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Abstract:

Background: The aim of this study was to examine the putative protective effect of calcium channel blockers on hippocampal neu-
rons in the experimental model of excitotoxic damage.
Methods: Seven-day old primary dissociated cultures of rat hippocampal neural cells containing one of the following calcium chan-
nel blockers: cinnarizine, flunarizine or nimodipine were exposed to glutamate-induced injury. Quantitative assessments of neuronal
injury were accomplished by measuring lactate dehydrogenase (LDH) activity in the media 24 h after exposure to glutamate and by
counting and establishing the apoptotic and necrotic cells in flow cytometry with Annexin V-FITC/PI staining.
Results: In our experiment, glutamate induced a 339% elevation of apoptotic cells and a 289% increase of necrotic cells in hippo-
campal neurons as compared to control cultures without drugs. In cultures containing flunarizine, glutamate-induced cell apoptosis
was suppressed by 62% while necrosis showed no significant alternation. Cinnarizine exerted no anti-apoptotic effects on
glutamate-injured cultured hippocampal neurons, while nimodipine intensified the apoptotic pathway of cell death and promoted an
increase in the number of apoptotic neurons by 26%. When cinnarizine or nimodipine were used, the percentage of necrotic cells was
significantly lower when compared with glutamate-injured cultures and it amounted to 44% and 24% for cinnarizine and nimodip-
ine, respectively.
Conclusions: The obtained results suggest the beneficial anti-apoptotic potential of flunarizine and the anti-necrotic potential of cin-
narizine against glutamate-induced death of cultured hippocampal neurons. Nimodipine can protect neurons against necrosis, but
has an intensified adverse pro-apoptotic effect on cultured neurons in the experimental model of excitotoxic injury.
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Introduction

Glutamate is a major excitatory amino acid neuro-
transmitter in the central nervous system (CNS). Glu-
tamate plays an important role in synaptic plasticity,

neuronal development and excitation [35]. A neuro-
transmitter exerts its effects via several pre-synaptic
and post-synaptic receptors with differing physiologi-
cal properties [42, 52]. However, in pathological condi-
tions, massive glutamate release to the extracellular
space results in excessive stimulation of glutamate re-
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ceptors, especially the N-methyl-D-aspartate (NMDA)
subtype, and induces neurotoxic action, which is in-
volved in neuronal damage and degenerative disor-
ders in the CNS [13, 31, 32]. This pathological pro-
cess of overstimulation of glutamate receptors due to
excessive exposure to the neurotransmitter glutamate
has been implicated as the most important factor con-
tributing to neuronal injury and death and has been re-
ferred to as excitotoxicity [12, 29, 36]. Both acute and
chronic neurodegenerative disorders are caused by
different mechanisms, but may share a final common
pathway to neuronal injury, i.e., overstimulation of
glutamate receptors. Calcium signaling pathways play
a vital role in the survival of neurons. Degeneration of
the neurons is most likely triggered by excessive Ca2+

influx, additionally amplified by Ca2+ efflux from the
endoplasmic reticulum [26, 30]. Increased intracellu-
lar concentrations of Ca2+ result in rapid efflux of glu-
tamate to the synapse and glutamate-mediated neuro-
toxicity [34, 41, 48]. Sustained elevation of Ca2+ is as-
sumed to set various pathological processes into
motion which could degenerate neurons by activating
proteases, lipases, endonucleases, pro-apoptotic genes
and nitric oxide synthases and by promoting the for-
mation of free oxygen radicals [3, 21]. Therefore, an-
tagonizing excitotoxicity by inhibition of Ca2+ chan-
nel function in neurons is a particularly attractive tar-
get for neuroprotection. For the prevention and
treatment of neuronal damage, studies of neuroprotec-
tion against glutamate excitotoxicity, including the
search for modulators of Ca2+ channel action involv-
ing, in particular, pathways of this process, have at-
tracted increasing research interests. The present
study was designed to investigate the neuroprotection
of primary cultured hippocampal neurons of rats, in-
duced by Ca2+ channel inhibitors, against glutamate-
induced neurotoxicity. We compared the effects of
three drugs: cinnarizine, flunarizine and nimodipine.

