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FIG. 13. Scatchard plot of type II digoxigenin binding in the presence of ATP

A half ml of the mixture contained 4 mM Mg2�, 4 mM P, 20-500 nM [3H}digoxigenin, 40 mM buffer, enzyme

preparation and various concentrations of ATP which was added with the equimolecular Mg2�, was incubated

at 22-23#{176}for the following durations, and then was centrifuged to separate the unbound digoxigenin:

pH Buffer Enzyme Incubation
protein period

7.0 imidazole-HC1 388 mg 35 mm

8.0 TriS-HC1 395 mg 60 mm

8.3 TriS-HC1 420 mg 60 mm

The other conditions were the same as in Fig. 5. The results at pH 7.0 and 8.3 are shown in panel A, and those

at pH 8.0 are in panel B.
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to kinetic analysis by Kuriki et al. (18),
such an ErP is formed from the ternary
complex of ATPase, the P1 and Mg2�. At

almost the same time, we indicated from
the rate kinetics of cardiac aglycone bind-

ing, that E�P is the intermediate to bind

with the cardiotonic steroid and is formed
from the complex of enzyme, the Mg2�, and
Pi (12). The following reaction scheme be-

tween (Na� + K�)-ATPase and cardiac
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where [M] = [Mg�J[P1], B is the total

FIG. 14. Effect ofAMP PCP on digoxigenin binding and on the decrease ofEP value

For digoxigenin binding, experimental conditions were the same as in Fig. 11 and 12 except that on the AMP

PCP-Mg’� complex was used instead of the various nucleotides. The ATP effects on that binding, which are the

same results as in Fig. 1 1 and 12, are shown also on the absolute scale. These values for binding are the averages

of triplicated experiments. For determination of the EP value, 0.5 ml of the reaction mixture, containing the

enzyme preparation (240 mg at pH 7.0, or 285 mg at pH 8.3), 50 mM buffer (imidazole-HC1 at pH 7.0 or Tris-HC1

at pH 8.3), 5 mM Mg2�, 4 mM P and various concentrations of AMP PCP were incubated for 2 mm at 25#{176},and

then phosphorylated by 0.1 ml of the phosphorylating reagent (the same as in Fig. 7), for 3 sec. The decrease of

EP value was calculated from the EP value obtained in the absence of P and AMP PCP. The other experimental

conditions for EP determination were the same as in Fig. 7. The values for the decrease of the EP value are the

averages of quadruplicated experiments.

aglycone in the presence of the Mg�� and P1
was proposed (12) (Fig. 17). From this

scheme, the Scatchard plots should repre-
sent the following equation, as reported
previously:

F is the concentration of the unbound car-
diac aglycone (F = [I]), and N is the total
concentration of the enzyme;

___ [/Mg

N = [El + [E.Mg2�.P1] + � E

_____________________ L \�
[ /Mg1

+�I.E I±[EIl.
L \� J
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FIG. 16. Effect of AMP PCP in the dilution me-

dium on the stability of type II digoxigenin complex

at 25#{176}
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FIG. 15. Time course of (Na4 + K’)-ATPase inhi-

bition by digoxigenin in the presence of AMP PCP-

Mg�� complex

The inhibition was started at 25#{176}by the addition of

0.1 ml of enzyme preparation (145-180 �og protein at

pH 7.0, 267 �.tg protein at pH 8.3), into the 0.4 ml

mixture containing 2 �mol M�4, 2 �mol P, digoxigenin

(0.25 nmol at pH 7.0, 1.0 nmol at pH 8.3) and 25 �tmol

buffer (imidazole-HC1 at pH 7.0, Tris-HCI at pH 8.3)

with (#{149},0) or without (A, L�) 1 nmi AMP PCP-Mg�.

Other experimental conditions were the same as in

Fig. 7. The pseudo-first-order association rate constant

was estimated by least squares.

The present study shows that the Na�

reduces the N8 in equilibrium, but does not
change the Kb (Fig. 5-7). Such Na�-effects
are unexpected from the reaction scheme
of ouabain binding representing a reversible
reaction (7), but they are similar to those
which occur in concentration changes of

Mg�� and/or Pi, as reported previously (13).
Also, Na� seems to reduce the level of [E.

Mg�� . P1J in the scheme. This concept is
supported by the results obtain from exper-
iments for the effect of sequence of the Na�
addition at pH 6.5 (Fig. 10). From these
experiments, we may conclude that the Na�

may react with free enzyme, E, to form the
complex NaE as shown in the scheme. All
of the enzymes pretreated with the Na�
alone, the Na� plus Mg�� or the Na� plus P1
were inhibited with digoxigenin at the same

initial rate (line F, in Fig. 10); this rate was

significantly lower than that of the enzyme
pretreated with the Na� plus Mg�� plus P1
(line E). This conclusion about the inter-

action of the Na� and free enzyme also
agrees with the results for the phosphoryl-

ation of (Na� + K�)-ATPase by the Mg��
and P,, which was reported by Post et al.
They reported that, in the presence of 16
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The enzyme preparation (1.1-1.8 mg/mi) was in-

cubated at 25#{176}in a mixture of 4 mM � 4 mM P,

digoxigenin (0.3 or 0.25 pi�i at pH 7.0, 2.5, �LM at pH

8.3) and 50 mM buffer (imidazole-HC1 at pH 7.0, Tris-

HCI at pH 8.3). After 30 to 60 min of incubation, the

equilibrated mixture (0.1 ml) was diluted with 1 ml of

10 mM buffer (imidazole-HC1 at pH 7.0, Tris-HCI at

pH 8.3) containing 1 mM EDTA with (A, i�s) or without

(#{149},0) 1 mM AMP PCP, and was phosphorylated at

each interval. Other experimental conditions were the

same as in Fig. 9. The dissociation rate constants were

estimated by least squares.
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FIG. 17. Type II binding scheme of (Nat + K’)-

