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The inhibitory effects of the constituents of Gastrodia elata Bl. (GE) on glutamate-induced
apoptosis in human neuronal cells were investigated using IMR32 human neuroblastoma
cells. Glutamate (GLU) induced DNA fragmentation, a hallmark of apoptosis, in a dose-
dependent manner. GLU also induced a slow and sustained increase in intracellular Ca**
concentration. Treatment with EGTA, an extracellular Ca*" chelator, in a nominal Ca**-free
buffer solution abolished the GLU-induced intracellular Ca** increase, indicating that GLU
stimulated Ca?* influx pathway in the IMR32 cells. BAPTA, an intracellular Ca** chelator,
significantly inhibited the GLU-induced apoptosis assessed by the flow cytometry measuring
hypodiploid DNA content indicative of apoptosis, implying that intracellular Ca’* rise may
mediate the apoptotic action of GLU. Vanillin (VAN) and p-hydroxybenzaldehyde(p-HB),
known constituents of GE, significantly inhibited both intracellular Ca** rise and apoptosis
induced by GLU. These results suggest that the apoptosis-inhibitory actions of the consti-
tuents of GE may account, at least in part, for the basis of their antiepileptic activities.
These results further suggest that intracellular Ca®" signaling pathway may be a molecular

target of the constituents of GE.
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INTRODUCTION

Apoptosis is a highly organized cell death process char-
acterized by ultrastructural modification (cytoskeletal
disruption, cell shrinkage, and membrane blebbing), nu-
clear alteration (chromatin condensation and internucl
eosomal DNA cleavage), and biochemical changes @acti-
vation of proteases) (Kidd, 1998). Induction of apoptosis
appears to be a main pathological mechanism of many neu-
rological diseases including epilepsy (Bengzon et al., 1997).
Excessive glutamate (GLU) release is regarded as a  trigger for
neuronal damage following epilepsy (Friedman, 1998). More-
over, exogenous administration of kainate, an agonist of one
of GLU receptors, has been shown to induce both seizures
and apoptosis in hippocampal neurons (Pollard et al.,
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1994). Gastrodia elata Bl. (GE) is a traditional Chinese
herbal drug, used for the treatment of convulsions and epi-
lepsy (Liu and Mori, 1992; Huh et al., 1998). Among the
constituents of GE, vanillin (VAN) has been reported to
suppress seizures induced by electrical stimulation to the
basolateral amygdala (Wu et al., 1989). Although VAN
appears to act as an antioxidant in many cellular systems
(Liu and Mori, 1993), the mechanism of antiepileptic action
of GE is largely unknown, and remains to be determined.
Thus, the purpose of this study was to elucidate the pos-
sible mechanism of antiepileptic action of GE. Specifically,
we examined whether VAN and p-hydroxybenzaldehyde
(p-HB) which are known as major constituents of GE (Liu
and Mori, 1993; Yun-Choi et al., 1998), inhibit GLU-
induced apoptosis in IMR-32 human neuroblstoma cells.
We also tested the involvement of intracellular C&* signal
in the mechanism of these actions, since intracellular C£*
is an important regulator of apoptosis in a variety of cell
types (McConkey and Orrenius, 1997; Kim et al., 1998),
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particularly in IMR-32 human neuroblastoma cells (Kimet
al., 1999).

