Effects of Digitalis on Electrical
Activity of Cardiac Fibers
By BRIAN F. HOFFMAN AND DONALD H. SINGER
HE EFFECTS OF DIGITALIS on the electrical activity of the heart have
been studied extensively both in the clinic and the laboratory and the
major actions of this agent have been known for many years. Recently, however, use of one or more intracellular naicroelectrodes to record the transmembrane potentials of single cardiac fibers and to study the passive electrical
properties of the fiber membrane has provided some new information. Although many questions concerning the mode of action of digitalis remain unanswered, it now is possible to explain some of the older observations and to
re-evaluate several of the hypotheses which have been offered to describe the
mechanisms by which digitalis modifies cardiac excitability, rhythm and conduction.

T

I. TRANSMEMBBANEPOTENTIALS AND EXCITABILITY

The technic used to record the potential difference across the membrane of
a single cardiac fiber has been described in detail) ,2 The microeleetrode is a
glass capillary drawn to a tip diameter of less than 0.5 ~ and filled with a concentrated electrolyte which usually is 3M KC1. Although such an electrode
has a high electrical resistance, records reasonably free of distortion can be
obtained by use of an amplifier with a suitable input stage? Because of the
small diameter of the electrode tip, it can be inserted through the cell membrane without producing demonstrable injury. When the electrode tip is intracellular in position, the electrolyte makes contact with the interior of the cell
and the wall of the glass capillary provides effective electrical insulation from
the extracellular medium. If paired with an extracellular electrode, the microelectrode thus can be employed to measure the potential difference across the
cell membrane both under conditions of rest and activity.
The records obtained from a typical cardiac fiber are shown in figure 1.
When the microelectrode tip is extracellular in position, the zero or reference
potential is registered. When the electrode tip penetrates the membrane of the
resting fiber, a potential difference of approximately 90 mV is recorded, the
interior of the cell being negative with respect to the exterior. This potential
difference is the resting potential and in atrial or ventricular muscle fibers remain unchanged until excitation takes place. On excitation a transmembrane
action potential is recorded. This consists of a rapid depolarization and reversal of membrane potential, so that the inside is positive with respect to the
outside by 20-30 mV, and a slower repolarization. Ventricular muscle fibers
Original studies were supported inpart by Public Health Service Research Grards HE08508 from the National Heart Institute and a General Research Support Grant, the American Heart Association and the John Polachek Foundation.
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Fig. 1.--A, diagrammatic representation of the tip of a glass capillary microelectrode showing the approximate tip diameter, the filling solution, (3 molar
potassium chloride) and the silver-silver chloride wire which makes contact with
the electrolyte solution. B, diagrammatic representation of a tissue bath containing a
preparation of cardiac muscle. At (a) the microeleetrode is extracellular in position;
at (b) it is intracellular. The connection of the indifferent electrode to ground also
is indicated. C, diagrammatic representation of the transmembrane action potential
and unipolar electrogram recorded from an isolated preparation of cardiac muscle.
The zero or reference line, (a) is recorded when mieroeleetrode tip is extraeellular
in position. The transmembrane resting potential (b) is recorded when the electrode
tip penetrates the quiescent fiber. At (e) an action potential is initiated. Depolarization and the various phases of repolarization are designated by the symbols 0, 1,
2 and 3; symbol 4 is used to designate the diastolic period. See text for discussion.
The bottom trace shows a unipolar electrogram recorded from the immediate vicinity
of the microeleetrode tip. Note that the intrinsic deflection of the R wave is
synchronous with phase 0 of the transmembrane action potential and that the T
wave of the electrogram is inscribed during phase 3.
and Purkinje fibers, in contrast to atrial muscle, characteristically show a phase
of repolarization, called the plateau, during which transmembrane potential
changes very slowly. This is followed by more rapid repolarization which restores the transmembrane potential to the resting value. The various parts of
the transmembrane action potential are identified as phases 0-4 (fig. 1). If a
unipolar electrogram is recorded simultaneously with the transmembrane action potential and from the same region, it can be seen that the intrinsic deflection of the R wave corresponds in time with depolarization (phase 0), the
R-T segment with the plateau (phase 2) and the T wave with the phase of
rapid repolarization (phase 3).
The transmembrane action potentials recorded from fibers in different parts
of the heart have been described elsewhere in detail. 2 The important character-
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Fig. 2.--Diagrammatic representation of the changes in transmembrane potential
which are produced by subthreshold and threshold stimuli. Records of transmembrane potential are shown above; records of stimulus current below. In response to
subthreshold currents 1 and 2 there is a graded, local change in the transmembrane
potential. With stimulus current 3, the local response reaches the threshold potential
(TP) and merges with the upstroke of the transmembrane action potential. See
text for discussion.
istics are the following. Atrial action potentials differ from that shown in figure 1, primarily with respect to the time-course of repolarization. A clear
plateau often is absent and phases 1, 2 and 3 are not separated by clear inflections. Records from the sino-atrial and atrioventricular nodes show a lower
resting potential and a markedly reduced rate of rise and amplitude of the action potential. In ,the His-Purkinje system phases i and 2 are prominent and
action potential duration increases progressively from the His bundle to the
peripheral Purkinje fibers. The duration of the ventricular action potential is
less than that of the Purkinje fibers.
In addition to providing information on the time-course of change in transmembrane potential, the intraeellular microeleetrode gives some idea concerning the manner in which applied stimuli or propagated action potentials cause
excitation. If a series of stimuli, ranging in strength from subthreshold to threshold, are applied to a fiber, the resulting changes in transmembrane potential
are similar to those shown in figure 2. When the applied stimulus lowers the
resting potential to a Critical level, the depolarization beeomes self-sustaining
and the upstroke of tile action potential is inscribed. The critical level of membrane potential at which excitation occurs is called the threshold potential;
this concept of a threshold potential is of particular importance both in relation to the mechanism by which normal pacemakers elicit action potentials and
in relation to factors which change the frequency at which a pacemaker fires.
The transmembrane potential recorded from a pacemaker fiber differs from
that of described above in one important manner. After repolarization, the
membrane potential of the pacemaker does not remain constant; instead, there
is a slow depolarization during phase 4 similar to that shown in figure 3. If
this slow diastolic depolarization carries the membrane potential to the thres,
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Fig. 3.--A, transmembrane action potentials recorded from a single atrial muscle
fiber (A) and a single fiber of the sino-atrial node (S-A). Note differences in ampli-

