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Interactions of ouabain and noradrenaline in
isolated rabbit’s atria
N. TODA

Department of Pharmacology, Faculty of Medicine, Kyoto University, Kyoto, Japan

1. The present study was made using sympathetic nerve-atria preparations,
conventional atrial preparations and left atria isolated from rabbits in order
that interactions of ouabain and noradrenaline on the transmembrane potential
of S-A nodal pacemaker fibres, the pacemaker rate and the contractile force
of the left atrium could be investigated.

2. In pacemaker action potentials, the maximal diastolic potential was
decreased, the early repolarization was accelerated and the late repolarization
was slowed by toxic concentrations of ouabain. Oscillating potentials of the
diastolic pacemaker membrane were produced.

3. Stimulation of the postganglionic sympathetic nerve caused an increase
in the slope of diastolic depolarization, resulting in an acceleration of the pace-
maker rate. In the presence of ouabain, the pacemaker action potential
configuration was significantly altered by nerve stimulation in preparations
which showed ouabain-induced bradycardia, but the potential configuration was
not changed by nerve stimulation in preparations which showed ouabain-
induced tachycardia. Cardiac noradrenaline altered the ion permeability of the
cardiac pacemaker membrane during diastole, but it had no effect during
systole. Sympathetic nerve stimulation transiently corrected the overshoot and
the repolarization of atrial action potentials altered by toxic concentrations of
ouabain.

4. The positive chronotropic effect of sympathetic nerve stimulation was not
affected by either therapeutic or toxic concentrations of ouabain. Ouabain
shifted the concentration-chronotropic response curve for exogenous nor-
adrenaline to the left, but did not shift the curve for tyramine.

5. Relationship between the developed tension and the rate of contraction was
altered differently by ouabain and by noradrenaline. The positive inotropic
effect of noradrenaline was not significantly altered by therapeutic concentra-
tions of ouabain but it was inhibited by toxic concentrations.

In earlier reports (McEwen, 1956 ; Toda & West, 1966) it has been shown that
ouabain causes a potentiation of the negative chronotropic response of isolated
mammalian hearts to vagal stimulation and to acetylcholine and an alteration in
the membrane effect of cardiac acetylcholine. However, little quantitative data are
avaijlable on the interaction of ouabain and noradrenaline on the pacemaker mem-
brane, on the S-A nodal rate and on the contractile force of isolated hearts.

Ouabain in toxic concentrations causes measurable changes in the transmembrane
potential of S-A nodal pacemaker fibres (Toda & West, 1966), which are postulated
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to result from an inhibition of the active membrane process (Skou, 1957) and, as a
result, from a decrease in the ratio of [K*]i (intracellular concentrations of K+)/
[K*Jo (extracellular concentrations of K*) and of [NatJo/[Na*]i. Cardiac nor-
adrenaline causes alterations in the ion permeability of the pacemaker membrane
during diastole but not during systole (Toda & Shimamoto, 1968).

Dengler, Michaelson, Spiegel & Titus (1962) indicated that slices of the brain and
the heart took up labelled noradrenaline from incubation media by a mechanism
having the characteristics of an active transport system. The uptake of nor-
adrenaline by sympathetic nerve terminals is considered to be a physiologically
important mechanism by which the amine’s action is terminated. An application
of desmethylimipramine and a reduction of [Na+]o cause an inhibition of activities
of the membrane ATPase (Tarve & Brechtlova, 1967 ; Lee & Yu, 1963), a reduction
of the uptake of noradrenaline by the isolated heart (Titus, Matussek, Spiegel &
Brodie, 1966 ; Iversen & Kravitz, 1966) and a potentiation of the positive chrono-
tropic effect of sympathetic nerve stimulation (Matsuo & Toda, 1968 ; Toda, 1968).
If the uptake process were active as suggested by Dengler et al. (1962), cardiac

effects of endogenous and exogenous noradrenaline would be potentiated by
ouabain.

The contractile force of the heart is stimulated by both ouabain and noradrenaline.
However, a dependency of the force on frequency of contraction is differently
affected by ouabain (Koch-Weser & Blinks, 1962) and by noradrenaline. Also,
ouabain produces a net loss of K+ from cardiac muscles, whereas noradrenaline
produces a net gain of K+ (Sarnoff, Gilmore & Wallace, 1965). Changes in [K*]i
have been considered to correlate with changes in contractility of the heart.