MATERIALS AND METHODS

Materials

IMR-32 human neuroblastoma cell line was purchased
from American Type Culture Collection (Rockville, MA).
The powders, Eagle's minimum essential medium (MEM)
and Earle's basal salt solution (EBSS), trypsin solu-
tion, sodium pyruvate, ethylene glycol-bis-(aminoethyl
ether) N,N,N'Nttetraacetic acid (EGTA), vanillin (VAN),
p-hydroxybezaldehyde (p-HB), propidium iodide (PI), ribo-
nuclease A, glutamate (GLU) and all salt powders were
obtained from Sigma Chemical CO. (St. Louis, MO).1-(2,5~
Carboxyoxazol-2-yl-6-aminobenzfuran-5-oxyl)-2-(2- amino-
methylphenoxy)-ethane-N,N,N'N' tetra-acetoxylmethy! ester
(Fura-2) and bis-(0-amino-phenoxy)-ethane-N,N,N',N'tetra-
aceticacid acetoxy-methyl ester (BAPTA) were from Mole-
cular Probes, Inc. (Eugene, OR). Fetal bovine serum (FBS)
and antibiotics (penicillin and streptomycin mixture) were
purchased from GIBCO (Grand Island, NY). VAN and p-
HB were prepared as stock solutions in absolute ethanol,
then diluted with aqueous medium to the final desired
concentrations. The stock solution of drugs was sterilized
by filtration through 0.2 m disc filters (Gelman Sciences:
Ann Arbor, Mi).

Cell culture

IMR-32 cells were grown at 37°C in a humidified incu-
bator under 5% CO,/ 95% air in a MEM supplemented
with 10% FBS, 200 1U/ml penicillin, 200 pg/ml of strep-
tomycin and 1 mM sodium pyruvate. Culture medium
was replaced every other day. After attaining confluence
the cells were sub-cultured following trypsinization.

DNA isolation and electrophoresis

IMR-32 cells were collected by centrifugation(200Xg,
10min), washed twice in PBS (pH 7.4), and resus-
pended at a density of 4 x 10° cells/400 pl in hypo-
tonic lysing buffer(5 mM Tris, 20 mM EDTA, pH 7.4)
containing 0.5% Triton X-100 for 30 min at 4°C. The
lysates were centrifuged at 13,000Xg for 15 min at
4°C. Fragmented DNA was extracted from the super-
natant with phenol-chloroform-isoamyl alcohol, precipi-
tated by the addition of 2 volume of absolute ethanol
and 0.1 volume of 3 M sodium acetate, and treated
with RNAse A (500 U/ml) at 37°C for 3 hr. The pattern
of DNA fragmentation was visualized by electrophoresis
in 1.8% agarose gel, containing ethidium bromide and
photographed under UV light. (Hockenbery et al.,
1990)

Flow cytometry assays
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For flow cytometry analysis, IMR-32 cells were collected
and washed twice with PBS buffer, pH 7.4. After fixing in
80% ethanol for 30 min, cells were washed twice, and
resuspended in PBS buffer (pH 7.4) containing 0.1%
Triton X-100, 5 mg/! PI and 50 mg/l ribonuclease A for
DNA staining. Cells were then analyzed by a FACScan
(BIO-RAD, Hercules, CA). At least 20,000 events were
evaluated. All histograms were analyzed using WinBryte
software (BIO-RAD, Hercules, CA) to determine percent-
age of nuclei with hypodiploid content indicative of apo-
ptosis (Bombeli et al., 1997).

Intracellular Ca** measurement

Aliquots of the IMR-32 cells, cultured for 3-5 days, were
washed in EBSS. Then, 2 uM Fura-2 was added, and the
cells were incubated for 60 min at room temperature
(22-23°C). Unloaded Fura-2 was removed by centrifu-
gation at 150 X g for 3 min. Cells were resuspended at
a density of 2 X10° cells/ml in Krebs-Ringer buffer (KRB)
containing 125 mM NaCl, 5 mM KCl, 1.3mM CaCh, 1.2
mM KH,PO,, 1.2 mM MgS0O,, 5 mM NaHCO,, 25 mM
HEPES and 6 mM glucose(pH 7.4). In the experiments
for the identification of Ca?* source, Ca**-free KRB con-
taining EGTA (TmM) was used. Fura-2 loaded cells were
transferred to a quartz cuvette and stirred continuously.
Fluorescence emission (510 nm) was monitored with the
excitation wavelength cycling between 340 and 380 nm
at 37°C using a Hitachi F4500 fluorescence spectro-
photometer. At the end of an experiment, fluorescence
maximum and minimum values at each excitation wave-
length were obtained by firstly permeabilizing the cells
with 0.1% Triton X-100 (maximum) and then adding 10
mM EGTA (minimum). With the maximum and mini-
mum values, the 340:380 nm fluorescence ratio was
converted into free Ca®" con-centration using Fura-2
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Fig. 1. GLU induces apoptosis in IMR-32 human neuro-
blastoma cells. Cells were treated for 48 hr with or without
each concentration of GLU. DNA was isolated from the cells
and analyzed by 1.8% agarose gel electrophoresis. Lane M
represents DNA marker.
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Fig. 2. Inhibitory effects of BAPTA, an intracellular Ca®* chelator,
on the GLU-induced apoptosis in IMR-32 human neuroblastomna
cells. GLU (500 uM) was treated for 48 hr. BAPTA (0.1 uM) was
added to the cells 2 hr before treatment with GLU. The number
of apoplotic cells was measured by flow cytometry as described
in text. The region to the left of the G/G, peak, designated
A, was defined as cells undergoing apoptosis-associated
DNA degradation (Bombeli et al, 1997). Quantitative changes
(D) were expressed as percent changes of the number of
apoptotic cells compared to control condition in which the cells
were grown in drug-free vehicle. *p<0.05 compared to control.
#p<0.05 compared to GLU alone.

