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Abstract--The binding of [3H]ouabain has been studied in (Na + + K+)-ATPase enriched cardiac cell 
membranes, as well as in cardiac muscle and non-muscle cells in culture--all obtained from hearts of 
neonatal rats. The binding has been correlated with ouabain-induced inhibition of (Na* + K*)-ATPase 
(cardiac cell membranes) and the inhibition of active (StRb+ + K+)-influx (cardiac muscle and non- 
muscle cells in culture). Furthermore, the effect of ouabain on the amplitude of cell-wall motion and 
contraction velocity has been studied in electrically driven cardiac muscle cells. 

In muscle and non-muscle cells, two classes of ouabain binding sites have been identified. In rat heart 
muscle cells, the high affinity binding site has a dissociation constant (Ko) of 3.2 x 10 -8 M and a binding 
capacity (B) of 0.2 pmole/mg protein (80,000 sites/cell); the values for the low affinity binding site are: 
KD = 7.1 x 10 -6 M; B = 2.6 pmole/mg protein (106 sites/cell). The binding to both types of binding sites 
is depressed by K + and abolished after heat denaturation of the cells. The kinetics of [3H]ouabain 
binding to rat heart muscle cells (association and dissociation rate constants, K +- and temperature- 
dependence of association and dissociation processes) have been characterized. 

In rat heart muscle and non-muscle cells, the binding of [3H]ouabain to the low affinity site results in 
inhibition of the (86Rb+ + K+)-influx (ECs0 = 1,3 and 1.5 × 10 -5 M ouabain), a decrease in cell-K + 
(ECs0 = 1.9 and 1.4 x 10 -5 M) and an increase in cell-Na + (10-5-10 -4 M). The ouabain-induced positive 
inotropic effect (increase in amplitude of cell-wall motion, increase in contraction velocity) in cardiac 
muscle cells is observed only at ouabain concentrations I>5 x 10 -6 M,  and it is therefore probably 
attributed to occupation of the low affinity binding site. Coupling of occupation of the low affinity site 
by ouabain with drug-induced inhibition of the sodium pump and with drug-induced positive inotropic 
action is further substantiated by kinetic measurements. In contrast, occupation of the high affinity 
binding site does not produce any measurable inhibition of the sodium pump activity or positive inotropy. 

In agreement with the findings in intact cells, two classes of ouabain binding sites (Ko = 2.2 x 10 -s 
and 1.3 × 10 -4 M) have been characterized in (Na + + K+)-ATPase enriched cardiac cell membranes 
from neonatal rats; only the binding of ouabain to the low affinity binding site produces a measurable 
inhibition of (Na + + K+)-ATPase activity (ECs0 = 4.8 × 10 -5 M ouabain). 

Our results support the finding of different types of ouabain binding sites in rat heart. The nature of 
the high affinity/low capacity ouabain binding site remains to be elucidated. 

Despi te  the long-standing use of  cardiac glycosides 
in the t rea tment  of  heart  failure, this mechanism of 
positive inotropic action is still a mat ter  of con- 
troversy [2]. Recent ly ,  glycoside-induced inhibition 
of the sodium pump as the exclusive cause of positive 
inotropy has again been quest ioned by experimental  
evidence for two classes of  cardiac glycoside recep- 
tors in rat heart:  in isolated cell membranes  from rat 
heart,  two classes of binding sites for [3H]ouabain 
have been demonst ra ted  (KD1 = 1.05 x 10 -7 M, 
KD2 = 2.8 x 10-SM),  only the low affinity, high 
capacity site being l inked to the inhibition of 
( N a ' - +  K ' ) - A T P a s e  [3]. Accordingly,  in rat ven- 
tricular strips, the positive inotropic action of 
ouabain is l inked to a class of  high affinity binding 
sites (KD = 3 x 10 -7 M),  while inhibition of active 

* Part of these results were presented at the Annual 
Meeting of the German Society for Cell Biology, Munich, 
Federal Republic of Germany, March 1982 [1]. 

(86Rb+ + K+)-uptake (EC50 = 3 x 10 -5 M) is inde- 
pendent  of binding of ouabain to this high affinity 
binding site [3]. 

Subsequently,  the existence of more than one 
mode  of positive inotropic action of cardiac glyco- 
sides in rat heart  has been claimed by further ex- 
per imental  evidence;  confirmation of the existence 
of two classes of  ouabain binding sites (KD1 = 
1.9 x 10 -7 M; KD2 = 1.4 x 10-SM) in membrane  
preparat ions from rat atria and ventricles [4]; a 'high 
dose'  and a ' low dose '  positive inotropic effect of  
ouabain in rat atria and ventricles [4-7], only the 
' low dose '  component  being l inked to changes in ion 
gradients [4]. Fur thermore ,  two or three forms of 
( N a ' +  K ' ) - A T P a s e  seem to exist in rat heart  
[8, 9]. Thus, exper imental  evidence suggests that at 
least part of the posit ive inotropic action of  cardiac 
glycosides in rat heart  is media ted  by a mechanism 
independent  of  cardiac glycoside-induced inhibition 
of the sodium pump.  
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Despite this evidence of the existence of two dis- 
cernible classes of cardiac glycoside receptors in 
membrane preparations and intact tissue of rat heart, 
only one class of saturable binding sites for ouabain 
has been described in cultured heart muscle cells 
from neonatal rats: McCall [10] has characterized a 
high affinity binding site for ouabain (Ko = 
2 x 10-7M), with ca 1.6 x 106 binding sites/cell. 
Heller and coworkers [11, 12] also describe a satu- 
rable, K+-sensitive, high affinity ( K D = 8 . 9 x  
10 -8 M) binding site for ouabain. In addition, non- 
saturable, K÷-insensitive ouabain binding has been 
found by them. None of the groups, however, have 
correlated ouabain binding with sodium pump inhibi- 
tion and positive inotropic action in these cells. We 
have therefore measured the binding of [3H]ouabain 
to cultured muscle ceils from neonatal rats, and have 
correlated the binding with the inhibition of active 
(86Rb++ K÷)-transport, as well as with positive 
inotropic action of ouabain in these cells. Our data 
support the existence of two saturable classes of 
ouabain binding sites in rat heart. 

MATERIALS AND METHODS 

Materials. Chemicals were purchased from NEN 
Chemicals (Dreieich, F.R.G.) (22NaC1, carrier-free; 
S6RbC1, 0.9-4.6mCi/mg; [3H]ouabain, 14-20Ci/ 
mmole); Serva Biochemica (Heidelberg, F.R.G.) 
(trypsin 1:250, No. 37290); and Biochrom (Berlin, 
F.R.G.) (collagenase 'Worthington', 125-250 U/mg, 
CLS II; fetal calf serum; horse serum; CMRL 1415 
ATM medium). All other chemicals were of ana- 
lytical grade and were purchased from Merck 
(Darmstadt, F.R.G.) and Boehringer-Mannheim 
(Mannheim, F.R.G.).  

Preparation o f  (Na + + K÷)-ATPase enriched car- 
diac cell membranes obtained from neonatal rats. The 
hearts of 200 neonatal Wistar rats (1-3-days-old; net 
wt 6.6 g) were quickly excised after cervical disloca- 
tion. The hearts were homogenized in a Potter- 
Elvejhem homogenizer with 60 ml of 0.25 M sucrose 
and 1 mM EDTA,  adjusted to pH 7.25 with imid- 
azole. To this homogenate, 5 ml of a 5% solution of 
sodium deoxycholate was added dropwise. After the 
homogenate was stirred for 20 min at 0 °, it was 
centrifuged for 30 min at 25,000 rpm (Beckman L 5- 
50, Ti 35 rotor). 

The supernatant was diluted with an equal volume 
of l m M  EDTA,  pH7.25, and centrifuged at 
44,000 rpm for 45 min (Ti 60 rotor). The pellet was 
suspended in 18ml of i mM EDTA, pH7.25, and 
kept frozen at - 20  ° until use. Before use, the suspen- 
sion was thawed at room temperature and homogen- 
ized in a Potter-Elvejhem homogenizer. 