ATPase and cardiac aglycone

E: free (Na� + K4)-ATPase which is not bound

with any ligands. I: cardiac aglycone. The parts shown

with solid lines were reported previously (12).
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mM Na�, the phosphorylation by the Mg��
and P1 is abolished (8), but the amount of

phosphorylated protein formed by Mg��
and P1 in the absence of the Na� decreased

gradually after addition of the Na� (19).
In contrast to the Na�, the K� changes

the apparent binding constant of digoxi-

genin binding in the Scatchard plots, but
does not change the apparent number of
binding sites. Unfortunately, a suitable
method to estimate the association or dis-
sociation rates of digoxigenin to the enzyme
in the presence of the K� is not available at

the moment, and there is disagreement
about the K�-effect on ErP formation. Ku-
riki et al. reported that the K� enhanced

the level of ErP (18), in contrast to the
results reported by Post et al. (8). However,

the reaction mechanism shown in the
scheme may explain the binding results. On
equation 1 derived from the scheme, the Kb

according to the Scatchard plot is the coef-
ficient of B/F and the N+ is the whole term
of N including its coefficient. Therefore,

such K�-effect means that the Kt changes
only the coefficient of B/F, that is, the K�
changes the k., and/or k-2, and such
changes of k., or k_2 may occur if the K�

[ /M��

interacts with ErP, I E � as shown in

L \� J
the scheme. The result reported by Post et

al. that the phosphorylated enzyme formed
by the Mg2� and P1 in the presence of the
K� cannot bind with ouabain (8) is favora-

ble to this formulary interpretation.
The presence of two different ATP sites

on the (Na� + K�)-ATPase is well known.

The high affinity site (Km 0.2 �LM) is for
ATP binding and EP formation, and acts

as a phosphate donor. Although another
low affinity site (Km 0.1 mM) �5 suggested
to act as an activator for ATP hydrolysis,
there is some disagreement about the func-
tion of this site. Post et al. (20) reported
that ATP activates the dissociation of the

K� from the enzyme (“E2 form”)-K� com-
plex and produces “E1 form.” Simons’ study
of the K�-K� exchange at red cells sup-
ported this idea and indicated that no hy-
drolysis of phosphate bond occurred at the
low affinity site (21). Tonomura’s group has

presented kinetical evidence that high con-
centration of ATP increased the EP level

and accelerated the “E1 ATP” to “E2 ATP”
in their scheme (17).

In the present study, the relationship of

nucleotide structure to this nucleotide-ef-
fect is different from that of the nucleosi-
dase activity (compare Table II in reference
22). Specifically, AMP PCP, the unhydro-
lyzable ATP homologue, is as active as

ATP, so that this nucleotide-effect does not
include the splitting of -y-phosphate group
in the nucleotide. Moreover, the half-max-

imum concentration of ATP in this effect,
0.2 mr�i, is similar to that of ATPase and
apparently different from the values of
ATP binding or EP formation. Thus, this
nucleotide effects seems to be one of the
low-affinity effects of ATP and seems to
relate to the confommational change of the

enzyme similar to the case of the K�-K�
exchange at red cells (21).

From the experiments using AMP PCP,
inhibition of the type II digoxigenin binding
seems to originate from the decrease of the
association rate of digoxigenin (Fig. 15) and
not from the change of the dissociation mate
of the digoxigenin-enzyme complex (Fig.
16), as in the cases caused by the Na�.
However, the level of the ErP seems not to

be changed in the presence of AMP PCP
(Fig. 14), in contrast to the cases of the Na�
reported (8, 18). Another important differ-
ence of the nucleotide-effect from the ef-

fects of alkali ions is that no triphosphon-
ucleotide can overwhelm the digoxigenin
binding perfectly. Such saturation phe#{241}om-
ena of the triphosphonucleotide-effects and
the decrease of association mate may be
explained by assuming the formation of
another conformation of phosphorylated
protein, which can bind with digoxigemn at

/Mg

a lower association rate than E in the

reaction scheme shown in Fig. 17. However,
more studies are needed to explain other

features of this effect by this scheme.
Although ADP is not as effective as ATP

in the K�-K� exchange (23), ADP inhibited
the type II digoxigenin binding, in a way
similar to that of ATP. If the concentration
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is higher than 1 mM, ADP increases the
inhibition, even though its increment is me-

duced, as opposed to the ATP, which shows
saturation in this mange. The reasons for
such differences between ADP and ATP,
which may explain the differences between

such nucleotide-effect and the change from
“E2 form” to “E1 form” proposed by Post
(20) and Simons (21), remain undiscovered.

In conclusion, the Nat, K�, and ATP, the
activators of (Na� + K1-ATPase for ATP
hydrolysis, suppress type II digoxigenin

binding in different ways. The Na� reduces
the ErP level by binding to the free form of
the enzyme, while the K� binds with the

ErP and suppresses the level of the active
form of the ErP. On the other hand, ATP
does not seem to reduce the total amount

of ErP, but changes the conformation of
active ErP, reducing its affinity to a cardiac
aglycone.
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SUMMARY

LLOYD H. MICHAEL, ARNOLD SCHWARTZ, AND EARL T. WALLICK: Nature of the
transport adenosine triphosphatase-digitalis complex. XIV. Inotropy and cardiac
glycoside interaction with Na�,K�-ATPase of isolated cat papillary muscles. Mol.

