
Btochemicai Pharmacology. Vol. 34, No. 20. pp 3701-3710, 1985 
Printed m Great Britain. 

00062Y52/85 $3.00 + 0.00 
0 1985 Pergamon Press Ltd. 

COMPARISON OF OUABAIN RECEPTORS IN SHEEP 
MYOCARDIUM AND PURKINJE FIBRES 

LINDSAY BROWN, EUGEN HUG, GERHARD WAGNER and ERLAND ERDMANN* 
Medizinische Klinik I der Universitlt, Klinikum GroBhadern, D-8000 Miinchen 70, 

Federal Republic of Germany 

(Received 15 February 1985; accepted 20 May 1985) 

Abstract-The conducting system of the heart has been reported to be more sensitive to the toxic effects 
of digitalis than the working myocardium. To investigate the molecular basis of these observations, we 
have characterized the ouabain receptor in Purkinje fibres and ventricular muscle of the digitalis- 
sensitive sheep heart using cell membrane preparations, crude homogenates and contracting heart 
tissues. 

[‘HI-Ouabain binding has the following characteristics: (1) in sheep left ventricular cell membranes, 
specific binding was of high affinity (Ko 1.9 X 10m9 M at 37”); was co-incident with an inhibition of 
(Na’ + K+)-ATPase activity; and was inhibited by K’ and unlabelled cardiotonic steroids; (2) in crude 
homogenates, the maximal binding capacity but not the affinity for ouabain varied in different parts of 
the sheep heart with Purkinje fibres containing markedly fewer binding sites (0.33 x 10r4/g wet weight; 
left ventricle, 1.3 x 10r4/g wet weight) and (1) in isolated, contracting Purkinje fibres and right ventricular 
moderator band strips, concentration-response curves for [3H]-ouabain binding, increase in force of 
contraction and inhibition of [a6Rb+]-uptake were co-incident. In both contracting tissues, a ouabain 
concentration of 3 X lo-’ M occupied about 50% of the specific binding sites, gave the maximal inotropic 
effect without toxicity and inhibited [*‘Rb+]-uptake by about 50%. The maximal binding capacity was 
lower in contracting Purkinje fibres (2 X lOI binding sites/g wet weight) than in contracting moderator 
band strips (3.9 x 1Or4 binding sites/g wet weight). The maximal inotropic effects were reached slightly 
faster in Purkinje fibres but toxicity also occurred faster in these fibres. 

We conclude that the specific ouabain binding site is the receptor mediating positive inotropy and 
inhibition of (Na* + K+)-ATPase in the sheep heart. Further, this receptor is identical in both the 
conducting system and working myocardium but the conducting system contains many fewer receptors. 
This change in receptor number, rather than affinity, may underlie the increased ouabain toxicity 
observed in Purkinje fibres. 

The therapeutic effects of digitalis in congestive heart 
failure with sinus rhythm are primarily a result of 
an increased myocardial contractility and cardiac 
output. Digitalis also decreases the conduction vel- 
ocity in the Purkinje fibres while increasing the 
refractory period, excitability and pacemaker auto- 
maticity of these conducting fibres. The increased 
ouabain sensitivity of the Purkinje fibres relative to 
the working myocardium reported by Vassalle and 
co-workers [l-3] and Nowak and Haustein [4] may 
predispose to arrhythmias leading to ventricular 
tachycardia and fibrillation. In studies by Somberg 
et al. [5], the increased ouabain sensitivity of dog 
Purkinje fibres was paralleled by an increased sen- 
sitivity of [86Rb+]-uptake in uitro, a measure of active 
Na+/K+-transport. Administration of quinidine to 
digoxin-treated dogs further decreased the specific 
[*‘jRb+]-uptake in Purkinje fibres but not in ven- 
tricular muscle [6]. 

However, no differences between dog ventricular 
slices and Purkinje fibres in the [86Rb+]-uptake sen- 
sitivity to ouabain could be shown by Rhee [7]. 
Further, no differences were found in the ouabain 
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sensitivity of the proposed ouabain receptor, 
(Na+ + K+)-ATPase, isolated from beef papillary 
muscles or Purkinje fibres [8]. Previous studies by 
Kiibler and von Smekal [9] had shown that calf 
Purkinje fibres contained less (Na+ + K+)-ATPase 
which was 2-3 times less sensitive to digitalis than 
(Na+ + K+)-ATPase isolated from myocardium. 

Differences between digitalis effects on the elec- 
trical system and the working myocardium may be 
related to different properties or amounts of the 
(Na+ + K+)-ATPase in these tissues. Different 
receptors have been demonstrated in rat and guinea 
pig hearts, species of lowered digitalis sensitivity 
[lo, 111. 

Sweadner [12] showed that the two different forms 
of (Na+ + K+)-ATPase in the brain are located on 
different cell types. If different ouabain receptors 
exist in the electrical system and myocardium, then 
it may be possible by using suitable semisynthetic 
glycoside derivatives to selectively bind to the recep- 
tors on the myocardium rather than those on the 
Purkinje fibres. Such a selective digitalis derivative 
may have an increased therapeutic index. The semi- 
synthetic derivative, 16-acetylgitoxin, has been 
claimed to show an increased therapeutic index 
resulting from a weaker interaction with the Purkinje 
fibres [4]. The present studies were undertaken to 
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determine whether there are different digitalis recep- 
tors (or (Na+ + K+)-ATPase molecules) in different 
portions of the heart. We have therefore compared: 
(1) Ouabain binding in sheep heart left ventricular 
cell membranes and homogenates from sheep left 
and right ventricle, moderator band and Purkinje 
fibres; and the relationship between ouabain binding 
and inhibition of (Na+ + K+)-ATPase in these sheep 
heart cell membranes; (2) Ouabain binding and its 
effects on force of contraction and [x6Rb+]-uptake 
measured simultaneously and under identical con- 
ditions in contracting sheep heart Purkinje fibres and 
ventricular muscle (moderator band strips). 

