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A B S T RA C T The relationship between the positive
inotropic and toxic effects of cardiac glycosides and
their effects on intracellular ionic composition is in-
completely defined. We measured intracellular po-
tassium activity (ak), extracellular potassium activity
(at), resting potential, action potential duration, and
contractile force at 32°C in paired papillary muscles
from feline right ventricles exposed to ouabain. Muscles
used for electrophysiological measurements were
quiescent except for isolated stimulation to confirm
impalement and record action potential duration.
Muscles used for contractile force measurements were
quiescent except for 4-min periods when force was
measured at a cycle length of 1,400 ms. Muscle length
was adjusted to achieve 50% of maximal tension at
this cycle length before each experiment. In four
experiments, ai and contractile force were measured
in the same muscle. a' was measured with single and
double-barrel K-sensitive electrodes. At 10 nM oua-
bain, action potential duration is prolonged. Among
the concentrations tested, the threshold for a clear
positive inotropic effect is 0.1 ,uM ouabain. The
threshold for decrease in ak, increase in aeK, and de-
crease in membrane potential is 1 ,uM, at which con-
centration toxic signs develop, including arrhythmias,
aftercontractions, and alteration in the staircase re-
sponse of contractile force to repetitive stimulation.
Ouabain need not change a' to effect positive inotropy
in ventricular muscle, a relationship different from
that reported between [K], (intracellular potassium
concentration) and positive inotropy. Higher ouabain
concentrations, which others have shown to clearly in-
hibit active Na and K transport, are shown to upset
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intracellular potassium activity homeostasis and to con-
sistently produce toxicity.

INTRODUCTION

Cardiac glycosides have no direct effect on the con-
tractile proteins of the heart (1, 2), but are known to
affect the sarcolemmal sodium-potassium pump. For
this reason, many studies have examined the cor-
relation of changes in intracellular ionic concentration
or activity with positive inotropic and toxic effects.
In studies on guinea pig atrium, Noack et al. (3) found
an increase in cellular potassium at the time of posi-
tive inotropic effect, whereas Busse et al. (4) found
no change in cellular potassium. Both groups observed
the association of decreased cellular potassium and
glycoside toxicity. In studies on sheep Purkinje fibers,
Ellis (5) found no change in intracellular sodium
activity at a glycoside concentration known to be
positively inotropic in this tissue (6). Using the same
tissue but a different glycoside, Lee et al. (7) never
observed increased contractile force without a con-
comitant increase in sodium activity. Thus, in neither
guinea pig atrium nor sheep Purkinje fibers does a
consensus exist concerning the correlation of cyto-
plasmic ionic changes and the positive inotropic ef-
fects of glycosides.

The primary target tissue in the clinical use of
cardiac glycosides is the ventricular myocardium. Cor-
relations of cytoplasmic ionic changes and inotropic
effects have not been well defined in this tissue either.
Whereas both Muller (8) and Langer and Serena (9)
found that cellular potassium was always decreased at
the onset of positive inotropic effect, Ruiz-Ceretti et al.
(10) found a slight increase. No study exists in which
intracellular potassium activity (ak)1 and contractile

' Abbreviations used in this paper: AC's, aftercontractions;
APD, action potential duration; ak, intracellular potassium
activity; ceK, extracellular potassium activity; YK, activity
coefficient; iK., time dependent outward potassium current,
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force are measured at the same time in paired ventric-
ular muscles. In this study we report the results of
experiments of this type. In addition to their general
interest, such measurements of a' bear specifically on
the controversy regarding Na-K pump stimulation
or inhibition and the positive inotropic effect of
glycosides. Whencoupled with measurements of extra-
cellular space potassium activity (aK), they also address
the novel mechanism of positive inotropic effect ad-
vanced by Greenspan and Morad (11) involving a po-
tassium-calcium exchange.

We used a wide range of glycoside concentrations
in this study. The lowest approximate those of free
drug in the plasma of patients, and have been re-
ported to stimulate (12) or inhibit (13) Na-K pumping.
The highest are frankly toxic in in vivo and un-
equivocally inhibit Na-, K-pump function in vitro. Thus,
our temporal correlation of ak with contractile force
should encompass the possibility that glycoside ac-
tions and mechanisms are multiple and concentration-
dependent. In several experiments we go further and
examine the temporal correlations of effects on aK
and percentage of cell volume with the positive ino-
tropic effects of glycosides.

METHODS

Cats weighing 1.5-3.0 kg were anesthetized with sodium
pentobarbital, 30 mg/kg i.p. The hearts were rapidly re-
moved and immersed in Tyrode's solution of the following
composition in mM: NaCl, 135.4; KC1, 5.4; NaH2PO4, 1.8;
CaCl2, 2.7; MgCl2, 0.5; NaHCO3, 18; and dextrose, 5.5. Solu-
tions were bubbled with 95% 02-5% CO2. Bath tempera-
ture was 32+ 1°C and bath flow rate 15 ml/min.

The muscle used for measurement of contractile force
was tied at both ends with 6-0 vicryl (Ethicon, Inc.,
Somerville, N. J.) suture. One end was tied to a Grass
FTO3C (Grass Instrument Co., Quincy, Mass.) force trans-
ducer and the other end to the arm of a micromanipulator.
By adjusting the micromanipulator vemier, various degrees
of stretch were applied to the muscle and a length-tension
curve generated at a stimulation cycle length of 1,400 ms. On
the basis of this curve, the muscle was set at the length
corresponding to 50% Lmax. The mean control contractile
force of 21 muscles was 548+60 mg (SEM).

