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Betaine Attenuates Glutamate-Induced Neurotoxicity in Primary

Cultured Brain Cells
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Effects of betaine on glutamate-induced neurotoxicity were examined on primary cultures
of chicken embryonic brain cells and on rat cortical cultures. Betaine was found to attenuate
glutamate-induced neurotoxicity both morphologically and biochemically. A 30 min exposure
of chicken embryonic brain cells cultured for 12 days to 500 uM glutamate produced wide-
spread acute neuronal swelling and neuritic fragmentation. A 2-h pretreatment of cultured
chicken embryonic brain cells with 1 mM betaine prior to a 30 min exposure to 500 pM
glutamate significantly raised the survival rate of neurons in the culture. When chicken embry-
onic brain cells were pretreated for 2 h with 1T mM betaine followed by exposure to 100
uM glutamate for 42 h, lactate dehydrogenase levels within the cells remained at 63% of
untreated control values while glutamate-treated controls fell to 0% lactate dehydrogenase.
Betaine also exerted attenuating effects on N-methyl-D-aspartate-, kainate- and quisqualate-
induced neurotoxicity in a similar manner to that observed with glutamate. Similar neuroprote-
ctive effects of betaine were obtained with rat cortical cultures.
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INTRODUCTION

Glutamate neurotoxicity has been implicated in the
slow neuronal loss of such neurodegenerative diseases,
as Huntington’s disease and Alzheimer’s disease (Ma-
ragos et al, 1987; Young et al., 1988; Gedees et al,
1986). In addition, when the brain is subjected to hy-
poxia, hypoglycemia or prolonged seizures, glutamate
is known to contribute to the ensuing nerve degenera-
tion (Simon et al., 1984; Coutinho-Netto et al., 1981;
Rothman and Olney, 1986; Dingledine et al., 1990;
Loscher, 1984). A considerable body of evidence also
suggests that the glutamate and related excitatory
amino acids such as quisqualate, kainate and N-me-
thyl-D-aspartate (NMDA) cause a specific pattern of
neurodegeneration in the brain of experimental ani-
mals and in primary cultures of neurons (Monaghan
et al, 1989; Koh and Choi, 1988; Rosser, 1982).

In the course of searching for potential natural pro-
ducts against glutamate-induced neurotoxicity in our
laboratory, it was found that methanol extract of Lycii
Fructus exerted attenuating activities on the glutamate-
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induced neurotoxicity by microscopic observation.
Thus, prior to isolation of the active components from
Lycii Fructus, betaine, a major component of the crude
drug, was chosen for the testing of neuroprotective
activity against glutamate-induced neurotoxicity.

In the present study, effects of betaine on gluta-
mate-induced neurotoxicity in primary cultured chicken
embryonic brain and rat cortical cells will be described.
Our results suggest that betaine significantly attenuates
the morphological and biochemical damage caused
by glutamate.

MATERIALS AND METHODS

Animals

Chicken embryos were purchased from Hung-il Hat-
chery (Sungnam, Kyunggi-do, Korea). Sprague-Dawley
rats were supplied from_the Experimental Animal Bree-
ding Center of Seoul National University (Seoul, Korea).

Reagents

Dulbecco’s modified Eagle’s medium (DMEM),
Hank’s balanced salt solution (HBSS) and trypsin were
purchased from Gibco Lab. (Grand Island, NY). Penicil-
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lin-streptomycin, amphotericin B, betaine, L-glutamic
acid (glutamate), NMDA, kainate and quisqualate were
products of Sigma Chemical Co. (St. Louis, MO). Horse
and fetal bovine sera (FBS) and collagen were obtained
from Hyclone Lab. (Logan, UT) and Calbiochem Co.
(La Jolla, CA), respectively.

Chicken Brain Cell Cultures

Primary cultures of chicken brain cells were prepared
from cerebral hemisphere of 10-day-old chicken em-
bryos as described by Sensenbrenner et al. (1972). Dis-
sociated cells were plated at a density of 0.8X10°
cells/dish (35X10 mm). Cultures were grown to con-
fluency in a medium containing 87.5% DMEM, 2.5%
chicken embryo extract, 10% horse serum, 10,000 1U/
100 ml penicillin and 10,000 pg/100 ml streptomycin
at 37°C in a humidified atmosphere of 95% air/5%
CO,. Chicken embryo extract was prepared from 10-
day-old chicken embryos according to the method of
Markelonis et al. (1980).

