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Abstract Schizophrenia is a serious psychotic disease. Re-
cently, increasing evidences support that neurodegeneration
occurs in the brain of schizophrenia patients with progressive
morphological changes. Paliperidone, an atypical antipsychot-
ic drug, could attenuate psychotic symptom and protect neu-
rons from different stressors. However, the underlying mech-
anisms are largely unknown. In this study, we used SH-SYSY
cells to evaluate the neuroprotective capability of paliperidone
against the neurotoxicity induced by N-methyl-D-aspartate re-
ceptor antagonist, MK-801. And, we also explored the possi-
ble molecular mechanism. Neurotoxicity of 100 uM MK-801,
which reduced the cell viability, was diminished by 100 pM
paliperidone using MTT and LDH assays (both p<0.05).
Analysis with Hoechst 33342/PI double staining demonstrat-
ed that exposure to MK-801 (100 uM) for 24 h led to the death
0f 30 % of cultured cells (p<0.05). Moreover, the patch clamp
technique was employed to detect voltage calcium channel
changes; the results showed that paliperidone effectively
blocked the Ca*" influx through inhibiting the voltage-gated
calcium channels (p<0.05). Furthermore, paliperidone
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significantly reversed MK-801 induced increase of SIRTI
and decrease of miR-134 expression (both p<0.05). Finally,
SIRT1 inhibitor nicotinamide blocked MK-801 injury effects
and suppressed miR-134 expression. Taken together, our re-
sults demonstrated that paliperidone could protect SH-SY5Y
cells against MK-801 induced neurotoxicity via inhibition of
Ca”" influx and regulation of SIRT1/miR-134 pathway, pro-
viding a promising and potential therapeutic target for
schizophrenia.
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Abbreviations

MK-801 Dizocilpine

LDH Lactate dehydrogenase

MTT 3-(4,5-Dimethyl-2-thiazolyl)-2,5-diphenyl-
2-H-tetrazolium bromide

RT-PCR  Real-time polymerase chain reaction

CREB cAMP-response element binding protein

miR-134 MicroRNA-134

SIRT1 Sirtuin 1

NMDA  N-Methyl-p-aspartic acid

NCS-1 Neuronal calcium sensor-1

CaV2.1 Calcium channel, voltage-dependent,
P/Q type, alpha 1A subunit

TTX Tetrodotoxin

IRS-2 Insulin receptor substrates-2

Erk Extracellular signal-regulated kinase 1/2

MEK Mitogen-activated protein kinase/extracellular
signal-regulated kinase kinase

IGF-1 Insulin-like growth factor 1
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Introduction

Schizophrenia is a serious psychotic disease which affects
about 1 % of the world population [1]. Schizophrenia patients
suffer from positive symptom (delusions, auditory hallucina-
tions, and thought disorder) and negative symptom (blunted
affect and emotion, alogia, anhedonia, and avolition) accom-
panying with deficit of cognition and these symptoms become
apparently at late adolescent time or in early adulthood [2].
Recently, increasing studies demonstrated that progressive
morphological alterations of brain occur in schizophrenia pa-
tients. Kempton MJ and his colleagues detects the progressive
ventricular enlargement in schizophrenia [3]. More recently,
researcher reports that reduction in cortical thickness and loss
of synapse are identified in patients [4, 5]. Even in early-onset
schizophrenia, temporal gray matter decreased obviously.
These studies suggested that, during the pathogenesis of
schizophrenia, neuronal damage or neurodegeneration possi-
bly occur in the brain and then caused mental dysfunction.

Paliperidone, risperidone’s principal metabolite, is a
second-generation atypical antipsychotics, which demonstrat-
ed to have superior antipsychotic effects on symptoms of
schizophrenia [6]. Paliperidone is reported to be more effec-
tively on managing the negative symptoms and cognitive dis-
order than typical antipsychotics with less side effects on pa-
tients [6-9]. Especially, paliperidone offered neuroprotective
effects in recent studies. For example, paliperidone protected
SH-SYS5Y cells against cell death induced by [3-amyloid pep-
tide (25-35), N-methyl-4-phenylpyridinium ion [10]. In addi-
tion, paliperidone reduced the caspase-3 expression and
protected SK-N-SH cells against neurotoxicity induced by
dopamine [11]. Our previous study also suggested that
paliperidone could protect primary cortical neurons against
apoptosis induced by MK-801. However, the underlying
physiological and molecular mechanisms underlying the pro-
tection are largely unclear.