Intracellular and extracellular potassium activity measure-

thought to be the pacemaker current in Purkinje fibers; K,
electrode selectivity coefficient; [K]1, intracellular potassium
concentration; L...1, length to which muscle had to be
stretched in order to develop 50%of maximal tension at a cycle
length of 1,400 ms. S, electrode slope; T, contractile force
measured at different times; Tc, control contractile force meas-
ured at time 0. V,, voltage drop across partition with the muscle
absent from the hole; V2, voltage drop across partition with the
muscle present in the hole; Vx, Ve (potassium electrode
reading in extracellular space) or VI (potassium electrode
reading in extracellular space); VK, potassium electrode
reading in superfusate; VK = VK - VK; VX,, Ve. (reference
electrode reading in extracellular space) or Vi (reference
electrode reading in intracellular space). Vo = reference
electrode reading in super-fusate; Vm= Vm- V.

ments were made with potassium liquid ion exchanger
microelectrodes, fabricated as described (14). Single-barrel
electrodes were used for most experiments, but, in specific
instances, double-barrel electrodes were used as noted in the
text. The equation used to calculate ak or ae is as follows:

ajK = (a° + Ka°0) exp |2S [(VX - KK) - (Vx - Vi,)] j -Ki

where

ax = ae (extracellular potassium activity) or ak (intracellular
potassium activity).

a?K = potassium activity of superfusate.
aNa= sodium activity of superfusate.
aNa=aeNa (extracellular sodium activity) or aka (intracellular

sodium activity).
Vx = Ve (potassium electrode reading in extracellular space)

or Vi (potassium electrode reading in intracellular
space).

VO = potassium electrode reading in superfusate.
VK = VK VK.
vx = Ve (reference electrode reading in extracellular space)

or Vi (reference electrode reading in intracellular
space).

Vm = reference electrode reading in superfusate.
Vm = V MV.

K = electrode selectivity coefficient.
S = electrode slope.

Potassium electrodes had slopes >55 mV/decade change in
potassium activity and selectivity coefficients <0.03. Tip re-
sistance ranged from 109-1010 fl. In ak determinations,
Koal. was neglected, since aiNa < 10 mM(15) and K < 0.03.
Against a background potassium concentration of 150 mM,
the minimum detectable change in potassium concentration
with a given K electrode averaged 1.5 mM.

Fig. 1 illustrates how the value for the minimum de-
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FIGURE 1 Determination of the minimum change in [K]
detectable by potassium-sensitive electrode against a back-
ground potassium concentration of 150 mM. Recordings of
electrode response to 0.4 mMchanges in [K]. Dotted line
provides a reference potential level (A). Plot of change in elec-
trode reading vs. [K]. The least squares' best fit line is defined by
the equation shown (B). Further explanation in text.
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tectable change was derived. A series of solutions of pure
KCl were made up in which [KCI] was increased in steps of
0.4 mMwith a constant background concentration of 150 mM.
Strip chart recordings and digital voltmeter readings were
taken as the electrode was dipped in successive solutions.
For each electrode the readings were plotted vs. [KCI] and a
least squares best fit line derived. In the four electrodes tested,
the correlation coefficient, r, for the fit exceeded 0.93. From
the best fit equation, predicted electrode readings were ob-
tained at each concentration tested and this value compared
with that actually measured. In 39 solution changes the maxi-
mal deviation was 2 mVand the mean deviation 1.1 mV. We
therefore assumed that any change in electrode reading ex-
ceeding 2 mV represented a change in the potassium con-
centration of the solution sampled and not an electrode
sensing error. From the best fit equations the change in K
concentration required to produce a 2 mVchange in electrode
reading was calculated. The average value was 1.5 mMfor
the four electrodes tested.

Cell volume measurements were made using the electro-
physiological method of Houser and Freeman (16). In this
method the muscle is placed in the hole of a partition separat-
ing two chambers of a bath. When constant current is passed
between bath chambers, the voltage drop across the partition
is inversely proportional to the fraction of the hole com-
prised of extracellular space. By measuring the voltage drop,
V,, with the muscle absent from the hole, and of V2, with
the muscle present, the percentage of cell volume is cal-
culated as follows:

[1 - .j x 100%.
[ V2]

Action potential duration (APD) was measured as the time
between the two points at which the action potential crosses
the take-off potential.

Experimental protocol. Muscles were allowed to equi-
librate for 1 h before beginning measurements. Three types
of protocols were used in an attempt to compensate for
particular deficiencies of each protocol when used alone. In
40 experiments, separate muscles were used for measure-
ments of a!k or contractile force. In 29 of these experiments
both ak and contractile force were measured in muscle pairs
taken from the same right ventricle. Both muscles were
placed in the same tissue bath for the paired-muscle experi-
ments. In these experiments, control measurements of a!K
and contractile force were made and then solutions were
switched to the ones containing ouabain 1 nM- 10 ,uM (Sigma
Chemical Co., St. Louis, Mo.). At 30 min intervals, until
inexcitability or arrhythmias developed, or until 3 h of drug
exposure was reached, repeat measurements of aK and force
were made. Contractile force was measured as the amplitude
of the transducer recording at the end of 4 min stimulation
at a cycle length of 1,400 ms. Except for these brief periods
of measurement, muscles were kept quiescent. The muscles
from which ak was measured were quiescent except when
stimulated to verify electrode impalement. In this protocol,
MK and contractile force could be measured at approxi-
mately the same time.