Ca’*-binding constant (224 nM) and the formula des-
cribed by Grynkiewicz et al. (1985).

Data analysis

All experiments were performed four times. All data
were displayed as % of control condition. Data were
expressed as meantstandard error of the mean (SEM)
and were analyzed using one way analysis of variance
(ANOVA) and Student-Newman-Keul's test for indi-
vidual comparisons. P values less than 0.05 are con-
sidered statistically significant.

RESULTS

Induction of apoptosis by GLU

The effect of GLU on apoptosis of the IMR-32 cells
was examined by assessing DNA fragmentation, a hall-
mark of apoptosis (Wyllie et al., 1984), using agarose
gel electrophoresis. As represented in Fig. 1, GLU
induced a dose-dependent DNA fragmentation in the
IMR-32 cells. The apoptosis-inducing activity of GLU was
observed at the concentration of 500uM. We used this
concentration of GLU for the following intracellular
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Fig. 3. Effects of the constituents of GE on GLU-induced
Ca** influx in IMR-32 human neuroblastoma cells. Fura-2
loaded cells at a density of 2x10° cells/ml were transferred
to a quartz cuvet, and fluorescence emission was monitored
at 37°C. Drugs were applied 10 min before fluorescence
measurements. In the coxperiments for EGTA, a nominal
Ca’*free medium was used. The data represent intracellular
Ca®* changes with time. Arrows show the time points for
addition of 500 uM of GLU. Quantitative changes (B) were
expressed as percent changes of increased intracellular Ca**
concentration induced by the drug compared to GLU alone.
Increased intracellular Ca** concentrations by GLU were cal-
culated by difference at time 0 and 17 min after treatment
with GLU. *p<0.05 compared. to GLU alone.

Ca’" and apoptosis experiments.

Intracellular Ca’>* mediates the GLU-induced apoptosis

Since intracellular Ca’* signal has been implicated to
mediate GLU-induced apoptosis in neuronal cells (Choi,
1990), we investigated the consistent role of intracellular
Ca’* signal in GLU-induced apoptosis in the IMR-32
cells. For this purpose we examined the effect of
BAPTA, an intracellular Ca?* chelator, on the GLU-
induced apoptosis with flow cytometry by staining
nuclei with Pl and determining hypodiploid DNA con-
tent (Bombeli et al., 1997). GLU (500 pM) induced
34.1% apoptosis designated as A, depicted in Fig. 2B.
Pretreatment with BAPTA (0.1 pM) significantly sup-
pressed the GLU-induced apoptosis as depicted in Fig.
2C) and 2(D). To further define the role of intra-
cellular Ca** signal in the observed GLU-induced apo-
ptosis in IMR-32 cells, the direct effects of GLU on the
intracellular Ca** concentration in the IMR32 cells were
investigated. Intracellular Ca** levels were measured
by the Fura-2 fluorescence method. As shown in Fig.
3 (A-a), GLU induced a slow and sustained increase in
intracellular Ca’ level at the concentration of 500 uM
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at which GLU induced a significant DNA fragmentation.
To determine the source of this increase, we measured
intracellular Ca®* concentrations using a nominal Ca*-free
medium containing EGTA (1 mM), an extracellular Ca®*
chelator. This experimental protocol can effectively reduce
extracellular free Ca®* concentration, and thus, blunt avail-
able Ca** influx. Under these conditions cellular response
to GLU was completely inhibited as illustrated in Fig. 3
(A-b) and 3(B). These results indicate that the GLU-
induced intracellular Ca** rise was due to Ca’" influx
from the extraceliular sites. To examine the role of Ca?*
influx in the GLU-induced apoptosis in the IMR-32 cells,
we tested the effects of EGTA, and the results are shown
in Fig. 4. Treatment with EGTA (1mM) significantly
inhibited the GLU-induced apoptosis. These results
suggest that Ca®* influx may play a central role in the
GLU-induced apoptosis.

