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Abstract We investigated the therapeutic effect of zonisa-
mide against 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine
(MPTP) neurotoxicity in mice, using Western blot analysis,
immunohistochemistry and behavioral test. Our Western blot
analysis and immunohistochemical study showed that the
post-treatment with zonisamide prevented significantly dopa-
minergic cell damage, the depletion of tyrosine-hydroxylase
(TH) protein levels and the proliferation of microglia in the
striatum and/or substantia nigra 8 days after MPTP treatment.
Furthermore, our behavioral study showed that the post-
treatment with zonisamide attenuated significantly the motor
deficits 7 days after MPTP treatment. These results show that
zonisamide has the therapeutic effect in the MPTP model of
Parkinson’s disease (PD) in mice. Our study also demonstrates
the neuroprotective effect of zonisamide against dopaminergic
cell damage after MPTP treatment in mice. Thus our present
findings suggest that therapeutic strategies targeted to the
activation of TH protein and/or the inhibition of microglial
activation with zonisamide may offer a great potential for
restoring the functional capacity of the surviving dopaminer-
gic neurons in individuals affected with PD.
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Introduction

Zonisamide (1,2-benzisoxazole-3-methanesulfonamide)
was developed as an anti-convulsant drug and is used
widely around the world, in countries such as Japan, Korea,
USA and Europe. For proposed mechanisms of its anti-
epileptic activity, it is thought to involve the antagonism of
sodium (Rock et al. 1989; Schauf 1987) and T-type calcium
channels (Suzuki et al. 1992). Furthermore, zonisamide
has been shown to attenuate neonatal hypoxic-ischemic
damage in experimental animals by a mechanism inde-
pendent of its anti-convulsant properties (Hayakawa et al.
1994). Interestingly, a recent clinical study reports that
zonisamide has clinical efficacy in the treatment of
Parkinson’s disease (PD) by a randomized, double blind
study (Murata et al. 2007). Furthermore, a recent experi-
mental study suggests that zonisamide can exhibit prevent-
ing effects against dopamine quinone formation induced by
excess amount of cytosolic dopamine outside the synaptic
vesicles (Asanuma et al. 2008). We demonstrates recently
that pre-treatment of zonisamide may attenuate MPTP-
induced neurotoxicity by the elevation of TH on the
dopaminergic system (Yano et al. 2009). Moreover, a
recent study shows that zonisamide can increase dopami-
nergic turnover in the striatum of mice and common
marmosets treated with 1-methyl-4-phenyl-1,2,3,6-tetrahy-
dropyridine (MPTP) (Yabe et al. 2009). From these
observations, it is conceivable that zonisamide may be a
novel drug for the treatment of PD.
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MPTP is a neurotoxin that produces a parkinsonian
syndrome in both humans and experimental animals (Bove
et al. 2005; Dauer and Przedborski 2003). Its neurotoxic
effects also appear to involve energy depletion and free
radical generation. MPTP is converted to its metabolite 1-
methyl-4-phenyl-pyridinium (MPP") by monoamine oxi-
dase B (MAO-B). MPP" is selectively accumulated by high
affinity dopamine transporters and taken up into the
mitochondria of dopaminergic neurons, where it disrupts
oxidative phosphorylation by inhibiting complex I of the
mitochondrial electron transport chain (Gluck et al. 1994;
Tipton and Singer 1993). This leads to impairment of ATP
production, elevated intracellular calcium levels, and free
radical generation, thereby exhibiting dopaminergic neuro-
toxicity (Hasegawa et al. 1990; Sriram et al. 1997).
Therefore, MPTP treatments are known to cause a marked
depletion of dopamine and nigrostriatal neuronal cell death
in a wide variety of animal species, including mice, dogs
and nonhuman primates (Zigmond and Stricker 1989).
Especially, MPTP-treated mice are used worldwide as a
good model of PD (Heikkila et al. 1984). However, little is
known about the therapeutic (post-treatment) effect of
zonisamide against MPTP neurotoxicity in mice. In the
present study, therefore, we investigated the therapeutic
effect of zonisamide against MPTP neurotoxicity in mice.

Materials and methods
Experimental animals

Male C57BL/6 mice (Nihon SLC Co., Shizuoka, Japan),
8-9 weeks of age, were used in the present study. The
animals were housed in a controlled environment (23+1°C,
50+5% humidity) and were allowed food and tap water ad
libitum. The room lights were on between 7:00 and 19:00.
All experiments were performed in accordance with the
Guidelines for Animal Experiments of the Tokushima
University School of Medicine.

