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In the present study, we investigated the effects of mebudipine and dibudipine, two new Ca2+ channel
blockers, on primary murine cortical neurons exposed to oxygen–glucose deprivation/reperfusion. The
experiments were performed on cells after 11–16 days of culture. To initiate oxygen–glucose deprivation /
reperfusion, the culture medium was replaced by glucose-free medium, and the cells were transferred to a
humidified incubation chamber in a mixture of 95% N2 and 5% CO2 at 37 °C for 30 min. The cultures were
pretreated with mebudipine and dibudipine 3 h prior to oxygen–glucose deprivation/reperfusion, in order to
explore their effects on neurons under oxygen–glucose deprivation conditions. Cell viability and nitric oxide
(NO) production were assessed by MTT assay and the modified Griess method, respectively. Exposure of
murine cortical neuronal cells to 30 min oxygen–glucose deprivation significantly decreased cell viability and
increased NO production. Pretreatment of the cultures with mebudipine and dibudipine significantly
increased cell viability and decreased NO generation in a dose-dependent manner. However, the drugs had
no protective effect in cells subjected to oxygen–glucose deprivation for 60 min. Pretreatment of cultures
with MK-801 (10 µM), a non-competitive NMDA antagonist, decreased neuronal death after 30-min oxygen–
glucose deprivation, while application of NBQX (30 µM), a selective AMPA-kainate receptor antagonist,
partially attenuated the cell injury. oxygen–glucose deprivation -induced cytotoxicity and NO production
were also inhibited by N-nitro-L-arginine methyl ester (L-NAME), a nitric oxide synthase inhibitor and MK-
801. We conclude that mebudipine and dibudipine could protect cortical neurons against oxygen–glucose
deprivation /reperfusion-induced cell injury in a dose-dependent manner, and that this could be mediated
partially by decreased NO production.

© 2009 Published by Elsevier B.V.
1. Introduction

During hypoxia/ischemia of the central nervous system, the lack of
energy and ATP in the brain may result in the depolarization of
neurons (Heiss and Graf, 1994) that release large amounts of
excitatory neurotransmitters, such as glutamate (Globus et al., 1988;
Siesjo, 1992a,b). Energy-dependent processes such as presynaptic
reuptake of excitatory amino acids are therefore impeded, further
increasing the accumulation of glutamate in the extracellular space.
Acute elevation of glutamate activates glutamate receptors, including
the N-methyl-D aspartate (NMDA) receptor, which is a highly Ca2+-
permeable, ligand-gated ion channel, and α-amino-3-hydroxy-5-
methylisoxazole-4-propionate (AMPA, kainate) receptors, which are
clearly implicated in neurotoxicity (Ban et al., 2008). Many studies
have referred to NMDA receptor-triggered, Ca2+-mediated excitotoxi-
city as “rapidly triggered”, emphasizing the speed at which it can
occur. In cortical cell cultures, 3–5 min of sustained NMDA receptor
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activation is sufficient to destroy most neurons. In contrast, AMPA
receptor-triggered, Ca2+-mediated excitotoxicity typically occurs
more slowly, requiring hours of sustained receptor activation to
induce lethal injury in the same cell cultures (Simeone et al., 2004).
Excessive stimulation of the NMDA receptor following hypoxia/
ischemia leads to excessive intracellular Ca2+ influx that can activate
Ca2+-dependent degradative enzymes such as proteases, nucleases,
phospholipases, and nitric oxide synthase (NOS) (Gunasekar et al.,
1995). The rise in Ca2+ can activate neuronal NOS (nNOS)/
mitochondrial NOS (mtNOS), and generate nitric oxide (NO), which
directly contributes to toxicity (Brorson et al., 1994; Ghafourifar et al.,
1999; Horn et al., 2002; Jekabsone et al., 2003).

