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Synergistic incorporation of daunorubicin in erythrocytes in the presence of
polyene antibiotics. Role of the membrane potential
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The synergistic incorporation into red blood cells of the antitumor compound daunorubicin, in the presence
of the polyene antibiotics amphotericin B and vacidin A, depended on the composition of the external
medium. Synergism was observed only for concentrations of polyene antibiotics that induce cation permeabil-
ity. The same synergistic effect was observed with the K™ selective carrier, valinomycin, but this had a
different dependence on the external medium composition. By using the membrane probe 3,3'-dipro-
pylthiadicarbocyanine (diS-C;-(5)), the synergistic effect was shown to occur under conditions where addition
of the ionophores leads to hyperpolarization of the membrane.

Introduction

Daunorubicin is a representative member of the
anthracycline glycoside antibiotic family. It is one
of the most widely used drugs in the clinical
treatment of several cancers. Interaction of
daunorubicin with its nuclear target and with
membrane has been widely reviewed [1,2], bring-
ing to light several possible mechanisms of action.
Unfortunately, cardiotoxicity places a limit on the
total dose of daunorubicin that may be given [3].
Interaction of the drug with mitochondrial mem-
brane has been suspected (for a review see Ref. 2)
to be responsible for this toxicity. The other limit-
ing factor in the clinical use of daunorubicin is
spontaneous or acquired resistance (for a review
see Ref. 4).

* To whom correspondence should be addressed.
Abbreviations: CCNU, 1-(2-chloroethyl)-3-cyclohexyl-1-
nitrosourea; diS-C,-(5), 3,3’-dipropylthiadicarbocyanine.

Membrane transport plays a central role in the
antitumor activity of anthracyclines since it de-
termines the rate of drug entry and exit from cells,
and therefore the concentration of drug at the
intracellular target. The mechanism of transport of
these drugs is not yet adequately understood but
may involve both carrier-mediated transport and
simple diffusion [5].

Drugs that modify membrane properties can
also modify membrane transport of daunorubicin.
Indeed, amphotericin B, a polyene antibiotic which
alters membrane permeability, has been shown to
induce sensitivity to anthracycline in human
neoplasia [6]: in mice with ovarian cancer simulta-
neous administration of amphotericin B and
adriamycin, another glycoside anthracycline very
similar to daunorubicin, resulted in long-term
survival in 83% of mice compared to 65% of mice
treated with adriamycin only [7). Potentiation of
adriamycin by amphotericin B against AKR
leukemia has also been demonstrated [8,9]. The
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synergistic effect of amphotericin B is not limited
to anthracyclines. It has also been demonstrated
for several kinds of antitumor agents. It has par-
ticularly been studied for actinomycin D [10] and
1-2-(chloroethyl)-3-cyclohexyl-1-nitrosourea
(CCNU) on the human promyelocytic leukemia
cell line HL-60 [11]. The explanation of this syn-
ergy at the cellular level and the proposition of a
molecular mechanism is therefore of current inter-
est.

In the present work, we studied the synergistic
incorporation of daunorubicin into human
erythrocytes in the presence of several membrane
effectors, polyene antibiotics and valinomycin. The
choice of human erythrocytes as a cellular model is
supported by the extensive description of the
membrane structure and function of these cells.
Furthermore, the absence of the nucleus may sim-
plify the interpretation of the results, since inter-
ference with DNA-daunorubicin interactions is
avoided.

After showing the conditions in which syn-
ergism occurs, we will point out the concomitant
hyperpolarisation of the membrane by the effec-
tors. We will then be in a position to propose a
mechanism for synergism.

Methods

Drugs and chemicals. The polyene antibiotics
were generous gifts from Squibb, France (ampho-
tericin B) and Professor Borowski (vacidin A).
They were used without further purification. They
were dissolved in dimethylsulfoxide aliquot (1
mg/ 100 pl) and then suspended in aqueous buffer
and used on the same day. Their concentrations
were determined from their absorption.

