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The cardioactive glycosides have been vari-
ously reported to reduce (Wood and Moe, 1938),
increase (Boyer and Poindexter, 1940) or not
change (Hagen, 1939) myocardial potassium
(K+) concentration. Earlier observations have
shown that these glycosides reduced intracellular
K+ in the heart and led to the hypothesis that
the therapeutic effect of these drugs was causally
related to a reduction in intracellular K+ con-
centration (HajdfH 1953; Hajdu and Leonard,
1959). This was based on evidencie from both
isolated and intact myocardium. Changes in the
rate of movement of K+ across the cell mem-
brane have been reported under conditions where
a net loss of intracellular K+ occurs. These
studies have shown that the glycosides in suf-
ficient concentration block active transport of
K+ into the cells (Schatzmann, 1953; Schreiber,

1956; Rayner and Weatherall, 1957) and some-?

times increase K+ efflux (Vick and Kahn, 1957).

However, recent studies on the effects of the
cardioactive glycosides on intracellular K+ indi-
cate that the reduction of K+ may be a “toxic”
effect of these drugs which is unrelated to the
“therapeutic” effect on contractility. Kihns
(1959) and more recently Tuttle etal. (1961) have
shown that intracellular K+ is either increased
or unchanged after exposure to therapeutic con-
centrations of the glycosides. Similar results
have been obtained with myocardium exposed
to the glycosides in situ (Tuttle et al.,, 1961).
In this case a “therapeutic” concentration was
calculated as 50% of the dose producing ir-
regularities in the electrocardiogram. Moreover,
in the isolated myocardium where the loss of the
frequency-force relationships is used as an indi-
cation of toxicity, intracellular K+ is not reduced
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at the jonset of these symptoms of toxicity
(Tuttle et al., 1961). These observations are
based on the terminal analysis of myocardium
for K+ and sodium (Na+) and have added to the
increasing evidence against the hypothesis that
a low intracellular K+ concentration is causally
related to the positive inotropic effect of the
digitalis drugs.

Since a transient change in K+ flux cannot be
detected by terminal analysis of K+ and since
this may explain the discrepancies in the litera-
ture, it was of interest to determine the time
course of changes in K+ fluxes occurring during
exposure to therapeutic and toxic concentrations
of the cardioactive glycoside, ouabain.

M ethods. Isolated left atria from rabbits were
a suitable tissue to study K+ fluxes and the ino-
tropic effects of ouabain3since the muscle walls are
Less than 0.5 mm thick and do not contract spon-
taneously. The force of contraction developed by
isolated atria is related to the stimulus rate and
concentration of the cardiac glycoside, and such a
relationship has been studied thoroughly in this
laboratory (Tuttle and Farah, 1962). Both the
“toxic” and “therapeutic” effects of ouabain are
easily discernible from changes in the frequency-
force relationships. Alterations in K+ flux during
exposure to ouabain may be safely categorized as
related to “toxic” or “therapeutic” effects.

To study the effect of stimulus rate and ouabain
on K+ efflux, resting atria were placed in radio-
active K+ Tyrode’s solution for 120 minutes,
washed for 5 minutes in nonradioactive Tyrode’s
solution and mounted on electrodes as described
previously (Tuttle et al., 1961). The atria were
then placed in muscle baths containing 5 ml of
nonradioactive Tyrode’ solution, left quiescent
for the first 70 minutes and then alternately stimu-
lated for 10-minute periods at 0.1, 1.0 and 4.0
beats per second. At 2- or 5-minute intervals

8We are grateful to S. B. Penick & Company
for supplying the ouabain.
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throughout tho experiment the bath solution was
completely withdrawn into nalgene tubes and fresh
nonradioactive solution added to the bath. The
efflux of K& from the muscles was reported for
each period as the fraction of total K& lost. This
has been termed the “relative efflux” and is calcu-
lated as shown below:

K2lost during a 2-min
.___period beginning at Tx

rel alive efflux =

available K&in the atria at Tx’

The use of relative efflux permits comparison of the
efflux at different periods of the washout experi-
ment since this figure is independent of the de-
creasing intracellular K& concentration. Relative
efflux became constant after a 40-minute rest
period and evaluation began only after that. In a
second series of experiments ouabain was added
to the bath solution in various concentrations
after control values had been obtained for the
efflux at rest and during stimulation. The ouabain
was added to the bath solution at the beginning of
the 30-minute test period dividing the control
from the drug studies. Where the effects of a“toxic”
concentration of ouabain were studied, this period
was reduced to 15 minutes to prevent too severe
depression ofthe atria. The sampling period was of
5minutes duration in these experiments. It may be
stressed that each atrium served as its own control
for the effects of ouabain. Tension was recorded
throughout the experiment (isometric strain gauge
measurements) so that the effects of ouabain
on contractility could be recorded.

