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Ouabain at nanomolar concentrations stimulates total Rb* influx by 20 + 2% in monolayer cultures of
myocytes which were either in physiologic ionic steady-state conditions (‘control’) or ‘loaded with Na*’
following exposure to K *-free medium. The ouabain-stimulated Rb* influx was completely abolished by 0.1
mM bumetanide both in ‘control’ and in ‘Na*-loaded’ myocytes. Thus, addition of nanomolar concentrations
of ouabain to myocytes markedly stimulate the bumetanide-sensitive Rb* influx. This influx was increased
up to 3- and 4-fold in ‘control’ and ‘Na*-loaded’ myocytes, respectively. Ouabain at nanomolar concentra-
tions had no significant effect on the component of 8 Rb* influx which is inhibited by millimolar
concentrations of ouabain (the so called ‘ouabain-sensitive’ or ‘pump-mediated’ Rb* influx) in ‘control’ and
‘Na*-loaded’ cells. It is proposed that the increased rates of bumetanide-sensitive Rb* influx are accompa-
nied by an increased bumetanide-sensitive Na™ influx through the Na* /K™* cotransporter and thus to a
transient increase in intracellular Na* concentrations [Na™*],. The increase in [Na*],, subsequently causes a
transient elevation in [Ca?*]; via the Na* / Ca?* exchanger and may be involved in the regulation of cardiac
cells’ contractility.

Introduction cardiac glycosides are those concentrations of the

drug which elicit positive inotropic effects in the

It is commonly accepted that positive inotropic
actions and toxic effects of cardiac glycosides are
intimately related to their binding to the sodium/
potassium pump [1-3]. Therapeutic doses of

* These studies are included in the thesis of H.H. as partial
fulfilment of her Ph.D. thesis.

Abbreviations: [Na*], and [Ca%*];, intracellular concentra-

tions of these ions.
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heart. In patients treated with digitalis, serum
glycosides’ levels in vivo, and positive inotropy
occur in the nanomolar concentration range [4].

It has been proposed that cardiac glycosides
partially inhibit active extrusion of Na™* from cells
causing its intracellular retention. Increased con-
tractility is observed following transient elevation
of [Ca?*],. This could be obtained by a number of
ways [5], one of which is by the Na‘*/Ca?*
exchanger [1-3].

However, it has also been shown that ther-
apeutic (i.e., nanomolar) concentrations of cardiac
glycosides cause stimulation rather than inhibition
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of the influx of K* [4]. This stimulation was
attributed to the sodium pump.

Another transporter has been described in many
eukaryotic cells which cotransports electroneu-
trally, Na*, K* and Cl~ contributing significantly
to the cellular fluxes of ions [6,7].

In the present communication we have studied
the effects of ‘therapeutic’ and ‘toxic’ doses of
ouabain on the *®Rb" influx in cultured cardiac
muscle cells from postnatal rat hearts in the ab-
sence and presence of bumetanide.

Materials and Methods

Materials

Postnatal rats, 1-3-days old, were of local
strain; Ham F-10 with or without Ca?* and Mg?™*
was purchased from Kibbutz Beth Ha’Emek,
Israel; fetal calf and horse sera, from Gibco,
U.S.A,, trypsin and ouabain from Sigma, Tel-Aviv;
antibiotics from Teva Pharamceuticals, Jerusalem,;
sterile petri dishes, pipettes, etc. from Falcon,
US.A.

Bumetanide was provided by Laboratoire Leo,
B.P. 9-28500 Verouillet, Denmark; *RbCl, was
purchased from New England Nuclear.

Methods

Cultures of postnatal rat heart cells were pre-
pared as was previously described [8), briefly as
follows: Heart ventricles, aseptically removed from
1-3-day-old rats, were minced into small pieces in
a Ca’* plus Mg?*-free Ham F-10 medium, and
the suspension of minced tissue was incubated
with 0.1% (w/v) trypsin solution stirred at 100
r.p.m. at 37°C, seven times for 20 min each time.
After completion, the supernatant was decanted
into a complete medium which contains serum to
stop the action of trypsin on cells (Ham F-10
supplemented with Ca2*, Mg?* 10% fetal calf
serum, 10% horse serum, and per liter 200000
units penicillin, 0.2 g streptomycin and 0.2 g
gentamycin), and the entire cell suspension filtered
through a 0.200 pm mesh sieve.

