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Abstract

Ž . Ž 2q .Dotarizine a novel piperazine derivative with antimigraine properties and flunarizine a Ca channel antagonist were compared
concerning: first, their ability to cause chromaffin cell damage in vitro; second, the possible correlation of their octanolrwater partition

Ž 2qcoefficients and those of another 28 compounds i.e., Ca channel antagonists, blockers of histamine H receptors, antimycotics,1
.b-adrenoceptor antagonists, neuroleptics , with their ability to cause cell damage; third, their capacity to protect the cells against the

damaging effects of veratridine; and fourth, their capabilities to enhance the basal cytosolic Ca2q concentration in fura-2-loaded single
w 2qxchromaffin cells, or to modify the pattern of Ca oscillations elicited by veratridine. After 24-h exposure to 1–30 mM dotarizine, thei
Ž .viability of bovine adrenal chromaffin cells measured under phase contrast or as lactate dehydrogenase, released into the medium was

similar to that of control, untreated cells; at 100 mM, 80% lactate dehydrogenase release was produced. At 1–3 mM flunarizine caused no
cell damage; however 10 mM caused 20% lactate dehydrogenase release and 30 and 100 mM over 90% lactate dehydrogenase release.

ŽThe time course of cell damage was considerably faster for flunarizine, in comparison to dotarizine. Out of 30 molecules tested at 10
. Ž .mM , having different octanolrwater partition coefficients log P , dotarizine was among the molecules causing no cell damage;

flunarizine caused 20% cell loss, lidoflazine and verapamil over 50% cell loss, and penfluridol, draflazine, astemizole or nifedipine over
Ž . Ž .80% cell loss. No correlation was found between log P and cytotoxicity. Both dotarizine 10–30 mM and flunarizine 3–10 mM

provided protection against veratridine-induced cell death; however, at 30 mM dotarizine afforded a pronounced protection while
Ž . Ž .flunarizine enhanced the cytotoxic effects of veratridine. Dotarizine 30 mM but not flunarizine caused a prompt transient elevation of

w 2qx q w 2qx w 2qxthe basal Ca . Both compounds abolished the K -induced increases of Ca as well as the oscillations of Ca induced byi i i

veratridine. The blocking effects of dotarizine were readily reversed after washout, while those of flunarizine were long-lasting. These
differences might be relevant to the clinical use of dotarizine as an antimigraine drug. q 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction

Dotarizine, a novel piperazine derivative structurally
Žrelated to flunarizine Gubert et al., 1987; Villarroya et al.,

.1995 , is currently being evaluated in clinical trials for its
Ž .antimigraine and antivertigo effects Galiano et al., 1993 .

Its parent piperazine compound, flunarizine, has been used
for the prophylaxis of migraine crisis; its clinical efficacy
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has been related with its Ca2q channel antagonist proper-
ties, since Ca2q as well as Naq channels have been

Žimplicated in the pathogenesis of migraine Todd and
.Benfield, 1989; Ophoff et al., 1996 . Like flunarizine,

dotarizine exhibits Ca2q channel blocking properties. Thus
in rabbit aortic smooth muscle, dotarizine inhibits 45Ca2q

Ž .uptake and vessel contractility Tejerina et al., 1993 .
Furthermore, dotarizine blocks whole cell Ca2q and Ba2q

currents through high-voltage activated Ca2q channels in
voltage-clamped bovine chromaffin cells. The compound
also inhibits three other signals related to Ca2q channel
activation i.e., 45Ca2q uptake, the transient rise of cytoso-

2q w 2qxlic Ca concentrations, Ca , as well as the release ofi
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q Žcatecholamines triggered by K depolarisation Villarroya
.et al., 1995 .

