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ABSTRACT—We examined the effect of benidipine, a 1,4-dihydropyridine calcium channel blocker, on
depolarizing stimulation-induced increases of intracellular calcium concentration (ICa**]) in cultured
mouse hippocampal neurons in comparison with those of nicardipine and nilvadipine. Benidipine (0.1~ 10
¢#M) inhibited the [Ca?*]; increase compared with the no drug control response. This effect was stronger
than those of nicardipine and nilvadipine. The inhibitory effect of benidipine lasted even after washing out
the drug for 125 min, while those of nicardipine and nilvadipine disappeared more rapidly. This is the first

report that demonstrates that benidipine inhibits the [Ca

2+, increase in the neuron itself.
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The high voltage-activated L-type Ca?* channel is
known to be blocked by the dihydropyridine derivatives
(1). Benidipine is a type of dihydropyridine Ca®" channel
blocker (2, 3). In the vascular system, benidipine causes
vasodilation in vertebral and coronary arteries in
anesthetized dogs (4). This vasodilative effect of benidi-
pine is more long-lasting and potent than those of the
other dihydropyridine Ca®>* channel blockers in vivo and
in vitro (5, 6). In the nervous system, it is known that
benidipine improves neurological symptoms induced by
cerebral ischemia in rats (7). However, it is unclear
whether benidipine is effective in the neuron itself. In
this study, we investigated the alteration of intracellular
calcium concentration ({Ca?*1;) induced by depolarizing
stimulation in cultured mouse hippocampal neurons to
determine if benidipine directly protects the stimulated
neurons. Furthermore, we compared the effect of benidi-
pine with those of other dihydropyridine derivatives,
nicardipine and nilvadipine.

Primary culture of hippocampal neurons was per-
formed as previously described (8). Briefly, hippocampal
tissues were dissected from the brains of day 16—18 em-
bryonic mice. The cells were dispersed with 0.25% tryp-
sin and 0.01% DNase I digestion and plated at a density
of 1.8—2.0% 10° cells/cm? on a poly-L-lysine-coated glass
coverslip with a silicon rubber wall. The culture of hip-
pocampal cells was maintained in serum-free Dulbecco’s
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modified Eagle’s medium supplemented with 1 mg/ml
bovine serum albumin, 10 gg/ml insulin, 0.1 mg/ml
transferrin, 0.1 nM 1-thyroxine, 30 nM sodium selenite,
1 pg/ml aprotinin (Funakoshi, Tokyo) and 0.1 mg/ml
streptomycin-100 U/ml penicillin (Gibco BRL, Life
Technologies Inc., Rockville, MD, USA) (9). The cells
were cultured at 37C in a hurmd1ﬁed atmosphere con-
taining 5% CO,.

Intracellular Ca?* concentration was measured by a
modified procedure as described previously (8). The hip-
pocampal neurons cultured for 5 days were used. The
culture medium was replaced with a basal salt solution
(composition: 130 mM NaCl, 54mM KCl, 1.8mM
CaCl,, 5.5 mM bp-glucose, 20 mM HEPES-NaOH, pH
7.3) containing 10 M fura-2/acetoxymethyl ester
(Dojindo Laboratories, Kumamoto), and the cells were
kept for 60 min at 37°C. The neurons were then super-
fused continuously with the basal salt solution at
33-34°C, and drugs were added to the superfusion medi-
um 10 min before and during the depolarizing stimulation
(60 mM of potassium chloride and 10 @M of (=)BAY K
8644 (Research Biochemicals International, Natick, MA,
USA)). The time course of fura-2 fluorescence changes in
the neurons was monitored at excitation wavelengths of
both 340 and 380 nm. The data were analyzed with an
Argus 200 system (Hamamatsu Photonics, Hamamatsu)
to calculate the ratio of fura-2 fluorescence value at 340
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nm to that at 380 nm (Rasg/330). Under our conditions,
the relationship between Ca’* concentration ([Ca?"]) to
Rauo/380 Was linear from about 50 nM to 250 nM of [Ca®™].
Therefore, the increase in Rayg/330 was used as an index of
relative [Ca®"]; increase to evaluate a drug’s effect. Data
were obtained from the cells in a total of 3 cultures that
showed an increase in Rsqp/330 larger than 0.4 in response
to the depolarizing stimulation; data were expressed as
the mean=®S.E.M. of the percent of the control (no
drug), which was calculated using “C” and “D” values as
shown in Fig. 1. In the recovery study, after the stimu-
lated cells were washed with the superfusion medium
without drug during a given period, the cells were re-
stimulated and the fluorescence was measured as above. In
the case of benidipine, the first restimulation of the cells
was started after 45-min washing because the recovery
from the blockade of [CaT]; increase by benidipine was
hardly observed in a 10-min washing period in the preli-
minary experiments.

