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A B S T R A C T The effects of digoxin on electrophysio-
logic properties were evaluated in isolated perfused
cardiac tissue. In canine Purkinje fiber (PF)-ventricu-
lar muscle (VM) preparations, control measurements,
using microelectrode technique, were made of: resting
potential (RP), action potential (AP) amplitude, rate
of rise, overshoot, duration (APD), membrane re-
sponsiveness, conduction velocity (CV), and refractory
period. The preparation was then exposed to 1 X 10- M
digoxin and repeat measurements were carried out every
15 min. At slow (30/min) rates of stimulation APD
initially prolonged then markedly shortened. With more
rapid stimulation (75 and 120/min) no initial APDpro-
longation was observed. When stimulated at 75/min, RP
and AP rate of rise, amplitude, and CV remained near
control values for 60-75 min then rapidly decreased un-
til electrical inexcitability (110±15 min). At that time
fibers were perfused with serum containing digoxin-
specific antibody (DSA) or one of a group of test solu-
tions. In the preparations exposed to DSA, membrane
characteristics improved by 15 min, and by 60 min ap-
proximated control values. No beneficial effect was seen
with the various test solutions. DSA also reversed di-
goxin-induced enhanced phase 4 depolarization in PF.

Effective (ERP) and Functional (FRP) refractory
periods of rabbit atrioventricular (AV) node prepara-
tions were measured in the control state. The tissue was
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then exposed to 1 X 10' M digoxin and refractory pe-
riod measurements repeated. At a time when AV con-
duction prolonged by 20%, associated with marked pro-
longation of ERP and FRP, DSA or various test solu-
tions were perfused. The prolongation in ERP, FRP,
and AV conduction time rapidly returned to normal only
in the DSAperfused tissue. It is concluded that DSAhas
the ability to reverse pronounced toxic electrophysio-
logical effects of digoxin in in vitro cardiac tissue.

INTRODUCTION

Since Withering's discovery of the benefits of Foxglove
(1), the digitalis glycosides, as a group, have been
among the most useful pharmacologic agents available
to the physician. The effects of several digitalis prepara-
tions on the electrophysiologic properties of the intact
animal have been thoroughly investigated (2-8). How-
ever, many variables occur in this setting, such as
changes in potassium concentration, pH, or autonomic
nervous system activity. Studying isolated cardiac tissue,
using the microelectrode technique develop by Ling and
Gerard (9), controls these variables so that one may
more clearly delineate the electrophysiologic properties
of digitalis. Although studies to determine the electro-
physiologic properties of digoxin in isolated tissue had
not to date been carried out, studies with strophanthin
have shown that membrane resistance of cardiac
Purkinje fiber was found to initially increase and then
decrease (10). This change in membrane resistance was
associated with initial action potential lengthening fol-
lowed by subsequent shortening. Digitalis glycosides can
also produce a reduction in rate of rise (Vmar) of phase
0, and enhanced automaticity in Purkinje fibers (10, 11).

The clinical use of digitalis is accompanied by fre-
quent development of serious signs of electrical toxicity.
An ideal regimen for the satisfactory rapid treatment of
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the digitalis-intoxicated patient has to date been elusive
(12). Recently, an antibody specific to digoxin (DSA)'
has been developed (13), and holds promise for treat-
ment of patients so intoxicated (14). The present study
had two purposes: first, to delineate the normal and toxic
electrophysiologic effects of digoxin on isolated cardiac
tissue; and second, to examine the ability of digoxin-
specific antibody to reverse the toxic state.

METHODS

Electrophysiological methods. Mongrel dogs (10-20 kg)
were anesthetized with sodium pentobarbital, 30 mg/kg,
intravenously, and rabbits (1.8-2.5 kg) were stunned by a
blow on the head. The hearts were excised quickly and dis-
sected in cool modified Tyrode's solution. Purkinje fiber
preparations were obtained from both ventricles and stored
in cool, oxygenated Tyrode's solution. AV node preparations
were dissected using the method of Paes de Carvalho, de
Mello, and Hoffman (15). Preparations were then pinned
to the bottom of a wax-lined lucite chamber. The bath was
constantly perfused at a flow rate between 5 and 10 ml/min
with Tyrode's solution, equilibrated with 95% 02 and 5%
CO2. Temperature was maintained at 36.0±0.20C (mean
±SEM). The modified Tyrode's solution contained (in mM):
NaCl, 137; KCl, 3.0; NaH2PO4, 1.8; CaCl, 2.7; MgCl2, 0.5;
dextrose, 5.5; and NaHCO3, 12.0. All solutions were pre-
pared with twice-distilled, deionized water.