Cells were counted, diluted to a concentration
of 7.5-10° cells/ml. Plates, 35 mm in diameter,
contained (1-1.5)- 105 cells, incubated in a com-
plete medium for 60 min at 37°C. This process
causes a faster adherence of non muscle (fibro-

blasts) cells to the culture dish, leaving a highly
enriched supernatant of muscle cells (myocytes —
over 90% pure). Cells were maintained in a
humidified atmosphere of 95% air and 5% CO, at
37°C. The medium was replenished every two
days, and cells were used on the 4th or 5th day. At
the time of experiment, the cells were confluent
and synchronously contracting. Protein concentra-
tions were determined by the method of Lowry et
al. [9], including dodecylsulfate (0.0075% w/v) to
dissolve membranes.

8Rb™* influx measurements

Rb™* influx was conducted according to Panet
et al. [10,11], in brief.

(a) Total Rb™ influx. Plates were rinsed with 1
ml of the reaction mixture (in mM final con-
centrations): 150 NaCl, 5 RbCl, 10 Hepes-Tris
buffer (pH 7.0), 0.5 CaCl,, 5 MgCl,, 10 glucose.
The uptake reaction was started by adding 1 mi of
the reaction mixture containing 2 to 5 uCi #*Rb*
and continued for up to 20 min at 37°C - the
linear portion of the curve (cf. Fig. 1 and Results).
The uptake was terminated by aspiration of the
medium, the cells were rinsed rapidly twice, with 5
ml ice cold solution of 125 mM MgCl, and twice
with 5 ml ice cold solution of 165 mM NaCl. The
washing process did not affect intracellularly
trapped %Rb™*. The cells were lysed with 0.6 ml of
0.1 M NaOH containing 0.1% (w/v) sodium
dodecyl sulfate, and radioactivity was counted in
toluene-Triton scintillation medium.

(b) Ouabain-resistant Rb* influx. The reaction
was the same as for total Rb* influx (a), in the
presence of 1-1.3 mM ouabain.

(¢c) Quabain and bumetanide resistant Rb* in-
flux. Incubation mixture as in (b) with 0.1 mM
bumetanide.

Ouabain-sensitive Rb* influx was obtained by
subtracting ouabain-resistant from total Rb* in-
flux. Bumetanide-sensitive Rb* influx was ob-
tained by subtracting ouabain and bumetanide-re-
sistant from ouabain-resistant Rb™ influx, or by
direct effect of bumetanide on total Rb™* influx.

Rb™ influx rates are expressed as nmol/mg
protein per min.

Elevation of [Na*], in mycocytes and *°Rb*
influx. The plates were rinsed and then incubated
with the total influx medium in which RbCl (KCl)



was replaced by choline chloride for 1 to 30 min at
37°C. At the end of incubation, the medium was
aspired and replaced by assay mixture for 1 to 10
min in the absence or presence of ouabain or
bumetanide and the uptake measured as given
above. Each experiment was done with three plates
and was repeated 3-5 times.

Values presented in this study are means + S.E.
Significance of differences between means was
checked by Student’s ¢-test, with values of signifi-
cance less than 0.05.