Effects of constituents of GE on the GLU-induced
intracellular Ca** rise and apoptosis

To examine the protective roles of constituents of GE in
the insult of human neuronal cells, we first tested the
effects of VAN and p-HB, known constituents of GE (Liu
and Mori, 1993; Yun-Choi et al., 1998), on the GLU-
induced intracellular Ca®* rise. VAN (100 pM) and p-HB
(100 uM) significantly inhibited the GLU-induced intra-
cellular Ca’* rise as shown in Figs. 3 (A-c) and 3 (A-d),
respectively. In addition, the GLU-induced apoptosis was
also significantly inhibited by treatment with either VAN
(100 uM) or p-HB (100 uM) as depicted in Fig. 4. These
results indicate that the constituents of GE protected the
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Fig. 4. Inhibitory effects of EGTA and the constituents of GE
on the GLU-induced apoptosis in IMR-32 human neuro-
blastoma cells. Experimental methods are same as those in
Fig. 2. Quantitative data are only presented. In these
experiments EGTA (1 mM), VAN (100 uM) and p-HB (100
uM) were added to the cells 2 hr before treatment with
GLU (500 puM). *p<0.05 compared to control. #p<0.05
compared to GLU alone.
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IMR32 cells from the GLU-induced apoptosis through
suppression of Ca’" influx.

DISCUSSION

The results of this study showed that treatment with
CLU induced apoptotic cell death in the IMR-32
human neuroblastoma cells as assessed by two inde-
pendent methods, DNA fragmentation assay (Fig. 1) and
flow cytometry quantifying hypodiploid DNA contents
(Fig. 2.) These results are consistent with those in the
study using primary cultured neurons (Du et al., 1997).
Although the exact mechanism of GLU-induced apop-
tosis in neuronal cells is not completely known, intra-
cellular Ca®* increase (Leist and Nicotera, 1998) and
oxygen free radical (OFR) formation (Tan et al., 1998)
appear to be essential mediators. In this study we showed
that GLU increased intracellular Ca** concentration (Fig.
3) and that pretreatment with BAPTA, an intracellular
Ca’* chelator, almost completely inhibited the GLU-
induced apoptosis (Fig. 2). These results indicate that
intracellular Ca’* signal may play an essential role in the
induction of apoptosis by GLU in the IMR-32 human
neuronal cell line. However, we can not exclude the con-
tribution of OFRs to the observed GLU-induced apo-
ptosis, since numerous studies have demonstrated that
intracellular Ca”* signal regulates the formation of OFRs
in neurons (Carriedo et al, 1998), and vice versa
(Facchinetti et al., 1998)

Apoptotic cell death has been implicated to act as a
main pathological mechnism of various neurological dis-
eases including epilepsy (Bengozon et al., 1997). Excessive
amount of an excitotoxic neurotransmitter, GLU, is re-
leased during epileptic episode (Friedman, 1998), which
appears to be associated with neuronal damage following
epilepsy (Bittigau and IKonomidou, 1997). The induction
of apoptosis by GLU in the IMR-32 cells found in this
study suggest that this neuroblastoma cell line may be a
suitable model celluar system for the studies on the
mechanism of neuronal cell damage which occurs in
many neuronal diseases, particularly in epilepsy(Mel-
drum, 1993).

