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ABSTRACT

Heightened activity of glycogen synthase kinase-3( (GSK-3f) is linked to the degeneration of dopaminergic
neurons in Parkinson's disease (PD). Phytic acid (PA), a naturally occurring compound with potent antioxidant
property, has been shown to confer neuroprotection on dopaminergic neurons in PD. However, the underlying
mechanism remains unclear. In the present study, MPTP and MPP* treatments were used to model PD in mice
and SH-SY5Y cells, respectively. We observed reduced tissue dopamine, disrupted synaptic vesicle recycling, and
defective neurotransmitter exocytosis. Furthermore, expression of GSK-33 was upregulated while that of f-
catenin was downregulated, concentration of cytosolic calcium was increased, and expressions of two dopamine
carriers, dopamine transporter (DAT) and vesicular monoamine transporter 2 (VMAT2) were decreased. PA
treatment attenuated the MPTP-induced upregulation of GSK-3p, increase in cytosolic calcium concentration,
decreases in the levels of DAT, VMAT2, tissue dopamine, and synaptic vesicle recycling. Importantly, dis-
turbances in synaptic vesicle recycling are thought to be early events in PD pathology. These findings suggest
that PA is a promising therapeutic agent to treat early events in PD.

1. Introduction

GSK-3p is recently reported to be a multifunctional mediator of
several cellular biological processes, and therefore, pharmacological
inhibitors of GSK-3p have great therapeutic potentials for many dis-
orders (Chen et al., 2007; Zhang et al., 2016a; Leikas et al., 2017).
Considerable research has shown that GSK-3f participates in synaptic
maintenance and plays a crucial role in synaptic physiology (Bradley
et al., 2012). Inhibition of GSK-3p is reported to favor synaptic home-
ostasis and regulate dopamine actions in vivo. Upregulation of GSK-3f3
markedly inhibits presynaptic glutamate release and synaptic vesicle
protein expression. Thus, inhibition of GSK-3f attenuates reduction of
presynaptic transmission and interrupted SNARE complex formation

(Zhu et al., 2010).

Growing evidence links disturbance of synaptic vesicle recycling
with the early pathology of Parkinson's disease (PD) (Garcia et al.,
2010). Neurotransmitters are released by synaptic vesicle exocytosis at
presynaptic nerve terminals. Each nerve terminal contains large
amounts of synaptic vesicles. After an action potential occurs, Ca®™-
channels open and calcium ions enter into the nerve terminal to induce
neurotransmitter release (Marland et al., 2016). Disturbance in synaptic
vesicle recycling interrupts the neurotransmitter release and neural
dopamine homeostasis (Choi et al., 2015).

Both DAT and VMAT2 are dopamine carriers (Lohr et al., 2014).
DAT is responsible for transporting dopamine from the extracellular
gap into the cytoplasm of presynaptic terminal. VMAT2 is a carrier that
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packages cytosolic dopamine into vesicular compartments for sub-
sequent neurotransmitter release. Taken together, DAT and VMAT2
maintain the balance of synaptic vesicle recycling in synaptic terminals
(Avelar et al., 2013).

PA is widely distributed in animal and plant cells. It serves as a
multifaceted player in several signaling pathways (Mackenzie et al.,
2016). Studies have shown that PA crosses the blood-brain barrier and
exists as 10 times the concentration in brain tissues relative to other
tissues (Grases et al., 2001). As a bivalent metal ion chelator Fig. 1, PA
has potent antioxidant property and confers neuroprotection on dopa-
minergic neurons in PD (Zhang et al., 2016b).

In the preliminary study, we found PA remarkably inhibited GSK-3f3
upregulation induced by MPP*. Consequently, we used dopaminergic
neurons treated with MPTP or MPP™* to induce PD models, observed
levels of tissue dopamine and synaptic vesicle recycling with or without
PA treatment. Expressions of DAT, VMAT-2, B-catenin and calcium
level were detected to determine the mechanism involved in PA's effect
on synaptic vesicle recycling.