(Na ÷ + K÷)-ATPase activity was measured by the 
coupled optical assay procedure [13]. Total activity 
was ca O. 12/~mole ATP hydrolysed/min per mg pro- 
tein at 37 ° . About 63% of the activity was inhibited 
by 10 -3 M ouabain. Protein was determined by the 
procedure of Lowry et al. [14], using bovine serum 
albumin as standard. 

Cell culture techniques. Muscle and non-muscle 
cells from hearts of neonatal Wistar rats (1-3-days- 
old) were prepared under sterile conditions and sep- 
arately cultured as described recently [15, 16]. In 

brief, this consisted of: disaggregation of 50-200 
hearts by repeated incubation (10 min periods at 37 °) 
in trypsin (0.12%)-collagenase (0.03%)-salt solu- 
tion (Ca :+, Mg2÷-free); separate cultivation of 
muscle cells (seeding density ~105cells/cm 2) and 
non-muscle cells in 25 cm 2 plastic flasks (Nunclon 
Plastics, DK-Roskilde, Denmark) at 37 ° after appli- 
cation of the differential attachment technique [17], 
in growth medium (CMRL 1415 ATM, bicarbonate- 
free, supplemented with 10% fetal calf serum and 
0.05 mg/ml gentamycin, pH 7.40). The medium for 
cultivation of the cardiac muscle cells was addition- 
ally supplemented with 10% horse serum. Experi- 
ments were carried out with muscle cells after 2-  
3 days in culture, with non-muscle cells after one 
subcultivation [splitting ratio 1:2, detachment of the 
cells by 0.25% trypsin + 0.02% EDTA in Ca 2+, 
MgZ+-free solution (Biochrom, Berlin)]. At that 
time, muscle ce!ls had formed a synchronously beat- 
ing monolayer; non-muscle cells were confluent. 

The term 'non-muscle cells' refers to heart ceils in 
culture, lacking sarcomeres, and mainly consisting 
of fibroblasts and endothelial cells [18]. In contrast to 
cardiac muscle cells, they possess a high proliferation 
capacity and attach rapidly to the culture flask after 
seeding [17]. 

Measurement o f  (86Rb+ + K+)-influx, [3H]oua- 
bain binding and cellular contents o f  Na ÷ and K ÷ in 
rat heart cells in culture. Unless otherwise stated, 
measurements were carried out at 37 ° with cells (0.2- 
2.0 mg protein/flask) in 25 cm 2 plastic flasks in serum- 
supplemented (2.5% fetal calf serum, 2.5% horse 
serum), HEPES-buffered (20 mM, pH 7.40) CMRL 
1415 ATM medium with a lowered K ÷ concentration 
(0.75mM). This is designated the 'standard 
medium'. 

For measurements of (86Rb+ + K÷)-uptake, cells 
were incubated for 10min with 86Rb+ in tracer 
amounts [15,16], the K ÷ concentration in the 
medium normally being 0.75 mM. Uptake of 86Rb+ 
was linear at least for 10 min [16]. In the experiment 
shown in Fig. 7, the rates of (86Rb+ + K+)-uptake 
changed within minutes. Therefore, it was necessary 
in this experiment to measure the rates of 
(86Rb++K+)-uptake in shorter time intervals 
(1 min) than usual. Washing procedures, lysis of 
the cells, determination of cellular radioactivity and 
measurement of cell protein according to the method 
of Lowry et al. [14] have been described in detail 
elsewhere [15]. Measurement of [3H]ouabain bound 
to the cells was carried out in a similar manner, 
normally after an incubation period of 4 hr (see also 
legends to figures and tables). Cellular K ÷ contents 
were measured by flame photometry; the exchange- 
able pool of intracellular Na ÷ was obtained by 
measurement of cellular Na ÷ tracer under equilib- 
rium conditions [16]. 

Determination o f  cell number/mg protein for  rat 
heart muscle cells in culture. The ratio of cell number/ 
mg protein was determined after cultivation of the 
cells for 2-3 days as described above. Thereafter, 
cells were detached from the ground by trypsin- 
EDTA solution (see above), and cell number was 
counted under a phase contrast microscope, while 
protein was determined according to the method of 
Lowry et al. [14]. In six experiments, a mean ratio of 
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(1.5 -+ 0.2) x 106 cells/mg protein (mean -+ S.E.M.) 
was found. 

Details of further methods used [simultaneous 
measurement of [3H]ouabain binding and 
(Na++ K÷)-ATPase activity in cardiac cell mem- 
branes from neonatal rats; monitoring of beating of 
electrically driven rat heart muscle cells in culture] 
are given in the legends of Fig. i and 9, respectively. 

The data presented in this report are mean values 
from closely correlating duplicates or triplicates. Un- 
less otherwise stated, all experiments were carried 
out at least three times. Representative S.D. values 
are given in some of the experiments. 

RESULTS 

[3H]Ouabain binding and (Na + + K+)-ATPase inhi- 
bition by ouabain in cardiac cell membranes from 
neonatal rats 

For reason of comparison, [3H]ouabain binding 
and (Na ÷ + K+)-ATPase inhibition by ouabain were 
not only studied in intact myocardial cells in culture 
(see following sections), but also in (Na++ K+) - 
ATPase enriched cardiac membranes obtained from 
hearts of neonatal rats, the same source being used 
as for the preparation of cultured heart cells. 

For measurement of [3H]ouabain binding and 
enzyme inhibition under identical conditions, cardiac 

membranes were incubated with [3H]ouabain 
(5 x 10-9-10 -3M). After an incubation period of 
60min--representing equilibrium conditions for 
binding (results not shown)--[3H]ouabain binding 
was determined by a rapid filtration method (O--O, 
Fig. 1) and (Na + + K+)-ATPase activity was meas- 
ured by the coupled optical assay (t~-O, Fig. 1). 
Half-maximal inhibition of enzyme activity occurred 
at 4.8 × 10-SM ouabain, which is close to that 
reported for ouabain-induced (Na++ K+)-ATPase 
inhibition in cardiac membranes from adult rats 
(4 × 10 -5 M [3]) and that for digoxin-induced inhibi- 
tion in neonatal rats (EC50=2.1 × 10-6M; [19]). 
Plotting the binding data of Fig. 1 according to 
Scatchard [20] yielded a curved line (inset of Fig. 
1). Negative cooperativity of ouabain binding was 
excluded by measurement of [3H]ouabain dissocia- 
tion in the presence and absence of excess unlabelled 
ouabain (results not shown), according to the propo- 
sal of De Meyts and Roth [21]. Therefore, the curved 
Scatchard plot is indicative of the existence of more 
than one class of binding sites for ouabain. Applying 
the method of Weidemann et al. [22]--assuming the 
existence of two classes of binding sites--gave a high 
affinity, low capacity site (Ko = 2.2 × 10-8M; ca 
1% of total binding sites) and a low affinity, high 
capacity site (KD = 1.3 × 10 -4 M). Again, the finding 
of two classes of ouabain binding sites in cardiac 
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Fig. 1. Specific [3H]ouabain binding to and ouabain-induced inhibition of (Na + + K+)-ATPase in cardiac 
cell membranes from neonatal rats. Cardiac cell membranes [0.82 mg protein; (Na ÷ + K+)-ATPase 
activity 0.07 ~rnole ATP hydrolysed/min per mg protein at 37 °] were incubated at 37 ° in 3 mM MgC12, 
3 mM imidazole/PO4, 50 mM imidazole-HCl buffer, pH 7.25, 5 × 10 -9 M [3H]ouabain and increasing 
amounts of unlabelled ouabain (10-8-10 -3 M), total volume 2.0 ml. After 60 min (time of equilibrium 
for ouabain binding to these membranes), 0.8ml of this incubation mixture was removed for the 
determination of (Na ÷ + K')-ATPase activity by coupled optical assay [13] and the remaining 1.2 ml 
was used for the determination of [3H]ouabain binding by rapid filtration through Whatman GF/C glass 
fibre filters [3]. Unspecific ouabain binding (in the presence of 10 -3 M ouabain) was less than 5% of the 
total radioactivity bound to the membranes and was subtracted. About 63% of ATPase activity was 
inhibited by 10 -3M ouabain. This portion was assumed to represent (Na++ K+)-ATPase enzyme 
activity. For measurement of (Na ÷ + K÷)-ATPase activity by the coupled optical assay, each cuvette 
contained the same ouabain concentration as in the incubation medium. (Na + + K+)-ATPase activity 
was inhibited by 50% at a concentration of 4.8 x 10 -5 M ouabain.. 