GE is a traditional Chinese herbal drug which has
been used for the treatment of neuronal diseases, par-
ticularly convulsions and epilepsy (Liu and Mori, 1992;
Hsieh et al., 1997). Previously, we have also reported that
methanol extracts of GE have an inhibitory effect on con-
vulsions induced by pentylenetetrazole (Huh et al., 1998).
However, the exact mechanism of the antiepileptic
action of GE is largely unknown. The results of the
present study showed that the constituents of GE, VAN
and p-HB significantly inhibited the GLU-induced apo-
ptosis in the IMR-32 cells (Fig. 4). Considering that the
induction of apoptosis in neuronal cells is a major cause
of various neuronal diseases including epilepsy described
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earlier, these results suggest that the inhibitory effects of
the constituents of GE on the GLU-induced apoptosis may
be a major mechanism of antiepileptic activities of GE.

Since intracellufar Ca®* signal act as a mediator of apo-
ptosis induced by GLU (Figs. 2 and 3), we evaluated
whether this signaling system is a target of the constituents
of GE. The results showed that pretreatment with VAN or
p-HB significantly inhibited the GLU-induced intracellular
Ca’* increase Fig. 3 and apoptosis Fig. 4. These results
strongly suggest that intracellular C&* signal plays an
essential role in the protective mechanism of GE against
excitotoxic insults of neuronal cells. To our knowledge
this is the first report which defines the role of intra-
cellular Ca** signal in the mechanism of GE action.
Although we did not identify (a) molecule(s) targeted
by the constituents of GE, membrane GLU receptors
and/or Ca’* channels involved in the GLU-induced Ca*
influx may be a candidate. This possibility may be sup-
ported by the facts that extracts of GE inhibit kainic acid
binding to GLU receptors (Andersson et al., 1995) and
that VAN inhibits Ca’* currents in Helix neurons (Erdelyi,
1992).

In addition to excitatory neurotransmitter GLU system,
inhibitory neurotransmitter y-aminobutyric acid (GABA)
system appears to also be involved in pathogenesis of
epilepsy (Troyer et al., 1992; Lasley and Yan, 1994). Epi-
lepsy is therapeutically managed by regulating the
amount of GABA in brain (Petroff et al., 1999), by acti-
vation of GABA receptor CI channels (Sigel et al., 1998),
and by using inhibitors of CABA uptake (Morimotoet al.,
1997). These results raise the points that GABA system
may be involved in unknown mechanism of the anti-
epileptic action of GE. This possibility is under study in
our laboratory.

In conclusion, the constituents of GE inhibited the
GLU-induced apoptotic cell death in a human neuronal
cell line through regulation of intracellular C&* signals.
These results suggest that intracellular Ca&* signaling
pathways may be a central target of GE for its antie-
pileptic action.

ACKNOWLEDGEMENTS

This study was supported by a Grant (HMP-97-D-4-
0019) from the Good Health R&D Project, Ministry of
Health and Welfare, R.O.K.

REFERENCES CITED

Andersson, M., Bergendorff, O., Nielsen, M., Sterner, O.,
witt, R., Ai, )., Lu, A. and Wang, A. M., Inhibi-tion of
kainic acid binding to glutamate receptors by extracts
of Gastrodia. Phytochemistry, 38, 835-836 (1995).

Bengzon, J., Kokaia, Z., Elmer, E., Nanobashvili, A., Kokaia,
M. and Lindvall, O., Apoptosis and proliferation of

YS. Lee, J-H. Ha, C.-S. Yong, D.-U. Lee, K. Huh, Y. S. Kang, S. H. Lee, M.-W. Jung and J.-A. Kim

dentate gyrus neurons after single and intermittent
limbic seizures. Proc. Natl. Acad. Sci. U. S. A., 94,
10432-10437 (1997).

