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Levetiracetam Protects Spinal Motor Neurons Against
Glutamate-Induced Neurotoxicity in Culture

Yasuhiro Yoshii*, Ken Ikeda®®, Yasuo Iwasaki®

Abstract

Background: Levetiracetam is widely used in numerous patients
with epileptic seizures. In an animal model of cerebral ischemia af-
ter the occlusion of the internal carotid artery, pre-treatment with le-
vetiracetam could reduce the infarct size. However, little is known
how this antiepileptic drug can act on motor neurons. The purpose
of this study is to evaluate whether levetiracetam has neuroprotec-
tive effects on spinal motor neurons in glutamate-treated culture of
neonatal rats.

Methods: Postnatal organotypic spinal cord cultures were exposed
to glutamate (10 M) alone or glutamate (10° M) plus levetirace-
tam (105, 10¢ and 10”7 M). Cultures were treated for two weeks and
morphological changes were examined. The number of surviving
spinal motor neurons and the activities of choline acetyltransferase
(ChAT) were measured.

Results: Cultures treated with glutamate had significant reductions
of the surviving motor neurons and the ChAT activities compared
to non-glutamate-treated control culture. Cultures added both glu-
tamate and levetiracetam showed significantly suppression of the
neuronal loss and potentiation of the ChAT activities.

Conclusions: The present study indicated that levetiracetam pro-
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longed the survival and the function of spinal motor neurons against
glutamate-induced neurotoxicity in culture. This drug may have a
therapeutic potential for several diseases that kill or degenerate the
spinal motor neurons, including spinal cord injury and amyotrophic
lateral sclerosis.
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Introduction

A previous study of post-traumatic brain damage has shown
a potent action of N-methyl-D-aspartate (NMDA) antago-
nists in the neuronal death associated with cerebral ischemia
[1]. Neurological dysfunction or neuropathological changes
involved in glutamate release can contribute to numerous
pathophysiological conditions mediated by calcium over-
load in both neurons and glial cells [2]. Glutamate-induced
neurotoxicity might reveal neuronal damage in ischemic
stroke and neurodegenerative disorders, such as Alzheimer
disease, Parkinson’s disease and amyotrophic lateral sclero-
sis (ALS) [3]. Kainic acid is known as an analogue of gluta-
mate. This substance produces convulsions by the activation
of NMDA receptors that enters calcium into cells, leading to
cell death process [4]. Several antioxidant agents can prevent
the excitotoxicity induced by glutamate or kainic acid [5].
Otherwise, ALS is a fatal disease with muscular weakness
and respiratory failure caused by selective degeneration of
upper and lower motor neurons. Neuronal glutamate excito-
toxicity may be hypothesized as one of possible mechanisms
in this neurodegenerative disease [6]. Riluzole, an inhibition
of glutamate release, is the only drug that has been approved
for the treatment of ALS [7]. Levetiracetam (LEV), (S)-
alpha-ethyl-2-oxo-pyrrolidine acetamide, is widely used as
an antiepileptic drug. LEV has antiepileptic effects in rodent
models of epilepsy and seizures [8, 9]. This drug also has
neuroprotective effects in cerebrovascular ischemia mod
[10]. However, little is known about effects of LEV on

tor neurons. Herein we aimed to study whether this drug eab
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Figure 1. Morphological changes of spinal motor neurons on Nissl staining. (A) Control culture. (B) Glutamate-treated culture.
(C) Culture treated with glutamate and levetiracetam (10 M). Glutamate administration produced a marked loss of motor
neurons compared to control culture. Co-administration of levetiracetam attenuated the loss of motor neurons in glutamate-

treated culture. Bar = 100 um.

save spinal motor neurons against glutamate-induced neuro-
toxicity in culture.