Inset to Fig. 1: Scatchard plot analysis of [3H]ouabain binding shown in Fig. 1. Analysis of the 
Scatchard plot [20] by the method of Weidemann et al. [22] for two binding sites gave a high affinity/ 
low capacity binding site (Ko = 2.2 × 10-SM; ca 1% of total binding sites) and a low affinity/high 

capacity site (Ko = 1.3 × 10 -4 M). 
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membranes  from neonata l  rats corresponds with the 
presence of two classes of ouabain binding sites in 
cardiac cell membranes  from adult rats [3]. 

Specific [3H]ouabain binding to cultured cardiac 
muscle and non-muscle cells from neonatal rats 

For measurement  of cellular [3H]ouabain binding,  
monolayers of rat heart  muscle cells were incubated 
with 6 x 10 -8 M [3H]ouabain at 37 °. After  different 
incubat ion periods, cel l-bound [3H]ouabain was 
determined,  and the values obtained were plotted vs 
incubat ion t ime (O--O, Fig. 2). Initial,  rapid binding 
was almost completed within 30 min,  being superim- 
posed by a slower, nearly linear binding process over 
the whole incubat ion period of 360 min. The criteria 
of specific and non-specific [3H]ouabain binding 
[23], as demonstrated for binding to chick heart  
muscle cells in culture [24], can also be applied 
to [3H]ouabain binding to rat heart  muscle cells in 
culture: unspecific binding is present  at high (10 -3 M) 
ouabain concentrat ions ( A - A ,  Fig. 2), occurs at 
heat-denatured cells (Table 1) and is independent  of 
the presence of K + (@-@,,  Fig. 3b). Specific [3H]- 
ouabain biwding ( [~Vq, Fig. 2) can then be obtained by 
subtractioi, of unspecific b inding from total ouabain 
binding (Fig. 2); it can be abolished by increasing the 
K ÷ concentrat ions in the incubat ion medium ( 0 - 0 ,  
Fig. 3a; A - A ,  Fig. 3b) and is lost after heat 
denatura t ion of the ceils (Table 1). Specific [3H]- 
ouabain binding (E]--VT, Fig. 2), is almost completed 
within 30min ,  the amount  of specifically bound  
[3H]ouabain thereafter being stable during the 
whole incubat ion period of 360 min. 

Similar kinetics of specific [3H]ouabain binding 
were also found for cultured rat heart  non-muscle  
cells (results not  shown), the amount  of specifically 
bound  [3H]ouabain being lower and the percentage 
of non-specific [3H]ouabain being higher than in rat 
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Fig. 2. Kinetics o-f [3H]ouabain binding to cultured heart 
muscle cells from neonatal rats. For preparation and cultiv- 
ation of cardiac muscle cells, the hearts of 101 neonatal rats 
(1-3-days-old) were used. Cells were seeded in 63 plastic 
culture flasks (25 cm 2 each) at a cell density of 55,000/cm 2. 
Cells in serum-supplemented (2.5% fetal calf serum, 2.5% 
horse serum), HEPES-buffered CMRL 1415 ATM medium 
([K +] = 0.75 mM) at 37 ° were incubated with [3H]ouabain 
for the times indicated (see abscissa), the total ouabain 
concentration being 6 x 10 -8 (O---O) and 10 -3 ( A - - A )  
M, respectively (3.2 x 106 cpm/flask; 0.31 mg protein/flask; 
incubation volume 4.1 ml). At the times indicated, non- 
cell-bound [3H]ouabain was removed by repeated washing 
of the cells, and the cell-bound radioactivity was deter- 
mined. For calculation of specific [aH]ouabain binding 
([D----~), cell-bound [3H]radioactivity in the presence of 
10 -3 M ouabain was subtracted from cell-bound [3H]radio- 
activity in the presence of 6 x 10 -s M ouabain. Values are 

given as the mean from closely correlating triplicates. 

heart  muscle cells. Again,  specific binding was 
reduced in the presence of increasing K + concentra- 
tions ( x - x ,  Fig. 3a). 

Table 1. Comparison of [3H]ouabain binding in normal and heat-shocked 
rat heart muscle cells 

Control Heat-shocked cells 

[3H]ouabain binding at 
(cpm/mg protein) 

9 × 10 -8 M 4050 
10 -6 M 1807 
10 -3 M 908 

(86Rb+ + K+)-Uptake 
(nmole/mg protein × min) 17.6 

Cell protein 
(mg/flask) 1.0 

678 
614 
769 

0.1 

0.81 

Heart muscle cells were incubated for 60 min in standard medium (see 
Materials and Methods) at 37 ° (control) and 60 ° (heat-shocked cells), 
respectively (incubation A). 

[3H]ouabain binding: After incubation A, [3H]ouabain (4.5 x 106 cpm/ 
flask) and unlabelled ouabain were added to the standard medium, 
giving final concentrations of 9 x 10 -8, 10 -6 and 10 -3 M, respectively. 
Cell-bound [3H]ouabain was determined after 4 hr of [3H]ouabain incu- 
bation at 37 ° . 

(86Rb+ + K+)-Uptake: After incubation A, cells were incubated for a 
further 4 hr in standard medium at 37 °. Thereafter, 86Rb+ (2.8 x 106 cpm/ 
flask) was added, and uptake was measured for 10 min at 37 °. 

During all incubation procedures, K ÷ concentration was kept at 
0.75 mM. 
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Fig. 3. [3H]ouabain binding to cultured cardiac muscle and non-muscle cells from neonatal rats: the 
influence of potassium ions. For preparation and cultivation of cardiac muscle cells, the hearts of 59 
(experiment a) and 79 (experiment b) neonatal rats (1-3-days-old) were used. Cells were seeded in 48 
(47) plastic culture flasks (25 cm 2 each) at a cell density of 48,000 (81,000)/cm z. Heart non-muscle cells 
(experiment a) were obtained from the hearts of 103 neonatal rats (1-2-days-old), after one subcultiva- 
tion, and were seeded in 40 plastic culture flasks (25 cm 2 each). Cells were incubated for 4 hr in standard 
medium with K + and [3H]ouabain concentrations as indicated. Temperature 37 °. Thereafter, cell-bound 
[3H]radioactivity was determined. Radioactivity and cell protein/flask (incubation volume 4.1 ml): 
experiment a: heart muscle cells 3.6 x 106 cpm; 0.78 mg; heart non-muscle cells 2.8 x 106 cpm; 0.52 mg; 
experiment b: 3.8 × 106cpm; 1.81 mg. Values are mean -+ S.D. (n = 3) for heart muscle cells, and 

means from closely correlating duplicates for non-muscle cells. 
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Quantification of the number o[ ouabain binding sites 
in cardiac muscle and non-muscle cells from neonatal 
rats 

Specific [3H]ouabain binding was characterized 
further by measurement of concentration-dependent 
[3H]ouabain binding under equilibrium conditions 
(Fig. 4a). In cultured cardiac cells from chicken 
embryos, saturable binding of [3H]ouabain to a single 
class of binding sites (Ko = 1-2 × 10 -7 M) has been 
demonstrated [24, 25]. Applying exactly the same 
experimental procedure to [3H]ouabain binding in 
rat heart muscle cells, a biphasic binding curve was 
obtained (Fig. 4a): after reaching a plateau around 
10-7M, ouabain binding increased again up to 
10 -5 M ouabain. 