Calcium is an important second messenger which gener-
ates diverse intracellular signals regulating various biological
functions. Calcium influx results in varieties of physiological
processes, including depolarization of membrane potential as
well as death program in neurons [12—14]. Yan J et al. reported
that CaV2.1 mediated by NCS-1 resulted in short-term synap-
tic facilitation [15]. Our research group found NMDA recep-
tor antagonist MK-801, which is importantly involved in pa-
thology of schizophrenia, increased the Ca®" influx through
time course of [Ca*']; measurement, while paliperidone re-
versed Ca”" influx in this process. Depolarization-induced
calcium influx is mainly regulated by voltage-gated calcium
channels in neurons. However, whether paliperidone could
mediate voltage-gated calcium channels is unclear.

SIRT1 is a NAD+-dependent protein deacetylase, which
regulates energy, longevity, and circadian clock rhythm [16,
17]. SIRT1 is closely related with nervous system [18, 19].

Recent studies demonstrates SIRT1 regulated memory and
plasticity [20]. Especially, Kishi T et al. also suggests SIRT1
play an important role in the pathophysiology of schizophre-
nia in Japanese population [21]. MiR-134, a small noncoding
RNA, also regulated neuroplasticity and neural development
as a downstream molecule of SIRT1 [22]. One convincing
evidence comes from postmortem analysis of schizophrenia
patients, miR-134 expressed abnormally in prefrontal cortex
Brodmann area 46, which suggested miR-134 participates in
the pathogenic mechanism of schizophrenia [23]. Interesting-
ly, a more recent study reported that SIRT1 is related with
Ca2+/calmodulin-dependent protein kinase kinase (CaMKK)
(3 in endothelium [24]. Based on these data, we hypothesized
that paliperidone protects the neurons against cell damage
possibly through regulating calcium channel and SIRT1/
miR-134 expression.

To test our hypothesis, we examined the protective effect of
paliperidone on a cell model with NMDA receptor antagonist
MK-801 induced neuronal damage in SH-SYS5Y cells. We
used MTT and LDH assays to determine the cell viability.
Hoechst 33342/P1 double staining was employed to detect
the cell death. Moreover, the patch clamp technique was used
to explore whether paliperidone could regulate calcium chan-
nel and affect calcium influx. Furthermore, real-time quanti-
tative PCR and Western blotting were performed to detect the
expressions of SIRT1 and miR-134. Finally, nicotinamide, a
SIRT1 inhibitor, was used to further reveal the roles of SIRT1
and miR-134 in paliperidone’s neuroprotection against MK-
801-induced cell damage. This study would evaluate the phar-
macological mechanism of paliperidone in schizophrenia.

Materials and Methods
Chemicals

DMEM/F12 (Hyclone) and fetal bovine serum (FBS, GIBCO)
were mixed according to 9:1. Paliperidone was procured from
Dalian Meilun Biotech Co., Ltd (Dalian, Jilin, China).
Dizocilpine (MK-801) and DMSO were purchased from
Sigma-Aldrich (St. Louis, MO, USA). LDH kit was pur-
chased from Beyotime (Haimen, Jiangsu, China). SH-SY5Y
cells were obtained from Shanghai Institute of cell library
(Shanghai, China).

Paliperidone was dissolved in DMSO at a concentration of
50 mM and then diluted to 500 uM with phosphate buffer
solution (PBS). Next, the solution was filtered using a
0.22-um filter (Millipore, Billerica, MA, USA) and stored at
4 °C. MK-801 was also dissolved in PBS and filtered through
a 0.22-um filter. Before being used, stock solution was pre-
pared with serum-free DMEM to 500 uM, and the working
solution was diluted with serum-free medium to desired
concentrations.
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Cell Culture and Exposure to MK-801

SH-SYSY cells were maintained in DMEM/ F12 medium
with 10 % FBS (37 °C, 5 % CO,). And, the culture medium
were refreshed every third day. The cells were seeded in 24-
well plates at a density of 2x10* cells/cm® before experi-
ments. After cultured for 24 h in vitro, MK-801 solutions were
added into culture medium with final concentrations of 25, 50,
100, and 200 uM, respectively. After treated with MK-801,
SH-SYS5Y cells were examined in the following experiments.