Valinomycin was a Sigma product. Con-
centrated solutions were prepared in ethanol.

Purified daunorubicin was kindly provided by
Laboratoires Rhone-Poulenc. Concentrations were
determined by diluting aqueous stock solutions to
approx. 107> M and measuring their absorption
(£450 = 11500 cm™! - M™1).

Dipropylthiadicarbocyanine (diS-C;-(5)) has
been kindly supplied by Dr. Waggoner.

Sodium azide was from Prolabo.

Buffers. Phosphate-buffered saline was made up
of 150 mM NacCl buffered with 7 mM Na,HPO,
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and 3 mM KH,PO, to a pH of 7.4. Sucrose buffer
was made up of 250 mM sucrose, 10 mM glucose,
5 mM MgCl,, 5 mM KCl, buffered with 10 mM
sodium phosphate to a pH of 7.4.

In the cases specified below, phosphate-buffered
saline was supplemented with 2 mM EDTA in the
acidic form.

Phosphate and chloride salts were Prolabo
products (Normapur grade). Sugars and EDTA
were Sigma Grade 1 products.

Preparation of erythrocytes. Human venous
blood was collected from normal donors in tubes
containing EDTA (1 mg EDTA /ml blood) and
immediately centrifuged at 1300 X g for 10 min.
The plasma and buffy coat were then removed.
Erythrocytes were then washed three times with
phosphate-buffered saline and dispersed either in
the desired medium for immediate use or in sucrose
buffer for later use (not more than 4 days later).
Cells were counted in a hematocymeter.

Incubation procedures. Erythrocytes, prewarmed
to 37°C, were added to 5 ml of the appropriate
buffer supplemented with the effector of mem-
brane transport to be assayed and were incubated
for 30 min at 37°C. In all experiments, the final
cell concentration was 1.8 - 10® cell per ml. Final
concentrations of dimethylsulfoxide or ethanol in
which membrane effectors were dissolved were
always lower than 1%, v/v. No influence of these
substances on the results has been detected.
Daunorubicin was then added to a final con-
centration 10™* M and the solution was further
incubated for 1 h at 37°C. The cells were then
separated from the buffer by centrifugation at
1300 X g for 10 min and were rinsed three times in
5 ml of phosphate-buffered saline. Cell pellets
were lysed in 2 ml of 5 mM hypotonic phosphate
buffer (pH 7.4) at 0°C. The membranes were then
separated from the hemolysate by centrifugation
at 12000 X g for 10 min. Pelleted ghosts were
resuspended in 2 ml of 5 mM phosphate buffer
(pH 7.4).

Determination of the intracellular anthracycline
content. Supernatants collected just after incuba-
tion, highly concentrated in anthracycline, were
analyzed by electronic absorption at 480 nm. Su-
pernatants resulting from cell washings and he-
molysis, as well as ghost suspensions with smaller
anthracycline contents, were analyzed by measur-
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ing fluorescence emission at 595 nm (excitation at
450 nm).

At 480 nm, the effectors of membrane do not
absorb and the residual hemoglobin released dur-
ing incubation does not contribute significantly to
the absorption at the concentration present in the
medium (Fig. 1). On the other hand, fluorescence
measurements of hemolysate and ghost suspen-
sions had to be corrected for inner filter effects
due to hemoglobin absorption at 450 and 595 nm.

The correction is given by:

Agso+ A
F=F, antilog( 450—25—93)

where 4,5, and As are the absorbances at the
excitation and emission wavelength, respectively,
and F and F, the corrected and observed fluores-
cence emission intensities, respectively.

Nevertheless, this theoretical correction is not
valid for high absorbances; under our conditions,
absorbances never exceeded 0.1.

Absorption spectra were recorded with a Cary
219 spectrophotometer and fluorescence spectra
with a Jobin-Yvon JY3C spectrofluorimeter.