Experimental design

For Western blot analysis, immunohistochemical analysis
and behavioral test, the animals were divided into four
groups: (1) 1% Tween 80 (vehicle)-treated group; (2)
Zonisamide (40 mg/kg)-treated group; (3) MPTP +
vehicle-treated group; (4) MPTP + zonisamide (40 mg/
kg)-treated group. The mice were injected intraperitoneally
(ip.) four times with MPTP (20 mg/kg) at 2-h intervals.
Zonisamide or vehicle was administered ip. once a day
at 1, 2, 3, 4, 5, 6, and 7 days after MPTP treatment
(Groups (3)-(4)). For groups (1) and (2), the vehicle-
treated and zonisamide-treated animals were injected in
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the same manner with saline instead of MPTP. Zonisa-
mide was generously provided by Dainippon-Sumitomo
Pharmaceuticals (Osaka, Japan) and was suspended in
1% Tween 80.

Western blot analysis

The mice were killed by cervical dislocation 8 days after
MPTP or saline treatment. The striatal tissues were
homogenized in HEPES-buffered sucrose (0.32 M sucrose
containing 4 g/ml pepstatin , 5 g/ml aprotinin, 20 g/ml
trypsin inhibitor, 4 g/ml leupeptin, 0.2 mM phenylmetha-
nesulfonyl fluoride, 2 mM EDTA, 2 mM EGTA, and
20 mM HEPES, pH 7.2) using a microtube homogenizer.
Protein concentrations were determined using a BCA kit
(PIERCE, IL, USA). The homogenates were solubilized in
Laemmli’s sample buffer. Ten micrograms of protein from
each sample were separated on 5-20% SDS-PAGE gel
using constant current. Separated proteins were electropho-
retically transferred to polyvinylidene difluoride (PVDF)
membranes (ATTO, Tokyo, Japan) for 1 h with semi-dry
blotting system. The PVDF membranes were incubated for
1 h at room temperature with Tris-buffered saline contain-
ing 0.1% Tween 20 (TBST) and 0.5% skim milk, followed
by overnight incubation at 4°C with desired antibodies. The
anti-tyrosine hydroxylase (TH) antibody (1:2,000, Chem-
icon International, Inc., Temecula, CA, USA) and anti-glial
fibrillary acidic protein (GFAP) antibody (1:4,000, Sigma,
Saint Louis, MO, USA) were diluted in TBST containing
0.5% skim milk. Membranes were washed six times for
5 min at room temperature and incubated with horseradish
peroxidase-conjugated secondary antibody in TBST con-
taining 0.5% skim milk for 1 h. Immunoreactive bands
were visualized by enhanced chemiluminescent autoradi-
ography (ECL Kit, Amersham, IL, USA), according to
manufacturer’s instructions. Actin antibody (Sigma, Saint
Louis, MO, USA) was used as a house keeping protein to
confirm that equal amounts of protein were loaded in each
line. Optical densities were determined using a computer-
ized image analysis system (Dolphin-DOC, Kurabo, Osaka,
Japan), as described previously (Yokoyama et al. 2008).
Each group consisted of 3—5 mice.

Immunohistochemistry

For the immunohistochemical study, the mice were anes-
thetized with sodium pentobarbital (50 mg/kg, i.p.) 8 days
after MPTP or saline treatment and the brains were
perfusion-fixed with 4% paraformaldehyde in 0.1 M phos-
phate buffer (pH 7.4) following a heparinized saline flush.
The brains were removed 1 h after perfusion fixation at 4°C
and were immersed in the same fixative until they were
embedded in paraffin. Paraffin sections (5 um) of the
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striatum and substantia nigra were used for immunobhisto-
chemistry. Each group contained of 4-5 mice.