2. Materials and methods
2.1. Animals and treatment

C57/BL6 mice (8 weeks old, 20-22g) were obtained from the
Animal Center of Shandong Institute of Drug Control. Animals were
housed in a standard environment with controlled temperature and
humidity condition. After arrival, mice were given 6d to acclimate
before drug administration. PD mice were prepared as shown in Fig. 2A.
Doses of PA were prepared according to our previous study (Lv et al.,
2015). All procedures were performed in compliance with the National
Institutes of Health Guide for the Care and Use of Laboratory Animals,
and were approved by the Animal Ethics Committee of Qingdao Uni-
versity. All efforts were made to minimize animal suffering.

2.2. Cell culture and treatment

The human neuroblastoma cell line, SH-SY5Y, was maintained in
minimal essential media (MEM) supplemented with heat-inactivated
newborn calf serum (10%, v/v), penicillin (100 IU/ml), and strepto-
mycin (100 p g/ml) in humidified 5% CO./95% air at 37 °C. Cells were
cultured at the density of 2 x 10°cells/ml on 96-well plates. Phytic
acid (PA) groups or MPP* group: cells were pretreated with PA (50,
150, 300 u M) or saline for 24 h and then subjected to 1 mM MPP ™" for
12h. SALINE group: cells were treated with saline for 24 h and then
exposed to saline for 12 h. After incubation, cells were harvested for
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Fig. 1. Molecular formula of phytic acid (PA).
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immunofluorescence analysis or activity assays. Proteins from cell ly-
sates were detected by Western blot analysis.

2.3. Cell viability assay

The 3-(4, 5-Dimethythiazol-2-yl)-2, 5-diphenyl tetrazolium bromide
(MTT) assay was used to assess cell viability (Wang et al., 2017). Fol-
lowing MPP™ exposure, cells were incubated with MTT reagent
(0.1 mg/ml) in 0.5% serum-containing medium at 37 °C for 1h. For-
mazan crystals were precipitated by centrifugation at 1900 X g. Next,
medium was aspirated and then the crystals were dissolved in dimethyl
sulfoxide (DMSO). The optical density was read at 570 nm, and group
values were compared with that of saline group set to 100%.

2.4. Immunohistochemical staining and immunofluorescent staining

Brains were removed and fixed in 4% paraformaldehyde for 6h,
then, transferred to 30% sucrose until sectioning. Sections (20 p m)
were cut on a freezing microtome (Leica, Wetzlar, Hesse-Darmstadt,
Germany). Alternate SN sections were stained for TH. After being wa-
shed three times in phosphate buffer saline (PBS) plus 0.3% Triton X-
100, sections were incubated overnight with primary antibody of rabbit
anti-TH (TH; 1:1000; Sigma, St Louis, MO, USA) overnight at 4 °C; The
secondary antibody used was goat biotinylated anti-rabbit IgG (Vector,
USA). To verify the immune specificity, control sections were processed
with the same protocol, except that omitting the primary antibody. MBF
Stereo Investigator software (MBF Bioscience) was applied to estimate
the numbers of TH-positive neurons in the SN (Jia et al., 2018). One of
every six serial sections was selected for counting neuron numbers to
cover the entire mouse brain. Stereological details were as follows:
counting grid, 240 p m x 180 u m; counting frames, 80 y m X 60 p m.

Sections for Immunofluorescent staining were fixed in 4% paraf-
ormaldehyde for 10 min followed by washing three times with PBS
(Diao et al., 2017). Blocking with 5% goat serum for 1 h, sections were
incubated with anti-synap-25 (all diluted 1:250; Cell signaling tech-
nology, USA) overnight at 4 °C. Washing with PBS three times, sections
were incubated with fluorescent conjugated secondary antibodies (1:
1000, Cell signaling technology, USA) for 2 h. After washing with PBS,
sections were treated with nuclear stain DAPI (40,6-diamidino-2-phe-
nylindole) (Sigma, St Louis, MO, USA) for 20 min. Photomicrographs
were taken with a camera linked to a fluorescence microscope
(Olympus, Japan).