The uptake of K&2was studied by two methods.

In the first, the atria were placed in a muscle
bath at 37.5°C directly over a solid scintillation
crystal. Radioactive Tyrode’s solution flowed past
the atria at a rate of 5ml/minute and the uptake
was recorded continuously on a linear recorder.
When desired, ouabain in various concentrations
was added to the solution while the uptake was
recorded. In the second group of experiments the
atria were placed in muscle baths (either 5- or
100-ml baths) kept at 37.5°C and containing radio-
active Tyrode’ssolution and at the end of either 10
or 20 minutes the muscles were removed and radio-
activity recorded. In these latter experiments the
effect of stimulation on K2 uptake was also in-
vestigated. Total K+and Na+were determined at
the end of the uptake periods.

A well type scintillation counter (Baird Atomic,
Model 810) was used for determining the radio-
activity in the solid and liquid samples. The usual
corrections for background, decay and geometry
were applied to all counts.

Results. Figure 1 relates the effects of dififer-
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ent stimulation rates to the relative efflux of
K2 from isolated rabbit atria. There was a con-
siderable decrease in the relative efflux in the
first 50 minutes of the experiment; however,
this leveled out and remained constant for the
duration of the experiment unless stimulation
was begun. A biphasic curve for the efflux of
K#&from myocardium has been reported by other
investigators  (Schreiber, 1956; Rayner and
Weatherall, 1957). Differences in the time course
are a function of the technique used for washing
out the isotope. A constant flow technique, pre-
venting simultaneous uptake, would accelerate
both components of the efflux curve. However,
in our experiments the washout solution was
changed only every 2 minutes and this probably
accounts for the prolonged time course of the
first component of the relative efflux curve. The
increase in relative efflux produced by stimu-
lation was roughly proportional to the stimulus
rate and was independent of the time of measure-
ment. Therefore, the effect of drugs on the efflux
may be studied late in the washout period and
compared with the efflux during early control
periods. In similar experiments where each stimu-
lation period was of 30 minutes duration, the
relative efflux at each stimulation rate remained
constant and above the level of the efflux during
rest. As soon as the atrium was at rest again
(after a period of stimulation) relative efflux
returned to rest level.

Table 1 is a statistical analysis of the loss of
K& at 1.0 and 4.0 beats per second and after
exposure to either 10-6 or 5 X 10-8 M ouabain.
The results contained in table 1 were obtained
from similar experiments as in figure 1. Although
the relative efflux values during rest and stimu-
lation were not exactly comparable it should be
remembered that each drug washout experiment
was compared against its own control period
prior to the addition of the drug. In figure 1,
K2 loss was increased with increasing stimulus
rate. However, in these experiments (table 1)
this was not as pronounced as in those in figure
1 due to our use of 5-minute sampling periods
instead of 2-minute periods. The initial loss of
K42 which was sometimes higher has not been
included in these calculations. 5 X 10“8 M oua-
bain did not change the loss significantly in
resting atria (D), but did reduce the rate (below
the 1% probability level) in atria contracting at
1.0 and 4.0 beats per second (E and F). The
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IN MINUTES

Fig.l The relative loss of K4&2from isolated left atria of rabbits.

Vol 137

Atria exposed for 2 hours prior to zero time to radioactive Tyrode’s solution and K&£washed out in
nonradioactive Tyrode’s solution. Open circles: loss at rest; split circles: at 0.1/sec; half and solid circles

at 1.0 and 4.0/sec, respectively.

Abscissa: time of incubation in nonradioactive Tyrode’s solution with sampling every 2 minutes.
Ordinate: the relative efflux during each 2-minute period. Data from one atrium representative of a

number of similar experiments.