Plotting these binding data according to Scatchard 
[20], a curved line was obtained (Fig. 4b). As there 
was no exPerimental evidence for negative coopera- 
tivity of ouabain binding to the cells (see next sec- 
tion), more than one class of ouabain binding sites 
must exist in rat heart muscle cells in c u r u l e .  
Applying the computer program of Weidemann et al. 
[22], the binding data were compatible with the 
presence of two classes of ouabain binding sites: a high 
affinity (KD = 7.5 × 10-SM), low capacity (B = 
0.2 pmole/mg pro te in)b ind ing  site, as well as a low 
affinity (2.3 × 10 -5 M), high capacity (5.3 pmole/mg 
protein) binding site. Mean values for the dissociation 
constants and binding capacities for both sites obtained 
from eight experiments as described in Fig. 4, are 
given in table 2. 

Also in cultured non-muscle cells prepared from 
hearts of neonatal rats, two classes of ouabain bind- 

ing sites were identified, with similar dissociation 
constants but lower binding capacities than the rat 
heart muscle cells (Table 2). 

Characterization of the association and dissociation 
processes of specific [3H]ouabain binding in rat heart 
muscle cells in culture 

Before describing the characteristics of association 
and dissociation kinetics, some theoretical considera- 
tions will be briefly summarized. 

In chick heart muscle cells in culture, the associ- 
ation of ouabain to and the dissociation of ouabain 
from a single class of binding sites results in mono- 
phasic second order and first order kinetics, respec- 
tively [24]. The existence of two types of binding 
sites---as suggested for rat heart muscle cells accord- 
ing to concentration-dependent ouabain binding 
under equilibrium conditions (Fig. 4)--should be 
reflected by biphasic dissociation kinetics, the 
amount of ouabain dissociating from high and 10w 
affinity sites being dependent on the ouabain con- 
centration chosen during the preincubation period. 
The ratios of [3H]ouabain radioactivity bound to high 
and low affinity binding sites can be calculated for 
every ouabain concentration from the values of the 
dissociation constants and binding capacities (Table 
2), applying the law of mass action (see legend to 
Fig. 8). For  different ouabain concentrations, the 
following ratios (high affinity/low affinity ouabain 
binding) were calculated: 10 -8 M: 13.0; 10 -7 M: 4.2; 
10-6M: 0.6; 10-SM: 0.13. 

Figure 5a shows the kinetics of [3H]ouabain bind- 
ing at 37 ° to rat heart muscle cells in culture. The 
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Fig. 4. Concentration dependence of [3H]ouabain binding 
to cultured heart muscle cells from neonatal rats. (a) For 
preparation and cultivation of cardiac muscle ceils, the 
hearts of 103 neonatal rats (1-2-days-old) were used. Cells 
were seeded in 73 plastic culture flasks (25 cm 2 each) at a 
cell density of 58,000/cmL For measurement of [3H]ouabain 
binding, cells were incubated for 4hr in serum-sup- 
plemented, HEPES-buffered CMRL medium ([K +] = 0.75 
raM) in the presence of [3H]ouabain concentrations as 
indicated (see abscissa). Temperature 37°; incubation 
volume 4.1 ml; 1.03 mg protein/flask. [3H]Ouabain 
radioactivity/flask: 0.2 x 106 cpm ([ouabain] = 3.9 x 10 -9 
M), 0.4 × 106 cpm (7.8 X 10 -9 M), 0.8 x 106 cpm (1.6 x 
10 -8 M), 1.7 x 106 cpm (3.1 x 10 -8 M), 3.4 x 106 cpm 
(>16.2 x 10 -8 M). For calculation of specific [3H]ouabain 
binding, unspecific binding at 10 -3 M ouabain (17% of 
maximal counts bound) was subtracted from total [3H]- 
ouabain binding. (b) Scatchard plot analysis [20] of binding 
data presented in (a). Analysis according to Weidemann et 
al. [22] for two classes of binding sites yields the following 
values: KD1 = 7.5 x 10 -8 M, B1 = 0.2 pmole/mg protein; 
Ko2 = 2.3 x 10 -5 M, BE = 5.3 pmole/mg protein. Values 

are means from closely correlating duplicates. 

ouabain concentration chosen was 8.7 × 10 -8 M, the 
binding process therefore representing mainly bind- 
ing of ouabain to the high affinity binding site (see 

above). The association process can be described by 
second-order kinetics, fitting the following equation 
[26]: 

2.303 b(a  - x )  
k+l = - -  × log 

(a  - b ) t  a ( b  - x )  

where a is the initial concentration of ouabain in the 
incubation medium, b is the concentration of high 
affinity binding sites (see legend to Fig. 5), and x is 
the concentration of ouabain-high affinity binding 
site complexes after reaction time t. The association 
rate constant, k+l, of the high affinity binding site 
can then be roughly estimated from the slope of the 
curve presented in Fig. 5c; it was 1.2 × 1 0  4 M -1 s -1. 

In Fig. 5b, rat heart muscle cells were incuba ted  
for 4 hr at 8.7 x 10 -8 M ouabain, representing equi- 
librium conditions for ouabain binding. Thereafter, 
dissociation of [3H]ouabain from the cells was meas- 
ured at different intervals up to 360 rain at 37 °. The 
dissociation process is characterized by a biphasic 
curve, fitting dissociation from two classes of binding 
sites by first-order kinetics (Fig. 5d). The dissociation 
rate constants were estimated from the slopes of 
the curve and were 9 x l 0  - 4  s - 1  (tl/~ = 12 min) and 
2 x 10 -s s -1 (tl/~ = 575 rain) (a = amount of ouabain- 
binding site complexes at t = 0, x = amount of oua- 
bain dissociated from its binding sites after reaction 
time t [26]). It should be emphasized that due to 
methodological limitations the dissociation rate con- 
stant of the fast component may be even higher 
and consequently its half-time even shorter than the 
values measured. In the experiment of Fig. 5b, ca 
25% of specifically bound ouabain rapidly dis- 
sociated from the cells. This is in good agreement 
with the amount of ouabain initially bound to low 
affinity sites (calculated as 17%, applying the values 
of Table 2). High concentrations of ouabain (10 -4- 
10 -3 M) did not alter the dissociation process (results 
not shown). Therefore, the existence of negative 
cooperativity between the ouabain binding sites can 
be excluded [21]. 

In conclusion, the results of ouabain association 
(second-order kinetics) and dissociation (biphasic 
first-order kinetics) experiments are in agreement 
with the binding of ouabain to two classes of binding 
sites with different dissociation velocities. 

The reduction of [3H]ouabain binding under equi- 
librium conditions by K + (Figs. 3a and 3b) in rat heart 
muscle cells can be explained by the K+-induced 
decrease in association velocity, which was reduced 
to 25% of the control value ([K +] = 0.75 mM) in the 
presence of 3.5 mM K + ([ouabain] = 6.7 x 10 -8 M; 
association time = 3rain; temperature 37°; results 
not shown). On the other hand, dissociation of oua- 
bain from its binding sites was not influenced by K + 
ions (preincubation of the cells at 8.7 x 10-8M 
[3H]ouabain; measurement of dissociation between 
t =  5min and t = 720rain; dissociation at [K +] = 
0.75 mM; 1325 cpm/mg protein; at [K +] = 5.4 mM; 
1360 cpm/mg protein; 12,700 cpm/pmole ouabain; 
results not shown). 