Exposure to Paliperidone and Experimental Groups

The cultured SH-SYS5Y cells were divided into three groups as
follows: (1) MK-801-treated group, cells were exposed in the
medium at a concentration of 100 uM MK-801; (2)
paliperidone protection group, which were further divided into
three subgroups, cells were treated with 50, 100, and 200 uM
paliperidone respectively in the presence of 100 uM MK-801;
and (3) normal control group, cells were cultured in serum-
free medium without MK-801 and paliperidone. The highest
DMSO was 0.2 % in the experiments, and an equal concen-
tration of DMSO was used in the MK-801 treated group and
normal control group.

MTT Assay

In this study, MTT assay was employed to measure cell via-
bility. SH-SYS5Y cells were plated in 96-well plates and treat-
ed with different concentrations of drugs for 24 h in vitro
culture. Then, we incubated cells with 100 ul MTT (5 mg/ml)
solution for additional 4 h in the incubator (37 °C, 5 % CO,).
Subsequently, MTT solution was removed and 100 ul DMSO
was added into each of 96-well plate [24]. After shaking for
10 min at room temperature, the absorption value was detect-
ed at 490 nm with an ELISA reader (Thorm Multiskan Mk3,
USA). The values were used to determine the cell viability.

LDH Assay

LDH assay was performed to further examine the cell via-
bility by measuring the release of lactate dehydrogenase
from damaged cells. The cytotoxicity of MK-801 and pro-
tection of paliperidone were examined in cultured SH-SYSY
cells. Cultured cells were exposed to different concentrations
of drugs before detection. LDH cytotoxicity assay kit was
used to measure cell activity according to previous reports
with a modification [24, 25]. The optical density of samples
was determined by an ELISA reader (Thorm Multiskan
Mk3, PA, USA).

@ Springer

Hoest 3342 and PI Staining

Hoechst 33342 dye stains cellular with blue fluorescence,
while propidium iodide dye only stains the nucleus of dead
cells with red fluorescence. SH-SY5Y cells were treated with
MK-801 or paliperidone for 24 h in vitro culture and washed
with PBS for three times. Then, these cells were stained with
Hoeshst33342 and PI simultaneously for 15 min at 37 °C.
After the incubation, cells were rinsed with PBS. Morpholog-
ical changes of cells were observed under fluorescence micro-
scope (Carl Zeiss SAS, Jena, Germany). Five random views in
different groups were selected to assess and quantify the living
and dead cells as previously described in our laboratory [25].

Western Blotting

Cells were collected and lysed by RIPA buffer. Total proteins
were extracted with its concentration checked by a
NanoDrop® spectrophotometer (Molecular Devices), the pro-
teins samples of different groups were separated by 10 %
SDS-polyacrylamide gels, and then transferred to a PVDF
membrane. Blots were blocked with TBST containing 10 %
milk for 2 h and incubated in the primary antibodies against
SIRT1 (1:1000, Santa Cruz Biotechnology, Inc., CA, USA)
and (-actin (1:1000) at 4 °C overnight. Then, the blots were
incubated in the secondary antibody (1:3000, ZSGB-BIO
ORIGENE, Beijing, China) for 1 h at room temperature. Fi-
nally, the blots were detected with the Western detection re-
agents (Millipore Corporation, Billerica, MA, USA) and ana-
lyzed by Quantity One software (ImageJ, USA) according to a
previous report [26].