Membrane potential studies. Membrane poten-
tial variations induced by the membrane effectors
were followed using the monocationic fluorescent
probe diS-C;-(5).

It has been shown (for a review see Ref. 12)
that diS-C,-(5) fluorescence can be used to record
negative membrane potentials of red blood cells.
This monovalent cation, which permeates through
cell membranes, distributes itself between intra-
and extracellular compartments according to the
Nernst equation:

[[Di]]o = e¥nf/RT
D" |

where [D*], and [D*], are the outside and inside
dye concentrations, respectively. The binding of
the dye to intracellular contents, that is essentially
to hemoglobin in the case of red blood cells,
results in a decrease of the fluorescence intensity
and in a red shift of the maximum emission wave-
length. Since the amplitude of the decrease de-
pends on [D*],, it can be correlated to V.
Concentrated stock solutions were prepared in
ethanol. Fluorescence measurements were made at

final concentrations ranging from 50 to 200 nM.
Fluorescence emission intensity was monitored at
670 nm as time elapsed with the excitation wave-
length set to 622 nm. Red blood cells and then
membrane effectors were added to the dye solu-
tion once the fluorescence level had reached equi-
librium. All recordings were taken at 25°C without
stirring. We had previously checked by following
the circular dichroism spectrum of amphotericin B
that no interaction occurred between the polyene
antibiotic and the probe at the concentrations used
for fluorescence measurements.

Results

Daunorubicin uptake by erythrocytes: Influence of
the polyene antibiotics

(A) Incubation in sucrose buffer. The absorption
spectra of the media isolated after incubation and
centrifugation were located between 400 and 600
nm (Fig. 1). The amount of daunorubicin con-
tained in these media was determined from the
absorbance at 480 nm, where no other species
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Fig. 1. Absorption spectra of media collected after incubation

and centrifugation in sucrose buffer of a ( ) 1074 M
daunorubicin; b (- -- ) 107*M daunorubicin+10"% M
amphotericin B; ¢ (--—-+): 107* M daunorubicin +1.8-10°

cells per ml; d (a a): 1074 M daunorubicin+10"% M
amphotericin B+1.8-10% cells per ml. Optical pathway: 1 cm.




were absorbant. We had previously checked that
the mixture of the drugs, daunorubicin and
amphotericin B, did not modify the own absorp-
tion spectra of each compound, what was con-
firmed by fluorescence and circular dichroism. This
indicated the absence of any significant interaction
between the two drugs. Small peaks around 400
nm were related to the presence of free ampho-
tericin B. Peaks at 416 nm indicated that some
hemolysis had occurred. At the concentrations
used, the drugs investigated had at most a slight
hemolyzing effect when considered separately (less
than 3% of the totally hemolyzed cells). However,
hemolysis occurred when drugs were combined.
For instance, with 10~% M daunorubicin and 2 -
10-® M amphotericin B in phosphate-buffered
saline, at the end of incubation 10% of the cells
had lysed while only 2.5% has lysed in the absence
of daunorubicin (for 10~¢ M amphotericin B there
was no difference). It should be noted that the
synergistic effects observed in our experiments oc-
curred at concentrations where no lysis was ob-
served.

The amounts of daunorubicin retained by the
cells in the absence and in the presence of 107¢ M
ampbhotericin B are reported in Table L.

Slight uptake of daunorubicin occurred when
erythrocytes were incubated with daunorubicin. In
the presence of 10~¢ M amphotericin B, approx.
5-times more daunorubicin was taken up than
without amphotericin B.

TABLE I

AMOUNTS OF DAUNORUBICIN RETAINED IN THE
ABSENCE AND IN THE PRESENCE OF AMPHOTERI-
CINB

(A) Concentration of daunorubicin determined in the super-
natant after incubation and centrifugation of samples contain-
ing (2) 10™* M daunorubicin, (c) 1.8-10% cells/ml+10~* M
daunorubicin, (d) 1.8-10% cells/ml+10~¢ M amphotericin B
for 30 min. +10~% M daunorubicin for 1 h. (B) Daunorubicin
(in mg) retained by 10'° cells under the same conditions as in

(A).