tude, duration and general configuration of the two transmembrane action potentials.
Also note that slow depolarization during phase 4 lowers the membrane potential
of the sino-atrial fiber to the threshold potential (TP) and thus initiates spontaneous
firing. B, diagrammatic representation of several mechanisms which change the
frequency of firing of a pacemaker cell. With a constant rate of depolarization during phase 4 the cell will fire at (a) or (e) depending upon the level of the threshold
Pbotential (TP 1 and TP 2). If the level of threshold potential is fixed, firing may
e delayed from (a) to (b) if the slope of phase 4 depolarization .is decreased, or
to (d) if the maximum diastolic potential of the pacemaker is increased. See text
for discussion.
hold potential, firing occurs. It is important to emphasize that many fibers develop slow diastolic depolarization; the fiber which first attains the threshold
potential usually acts as the pacemaker. The other fibers showing slow depolarization during phase 4 may be classified as latent pacemakers. In the normal mammalian heart, fibers of the sinus node, other specialized atrial fibers,
fibers of the A-V node and His bundle and the peripheral Purkinje fibers all
are capable of developing spontaneous diastolic depolarization. Changes in
the frequency at which a pacemaker fires usually result from a change either
in the level of the threshold potential, the rate of depolarization during phase
4 or the level of the resting potential. At times more than one of these variables may change simultaneously and under such conditions the changes may
have a similar or opposite effect on the frequency of the pacemaker. It is likely that slow diastolic depolarization is the cause of enhanced automatieity in
most forms of arrhythmias; in addition, as will be described in a subsequent
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section, the loss of membrane potential due to phase 4 depolarization has important effects on excitability and conduction.
Records of the transmembrane potential of a single fiber provide important
information on the recovery of excitabilRy following excitation. The term refractoriness implies a change in the ease of excitation; refractoriness thus is
measured by noting changes in the stimulus intensity required at different
times after depolarization. However, this means of demonstrating a change in
threshold requirement provides only an incomplete picture. If a fiber is activated prior to complete repolarization, there is a change not only in stimulus
requirement but also in the resulting response. Moreover, the changes in stimulus requirement and response depend primarily on the level of membrane
potential at the time of stimulation. 4 A general description of this relationship
can be given for ventricular and atrial muscle fibers and for fibers of the HisPurkinje system (fig. 4); fibers of the sino-atrial and atrioventrieular node
present special considerations.
Until repolarization has restored the transmembrane potential to approximately --55mV, the fiber is incapable of generating an active response. At propressively higher levels of membrane potential the stimulus requirement decreases and the response increases in terms of rate of rise, amplitude and duration. The most premature responses may be nonpropagated; later responses
propagate at reduced velocity. Just prior to complete repolarization the stimulus requirement becomes less than for the completely recovered fiber; this
change defines the onset of the supernormal period of excitability. However,
the supernormality applies only to stimulus requirement. The response elicited
at this time still is reduced in amplitude and rate of rise and may propagate
at reduced velocity. Only after the end of repolarization does the premature
response show a normal amplitude and normal rate of depolarization. This
instant probably corresponds best to the full recovery time of Lewis. In latent
or actual pacemakers slow diastolic depolarization causes changes in excitability similar to those described for the phrase of repolarization. As depolarization during phase 4 lowers the transmembrane potential towards the threshold potential there is a progressive decrease in stimulus requirement. Also,
as membrane potential is reduced the rate of rise and amplitude of the response are diminished and conduction velocity is decreased. If the loss of
membrane potential during diastole is sufficient it may result in decremental
conduction and block. Under usual conditions the level of membrane potential
at the time of stimulation is the primary determinant of excitability. A description of changes in excitability in terms of time following activation (i.e.,
the duration of a refractory period) provides only a rough indication of the
voltage-time course of repolarization. Changes in the shape of a strengthinterval curve also are inconclusive since, for example, similar changes might
reflect either a change in the rate of repolarization during phase 3 or a change
in stimulus requirement at the same level of membrane potential during repolarization. The general relationship between repolarization and recovery of
excitability is shown in figure 4.
Fibers of the S-A and A-V nodes are not included in the description given

D I G I T A L I S O N E L E C T R I C A L A C T I V I T Y OF CARDIAC FIBERS

A
40

mV

20

20
4O
6O

TP

80

I00

RP

I
I

B
5

mA

4

ARP

(
9

32

(

TRP
ERP

FRT
9

I

I

I

i

I

,

i

'i

i

" / ' 'S NP~'
'

'~)i

I

, I11
I l~i

),

' ) '~I '

'

I

I
I

I

I

I

tRRP
Fig. 4.--In A a r e s h o w n a n o r m a l t r a n s m e m b r a n e action potential and the reto a series of stimuli applied during and after the end of repolarization.
In B are shown the approximate durations of the absolute refractory period (ARP),
total refractory period (TRP), effective refractory period (ERP), full recovery time
(FRT), supernormal period (SNP), and relative refractory period (RRP). In A
the responses shown as dotted lines (a and b) are graded responses which do not
propagate. Responso (c) is the earliest propagated response and thus defines the
end of the effective refractory period. Response (d) is elicited at a time when
transmembrane potential is close to the level of the threshold potential (TP) and
thus occurs during the supernormal period. Response (e) is elicited after the end of
repolarization and is normal in terms of rising velocity and amplitude. It thus
defines the end of the full recovery time. The changes in threshold shown in the
bottom half of the figure are related to an arbitrary scale of current strength. The
curve shows the onset of inexcitability coincident with phase 0 of the transmembrane action potential, the gradual decrease in threshold during phase 3 of repolarization, a period of supernormal excitability associated with the terminal phase
of repolarization and the restoration of full excitability after the end of phase 3 of
the transmembrane action potential.
sponses

