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Abstract

Experimental data have shown that antiepileptic drugs cause neurodegenera-
tion in developing rats. Valproate (VPA) is the drug of choice in primary ge-
neralized epilepsies, and carbamazepine (CBZ) is one of the most prescribed
drugs in partial seizures. These drugs block sodium channels, thereby reduc-
ing sustained repetitive neuronal firing. The intracellular mechanisms where-
by AEDs induce neuronal cell death are unclear. We examined whether AEDs
induce apoptotic cell death in cultured cortical cells and whether calcium ions
are involved in the AED-induced cell death. VPA and CBZ increased apop-
totic cell death and induced morphological changes that were characterized by
cell shrinkage and nuclear condensation or fragmentation. Incubation of cor-
tical cultures with VPA or CBZ decreased phospho-Akt levels. CBZ decreased
the intracellular calcium levels. On the other hand, FPL64176, an L-type cal-
cium channel activator, increased the intracellular calcium levels and pre-
vented the AED-induced apoptosis. Glycogen synthase kinase-3 inhibitors,
such as alsterpaullone and azakenpaullone, prevented the AED-induced
apoptosis. These results suggest that intracellular calcium level changes are
associated with AEDs and apoptosis and that the activation of glycogen syn-
thase kinase-3 is involved in the death of rat cortical neurons.
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1. Introduction

Antiepileptic drugs (AEDs) are administered to patients to prevent epileptic
seizures. Valproate (VPA) is the drug of choice in primary generalized epilep-
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sies, and carbamazepine (CBZ) is one of the most prescribed drugs in partial
seizures. These drugs block sodium channels, thereby reducing sustained repeti-
tive neuronal firing.

AEDs are among the most common teratogens prescribed to women of child-
bearing potential, and they cause unfavorable effects on cognitive functions
when administered to treat seizures in infants and toddlers. For example, fetal
valproate exposure causes dose-dependent reduction of cognitive abilities, and
these appear to persist at least until the age of 6 [1]. Bittigau et al [2] reported
that exposure to therapeutic levels of AEDs induced neuronal apoptosis in rat
brains during the first 2 post-natal weeks. The comparable period in humans be-
gins from the sixth month of pregnancy to several years after birth [3]. Imma-
ture human neurons may be vulnerable to neurotoxicity by exposure to AEDs
[4]. However, little is known about the intracellular mechanisms whereby AEDs
induce neuronal cell death.

Electrical activity plays an important role in neuronal survival. It has been well
documented that depolarizing conditions sustain neuronal survival by causing
the influx of Ca®* through L-type Ca®* channels. When activated by elevated
Ca®, the Ca’*/calmodulin dependent protein kinase II (CaM-Kinase II) has been
reported to mediate the depolarization-dependent survival of neurons [5] [6] [7].

Glycogen synthase kinase-3 (GSK-3) affects many fundamental cellular func-
tions, including the cell cycle, gene transcription, cytoskeletal integrity, and
apoptosis [8] [9] [10] [11]. The phosphatidylinositol-3 kinase/Akt (also known
as protein kinase B) signaling pathway is one of the signaling systems implicated
in the survival of neurons that leads to the inhibition of GSK-3 by increasing se-
rine 9 phosphorylation [8] [12]. Therefore, we examined whether AEDs induce
apoptotic cell death in cultured cortical cells and whether calcium ions are in-
volved in the AED-induced cell death. We report here that AEDs induce apop-
tosis and that an L-type calcium channel activator and GSK-3 inhibitors block

apoptosis in cultured rat cortical neurons.