Samples Daunorubicin 4 Daunorubicin ®
(107* M) (mg)

a 1.02+0.01 -

c 0.96 +0.01 0.17+£0.05

d 0.76 £0.01 0.82£0.05
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Fig. 2 shows a plot of the ratio, R([X]), of the
amount of daunorubicin taken up by erythrocytes
at a given concentration [X] of amphotericin B or
vacidin to the amount of daunorubicin taken up
under the same conditions but without the polyene
antibiotic as a function of the concentration of
amphotericin B or vacidin.

The strong increase in the daunorubicin reten-
tion occurred when amphotericin B concentration
was higher that 4-107 M. This increase was
constant up to 2-107% M. At higher concentra-
tion, hemolysis occurred to such an extent that
significant results could not be obtained. Similar
effects were observed with vacidin for which a
comparable dose-response curve was obtained, ex-
cept that threshold for the facilitation of
daunorubicin incorporation was shifted to a lower
polyene antibiotic concentration (5 - 102 M) (see
Fig. 2).

The daunorubicin contents of the supernatants
of washings with phosphate-buffered saline and of
hemolysis of the pellets, as well as those of the
erythrocyte membranes, were estimated by fluo-
rescence as described in Methods.

The corresponding results are given in Table II.
After three washings, significant amounts of
daunorubicin were still found in the supernatant;
this could not be attributed to dilution of the small
volumes of supernatant not removed in the previ-

L
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Fig. 2. Ratio of the amount of daunorubicin incorporated in
the presence of vacidin (a) or amphotericin B (@) to the
amount incorporated in the absence of antibiotic, as a function
of [X], the concentration of antibiotic present in the medium.
Results obtained in sucrose buffer (pH 7.4), 107* M
daunorubicin and 1.8-108 cells per ml
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TABLE 11

AMOUNTS OF DAUNORUBICIN DETERMINED IN THE
ABSENCE AND IN THE PRESENCE OF AMPHOTERI-
CIN B AT EACH STEP OF THE EXPERIMENT

A, B and ¢, d same as in Table 1.

Samples Daunorubicin * Daunorubicin
(107> M) (mg)
1st © 0.025 0.07
washing (d) 0.65 0.18
2nd © 0.12 0.03
washing (d) 0.38 0.11
3rd (c) 0.06 0.02
washing (d) 0.42 0.12
Hemolysate (c) 0.25 0.03
(d) 1.61 0.18
Membrane (c) 0.12 0.013
suspensions (d) 1.05 0.12

ous washings. If the washings were performed in
sucrose buffer instead of phosphate-buffered
saline, twice as much daunorubicin was found in
the supernatants. We considered therefore, that
the binding equilibrium of the drug to erythrocytes
may have been perturbed by the washings. Thus,
the data obtained from the supernatants of he-
molysis and the erythrocyte membranes did not
correspond to the initial situation just after in-
cubation. However, they indicated that
daunorubicin was, in part, bound to the mem-
branes.

(B) Sodium azide (NaN,)-treated erythrocytes in
sucrose buffer. The same experiments as reported
in (A) were performed with erythrocytes treated, 1
h before the beginning of the incubation, with
1072 M NaN;. This salt is known to be a strong
nonspecific inhibitor of enzyme activity. Measure-
ments of daunorubicin absorbance in the incuba-
tion supernatants showed that the inhibitor did
not significantly alter daunorubicin uptake by the
erythrocytes, nor did it modify the uptake en-
hancement induced by amphotericin B.