These differences in the action of ouabain and noradrenaline on the pacemaker
membrane, on the heart rate and on the contractile force, as well as the frequent
implication of noradrenaline in ouabain-induced inotropy and toxicity, prompted
me to quantify the interactions of ouabain and noradrenaline. Various different

atrial preparations were used in order that experimental conditions could be more
readily evaluated.

Methods

Fifty-six rabbits of either sex, weighing 1-8-2-2 kg, were used. The animals were
killed by exsanguination from the common carotid arteries under ether anaesthesia.
In the present studies three different preparations were used. For studies on the
atrial effect of endogenous noradrenaline, the isolated sympathetic nerve-atria pre-
paration, previously described (Toda & Shimamoto, 1968), was used. For studies
of exogenous noradrenaline and tyramine the S-A node-right atrium preparation
was used, and for studies on changes in contractile force, when the rate was main-
tained constant by artificial electrical stimulation, the left atrial preparation was
used. These isolated preparations were fixed horizontally (endocardial surface
uppermost) between hooks under a resting tension of 300-450 mg in a muscle bath
of 60 ml. capacity. The specimens were immersed in a nutrient solution maintained
at 30° +0-5° C and gassed by a mixture of 95% oxygen-5% carbon dioxide. Con-
stituents of the solution were as follows (mM): Na*, 162:1; K+, 54; Cat+, 22
Cl-, 1570 ; HCO,~, 149 ; glucose, 5-6. Changes in the contractile force were
recorded by means of a force-displacement transducer connected to the atrium by
a lever containing hooks which anchored the atrial appendage. Hooks anchoring
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the cut end of the left atrium were connected to a pulse-generator for driving the
preparations. After mounting the preparations, 60 to 90 min were allowed for
equilibration.

The right sympathetic postganglionic nerve was placed on a bipolar silver elec-
trode which was lifted above the surface of the solution. The sympathetic nerve
was stimulated for periods of 3 sec by trains of rectangular pulses of 1:0 msec
duration with supramaximal intensity, applied at a frequency of 20 c/s, unless
otherwise indicated. The stimulation interval was usually 5 min. The left atrium
was driven by rectangular pulses of 3 msec duration with supramaximal intensity, at
frequencies of 6, 12, 30, 60, 120 and 240 beats/min. Unless recordings for the
developed tension-frequency relationships were performed, the preparation was
always driven at a constant frequency of 60 beats/min. Electrical stimuli were
provided by a Sanei type ES-103-Z pulse generator.

Transmembrane potentials were recorded from single pacemaker fibres of the
S-A node by the use of a floating microelectrode. The action potential was dis-
played on a two channel pen-writer simultaneously with contractions of the right
atrium. Recordings of pacemaker action potentials were obtained from prepara-
tions exposed to 10~° g/ml. of ouabain for 40 to 60 min. Membrane potentials were
recorded from a VC-7 oscilloscope (Nihonkoden Kogyo Co.) on film moving at a
rate of 5 cm/sec. The following parameters of the membrane potential were
measured: cycle length between pacemaker action potentials ; maximal diastolic
potential ; threshold potential ; the size of overshoot ; 10% and 90% duration ; and
depolarization time. These parameters have been defined in earlier reports (Toda &
Shimamoto, 1968 ; Toda, 1968). The parameters of the same pacemaker fibres
were compared before and after sympathetic nerve stimulation. The S-A nodal
rate was taken as the mean value of ten measurements of the cycle length between
contractions before nerve stimulation and when the maximum response to the
stimulation was obtained.

