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The calcium antagonist flunarizine is shown to be able to prevent particle aggregation, membrane 
aggregation and blebbing resulting from elevated calcium concentrations. The anti-iscbemic effects of 
flunarizine may therefore result in part from its ability to directly interfere with calcium-membrane 
interactions and thus prevent the lethal membrane reorgan~ations which occur after a pe r i~  of isehemia 
during intracellular calcium overload. 

Calcium plays an important, role as a second 
messenger in the function of many ceil types, 
particularly in excitable tissues, by virtue of the 
discrepancy ha its intra- and extracellular con- 
centrations (see Ref. 1 and references therein). 
Consequently, its cellular concentration is subject 
to very careful control. However, under ischemic 
conditions this centrol, along with many other 
aspects of metabolic control is lost (for review, see 
Ref. 2). Upon reperfusion of ischemic tissue this 
loss of control leads to a massive increase in 
intracellular calcium concentration, the 'calcium 
overload', which is thought to be instrumental in 
the dramatic disruption of the plasma membrane 
which has been observed in a variety of tissues 
[3-5]. Various metabolites have been proposed as 
possible causative agents of this membrane dis- 
ruption. These are generally products of calcium- 
stimulated lipolytic activity; !ysophospholipids, 
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free fatty acids, arachddonic acid and acyl carni- 
tines (see Ref. 6 for review). It has recently been 
proposed, however, that the calcium itself could 
be responsible for post-ischemic membrane 
breakdown [7]. 

Calcium has a proven strong interaction with 
and influence upon the behavior of membrane 
phospholipid constituents, particularly acidic 
phospholipids [8]. It is proposed that by inducing 
phase separations of acidic phospholipids, espe- 

"~'aeer~ during ischemia cially phosphatidy!se.rine q: ,,,o ,, 
and post-ischemic calcium overload, the calcium 
destabilizes membrane organization resulting in 
particle aggregation, blebbing and ultimately 
membrane disruption [7]. 

Most pharmaceutical agents used to treat 
ischemic conditions, the calcium antagonists, are 
thought to function by preventing this uptake of 
calcium by the membrane channel proteins and 
are better known as 'calcium-channel blockers' [9]. 
However, one group of calcium antagonists, the 
diphenylpiperizJnes typified by flunarizine (1-cin- 
namyl-4-(di-p-fluorobenzhydryl)piperazine), de- 
spite blocking cellular calcium uptake apparently 
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do not interfere directly with the cellular uptake of 
calcium by these so-called 'calcium slow channels' 
[10]. To date the site of action of these drugs 
remains unknown. 

Due to their lipophilic cationic properties we 
thought it interesting to investigate whether this 
group of compounds could influence the interac- 
tions of calcium with membranes. It is demon- 
strated here that in addition to its established 
calcium uptake blocking activity flunarizine exerts 
an extra calcium antagonistic effect by inhibiting 
the interaction of calcium with membrane compo- 
nents, namely phospholipids, thereby preventing 
damaging membrane reorganization in response to 
high cak .urn concentrations. 

A freeze-fracture electron microscopy (FFEM) 
study of inside-out vesicles (IOVs) from human 
erythrocytes was carded out to examine the effects 
of calcium on membrane structural organization 
and the possible antagonism of flunarizine. IOVs 
were chosen as a substitute for the cardiac sarco- 
lemma for the following reasons. To date, it has 
not proven possible to have a good 'one-sided' 
sarcolemmal preparation in necessary quantity. It 
has, however, been recently shown that the 
myocyte plasma membrane (sarcolemma) is very 
similar to the erythrocyte with regard to its phos- 
pholipid composition and asymmetric distribution 
[11] and so the erythrocyte provides a suitable 
alternative. IOVs were chosen in preference to the 
normal erythrocyte membrane firstly because 
PtdSer which is normally found in the inner leaflet 
of the membrane is present on the outside and so 
is readily accessible to calcium. This is not true for 
erythrocytes which require the use of membrane 
disrupting agents or ionophores in order to ex- 
amine calcium effects. Secondly, IOVs are free of 
the enormous cytoskeletal restraints that exist in 
the erythrocyte membrane. 

In this report we show that in the erythrocyte 
IOV me4el system we are able to simulate post- 
ischemic membrane reorganization by simply rais- 
ing the calcium concentration. Pretreatment of the 
IOVs with the type IV calcium antagonist flunari- 
zinc prevents these alterations in membrane 
structural organization. 