MATERIALS AND METHODS 

Preparation of (Na+ + K+)-A TPase-containing 
sheep heart cell membranes 

Left ventricular tissue from sheep hearts obtained 
fresh from the slaughterhouse was divided into por- 
tions of about 60g and frozen at -40”. The partial 
purification procedure using sodium deoxycholate 
and sodium iodide has been previously described 
[lo]. The final sediment, homogenized in 1 mM 
EDTA, pH 7.25 (60ml), was used for the experi- 
ments. The (Na+ + K+)-ATPase activity was 
between 0.1 and 0.3 pmol ATP hydrolyzed/min/mg 
protein at 37”. About 70-90% of the total ATPase 
activity was inhibited by 1 X 10m3 M ouabain. 

Preparation of homogenates of left and right ventricle, 
moderator band and Purkinje fibres 

Tissue (0.3-1Sg) taken either from left or right 
ventricle, moderator bands (right ventricular tra- 
becula septomarginalis) or Purkinje fibres, dissected 
from freshly obtained sheep hearts, was weighed and 
homogenized in a glass Potter-Elvehjem homo- 
genizer in 12-30 ml 0.25 M sucrose-l mM EDTA, 
pH7.25. The homogenate was centrifuged at 
100,OOOg for 30 min at 0”. The pellet was resus- 
pended in 5-25 ml 1 mM EDTA (pH 7.25). This 
suspension was then used for L3H]-ouabain binding 
studies. The (Na’ + K+)-ATPase activities are given 
in Table 2. 

[3H]-Ouabain binding to she.p heart homogenates or 
cell membranes 

The procedures used for these experiments have 
been described in detail elsewhere [13]. Bound 
ouabain was quantitated by a rapid filtration method 
(Whatman GF/C glass filter membranes) to separate 
free drug from membrane-bound drug. Non-specific 
binding, defined as that in the presence of 1 X 10-j M 
unlabelled ouabain, was less than 1% of total radio- 
activity bound to the cell membranes and was sub- 
tracted. The homogenates or cell membrane sus- 
pensions were incubated in either 3 mM MgClz and 
3 mM imidazole/PO, or 150 mM NaCl, 3 mM ATP 
and 3 mM MgClz together with about l-2 x 1O-9 M 
[3H]-ouabain in 50mM imidazole/HCl buffer, pH 
7.25. Experiments were performed in duplicate assay 
and at least twice. Incubation times were as follows: 
5 hr at 37”, 6 hr at 30”, 12 hr at 20” and 24 hr at 
lo”, after initial experiments showed that apparent 
equilibrium was reached within these times. 

Electrically stimulated Purkinjefibres and moderator 
band strips from sheep hearts 

Fresh sheep hearts. obtained at a local slaughter- 
house, were placed in an ice-cold modifed Krebs- 
Henseleit solution of the following composition (in 
mM): NaCl, 118.0; KCl, 4.7; MgSO+ 1.2; KH2POJ. 
1.2; NaHCOs, 25.0: CaC12, 2.5; glucose. 10: con- 
tinuously gassed with 95% 0,/5% CO?. Free-run- 
ning Purkinje fibres, usually from the left ventricle, 
and moderator band strips cut approximately paral- 
lel, were suspended in an organ bath (75 ml) under 
optimal preload at 35” in modified Krebs-Henseleit 
solution and continuously gassed with 95%’ 0:/5% 
coz. 

The preparations were stimulated by two platinum 
electrodes (field stimulation) from either a Grass 
SD9 or S88 stimulator (frequency, 1 Hz; duration, 
5 msec; intensity, l&20% above threshold). The 
developed force was measured isometrically with an 
inductive force displacement transducer (W. Fleck, 
Mainz, Germany) and recorded on either a Gould 
or Hellige recorder. The preparations were allowed 
to equilibrate for at least 60min before any drug 
addition. Each preparation was used for only one 
ouabain concentration. 

[3H]-Ouabain binding to and [“Rb+]-uptake into 
contracting Purkinjefibres and moderator band strips 
of sheep heart 

After equilibration, [3H]-ouabain (about 
1.8 X 10’ cpm = about 1.2 X 10-R M) together with 
differing amounts of unlabelled ouabain was added 
to the contracting Purkinje fibres or moderator band 
strips. Force of contraction was measured con- 
tinuously, and after 120 min (approximate e ui- 
libration of positive inotropic effects of 2-5 x % lo- M 
ouabain), the muscles were rinsed for about 30 set 
with distilled water. blotted and weighed. The 
amount of radioactivity was measured in scintillation 
counter (Betaszint BF 5000) after dissolving the 
muscles in Soluene 3.50 (0.5 ml, Fa. Packard, Zurich, 
Switzerland) for 2-4 hr at 60” and addition of 10 ml 
scintillation fluid (Unisolve-1, Koch-Light Lab- 
oratories, W. Zinsser, Frankfurt/M., Germany). 

All values were measured as counts per minute 
against an external standard. [8hRb+]-uptake was 
measured after a stable inotropic effect had been 
reached with each ouabain concentration. The solu- 
tion in the organ bath was replaced with gassed, pre- 
warmed Krebs-Henseleit solution containing 
ouabain and a tracer amount of shRbCl (about 
5 &i = about 1 X 10’cpm). After 15 min 
incubation, force of contraction was measured and 
the muscles rinsed, weighed, dissolved and radio- 
activity counted, as for the j3H]-ouabain binding 
experiments. 

Materials 

[3H]-Ouabain, specific activity 14-20 Ci/mmol, 
was purchased from New England Nuclear, Dreie- 
ich, Germany. 86RbC1, specific activity 0.9-4.6 mCi/ 

mg. was purchased from Amersham Buchier, 
Braunschweig, Germany. All other chemicals were 
of analytical grade. 
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General 
Protein was measured by the method of Lowry et 

al. [14], using bovine serum albumin as standard. 
The (Na+ + K’)-ATPase activity was determined by 
the coupled optical assay using the rate of NADH 
hydrolysis 1151. All values are given as mean 
-+ standard error of the mean. Statistical analyses 
were performed by the Student’s t-test. The criterion 
for statistical significance was a P-value of less than 
0.05. 

The association rate constants were calculated 
from the second order rate equation and the dis- 
sociation rate constants from the first order equation 

WI. 