Binding of [3H]ouabain to and dissociation from 
its specific binding sites was strongly temperature- 
dependent, with Q10 values of ca 3 within the temper- 
ature range 9 ° and 37 ° ([ouabain] = 6.7 × 10 -8 M; 
results not shown). 
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Table 2. Properties of high and low affinity ouabain binding sites in cultured cardiac muscle 
and non-muscle cells prepared from neonatal rats 
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Rat heart 
Muscle c e l l s  Non-muscle cells 

Ouabain binding sites 
High affinity binding site 

Dissociation constant, KD (M) 
Binding capacity (pmole/mg protein) 

(sites/cell) 

Low affinity binding site 
Dissociation constant, Ko (M) 
Binding capacity (pmole/mg protein) 

(sites/cell) 

Ouabain-induced inhibition of 
(~6Rb- + K+)-uptake (ECs0, M) 

Ouabain-induced decrease in cell-K* 
(zcs0, M) 

Ouabain-induced increase in cell-Na ÷ 
(Ecs0, M) 

(3.2 - 2.0) x 10 -8 -10 -8 
0.2 -- 0.1 ~0.1 
8 x 10 4 

(7.1 --- 3.0) x 10 -6 ~10 -6 
2.6 --- 0.6 ~1 

106 

(.1.3 -+ 0.2) x 10 -5 (1.5 --- 0.3) x 10 -5 

(1.9 --- 0.4) × 10 -5 (1.4 -+ 0.3) x 10 -5 

10-5_10-4 10-5_10-4 

Data were obtained from experiments as described in Figs. 4 and 6. Ouabain binding sites: 
values are given as mean --- S.E.M. (n = 8 for muscle cells and n = 4 for non-muscle cells). 
Ouabain-induced inhibition of (86Rb+ + K+)-influx: values are mean-  S.E.M. (n = 8 for 
muscle cells and n = 4 for non-muscle cells). Ouabain-induced decrease in cell-K+: values are 
mean--+ S.E.M. (n = 7 for muscle cells and n = 4 for non-muscle cells). Ouabain-induced 

increase in cell-Na+: n = 5 (muscle cells); n = 1 (non-muscle cells). 

Correlation of specific ouabain binding and inhibition 
of active (S6Rb+ + K÷)-influx in cardiac muscle and 
non-muscle cells from neonatal rats 

The existence of different classes of ouabain bind- 
ing sites in cultured rat heart cells raises the question 
whether ouabain-induced inhibition of active 
(86Rb+ + K+)-influx can be attributed to the binding 
of ouabain either to the high affinity or to the low 
affinity binding site. 

In order to clarify this question experimentally, 
cardiac muscle and non-muscle cells from neonatal 
rats were incubated at different ouabain concentra- 
tions under the same conditions as those used for 
the measurement of [3H]ouabain binding (incubation 
period 4 hr, 37 °, [K ÷] = 0.75 mM). In both cell types 
(Figs. 6a and 6b), (86Rb ÷ + K÷)-uptake was inhibited 
by ouabain in a concentration-dependent manner. 
In addition, a slight increase in the transport rate 
was observed at low ouabain concentrations in some 
of the experiments. Maximal inhibition was more 
than 90%, demonstrating that, at this low K ÷ concen- 
tration, more than 90% of the (S6Rb÷ + K+)-influx 
represented active transport mediated by the sodium 
pump. Half-maximal inhibition in both cell types 
occurred at ca 1.5 × 10 -5 M ouabain (see also Table 
2). As a consequence of ouabain-induced inhibition 
of active cation transport, the cellular sodium con- 
centration increased, and the cellular potassium con- 
centration decreased, the ECs0 values being close to 
the ouabain concentration producing 50% inhibition 
of (86Rb+ + K+)-influx (Table 2). A comparison of 
these results with the dissociation constants of oua- 
bain binding to high and low affinity binding sites 
(Table 2) implies that a close relationship exists 
between the occupation of low affinity binding sites 
by ouabain and the inhibition of the sodium pump. 

Further evidence of this close relationship was 
furnished from experiments where the kinetics of 
(86Rb+ + K+)-transport inhibition and reactivation 
were studied (Fig. 7). 

Rat heart muscle cells were incubated in 
10 -SM ouabain for 210min. In parallel, 
(S6Rb+ + K+)-influx rates were measured at different 
time intervals of the incubation period (for experi- 
mental details see legend to Fig. 7). Within the first 

86 + + 3 min ofouabainincubation, the ( Rb + K )-influx 
rate decreased from 12.2 to 8.4 pmole/mg protein x 
min, then remaining at this level as long as ouabain 
was present in the incubation medium. At t = 
210 min, cells were washed in ouabain-free medium, 
and the (86Rb+ + K÷)-influx rates were again deter- 
mined at different intervals for the next 240 rain. 
Within the first 4 min of the wash-out phase, ouabain- 
induced inhibition of (86Rb+ + K÷)-uptake was com- 
pletely reversed. Therefore, reactivation of active 
cation transport parallels the fast component of 
[3H]ouabain dissociation as demonstrated in the ex- 
periment of Fig. 5b. 

A clearcut relationship of cardiac glycoside recep- 
tor occupancy and inhibition of the sodium pump 
was obtained by simultaneous measurement of 
[3H]ouabain binding and (86Rb++ K+)-uptake at 
various ouabain concentrations, within the same 
experiment; in the experiment of Fig. 8, the dissocia- 
tion constants KD for ouabain binding were measured 
as described in Fig. 4. According to the law of mass 
action, the percentage of high and low affinity bind- 
ing sites occupied by ouabain have then been calcu- 
lated (see legend of Fig. 8) and correlated with the 
rate of ouabain-sensitive (86Rb+ + K+)-uptake and 
with the amount of ouabain-displaceable cell-K +, at 
the very same ouabain concentration. Occupation of 
the high affinity binding site did not inhibit 
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Fig. 5. Determination of association and dissociation rate constants of [3H]ouabain binding to cultured 
rat heart muscle cells. For preparation and cultivation of cardiac muscle cells, the hearts of 107 
(association experiment) and 104 (dissociation experiment) neonatal rats (1-3-days-old) were used. 
Cells were seeded in 63 (57) plastic culture flasks at cell densities of 75,000 per cm 2, (a) For measurement 
of ouabain association, muscle cells were preincubated for 4 hr in serum-supplemented, HEPES-buffered 
CMRL medium ([K ÷] = 0.75 mM). Thereafter [3H]ouabain was added to the medium (4.1 x 106 cpm/ 
flask), yielding a final ouabain concentration of 8.7 × 10 -8 M. At the times indicated (see abscissa), non- 
cell-bound [3H]ouabain was removed by repeated washing of the cells at 4 ° and cell-bound [3H]ouabain 
was determined. Unspecific binding was measured simultaneously in the presence of 10 -3 M ouabain. 
Data are given on the ordinate as specific ouabain binding~mg protein. Temperature 37°; incubation 
volume 4.1 ml; 1.28 mg protein/flask. Values are given as the mean from closely correlating duplicates. 
In addition, concentration-dependent, specific [3H]ouabain binding under equilibrium conditions with 
subsequent Scatchard plot analysis was carried out in the experiment of (a), according to the experiment 
shown in Fig. 4. The following values for the high affinity binding site were obtained: Ko = 0.9 × 10 -8 M; 
B = 0.23 pmole/mg protein. (b) For measurement of ouabain dissociation, muscle cells were preincu- 
bated with [3H]ouabain (4.3 x 106 cpm/flask, final ouabain concentration 8.7 x 10 -8 M) for 4 hr at 37 ° 
in serum-supplemented, HEPES-buffered CMRL medium ([K ÷] = 0.75 mM). Thereafter, cells were 
washed five times (37 °) with incubation medium without ouabain, and were further incubated in ouabain- 
free medium at 37 °. Cell-bound [3H]ouabain was measured at the intervals indicated on the abscissa. 
Unspecific [3H]ouabain binding was determined simultaneously in the presence of 20 mM K ÷. Data are 
given as specifically cell-bound [3H]ouabain/mg protein (ordinate). Incubation volume 4.1 ml; 0.91 mg 
protein/flask. Values are given as the mean from closely correlating triplicates. In (c) and (d), the data 
of association (a) and dissociation (b) experiments were plotted to fit the equations for second-order 
kinetics [(c) association] and first-order kinetics [(d) dissociation], respectively [26]. For further 
explanation, see text. (c) a = initial concentration of ouabain in incubation medium (8.7 × 10 -8 M); 
b = total amount of high affinity ouabain binding sites/4.1 ml = 6.5 x 10 -11 M (determined by Scatchard 
plot analysis); x = amount of ouabain-binding site-complexes/4.1 ml at reaction time t. (d) a = total 
amount of ouabain-binding site-complexes/4'.1 ml at t = 0:4.8 x 10 -11M. a - x = amount of ouabain- 
binding site-complexes/4.1 ml at reaction time t. Calculations were based on the assumption that binding 
sites of the cells grown as a monolayer were as freely accessible to ouabain molecules during the assay 
conditions as the binding sites of cells homogeneously suspended in incubation medium. In (c), regression 
analysis was carried out (y = 1.41 × 106 5- 7.16 × 105 x; r = 0.95). According to second-order kinetics 
(see text), the curve should intercept at zero. This, however, was not exactly the case, probably due 
to experimental error. In (d), experimental points were fitted to two regression curves: curve 1: y = 
0 .012-  0.056 x; r = 0.99; x = 0, 1.5 and 5min; curve 2: y = -0.223 - 1.272 × 10 -3 x; r = 0.99; 