For studies on the interaction of ouabain and noradrenaline sympathetic nerve
stimulation was applied after 20 min of exposure to various concentrations of oua-
bain. For the concentration-response curve of noradrenaline and tyramine, drugs
were added in cumulative concentrations directly to the muscle bath. Only one
concentration-response curve for tyramine was obtained from each preparation.
The amines were applied after 20 min exposure to ouabain. For making the de-
veloped tension-rate curve artificial electrical stimulation of the left atrium was
increased stepwise from 6 to 240 beats/min. The tension-rate curve took about
15 min to complete. The curves were obtained after 20 and 45 min of exposure to
ouabain in control experiments. In experiments on the effect of noradrenaline in
solutions containing ouabain, noradrenaline was applied immediately after the 20
min curve was obtained. The tension-rate curve was obtained 10 min after nor-
adrenaline. Thus, the curves were compared for tissues exposed to ouabain for 45
min, with or without exposure to noradrenaline. The results were expressed as
mean values + standard errors of the means. Comparisons of results were made
using the Student ¢ test.

Ouabain, U.S.P. (Nutritional Biochemical Corp.) in concentrations of 5 x 10~8,
2x10"" and 10~® g/ml., which correspond to 6-85x 1078, 275 x 10" and 1-37 x
10~°Mm, respectively, (—)-noradrenaline hydrochloride and tyramine hydrochloride
were used. Concentrations of the drugs are expressed in terms of g/ml. of the salt.
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Results

Effects of ouabain on the membrane potential of pacemaker fibres

The spontaneous atrial rate was markedly accelerated after 20 to 40 min of expo-
sure to ouabain 10~° g/ml. in ten of eleven preparations. The tachycardia was
followed by arrhythmic bradycardia in eight of these ten preparations. Measure-
ments in the present study were made in atria showing tachycardia with subsequent
bradycardia. Mean values of transmembrane potential changes were recorded from
preparations in which tachycardia was produced and from preparations in which
bradycardia was produced. These changes are illustrated as O, and O,, respectively,
in Figs. 1 and 2. Control values were obtained from previous experiments in which
the same experimental procedures were used (Toda & Shimamoto, 1968). In pre-
parations which showed either tachycardia or bradycardia the maximal diastolic
potential and the threshold potential were reduced but the size of the overshoot was
not significantly affected (Fig. 1). The 109 duration and the depolarization time
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FIG. 1. Changes in the membrane potential of pacemaker fibres induced by ouabain
10-¢ g/ml. Columns above the 0 mV level represent the overshoot and those under the
level represent the threshold potential and the maximal diastolic potential. Vertical bars on
the columns represent standard errors of the means. The number of cemaker fibres from
which the membrane potential was recorded is shown in parentheses. The number of prepara-
tions were twenty-five, seven and six in control, O: and O, respectively. C, Control ; Oy, pre-
parations in which bradycardia was produced by ouabain 10—¢ g/ml.; Os, preparations in
which tachycardia was produced. * Significant difference from control, P<0-01.
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were decreased (Fig. 2). Typical changes in the pacemaker action potential induced
by ouabain 10~® g/ml. are illustrated in Fig. 3. The magnitude of membrane
potential changes from preparations showing tachycardia and from preparations
showing bradycardia differed. The size of the overshoot was decreased and the
109% duration was prolonged by an acceleration of the atrial rate in the presence of
the toxic concentration of ouabain. The other parameters measured were not
affected by alterations in rate. These differences would indicate some dependence of
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FIG. 2. Changes in the action potential duration induced by ouabain 10—¢ g/ml. C, O: and

O, see legend to Fig. 1. * Significant difference from control, P<<0-01. ¥ Significant difference
from control, P<<0-01, and from O), P<<0-05.
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FIG. 3. Membrane potential recordings from S-A nodal pacemaker fibres. A, Recording in

the control solution ; B, recording from the preparation in which bradycardia was produced
by 40 min exposure to ouabain 10—¢ g/ml.
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the action potential configuration on the atrial rate. In preparations in which brady-
cardia and arrhythmia were produced by ouabain, sub-threshold oscillations were
observed in fully-repolarized pacemaker membranes.

Interaction of sympathetic nerve stimulation with ouabain

Stimulation of postganglionic sympathetic nerves caused a frequency-dependent
increase in the S-A nodal rate and the contractile force of the right atrium. The
prestimulation rate was not altered by ouabain 5 x 107® and 2x 1077 g/ml. Effects
of sympathetic nerve stimulation on the rate of the S-A node exposed to various
concentrations of ouabain are summarized in Table 1. Although the magnitude
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FIG. 4. Modification by ouabain of the positive inotropic response of spontaneously-beating
atria to sympathetic nerve stimulation. Each point is the mean of five to nine experiments.
Vertical bars represent standard errors of the means. Results were obtained from preparations
exposed to 2 x 10~7 g/ml. for 50-65 min, and to 10=¢ g/ml. for 40-60 min. , Control ;
O----0, 5/sec; x x, 20/sec.