Pharmacol., 16, 135-146 (1979).

A mathematical model was developed that allows the use of [3H]ouabain binding to
estimate the free and occupied digitalis receptors in crude homogenates from cat right
ventricular papillary muscles. Cat papillary muscles were exposed to concentrations of

digoxin or ouabain that produced an inotropic effect. The fraction of occupied receptors
was estimated using the model. There was a good correlation between the number of

receptors occupied and the increase in contractile force achieved. When the inotmopic
effect was washed out, the number of occupied receptors decreased to control (zero

receptors occupied). The results support the concept that the Na�,K�-ATPase-membmane
system contains the pharmacological receptor for cardiac glycosides. No significant

difference in the number of digitalis receptors in right and left ventricle and left atrium
was detected. The density of digitalis receptors estimated per unit surface area and the

number of receptors per cell in heart is much greater than estimates of receptor capacity
for some other drugs.

INTRODUCTION

Cardiac glycosides that produce an ino-
tropic effect also inhibit Na�,K�-ATPase
isolated from heart in a dose-dependent

manner (1). Therefore, it is reasonable to
suspect a cause-effect relationship between
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digitalis and that the positive inotmopic ef-

fect is the result of this receptor occupation
(2-11). In spite of this accumulation of ev-
idence, there are some who argue that
Na�,K�-ATPase is not the pharmacological
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receptor for the inotmopic effect of digitalis
(12-14).

It is important that studies to elucidate

the complex mechanism of cardiac glyco-
side action include methods that allow si-
multaneous measurement of inotmopy and
drug-receptor binding. Toward this end,

our experiments utilized right ventricular
papillary muscles isolated from cat, a spe-
cies that is very sensitive to cardiac glyco-
sides. The muscles were exposed to ouabain

or digoxin until a chosen level of inotropy
was attained. In some experiments, the in-

otropic effects were washed out. The num-

ben of cardiac glycoside receptor sites in
these muscles was then measured. It has
been suggested (15) that the use of deoxy-
cholate in enzyme extraction procedures
causes dissociation of in vivo formed oua-
bain-enzyme complex during isolation. To
avoid this possibility, we did not attempt to
purify the Na�,K�-ATPase but minimally
disturbed the cell membranes by preparing
homogenates of the papillary muscles. In-
stead of using Na�,K�-ATPase hydrolytic
activity (the measurement of which is dif-
ficult in these low activity homogenates) to
assay the number of active sites, we used
[3H]ouabain binding, a technique which is
capable of much greater precision. Devel-
opment of a suitable mathematical model
allowed the estimation of the fraction of
receptor sites occupied per unit of cell pro-

tein. These procedures afforded a small,
physiologically stable, controlled muscle
with a well defined inotropic state and a

quantitative appraisal of the number of me-
ceptoms occupied during the inotropic
states. Included in this study is an assess-
ment of regional variation in the number of
cardiac glycoside receptors and an estima-
tion of the number of ouabain molecules
that can bind to an average cardiac muscle
cell.

MATERIALS AND METHODS

Isolated muscle preparation. Isolated
right ventricular papillary muscles (4-8 mg

weight) were removed from adult cats and

placed in an isometric myograph. The mus-
cle bath contained (mM concentrations):
NaCl 117.4, NaHCO, 25, Na2HPO4 1.2,
MgSO4 1.2, KC1 3.6, CaC12 2.5 and glucose

11.1. The bath was saturated with 95% 02-
5% CO2 and maintained at a temperature

of 29#{176}.Field stimulation by flat, platinum
plate electrodes arranged on both sides of
the muscle, delivered square wave pulses of
5 msec duration at approximately 20%
above threshold voltage with a stimulation
rate of 0.25 Hz. Muscles were equilibrated
for a minimum of 2 hr (no deterioration of
the muscle occurred) during which the pme-

load was adjusted to load at L�ax. Ouabain
or digoxin (Sigma Chemical Co.) was added
to the bath in a concentration range of 10

aM to 10 �LM and the contractile force was
measured. At an arbitrarily chosen level of
inotropy or at peak inotropy for a certain
glycoside dose, the muscles were rapidly
removed and rinsed in a 4#{176}wash solution.
In order to minimize dissociation, this wash

solution contained 50 mi�i Tris-Cl, 100 mM
NaC1, and 2.5 mi� MgCl2. The muscle was
lightly blotted on filter paper and immedi-
ately frozen on dry ice. The same procedure
was used for muscle samples taken from
right atria, left atria, right ventricles and
left ventricles with the exception that they
were not placed on the myograph. The mus-
cle samples were weighed while frozen and
sectioned (if necessary) to weights less than
10 mg.