Transmembrane potentials were recorded through glass
microelectrodes filled with 3 M KCl and having resistances
ranging from 15 to 35 megohms. The electrodes were
coupled (by Ag-AgCl wire in contact with 3 M KCl) to
amplifiers with high input impedance and capacity neutraliz-
ation (NFl, Bioelectric Instruments, Farmingdale, N. Y.).
The amplifier outputs were displayed on a duat beam
cathode-ray oscilloscope (Tektronix, Inc., Beaverton, Oreg.,
RM-565). Surface electrograms were recorded through
insulated bipolar silver electrodes.

The maximum rate of rise of phase 0 (.max) of trans-
membrane potentials recorded from both Purkinje and
ventricular muscle fibers was obtained by electronic dif-
ferentiation as previously described (16). Calibrating time
marks repeating at 100- and 500-msec intervals (Tektronix
time mark generator, Type 184) were continuously dis-
played on the oscilloscope trace. The image on the oscillo-
scope was viewed directly and photographed with a camera
(Grass Instrument Co., Quincy, Mass., model C-4) on 35
mmfilm. The film was enlarged and the magnified images
measured.

Stimuli were provided by a series of waveform and pulse
generators (Tektronix, Inc., Beaverton, Oreg.). Amplitude
and duration of both the basic (Si) drive and the test
stimulus (S2) could be varied independently as could the
interstimulus (S1-S2) interval. Stimuli were isolated from
ground (Bioelectric Instruments, Farmingdale, N. Y., Type
ISA 100 isolation units) and delivered to the tissue through
closely placed pairs of insulated Ag wire. Si was 3 msec

'Abbreviations used in this paper: AP, action potential;
APD, action potential duration; AV, atrioventricular; BSA,
bovine serum albumin; CV, conduction velocity; DSA, di-
goxin-specific antibody; ERP, effective refractory period;
FRP, functional refractory period; HSA, human serum
albumin; PF, Purkinje fiber; RP, resting potential; VM,
ventricular muscle.

in duration and its amplitude was 1i-2 times threshold;
S. was 3-5 msec in duration and its amplitude was 3-4
times diastolic threshold.

Tissues were studied in the control state and various
times after perfusion with 1 X 10- M digoxin. Crystalline
digoxin was dissolved in 1 liter of Tyrode's solution to
achieve this final concentration. For the canine prepara-
tions, intracellular recordings of both VM and PF were-
obtained in the control state and at 15-min intervals after
digoxin perfusion. The following membrane characteristics
were determined: resting potential, amplitude, overshoot,
rate of rise of phase 0 (dV/dt), action potential duration,
effective refractory period, (Purkinje fiber and ventricular
muscle), "membrane responsiveness," and conduction veloc-
ity (PF only) (17, 18). Refractoriness of both the AV
node and the PF-VM junction was measured by stimulating
the preparation at a basic drive cycle length, and after
every eighth basic beat a premature beat was induced. The
coupling interval of the premature beat could be varied
widely. AV node preparations were stimulated at the atrial
margin and surface electrode recordings made at both the
atrial side and distal to the AV node at the bundle of His.
Basic responses (A1 and H1) and the responses during in-
dividual extrasystoles (A2 and H2) were recorded. A plot
was then constructed comparing the Al-A2 interval, on the
abscissa, with the H1-H2 interval on the ordinate. A similar
experimental design was used for measuring refractoriness
across the PF-VM-j unction. Stimulation was carried out
on the VM. The VM1-VM2 intervals were plotted on the
abscissa and the PF,-PF2 intervals plotted on the ordinate
(18).

When the preparation showed evidence of severe tox-
icity, i.e. was essentially electrically inexcitable, perfusion
was started with one of the following solutions: (a) drug-
free Tyrode (70 ml) and serum containing DSA (30 ml)
(K+ = 3.9 mEq/liter); (b) drug-free Tyrode only (100
ml) (K+ = 3.0 mEq/liter); (c) drug-free Tyrode (70 ml),
and serum containing antibody to antigens other than di-
goxin (see below) (30 ml) (K+ = 3.9 mEq/liter); (d)
drug-free Tyrode (70 ml) and normal rabbit serum (30
ml) (K = 3.9 mEq/liter) ; or (e) drug-free Tyrode (70
ml) and normal rabbit gamma globulin (30 ml) (K+=2.4
mEq/liter). The pH was 7.36+0.008 for solution (b) and
7.38±0.04 for the remaining test solutions.

