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Abstract Parkinson’s disease is an incurable progressive
neurological condition caused by a degeneration of dopamine-
producing cells characterized by motor and non-motor
symptoms. The major mechanisms of the antiepileptic actions
of ZNS are inhibition of voltage-gated Na™ channel, T-type
voltage-sensitive Ca>" channel, Ca**-induced Ca " releasing
system, and neuronal depolarization-induced glutamate
release; and enhancement of release of inhibitory neuro-
transmitters; however, the detailed mechanism of antipar-
kinsonian effects of ZNS remains to be clarified. We aimed to
investigate to the effect of ZNS on the oxidative stress, cell
viability, Ca>* signaling, and caspase activity that induced by
the MPP" model of Parkinson’s in neuronal PC12 cells.
Neuronal PC12 cells were divided into four groups namely,
control, ZNS, MPP", and ZNS+MPP™ groups. The dose and
duration of ZNS and MPP™" were determined according to cell
viability (MTT) analysis which used to assess the cell via-
bility. The cells in ZNS, MPP™, and ZNS+MPP™* groups were
incubated for 5 h with 100 pM ZNS, 10 h with 100 pM
MPP?, and 10 h with ZNS and MPP*, respectively. Lipid
peroxidation and cytosolic free Ca®" concentrations were
higher in the MPP™ group than in control although their levels
were lower in ZNS and the ZNS+MPP* groups than in
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control. Reduced glutathione and glutathione peroxidase
values were lower in the MPP™ group although they were
higher in the ZNS and the ZNS-+MPP™ groups than in control.
Caspase-3 activity was lower in the ZNS group than in the
MPP™ group. In conclusion, ZNS induced modulator effects
on the oxidative stress, intracellular Ca2+, and the caspase-3
values in an experimental model of Parkinson disease.

Keywords Zonisamide - MPP* - Neuronal PC12 cells -
Oxidative stress - Ca>" signaling - Apoptosis

Abbreviations

GSH Reduced glutathione
GSH-Px  Glutathione peroxidase
LP Lipid peroxidation

MPP* 1-Methyl-4-phenylpyridinium ion

NGF Nerve growth factor

PC12 Rat pheochromocytoma-derived cell line
ROS Reactive oxygen species

ZNS Zonisamide

Introduction

Parkinson’s disease is a common progressive neurode-
generative condition associated with significant disability
and negative impact on quality of life. Although the cause
of Parkinson’s disease is unknown, the pathologic mani-
festation involves the loss or dysfunction of dopaminergic
neurons in the substantia nigra pars compacta (Lew 2007).
A large part of the research is focused on the neurode-
generation which plays an important role in the patho-
genesis of Parkinson’s disease (Lew 2007; Surmeier et al.
2011). In the pathogenesis of neurodegenerative diseases,
there is available information that it may be factor of
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oxidative stress, excitotoxic mechanisms, mitochondrial
energy metabolism, apoptosis, and intracellular Ca** bal-
ance disorders (Naziroglu 2007; Surmeier et al. 2011;
Schapira 2011). Oxidative damage in DNA, proteins, and
lipids, decrease in glutathione (GSH), and increase in iron
was shown on postmortem brain studies of Parkinson’s
patients (Baillet et al. 2010; Miiller and Muhlack 2011).

In the substantia nigra of Parkinson’s patients, nearly
30-40 % selective reduction was found in the mitochondrial
respiratory chain complex I activity (Schapira 2011). Mito-
chondrial complex I defects contribute to the cell degeneration
via the reduction the synthesis of ATP. 1-Methyl-4-phen-
ylpyridinium ion (MPP")-mediated selective damage to
dopaminergic neurons of the nitrostrial damage has been
widely used as a model of Parkinson’s disease (Korff et al.
2011). In the synaptosomes of rat brain, complex I inhibition
by the MPP* or MPTP may result in reduced cellular ATP. In
addition, MPP™ may induce release of dopamine, which in
turn could generate free oxygen radicals upon auto-oxidation
(Hasegawa et al. 1990). In vitro evidence for reactive oxygen
species (ROS) involvement during MPP™ toxicity has been
mostly controversial, with several reports supporting either
side of the discussion.