The sections were stained immunohistochemically with
anti-TH antibody (Chemicon International, Inc., Temecula,
CA, USA, 1:200), anti-GFAP antibody (Chemicon Interna-
tional, Inc., Temecula, CA, USA, 1:200) and anti-ionized
calcium-binding adaptor molecule 1 (Iba-1) (Wako Pure
Chemicals, Osaka, Japan, 1:200) antibody using the ABC
method (Vectastain elite ABC kit, Vector Laboratories.,
Burlingame, CA, USA), according to the supplier’s
recommendations. In brief, after deparaffinization, the
sections were incubated in phosphate buffered saline
(PBS) containing 10% methanol and 0.3% H,0, for
20 min for the blocking of endogenous peroxidase activity.
The sections were pre-incubated with 10% normal serum in
PBS for 30 min. They were then incubated with one of the
primary antibodies in PBS containing 10% normal serum
and 0.3% Triton X-100 overnight at 4°C. The sections were
then incubated with biotinylated secondary antibody for
1 h, followed by avidin-biotin-peroxidase complex for
30 min at room temperature. Lastly, the sections were
reacted with Vector DAB substrate kit (Vector Labs.,
Burlingame, CA, USA) for color development. Negative
control study was performed using non-immuned IgG or by
omission of the primary antibody, which showed no stable
stainings.

For immunohistochemical stainings, changes of the
densities of these immunostainings or changes in number
of immunopositive cells in stained sections were evaluated
with a light microscope at a magnification of X 200 without
the examiner knowing the experimental protocols, using a
computer-associated image analyzer software (WinRoof
Version 5, Mitani Corporation, Fukui, Japan), as described
previously (Aoki et al. 2009;Tanaka et al. 2007; Yokoyama
et al. 2008).

Fig. 1 Immunoblotting analysis a
of TH protein levels in the
mouse striatum 8§ days after

MPTP treatment. a Western blot

Behavioral testing

Behavioral test was performed 2 h after final treatment with
zonisamide or vehicle (7 days after MPTP or saline
treatment). The Rota rod treadmill (Constant Speed Model,
Ugo Basile, Varese, Italy) consists of a plastic rod, 6 cm in
diameter and 36 cm long, with a non-slippery surface
20 cm above the base (trip plate). This rod is divided into
five equal sections by six discs (25 cm in diameter), which
enables five mice to walk on the rod at the same time. In
the present study, rotor mode was used (28 rpm for 10 min).
The time from when the animal was placed on the rod to
when it fell off was recorded as the performance time, as
described previously (Ookubo et al. 2009). Each group
consisted of 9-17 mice.

Statistical analysis

For Western blot analysis and immunohistochemistry, all
values were expressed as means=S.E.M. and statistical
significance was evaluated by one-way analysis of variance
(ANOVA) followed by Fisher’s PLSD multiple comparison
test or Student’s t-test. The P values less than 0.05 was
considered statistically significance.

Results

Therapeutic effects of post-treatment with zonisamide
on the striatal TH protein levels by Western blot analysis
8 days after MPTP treatment

As shown in Fig. 1, zonisamide prevented a significant
loss in TH protein levels in the striatum after MPTP
treatment, as compared to MPTP-treated group. In addi-
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TH == s chms Gl S o — ——

analysis. Actin protein was e
detected as a housekeeping pro- - —
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Fig. 2 Immunoblotting analysis a

of GFAP protein levels in the

mouse striatum 8 days after e
MPTP treatment. a Western blot

analysis. Actin protein was actin —
detected as a housekeeping pro-

tein to confirm that equal b

amounts of protein were loaded
in each line. b GFAP protein
levels were expressed as % of
vehicle (means+S.E.M.) using
ratios to actin protein levels.
*p<0.01 compared with MPTP
+ vehicle-treated group (Fisher’s
PLSD test). ZNS: zonisamide.
n=3-5

tion, zonisamide only showed a significant increase in the
striatal TH protein levels, as compared to vehicle-treated

group.

Therapeutic effects of post-treatment with zonisamide
on the striatal GFAP protein levels by Western blot analysis
8 days after MPTP treatment

As shown in Fig. 2, zonisamide did not prevent a
significant increase in GFAP protein levels in the striatum
after MPTP treatment, as compared to MPTP-treated group.
In addition, zonisamide only showed no significant change
in the striatal GFAP protein levels, as compared to vehicle-
treated group.