Additional experiments were performed on preparations
having enhanced phase 4 depolarization after perfusion with
1 X 10' M digoxin. At a time when phase 4 depolarization
became most pronounced, perfusion with one of the above
test solutions was instituted.

Immunological methods. Digoxin was conjugated to bo-
vine serum albumin (BSA) and to human serum albumin
(HSA) by the periodate oxidation method, as previously
described (19). Rabbits were immunized by the injection
of BSA-digoxin or HSA-digoxin, 1 mg/ml, in complete
Freund's adjuvant mixture, according to an immunization
schedule previously outlined (19). Antidigoxin serum was
obtained from these rabbits by cardiac puncture or via an
ear vein; sheep antidigoxin serum was kindly provided by
Dr. D. H. Schmidt. Control serum was obtained from
rabbits which had not been immunized and from rabbits
which had been immunized with HSA or with purin-6-oyl-
HSA in complete Freund's adjuvant mixture (20). Rabbit
gamma globulin was obtained as Fraction V powder from
Pentex Biochemical (Kankakee, Ill) or prepared from

2 Kindly supplied by Dr. Stanley Bloomfield of Burroughs
Welcome & Co., Tuckahoe, N. Y.
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normal rabbit serum by a sodium sulfate precipitation
method (21). The titers of DSA were determined by the
dextran-coated charcoal method as described elsewhere
(22, 23). DSA titers are expressed as the highest serum
dilutions, 1 ml of which is capable of binding 50% of the
added digoxin-'H (32 ng). Sera from nonimmunized rab-
bits (normal rabbit sera) and sera obtained from rabbits
immunized with antigens unrelated to digoxin exhibited no
binding of digoxin-'H at a 1:20 dilution. In contrast, the
titers of sera containing DSA ranged from 1: 800 to 1: 3200
(Fig. 1).

RESULTS

Normal electrophysiologic effects
Membrane characteristics. Isolated canine papillary

muscle-Purkinje fiber preparations were exposed to
digoxin, 1 X 10-' M, and serial evaluations of membrane
characteristics obtained. Fig. 2 shows (as a function of
time) the effects of digoxin on amplitude, rate of rise of
phase 0, and effective refractory period. These prepara-
tions were stimulated at 75 beats/min (cycle length 800
msec) and records obtained until electrical inexcitability
occurred.

Panel A of Fig. 2 shows the results otbained for
Purkinje fibers in 10 experiments. i7max decreased pro-
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FIGURE 1 Binding of digoxin-'H by anti-digoxin sera. On
the abscissa are the three sera subgroups: (a) normal rab-
bit sera; (b) antisera to antigens other than digoxin; (c)
antidigoxin sera. The ordinate displays the titer level
(highest dilution capable of binding 16 ng digoxin/ml of
serum dilution). The open bars, to the left of the graph,
demonstrate the absence of digoxin-'H binding at a 1:20
dilution for both the normal rabbit sera and rabbit antisera
to antigens other than digoxin. At the right, the filled bars
represent the titers of digoxin-specific antisera, which are
expressed as the highest serum dilutions, 1 ml of which is
capable of binding 50% of the added digoxin-'H (32 ng).
Titers ranged from 1: 800 to 1: 3200.
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FIGURE 2A Effect of 1 X 10' M digoxin on transmembrane
characteristics of PF. Time in minutes is plotted on the
abscissa. C indicates the control values, subsequent values
plotted at 30, 60, 90, and 120 min after beginning exposure
to digoxin. The vertical axis has scales for amplitude
(amp) in millivolts and effective refractory period (ERP),
in milliseconds, to the left of the panel. The scale for
rate of rise of phase 0 (in volts per. second) is seen to
the right of the figure. Note the progressive decrease in
both amplitude and rate of rise and the triphasic response
in ERP. All values obtained at 90 and 120 min were statis-
tically different from control (P <0.001; t test for paired
samples).
FIGURE 2B Effect of 1 X 10' M digoxin on transmembrane
characteristics of VM. Scales on the ordinate are identical
to panel A. The abscissa shows the control period (C) and
time in minutes after exposure to digoxin. As with PF,
there is a progressive decrease in both amplitude and rate
of rise. The most striking change in ERP is the marked
prolongation occurring at 240 min. All values for amplitude
and dV/dt obtained at 210 and 240 min were statistically
different from control (P < 0.001; t test for paired sam-
ples). However, for ERP determinations, only the value
at 240 min was statistically significant (P < 0.01 ; t test for
paired samples).
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FIGURE 3 Effect of digoxin on AP configuration in PF and VM. Electrical stimuli were
applied at a cycle length of 2000 msec (30/min). The figure represents reproduced and
superimposed action potentials from the control state and varying periods, from 15 to 210
min, after 1 X 10-7 M digoxin exposure. Note the slight prolongation in APD at 15 min in
both PF and VM. This is followed by progressive AP shortening primarily affecting phase 2.

