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Zonisamide Treatment Delays Motor Neuron Degeneration
and Astrocyte Proliferation in Wobbler Mice
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Abstract

Background: Zonisamide (ZNS) had multifunctional effects on
several kinds of neurons. Little is known about neuroprotective ef-
fects of ZNS on motor neurons. We aimed to study whether this
drug can attenuate motor neuron degeneration in wobbler mice.

Methods: Wobbler mice were injected daily two doses of ZNS (0.2
mg/kg, 2.0 mg/kg, i.p.) or vehicle from aged 3 - 4 weeks at disease
onset for more than 4 weeks. Motor function was evaluated by pull-
strength and deformity scale of the forelimbs. Those symptomatic
assessment and body weight were measured weekly. Neuropatho-
logical changes of the biceps muscle and the cervical cord were
analyzed at 4 weeks posttreatment.

Results: ZNS treatment (2.0 mg/kg) significantly delayed pro-
gression of forelimb motor dysfunction compared to vehicle (P <
0.01). Gain of body weight did not differ statistically between three
groups. Higher doses of ZNS administration decreased denervation
atrophy in the biceps muscle (P < 0.01), suppressed loss of motor
neurons (P < 0.01) and inhibited astrocyte proliferation (P < 0.01).

Conclusions: The present study indicated that ZNS treatment at-
tenuated motor neuron degeneration and astrocytosis in the wob-
bler mouse. This drug may have a therapeutic potential for motor
neuron disease.
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Introduction

Zonisamide (ZNS), 1, 2-benzisoxazole-3-methanesulfon-
amide is used widely as an anticonvulsant drug. Anti-epilep-
tic mechanisms revealed blockage of voltage-gated sodium
channels [1, 2] and T-type calcium channels [3]. In addi-
tion to the anti-convulsant properties, ZNS reduced neona-
tal hypoxic-ischemic damage in experimental animals [4].
This ant-epileptic drug prevented against dopamine quinone
formation induced by excess amount of cytosolic dopamine
outside the synaptic vesicles [5] and also attenuated loss of
dopaminergic neurons after 1-methyl-4-phenyl-1, 2, 3, 6-tet-
rahydropyridine (MPTP)-treated mice [6] Therefore, ZNS
had multifunctional effects on several kinds of neurons [7].
However, little is known about a neuroprotective potential
of ZNS on damaged motor neurons. The wobbler mouse is
an animal model of lower motor neuron degeneration [8,
9]. Here we aimed to evaluate whether this drug can delay
symptomatic and neuropathological deterioration in wobbler
mice.

Materials and Methods
Animals

Wobbler mice (wr/wr) and their normal littermates (NFR/wr)
in the present study were derived from Department of Neu-
rology, Toho University School of Medicine, Omori mouse
colony, Japan. Mice were treated according to the guidelines
of the Toho University Animal Committee. This study was
approved by the ethics committee of Toho University School
of Medicine.

ZNS administration

Purified ZNS was used in this study and provided by Dai-
nippon Sumitomo Pharma Co., Ltd, Osaka, Japan. Wobbler
mouse initially developed a trembling body at the age of 3 - 4
weeks. This shaking body was diagnosed as clinical onset of
disease. Immediately after symptomatic onset, affected mice
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Figure 1. Progression of forelimb motor deficits. High-dose zonisamide administration re-
tards progression of forelimb dysfunction significantly. (P < 0.01 by Kaplan-Meyer method)

were administered daily two doses of ZNS (0.2 mg/kg/day
or 2.0 mg/kg/day, i.p.) or vehicle from aged 3 - 4 weeks in
a blind fashion. The treatment persisted until the terminal
stage of forelimb motor dysfunction for more than 4 weeks
(n = 10/group). In another neuropathological experiment,
the treatment was performed from aged 3 - 4 weeks to 7 - 8
weeks for four weeks (n = 10/group).