Fig. 3 a Representative micro-
photographs of TH immunos-
taining in the striatum. a:
Vehicle-treated group; b: ZNS-
treated group; c: MPTP +
vehicle-treated group; d: MPTP
+ ZNS-treated group. Bar=

100 pm. b TH immunostaining
levels were expressed as density
(means+S.E.M.). *p<0.01 com-
pared with MPTP + vehicle-
treated group (Fisher’s PLSD
test). ZNS: zonisamide. n=>5
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Therapeutic effects of post-treatment with zonisamide
on the dopaminergic neurons in the striatum and substantia
nigra 8 days after MPTP treatment

Representative photographs of TH immunostaining in the
striatum and substantia nigra are shown in Figs. 3 and 4. The
striatal TH immunopositive fibers and nigral TH immuno-
positive neurons were easily detectable in vehicle-treated
mice. A significant decrease in the density of TH immuno-
positive fibers was observed in the striatum after MPTP
treatment. Zonisamide prevented a significant decrease in the
density of TH immunopositive fibers in the striatum after
MPTP treatment. On the other hand, a significant decrease in
the number of TH immunopositive neurons was also found in

TH in the striatum

MPTP+ZNS
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Fig. 4 a Representative micro-
photographs of TH immunos-
taining in the substantia nigra. a:
Vehicle-treated group; b: ZNS-
treated group; c¢: MPTP +
vehicle-treated group; d: MPTP
+ ZNS-treated group. Bar=

500 um. b TH-immunopositive
cells were expressed as cells/ 900
mm? (means+S.E.M.). ¥p<0.05,

**p<0.01 compared with MPTP “E ggg
+ vehicle-treated group (Fisher’s E
PLSD test). ZNS: zonisamide. E 600
n=4-5 T 500
5 400
g 300
g 200
£ 100

0

Vehicle

the substantia nigra after MPTP treatment. Zonisamide
prevented a significant decrease in the number of TH
immunopositive neurons in the substantia nigra after MPTP
treatment. In addition, zonisamide only showed no significant
change in the density of TH immunopositive fibers in the
striatum and in the number of TH immunopositive neurons in
the substantia nigra, as compared to vehicle-treated group.

Therapeutic effects of post-treatment with zonisamide
on GFAP immunopositive astrocytes in the striatum
and substantia nigra 8 days after MPTP treatment

As shown in Figs. 5 and 6, astrocytes were slightly
immunostained for GFAP in the striatum and substantia

Fig. 5 a Representative micro- a
photographs of GFAP immu-
nostaining in the striatum. a:
Vehicle-treated group; b: ZNS-
treated group; c: MPTP +
vehicle-treated group; d:

MPTP + ZNS-treated group.
Bar=100 um. b GFAP-
immunopositive astrocytes were
expressed as cells/mm? (means
+S.E.M.). *p<0.01 compared
with MPTP + vehicle-treated
group (Fisher’s PLSD test).
ZNS: zonisamide. n=4-5
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nigra of vehicle-treated mice. The number of GFAP
immunoreactive astrocytes increased significantly in the
striatum after MPTP treatment. Zonisamide attenuated a
significant increase in the number of GFAP immuno-
positive astrocytes in the striatum after MPTP treatment.
On the other hand, a significant increase in the number of
GFAP immunopositive astrocytes was found in the sub-
stantia nigra after MPTP treatment. In contrast, zonisamide
did not attenuate a significant increase in the number of
GFAP immunopositive astrocytes in the substantia nigra
after MPTP treatment. In addition, zonisamide only showed
no significant change in the number of GFAP immuno-
positive astrocytes in the striatum and substantia nigra, as
compared to vehicle-treated group.

GFAP in the striatum

*

= th
T

Vehicle
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ZNS MPTP
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Fig. 6 a Representative micro-
photographs of GFAP immu-
nostaining in the substantia
nigra. a: Vehicle-treated group;
b: ZNS-treated group; c: MPTP
+ vehicle-treated group; d:
MPTP + ZNS-treated group.
Bar=50 um. b GFAP immuno-
positive astrocytes were
expressed as cells/mm?® (means
+S.E.M.). *p<0.01 compared
with MPTP + vehicle-treated
group (Fisher’s PLSD test).
ZNS: zonisamide. n=4-5
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Therapeutic effects of post-treatment with zonisamide
on Iba-1 immunopositive microglia in the striatum
and substantia nigra 8 days after MPTP treatment

As shown in Figs. 7 and 8, microglial cells were slightly
immunostained for Iba-1 in the striatum and substantia
nigra of vehicle-treated mice. The number of Iba-1
immunoreactive microglia increased significantly in the
striatum after MPTP treatment. Zonisamide prevented a
significant increase in the number of Iba-1 immunopositive
microglia in the striatum after MPTP treatment. On the
other hand, a significant increase in the number of Iba-1
immunopositive microglia was also found in the substantia
nigra after MPTP treatment. Zonisamide prevented a