above because in both types of tissue excitability and responsiveness are not
strictly related to the level of membrane potential. For example, stimulation
of these cells even after the end of repolarization may result in an abnormal
response or no response. Stimulation at high frequency often causes a progressive loss of excitability instead of the usual shortening of refraetory period duration. Conduction in nodal fibers is decremental in eharaeter even
under normal conditions. For these reasons it generally is unsatisfactory to
describe changes in the behavior of nodal fibers in the same terms applied to
other cardiac tissues.
Much of our information about the effects of digitalis on the electrical ac-
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Fig. 5.--Tracing of the lead II electrocardiogram of the canine heart showing
the time of activation of the various specialized cardiac tissues, SAN, sino-atrial
node; A, atrium; AVN, atrioventricular node; I4, His bundle; BB, bundle branches;
P, peripheral Purkine fibers. The subdivisions of the atrioventrieular node represent
the atrionodal junction (AN), the middle node (N) and the transition from node
to His bundle (NH); see text for discussion. Time scale shows intervals of 20 msee.
tivity of the heart has been obtained from studies of intact animals. In order
to permit a comparison of data obtained by these methods with results of studies of the electrical activity of single cardiac fibers, a brief discussion of the
technics used in intact animals studies is desirable. In most studies of intact
hearts surface electrodes have been employed. These electrodes are implanted
over selected portions of the heart and its specialized tissues, and may be used
either for recording local eleetrograms or for stimulation. They may be chronically implanted, with repeated determinations being made over long periods
of time. Use of such electrodes, in conjunction with the appropriate recording
and stimulating devices, permits the measurement of atrial and ventrieular excitability, refractoriness and conductivity. The spread of excitation to each
part of the specialized conducting system may be ascertained by recording
simultaneous eleetrograms directly from the specialized tissues, activation of
the subjacent tissue being indicated by the 'R' wave, and repolarization by the
'T' wave. The general sequence of activation suggested by these studies ~ is
shown in figure 5, and the relationship of the deflections of the eleetrogram
to the transmembrane action potential in figure 1C. The temporal relationships between alterations in excitability and the transmembrane action potentials have been shown in figure 4.
The clinical electrocardiogram does not ordinarily present much information on the recovery of excitability of tissues other than the ventricle. Spontaneous atrial premature systoles may permit delineation of the effective refractory periods of the atria and A-V transmission system. Ventrieular ectopie
beats from parasystolie foei may help to delimit the effective ventrieular refractory period. Implantation of electronic pacemakers in patients with advanced or complete A-V block and slow idioventrieular rhythms also may
serve this purpose, since the spontaneous beats serve as 'extrasystoles' insofar as the dominant paced beats are concerned. The interaction between the
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paced and spontaneous foci may thus give information as to effective ventricular refractoriness.
Before discussing the effects of digitalis, some additional comment on terms
used to describe changes in excitability is required because general use of
these terms often has extended the precise definition of some and suggested
that others may be employed as synonyms.
Automaticity refers to the likelihood that a fiber will develop spontaneous
activity; rhythmicity, in contrast, describes the regularity of such activity. Excitability dces not consider either automaticity or rhythmicity but rather the
ease of excitation. Usually excitability is measured in terms of the energy content of an electrical stimulus2 An increase in excitability is demonstrated by
a lower threshold; however, this use of the term threshold should not be confused with the critical threshold potential. The latter is a level of transmenlbrahe potential at which the response of the fiber becomes regenerative and
results in the upstroke of the transmembrane action potential.
Refractoriness, as described above (fig. 4), may be related either to the
transmembrane potential or to time following excitationd In the latter case,
it is usual to describe the duration of absolute, relative and total refractory
periods and an effective or functional refractory period. The absolute refractory
period is an interval during which there is no active response to the stimulus;
this period can be delineated only if recording electrodes are close enough to
the stimulus site to demonstrate the presence or absence of graded, nonpropagated responses. If the recording electrodes are located an any appreciable distance from the stimulating electrodes, one usually determines only the
effective refractory period, s This period thus is defined in terms of the presence or absence of a propagated response and is analogous to the functional
refractory period2 This measurement, and measurement of the full recovery
time, probably are more meaningful than determination of the absolute, relative and total refractory periods. In the case of the relative refractory period,
change may be described in terms of altered duration of the period or altered
stimulus requirement at each of several intervals during the cardiac cycle. The
strength-interval curve 6 constructed in this manner provides some suggestions
about the voltage-time course of repolarization (see above) but is not an
adequate substitute for a record of the transmembrane action potential. Finally, in discussion of the sino-atrial and atrioventricular nodes, the meaningful
measurements made on the intact heart are automaticity, rhythmicity and the
duration of the functional refractory period. Direct electrical stimulation of
these specialized tissues usually has not been performed in a manner which
would permit any reasonable conclusions.
II. EFFECTS OF DIGITALIS ON T1AANSMEMBRANEPOTENTIALSAND EXCITABILITY
Digitalis can produce almost any variety of cardiac arrhythmia, including
both those due to disordered impulse formation and those resulting from disturbances of conduction. The multiplicity of disturbances of rhythm reflects
the many effects of digitalis on electrophysiologic properties of the heart and,
in particular, its specialized tissues (tables 1 and 2). Since enhanced ventricu-
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T a b l e 1,--Effects of Digitalis on the Electrical Properties of Isolated

Preparations of Cardiac Tissues
Action Potential
Characteristics
I. Diastolic (phase 4)
depolarization
a. S-A node
b. A-V node
c. H-P system
d. Atrium
e. Ventricle
II. Action potential
duration
a. S-A node
b. A-V node
c. H-P system
9d. Atrium
e. Ventricle
III. Action potential
amplitude
a. S-A node
b. A-V node
c. H-P system
d. Atrium
e. Ventricle
IV. Resting or maximum
diastolic potential
a. S-A node
b. A-V node
c. H-P system
d. Atrium
e. Ventricle
V. Rate of rise of
action potential
a. S-A node
b. A-V node
e. H-P system
d. Atrium
e. Ventricle
VI. Membrane resistance
a. H-P system

Low ('Tbxerapeutie')
Concentration of Digitalis

Nigh ('Toxic')
Concentration of Digitalis

D31,32
U?Z4
U or I10,11,13,18
None present16, a8
None present 10-15

N
U followed by D 34
*I followed by D 10,11,18
I16,32, ~ followed by D 16,33
*I followed by D 10,11,14,16

D731,32
I~4
I10,13,11,18
None present~6, 3z
None present 10-15

D 3~
D '~
D 10,11,l'q,17,18
D 16,33
D 10-16

U? 32
U? 34
UlO,11,13
Ua6,32,3a
U lo-ls

D32
D3~
D10,11,13,17,18
D16,32,33
D10-1~

N
U? a4
U10,11A3, TM

N
D34
DLO,11,13,17,18
D,~e,3z
DlO,11,1.~-15

U 16,32,83

U lo-16

N
U? 34
~ U 10,11,18,18

U32,3a
U 10-1~
U followed by I followed
by D lo,ll

N
D~4
DLO,11,13,17,18
D32,3a
DloAl,13,15
Dlo, 11

Symbols and Abbreviations: H-P system, His-Purkinje system; D, decreased; I, increased; U, unchanged; N, no adequate data; X, no effect; ?, data not satisfactory; *, the
initial increase in action potential duration is best seen at low rates of stimulation; *% in
the absence of changes in phase 4 depolarization.
lar f u n c t i o n is t h e p r i n c i p a l g o a l of d i g i t a l i s t h e r a p y a n d
r h y t h m i a s a r e a m o n g t h e m o s t c o m m o n s i g n s of d i g i t a l i s
s u r p r i s i n g t h a t a c o n s i d e r a b l e p r o p o r t i o n of s t u d i e s i n
d i r e c t e d t o w a r d s a s c e r t a i n i n g t h e effects of this a g e n t o n

s i n c e v e n t r i e u l a r ari n t o x i c a t i o n , it is n o t
this area have been
the ventricular myo-
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Table 2 . - - D i r e c t and Vagal~ Effects o~ Digitalis on Intact Mammalian Hearts
Low ('Therapeutic') Concentrations of Digitalis
Physiological
Property