Bittigau, P, and lkonomidou, C., Clutamate in neuro-logic
diseases. J. Child. Neurol., 12, 471-485 (1997).

Bombeli, T., Karsan, A., Tait, J. £ and Harlan, J. M.,
Apoptotic vascular endothelial cells become pro-
coagulant. Blood, 89, 2429-2442 (1997).

Carriedo, S. G., Yin, H. Z., Sensi, S. L. and Weiss, J. H.,
Rapid Ca’* entry through Ca’*-permeable AMPA/
Kainate channels triggers marked intracellular C&* rises
and consequent oxygen radical production. J.
Neurosci., 18, 7727-7738 (1998).

Choi, D. W., Methods for antagonizing glutamate neu-
rotoxicity. Cerebrovasc. Brain Metab. Rev., 2, 105-147
(1990).

Du, Y., Bales, K. R., Dodel, R. C., Hamilton-Byrd, E.,
Horn, J. W, Czilli, D. L., Simmons, L. K., Ni, B. and
Paul, S. M., Activation of a caspase 3-related cys-teine
protease is required for glutamate-mediated apoptosis
of cultured cerebellar granule neurons. Proc. Natl.
Acad. Sci. U. S. A, 94, 11657-11662 (1997).

Erdelyi, L., Vanillin modulates the fast outward and cal-
cium currents in Helix neurons. Acta Biol. Hung., 43,
15-24 (1992).

Facchinetti, £, Dawson, V. L. and Dawson, T. M., Free
radicals as mediators of neuronal injury. Cell. Mol.
Neurobiol., 18, 667-682 (1998).

Friedman LK., Selective reduction of GluR2 protein in
adult hippocampal CA3 neurons following status
epilepticus but prior to cell loss. Hippocampus, 8, 511-
525 (1998).

Grynkiewicz, G., Poene, M. and Tsien, R. Y, A new
generation of Ca’* indicators with greatly improved
fluorescence properties. J. Biol. Chem., 260, 3440-
3450 (1985).

Hockenbery, D., Nunez, G., Milliman, C., Schreiber, R. D
and Korsmeyer, S. J., Bcl-2 is an inner mitochondrial
membrane protein that blocks programmed cell
death. Nature 348, 334-336 (1990).

Hoyal, C. R, Thomas, A. P and Forman, H. J,

Hydroperoxide-induced increases in intracellular cal-
cium due to annexin VI translocation and in-activation
of plasma membrane Ca**-ATPase. J. Biol. Chem., 271,
29205-29210 (1996)
Hsieh, M. T., Wu, C. R. and Chen, C. F, Gastrodin
and p-hydroxybenzyl alcohol facilitate memory
consoli-dation and retrieval, but not acquisition, on
the passive avoidance task in rats. J. Ethnopharmacol., 56,
45-54 (1997).

Huh, K., Kim, J.-S., Kwon, T.-H., Kim, ).-A., Yong, C.-S.,
Ha, J-H. and Lee, D.-U. The mechanism of
anticonvulsive effect on the rhizoma of Castrodia elata
in pentylenetetrazole treated rats. Yakhak Hoeji, 42,
330-335 (1998).



Inhibition of Apoptosis by Constituents of Gastrodia elata Bl.

Kabuto, H., Yokoi, I. and Ogawa, N., Melatonin inhibits
iron-induced epileptic discharges in rats by suppressing
peroxidation. Epilepsia, 39, 237-243 (1998).

Kidd, V. J., Proteolytic activities that mediate apoptosis.
Annu. Rev. Physiol., 60, 533-573 (1998).

Kim, J.-A., Kang, Y. S, Kim, Y. O,, Lee, S. H. and Lee, Y.

S., Role of Ca’" influx in the tert-hydroperoxide- .

induced apoptosis of HepG2 human hepatoblastoma
cells. Exp. Mol. Med., 30, 137-144 (1998).

Kim, J.-A., Huh, K. and Lee, Y. S., The mechanism of
oxidative stress-induced apoptosis in IMR32 human
neuroblastoma cells. Kor. /. Physiol. Pharmacol., 3, 19-
27 (1999).

