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Modulation of erythrocyte vesiculation by amphiphilic drugs
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Release of acetylcholinesterase-containing vesicles from human erythrocyte membranes induced by di-
myristoylphosphatidylcholine (DMPC) was inhibited by exposure of red cells to cationic amphiphilic drugs
like tetracaine, chlorpromazine and primaquine which all are known to induce stomatocyte formation. On
the other hand, the process was facilitated when red cells were exposed to crenators like the anionic drugs
indomethacine and phenylbutazone or when DMPC was added to calcium-loaded red cells. The results
suggest that agents which are known to modulate red cell shape do also influence the vesiculation behavior

of the cells.

Introduction

Release of membrane vesicles from human
erythrocytes has been described to occur under
various In vivo and in vitro conditions [1-5]. All
procedures to induce red cell vesiculation have in
common that in an initial step erythrocytes change
their morphology and become spiculated cells.
Therefore, echinocytic shape transformation has
to be considered as a prerequisite for vesicle re-
lease.

Red cell shape changes can be induced by
various amphiphilic drugs that intercalate with the
erythrocyte membrane [6-9]. The effect of an
individual drug on erythrocyte morphology can
largely be predicted by the bilayer couple hy-
pothesis proposed by Sheetz and Singer [6]. Gen-
erally, drugs with an anionic head group (so called
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crenators) induce shape change of red cells from
discocytes to echinocytes (nomenclature according
to Bessis [10]), whereas drugs with a cationic head
group (so called cup formers) induce transforma-
tion to stomatocytes [6-9, 11]. Crenators and cup
formers may act as antagonists, e.g. crenated red
cells can (partially) be converted back to dis-
cocytes by exposure to a cup forming drug
[6-9,11].

Since vesicle release is preceded by a red cell
shape change one would expect that agents which
are known to affect this shape change would also
affect the vesiculation process. In order to test this
hypothesis, we investigated the effects of various
amphiphilic drugs on dimyristoylphosphati-
dylcholine (DMPC)-induced vesiculation of hu-
man erythrocytes, which is a relatively well char-
acterized method to induce vesicle release from
red cell membranes [3,12,13].

Materials and methods

Erythrocytes. Fresh human blood samples from
healthy adult donors were obtained from the
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Central Blood Bank of the Swiss Red Cross.
Erythrocytes were separated from plasma by
centrifugation at 2500 rpm for 10 min at 4°C and
washed three times with 10 mM Tris-HCl (pH 7.4)
containing 144 mM NaCl. Each time the buffy
coat was carefully removed. Red cells were im-
mediately used for vesiculation experiments.

Reagents. Dimyristoylphosphatidylcholine
(DMPC), tetracaine, chiorpromazine, primaquine,
indomethacine and phenylbutazone were obtained
from Sigma (St. Louis, MO, US.A). 1,2-
Di[1-"*C]myristoylphosphatidylcholine and glyc-
erol tri{9,10(n)->H]oleate were supplied by
Amersham International (Amersham, U.K)).
Emulsifier scintillator solution Lipotron was from
Kontron Analytical (Ziirich, Switzerland). Penicil-
lin was purchased from Novo Industri (Copenha-
gen, Denmark) and streptomycin-sulfate was from
Grogg Pharmaceutical products (Bern, Switzer-
land). All other reagents were standard commer-
cial products obtained either form Fluka AG
(Buchs, Switzerland) or from Merck (Darmstadt,
F.R.G.) and were of the highest purity available.

Assays. Acetylcholinesterase activity was de-
termined according to Ellman et al. [14]. Lipids
were extracted using the method of Rose and
Oklander [15] and phospholipid phosphorus was
determined according to Rouser et al. [16]. Radio-
activity was determined with a Kontron Betamatic
II liquid scintillation counter.

Erythrocyte vesiculation. DMPC-induced release
of acetylcholinesterase-containing vesicles was
carried out as described before [3,12,13]. Briefly,
washed erythrocytes (8% final hematocrit) were
incubated in presence of sonicated suspensions of
DMPC (0.5 mg/ml final concentration) in 10 mM
Tris-HC], supplemented with 144 mM NaCl, and
with glucose, adenine, inosine and EDTA [13]
(referred to as incubation buffer) at 30°C. At
appropriate time intervals aliquots were removed
and red cells were pelieted. Vesicle release was
monitored by measuring acetylcholinesterase ac-
tivity in the cell free supernatant. Amphiphilic
drugs were added to red cells from stock solutions
in methanol (tetracaine, 500 mM; indomethacine,
25 mM) or incubation buffer (chlorpromazine, 100
mM; primaquine, 100 mM) or were added directly
to incubation buffer (phenylbutazone). In order to
determine the rate of incorporation of DMPC into

erythrocyte membranes, trace amounts of [**C]
DMPC and glycerol tri[*H]oleate were added to
the lipid dispersion before sonication, exactly as
described elsewhere [12).

