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ABSTRACT—We have examined the effect of glutamate receptor antagonists and voltage-dependent
calcium channel blockers on the neuronal injury induced by the combination of a low concentration of
N-methyl-D-aspartate (NMDA) or kainate and energy compromise resulting from the use of glucose-free
incubation buffer. Toxicity induced by NMDA or kainate was enhanced in the glucose-free buffer. NMDA-
or non-NMDA-receptor antagonists added to the glucose-free buffer at the same time inhibited the neuronal
cell death induced by each agonist. An NMDA-receptor antagonist, MK-801, but not non-NMDA -receptor
antagonists, inhibited the toxicity when added to the culture medium after exposure of the cells to the
agonists. P/Q-type calcium channel blockers, w-agatoxin IVA and w-agatoxin TK, and an N-type calcium
channel blocker, w-conotoxin GVIA, significantly attenuated the neuronal injury, although an L-type
calcium channel blocker, nifedipine, showed little neuroprotective effect. A combination of calcium channel
blockers of the three subtypes showed the most prominent neuroprotective effect. These observations
suggest that the overactivation of NMDA and non-NMDA receptors and consequent activation of the
voltage-dependent calcium channels lead to neuronal cell death in energy-compromised cortical neurons.
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Several studies have suggested that the pathogenesis of
hypoxic-ischemic neuronal injury is partly due to exces-
sive activation of glutamate receptors (1, 2). The acti-
vation of glutamate receptors causes an increase in intra-
cellular calcium concentration, which is considered to
trigger neuronal degeneration mediated by glutamate
(3—5). This calcium neurotoxicity hypothesis is consistent
with the observation of calcium accumulation in nervous
tissues during ischemia (6), trauma (7) and epilepsy (8).

The major routes of calcium entry into neuronal
cytoplasm under ischemic conditions may include volt-
age-dependent calcium channels in addition to excitatory
amino acid receptor channels. We have previously
demonstrated that under ischemic conditions, the cellular
membrane can be depolarized by N-methyl-pD-asparate
(NMDA)-receptor activation, leading to calcium influx
through voltage-dependent calcium channels (4). Recent-
ly it has been shown that P/Q-type and N-type calcium
channel blockers are neuroprotective in both in vivo
(9—13) and in vitro (4, 14, 15) models of ischemia, but
L-type calcium channel blockers have little neuroprotec-
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tive effect (4, 14—16). Activation of the P/Q-type and
N-type calcium channels is predominantly coupled to the
synaptic transmission mediated by excitatory amino acids
and catecholamines in a physiological situation (17), and
the release of neurotransmitter induced by high potas-
sium-elicited depolarization was inhibited by w-conotoxin
and w-agatoxins (18).

We previously examined the mechanisms of neuronal
cell damage induced by deprivation of oxygen and glu-
cose by means of pharmacological modulation of the en-
hanced glutamate efflux and the consequent cell loss, and
we suggested that glutamate efflux is probably the pri-
mary cause of the neuronal injury in oxygen/glucose depri-
vation in vitro, though it is difficult to produce a sufficient
neuroprotective effect only by reducing the extracellular
glutamate level (4). The results were consistent with
previous studies showing that the inhibition of glutamate
release is not necessarily correlated to the blockade of
neurotoxicity (19, 20). Based on these results, we
hypothesized that the blockade of calcium influx through
NMDA receptor-coupled channels and/or voltage-de-
pendent calcium channels might be sufficient for neuronal
protection. The effect of voltage-dependent calcium
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channel blockers on the neuronal injury induced by
excessive activation of NMDA receptor has not been
reported previously, although Longo et al. reported that
w-conotoxin GVIA failed significantly to affect the recov-
ery from the CAl electrical failure induced by NMDA
(21). We have examined the toxicity of glutamate receptor
agonists, NMDA and kainate, towards neurons under
energy-compromised conditions and investigated whether
the blockade of glutamate receptors or voltage-dependent
calcium channels can protect neurons from the neuro-
toxicity induced by agonists.