The generation of reactive oxygen species such as hydroxyl
radicals, superoxide anions and NO can cause lipid peroxidation and
membrane damage (Lovs,1999), and eventually neuronal apoptosis or
necrosis, depending on the intensity of the initial insult and the extent
of energy recovery (Gagliardi, 2000). However, NO and free radicals
inhibit Ca2+-ATPases and release Ca 2+ from the endoplasmic
reticulum, suggesting that endoplasmic reticulum Ca2+ could play a
role in oxidant toxicity (Gepdiremen et al., 2002). Therefore,
glutamate-induced oxidative stress during hypoxia/ischemia plays a
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critical role in excitotoxicity (Warner et al., 2004) that leads to
neuronal death (Yoshioka et al., 2000) and impaired brain function
(Berman et al., 2000).

L-type voltage-sensitive Ca2+ channels mediate long-lasting Ca2+

currents in response to depolarization in excitable cells (Yagami et al.,
2004). Several studies usingmodels of cerebral ischemia have reported
neuroprotective actions of Ca2+ channel blockers. For example, L-type
Ca2+ channel blockers, such as S-emopamil, nimodipine and nicardi-
pine, have been shown to display neuroprotective effects in some
animalmodels of ischemia (Alps,1992; Lin et al.,1990;Morikawa et al.,
1991; Rami and Krieglstein, 1994). Various classes of Ca2+-channel
blockers have been introduced (Fleckenstein, 1977): 1,4-dihydro-
pyridine (DHP) derivatives havewidely demonstrated the existence of
L-type Ca2+channels. Mebudipine ((±)-bis-t-butyl-1,4-dihydro-2,6-
dimethyl-1,4-(3-nitrophenyl)-3,5-pyrinedicarboxylate) and dibudi-
pine ((±)-bis-t-butyl-1,4-dihydro-2,6-dimethyl-1,4-(3-nitrophenyl)-
3,5-pyridine dicarboxylate) are two new Ca2+ channel blockers with
DHP structures. Both compounds were first synthesized by Mahmou-
dian et al., (Mahmoudian et al., 1997). The metabolism of these Ca2+

channel blockers in isolated rat hepatocytes has been studied under
in vitro conditions (Bohlooli et al., 2004) and they were shown to
be metabolized extensively through oxidative pathways and by
O-glucuronidation. Several studies have evaluated their effects on the
contractions of various tissues. Both compounds relaxed isolatedhuman
internal mammary artery rings, with mebudipine having greater
potency than dibudipine. They also reduced the contractile force of
the rat left atrium, suggesting that mebudipine might have a selective
and protective Ca2+ channel blocking effect (Mirkhani et al., 1999,
2005). Another study showed that mebudipine and dibudipine were
potent relaxants of vascular and ileal smooth muscle, and that their
potencies in these processes were comparable with those of nifedipine
(Mahmoudian et al., 1997).

We previously-reported the protective effect of nimodipine on
oxygen–glucose deprivation-induced and glutamate-induced neuro-
toxicity in PC12 cells (Rahbar-Roshandel et al., 2007, 2008). This study
aimed to test if mebudipine and dibudipine, two new Ca2+ channel
blockers, could protect cortical neuronal cells against oxygen–glucose
deprivation /reperfusion-induced neurotoxicity and NO production,
and to compare their neuroprotective abilitieswith that of nimodipine.

2. Materials and methods

2.1. Chemicals and reagents

Mebudipine and dibudipine were synthesized in our laboratories
(Mahmoudian et al., 1997); nimodipine, RPMI-1640, Dulbecco's
modified Eagle's medium (DMEM) without glutamine, fetal bovine
serum (FBS), horse serum, penicillin–streptomycin, cytosine arabino-
side, 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium bromide
(MTT), poly-L-lysine, dizocilpine (MK-801), NBQX (2,3-dihydroxy-6-
nitro-7-sulfamoyl-benzo[f]quinoxaline-2,3-dione), NG nitro-L-argi-
nine methyl ester (L-NAME), and modified Griess reagent were
purchased from Sigma Chemical Co. (St. Louis, MO, USA). All other
chemicals were obtained from Merck Co. (Darmstadt, Germany).