Vagal Effect

Direct Effect

Total Effect

High ('Toxic')
Concentrations
of Digitalis

A. Automaticity
a. S-A n o d e

92,27, 44

928,88-40

D22,27,28,38-40

b. A-V node
e. H-P s y s t e m

D?5
X?Z,29,ao,4s,
49

N
D followed
by 126"28

D?~1
D followed
by 126-2s

I21

121,23

121,23

121,23

X

N

N

N

c. A t r i u m

9 6,21,24,42

I21, 24,42

D 21,24,42

121,24,42

d. Ventricle

X6

D21,22

D 21,22

9 followed
by I21,22

C. Electrical excitability
a. Atrium
b. Ventricle

U6
X6

D21,24,42
122-24

D21,24,42
122-24

D 21,24,42

D. Conductivity
a. A-V node
b. H-P system
c. Atrium
d. Ventricle

D5,6,27,54
D 21
D21,23
X2,5
**U or 923, 25 ~*U or D23,25
U or I6,42,54,55
D24,42
D24,42
X6
U or 123-25
U or 123-25

B. Effective refractory period
a. A-V node
b. H-P system

D ? 27,40 or

I?Z2,=7,zsA1
I722,79,94
I22,23,26-zs,
61,
63-66,79

D 22"24
D 21,23,79
D 23,25
D 24,42
U or D23-25

Symbols and abbreviations are the same as used in table 1.
~The postulated interrelationships between digitalis and the adrenergic nervous system,
although discussed in the text, have not been included in this table.
eardium and the peripheral Purkinje system. These studies have been conducted on isolated perfused tissues as well as in intact animals. One of the
problems encountered in any attempt to explain the mode of action of digitalis
is the need to make a comparison of results obtained from experiments conducted in vitro and in vivo. In this section an attempt at such comparison will
be made.
Since development of the microelectrode technic a number of studies have
been made of the effects of digitalis on the electrical properties of ventricular
muscle fibers (eat, TM sheep, 11 dog, 1~,13 frog, 14 rabbit, 15 chick embryo,] 6) and
Purkinje fibers (dog, 1~
sbeep,ll,lS), In the studies listed above no, important difference in the effect produced by the several digitalis compounds at
comparable concentrations has been demonstrated and no qualitative differences in response has been found among different species. Studies of preparations of ventrieular muscle fibers and Purkinje fibers obtained from the same
heart and exposed to the same concentrations of digitalis have provided a
quantitative comparison of the effects of the d r u g on the two types of tissue. 11,1~
It was found that, aside from effects on automaticity, the changes induced by
digitalis were the same and the sequence o4 development of these changes was
similar in both tissues. However, for a given concentration of drug, effects on
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Fig. 6.--Sequence of changes in the transmembrane action potential o[ an
isolated preparation of canine Purkinje fibers caused by ouabain. Driving stimuli
are applied at a rate of 30 per minute (a) control; (b) increased action potential
duration due to prolongation of phase 3; (c) onset of progressive decrease in action
potential duration due to shortening of phase 2; (d and e) further shortening of
the action potential accompanied by development of depolarization during phase
4, a decrease in the level of maximum diastolic potential and an associated decrease
in the rate of rise and amplitude of the action potential; (f) onset of spontaneous
activity due to phase 4 depolarization and a further decrease in maximum diastolic
potential; (g) a single driven response, interrupting the spontaneous activity, demonstrates a higher rate of rise and greater amplitude than the spontaneous action
potentials but further deterioration in comparison to earlier records; (h) recurrence
of spontaneous action potentials of progressively lower amplitude, due to the progressive decrease in maximum diastolic potential, and leading to arrest and inexcitability in i.
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Purkinje fibers appeared much more rapidly. The sequence of changes in the
transmembrane action potential of a Purkinje fiber perfused with digitalis is
shown in figure 6.