Materials and Methods

Culture of hippocampal neurons

Primary cultures of hippocampal neurons were pre-
pared from embryonic day 18 Sprague-Dawley rats as
described previously [43]. The dissected hippocampi
were purchased commercially and delivered in

B27/Hibernate E from Brain Bits (www.Brain-
BitsLLC.com) Tissues were incubated with papain
(Worthington) in Hibernate E medium (BrainBits) at
30°C for 20 min, followed by mechanical trituration
with a fire-polished Pasteur pipette. The mixture was
transferred into B27/Hibernate E medium and the
cells were centrifuged at 200 × g for 1 min. The su-
pernatant was quickly aspirated and the cells were re-
suspended in 1 ml of B27/Neurobasal medium (Invi-
trogen) with 0.5 mM Glutamax and 25 µM glutamate.
Once in suspension, the number of viable cells was
determined by trypan blue exclusion using a hemacy-
tometer. Next, the cells were plated on 24-well plates
coated with poly-D-lysine (Becton Dickinson) at
a density of 32 × 103 cells/2 cm2. Cultures were
grown in a humidified incubator at 37°C, 5% CO2.
Half of the medium was replaced with NbActiv4 me-
dium (BrainBits, USA) every 3 days. Under these cul-
ture conditions, more than 95% of the cells are neu-
rons [10].

Drug preparation

Glutamic acid and Ca2+ channel blockers were sup-
plied from Sigma-Aldrich. Glutamic acid was dis-
solved in NbActiv4 medium (BrainBits, USA); cin-
narizine, flunarizine and nimodipine were dissolved
in absolute ethanol at a concentration of 1 mM as
a stock solution. The solutions were further diluted
with the same solvent to obtain the desired concentra-
tions: 125 µM for glutamic acid and 1 µM, 10 µM,
30 µM for Ca2+ channel blockers. The highest concen-
tration of ethanol in each well of the plates was lower
than 0.1%; this had no significant toxic effect on the
neurons.

The experiment

The experiment was performed after 7 days of cul-
ture. The cells were treated with glutamate (125 µM)
for 15 min. Glutamate and all other chemicals were
added directly to the medium. Before exposure to glu-
tamate, the neurons were pretreated for 60 min with
one of the Ca2+ channel blockers: cinnarizine, flunar-
izine and nimodipine at the concentrations of 1, 10
and 30 µM for each drug. The neurons were also co-
incubated with these drugs during exposure to gluta-
mate for 15 min following pretreatment. The incuba-
tion medium was then changed completely and the
cultures were returned to the incubator until the next
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day. Quantitative assessments of neuronal injury were
done by measuring the lactate dehydrogenase (LDH)
activity in the media 24 h after exposure to glutamate
and by counting and establishing the cells in flow cy-
tometry.

Evaluation of cell death by LDH assay

Neuronal injury was evaluated by measuring LDH ac-
tivity released in the media 24 h after glutamate expo-
sure using the colorimetric assay (Roche). The experi-
ment was performed as per manufacturer’s instruc-
tions. The intensity of the red color formed in the
assay and measured at a wavelength of 490 nm was
proportional to LDH activity and to the number of
damaged cells. The data were normalized to the activ-
ity of LDH released from glutamate-treated culture
media (100%) and expressed as a percentage of this
control. The experiment was performed three times
with 3 wells per condition each time.

Flow cytometry with annexin V/PI staining

Flow cytometric analysis with a detection apoptotic
kit (BD Biosciences) was used for counting and dis-
tinguishing necrotic from apoptotic cell death. Cells
undergoing apoptosis were detected with the use of
double staining with Annexin V-FITC/PI in the dark
according to the manufacturer’s instructions. The hip-
pocampal neurons that had been treated as mentioned
above were harvested by 0.25% trypsin-EDTA,
washed twice with cold phosphate buffer solution
(PBS) and then resuspended in 1× binding buffer at
a concentration of 1 × 106 cell/ml. To a 100-µl aliquot
of the cell suspension, 5 µl of FITC-conjugated an-
nexin V and 5 µl of propidium iodide (50 µg/ml) were
added. After 15 min incubation in the dark at room
temperature, the cells were analyzed within 1 h with
a flow cytometer. Annexin V-FITC selectively passed
through the plasma membranes of apoptotic cells and
stained them with green fluorescence. Necrotic cells
were stained fluorescent red with propidium iodide.
The percentages of unchanged, apoptotic and necrotic
cells for each sample were estimated. The experiment
was repeated three times.

Data analysis

After normalization as a percentage of control ± SEM,
the data were analyzed using Statistica software.

One-way analysis of variance (ANOVA) was used to
determine overall significance. Differences between
the control and the experimental groups were assessed
with the post hoc Tukey test, with significant differ-
ences marked as follows: * p < 0.001 (vs. control cul-
tures), † p < 0.01 and ‡ p < 0.001 (vs. glutamate-
injured cultures [G-IC]). The data were expressed as
the means ± SD. A level of p < 0.05 was considered
statistically significant.