In contrast to flunarizine, dotarizine exhibits potent
Žantiserotonergic activity, both in vitro and in vivo Brasó

et al., 1989, 1994; Cartheuser et al., 1994; Montiel et al.,
.1997 . Various other drugs with 5-HT receptor antagonist2

properties have been used in migraine prophylaxis, for
Žexample pizotifen, methysergide, or propranolol Welch,

.1993; Goadsby and Olesen, 1996 . The 5-HT receptor
blocking effect of dotarizine, in addition to its being a
Ca2q channel antagonist, might thus increase its therapeu-
tic potential.

The long-term clinical use of flunarizine for the treat-
Žment of migraine, epilepsy and other diseases Binnie et

.al., 1985; Todd and Benfield, 1989 , revealed some unde-
sirable side-effects, i.e., reversible extrapyramidal symp-

Ž .toms Micheli et al., 1987 . These side-effects might be
explained in the following context. Flunarizine exhibits an
extraordinary capacity to accumulate in cell membranes,
where it can reach millimolar concentrations from concen-
trations in the low micromolar range in the extracellular

Žsolution Scheufler and Peters, 1990; Thomas and Seelig,
.1993 . This could lead to the accumulation of flunarizine

in brain tissue following its repeated administration to
patients, thus blocking dopamine release from striatal neu-

Žrones andror striatal dopamine D receptors Brucke et2
.al., 1995; Maroto et al., 1995; Braso et al., 1996 .´

An alternative explanation for the extrapyramidal-like
symptoms could rest in the possible direct cytotoxic effect
of flunarizine on striatal neurones. Flunarizine has been
shown to have cytoprotectant actions in neuronal cultures
ŽPauwels et al., 1989, 1990, 1991; Rich and Hollowell,

. Ž .1990 , chromaffin cell cultures Maroto et al., 1994 ,
Ž .hippocampal slices Ashton et al., 1990 and in animal

Ž .models of stroke De Ryck et al., 1989 . However, at high
concentrations, flunarizine also exhibits cytotoxic effects
Ž .Maroto et al., 1994 . In this study, we compared the
ability of dotarizine and flunarizine to cause cell death and
cell protection in primary cultures of bovine adrenal
medullary chromaffin cells. In addition, their effects on the

2q w 2qxcytosolic Ca concentration, Ca , was also studied.i

This comparison is particularly interesting if we consider
that, in spite of having similar lipophilicity, dotarizine has
readily reversible effects to block catecholamine release in
chromaffin cells, opposite to the long-lasting actions of

Ž .flunarizine Lara et al., 1997 .

2. Materials and methods

2.1. Materials and solutions

Flunarizine, cinnarizine, lidoflazine, R56865, sabelu-
Ž Ž .zole, lubeluzole, R91154, the R y enantiomer of lubelu-

.zole , penfluridol and fluspirilene were obtained from the
Janssen Research Foundation, Belgium; Dulbecco’s modi-

Ž .fied Eagle’s medium DMEM and fetal calf serum from
GIBCO, Madrid, Spain. Collagenase from Clostridium

Ž .histolyticum Boehringer-Mannheim and dotarizine was
obtained from Grupo Ferrer, Barcelona, Spain. Veratridine
and other compounds were obtained from Sigma. Concen-

Ž y2 .trated solutions 10 M of dotarizine and flunarizine
Ž .were made in dimethylsulfoxide DMSO . Concentrated

Ž y1 .veratridine solutions 10 M were also made in DMSO.
Appropriate dilutions were then made with Krebs–HEPES

Ž . Ž .solution pH 7.4 containing in mM : NaCl, 145; KCl,
5.9; MgCl , 1.2; CaCl , 2.5; sodium HEPES, 10; glucose,2 2

Ž .10. At the final concentration used up to 1% , DMSO had
no effect on cell viability.