2.4.1. Rotarod test

Motor activity of mice was measured by rotarod test using an in-
strument with a 3 cm accelerated Rota-Rod (Rockenstein et al., 2014).
The rotarod system included start speed, acceleration and highest
speed. Mice were allowed to acclimatize for 20sat the start speed
(4rpm) and then the rotor was gradually accelerated to the highest
speed of 40 rpm during a period of 5 min. Fall of the animal from the
rod was taken as the end point of test. Each animal was tested three
times each day with an hour of rest between consecutive runs. Animals
were tested at the 1st, 2nd, 3rd, 4th, and 7th day after the final MPTP
treatment.

2.5. Dopamine release

Striatal tissue was homogenized in 200 p 1 of 0.1 N perchloric acid
(Sigma, St Louis, MO, USA) and centrifuged at 12,000 x g for 10 min at
4 °C. HPLC with electrochemical detection was applied to evaluate le-
vels of dopamine (DA), 3,4-dihydroxyphenylacetic acid (DOPAC) and
homovanillic acid (HVA) (Sigma, St Louis, MO, USA) in striatal super-
natants, as previously described (Jensen et al., 2017). Briefly, 50 p 1
supernatant was injected into the column consisting of a Waters 717
plus autosampler automatic injector, a Waters 1525 binary pump
equipped with an Atlantis dC18 column and a Waters 2465
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Fig. 2. Neuroprotection of PA on dopaminergic

L. Wang, et al.
A 15 mg/kg (PA1) or 30mg/kg (PA2) PA intraperitoneally
| SN A T T T S S N S S S A A
({,}‘b DAY1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 sacrificed
4 4 4 4 4

adaptation

B

v
o

15000+

e
=)

10000+

e
7]

5000

TH positive cell in SN

cell viability (% of SALINE)

20 mg/kg MPTP intraperitoneally

PA1

neurons in Parkinson's Disease (PD) mice and
cell models. (A) Animal model preparation:
Groups were prepared as follows: MPTP group:
mice were injected with MPTP (20 mg/kg, in-
traperitoneally [I. p.]) for 5 consecutive days
and were then sacrificed on day 19. n=9;
SALINE group: mice were injected with saline
(20 mg/kg 1. p.) for 5 consecutive days and were
then sacrificed on day 19. n = 9; PA1 or PA2
groups: prior to MPTP injection, mice were
pretreated with 15 or 30mg/kg PA, respec-
tively, I. p. daily from days 7-19. n = 9. (B)
Mouse TH* neurons in the substantia nigra (SN)
were stained using immunochemistry. TH™ cells
indicated the viability of remaining dopami-
nergic neurons in the nigrostriatal tissues of
mouse brains. Scale bar=20 p m. (C)
Comparison of the numbers of TH* cells in the
SN between groups. n = 6. (D) Cell viability was
measured by MTT assay in SH-SY5Y cells. Values
are expressed as mean + SEM. **#p < 0.001
compared to SALINE, p < 0.05 compared to
MPTP, “p < 0.01 compared to MPTP,
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electrochemical detector. Protein levels in tissue homogenates were
measured using BCA protein assay kit (Sigma, St Louis, MO, USA). Data
was normalized to protein concentration and expressed in ng/mg pro-
tein.

2.6. Electron microscopy

After embedding, striatal tissue of mice brain was cut into 70 nm
sections and stained with uranyl acetate and lead citrate (Rockenstein
et al., 2014). Sections were imaged at X 15,000 using a JEOL JEM-
1400 transmission electron microscope to see synaptic vesicles in
neuron terminals.

2.7. Retention of FM1-43

SH-SY5Y cells were cultured in 24-well plates with cover slips in-
serted inside the wells. Treated with PA and MPP*, cells were rinsed
with Hank's balanced salts. K* depolarizing solution (Hank's balanced
salts medium with Ca?* and Mg2" plus 90 mM KCL and 63 mM NaCl)
was added into FM1-43 for dilution (Williams et al., 2016). Cells were
incubated with 15 mM FM1-43 for 90 s at room temperature. Unbound
probes were removed by washing the cells with Hanks' balanced salts
medium. Fixed with 4% paraformaldehyde for 40 min, cleaned with
Hanks' balanced salts medium, cells were incubated with DAPI for
nuclear stain. Coverslips were sealed with 30% glycerol. Fluorescence
was measured by Laser confocal microscope using excitation at 480 nm
and measuring emission at 625nm. Samples were expressed as “%
fluorescence” where 100% fluorescence was defined as the amount of
fluorescence in saline synaptosomes.