Results

Higher concentrations of Ca2+ channel blockers: 10
and 30 µM were toxic for cultured neurons, therefore,
only the results for 1 µM concentration of the drugs
have been presented and discussed.

A 75-min exposure of hippocampal neuronal cells
to all of the used Ca2+ channel blockers, at the concen-
tration of 1 µM, alone did not produce any neurotox-
icity (data not shown). Flow cytometry analysis with
Annexin V/PI staining assay revealed that the used
concentration of glutamate caused necrosis in 27% of
the cultured neurons and apoptosis in 53% of them.
Only 20% neurons remained unchanged, while in the
absence of glutamate (control cultures) more than
74% of neurons. In cultures containing flunarizine,
more than 43% of the cells remained viable (p < 0.001
vs. G-IC) and only 33% were apoptotic (p < 0.001 vs.

G-IC). In cultures treated with cinnarizine, almost
30% of the cells were viable, but as many as 59%
were apoptotic (comparable with G-IC). In cultures,
into which nimodipine was added, only 6% neurons
were necrotic (comparable with control), but as many
as 72% were apoptotic and only 22% remained un-
changed (comparable with G-IC). The number of
apoptotic cells in nimodipine-treated cultures was sta-
tistically higher than in the G-IC and can indicate on
unfavorable pro-apoptotic effect of nimodipine in the
experimental conditions. The results are presented in
Figure 1.

Figure 2 shows the activity of LDH in the culture
medium. A statistically significant decrease in LDH
efflux, when compared to glutamate-injured cultures
without drugs, was detectable in wells containing flu-
narizine, cinnarizine, and nimodipine. These results
are consistent with the flow cytometric analysis pre-
sented in Figure 1.
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Discussion

Neuronal cultures are often used as an in vitro model
for the assessment of the neuroprotective effects of
various chemical compounds against varied cell
death-inducible factors [44]. Hippocampal neurons

are usually preferred in such experimental studies.
High expression of glutamate receptors on their cellu-
lar membrane results in a selective vulnerability of
these neurons to the effects of this excessive neuro-
transmitter. High concentrations of glutamate in the
extracellular space have been shown to induce neu-
ronal damage and cell loss in cultured neurons [12,
16]. There are two known pathways of neural death:
necrosis and apoptosis [1, 7]. Current studies indicate
that both of these processes coincide and can be deter-
mined as aponecrosis [20, 45]. The impairment of cal-
cium homeostasis in extracellular as well as in intra-
cellular space plays a crucial role in these processes
[14, 54]. Calcium homeostasis can be regulated by
several types of calcium channels, including voltage-
gated calcium channels (VGCC) [8, 28]. VGCC are
divided into two main groups: high-voltage activated
calcium channels such as L-type calcium channels
and low-voltage activated calcium channels such as
T-type calcium channels [18]. T-type calcium chan-
nels are predominantly found in neurons [49]. L-type
channels also have a wide distribution in the CNS [5].
Blockers for both L-type and T-type calcium channels
have been developed to treat various diseases.

Cinnarizine and its di-fluorinated derivative –
flunarizine, have been used for the treatment of many
neurological diseases like vertigo [38], migraine, sei-
zures and epilepsy [15, 24, 51]. Flunarizine and cin-
narizine target the T-type calcium channel [27].
Blockers for L-type calcium channels, such as nimo-
dipine, have been shown to reduce brain damage re-
sulting from severe head trauma [2], improve patient
outcome with subarachnoid hemorrhage [39] and
intractable epilepsy [25]. However, the possible
molecular mechanisms for the beneficial effects of
T-type and L-type calcium channel blockers are
largely unknown, mainly due to complicated in vivo

interactions.
In the present study, we demonstrated that when

compared with glutamate-injured cultures, the per-
centage of unchanged neurons was significantly
higher and the percentage of apoptotic neurons was
statistically lower only in cultures containing flunariz-
ine, although the percentage of necrotic cells was
comparable. In the nimodipine- and cinnarizine-
treated cultures, the percentage of necrotic cells was
comparable to the control cultures, but the percentage
of apoptotic neurons was even higher than in the
glutamate-injured cultures without drugs (statistically
significant in nimodipine-treated cultures).
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Fig. 2. LDH release into the culture medium in each separate drug-
treated culture compared with the control cultures and the
glutamate-injured cells. Statistical analysis: * p < 0.001 vs. control;
‡ p < 0.001 vs. glutamate-injured cultures. GLT – glutamate, F – flu-
narizine, C –cinnarizine, N – nimodipine

Fig. 1. Flow cytometric analysis with Annexin V/PI staining. The per-
centage of hippocampal neurons in the control cultures and each
separate experimental culture are shown. Statistical analysis: * p <
0.001 vs. control; ‡ p < 0.001 vs. glutamate-injured cultures. GLT –
glutamate, F – flunarizine, C – cinnarizine, N – nimodipine



Many clinical and experimental studies tried to con-
firm the neuroprotective effects of calcium channel in-
hibitors [33, 35, 37]. The results were equivocal, with
numerous positive and negative reports [6, 46, 50].