TABLE 1. Positive chronotropic effect of sympzt(z)thetic nerve stimulation applied at a frequency of
cls

Atrial rate (beats/min)
—

— Duration
Pre- Post- of response
Procedure N stimulation stimulation Increase (min)

Control 30 8614 13843 5145 50+04
Ouabain 5 x 108 g/ml. 6 8848 146 +6 5849 5-84-0-8
QOuabain 2 x 107 g/ml. 12 83+4 138+4 5447 64410
‘Ouabain 10-¢ g/ml.* 10 78+5 137+5 5946
Quabain 10-¢ g/ml.t 7 1414-8% 161+10% 20+4%
After wash 10 76+5 13545 59+6 53108

* Preparations in which the prestimulation rate was slightly slowed.
+ Preparations in which tachycardia was induced.

1 Significant difference from control, P<0-01.

N, Number of experiments.



Ouabain and noradrenaline 399

of the positive chronotropic effect of nerve stimulation was not significantly affected
by ouabain at the two lower concentrations, these concentrations of ouabain did
increase the duration of the effect. In preparations in which bradycardia developed
after 20 min of exposure to ouabain 10~° g/ml., the positive chronotropic response
to nerve stimulation applied at 20 c/s was slightly potentiated. Similarly, in pre-
parations in which tachycardia developed after ouabain 10~° g/ml., the maximum
rate induced by sympathetic nerve stimulation at 20 ¢/s was increased, but the
increase in rate was significantly reduced. The positive chronotropic effect of nerve
stimulation at frequencies of 1 and 5 c/s was not affected by ouabain. In five of
twelve preparations exposed to ouabain 10~° g/ml., tachycardia induced by sympa-
thetic stimulation persisted for lenger than 10 min and was converted to arrhythmia.
In order to test whether the provocation of the ouabain toxicity was due to actions
of cardiac noradrenaline or to an acceleration of the atrial rate, three atria were

2 sec

FIG. 5. Effects of sympathetic nerve stimulation on the transmembrane potential recorded
from an S-A nodal pacemaker fibre exposed to ouabain 10—¢ g/ml. for 45 min. 1: High speed
recording. A, Prestimulation ; B, 5 sec after and C, 30 sec after sympathetic nerve stimulation ;
II: Low speed recording. Horizontal bar just under the tracing represents sympathetic nerve
stimulation.

TABLE 2. Modification by sympathetic nerve stimulation of parameters of the membrane potential
of pacemaker fibres exposed to ouabain (10-% g/ml.)

0, (n=9) 0, (n=7)

— —/\ B s N —\
Stimula- Stimula-

Parameters measured Control tion % Change Control tion 9% Change
Cycle length (msec) >1,500 388+12 402+18 372+15

Maximal diastolic potential 50-4+1-8 488+23 —3+1 497+32 469+32 —142
(mV)

Threshold potential (mV) 342+24 21:64+1-7* —40+4 294442 23-8+53 —3411
Overshoot (mV) 11-84+1-4 0-7+0-8* 52428 50427

909, Duration (msec) 176 10 149+5f —1142 166+11 156+15 —44-2
109, Duration (msec) 144+1-3 21-0+1-2* +64+15 186+12 180+15 —14+8

Depolarization time (msec) 11-74+1-3 16:04+1-3f+ +554+13 143409 142412 +5+11

O,, Preparations which showed ouabain-induced bradycardia; O,, preparations which showed
ouabain-induced tachycardia. n, Number of pacemaker fibres from which the membrane potential
was recorded. Significant difference from control: * P<0-01; t P<0-02; } P<0-05.
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F1G. 0. Effects of sympathetic nerve stimulation on the membrane potential of a fibre of the
right atrium exposed to ouabain 10—¢ g/ml. for 35 min. A, Prestimulation; B, 20 sec after
nerve stimulation.
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FIG. 7. Modification by ouabain of the positive chronotropic response to noradrenaline.