RESULTS 

~~~~-O~uba~~ banking to sheep heart ceEI membranes 

[3H]-Ouabain binds specifically with high affinity 
to (Nai + K+)-ATPase-enriched heart cell mem- 
branes from the digitalis-sensitive species, beef, 
human and cat [17,18]. In these species, ouabain 
binding supported by either (Mg”+, Pi) or (Na+, 
ATP, Mg*+) is, under normal conditions, to one site 
as shown by straight Scatchard plots. The digitalis- 
sensitive sheep also shows only one binding site 
under these conditions with an affinity, measured as 
the dissociation constant (Kn) from Scatchard plots, 
of 1.9 x 10m9M for (Mg’+, Pi)-supported ouabain 
binding at 37” (Table 1). As previously shown with 
beef and guinea pig cardiac cell membranes, (Na’, 
ATP, Mg2+)-supported ouabain binding to sheep 
heart cell membranes is of somewhat lower affinity 
(& 3.3 x 10m9M at 37”). The affinity (Ku) can be 
defined as the ratio of the dissociation and association 
rate constants (Table 1). Both rate constants are 
decreased at lower temperatures but the decrease in 
the dissociation rate constant is greater, leading to a 
higher affinity for ouabain at lower temperatures. 
Using Arrhenius and van? Hoff plots of these rate 
constants, ouabain binding to sheep heart cell mem- 
branes at 37” can be described by the following 
parameters: AG”, -12.7 kcal mol-I; AH”, -15.7 
kcal mall’; AS’, -9.7 cal mol-’ deg-‘; with the 
transition state values of AG+, 11.0 kcal mol-‘; 
AR+, 18.3 kcal mol- ’ and A S+, 23.6 cal mol-’ deg-’ 
[l&19]. 

The higher Kn-values measured by Scatchard 
analysis of [3H]-ouabain binding at lcwer tem- 
peratures (Table 2) may be due to a la k of true 
equilibrium conditions. 

In digitalis-sensitive species such as human 1201. 
ouabain binding is co-incident with (Na+ + K’)- 
ATPase inhibition. Simultaneous measurement of 
both parameters in sheep heart cell membranes 
showed this co-incident relationship (Fig. 1): at a 
concentration of 3 x lo-” M, about 50% of maximal 
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1. [ sH]-Ouabain binding to sheep heart cell membranes 
inhibition of (Nat + K’)-ATPase. Heart cell mem- 

branes (0.35 mg protein, (Na- + K’)-ATPase activity 
0.25 pmol ATP hydrolysed/mg protein/min. at 37”) were 
incubated in 3 mM Mg Clz, 3 mM imidazoie~PO~, about 
1 x W9 M [‘HI-ouabain, 50 mM imidazole/HCl ( pH 7.25) 
and increasing amounts of ouabain (1 X IO-‘-l x lo-” M) 
at 37”, total volume 1 ml. After 5 hr. 0.2 ml of the incu- 
bation medium was used for determination of (Na‘ + K‘)- 
ATPase activity using a coupled optical assay [15] while the 
remainder of the incubation medium was filtered through 
Whatman GFjC filter membranes for determination of 
[3HJ-ouabain binding. (Na’ + K’)-ATPase activity was 
determined in the presence of the same ouabain con- 
centration as in the incubation medium. Non-specific[‘H]- 
ouabain binding was defined as that in the presence of 
1 X 10-j M ouabain (less than 1% of the total radioactivity 
bound) and was subtracted. (Na’ + K-)-ATPase activity 
was defined as the ATPase activity which was inhibited hy 
an ouabain concentration of 1 x IO-” M. Maximal (?H]- 
ouabain bound determined by a Scatchard analysis [4H] and 

total (Na’ + K+)-ATPase activity were set as 100% 

Table 1. Temperature dependence of kinetic constants of ouabain binding to sheep heart cell membranes 
- 

Temperature (“) 10 20 30 37 37 

Incubation medium Mg*+, Pi Mg”, Pi MgZ’, Pi Mg’-. Pi Na”. ATP. Mg”- 
Association rate 7.2 x 103 2.5 r 0.3 x lo4 5.7 r 1.1 x 10” 1.2 + 0.1 x 105 9.2 + 11.9 x ll)J 

constant, k,, (N = 2) (N = 3) (N = 5) (N = 5) (N = 5) 
(M-‘set-‘) 

Dissociation rate 1.5 x 10-e 7.2 2 0.7 x lOI’ 3.5 * 0.3 x 10-5 1.3 + 0.1 x lVJ 1.6 t 0.1 x 10 ’ 
constant, km, (N = 2) (N = 4) (N = 3) (N = 5) (N = 5) 
(set- ‘) 

KD i =$ 1 (M) 2.1 x lo-“’ 3.0 x 10-10 6.2 x lo-‘0 1.1 x io-’ 1.7 ti 10 ” 

Kn (Scatc‘hard) (M) 1.3 x 1o-9 3.3 2 0.4 x 1o-y I.2 IO.2 x 1o-y 1.9 t 0.2 x lo-” 3.3 i 0.3 X 10 q 
(N = 2) (N = 3) (N = 4) (N = 14) (N = 6) 

Ouabain binding to (Na’ + K’)-ATPase-containing heart cell membranes, prepared as described in Methods. was 
measured. (Na’ + K’)-ATPase activity was between 0.2 and 0.3pmol ATP hydrolyzed/minjmg protein at 37”. All 
values, except at lo”, are given as mean it S.E.M. 
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Table 2. Kinetic constants and maximal binding capacity in homogenates of sheep heart 

Left ventricle Right ventricle Moderator band Purkinje librcs 

KI, ( x lo-’ M) 

Binding sites (X lO’“)/g wet weight 

Association rate constant, k,, 
(x 10” M-r sec.‘) 

Dissociation rate constant, k r, 
(x IO-‘set-‘) 

(Na- + K-)-ATPase acttvrty 
(nmol ATP hydrolysed/min/mg 
protein at 37”) 

3.6 + 0.4 2.4 + 0.2 
(N = 5) (N = 8) 

1.3 -r- 0.1 0.86 ? 0.07 
(N = 5) (N = 8) 

7.3 2 0.8 
(N = 4) - 

1.3 2 0.3 
- 

10 + 5 

2.1 -+ 0.4 
(N = 3) 

I.1 ? 0.2 
(N = 3) 

8.2 2 0.5 
(N = 3) 

1.1 * 0.04 
(N = 3) 
21 f 10 

I .9 i- 0.2 
(N = 11) 

0.33 f 0. I 
(N = 3) 

7.9 -t 0.2 
(N = 17) 
I .o + 0.05 
(N = 12) 
2.5 2 0.4 

Homogenates were prepared from the different portions of fresh sheep hearts as described in Methods 

ouabain binding was measured, while (Na+ + KC)- contain only 0.33 x 10” ouabain binding sites/g wet 
ATPase activity was inhibited by about 50%. weight. 

(‘HI-Uunhain binding to sheep heart homogenates 

The affinities and rate constants for ouabain bind- 