(C) Incubation in phosphate-buffered saline. As
already observed [13], the hemolysis induced by
polyene antibiotics occurred for much lower con-
centrations in phosphate-buffered saline than in
sucrose buffer. In order to perform the experi-

ments in phosphate-buffered saline in the same
concentration range as in sucrose buffer, 2 mM
EDTA, which protects cells against hemolysis, was
added to phosphate-buffered saline. Prior to these
determinations, we checked that in sucrose buffer,
EDTA did not affect the characteristics of
daunorubicin incorporation described above.

Under these conditions, the uptake of
daunorubicin by erythrocytes was found to be
twice as high as in sucrose buffer. This retention
was not modified by the presence of amphotericin
B over the concentration range extending from
107® to 107 M, that is in a range where the
synergistic effect was clearly displayed in sucrose
buffer.

Thus, amphotericin B did not affect
daunorubicin incorporation in erythrocytes in
phosphate-buffered saline.

Daunorubicin uptake by erythrocytes: influence of
valinomycin

The uptake of daunorubicin by erythrocytes
suspended in phosphate-buffered saline was fol-
lowed in the presence of the peptide ionophore
valinomycin at concentrations of 107 and 107>
M. This treatment, at either concentration, led to
an enhancement of the amount of drug retained
by the cells (Table IITI). The enhancement was
similar to that obtained with the polyene antibiotic
treatment of erythrocytes suspended in sucrose.

TABLE III

AMOUNTS OF DAUNORUBICIN DETERMINED IN THE
ABSENCE AND IN THE PRESENCE OF VALINOMYCIN

A and B as in Table I. Samples: (a) 5-10 "> M daunorubicin,
(b) 3.6-10 cells per ml+5-10~° M daunorubicin, (c) 3.6-108
cells per ml+107% M valinomycin+5-10~% M daunorubicin,
(d) 3.6-10® cells per ml+10~> M valinomycin+5-10~5 M
daunorubicin.

Samples Daunorubicin 4 Daunorubicin B
(107° M) (mg)

a 5.01+£0.1 -

b 4.50+0.1 0.07£0.05

c 3.25+0.1 0.24 +0.05

d 34 101 0.22+0.05




Membrane potential and membrane effectors
Membrane potential changes induced by
valinomycin. 1t is well documented that the peptide
valinomycin creates in red blood cells a specific
and dominating conductance to K* setting mem-
branes at a potential close to the K* equilibrium

(Eqn. 1):

K*);
v, =—Elog[ I

m F [K+ ]o (1)

Fig. 3 shows the fluorescence tracings obtained
when adding diS-C;-(5), then cells and then
valinomycin to isotonic buffered mixtures of
NaCl/KCl of different ratios. As expected at
physiological external K* concentration valino-
mycin induced a significant decrease of DiS-C;-(5)
fluorescence together with a red shift of the maxi-
mum emission. Indeed, in those conditions
valinomycin-induced K* leakage led to a hyper-
polarisation of the membrane. The subsequent en-
try of the dye into the cells is at the origin of the
fluorescence decrease. From these results, a
calibration curve connecting fluorescence level
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after valinomycin addition with membrane poten-
tial calculated from the preceding equation was
obtained (Fig. 4). That was then used to estimate
potential changes induced by polyene antibiotics
in buffer conditions in which daunorubicin uptake
experiments had been performed.