Our results indicate that the T-type calcium channel
blocker flunarizine acts as a neuroprotectant in the
glutamate-induced apoptotic pathway of neuronal cell
death, whereas the other T-type calcium blocker cin-
narizine as well as L-type calcium blocker nimodipine
protect hippocampal neurons against glutamate-
induced necrosis, but not against apoptosis. Summ-
ming up, the percentage of necrotic and apoptotic
neurons in each of the experimental cultures, the neu-
roprotective effect was visible only in those treated
with flunarizine. Such conclusions from the flow cy-
tometric analysis have been confirmed by assessment
of LDH release into the culture medium. Although in
all cultures with each separate used calcium antago-
nists the activity of LDH was significantly lower
when compared to cultures treated with glutamate
alone, the lowest concentration of LDH was detect-
able in wells containing flunarizine (Fig. 2).

Numerous studies highlight the important role of de-
polarization and calcium entry for neuronal survival.
Changes in intracellular Ca2+ concentrations stimulate
a number of intracellular events, including triggering
apoptosis [40]. Ca2+ influx via T-type channels is an im-
portant factor during the initial stages of programmed
cell death [4] and ischemia [19]. A high level of Ca2+ in
mitochondria is essential to activate the genes associated
with apoptosis [3]. Calcium channel antagonists, which
specifically block T-type channels, inhibit cell death by
decreasing the influx of Ca2+ through T-type calcium
channels [53]. CNS neurons mainly express low-voltage
activated calcium channels [17].

There is some evidence that L-type calcium chan-
nels are not responsible for glutamate toxicity [11].
This is likely the reason why nimodipine, an L-type
calcium channel antagonist, offered little protection
from glutamate-induced neuronal damage in brain tis-
sue [47]. In cortical slice cultures treated with 25 mM
extracellular potassium, the L-type calcium channel
inhibitor, nifedipine, caused a significant increase
in the number of apoptotic cells [22], which was
observed in our study as well when another L-type
calcium channel inhibitor, nimodipine, was used. The
pharmacological study clearly implicates calcium en-
try through L-voltage-dependent channels in caspase-3
activation. Further studies have been conducted to un-
derstand how these voltage-dependent calcium fluxes

can promote neuronal survival. The calmodulin-
dependent signaling pathway appeared to play a ma-
jor role in neuroprotection, since calmodulin inhibi-
tion impaired the neuroprotective effects of depolari-
zation [9].

In the present experiment, the used concentration
of glutamate induced the apoptotic pathway of cellu-
lar death in mostly the hippocampal neurons. The in-
volvement of glutamate receptors in promoting apop-
totic cell death has been reported in neural cells under
in vitro conditions [23]. For distinguishing necrotic
from apoptotic cell death, we used flow cytometric
analysis with an apoptotic detection kit. The data
demonstrated that stimulation with 125 µM glutamate
alone induced a 339% elevation of apoptotic cells and
a 289% increase of necrotic cells in hippocampal neu-
rons as compared to the control. Our results are simi-
lar to those obtained by Zhou et al., who also used
a flow cytometry analysis with annexin V/PI staining
[55]. In pretreatment with flunarizine, glutamate-
induced cell apoptosis was significantly suppressed
by 62%, while necrosis showed no significant alterna-
tion. When cinnarizine was used, the number of apo-
ptotic cells was comparable to G-IC, but the percent-
age of necrotic neurons was significantly lower (12%
vs. 27%). In nimodipine-treated cultures, the number
of apoptotic cells was statistically higher than in the
cultures treated with glutamate alone (72% vs. 53%),
although the percentage of necrotic cells was signifi-
cantly lower (6.4% vs. 27%).

Conclusions

Our results suggest the neuroprotective potential of
both L-type and T-type calcium channel blockers
against glutamate-induced death of cultured hippocam-
pal neurons. In contrast to the beneficial anti-apoptotic
effect of the T-type calcium channel antagonist flunar-
izine, another T-type calcium channel inhibitor cinnar-
izine was ineffective in such neuroprotection. When
L-type calcium channel blocker nimodipine was used,
unfavorable pro-apoptotic effect on hippocampal neu-
rons have been observed. On the other hand, nimodi-
pine and cinnarizine have promising anti-necrotic
properties, whereas flunarizine has not.
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