Symptomatic assessment

Forelimb function was assessed by forelimb deformity scale
and pull-strength of the forelimbs. Deformity scale was

graded atl, paw atrophy; 2, curled digits; 3, curled wrists;
and 4, forelimb J-shaped flexion to the chest. Pull-strength
of the forelimbs was measured by holding a tail in the air,
and grasping a horizontal wire gauge connected to a special
dynamometer with both paws. The maximum strength was
determined. Absence of forelimb motor function was defined
by deformity scale of grade 3 or 4 in both forelimbs. When
this motor function was abolished, pull-strength of forelimbs
was set at 0 gram. These symptomatic assessments and the
measurement of body weight were performed weekly from
the clinical onset to the age of 7 - 8 weeks at 4 weeks after
treatment (n=10 / group).
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Figure 2. Pull-strength of the forelimbs. High-dose zonisamide administration delays decline of pull-strength
at 3 and 4 weeks after treatment. (*P < 0.01 at 3 and 4 weeks after treatment by unpaired Student's t-test)
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Figure 3. Denervation changes of the biceps muscles. (A) ATPase staining of biceps muscles. (a) Vehicle treatment.
(b) Low-dose zonisamide treatment. (c) High-dose zonisamide treatment. (B) Treatment with high-dose zonisamide in-
creases the mean diameter of muscle fibers at 30%. (P < 0.01 between the high-dose zonisamide group and the vehicle

group by one-way ANOVA followed by Scheffe’s test)

Morphometry of biceps muscles

Under intraperitoneal administration of pentobarbital (40
mg/kg), the right biceps muscles were removed under a
dissecting microscope at post-treatment 4 weeks. The mus-
cles were weighed and frozen. Serial 10 um sections were
stained with routine ATPase. Two areas from the short and
long heads of biceps muscle were selected arbitrarily for his-
tometry. Two hundred muscle fibers per mouse were ana-
lyzed, and the mean diameter of muscle fibers was calculated
in three groups of wobbler mice treated with two doses of
zonisamide or vehicle (n = 10/group).

Number of spinal motor neurons and astrocytes

After dissection of the biceps muscle, wobbler mice were
perfused through an intracardiac catheter with phosphate
buffered saline followed by 4% paraformaldehyde / 1%
glutaraldehyde / 0.1 M sodium phosphate buffer, pH 7.4.
Laminectomy was performed and the cervical spinal cord
was removed under a dissecting microscope. The C5-6 cord
was taken for analysis for motor neurons and astrocytes.
The spinal cord segments were embedded in paraffin, sec-
tioned serially at 8 pm in the transverse plane, and stained
with cresyl-violet. At every fifth section, large motor neurons
(larger than 20 um) with prominent nucleoli were counted
in the ventral portion of the C5-6 cord. The total number
of large motor neurons was counted in zonisamide- and ve-
hicle-treated wobbler mice. For immunohistochemistry of
glial fibrillary acidic protein (GFAP) to identify astrocytes,
paraffin-embedded sections as described above were depa-
raffinized and incubated overnight at 4 °C with rabbit an-
tibody to GFAP (Dako, Denmark) at a dilution of 1:1000.
GFAP-immunoreactive astrocytes were investigated with
a light microscope at magnification X 200. The number of
astrocytes (cells/mm?) was measured in the ventral horn of
the C5-6 cord, using a computer-associated image analyzer
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software (MacSCOPE, Mitani Corporation, Fukui, Japan).
Statistical analyses

All data were expressed as mean + SEM. Progression of
forelimb deformity was analyzed by Kaplan-Meyer method.
Statistical analysis for pull-strength of the forelimbs used
unpaired Student’s t-test. Statistical comparison of the num-
ber of motor neurons and astrocytes was performed by one-
way analysis of variance (ANOVA) followed by the post hoc
Scheffe’s test. The significance level was set at 0.05 in all
statistical tests.