In a second set of four experiments, aK and contractile
force were measured in the same muscle. Because it was not
possible to maintain electrode impalements for aik measure-
ments during the 4-min stimulation period of the force meas-
urement, ak had to be measured before and after stimulation.
Although this method did not truly control for the 4 min
of stimulation, it did provide a way to detect if such inter-
mittent stimulation altered the time course of aik changes.
In addition, the possible effects of stretching the muscle to
the point of 50% of maximal steady-state force development
were included in this protocol.

The first two protocols involve multiple impalements of
different cells at different times during ouabain exposure.
The advantage is that measurements are made over time
spans of a few seconds so that the drifts in junction po-
tentials at both grounds and in offset potentials across high
resistance electrodes are insignificant. However, as has been
documented before (Table I, [17]) there is significant varia-
tion in intracellular activity measurements from the different
cells of a single muscle. Ladle and Walker (17) reported a
mean "among impalements" SD of 8.7 mMfor ak measure-
ments in sinus venous (four to six pairs of impalements/
muscle, nine muscles). In three muscles for which we ob-
tained four pairs of impalements, we found a comparable
figure of 8.7 mMfor ak measurements. This degree of varia-
tion is compounded by the wide variation in oi between
muscles (18), so that pooling data from several impalements
and muscles is too insensitive a method to detect the small
ak changes one might anticipate during exposure to low
concentrations of ouabain.

For this reason we performed a third set of experiments in
which ak or a[ was measured continuously, in a single cell,
throughout the control period and periods of ouabain ex-
posure. As previously mentioned, K-sensitive electrodes used
in this setting can detect changes in [K] of 1.5 mM(equal
to changes in aK of 1.1 mM). Thus, these experiments are
sufficiently sensitive to detect changes in aK and ce of mag-
nitudes equal to those changes in aka, previously reported
for Purkinje fibers during glycoside exposure (19). The com-
pensatory disadvantages of this protocol are twofold: (a) a
double barrel K-sensitive electrode must be used, and these
cause some cell damage and lowering of ak measurements
due to their larger tips; (b) the drifts in reference and offset
potentials occurring over the course of several hours require
correction based on assumptions regarding drift rate. In our
experiments the measured total drift over the course of the
experiment was divided by the time to yield a drift rate that
was assumed to be constant throughout the experiment.

The use of aK and ae as indices of Na-K pump stimulation
and inhibition. Wlhen there is a significant diffusion barrier
between the extracellular space of cardiac preparations and
the surrounding bath, aeK is a good indicator of transient
changes in Na-K pump rate. This was first shown, indirectly,
by Cohen et al. (20) by measuring reversal potentials for
iK. in sheep Purkinje fibers exposed to ouabain, and later,
directly with potassium-sensitive electrodes in rabbit atrium
by Kunze (14), and in cat ventricle by Browning and Strauss
(21). The relationship of aK to Na-K pump rate is not direct,
in that other variables must be measured in order to draw a
conclusion. For instance, pump rate could increase and yet
ai not change if cell volume increased or if the net influx
of potassium were bound or sequestered in intracellular
organelles. In this study we show that ouabain does not
change cell volume, but we make no cellular potassium
content measurements. Therefore, where the data on aceK have
direct implications to changes in Na-K pump rate, the data
on aK do not. The proper interpretation of the ak data re-
quires drawing on the evidence of aeK measurements and on
other studies in which cellular potassium content was
measured (8).

Statistical analysis. Errors are expressed as SEM. Stu-
dent's t test for paired data is used in tests of significance.

RESULTS

Correlation of atK and positive inotropic effects. In
Fig. 2 representative records are shown for a pair of
muscles exposed to 0.1 ,M ouabain. Fig. 2A shows
the control recordings of the reference electrode, Vm
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FIGURE 2 Demonstration of development of positive inotropy before change in ak in cat
ventricular muscle exposed to ouabain. Control recordings of Vm, VK, and contractile force (T) (A).
Recordings after 90 min exposure to 0.1 ,tM ouabain. The quantities Vi - VO and Vi - V° used
in the computation of a' are illustrated (B). The tops of the action potentials are missing because
of the chart recorder gain setting, chosen in order to have the resting potential measurement
occupy as much of the recording surface as possible.

(top), K-sensitive electrode, VK (middle), and con-

tractile force, T (bottom). Fig. 2B shows analogous
recordings taken after 90 min of exposure to drug. Con-
tractile force has increased 13% at this time, aiK has
changed from 96 mMto 92 mM, which is an insig-
nificant decrease given the error in ak determination.

Pooled measurements of contractile force and ak are

shown in Figs. 3 and 4, respectively. Fig. 3 illustrates
the development of increased contractile force during
ouabain exposure. Contractile force at each time is ex-

pressed as a ratio T/T, to the control force measured
at time zero. In Fig. 3A, measurements in control
muscles, not exposed to ouabain, show that there is no

deterioration of force over a 3-h period. In Fig. 3B,
a family of curves corresponding to different ouabain
concentrations is illustrated; at any given time, con-

tractile force is greater the higher the ouabain con-

centration. At 1 nM ouabain, no positive inotropic
effect is seen. With the stimulation protocol and
ouabain concentrations we used, a suggestion of posi-
tive inotropic effect is evident at 10 nM and the
clearcut threshold is 0.1 uM.

Fig. 4 illustrates that the threshold concentration for
effect on a' is 1 uM (D, unfilled squares). Exposure to
this concentration for 60 min produces a significant
decrease in a' (P < 0.05). No significant change in ak

occurred from any duration of exposure to ouabain 0.1
,uM (P > 0.05).