x = 30-360 min. 

(86Rb+ + K+)-influx and  did not  lower  cell-K +. Bind-  
ing of ouaba in  to the  low affinity site, however ,  
occur red  wi th in  approx imate ly  the  same concent ra-  
t ion range  as ouaba in - induced  inhib i t ion  of (86Rb+ 
+ K+)-influx and  lowering of  cell-K +. There fo re ,  
the  low affinity, h igh capaci ty b inding  site may  be  
c la imed as the  cardiac glycoside recep tor  with  respect  
to inhib i t ion  of the  sod ium pump.  It  should  be  no ted ,  

however ,  t ha t  inh ib i t ion  of active K+-influx seems to 
occur  only w h e n  more  than  30% of the  low affinity 
b inding  sites have  b o u n d  ouaba in  (Fig. 8). This  may 
e i ther  be  due  to expe r imen ta l  e r ror  (de t e rmina t ion  
of the  dissociat ion cons tan t  of the  low affinity b ind ing  
site),  or  it could reflect the  reserve  capacity of the  
sodium p u m p ,  as has  b e e n  shown to exist in chick 
hear t  muscle  cells in cul ture  [24]. 
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Fig. 6. Effect of ouabain on sodium pump activity in cultured cardiac muscle and non-muscle cells from 
neonatal rats. For preparation and cultivation of cardiac muscle cells, the hearts of 105 neonatal rats 
(1-4-days-old) were used. Cells were seeded in 78 plastic culture flasks (25 cm 2 each) at a cell density 
of 80,000/cm 2. Heart non-muscle cells were obtained from the hearts of 155 neonatal rats (1-2-days- 
old) after one sub-cultivation, and were seeded in 80 plastic culture flasks (25 cm2). Muscle (a) and non- 
muscle (b) cells were incubated with different ouabain concentrations (see absicissa) in standard 
medium ([K +] = 0.75 mM) at 37 °. Thereafter, the (S6Rb+ + K+)-influx rate, cell-K + and cell-Na + were 
determined. Measurement of (86Rb+ + K+)-influx rate: Within the last 10 min of incubation period, 
86Rb+ was added in tracer amounts to the incubation medium; after 10 min, the amount of 86Rb+ taken 
up into the cells was determined. Values were corrected by 'zero-measurements' [15]. Measurement of 
cell-K + was carried out after the end of incubation period by flame photometry [16]. Measurement of 
cell-Na+: At the beginning of the incubation period, 22Na+ was added in tracer amounts to the medium. 
At the end of the incubation period, the exchangeable pool of 22Na+ was determined [16]. Radioactivity 
and cell protein per flask: (a): 2.02 x 106 cpm 86Rb+; 8.98 x 106 cpm :2Na+; 1.30 mg. (b): 2.75 x 106 cpm 
86Rb+; 10.72 x 106 cpm 2~Na+; 0.45 mg. Values are given as mean -+ S.E.M. (n = 4-16, cell-K +) and 

mean --- S.D. [n = 3, cell-Na + and (86Rb+ + K+)-influx rates]). 

Positive inotropic action of ouabain in rat heart 
muscle cells in culture 

In cultured cardiac muscle cells, the drug-induced 
increase in the ampli tude of  cell-wall mot ion as well 
as in the velocity of mot ion is indicative of  a positive 
inotropic effect of this drug [27, 28]. The positive 
inotropic effect of cardiac glycosides has been 
demonst ra ted  in heart  muscle cells in culture from 
different species [19, 28-30]. 

Figure 9 demonst ra tes  the effect of  three concen- 

trations of ouabain on cell-wall mot ion of rat heart  
muscle cells in culture (for experimental  details, see 
legend of Fig. 9). As  cardiac glycosides increased 
their  beat ing frequency,  the cells were paced at a 
constant rate of 100/min to exclude frequency- 
induced staircase phenomena .  For  a bet ter  compari-  
son of the data obtained with the experiments  of  
[3H]ouabain binding (Fig. 4) and ouabain-induced 
sodium pump inhibition (Fig. 6), the  ceils were  per- 
fused with low K ÷ (1.5 mM) medium.  The addit ion 
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Fig. 7. Kinetics of ouabain-induced inhibition and reactivation of (86Rb+ + K+)-influx rates in rat heart 
muscle cells in culture. For preparation and cultivation of cardiac muscle cells, the hearts of 97 neonatal 
rats (1-3-days-old) were used. Cells were seeded in 54 plastic culture flasks (25 cm 2 each) at a cell density 
of 130,000 per cm 2. Cells were incubated for 210 min in 10 -5 M ouabain in standard medium ([K +] = 
0.75 mM). At  different time intervals 86Rb+ was added to the medium in tracer amounts (6.6 x 105 cpm/ 
flask), and the uptake of 86Rb+ into the cells was measured for 1 min. At  t = 210 min, the cells were 
washed five times (37 °) with ouabain-free incubation medium, and were then incubated further in 
ouabain-free medium up to t = 450 min. Again, (86Rb+ + K+)-influx rates were determined at different 
intervals of the dissociation period, as described for the association period. Flux measurements were 
corrected by 'zero-measurements '  [15]. Incubation volume 4.1 ml; temperature 37°; 0.35 mg protein/ 