2.2. Murine neuronal cell cultures

Primary neuronal cultures of cerebral cortex were obtained from
mouse embryos (E15–18), as described previously (Dawson et al., 1991,
1993). Briefly, timed-pregnant female mice were anesthetized with
chloroform and killed by cervical dislocation. Fetuses were removed
and decapitated with small scissors. The skin and skull were removed,
the cerebral cortex was isolated and the cortex was cut into small
pieces. Tissue was then dissociated by repeated pipetting. The result-
ing homogenate was centrifuged at 300 ×g for 5 min at 20 °C and
plated onpoly-L-lysine-coated 96-well plate culture dishes at a density
of 5×104 cells/ml in RPMI-1640medium supplemented with 10% FBS,
5% horse serum, and 100 IU/ml penicillin and 100 µg/ml streptomycin.
Poly-L-lysine (150,000–300,000 MW) was dissolved in deionized
water and the plate baseswerefilledwith this solution (20 µg/ml) 24h
before the experiment. After 5 min standing at room temperature, the
solutionwas vacuumedand the plateswere left to dry in a laminarflow
bench overnight. The culture dishes were kept at 37 °C in humidified
95% air and 5% CO2. After 24–48 h, 10 µM cytosine arabinoside
(cytosine 1-β-D-arabinofuranoside) was added to the culturemedium
to prevent the proliferation of non-neuronal cells. The culture medium
was changed twice weekly, and the neurons were used for experiments
after 11–16 days incubation. All experiments were approved by the
Institute of Animal Care Committee at Iran University of Medical
Sciences.

2.3. Oxygen–glucose deprivation and drug exposure

Procedures for oxygen–glucose deprivation were performed as
described previously (Frantseva et al., 1999). Briefly, the culture
medium was replaced with glucose/glutamine-free DMEM, and was
exposed to hypoxia for 30 or 60 min in a small anaerobic chamber
previously filled with 95% (v/v) N2 and 5% (v/v) CO2 at 37 °C. To
terminate the oxygen–glucose deprivation, the chamber was opened
and the mediumwas replaced with RPMI-1640, and the cultures were
then placed in an incubator with 5% CO2 for 24 h. To examine the drug
effects, cell cultures were treated 3 h before oxygen–glucose depriva-
tion with mebudipine, dibudipine (dissolved in dimethylsulfoxide
(DMSO)) or nimodipine (dissolved in methanol), as a positive control,
at concentrations of 10−10, 10−9, 10−8M. These concentrations were
chosen for the drugs based on the results of preliminary experiments
(data not shown). The pre-incubation time of 3 h was selected based
on a previously-reported data (Rahbar-Roshandel et al., 2008). To
investigate the effects of various inhibitors on oxygen–glucose
deprivation-induced cell death, MK-801, a non-competitive antago-
nist of the NMDA receptor, NBQX, an AMPA receptor antagonist, and
L-NAME, a NOS inhibitor, were added to themedium3 hbefore oxygen–
glucose deprivation. All measurements were repeated eight times and
each experiment was repeated at least three times. Every data point is
therefore the mean of at least 24 measurements.

2.4. Analysis of neuronal cell viability

Neuronal cell viability was monitored using the colorimetric MTT
assay, as previously described (Mosmann, 1983). Briefly, cells were
incubatedwith 0.5mg/mLMTT in RPMI, at 37 °C under 5% CO2, for 3 h.
The blue formazan reduction product, produced by the action of
succinate dehydrogenase in living cells on the dye, was dissolved in
100 µL DMSO, and the optical density was read at 570 nm using a
Dynex MMX microplate reader (Dynex, Richfield, MN, USA).

Data were expressed as the percentage of viable cells in oxygen–
glucose deprivation-exposed plates compared with control normoxic
plates determined by MTT reduction.