2.8. Intracellular free Ca®* assay

Fura-2 was used to assess intracellular free Ca®>* in cells (Wang
et al., 2015). After 12h of MPP" exposure, cells were washed, sus-
pended in Hank's balanced buffer solution (HBBS) and counted on a
hemocytometer. Equal number of cells (1 x 106 cells/ml) was loaded
with the fluoroprobe Fura-2 AM (invitrogen, USA) 1.5 mL at 37 °C for
40 min. Cells were washed twice with ice-cold buffer. Minimal and
maximal fluorescence were detected for calculation. Concentration of
[Ca®*]i was calculated using the equation [Ca®*]i = Kg(R —Rmpin)/
(Rmax — R). Maximal (Rp,ay) and minimal (Rp,;,) ratios were determined
using 25 uM digitonin and 5 mM EGTA, respectively. Percent of [Ca®*]i
increase in exposed cells compared to saline was plotted.

2.9. Western blot assay

Immunoblotting was performed as described previously (Ma et al.,
2015). Tissue or cells were harvested and lysed in cell lysis buffer for
30minat ice and 10,000 x g centrifugation for 5min. Protein con-
centration was adjusted to a concentration of 1.5 mg/ml with 1:1 v/v
mix of homogenizing buffer and sample buffer containing 0.01% bro-
mophenol blue. Boiled for 5min, protein samples were concentrated
and separated in 5% and 10% precast sodium dodecyl sulfate—polya-
crylamide gel (Sigma, St Louis, MO, USA) at 100V for 1h or 1 and 1/
2h, respectively. After proteins were transferred to the Immobilon™-
polyvinylidene fluoride microporous membranes (BIO-AD, USA),
membranes were blocked with 5% bovine serum albumin (BSA) for 2 h.
Following overnight incubation at 4 °C with appropriate primary anti-
bodies, blots were incubated with goat-anti-rabbit conjugated
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Fig. 3. PA reverses motor defects and the re-
duced dopamine release in PD mice. (A) The
effect of PA on MPTP-induced motor deficits in
mice was measured using the rotarod test.
Residence time was measured on days 1, 2, 3, 4,
and 7 after the last MPTP injection. Dopamine
and its metabolites, 3,4-dihydroxyphenylacetic
acid (DOPAC) and homovanillic acid (HVA),
were assessed by high-performance liquid chro-
matography (HPLC), and the values are shown
in (B), (C), and (D), respectively. Values are
expressed as mean + SEM. *##p < 0.001
compared to SALINE, p < 0.05 compared to
MPTP, “p < 0.01 compared to MPTP,
“’p < 0.001 compared to MPTP. n = 6.
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peroxidase secondary IgG antibodies at room temperature. Between
incubations, membranes were washed 3 X 5min in Tris—=HCl buffer.
Immunoreactive protein bands were detected with chemiluminescent
reagent (BIO-AD, USA); images were acquired using automatic chemi-
luminescence image analysis system.

Antibodies used in the study included rabbit polyclonal anti-DAT,
anti-VMAT2, anti-GSK-3[, anti-B-catenin (all diluted 1: 250; Cell sig-
naling technology, USA); the bound antibodies were visualized by
corresponding peroxidase-conjugated IgG antibodies (1: 1000; Sigma,
St Louis, MO, USA).

2.10. Statistical analysis

Each assay was performed in duplicate and the experiment was
repeated twice. Results were compared by using one-way analysis of
variance (ANOVA) with Fisher's protected least significant difference
(PLSD) post hoc test at 95% confidence interval. Statistical analyses
were carried out with the GraphPad Prism software version 5. Data was
expressed as mean * SEM (n = 3). The difference was considered
significant as p < 0.05.