Purkin~e Fibers and Ventricular Muscle
When isolated preparations of ventricular muscle or Purkinje fibers are exposed to digitalis, the time required for the drug to produce some change in
the transmembrane resting or action potential depends both on concentration
of digitalis and rate of contraction. 1~
With low concentrations of drug
both resting and action potential remain essentially unchanged until some time
after the inotropic effect has become evident. Usually the first change in the
transmembrane action potential is an alteration in the voltage-time course of
repolarization (table 1 ). If the frequency of contraction is low 11 the initial
change is a delay in phase 3 of repolarization and a consequent increase in action potential duration. Since the configuration of the action potential is not
grossly altered, one might expect recovery of excitability to be delayed in
proportion to the delay in phase 3; the absolute refractory period thus would
be prolonged. At this stage of digitalis effect direct measurement reveals an
increase in membrane resistance which probably reflects a decrease in potassiren permeability. 1~ Also, a moderate decrease in threshold for electrical
stimulation occurs indicating an increase in electrical excitability. At higher
contraction rates the initial change in the action potential is a decrease in
duration. 1~ This shortening of the action potential also appears in preparations driven at low rates but only after a greater delay. The decrease in the
action potential duration results from a decrease in duration of phase 2, or the
plateau. The rate of repolarization during phase 3 usually is reduced; the abbreviation of phase 2 and prolongation of phase 3 would be expected to result in shortening of the absolute refractory period and prolongation of the
relative refractory period. The decrease in action potential duration is associated with a decrease in membrane resistance, thought to represent an increase in potassium permeability, ~~ and with a decrease in eleetrical excitability.
Changes in the magnitude of the resting potential usually are not observed
until after some decrease in action potential duration has occurred2 ~
The
time required for digitalis to produce some change in resting potential is dependent on drug concentration and frequency of contraction21,13. At low rates
of stimulation resting potential may be maintained for several hours while at
higher frequencies the loss of resting potential is more rapid. If quiescent
preparations are exposed to similar concentrations of drug, resting potential
may remain unchanged for 6-19. hours or more; however, on resumption of activity depolarization progresses rapidly. 13 As a result of the decrease in resting
potential there is a decrease in both rate of rise and amplitude of the action
potential2 ~
In addition, the rate of rise of the action potential appears to
be reduced by a direct effect of digitalis on the sodium carrying system (see
below), n Largely because of the decrease in rate of rise of phase 0, the up-
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stroke of the action potential, conduction velocity is diminished. With prolonged exposure to digitalis, phase 2 of the action potential disappears, reduction of resting potential is marked and excitability is lost.
Records of the transmembrane potentials of Purkinje fibers show one change
not present in tracings obtained from ventricular muscle fibers. This is a progressive increase in the slope of depolarization during phase 4. l~
Because
of the enhanced diastolic depolarization, automaticity is increased. This enhancement of diastolic depolarization begins before there are overt changes in
driven action potentials and progresses until multifocal pacemaker activity is
present. ~a During rapid spontaneous activity there often is a progressive decrease in maximum diastolic potential and in rate of rise and amplitude of
the action potential. As maximum diastolic potential continues to fall, conduction fails and the fiber becomes inexcitable. During the ensuing period of
quiescence resting potential slowly increases and excitability is restored. 13
This sequence of events may be repeated many times but eventually recovery
will not occur. The initial increase in diastolic depolarization appears to be associated with the initial increase in membrane resistance; 1~ the later decrease
in membrane resistance is associated with irregular rhythms, multifocal pacemaker activity and inexcitability) ~
In general there is a parallel between the results obtained from studies of
the electrical activity of single fibers, in vitro, and from measurements of exeitability, refractoriness and conduction in the intact heart (table 2). However, certain exceptions will be mentioned. The initial prolongation of the
transmembrane action potential, recorded early after digitalis administration
and at low rates of stimulation, suggests that the duration of refractoriness of
the in situ heart should be increased. Although some prolongation of the relative refractory period of the canine heart has been reported with small doses
of digitalis at high rates of stimulation, 2~ this has not been a consistent finding. 21 After administration of more than 40 per cent of the lethal dose of digitalis to the dog, the functional refractory period is shortened. ~1,22 This is the
change expected in light of the alterations in action potential described above.
When over 80-90 per cent of the lethal dose has been given, the functional
refractory period prolongs 2~,22 and may exceed the control values. ~1
Changes in resting excitability, or diastolic threshold, observed in studies of
intact animals are in good agreement with results obtained from studies of
single fibers in vitro. With 20-60 per cent of the lethal dose of digitalis, there
often is a moderate decrease in the threshold of the canine ventricle reflecting
an increase in excitability.222~ Higher doses of digitalis cause a progressive
and marked decrease in excitabilityYT M The initial increase and subsequent
decrease in excitability presumably reflect at least in part the increase and decrease in membrane resistance; the terminal marked decrease in excitability
almost certainly parallels a loss of resting potential.
Measurement of conduction in the intact ventricle is complicated by the
necessity to separate spread through ventricular muscle from spread in the
Purkinje system. Initial attempts to make this differentiation have been based
on the idea that the spread of activity from an epicardial stimulating electrode
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to a closely adjacent recording electrode is through intervening myoeardium,
while spread to more distant points involves conduction in Purkinje fibers.
Studies in which this method was employed 23,25 have shown that conduction
in ventrieular myoeardium remains normal, or may be slightly enhanced, until
considerably after severe conduction disturbances have developed in the HisPurkinje system. This result is in agreement with the greater sensitivity of
isolated Purkinje fibers to digitalis which has been demonstrated by use of
intraeellular microelectrodes. 11,1a Although intraventricular conduction in the
intact animal usually is maintained until between 60-75 per cent of the lethal
dose of digitalis is administered, ~3,25 impairment of conduction in the specialized fibers can be demonstrated with lower doses by increasing the frequency
of stimulation 13 or elieiting extrasystoles early in diastole.
It seems reasonably certain that digitalis has a biphasic effect on the automatieity of the His-Purkinje system of intact animals; in most instances initial
slowing is followed by acceleration. 26-2s The level of pacemaker activity can
be judged from the ventrieular escape rate during vagal stimulation 26,27 or
from studies of animals with complete heart block? 8 This depression of automatieity is not usually observed in studies of isolated Purkinje fibers; however,
variations in potassium concentration in the perfusion medium, variations in
pCO2 and pH and other factors obviously play an important role (see section
IV). The decreased automatieity recorded from the intact animal has been
attributed either to a direct effect, to the vagal action of digitalis or to the
antiadrenergie action of the drug; these possibilities are discussed below. However, it does not seem likely that the initial depression of automatieity is related to a vagal effect in view of the relative unresponsiveness of the HisPurkinje system to aeetylcoline administration 2,48 or vagal stimulation. 29,~~The
increase in automatieity of the His-Purkinje system appears before there is any
change in conducted beats and can be demonstrated only in the presence of
advanced A-V block or following marked sinus slowing or sinus arrest. As the
automatieity of the specialized tissues increases, extrasystoles interrupt the
sinus rhythm and then runs of ventricular tachycardia appear. This stage of
activity seems clearly to parallel the changes recorded from the isolated tissues. a3 The eetopie rhythms sometimes become intermittent and the pauses
are terminated by beats originating from the same or different loci; this may
be comparable to the similar intermittent activity recorded from the isolated
Purkinje fibers and resulting from cyclic changes in the level of membrane potential. In some animals the initial depression of automaticity never is reversed and, if suffleient digitalis is given to produce complete A-V block, arrest ensues. Isolated preparations of Purkinje fibers similarly show a loss of
diastolic depolarization under certain conditions, la