ing to homogenates of different portions of sheet 
heart are given in Table 2. The Ku-values are higher 
than in the cell membrane preparations, by a factor 
of almost 2 for the left ventricle homogenates. This 
may be due to small amounts of potassium in the left 
ventricle homogenates, since the association rate 
constant. rather than the dissociation rate constant, 
was decreased. K+ has been previously shown to 
preferentially decrease the association rate constant 
[2 I]. The number of binding sites/g wet weight in 
sheep ventricle homogenates (left ventricle, 
1.3 x 1014; right ventricle, 0.86 x 10i4; moderator 
band, 1.1 x 10i4) is similar to that found in human 
heart homogenates (left ventricle, 1.5 X 1014, right 
ventricle, 0.9 X 1014 [20]). 

Inhibition of [3H]-ouabain binding by unlabelled car- 
diatonic steroids and potassium 

The potencies of unlabelled digitalis derivatives 
can be calculated as the Ku-values from the con- 
centration of these derivatives which inhibits [“HI- 
ouabain binding to heart cell membranes by 50% 
[18]. The Kb-values of 14 cardiotonic steroids, 
including ouabain, on sheep and human heart cell 
membranes are given in Table 3. There is a good 
correlation between the potencies in these two 
species (I > 0.99), with the sheep heart showing 
approximately 1.9 times higher affinity. 

In contrast, homogenates of sheep Purkinje fibres 

At each [3H]-ouabain concentration, K+ reduced 
the number of counts bound at equilibrium. The 
Icso-values for K+-reduction of [3H]-ouabain binding 
(Table 4) were similar in all sheep heart preparations 
tested. Scatchard plots show that K+ reduces the 
affinity of (Mg*+, Pi)-supported ouabain binding 

Table 3. Kn-values from [3H]-ouabain displacement experiments 

Compound 
Sheep heart cell 

membranes 
Human heart cell 

membranes 

Ouabain 
Dihydroouabain 
Digitoxin 
Dihydrodigitoxin 
Digitoxigenin 
Anhydrodigitoxigenin 
3cr-Methyldigitoxigenin 

glucoside 
Neriifolin (digitoxigenin 

thevetoside) 
Digoxin 
Dihydrodigoxin 
Gitoxin 
16-Acetylgitoxin 
Pentaacetylgitoxin 
Gitaloxin 

2.2 5 0.3 x 1om4 
4.8 2 0.6 x IO-* 
1.5 + 0.3 x lo-’ 
2.6 ‘- 0.2 x 10mR 
1.2 r 0.07 x lo-” 
1.5 + 0.1 x lo-6 

6.0 ‘- 0.7 x IO-’ 

6.2? 1.2 x lo-‘” 
2.5 t 0.3 x 10m9 
1.3 + 0.1 x lo-’ 
1.0 r 0.2 x lo-” 
1.2 f 0.03 x 1om9 
7.7 + 0.7 x lomR 
1.0 + 0.03 x 10-g 

3.7 f 0.3 x 10 ” 
1.2 t 0.3 x 10 i 
2.8 I? 0.3 x lo-’ 
2.9 f 0.4 x 10 ” 
1.8 I? 0.2 x 10 ’ 
3.9 ? 0.5 x 10-O 

7.6 + 0.6 x 10 ’ 

1.0 + 0.04 x 1omu 
6.2 i 0.3 x 10 ’ 
1.8 + 0.3 x 10 ’ 
1.7 + 0.3 x 10 ” 
2.8 i 0.3 x 10 ‘> 
1.4 j: 0.3 x 10 ’ 
1.5 2 0.1 x 10 ‘) 

Values are given as the mean ? S.E.M. for three determinations; for 
ouabain, N = 12. 

Human heart cell membrane values are taken from [18]. 
K,-values were calculated according to the methods of [ 131. 
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K+ concentration 

(mM) 

Ku CM) (&ax in picomoles bound/mg protein) 

Heart cell Left ventricle Moderator band Purkinje Iibres 
membranes homogenate homogenate homogenate 

0 3.2 x 10-9(10.1) 2.5 X 10--9(1.8) 2.1 X lo-Y(l.1) 1.3 x 10~4(0.36) 
1 6.3 x 10-9(10.3) 5.4 x 10-y(1.6) 5.1 x W’(1.0) 4.8 x lO~‘(O.30) 
3 1.3 x lo-8(9.7) 1.6 X lo-‘(1.6) 2.0 X lo-*(l.o) 1.8 x 10 K(0.37) 
5 1.8 x lO~“(10.0) 2.9 X lo-‘(1.7) 3.3 X lOW(1.0) 3.6 X lO~‘(O.31) 

Go* 1.45 0.95 1.05 1.0 

* The lcso is the concentration of K+ in mM, measured in several separate experiments, which inhibited the binding 
of [3H]-ouabain (1.1 X 10e9M) by 50%. 

without changing the number of binding sites (Table 
4). No significant differences were noted in the 
response of K’ between heart cell membranes and 
homogenates of different heart regions. The 
reduction in affinity is a result of a markedly reduced 
association rate constant: in sheep heart cell mem- 
branes, the association rate constant was reduced 
from 1.3 x lo5 M-’ set-* to 1.9 x lo4 M-’ see-’ in 
the presence of 3 mM K+. The dissociation rate 
constant was not altered. 

[3H]-Ouabain binding and active Na+/K+-transport 
in contracting sheep heart muscle 

Contracting sheep heart tissues were used to 
measure ouabain binding and its effects on force of 
contraction and [s6Rb+]-uptake. These parameters 
were measured in contracting Purkinje fibres and 
moderator band strips from sheep hearts. The mod- 
erator band was chosen since its muscle fibres are 
parallel and it is considered to be representative of 
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Fig. 2. Concentration-response curves on contracting sheep 
heart Purkinje fibres and moderator band strips. The 
inotropic effects of ouabain were measured in isolated 
Purkinje fibres and moderator band strips from sheep heart 
at 35” in Tyrode solution containing 2.5 mM Ca*‘, stimu- 
lated at 1 Hz. Each tissue was used for one ouabain con- 
centration only. All values are given as the mean + S.E.M. 
of 5-8 preparations. The initial force of contraction was: 
Purkinje fibres, 0.45 k 0.06 mN (N = 50), moderator band 
strips, 1.9 ? 0.2 mN (N = 50). The Purkinje fibres had an 
average wet weight of 5.6 2 0.9 mg; the moderator band 
strips weighed 8.2 f 1.3 mg. An asterisk indicates that, at 
the ouabain concentration of 3 x lo-‘M, initial signs of 
toxicity were observed. especially with the contracting Pur- 
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Fig. 3. Time to maximal inotropic effect (0, 0) and con- 
tracture (A, A) at different ouabain concentrations in 