Quantitative Real-Time PCR

The total RNA was extracted from cultured SH-SYSY cells in
different groups using TRIzol reagent, and its integrity was
determined by a NanoDrop® spectrophotometer (Molecular
Devices). The complementary DNA (cDNA) was synthesized
from purified RNA using the First Stand cDNA Synthesis Kit
(Fermentas) according to its instruction [27]. For miR-134, the
reverse transcription synthesis was performed according to the
instruction of commercial reagent Kit (RiboBio,
miR10000447-1-5). The primers used for this study were
listed as follows: SIRT1, forward primers: 5'-TAGACACG
CTGGAACAGGTTGC-3, reverse primers: 5'-CTCCTCGT
ACAGCTTCACAGTC-3', Forward and reverse primers of
miR-134 were purchased from Ribobio corporation
(miR10000447-1-5). SYBR Green/ROX Master Mix was
mixed with cDNA samples in a total volume of 10 pl.
GAPDH and U6 were used as internal references. 2 22
method was used to calculate fold change of SIRT1 and
miR-134 expression.
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Patch Clamp

Patch clamp technique was employed to record cell membrane
potential and Ca** current by glass pipettes with a resistance
of 810 M. Current clamp and voltage clamp were used to
record membrane potential and Ca®" current, respectively. The
membrane potential of cultured cells was recorded with stan-
dard extracellular solution containing (in mM/L): NaCl 130,
KCl 3, MgCl, 1, CaCl, 2, HEPES 10, and glucose 25 at pH
7.3. The standard internal solution contained (in mM/L) KCl
145, NaCl 8, MgCl 1, Hepes-H 10, GTP 0.4, and Mg-ATP 2.
When recording Ca®" currents, TTX was dissolved in the
standard extracellular solution and the internal solution
contained (in mM/L) CsClI 145, NaCl 8, MgCl 1, Hepes-H
10, GTP 0.4, and Mg-ATP 2. The output signals were stored in
an IBM-PC compatible computer and then analyzed with
Igore Software. EPC-9 system was used in this experiment.

Effect of Nicotinamide on SH-SYSY Cells Treated
with MK-801

In order to further reveal the role of SIRT1 in paliperidone’s
neuroprotection, SIRT1 inhibitor, nicotinamide was used in
the experiment. Nicotinamide was diluted with PBS and
stored at 4 °C. In this study, nicotinamide and MK-801 were
synchronously added into the culture medium. The final con-
centration of nicotinamide was 5 mM. The cell viability and
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Fig. 1 MK-801-induced neurotoxicity in SH-SYSY cells. SH-SYS5Y
cells were treated with 25 (b), 50 (¢), 100 (d), and 200 pM (e) MK-801
and observed under a phase contrast microscope and compared with the
control (a). f The viability of SH-SY5Y cells, exposed to MK-801 for

death rate affected by nicotinamide were analyzed by MTT
and LDH assay. The mRNA expression level of miR-134 was
also determined by real-time quantitatively PCR.

Statistical Analysis

All the data in this study were expressed as means+SEM.
Statistical analysis of the data were performed using by one-
way analysis of variance (ANOVA) followed by post hoc
Tukey’s multiple comparison test. p<0.05 represented signif-
icant difference.

Results
MK-801 Induces Cytotoxicity in SH-SYSY Cells

In control group, SH-SYSY cells grew well with more
neurites (Fig. 1a). When treated with MK-801, morphological
alterations of cultured cells were visible under phase contrast
microscope. Four different concentrations of MK-801 at 25,
50, 100, and 200 uM were added into culture medium for
24 h, and then a dose-dependent cytotoxic damage was evi-
dent (Fig. 1b—e). Twenty-five and 50 pM MK-801 resulted in
a slightly damage of cells with neurites retracted and disap-
peared (Fig. 1b, c), while 100 and 200 pM MK-801 resulted
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24 h, was assessed by MTT assay (n=14). g Extracellular LDH activity in
MK-801-treated cells was assessed by LDH assay (n=6, one-way
ANOVA post hoc Tukey’s multiple comparison test, *p<0.05 vs control
group). Scale bars: a—e, 50 um
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in obvious cell damages including network collapsed and cell
debris increased (Fig. 1d, e).

MTT assay showed that cell viability decreased to 0.99+
0.01 and 0.97+0.02 of the control when treated with 25 and
50 uM MK-801, respectively, for 24 h in vitro culture
(Fig. 1f). While 100 and 200 pM MK-801 significantly de-
creased cell viability to 0.65+0.03 and 0.54+0.02 of the con-
trol, respectively (both p<0.05, Fig. 1f). To further detect the
changes of cell viability, we explored LDH release rates
among different groups. The LDH release rates of cultured
cells exposed to 100 and 200 uM MK-801 were elevated to
0.363+0.041 and 0.395+0.047, respectively, which were ob-
viously both higher than the control (both p<0.05). However,
the LDH activity of 25 and 50 pM MK-801 showed no sta-
tistical difference compared with the control (both p>0.05).
Therefore, 100 uM was used in the following experiments.