@ —@, Control: O---0, ouabain 5x107% g/ml.; x x, ouabain 2X10~7 g/ml

3 —— O, ouabain 10~% g/ml. Figures in parentheses indicate the number of experiments on
which the mean was based. * Significant difference from control, P<<0-01.
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driven by electrical stimulation at a frequency of 2 c/s applied for 3 min after
20 min exposure to ouabain 10~° g/ml. In all these preparations tachycardia
persisted after the drive stimulation was terminated. At the frequency and duration
of the drive, measurable tachycardia, which would be expected to result from nor-
adrenaline released from intracardiac adrenergic nerves, was not produced after its
termination in three of three control preparations (pre-drive rate, 87 +2 beats/min ;
post-drive rate, 88+2; n=6).

The contractile force of the right atrium was increased after 20 min exposure to
ouabain 2x 1077 and 10~° g/ml. The maximum force of the atrial contraction
induced by sympathetic nerve stimulation at a frequency of 20 c¢/s did not differ
in ouabain-free solutions and in solutions containing ouabain 10~ g/ml. (Fig. 4).

Effects of endogenously released noradrenaline on the membrane potential in the
presence of ouabain (10~° g/ml.) are shown in Table 2. Sympathetic nerve stimula-
tion caused additional changes in the membrane potential of pacemaker fibres
showing bradycardia after ouabain 10~° g/ml. (O, in Table 2). The slope of diastolic
depolarization was increased. The amplitude of subthreshold oscillations, which
appeared during diastole, was increased to a level where conducted action potentials
were generated. The threshold potential, the size of the overshoot and the 909
duration were significantly decreased, whereas the 10% duration and the depolar-
ization time were increased. Figure 5 (I and II) shows the effects of cardiac nor-
adrenaline on the pacemaker membrane potential. On the other hand, sympa-
thetic nerve stimulation did not significantly affect the membrane potential of pace-
maker fibres showing tachycardia after ouabain 10~¢ g/ml. (O, in Table 2). Values
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FIG. 8. Changes in tension-rate curves of left atria induced by ouabain (A, x---x, 2X10~7
g/ml, 45 min ; O——C0, 10—¢ g/ml.,, 20 min ; ®——®, 10~5, 45 min) and noradrenaline (B,
x---x, 10~7 g/ml.; O——C0O, 5%10-7 g/ml). @—@, Control. Figures in parentheses
indicate the number of experiments.
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presented in the column ““ Control ” in O, did not significantly differ from those in the
column “ Stimulation” in O,. These results indicate that changes in the action
potential configuration induced by sympathetic nerve stimulation were primarily due
to a decrease in the cycle length and not to direct actions of cardiac noradrenaline.

In fibres of the right atrium exposed to ouabain 10~ g/ml. the configuration of
action potentials was considerably altered: the resting potential and the size of the
overshoot were decreased, early repolarization was accelerated and the late repolari-
zation was slowed. These changes were characteristic of toxic actions of ouabain.
In three of six preparations sympathetic nerve stimulation appreciably corrected the
overshoot and the repolarization without affecting the resting membrane potential.
The typical effect is shown in Fig. 6.

Interaction of exogenous noradrenaline or tyramine with ouabain

An increase in rate of isolated S-A nodes induced by exogenous noradrenaline
was not affected by ouabain 5 x 10~* g/ml., but was slightly potentiated by ouabain
2x 1077 g/ml. (Fig. 7). The S-A nodal rate before the application of noradrenaline
was 9746 (n=12), 95+9 (n=9) and 86 + 10 beats/min (n=7) in control solutions
and solutions containing ouabain in concentrations of 5x 10~® and 2 x 107 g/ml,,
respectively. In preparations showing a slight bradycardia (72411 beats/min,
n=>5) after exposure for 20 min to ouabain 10~° g/ml., noradrenaline caused a
marked increase in the rate (Fig. 7). The maximum rate increase induced by nor-
adrenaline 10~ and 5 x 10~7 g/ml. was greater in the presence of ouabain 10~° g/ml.
than in the presence of the two lower concentrations and in ouabain-free solutions.
The increase in rate at 10~° g/ml. would be regarded as a sum of noradrenaline- and
ouabain-induced tachycardia, because the ouabain toxicity was frequently provoked
by sympathetic nerve stimulation, as indicated in the previous section.