Cortical Cell Cultures

Mixed cortical cell cultures, containing both neuronal
and glial element, were prepared as described by Choi
(1987) from fetal rats at 17-19 day gestation. Briefly,
the cortices were dissected under a dissecting micro-
scope and the meninges were carefully removed. Fol-
lowing incubation with 0.25% trypsin, the tissue was
triturated, diluted with DMEM supplemented with 10%
FBS. Dissociated cortical cells were plated in 35X10
mm vessels (Falcon) at a density of 1.0X10° cells/dish
in DMEM supplemented with 10% FBS. Cultures were
kept at 37°C in a humidified incubator in an atmos-
phere of 95% air/5% CO,. After 4 days in vitro, dividing
non-neuronal cells were suppressed by exposure to
5X10~* M 5-fluorodeoxyuridine.

Estimation of Survival Rate of Neurons

The neurons were counted using a phase-contrast
inverted microscope at a magnification of 200X. The
numbers of total neuronal cell bodies and swollen
neuronal cell bodies regarded as dead cells were cou-
nted 30 min after exposure of the cultures to gluta-
mate or NMDA.

Assays for Lactate Dehydrogenase

Quantitative assessment of neuronal injury was
accomplished by measuring the concentration of the
cytosolic enzyme, lactate dehydrogenase (LDH) (Choi
and Koh, 1987). Cultures were first washed with
DMEM without sodium pyruvate to remove any cellu-
lar debris. Then, the remaining cells were lysed in 0.5
ml of 0.5% triton X-100 in 0.1 M phosphate buffer,
pH 7.4. LDH values were then measured colorimetri-
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Fig. 1. Primary cultures of chicken embryonic brain cells.

A. Chicken embryonic brain cells cultured for 12 days.

B. The effect of 42-h-treatment of 100 pM glutamate on
12-day-cultured chicken embryonic brain cells.

C. The effect of 2-h-pretreatment of 1 mM betaine on 42-
h-exposure on 12-day-cultured chicken embryonic brain
cells to 100 pM glutamate.

D. The effect of concument treatment of 1 mM betaine with
100 pM giutamate for 42 h on 12-day-cultured chicken
embryonic brain cells.
bar=100 um

cally using Sigma Diagnostic Kit # 500 at a wavelength
of 450 nm. The relative ratio of LDH was determined
by dividing the LDH value in the experimental culture
by LDH value in control cuiture.

Measurement of Intracellular Calcium Concentra-
tion

Cultures were washed with DMEM without sodium
pyruvate. Then, the remaining cells were lysed in 2
N HCI. Intracellular calcium concentration was measu-
red using Plasma Atomic Emission Spectrometry.

Statistical Analysis

Levels of statistical significance (p<0.05) were asses-
sed using the “ANOVA” test between means for un-
paired data. All results are expressed as meant stan-
dard deviations.

RESULTS AND DISCUSSION

It was found that glutamate-induced neurotoxicity
developed only in mature cultures after 12 days of
incubation {(Garthwaite and Garthwaite, 1986). Expo-
sure of chicken embryonic brain cells to 500 uM glu-
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Fig. 2. The effect of betaine in chicken embryonic brain
celis exposed to glutamate or NMDA.
A. The effect of betaine on the survival rate.
B. The effect of betaine on LDH values.
(*p<0.05, ***p<0.001)

tamate for 30 min caused acute toxicity; immediate
swelling of neuronal cell bodies and fragmentation of
neurites were observed under phase-contrast micro-
scope as reported in rat cortical or hippocampal neu-
ronal cells (Sensenbrenner et al., 1972; Choi and Koh,
1987).

Pretreatment of cultured chicken brain cells with 1
mM betaine for 2 h prior to glutamate insult seemed
to block glutamate-induced neurotoxicity (Fig. 1A, 1B
and 1C). The usual neurotoxicity induced by glutamate
could not be observed in the presence of 1T mM be-
taine even if the concentration of glutamate was raised
to 10 mM. If betaine was added with glutamate con-
currently, it was observed that betaine still prolonged
the life span of neuronal cells after glutamate insult
(Fig. 1D).

In parallel with these morphological observations,
quantitative assessment of the protective effects of
betaine against glutamate-induced neurotoxicity was
accomplished by estimating the survival rate of neuro-
nal cells among chicken embryonic brain cells and by
measuring the levels of cytoplasmic LDH. The survival

Fig. 3. Primary cultures of chicken embryonic brain cells.

A. The effect of 500 yM NMDA on 12-day-cultured chicken
embryonic brain cells.

B. The effect of 2-h-pretreatment of 1 mM betaine on 24-
h-exposure of 12-day-cultured chicken embryonic brain
cells to 500 M NMDA.
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Fig. 4. The effect of betaine on the intracellular calctum con-
centration of rat cortical celis exposed to 100 pM glutamte
for 24 h.

rate of neuronal cells was determined by considering
swollen neuronal cells as dead cells 30 min after treat-
ment of the brain cells with 500 pM glutamate. Pre-
treatment of chicken embryonic brain cells with be-
taine for 2 h prior to glutamate insult markedly preser-
ved the cells from glutamate-induced neurotoxicity as
demonstrated by both the survival rate of neuronal
cells (Fig. 2A) and the levels of cytoplasmic LDH (Fig.
2B). When chicken embryonic brain cells were pre-
treated for 2 h with 1 mM betaine followed by expo-
sure to 100 uM glutamate for 42 h, cytoplasmic LDH
levels within the cells remained at 63% of untreated
control values while glutamate-treated controls fell to
0% LDH.