Ouabain Binding to Homogenates. The
[3H]ouabain binding method used is an ex-
tension of that used recently by Gelbart
and Goldman (16), by Bmody (17), and by
Ku et al. (18). Each muscle was homoge-
nized in the cold by three passes in a Duall

Glass homogenizer for 30 sec in 0.4 ml of a
medium containing 50 mi.� Tris-Cl, 100 nmi
NaCl and 2.5 mi�i MgCl2. The homogenate
was diluted to approximately 10 mg wet
weight/mi with the same medium, prior to
[3H]ouabain binding and protein assay. Al-
iquots of the homogenate (0.2 ml) were
promptly added to a solution containing
Tris-Cl (pH 7.4), NaCl, and MgCl2. After
one minute [3H]ouabain (14.4 Ci/mM) was

added to initiate binding. The reaction (2.0
ml) contained in final concentration 50 m�i
Tris-Cl (pH 7.4), 100 mi�� NaCl, 2.5 nmi
Na2ATP, 2.5 mM MgC12, 10 nr� [3H]ouabain
and 0.150-0.250 mg of protein. At appropri-
ate times, aliquots (0.4 ml) were removed

and filtered through a 0.45 jzm Millipore
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filter and rinsed three times with 2 ml of

cold (4#{176})water. The ifiters were dissolved
in 10 ml of scintillation fluid (toluene, 10%

BBS-3, Fluoralloy, Beckman) and madioac-
tivity was measured in a Beckman LS-200

liquid scintillation spectrometer. The effi-
ciency of this system was 39% so that 12,468
cpm represented one picomole of ouabain.

Nonspecific binding was measured in the
same reaction medium as above but with
the addition of unlabeled ouabain (100 �tM

final). Protein estimation was done by the

method of Lowry et al. (19).

RESULTS

In vitro studies: Development of the

model. Using the crude homogenate from
papillary muscle, a good separation of spe-
cific binding, typically 1600 cpm for 100 jig

protein after one hour, and nonspecific
binding was obtained. Nonspecific binding
is defined as the binding in the presence of
100 jiM unlabeled ouabain, typically 90 cpm
for 100 jig. All data presented have been
corrected for nonspecific binding. The in-
crease above nonspecific levels was ATP

dependent (in presence of Mg2� and Na�).
The time course of the binding was depend-
ent upon the amount of protein (and thus
the concentration of ouabain receptors) in
the binding medium. Theme was a linear
relationship between the concentration of
protein and the levels of equilibrium bind-
ing. The rate at which equilibrium was ob-
tamed, however, was not dependent on the
protein concentration. Binding in the pres-
ence of magnesium plus inorganic phos-
phate yielded similar results (data not

shown).
Although the ouabain-sensitive Na�,K�-

ATPase activity in the crude homogenates
is low (1 j.tmole/mg/hr), the total ATPase
activity is around 9 jimole/mg/hr. Since
ATP was being hydrolyzed during the bind-

ing reaction, it was necessary to determine
how the concentration of ATP affected the
time course of [3H]ouabain binding. The

time course of binding (up to 165 mm) was
examined as described in MATERIALS AND

METHODS, except that the initial ATP con-
centration was varied (2.5, 1.0, 0.5, 0.25, 0.15
and 0.1 mi�i). At the two lowest concentra-

tions of ATP the binding reached a peak

(1.7 and 1.2 picomole/mg) at approximately
50 mm and then slowly fell. At concentma-

tions of 0.25 mM and above, theme was only

a slight effect on the time course of binding.
The maximum binding, Be, for ATP = 2.5,

1.0, 0.5 and 0.25 nmi was 2.92, 2.85, 2.63 and
2.54 picomoles/mg and the effective rate
constant, ke, was 0.031, 0.033, 0.035 and
0.036/mm, respectively.

An initial concentration of ATP of 2.5
mM was themefome sufficient to support

[3H]ouabain binding if the enzyme concen-
tration was kept equal or less than 125 jig/
ml. Under these conditions the concentma-

tion of ATP would fall only to 1.5 mi�i in
one hour and would not be limiting for the

experiments described in this paper.
It has been shown (20) that the binding

of [‘H]ouabain to Na�,K�-ATPase is ade-

quately represented by

R+ouab� ;os R.ouab
k

If the concentration of [3H]ouabain, ouab*,

is in large excess of the concentration of
receptor, R, the approach to equilibrium
can be expressed as

IT, [R.ouab*] e - [R.ouab#{176}] = -k,t
[R.ouab8}e

where [R - ouab*J and [R . ouab*le repre-
sent ouabain bound at time t and at equi-

libmium, respectively. The effective mate
constant, ke, �S the sum of the pseudo-first
order forward mate constant, k1 [ ouabd] and
the dissociation rate constant, k_1, for the
reverse direction. A plot of equation 2
showed good first-order kinetics (Fig. 1).
Five determinations of ke yielded a rate
constant of 0.029 ± 0.003/mm. The disso-

ciation mate constants, k_1, for ouabain and
digoxin were determined by a chase method
(20). Binding of the tritium-labeled cardiac
glycoside was allowed to reach equilibrium.

Excess unlabeled cardiac glycoside (final
concentration 100 jiM) was then added and
the loss of radioactivity bound to the ho-
mogenate was followed by removing and
filtering aliquots of the reaction medium at
appropriate times. The dissociation fol-
lowed first order kinetics (Fig. 2). Digoxin
had a slower dissociation mate (0.0013
min�) than did ouabain (0.0047/mm).
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FIG. 1. First order binding of[3H]ouabain to cat

heart homogenate

The binding was in the presence of MgATPNa as

described in METHODS. (CPM) and (CPM)� are radio-

activity expressed as counts per minute bound to the

enzyme at time t and at equilibrium, respectively.

Protein concentration was 0.11 mg/mi and 1.0 ml

aliquots were filtered. At equilibrium (2 hr) 2606 cpm

or 1.9 picomoles/mg were bound.

Time (mm

FIG. 2. Time course of dissociation of [‘H]oua-

bain and [3H]digoxin from cat heart homogenate

receptor sites

Binding of the labeled glycosides was carried out as

outlined in Methods. At zero time a 100-fold excess of

unlabeled cardiac glycoside was added to the reaction.