Zonisamide (ZNS, 1,2-benzisoxazole-3-methanesulpho-
namide) has been developed as anticonvulsant agent in Japan
in the 1970s (Okada et al. 2002). Interestingly, several clinical
studies have reported the wide clinical spectrum of ZNS
against both psychiatric and neurological disorders, including
epilepsy mood disorder, essential tremor, and Parkinson’s
disease, and protecting against ischemic cerebral damage,
such as stroke. The major mechanisms of the antiepileptic
actions of ZNS are inhibition of voltage-gated Na* channel,
T-type voltage-sensitive Ca>" channel, Ca>" releasing sys-
tem, and neuronal depolarization-induced glutamate release;
enhancement of release of inhibitory neurotransmitters, i.e.,
GABA, dopamine, and serotonin; and lack of affinity to
GABA 4 receptor (Okada et al. 2002; Zhu et al. 2002). A recent
randomized control study demonstrated also that ZNS is
effective in Parkinson’s disease at the lower than the thera-
peutic doses against epilepsy (25-50 mg/day); however, the
detailed mechanism of antiparkinsonian effects of ZNS on the
molecular pathways remains to be clarified (Mohammadia-
ninejad et al. 2011).

Rat pheochromocytoma (PC12) cells have been used
extensively as an experimental system to study various
aspects of dopaminergic neurons (Altinkili¢ et al. 2010).
Although these cells are not true brain dopaminergic neu-
rons, PC12 cells are able to produce dopamine and express
dopamine transporters (Kadota et al. 1996). Upon nerve
growth factor (NGF) stimulation, PC12 cells not only
display abundant neuritic growth, but also adopt a neuro-
chemical dopaminergic phenotype (Fonck and Baudry
2001).
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In the current study, we investigated the effect of ZNS
on the oxidative stress, Ca>" signaling, and caspase activity
in the experimental model of Parkinson disease that is
induced by the MPP" in neuronal PC12 cells.

Materials and Methods
Chemicals

Cell culture flasks were bought from TPP Company (Swit-
zerland). All chemicals (fish oil, cumene hydroperoxide,
KOH, NaOH, thiobarbutiric acid, 1,1,3,3-tetraethoxypropane,
5,5-dithiobis-2  nitrobenzoik,  tris-hydroxymethil-amino-
methan, 5,5-dithiobis-2 nitrobenzoik asit, cumene hydroper-
oxide, glutathione, and butylhydroxytoluol) and Caspase-3
(Acetyl-ASp-Glu-Val-Asp-t..amide-4-methylcoumin,

“with” catolog no. A-1086) commercial kit were obtained
from Sigma-Aldrich Chemical Inc. (St. Louis, MO, USA);
and all organic solvents (n-hexane and ethyl alcohol) and
RPMI 1640 medium were purchased from Merck Chemicals
(Darmstadt, Germany). Fura-2 acetoxymethyl ester (Fura-2/
AM) was purchased from Promega Inc (USA). All reagents
were analytical grade. All reagents except the phosphate
buffers were prepared daily and stored at +4 °C. The reagents
were equilibrated at room temperature for half an hour before
an analysis was initiated or reagent containers were refilled.
Phosphate buffers were stable at 44 °C for 1 month.

Cell Culture

PC12, a rat pheochromocytoma-derived cell line was selected
as the neuronal model. The cell line was originally obtained
from DSMZ Cell Lines Bank (Germany). Before treatment,
PC12 cells were placed in poly-p-lysine-coated cell culture
flask at a density of I x 10°/cm? and were allowed to attach for
24 h in RPMI 1640 medium supplemented with 10 % horse
serum, 5 % fetal bovine serum, 4 mM glutamine, and a mixture
of 1 % of penicillin/streptomycin/L-glutamine. Cells were
incubated at 37 °C in humid, 5 % CO,, and 95 % air envi-
ronment (Altinkili¢ et al. 2010). Differentiation was induced by
addition of (NGF) to the cultures (50 ng/ml) for 2 days.

Study Groups

The PC12 cells were divided into four groups as follows:

Group 1 Control group: The cells were incubated with

only RPMI medium for 24 h.

Group 2 ZNS group: The cells in the group were
incubated with ZNS (100 uM) for 5 h (Matar

et al. 2009).
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Group 3 MPP" group: The cells in the group were
incubated with 100 uM MPP™ for 10 h.

Group 4 ZNS+MPP™" group: The cells in the group were
incubated ZNS (100 pM) for 5 h before MPP™
(100 pM and 10 h) incubation.

At the end of the treatments, half of the cells were
washed by the medium and stored at —33 °C. LP and
antioxidant analysis were performed in the cells within
one week. Remaining cells were immediately used for
cytosolic free calcium ion ([Ca2+]i) concentration and
caspase analysis. During the [Ca®"]; analysis, the eight
groups were exposed to H,O, for stimulating [Ca®™),
concentrations.