Fig. 7 a Representative micro- a
photographs of Iba-1 immunos-
taining in the striatum. a:
Vehicle-treated group; b: ZNS-
treated group; c¢: MPTP +
vehicle-treated group; d: MPTP
+ ZNS-treated group. Bar=

50 wm. b Iba 1 immunopositive
microglia were expressed as
cells/mm? (means+S.E.M.).
*p<0.01 compared with MPTP
+ vehicle-treated group (Fisher’s 160 -
PLSD test). ZNS: zonisamide. 140 -

n=4-5 120
100 -
80+
60 -
40 -
204

number of cells / mm®

Vehicle
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significant increase in the number of Iba-1 immunopositive
microglia in the substantia nigra after MPTP treatment. In
addition, zonisamide only showed a significant decrease in
the number of Iba-1 immunopositive microglia in the
substantia nigra, as compared to vehicle-treated group.

Therapeutic effects of post-treatment with zonisamide
against motor deficits 7 days after MPTP treatment

Vehicle-treated mice usually remained on the Rota rod for
500-700 sec. As shown in Table 1, in Rota rod test, MPTP-
treated mice exhibited a significant loss of motor activity
after MPTP treatment as compared with each vehicle-
treated group. In Rota rod test, zonisamide prevented a
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Fig. 8 a Representative micro-
photographs of Iba-1 immunos-
taining in the substantia nigra. a:
Vehicle-treated group; b: ZNS-
treated group; c¢: MPTP +
vehicle-treated group; d: MPTP
+ ZNS-treated group. Bar=

50 wm. b Iba-1-immunopositive
microglia was expressed as cell/
mm? (means+S.E.M). *¥p<0.05,
**p<0.01 compared with MPTP

+ vehicle-treated group (Fisher’s 180 -
PLSD test). #p<0.05 compared o« 160+
with each vehicle-treated group g 140
(Student’s t-test).ZNS: zonisa- 120 - ®

mide. n=5

number of cells /
(=)
—]

Vehicle

significant loss of motor activity after MPTP treatment. In
Rota rod test, zonisamide only showed no significant
change of motor activity, as compared to vehicle-treated

group.

Discussion

It is known that anti-convulsant drug, zonisamide, has a
wide clinical spectrum of use in both psychiatric and
neurological disorders such as epilepsy, mood disorders and
PD (Ito et al. 1982; McElroy et al. 2005; Murata et al.
2007). In patients with PD, in particular, several studies
demonstrate that long-term treatment of levodopa causes
various adverse side effects such as wearing-off phenom-
enon, dyskinesia and psychiatric symptom (Ahlskog and
Munenter 2001; Ogawa et al. 2005). Furthermore, a recent
double-blind controlled study in Japan reported that an
adjunctive treatment with zonisamide to levodopa can
improve all the cardinal symptoms of PD (Murata 2004;

Table 1 Behavioral tests in mice 7 days after MPTP treatment

-..-
b

Iba-1 in the substantia nigra

#

MPIP MPTP+ZINS

Murata et al. 2007). From these observations, it is
suggested that zonisamide has a therapeutic effect in the
treatment of PD particularly with regard to avoiding the
adverse side effects of levodopa. However, little is known
about the therapeutic effect of zonisamide against MPTP
neurotoxicity in mice. In the present study, therefore, we
investigated directly the therapeutic effect of zonisamide
against MPTP neurotoxicity in mice.

Our Western blot analysis study showed that post-
treatment with zonisamide can attenuate a significant
decrease of TH protein levels in the striatum 8 days after
MPTP treatment. Furthermore, zonisamide alone showed a
significant increase of TH protein levels in the striatum, as
compared to vehicle-treated group. In our immunohisto-
chemical study, furthermore, post-treatment with zonisa-
mide exhibited a protective effect against a significant
decrease in the density of TH-immunopositive fibers in the
striatum and a significant decrease in the number of TH-
immunopositive neurons in the substantia nigra 8 days after
MPTP treatment. A previous study reported that zonisa-

Treatment groups

Rota rod test latency to fall (sec.)

Pole test (TLA) locomotor activity (sec.)