It is interesting to note that close fluorescence
levels were obtained after addition of untreated
cells in phosphate-buffered saline and in sucrose
buffer indicating potential values around —30 mV
(negative-inside). Cells in phosphate-buffered
saline exhibited only slightly more negative value
than cells in sucrose buffer. On the other hand,
when cells were placed in media of increasing KCl
proportion, potential evolved to less negative val-
ues. For higher KCl concentrations fluorescence
level indicated potential values around —10 mV.
Generally, electrical potential of red blood cells at
thermodynamical equilibrium under standard con-
ditions is admitted to be given by chloride ratio
according to constant field equation and assuming
that membrane permeability to Na™ and K* are
negligible compared to permeability to Cl17. It
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Fig. 3. Fluorescence tracings from 66 nM diS-C;-(5) on addition of first cells at final hematocrit 0.1% and then valinomycin at final
concentration 1 pM in isotonic mixtures * of KCI and NaCl buffered with 5 mM phosphate. Excitation and emission wavelength were
set to 622 and 670 nm, respectively. * (a: 150 mM NaCl; b: 15 mM KCl+ 135 mM NaCl; ¢: 30 mM KCl+ 120 mM NacCl; d: 60 mM
KCl+90 mM NaCl; e: 90 mM KC1+60 mM NaCl.)
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Fig. 4. Calibration curve giving the relationship between the
fluorescence level of suspensions containing red blood cells at
final hematocrit 0.1% in media with various concentrations of
KCI and 107® M valinomycin, and the membrane potential
calculated from K* equilibrium (internal K * concentration was
taken equal to 110 mM). Same excitation and emission wave-
length as in Fig. 3.

seemed that we cannot, under the experimental
conditions used here, neglect membrane permea-
bility to K* and that the K* concentration gradi-
ent induced a slight leakage of K* leading to more
negative values of potential in NaCl buffer than in
KCl buffer. Nevertheless, what is significant for
calibration and the following experiments pre-
sented here is that membrane permeability to K™

is largely predominant in the presence of
valinomycin and that red blood cell membranes
reached comparable values in phosphate-buffered
saline and in sucrose buffer.

Membrane potential changes induced by ampho-
tericin B. Experiments similar to those performed
with valinomycin were done in sucrose buffer and
in phosphate-buffered saline using amphotericin B
as membrane effector. The final concentration of
amphotericin B was 5-1077 M and cells were
diluted to a hematocrit equal to 0.1%. Fluores-
cence tracings, presented in Fig. 5, show the de-
crease of diS-C,-(5) fluorescence intensity for
amphotericin B-treated cells suspended in sucrose
buffer. Amphotericin B-treated cells in phos-
phate-buffered saline followed a different path-
way. In the latter case, the addition of amphoteri-
cin B was followed by a slight increase in fluores-
cence intensity, indicating that in phosphate-
buffered saline amphotericin B induced a very
slight depolarisation, whereas in sucrose buffer it
induced a strong hyperpolarisation comparable to
that observed with valinomycin. The kinetics of
hyperpolarisation in sucrose buffer are slower with
amphotericin B than with valinomycin.

Discussion
We observed that the amount of daunorubicin

taken up by erythrocytes is about 5-times greater:
(1) in the presence of the polyene antibiotics
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Fig. 5. Fluorescence signals from 66 nM diS-C;-(5) on addition of first red blood cells at final hematocrit 0.1% and then amphotericin
B at final concentration of 5-10~7 M in (a) sucrose buffer and (b) phosphate-buffered saline. Excitation and emission wavelength as

in Fig. 3.



ampbhotericin B or vacidin, in sucrose buffer and
(2) in the presence of valinomycin in either phos-
phate-buffered saline or in sucrose buffer. The
absence of effect of the enzyme inhibitor NaN, on
the synergism permits us to rule out the hypothesis
of any involvement of enzymatic process in this
phenomenon.

Ampbhotericin B and vacidin can increase quite
specifically the permeability of the human
erythrocyte membrane to monovalent cations
[14-16]. The dose-response curves obtained from
K * leakage [13] show the same sharp increase over
the same range of antibiotic concentration as do
the dose-response curves obtained when dauno-
rubicin uptake is followed (our work). The first
point is then that the synergistic effect of the
membrane effectors amphotericin B, vacidin and
valinomycin seems to be related to their ionophore
properties.