2.2. Preparation of cells

Bovine adrenal medullary chromaffin cells were iso-
Ž .lated as previously described Livett, 1984 with some

Ž .modifications Moro et al., 1990 . To reduce the number of
endothelial cells in the culture that would confuse the
source of lactate dehydrogenase released into the medium,
the cells were pre-plated for 30 min and subsequently

Žplated in DMEM; proliferation inhibitors cytosine arabi-
.noside and fluorodeoxyuridine were used during mainte-

nance of the culture in the DMEM medium. Cells were
Ž .plated on plastic culture wells 24-well Costar plates with

0.01 mg mly1 of poly-D-lysine at a density of 5=105,
containing 1 ml DMEM supplemented with 5% fetal calf
serum, 10 mM cytosine arabinoside, 10 mM fluo-
rodeoxyuridine, 50 IU mly1 penicillin and 50 mg mly1

streptomycin. Cultures were maintained for 1–2 days at
378C in a water-saturated atmosphere with 5% CO . Try-2

pan blue exclusion yielded cell viability values greater
than 95%.

2.3. Exposure of cells to drugs

After 24 h, the cells were incubated for different time
periods with 1 ml of serum-free Krebs–HEPES medium
containing flunarizine or dotarizine at various concentra-

Ž .tions 3, 10, 30 and 100 mM . Incubations were for periods
Ž .30 min, 1, 4, 10 and 24 h , after which the medium was
removed and the cells were incubated with 1 ml serum-free
Krebs–HEPES medium without the drug. LDH assay was
performed 24 h later. Control cells were treated with
solvent, using DMSO 0.3–1%. At the end of the incuba-
tion period, the medium was removed and saved. Cells
attached to the bottom of the dish were lysed by adding 1
ml of 1% Triton X100 in H O, for LDH determination.2

2.4. Lactate dehydrogenase assay

Extracellular and intracellular lactate dehydrogenase ac-
tivity was measured by following the reduction of tetra-

Žzolium at an absorbance wavelength of 492 nm Boeh-
.ringer Mannheim kit . Total lactate dehydrogenase activity
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was defined as the sum of intracellular and extracellular
lactate dehydrogenase activity. Released lactate dehydro-
genase was defined as the percentage of extracellular
compared to total lactate dehydrogenase activity.

[ 2 q]2.5. Measurement of changes in CA in fura-2-loadedi

boÕine chromaffin cells

Chromaffin cells were loaded with fura-2 by incubating
Ž .them with fura-2rAM 4 mM for 30 min at room temper-

Ž . Žature in Krebs–HEPES solution pH 7.4 containing in
.mM : NaCl, 145; KCl, 5.9; MgCl , 1.2; CaCl , 2.5;2 2

sodium HEPES, 10; glucose, 10. The loading incubation
was terminated by washing several times the coverslip
containing the attached cells, using Krebs–HEPES. The
cells were then kept at 378C in the incubator for 15 to 30
min. The fluorescence of fura-2 in single cells was mea-
sured with the photomultiplier-based system described by

Ž .Neher 1989 , which produces a spatially averaged mea-
w 2qxsure of the Ca . Fura-2 was excited with light alternat-i

ing between 360 and 390 nm, using a Nikon 40= fluorite
objective. Emitted light was transmitted through a 425-nm
dichroic mirror and 500 to 545-nm barrier filter before

w 2qxbeing detected by the photomultiplier. Ca was calcu-i

lated from the ratios of the light emitted when the dye was
excited by the two alternating excitation wavelengths
Ž .Grynkiewicz et al., 1985 .

2.6. Statistical analysis

Each experiment was performed in three wells and
experimental data were calculated from the mean of the
three wells. Data are means"standard error of mean
Ž .S.E.M. . Effects were analysed with an analysis of vari-
ance. If significant differences were found, an appropriate

Žmultiple comparison procedure Student–Newman–Keuls
.test was done. The level of statistical significance was

taken at P-0.05. Analysis was performed using a SPSS
software for Windows.