3. Results

3.1. Neuroprotection of PA on dopaminergic neurons in PD mice and cell
models

Slices of mouse brain tissue were prepared for im-
munohistochemical staining of TH. Results revealed that the number of
TH + neurons in the substantia nigra decreased by approximately 50%

in the MPTP-damaged group. With PA treatment, the number of
TH + neurons increased which suggested PA's protection on neurons in
the substantia nigra (p < 0.01, Fig. 2B,C). Consistent with the results
in vivo, PA pretreatment also conferred protection on TH + neurons in
vitro. As TH + neurons, SH-SY5Y neurons had decreased cell viability
exposed to 1 mM MPP™". However, treated with PA, the number of
viable cells increased significantly in a dose-dependent manner
(p < 0.01, Fig. 2D).

3.2. PA reduces motor deficits and loss of dopamine release in MPTP-
treated mice

The rotarod test was used to measure mouse balancing ability. In
Fig. 3A, residence time was detected at the 1st, 2nd, 3rd, 4th, and 7th
day after the last MPTP injection. We observed that MPTP-treated mice
had less balancing ability relative to saline-treated animals (Fig. 3A).
Moreover, motor deficits became worse with time in the MPTP group.
Alternatively, treatment with 30 mg/kg PA significantly attenuated the
decrease of this behavior balance ability.

Motor deficits of mice suggested dopamine defects in brain.
Deficient dopamine release is an important aspect of PD pathology.
Specifically, attenuated dopamine release underlies the motor deficits
associated with PD. Here, we used reverse phase high-performance li-
quid chromatography-electrochemical detection (HPLC-ECD) to quan-
tify dopamine and its metabolites, 3,4-dihydroxyphenylacetic acid
(DOPAC) and homovanillic acid (HVA), in the mouse corpus striatum
(Fig. 3B-D). Levels of dopamine, DOPAC, and HVA remarkably de-
creased in the MPTP group (p < 0.001). Alternatively, PA treatment at
several doses significantly enhanced dopamine release. Results of
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Fig. 4. PA attenuates the reduction in synaptic vesicles as shown using electron microscopy. The ultrastructure of synaptic terminals in the nigrostriatal tissues of
mouse brains was visualized using electron microscopy. Representative electron micrographs are included comparing the characteristics of neuronal presynaptic
terminals between groups. Arrows indicate synaptic vesicles at terminals. Scale bar = 200 nm n = 6. (A) SALINE, (B) MPTP, (C) PA1, and (D) PA2. (E) Quantification

of synaptic vesicles per terminal for each group. Values are expressed as mean + SEM. **#p < 0.001 compared to SALINE,

DOPAC and HVA corresponded with those of dopamine (p < 0.001).

3.3. PA attenuates disrupted synaptic vesicle recycling and reduced
neurotransmitter exocytosis in PD models

Disturbance in synaptic vesicle recycling is thought to be an early
event in PD pathogenesis, preceding neuronal degeneration (Bridi et al.,
2018). In our study, electron microscopy was applied to visualize sy-
naptic vesicles in synaptic terminals of the substantia nigra. The results
revealed that numbers of synaptic vesicles in nerve terminals decreased
after MPTP treatment (Fig. 4B). This suggested that MPTP reduced the
formation of synaptic vesicles, and in turn, affected synaptic vesicle
recycling. However, PA treatment limited this MPTP-induced reduction
in vesicle number, and this improvement was significant in the PA2
group.

Synaptic vesicles are composed of SNARE complexes. Vesicles ac-
cumulation also confirmed that SNARE proteins accumulated in sy-
naptic nerve terminals. Using immunofluorescent staining to visualize
SNAP-25, one of major SNARE proteins, we assessed the expression of
SNAP-25 in each group (Fig. 5). The level of SNAP-25 was consistent
with the result of electron microscopy detection, MPTP treatment de-
creased the expression of SNAP-25, and PA treatment significantly
rescued the reduced level of SNAP-25 (p < 0.001).