Results

Influx of °Rb™ in cultured heart cells

Cultured postnatal heart cells provide a useful
model for studying effects of cardiac glycosides on
the transport of K™ [12,13]. Mycocytes were sep-
arated from fibroblasts as described in Methods
and Rb™* uptake was measured in both cells. 3Rb™*
uptake for both types of cells was linear during
the first 20 min despite statistical fluctuations
(Fig. 1). Accordingly, total influx rates were 45.9
+ 2 and 19.9 + 1 nmol *Rb* /mg protein per min
for myocytes and fibroblasts, respectively. Higher
rates could be obtained if only the initial portion
of these curves (i.e., 2-3 min) were used for calcu-
lation of rates. Since the rates of *Rb™ influx in
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Fig. 1. Total ¥ Rb* uptake in myocytes and fibroblasts from

postnatal rat hearts. 3 Rb* uptake was measured as described

in Methods using separate cultures of myocytes (®) and
fibroblasts (X).
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fibroblasts are considerably lower than in myocytes
(cf. Ref. 14), slight contamination of myocytes by
fibroblasts is not expected to affect the measure-
ments.

Despite quantitative differences in rates be-
tween the two types of cells, they displayed a
similarity in the distribution Rb* influx compo-
nents. Two components, 1.€., ouabain sensitive and
ouabain resistant comprise 70 + 2% and 30 + 2%,
respectively, of the total 3Rb* influx in both cell
types (data are not shown here). Similar results
were obtained by McCall [15] in neonatal rat heart
myocytes.

As shown in Fig. 2, part of the Rb™ influx
which is resistant to ouabain, was inhibited by
bumetanide with a K5 of approximately 1077 M.
Thus, total Rb™ influx may therefore be divided
into the following components: (a) ouabain-sensi-
tive Rb™ influx comprises about 70% of the total;
(b) bumetanide-sensitive of about 10% of the total,

100‘%
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Fig. 2. Inhibition of ouabain resistant **Rb* influx by

bumetanide. The results are expressed as a percentage of the

ouabain-resistant influx rate. Quabain-resistant Rb* influx

was measured in the presence of 1 mM ouabain and the

indicated concentrations of bumetanide for 20 min as described

in Methods. Ouabain-resistant Rb* influx (100%) was 10
nmol /mg protein per min.
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and (¢) a residual influx resistant to ouabain and
bumetanide.

Effects of ouabain on total influx of *°Rb™

The effect of different doses of ouabain, rang-
ing from 5-107° M to 1-107* M, on the *Rb*
influx was determined in myocyte cultures. A bi-
phasic response was observed. In the range of low
concentrations of ouabain a stimulation of 20 + 2%
of the total Rb* influx could be seen. In the
range of higher concentrations of ouabain, inhibi-
tion prevailed with an IC,, value of about 4-10~°
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Fig. 3. Effect of ouabain **Rb™ on influx in the absence and
presence of bumetanide. Myocytes were prepared, and *Rb*
influx measured for 20 min as described in Methods. Ouabain
at the indicated concentrations was added to the assay mixture.
(a) Total Rb* influx in the absence (O) and presence of 0.1
mM bumetanide (O). (b) Bumetamide-sensitive Rb* influx was
calculate dby subtracting Rb™" influx measured in the presence
and absence of 0.1 mM bumetanide at the indicated concentra-
tion of ouabain.

M (Fig. 3a). At 1-1073 M ouabain, the Na* /K™
pump was completely blocked, leaving the
ouabain-resistant Rb™ influx.

We have measured the effect of different
ouabain concentrations in the absence and pres-
ence of 0.1 mM bumetanide on total 3Rb " influx.
As Fig. 3b shows, 0.1 mM bumetanide completely
abolished the stimulatory effects of low concentra-
tions of ouabain. The bumetanide-sensitive Rb*
influx (calculated by subtracting Rb* influx in the
presence of bumetanide from total Rb* influx)
was stimulated from 3.4 to more than 10 nmol /mg
protein per min by nanomolar concentrations of
ouabain (Fig. 3b). On the other hand, the
ouabain-sensitive influx was not affected. Similar
results are also seen in Table I: 10 nM ouabain
stimulated the bumetanide-sensitive Rb* influx by
244% whereas the ouabain-sensitive influx was
stimulated only by 7%! The result that only the
bumetanide-sensitive influx was stimulated by
nanomolar concentrations of ouabain was unex-
pected. Therefore, we have measured the effects of
ouabain also in myocytes which were pre-
incubated in K*-free medium. This process in-
hibits the Na* /K™ pump, elevates [Na™]; causing
the pump to turnover at rates approaching V.
[16—-20}. The actual concentrations of [Na™], were
not measured in these experiments (cf. however,
Ref. 19 for chick embryo myocytes), but their
consequences were clearly reflected by the corre-
sponding increased rates of the 3Rb™* influx (cf.
Fig. 4 and Table I).