The second point is linked to the activity of
these effectors on membrane potential. We have
shown that hyperpolarisation of the membrane
occurs with amphotericin B or vacidin treatment
in sucrose buffer and with valinomycin in both
sucrose and phosphate saline buffer. This may be
understood by taking into account the ionophore
properties of each effector and the ionic composi-
tion of the buffers. Since vacidin and amphotericin
B have poor intercationic selectivity and since the
only monovalent cation present was K*, we ex-
pected to observe in sucrose buffer the same hy-
perpolarisation with vacidin as with amphotericin
B. In contrast, in phosphate-buffered saline, vaci-
din and amphotericin B transported Na™ of the
buffer as well as K* of the erythrocytes and no
hyperpolarisation occurred, while valinomycin
transported only K* which resulted in the same
hyperpolarisation as in sucrose buffer.

The transmembrane potential of erythrocytes in
sucrose buffer after addition of amphotericin B
has been calculated by other authors {17]. A sharp
drop from 30 to —20 mV was calculated, confirm-
ing our observation. Indeed, we have observed
synergistic incorporation only under conditions
where amphotericin B induced membrane hyper-
polarisation. More, at pH 7.4 a large number of
the daunorubicin molecules are positively charged
on the NH, group [18] and since it has been
proposed that daunorubicin enters the cell in part
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by simple diffusion [7], we can ascertain that
daunorubicin could be partitioned between intra-
and extracellular compartments according to the
Nernst relation, i.e., following membrane poten-
tial.

A similar dependence of cellular uptake of posi-
tively charged drug molecules on the electric mem-
brane potential has recently been demonstrated
with 2-N-methylellipticinium and L-1210 cells in
the presence of valinomycin [19].

The synergistic erythrocyte entrapment of
daunorubicin has already been demonstrated to
occur in the presence of amphotericin B [20], but
no remark has been given about the importance of
the medium on the phenomenon and about the
extension of the synergism to other antibiotics.
Moreover, the hypothesis of membrane lesion re-
sponsible for the enhancement of the uptake seems
quite unlikely.

At the concentrations used, the polyene antibio-
tics create channels of which the diameter has
been estimated to be 8 A [21]. That means that
only ions and very small molecules, not larger than
glycerol, may permeate through these channels. It
must be also pointed out that the studies devoted
to amphotericin B, these last 20 years have led to
the common assent that polyene antibiotics at-
tacked the sterol domain of the cell membranes
[22]. On the other hand, it has been shown that
daunorubicin did not permeate through lipid
vesicles [23], making very likely the hypothesis of a
passive but protein-related transport of dauno-
rubicin in the cells. So the perturbation caused by
amphotericin B to the lipid matrix is certainly not
adequate to facilitate the daunorubicin uptake in
the absence of a driving force identified in this
paper as an electrical driving force.

The synergistic incorporation of daunorubicin
in erythrocytes that we have observed is unlikely
to occur in conditions closer to the biological
situation that is in serum. Indeed, it has been
demonstrated [24] that erythrocytes are protected
from the amphotericin B action because the drug
is bound to lipoproteins and serum albumin. How-
ever, such a protection is much lower with other
cells which allows the possible occurrence of the
synergistic uptake of daunorubicin. We are cur-
rently studying this opportunity.

Generally considering, anthracycline therapy
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poses problems such as resistance and cardiotoxic-
ity, or more precisely the specific accumulation in,
respectively, resistant cells and mitochondria.
There is some support for the hypothesis that
membrane potential could be a determining factor
in how anthracyclines affect their targets. For in-
stance, resistance to anthracyclines can be reversed
by verapamil [25] which is a Ca’* channel blocker.
Ca** follows a complicated and not well under-
stood transport pathway. Transport is probably
electrogenic as it is for other cations, and its
blockage would not be without effect on mem-
brane potential. On the other hand, it should be
considered that mitochondria, which seem to be
preferential sites for anthracycline action, are cel-
lular organelles where potentials change at high
frequency and reach high absolute values.