To test the hypothesis that occupation of
the cardiac glycoside meceptom by unlabeled
cardiac glycosides would lead to a change
in the nature of the [3H]ouabain binding

curve, four samples were prepared. A ho-
mogenate from cat heart (4.0 mg) was ex-

posed to 0.1 jiM unlabeled ouabain in the
presence of 50 nmi Tris-Cl, 100 m�i NaCl, 5
mM MgCl2 and 5 nmi Na2ATP in a volume
of 5 ml. After 30 mm at 37#{176},the enzyme
suspension was centrifuged at 100,000 x g

for 60 �nin. The pellet was resuspended in

10 mmof a cold (4#{176})wash solution contain-
ing 100 mM NaCl, 50 mi�� Tris-Cl (pH 7.4)

and 5 mM MgCl2 and again centrifuged.
This pellet was resuspended in 2 mmof the
wash solution described above. The

Na�,K�-ATPase in this homogenate should
be saturated with ouabain, i.e., 100% of the
cardiac glycoside receptors should be oc-

cupied. This sample is labeled sample D. A
procedure identical to the above, except
that the 0.1 jiM unlabeled ouabain was left
out of the 37#{176}incubation, was carried out

to prepare a control sample (Sample A) in
which none of the cardiac glycoside mecep-
tons were occupied. Sample B was a mixture
of two parts of Sample A and one part of
Sample B. Sample C was a mixture of two

parts of Sample D and two parts of Sample
A. The time course of [3H]ouabain binding

to these four samples was followed (Fig. 3).
It is clear that occupation of receptors by
cardiac glycosides has slowed the apparent
rate of [3H]ouabain binding and altered the
shape of the binding curve.

Since the characteristics of [3H]ouabain

binding to the crude homogenates were
qualitatively similar to [3H]ouabain binding
to more purified preparations of Na�,K�-

ATPase (20) and since prior occupation of

Time (mm)

FIG. 3. Time course of[3H]ouabain binding to cat

heart homogenates pretreated with unlabeled car-

diac glycoside

Sample D (L�) was pretreated with 0.1 �M unlabeled

ouabain in order to saturate the receptors. The drug-

receptor complex was then washed free of unbound

ouabain as described in the text. Sample A (#{149})was

the control sample which had zero receptors occupied,

B (0) was a mixture of 2 parts of A and one part of D;

and C (A) was a mixture of two parts A and two parts

D. Enzyme concentration was 75 jig/mi. The lines

shown are those predicted by Equation 11 for fraction

of saturation ([R�ouab*]/[Rr]) when [RD],/[RT]

equals 0 (A); 0.286 (B); 0.475 (C); 0.871 (D).



R.D.k�+R+D (3) where

or

(6)

(7)
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[Rr] [R] + [R.ouab�J 4 [R.D]

cardiac glycoside receptor sites indeed al-
tered the shape of the binding curve (Fig.
3), a kinetic model that would allow the

calculation of the fraction of cardiac glyco-
side receptors occupied in a muscle strip
was developed. Addition of a cardiac gly-

coside, D, to the bathing solution surround-
ing a papillary muscle produces an increase

in the force of contraction of that muscle.
If the muscle is then removed from the bath
and frozen, interaction of D with its mecep-

tom, R, will cease and the muscle will con-
tain a mixture of free receptors, R, and
occupied receptors, R . D. Radiolabeled car-

diac glycosides, such as [3H]ouabain can
then be used to measure the number of free
receptors in a homogenate of the muscle.

The kinetic description of [3H]ouabain

binding to such a mixture is shown below:

R+ouab* ..� R.ouab

As soon as the [3H]ouabain reaction is mi-
tiated, the free receptor, R, begins to bind
[3Hjouabain (ouab*) according to Equation
4. Simultaneously, the occupied receptor,
R . D, begins to dissociate to yield free me-
ceptom which then binds [3H]ouabain. The

reverse of equation 3 does not occur to a
significant extent since the concentration of

unlabelled drug D is low compared to the

concentration of [3H]ouabain.
From Equation 4, the change in receptor

occupied by radioactive ouabain, R.ouab*,

with respect to time is:

d[R.ouab]/dt

= k1 [ouab][R] - k-, [R.ouabj

Substituting Equation 7 into Equation 8

and rearranging, yields:

[RI = [Rr] - [R.ouab*J [R.D]0e�1’ (9)

Substituting Equation 9 into Equation 5
and rearranging, yields:

d[R.ouab]/dt + (ki[ouab] + k_1) [R.ouab]
(10)

= k1 [ouab�] ([Rr] [R.D]0e�”1

Since the concentration of [3H]ouabain is
in great excess of the total number of recep-
tors, R�, the concentration of ouabain can
be considered constant over the course of

the reaction and Equation 10 is a linear
differential equation, the solution of which,
setting [R . ouab�J equal to zero at time
equal zero, yields:

[R.ouab] = a[Rr] b[R.D}�, (11)

a = (1 - e_ktf)/(1 + K,/[ouab])

(4) b = (e_kt e�t)/

(1 + (K/[ouab]) - k’/(k [ouab*])}

ke k,[ouab]+k,

K= k,/k,

Equation 11 shows that the concentra-
tion of receptors occupied by [3H]ouabain,

[R - ouab*], is a function only of the time of
binding, t-, concentration of [3H]ouabain,

[ouabdl; the mate constants k’, k1, and k_1
of equations 3 and 4; the total concentration
of receptors, [Rn; and the concentration of
receptors, [R . DJ0, occupied by the cardiac
glycoside, D, prior to initiation of the radio-

active binding assay. Since a and b vary
only with time, t, Equation 1 1 is a linear
equation dependent on two variables a and
b and can be fitted by a bilinear regression
to yield the regression coefficients [RTJ and
-[RD]0. The relative standard deviation in
the derived constants a and b varies from
6-11%. Application of this analysis to the
data shown in Fig. 3 yielded for Sample D
a value�± S.D. of 87.1 ± 5.6% occupation,

for Sample C, 47.5 ± 11.1% occupation, and
for Sample B, 28.6 ± 4.6% occupation.