3. Results

Ž .The results are grouped in two categories: i those
related to the cytotoxic effects of dotarizine, flunarizine
and 28 other compounds with different octanolrwater

Ž .partition coefficients; ii those related to cytoprotection
exerted by dotarizine and flunarizine against the cytotoxic
effects of veratridine. In both cases, attempts were made to
correlate the cytotoxic and cytoprotecting actions of dota-

w 2qxrizine and flunarizine with the modifications of Ca .i

3.1. The cytotoxic effects of dotarizine and flunarizine

Cells incubated for 24 h in Krebs–HEPES containing
Ž .0.3% DMSO the solvent for the drugs appeared spherical

or oval with a clear plasma membrane and strong bire-
fringence. Though many cells appeared isolated, others

Ž .tended to cluster in islets of 4–10 cells Fig. 1A . Cells
incubated with 30 mM dotarizine had a well delimited
plasma membrane, strong birefringence and a tendency to

Ž .form clusters Fig. 1B . In contrast, cells incubated with 30
mM flunarizine lost their membrane integrity, their bire-
fringence and appeared as cell fragments, indicating that

Ž .extensive cell death had occurred Fig. 1C .
The morphological data are consistent with the results

of experiments taking lactate dehydrogenase release as a
more quantitative marker of cell lesion. In Fig. 2 the white

Fig. 1. Phase contrast micrographs of 2-day-old chromaffin cells incu-
bated for 24 h in a Krebs–HEPES solution containing 0.3% DMSO
Ž . Ž .panel A , or solutions containing 30 mM dotarizine panel B or 30 mM
flunarizine.
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Ž .Fig. 2. Cytotoxic effects of increasing concentrations abscissa of flunar-
Ž .izine and dotarizine determined as lactate dehydrogenase LDH released

Ž .ordinate after 24 h of exposure of chromaffin cells to each drug
Ž .concentration. Control white bar corresponds to cells treated with

DMSO 1%. Hatched bars represent cells treated with flunarizine at
different concentrations over 24 h. Black bars represent cells treated with
different concentrations of dotarizine over 24 h. Data are means"S.E.M.

Ž .of 6–7 experiments 3 wells each . ) P -0.05 compared with control.

bar labelled ‘Control’ reflects the lactate dehydrogenase
Ž .spontaneously released 12"1% of total enzyme by chro-

maffin cells incubated for 24 h in a Krebs–HEPES solu-
tion containing 1% DMSO, the vehicle used to dissolve
dotarizine and flunarizine. At the concentration of 10 mM,
flunarizine showed a tendency to increase cell death; this
was exaggerated at 30 mM, a concentration of flunarizine
that caused near 100% cell loss. Dotarizine did not display
cytotoxic effects at 10 or 30 mM, but at the very high
concentration of 100 mM it was as cytotoxic as flunar-
izine.

The two compounds also differed as to the time course
of their damaging effects. Fig. 3A shows that at 30 mM
flunarizine increased lactate dehydrogenase release as soon
as after 1-h exposure; at 4 h, the damaging effects of this
compound were maximum. At 30 mM dotarizine caused a
lactate dehydrogenase release slightly and significantly
higher than that of vehicle-treated cells, only after 24-h
incubation. With 100 mM flunarizine near maximal cell
death was reached after only 30-min incubation. The cyto-
toxic effects of the 100 mM concentration of dotarizine
were considerably delayed with respect to those of flunar-
izine; thus, after 30–60 min lactate dehydrogenase release
amounted to 50%; at 4 h the release was similar to that
with flunarizine.

3.2. Lipophilicity and cytotoxic effects of drugs

Flunarizine is highly lipophilic and accumulates in cell
Žmembranes to reach millimolar concentrations Scheufler

.and Peters, 1990; Thomas and Seelig, 1993 . Like flunar-
Ž .izine, dotarizine is highly lipophilic Lara et al., 1997 .