TABLE 1

Changes in the rate of loss of Ki2from isolated rabbit atria at rest and at different stimulus rates under the

influence of a lo'i"mherapeuti& and a high {toxic) concentration of ouabain

Observe the highly significant decrease in efflux from beating atria at the low ouabain concentration
in contrast to the highly significant increase at the high ouabain concentration.

Group Ouabain M Riltleilgseticn;l:i Obs’:ré\;étions
A - 0 30
B - 1 30
C _ 4 30
D 5 X 10-8 0 24
E 5 X 108 1 24
F 5 X 10“8 4 24
G — 0 25
H _ 1 25
| — 4 25
J 10" 0 10
K 10“6 1 10
L 10-6 4 10

o o o o o o

o1 o1 o1 o1 01 01

0.049
0.055
0.057
0.041
0.039
0.037

0.062
0.063
0.064
0.047
0.085
0.093

N Mean Relative K42 Efflux/5 min
1
!No. of Atria without First 5 min, and S.E.M.

=rc 0.0018
+ 0.0018
=rc 0.0039
+ 0.0019
d= 0.0023
+ 0.0014

ii 0.0045
+ 0.0022
d= 0.0029
=fc 0.0200
=rc 0.0116
=tc 0.0142

O W m

- ITrr=

Significantly Differ-
ent from (P
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tension ohanges reoorded from these atria indi-
cated a “therapeutic” positive inotropic effect
at 4.0 beats per second and no change in contrac-
tility at 1.0 beat per second (Tuttle and Farah,
1962). The terms “toxic” and “therapeutic”
concentration used in this text are derived from
studies already reported by the authors (Tuttle
et al., 1961; Tuttle and Farah, 1962). That
concentration of ouabain which reduces intra-
cellular K+ and contractile tension at physio-
logical heart rates and increases tension at lower
than physiological heart rates is considered as
being “toxic.” That concentration of ouabain
which maintains intracellular potassium and
increases tension at physiological heart rates is
considered as being “therapeutic.” These cri-
teria are applied in this present study.

The lower part of table 1 shows the effects of
a higher “toxic” concentration of ouabain on
the loss of K& The atria were stimulated during
the exposure period to 10“6M ouabain only half
as long as in the previous experiments (30
minutes) because of the rapid decrease in ex-
citability and deterioration of contractility.
10~6 M ouabain significantly increased the loss

INCUBATION TIME
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of K2from the atria during activity. Associated
with the increased loss at each stimulus rate was
a decreased contractility at 4.0 beats per second
and an increased contractility at 1.0 beat per
second. This is considered to be a “toxic” effect
(Tuttle and Farah, 1962).

The uptake of K&by quiescent atria is plotted
in figure 2. During the first 10 to 20 minutes the
atria gained K&at more than twice the rate of
uptake during the later periods. From the loss
measurements and from the size of the inter-
stitial space we consider that the first 5 to 10
minutes of the rapid exchange represents both
interstitial and intracellular accumulation of the
isotope. Complete exchange of intracellular K+
with extracellular K£2occurred at 120 minutes.

In the uptake studies of quiescent atria a
somewhat higher concentration (10~7M) of oua-
bain was used as the “therapeutic” concen-
tration. This was the result of previous obser-
vations which have shown that resting atria are
less sensitive to ouabain than contracting ones
(Tuttle et al., 1961). Figure 2 shows that this
concentration initially increased slightly and
then did not change the rate of uptake of K&by

IN MIN

Fig.2. The uptake of K&by atria at rest. . . . i
The muscle baths were mounted directly over a solid scintillation crystal with radioactive K+ flowing
past at a rate of 5ml/min. Uptake recordéd continuously by a linear recorder. ) )
Abscissa: time of incubation in K£Tyrode’s solution. Ordinate: uptake in counts/mg of tissue/min.

Open circles: control; solid and half circles during exposure to 10~Band 10~7M ouabain, re_sPectlvelY. Six
roup. Vertical lines are the standard errors of the mean. Observe the significantly 1o

atria in each

uptake of K&by atria exposed to 10“5M ouabain when compared to controls or 10-7

tly Tower
ouabain group.
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quiescent atria. Some decrease in intracellular
K& was observed in atria at the end of 120
minutes exposure to ouabain. For similar reasons
as described above, 10~6 M ouabain was chosen
to produce a “toxic” effect on quiescent atria.
This concentration markedly reduced the uptake
of K2 (fig. 2). The slow component of K2uptake
was most affected with little change in the fast
fraction of uptake.