These values are in good agreement with
the theoretical values of 100%, 50% and 33%
respectively.

In vivo studies: Application ofthe model.

The time course of [3H]ouabain binding to
(8) homogenates of individual papillary mus-

(5)

The change in receptors occupied by D, R.
D, with respect to time is:

d[R.D]/dt = -k’ [R.D�

[R.D] =

where [R . D]0 is the concentration of sites
occupied by D prior to the initiation of
[3HJouabain binding. The total number of
receptors available for binding is:
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cle, which had developed various degrees of
positive inotropy, was measured. Examples
of the experimental results are shown in
Figure 4. The control muscle had no prior

unlabeled ouabain added to the muscle
bath; two muscles had force increases of 16

and 38%, respectively, and one muscle de-

veloped a contracture. As with the experi-
ments involving ouabain-complexed ho-
mogenates, it is evident that when ouabain
was added to the muscle bath, the time
course of [3H]ouabain binding to the ho-
mogenates prepared from these muscles
was affected. Application of Equation 11
yielded values for total receptors available
and the number of receptors occupied. The
fraction ± S.D. of receptors occupied was
0.85 ± 0. 1 1 in the muscle that developed

contracture, 0.51 ± 0.16 in the muscle that
developed a 38% increase in contractility
and 0.26 ± 0.14 in the muscle that devel-
oped a 16% increase in contractility. If we
assume that the total number of receptors
in control papillary muscles are the same as
the number of receptors in the cardiac gly-
coside treated muscles, Equation 1 1 can be
rewritten in another useful form.

[RD}+ _(a [Rn [R.ouabj)/b

Using control muscles to calculate [ RT],

application of Equation 10 yielded values

FIG. 4. [3H]ouabain binding to homogenates of

cat right ventricularpapillary muscles

The vertical axis is the amount of [3H]ouabain

(pmole) bound to 1 mg of homogenate; horizontal axis

is the time from start of [3Hjouabain binding reaction.

A) Muscle was not treated with a cardiac glycoside in

the bath. B) Muscle was treated with 0.1 �sM ouabain

and developed a 16% increase in force. C) Muscle was

treated with 1 �u�i ouabain and developed a 38% in-

crease in force. D) Muscle was treated with 1 �LM

ouabain and developed contracture. Protein concen-

tration was 0.075-0.125 mg/mi.

± S.D. of receptor occupations of 0.82 ±

0.09, 0.65 ± 0.08 and 0.26 ± 0.05 for the

muscles that developed contracture, a 38%
increase in force and a 16% increase in force
respectively.

A series of muscles were exposed to oua-

bain or digoxin in order to produce an mo-

tropic effect. When the desired increase in
contractility was obtained, the muscles
were rapidly removed, blotted and frozen

as outlined in Methods. The time course of
[3H]ouabain binding to homogenates of
these muscles and to control papillary mus-
des that had not been exposed to a cardiac
glycoside was measured. The data from ho-
mogenates from the control muscles were

used to estimate RT, the total number of
receptors. This value and the data from

homogenates of the cardiac glycoside
treated muscles allowed the calculation of

the number of receptors occupied using
equation 12. The results of the analysis are
shown in Figure 5 for 9 ouabain-tmeated and
9 digoxin treated papillary muscles. The
increase in contractile force increased as
the fraction of receptors occupied in-
creased. Since analysis of the ouabain

(12) treated muscles alone and digoxin treated
muscles alone yielded regression lines with

similar slopes (ouabain 33 and digoxin 34),
the data were combined. Six additional
muscles were deliberately allowed to de-

0

Fraction of Receptor Occupied

FIG. 5. Correlation between the increase in con-

tractile force and the fraction of receptors occupied

by ouabain, #{149};digoxin, A

The least square regression line was y = 3.70 +

38.64x. The coefficient of determination was 0.625. See

text for experimental details and for calculation of the

fraction of receptors occupied.
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velop contracture using high concentra-

tions of ouabain (3 muscles) and digoxin (3

muscles). All of the muscles had a high
fraction (0.70 ± .09) of their receptors oc-
cupied.

Six experiments were designed to deter-
mine if “wash out” of the inotropic effect
caused a corresponding washout of bound
cardiac glycoside and consequently an in-

crease in the number of free receptors (Ta-
ble 1). The results strongly suggest that
occupation of receptors was decreased by
the three changes of the Krebs’ bicarbonate
bath during the times noted in Table 2. For
one muscle, which had been exposed to 2
jiM ouabain, a 14% increase in force me-

mained after 90 mm of washing. This was
reflected in the lowered [3H]ouabain bind-
ing and thus indicated significant receptor

occupation.
Binding of [3H]ouabain was measured in

three regions ofthe heart (Table 2). At each

of the three binding times (10, 30, and 60

min), the amount of [3Hjouabain bound

was not statistically different in the left

atrium compared to the left ventricle. How-
ever, at the 10 and 60 mm binding times,
the atria were different from the right yen-
tricular samples.

