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Interactions of cardiac glycosides with cells and membranes. Therapeutic and 
toxic doses of ouabain acting on sodium and calcium pumps in plasma 

membranes 

(Received 17 November 1987; accepted 7 January 1988) 

According to the currently accepted mechanism for cardiac 
glycoside action, theses agents bind to and inhibit the action 
of the sodium pump [l-3]. Following several reports of 
data that are inconsistent with sodium pump inhibition 
mechanism, attention has been directed toward alternative 
explanations [4-6]. One possible mode is via the sarco- 
lemmal calmodulin-regulated calcium pum 

Pp 
which has 

been implicated in the control of cellular Ca + [l-12]. The 
present communication describes the biphasic response 
to ouabain of two membrane-bound enzymes, Na+-K+- 
ATPase and Ca2+-Mg2+-ATFase in erythrocyte membrane 
vesicles, which serve as a good model system. Our data 
suggest that nanomolar concentrations of ouabain stimulate 
both Na+-K+-ATPase activity and calmodulin-mediated 
Ca2+-Mg2+-ATPase with concomitant inhibition of the 
“basal” Ca2+-Mg2+-ATPase activity. The possible involve- 
ment of the calcium pump mediated via cardiac glycosides 
in the regulation of intracellular Ca2+ concentrations is 
proposed. 

concentrations. The effects of endogenous or exogenous 
cahnodulin (derived from bovine brain) were measured bv 
adding either 100 pg/ml compound 48180 (181 or, 0.5 &I 
cahnodulin and lO-1OOuM Ca2+. T’he enzvme was ore- , ~~~ --- r-- 
incubated with increasing concentrations of ouabain either 
in the absence or presence of calmodulin. A similar pro- 
cedure was followed with compound 48/80. Incubations at 
37” for up to 60 min gave a linear response. The reaction 
was terminated by placing the tubes into liquid air. The Pi 
released was determined by the malachite green-molybdate 
complex assay, measuring color development at 1” during 
a 30 min period [19]. The activities of both enzymes were 
calculated according to Raess and Vincenzi [16] and 
expressed in mU/mg protein. Protein content was deter- 
mined in the presence of 0.01% sodium dodecyl sulfate 
according to Lowry et al. [20]. 

The values are presented as means & SEM. Significance 
of the differences between means was checked by Student’s 
t-test, and gave values of less than 0.05. 

Materials and methods Results and discussion 

Human erythrocyte membrane vesicles were preoared 
by hemolysig in either (a) hypotonic media withbuiCa*+ 
1131 or in the uresence of 1 mM EGTA 1141. or Ib) isotonic 
me&a contaiding 0.3 g/l saponin, 0.2 m&I I&TA and Ca2+. 
Whereas at (Ca2+)f< 0.1 PM only “basal” Ca2+-Mg2+- 
ATPase could be detected, during hemolvsis. at 
(Ca2+)f > 1 @l, Ca2+-Mg2+-A?Pase &tivity &at was 
stimulated bv calmodulin was found 114.151. ((Ca2+1‘is the 
concentratioh of free unbound Ca2’.) ’ a ” ” 

Na+-K+-ATPase and Ca’+-Mg2+-ATPase activities were 

Upon treatment with calmodulin, vesicles prepared from 
human erythrocyte membranes exhibited a bimodal 
response to ouabain: nanomolar concentrations of ouabain 
stimulated Na+-K+-ATPase and inhibited “basal” Ca2+- 
Mg2+-ATPase, whereas micromolar concentrations had the 
opposite effect (Fig. 1). Calmodulin (0.5 @+4) led to a 
fivefold increase in the “basal” Ca2+-Mg2+-ATPase 
activity. Nanomolar concentrations of ouabain further 
stimulated this activity by 160%. Micromolar concen- 
trations of ouabain seemed to inhibit this “calmodulin- 
activated” Ca2+-Mg2+-ATPase (Fig. 2). Na+-K+-ATPase 
did not respond to calmodulin’ at thkse concentrations. 
Compound 48/80, 0.1-0.4 @VI [18], a potent and specific 
antagonist of “calmodulin-dependent” cellular activities, 

assaved bv measuring the release of inorganic ohosohate 
[16]- in _ an isotonic medium coitainiig i mM 
EGTA f. CaCl, (1 mM Ca2+ in the presence of EGTA 
yielded (Ca2+)f = 14 PM [ll]); and rt ouabain in increasing 