MATERIALS AND METHODS

Chemicals and reagents

w-Conotoxin GVIA, w-agatoxin TK (w-Aga-TK) and
w-agatoxin IVA (w-Aga-IVA) were purchased from
Peptide Institute, Inc. (Osaka). Fetal calf serum, heat-in-
activated horse serum, trypsin solution, penicillin, strep-
tomycin, Dulbecco’s modified Eagle’s medium (DMEM)
and N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid
(HEPES) were purchased from Life Technologies, Inc.
(Grand Island, NY, USA); insulin, sodium selenite,
putrescine, cytosine arabinofuranoside (Ara C), DNase I,
kainate, NMDA, glycine and nifedipine, from Sigma
Chemical Co. (St. Louis, MO, USA); MK-801, from
Research Biochemicals, Inc. (Natick, MA, USA); and
CNQX (6-cyano-7-nitroquinoxaline-2,3-dione), from
Tocris Neuramin, Ltd. (Bristol, UK). NBQX (2,3-dihy-
droxy-6-nitro-7-sulfamoylbenzo(F)quinoxaline) was syn-
thesized in our laboratory. All other chemicals used were
of reagent grade.

Cortical cell cultures

- Cortical cell cultures were prepared from fetal rats of
the Wistar strain (gestational age of 17 days) as described
(22). Briefly, the cortex was dissected and kept in ice-cold
Hanks’ balanced salt solution (HBSS; 10 mM HEPES,
pH 7.3) and then incubated at 37°C for 15 min in Ca?*/
Mg?*-free .HBSS containing 0.25% trypsin and 0.2
mg/ml DNase I. The cortical tissues were dissociated to
single cells by gentle trituration using a glass pipette with
a fire-polished tip. The cell suspension was mixed with
DMEM supplemented with 10% fetal calf serum, 10%
heat-inactivated horse serum, 5 pg/ml insulin, 30 nM
sodium selenite, 100 #M putrecine, 20 nM progesterone,
15 nM biotin, 100 units/ml penicillin, 100 zg/ml strepto-
mycin and 1 mM sodium pyruvate, as described (23). The
cell suspension was centrifuged and the resulting pellets
were resuspended in the medium described above. The
cortical cells were then pelleted again by centrifugation,
suspended in the medium and plated onto poly-L-lysine-
coated coverslips. The cells were cultured in a CO, incu-

bator (5% CO,) at 37°C for 1 day and the coverslips were
then transferred onto a confluent glial cell layer and cul-
tured for 8 days in DMEM containing 2% fetal calf serum
and the same supplements as described above. After 8
days, the cortical cells were cultured in DMEM contain-
ing 2% fetal calf serum and the same supplements, but
without glutamine. The cortical cells were treated with 10
#M Ara C for 1 day (it was added to the culture medium 3
days after plating) to reduce the growth of contaminating
non-neuronal cells. The culture medium was changed
every 3—4 days. The glial cells used were obtained from
postnatal day 1 rats of the Wistar strain. The cerebral
cortex was dissected and triturated in DMEM sup-
plemented with 10% fetal calf serum, 100 units/ml
penicillin, and 100 p¢g/ml streptomycin, and the glial cells
were cultured in a CO, incubator (5% CO,) at 37C for
11-18 days before use.

Cell death assay

The experiment was performed on 14- to 17-day-old
cultures. Cortical neurons on coverslips cultured on a gli-
al layer were washed with HBSS and the neurons were
incubated in glucose-free HBSS at 37C. For the NMDA
toxicity assay, we used glucose-free HBSS without Mg?*
ions containing NMDA and 1 ¢M glycine; and for the
kainate toxicity assay, we used glucose-free HBSS
containing kainate. The plates were transferred to a 5%
CO, incubator and incubated at 37C for 1—-3 hr. After
the incubation, the cells were washed twice with HBSS
without Mg?™ ions and then cultured in normal medium
for another 20 hr in a CO, incubator. The measurement
of lactate dehydrogenase (LDH) efflux into the media as
an indicator of neuronal injury was made 20 hr after the
treatment with agonists (24). LDH release was calculated
as % of total activity in the medium and the cells lysed
with 0.5% Triton X-100 in phosphate buffer, pH 7.4.
Receptor antagonists and calcium channel blockers were
added to the incubation buffer during the exposure to
agonists or to the culture medium for the subsequent
culture for 20 hr.