Paliperidone Increases Cell Viability
Against MK-801-Induced Damage

To examine whether paliperidone had a survival-potentiating
effect, we evaluated MK-801 injured SH-SY5Y cells
companied with or without paliperidone. In the presence of
100 uM MK-801, three different concentrations of
paliperidone (50, 100, and 200 uM) were added into the me-
dium. One hundred micromolars of paliperidone effectively
rescued the injured SH-SYSY cells with neurites visible, and
the shapes of cell body changed from ellipse to rhombus
(Fig. 2b, d). While in the groups of 50 and 200 puM
paliperidone, less neurites were observed (Fig. 2¢).

The MTT metabolism assay and LDH release assay
were further performed to explore the neuroprotective effect

Fig. 2 Protective effects of
paliperidone on MK-801-
damaged cells. The SH-SY5Y
cells were treated with 50 (b), 100
(c), and 200 uM (d) paliperidone
in the presence of 100 uM MK-
801. a MK-801-treated group. e
Cell viability was assessed by
MTT. The viability of SH-SYS5Y
cell significantly increased when
adding paliperidone (n=16). f
The LDH release rate was further
detected by LDH assay (n=6),
and the LDH release rate de-
creased. One-way ANOVA post
hoc Tukey’s multiple comparison
test, ¥p<0.05 vs control group.
Scale bars: a—d, 50 um
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of paliperidone against MK-801 damage. In the MTT me-
tabolism, only 100 pM paliperidone demonstrated neuro-
protective effect in the presence of 100 uM MK-801
(Fig. 2e, p<0.05). Compared with MK-801-treated group,
the LDH activity of 100 and 200 uM paliperidone group
decreased significantly, but not 50 pM paliperidone
(»<0.05, Fig. 2f). By combining Fig. 2e, f, it was shown
the treatment of 100 uM paliperidone was more efficient.
Therefore, 100 uM paliperidone was used in the subse-
quent examinations.

Paliperidone Decreases Cell Death
Against MK-801-Induced Damage

Hoechst 33342/P1 staining was used to access the living and dead
cells. After stained with Hoechst 33342 and PI, the cultured SH-
SYS5Y cells were observed under microscope. In 100 pM MK-
801-treated group, more dead cells were detected in red fluores-
cence compared with the control (Fig. 3a—f). However, in the
presence of paliperidone, as shown in Fig. 3g—i, the dead cells
decreased obviously. Thus, paliperidone effectively attenuated
cell damages induced by MK-801. Statistical analysis also con-
firmed that paliperidone reduced SH-SYSY cells death rate from
34 to 14 % (Fig. 3j, p<0.05).

Paliperidone Hyperpolarizes the Membrane Potential
and Inhibits Ca** Currents

In order to detect paliperidone’s effects on electrophysiologi-
cal characteristic of SH-SYS5Y cells, patch clamp was per-
formed. Resting membrane potential of SH-SY5Y cells in
control group was —61+5 mV in the standard external

0
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Fig. 3 Cell death was assessed
by Hoechst 33342/P1 staining.
Photographs of control group (a—
¢), MK-801-treated group (d—f),
and paliperidone protective group
(g—i) were examined. Dead cells
were obviously increased after
treated with MK-801 for 24 h,
whereas paliperidone could at-
tenuate cell damage and de-
creased the cell death rate (j). Cell
death rate was computed from the
ratio of dead SH-SYSY cells to
total cells. Arrows pointed to dead
cells (n=4). One-way ANOVA
post hoc Tukey’s multiple com-
parison test, *»<0.05 vs control
group; #p<0.05 vs MK-801-
treated group

Control

MK-801
Paliperidone

T—

Cell Death Rate
=]
5

0.0
MK-801 -
Paliperidone -

solution, whereas it depolarized to —19+3 mV after treated
with MK-801 for 24 h (Fig. 4a, p<0.05). The average refer-
ence amplitude of MK-801-induced depolarization was
42 mV. When exposed to 100 uM paliperidone, the membrane
potential of SH-SYSY cells hyperpolarized with the average
amplitude of 5 mV (Fig. 4c, p<0.05).