BP 37:11-n 
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inhibited Na+-K+-ATPase. However, this inhibitor did 
not abolish the biphasic response of Na+-K+-ATPase to 
ouabain (0.1 nM to 0.1 mM) (Fig. 3). Gietzen et al. have 
shown that CaZ+-MgZ+-ATPase in erythrocyte membranes 
was almost completely inhibited by compound 48/80 at a 
concentration of 100 pg/ml. By contrast, 308 pg/ml com- 
pound 48/80 only inhibited erythrocyte Na’-K+-ATPase 

9 8 7 6 5 
-log(OUABAIN)(M) 

Fig. 1. Effects of ouabain on Na+-K+-ATPase and “basal” 
Ca2+-Mg*+-ATPase in human erythrocyte membranes. 
The figure shows results of 4 experiments as means 2 
SEMwith significance of differences between means CO.05 
Control values (100%) for NaC-K+-ATPase (0) and 
“basal” Ca*+-Mg*+-ATPase (A): 4.8 and 3.2 mU/mg pro- 

tein, respectively. 

01 
10 9 8 7 6 5 4 3 
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Fig. 2. Effects of ouabain on “calmodulin-activated” Ca*+- 
Mg*+-ATPase in human erythrocyte ‘membranes. The 
results from 3 experiments (mean k SEM witfi significance 
of differences between means <O.OS). Calmodulin was 
added at a final concentration of 0.5 PM and Ga*+ at 50 PM. 

activity by 25% [18]. Table 1 summarizes some of the 
properties of Ca *+-Mg*+-ATPase prepared from erythro- 
cyte membranes by various hemolysis procedures, which 
were reflected in differences in permeability and calmodulin 
retention. Vesicles in a medium containing EGTA are 
permeable to and retain less calmodulin [14,15]. 

At very low Ca*+ (i.e. less than 0.1 PM), the vesicles 
exhibited “basal” Ca*+-Mg*+ATPase activity. However, 
at Car’ concentrations greater than 1 PM, Ca*+-Mg*+- 
ATPase activities were higher and approached the values 
obtained in the presence of optimal concentrations of added 
calmodulin and Ca *+ The activities of Na+-K+-ATPase . 
and Ca*+-Mg *+-ATPase in calmodulin-depleted vesicles 
are shown in Table 2. Compound 48/80 led to inhibition of 
Na+-K+-ATPase- a result that was not expected (cf. Ref. 
18). 

Table 1. Ca*+-Mg*+-ATPase in human erythrocyte membranes prepared by various methods 

Enzymatic activity (mUnits/mg protein) 

Method of preparation Control +Calmodulin 

1. Isotonic hemolysis + saponin 
((Ca*+) < 0.1 mM) 

2. Isotonic hemolysis + saponin 
((Ca”) 2 1 mM) 

3. Hypotonic hemolysis (A) 
Hypotonic + EGTA (B) 
Hypotonic + EGTA (C) 
Hypotonic + EGTA (D) 
(D) + Compound 48/80(E) 

* 

41 5 2 68 2 1.5 

52 2 2 - 

10.7 5 1.1 55 _, 3 
5.0 * 1.3 50 2 2 

13.6 + 1.5 57 t 2 
10.1 * 1.1 - 
8.8 2 0.7 - 

Membranes were prepared according to Klinger et al. [15] (preps. 1 and 2) or according 
to Raess and Vincenzi [16] (prep. 3(A)); or according to Downes and Michell [14] 
(preps. 3(B-D)). In 3(B) during assay, (Ca*+)r was CO.1 mM in “control” and 2 PM in “+ 
Calmodulin” (0.5 PM). In 3(C) (Ca*+)r was <O.l mM in “control” and 0.1 mM in “+ 
Calmodulin” (0.5pM). In 3(D) (Ca*+)r was in “control” and “+ Compound 48/80” 7- 
10 PM. 

The results are means f SEM of 4 separate experiments, with significance of differences 
between means cO.05. 
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Fig. 3. Effects of compound 48/80 and ouabain on Na+- 
KC-ATFase in human erythrocyte membranes. Na+-K+- 
ATF’ase was titrated with 0.1 nM to 0.1 mM ouabain in 
absence (0) and presence (V) of 100 pg/ml of Compound 
48/80. For further details cf. Materials and Methods. The 
results of 3-4 experiments are shown as means f SEM with 
significance of differences between means ~0.05. Control 

value (100%): 37 mU/mg protein. 