gressively from a control value of 465+25 v/sec (mean
+SEM) to 210±75 v/sec at 120 min of drug exposure. A
progressive decrease in AP amplitude from 122±2 mv in
the control state to 85±9 mv occurred at 120 min of drug
exposure. The effective refractory period (ERP), how-
ever, demonstrated a triphasic response. There was an
initial, slight prolongation seen at 30 min (345±10 msec)
as compared to the control values (333±+14 msec). This
was followed by shortening with minimum values seen at
90 min (300±6 msec) followed by slight increase seen
at 120 min (312±6 xnsec). Shortly beyond 120 min of
digoxin exposure the tissues were essentially inexcitable
(see Fig. 4).

In panel B, similar data is shown for ventricular
muscle (eight experiments). VM, in contrast to PF did
not become electrically inexcitable for at least 240 min
(see Fig. 4). As with Purkinje fibers, there was a pro-
gressive decrease in amplitude and J7max as a function
of exposure time to digoxin. J7.ra decreased progres-
sively from a maximum of 179±16 v/sec during the con-
trol period to 53±14 v/sec after 240 min of drug ex-
posure. Quantitatively, similar findings were noted
with AP amplitude in VM, with a lowest phase 0 vol-
tage (75±2 mv; control, 100±3 mv) noted (+ 240 min)
just before electrical inexcitability. The ERP in VM
demonstrated an initial slight shortening with a mini-
mumvalue seen at 120 min (183±20 msec). Just be-
fore electrical inexcitability (+ 240 min), there was a
pronounced increase in ERP to 350±30 msec.

Action potential configuration and duration. Changes
in AP morphology after digoxin exposure were exam-
ined in 15 experiments. The experimental records ob-
tained at a slow rate of stimulation (30/min) demon-
strated an initial prolongation in duration of 4±0.4% due
to an increase in the duration of phase 2. This prolonga-
tion was most marked 15 min after digoxin perfusion.
Subsequently, there was a progressive decrease in APD,

which was associated with an abbreviation of phase 2 as
well as an increase in its slope. The initial prolongation
in APD seen in this experiment was only apparent at a
slow drive rate; more rapid rates of stimulation (75 and
120/min), produced only the progressive shortening in
APD. In Fig. 3, PF and VMaction potentials from a
typical experiment are shown in the control state. Super-
imposed upon these control traces are the action poten-
tials recorded at various times after exposure to 1 X 10'
M digoxin. In VM, digoxin had effects similar to those
seen in PF. An initial prolongation and subsequent
shortening of APD were similar in magnitude and
followed much the same time course in each fiber type.
Amplitude, rate of rise, and APD, in both PF and VM,
were maintained until a significant decrease in RP was
noted and then changes in these variables were observed.

Survival time. Serial action potentials were recorded
in 19 experiments after exposure to 1 X 10' M digoxin.
The PF-papillary muscle preparations were continuously
stimulated at cycle lengths 500, 800, and 2000 msec and
records obtained until the cell became electrically in-
excitable. In each fiber type, time to electrical inex-
citability was related to the rate of stimulation, the slow-
est drive rate (30/min, cycle length 2000 msec) being
associated with the longest survival time. In addition,
there was a marked disparity in the survival times noted
between Purkinje and papillary muscle fibers with PF
developing toxicity much earlier than VM (Fig. 4).