Pre-incubating myocytes for 5 or 10 min in a
K”-free medium, activated the Na*/K™ pump
almost maximally and raised influx rates, when
measured at optimal conditions, by 220% of their
control values which represent values approaching
Vmax'

In the experiments described in Fig. 4, similar
conditions raised the inward flow by 167% (i.e.,
from 56 to 92 nmol /mg protein per min).

As could be seen in Fig. 4, both the ‘control’
and the ‘Na*-loaded’ cells exhibited similar re-
sponse to ouabain:

(1) The range of ouabain concentrations caus-
ing stimulation of influx was from 5-107'° to
1-107¢ M, in both cells.

(2) 5-10 nM ouabain caused a 12-14% stimula-
tion of total influx, in both cells.
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EFFECT OF THERAPEUTIC DOSES OF OUABAIN ON OUABAIN-SENSITIVE AND BUMETANIDE-SENSITIVE Rb*

INFLUXES

Myocytes, ‘Control’ and ‘Na*-loaded” were prepared as described in Methods. The ‘Na™ loaded’ cells were obtained following 5 min
preincubation in K *-free medium. Bumetanide (0.1 mM) was added in absence and presence of ouabain and the cells were incubated
with 3Rb™* for 10 min. 3*Rb* influx was measured as described in Methods; Ouabain-sensitive influx was calculated by subtracting
the bumetanide-sensitive and the residual (which is resistant to bumetanide and ouabain) influxes from total Rb* influx and not by
the usual ouabain sensitivity since opposite effects of ouabain were measured here.

Myocytes Additions 8Rb™* influx rate
total ouabain-sensitive bumetanide-sensitive
activity * % activity ® % activity * %
Control none 381+1 100 28342 100 34402 100
ouabain (10 nM) 459+1 118 30.5+2 107 83403 244
‘Na*-loaded’ none 78.0+2 100 65.6+2 100 3.840.3 100
ouabain (10 nM) 82241 105 609+1 93 15.0+04 395

2 Activity is expressed as nmol/mg protein per min.
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Fig. 4. Effect of ouabain on ‘control’ and ‘Na*-loaded’

myocytes. Rb* influx was measured in (‘control’ myocytes

(®)) and ‘Na*-loaded’ myocytes preincubated for 5 min in

[K™ ] -free medium (0). Rb™ influx was measured at 20°C
for 5 min, in presence of the indicated ouabain concentrations.

(3) The IC,, value for inhibiting the influx was
about 1-1074 M.

Since we could observe a similar stimulation by
ouabain at nM concentrations in the ‘Na*-loaded’
cells, we measured the effect of bumetanide on it
(Table I). 10 nM ouabain stimulated the
bumetanide-sensitive Rb* by 244% in the ‘control’
cells and surprisingly, by 395% in the ‘Na*-loaded’
cells. Since the ouabain-sensitive Rb* influx was
only very slightly stimulated (i.e., by 7%) in the
‘control’ cells, one cannot totally exclude any
stimulation of the ouabain-sensitive influx under
these circumstances. However, in ‘Na*-loaded’
cells (cf. Table I), no stimulation of ouabain-sensi-
tive Rb* influx was observed, perhaps a slight
inhibition (i.e., by 7%). It may be concluded that
these differences (i.e., +7%) are not statistically
significant. Neither could stimulation be seen in
Rb™ influx of ‘control’ cells in the presence of
bumetanide (cf. Fig. 3a).

Discussion

Ample evidence supporting Na* /K *-ATPase
as the receptor for positive inotropic effects of
cardiac glycosides has been reviewed [1-3,21,22].
However, direct evidence to establish a causal link
between glycoside induced inotropy and inhibition
of active transport of Na* and K* across myocar-
dial cell sarcolemma, is not always clear.