DISCUSSION

The method used to assay the number of

Na�,K�-ATPase sites in small amounts of
heart muscle is an extension of the method
used first by Ku et al. (18) for guinea pig
hearts and later by Gelbart and Goldman
(16) for dog hearts. The key to the method
is the use of [3H]ouabain of high specific

radioactivity. Because the “nonspecific”
binding is linearly related to the total

amount of radioactivity in the reaction
tube, it is necessary to use a low molar
concentration of the [3H]ouabain. This
study and those mentioned above use

[3H]ouabain in a concentration of 10 n�i
with specific radioactivity of 12-14 Ci/

TABLE 1

Effect of drug was hout on inotropy and [3H]ouabain binding to homo genates of cat pa pillary muscles

Final concentration
of unlabeled oua-

bain added to bath

Time from adcli-
tion of drug to

start of washout

Force at start
of washout

Time of wash-
out

Force at end
of washout

Effect on
ouabain binding

(M) (mm) (% change from
control)

(mm) (% change from
control)

(% change from
control,)5

4x107 90 +9 120 -1 +1

8 x 10� 90 +13 120 -2 -2

9x107#{176} 90 +17 90 +6 -3

2 x 10�#{176} 90 +21 90 +14 -33

4 X 10� 10 +21 120 +3 +4

4 X 10� 10 +24 120 +3 -3

Ii Stepwise addition to this concentration.
b After washout homogenates were prepared for [�H]ouabain binding. The amount of [iH]ouabain bound was

compared to an average of the amount of [‘H]ouabain bound to three control muscles from the same right

ventricle.

TABLE 2

[‘HjOuabain bound

A comparison of [‘H]ouabain binding to right ventricular, left ventricular and le

numbers are means ± standard errors and n is the number of samples.

ft atrial homogenates. The

Binding time 10 mm 30 min 60 mm

(pmole/mg) (pmole/mg) (pmole/mg)

Right ventricle 0.80 ± 0.056 1.41 ± 0.095 1.97 ± 0.145

(n=25) (n=23) (n= 11)

Left ventricle 0.70 ± 0.063 1.39 ± 0.179 not done

(n=9) (n=9)

Left atrium 0.64 ± 0.044 1.29 ± 0.114 1.71 ± 0.102

(n = 15) (n = 15) (n = 6)
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mmole. The earlier workers carried out the
homogenization of the tissue in sucrose (16,

18). Since the enzyme-cardiac complex
formed in vivo may be of the unstable type
(21), the homogenization of tissue in the
present study was carried out in the pres-

ence of sodium ions which are known to
stabilize this complex.

Both of the earlier studies cited above
expressed [3H]ouabain binding in terms of

“initial velocity,” i.e., the picomoles of
[3H]ouabain bound in 3 mm (18) or pico-
moles [3H]ouabain bound per minute, cal-
culated from a rectilinear plot of the first
15 mm of the [3H]ouabain binding reaction
(16). Analyses of this type are appropriate

only if several conditions are met. First, one
must assume that none of the drug, D,

bound in the isolated muscle bath disso-

ciates during the time course ofthe [3H]-
ouabain binding reaction. This is equivalent
to setting [RD] equal to [RD]O in Equation
8. Second, one must assume that the con-

centration of free receptor, [RI, does not
change with time, and that the dissociation
of bound [3H]ouabain can be ignored, i.e.,
k,[R . ouab*] is much smaller than
ki[ouab*][R]. If these conditions are met,
then Equation 5 reduces to

d[R.ouab*1/dt = ki[ouab*�[RJ

which, when integrated, yields

[R.ouab�] = ki[ouab*][R1o

Equation (14) indicates that the amount of

[3H]ouabain bound per unit time is a func-
tion only of k1, the forward rate constant,
the concentration of [3H]ouabain and the
concentration of free receptors, [R]0, pres-
ent at the start of the [3H]ouabain binding
reaction. Because the assumptions neces-
sary to meduce Equation 11 to Equation 14
will not in general be valid, especially for
insensitive species, the data in this paper

have been analyzed using the more general
expmessions, Equations 11 or 12.

Kuschinsky et al. (10) found that at equi-
librium the uptake of ouabain by isolated
guinea pig atria amounted to about 30 pi-
comoles/g tissue. Under our experimental

conditions homogenates from cat atria as

well as right and left ventricles bound at
equilibrium approximately 200 picomoles/

g tissue. Based upon protein, homogenates

from cats bound 2.0 picomoles/mg protein.

Under conditions similar to ours, Gelbart
and Goldman (16) found that homogenates
from dog left ventricles bound 4 picomoles/
mg protein. In contrast, Ku et al. (18)
found, also under similar conditions, that
homogenates of guinea pig left ventricles
bound only 0.3 picomoles/mg protein.
These large differences in equilibrium 1ev-
els of [3H]ouabain binding are probably not
caused by differences in the number of oua-

bain receptors per g of tissue, but rather to

differences in the affinity of the receptors
for ouabain. Binding at equilibrium (i.e.,
long periods of time) represents “maximum

binding” for the particular conditions em-
ployed. It does not necessarily represent
saturation of receptors. For example, from

our studies the Ki (k_1/k1) for binding of
[3H]ouabain to Na�,K1-ATPase from cat
hearts at 37#{176}in the presence of Mg�� plus