Measurement of Cytosolic Free Ca*" ([Ca®*],)
Concentration

Cells were loaded with fura-2 by incubation with 4 pM
fura-2/AM for 30 min at room temperature according to a
procedure published elsewhere (Uguz et al. 2009). Once
loaded, the cells were washed and gently re-suspended in
Na-HEPES solution containing (in mM): NaCl, 140; KClI,
4.7; CaCl,, 1.2; MgCl,, 1.1; glucose, 10; and HEPES, 10
(pH 7.4). The four groups were exposed to H,O, for
stimulating ([Ca”]i) influx. Fluorescence was recorded
from 2 ml aliquots of magnetically stirred cellular sus-
pension (2 x 10° cells/ml) at 37 °C using a spectrofluo-
rometer (Carry Eclipsys, Varian Inc, Sydney, Australia)
with excitation wavelengths of 340 and 380 nm and
emission at 505 nm. Changes in [Ca2+],- were monitored
using the fura-2/AM 340/380 nm fluorescence ratio and
were calibrated according to the method of Grynkiewicz
et al. (1985).

Ca”" concentrations were estimated using the integral
of the rise in [Ca”],- for 150 s after addition of H,O,
(Uguz et al. 2009; Espino et al. 2009). Ca** release is
expressed in nanomolar taking a sample every second
(nM/second) as previously described (Heemskerk et al.
1997).

Lipid Peroxidation (LP) Determinations

LP levels in the PC12 cell lines were measured with the
thiobarbituric acid reaction by the method of Placer et al.
(1966). The quantification of thiobarbituric acid reactive
substances was determined by comparing the absorption to
the standard curve of malondialdehyde (MDA) equivalents
generated by acid catalyzed hydrolysis of 1,1,3,3 tetra-
methoxypropane. The values of LP in the PC12 cells were
expressed as pmol/g protein.

Reduced Glutathione (GSH), Glutathione Peroxidase
(GSH-Px), and Protein Assay

The GSH content of the PC12 cells was measured at
412 nm by the method of Sedlak and Lindsay (1968) as
described in our previous study (Kutluhan et al. 2009).
GSH-Px activities of PC12 cells were measured spectro-
photometrically at 37 °C and 412 nm according to (Law-
rence and Burk 1976). The protein content in the PC12
cells was measured by method of Lowry et al. (1951) with
bovine serum albumin as the standard.

Caspase-3 Assay

The Caspase-3 assay (Acetyl-ASp-Glu-Val-Asp-t..amide-
4-methylcoumin, “with” (catolog no. A-1086) commercial
kit) was performed according to the instructions provided
by Sigma Inc.

Statistical Analysis

Data are expressed as means £ standard deviations (SD) of
the numbers of determinations. Analysis of statistical sig-
nificance was performed using the SPSS program (9.05). In
order to compare the different treatments, statistical sig-
nificance was calculated by Mann—Whitney U test analysis.
p < 0.05 was considered to indicate a statistically signifi-
cant difference.

Results

The Determination of the Toxic Dose of MPPT s
on Cell Viability

In PC12 cells, the effect of MPP" on cell viability is shown
in Fig. 1. Cells were incubated with increasing concentra-
tions of MPPt (25 uM, 50 uM, 100 uM, 250 uM,
500 pM, 1 mM, 10 mM, 25 mM, 50 mM, 100 mM,
200 mM) seven different time (30 min, 1 h, 2 h, 5 h, 12 h,
24 h,48 h). The toxicity of MPP" began at 100 mM dose
after 24 h of incubation. The toxic dose of MPP™ is defined
as 24 h at 100 pM in cell culture (Fig. 1).

The Determination of Therapeutic and Toxic Dose
of ZNS on Cell Viability

The effect of ZNS on cell viability in PC12 cells is shown
in Fig. 2. PC12 cells are incubated at 11 different doses
25 M, 50 uM, 100 pM, 250 uM, 500 pM, 1 mM,
10 mM, 25 mM, 50 mM, 100 mM, and 200 mM) with
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Fig. 1 The effects of MPP" on cell viability (MTT) in different doses and times
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Fig. 2 The effects of zonisamide on cell viability (MTT) in different doses and times

Table 1 The effects of MPP' and zonisamide (ZNS) on levels of lipid peroxidation (LP), reduced glutathione (GSH), and glutathione

peroxidase (GSH-Px) in PCI12 cells (n = 8, mean + SD)