Statistical analyses

All data are expressed as the mean+S.E.M. Statistical
comparisons between two groups were carried out by
Student’s #-test. In order to the compare the drug-un-
treated group with more than two other treated groups,
data were analyzed by means of ANOVA and Fisher’s
PLSD.

RESULTS

Effect of energy depletion on glutamate toxicity
Neuronal cell damage was examined after the incuba-
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tion of cortical neurons with NMDA or kainate in the
presence or absence of glucose. When the cultured corti-
cal neurons were exposed to NMDA at 10 #M in the
presence of glucose, no neuronal toxicity was induced
after incubation for 3 hr. However, after incubation of
cortical neurons with NMDA at the same concentration
in glucose-free HBSS for 2 hr or more, the level of LDH
measured after incubation of the cells in normal medium
for 20 hr was significantly increased (Fig. 1). When cul-
tured cortical neurons were exposed to the non-NMDA
agonist kainate at 100 #M in the presence of glucose, no
neuronal toxicity was observed within 3 hr. However,
when they were incubated with kainate at the same con-
centration in the glucose-free HBSS for 2 hr or more, the
level of LDH was again significantly increased (Fig. 2).

Effect of glutamate receptor antagonists on excitotoxicity
in energy-compromised neurons

The incubation of cortical cell cultures with NMDA at
10 #M in the glucose-free HBSS for 3 hr evoked LDH
efflux during incubation for 20 hr after return of the cells
to normal medium. An NMDA -receptor antagonist, MK-
801 (1 M), inhibited the LDH efflux when added to the
cortical neurons during the exposure to NMDA (Fig. 3).
MK-801 is a non-competitive antagonist of the NMDA
receptor and has no significant effect on other receptors
including non-NMDA receptors (25). A non-NMDA
antagonist, CNQX (10 uM), significantly attenuated the

2 hours 3 hours
151 15
& 10} g 1w}
Q [:}]
7] 0
[+] ©
o o
e [
3 z
8 3 8 s
; . \ . 0 \ \ .
0 0 50 100 0 50 100

Kainate (uM) Kainate (uM)

Fig. 2. Cell death induced by kainate in cortical neurons energy-
compromised by depletion of glucose. Cultured cortical neurons
were incubated with kainate in HBSS in the absence (@) or presence
(O) of glucose. The buffer was then replaced with normal medium
and the cortical neurons were incubated for a further 20 hr. The
activity of LDH in the medium at 20 hr was measured. Each value
represents the mean with S.E.M. (n=4). *P <0.05, **P<0.001 vs
cell death in the presence of glucose at the respective concentration
of kainate (Student’s #-test).

LDH efflux, although another non-NMDA antagonist,
NBQX (10 M), failed to protect the neurons (Fig. 3). It
has been reported that high concentrations of CNQX
antagonize NMDA receptor-mediated effects by blocking
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Fig. 1. Cell death induced by NMDA in cortical neurons energy-compromised by depletion of glucose. Cultured cortical
neurons were incubated with NMDA and 1 #M glycine in HBSS in the absence (@) or presence () of glucose. The buffer was
then replaced with normal medium and the cortical neurons were incubated for a further 20 hr. The activity of LDH in the
medium at 20 hr was measured. Each value represents the mean with S.E.M. (n=4). *P <0.05, **P <0.01, ***P <0.001 vs cell
death in the presence of glucose at the respective concentration of NMDA (Student’s z-test).
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the strychnine-insensitive glycine-binding site on the
NMDA receptor (26). CNQX, therefore, might have dual
effects as both an NMDA-receptor antagonist and a non-
NMDA -receptor antagonist on the glutamate receptors.
On the other hand, NBQX is reported to have selectivity
for non-NMDA receptors (27). When MK-801 was added
to the cultured cortical neurons after the exposure to
NMDA, MK-801 at 1 #M did not show any neuroprotec-
tive effect, while MK-801 at 10 4M partially attenuated
the LDH efflux (Fig. 3). When CNQX or NBQX was
added to cultured cortical neurons after the exposure to
NMDA for 3 hr, each of them failed to protect the
neurons (Fig. 3).