Atrium, Sinus Node and Atrioventricular Node
In contrast to the situation, prevailing with regard to the His-Purkinje system and ventrieular myocardium, there is a marked paucity of data bearing
on the effects of digitalis on transmembrane potentials of the atrium, sineatrial node and atrioventrieular node. West, 3~,3~ in studies of the atrium and
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sinus node of the rabbit heart, found that low concentrations of ouabain
caused enhancement of atrial contractility and prolongation of the atrial action potential before there was any appreciable change in the action potentials
recorded from fibers of the sino-atrial node. The relatively greater sensitivity of
the atrial fibers persisted even in the presence of higher concentrations of
ouabain and, when atrial excitability had been reduced to the point of asystole,
rhythmic discharge of the sinus node persisted. Eventually there was depression of automatieity of the sinus node fiber and some decrease in amplitude of
the resting and action potential. Another study aa has shown the biphasic effect
of digitalis on action potential duration as well as a decrease in resting potential and action potential amplitude with high concentrations of drug. The fact
that atrial muscle was more sensitive than sinus node to digitalis is in sharp
contrast to the relative sensitivities of Purkinje fibers and ventricular muscle.
Also, the reported continued depression of automaticity in sinus fibers is
quite different from the effects of digitalis on pacemakers of the His-Purkinje
system.
In a study of the effects of various drugs and chemical mediators on the
transmembrane potentials of atrial and ventrieular myocardial cells of 3 and
7 day old chick embryos, it was found that digitoxin produced essentially the
same sequence cf changes in both cell types. 1~ 'Low concentrations' resulted
in an initial slowing of repolarization and a corresponding increase in the
duration of the action potential. Larger doses of digitoxin caused acceleration
of repolarization and shortening of the action potential, especially phases 2
and 3, as well as a decrease in the amplitude and overshoot of the action potential. At the concentrations of drug used, no alterations in resting potential
were noted. The sequence of changes was similar to that described by the
same authors for frog ventrieular muscle. 14 G-Strophanthin, when applied to
cells in the region of the A-V node, 3. resulted in over-all changes similar to
those described for Purkinje fibers, namely the eventual acceleration of repolarization and decrease in duration of the action potential, particularly
phase 2. A higher concentration of digitalis caused enhanced phase 4 depolarization and automatieity. The levels of maximum diastolic membrane potential
and amplitude and rising velocity of the action potential also decreased. In
association with these changes, the step-like prepotentials commonly seen in
A-V nodal recordings a5-37 became more prominent, suggesting the development cf conduction disturbances.
These data do not permit the distinction between changes due to the direct action of digitalis on the cell membrane and indirect effects due to interaction with autonomic mediators released by nerve endings in the tissue.
These studies, incomplete as they are, do permit the conclusion that the overall effects of digitalis are similar for atrial and ventricular muscle, but quite
different for the specialized fibers of the sinus node and Purkinje system. Further systematic investigation of the effects of digitalis on the electrical properties of the eells of the specialized conducting system should prove fruitful.
Most information on the effects of digitalis preparations on the electrical
activity of the sino-atrial node, the atrimn and the atrioventricular node has
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been obtained from studies of intact animals. Depression of sino-atrial automaticity after even small amounts of digitalis has been reported in numerous
studies of many species and is seen with the use of digitalis i,n man. The occurrence of decreased S-A nodal automaticity in vagotomized and/or atropinized preparations 22,38-4~suggests that the action may be direct as well as due
to enhanced vagal effect or antiadrenergic action (see section IV). With high
doses of digitalis, the sinus rate often is increased in intact, atropinized preparations. 28,41 Automaticity of subsidiary atrial pacemakers similarly is depressed
with small doses of digitalis and, at times, enhanced with toxic doses. Since
administration of aeetyleholine or vagal stimulation causes only depression of
automaticity, the enhancement sometimes observed appears to be a direct effect of digitalis or due to eatecholamine release. Direct studies of the effects
of digitalis on automaticity of the A-V node are lacking.
The effects of digitalis on excitability, conduction and refractoriness of atrial
muscle have been well documented and a separation of direct effects from actions related to the vagus and sympathetic nerves has been made. Direct effects will be emphasized at this time. Bather low doses (30-40 per cent of
the lethal dose) decrease the resting excitability and conduction velocity of
the canine atrium; 24,42 this effect is not reversed by vagal stimulation and thus
appears to be a direct action of the drug on the atrial muscle fibers, 24 or a manifestation of the antiadrenergie action discussed below. In the innervated
atrium digitalis shortens the duration of the effective refractory period due to
its vagal action. However, the direct effect of digitalis is to prolong the effective refractory period 21,42 in the manner suggested by the increase in duration
of the atrial transmembrane action potential. Direct measurement of the recovery of excitability of atrial muscle has shown that digitalis also prolongs
the relative refractory period; 2~ this may be the result of a decrease in the
slope of phase 3 of the atrial action potential or a direct effect of digitalis on
availability of sodium carriers similar to that demonstrated fcr Purkinje fit
bers. 11
Perhaps the best known effect of digitalis on refractoriness is that on the effective refractory period of the A-V transmission system. This prolongation of
effective refractoriness is partly due to vagal action and partly due to a direct
effect on the nodal fibers. It is unlikely that the change in nodal refractoriness
is related to any increase in action potential duration; in fact the only published records show that repolarization of nodal fibers is accelerated by digitalis. 34 It is most likely that the prolongation of effective refractoriness is due
to enhanced decrement in the A-V node. The prolongation of the effective refractory period and slowing of conduction through the A-V node thus would
result from the same action of digitalis on the nodal fibers. One additional point
should be mentioned at this time. When digitalis is employed to decrease
transmission of rapid atrial activity to the ventricles, as in the ease of atrial
fibrillation or flutter, part of the increase in effective refractory period of A-V
transmission is due to an indirect action of the drug. If digitalis decreases the
duration of the atrial action potential due to its vagal action, the input frequency to the A-V node may be increased and, as a direct result, repetitive
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concealed conduction may be enhanced. 4a This will, of itself, increase the effective refractory period of the junctional tissues.
I I I . INDIRECT EFFECTS OF DIGITALIS