Parameters Control MPP* ZNS MPP"+ZNS
LP (umol/g protein) 426 £ 0.13 4.99 + 0.06* 3.99 £+ 0.21° 3.96 £ 0.15°
GSH (pumol/g protein) 1.68 £ 0.11 1.43 + 0.07* 1.90 &+ 0.12° 1.68 + 0.07°¢
GSH-Px (IU/g protein) 3.16 £ 0.16 2.46 + 0.23* 3.19 £+ 0.27¢ 2.98 + 0.14%¢

2 p < 0.05 and versus control group; ® p < 0.05, € p < 0.01, ¢ p < 0.001 and versus MPP™ group; ¢ p < 0.05 and versus ZNS group

ZNS seven different times (30 min, 1 h, 2 h, 5h, 12 h,
24 h, and 48 h) for determination of toxic doses of ZNS. In
the cell viability test, at 100 pM dose and within 10 h 25 %
reduction was determined as non-toxic dose. It is deter-
mined that the toxic effect of ZNS started at 100 pM dose
in 24 h. The highest dose of the therapeutic effect of ZNS
is defined as 100 uM dose and 12 h (Fig. 2).

@ Springer

Effects of ZNS and MPP" on LP Levels in PC12 Cells

Lipid peroxidation levels in four groups are shown in
Table 1. The LP levels were significantly (p < 0.05) higher
in MPP" group as compared with the control group. The
LP levels were also significantly (p < 0.05) lower in ZNS
and ZNS™ MPP* groups than in MPP*. In other words, it
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was observed that ZNS induced a protective effect on
MPP"-induced LP in the PC12 neuronal cells (Table 1).

Effects of ZNS and MPP' on GSH Levels and GSH-Px
Activity in PC12 Cells

The GSH levels and GSH-Px activity in four groups are
shown in Table 1. The GSH levels were significantly
(p < 0.05) lower in the MPP" group than in control group.
The GSH levels were significantly (p < 0.01) higher in
ZNS (p<00l and p<0001) and ZNS+MPP"
(p < 0.01) groups than in MPP™ group.

Effects of ZNS and MPP" on Cytosolic Free Calcium
Ion ([Ca®"];) Concentrations in PC12 Cells

The effects on ZNS and MPP on the [Ca®*]; concentra-
tions in neuronal PC12 cells in Fig. 3. According to control
group, the concentrations of [Ca2+],- was found to be
increased in MPP™ (p < 0.001) group. The concentrations
of [Ca’*1]; were significantly (p < 0.001) lower in ZNS and

ZNS plus MPP" groups than in control group. The con-
centrations of [Ca”]i were found to be significantly
(p < 0.001) lower in ZNS group than in MPP" group. As
compared to ZNS group, the concentrations of [Ca®"]; was
found to be significantly (p < 0.01) higher in ZNS plus
MPP™ group. In other words, ZNS induced modulator role
on MPP"-induced Ca”*" influx in the neuronal PC12 cells
(Fig. 3).

Effects of ZNS and MPP" on Caspase-3 Activity
in PC12 Cells

The effects on ZNS and MPP" on caspase-3 activity in
PC12 cells are shown in Fig. 4. In comparison with MPP*
group caspase-3 levels were found to be significantly
(p < 0.001) lower in ZNS and ZNS plus MPP* groups. As
compared to ZNS group, caspase-3 activity was found to be
significantly (p < 0.01) higher in the ZNS plus MPP*
group. As a result, it was observed that ZNS had a pro-
tective effect on PC12 cells by reducing caspase-3 activity
which is a precursor of apoptosis (Fig. 4).

Fig. 3 The effects of MPP™ 1000 -
and zonisamide (ZNS) on 1-Control
cytosolic Ca’* [Ca*™); 900 5-MPPs
concentrations in PC12 cell line 800 1 3.7NS
(n = 8, mean £+ SD). MPP(+)+ZNS
ap < 0.001 and versus control 700 -
group, °p < 0.001 and versus s 600
MPP* group, °p < 0.01 and £ i
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Fig. 4 The effects of MPP" and zonisamide (ZNS) on caspase-3
activity in neuronal PC12 cell line (n = 8, mean £ SD). °p < 0.001
and versus control group, °p < 0.001 and versus MPP™ group,
°p < 0.01 and versus ZNS group

Discussion

Actual pathophysiological mechanism underlying the anti-
parkinsonian effect of ZNS remains uncertain. We detected
that, ZNS reduced LP in PC12 cells and increased the
levels of GSH and GSH-Px. Therefore, we may assume
that ZNS is an agent having antioxidant properties.
Impaired Ca®" homeostasis has an important role in neu-
ronal degeneration. We found that ZNS also modulated the
MPP " -induced Ca®" over influx and caspase-3 activity in
PC12 cells.