IOVs were prepared essentially according to the 
method of Steck and Kant [12] from freshly drawn 
human blood using citrate as anticoagulant. 

Erythrocytes were collected by centrifugation and 
washed three times with 5 volumes of 150 mM 
NaC1, 10 mM sodium phosphate buffer (pH 8.0). 
All further steps were carded out on ice or at 
4 ° C. Ghosts were then prepared by suspension of 
the erythrocytes in 40 volumes of 5 mM sodium 
phosphate buffer (pH 8.0) and were washed three 
times in the same buffer. To remove extrinsic 
cytoskeletal protein ghosts were diluted to 40 
volumes with 0.5 mM sodium phosphate buffer 
(pH 8.0) and left to stand overnight (approx. 
18-20 h). After pelleting ghosts were vesiculated 
by being passed three times through a 27 gauge 
needle. When necessary, IOVs were purified using 
the dextrose cushion method of Steck and Kant 
and used immediately for further treatments. 

For treatment with calcium and/or flunarizine 
a basis buffer of 0.5 mM Hepes (4-(2-hydroxyl- 
ethyl)-l-piperazineethanesulphonic acid) (pH 7.4) 
was used. In order to test the effects of calcium 
and the possible antagonistic effects of flunarizine 
the following experimental regime was carried out 
at room temperature (20-22°C). Two of four 
samples of 1 cm 3 packed pellets were resuspended 
in 40 cm 3 of 0.5 mM Hepes (pH 7.4; control IOVs) 
and the remaining two in 0.5 mM Hepes contain- 
ing I aM flm|arizane (flunarizine IOVs) and left to 
stand for 1 h after which they were pelleted. One 
sample from each IOVs group was then resus- 
pended in 0.5 mM Hepes (pH 7.4) and the other 
in 0.5 mM Hepes (pH 7.4) containing 2 mM 
CaCI 2. They were again allowed to stand for 1 h 
and then pelleted prior to preparation for freeze- 
fracture electron microscopy (FFEM) examina- 
tion. Incubation times of 1 h were used for both 
flunafizJne and c'alcivm treatments to ensure that 
a steady-state condition had been reached, which 
occurs after approx. 15 and 30 min, respectively. 
This gives rise to four different samples: (i) 
Hepes/Hepes IOVs; (ii) Hepes/calcium IOVs; 
(iii) flunarizine/Hepes IOVs, and (iv) flunari- 
zine/calcium IOVs. Samples were fast ~'rozen 
without cryoprotectant from 37 °C in liquid pro- 
pane using a Reichert-Jung KF80 freezing de,dee 
and were freeze-fracture platinum-carbon repli- 
cated using either a Balzers' 300 or 400F freeze- 
etch apparatus. Replicas were cleaned using com- 
mercial bleach and examined using either a Philips 
301 or 420 electron microscope. 
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Fig. 1. Electron micrographs of freeze-fracture replicas of inside-out vesicles (IOVs) prepared from human erythrocytes (a) control, 
Hepes/Hepes IOVs and (b-d) Hepes/calcium JOVs following a 1 h treatment with 2 mM Ca 2+. See text for f~Jrther experimental 
details. Note that calcium treatment has resulted in particle-free areas (PFA), vesicle aggregation and blebbing of liposomal 

structures (an'owed). Bars correspond to 250 nm. 



Fig. 2. Electron micrographs of freeze-fracture replicas of inside-out vesicles prepared from human erythrucytes and pre-incubated 
with 1 pM flumrizine; (a and b). Control flunarizine/Hepes IOVs and (c and d) flunarizine/cakium IOVs following a 1 h treatment 

with 2 mM Ca2+. 3ee text for further experimental details. Bars correspond to 250 nm. 