In atria contracting at 4.0 beats per second
uptake was measured after 10 minutes exposure
to radioactive K+ (table 2). The effect of two
different concentrations of ouabain on K&
uptake was studied by preincubating the atria
in ouabain for 10 minutes before exposure to the
isotope solution which also contained ouabain.
The lower concentration of ouabain may be
considered as “therapeutic” as contractility was
increased in 20 minutes by 32%. Under these
conditions a significantly greater amount of K4
had been taken up after 10 minutes when com-

TABLE 2

Effects of ouabain 5 X 108and 10~6M on the uptake
of Ki2 into atria beating at 4/second
at 87.5°C
Each atrium was incubated without stimula-
tion in a nonradioactive Tyrode’s solution for 20
minutes and then for 10 minutes in 100 ml of
Tyrode’s solution containing K4
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pared to control rate. 10~° M ouabain decreased
contractility by 69% (table 2) but had no de-
tectable effect on K& uptake. Figure 2 suggests
that we would probably have measured a de-
creased uptake with a “toxic” concentration
after longer periods of exposure to the drug and
isotope.

Incubation at 28.0°C if compared to 37.5°C
produced a frequency dependent positive ino-
tropic effect. Table 3 shows the KL uptake and
total intracellular K+ at different temperatures.
The lower temperature did not change intra-
cellular K+ concentration significantly in the
time measured although K42 uptake was signifi-
cantly decreased. The addition of 10“ 6M ouabain
to atria at 28.0°C increased contractility still
further but had no additional effect on reducing
the uptake of K&

Discussion. These new data together with
those reported previously (Tuttle et al., 1961)
permit us to summarize the effects of different
concentrations of ouabain on contractility, intra-
cellular K+ concentration and K+ fluxes in the
rabbit atria. It should be kept in mind that by
nature of the isotope techniques the conditions
of these experiments are not exactly similar to
those previously reported.

It is not our purpose to discuss the signifi-
cance of the two fractions of potassium in rabbit
atria as suggested by the different flux rates.
Whether these are physiological or anatomical

o No.of  pKABC S Chade  moieties is not known and explicit discussions are

Group Ouabain M Obser- mi, Mean Rifrerent #é,’con' presented in the literature (Solomon and Gold,
and SEM (P D:liy  1955: Harris and Steinbach, 1956: Schreiber,

1956).
A 8 147+ 124 B 0 The fact that efflux may be increased by
(E; 5 )i<0_1g~8 1(5); i‘;’i iiéi A 'fg’g stimulation is not surprising as an increased
: ’ turnover of K+ should accompany the increased
TABLE 3

The effects of temperature on the uptake of K£by stimulated rabbit atria with and without drug

Each group of atria was incubated in 5ml K&Tyrode’s solution for 20 minutes at either 37.5 or
28.0°C and stimulated at 1 beat per second. Ouabain 10“6M was added to another group treated in the
same manner. Total intracellular K+and radioactivity were determined at the end of 20 minutes. Correc-

tions were made for 26% interstitial space.

Gowp  TempeEe  ouainm N3, SO MEQIC Fberon. o6 KBl B P Eohactiny
A 375 0 4 489 + 3.8 306 = 34 0
B 28.0 0 4 539 =h 25 176 = 1.7 +300
C 28.0 1046 4 476 £ 2.6 16.7 £ 3.1 +350
% Exchange in groups A and B were significantly different with P = .016.

% Exchange in groups A and C were significantly different with P < .022.
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number of action potentials. There are two expla-
nations as to why the efflux did not increase in
direct proportion to the increased rate of stimu-
lation. A 1:1 relationship of stimulus rate to
efflux would be expected if each action potential
caused the same amount of K+ efflux. However,
in studies of K+ flux in single muscle fibers
Hodgkin and Horowicz (1959) reported that the
flux per beat was reduced as stimulus rate in-
creased. A similar situation may occur in myo-
cardium. It is also possible that the actual efflux
at 4.0 beats per second was 4 times the efflux at
1.0 beat per second but due to diffusion delay
in the interstitial space, a fraction of K+ lost at
each beat was returned to the intracellular space.
We therefore would only be able to measure the
difference between what actually left the intra-
cellular space and what was returned during the
same period of stimulation. The fact that we
consistently were able to measure a significant
relationship between the rate of stimulation and
K+ efflux in the 2-minute sample period experi-
ments (fig. 1) and not in the 5-minute sample
periods (table 1) suggests that some return of
isotope to the intracellular space occurred con-
comitantly with the efflux. Therefore, our
measurements of the rate of loss of K& from the
muscle and uptake into the muscle actually
represent a composite of efflux and influx. The
more frequently the outside solution is changed,
the more representative the measurements be-
come of true efflux.