2. Materials and Methods
2.1. Materials

1-Azakenpaullone was purchased from Merck (Darmstadt, Germany). 2,5-Di-
methyl-4-[2-(phenylmethyl)benzoyl]-1 H-pyrrole-3-carboxylic acid methyl ester
(FPL64176) was purchased from Tocris Bioscience (Bristol, UK). Alsterpaullone
and Autocamtide-2-Related Inhibitory Peptide (AIP) were purchased from Sig-
ma Chemical Co. (St. Louis, MO, USA). Rabbit anti-phospho-Akt (Thr308) and
anti- Akt antibody were purchased from Cell Signaling Technology, Inc. (Boston,
MA, USA). CBZ and other chemicals were purchased from Wako Pure Indus-
tries (Osaka, Japan).

2.2. Cell Culture

Cerebral cortical cells were obtained and cultured, as described by Dichter [13]
and Choi et al. [14], from fetal rats (Wistar) after 18 - 19 days of gestation. The
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dissociated cortical cells were cultured on poly-D-lysine-coated 35 mm dishes
(Falcon 3001) (2 x 10° cells/dish) in Dulbecco’s modified Eagle’s medium
(DMEM) containing 10% fetal calf serum. Ten pM cytosine-$D arabinofurano-
side was added to the culture medium on day 3 after plating. The cells were cul-
tured for 9 - 10 days prior to use in experiments. The proportion of neurons to

glia cells was approximately 95%.

2.3. Cell Treatment and Cell Viability

The cells were washed twice with Tris-buffered salt solution containing (in mM)
NacCl 120, KCl 5.4, CaCl, 1.8, MgCl, 0.8, Tris-HCI 25, and glucose 15 at pH 6.5,
and then replaced with 2 ml of DMEM. Washing buffer at pH 6.5 was used to
block glutamate neurotoxicity during treatment. Reagents, such as carbamaze-
pine, were subsequently added to the cells. This treatment was carried out for 1 -
2 days at 37°C. Morphological changes in the cells were assessed by phase-con-
trast microscopy. Apoptotic cell death was determined by staining the cells with
Hoechst dye H33258. Cells were fixed with a 10% formalin neutral phosphate
buffer solution (pH 7.4) for 5 min at room temperature. After washing the cells
with distilled water, they were stained with 8 pg/ml of H33258 for 5 min. Nuc-
lear morphology was observed under a fluorescent microscope (Olympus IX70
model). Apoptosis was quantified by scoring the percentage of cells with the
apoptotic nuclear morphology at the single cell level. Condensed or fragmented
nuclei were scored as apoptotic. A total of 5 - 7 randomly selected fields were
captured using WRAYCAM software (Wraymer, Osaka). At least 200 cells were
counted per condition, and each experiment was repeated in at least 3 different

cultures [15].

2.4. Western Blotting

Primary cultured cells were scraped off the dish and collected by centrifugation
(400 x g for 5 min), followed by homogenization in ice-cold buffer (50 mM
Tris-HCI buffer containing 50 mM NaCl, 10 mM EGTA, 5 mM EDTA, 2 mM
sodium pyrophosphate, 1 mM sodium orthovanadate, 1 mM benzamide, and
10% protease inhibitor cocktail, pH 7.4). The cell suspension was placed on ice
for 30 min and centrifuged at 18,000 x g for 30 min. The supernatant was di-
luted with an equal volume of sample buffer containing 62.5 mM Tris-HCI (pH
6.8), 2% sodium dodecyl sulfate (SDS), 10% glycerol, 50 mM dithiothreitol, and
0.1% bromophenol blue, heated at 95°C for 5 min and stored at —20°C. Protein
concentration was determined by the bicinchoninic acid assay. Each sample (20
pg/lane) was loaded and separated using 7.5% SDS-polyacrylamide gel electro-
phoresis. Proteins were transferred on a PVDF membrane and incubated with a
blocking buffer for 1 h at room temperature, then incubated with an an-
ti-phospho-Akt (Thr308) antibody and an anti-Akt polyclonal antibody in Tris-
buffered saline overnight at 4°C. After washing for 5 min with three changes of
Tris-buffered saline, the membrane was incubated with a phosphatase-conju-

gated goat anti-rabbit antibody for 1 h at room temperature in Tris-buffered sa-
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line. After washing for 5 min with three changes of Tris-buffered saline, immu-
noreactive bands were visualized with a Western blot detection kit BCIP/NBT
system.