Potassium activity and contractile force measure-

ments during exposure to 0.1 ,uM ouabain were

analyzed to address whether or not positive inotropy
can develop in the absence of changes in a'. Because
the positive inotropic effect is essentially fully
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FIGURE 3 Pooled measurements of contractile force in cat
ventricular muscles before and at 30 min intervals after ex-

posure to ouabain. Filled triangles represent control muscles
not exposed to ouabain (A). Muscles exposed to different
concentrations of ouabain. (B). Open circles represent
muscles exposed to 10 ,uM ouabain. Similarly, open squares,

open triangles, filled circles, and filled squares represent 1
,tM, 0.1 ,uM, 10 nM, and 1 nM ouabain, respectively (B).
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FIGURE 4 Pooled measurements of aK before and at time
intervals after exposing cat ventricular muscles to ouabain. A, B,
and C correspond to control muscle, muscles exposed to 1 nM,
and muscles exposed to 10 nMouabain, respectively. In D, open
triangles, open squares, and open circles represent mnuscles
exposed to 0.1, 1.0 and 10 ,uM ouabain, respectively.

developed after 60 min exposure (Fig. 3), meas-
urements of contractile force and aK at this time were
compared to control values. Whereas contractile force
had increased significantly (P < 0.01), aK at the two
times did not differ significantly.

The measurements shown in Fig. 4 were obtained
by taking means of multiple impalement of different
cells by separate reference and K-sensitive electrodes.
Because cell-to-cell inhomogeneities can exist within
a preparation (21), an important complementary ex-
periment is to maintain an impalement of a single cell
with a double-barrel electrode before and during a
treatment change. Such an experiment is illustrated in
Fig. 5 together with the contractile force measure-
ments from the paired muscle. The muscle had al-
ready been exposed to 10 nM and 0.1 ,M ouabain
previous to the recordings illustrated, without any
change in anK. Over the period of time shown in the
figure, the superfusate was switched from one con-
taining 0.1 u.M to one containing 1 ,tM ouabain. Dur-
ing the first 30 min of exposure to the higher concen-

tration, the contractile force has clearly increased, but
neither the reference barrel recording (Vm), nor the
potassium barrel recording (VK) has changed, indicat-
ing no change in aj(. This reflects the result shown
in the pooled measurements of a' in Fig. 4. The first
decrease in aK in muscles exposed to 1 yM ouabain
is at 60 min.

The experiments summarized in Figs. 3-5 involve
measurements of aiK and contractile force in separate
muscles. Whereas the muscles from which contractile
force was measured were stimulated for 4 min, those
from which aK was measured were not. Thus the
validity of the temporal correlations of the two sets of
measurements is open to question. To address this
issue, we performed four experiments in which we
measured aiK in the same muscle in which contractile
force was measured. The ak measurements were made
quickly in the quiescent muscles before and after
contractility measurements and the results were aver-
aged. In several cases we were unable to obtain good
pairs of impalements for the 10 min preceding or
following the 4 min of stimulation. In these cases only
the before stimulation or after stimulation results were
used to compute ak. Attention was focused on 0.1 ,uM
ouabain and exposure times of 30 and 60 min, be-
cause these are the concentration and times at which
clearcut positive inotropic effects are seen. The results
are summarized in Table I. They show no effect of 4
min of stimulation at a cycle length of 1,400 ms or of
stretching the muscle to the point at which it de-
velops 50% of its maximal steady state force on the
aiK measurements. These results do not rule out the
possibility that M4K was different from the control value
at the 4th min of stimulation but rapidly recovered
before our measurements could detect the change.
With this proviso, the results confirm that a positive
inotropic effect of ouabain can be seen in the ab-
sence of change in ak.

Signs of toxicity and correlation with ouabain ef-
fects on aK. Evidence of glycoside intoxication was
seen at ouabain concentrations of 0.1, 1, and 10 uM.
At 0.1 and 1 ,uM, the sequential development of toxic
signs was slow enough to be examined and cor-
related with changes in aK. Table TI lists the temporal
development of toxic signs at these two concentra-
tions. The only toxic sign seen at 0.1 uM ouabain is
triggered automaticity. At this concentration no change
in aK was noted (Fig. 4). Fig. 6 illustrates that de-
velopment of triggered automaticity occurred before
aK has changed. Similarly, at 1 ,uM ouabain, Table II
shows that triggered automaticity develops at 30 min
exposure which, as comparison with Fig. 4 shows, was
before ak changed.

A second toxic sign is the conversion of the normal
contractile force response to repetitive stimulation
from an ascending to descending staircase. An ex-

946 D. J. Browning, T. Guarnieri, and H. C. Strauss



- OAQ zM OUABAIN

I g

I I 0

o I

320

FIGURE 5 Contitnuous measturemenit of a' dutirinig development of positive inotropv. Conitractile
force (T), VK, andl NVm are recorded durinig switch in superfuisate from one containinig 0.1 to onie

conitaining I /.NL ouab)ain. Positive inotropic response is evidenit but neither V, nor Vm changes,
implying no change in a';. Dashed lines are reference potentials for analyzing the figure.

acmple is showni in Fig. 7. A control recordiing of
contractile force during 4 min of stiimiulatioin shows the
normnal ascendiing staircase (A). Response is enhan-ced
after 90 min, when it has becoimie mixed, with anI
initial increase in force followed by a decrease (B).
Response after 120 mimi exposure is monotonically
decreasing (D). The toxic staircase response enteredl
in Table II refers to thisi monotoinic decrease in force.
A comiiparison of its timlle of oInset with tiimie of oinset
of effects on ak shows (Fig. 4) the toxic staircase
responise dicl not occur before (lecreases in ak. The
appearance of a toxic staircase regu larlv- correlates with
the developimieint of aftercointractionis (AC) to shiort
traiins of rapi(d stimltulatioin. Fig. 8B shows an examiiple
in which ACare elicited at the time of first appearanice
of the toxic staircase. The samiie result was seeIn in
eaclh of three preparationis for which ACwere checke(l.

