. *P<0.05
compared to control group (n=5).
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Discussion

PD is the most common type of
neurodegenerative disease, and it
is mainly caused by a decrease in
dopaminergic activity in the sub-
stantia nigra region and the aggre-
gation of a-synclein in the perinu-
clear space [5]. PD is also accom-
panied by a variety of non-motor
symptoms, including sleep, auton-
omy, sensory, cognitive, and men-
tal disorders. Our results demon-
strated significant behavioral ab-
normalities on day 7 after intraper-
itoneal injection of MPTP, consis-
tent with symptoms of the exercise
system of PD. We also found that
expression of a-synclein was sig-
nificantly higher in the substantia
nigra region in mice injected with
MPTP, suggesting that the model
can mimic the characteristics of
pathologic damage in PD patients.
In addition, we found that the con-
centration of intracellular calcium

MPTP compared with the control group (Figure in the midbrain dopaminergic neurons increa-
5). sed after the injection of MPTP.
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Autophagy is implicated in a variety of diseases
including PD [10, 11]. We examined the levels
of autophagy-associated protein LC3-Il and
LAMP-2 and found that LC3-ll/LC3-I and LAMP-
2 levels in the midbrain tissues of MPTP mice
were significantly lower than in the control
group. These results suggest that there is an
autophagy defect in the substantia nigra of
MPTP mice, which can cause a clearance disor-
der of intracellular toxic a-synclein.

ATP13A2 is mainly distributed in the substantia
nigra of the midbrain, and its abnormal expres-
sion is related to the pathogenesis of PD [12].
Our experiment revealed that the expression of
ATP13A2 in the midbrain tissues of MPTP mice
was significantly lower than in the control
group. A previous study reported that overex-
pression of ATP13A2 in the rat embryonic mid-
brain can protect dopaminergic nerve against
a-synclein toxicity, which suggested that de-
creased expression of ATP13A2 may lead to
the formation of toxic a-Syn polymer [13]. De-
hay et al. found that in the fibroblasts of pa-
tients with ATP13A2 gene mutations the fusion
of intracellular autophagic vacuoles (AV) with
lysosomes was impaired, resulting in a signifi-
cant loss of lysosomal-mediated degradation
of intracellular proteins [3]. In human dopami-
nergic neurons, the expression of a-Syn was
increased and cell viability was decreased after
ATP13A2 knockdown, while overexpression of
wild-type ATP13A2 protein can rescue lysosom-
al defects in ATP13A2 mutant fibroblasts [14].
It has been reported that lysosomal dysfunc-
tion, a-Syn accumulation, and a-Syn neurotox-
icity are caused by a deficiency in ATP13A2 in
the cortical structure [15]. These results sug-
gest that cells with ATP13A2 gene mutation or
downregulation may be characterized by de-
creased autophagosome clearance and incre-
ased accumulation of toxic a-Syn polymer,
which may lead to dopaminergic nerve injury in
PD.

ATP13A2 encodes a lysosomal P-type ATPase
involved in the selective active transport of cat-
ion transmembranes [16]. ATP13A2 is resistant
to Ca?* induced cytotoxicity [17]. Clinical stud-
ies have found that the release of endoplasmic
reticulum Ca?" is manifestly elevated in the
fibroblasts in PD patients. We observed an
increase in intracellular Ca?* concentration in
MPTP-induced PD mice, and the expression of
ATP13A2 was decreased compared with con-
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trol group, suggesting that the downregulation
of ATP13A2 gene in the midbrain of MPTP
model leads to intracellular calcium release.

Adenosine 5-monophosphate (AMP)-activated
protein kinase (AMPK) is an important kinase
to regulate autophagy in metabolic stress
[18]. The upstream kinase Ca?*/Calmodulin-
dependent protein kinase kinase (CaMKK)
is mainly expressed in the nervous system,
where increased intracellular Ca?* can activate
CaMKK and inhibit the synthesis of autophagy-
related proteins and intracellular autophagy
pathway [19]. In this study, we found that
CaMKK expression was increased in MPTP
mice, consistent with the higher Ca?* concen-
tration and the inhibition of apoptosis in these
mice.

In summary, our findings suggest that de-
creased expression of ATP13A2 may lead to
defective autophagy and damage to midbrain
dopaminergic neurons.

Acknowledgements

This study was supported by Health Science
and Technology Key Special Project, Zhenjiang,
Jiangsu (No. SHW2016010) (to Shengxia Wan).

Disclosure of conflict of interest

None.

Address correspondence to: Jiang-Tao Yin, Critical
Care Unit, Affiliated Hospital of Jiangsu University,
No. 243, Jiefang Road, Zhenjiang 212000, China.
E-mail: 372907380@qqg.com

References

[1] Ascherio A and Schwarzschild MA. The epide-
miology of Parkinson’s disease: risk factors
and prevention. Lancet Neurol 2016; 15:
1257-1272.

[2] LiuC, FangJand Liu W. Superoxide dismutase
coding of gene polymorphisms associated with
susceptibility to Parkinson’s disease. J Integr
Neurosci 2019; 18: 299-303.