Treatment of red cells with calcium and iono-
phore A23187 (Ca2*-loading) was performed es-
sentially according to Allan et al. {1]. Briefly,
washed erythrocytes (16% final hematocrit) were
incubated in incubation buffer without EDTA,
supplemented with 0.8 mM Ca’* (final concentra-
tion) and 4 pM ionophore (final concentration) at
37°C. At appropriate times, aliquots were re-
moved and added to small volumes of 100 mM
EDTA in incubation buffer in order to stop vesi-
culation {17]. Red cells were subsequently pelleted,
and acetylcholinesterase activity was measured in
the supernatant as described above. When com-
bined treatments with DMPC were used, Ca?*-
loaded erythrocytes were treated with EDTA (see
above) and subsequently added to an equal volume
of DMPC (0.5 mg/ml final concentration). In-
cubation was continued at 30°C and vesicle re-
lease was monitored by measuring acetyl-
cholinesterase in the cell free supernatant.

Hemolysis during vesiculation experiments
never exceeded 2% at the end of incubation.

The morphology of erythrocytes (fixed in 2%
glutaraldehyde) was monitored by light mi-
croscopy using Zeiss Nomarsky optics.

Results

Human erythrocytes incubated with sonicated
suspensions of DMPC have been shown to un-
dergo shape change from discocytes to echinocytes
and subsequently release membrane vesicles [3].
This process is terminated after 6 h of incubation
at 30°C when 60-80% of acetylcholinesterase
(which is used as a marker to follow erythrocyte
vesiculation) are found in the cell free supernatant
(Fig. 1; see also Refs. 3, 12 and 13). On the other
hand, in presence of the cationic drugs tetracaine
(0.5-2.0 mM), chlorpromazine (0.1-0.2 mM), or
primaquine (0.5-2.0 mM) - which are known as
cup formers — the extent of acetylcholinesterase
release was reduced by 20% to 100% as compared
to the release measured in absence of drug (Fig.
1). A similar effect was observed when the drugs
were added to red cells only shortly before
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Fig. 1. DMPC-induced vesiculation of human erythrocytes in
presence of cationic drugs. Red cells were incubated with
sonicated suspensions of DMPC and release of membrane
vesicles was followed by measuring acetylcholinesterase in the
cell free supernatant. For details see Materials and Methods.
Acetylcholinesterase activity in the vesicle fraction was ex-
pressed as % of total activity in the suspension. The total
enzyme activity remained constant during each experiment. (A)
tetracaine, (B) chlorpromazine and (C) primaquine were added
at the begin of incubation in the concentrations indicated. a4,
represents control erythrocytes that were incubated with DMPC
in the absence of drugs.

DMPC-induced vesicle release started (Fig. 2A).
The process was also inhibited when red cells were
preincubated with the drugs and the subsequent
incubation with DMPC was carried out in a
drug-free incubation buffer (Fig. 2B). However, as
compared to the incubations performed through-
out in presence of the drugs, 2-8-fold higher
concentrations had to be used to obtain a signifi-
cant decrease of vesicle release.

On the other hand, incubation of red blood
cells with DMPC in presence of the anionic drugs
indomethacine (0.2-0.5 mM) and phenylbutazone
(1.0-2.0 mM) -which are known as crenators—
resulted in a shortened lag time between the ad-
dition of DMPC and the onset of vesiculation as
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Fig. 2. Effect of cationic drugs on DMPC-induced vesiculation
of human erythrocytes. Experimental conditions were as de-
scribed in Fig. 1. (A) W, Tetracaine (1 mM); 4, chlorpromazine
(0.2 mM); and (®) primaquine (2 mM), respectively, (final
concentrations are indicated) were added to red cells after 60
min of incubation in presence of DMPC. a, represents control
erythrocytes that were incubated with DMPC in the absence of
drugs. (B) Red cells were preincubated with: @, tetracaine (4
mM); A, chlorpromazine (0.2 mM); and @, primaquine (4
mM), respectively, for 30 min at 30°C in incubation buffer
without DMPC. a, represents control erythrocytes that were
preincubated in the absence of drugs. The cells were then
washed in 2 X 10 volumes of cold incubation buffer, and subse-
quently DMPC was added.
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Fig. 3. DMPC-induced vesiculation of human erythrocytes in
presence of anionic drugs. Experimental conditions were as
described in Fig. 1. (A) Indomethacine and (B) phenylbuta-
zone, respectively, were added at the begin of incubation in the
concentrations indicated. a, represents control erythrocytes
that were incubated with DMPC in the absence of drugs.
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Fig. 4. DMPC-induced vesiculation of calcium loaded human
erythrocytes. Calcium loading of red cells was carried out as
described in Materials and Methods. After 3 min (a) and 24
min (@), respectively, aliquots of calcium loaded erythrocytes
were removed and calcium induced vesiculation was blocked
by adding EDTA. Subsequently, DMPC was added and vesicu-
lation was monitored as described in Fig. 1. (O) represent
vesicle release from calcium loaded red cells in absence of
DMPC.