Liilhnann et al. (8,9] found that inside-out vesicles from 
cardiac sarcolemma displayed “maximal” calcium trans- 
porting capacity and responded to inotropic and toxic doses 
of ouabain in a very similar manner to the erythrocyte 
calmodulin-reloaded membrane vesicles in the present 
study. In these experiments, the sarcolemmal vesicles were 
isolated from guinea-pig or cat hearts that had been per- 
fused with ouabain prior to homogenization [8,9]. These 
sealed inside-out vesicles were impermeable to externally 
added ouabain or digitoxin. In vesicles prepared in the 
presence of low concentrations of Ca2+ (i.e. 0.2 m), the 
CaZ+ pump activity was enhanced by up to lo-fold as 
compared to those prepared in the Ca*+-free medium con- 
taining EGTA [8]. Sarcolemmal vesicles from hearts per- 
fused with inotropic doses of ouabain (i.e. 0.3@vI) 
displayed higher rates of calcium transport than those pre- 
pared from hearts that had been perfused with toxic doses 
(i.e. 1 @I) [8,9]. Ltillmann et al. suggested that the 
increased Ca*+ transport in vesicles prepared from hearts 
perfused with inotropic doses of ouabain was caused by 
calmodulin retention. 

Sarcolemmal vesicles are generally difficult to prepare, 
contain a sodium pump, a sodium-calcium exchanger and 

a calmodulin-regulated calcium pump [lo, 11,211. On the 
other hand, human erythrocyte membranes are easy to 
prepare and exhibit a sodium pump and a calmodulin- 
activated calcium pump in the absence of the Na+-Ca*+ 
exchanger [lO-12,14,15]. Therefore, we used human 
erythrocyte membrane vesicles--a simpler and less com- 
plex model system-in order to test Liillmann’s hypothesis. 

Calmodulin is bound more tightly to cardiac sarcolemma 
than to the erythrocyte membranes. Consequently dis- 
sociation of calmodulin from sarcolemma would be 
expected to be more difficult. However, hypotonic treat- 
ment, immediately followed by a hypertonic wash in pres- 
ence of EGTA and by several hypotonic washes in the 
absence of EGTA led to depletion in calmodulin [lo, 141. 
There are several differences between the experiments with 
human erythrocyte membranes reported in this paper and 
the studies reported by Liillmann et al. In the latter inves- 
tigations in cardiac sarcolemma, the inotropic “low” and 
toxic “high” concentrations of ouabain were 0.3@l and 
1 @I, respectively (81. In erythrocyte membrane vesicles, 
“low” and “high” refer to nanomolar and micromolar con- 
centrations of ouabain, respectively (Fig. 1). However, the 
sarcolemmal vesicles retained ouabain during the homo- 
genixation in concentrations much lower than those of the 
medium. The low concentrations may only represent the 
molecules of ouabain bound to the receptors on the inner 
surface of the inside-out vesicles, which were originally on 
the outer surface of the membrane. In permeable erythro- 
cyte membrane vesicles, the ouabain concentrations given 
are those of the external medium. 

The studies done by Lilllmann et al. [8,22] or those 
reported in this paper do not imply that ouabain has direct 
effects on the calcium pump, i.e. the Ca*+-Mg*+-ATPase. 
All the other investigations on Ca*+-Mg2+-ATPase were 
carried out on intact membranes with the addition of milli- 
molar concentrations of ouabain to inhibit Na+-K+- 
ATPase. However, the effects of ouabain have not pre- 
viously been tested in purified Ca*+-Mg*+-ATPase prep- 
arations [lO-131. In the present study, the effect of ouabain 
at nanomolar concentrations was also examined for the first 
time. However, more rigorous studies are required in order 
to determine the direct effects of ouabain on highly purified 
Ca*+-Mg*+-ATPase. Huang and Askari reported the pres- 
ence of a Ca*+ activated para nitrophenylphosphatase in a 
highly purified Na+-Kf-ATPase preparation from dog’s 
kidney medulla [23]. The enzyme was completely inhibited 
by @f concentrations of ouabain and the inhibitory 
response to ouabain decreased by increasing the CaZ+ con- 
centrations from 50 to 5OOpM. Therefore, these effects 
may occur at sites that are in close proximity to one another, 
as primarily manifested in intact membranes but also in 
certain purified enrjmatic preparations, which explain the 

Table 2. Na+-Kc-ATPase and Ca*+-Mg*+-ATPase in human erythrocyte membranes 

Na+-K+-ATPase Ca2+-Mgr+-ATPase 

Additions mUnits/mg protein 

Mg *+, Na+, K+, EGTA 38.8 2 1.2 - 
Mg*t, Ca*+, Na+ (or K+) - 56 2 2 
+ Ouabain (0.1 mM) 13.5 f 1.1 - 
Compound 48/80 (100 pg/ml) 23.0” 2 31 r 1.5 
Ouabain + Comnound 48/80 11.9 f 1.1 24 r 1 
Calmodulin (0.5 EM) ’ 39.5 * 2 175 f 3 
Ouabain + Calmodulin - 167 + 3 