flask. 
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Fig. 8. Effect of [3H]ouabain binding to its high and low affinity binding sites on ouabain-sensitive 
(86Rb+ + K+)-influx rate rate and on cell-K + in cultured cardiac muscle cells from neonatal rats. 
[3H]Ouabain binding was measured and analysed according to Scatchard [20], as described in the 
experiment of Fig. 4; both (86Rb+ + K+)-uptake and cell-K + were determined as shown in the experiment 
of Fig. 6, at various ouabain concentrations. According to KD = [O] x [B]/[BO], the percentage of high 
and low affinity binding sites occupied by ouabain (BO) can be calculated for every ouabain concentration 
(O) chosen. [B] = Concentration of free ouabain binding sites = concentration of total binding sites--- 
[BO]. The calculation was based on the assumuption that one ouabain binding site binds one molecule 
of ouabain. Based on the measured KD values (see below) for high and low affinity binding sites, the 
law of mass action allows construction of the curves for binding site occupancy. KD of high affinity site: 
1.1 x 10 -8 M; KD of low affinity binding site: 1.7 x 10 -6 M. For measurement of (86Rb+ + K+)-uptake 
and cell-K + , values are given as mean from closely correlating duplicates. For preparation and cultivation 
of cardiac muscle ceils, the hearts of 85 neonatal rats (1-3-days-old) were used. Cells were seeded in 60 
plastic culture flasks (25 cm 2 each) at a cell density of 65,000 per cm 2. Temperature 37°; incubation 
volume 4.1 ml; 0.7 mg protein/flask; 3.4 x 106cpm [3H]ouabain or 1.8 x 106cpm 86Rb+ per flask. For 
Scatchard plot analysis, cells were incubated at seven different [3H]ouabain concentrations (2 × 10 - L  
1 x 10 -5 M) in standard medium ([K +] = 0.75 mM) for 4 hr. Unspecific [3H]ouabain binding was 
measured in the presence of 10 -2 M ouabain (15% of maximal counts bound). For the determination of 
(86Rb+ + K+)-influx rate and cell-K +, cells were incubated at different ouabain concentrations (see 
abscissa) in standard medium ([K +] = 0.75 mM). Therafter,  86Rb+ was added in tracer amounts to the 
medium, and the uptake of 86Rb+ into the cells was determined within a 10 min period. Cell-K + was 
determined at the end of the incubation period by flame photometry.  Flux measurements were corrected 
by 'zero-measurements '  [15]. Control values in the absence of ouabain: (86Rb+ + K+)-influx rate: 
8.6 nmoles/mg protein × min; cell-K+: 400 nmole/mg protein. Values at 10 -2 M ouabain: (86Rb+ + K+) - 
influx rate: 0.01 nmole/mg protein x min; cell-K+: 10 nmole/mg protein. The difference in control values 

and values at 10 -2 M ouabain was taken as 100% of the ouabain effect. 
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Fig. 9. Effect of ouabain on amplitude and velocity of cell-wall motion in rat heart muscle cells in 
culture. Heart muscle cells were prepared from neonatal rats as described in Materials and Methods, 
and thereafter seeded on glass-coverslips at a cell density of 105 cells/cm 2. After culturing the cells for 
3 days (see Materials and Methods), the coverslips were mounted in a perfusion chamber. Cells were 
superfused (4 ml/min) continually with serum-free, HEPES-buffered incubation medium [CMRL-1415 
with modified Ca 2÷ (0.8 mM) and K ÷ (1.5 mM) concentrations] at 37 °. Beating of the electrically 
driven cells (pacing rate 100/min, 100 V, pulse duration 10 msec) was watched under a phase contrast 
microscope, using an electro-optical monitoring system [15]. At the times indicated, the medium was 
changed. The amplitude (x) and the velocity of cell-wall motion (dx/dt, 'contraction velocity') of a single 
cell are shown in the figure. During the whole observation period of 35 min, the value for the contraction 
velocity (arbitrary units) was determined every 30 sec. Control = Contraction velocity of the heart 
muscle cell in the absence of ouabain, given as the mean from measurements during the first 3 min of 

the experiment. 

of ouabain to the perfusion medium in final concen- 
trations of 10 -5 and 5 x 10 -6 M increased the ampli- 
tude of cell-wall motion (x) as well as the velocity of 
cell-wall motion (dx/dt), indicating a positive 
inotropic effect of ouabain. A smaller increase in 
amplitude and velocity was observed at 5 x 10 -6 M 
than at 10 -SM ouabain. At  10-6M, no effect of 
ouabain on cell-wall motion was measurable within 
a period of 5 min. The ouabain effects could be 
washed out by superfusing the cells with ouabain- 
free medium, the half time for the wash-out phase 
being approximately 2-3 min. 

D I S C U S S I O N  

Evidence for two classes of  ouabain binding sites in 
cultured heart muscle cells from neonatal rats 

In cultured heart cells from chicken embryos, oua- 
bain binds to a single class of binding sites [24, 25]. 
Applying the very same experimental procedures for 
the characterization of ouabain binding in rat heart 
muscle cells in culture, experimental evidence 
strongly suggests different types of saturable ouabain 
binding sites in these cells. This experimental evi- 
dence is based on the results of concentration- 

dependent ouabain binding under equilibrium con- 
ditions, and it is further confirmed by kinetic 
measurements ofouabain binding. 

In the absence of negative cooperativity of ouabain 
binding (see caption to Fig. 5), Scatchard plot analy- 
sis suggests the presence of high affinity, low capacity 
and low affinity, high capacity binding sites (Fig. 4). 
Biphasic dissociation kinetics demonstrate a fast and 
slow component (Figs. 5b and 5d), the relative pro- 
portions quantitatively representing dissociation of 
ouabain from low and high affinity binding sites, 
respectively (see caption to Fig. 5). 

The properties of ouabain binding sites in rat heart 
muscle cells can be described as follows. High affinity 
sites (KD = 3.2 x 10 -s M) represent ca 7% and low 
affinity sites (KD = 7.1 × 10-6M) ca 93% of total 
binding sites (Table 2); the total number 
(1.1 × 106sites/cell being similar to that found in 
chick heart muscle cells (860,000sites/cell; Ko = 
1.5 X 1 0  - 7  M; [25]). Binding of ouabain to both sites 
is lowered by K ÷ (Fig. 3) and is destroyed by heat 
denaturation of the cells (Table 1). At  37 °, ouabain 
dissociates from the low affinity binding site with a 
half time of ~<12min (dissociation rate constant/> 
9 x 10 -4 see-l) ,  while the high affinity binding site 
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releases ouabain very slowly (t¥2 = 575 min, dissoci- 
ation rate constant = 2 x 10-~sec-1; Fig. 5). K + 
reduces the association velocity of high affinity bind- 
ing, but is without effect on the dissociation process. 
The temperature dependence of ouabain association 
to and dissociation from the high affinity binding site 
(Q10 - 3) is of the same order of magnitude as that 
reported for ouabain binding in chick heart muscle 
cells in culture [24]. 

Thus, our results demonstrate the existence of 
saturable high and low affinity binding sites for oua- 
bain in rat heart muscle cells in culture. As receptor 
functions, at present, can be attributed only to the 
low affinity binding site (see next section), some 
restrictions have to be made, especially with respect 
to the high affinity site: 

(a) Part of the specifically cell-bound ouabain 
could represent ouabain taken up or being internal- 
ized into the cells. Ouabain uptake into the cells via 
a diffusion process, however, would linearly increase 
with increasing ouabain concentrations, which is in 
contrast to the results of the experiment of Fig. 2 
(different binding rates for [3H]ouabain radioactivity 
at 6 x 10 -8 and 10 -3 M ouabain). On the other hand, 
saturable carrier-mediated ouabain transport across 
the cell membrane has been demonstrated only for 
liver [31] but not for cardiac tissue. In addition, 
ouabain transport [31] was independent of K ÷, in 
contrast to our ouabain binding studies (Fig. 3). 
According to the criteria of ouabain internalization 
into cells [32-35], the saturability of specific ouabain 
binding (Fig. 2), the K+-dependence and the pres- 
ence of two classes of binding sites not only in intact 
cells but also in cardiac membranes (Fig. 1) strongly 
argue against internalization of specifically cell- 
bound ouabain. It seems, on the other hand, possible 
that part of unspecific, non-saturable ouabain bind- 
ing (Fig. 2) may represent internalized ouabain or 
ouabain taken up into the cells. In this case, however, 
it would not falsify these measurements of ouabain 
binding to high and low affinity binding sites. 

(b) Primary cultures of rat heart muscle ceils are 
contaminated, as an impurity, by non-muscle cells, 
mainly consisting of fibroblasts and non-muscle cells 
(see Materials and Methods). Therefore, part of the 
specific ouabain binding, e.g. the relatively small 
amount of high affinity binding, could represent oua- 
bain binding to non-muscle cells. This possibility has 
been excluded under our experimental conditions by 
studying ouabain binding in pure cultures of non- 
muscle cells from neonatal rats (see Materials and 
Methods, and Table 2). 