contracting sheep Purkinje fibres (open symbols) and mod- 
erator band strips (closed symbols). Values are given as the 
mean sr: S.E.M. of 5-8 experiments. An asterisk indicates 
a significant difference at this concentration (P < 0.05, 

kinje fibres. unpaired t-test). 

ventricular muscle [22]. Contracting Purkinje fibres 
showed a positive staircase when the stimulating 
frequency was increased from 0.3 to 2 Hz, as shown 
in other species [23]. In both contracting Purkinje 
fibres and moderator band strips, ouabain gave posi- 
tive inotropic effects without evidence of toxicity at 
concentrations from 2 x 10m8 M to 2 X lo-’ M (Fig. 
2). Ouabain concentrations of about 8 X lo-” M gave 
half-maximal inotropic effects in both tissues. The 
maximal positive inotropic effect with 3 x lo-‘M 
ouabain on Purkinje fibres was not stable, being 
followed by a gradual decline in developed force 
without a concomitant increase in the diastolic force. 
This gradual decline was less marked with moderator 
band strips. After the maximal positive inotropic 
effect of 5 X lo-‘M ouabain, Purkinje fibres, in 
contrast to moderator band strips, showed a variable 
period of gradual decline before ectopic beats were 
observed. Higher ouabain concentrations gave simi- 
lar effects in both tissues: decreases in developed 
force accompanied by a slow-developing contracture 
usually with variable periods of ectopic beats. The 

inotropic effects were very slow in onset. reaching 

approximate equilibrium after 120 min at the lower 
concentrations. The time to peak positive inotropic 
and toxic effects at ouabain concentrations greater 
than 1 X lo-‘M are given in Fig. 3. At all ouabain 
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Fig. 1. [ ‘HI-Ouabain binding to contracting Purkinje fibres 
and moderator band strips from sheep heart. [‘HI-Ouabain 
binding was measured as described in Methods. [?H]- 
Ouaba~n (Purkinje fihres. I.61 2 0.17 x lo7 cpm (N = 50), 
moderator band strips. I.88 _f 0.10 X 10’ cpm (N = 50). 
appr~~xirn~~tel~ 1.2 ‘K 10 * M) was added together with dif- 
fering concentrations of unlabelled ouabain for 120 min. 
Each preparation was used for only one ouabain con- 
centration. Each point is the mean of 5-8 determinations. 
[‘H]-Ouabain bound is given as picomoles bound/mg wet 
weight. Data have been plotted according to Scatchard 
[J8]. Non-specific [‘El]-ouahain binding has been defined 
as that bound in the presence of 1 x 10mJM unlabelled 
ouahain (as per cent of maximal radioactivity bound: Pur- 
kinjc fihres. 9.5 +_ lc/i and moderator band strips, 
7.7 11 0.5% ). The force of contraction measurements of the 
contracting tissues in this figure have been given as Fig, 2. 

concentrations, the time required for the maximal 
inotropic as welt as the toxic effects was less with the 
Purkinje fibres. although the difference did not reach 
statistical significance at ail concentrations. 

(‘HI-Ouabain binding was measured after 120 min 
incubation. The Scatchard plots of [3H]-ouabain 
binding to contracting Purkinje fibres and moderator 
hand strips are given in Fig. 4. Both tissues show a 
straight Scatchard plot for one site; for Purkinje 
fihres, KD 3.4 x lo--? M; for moderator band strips, 
Kr, 2.5 x 10 -’ M. In contracting sheep heart tissues, 
similar concentrations gave maximal positive 
inotropic effects without marked toxicity (Fig. 2). 
The maximal amount of ouabain bound is about 
twice as much in contracting moderator band strips 
(Purkinje fibres, 2.0 x 10’” binding sites/g wet 
weight: moderator band strips, 3.9 X 1014 binding 
sites/g wet weight). 

The active Na-/K&-transport activity in con- 
tracting tissues was measured using [86Rb+]-uptake 
for 15 min after a stable positive inotropic effect 
had been achieved with each ouabain concentration. 
[‘orb-]-Uptake in the presence of 1 x 10m4 M 
ouabain was defined as non-specific uptake unrelated 
to the (Nap’ + K+)-ATPase. As shown in Fig. 5, 
[““Rb-]-uptake is linear for at least 30 min with 
specific uptake being 6CL65% of total uptake in both 
tissues. The specific [RhRb’]-uptake was greater in 
moderator band strips (4.4 t 0.6 +umol/g wet weight/ 
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Fig. 5. Time-dependent [“‘Rh-]-uptake into contracting 
Purkinje fihres and moderator hand strips from sheep heart. 
jX”Rb+]-uptake was measured as described in Methods. 
using contracting sheep heart Purkinje fibres or moderator 
band strips, for tither 7. 15 or 3Omin. Each point is the 
mean ? S.E.M. ofsix experiments. The open symbols were 
obtained in the absence of ouabain. while the closed sym- 
bols arc experiments carried out after contracture induced 
by an ouahain concentration of 1 x IO4 M (= non-specific 

/“‘Rh- j-uptake). 

15min, N = h) than in Purkinje fibres (2.7 ir 
0.3 hLmol/g wet weight/l5 min. N = 6). This in- 
creased [RhRb+]-uptake in moderator band strips 
corresponds to an increased number of specific 
ouabain binding sites in both contracting moderator 
band strips and in moderator band homogenates 
(Table 2). Ouabain inhibited the [““Rb+]-uptake 
over the same concentration range which gave 
the positive inotropic effects (Fig. 6). Ouabain 

J 
b 

Fig. 6. Concentration-resp~~flse curves for ouahain inbi- 
bition of [“hRhi]-uptake into contracting Purkinjc fibres 
and moderator band strips from sheep heart. [XhRb-]- 