A major point of controversy has been the issue
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of whether significant pump inhibition occurs at
positive inotropic doses of cardiac glycosides.
Various in-vitro cardiac preparations responded
inotropically to concentrations of digitalis around
1077 M [23-27]. However, plasma levels of free
digoxin,digitoxin or ouabain in therapeutic condi-
tions in humans are lower than 1073 M [2,4]. On
the other hand, in quiescent atrial preparations
from guinea pig hearts, and other preparations,
nanomolar concentrations of ouabain stimulated
by 25% or more ¥Rb* uptake. This stimulatory
effect on transport was abolished either by pre-
treatment with propranolol or atropine [21,27,28].

Because of complexity in interpreting data from
experiments in intact myocardial preparations, we
have also decided to pursue flux studies in sponta-
neously beating cultured heart muscle cells from
postnatal rat [22,29-31]. They bear certain re-
semblance to muscle cells from human hearts, i.e.,
both types of cells contain two ouabain binding
sites having similar affinities for ouabain [22,25].

Nanomolar concentrations of cardiac glyco-
sides, have only rarely been shown to inhibit the
sodium pump, in a variety of cardiac preparations.
Alternatively, mechanisms for a transient eleva-
tion of {Na™], other than inhibition of the
Na* /K™ pump, could also be operative. Indeed, a
Na*/H™" exchange mechanism has been proposed
as a major uptake pathway for Na* in quiescent
chick cardiac cells [32], and may play an im-
portant role in the positive inotropic as well as the
toxic effects of cardiac glycosides [33].

In the present communication, we have shown
that Rb* influx in myocytes is stimulated by
nanomolar concentrations of ouabain which are
considered therapeutic in patients maintained on
digitalis therapy [4]. The influx was inhibited by
higher concentrations with an ICs, value of 4 - 10 >
M of ouabain but not completely even at toxic,
millimolar concentrations. It was therefore pos-
tulated that perhaps other components of the Rb*
influx, which are resistant to ouabain, could par-
ticipate in the stimulation. The bumetanide-sensi-
tive K¥ transporter has recently been char-
acterized in several eukaryotic cells including chick
embryo heart cells [6,7,10,11,34-41], but its physi-
ological role is not clear. This K* transporter has
been shown to be coupled to influxes of Na* and
Cl™ with a 1:1:2 molar ratio [34,36,39].

The bumetanide-sensitive K* influx comprises
between 10 and 40% of total Rb™ influx in differ-
ent cells. The activity of this transporter has been
shown to change during cell differentiation and
cell division or under the influence of different
stimuli [11,34,40-42]. In this communication we
show that therapeutic concentrations of ouabain
stimulated the bumetanide-sensitive K influx by
2-4-fold in growing myoblasts. Since the
bumetanide-sensitive K* influx has been shown in
a number of cells to cotransport Na* with K™, it
is proposed that the therapeutic effect of ouabain
is initially to increase Na* influx via the
bumetanide-sensitive transporter.

At concentrations of ouabain lower than 5-
10~% M, which cause a stimulation of total influx
of %Rb*, inclusion of 1-10"* M bumetanide
abolished this stimulation almost completely (Fig.
3a and Table I). If the sodium pump is not
activated by therapeutic doses of ouabain under
physiological conditions, it must be ensured that
this is also the case for other turnover rates of the
pump. Rates approaching V,,, were achieved by
elevating [Na*], to saturate the internal sites for
Na* (‘Na* loading’). Temporarily inhibiting the
Na*t/K* pump by exposure of the cells to a
K*-free solution caused a transient increase in
[Na™], [16-18], the Na* /K*-transport was then
reactivated by restoring K* to the medium.
Murphy et al. [19] have shown in cultured heart
muscle cells from chick embryo hearts that this
technique caused an increase in [Na*], and also a
linear loading of [Ca®*]..