Acknowledgements

This work was supported in part, by an ARC
grant (Association pour la recherche sur le cancer).
N.H. wishes to thank the ‘Ligue Frangaise Natio-
nale Contre le Cancer’ for financial assistance. We
are grateful to Mrs. Lucienne Letellier for helpful
discussion.

References

1 Aubel-Sadrén, G. and Londos-Gagliardi, D. (1984) Bio-
chimie 66, 333-352

2 Goormaghtigh, E. and Ruysschaert, J.M. (1984) Biochim.
Biophys. Acta 779, 271288

3 Ferrans, V.J. (1978) Cancer Treat. Rep. 62, 955-961

Dano, K. (1976) Acta Pathol. Microbiol. Scand. 256, 11-80

S Skovsgaard, T. and Nissen, N.I. (1982) Pharmac. Ther. 18,
293-311

S

6 Presant, C.A., Klahr, C. and Santala, R. (1977) Ann. Int.
Med. 86, 47-51
7 Ozols, R.F., Mosan, W.M., Grotzinger, K.R., McCoy, W.
and Young, R.C. (1983) Cancer Res. 43, 959-964
8 Valeriote, F., Medoff, G. and Dieckman, J. (1979) Cancer
Res. 39, 2041-2045
9 Valeriote, F., Medoff, G. and Dieckman, J. (1984) J. Natl.
Cancer Inst. 72, 435-439
10 Medoff, J., Medoff, G., Goldstein, M.N., Schlessinger, D.
and Kobayashi, G.S. (1975) Cancer Res. 35, 2548-2552
11 Brajtburg, J., Medoff, G. and Kobayashi, G.S. (1981) in
Antitumor Compounds of Natural Origin. Chemistry and
Biochemistry, Vol. II, pp. 124-142, CRC Press Inc., Boca
Raton
12 Rink, T.J. and Hladky, S.B. (1982) in Red Cells Membrane:
A Methodological Approach (Ellory, J.C. and Young, J.D.,
eds.), pp. 321-334 Academic Press, London
13 Brajtburg, J., Medoff, G., Kobayashi, G.S., Elberg, S. and
Finegold, C. (1980) Antimicrobial Agents and Chemother.
18, 586-592
14 Cybulska, B., Mazerski, J., Zielinski, J., Ziminski, T. and
Borowski, E. (1980) Drugs Exp. Clin. Res. 6 (5), 449-456
15 Cybulska, B., Mazerski, J., Borowski, E. and Gary-Bobo,
C.M. (1984) Biochem. Pharm. 33, 41-46
16 Deuticke, B., Kim, M. and Zjllner, C. (1973) Biochim.
Biophys. Acta 318, 345-359
17 Glaser, R. (1982) J. Membrane Biol. 66, 79-85
18 Kiraly, R. and Martin, R.B. (1982) Inorg. Chim. Acta 67,
13-16
19 Charcosset, J.Y., Jacquemin-Sablon, A. and Le Pecq, J.B.
(1984) Biochem. Pharm. 33, No. 14, 2271-2275
20 Kitao, T. and Hattori, K. (1980) Cancer Res. 40, 1351-1353
21 Hammond, S.M. (1977) Prog. Med. Chem. 14, 105-179
22 Norman, A.W., Spielvogel, A.M. and Wrong, R.G. (1976)
Acta Lipid Res. 14, 127-170
23 Henry, N., Fantine, E., Bolard, J. and Garnier-Suillerot, A.
(1985) Biochemistry, in the press
24 Brajtburg, J., Elberg, S., Bolard, J., Kobayashi, G.S., Levy,
R.A., Ostlund, R.E., Schlessinger, D. and Medoff, G. (1984)
J. Infect. Dis. 149, 986-997.
25 Tsuruo, T., Lida, H., Yamashiro, M., Sukagoshi, S. and
Sakyrai, Y. (1982) Biochem. Pharmacol. 31, 3138-3143