well as in a moderate increase in the extent of
acetylcholinesterase release (Fig. 3). a significant
stimulation of the process was observed when
DMPC was added to echinocytic red cells that
were obtained by preincubation in presence of
calcium and ionophore A23187 for 24 min (Fig.
4). No stimulation of DMPC-induced vesiculation
was observed (Fig. 4) when this preincubation was
carried out for only 3 min, which did not result in
formation of echinocytes (result not shown).

In all experiments the total activity of the
marker enzyme acetylcholinesterase in the incuba-
tion mixtures was not affected by amphiphilic
drugs, calcium or EDTA,

Discussion

According to the bilayer couple hypothesis {6],
shape transformations of human erythrocytes after
exposure to amphiphilic drugs can largely be pre-
dicted by the nature of the added molecules. Cat-

ionic drugs accumulate at the inner half of the red |

cell membrane and induce membrane invagina-
tion, whereas anionic drugs are preferentially in-

corporated in the outer half and induce membrane

externalization [6].
It has to be assumed that factors which in-
fluence red cell shape should also have an effect

on the vesiculation process since DMPC-induced
vesiculation of red blood cells is preceded by
formation of echinocytes [3]. The present report
confirms this hypothesis and demonstrates that a
series of amphiphilic drugs are able to modulate
DMPC-induced release of acetylcholinesterase-
containing vesicles from human erythrocytes. Cup
formers obviously counteract the tendency of
DMPC to form echinocytes [18] and therefore
inhibit vesicle release (Fig. 2). A similar situation
has been observed with heat-treated red cells where
vesicle release was inhibited by tetracaine [19]. On
the other hand, crenators facilitate vesiculation
(Fig. 3), which is also in line with the observation
that DMPC-induced vesiculation appears signifi-
cantly facilitated in red cells that have been
crenated by the action of calcium (Fig. 4).

Besides the effect of amphiphilic drugs on red
cell shape a direct influence on the erythrocyte
lipid bilayer has recently been demonstrated. Such
drugs have been reported to alter the transbilayer
distribution and mobility of red cell membrane
phospholipids [20,21]. In DMPC-induced vesicula-
tion, part of the exogenous lipid is incorporated
into the erythrocyte membrane [12,13]. Due to the
slow transbilayer mobility of phosphatidylcholine
[22], it must be assumed that the exogenous lipid
will accumulate in the outer half of the lipid
bilayer, thereby inducing a shape transformation
of erythrocytes to spiculated cells [13]. Since
amphiphilic drugs are able to increase the transbi-
layer mobility of erythrocyte membrane phos-
pholipids [20,21], this would also result in an
accelerated random distribution of DMPC be-
tween the two membrane leaflets. Hence, forma-
tion of echinocytes and release of membrane
vesicles would be inhibited.

Such a mechanism also helps to explain why
crenators show a relatively limited effect on the
vesiculation process. On one hand their tendency
to promote crenation supports vesiculation and on
the other hand their possible influence on the
membrane lipid bilayer would promote a random
distribution of DMPC. Both effects together may
well result in a moderate stimulation of vesicle
release (Fig. 3).