According to our previous work that paliperidone affects
the time course of Ca®", so we investigated the Ca>* currents
exposed to paliperidone. These inward currents are generated
by a depolarizing step drive from the holding potential of
—80 mV. The Ca®" currents obtained from a same SH-SY5Y
cell in the standard external solution or adding paliperidone
were recorded separately. When exposed to paliperidone, the
amplitude of Ca>* currents decreased to 61+3 % of their orig-
inal values (Fig. 4e, p<0.05). The results indicated that MK-
801 could lead to depolarization of SH-SYSY cells, on the

Hoechst 33342

100 uM

100 pM
= 100 uM

contrary, pailperidone could offset depolarization partly via
inhibiting the Ca*" currents.

Paliperidone Upregulates SIRT1 and Downregulates
miR-134 Expression

To examine the underlying mechanism of paliperidone on SH-
SYSY cells against MK-801 neurotoxicity, SIRT1 and miR-
134 expressions were accessed by quantitative real-time PCR
and Western blotting. As shown in Fig. 5a, the application of
MK-801 led to a significant increase in mRNA expression
level of SIRT1 compared with the control (p<0.05). We also
observed paliperidone remarkably reduced SIRT1 level to
around 0.7-fold of the control (Fig. 5b, p<0.05). The protein
expression of SIRT1 was analyzed by Western blotting. Com-
pared with the MK-801-treated group, paliperidone also

@ Springer
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Fig. 4 Paliperidone a
hyperpolarized membrane 01
potential by inhibiting the
voltage-gated Ca®" channels. a, b
Membrane potential of SH-SY5Y 40
cells treated with or without MK-
801 for 24 h (n=4, ¢ test, *p<0.05
vs control group). ¢ Paliperidone .80
hyperpolarized the membrane

Control

my
8
Membrane
m
S

b Control MK-801

*

MK-801

o

vpnte ntial

potential of SH-SYSY cells treat-
ed with MK-801 for 24 h in vitro.
d Graphical representation of
membrane potential in control,
paliperidone-treated, and recov-
ery group (n=9, one-way
ANOVA post hoc Tukey’s multi-
ple comparison test, *»p<0.05 vs
control group). e, f Voltage-gated
calcium channels of cells were
inhibited by paliperidone (n=7, ¢
test, *p<0.05 vs control group)

g

Control

decreased SIRT1 protein level (Fig. 5c, d, p<0.05). The ex-
pression of miR-134 was also examined by quantitative real-
time PCR. The data showed that MK-801 suppressed miR-
134 expression, and paliperidone effectively reversed this
trend (Fig. Se, f, p<0.05).

SIRT1 Inhibitor Nicotinamide Attenuates
MK-801-Induced Cell Damages

To explore if the MK-801 induced cytotoxicity was mediated
by SIRT1, SH-SYS5Y cells were treated simultaneously with
MK-801 and SIRT1 inhibitor, nicotinamide. In MK-801-
treated group, neurites shortened or disappeared. While appli-
cation of nicotinamide obviously alleviated cell damages
(Fig. 6a—c). The Hoechst 33342 and PI staining was used to
distinguish dead cells with red fluorescence from cells with
blue fluorescence. This double staining showed that nicotin-
amide could decrease dead cells caused by MK-801 (Fig. 6d—
h). Moreover, MTT and LDH assay were performed to detect
the cell viability. MTT assay revealed that nicotinamide in-
creased cell viability of SH-SY5Y cells in the presence of
MK-801 (Fig. 6g, p<0.05). And, the data of LDH release
assay was consistent with MTT assay (Fig. 6h, p<0.05). Fur-
thermore, real-time quantitative PCR revealed that nicotin-
amide upregulated expression of miR-134 compared with
MK-801 treated group (Fig. 6i, p<0.05), when was partly by
inhibiting the function of SIRT1.
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Discussion