The positive chronotropic effect of tyramine (10~° to 10~* g/ml.) was not modified
by prior application of ouabain in a concentration of 2 x 10~7 g/ml.
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FIG. 9. Modification by ouabain of the positive inotropic response to noradrenaline. @—@,
45 min exposure to ouabain 5x10~2 g/ml. (left) and 2 x 10~7 g/ml. (right); x---X, 10 min
after noradrenaline 10~7 g/ml. which was applied to preparations exposed to ouabain for
35 min.
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FIG. 10. Modification by ouabain of the ;syostlve inotropic response to noradrenaline. Left,

, 45 min exposure to ouabain 10~° g/ml.; x---x, 10 min after noradrenaline 10—7

g/ml. whmch was applied to preparations exposed to ouabain for 35 min. Right, @—@,

60—90 min after washout of ouabain 10~¢ g/ml. ; x - - - x, noradrenaline 10-7 g/ml. ; O——CO,
noradrenaline 5X10~7 g/ml.
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FIG. 11. Comparison of the positive inotropic effect of noradrenaline (10~7 g/ml) in the
presence and absence of ouabain. .-——8‘ Control ; x---x, ouabain 5X10—¢ g/ml.;
C—-O0, ouabain 2x10~7 g/ml;®——0, ouabain 10—6 g/ml @ —— @, after wash,

Ordinate represents difference in tension in noradrenaline-free solutions from that in solutions
with noradrenaline added.
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The developed tension of the atrium is known to be a function of the rate of
contraction (Blinks & Koch-Weser, 1961). The dependency of the tension on the
rate was measurably altered by ouabain as illustrated in Fig. 8. Ouabain in a con-
centration of 10~° g/ml. caused a marked increase in the tension of preparations
driven at slow rate (6-60 beats/min) but a slight increase or no change at fast rate
(120-240 beats/min). On the other hand, the curve of the developed tension was
shifted upward at all frequencies of stimulation by noradrenaline. The shift varied
directly with concentrations of the amine (Fig. 8). The positive inotropic response
of the left atrium to noradrenaline, 10~" g/ml., driven at various rates was not signi-
ficantly affected by prior application of ouabain in concentrations of 5x 10~® and
2x10~7 g/ml. but was considerably reduced by ouabain 10—° g/ml. After washout
of ouabain, the tension-rate curve was corrected by noradrenaline. The results are
illustrated in Figs. 9 and 10. Figure 11 shows changes in the developed tension
induced by noradrenaline. Quabain in the two lower concentrations reduced the
positive inotropic response of atria driven at a fast rate (60-240 beats/min) to nor-
adrenaline. In the presence of ouabain 10~° g/ml. and after wash, noradrenaline
caused a reduction in the tension at a rate of 6 beats/min.