ATP plus Na� is about 1.75 x i09. Thus in
the presence of 10 jiM [3H]ouabain only 85%

of the binding sites will be occupied at
equilibrium. The half-time for dissociation
of ouabain from guinea pig hearts is 2.0 mm
(22). At a concentration of0.25 jiM ouabain,
the half-time for approach to equilibrium
of [3H]ouabain binding is approximately 25
sec (22) and at 10 nr�i is approximately 90
sec (18). Assuming first-order kinetics, ke,

the effective rate constant for approach to

equilibrium, and k_1 can be estimated. Cal-
culation from this data indicates that the
Ki for ouabain for Na4,K�-ATPase of

guinea pig ventricles is in the range of 3.0-
6.6 x 10_8. A Scatchard analysis of[3H]-

ouabain binding to homogenates from
guinea pig ventricles carried out in our lab-
oratory yielded a Ki of 9 X 108 (data not

shown). Thus, in the presence of 10 n�i
ouabain only 10-25% of the binding sites
will be occupied at equilibrium. The num-

bem of ouabain receptor sites in guinea pig
heart homogenates (18) could therefore be
as high as 1.2-3.0 picomoles/mg protein, in

good agreement with values from the cat
(this work) and dog (16). This analysis in-

dicates that care should be exercised in
using [3H]ouabain binding to estimate the
number of Na�,K�-ATPase sites, since the

amount bound at equilibrium does not nec-



INOTROPY AND CARDIAC GLYCOSIDE INTERACTION WITH NA�,K�-ATPASE 143

essarily represent total capacity, particu-
larly when the concentration of drug is low.

In the presence of 10_8 [3H]ouabain, ho-

mogenates from cat ventricle bound at
equilibrium 200 picomoles/g tissue, which
we estimate to represent 85% of the mecep-

tors present. Phfflips et al. (23) have sug-
gested that an average left ventricular heart

cell from ferrets has the shape of a flattened
ribbon-like structure 26.8 jim wide by 8.3

jim high. Such a shape has a surface area
per unit of cell volume of 0.32 jim’, which
is in good agreement with the estimation

by Page and McCallister that the external
sarcolemma of rat left ventricles has 0.30

jim2 membrane area per jim3 of cell volume
(24). If one assumes 35% extracellular space
and a specific gravity of 1.065 for the muscle
tissue, the capacity of cat ventricular mus-
cle for ouabain is 7.6 x 10’#{176}molecules per

cm2 of surface area, tenfold higher than
other estimates of receptor capacity (25-
28) including the 6.0 x i09 molecules/cm2
estimated by Kuschinsky (10) for the oua-
bain receptor capacity of guinea pig atrial
tissue (Table 3). As noted above, however,
values of binding capacity for guinea pig

atria are probably underestimated since
Na�,K4-ATPase of cat heart is more sensi-
tive to ouabain than Na�,K�-ATPase of

guinea pig heart (see comparison of Ki’s

above). If the length of a single ventricular
cell is assumed to be 100 jim (29) the capac-
ity of cat ventricular muscle is 5.2 x 106

sites per cell. Although our estimates fom
density of ouabain sites per cell or pen

square cm are higher than estimates of
receptor capacity for other drugs (Table 3),

ouabain would cover as a monolayer only
0.08% of the membrane surface, assuming

that the biologically active pant of ouabain
is iO-� cm2 (10).

The estimate of the capacity/unit surface

area of an excitable cardiac cell is 50-400
times larger than that for a red blood cell

(Table 3). A similar ratio may be obtained
in comparing the Na�,K�-ATPase density/
membrane area. Assuming that theme is one
ouabain receptor site per sodium pump site,

this suggests the density of pump sites in
different cells is dependent upor: the func-
tion of the cell. Excitable cells may require

greater number of cation transport sites.

Regional differences in the ability of

heart muscle to bind [3H]ouabain have

been reported recently (30) for homoge-
nates of left and right Purkinje fibers and
of left and ri�ht ventricles. Purkinje fibers

bound less [ H]ouabain, suggesting fewer
ouabain binding sites and lower Na�,K�-

ATPase activity. Kublem et al. (31) reported
that total as well as the ouabain sensitive
Na�,K�-ATPase activity was lower in con-
ducting tissue than in left ventricle. Con-
ducting tissue was apparently less sensitive
to digitalis than left ventricular muscle. Ex-

periments by PaTh et al. (32) however, did
not reveal any differences in sensitivity. A

study (33) in which [3H]digoxin was infused
into dogs indicated that the atria and right
ventricles contained 44.9% and 78.2% of the
amount contained in the left ventricle and
septum, respectively. In the present exper-
iments no significant differences were found
in the binding of [3H]ouabain to homoge-
nates of atrial muscle when compared to
samples of left or right ventricular muscle.
It should be pointed out, however, that
normalization of different types of muscle

tissue by means of the amount of protein in
the homogenates may lead to values that
reflect only differences in cell protein, and
not in number of ouabain sites. It has been
suggested that atrial muscle fibers contain
more connective tissue components and
less contractile protein per cell volume. The

actual amount and type of protein probably
varies in different regions of the heart. This
could contribute to the differences noted
between Purkinje fibers and ventricular
muscle (30), and the lack of differences
between atrial and ventricular fibers found
in the present work.

The increase in contractile force of cat
papillary muscle caused by ouabain or di-
goxin shows a high correlation with the
increase in occupation of receptors as as-
sayed by [3H]ouabain binding to homoge-
nates from the muscles. These results, con-
sistent with the results of other workers (4-
7) , suggest that receptor occupation by oua-
bain is the initial step in the chain of events

that leads to the inotropic effect. Since the
characteristics of [3H]ouabain binding (e.g.,
the effects of ligands on the rates of asso-

ciation and dissociation) to these crude ho-