Vehicle 551.29423.32%*
ZNS 409.12+44 .49%*
MPTP + vehicle 162.33+£38.14

MPTP + ZNS 377.00+51.53%%*

3.60+0.38%
3.17+0.28%*
4.93+0.79
3.88+0.29

All values were expressed as means+SEM

* p<0.05, **p<0.01 compared with MPTP group (Fisher’s PLSD test)
ZNS zonisamide

n=9-17
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mide increased dopaminergic synthesis by increasing TH
activity and TH mRNA (Murata 2004). The findings are, at
least in part, consistent with the results of our present
Western blot analysis study. Interestingly, a previous study
reported that dopaminergic neurons that survive the MPTP
lesioning increase TH protein and may repopulate the
striatum with axonal growth and branching, indicating
neuroplasticity (Jakowec et al. 2004). Therefore, our
present findings suggest that therapeutic strategies targeted
to the activation of TH activity with zonisamide may offer a
great potential for restoring the functional capacity of the
surviving dopaminergic neurons in individuals affected
with PD.

On the other hand, our Western blot analysis study
showed a significant increase of GFAP protein levels in the
striatum 8 days after MPTP treatment, as compared to
vehicle-treated group. Post-treatment with zonisamide
showed a tendency to attenuate a significant increase in
GFAP protein levels in the striatum after MPTP treatment.
Our immunohistochemical study demonstrated a significant
increase in the number of GFAP immunopositive astrocytes
in the striatum and substantia nigra 8 days after MPTP
treatment. Although post-treatment with zonisamide atten-
uated a significant increase in the number of GFAP-
immunopositive astrocytes in the striatum, this drug did
not show a significant change in the number of GFAP-
immunopositive astrocytes in the substantia nigra 8 days
after MPTP treatment. GFAP immunopositive astrocytes
are known to play a central role in the defense of brain and
to exert a variety of neuroprotective functions (Morale et al.
2006). Thus, the astrocytes express crucial neurotrophic
molecules, regulating growth, differentiation and survival
of neurons (Dringen et al. 2000; Gallo et al. 2000).
Furthermore, it is known that GFAP-null mice are highly
susceptible to brain damage, such as cerebral ischemia
(Nawashiro et al. 2000). These observations seem to
suggest that GFAP immunopositive astrocytes may have a
beneficial effect against MPTP neurotoxicity in mice. In the
present study, the alteration of GFAP immunopositive
astrocytes in the striatum was more pronounced than that
of GFAP immunopositive astrocytes in the substantia nigra
after MPTP treatment. The present results may suggest
further evidence that the increase of the striatal GFAP
immunopositive astrocytes does not always play an
important role for neuroprotection against MPTP neurotox-
icity in mice, although further studies are required to clarify
our findings. In our preliminary study, in addition, post-
treatment with zonisamide did not prevent the reductions of
the striatal dopamine, DOPAC and HVA levels 8§ days after
MPTP treatment. Therefore, the exact mechanisms of
zonisamide need to elucidate.

For the changes of microglia, post-treatment with
zonisamide protected a significant increase in the number
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of Iba-1 immunopositive microglia in the striatum and
substantia nigra 8 days after MPTP treatment. Microglial
activation has been implicated as a common contributing
component in numerous neurodegenerative diseases, such
as PD, Alzheimer’s disease, multiple sclerosis, and amyo-
trophic lateral sclerosis (Beal 2003; Block and Hong 2005;
McGeer et al. 1998). In MPTP experiments as the animal
model of PD, in particular, massive microglial activation
has been demonstrated in the striatum and substantia nigra
(Czlonkowska et al. 1996; Kukowska-Jastrzebska et al.
1999; Sugama et al. 2003). Furthermore, a previous study
has shown that blockade of microglial activation can
protect against MPTP neurotoxicity in mice (Wu et al.
2002). Based on these observations, we speculate the
possibility that zonisamide acts on microglia and its
therapeutic effect may be partly mediated through the
prevention of microglial activation. However, details of
mechanisms of zonisamide against microglial activation
need to elucidate.

In conclusion, we show that an anti-convulsant drug,
zonisamide, has the therapeutic effect in the MPTP model
of PD in mice. Our study also demonstrated that the
neuroprotective effect of zonisamide against dopaminergic
cell damage after MPTP treatment in mice. Furthermore,
our present findings suggest that therapeutic strategies
targeted to the activation of TH activity and/or the
inhibition of microglial activation with zonisamide may
offer a great potential for restoring the functional capacity
of the surviving dopaminergic neurons in individuals
affected with PD. These results demonstrate further
evidence that zonisamide may offer a new approach for
the treatment of PD.
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