Discussion
The membrane potential

In an earlier report (Toda & West, 1966) it has been shown that the maximal
diastolic potential and the size of the overshoot were reduced in pacemaker fibres
of rabbit S-A nodes exposed to ouabain 10~° g/ml. The present experiments have
provided more detailed information concerning the membrane effect of ouabain in
toxic concentrations: marked changes are observed in the maximal diastolic
potential and in repolarization. It is well known that ouabain inhibits the active
membrane transport process by which K+ is taken up and Na+ is extruded, resulting
in an accumulation of Na+ and a deprivation of K+ in cardiac fibres. The resultant
decrease in the ratio of [K*]i/[K*]o and a decrease in the K+*-permeability of the
pacemaker membrane during diastole (Dudel & Trautwein, 1958) would account
for a decrease in the maximal diastolic potential. The configuration of pacemaker
action potentials recorded from the S-A node exposed to toxic concentrations of
ouabain simulates that in Na+-poor (Toda, 1968) and Cat+*-rich solutions (Toda,
unpublished data): the early repolarization is accelerated and the late repolarization
is slowed. The change induced by ouabain and by low [Na*]o in the repolarization
would be due to a decrease in the ratio of [NatJo/[Na*]i, whereas the Cat+*-
induced change would be due to an antagonism of Cat+ to Na* during repolariza-
tion. Effective inactivation of the Na+*-carrying system at the end of depolarization
is suggested to account for the change in the early repolarization in Na*-poor
solutions (Toda, 1968). An acceleration of repolarization induced by ouabain is
also observed in atrial (Sleator, Furchgott, Gubareff & Krespi, 1964), ventricular
(Stutz, Feigelson, Emerson & Bing, 1954 ; Vassalle, Karis & Hoffman, 1962) and
Purkinje fibres (Kassebaum, 1963). This change is suggested to result from the
increased K+ conductance. However, in S-A nodal pacemaker fibres the repolariza-
tion is not appreciably affected by an elevation of [K+]o (Toda, unpublished data)
which causes an increase in the K+ conductance (Carmeliet, 1961). An increase in
the cycle length between pacemaker action potentials would result in accelerating
the early repolarization and in increasing the size of the overshoot in ouabain-
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containing solutions. A similar dependency of repolarization on the cycle length is
shown in action potentials of canine atria (Greenspan, Edmands & Fisch, 1967).
On the other hand, the depolarization time and the rate of rise which was estimated
from the action potential amplitude and the depolarization time were not decreased
by ouabain or by an elevation of [Ca**+]Jo (Toda, unpublished data) but by a reduc-
tion of [Nat]o (Toda, 1968). The influx of labelled Ca++ through the cardiac
membrane is increased by ouabain (Govier & Holland, 1965). Whether or not
Ca*+ can enter into pacemaker fibres when the membrane is depolarized is not
known. However, the possibility is suggested in guinea-pig papillary muscles
(Winegrad & Shanes, 1962).

Sympathetic nerve stimulation caused an increase in the slope of diastolic
depolarization and an increase in the amplitude of subthreshold oscillations during
diastole until the pacemaker membrane was depolarized to a level of firing con-
ducted action potentials, resulting in an acceleration of the S-A nodal rate. The
membrane potential of pacemaker fibres showing bradycardia after ouabain was
significantly affected by sympathetic nerve stimulation. However, the membrane
potential of fibres in which the cycle length was markedly decreased by sympathetic
stimulation (“ Stimulation ” of O, in Table 2) were not considerably different from
that obtained from preparations in which the prestimulation cycle length was short
(“ Control ” of O, in Table 2). Cardiac noradrenaline did not affect the membrane
potential of pacemaker fibres which showed tachycardia after ouabain 10~ g/ml.
These results indicate that the ion permeability of the pacemaker membrane is
altered by cardiac noradrenaline in the direction of accelerating the depolarization
during diastole, but is not considerably affected during systole, and that electro-
physiological properties of the activated membrane depend on the cycle length under
the influence of ouabain.

In fibres of the right atrium the resting potential and the size of the overshoot
were decreased and the repolarization was accelerated by toxic concentrations of
ouabain. Sympathetic nerve stimulation corrected the overshoot and the repolariza-
tion, but it did not reverse the changes in the resting potential. The S-A nodal-atrial
conduction block produced by 16:2 mMm [K+]o (3 times normal [K+*]o) is reversed
by sympathetic nerve stimulation (Toda, unpublished data). It is possible that an
increased permeability to Na* on depolarization could lead to a transient correction
of the conduction block induced by K+ or ouabain. Thus cardiac noradrenaline
might act on the Na*-permeability of the atrial membrane to reverse ouabain
toxicity. However, in pacemaker fibres there is no evidence to support an increase
in Na+*-permeability by noradrenaline.

S-A nodal rate

The uptake of labelled noradrenaline by the isolated brain and peripheral sympa-
thetically-innervated tissues is suggested to be due to an active transport mechanism,
because the tissues are able to take up the amine until the concentration in them is
several times that in the incubation media. Furthermore, ouabain and dinitrophenol
inhibit the uptake (Dengler et al., 1962). However, according to Muscholl & Weber
(1966), the uptake of noradrenaline by the isolated perfused heart was not affected
by therapeutic or toxic concentrations of ouabain. Drugs inhibiting the uptake of
noradrenaline such as desmethylimipramine and cocaine are known to potentiate
actions of endogenous (Matsuo & Toda, 1968) and exogenous noradrenaline, but to
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inhibit actions of indirectly acting sympathomimetic amines (Trendelenburg, 1963).