The effects of digitalis on the electrical properties of the heart have been
discussed principally from the point of view of a direct action of this agent on
the cell membrane. However, at least some of these effects probably are mediated through the autonomic nervous system. In addition, there is a large body
of evidence showing that the action of digitalis is affected by the ionic composition and pH of the body fluids.
Indirect effects of digitalis usually are thought to be confined largely to the
atria, the sine-atrial node and the atrioventricular node, areas richly endowed
with vagal nerve endings, and have been thought to result from an effect on
vagal activity or a change in sensitivity to acetylcholine. The effects of vagal
stimulation and acetylcholine on the electrical properties of the heart are well
known. Studies of the effects of vagal activity on automaticity of the frog
sinus venosus 44 show that the rate of the pacemaker is slowed or arrest produced because of a progressive decrease in the rate of diastolic (phase 4) depolarization and because of hyperpolarization of the pacemaker fibers. Application of acetylcholine to the sino-atrial node of the rabbit 45,46 similarly resuits in decreased automatieity due to decreased slow diastolic depolarization
and increased levels of resting potential. The amplitude of sino-atrial nodal
action potentials may be decreased but their duration is not appreciably altered. The threshold potential is essentially unehanged. Latent atrial pacemakers of the rabbit heart, as well as of excited hmnan right atrium, 47 are
similarly affected. Action potentials of ordinary mammalian atrial myoeardium 2 exhibit a marked acceleration of repolarization. Corresponding to the
decrease in the duration of the action potential there is a shortening of both
the absolute and total refractory periods. Resting potential of atrial fibers is increased if the initial level is low. This results in an increase in the rate of rise
of the action potential; this latter change may cause the enhancement of conduction sometimes seen after vagal stimulation or acetyleholine administration. Diastolic excitability of the atrium is not significantly altered. Fibers from
the several portions of the A-V node and junctional tissue vary considerably in
their sensitivity to acetylcholine: those at the atrionodal junction (AN region)
and in the node proper (N region) are most sensitive while fibers in the lower
portion of the node and His bundle are quite insensitive. Action potentials
from the AN and N regions tend to beeome small and slowly rising. Step-like
prepotentials are accentuated, if present initially, or develop if not previously
present. These changes mirror the additional slowing of impulse transmission
through the A-V junctional tissue, particularly that at the atrionodal margin. 2,4s Concrete evidence for vagal innervation or acetylcholine sensitivity of
the His-Purkinie system is lacking. ~,4s Since a discussion of the mechanism of
action of acetylcholine is beyond the scope of this review, it will suffice to say
that the effects of this agent on the membrane potential are due primarily to
enhanced potassium permeability of the cell membrane, s,49
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As previously pointed out, when digitalis is administered in relatively low
doses to an intact animal with normal cardiac innervation, there is depression
of sinus automatieity and resting excitability of the atrium, slowing of intraatrial conduction and a shortening of the effective refractory period of the
atrium. The effective refractory period of the A-V nodal junctional tissue is
prolonged and transmission of impulses across this area is depressed. The
similarity of these effects to those produced by vagal stimulation or aeetylcholine administration suggests that they are due, at least in part, to some action
of digitalis on the vagus. Experiments performed to distinguish between a
direct and vagal action of digitalis have utilized comparisons between the effects produced by this agent in intact animals and in animals treated by atropinization and/or vagotomy. In addition, the effects of atropine in digitalized
animals have been studied. Vagotomy alone is not sufficient, since it does not
prevent the possible release of acetylcholine from peripheral nerve endings.
The decrease in sinus rate caused by digitalis was thought to be due largely to vagal stimulation or aeetylcholine release from vagal nerve endingsp ~
later it was shown that digitalis exerted a direct effect on the membrane of the
sino-atrial eellsY ,a2 This conclusion was supported by the observation that
the drug may induce sinus slowing in atropinized and vagotomized animals. a8-4~Recently, the primary importance of acetyleholine and the vagus in
the production of sinus slowing by digitalis has been questioned. One group,
studying the effects of atropine on digitoxin-indueed bradyeardia in cats, 39
suggested that the negative ehronotropic effect was due largely to a direct action of the drug, and that the effects of the vagus were independent of, but
synergistic with, those produced by digitalis. They also suggested the possibility that adrenergie inhibition by digitalis might play a role in the produetion of sinus slowing. The possibility that the slowing might in part be due to
an antiadrenergic effect has been suggested by other investigators as well and
will be discussed below.
The depression of impulse transmission across the atrioventricular junction
in patients with atrial fibrillation or flutter represents the second most important clinical use of digitalis. The nature of this change has been described in
the previous section. This effect on A-V nodal transmission usually is atrributed to both a direct aetion and enhanced vagal aetivity. Recently, it has been
suggested tlaat the 'direct' action of digitalis in prolonging the effective refractory period of the A-V junctional tissue, 52,5a may be due not only to a
direct effect on the membrane but also to an 'antiadrenergie' effect of the drug.
This possibility will be discussed below.
The shortening of the effective refractory of atrial muscle produced by moderate doses of digitalis in intact dogs probably results from the "vagal' effect
of the drug since, when the heart is denervated, the effective refractory period
of the atrium is prolonged even at relatively low doses. The depression of diastolic excitability and slowing of intra-atrial conduction produeed by digitalis
also are probably due largely to a direct effect since these changes have been
demonstrated in the denervated heart and are not reversed by vagal stimulation. Also, vagal stimulation speeds conduction in canine atrial muscle. 54,~5
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Adrenergic innervation of the heart extends not only to the atria, the sinoatrial node and the A-V node, but also to the ventricle and His-Purkinje system as well. The adrenergic effector substaaees, the eateeholamines, affect both
the mechanical and electrical properties of the heart and its specialized tissues.
Enhancement of cardiac contractility and automatieity by these substances is
well known and it even has been suggested that the normal maintenance of
these functions may depend, at least in part, on the availability of adequate
levels of catecholamines. Effects of epinephrine on diastolic excitability, refractoriness and conduction in intact animals is complicated by effects of potassium which is released from the liver. ~6-5s Despite similarities between some
of the effects produced by digitalis and those produced by these amines, a relationship between the cardiac action of digitalis and the cateeholamines has
not been established. In fact, the older literature, cited by Cushny in 1925 ~1
denies such an interrelationship.
With the advent of adequate means of preventing the release and action of
myocardial catecholamines, and of causing their depletion from the heart, interest in the problem has been reawakened. Recent studies have suggested that
both the ino,tropic ~:),(~~ and electrical effects 2~0,41,'~2,~3,6~ of digitalis may be
related to interaction with cateeholamines. These studies have consisted mainly of attempts to determine how depletion of cardiac eatecholamines, either
by treatment with reserpine or chronic sympathetic denervation, prevention of
their release by treatment with agents such as flTM10, or interference with
their action by means of adrenergic receptor blocking drugs, would modify the
response to a given dose of digitalis in vivo or the response to a fixed concentration of digitalis in vitro. Also, the eateeholamine content of the myoeardium
has been determined before and after the administration of ouabainY Data
from studies of the eat papillary muscle show that the digitalis-induced enhancement of contractility and automaticity is depressed or prevented by reserpinization. ~9,6~ Changes in automatieity in these experiments presumably
indicate that some Purkinje fibers were contained in the papillary muscle. The
dose of digitalis required to produce ventrieular arrhythmias in dogs and eats
was increased after treatment with reserpine or agents which prevent the release or action of adrenergic mediators. 22,~2,~m~'%G6Also, death from standstill,
as opposed to ventrieular fibrillation, occurred more frequently. Attempted repletion of catecholamines resulted in restoration to control values of the dose of
digitalis required to produce these arrhythmias. ~2,61 In dogs with complete
heart block 6~,6s it has been shown that increased automaticity fails to develop
with doses of digitalis which usually have this effect. These data were thought
to suggest that at least part of the inotropic and ventricular chronotropic effects
of small to moderate amounts of digitalis were due to release of myocardial
eatecholamine stores, an interpretation supported by studies showing a depletion of myocardial catecholamine stores after oubain administrationfi 6,~7 Other
investigators have come to similar conclusions. An alternate interpretation of
these data might be that a certain level of myocardial catecholamines is
needed to maintain the 'resting' level of myocardial contractility and of the
pacemaker properties of the His-Purkinje system, so as to enable these tissues
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to respond to digitalis. The role of the catecholamines in maintaining the automaticity of the specialized fibers is supported to some extent by studies on the
effect of reserpine on the transmembrane potentials of atrial paeemaker cells 6'~
and of the/3 adrenergic blocking agent pronethalol on canine Purkinie fiber
potentials. 7~ In both instances phase 4 depolarization was markedly reduced,
gradually resulting in the abolition of automatieity. Pronethalol also reduced
the epinephrine-induced enhancement of Purkinje fiber automaticity. In both
instances catecholamine administration acted to restore normal transmembrane
potentials, the degree and speed of restoration being dose related in the ease
of the B-blocking agent. However, since larger amounts of digitalis produce
enhanced His-Purkinie automaticity even after the depletion of or blockade
of the action of these amines, 61,6~ it is likely that it also acts directly on the
cell membrane regardless of any interaction with catecholamines. Although
some investigators have not found that cateeholamine depletion or blockade
decreases either the inotropie or ventricular ehronotropie effects of digitalis, 5a,71,72 the differences in experimental design, including amounts of the digitalis preparations used, render exact comparisons difficult. Since, as has been
noted, the effects of digitalis on phase 4 depolarization of A-V nodal fibers are
similar to effects on the His-Purkinje system, the above discussion of interrelationships with cardiac catecholamines may similarly apply.
Studies of isolated cardiac tissues, as well as most studies of intact animals,
have shown that digitalis slows the sinus; this effect is attributed both to a direct and vagally mediated action. The direct depressant effect on the sinus
may parallel the initial depression of Purkinie fiber automaticity caused by digitalis. Other investigators 41 have found that digitalis, when administered to
vagotomized or atropinized dogs, causes sinus acceleration and have suggested
that this was due to a direct action on the cell membrane. This increase in
automaticity resembles the effects of higher doses of digitalis on the His-Purkinje system. However, if digitalis causes release of cateeholamines, the increase in sinus rate may be related to this effect, particularly after vagotomy.
This possibility cannot be adequately tested except in an animal completely depleted of catecholamines or in which the release or action of these amines has
been totally prevented. These same authors suggest that the direct negative
chronotropic effect of digitalis, when it does occur, is due to inhibition of the
cardioaeceleratory effect of endogenous catecholamines. They assume that the
net effect on rate in the intact animal is a balance between the direct aeceleratory effects and the effects of eatecholamine inhibition, the latter exceeding the
former only under circumstances of high sympathetic tone. These observations
were based on experiments showing that the positive ehronotropic effeet of
epinephrine and stellate stimulation was depressed after digitalis had been
given, the blocking action becoming apparent after 30 per cent of the lethal
dose. Stimulation of the cardiac sympathetic nerves and perfusion of the sinus
node artery with epinephrine before and after perfusion with acetylstrophanthidin, 62 resulted in substantially similar findings, the blocking effect occurring
after 15 per cent of the lethal dose had been administered. The time course of
this diminished sensitivity to catecholamines corresponded to the time course
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of the negative chronotropic action produced by perfusion with the digitalis
preparation alone. 4~ Although the decreased sensitivity to cateeholamines may
be due to some inhibitory effect of digitalis, the possibility is not ruled out that
the catecholamines, in the amounts given, could not compensate for direct depressant effects on sinus automatieity produced by digitalis. This is particularly
so since the sinus slowing produced by the acetylstrophanthidin could be reversed to a variable extent by epinephrine administration or stellate stimulation of sufficient magnitude, s2 The mechanism by which such an antiadrenergie
effect could occur is unknown, but there has been some evidence that digitalis
may interfere with myocardial uptake of catecholamines.7a
The possibility has been explored that the prolongation of the functional refractory period of the A-V junctional tissue produced by digitalis is in some
way related to an interaction with tile cardiac eateeholamines. Measurements
of the changes in the duration of the functional refractory period produced by
acetyldigitoxin before and after thoracic sympathectomy and adrenal ligation 52
revealed that the prolongation of refractoriness produced by digitalis was
much greater in the intact, vagotomized animal than after sympatheetomy. Infusion of catecholamines restores the refractory period to its presympatheetomized level, whereupon the effects of the digitalis on refractoriness return
to the control values. These observations suggested that a significant share of
the prolongation of the A-V functional refractory period, hitherto attributed
to a direct effect of digitalis on the cells of the atrioventricular node, may be
due to an antiadrenergic effect, similar to that postulated to explain the depressant effect of digitalis on sinus automatieity. It would, however, be difficult to relate this prolongation of refractoriness to any catecholamine-releasing action of digitalis. These observations on the effects of digitalis on the A-V
functional refractory period have subsequently been confirmed by others. 5~
As can be seen, the evidence for a relationship between the adrenergic nervous system and the action of the digitalis preparations is controversial. The
two major postulates that have been offered, namely catechol-releasing and
eatecholamine-inhibiting effeets, are in many respects mutually contradictory.
However, the possibility of a digitalis-catecholamine relationship seems firmly enough grounded to warrant further study.
IV. OTHER FACTORS MODIFYING DIGITALIS ACTION