TABLE I
Pota.s.sitinz Activity atnd Conitractile For-ce

Mleasure-d itn thle SameAMu,scle*

Time of ouab)ain exposure

o 30 60

litl

aI( 91.1 93.4 91.1
(5.1)t (3.6) (2.8)

T/TC 1.0 1.3 1.4
(0.1) (0.2)

* Entries give means derived fromii fouir experiments.
I Numbers in parenitheses are SE.

The terminal signs of toxicity are inexcitability aind
muscle contracture. Inexcitabilitv is first seeni after
120 min exposure to 1 ,uM ouabain (Table II). By 150
min exposure, all muscles exposed to 1 ,u.1 are

inexcitable. Contraceture develops at 10 ,N1M ouabain
(Fig. 8C). a' has fallen markedly by the time in-
excitability and cointraceture develop. Thus, fromn the
electrocle withdrawal record of Fig. 8C, an a' of 62.3
mniM can be calculated as comiipared with the ak value
of 79.1 mMN calculated from the control records Fig. 8A.

Correlation of resting potentical atidciaction potential
du1ration changes ic ithl positive inot^o pic cind toxic
effects. Because a componient of restinig poteintial
arises from the electrogenicity of Na-K tranisport (22),
resting poteintial was Imieasured durinig ouabain ex-

posure. APDwas another electrophysiological (quantity
imion-itoredI because electrogeniic Na-K ptumiipinig call
alter actioin potential durattion (23), aindl because

cardiac glycosides cain affect the slow inwardl cur-

rent, which is a determinant of APD (24). Fig. 9 shows
the meassurements of resting potential for the otiabain
conceintratioins and times examined. The threshold for
change in restiing potential is 1 gM ouabain at which
concentrattioin we noted changes in restiing potential
at 60 mimi of exposure anid thereafter. Restinig po-
tential chaniges are dissociated froimi the onset of
positive inotropy and are a relatively latte signi of
toxicity. Toxic staircase, AC, anild arrhhthmlias cain be

seein in the absence of any effect Onl Vm.
Fig. 10 shows results of meassuremeints of APD at

the take-off potential level. Results are expiessed as

vatlues relative to those obtained l)efore exposure to
outabain. The absolute vatlues of the cointrol periocl
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TABLE II
Time-course of Development of Toxic Effects of Ouabain*

Exposure time Number of pairs Total number
Ouabain showing sign of pairs

concentration Toxic sign 0 30 60 90 120 150 180 at some time examined

min

0.1 ,uM Triggered 0 0 0 0 3 2 2 3 4
automaticity

Toxic staircase 0 0 0 0 0 0 0 0

Inexcitability 0 0 0 0 0 0 0 0

1 MM Triggered 0 5 5 5 1 0 0 5 5
automaticity

Toxic staircase 0 0 1 3 3 0 0 5

Inexcitability 0 0 0 0 2 5 5 5

* Entries give number of fibers showing the toxic sign at a given time.

measurement of APD are given in Table III. Effects
of ouabain are markedly concentration-dependent. At
lower concentrations, ouabain prolongs the action po-
tential, whereas at higher concentrations a shortening
is seen. The lengthening effect is ambiguous at 1 nM
and fully developed at 10 nM ouabain. At 1 ,uM oua-
bain the shortening effect is apparent. At the inter-
mediate concentration of 0.1 uM the transition from
action potential prolongation to shortening is mani-
fested as little change in duration. Of the quantities
we measured, only APDchanges at a positive inotropic,

subtoxic ouabain concentration (10 nM). At 1 h of ex-
posure the action potential prolongation is significant
(P < 0.05).

Correlation of aeK with positive inotropic and toxic
effects. Since ' eKwould be expected to change if Na-
K pump rate were accelerated or decreased, ce was
measured during exposure to ouabain. As previously
mentioned, measurements of eKare made by impaling
a double-barrel electrode through the first cell layer
into the first intercellular space. Fig. 11A shows a
record of this process. As the slow healing over occurs,
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5OmV
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FIGURE 6 Records showing that automaticity develops before changes in csK in cat ventricular
muscles exposed to ouabain. Control Vm, VK, and contractile force (T) measurements (A). Same
measurements made after exposure to 1 MMouabain. Arrows denote stimulated action potential.
Arrowheads denote electrode withdrawal from cell. Two spontaneous excitations following the
stimulated one are evident (B).
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FIGURE 7 Development of toxic staircase response in a cat
ventricular muscle exposed to 1 ,uM ouabain. Control ascending
staircase (A). Positive inotropic response to ouabain (B).
Transition phase, from positive inotropic response to toxic
staircase response (C). Toxic staircase response (D).