Material and Methods
Organotypic culture of spinal cord

Organotypic spinal cord was performed from the lumbar
spinal cord of 10-day-old Sprague-Dawley rats (Sanhkyo
Laboratories, Tokyo, Japan). The lumber spinal cords were
removed and spliced into 5 mm thickness of transverse sec-
tion. Each one slice was placed on Falcon dish (30 mm in
diameter) with a milipore CM semipermeable membrane
insert in Dulbecco’s modified Eagle’s medium of 3 mL. An-
tibiotics and antifungal agents were not used. Cultures were
incubated at 37 °C in 5% CO, and 95% air. Purified LEV
was supplied from Otsuka Pharmaceutical Co. Ltd., Tokyo,
Japan. To assess neuroprotective effects of LEV against
glutamate-induced neurotoxicity, cultures were incubated
for two weeks with glutamate (10° M) or glutamate (107
M) plus three doses of LEV (1073, 10 and 107 M). Culture
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medium alone and administration of glutamate or LEV were
exchanged twice weekly. Finally, five experimental groups
consisted of the untreated control culture, the glutamate-
treated culture, and the glutamate + three doses of LEV-
treated culture.

Morphological assessment

The gross morphology of the culture was monitored daily
by inverted phase-contrast microscope (Nikon Co., TMD-
1S, Tokyo, Japan). After 2 weeks incubation, specimen of
cultured spinal cord were separated gently and immersed in
0.1 M phosphate buffer and 4% paraformaldehyde, pH 7.4
for 2 hours. The tissues were dehydrated and embedded in
paraffin, and serial transverse sections (6 pm thickness) were
made. Every fifth section (6 um thickness; 24 pm interval)
was collected, deparaffinized and stained with cresyl violet
(Nissl staining). The number of motor neurons larger than
25 um in a diameter and with at least one thick process as
defined by the criteria of Bilak et al [11] in the ventral half of
the gray matter was counted under light microscope. In the
control cultures (n = 10) and each experimental culture (n
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Figure 2. Number of surviving motor neurons. After 2 weeks of cultures, the number of motor neurons was decreased
approximately 80 % in glutamate-treated culture compared to control culture. Levetiracetam treatment (10-¢ and 10 M)
inhibited the loss of motor neurons. *P < 0.05 between the glutamate group and the glutamate + levetiracetam group

(105 and 10° M) by Scheffe’s test.

= 10), Nissl staining was performed on 30 slices per group.
Two investigators who were unaware of treatment status de-
termined the number of motor neurons. The number of motor
neurons per slice was then calculated.

ChAT activities of cultured spinal cord

Choline acetyltransferase (ChAT) activity was a reliable sur-
rogate biochemical marker of the motor neuron. According
to a previously described method [12], ChAT activity was
measured at 2 weeks after initial planting of the organotyp-
ic lumbar cord culture. For the ChAT assay, cultures were
treated with a mixture containing 0.2 mM ("*C) acetyl CoA
(Amersham, Tokyo, Japan), 50 mM sodium phosphate buf-
fer (pH 7.4), 300 mM NaCl, 8 mM choline chloride, 20 mM
EDTA, and 0.1 mM physostigmine. The homogenates (2 pL)
were put in microtubes, mixed, and incubated for 20 minutes
at 37 °C. The reaction was stopped by adding 5 mL of 10 mM
sodium phosphate buffer (pH 7.4); the contents were trans-
ferred to scintillation vials. Then, 2 mL acetonitrile contain-
ing 10 mg of sodium tetraphenylboron, and 10 mL of tolu-
ene scintillation mixture (0.4 % DPO, 0.01 % POPOP) were
added to the vials. The ChAT of cultures and (**C) acetyl
CoA were reacted, leading to production of (**C) acetylcho-
line. The (**C) acetylcholine was fluorescent in the toluene
scintillation mixture; level of fluorescence was calculated by
using a liquid scintillation counter (Aloka LC-3500, Tokyo,
Japan). The protein concentration was determined by using
a Bio-Rad protein assay kit (Bio-Rad Laboratories, Tokyo,
Japan) with bovine serum albumin as standard. The enzyme
activity was expressed as acetylcholine production per mg
protein per minute. Ten cultures from each experimental
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group (n = 10/group) were analyzed.
Statistical analysis

Data were expressed as the mean (SD) in all groups. Statisti-
cal analysis was done using one-way analysis of variance
followed by Scheffe’s test. The significance level was set at
0.05 in both tests.