Fig. la  of control Hepes/Hepes IOVs confirms 
the inside-out orientation of the vesicles witnessed 
by the greater density of particles on the outer 
leaflet of the vesicles [13]. It can be clearly seen 
that the intramembrane particles (proteins) are 
evenly distributed over the surface of the mem- 
brane in thifs control sample. Exan~.nation of 
Hepes/calcium IOVs (Fig. l b -d)  shows that 
treatment with 2 mM calcium has had a drastic 
effect on the distribution of the intramembrane 
particles. A range of effects can be seen from 
moderate lateral phase separation of membrane 
components (Fig. lb), indicated by the 'netted' 
effect, to extreme lateral phase separation (Fig. lc) 
shown by the large particle-free areas of mem- 
brane along with closely aggregated patches of 
intramembrane particles. This phenomenon has 
been seen previously with IOVs [13], but that 
study used much higher concentrations of calcium 
(10 raM) and did not report the extreme particle 
aggregation shown here. Such lateral phase sep- 
aration of membrane components is indicative of 
the transition of one of the phospholipid con- 
stituents from its liquid crystalline (flcid) phase to 
its gel (solid) phase [14]. In thifs case the isother- 
mally calcium-induced phase transition of acidic 
phospholipids, namely PtdSer in which one 
calcium ion forms a complex with two lipid mole- 
cules [15]. Fig. ld  illustrates that under conditions 
of e×treme lateral phase separation the blebbing 
of liposomal structures has occurred. These are 
identical in appearance to those seen in post- 
ischemicg.!!y reperfused cardiac tissue [16]. The 
above results support our proposal that the 
dramatic alterations observed in the plasma mem- 
brane of post-ischemically reperfused cardiac tis- 
sue could be caused by the calcium overload; a 
possible increase in cytoplasmic calcium con- 
centration from 0.1-10 #M to 1-2 mM [1]. 

The diphenylpiperizine class of calcium anta- 
gonists are amphiphilic cationic amines and as 
such may have a similar inhibitory effect on the 
interaction of calcium with phospholJpid mem- 
branes as has been previously shown for certain 
local anesthetics [17]. In order to study this one 
group of iOVs was pretreated with i #M fiunafi- 
zine prior to exposure to calcium. Examination of 
flunarizine control IOVs (flunarizine/Hepes; Fig. 
2a) shows that in the majority of vesicles pre-treat- 
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ment of flunarizine has no discernable effect upon 
intramembrane particle distribution. Occasionally 
slight particle aggregation can be seen (Fig. 2b). It 
is perhaps to be expected that such a cationic 
amphiplfile would have some effect on membrane 
constituent organization as has been previously 
observed with compounds such as acridine orange 
[18] and chlorpromazine [19]. Figs. 2c and 2d 
show the effects of exposure to I #M flunarizine 
pre-treated IOVs to 2 mM calcium ( f lunar~ne /  
calcium IOVs). In the majority of vesicles ex- 
an~ned the calcium has had no effect at all on 
particle distribution. At most, slight lateral phase 
separation is visible in some cases. Thus, most 
dramatically, pre-treatment with 1 #M fl~narizine 
effectively prevents major calcium-induced mem- 
brane ultrastructural alterations. 

Scheufler and co-workers have observed that 
under similar conditions approx. 1 tool flunarizJne 
is present per 100 tool phospholJpid bound to the 
membrane in the IOVs sample (personal com- 
munication). This would give a mole ratio of 
flunarizine to PtdSer of approximately 1:13 [21]. 
This suggests that relatively small quantities of 
flunarizine are able to influence the interaction of 
calcium with the membrane, thus p~zventing the 
calcium-induced lateral phase separations ob- 
served by freeze-fract~:re electron rrficroscopy 
(FFEM). Recent work has also shown that 
flunarizJne is also able to release calcium from 
PtsSer monolayers [20]. We are currently investi- 
gating the interactions of flunarizJne and calcium 
with phospholipids in greater detail using several 
biophysical techniques. 

In conclusion, we have shown that the erythro- 
cyte membrane is a good model for the'ff~yocyte 
plasma membrane with regard to simulating post- 
ischemic alterations in membrane organization. 
The observations reported here using this system 
support the view that elevated calcium concentra- 
tions may cause or exacerbate the post-ischemic 
alterations in membrane structure. This model 
lends itself to studies of drug-membrane interac- 
tions and we have bee• able to observe the 
dramatic calcium antagorfistic effects of flunari- 
zine with reg~rd to membrane ultrastructural 
organization. The results demonstrate that 
flunarizine can indeed directly interfere with the 
interaction between calcium and membranes and 
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is thereby able to prevent the deleterious effects of 
high calcium concentra~ion~ on membrane struc- 
ture. 
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