Lasley, S. M. and Yan, Q. S., Diminished potassium-
stimulated GABA release in vivo in genetically epilepsy-
prone rats. Neurosci. Lett., 175, 145-148 (1994).

Leist, M. and Nicotera, R, Calcium and neuronal death. Rev,
Physiol. Biochem. Pharmacol., 132, 79-125 (1998).

Liu, J. and Mori, A., Antioxidant and free radical scav-
enging activities of Gastrodia efata Bl. and Uncaria
rhynchophylla (Miq.) Jacks. Neuropharmacology, 31,
1287-1298 (1992).

Liu, J. and Mori, A., Antioxidant and pro-oxidant activitiesof
p-hydroxybenzyl alcohol and vanillin: effects on free
radicals, brain peroxidation and degradation of benzoate,
deoxyribose, amino acids and DNA. Neuropharmacology,
32, 659-669 (1993).

Lores Arnaiz, S., Travacio, M., Llesuy, S. and Rodriguez de
Lores Arnaiz, G., Regional vulnerability to oxidative
stress in a model of experimental epilepsy. Neurochem.
Res., 23, 1477-1483 (1998).

McConkey, D. ). and Orrenius, S., The role of calciumin
the regulation of apoptosis. Biochem. Biophys. Res.
Commun., 239, 357-366 (1997).

Meldrum, B. S., Excitotoxicity and selective neuronal loss
in epilepsy. Brain Pathol., 3, 405-412 (1993).

Morimoto, K., Sato, H., Yamamoto, Y., Watanabe, T. and
Suwaki, H., Antiepileptic effects of tiagabine, a

409

selective GABA uptake inhibitor, in the rat kindling
model of temporal lobe epilepsy. Epilepsia, 38, 966-
974 (1997).

Petroff, O. A., Hyder, F, Mattson, R. H. and Rothman,
D.L., Topiramate increases brain GABA, homocarno-
sine, and pyrrolidinone in patients with epilepsy.
Neurology, 52, 473-478 (1999).

Pollard, H., Charriaut-Marlangue, C., Cantagrel, S.,
Represa, A., Robain, O., Moreau, ). and Ben-Ari, Y,
Kainate-induced apoptotic cell death in hippocampal
neurons. Neuroscience, 63, 7-18 (1994).

Sigel, E., Baur, R., Netzer, R. and Rundfeldt, C., The
antiepileptic drug AWD 131-138 stimulates different
recombinant isoforms of the rat GABA(A) receptor
through the benzodiazepine binding site. Neurosci.
lett., 245, 85-88 (1998).

Tan, S., Sagara, Y., Liu, Y., Maher, P and Schubert, D.,
The regulation of reactive oxygen species production
during programmed cell death. /. Cell. Biol., 141,
1423-1432 (1998).

Troyer, M. D., Blanton, M. G. and Kriegstein, A. R.,
Abnormal action-potential bursts and synchronized,
GABA-mediated inhibitory potentials in an in vitro
model of focal epilepsy. Epilepsia, 33, 199-212 (1992).

Wu, H. Q,, Xie, L., Jin, X. N., Ge, Q., Jin, H. and Liu, G.
Q., The effect of vanillin on the fully amygdala-kindled
seizures in the rat. Yao Hsueh Hsueh Pao 24, 482-486
(1989).

Wyllie, A. H., Morris, R. G., Smith, A. L. and Dunlop, D.,
Chromatin cleavage in apoptosis: Association with con-
densed chromatin morphology and dependence on
macromolecular synthesis. J. Pathol., 142, 67-67
(1984).

Yun-Choi, H. S., Pyo, M. K. and Park, K. M., Isolation
of 3-O-(4-hydroxybenzyl)-beta-sitosterol and 4-[4'-(4"-
hydroxybenzyloxy)benzyloxy]benzyl methyl ether from
fresh tubers of Gastrodia elata. Arch. Pharm. Res., 21,
357-360 (1998).