Thus it could well be that lipophilicity per se might

explain the cytotoxic actions of these compounds. To test
this hypothesis we selected 28 compounds with
octanolrwater partition coefficients ranging from y1.20
to 7.6, and tested them for their ability to cause cell
damage after 24 h incubation of chromaffin cells with 10
mM of each compound. LDH released in control cells

Ž .amounted to about 10% Fig. 4 .
Ž .Having one of the highest log P 6 , dotarizine was

nevertheless the least toxic agent, together with oxatomide
Ž .log P 4.76 . In contrast, with a log P similar to that of

Ž .oxatomide around 5 several compounds caused drastic
cell death; this was true for draflazine, astemizole, or
fluspirilene. Although, in general, the more hydrophilic
compounds scarcely had cytotoxic effects, it is curious that

Ž . Ž .mebendazol log P 3.01 , verapamil log P 2 , nifedipine
Ž . Žlog P 2.86 and particularly carmidazole log P of only

.1.12 caused the release of above 50% LDH. Thus a
correlation between log P and LDH release does not exist
Ž .inset to Fig. 4 .

Fig. 3. Cytotoxic effects as a function of the time of cell exposure to
Ž . Ž . Ž .flunarizine circles , dotarizine triangles and DMSO 1% squares ,

Ž . Ž .measured as lactate dehydrogenase LDH released ordinate . Chromaf-
Ž . Ž .fin cells were exposed to 30 mM A or 100 mM B of flunarizine or

dotarizine for different periods of time and LDH released was measured
Žafter 24 h of exposure. Data are means"S.E.M. of 5–7 experiments 3

.wells each . )Significant differences between DMSO and flunarizine or
Ž .dotarizine concentrations P -0.05 . a Significant differences between
Ž .flunarizine and dotarizine P -0.05 .
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Fig. 4. Cytotoxic effects of dotarizine, flunarizine and other 28 molecules
Žwith different octanolrwater partition coefficients shown next to each

. Ž .bar . Cells were exposed to each drug 10 mM for 24 h and then the
Ž . Ž .lactate dehydrogenase LDH released as a % of total, ordinate was

estimated as an index of cell death. Data are means"S.E.M. of 4–6
Ž .experiments 3 wells each . Inset, correlation betwen LDH release

Ž . Ž .ordinate and the octanolrwater partition coefficient log P . Furnidip-
ine and nimodipine were excluded from the regression analysis because
their log P was unavailable.

3.3. Cytotoxic effects of Õeratridine and cytoprotection
afforded by dotarizine and flunarizine

Ž .In a previous study Maroto et al., 1994 we demon-
strated that flunarizine offered protection to chromaffin
cells exposed to veratridine. It was therefore interesting to
know whether dotarizine shares these properties with flu-
narizine. To achieve this goal chromaffin cells were ex-

Ž .posed to veratridine 100 mM for 24 h in the presence or
Ž .the absence of a concentration of dotarizine 30 mM that

itself did not cause cell death. Fig. 5 shows phase contrast
Ž .microphotographs of control cells panel A , cells treated

Ž .with veratridine panel B and cells exposed first to dota-
Žrizine and subsequently to dotarizine plus veratridine panel

.C . Control cells and cells treated with dotarizine plus
veratridine showed a similar pattern: well delimited plasma
membranes, strong cytosolic birefringence and cells
grouped in clusters. In sharp contrast, cells exposed to
veratridine alone showed a broken plasma membrane, a
dark punctate cytosol and signs of necrotic death.

The cytoprotecting effects of dotarizine were studied in
a more quantitative way by measuring the liberation of

Ž .lactate dehydrogenase into the incubation media Fig. 6 .
Control cells incubated for 24 h in normal Krebs–HEPES
solution released 12"1.5% of enzyme. Exposure to vera-
tridine provoked as much as 62"6.7% of enzyme release.
At 10–30 mM, dotarizine decreased the release of lactate

Fig. 5. Cytoprotection by dotarizine against the cytotoxic effects of
veratridine. Control chromaffin cells were incubated for 24 h in a