the level of the recording drifts closer to that of the
extracellular space and eventually stabilizes. The value
of aK calculated from the Vm and VK baselines re-
corded before impalement is 4.8 mM. After a further
10 min of healing over has passed, a control record
of force has been taken. In Fig. lIB, records are shown
after 3 h of exposure to 10 nM ouabain caused no
change in aeK. A slow drift of -8.5 mVhas occurred
in both VK and Vm levels in the superfusate at the be-
ginning (A) and end (B) of the experiment. The ref-
erence level for VK and Vm at any point in Fig. llB
is derived from the electrode withdrawal level by
multiplying the time from that point until electrode
withdrawal by the drift rate of 2.1 mV/h. This assumed
a linear drift rate. Fig. 11B shows that at a time
when toxicity in the form of arrhythmia and AC has
occurred, aKe is higher than control (6.0 mM). Fig. 12A
shows a continuous record of aKe during a change in
superfusate from one containing 0.1 ,uM ouabain to one
containing 1 ,uM ouabain. No change in AeK from the
control value had occurred during exposure to 0.1 ,uM
ouabain. Fig. 5 demonstrated that the change from
0.1 to 1 ,uM ouabain has a large positive inotropic
effect. The lack of change in VK or Vm traces in

Fig. 12A implies no elevation alK at the time of posi-
tive inotropic effect. When the superfusate is changed
to one containing 10 ,uM ouabain, however, a pro-
gressive increase in eK is evident, manifested by the
upward movement of the VK trace.

Correlation of percentage cell volume with positive
inotropic and toxic effects of ouabain. In Fig. 13, per-
centage of cell volume measurements are shown dur-
ing control, drug exposure, and washout periods
for 10 nM (A) and 1 ,uM (B) ouabain in two separate
muscles. At neither drug concentration has cell volume
been affected. At the far right (A and B) are shown
the transpartition voltage drops with muscles absent
from the partition hole. From these measurements
the percentage of cell volumes for the muscles are
70.2% (A) and 71.1% (B), respectively.

DISCUSSION
Pump stimulationlinhibition in relation to positive

inotropic effect. The mechanism of positive inotropic
effect of cardiac glycosides is unresolved, but major
attention continues to be given to the idea that changes
in intracellular ionic composition either through Na-
K pump stimulation or inhibition are responsible.
Hajdu and Leonard (25) advanced the early proposal
that net losses of cellular potassium are a prerequisite
for the positive inotropic effect of glycosides. Langer
and Serena (9) later showed that in rabbit ventricular
muscle, positive inotropy is always associated with
cellular gains of sodium and losses of potassium and
went on to attribute mechanistic significance to the
gains in sodium. Muller's (8) results in cow ventric-
ular muscle reinforce Langer's without necessarily
supporting his interpretations. Most recently, in a
study of sheep Purkinje fiber, Eisner and Lederer (26)
always found a decrease in an electrogenic pump cur-
rent attributed to the Na-K pump at times of positive
inotropic effect of strophanthidin. All these workers'
results indicate Na-K pump inhibition at the time of
positive inotropic effect. Other advocates of this hy-
pothesis (2, 13) have emphasized that pump inhibition
need not be reflected in altered intracellular milieu
because of a reserve pool of Na-K pumps that may
exist (4).

In many other studies, evidence points to Na-K
pump stimulation at the time of onset of positive
inotropy. Noack et al. (3) found an increase in [K]i at
the time of positive inotropy in guinea pig atria. Ruiz-
Ceretti et al. (10) showed that a similar effect occurs
in rabbit ventricles. Godfraind (27-30) showed that
low concentrations of ouabain and digoxin that in-
crease contractile force also stimulate 42K uptake
by and Na content of guinea pig atria. In sheep Pur-
kinje fibers, 0.1 M ouabain produced depletion of
cleft potassium as judged from reversal potential for
the iK2 current, again suggesting pump stimulation (20).
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figure.

The indices of Na-K pumilp f'unctioll examined in
this study are a, and a'. These indices have certain
advantages over the kinetic indices from tracer flux
studies (9) or l)iochemical indlices from enzyme isola-
tioIn studies (31). In particular, all tracer flux tech-
nii(Ites rely oIn compartmental models that often fail to
r-eflect the known morphological coomplexity of cardiac

tissue (32). Enzyme isolatioin studies, on the other
hand, uiniavoidably disrupt the membrane environment
that may b)e iinportant in the pumpinig mechanism.

Measurements of' ae and ak are relatively free of
these problems, but they have their ownv dlisadvantages.
Measuremiienits of' a'i may be distorte(d (lowered) by

electrodle-iinduiced cell damage (21). In meeasturemiieints
of a', the sensitivity will be blunmted by the unavoid-
able distortion of' the spaces by the electrode tip.
In additioni, if'cells in the vicinity of'the tip) are killed,
a buffer zoine will be created between the truie extra-
cellular space and the space samiipled by the electrode
tip. There is little doubt that these drawvbacks cause
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measurements of aeK to underestimate and lag behind
the true changes. Unfortunately, no method exists at
present to independently assess aeK

It is within the context of these limitations that
we interpret our measurements to favor the inde-
pendence of positive inotropic effect of ouabain from
inhibition of cellular Na-K pump rate. Unmistakable
increases in contractile force were observed at a time
when aeK had not increased nor a' decreased. This
interpretation is compatible, however, with the in-
hibition of particular Na-K pumps on the cell mem-
brane, since a reserve pool of pumps may exist (4,
33). Our results at higher ouabain concentrations
agree with those of others in showing that larger posi-
tive inotropic effects do accompany inhibition of
cellular Na-K pump rate. For the ouabain concentra-
tions we sampled, the greater positive inotropy as-
sociated with pump inhibition was always associ-
ated with toxicity. Others, however, have reported
positive inotropic effects associated with inhibition
in rate of cellular Na-K pumping and without evidence
of toxicity (13). Our results also agree with those Qf
other in vitro studies in finding a positive inotropic
effect without toxicity of ouabain concentrations that
are clearly toxic in intact animals (34).