In the MPP *-induced neuron damaged models, we used the fluor-
escent dye, FM1-43, to visualize neurotransmitter release and synaptic
vesicle recycling by confocal microscopy (Fig. 6). Potassium ions were
applied to stimulate neurotransmitter release and synaptic vesicle
exocytosis. From the result we can see, less fluorescence intensity in
MPP* treatment group indicated fewer synaptic vesicles and deficient
synaptic vesicle recycling. However, PA treatment remarkably

s

p < 0.001 compared to MPTP. n = 6.

improved deficits in synaptic vesicle recycling in a dose-dependent
manner (p < 0.001).

3.4. PA reverses MPTP/MPP* -induced reductions in DAT and VMAT2
expression

DAT carries dopamine from the extracellular space into the cyto-
plasm of synaptic terminal (Blanco et al., 2018), while VMAT2 trans-
ports cytosolic dopamine into vesicular compartment for subsequent
neurotransmitter release. The combined roles of DAT and VMAT2 are
important for synaptic vesicle recycling. We measured the levels of DAT
and VMAT2 after finding defects in synaptic vesicle recycling. Results of
Western blot method in vivo and in vitro revealed the reduced ex-
pressions of two transporters occurring in MPTP/MPP* damaged
groups (Fig. 7), suggesting defects in synaptic vesicle recycling and
neurotransmitter release. However, PA treatment delayed the drop of
DAT and VMAT2 (p < 0.001). For VMAT2, the protection was only
significant at a higher concentration of PA (p < 0.05).

3.5. PA blocks PD-induced increases in calcium levels

Calcium influx triggers neurotransmitter release. Aberrant calcium
accumulation is also thought to affect synaptic vesicle recycling (Verma
et al.,, 2014). Here, we used a dye, Fura-2 AM, to quantify cytosol
calcium concentration (Yun et al., 2018). In our study, calcium levels
increased by approximately 50-60% in mice exposed to MPTP. The
same increase also occurred in MPP*-damaged neurons in vitro
(Fig. 8). As a potent bivalent metal ions chelator, PA treatment sig-
nificantly reduced the calcium levels in cytosol.
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Fig. 5. SNAP-25 expression as detected using immunofluorescence. (A) SNAP-25 expression in the nigrostriatal tissues of mouse brains was measured by im-
munofluorescent staining. Representative confocal images comparing the expression and distribution of SNAP-25 between groups. Scale bar = 30 p m. (B) The ratios
of fluorescence intensity were compared between groups relative to saline. Data are expressed as mean + SEM. *##p < 0.001 compared to SALINE, “p < 0.01

compared to MPTP, “"p < 0.001 compared to MPTP. n = 6.

3.6. PA affected the expression of the Wnt-catenin pathway in PD models

Recent research indicated that the Wnt-catenin pathway, including
GSK-3p, regulated the number of synapse vesicle in aged brain tissue
(Inestrosa et al., 2010). With calcium influx, upregulation of GSK-3f
affected synaptic vesicle recycling in cultured neurons. Here, we mea-
sured expressions of GSK-3f and [(-catenin using western blotting
method. Results revealed that upregulation of GSK-3f3 accompanied by
downregulation of B-catenin when neurons exposed to MPP* or MPTP
(Fig. 9). PA treatment inhibited the upregulation of GSK-3f3 and rescued
the level of B-catenin (p < 0.001).

4. Discussion

MPTP treatment is widely used to induce neural degeneration for
PD mice model. Mechanism of its selectivity in targeting the dopami-
nergic neurons of the substantia nigra lies in several pathways. One of
the neurotoxic effects of MPTP or MPP™ is disrupted dopamine
homeostasis (St-Amour et al., 2012). The cytosolic dopamine pool is
altered after neurons are treated with MPP*. In our study, behavioral
deficits and reduced dopamine release occurred in MPTP-treated mice,
which suggested disturbances in synaptic vesicle recycling.