2.5. Measurement of Intracellular Calcium Levels

Changes in the intracellular calcium levels in cortical cells were monitored by
Ca® sensitive fluorescent dye fluo-4. Cells cultured on the cover glass mounted
on the bottom of the dish were incubated with DMEM containing 5 uM Fluo-4
acetoxymethyl ester and 0.04% Pluronic F127 for 60 min at 37°C, and then the
medium of each culture dish was replaced by 2 ml 3-(N-morpholino) pro-
pane-sulfonic acid (MOPS) buffer (in mM: MOPS 10, NaCl 145, KC1 5, MgCl, 1,
Na,HPO, 1, CaCl, 1.8, glucose 15; pH 7.4). An LSM 510 scanning system (Zeiss
GmbH, Jena, Germany) was used for confocal imaging of Ca** fluorescence. The
fluorescence intensity values obtained from cells in a fixed area of each dish were

taken at intervals of 0.5 min at room temperature.

2.6. Statistical Analysis

Statistical significance was assessed by one-way ANOVA and post hoc Scheffe’s

comparisons.

3. Results

3.1. VPA and CBZ Induced Apoptotic Cell Death in Cultured
Cortical Neurons

We examined the effect of AEDs (VPA and CBZ) on cultured rat cortical cells.
After the cortical neurons were treated with 100 uM VPA or CBZ for 48 h, the
cells showed apoptotic morphology, which included shrunken cell bodies, frag-
mented processes, and condensed or fragmented nuclei (Figure 1). Up to 35% -
40% of neurons showed apoptotic cell death after treatment with 50 - 200 uM
VPA or CBZ for 48 h in a dose-dependent manner (Figure 2).

Figure 1. AED-induced apoptosis. Phase-contrast ((a), (d), (g)), trypan blue staining ((b),
(e), (h)), and H33258 fluorescence ((c), (f), (i)) microscopy images of cortical cells after
exposure to AEDs. Cells were incubated in the absence (a)-(c) or presence of 100 uM
VPA (d)-(f) or 100 uM CBZ (g)-(i) for 48 h at 37°C as described in the materials and me-
thods section. Scale bars = 50 pm. Arrowheads indicate healthy neurons. Arrows indicate
neurons with apoptotic morphology.
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Protein synthesis is required for the apoptosis of many cell types. The apop-
totic cell death induced by VPA or CBZ was attenuated by the presence of 0.1
pg/mL cycloheximide, a protein synthesis inhibitor, which indicated that the
synthesis of new proteins was required for AED-induced apoptosis (Figure 3).

3.2. AED Decreased Akt Phosphorylation Levels

Akt is phosphorylated at two sites that are associated with activation of enzyme
activity; Thr308 in the catalytic domain, and Ser473 in the cytoplasmic domain.
Akt phosphorylation at Thr308 was determined by immunoblot analysis utiliz-
ing a phospho-Akt-(Thr308)-specific antibody. Incubation of cortical cultures
with 100 uM VPA or CBZ for 24 h decreased phospho-Akt levels (Figure 4). The
inhibition caused by VPA or CBZ was 33% or 43%, respectively.

3.3. AED Decreased Intracellular Calcium Levels, and L-Type

Calcium Channel Agonist Inhibited the Decrease in Calcium
Levels

We examined the alterations in [Ca®*]; induced by CBZ. The addition of 100 pM
CBZ decreased the calcium levels (Figure 5). The decrease in the [Ca*]; due to
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Figure 2. Dose dependency of AED-induced apoptosis. (a) The cells were incubated with
or without VPA (50 uM to 200 uM) for 48 h at 37°C. Data are shown as the mean +
S.E.M. n = 3 per group. *P < 0.05 (vs. control cells). (b) The cells were incubated with or
without CBZ (50 uM to 200 pM) for 48 h at 37°C. Data are shown as the mean * S.E.M.
n = 3 per group. *P < 0.05 (vs. control cells).