Ž .Krebs–HEPES solution containing 0.4% DMSO panel A . Veratridine-
treated cells were incubated for 24 h with a Krebs–HEPES solution

Ž .containing 100 mM veratridine panel B . The cytoprotection by dota-
rizine was studied by adding first 30 mM of this compound and after 30
min, 100 mM veratridine; cells were subsequently incubated with the two

Ž .compounds for an additional 24-h period panel C . Phase contrast
microphotographs were taken at the end of the 24-h incubation period.
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Ž .Fig. 6. Cytoprotection afforded by dotarizine black bars and flunarizine
Ž . Žhatched bars against the cytotoxicity induced by veratridine 100 mM

. Ž .for 24 h; Vtd . Control cells white left bar were incubated in a solution
with 0.4% DMSO. The protocols for incubation of the cells with veratri-
dine in the presence of increasing concentrations of dotarizine and
flunarizine were similar to those described in legend to Fig. 5. Data are
means"S.E.M. of 4–5 experiments in triplicate. a Significant differ-

Ž .ences compared with Vtd P -0.05 . )Significant differences compared
Ž .with control P -0.05 .

dehydrogenase, thus suggesting that the drug caused a
concentration-dependent, significant, cytoprotection against
the cytotoxic effects of veratridine. This pattern substan-
tially differed from that observed with flunarizine. At
concentrations of 3–10 mM flunarizine caused clear cyto-
protection, thus confirming previous results from this labo-

Ž .ratory Maroto et al., 1994 . However, at 30 mM flunar-
izine showed the opposite effect, an augmentation of the
cytotoxic actions of veratridine. This was not unexpected
considering that 30 mM flunarizine itself caused near

Ž .100% enzyme release Fig. 2 .

[ 2 q]3.4. Effects of dotarizine and flunarizine on basal CA i
q [ 2 q]and K -induced increase of CA i

Again we observed clear differences in the actions of
dotarizine and flunarizine on the basal and Kq-induced

w 2qx w 2qxchanges of Ca . The Ca traces shown in Fig. 7Ai i

were obtained from a fura-2-loaded single chromaffin cell
q Ž qthat was stimulated first with K 70 mM K , 2.5 mM

2q .Ca , 5 s pulses , then exposed for 20 min to 30 mM
dotarizine and stimulated intermittently with Kq, at 5-min

Ž . qintervals small circles at the bottom . The first K pulse
w 2qxcaused a rapid Ca spike that quickly declined to reachi

w 2qxthe basal Ca of about 0.1 mM. Subsequent superfusioni

of the cell with dotarizine caused a prompt increase of
w 2qxbasal Ca to a small peak of about 0.5 mM, followedi

by a slow decline to near basal levels, in spite of sustained
superfusion with the compound. Kq pulsing failed to

w 2qxproduce a Ca increase while dotarizine was present;i

however, after washout of dotarizine, Kq elicited increas-
w 2qx Žing Ca spikes at the beginning of its application seei

. w 2qxtraces in Fig. 7B . Ca remained low during the first 20i
w 2qxmin of flunarizine superfusion; later on, the Ca begani

to increase first slowly, and then rapidly, to reach satura-
tion of the fura-2. Afterwards, the cell detached, probably

w 2qxbecause it was flooded with cytotoxic levels of Ca .i
During flunarizine treatment, the Kq pulses did not give

w 2qxrise to any modification of the Ca levels measured ati

that moment. After washout of flunarizine the cell contin-
ued to be insensitive to the Kq challenge.