Purkinje fiber conduction velocity. In five experi-
ments, the effect of prolonged perfusion with 1 X 107 M
digoxin on conduction velocity in linear PF preparations
was studied. All preparations were stimulated at 75/min
(cycle length 800 msec) and after control values were
obtained, the tissue was perfused with digoxin; record-
ings were made every 15 min until electrical inexcitability
occurred. In this experimental group, significant changes
in AP amplitude, and rate of rise were only seen after
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Reversal of digoxin toxicity by digoxin-specific
antibody
Purkinje fiber. In 15 PF preparations 1 X 10' M

digoxin enhanced phase 4 depolarization. After pro-
nounced phase 4 depolarization was noted, five prepara-
tions were then perfused with DSAin drug-free Tyrode's
solution. Recordings were made every 2 min until the
AP configuration stabilized. In each preparation treated
with DSA, phase 4 depolarization was abolished and
normal transmembrane voltage characteristics reestab-

FIGURE 4 Survival time of Purkinje and ventricular muscle
fibers in 1 X 10' M digoxin. PF-VM preparations were
driven at cycle lengths of 500 (120/min; six experiments),
800 (75/min; eight experiments), or 2000 msec (30/min;
five experiments) until electrical inexcitability and their
survival times plotted on the ordinate in minutes. The cross-
hatched bars represent results obtained in VM and the
stippled bars represent results obtained in PF. Note (a)
the progressive increase in survival time in both tissue types
as the drive rate is decreased; (b) the highly significant
difference in survival time between the VM and PF at
any given drive cycle length.

90 min of digoxin perfusion. It was not, however, until
120 min of perfusion that the decrease in amplitude and
rate of rise produced a significant decrease in the linear
conduction velocity. The amplitude at this time was

85+9.0 ;mv, dV/dt 210±75 v/sec and overshoot 16±4.2
mv. The results of a typical experiment are shown in
Fig. 5.

Purkinje fiber-papillary muscle junction. The effect
of 1 X 10' M digoxin exposure on conduction across

the PF-papillary muscle junction was studied in seven

preparations. The ERP (shortest VM1- VM2 interval)
and the FRP (the shortest PF1 - PF2 interval) were

measured in the control state and every 30 min until
electrical inexcitability occurred. After digoxin exposure,

there was a progressive decrease in both the ERP and
FRP of the junction. This was in contrast to the VM1-
PF1 interval which was noted to increase progressively
to a maximum of 36±7 msec (control, 3+0.5 msec).
The results of a typical experiment are shown in Fig. 6.

Membrane responsiveness. In five preparations mem-

brane responsiveness curves were obtained in the con-

trol state and every 30 min after perfusion was begun
with 1 X 10- M digoxin. There was no significant
change in membrane responsiveness demonstrated up to
60 min after digoxin perfusion was begun. However, by
90 min there was a minimum decrease and at 120 min
a highly significant decrease in i7ma. with no significant
shift in the responsiveness curve. The results of a typical
experiment are shown in Fig. 7.

nA

5001 B

V/secl 100 mV

CONTROL 5 msec

3.09 M/SEC

+ 30 MIN + 60 MIN
2.99 M/SEC 2.99 M/SEC

+90 MIN
2.99 M/SEC

+120 MIN
2.45 M/SEC

FIGURE 5 Effect of digoxin on CV in linear strands of
PF. CV was measured in the control state and at 30, 60,
90, and 120 min after exposure to 1 X 10' M. The top
panel shows a record obtained in the control state with a

voltage, time, and rate of rise calibration. The upper hori-
zontal line displays time marks which recur every 5 msec.
Line A shows phase 0 of the cells from the proximal and
distal PF at a rapid oscilloscope sweep speed. V.ma of the
proximal and distal cells is shown in line B, and line C
shows phase 0 of these same two cells after the signal
has been led through a differential amplifier. CV is calcu-
lated by dividing the distance between the two recording
sites (measured with an occular micrometer) by the time
interval between phase 0 of the two upstrokes (measured
at the instant of lma.). Note that the CV remains constant
until 120 min of digoxin exposure. At 120 min, the CV
fell by 21% with both a diminished Vmax (-49%) and AP
amplitude (-27%).
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FIGURE 6 The effects of 1 X 10' M digoxin on ref ractori-
ness at the PF-VM junction. On the abscissa are plotted
the VM1-VM2 intervals in milliseconds and on the ordinate
are plotted the PF,-PFl responses in milliseconds. In the
control period the ERP was 295 msec and the FRP was
363 msec. There was a decrease in both of these variables
after exposure. The ERP was 268 after 60 min, 266 after
90 min, and 254 after 120 min of exposure to digoxin. The
FRP showed a somewhat similar response: 342 after 60
min, 332 after 90 min, and 308 after 120 min of digoxin
exposure.
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FIGURE 7 Effect of 1 X 10' M digoxin on membrane re-
sponsiveness. The maximum rate of phase 0 depolarization
(Jfmax) in volts per second is plotted (ordinate) as a
function of the membrane voltage at the moment of activa-
tion in millivolts (abscissa). Control measurements (unfilled
circles) are plotted as well as those made after 90 min
(unfilled triangles) and 120 min (filled squares) of digoxin
exposure. No significant change in peak J7max or configura-
tion of the curve was noted after 60 min of drug exposure.
After 90 min a slight decrease in peak Pmax is seen but
only after 120 min is there a dramatic decrease in peak
17ma,: (C 435 v/sec; + 120 min 220 v/sec) without any
shift in the curve on its voltage axis.
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FIGURE 8 Reversal of digoxin-enhanced phase 4 depolar-
ization by DSA. Panel A shows a record obtained in the
control state with the fiber being stimulated at a rate of
75/min. An amplitude calibration in millivolts and a time
calibration in milliseconds is shown in the lower right hand
portion of the figure. Panel B shows the same driven cell
after 1 hr of exposure to 1 X 10' M digoxin. Spontaneous
phase 4 depolarization and diminished amplitude of the
AP are evident. Panel C was obtained 10 min after ex-
posure to DSA in drug-free Tyrode. In the same cell driven
at 75/min, phase 4 depolarization is abolished and normal
transmembrane voltage characteristics were established.