2.5. Measurement of nitrite

The level of nitrite as a measure of NO production in the culture
medium was measured using modified Griess reagent. In brief, after
the experiment, the medium in each well was removed and
centrifuged at 10,000 ×g for 10 min at 20 °C. Then, 100 µL of the
supernatant were mixed with an equal volume of Griess reagent at
room temperature for 10 min, and the absorbance was measured at
540 nm using a microplate reader. The nitrite concentration was
determined from a sodium nitrite standard curve. Plates not exposed
to oxygen–glucose deprivation were used as an external control and
those exposed to oxygen–glucose deprivation conditions without the
addition of any drug were used as an internal control.



Fig. 1. The effects of mebudipine and dibudipine in comparison with nimodipine,
MK801, NBQX, and L-NAME on a 30-min oxygen–glucose deprivation/24 h reperfusion-
induced cell injury in culturedmurine cortical neurons. The dashed bar shows the drugs
group and the dotted bar shows the control group. Optical density at 570 nm
corresponds to the blue formazan reduction product which is produced by the action of
mitochondrial succinate dehydrogenase in living cells and correlates to cell viability.
Data are expressed as the percentage of viable cells in oxygen–glucose deprivation-
exposed plates compared with control normoxic plates (100%). ⁎⁎⁎P<0.001.
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2.6. Statistical analysis

Data are expressed as means±S.E.M. The significance of differ-
ences between means was determined using Student's t-test. The
P values <0.05 were considered significant.

3. Results

3.1. The effects of mebudipine and dibudipine, compared with
nimodipine, on oxygen–glucose deprivation-induced cell injury and NO
production, in cultured cortical neurons

Oxygen–glucose deprivation conditions for 30 or 60 min, followed
by 24 h reperfusion, caused significant cell death, as shown in Fig. 1.
We examined the effects of two new L-type voltage-gated Ca2+

channel blockers, mebudipine and dibudipine, on 30- and 60-min
Fig. 2. The effects of mebudipine and dibudipine in comparison with nimodipine,
MK801, and NBQX, on 60 min oxygen–glucose deprivation/24 h reperfusion-induced
cell injury in cultured murine cortical neurons. The dashed bar shows the drugs group
and the dotted bar shows the control group. Optical density at 570 nm corresponds to
the blue formazan reduction product which is produced by the action of mitochondrial
succinate dehydrogenase in living cells and correlates to cell viability. Data are
expressed as the percentage of viable cells in oxygen–glucose deprivation-exposed
plates compared with control normoxic plates (100%). ⁎⁎⁎P<0.001.
oxygen–glucose deprivation -induced neurotoxicity in cortical neu-
rons. Nimodipine was assessed as a positive control. Pretreatment of
cultures with mebudipine (10−10, 10−9, 10−8M), dibudipine (10−10,
10−9, 10−8M), or nimodipine (10−10, 10−9, 10−8M), 3 h before
exposure to 30 min oxygen–glucose deprivation /reperfusion sig-
nificantly increased the percentage of viable cells, in a concentration-
Fig. 3. (A) The effects of mebudipine and dibudipine in comparisonwith nimodipine on
NO production during a 30-min oxygen–glucose deprivation/24 h reperfusion-induced
cell injury in cultured murine cortical neurons. ⁎⁎⁎P<0.001 (B) The correlation
between NO production and mebudipine-induced cell survival after a 30-min oxygen–
glucose deprivation/24 h reperfusion. (C) The correlation between NO production and
nimodipine-induced cell survival after a 30-min oxygen–glucose deprivation/24 h
reperfusion. (D) The correlation between NO production and dibudipine-induced cell
survival after a 30-min oxygen–glucose deprivation/24 h reperfusion. The values are
presented as mean±S.E.M.



Fig. 4. The effects of L-NAME on NO production during a 30-min oxygen–glucose
deprivation/24 h reperfusion-induced cell injury in cultured murine cortical neurons.
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dependent manner (Fig.1). Themost effective dosewas 10−8M. These
drugs had no protective effects in 60 min oxygen–glucose deprivation
(Fig. 2).