Uptake was measured as described in Methods, by adding 
a tracer amount of [“hRhC1] (-5 ,uCi: Purkinje fibres, 1.27 I 
0.06 x 10’cpm (N = 50): moderator band strips, 
1.26 + 0.04 x 1O’cpm (N = 50)) for IS min after the posi- 
tive inotropic effect of each ouahain concentration was 
constant. [X6Rb’]-Uptake was inhibited by 50% in Purkinje 
fibres by an ouabain concentration of 2.5 x 10 ’ M and in 
moderator hand strips by 3.3 x IO-’ IM. Specific [**Rbi]- 
uptake was 2.7 nmol/mg wet weight/l5 min in Purkinje 
fibres and 4.4 nmol/mg wet weight/l5 min in moderator 
band strips. The force of contraction at different ouahain 
concentrations of the preparations in this figure is given in 

Fig. 2. 
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(3 x 10m7 M) inhibited specific [8hRb’]-uptake by 
about 50% in both contracting Purkinje fibres and 
moderator band strips. Blockade of any Preceptors 
present in Purkinje fibres by L-propranolol 
(1 x 10m6M) did not change the effects of a low 
concentration of ouabain (5 x lo-’ M): force of con- 
traction increased by 150 + 20% (N = 9), while 
[86Rb+]-uptake was 2.4 t 0.2 pmol/g wet weight/ 
15 min. A 30min incubation with L-propranolol 
(1 x 10e6M) alone decreased the developed force 
of contraction to 44 ? 6% of the initial value. 

In both contracting sheep heart Purkinje fibres 
and moderator band strips, [3H]-ouabain binding is 
closely correlated with the ouabain-induced positive 
inotropy and inhibition of [R6Rb+]-uptake. Ouabain 
concentrations which occupy 50% of the binding 
sites give almost maximal positive inotropic effects 
without marked toxicity and inhibit active Na+/K+- 
transport by 50%. 

DISCUSSlON 

The increased ouabain sensitivity reported for Pur- 
kinje fibres relative to ventricular muscle [l-6] may 
be related to either quantitative or qualitative dif- 
ferences in the digitalis receptor present in these 
tissues. We have tested these possibilities by simul- 
taneously measuring ouabain binding and its effects 
on force of contraction or (Na+ + K+)-ATPase 
activity in contracting cardiac preparations or cardiac 
cell membranes from sheep. In partially purified 
cardiac cell membranes from left ventricle, [3H]- 
ouabain bound to one type of binding site with a 
higher affinity than other digitalis-sensitive species 
such as human (K, 3.7 x 10m9M), beef (KD 
2.7 x 10-9M) or cat (KD 4.2 x 10m9M) [18]; much 
lower affinities have been reported for the guinea 
pig heart ( KD 1.1 x 10m7 M) [ 1 l] and for the rat heart 
(KD, 1.05 x 10m7 M; KD2 2.8 x 10m5 M [lo]). As in 
other species, this ouabain binding is supported by 
(Mg2+ + Pi) or (Na+ + ATP + Mg?+); is tempera- 
ture- and time-dependent; and is fully reversible 
[lo, 11,13,17,18]. 

As in other digitalis-sensitive species, simul- 
taneous measurement of [3H]-ouabain binding and 
(Na+ + K+)-ATPase activity (Fig. 1) showed that 
the concentration-response curves for ouabain bind- 
ing and inhibition of (Na’ + K+)-ATPase activity 
are co-incident [17,20]. Because these curves are co- 
incident, the specific ouabain binding site in cell 
membranes can be defined as the receptor. 

[3H]-Ouabain binds with similar affinity, measured 
as the dissociation constant (K,), to homogenates of 
the left ventricle, right ventricle, moderator band 
and Purkinje fibres of sheep heart. However, the 
number of ouabain binding sites/g wet weight is 
markedly reduced in homogenates of the Purkinje 
fibres compared with myocardial tissue. This 
decreased number of binding sites/g wet weight will 
mean that each Purkinje cell will have fewer binding 
sites than a ventricular muscle cell since the surface 
areas are similar (Purkinje cells, 10-30 pm diameter 
and 20-60 ,um long; ventricular cells. lG15 ,um dia- 
meter and 3&60 pm long [22,24]). 

Ouabain binding and its effects on force of con- 
traction or [ 86Rb+]-uptake were measured simul- 

taneously in both contracting, isolated Purkinje 
fibres and moderator band strips from sheep hearts. 
In both tissues, [3H]-ouabain bound to one type 
of binding site with an affinity (K,) of 2.5- 
3.5 x 10w7M. Maximal inotropic effects were seen 
at concentrations similar to the KD-.. Jue. Half-maxi- 
mal inotropic effects were measured at 8 x 10e8M 
in both tissues. At higher ouabain concentrations. 
more ouabain was bound specifically but toxicity was 
observed at concentrations at or above 3 x lo-’ M. 
The beginning of toxicity manifested as a gradual 
decline in developed force is difficult to define. 
Although both maximal inotropy and toxicity 
occurred earlier in Purkinje fibres than in moderator 
band strips, these differences were not statistically 
significant at all concentrations. The clinical rel- 
evance of these small differences is questionable. 

Specific [s6Rb+]-uptake was inhibited over the 
same concentration range at which inotropic effects 
could be measured. Since the concentration- 
response curves for ouabain binding, positive 
inotropy and inhibition of [R6Rb+]-uptake are co- 
incident (Figs. 2, 4, 6), the specific ouabain binding 
site in contracting sheep heart Purkinje fibres and 
moderator band strips can be defined as the inotropic 
receptor which is part of the (Na+ + K+)-ATPase. 
the enzyme responsible for active Na+/K+-transport. 
The affinity of the receptor for ouabain is the same 
in both contracting Purkinje fibres and moderator 
band strips; these tissues were taken to be rep- 