lished within a 15 min period. A typical result employing
serum containing DSA is shown in Fig. 8.

In the remaining preparations, with similar enhance-
ment of phase 4 depolarization by digoxin, various con-

trol solutions were then perfused: (a) drug-free Tyrode
(n = 5), (b) drug-free Tyrode and hyper-immune se-

rum (n = 5), (c) drug-free Tyrode and normal rabbit
serum (n - 5), and (d) drug-free Tyrode and normal
rabbit gamma globulin (n = 5). In no instance was

abolition of this enhanced phase 4 depolarization demon-
strated by any of these control solutions even though
digoxin was not used. In addition, during the period of
observations, no significant effect on other AP character-
istics was noted.

Another series of 15 experiments was carried out to
test the ability of DSA to reverse digoxin-induced elec-
trophysiologic toxicity. PF preparations were exposed
to 1 X 10- M digoxin until the fibers were nearly or

actually inexcitable by extrinsic electrical stimuli. At
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this point in time, DSAin drug-free Tyrode or one of the
control solutions was used to perfuse the preparation
and events followed every 5 min until stable. In all in-
stances, perfusion with DSA-Tyrode's solution was as-
sociated with slow return to or near control AP charac-
teristics. None of the other control solutions demon-
strated any significant restorative effect. The time-course
of events of a typical experiment using DSA-Tyrode's
solution are shown in Fig. 9.

AV Node. The final group of experiments were de-
signed to test the ability of DSA to reverse digoxin-in-
duced AV conduction delay. AV node preparations from
25 rabbits were exposed to 1 X 10' M digoxin after the
ERP (shortest A1- A2 interval conducted to the His
bundle) and FRP (shortest H1 -H2 interval) were de-
termined in the control state. At a time when A, - Hi
interval had increased by at least 20% above control,
the preparation was then perfused with serum containing
DSA or one of the various control solutions. In the five
preparations exposed to the DSA-Tyrode's solution, there
was prompt (15±2 min) return of AV conduction to
normal. In similar preparations, studied at a time when a
similar prolongation of AV conduction was induced by
digoxin, no such decrease in AV conduction time, ERP,
or FRPwas noted when the tissue was perfused with any
of the previously described test solutions (Table I).

A
C KI
4~~~~~~~~~~~~~~~~~~~~~~~~

c ai H

Li

B

Dl k N.I

150~~~~5
mV

1000 msec

FIGURE 9 Reversal of digoxin-induced toxicity in PF.
Panel A displays the AP and, below, J7 of phase 0 and a
calibration (500 v/sec) obtained by electronic differentia-
tion. Amplitude time calibrations are shown in the lower
right hand portion of the figure. Panel B shows the same
cell 120 min after exposure to 1 X 10- M digoxin. At this
point in time, DSA in drug-free Tyrode was applied.
RP has decreased and the cell is essentially electrically
inexcitable. Panel C shows the same cell 15 min after DSA
perfusion. There is now a return toward normal of the
cell's electrical characteristics. Panel C shows the same
cell, 60 min after DSA exposure. The cell shows even
further return toward normal in its electrical character-
istics.