To clanfy whether the protective effect of betaine
against glutamate-induced neurotoxicity resulted from
an antagonistic action on glutamate receptors, three
different subtypes of glutamate receptor agonists,
NMDA, quisqualate and kainate were employed. Swe-
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Fig. 5. Effects of betaine, dimethylglycine, sarcosine and glycine on LDH values of rat cortical cells exposed to 100 pM

glutamate, NMDA or kainate for 24 h.

(A) The effect of betaine, (B) The effect of dimethylglycine, (C) The effect of sarcosine, (D) The effect of glycine (*p<0.05,

#*p<0.01, **p<0.001)

lling of neuronal cell bodies and fragmentation of neu-
rites developed acutely by exposure to NMDA (Fig.
3A). However, pretreatment of brain cells with 1 mM
betaine for 2 h prior to exposure to 500 pM NMDA
blocked this acute swelling and neuronal injury (Fig.
3B). The survival rate of neuronal cells and the levels
of cytoplasmic LDH were significantly increased in a
dose-dependent manner (Fig. 2B). Similar protective
effects of betaine on quisqualate- and kainate-induced
neurotoxicities were also observed. From the above
results, it may be assumed that the protective effects
of betaine may be due to a non-specific antagonistic
action on glutamate receptors or through mechanism
totally unrelated to these receptors.

To determine whether the protective effect of be-
taine on glutamate-induced neurotoxicity is species-
specific, rat cortical cells in lieu of chicken brain cells
were employed. Since betaine had similar protective
effects on glutamate-induced neurotoxicity in rat cor-
tical cells, the effect did not seem to be species-
specific.

It has been generally accepted that exposure of
neuronal cells to glutamate provokes the abrupt up-
take of calcium ions into neuronal cells (Monagan et
al., 1989; MacDermott et al., 1986). In order to study

whether betaine exerts its protective effect by acting
on calcium channels, intracellular calcium concentra-
tions of rat cortical cells were measured (Fig. 4). Be-
taine had no effect on intracellular calcium concen-
trations either in normal or glutamate-treated cortical
cells. From these results and those mentioned above,
it can be postulated that the protective effect of be-
taine on glutamate-induced neurotoxicity is not linked
causally to any of the glutamate receptor subtypes nor
to calcium channels.

Since betaine is a derivative of glycine, the protec-
tive effects of betaine and some other glycine deriva-
tives on glutamate-induced neurotoxicity were studied.
The effects of betaine, dimethylglycine, sarcosine and
glycine on glutamate-induced neurotoxicity were asse-
ssed by determining the levels of cytoplasmic LDH
in rat cortical cells. Cultures were treated with various
concentrations of betaine, dimethylglycine, sarcosine
and glycine, respectively, for 5 min prior to exposure
for 24 h to 100 uM glutamate (Fig. 5). Glycine showed
no effect on toxicity. This may be due to the fact
that the culture medium already contains glycine as
a component and thus acts as an agonist against gluta-
mate-induced neurotoxicity (Uckele et al., 1989). The
protective effects of betaine, dimethylglycine and sar-
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cosine on glutamate-induced neurotoxicity seem to be
exerted in a different manner (Fig. 5A, 5B, 5C and
5D). While the effect of betaine was not specific on
glutamate receptor subtypes, dimethylglycine and sar-
cosine showed more specificity for NMDA type recep-
tors than for kainate receptors. Dimethylglycine and
sarcosine may compete with glycine at the modulator
site of glycine in NMDA-type receptors thus blocking
the agonistic activity of glycine on glutamate-induced
neurotoxicity.

It may be suggested that betaine might exert its
protective effect by simply stabilizing cell membranes
thus protecting cells from bursting, The agent is used
as an osmotic protectant for microorganisms (Smith
et al., 1990; Marthi and Lighthart, 1990). Another pos-
sible hypothesis is that betaine may attenuate gluta-
mate-induced neurotoxicity by acting as an antioxidant
as postulated for the case of cyanobacterium (mame-
dov et al, 1991) since antioxidants attenuate gluta-
mate-induced neurotoxicity (Miyamoto et al., 1989).

ACKNOWLEDGEMENT

This work was in part supported by the grant (1991-
1993) from Ministry of Health and Social Affairs, Korea.