Abnormalities in synaptic vesicle recycling of presynaptic terminals
occur prior to dopaminergic neuron death. To evaluate the synaptic
vesicle recycling, we observed presynaptic vesicles at nerve terminals
and dopamine exocytosis by using electron microscopy and fluorescent
dye FM1-43, respectively. Abnormal a-synuclein is known to accumu-
late at presynaptic terminal and disturb synaptic vesicle recycling
(Garcia et al., 2010). Synaptic failure is thought to be the pathology of
degenerative diseases (Garcia et al., 2010; Overk et al., 2014). In our
experiments, synaptic vesicle deficiencies were observed in the MPTP
or MPP*-damaged groups. Indeed, the number of synaptic vesicles

became less, which caused defects in synaptic vesicle recycling. Some
vesicles exhibited defective vesical structures. Results in vitro showed
dopamine exocytosis decreased exposed to MPP*. These results were
consistent with the defects in dopamine release (Williams et al., 2016).

We measured levels of DAT and VMAT2 to determine the me-
chanism underlying disrupted presynaptic vesicle recycling. As a
transporter, DAT carries dopamine from the presynaptic cleft into the
cytosol; it also transports MPP* from the extracellular space to the
cytosol (Richter et al., 2017). Another carrier, VMAT2, transports do-
pamine from the cytosol into vesicles. Thus, expressions of DAT and
VMAT?2 are closely related to dopamine homeostasis in neurons. In this
study, we observed that MPTP/MPP* exposure reduced the levels of
DAT and VMAT2. DAT is responsible for accumulating dopamine into
the cytosol of neurons for neurotransmitter recycling. VMAT2 trans-
ports dopamine into vesicles for subsequent neurotransmitter exocy-
tosis (Cliburn et al., 2017). Accordingly, deficiencies in expressions of
DAT and VMAT?2 blocked synaptic vesicle recycling and disrupted do-
pamine release (Lohr et al., 2017).

Previous studies have reported that GSK-3p is involved in sy-
naptogenesis and presynaptic vesicle recycling. The Wnt pathway, in-
cluding GSK-3p, is known to regulate the number of synaptic vesicles
and the size of mature neurons (Hu et al., 2014; Libro et al., 2016).
Upregulation of GSK-33 markedly limits presynaptic neurotransmitter
release and synapse vesicle protein expression (Zhu et al., 2010). But
the mechanism remains unclear. In presynaptic terminals, calcium in-
flux contributed to the formation of a complex which regulated the
reserve pool of synaptic vesicles and neurotransmitter release (Libro
et al., 2016). The complex included GSK-3f and other proteins. In PD
models, increased GSK-3f3 expression was observed and more [3-catenin
released from the complexes. Calcium levels were also measured in the
study (Singh et al., 2016). When calcium influx entered into the cytosol
to trigger the neurotransmitter release, the complexes binding with
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Ratios were compared between groups. Data are expressed as mean + SEM. *#*#p < 0.001 compared to SALINE, “p < 0.01 compared to MPTP, "p < 0.001

compared to MPTP. Scale bar = 20 p m. n = 6.
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GSK-3p were involved in regulating synaptic vesicle recycling (Verma
et al., 2014). It was also reported that abnormal increase in cytosolic
calcium level was associated with disturbances in synaptic vesicle re-
cycling (Choi et al., 2015).

PA is a naturally occurring compound which exists in animal and

Fig. 7. PA rescues the decreased expression of
DAT and VMAT2 in PD models. (A) Expressions
of DAT and VMAT2 in MPTP-induced mice were
observed using western blotting. (B) Values
were compared among groups. (C) Expressions
of DAT and VMAT2 in MPP"-damaged cells
were measured via western blotting. Values
were compared between groups. Data are ex-
pressed as mean = SEM. *#*#p < 0.001 com-
pared to SALINE, p < 0.05 compared to MPTP.
“p < 0.01 compared to MPTP, ~“p < 0.001
compared to MPTP. n = 6.