(3
(=]

Apoptosis (%)
S

—
(=]

0
o “\‘o\ Rl C?;Lx CXI:L XCQCI» Cgl»
8

Figure 3. Effect of cycloheximide on AED-induced apoptosis. The cells were incubated
with VPA (100 uM) or CBZ (100 uM) in the presence or absence of 0.1 ug/ml cyclohex-

imide for 48 h at 37°C. Each value represents the mean * S.E.M. n = 3 per group. *P <
0.05 (vs. control cells).
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Control VPA CBZ

Figure 4. AED decreased Akt phosphorylation levels. The cells were treated with or
without VPA (100 uM) or CBZ (100 puM) for 24 h at 37°C. Equal amounts of protein ex-
tracts were analyzed by western blot analysis with anti-phosphor-Akt (Thr308) or an-
ti-Akt antibody. Data are expressed as a percentage of the optical density value for con-
trol. Data are shown as the mean + S.E.M. n = 3 per group. *P < 0.05 (vs. control cells).
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Figure 5. AED decreased and L-type calcium channel activator increased intracellular
calcium levels. The fluorescence intensity values obtained from 100 cells in a fixed area of
each dish were taken at intervals of 0.5 min using the fluorescent indicator fluo-4 and la-
ser scanning confocal microscopy as described in Materials and Methods. CBZ (100 uM)
and FPL64176 (20 uM) were added to the cells at the time indicated by the solid line ar-
row and the dotted line arrow, respectively. Data are shown as the mean + S.E.M. *P <
0.05 (vs. time zero).

CBZ was inhibited by the addition of FPL64176, an L-type calcium channel
agonist, to the CBZ-treated cells. Moreover, FPL64176 increased the basal cal-

cium levels.

3.4. L-Type Calcium Channel Agonist Prevented Apoptosis
Induced by AEDs

We next examined whether the activation of Ca®* influx by voltage-dependent
calcium channels prevented the AED-induced apoptosis. We assayed the effects
of FPL64176 on the apoptosis induced by VPA or CBZ. As shown in Figure 6,
FPL64176 prevented the apoptosis induced by the AEDs.
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3.5. CaM-Kinase II Inhibitors Attenuated L-Type Calcium Channel

Agonist-Induced Protection of Cells from AED-Induced
Apoptosis

To elucidate the downstream signaling pathway through which the FPL64176-
induced [Ca®*]; signal mediated its protective effect on AED-induced apoptosis,
we investigated the effects of the CaM-kinase II inhibitor, KN93, and its inactive
analog, KN92, on the FPL64176-induced protective effect on CBZ-induced
apoptosis. The protective effect of FPL64176 on CBZ-induced apoptosis was re-
duced after treatment with KN93, but not KN92 (Figure 7(a)). In addition, au-
tocamtide-2-related inhibitory peptide (AIP), another CaM-kinase II inhibitor,

also reduced the protective effect of FPL64176 on CBZ-induced apoptosis
(Figure 7(b)).
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Figure 6. Protective effect of L-type calcium channel activator on AED-induced apopto-
sis. The cells were incubated with 100 uM VPA or CBZ for 48 h at 37°C in the presence or
absence of 20 uM FPL64176, an L-type calcium channel activator. Data are shown as the
mean = S.E.M. n = 3 per group. *P < 0.05 (vs. control cells).
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Figure 7. Effect of CaM-Kinase II inhibitors on L-type calcium channel activator-induced
protection. (a) The cells were incubated with or without CBZ (100 uM) or CBZ (100 pM) +
FPL64176 (20 pM) in the presence or absence of CaM-Kinase II inhibitor, KN93, (5 uM)
and its inactive analog, KN92, (5 uM) for 48 h at 37°C. Each value represents the mean +
S.E.M. n = 3 per group. *P < 0.05 (vs. control cells). (b) The cells were incubated with or
without CBZ (100 pM) or CBZ (100 uM) + FPL64176 (20 uM) in the presence or absence
of CaM-Kinase II inhibitor, AIP, (40 uM) for 48 h at 37°C. Each value represents the
mean + S.E.M. n = 3 per group. *P < 0.05 (vs. control cells).
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3.6. Inhibitors of GSK-3 Prevented Apoptosis Induced by AEDs