The incubation of cortical cell cultures with kainate in
the glucose-free HBSS for 2 hr evoked LDH efflux during
incubation for 20 hr after return of the cells to normal
medium. MK-801 at 1 M attenuated the LDH efflux to
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Fig. 3. Effect of glutamate receptor antagonists on LDH efflux in-
duced by NMDA in the absence of glucose. Cultured cortical neu-
rons were incubated with 10 pM NMDA and 1 M glycine in HBSS
in the absence of glucose for 3 hr. The buffer was then replaced with
normal medium and the cortical neurons were incubated for a fur-
ther 20 hr. The activity of LDH in the medium at 20 hr was meas-
ured. LDH efflux from neurons incubated in the absence of NMDA
and glycine (basal) and that from neurons incubated with NMDA
and glycine (injury control) were 6.8+1.1% and 20.9:+2.3%,
respectively. Neurotoxicity (% of control) is expressed as % of LDH
efflux induced by the agonist. A glutamate receptor antagonist
(MK-801, 1 or 10 zM; CNQX, 10 ¢M; NBQX, 10 #M) was added
with NMDA for 3 hr (During) or added to normal medium for 20 hr
after NMDA treatment (After). Each value represents the mean with
S.E.M. (n=4-13). *P<0.05, ***P<0.001 vs control. Data were
analyzed by means of ANOVA and Fisher’s PLSD.

44% when added to the neurons during exposure to
kainate (Fig. 4). CNQX (10 ¢M) and NBQX (10 M) also
inhibited the LDH efflux (Fig.4). When MK-801 was
added to the cultured cortical neurons after the exposure
to kainate, MK-801 effectively attenuated the LDH efflux
(Fig. 4). When CNQX or NBQX was added to the cul-
tured cortical neurons after the exposure to kainate,
neither of the non-NMDA receptor antagonists showed
any neuroprotective effect (Fig. 4).

Effect of voltage-dependent calcium channel blockers on
excitotoxicity in energy-compromised neurons

We examined the effect of voltage-dependent calcium
channel blockers on the neuronal damage induced by
NMDA in cells incubated in glucose-deprived buffer
solution. P/Q-type calcium channel blockers, w-aga-IVA
and w-aga-TK, and an N-type calcium channel blocker,
w-conotoxin GVIA, significantly attenuated the neuronal
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Fig. 4. Effect of glutamate receptor antagonists on LDH efflux in-
duced by kainate in the absence of glucose. Cultured cortical neu-
rons were incubated with 100 M kainate in HBSS in the absence of
glucose for 2 hr. The buffer was then replaced with normal medium
and the cortical neurons were incubated for a further 20 hr. The
activity of LDH in the medium at 20 hr was measured. LDH efflux
from neurons incubated in the absence of kainate (basal) and that
from neurons incubated with Kkainate (injury control) were
4.8+1.7% and 19.7+3.7%, respectively. Neurotoxicity (% of
control) is expressed as % of LDH efflux induced by the agonist.
A glutamate receptor antagonist (MK-801, 1 pM; CNQX, 10 uzM;
NBQX, 10 #M) was added with kainate for 2 hr (During) or added
to normal medium for 20 hr after kainate treatment (After). Each
value represents the mean with S.E.M. (n=4-9). *P<0.05,
**+P <0.001 vs control. Data were analyzed by means of ANOVA
and Fisher’s PLSD.
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injury, although an L-type calcium channel blocker,
nifedipine, showed little neuroprotective effect (Fig. 5).
A combination of calcium channel blockers of the three
subtypes showed 51% inhibition of the LDH efflux (Fig.
5). These calcium channel blockers selectively block the
respective calcium channels (18, 28 —30).