3.5. Effects of dotarizine and flunarizine on the oscillations
[ 2 q]of CA elicited by Õeratridinei

When fura-2-loaded bovine chromaffin cells are ex-
w 2qxposed to veratridine their Ca changes and follows ai

Žsustained non-desensitizing oscillatory pattern Lopez et´
.al., 1995 . This pattern was reproduced in the chromaffin

cell shown in Fig. 8A. After an initial Kq pulse to test cell
Ž .viability, veratridine 30 mM was continuously super-

w 2qxfused. Soon, the Ca started to rise and to descend toi

basal levels following an irregular oscillatory pattern.
Ž .Dotarizine 10 mM rapidly abolished the oscillations.

w 2q xFig. 7. Changes in the Ca in fura-2-loaded single chromaffin cellsi
Ž .superfused for 20 min with 30 mM dotarizine panel A or 30 mM

Ž .flunarizine panel B . The compounds were superfused for the time
period shown by the bottom horizontal bars. Before, during and after

q Ž qwashout of the compounds, K pulses 70 mM isotonic K , 2.5 mM
2q .Ca , 5 s were applied as shown by the small circles at the bottom. The

w 2q x Ž . Ž .Ca is expressed in mM ordinates . DMSO 0.3% did not modifyi
w 2q x Ž .the Ca not shown . These experiments were repeated with 10 cellsi

Ž . Ž .dotarizine and 6 cells flunarizine with similar results.
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w 2q xFig. 8. Effects of dotarizine and flunarizine on the oscillations of Ca i
Ž .induced by veratridine 30 mM in single fura-2-loaded chromaffin cells.

q Ž qThe experiment was initiated by applying a 5-s pulse of K 70 mM K ,
2q .2.5 mM Ca to test cell viability. Then veratridine was added, as

indicated by the horizontal bars at the top. In the middle of the veratridine
Ž . Ž .application, dotarizine 10 mM, panel A or flunarizine 10 mM, panel B

was applied during the time period shown by the bottom horizontal bars.
Ž .These experiments were repeated with 5 cells dotarizine and 4 cells

Ž .flunarizine , with similar results.

While superfusion with dotarizine proceeded, a Kq pulse
Ž . w 2qxdot failed to elevate the Ca . Upon washout of dota-i

rizine the oscillations resumed promptly. This was not the
Ž . w 2qxcase for flunarizine 10 mM in that after the Ca i

oscillations were suppressed they did not recover so fast
following its washout.

4. Discussion

Dotarizine and flunarizine are piperazine derivatives
with similar chemical structures but dissimilar pharmaco-
logical profiles. The differences extend to blockade of
5-HT receptors, reversibility of their effects on Ca2q entry

Ž .and catecholamine release see Section 1 for references ,
Ž .and to their ability to cause cell damage this study . Thus

dotarizine damaged the chromaffin cells only at the very
high concentration of 100 mM, while flunarizine was
cytotoxic at concentrations 10–100 mM; damage devel-
oped faster with flunarizine. The IC for dotarizine to50

block 5-HT-induced contractions of pig coronary artery is
0.22 mM, and the IC to inhibit 5-HT receptors ex-50 2A

Žpressed in Xenopus oocytes is 2.2 nM Montiel et al.,

.1997 . On the other hand, the blockade by dotarizine of
45Ca2q entry, whole-cell Ca2q channel currents and Kq-

w 2qxevoked Ca increases and catecholamine release ini
Žbovine chromaffin cells has IC s of 1.2–5 mM Villar-50

.roya et al., 1995 . Thus, the pharmacological actions of
dotarizine plausibly responsible for its antimigraine effects
Ž .i.e., blockade of 5-HT receptors and calcium antagonism
are exerted at concentrations 50–5000-fold lower than
those required to cause cell damage.