Results
Forelimb motor function and body weight

As compared to vehicle-treated wobbler mice, higher dose
of ZNS administration delayed the progression of forelimb
deformity (Fig. 1). Pull-strength of the forelimbs was de-
creased gradually in vehicle-treated mice. ZNS-treated mice
(2.0 mg/kg) significantly slowed decline of pull-strength
from 3 weeks after treatment compared to vehicle-treated
mice (Fig. 2). High dose of ZNS-treated mice had approxi-
mate 2-5% greater gain of body weight compared to mice
treated with vehicle and low dose of ZNS. Body weight did
not differ statistically between three groups at 4 weeks post-
treatment (the age of 7 - 8 weeks).

Degree of muscle atrophy

The changes of the biceps muscle are expressed in Figure 3.
The biceps muscle weight was increased approximately 30%
in high dose of ZNS-treated wobbler mice (5.9 £ 0.2 mg)
compared to mice treated with low dose of ZNS (4.6 + 0.3)
and vehicle (4.5 + 0.4). The mean diameter of muscle fibers
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Figure 4. Total number of survived motor neurons. (A) Nissl staining of C5-6 cord. (a) Vehicle treatment. (b) Low-dose
zonisamide treatment. (¢) High-dose zonisamide treatment. (B) High-dose zonisamide administration inhibits the loss of
motor neurons at 45%. (P < 0.01 between the high-dose zonisamide group and the vehicle group by one-way ANOVA

followed by Scheffe’s test)

was also increased significantly in the high-dose ZNS group
(22.8 £ 1.2 pm) compared to the low-dose ZNS group (18.0
+ 1.4) and the vehicle group (17.1 = 1.1).

Survival of spinal motor neurons

The total number of spinal motor neurons differed statis-
tically between wobbler mice treated with higher dose of
ZNS (459.7 + 64.0), lower dose (321.6 £ 58.8) and vehicle
(317.6 = 61.8). High-dose ZNS administration inhibited
the loss of motor neurons approximately 45% in wobbler
mice (Fig. 4).

Astrocyte proliferation

The number of GFAP-immunoreactive astrocytes was 9.5 £
3.9 cells/mm? in higher dose of ZNS, 19.8 £ 5.3 in lower
dose of ZNS and 23.7 + 4.0 in vehicle. Higher dose of ZNS
significantly decreased astrocyte proliferation approximate-
ly 60% (Fig. 5).

Discussion

The wobbler mouse exhibits autosomal recessive mutation
of vacuolar-vesicular protein sorting (VPS) 54 on mouse
chromosome 11. Missense mutation of VPS54 causes spinal
motor neuron degeneration and deficit of spermiogenesis in
this animal [9]. The symptomatic onset is a shaking body at
the age of 3 - 4 weeks. Muscle weakness and contracture in
the forelimbs progress rapidly until 8 weeks of age. After-
wards, these neuromuscular deficits progressed slowly. Mo-
tor function of the forelimbs declines to the terminal stage
at 8 - 10 weeks of age. The survival of affected mice is ap-
proximately 1 year when they are maintained together with
normal littermates. Therefore, we evaluated forelimb motor
function from clinical onset to the age of 7 - 8 weeks.

The neuropathological features reveal degeneration of
spinal motor neurons and proximal axonopathy predomi-
nantly in the cervical cord, leading to denervation muscle
atrophy in the forelimbs. Although the wobbler mouse is
not an animal model of amyotrophic lateral sclerosis (ALS),
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Figure 5. Number of GFAP-immunoreactive astrocytes. (A) GFAP immunostaining of C5-6 cord. (a) Vehicle treatment.
(b) Low-dose zonisamide treatment. (c) High-dose zonisamide treatment. (B) High-dose zonisamide treatment decreas-
es degree of astrocyte proliferation at 60%. (P < 0.01 between the high-dose zonisamide and the vehicle group by one-

way ANOVA followed by Scheffe’s test)
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the constant symptomatic and neuropathological hallmarks
have benefits for therapeutic model of lower motor neuron
degeneration [10-13]. Moreover, a recent study has high-
lighted Tar-DNA binding protein-43 (TDP-43) and ubiquitin
changes of the spinal cord in this animal that were character-
ized in sporadic ALS patients [14]. In the present study, ZNS
treatment (2.0 mg/kg) prolonged forelimb motor function
in wobbler mice. The neuropathological analyses suggested
that this drug attenuated denervation muscle atrophy, motor
neuron degeneration and astrocyte proliferation.