Results

Glutamate-treated cultures decreased the number of mo-
tor neurons at 80% compared to untreated control culture.
LEV-treated cultures significantly inhibited the loss of motor
neurons (Fig. 1). LEV (10 and 10° M) treatment attenu-
ated the loss of motor neurons compared to glutamate-treat-
ed cultures (Fig. 2). There was no significant difference for
the surviving motor neurons between the glutamate group
and the glutamate + LEV (107 M) group. The ChAT activity
in glutamate-treated cultures was decreased approximately
50% in compared to untreated control cultures. In cultures
treated with LEV of 10 and 10> M, ChAT activity was en-
hanced (Fig. 3).

Discussion
In this model, we used two independent methods to show
neuroprotective effects of LEV on cultured motor neurons.

At first, we evaluated the number of surviving motor neu-
rons in organotypic cultures. Second we measured the ChAT
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Figure 3. ChAT activity of organotypic spinal cord culture. Administration of glutamate reduced ChAT activities approxi-
mately 50 % compared to control culture. Co-administration of levetiracetam (10 and 105 M) increased ChAT activity
compared to glutamate-treated culture. *P < 0.05 between the glutamate group and the glutamate + levetiracetam (10

and 10° M) group by Scheffe’s test.

activity, because ChAT is a reliable marker mainly restricted
to motor neurons in the spinal cord. The present study sug-
gested neuroprotective effects of LEV on spinal motor neu-
rons by glutamate-induced neurotoxicity. The morphological
and biochemical results showed dissimilar degree of neuro-
protective effects. ChAT activity was potentated in cultures
treated with glutamate plus LEV (10 and 10 M) compared
to control cultures. Therefore, LEV-treated cultures might
enhance biochemical compartments more than morphologi-
cal counterparts. Glutamate neurotoxicity can be mediated
by both NMDA and non-NMDA glutamate receptors [13].
Glutamate may induce various neurotoxic cellular process-
es, such as formation of oxygen free radicals and calcium
release. An increased production of glutamate represents a
key established pathogenetic mechanism leading to neuronal
death [3]. As consequence, the main therapeutic approaches
include agents able to inhibit the glutamate pathology [14].
The mechanisms underlying the neuroprotective effects of
LEV are not fully understood. LEV has the ability to block
Ca?" influx into the neuronal cells. This effect is reasonable
to consider possible activity to oxidative stress and the con-
sequently inflammatory response [15]. Another mechanism
for the suppression of glutamate overflow is the inhibitory
modulation of synaptic vesicle protein 2A (SV2A) recep-
tor. SV2A-knockout mice show seizure. Without SV2A,
presynaptic calcium accumulation during repetitive stimula-
tion causes abnormal increases in the neurotransmitter over
flow. Therefore, the binding of the SV2A receptor with LEV
might restore the ability of neurons to reduce the excessive
glutamate overflow [16, 17]. It has been demonstrated that
deleterious consequence of oxidative damage is the trigger-
ing of inflammatory cytokines able to amplify the neuronal
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damage. Tumor necrosis factor alpha, interleukin-6 (H==6),
and interleukin-1b (IL-1b) have been shown to cause neuro-
nal damage and are also involved in the pathogenetic mech-
anisms of neurodegenerative diseases [18]. IL-1b is mark-
edly increased during cerebral ischemia and other models of
neurotoxicity [19, 20]. LEV has been reported to reduce the
IL-1b expression markedly [21]. Among the inflammatory
cytokines in the brain injury, IL-1b seems to be an important
factor. Moreover, LEV stimulates the expression of brain-
derived neurotrophic factor (BDNF) on rat cortical astrocyte
cultures [22]. BDNF is well known to enhance neuronal
growth and survival in spinal motor neurons [23, 24]. Rilu-
zole is a drug that inhibits glutamate release and increase
survival of both ALS patients [9] and SOD1 transgenic mice
[25]. Spinal neurons possess noradrenalin and other trans-
mitter system, in addition to the cholinergic system. Wheth-
er glutamate-induced toxicity is specific for the cholinergic
system remains unclear. Further studies are needed to eluci-
date the mechanism underlying the neuroprotection of LEV
against glutamate toxicity-triggered death of spinal motor
neurons. Finally, LEV may have therapeutic potential in pa-
tients with motor neuron damage, such as ALS and traumatic
spinal cord.
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