The situation is more complex in the uptake
studies. As the atria gain K2a greater percentage
of intracellular K+ becomes radioactive so that
any change in efflux rate would have signifi-
cant effects on intracellular K& A large change
in efflux rate would have great effects on intra-
cellular K2 which could be misconstrued as a
change in influx rate.

From other studies (Tuttle et al., 1961) it is
known that rabbit atria lose K+ and gain Na+
in Tyrode’s solution and are therefore not in
equilibrium. Though the contractility does not
change during this period of loss of K+ and gain
of Na+, the factors which maintain K+ equi-
librium must be impaired. The net loss of K+
has sometimes been reported to be due to in-
creased efflux rather than a decreased influx.
Rayner and Weatherall (1957) calculate a 2%
net loss of K+ per hour due to efflux.

Previous studies have shown that when
5 X 10“8M ouabain was added, the slow loss of
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K+ was prevented; simultaneously contractility
was increased. Under similar conditions of drug
concentration and contractility changes, these
atria show a decreased loss as well as an increased
uptake of K2when compared to untreated atria.
It is difficult to determine whether our figures
indicate a change in one or both fluxes due to
reasons already discussed. We propose that a
therapeutic concentration of ouabain maintains
intracellular K+ concentration in rabbit atria by
probably reducing K+ efflux and/or increasing
influx.

A “toxic” concentration of ouabain had, to-
gether with its negative inotropic effect, a de-
pleting action on intracellular K+ concentration
(Tuttle et al., 1961). One explanation for this
effect rests on the demonstration that K2uptake,
if observed for sufficient time, is reduced by a
high concentration of ouabain. This action may
not be observed during early periods of toxicity
as indicated by a decrease in excitability and
contractility. The observation that isometric
tension decreased at a time when no effect on
K+ uptake was observed supports the earlier
conclusion that K+ changes are unrelated in
time to changes in contractility (Tuttle et al.,
1961). Klaus et al. (1961) have published their
results in abstract form and come to similar con-
clusions. The increased loss of K&after exposure
to a toxic concentration of ouabain could be
explained entirely by the block in K& uptake
during the sampling periods. A constant flow
analysis of K&loss froH atria exposed to “toxic”
and “therapeutic” concentrations of ouabain
may be indicated. This would reduce problems
of separating influx from efflux as encountered
in this study.

The experiments at low temperatures show
that the effects of cold and toxic ouabain con-
centrations on K+ exchange are in the same di-
rection but not cumulative. As both cold and
ouabain have a positive inotropic effect and
these are additive, it is again apparent that
neither intracellular K+ concentration nor K+
fluxes are causally related to the positive ino-
tropic effects.

SUMMARY

Previous experiments with stimulated rabbit
atria have indicated that “therapeutic” positive
inotropic concentrations of ouabain maintain
intracellular K+ in vitro and produce no change
in vivo. “Toxic” negative inotropic concentrations
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on the other hand decrease intracellular K+ con-
centration. Neither the toxic nor therapeutic
effects on K+ as determined by terminal analysis
of the tissue could be correlated with changes in
excitability or contractility. This experiment was
undertaken to measure changes in K+ fluxes
during exposure to “toxic” or “therapeutic”
concentrations of ouabain.

In isolated rabbit atria “therapeutic” concen-
trations of ouabain decreased K& loss as well as
increased uptake of radioactive potassium. This
may explain both the maintenance and increase
in intracellular K+ observed by other investiga-
tors. “Toxic” concentrations of ouabain blocked
K2uptake and this alone may explain the effects
of digitalis on intracellular K+ concentration.
However, the inhibition of K+ uptake occurred
later than the negative inotropic effect on con-
tractility. This supports the previous assumption
(Tuttle et al., 1961) that changes in intracellular
K+ concentration or fluxes brought about by
ouabain are not causally related to the inotropic
effects of the drug.
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