Hi H2
MSEC 260- * A

220 -

180- 0o0 Control

A - After tx/C 7M Digoxin
140 0 - After DSA

100-

100 140 180 220 260 300 340

Al A2 MSEC

FIGURE 10. Effect of digoxin on refractoriness of the AV
node, and its reversal by DSA. The A1-A2 interval is plotted
on the abscissa and the H1-H2 response is plotted on the
ordinate. The basic cycle length is 500 msec. The control
observations (unfilled circles) demonstrate an ERP of 125
msec and FRP of 166 msec. After 45 min exposure to 1 X
10- M digoxin (filled triangles), the ERP was 203 msec
and FRP 229 msec. DSA was applied and after 10 min
refractory periods measured (filled circles) ; the ERP (118
msec) and FRP (172 msec) shortened to values which
were not significantly different from the control.

The results of a typical experiment utilizing DSA are
shown in Fig. 10.

DISCUSSION

Previous studies have described the effects of several
digitalis compounds on the electrophysiologic character-
istics of cardiac tissue (2-8, 10, 11, 24-26). There has,
however, been no detailed electrophysiologic investiga-
tion of the effects of digoxin on isolated cardiac tissue.
The results described in the initial portion of this study
demonstrate that the electrophysiologic properties of
digoxin in isolated cardiac tissue are qualitatively similar
to previously studied glycosides. Specifically, digoxin
induced a time-dependent decrease in AP, amplitude, and
rate of rise which was noted after 60 min in PF and 180
min in VM. The progressive decrease in these variables
was paralleled by a progressive decrease in APD. The
time-course of these changes cannot, in absolute terms,
be compared with previous studies with ouabain and
strophanthin (10, 11) because of differences in molar
concentrations. However, the time-course differential
obtained with digoxin between the more sensitive PF
and the less sensitive VM is similar to that noted for
ouabain (11). In addition, survival time after ouabain
and strophanthin exposure has been found to be inversely
related to the stimulation frequency. This study has
shown that a quantitatively similar relationship was
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TABLE I

Test solutions

Hyper- Normal Rabbit
DSA- Drug-free immune rabbit gamma

AV refractory period Tyrode tyrode serum serum globulin

msec

Control ERP 13244.8 132±4.8 132±4.8 132±4.8 13244.8
FRP 170±8.4 17048.4 170±8.4 170±8.4 170±8.4

n = 25 n = 25 n = 25 n = 25 n = 25

Post-digoxin ERP 199±9.7 19949.7 19949.7 199±9.7 199±9.7
FRP 2354±12.2 235± 12.2 235± 12.2 235± 12.2 235± 12.2

n = 25 n = 25 n = 25 n = 25 n = 25
P < 0.001* P < 0.001 P < 0.001 P < 0.001 P < 0.001

15 min after test serum ERP 130±6.7 203±6.7 207±7.6 200±t9.9 204±7.9
FRP 175±9.6 235±15.1 240±8.9 242±12.8 242±16.1

n=5 n=5 n=5 n=5 n=5
P < 0.001 NS NS NS NS

* t test for paired samples, mean ASEM.

found with digoxin (10, 11, 26). Serial studies on the
relationship of peak Vnmax to digoxin exposure initially
demonstrated little change in either PF or VM. How-
ever, with continued exposure, there eventually was a
decrease in peak Vmax. Associated with this finding was
a corresponding decrease in amplitude and conduction
velocity. The CV decrease would be anticipated as a
corresponding significant decrease in its major deter-
minants; AP amplitude and rate of rise of phase 0 were
observed (27). In addition, serial measurements of mem-
brane responsiveness were also done. This determination,
which is felt to represent the availability of the sodium-
carrier system (28), was initially little altered by digoxin
exposure. Slight change was noted in Ima. at 90 mnin,
and by 120 min a marked decrease in D7max was seen
without any shift in the curve on its voltage axis.
Therefore, digoxin has no specific effect on the sodium-
carrier system.

As previously described for strophanthin, at slow
stimulation rates (30/min), APD in VM initially in-
creased followed by progressive decrease; with a more
rapid rate of stimulation (60/min) only AP shortening
was observed (10). The present study showed similar
findings for digoxin in both VMand PF. Configurational
changes associated with shortening of APD demon-
strated an initial decrease in the plateau or phase 2 fol-
lowed by associated change in the slope of phase 3. It is
as yet unclear what ionic species are responsible for the
plateau phase of the AP. Prior studies have commented
on the contribution of Na+, K+, Cl, Ca++ ions to the
maintenance of phase 2 (29-32). Repolarization of phase
3 has, in large part, been related to a change in gK
(30, 33, 34). The findings in this study suggest that

an increase in gK may be the predominant factor for
digoxin-induced changes in AP configuration.