DISCUSSION

We have established a culture system of rat cortical
neurons in which the neurons are damaged by a low
concentration of a glutamate receptor agonist, NMDA or
kainate, in glucose-free buffer solution (Figs. 1 and 2). In
our cell culture system, 10 uM NMDA was sufficient to
induce neuronal cell loss in the glucose-free buffer solu-
tion, and this concentration of NMDA was far less than
that needed to injure neurons in buffer solution contain-
ing a normal level of glucose (Fig. 1). Toxicity induced by
kainate was also enhanced in the glucose-free buffer solu-
tion (Fig.2). It was reported that glutamate becomes
neurotoxic via NMDA receptors when intracellular
energy levels are reduced (31, 32), and it was suggested

that when the disturbance of ionic pumping at the cell
membrane is sufficiently extensive due to the reduced
energy production, partial cell depolarization may occur
with subsequent alleviation of the voltage-dependent
Mg** blockade of NMDA receptors, leading to the acti-
vation of the NMDA receptors by endogenous levels of
glutamate. However, we used glucose-free HBSS without
Mg?* ions for the NMDA toxicity assay in our experi-
ments (Materials and Methods, Cell death assay), so it is
unlikely that the activation of NMDA receptors occurred
by alleviation of the Mg*t blockade of the receptors.
Furthermore, this mechanism would not be applicable
to explain the enhanced kainate toxicity in glucose-free
buffer solution. An alternative explanation is as follows:
The impairment of mitochondrial energy metabolism
results in decreased ATP production, leading to various
alterations in cellular physiology, including reduced Na™
/KT-ATPase activity. When membrane depolarization
elicited by an excitatory transmitter is propagated, cells
lose K* and gain Na™, and the cells must extrude Na*
and accumulate Kt to preserve excitability by using
metabolic energy derived from oxidative metabolism.
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Fig. 5. Effect of voltage-dependent calcium channel blockers on LDH efflux induced by NMDA in the absence of glucose.
Cultured cortical neurons were incubated with 10 xM NMDA and 1 M glycine in HBSS in the absence of glucose for 3 hr. The
buffer was then replaced with normal medium and the cortical neurons were incubated for 20 hr. LDH efflux from neurons in-
cubated in the absence of NMDA and glycine (basal) and that from neurons incubated with NMDA and glycine (injury control)
were 4.3+0.5% and 14.7:£0.7%, respectively. Neurotoxicity (% of control) is expressed as % of LDH effiux induced by the
agonist. A voltage-dependent calcium channel blocker (w-Aga-IVA, o-Aga-TK, w-conotoxin GVIA (0-CgTx-GVIA) or nifedi-
pine) was added with NMDA for 3 hr. Each value represents the mean with S.E.M. (n=4-22). *P<0.05, **P<0.01,
*#¥P <0.001 vs control. Data were analyzed by means of ANOVA and Fisher’s PLSD.
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If the availability of Na*/K*-ATPase is reduced, the
excitability induced by the excitatory transmitter would
be prolonged. This could facilitate the expression of
neurotoxicity by relatively low levels of agonists to the
NMDA and kainate receptors due to enhanced elevation
of intracellular calcium concentration. The prolonged
excitability might also enhance the calcium influx through
the voltage-dependent calcium channels.