The principal physiological substrate of Akt is GSK-3, and its activity is inhibited
by Akt-mediated phosphorylation in response to trophic stimulation. To inves-
tigate the role of endogenous GSK-3 activity in inducing cell death in response
to AED treatment, we assayed the effects of selective inhibitors, alsterpaullone
and azakenpaullone, on VPA- or CBZ-induced apoptosis. The GSK-3 inhibitors
showed a protective effect against VPA- or CBZ-induced apoptosis (Figure 8).

4. Discussion

AEDs are thought to act on voltage-dependent sodium channels, inhibitory
neurotransmitters, or glutamatergic excitatory neurotransmitters. The effect of
AEDs is commonly ascribed to a voltage-dependent inhibitory effect on vol-
tage-gated sodium channels [16] [17] [18].

We showed that VPA and CBZ induced apoptosis and an L-type calcium
channel activator prevented the VPA- and CBZ-induced apoptosis, suggesting
that Ca®" is a component for survival signaling, possibly through CaM-Kinase II
in cortical neurons. It is possible that the AED-induced apoptosis is due to the
decrease in intracellular Ca®* levels maintained by L-type Ca’>" channels under
depolarizing conditions. It has been well documented that depolarizing condi-
tions (such as elevated [KCl],) sustain neuronal survival by causing the influx of
Ca®* through L-type Ca*" channels in cerebellar granule neurons [5] [19] [20].
However, we cannot exclude the possibility that AEDs, such as CBZ, interfere
with the sodium channel-mediated release of glutamate in nerve endings [21]
and then inhibit the calcium influx through NMDA receptors (a subtype of io-
notropic glutamate receptors) [22].

Akt is activated by Ca’* influx through L-type Ca®* channels and NMDA re-
ceptors [6] [23] [24] [25]. When activated by elevated Ca**, the Ca**/calmodulin
dependent protein kinase II (CaM-Kinase II) has been reported to mediate the
depolarization-dependent survival of neurons [5] [6] [7].

We showed that the GSK-3 inhibitors protected cortical neurons from the
apoptosis induced by VPA and CBZ, suggesting that GSK-3 activity is critical for
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Figure 8. Protective effect of GSK-3 inhibitors on AED-induced apoptosis. The cells were
incubated with 100 uM VPA or CBZ for 48 h at 37°C in the presence or absence of 2 uM
azakenpaullone or 1 pM alsterpaullone. Each value represents the mean + S.EIM. n = 3
per group. *P < 0.05 (vs. control cells). Aza, azakenpaullone; Als, alsterpaullone.
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neuronal cell death. GSK-3 activity is suppressed when it becomes phosphory-
lated on serine 9 by the activation of Akt [7] [8] [12]. However, the activities of
the downstream substrates of GSK-3 that ultimately induce neuronal death are
not clear. Linseman et al. [26] have reported that GSK-3 phosphorylates Bax, a
pro-apoptotic Bcl-2 family member that stimulates the intrinsic (mitochondrial)
death pathway by eliciting cytochrome c release from mitochondria, and pro-
motes its mitochondrial localization.

We showed that AEDs induced apoptosis and that an L-type calcium channel
activator and GSK-3 inhibitors blocked the apoptosis in cultured rat cortical
neurons, suggesting that the L-type calcium channel and GSK-3 are involved in
cell death.
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