plant cells. Previously, our research showed that in PD models, PA
conferred neuroprotection on dopamine neurons, inhibited apoptosis of
dopaminergic neurons, and exhibited anti-inflammatory effects (Lv
et al., 2015; Zhang et al., 2016b). Furthermore, PA was also found to
regulate neurotransmitter release in neurons by modulating calcium-
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Fig. 8. PA inhibits the PD-induced calcium in-
crease in mice and cell models. Fura-2 was used
to assess cytosolic calcium levels. (A) Levels of
[Ca®*1i in the different mouse groups are
shown. (B) Levels of [Ca®*]i in SH-SY5Y cells.
Data are expressed as mean * SEM.
###p < 0.001 compared to SALINE, p < 0.05
compared to MPTP, “p < 0.01 compared to
MPTP, ““p < 0.001 compared to MPTP. n = 6.
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Fig. 9. PA altered the PD-induced changes in the
Wnt-catenin pathway. Expression of GSK-3p and

B3 GSK-3p B-catenin in mice and cells was measured via

B3 p-catenin  western blotting and displayed in (A) and (C),
respectively. Ratios of intensities of GSK-3p or
B—catenin to the saline group are shown. Values
in mice and cells are shown in (B) and (D), re-
spectively. n = 6. Data are expressed as
mean + SEM. *##p < 0.001 compared to
SALINE, ﬁp < 0.05 compared to MPTP,
“p < 0.01 compared to MPTP, "“p < 0.001
compared to MPTP.
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induced synaptic vesicle exocytosis (Lu et al., 2002; Yang et al., 2012). number.

In our study, we applied PA treatment in PD mice and cultured cells to
evaluate its role on synaptic vesicle recycling. The results indicated that
PA protected SH-SY5Y cells against MPP* damage in a dose-dependent
manner. This protective effect of PA was also seen in TH + neurons in
the subtantia nigra of MPTP-induced PD mice. We also observed motor
defect and loss in dopamine release in the MPTP-damaged group were
attenuated by PA treatment.

Movement problems arise from ongoing loss of dopamine. Thus,
reduced release of this catecholamine underlies the onset of movement
imbalance symptoms. Synaptic vesicle recycling includes neuro-
transmitter uptake and storage and vesicle exocytosis, endocytosis, and
recycling (Vargas et al., 2014). These processes are complex, and the
corresponding abnormalities are thought to be the toxic events that
render neurons sensitive to stress. Pharmaceuticals that target members
of this process to limit these disturbances have been suggested as
therapies for PD (Berwick et al., 2012). In this study, electron micro-
scopy and FM1-43 were applied to visualize synaptic vesicles in pre-
synaptic terminals and neurotransmitter recycling. Results revealed
that the MPTP/MPP *-damaged groups had fewer synaptic vesicles and
had disturbances in synaptic vesicle recycling. However, PA sig-
nificantly attenuated the loss of synaptic vesicle and disturbances in
neurotransmitter recycling. Increased level of SNAP-25, one of SNARE
members, further confirmed PA's protection on synaptic vesicle

As an inhibitor of GSK-3p, PA also altered the level of B-catenin in
Wnt-catenin pathway. Results showed reduced synaptic vesicles and
disturbances in synaptic vesicle recycling were improved in PA treat-
ment groups. When GSK-3p was upregulated, it contributed to release
and degradation of (3-catenin in the cytoplasm. The complex comprising
GSK-3p, adenomatous polyposis coli (APC) and axis inhibition (AXIN)
regulated synaptic vesicle recycling (Inestrosa et al., 2010). Previous
studies indicated that GSK-3B negatively regulated synaptic vesicle
recycling (Zhu et al., 2010). Thus, PA reversed the PD-induced reduc-
tion in synaptic vesicle recycling by controlling GSK-3f activation. PA
also affected dopamine release by blocking the reduced expressions of
DAT and VMAT2, which were involved in synaptic vesicle recycling.

Collectively, deficient synaptic vesicle recycling, which was ob-
served in our study, was thought to be an early event preceding do-
paminergic neuron death in PD. PA, a naturally occurring compound,
attenuated disturbance in synaptic vesicle recycling and reduction in
neurotransmitter release by inhibiting the upregulation of GSK-3p,
blocking the decreases in levels of DAT and VMAT2, and acting as a
calcium chelator. Thus, PA was suggested to be a promising therapeutic
agent to treat early events in PD.
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