Our results also favor independence of positive
inotropic effect from stimulation of cellular Na-K
pump rate. The evidence to support this statement is
necessarily weaker, because the reported stimulatory
effects of glycosides have been small and sometimes
transient. Nevertheless, we never saw a decrease in
eK to support a hypothesized Na-K pump stimula-
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FIGURE 10 Action potential duration from cat ventricular
muscles exposed to different ouabain concentrations. Control
muscles not exposed to ouabain (A). B, C, D, and E correspond
to muscles exposed to 1 nM, 10 nM, 0.1 ,M, and 1 ,uM ouabain,
respectively.
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FIGURE 9 Pooled measurements of resting potential measured
before and after exposure to ouabain. Filled triangles- control;
open circles- 10 ,uM; open squares-1 ,uM; open triangles-
0.1 ,uM; filled circles- 10 nM; filled squares-1 nMouabain.

tion. The absence of change in ae in our study con-
flicts with the inferences of Cohen et al. (20), who
found that low concentrations of ouabain hyperpolarized
the reversal potential for iK, in sheep Purkinje fibers.
Their indirect data suggested a decrease in aeK. The

TABLE III
Control Period Determinations of APD* for Experiments

Expositing Papillary Muscles to Different
Concentrations of Ouabain

Ouabain concentration

0 InM 10 nM 0.1 /AM 1Mm

Control period
action potential
duration, ms 352 333 332 297 291

SEM 14 21 35 11 16
nj 5 5 5 7 4

* APDwas measured at the take-off potential.
t Total number of muscle pairs examined.
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FIGURE 11 Continuous measurement of ae and contractile force (T) before and during exposure

of cat ventricular muscle to 1 ,uM ouabain. Illustration of technique of measuring ae. The electrode
impales the first cell layer and is advanced until the large intracellular resting potential (Vm trace)
is lost. After a further 10 min of stabilization, control force, VK and Vmare recorded (A). Recordings
after 3 h exposure to 10 nMouabain and a further 1 h to 1 /LM ouabain (B). Analysis of records given
in text. Dashed lines provide reference potentials for analyzing the figure.

following distinctions, however, make it difficult to
compare the two studies: (a) we studied ventricular
muscle from cat, which may respond to ouabain in a

different manner than Purkinje fiber from sheep. (b)
the average cleft width in ventricular muscle is >0.5
,4m (35), whereas an average width of 0.04 ,um has
been reported in sheep Purkinje fibers (36). The larger
size in ventricular muscle would dilute the effect that
any change in pump rate would have on the potassium
activity of the cleft space. Finally, as previously
mentioned, impalement of the electrode into the cleft
space distorts and enlarges it and lowers the sensitivity
of the measured 4eK as an index of change in pump

rate. The absence of change in a ace also argues against

the mechanism proposed by Greenspan and Morad
(11), whereby intracellular potassium is extruded in
exchange for extracellular calcium. This mechanism
would predict that aK should rise at positive inotropic
concentration of ouabain.

Our results support mechanisms of positive inotropic
effect that are independent of Na-K pump effects
(24, 33, 37) or which feature perturbations of Na-,
K pump rate within single cardiac cycles, but not in
pump rate averaged over many cardiac cycles (38). Of
particular interest is the increase in slow inward cur-

rent found by Weingart et al. (24) in sheep Purkinje
fibers exposed to 20 nM strophanthidin. We found
that APD in cat ventricular muscle is prolonged at 10
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FIGURE 12 Measurement of potassium activity in the extracellular space during exposure of cat

ventricular muscles to ouabain. The absence of change in VK or Vm traces when the muscle is

initially exposed to 1 gMouabain implies no change in eK~(A). Soon after switching superfusate to

one containing 10ju.M ouabain, the VK trace depolarizes, indicating increase in ae, Dashed lines

are reference potentials for analyzing the figure (B).

nM ouabain. In a study -of rabbit ventricular muscle,

Ruiz-Ceretti et al. (10) showed a lengthening of APD

at the time of first positive inotropic effect. A similar

result had been found earlier in sheep ventricular

muscle when exposed to strophanthidin (39). Such ef-

fects would be compatible with Weingart et al.'s

(24) results in Purkinje fibers and suggests that sim-

ilar voltage clamp data will be found in ventricular

muscle.

The decrease in APD that we observed after 60 or

more min of exposure to 1 uM ouabain is similar to

the results of Prasad et al. (40) in monkey ventricular

muscle and to the late phase results of 1.4 gM oua-

bain exposure in sheep ventricular muscle seen by

Kassebaum (39). Because the time course parallels
that of the increase in c4eK, it is tempting to attribute

the action potential shortening to the higher cK,

which is known to accelerate repolarization (41). The

lack of effect of 0. 1 ~iM ouabain on APD may repre-

sent a crossover from the lengthening effect of low

ouabain concentrations that do not inhibit the Na-K

pump to the shortening effect of higher concentra-

tions that do inhibit the pump.