Membranes were prepared in hypotonic medium containing 1 mM EGTA [14]. Enzy- 
matic activity of Na+-K+-ATPase and Ca *+-Ms*+-ATPase was assayed in a final volume 
of 1 ml containing (in mM): Tris (SO), pH 7.0; NaCl(80); KC1 (30); MgClr (3); ATP (3); 
EGTA (3); CaC12 (0.1) and membrane protein (0.1-0.3 mg). The results represent means 
2 SEM of 4 experiments with significance of differences between means with CO.05. 
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Fig. 4. Proposed biphasic action of ouabain on sodium and 
calcium pump enzymes (see text). 

various effects of ouabain on Na+-K+-ATPase or, either 
direct or indirect on Ca*+-Mg’+-ATPase or both of these. 
Caution should be exercised in applying the conclusions 
from these experiments with erythrocyte membranes to 
other cellular systems, particularly to myocytes. However, 
it is tempting to speculate that CaZ+ at concentrations 
below 1 PM, enhance the inhibition of “basal” Ca*+-Mg2+- 
ATPase by inotropic doses of ouabain, since calmodulin 
alone does not bind to or stimulate the calcium pump (Fig. 
4). Under these circumstances, the steady state pumping 
rates of calcium are low and cause a retention of (Caz+)+ 
At Ca2+ levels above 1 ,uM, calmodulin binds to Ca*+ and 
the complex formed becomes attached to the sarcolemmal 
calcium pump, thereby increasing the “basal” activity by 
several-fold [24]. At this point, nanomolar concentrations 
of ouabain further stimulate the pump, increase its turnover 
rate, accelerating the removal of cellular Ca2+ with the 
decrease of (Ca”), to below 1 PM. The Ca*+-calmodulin- 
ATPase complex then dissociates with the return of Ca2+- 
Mg2+-ATPase activity to “basal” values and, the cycle 
continues in this fashion. Whether this proposed mech- 
anism provides only a partial explanation of the mode of 
cardiac glycoside action or such a process serves an aux- 
illiary or supplementary role remains to be established. 

In summary, nanomolar concentrations of ouabain were 
found to stimulate Na+-K+-ATPase and “calmodulin- 
dependent” Ca’+-Mg ‘+-ATPase but inhibited the “basal” 
(calmodulin-independent) Ca’+-M$+-ATPase in erythro- 
cyte membrane vesicles. These data indicate that the inter- 
actions between the plasma membrane sodium and calcium 
pumps, which might play a role in the regulation of intra- 
cellular calcium levels, may occur. 
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Effects of phorbol esters on doxorubicin transport systems 

(Received 15 June 1987; accepted 3 December 1987) 

When neoplastic cells are selected for resistance to a single 
anti-tumor agent, the resulting sublines are sometimes 
cross-resistant to a variety of other agents of apparently 
unrelated structure. This phenomenon is termed “multi- 
drug resistance” (MDR*), and it has been described in 
several reports and recent reviews [l-5]. Cells exhibiting 
the MDR phenotype have several characteristics: a new 
membrane “Pglycoprotein” having a molecular weight of 
approximately 170 kD; cross-resistance to anthracyclines, 
actinomycin D , Vinca alkaloids and certain other natural or 
synthetic products; and an outward drug-transport system 
which limits accumulation of cytotoxic agents. Outward 
transport may be mediated by the 170 kD glycoprotein 
which bears a close resemblance to transport proteins in 
bacterial systems (6,7]. This transport system can be 
inhibited by a variety of drugs including calcium-channel 
antagonists [bll] and calmodulin inhibitors [12,13]. 

A suggestion that phosphorylation of “P-glycoprotein” 
is involved in the maintenance of MDR was provided by 
in vitro studies [14-161. While P-glycoprotein phosphor- 
ylation can be promoted by calcium-channel antagonists, 
cahnodulin inhibitors and phorbol esters, sites of phosphor- 
ylation can differ, depending on the stimulus [17]. In one 
cell line, treatment with phorbols resulted in decreased 
phosphorylation of the 170 kD glycoprotein [18]. The role 
of phorbol ester-induced promotion of P-glycoprotein 
phosphorylation is not yet clear. Treatment of one drug- 
sensitive tumor cell line with a phorbol ester promoted 
vincristine resistance but there was no phorbol-induced 
alteration in drug responsiveness in a vincristine-resistant 
subline [ 191. 