Studies by Muller have offered partial confirmation
by showing that even low concentrations of ouabain are
associated with a decrease in intracellular K+ (24). Re-
cent studies by Polimeni and Vassalle have suggested
that the toxic effects of ouabain are related to its ability
to compete with K+ at the outer layer of the cell mem-
brane (26). This would result in inhibition of K+ influx
and Na+ efflux. These authors, in addition, demonstrated
that the apparent reason for the time disparity between
ouabain toxicity in VMas compared to PF is that it re-
quires 3 times as much ouabain to reduce K+ influx in
VMas compared to PF.

Studies on the ERP of VM demonstrated minimal
shortening except during overt toxicity when marked
prolongation was noted. In contrast, PF ERPwas noted
initially to prolong slightly, followed by pronounced
shortening. Just before inexcitability, the ERP began to
increase slightly.

Studies undertaken to show effects of digoxin on the
refractiveness across the PF-VM junction demonstrated
progressive shortening of the effective and functional
refractory periods as drug perfusion was continued over
a 120 min period. These findings are in sharp contrast
to the prolongation of the effective and functional re-
fractory period of the AV node by digitalis glycosides.
These observations demonstrate that, in spite of recent
studies suggesting a similarity between the physiologic
significance of VM-PF junction and the AV node, the
response of these two sites to digoxin is clearly dissimilar
(35). In our studies refractoriness decreased across the
VM-PF junction after digoxin, while conduction time
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increased. Although the explanation for this response is
unclear, this response almost certainly contributes to the
development of reentrant ventricular arrhythmias in
digitalis toxicity (36).

In the second portion of this study, the efficacy of
DSA in reversing digoxin-induced electrophysiologic
toxicity was tested. DSA was able to reverse digoxin-
induced electrical inexcitability, marked phase 4 de-
polarization in PF, as well as reverse digoxin-induced
prolongation in AV nodal refractoriness. The results
of these studies demonstrate that, in severely intoxicated
PF-VM preparations, DSA perfusion resulted in re-
turn to near normal electrophysiologic characteristics
within 60 min. This time sequence is in keeping with re-
cent results with PF regeneration time after prolonged
cooling (37). The more rapid reversal after DSA per-
fusion in the AV node preparation presumedly reflects
the degree of digoxin toxicity (i.e., degree of inhibition
of the Na+K' ATPase system, see below).

Repke, Schwartz et al., and Akera et al. have pro-
posed that cell membrane adenosine triphosphatase may
be the pharmacologic receptor site for the digitalis gly-
cosides (38-40). Repke has further postulated that gly-
coside binding to the enzyme may occur as a result of
hydrogen binding from the lactone ring carbonyl moiety
to a protein receptor (41). Furthermore, Okita has
stated that digitalis glycosides are not firmly bound, but,
in fact, the binding to the receptor site is reversible
(42). This latter finding is in keeping with the findings
of this study which showed reversibility of digoxin
toxicity in several test systems.

The Na', K+-dependent ATPase is the only enzymatic
system consistently affected by digitalis glycosides (39,
43). Although the precise location of a possible ATPase
receptor is as yet unknown (39), cell membrane and
T-system are candidate sites (38, 41). Schwartz, Allen,
and Harigaya also comment that potency is directly
dependent on drug-enzyme exposure (39). This is in
keeping with our findings of progressive changes in AP
characteristics during continuous monitoring. This sug-
gests that slow equilibrium is conceivably due to rela-
tively inaccessible receptor sites or slow intracellular ion
concentration changes after Na+K' ATPase is inhibited
by a constant per cent.

Although the exact mechanism of glycoside-induced
positive inotropy is not clarified, increase in internal
sodium concentration seemingly permits an increase of
calcium ions at the active contractile site and enhanced
tension development (44). The inhibition of active so-
dium pumping via diminished Na+K+, ATPase activity
secondary to digitalis glycosides may be the major fac-
tor. The changes in internal milieu and ionic fluxes
must be the major determining factors in the observed
changes in AP characteristics.

It seems clear from our present observations that
DSA has the ability to reverse severe manifestations of
digoxin toxicity in isolated cardiac tissue. The exact
site of activity of digoxin or its specific antibody is
uncertain from these studies, but because of these above
observations, a receptor site on or near the membrane
surface is conceivable.
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