ZNS was reported to have benefits in several experimen-
tal animal models [7], including epileptic seizure [15, 16],
brain ischemia [4, 17] and Parkinson’s disease [6, 18, 19].
Intraperitoneal administration of ZNS (40 mg/kg/day for 7
days) protected dopaminergic neurons in the substantia nigra
of MPTP-mice, and also inhibited proliferation of GFAP-
immunoreactive astrocytes and microglia in the substantia
nigra [6]. This drug rescued dopaminergic neurons and en-
hanced the number of S100b-immunoreactive astrocytes in
6-hydroxydopamine-injected hemiparkinsonian mice [18].
ZNS-treated MPTP-mice (40 mg/kg/day for 1 day after final
administration of MPTP) recovered dopaminergic neurons
and potentiated proliferation of S100- and GFAP-immuno-
reactive astrocytes in the substantia nigra [19]. With respect
to astrocytic changes in wobbler mice, astrocytosis was sug-
gested to occur before the loss of motor neurons in wobbler
mice [20]. Spinal cord GFAP levels were increased in wob-
bler mice at aged 2 months. Immunohistochemical studies
suggested astrocyte overgrowth in the cervical cord of wob-
bler mice at the age of 2-3 months [21, 22]. Astrocytes de-
rived from wobbler murine neural precursor cells displayed
impairment of glutamate homeostasis [23]. These previous
studies advocated that interaction between motor neurons
and astrocytes could play a crucial role in the pathogenesis
of wobbler mouse motor neuron degeneration. In the pres-
ent study, ZNS treatment saved degenerating motor neurons
and suppressed astrocytosis in wobbler mice. These results
supported that both direct effects on motor neurons and as-
trocyte-dependent effects might contribute to the neuropro-
tective mechanism of ZNS in this animal.

In gerbil ischemic brain injury, ZNS decreased ischemia-
induced extracellular glutamate accumulation in the hippo-
campus [17]. Excesses of glutamate activates N-methyl-D-
aspartate receptors in the neurons, and can induce production
of free radicals and nitric oxide (NO), leading to neuronal
death. ZNS decreased production of reactive oxygen spe-
cies in cultured hippocampal neurons exposed by kainic acid
[24]. This drug scavenged hydroxyl and NO radicals in elec-
tron spin resonance study [25]. We reported previously that
treatment with a free radical scavenger, lecithinized superox-
ide dismutase (SOD) [11] or a neuronal NO synthase inhibi-
tor, 7-nitroindazole [12] expanded the survival of motor neu-
rons in wobbler mice. Therefore, multifunctional properties
of ZNS may lead to neuroprotection against wobbler mouse
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motor neuron degeneration. Here we did not study how ZNS
influences VPS54 in wobbler mice. VPS54 is a subunit of the
Golgi-associated retrograde protein complex necessary for
retrograde transport of vesicles to the trans-Golgi network.
Axonal transport of the spinal motor neuron is impaired in
wobbler mice [8]. VSP54 mutation could participate in the
pathogenesis of this axonal transport damage. Multifunc-
tional effects of ZNS may repair axonal transportation sys-
tem in wobbler mice.

In conclusion, the present study indicated that ZNS had
therapeutic effects on denervation muscle atrophy, motor
neuron degeneration and astrocyte proliferation in wobbler
mice. For clinical trials of ALS patients, further experimental
studies are needed to examine whether ZNS modifies TDP-
43 in wobbler mice and also whether this drug can protect
against motor neuron degeneration in other animal models,
such as mutant SOD 1-transgenic mice.
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