[3] Munoz EM. Microglia-precursor cell interac-
tions in health and in pathology. Biocell 2018;
42:41-45.

[4] Friedman LG, Lachenmayer ML, Wang J, He L,
Poulose SM, Komatsu M, Holstein GR and Yue
Z. Disrupted autophagy leads to dopaminergic
axon and dendrite degeneration and promotes
presynaptic accumulation of alpha-synuclein

Int J Clin Exp Pathol 2020;13(7):1853-1858



(5]

(6]

(7]

(8]

(9]

[10]

(11]

ATP13A2 regulates autophagy in PD model

and LRRK2 in the brain. J Neurosci 2012; 32:
7585-7593.

Bouhouche A, Tesson C, Regragui W, Rahmani
M, Drouet V, Tibar H, Souirti Z, Ben El Haj R,
Bouslam N, Yahyaoui M, Brice A, Benomar A
and Lesage S. Mutation analysis of consan-
guineous moroccan patients with Parkinson’s
disease combining microarray and gene panel.
Front Neurol 2017; 8: 567.

Dirr ER, Ekhator OR, Blackwood R, Holden JG,
Masliah E, Schultheis PJ and Fleming SM.
Exacerbation of sensorimotor dysfunction in
mice deficient in Atp13a2 and overexpressing
human wildtype alpha-synuclein. Behav Brain
Res 2018; 343: 41-49.

Kabeya Y, Mizushima N, Yamamoto A, Oshitani-
Okamoto S, Ohsumi Y and Yoshimori T. LC3,
GABARAP and GATE16 localize to autophago-
somal membrane depending on form-Il forma-
tion. J Cell Sci 2004; 117: 2805-2812.

Yang Z and Klionsky DJ. Mammalian autopha-
gy: core molecular machinery and signaling
regulation. Curr Opin Cell Biol 2010; 22: 124-
131.

Mariotto E, Bortolozzi R, Volpin |, Carta D,
Serafin V, Accordi B, Basso G, Navarro PL,
Lopez-Cara LC and Viola G. EB-3D a novel cho-
line kinase inhibitor induces deregulation of
the AMPK-mTOR pathway and apoptosis in leu-
kemia T-cells. Biochem Pharmacol 2018; 155:
213-223.

Giraud-Billoud M, Fader CM, Aglero R, Ezquer
F and Ezquer M. Diabetic nephropathy, autoph-
agy and proximal tubule protein endocytic
transport: a potentially harmful relationship.
Biocell 2018; 42: 35-40.

Papagiannakis N, Xilouri M, Koros C, Simitsi
AM, Stamelou M, Maniati M and Stefanis L.
Autophagy dysfunction in peripheral blood
mononuclear cells of Parkinson’s disease pa-
tients. Neurosci Lett 2019; 704: 112-115.

1858

[12]

[13]

(14]

(15]

(16]

(17]

(19]

Sgrensen DM, Holemans T, van Veen S, Martin
S, Arslan T, Haagendahl IW, Holen HW,
Hamouda NN, Eggermont J, Palmgren M and
Vangheluwe P. Parkinson disease related
ATP13A2 evolved early in animal evolution.
PLoS One 2018; 13: e0193228.

Sato S, Li Y and Hattori N. Lysosomal defects
in ATP13A2 and GBA associated familial
Parkinson’s disease. J Neural Transm (Vienna)
2017; 124: 1395-1400.

Fleming SM, Santiago NA, Mullin EJ, Pamphile
S, Karkare S, Lemkuhl A, Ekhator OR, Linn SC,
Holden JG, Aga DS, Roth JA, Liou B, Sun Y,
Shull GE and Schultheis PJ. The effect of man-
ganese exposure in Atpl3a2-deficient mice.
Neurotoxicology 2018; 64: 256-266.

Kett LR and Dauer WT. Endolysosomal dys-
function in Parkinson’s disease: recent devel-
opments and future challenges. Mov Disord
2016; 31: 1433-1443.

Park JS, Blair NF and Sue CM. The role of
ATP13A2 in Parkinson’s disease: clinical phe-
notypes and molecular mechanisms. Mov
Disord 2015; 30: 770-779.

Tsunemi T and Krainc D. Zn(2)(+) dyshomeo-
stasis caused by loss of ATP13A2/PARK9
leads to lysosomal dysfunction and alpha-
synuclein accumulation. Hum Mol Genet
2014; 23: 2791-2801.

Park JS, Leem YH, Park JE, Kim DY and Kim
HS. Neuroprotective effect of beta-lapachone
in MPTP-induced Parkinson’s disease mouse
model: involvement of astroglial p-AMPK/
Nrf2/HO-1 signaling pathways. Biomol Ther
(Seoul) 2019; 27: 178-184.

Phillipson OT. Alpha-synuclein, epigenetics, mi-
tochondria, metabolism, calcium traffic, & cir-
cadian dysfunction in Parkinson’s disease. An
integrated strategy for management. Ageing
Res Rev 2017; 40: 149-167.

Int J Clin Exp Pathol 2020;13(7):1853-1858