In general the calcium antagonists are highly lipophilic
molecules with high log P. Lipophilicity favours the
accumulation of these molecules in cells. The case of
flunarizine is an illustration, since it can reach millimolar
concentrations in cell membranes from concentrations in
the low micromolar range in the extracellular solution
Ž .Scheufler and Peters, 1990; Thomas and Seelig, 1993 . A
priori, it is tempting to link this cell accumulation of
highly lipophilic molecules to their potential to cause cell
damage; however, this does not seem to be the case for
several reasons: first, dotarizine and flunarizine have simi-

Ž .lar high log P near 6 , yet they differ in the rate of
Žwashout of some of their pharmacological effects Villar-

.roya et al., 1995; Lara et al., 1997 ; second, in spite of
having similar log P, the cytotoxic actions of dotarizine
were substantially less and developed much more slowly

Ž .than those of flunarizine Figs. 2 and 3 ; third, the cyto-
toxic actions of 30 molecules with a wide range of log P
Ž .y1.2 to 7.6 did not correlate with their degree of

Ž .lipophilicity Fig. 4 . In fact, dotarizine was the least
cytotoxic molecule of the 30 assayed, in spite of being

Ž .highly lipophilic log P 6 .
Both dotarizine and flunarizine afforded cell protection

against the cytotoxic actions of veratridine. In the case of
flunarizine, these actions are well documented in neurones
ŽPauwels et al., 1989, 1990, 1991; Rich and Hollowell,

. Ž .1990 and chromaffin cells Maroto et al., 1994 but they
were unknown for dotarizine. Again, differences were
observed in the cytoprotecting actions of the two com-
pounds. Dotarizine exhibited a concentration-dependent
cytoprotecting action at 10–30 mM. In contrast, flunar-
izine exhibited a biphasic pattern; at low concentrations
Ž .3–10 mM the drug was cytoprotectant and at the higher

Ž .concentrations particularly at 30 mM flunarizine had the
opposite effect, augmentation of the cytotoxic effects of
veratridine. Considering the intrinsic cytotoxic actions of

Ž .flunarizine Fig. 2 , this finding was expected.
The mechanism of cell protection offered by dotarizine

and flunarizine may be linked to their ability to block the
L-, N-, P- and Q-subtypes of Ca2q channels expressed by

Ž .bovine chromaffin cells Villarroya et al., 1995 . This
‘wide-spectrum’ Ca2q channel blockade stops the oscilla-

2q Ž .tions of Ca induced by veratridine Fig. 8 . Such oscilla-
tions are known to be due to cyclic membrane depolarisa-
tion and cyclic opening of Ca2q channels and Ca2q entry

Ž .into the cytosol Lopez et al., 1995 , and they might be´
responsible for the Ca2q overloading of the cells that
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might constitute the primary signal that initiate the cascade
Žof events leading to cell death Pauwels et al., 1989, 1990,

.1991; Maroto et al., 1994 .
Ž .In a previous study Koh and Cotman 1992 found that

the calcium antagonists, flunarizine, nifedipine, diltiazem
and verapamil, caused neuronal cell death; this agrees with

Ž .our present results for chromaffin cells Fig. 4 . These
authors attempted to explain their results by the suggestion

w 2qxthat both high and low levels of Ca can be detrimentali
Ž .to neuronal survival Koike et al., 1989 . The dual effects

of dotarizine and flunarizine seen here may also be ex-
plained in this way. When excess Ca2q entry is produced,

Ži.e., in the case of glutamate neurotoxicity or veratridine
. w 2qxin our case , excess Ca can lead to activation ofi

2q ŽCa -dependent proteolytic enzymes Lynch and Seubert,
. Ž .1989 andror the generation of free radicals Choi, 1988

w 2qxto cause cell death. By preventing the increase of Ca ,i
dotarizine and flunarizine would protect chromaffin cells
against the lethal actions of Ca2q overloading induced by

w 2qxveratridine. On the other hand, the decreased Ca ini

cells exposed to high concentrations of calcium antagonists
may be a trigger for the synthesis of proteins leading to
cell death.

Whatever the mechanism, we can conclude that dota-
rizine and flunarizine share cytotoxic and cytoprotecting
properties in chromaffin cells; however, dotarizine causes
substantially lower cytotoxicity than flunarizine, and af-
fords cytoprotection against veratridine in a range of con-
centrations wider than that of flunarizine. These in vitro
differences might be clinically relevant when dotarizine is
used as an antimigraine drug.
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