Glycoside effects on cell volume. Leaf (42) has sug-

gested that the active transport of sodium and po-

tassium is important in regulating cell volum'e. As an

agent that can stimulate and inhibit Na-K pumping

under various conditions, ouabain can conceivably

change cell volume and complicate the interpretation

of ai measurements. Previous studies of this pos-

sibility using extracellular space markers have yielded

different results. In surperfused guinea pig atrial

muscle, Noack et al. (3) found no differences in per-

centage of cell volume of control preparations and prep-

arations exposed to 0.1 iLM ouabain. Pine et al. (43) ob-

served no changes in cell volume in guinea pig

ventricular or atrial slices exposed to 1 mMouabain.

In contrast, Ruiz-Ceretti et al. (10) found that exposure

of perfused rabbit ventricles to 0.5 AM ouabain pro-

duced a 7% increase in cell volume. Similar increases
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washout
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LFu Vt
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FIGURE 13 Measurements of percentage of cell volume

before, during, and after exposure to two ouabain con-

centrations. Measurements in a muscle exposed to 10 nM

ouabain (A). Measurements in a muscle exposed to 1 .tLM
ouabain. In neither case does cell volume change (B).
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were noted in the arterially perfused interventricular
septum of the rabbit exposed to 2-5 ,uM ouabain
(44). The discrepancies between these studies may re-
flect tissue-specific differences in response of cell
volume to ouabain or may reflect differences in ex-
perimental conditions.

Our results, obtained using an electrophysiological
method, show that at inotropic and toxic concentra-
tions of ouabain, no change in cell volume occurs.
Taken in conjunction with the lack of effect of inotropic
concentrations on a', this information might be taken
to imply disagreement between our results and those
of others who have observed decreases in [K]i in
ventricular muscles studied with tracer flux tech-
niques (8, 9). It may be, however, that ouabain affects
the potassium activity coefficient, yK, as for example
cooling is known to do (45). In this case, no parallelism
between effects on a' and [K]i would be expected.
The physical interpretation of a change in YK could
either be a redistribution of potassium between cyto-
plasmic pools or a change in the properties of surface-
associated water (46).

It would be attractive to relate our findings regard-
ing cK to results on potassium content obtained by
tracer flux or flame photometry techniques in other
earlier studies. Wewould re-emphasize, however, that
unless aK, K content, and cell volume measurements
are made in the same tissue, such comparisons can
only be speculative. As Ellis (5) and Noble (47)
have pointed out, there are tissue specific differences
in response to drugs. It appears that this generality
applies to ouabain in particular. For instance, atrial
tissue is reported to accumulate potassium at low,
positive inotropic concentrations of ouabain (3,28-30),
whereas ventricular muscle is reported to consistently
lose potassium (8, 9). In none of these studies was the
drug effect on cell volume addressed, making pre-
dictions of iK changes based on the potassium content
results indeterminate (21). Another confounding vari-
able making extensive comparisons difficult are the
well-known species-dependent differences in the
effects of ouabain (48). For these reasons we have
confined our comments to the two previous studies
involving ventricular muscle (8, 9).

Concomitants of ouabain toxicity. The diverse
electrical and mechanical manifestations of ouabain
toxicity develop sequentially, signal different degrees
of severity, and may have independent mechanisms.
We have looked at onset of automaticity and toxic
staircase, decrease in APDand resting potential, and
onset of inexcitability and contracture and have cor-
related these events with the simultaneous drug ef-
fects on ak, cK, and cell volume. The earliest sign
of toxicity was the appearance of triggered automaticity.
Because right ventricular papillary muscles contain

tracts of subendocardial and isolated deeper Purkinje
cells (49), and because Purkinje cells are more sus-
ceptible to glycoside toxicity than ventricular cells (50),
it seems reasonable to ascribe this early toxic phase
to ouabain's action on these cells. Consistent with this
interpretation is the finding that a' is unchanged in
ventricular cells at this time and ae unchanged as well.
Positive inotropic effects, however, were always ap-
parent at the time of these arrhythmias.

Toxicity to ventricular muscle cells appeared at a
concentration of 1 uM ouabain and was heralded by
several signs that developed together. Electrically,
aeK rose, aK and resting potential fell, and APD de-
creased. Mechanically, a characteristic toxic staircase
response to repetitive stimulation developed simul-
taneously with the ability to elicit AC. The electrical
changes are internally consistent, because either or
both a decrease in a' and increase in oa, will de-
polarize the cell and because increases in CeK reduce
APD (51). Moreover, they resemble the changes seen
in these quantities in Purkinje fibers exposed to toxic,
although lower, concentrations of ouabain (52). Our
contractile force measurements place the mechanical
signs of toxicity in temporal relation to other toxic
signs, but no new insights into mechanism are reached.
The last and most severe signs of toxicity are electrical
inexcitability of the preparation and mechanical con-
tracture. Inexcitability appeared at a lower concen-
tration (1 ,uM) of ouabain than did contracture (10 ,uM),
but both signs always occur after a' and resting po-
tential have substantially decreased and eK increased.

In summary, our results support the idea that the
manifold effects of cardiac glycosides, both subtoxic
and toxic, are mediated through several mechanisms
that have distinct concentration thresholds. Action po-
tential prolongation first develops at 10 nM ouabain
and a positive inotropic effect at 0.1 uM ouabain,
among the concentrations of ouabain tested. A change
in a' is not an inevitable concomitant of positive
inotropic effect. Of the ouabain concentrations we
tested, the lowest inhibiting Na-K pump function
(1 am) always produced toxicity. A sequence of elec-
trical and mechanical toxic signs is discernible and
correlates reproducibly with effects on a' and aK.
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