(c) Two classes of ouabain binding sites have been 
demonstrated in cardiac membranes from adult [3] 
and neonatal rats (Fig. 1), as well as in cultured heart 
muscle cells from neonatal rats (Table 2). However, 
the affinity of these binding sites for ouabain as well 
as the relative amount of high and low affinity sites 
differ to some extent in these preparations: the dis- 
sociation constants of the high affinity sites being 
1-2.3 × 10 -7,  2.2 × 10 -8 and 3.2 × 10 -8 M, res- 
pectively, and its relative amount 10, 1 and 7%. In 
the case of the low affinity site, dissociation constants 
of 2.8 × 10 -5, 1.3 x 10-4and7.1 × 10-6 M have been 
obtained. Although part of these differences may be 
due to different incubation procedures---e.g, equilib- 

rium conditions for ouabain binding in cardiac cell 
membranes from neonatal rats (see legend of Fig. 1), 
measurement of initial peak ouabain binding in 
case of cardiac cell membranes from adult rats [3]-- 
the influence of animal age and cell culture pro- 
cedures remains to be checked. 

Characterization of cardiac glycoside receptors in cul- 
tured heart muscle cells from neonatal rats 

Does one or do both classes of ouabain binding 
sites in rat heart muscle cells represent cardiac glyco- 
side receptors? This question can be answered by 
correlating in these cells occupation of high and low 
affinity binding sites by ouabain with its positive 
inotropic action and with its inhibition of the sodium 
pump. 

(a) Correlation of ouabain binding and sodium 
pump inhibition. In the experiment of Fig. 8, the 
percentage of ouabain-induced inhibition of 
(86Rb+ + K+)-uptake and the concomitant decrease 
in cell-K + have been plotted vs the occupation of 
high and low affinity sites by ouabain. It clearly 
becomes evident that only the occupation of low 
affinity sites by ouabain is coupled to the inhibition 
of the sodium pump. This finding is confirmed further 
by the measurement of reactivation kinetics of 
(86Rb+ + K+)-influx in the experiment of Fig. 7: 
within 4 min after starting washout of ouabain, drug- 
induced inhibition of (86Rb+ + K+)-influx was com- 
pletely reversed, in agreement with the half time for 
ouabain dissociation from the low affinity binding 
sites (~<12 min, see legend of Fig. 5). 

(b) Correlation of ouabain binding and positive 
inotropic action of ouabain. Under our experimental 
conditions, a positive inotropic effect of ouabain in 
electrically driven rat heart muscle cells is clearly 
seen at 10 -5 and 5 × 10-6M, but not at 10-6M 
ouabain (Fig. 9). The effects are rapidly and com- 
pletely reversible within 5 min after drug washout. 
Concentration dependence and wash-out kinetics 
favour the assumption that positive inotropic action 
of ouabain results from binding to the low affinity 
binding sites. However, we cannot exclude that the 
electro-optical system used for measurement of cell- 
wall motion [15] may fail to indicate slight increases 
in the contraction velocity and the amplitude of cell- 
wall motion in the presence of low concentrations of 
ouabain (for a discussion of this problem see refs. 
[27, 28]). We may therefore overlook small positive 
inotropic effects if they are coupled to the occupation 
of high affinity binding sites by ouabain. With this 
respect it should be mentioned that Okarma et al. 
[19] have observed positive inotropic effects in cul- 
tured rat heart muscle cells at digoxin concentrations 
of 10-9-10 -8 M. 

In conclusion, the low affinity ouabain binding site 
in rat heart muscle cells, as characterized in this 
paper, can be classified as the cardiac glycoside 
receptor, since occupation by ouabain is linked to 
positive inotropic effects and inhibition of the sodium 
pump. At present, no receptor function can be 
attributed to the high affinity ouabain binding site: 
while measurable coupling of this binding site to 
sodium pump inhibition can unequivocally be ruled 
out, the failure to demonstrate a positive inotropic 
effect may be due to methodological limitations. 
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Comparison o f  cardiac glycoside receptors in rat and 
chicken heart 

The bimodal positive inotropic effect of cardiac 
glycosides in rat heart is now well established; the 
concomitant rise in diastolic tension and the occur- 
rence of arrhythmias at the 'high dose' inotropic 
effect probably being indicative of different mechan- 
isms of inotropic action [3-7]. As a molecular basis of 
this bimodal inotropic effect, two classes of ouabain 
binding sites have been identified in ( N a t +  K÷) - 
ATPase enriched cardiac membranes from rat heart 
[3, 4]. In contrast, only one type of saturable binding 
sites with high affinity for ouabain has been demon- 
strated in rat ventricular strips [3] and in rat heart 
muscle cells [5, 10, 11], probably due to method- 
ological limitations. Our results now clearly dem- 
onstrate the existence of high and low affinity binding 
sites for ouabain in rat heart  muscle and non-muscle 
cells in culture. The identification of two types of 
binding sites in the intact rat heart muscle cell rules 
out the possibility that one class may arise as an 
artefact due to membrane preparation procedure, or 
that it may represent ouabain binding to non-muscle 
constituents (nervous and vascular tissue, fibro- 
blasts) of rat heart. 

Regarding all the available data from work with 
cardiac membranes, heart  muscle preparations and 
heart muscle cells in culture, the functional proper- 
ties of the low affinity receptor in rat heart seem 
clear: binding of cardiac glycosides to this receptor 
increases the force of contraction, inhibits sodium 
pump activity, and produces toxic effects (arrhyth- 
mias, an increase in diastolic tension). The high 
affinity receptor does not seem to be involved in 
sodium pump inhibition. A contribution of the high 
affinity receptor to positive inotropic action could be 
demonstrated only in rat heart muscle preparations, 
but not in cultured rat heart muscle cells. It remains 
to be clarified whether cell culture procedures lead 
to inactivation of the high affinity receptor, whether 
the lack of positive inotropic response is due to 
methodological limitations, or whether the develop- 
ment of the low dose effect ( 'sensitization' of the 
high affinity site) in rat heart is age-related. Studying 
the inotropic effect of ouabain in hearts from neo- 
natal rats will help to answer the latter question. 
Further open questions are; do high and low affinity 
receptors represent part of different ( N a t +  K÷) - 
ATPase isozymes [4] or interconvertible conform- 
ational states of the (Na + + K+)-ATPase molecule 
[8, 9, 36], or can they be classified as two distinct 
sites being independent of each other? 

Does the existence of two classes of cardiac glyco- 
side receptors represent the exception, being restric- 
ted to the rat, or does it represent a more common 
phenomenon? At  least for some species (guinea pig, 
dog, man), experimental evidence is present for dif- 
ferent receptor types [36-40]. 

Addit ional  evidence may also come from work 
with cultured heart cells from chicken embryos: 
recently we have characterized cardiac glycoside 
receptors in cardiac muscle and non-muscle cells 
from chicken embryos [24, 25]. Concerning ouabain 
binding, a single class of binding sites has been 
identified in both cell types (Ko  = 1.5 x 10 -7 M and 
1.9 × 10-TM). Only in cardiac non-muscle cells, 

however, has a linear correlation been found 
between the occupation of binding sites and sodium 
pump inhibition. In cardiac muscle cells from chicken 
embryos, significant pump inhibition only occurs at 
receptor occupation of 40% or more [25]. This could 
be indicative of the existence of two classes of oua- 
bain binding sites with similar affinities for ouabain, 
only one of which is coupled to sodium pump inhibi- 
tion. If this can be experimentally proven, heart 
muscle cells in culture would provide a simple model 
for elucidating the general importance of different 
forms of cardiac glycoside receptors in the intact 
heart muscle cell, without interference from nervous 
stimuli and cardiac non-muscle tissue. 
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