resentative of the conducting system and working 
myocardium, respectively. 

However, the number of these receptors/g wet 
weight is about 50% lower in the Purkinje fibres; 
these fibres show about 40% lower maximal [X6Rb+]- 
uptake/g wet weight. The reason for the higher 
number of specific ouabain binding sites in con- 
tracting tissue relative to homogenates is unclear but 
may imply loss of binding sites during membrane 
disruption. 

Ouabain effects on the digitalis receptor in sheep 
heart Purkinje fibres and moderator band can be 
compared in Table 5 (for details, see Results). 

Variable results have been presented from bio- 
chemical and pharmacological studies of ouabain 
effects on working myocardium and Purkinje fibres. 
Using driven dog Purkinje fibres and ventricular 
muscle fibres, Vassalle et al. [l] and Nowak and 
Haustein [4] showed that ouabain-induced toxicity 
occurred much earlier in the Purkinje fibres. Dif- 
ferences between these two tissues have been shown 
in the stimulation-induced increase in active ion 
transport [2], in the Na+/Ca*+-exchange [3] and in 
the dependence on extracellular calcium [25] and on 
intracellular sodium [26]. However. other electro- 
physiological investigations have not demonstrated 
substantial differences between Purkinje fibres and 
ventricular muscle using procedures which change 
force of contraction by varying the sodium or calcium 
concentration [27-301. Qualitatively similar fre- 
quency-dependent changes in sodium activity in both 
tissues have been found in sheep heart [31,32] and 
dog heart [33]. The sodium and calcium ion activities 
in resting sheep ventricular muscles (ulNa 6.9 mM; 
aica 70 nM) were lower than in Purkinje fibres (ulNa 
7.9 mM; alca 98 nM) [34]; the higher alca may under- 
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Table 5. 

Purkinje fibles Moderator band 

Homo_eenates 
KIl 
Binding sites/g wet weight 
Association rate constant 
Dissociation rate constant 

Contracting tissue 
EC;,, (positive inotropy) 
KU ([ ‘HI-ouabain binding) 
Binding sites/g wet weight 
icii, ([“hRb+]-uptake) 
Specific [X6Rb’]-uptake/15 min 
Turnover number 

1.9 x 10~“M 
0.33 x 1O’j 
7.9 x 10’M ‘set ’ 
1.0 X 1OV’sec I 

8 x lO_‘M 
3.4 x IO~‘M 
2.0 x 10” 
2.5 x IO-‘M 
2.7 ,umol/g wet weight 
SJO/min 

7 I x 10 “M _. 
1.1 x IO” 
X.2 x l(IJ Mu ‘see ’ 
1.1 X 10 ‘set ’ 

7x IO ‘M 
2.5 x 1W’M 
3.9 x 10”’ 
3.3 x 10 -M 
4.4 ,umol/g wet weight 
43O/min 

line the reported greater sensitivity of the conducting 
tissue to digitalis. However, Weingart and Hess [35] 
reported similar calcium concentrations in both 
tissues from sheep heart. Increases in aiNa are closely 
associated with the positive inotropic effects of 
dihydroouabain [36], ouabain, acetylstrophanthidin 
and actodigin [37] or strophanthidin [38] in sheep 
Purkinje fibres or dog Purkinje fibres [39]. Toxic 
effects usually occurred when the a’Na was about 
30 mM or greater [36]. The threshold ouabain con- 
centration to give an increase in alNa in sheep Pur- 
kinje fibres was about 1 x lo-‘M [37,40]; similar 
concentrations produced non-toxic positive inotropic 
effects and inhibited active Na+/K+-transport in the 
present study. Further, our findings that the ouabain 
receptor is identical throughout the sheep heart 
although the Purkinje fibres contain markedly fewer 
receptors may explain the higher resting ionic activi- 
ties in the Purkinje fibres. A reduced number of 
receptors would also lead to earlier toxicity in these 
fibres. as shown here and in previous studies by 
Vassalle et ul. [1] and Nowak and Haustein [4]. 

Biochemical studies have not reported consistent 
differences between the working myocardium and 
conducting system. Kiibler and von Smekal[9], using 
partially purified beef heart cell membranes, found 
that Purkinje fibres contained less (Na+ + K+)- 
ATPase (about 0.05 U/g) than ventricular muscle 
(about 0.45 U/g). Further, a very high ICKY, value 
using digoxin was reported (Purkinje fibres, 
4.1 x 10mh M; ventricular muscle, 2.4 x 10mh M). 
Palfi et al. [8] could not show any significant dif- 
ference in ouabain sensitivity (1~~” 4-5 x 10mR M) 
between beef papillary muscle and Purkinje fibre 
(Na+ + K*)-ATPase although the enzyme yield was 
markedly lower from Purkinje fibres. [XhRb+]- 
Uptake E-Z vitro in dog heart Purkinje fibres and 
myocardium was measured after infusion in vivo of 
varying digoxin concentrations [S, 61. Purkinje fibres 
were more sensitive to ouabain (1~~~ 4 X lo-‘M; 
ventricular muscle. 1.4 X 10m6 M) with an increased 
[“hRb+]-uptake (1.62 compared with 0.49 nmol/mg 
wet weight/l5 min in ventricular muscle) [6]. In 
chronically digitalized dogs. quinidine increased the 
serum digoxin concentration which gave a further 
decrease in [X6Rb’]-uptake in Purkinje fibres but not 
in ventricular tissue [6]. 

Rhee [7] showed that [X6Rb’]-uptake in vitro into 

both dog Purkinje fibres and ventricular muscle was 
inhibited by 50% by ouabain concentrations of 4 
6 x lo-‘M. but uptake was 170% greater in the 
Purkinje fibres. These previous studies have 
measured [XhRb+]-uptake in vitro in tissue slices; 
a correlation between occupation of the digitalis 
receptor by ouabain and effects on force of con- 
traction or active Na+/K+-transport can only be 
made using simultaneous measurement of these par- 
ameters. We have measured these parameters simul- 