The brain is extremely susceptible to oxidative damage
induced by reactive oxygen species (ROS) because it
generates very high levels of ROS due to its very high
aerobic metabolism and blood perfusion and has relatively
poor enzymatic antioxidant defense (Naziroglu et al. 2009).
Many factors play a role in the development of Parkinson’s
disease. An imbalance between oxidative stress and anti-
oxidant defense mechanisms in the brain plays an impor-
tant role in the pathogenesis of Parkinson’s disease.
Changes in energy metabolism, excitotoxicity, and
impaired Ca?* homeostasis are the other important factors
that may activate apoptosis with different stimuli (Naz-
iroglu et al. 2012). The loss of dopaminergic neurons in
Parkinson’s disease results in enhanced metabolism of
dopamine, augmenting the formation of H,O,, thus leading
to generation of highly neurotoxic hydroxyl radicals
(Baillet et al. 2010). The generation of free radicals can
also be produced by 6-hydroxydopamine or MPTP which
destroys striatal dopaminergic neurons causing parkinson-
ism in experimental animals as well as human beings (Lee
et al. 2012). Studies of the substantia nigra after death in
Parkinson’s disease have suggested the presence of oxi-
dative stress and depletion of GSH (Martin and Teismann
2009; Korff et al. 2011); a high level of total iron with
reduced level of ferritin; and deficiency of mitochondrial
complex I. The biochemical changes due to oxidative stress
resulting from tissue iron overload (siderosis) are similar to
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those now being identified in parkinsonian substantia nigra.
These include the reduction of mitochondrial electron
transport, complex I and III activities, GSH-Px activity,
GSH, ascorbate, calcium-binding protein, and superoxide
dismutase and increase of basal LP and deposition of iron
(Danielson et al. 2011; Naziroglu et al. 2012). In the cur-
rent study we observed decreased values of GSH and GSH-
Px in MPP+ exposed groups although LP and [Ca®'];
concentrations were increased in MPP* group.

ZNS acts as a neuroprotectant against oxidative stress
and progressive dopaminergic neurodegeneration (Asa-
numa et al. 2010). ZNS also inhibited monoamine oxidase
B and dopaminergic oxidative stress (Binda et al. 2011). In
the current study, ZNS increased GSH and GSH-Px values
although LP levels were decreased by ZNS incubations.
Smilarly, Pileblad et al. (1989) suggested that GSH has an
important role in catecholaminergic neurons: protecting
against the oxidation of endogenous catechols in rat stria-
tum. Asanuma et al. (2010) reported that ZNS markedly
increased GSH levels by enhancing the astroglial cystine
transport system and/or astroglial proliferation via
S100beta production or secretion. Komatsu et al. (2000)
reported the inhibitor effect on the lipid perokside of ZNS
and the reducing effect of 8-hydroksi-2V-deoksiguanosin
(8-OHdG) level which is the sign of oxidative DNA
damage. Dexter et al. (1994) reported that the levels of
GSH in substantia nigra were reduced by 35 % in patients
with incidental Lewy body disease compared to control
subjects. Hence, GSH, GSH-Px, and LP results were sup-
ported by results of Dexter et al. (1994), Pileblad et al.
(1989), Asanuma et al. (2010), and Komatsu et al. (2000).

The major mechanisms of ZNS are inhibition of voltage-
gated Na™ channel, T-type voltage-sensitive Ca®" channel,
and Ca" releasing system (Okada et al. 2002; Zhu et al.
2002). The MPP"-induced [Ca®**"]; concentrations were
modulated by ZNS due to regulator role of ZNS on T-type
voltage-sensitive Ca®" channel, Ca®" releasing system.
Similarly, Kawata et al. (1999) reported that ZNS inhibited
the depolarization induced by neuronal excitation, whereas
ZNS might enhance the N-type Ca’" channel activity or
N-type Ca’" channel-related exocytosis mechanisms.
Suzuki et al. (1992) reported that ZNS against maximal
electroshock seizures in mice reduced T-type Ca*" current
in a dose-dependent manner.

In conclusion, ZNS induced protective effect on MPP™-
induced oxidative stress and antioxidant redox system
through modulation of cytosolic Ca®" concentrations in the
neuronal PC12 cells. Our current study on PC12 cells taken
together with in vitro studies with parkinsonism improved
cognition with ZNS suggest a, therefore, unexploited
therapeutic potential for this drug in neuronal diseases such
as Parkinson and epilepsy diseases that are characterized
by oxidant stress.
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