Exposure of cells to 30 min of oxygen–glucose deprivation/
reperfusion significantly increased nitrite production (P<0.001), as
shown in Fig. 3A. Pretreatment of cultures with mebudipine,
dibudipine or nimodipine (10−10, 10−9, 10−8M) significantly de-
creased NO production, as compared with the external control.

There was a highly negative correlation between cell viability and
NO production during oxygen–glucose deprivation after pretreatment
with mebudipine, dibudipine and nimodipine (Fig. 3B–D).

3.2. The effects of MK-801 and NBQX on oxygen–glucose deprivation-
induced cell injury in cultured cortical neurons

In order to determine which glutamate receptors were responsible
for neuronal cell loss induced by 30 min of oxygen–glucose
deprivation, cultures were pretreated with glutamate receptor
antagonists, including MK-801 (10 µM) and NBQX (30 µM). MK-801,
a non-competitive NMDA receptor antagonist, significantly and
markedly (85%) increased cell viability, but NBQX, a selective AMPA-
kainate receptor antagonist, only partially (58%) prevented the cell
death induced by oxygen–glucose deprivation (Fig. 1). In a 60-min
oxygen–glucose deprivation, the same concentrations of MK-801 and
NBQX increased cell viability by 30% and 36% respectively.

3.3. The effect of L-NAME and MK-801 on oxygen–glucose deprivation-
induced cell injury and NO production

The effects of the NOS inhibitor, L-NAME (100 or 200 µM) and MK-
801 (10 µM) on cell viability and NO production were also examined.
Oxygen–glucose deprivation-induced neuronal death and NO produc-
tion were attenuated by L-NAME and MK-801 (Fig. 4).

4. Discussion

Ca2+ channel blockers have neuroprotective potential against high
glutamate- and oxygen–glucose deprivation/reperfusion-induced cell
injury in neuronal cell cultures (Zhang et al., 1993). For example,
nimodipine, a DHP voltage-gated Ca2+ channel blocker, significantly
reduced Ca2+influx and demonstrated a dose-dependent neuropro-
tective effect in kainate-, glutamate-, and NMDA-induced neurotoxi-
city in rat cerebellum (Gepdiremen et al., 1997, 2001; Duzenli et al.,
2005). In the present study, we investigated if the two new Ca2+

channel blockers, mebudipine and dibudipine (Mahmoudian et al.,
1997), were able to protect cortical neuronal cells against 30- and 60-
min oxygen–glucose deprivation/reperfusion, compared with nimo-
dipine. Our results indicate that mebudipine and dibudipine, like
nimodipine, significantly attenuated neuronal cell death after 30 min
of oxygen–glucose deprivation /reperfusion in primary cultures of
mouse cortical neurons, in a concentration-dependent manner. When
the oxygen–glucose deprivation period was increased to 60 min,
however, the Ca2+ channel blockers had no protective effects on the
neuronal cells. The protective effect of these L-type Ca2+-channel
blockers is confirmed by their involvement in reduction of NO
production, as NO is an important mediator in neuronal cell death
(Dawson et al., 1996).

During hypoxia/ischemia, activation of NMDA glutamate receptors
elevates the influx of Ca2+, and activation of non-NMDA receptors
promotes the influx of Na+, both of which can lead to membrane
depolarization. Depolarization can, in turn, activate plasma mem-
brane voltage-sensitive Ca2+ channels, leading to additional Ca2+

influx (Heiss and Graf, 1994). It is likely that glutamate acts on AMPA
receptors to produce membrane depolarization and sufficient mem-
brane depolarization removes the Mg2+ block of NMDA channels,
allowing the influx of extracellular Ca2+ into the cell (Mayer et al.,
1984; Lin et al., 2008). Released glutamate acts on glutamate receptors
and thereby potentiates the neurotoxicity. Blocking of Ca2+-perme-
able NMDA receptors markedly reduces the rise in intracellular Ca2+