Although ‘Na* loading’ accelerated total 3Rb*
uptake only moderately, it did not affect the
bumetanide-sensitive transporter per se (Table I).
On the other hand, as expected, the uptake due to
the ouabain-sensitive pump increased consider-
ably. The unexpected effect of nanomolar con-
centrations of ouabain was on the bumetanide-
sensitive transporter, either under physiological
conditions or even more prominent, at elevated
concentrations of intracellular Na* (Table I). It
seems that lowering or eliminating extracellular
K * or the rise in intracellular Na* caused either a
faster turnover of ouabain binding (Hallaq, Heller
and Eylam, unpublished observations) or alterna-
tively, it increased the occupancy of the high
affinity sites for ouabain [31], or both. This in turn



may have caused a slight reduction in the activity
of the ouabain-sensitive pump whereas the
bumetanide-sensitive transporter became highly
activated, perhaps by a so called ‘membrane cou-
pling’, as explained below [6].

Stimulation of total **Rb™* influx by nanomolar
concentrations of ouabain in ‘control’ or in ‘Na™-
loaded’ cells was abolished by bumetanide. The
data in Fig. 3 and Table I enable us to exclude the
sodium pump as the major responding partner to
the low, therapeutic doses of ouabain. However,
the sodium pump is the only known cellular bind-
ing site for cardiac glycosides. Postnatal rat
myocytes possess high and low affinity receptor
sites for these drugs [22,29,30]. The high-affinity
sites bind ouabain primarily at nanomolar con-
centrations. This in turn may affect the receptor
but indirectly modifies the activity of the Na*/K*
cotransporter and stimulates it in its ‘influx mode’
(i.e., activates influx). Toxic doses of ouabain (1
mM) which bind primarily to the low-affinity sites
[22,29,30], have been shown to stimulate the co-
transporter operating in the opposite direction
(i.., the ‘efflux mode’). This has been demon-
strated in certain cell cultures such as J774.2 mouse
macrophage-like cell line and two of its variants:
CT2 (a variant deficient in adenylate kinase) and
J7H1 (deficient in the cAMP-dependent protein
kinase). It was proposed that high concentrations
of ouabain indirectly act on the cotransporter by a
so-called ‘membrane coupling’ [6].

Stimulation of the influx of Rb™ by the
bumetanide-sensitive cotransporter and not by the
sodium pump means also stimulation of Na* in-
flux, causing a transient elevation of intracellular
concentrations of Na*. Indeed, a bumetanide-sen-
sitive 2?Na* uptake, which represents 17% of the
total Na* uptake component was described in
chick cardiac cells in culture [43]. Although the
Na*/H* exchange system is considered a major
Na* uptake pathway in these cells {32], the
Na*/K*/Cl~ cotransporter represents 69 + 15%
of the activity of the Na*/H™ antiporter [43].
Hence this transient increase in [Na™], could af-
fect the Na*/Ca?* exchanger of the sarcolemma
[44,45]. Therefore, the transient increase in [Na™];
by low, nanomolar concentrations of ouabain
acting via the bumetanide-sensitive cotransporter,
could provide an explanation for the inotropic
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effects of therapeutic doses of cardiac glycosides.
Thus, following the transient rise in [Na*];, an
independent or perhaps simultaneous activation of
two systems which extrude excessive Na®, i.e., the
Na*/Ca%* exchanger and the Na*/K*-ATPase
could occur, depending upon their relative activi-
ties and their K _[Na™], ratio. This may, perhaps,
be the explanation for inconsistent observations of
positive inotropy elicited by nanomolar concentra-
tions of ouabain in different in vitro preparations.
More studies are needed to further pursue the
proposed hypothesis on the stimulatory effect of
nanomolar concentrations of ouabain on the
Na*/K*/2Cl~ cotransporter and its inotropic ef-
fects. The stimulation of bumetanide-sensitive Na*
influx coupled to the bumetanide-sensitive K™
influx which leads to an entry of Ca’* via the
Na*/Ca’* exchanger has to be further explored.
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