In the present study, although a slight potentiation of the positive chronotropic
response to exogenous noradrenaline was produced by therapeutic concentrations of
ouabain, no potentiation of the response to sympathetic nerve stimulation and no
inhibition of the response to tyramine were produced. Ouabain in therapeutic and
toxic concentrations used in the present study does not seem to inhibit the uptake
of noradrenaline and tyramine effectively, in spite of the fact that the electro-
physiological study showed measurable changes in the transmembrane potential of
pacemaker fibres which possibly result from a considerable inhibition of the ATPase
activity of the pacemaker membrane. Different susceptibility to ouabain of the
ATPase activity of the pacemaker membrane and of the membrane of sympathetic
nerve terminals is not known.

On the other hand, Méndez, Acheves & Méndez (1961) demonstrated the anti-
adrenergic effect of ouabain on the chronotropy and the A-V conduction in
anaesthetized dogs. In isolated atrial preparations, however, no inhibition in the
positive chronotropic effect of endogenous and exogenous noradrenaline was
obtained even by toxic concentrations of ouabain.

Cardiac noradrenaline is indicated by some investigators (Tanz, 1964 ; Tanz &
Marcus, 1966) to play an important role in producing ouabain inotropy and toxicity.
The present experiments showed that toxic actions of ouabain were frequently pro-
voked by sympathetic nerve stimulation. However, the occurrence of ouabain
toxicity would not be due to a direct action of cardiac noradrenaline but resulted
secondarily from an increase in the S-A nodal rate.

Developed tension

The positive inotropic response of the left atrium to ouabain was more marked
at the slow rate of contraction than at the fast rate, whereas the response to nor-
adrenaline was more marked at the fast rate than at the slow rate. The similar
dependency of the developed tension on the rate of contraction obtained in solutions
containing ouabain was seen in Na*-poor and K+*-free solutions (Toda, unpublished
data). A reduction of [Na*t]o and [K+Jo inhibits activities of the membrane
ATPase of cardiac muscles (Lee & Yu, 1963) as does ouabain. A decrease in
[K+]i is produced in papillary muscles exposed to ouabain, Na*-free or K+*-free
solutions (Page, Goerke & Storm, 1964). Miiller (1965) suggested a close relation-
ship between the K+ loss and the positive inotropic effect of ouabain, because of a
striking parallelism between the two phenomena. Results indicating the lack of
direct relationship between the two phenomena have also been presented by some
investigators (Regan, Frank, Lehan & Hellems, 1963 ; Grupp & Charles, 1964). In
contrast to ouabain, noradrenaline causes a net gain of K+ (Sarnoff et al., 1965) in
spite of producing the positive inotropic effect.

The uptake of labelled Ca*t+ by isolated guinea-pig auricles is a function of
frequencies of driving stimulation (Grossman & Furchgott, 1964). The curve for
the net uptake of Cat* per beat versus frequencies does not parallel the curve for
the developed tension versus the rate: the maximum uptake is obtained at a fre-
quency of 30 beats/min and the maximum tension is obtained at 120 beats/min.
Ouabain increases the net flux of Ca*+ (Sekul & Holland, 1960 ; Liillmann &
Holland, 1962): the maximum flux is observed at a rate of 10 beats/min (Govier &
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Holland, 1965). The Ca** flux per beat varies invensely with the rate of contrac-
tion in the presence of toxic concentrations of ouabain. Under the influence of
ouabain the increase in the Ca*+ flux might correlate with an increase in the tension
at the slow rate.

The positive inotropic effect of noradrenaline was not significantly affected by
therapeutic concentrations of ouabain but was inhibited by its toxic concentrations.
However, noradrenaline antagonized the ouabain action on the tension-rate curve,
which did not seem to be corrected by washout of ouabain. It is unlikely that
ouabain blocks adrenoceptive receptors of both cardiac specialized and contractile
tissues, since the chronotropic response to noradrenaline is not reduced by ouabain.
Antagonism of ouabain to noradrenaline might appear in mechanisms relating to
contraction.
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