In this study, we established an in vitro damage model of SH-
SYSY cells using NMDA receptor antagonist MK-801, which
can partly mimic neural injury model of psychosis as a previ-
ous report [26, 27]. Our data revealed the underlying mecha-
nisms of paliperidone against MK-801-induced neuronal
damages. Paliperidone inhibited voltage calcium channel
and decreased calcium influx. Particularly, paliperidone re-
versed the process that MK-801 increased SIRTI and de-
creased miR-134 levels. Possibly, it is a strategy to explore
the mechanisms of paliperidone antipsychotic effects.
Calcium ion is a very important molecule which could
regulate the functions of neurons such as transmitter release
[28]. Previous studies demonstrate that calcium ions are trans-
ferred into cells major by voltage-gated calcium channels
which participate in depolarizing signal [14, 29]. In this study,
the SH-SYS5Y cells were treated with MK-801 for 24 h
in vitro, and the membrane potential depolarized from —60
to —20 mV. Therefore, MK-801 disturbed the homeostasis of
intracellular calcium. Previous reports confirms that calcium
dyshomeostasis caused abnormality of membrane potential,
even hyperpolarize upon —40 mV, and then induced cell death
[12, 30]. Interestingly, paliperidone inhibited the voltage-
gated calcium channel and depolarized the membrane poten-
tial from —20 to —40 mV. Although cell membrane potential
did not recover to normal level, paliperidone partly reversed
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Fig. 5 Paliperidone upregulated a T b
miR-134 level by inhibiting
SIRT1 expression. a, b mRNA 1400 5 i *
expression of SIRT1 of SH-SY5Y 1200 E il
cells were detected by quantita- 5
tive RT-PCR (n=4). ¢, d Protein _. 1000 i -
expression of SIRT1 was deter- E z #
mined by Western blotting. Ex- E A o € o5
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posed to MK-801 for 24 h, and S 400
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changes (n=5). e, f Quantitative 200 Paliperidone - - +
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expression level of miR-134. P i i i =
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pression of miR-134 in MK-801- Cycle
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this trend. In our previous study, palipridone effectively atten-
uated the elevation of intracellular calcium concentration
through Ca®" time course detection. This experiment further
revealed that paliperidone inhibited voltage-gated calcium
channel.

SIRT1, is a nicotinamide adenine dinucleotide-dependent
histone deacetylase enzyme, which is essential in regulating
cellular functions. Previous studies demonstrates that SIRT1
exerts a key role in neuroprotection and regulates metabolic
activity [31, 32]. A growing body of evidences shows that
SIRT1 are beneficial for several kinds of mental disorder, such
as Alzheimer’s disease [20, 33, 34]. In this study, MK-801
upregulated SIRT1 expression, while treated with

Cycle

paliperidone, SIRT1 protein expression of SH-SY5Y cells
even recovered to normal level. Therefore, paliperidone pos-
sibly protected SH-SYS5Y cells through regulation SIRT1 ex-
pression. To further test our speculation, nicotinamide, an in-
hibitor of SIRT1, was used to block SIRT1’s activity. Cell
viability of cultured cells were reversed to 69 % of the control
group with MTT and LDH assays. It was interestingly expres-
sion of SIRT1 was downregulated by paliperidone in the MK-
801-damaged cells. Several recent studies also revealed that
SIRT1 inhibition could be neuroprotective. Li et al. declares
that the inhibition of SIRT1 protected neurons through mod-
ulation IGF-I/IRS-2/Ras/ERK1/2 signaling pathway [35].
Sansone et al. demonstrates that SIRT1 silencing promoted
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Fig. 6 SIRT1 inhibitor nicotinamide blocked MK-801 induced cell dam-
ages. After treated with normal medium (a), MK-801 (b) and MK-801+
nicotinamide (c) for 24 h, SH-SYSY cells were observed under a micro-
scope. Hoechst 33342 and PI double staining were employed to detect
cell death rate (d—f). Moreover, cell viability and LDH release rate were
further assessed by MTT (g) and LDH assays (h). After nicotinamide was
added and blocked SIRT1 activity, the cell viability increased (n=13) and
LDH release rate decreased (n=9). j Expression level of miR-134 was

neuron survival by inducing IGF-1 protein expression [36].
Slomka et al. also declares nicotinamide exerts neuroprotec-
tive role in cerebellar granule cells [37], which is consistent
with our experiment.