(Silver and Erecinska, 1990) and has been shown to be neuroprotec-
tive in animal models of focal brain ischemia, hypoglycemia, and
trauma (Choi, 1988; Albers et al., 1989). However, application of
AMPA-kainate receptor antagonists did not afford complete neuro-
protection in oxygen–glucose deprivation conditions, despite redu-
cing the glutamate efflux to a large extent (Kimura et al., 1998). To
investigate the role of glutamate receptors, we examined if MK-801, a
non-competitive NMDA receptor antagonist, and NBQX, a potent
competitive inhibitor of AMPA/kainate receptors, could attenuate
oxygen–glucose deprivation/reperfusion-induced cell death in pri-
mary cortical cultured neurons. Our results indicated that MK-801 had
greater inhibitory effects on cell death induced by 30 min of oxygen–
glucose deprivation/reperfusion, while NBQX only partially inhibited
cell death induced by oxygen–glucose deprivation/reperfusion. In 60-
min oxygen–glucose deprivation, application of the same concentra-
tions of MK-801 and NBQX resulted in a more prominent protective
effect of NBQX than that of MK-801. This is consistent with previous
reports indicating that on cortical neurons, AMPA-kainate receptors
modulate a more slowly-triggered excitatoric injury than NMDA
receptors do. (Frandsen et al., 1989; Koh et al., 1990). In fact, NMDA
over-stimulation may mask AMPA-induced injury. These results
suggest that non-NMDA receptors are partially involved in cell death
during oxygen–glucose deprivation /reperfusion, but that NMDA
receptor activation and subsequent Ca2+ influx is the primary cause of
cell injury and play crucial roles in cell death. This is consistent with
previous studies which suggested that increased levels of glutamate
and the subsequent activation of ionotropic NMDA receptors were
primarily responsible for neuronal damage occurring as a conse-
quence of ischemic or hypoxic episodes (Simon et al., 1984; Rothman
and Olney, 1986; Sattler et al., 2000; Ban et al., 2008).

Our current study has demonstrated that L-type Ca2+ channel
blockers (mebudipine, dibudipine, and nimodipine), like MK-801
could protect cortical neurons against a 30-min oxygen–glucose
deprivation/reperfusion-induced cell death. This suggests that inhi-
bition of both NMDA receptor-gated and L-type voltage-dependent
Ca2+ channels results in neuroprotection which is probably due to
decreased Ca2+ influx into the cells. In turn, the drugs had no
neuroprotective effect during 60 min of oxygen–glucose deprivation/
reperfusion. These results are confirmed by the fact that cell death
induced by short-term oxygen–glucose deprivation/reperfusion is
Ca2+-dependent, but during longer periods of oxygen–glucose depriva-
tion/reperfusion, additional factors could be involved in enhancing
cell death (MacDonald and Jackson, 2007). There are lots of contro-
versies in the role of the various ionic pathways involved in ischemic
neurotoxicity. Martinez-Sánchez et al. (2004) in a systemic study on
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hippocampal slices showed that oxygen–glucose deprivation-
induced increase in intracellular calcium might be caused by
simultaneous activation of NMDA receptors, Na+/Ca2+ exchangers
and Na+ channels. The same group did not observe any involvement
of voltage-sensitive Ca2+ channels, intracellular Ca2+ stores and
AMPA-kainate receptors in increased intracellaular calcium. In ano-
ther study, no neuroprotective effect was detected for p-type Ca2+

channels blockers (Lingenhohl et al., 1997). Also, Pringle et al. (1996)
showed that L-type Ca2+ channel blockers did not protect hippo-
campal-slice cultures exposed to 1 h of oxygen–glucose deprivation.
In the other hand, several studies have shown the protective effect
of L-type Ca2+ channel blockers in oxygen–glucose deprivation-
induced neuron injury (Pisani et al., 1998; Duzenli et al., 2005; Zhang
et al., 2008).