Benidipine hydrochloride, nicardipine hydrochloride
and nilvadipine were synthesized at the Pharmaceutical
Research Institute of Kyowa Hakko Kogyo Co., Ltd.
Dulbecco’s modified Eagle’s medium was from Nissui
Pharmaceutical Co., Ltd. (Tokyo). Trypsin, DNasel,
poly-L-lysine and other culture reagents were from Sigma
Chemical Co. (St. Louis, MO, USA). All other chemicals
were of analytical grade.

The Raqo/330 Was elevated by the depolarizing stimula-
tion in primary cultures of fetal mouse hippocampal neu-
ron, and the elevation was blocked by 1 ¢M benidipine
(Fig. 1). This effect of benidipine was compared with
those of nicardipine and nilvadipine. All these drugs sup-
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Fig. 1. Typical time course of Ris/353 change obtained from a sin-
gle mouse hippocampal cultured neuron that was stimulated with 60
mM potassium chloride and 10 oM (£)BAY K 8644 (depolarizing
stimulation, denoted as dep. stim.) in the absence (solid line) or
presence (dashed line) of 1 #M benidipine. The drug was added 10
min before and during the dep. stim. The white and hatched bars
indicate the duration of dep. stim. and administration of the drug
(40 s), respectively. C (100%) and D denote the control response
(without drug) and the response with the drug, respectively.

Table 1. Effects of Ca** channel blockers on the Rsus50 Fesponse
in mouse hippocampal cultured neurons

Benidipine Nicardipine Nilvadipine
Concentration (M)
0.1 56.3+1.9(54) 90.1+1.6 (54) 92.841.6(55)
1 16.3+:0.8 (84) 59.8*=1.1(84) 67.9+1.0(84)

10 3.5£0.1(56) 9.1%0.4(91) 39.9%+1.5(90)

Values are expressed as percent of the control+S.E.M. (number of
neurons recorded).

pressed the depolarizing stimulation-induced elevation of
the Rsq0/380. These inhibitory effects were concentration-
dependent in a range from 10~7 to 107> M (Table 1). The
decreasing rank order of the inhibitory effect of drugs was
benidipine > nicardipine > nilvadipine.

In the recovery study, the depolarizing stimulation-
induced elevations of the Rasg/33, Which had been sup-
pressed by nicardipine and nilvadipine, recovered to ap-
proximately 80% of the control responses after a 10-min
washing period (Fig. 2). In contrast, the blockade by
benidipine of the depolarizing stimulation-induced eleva-
tion persisted even after 45-min and 125-min washing: the
Rj40/380 did not recover to more than 40% of the control
response (Fig. 2). In repeated depolarizing stimulation
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Fig. 2. Recovery from the blockade by Ca’" channel blockers.
After the measurement of the cellular response in the presence of
Ca®* channel blockers, the neurons were washed by continuous su-
perfusion (without drugs) during the time stated in the figure: 10 min
for nicardipine and nilvadipine, and 45 to 125 min for benidipine.
After the wash, responses evoked by depolarizing stimulation were
measured. Data of 45 and 125 min washing for benidipine were ob-
tained from the same neurons. “10 zM” represented the same data as
10 4M in Table 1. Black, hatched and white columns indicate
benidipine, nicardipine and nilvadipine, respectively. Each column
and bar shows the mean and S.E.M. of recorded neurons, respec-
tively. Cell numbers recorded were 56, 91 and 90 for benidipine,
nicardipine and nilvadipine, respectively.



(total of 4 times), the 4th [Ca?"]; increase by the stimula-
tion was maintained to 97% of the first response (data not
shown). Therefore, in this study, it is thought that the
long-lasting effect of benidipine is scarcely influenced by
repeated depolarizing stimulation-dependent attenuation
of the [Ca®*]; increase.

In this study, we observed that the dihydropyridine-
type Ca?" channel blockers, benidipine, nicardipine and
nilvadipine, suppressed the [Ca’"}; increase induced by
the depolarizing stimulation in concentration-depend-
ent manners in cultured mouse hippocampal neurons.
Benidipine exhibited about a tenfold stronger inhibi-
tory effect than the other two drugs since the potency
of benidipine at a concentration of 0.1 #M was almost
equal to or stronger than those of nicardipine and nilva-
dipine at 1 pM. This higher potency of benidipine com-
pared with the other dihydropyridine Ca’" channel
blockers was also observed in the vascular system (2, 5).
Thus it seems that in hippocampal neurons, there exists
an L-type Ca®" channel of the same type as that in the
vascular system. Indeed, it is reported that the L-type
Ca?" channel is distributed in central neurons (10). It
remains to be clarified how much the blockade of
[Ca®']; increase by benidipine in neurons contributes to
the suppression of ischemic damages.