MiR-134 is a brain-specific microRNA. Recently, miR-134
is reported as a downstream molecule of SIRT1 in regulation
memory and plasticity, and SIRT1 suppresses miR-134 ex-
pression through a repressor complex [38]. Is miR-134 in-
volved in paliperidone’s neuroprotection against MK-801 in-
duced damages of SH-SY5Y cells? We detected miR-134
expression using quantitatively RT-PCR. Our results showed
that MK-801 upregulated miR-134 expression, while

@ Springer

detected by quantitative RT-PCR. Nicotinamide reversed MK-801 in-
duced increased of miR-134 level. Control group: cells in normal medi-
um; MK-801-treated group: cells in 100 pM MK-801; MK-801+nicotin-
amide group: cells in 100 pM MK-801 and 5 mM nicotinamide (n=38).
One-way ANOVA post hoc Tukey’s multiple comparison test, *p<0.05
vs control group; #p<0.05 vs MK-801-treated group. Scale bars: a—c,
100 um; d—f, 20 pm

paliperidone decreased its expression. Importantly, when we
blocked SIRT1 activity with nicotinamide, miR-134’s expres-
sion increased. It suggested that, at least partly, SIRT1/miR-
134 signal pathway is involved in MK-801°s injury effects. A
current report also declares that miR-134 regulates ischemia-
induced neuronal cell death through inhibition CREB Signal-
ing [39]. CREB and BDNF were important molecules and the
downstream signals of SIRT1/miR-134. Although CREB de-
creased in some mental diseases, MK-801 increases CREB
expression in rodent model and this was consistent with our
speculation [40, 41]. Moreover, effects of MK-801 on BDNF
mRNA level are multiple. MK-801 increases the BDNF
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Fig. 7 The schematic diagram of paliperidone against MK-801-induced
neurotoxicity to SH-SY5Y cells. Paliperidone blocks the calcium influx
by antagonizing the 5-HT 2A receptor and reverses MK-801-induced
increase on SIRTI expression level. MK-801 directly antagonizes
NMDA receptor and activates SIRT1 by unknown mechanisms.

mRNA in single cells in the limbic cortex [42]. Interestingly,
paliperidone also increases BDNF level and the mechanism is
unknown [43]. The molecular networks regulated by
paliperidone are complex. As the network model shown in
Fig. 7, SIRT1 performed a key role in this process and affected
CREB and BDNF level indirectly. Besides inhibition of miR-
134, SIRT1 also phosphorylated the IRS-2 and increased Ras/
Erk activations, whereas we do not know whether
paliperidone directly works on SIRT1 or not. This question
needs to be investigated in the future.

MK-801, a noncompetitive NMDA receptor antagonist,
can block glutamate receptors and induce neuronal degenera-
tion [44]. For example, MK-801 induced neuronal apoptosis
in the rat retrosplenial cortex and neuronal degeneration in
several parts of rat brain; in vitro culture, MK-801 is demon-
strated to cause the neuronal damage of cortical neurons, cer-
ebellar granule cells, and neural stem cells [26, 45]. Our pre-
vious study also suggested that MK-801 insults primary cul-
tured cortical neurons and suppresses Akt1/GSK3[3 expres-
sion. Here, we examined the effects of MK-801 on human
neuroblastoma (SH-SY5Y) cells. Our data showed that MK-
801 increased intracellular Ca®" influx. Especially, MK-801

Nucleus

Membrane

Consequently, SIRT1 may activate IRS-2 mediated signal transduction,
such as Ras, MEK 12, and ERK1/2. In particular, upregulation of SIRT1
suppresses the miR-134 expression which inhibits CREB and BDNF
expression. Solid lines means a direct effect

obviously upregulated SIRT1 and downregulated miR-134
expressions, which highlight a novel signal target for under-
standing the pathogenic mechanism of psychotic disease.

In conclusion, NMDA receptor antagonist MK-801 in-
duced neuronal damage in SH-SYS5Y cells, which upregulated
SIRT1 and downregulated miR-134 expressions. Paliperidone
effectively reversed this process. Moreover, patch clamp re-
cording showed that paliperidone inhibited Ca*" influx via
inhibition voltage calcium channel. Our study revealed the
underlying mechanism of paliperidone’s neuroprotection and
provided a promising molecular target for treating psychotic
disease.
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