REFERENCES CITED

Choi, D. W. and Koh, J. Y., Quantitative determination
of glutamate mediated cortical neuronal injury in cell
culture by lactate dehydrogenase efflux assay. J.
Neurosci. Methods, 20, 83-90 (1987).

Coutinho-Netto, j., Abdul-CGhani, A. S., Collins, ). F. and
Bradford, H. F., Is glutamate a trigger factor in epilep-
tic hyperactivity?. Epilepsia, 22, 289-296 (1981) .

Dingledine, R, McBain, C. J. and McNamara, ). O,
Excitatory amino acid receptors in epilepsy. TiPS, 11,
334-338 (1990).

Garthwaite, G. and Garthwaite, }., In vitro neurotoxicity
of excitatory acid analogues during cerebellar develo-
pment. Neuroscience, 17, 755-767 (1986).

Geddes, ). W., Chang-Chui, H., Cooper, S. M., Lott,
I. T. and Cotman, C. W., Density and distribution
of NMDA receptor in the human hippocampus in
Alzheimer's disease. Brain Res., 399, 156-161 (1986).

Koh, ). Y. and Choi, D. W., -Vulnerability of cultured
cortical neurons to damage by excitotoxins; Differen-
tial susceptibility of neurons containing NADPH-dia-
phorase. J. Neurosci, 8, 2153-2163 (1988).

Loscher, W., Influence of pharmacological manipula-
tion of inhibitory and excitatory neurotransmitter sys-
tems in seizure behavior in the mongolian gerbil.
Pharmacol. Exp. Ther, 233, 204-213 (1984).

MacDermott, A, M., Mayer, M. L., Westbrook, G. L.,

347

Smith, S. ). and Barker, J. L., NMDA-receptor activa-
tion increases cytoplasmic calcium concentration in
cultured spinal cord neurons. Nature, 321, 519-522
(1986).

Mamedov, M. D., Hayashi, H.,, Wada, H., Mohanty,
P. S., Papageorgiou, G. C. and Murata, N., Glycine-
betaine enhances and stabilizes the evolution of
oxygen and the synthesis of ATP by cyanobacterial
thylakoid membranes. FEBS Letters, 294, 271-274
(1991).

Maragos, W. F., Greenamyre, J. T., Penny, ). B. and
Young, A. B., Glutamate dysfunction in Alzheimer's
disease. Trends Neurosci, 10, 65-68 (1987).

Markelonis, G., Oh, T. H. and Dem, D., Stimulation
of protein systhesis in cultured skeletal muscle by
a trophic protein from sciatic nerves. Exp. Neurol,
60, 598-602 (1980).

Marthi, B. and Lighthart, B., Effects of betaine on enu-
meration of airbone bacteria. Appl. Environ, Micro-
biol, 56, 1286-1289 (1990).

Miyamoto, M., Murphy, T. H., Schnaar, R. L. and Co-
vle, J. T., Antioxidants protect against glutamate-
induced cytotoxicity in a neuronal cell line. J. Pharm.
Exp. Ther, 250, 1132-1140 (1989).

Monaghan, D. T., Bridges, R. ). and Cotman, C. W.,
The excitatory amino acid receptors: Their classes,
pharmacology and distinct properties in the function
of the central nervous system. Ann. Rev. Pharmacol.
Toxicol, 29, 365-402 (1989).

Rossor, M. N., Neurotransmitter and CNS disease. Lan-
cet, 27, 1200 (1982).

Rothman, S. M. and Olney, ). W., Glutamate and the
pathophysiology of hypoxia-ischemic brain damage.
Ann. Neurol, 19, 105-111 (1986).

Sensenbrenner, M., Springer, N., Booher, ). and Man-
del, P., Histochemical studies during the differentia-
tion of dissociated nerve cells cultivated in the pre-
sence of brain extracts. Neurobiol, 2, 49-55 (1972).

Simon, R. P., Swan, ). H., Giiffiths, T. and Meldrum,
B. S., Blockade of N-methyl-D-aspartate receptors
may protect against ischemia damage in the brain.
Science, 226, 850-852 (1984) .

Smith, L. T., Smith, G. M., and Madkour, M. A., Osmo-
regulation in Agrobacterium tumefaciens: Accumula-
tion of a Novel Disaccharide is controlled by Osmo-
tic strength and glycine betaine. ). Bacteriol, 172,
6849-6855 (1990).

Young, A. B., Greenamyer, }. T., Hollingsworth, ]., Albin,
R., D’Amato, C, Shoulson, | and Penney, ). B., NMDA
receptors losses in putamen from patients with Hun-
tington’s disease. Science, 241, 981-983 (1988).

Uckele, ). E.,, McDonald, ). W., Johnston, M. V. and
Silverstein, F. S., Neurosci. Lett, 107, 279-283 (1989).