We elucidated the difference of benidipine from the
other two drugs by a recovery study. The effect of benidi-
pine did last after washing much longer than those of the
other two. Such pharmacological properties of benidipine
may be in part derived from the slow dissociation rate of
this drug. The dissociation rate of (+/—)[*H]benidipine
from the dihydropyridine receptor sites in rat heart mem-
branes is 50 times slower than that of (+/—)[*H]nitren-
dipine (11). Alternatively or additionally, the long-lasting
effect of benidipine may be due to an additional intera-
ction with Ca?* channels or lipid membrane (12).

In conclusion, we found that the dihydropyridine-type
Ca?t channel blockers benidipine, nicardipine and nil-
vadipine blocked the increase of [Ca®"]; induced by the
depolarizing stimulation in cultured mouse hippocampal
neurons. Among them, benidipine had the highest poten-
cy and showed the longest duration of action in blocking
the [Ca?"]; increase. This is the first report that demon-
strates that benidipine inhibits the [Ca®']; increase in the
neuron itself.

Acknowledgment
We gratefully thank Dr. Akira Karasawa for his helpful com-
ments on the manuscript.

Short Communication 403

REFERENCES

1 Spedding M and Lepagnol J: Pharmacology of sodium and
calcium channel modulation in neurons: implications for neuro-
protection. Biochem Soc Trans 23, 633~-636 (1995)

2 Karasawa A and Kubo X: Calcium antagonistic effects and the
in vitro duration of actions of KW-3049, a new 1,4-dihydro-
pyridine derivative, in isolated canine coronary arteries. Jpn J
Pharmacol 47, 35-44 (1988)

3 Muto K, Kuroda T, Kawato H, Karasawa A, Kubo K and
Nakamizo N: Synthesis and pharmacological activity of stereo-
isomers of 1,4-dihydro-2,6-dimethyl-4-(3-nitrophenyl)-3,5-pyri-
dinedicarboxylic acid methyl 1-(phenylmethyl)-3-piperidinyl es-
ter. Arzneimittelforschung 38, 1662— 1665 (1988)

4 Karasawa A, Kubo K, Shuto K, Oka T and Nakamizo N: Vaso-
dilating effects of the new calcium antagonist benidipine hydro-
chloride in anesthetized dogs and cats. Arzneimittelforschung
38, 1707—-1712 (1988)

5 Karasawa A, Ikeda J, Yamada K, Kubo K, Oka T and
Nakamizo N: Antihypertensive effects of the new calcium an-
tagonist benidipine hydrochloride in conscious, renal-hyperten-
sive dogs. Arzeimittelforschung 38, 16951697 (1988)

6 QGotoh Y, Kumadani S, Kawai T, Imaizumi Y and Watanabe M:
Slow onset of and recovery from Ca blocking action of benidi-
pine in aorta and portal vein. Jpn J Pharmacol 51, 37-45
(1989)

7 Shirakura S, Karasawa A and Kubo K: Effect of benidipine
hydrochloride (KW-3049), on cerebral ischemia induced by
bilateral occlusion of common carotid arteries in rats. Biol
Pharm Bull 16, 475-479 (1993)

8 Tsukuda E, Toki S, Nozawa M and Matsuda Y: Effects of
a novel N-methyl-pD-aspartate (NMDA) receptor antagonist,
3,3"dimethyl-3,4,3',4-tetrahydro-6,8,6',8-tetramethoxy-[10,10"-
bi-2-oxanthracene]-4,9,9-(1H,1H)-triol 4-acetate (ES-242-1),
on NMDA-induced increases of intracellular Ca>* concentration
in cultured hippocampal neurons. Biochem Pharmacol 48,
2207-2213 (1994)

9 Yuzaki M, Miyawaki A, Akita K, Kudo Y, Ogura A, Ino H and
Mikoshiba K: Mode of blockade by MK-801 of N-methyl-D-
aspartate-induced increase in intracellular Ca?* in cultured
mouse hippocampal neurons. Brain Res 517, 51—-56 (1990)

10 Dunlap X, Luebke JI and Turner TJ: Exocytotic Ca?* channels
in mammlian central neurons. Trends Neurosci 18, 89—98
(1995)

11 Ishii A and Toyama J: Binding properties of (+)[°H]benidipine
hydrochloride to rat heart membranes. J Cardiovasc Pharma-
col 21, 191196 (1993)

12 Yamamoto M, Gotoh Y, Imaizumi Y and Watanabe M:
Mechanisms of long-lasting effects of benidipine on Ca current
in guinea-pig ventricular cells. Br J Pharmacol 100, 669—-676
(1990)