taneously under identical conditions and lind no 
difference in the ouabain sensitivity between con- 
tracting Purkinje fibres and moderator band strips. 
Our studies indicate that the ouabain receptor in 
contracting Purkinje fibres and moderator band 
strips is identical. The presence of two different 
ouabain receptors of widely varying affinities has 
been shown in the heart [lo] and brain [12] of the 
digitalis-insensitive rat. Further, Sweadner [ 121 
showed that these different receptors were located 
on different cell types. Different receptors on dif- 
ferent cell types would indicate the possibility of 
producing a semisynthetic cardiac glycoside which 
preferably binds to the receptor in the myocardium. 
The semisynthetic derivative. lh-epi-gitoxin has 
been proposed to have an increased therapeutic 
index because of a weaker interaction with the con- 
ducting system [3]. No binding studies with 16 
epigitoxin have been reported. If this compound 
binds specifically to the digitalis receptor. then any 
improvement in therapeutic index probably reflects 
differences in drug distribution within the heart. 

[8hRb+]-Uptake has been widely used for estl- 
mating changes in the Na’/K--transport system 
[lo, 11,41,42]. In contracting rat [IO] and guinea pig 
heart muscle [ 111, [ RhRb’]-uptake was unaffected 
by ouabain concentrations causing positive inotropy 
only but was inhibited by ouabain concentrations 
which gave toxicity. With the digitalis-sensitive cat 
heart [43], as in the present study with sheep heart. 
[XhRb+]-uptake was inhibited over the same con- 
centration range which gave positive inotropic 
effects. This correlation indicates that steady-state 
[8hRb+]-uptake measures the Na’/K’-pump 
activity, at least in contracting cat and sheep heart 
muscle. The arguments of Eisner et ul. 1441 that 
inhibition of some pump units may not necessarily 
decrease steady-state IXhRb+]-uptake seem not to 
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be applicable in the digitalis-sensitive species, cat tains fewer receptors relative to its weight and surface 
and sheep. area. 

Propranolol abolishes the stimulatory effect of low 
ouabain concentrations (about 1 X 10m9M) on 
[86Rb+]-uptake in viuo in contracting guinea pig left 
atria [42], although the positive inotropic effects 
of ouabain concentrations between 3 x lows M and 
3 x lo-‘M were not affected by propranolol. The 
linear relationship between changes in aiNa and twitch 
tension in sheep Purkinje fibres was not changed by 
propranolol [37]. In the present study, low con- 
centrations of ouabain (5 x lo-’ M) did not increase 
[86Rb+]-uptake. Further, propranolol (1 x 10m6 M) 
had no effect on the positive inotropy or [86Rb+]- 
uptake inhibition observed with this ouabain con- 
centration in sheep Purkinje fibres. 

This lowered receptor number could explain the 
higher sodium and calcium activities reported. These 
ionic activities are closely related to the inotropic 
and toxic effects of digitalis. Thus, low serum digitalis 
concentrations may cause a significant but non-toxic 
inotropic effect in both tissues. Higher digitalis con- 
centrations may increase the sodium ion activity in 
the Purkinje fibres above the toxicity threshold 
before such effects are noted in the working 
myocardium. 

The lowest ouabain concentration which gave a 
significant increase in the force of contraction of 
sheep Purkinje fibres was 2 x 10m8 M while 50% of 
the receptors were occupied at a concentration of 
3 x lo-‘M in th e present study. These concen- 
trations are similar to those giving positive inotropic 
effects in isolated human ventricular muscle [46] but 
are lo- to lOO-fold higher than the therapeutic free 
serum concentrations of digoxin, ouabain and digi- 
toxin (about 1.3 x lOmy M [45]) in man. These serum 
concentrations are similar to the Kn-values in iso- 
lated human and sheep cardiac cell membranes. The 
[3H]-ouabain binding studies to cell membranes and 
contracting cardiac muscles were carried out under 
different experimental conditions. Optimal binding 
conditions (Mg *+ Pi) were used for the cell mem- 
brane studies whiie [3H]-ouabain bound to the con- 
tracting muscles in the presence of Krebs-Henseleit 
solution containing Na+, K+ and Ca*+ ions which 
are known to influence binding. Furthermore, in the 
contracting muscles, the (Na+ + K+)-ATPase trans- 
ports both Na+- and K’-ions across an intact cell 
membrane against their ionic gradients. Another 
explanation for the discrepancy between inotropic 
concentrations in uiuo and in isolated, contracting 
cardiac muscle might be the existence of two 
inotropic receptors in viuo with the high-affinity 
receptor being either uncoupled or rapidly inac- 
tivated in isolated preparations. Rapid inactivation 
would lead to a straight Scatchard plot for ouabain 
binding to isolated cardiac muscles as in Fig. 4 rep- 
resenting the low-affinity receptor. However, we 
could not show any low-affinity binding site in either 
sheep heart homogenates or partially purified sheep 
heart cell membrane preparations under the con- 
ditions used. Two digitalis receptors have been 
shown, however, in mammalian brains [12] and in 
isolated rat heart ventricular strips [lo] or guinea pig 
left atria [ll] although the situation in hearts from 
digitalis-sensitive species is less clear [47]. 
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