It has to be considered that cationic drugs
interact directly with DMPC vesicles in suspen-
sion [23,24], and thus may influence vesiculation



by modification of DMPC vesicle behavior rather
than through a direct intercalation with the red
cell membrane. This possibility, however, can
largely be ruled out since incorporation of DMPC
into erythrocyte membranes —measured with ra-
dioactively labeled DMPC- was comparable in
presence and absence of tetracaine (result not
shown). Furthermore, cationic drugs inhibit vesi-
culation also when added only after 60 min of
incubation (Fig. 2A) i.e. at a time when a consid-
erable amount of DMPC has already penetrated
the cells [12,13]. Finally, cationic drugs also in-
hibit vesicle release when red cells are only pre-
treated with the drug and subsequently incubated
with DMPC in drug-free buffer (Fig. 2B), which
again indicates direct interaction of the drugs with
the erythrocyte membrane.

Taken together, the results presented here sug-
gest that cationic drugs which induce a stomato-
cytic shape transformation of red cells act as
inhibitors of membrane vesiculation by preventing
erythrocytes to become spiculated cells, and crena-
tors accelerate the vesiculation process by facilitat-
ing echinocytic shape transformation of red cells.

Acknowledgments

The authors would like to acknowledge the
skillful technical assistance of Miss A. Wegmiiller
and Miss M. Boschung during part of these stud-
ies. The work was supported by grant No. 3.251-
0.85 of the Swiss National Science Foundation.

References

1 Allan, D, Billah, M,, Finean, J.B. and Michell, R.H. (1976)
Nature (London) 261, 58-60

2 Lutz, HU.,, Liu, S.C. and Palek, J. (1977) J. Cell. Biol. 77,
548-560

295

3 Ott, P., Hope, M.J., Verkleij, AJ., Roelofsen, B., Brodbeck,
U. and Van Deenen, L.L.M. (1981) Biochim. Biophys. Acta
641, 7987
4 Wagner, G.M., Schwartz, R.S., Chiu, D.T.-Y. and Lubin,
B.H. (1985) Clin. Haematol. 14, 183-200
5 Herrmann, A., Lentzsch, P., Lassmann, G., Ladhoff, A.-M.
and Donath, E. (1985) Biochim. Biophys. Acta 812, 277-285
6 Sheetz, M.P. and Singer, S.J. (1974) Proc. Natl. Acad. Sci.
USA 71, 4456-4461
7 Deuticke, B. (1968) Biochim. Biophys. Acta 163, 494500
8 Mohandas, N. and Feo, C. (1975) Blood Cells 1, 375-384
9 Sheetz, M.P. and Singer, S.J. (1976) J. Cell Biol. 70, 247-251
0 Bessis, M. (1973) in Red Cell Shape (Bessis, M., Weed, R.1.,
Leblond, P.F., eds.), pp. 1-25, Springer Verlag, Berlin
11 Fujii, T., Sato, T., Tamura, A., Wakatsuki, M. and Kanaho,
Y. (1979) Biochem. Pharmacol. 28, 613-620

12 Biitikofer, P., Chiu, D.T.-Y., Lubin, B. and Ott, P. (1986)
Biochim. Biophys. Acta 855, 286-292

13 Frenkel, E.J., Kuypers, F.A., Op den Kamp, J.A.F., Roelof-
sen, B. and Ott, P. (1986) Biochim. Biophys. Acta 855,
293-301

14 Ellman, G.L., Courtney, D.K., Andres, V. and Feather-
stone, R.M. (1961) Biochem. Pharmacol. 7, 88-95

15 Rose, H.G. and Oklander, M. (1965) J. Lipid Res. 6,
428-431

16 Rouser, G., Fleischer, S. and Yamamoto, A. (1970) Lipids
5, 494-496 ’

17 Allan, D. and Thomas, P. (1981) Biochem. J. 198, 433-440

18 Kuypers, F.A., Roelofsen, B., Berendsen, W., Op den Kamp,
J.A'F. and Van Deenen, L.LM. (1984) J. Cell Biol. 99,
2260-2267

19 Coakley, W.T., Nwafor, A. and Deeley, J.O.T. (1983) Bio-
chim. Biophys. Acta 727, 303-312

20 Schneider, E., Haest, C.W.M., Plasa, G. and Deuticke, B.
(1986) Biochim. Biophys. Acta 855, 325-336

21 Tamura, A., Moriwaki, N. and Fujii, T. (1983) Chem.
Pharm. Bull. 31, 1692-1697

22 Van Meer, G. and Op den Kamp, J.A.F. (1982) J. Cell.
Biochem. 19, 193-204

23 Papahadjopoulos, D., Jacobson, K., Poste, G. and Shepherd,
G. (1975) Biochim. Biophys. Acta 394, 504-519

24 Luxnat, M. and Galla, H.-J. (1986) Biochim. Biophys. Acta
856, 274-282