In this study, we examined the effects of several phorbol 
esters on anthracycline transport and cytotoxicity in the 
P388 murine leukemia cell line and an anthracycline-resist- 
ant subline, P388/ADR. The properties of these cell lines 
have been described before; P388/ADR cells exhibit the 
pertinent characteristics of the MDR phenotype [20,21]. 

Cells were grown in sealed flasks using Fischer’s medium 
(GIBCO, Grand Island, NY) supplemented with 10% 
horse serum. (i4C]DNR (30 Ci/moi) was provided by the 
Division of Cancer Treatment, NCI. 120-3HH(N)1- 
Phorbo1,12-13-dibutyrate (550 Ci/mol) was purchased from 
New England Nuclear, Boston, MA. The 4ar- and 48 
phorbol didecanoate esters were obtained from the Sigma 
Chemical Co., St. Louis, MO. Incubations were carried 
out in growth medium buffered with 20mM HEPES at 
pH 7.2. 

Cell cultures were exposed to 3-200 nM concentrations 
of different phorbol esters for 10 min to 24 hr, at 37”, and 

* Abbreviations: ADR, adriamycin; DNR, daunorubi- 
tin; HEPES, N-2-hydroxyethylpiperaxine-N’-2-ethanesul- 
fonic acid; and MDR, multi-drug resistance. 

then suspended at a density of 7mg (wet weight)/ml in 
growth medium buffered with 20mM HEPES at pH7.4. 
This medium contained the same levels of phorbol esters 
as were present during the first incubation. The cells were 
then treated with 0.1 PM [ 14C]DNR for 0.3 to 90 mitt at 37”. 
In some studies verapamil(5-20 PM) was present during the 
second incubation. Drug exodus studies were carried out 
after 90-min incubations; cells were suspended in fresh 
medium (containing phorbol esters if these were present in 
the first incubation), and intracellular anthracycline con- 
centrations were measured over an additional 6Omin at 
37”. Cytotoxicity of DNR was measured by a clonogenic 
assay [22] after a 2-hr exposure to phorbol esters, followed 
by a l-hr treatment with specified anthracycline levels. 
Colonies were counted aftel, 7 days. Cloning efficiency of 
P388 cells was approximately 80%. 

We observed a 40% inhibition of steady-state DNR 
uptake by P388 cells upon treatment with 4/l-phorbol ester 
for 120 min (Table 1). This effect was not seen after shorter 
(l&30 min) or longer (8-24 hr) incubations with the phor- 
bol ester. The optimal phorbol concentration was 10 nM; 
we observed no effect at 3 nM, and no additional effects 
on DNR uptake were observed when the phorbol con- 
centration was increased. Treatment with phorbol for 
10 min to 24 hr had no effect on DNR accumulation by 
P388/ADR. The (inactive) Icu-phorbol ester did not alter 
the time-course of DNR accumulation by either cell line. 
Inhibition of DNR uptake by the 4Bphorbol ester (in P388 
cells) was not reversed by c25 PM verapamil (Table 1). 

Treatment with 10 nM 4BDhorbo1 ester for 2 hr nrotected 
P388 cells from the cytotdtic effects of a 1-hr exposure to 
DNR (Table 2). But when the time of exposure to DNR 
was increased to 24 hr, the 2-hr phorbol treatment did not 
alter DNR toxicity (data not shown). 

The effect of phorbol esters on DNR accumulation by 
P388 cells appears to derive from inhibition of uptake, 
rather than on activation of an outward transport system 
(Fig. 1). Even at the earliest time points measured, uptake 
of DNR in phorbol-treated P388 cells was impaired. 
Accumulation of DNR by phorbol-treated P388 cells was 
not enhanced by use of glucose-free medium containing 
10 mM sodium azide, nor was DNR efflux from P388 cells 
altered by treatment with the phorbol ester (Fig. 1). In 
contrast, uptake of anthracyclines by P388/ADR cells was 
inhibited by axide, an effect traced to inhibition of energy- 
deoendent outward drue transoort 120,211. 

To examine the relativi numbers of phorbol ester binding 
sites on P388 vs P388/ADR cells. we incubated cultures for 
2 hr with 10 nM labdled phorboi dibutyrate. Binding was 
proportional to phorbol concentration and reached a 
steadv-state at this time point. Under these conditions, the 
binding of labeled phorbol was 2-fold greater in P388 cells, 
but increasing the level of 4fiphorbol ester to 20 nM did 
not affect any result described above. 