The NMDA-receptor antagonist inhibited glutamate
toxicity (both NMDA and kainate toxicity) when added
to the culture medium during or after the exposure of
neurons to the agonist (Figs. 3 and 4). In contrast, the
non-NMDA-receptor antagonist only inhibited the
neuronal cell death induced by kainate when added
simultaneously with the agonist (Figs. 3 and 4). Thus,
the injury initially induced during exposure to kainate
or NMDA should be subsequently augmented by the acti-
vation of NMDA receptors in response to endogenously
released glutamate. From the result that an NMDA-
receptor antagonist, MK-801, added after the NMDA or
kainate exposure attenuated the LDH effilux (Figs. 3 and
4), it is possible that glutamate release was continuing
after the exposure of neurons to NMDA or non-NMDA
agonist, leading to neuronal injury through the activation
of NMDA receptors. Although the mechanism of the late
release of glutamate after the exposure of the cells to a
glutamate receptor agonist is unclear, several possibilities
exist: activation of the kainate receptor might be respon-
sible since kainate has been suggested to induce glutamate
release by activation of the presynaptic receptors on
glutamatergic terminals (33). We have also confirmed
that glutamate release is evoked by kainate (4). Other
possible mechanisms include the activation of certain
enzyme families, namely C kinases, calmodulin-regulated
enzymes, calpains and phospholipase, which may
produce a lasting enhancement of excitatory synaptic
efficacy and circuit excitability (34—36).

We previously reported that non-NMDA receptor
antagonists did not afford complete neuroprotection in
oxygen/glucose-deprived conditions despite reducing
the glutamate efflux to a large extent, although NMDA
receptors are primarily responsible for the neuronal cell
death (4). It was reported by Koh and Choi that the late
neuronal degeneration induced by intense glutamate ex-
posure is mediated mainly by NMDA receptors (37). They
reported that selective antagonism of NMDA receptors
with either competitive or non-competitive antagonists
eliminated the late neuronal death induced by brief ex-
posure to glutamate. In contrast, late death is not blocked
by CNQX plus glycine (37). CNQX in the presence of
1 uM glycine exhibits good selectivity for «-amino-3-
hydroxy-5-methyl-isoxazole-4-propionic acid (AMPA)
/kainate receptor-mediated toxicity. The degeneration

of neurons by excitatory amino acids is thought to be
dependent on the presence of extracellular Ca?>" and is
probably triggered by excessive Ca?" influx (38). Massive
entry of calcium ions into cells might occur through
NMDA receptors (5, 39, 40), which are not desensitized
like non-NMDA receptors (41). Koh et al. reported that
the induction of neuronal damage by AMPA or kainate
requires exposure of the cells for hours (42), and this
slowly triggered excitotoxicity may also involve excessive
Ca?t influx. However, the channels gated by non-NMDA
receptors have limited permeability to calcium ions, and
the main route of Ca?* entry may be indirect; for exam-
ple, involving voltage-gated Ca®' channels and reverse
operation of the Nat-Ca®* exchanger. The decline of the
sodium gradient across the membranes due to the entry of
sodium ions through non-NMDA receptors may degrade
the ability of neurons to extrude Ca®" ions through the
sodium-calcium exchanger.

In the experiments with voltage-dependent calcium
channel blockers, we clearly demonstrated the participa-
tion of P/Q-type and N-type calcium channels in NMDA
toxicity (Fig. 5). Although an L-type calcium channel
blocker alone did not effectively reduce the increase of
LDH efflux, the concomitant blockade of all three sub-
types of calcium channels significantly reduced the LDH
efflux to 49% (Fig. 5). It therefore seems likely that the
neuronal cell death induced by NMDA under energy-
compromised conditions is caused at least in part by an
increase in intracellular calcium concentration through
multiple subtypes of voltage-dependent calcium channels.

In conclusion, glutamate receptor-mediated cell death
under energy-compromised conditions was attenuated
not only by the inhibition of NMDA and non-NMDA
receptors but also by the blockade of voltage-dependent
calcium channels. Indeed, it is well known that the
depolarization of cell membrane in the brain is caused
under ischemic conditions. Our results suggest that the
activation of NMDA and non-NMDA receptors and
voltage-dependent calcium channels might be involved in
the elevation of cytosolic calcium in ischemia, leading to
neuronal cell death, and that enhanced glutamate release
after exposure to agonists might partly contributes to
excitotoxic neuronal injury mediated by NMDA recep-
tor-coupled channels. We suggest that the blockade of
calcium influx through NMDA receptor-coupled channels
and voltage-dependent calcium channels might be an
effective approach for neuronal protection.
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