For the measurement of cellular NO production, direct measure-
ment of released NO by electrodes or measurement of itsmetabolites-
nitrite by Griess method has been used (Kimura et al., 2001). In this
study, the modified Griess method was used to investigate the roles of
mebudipine and dibudipine on NO production induced by short-term
oxygen–glucose deprivation /reperfusion. The results showed that NO
productionwas significantly increased during 30-min oxygen–glucose
deprivation /reperfusion, supporting a role for NO in the cascade of
events leading to a 30-min oxygen–glucose deprivation/reperfusion-
induced cell death. Interestingly, when the cultures were pretreated
with mebudipine, dibudipine or nimodipine, the NO production was
significantly decreased and returned to the level of the external
control. We observed that both L-NAME, a nNOS inhibitor, andMK-801,
a non-competitive NMDA antagonist increased cell viability and
significantly decreased NO production. The same results have been
reported in a previously-published study which shows that application
of MK-801 significantly blocked the oxygen–glucose deprivation-
induced increases of intracellular calcium and NO (Zhang et al., 2003).
Previous studies have also indicated that NOS inhibitors couldmarkedly
reduce the generation of NO after NMDA receptor activation, and
decreased excitotoxic injury in cultured neurons (Moncada et al., 1992;
Kowara et al., 2006). Several studies have found evidence indicating an
involvement of NOS in glutamate-induced excitotoxicity (Dawson et al.,
1991; Shibuta et al., 2003; Whiteman et al., 2004). It was proposed that
NMDA receptor-mediated excitotoxicity involved Ca2+/calmodulin-
dependent NOS activation, and generation of NO and superoxide
(Chakravarthy et al.,1999; Dawson et al.,1996; Guix et al., 2005;Weaver
et al., 2005). Another report indicated that a low concentration of NO
played a protective role in glutamate neurotoxicity by closing the NMDA
receptor-gated ion channels,while high concentrations of NO interacted
with oxygen radicals, becoming toxic andmediating glutamate-induced
neurotoxicity in cultured retinal neurons. NO may therefore possess
both neurodestructive and neuroprotective properties (Gepdiremen
et al., 2002). The relevance of NO to neurotoxicity is also confirmed by
the results of a study reporting that the diffusion-limited reaction
between superoxide and NO gave rise to peroxynitrite (Beckman et al.,
1990). The highly reactive peroxynitrite provides a mechanistic basis
for oxidative stress derived from increased NO production caused by
ischemia/reperfusion (Eliasson et al., 1999). NMDA/AMPA/kainate
receptor activation evokes a rise in cytosolic Ca2+, activating nNOS
alongwith a high capacity, ruthenium red-sensitive Ca2+ uniporter that
transports Ca2+ into the mitochondria, which in turn activates mtNOS
(Cadenas et al., 2001; Haynes et al., 2003). Activation of nNOS/mtNOS
can evoke a rise in NO/peroxynitrite leading to cell death (Ghafourifar
et al., 1999; Sanchez-Gomez et al., 2003). We have shown that
mebudipine and dibudipine, like nimodipine, could return the NO
production to control levels. The increase in NO production induced by
a 30-min oxygen–glucose deprivation might be partially due to
activation of the nNOS isoform in these cells. In fact, we can suggest
that during oxygen–glucose deprivation, calcium enters into neurons
through NMDA receptor and/or L-type voltage-gated calcium channels
and activates NOS which leads to NO production.
In conclusion, mebudipine and dibudipine, two new L-type Ca2+

channel blockers, were able to protect cortical neurons against 30 min
of oxygen–glucose deprivation via a decrease in NO production. This
was confirmed by the observation that there was a highly negative
correlation between decreased NO production and cell death during
30 min of oxygen–glucose deprivation/reperfusion. These results
suggest an order of efficacy of mebudipine>nimodipine>dibudipine.
These observations support the hypothesis of a critical role for the Ca2+

current during ischemic insult. Therefore, blockade of calcium influx
through NMDA receptor-coupled channels and voltage-dependent
calcium channels might be an effective approach for neuronal
protection during oxygen–glucose deprivation.
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