The normal values for transmembrane potentials depend on the maintenance
of normal transmembrane ionic concentration gradients (see section V) and
are affected by changes in the ionic composition and pH of the extracellular
fluid. 2,49 Digitalis, which in certain concentrations alters the transmembrane
ionic concentration gradients by its effect on active transport and permeability, also is affected in its actions by the composition of the extracellular environment.
The interrelationship between the effects of digitalis and potassium has
been observed for many years both in the laboratory and clinic. The effectiveness of potassium salts in suppressing certain toxic effects of digitalis, including enhanced automaticity of specialized tissues, has been demonstrated in

D I G I T A L I S O N E L E C T R I C A L A C T I V I T Y OF CARDIAC FIBERS

247

studies of isolated Purkinje fibers, 13,18 intact animals 74-rG and man. 7r-8~ Potassium salts are, in fact, the principal therapeutic agent used to suppress disturbances of rhythm resulting from digitalis toxicity. In contrast, potassium depletion enhances the development of digitalis toxicity,sl"s8 The changes in
sensitivity to digitalis demonstrated during treatment of uncontrolled diabetes
are familiar to all and emphasize the complex interrelationships between intracellular and extracellular K and H ion concentration and digitalis toxicity.
The interrelationship between digitalis and potassium is not surprising in
light of the postulated mechanism of action of digitalis (see section V) and
the known effects of changes in extraeellular K+ concentration on electrical
activity of the specialized cardiac tissues. 2,84,85 The potassium-digitalis relationship, in terms of effects on transmembrane potentials, recently has been
studied in sheep Purkinje fibers driven at a rate of 60 per minute. ~80uabain,
in low concentration (2 x 10 -~ M), within 1 hour caused accelerated repolarization and partial loss of resting potential with the associated decrease in rate
of rise and amplitude of the action potential. Resumption of perfusion with
Tyrode solution containing a normal concentration of KC1 (2.7 mM) did not
result in recovery. In fact, further deterioration and decreasing excitability ensued. However, perfusion with Tyrode solution containing 5.4 mM KC1/L. restored the transmembrane potentials to normal. A higher concentration of
ouabain (0.5 x 10 .6 M) caused the toxic changes, including enhanced automatieity, within 10-15 minutes. These changes could be reversed within 2-3
minutes after exposure to the high potassium solution. However, if perfusion
with the high potassium solution was stopped before approximately 10 minutes had elapsed, signs of toxicity would recur during continued perfusion
with ouabain-free solution. If the perfusion with ouabain was initiated in the
presence of a K + concentration of 5.4 mM, changes in the transmembrane
potentials were minimal. The three situations described, namely, (a) suppression of toxic changes in the transmembrane potentials by increasing extracellular potassium, (b) delaying or preventing the appearance of toxic manifestations of digitalis by increased potassium, and (c) the recurrence of toxic
manifestations after initial potassium suppression, if the increase in potassium
was not maintained for an adequate period of time, all have their counterparts
in experimental animals and in man.
Just as the mechanism of digitalis action is still largely speculative, so is the
manner in which potassium acts to inhibit or suppress the toxic manifestations
of digitalis largely unknown. The most interesting speculation is based on observations 86-88 showing that increasing the potassium levels of the extracellular perfusing fluid beyond a critical point abolished the ouabai,n-induced inhibition of potassium uptake by red cells and by cardiac fibers. This suggests
that potassium somehow may reactivate the poisoned active transport system.
If digitalis and potassium compete for similar receptor or carrier sites on the
cell membrane, additional potassium may operate to displace the digitalis
from these sites and thus restore transport. The observation that potassium
suppression of digitalis toxicity may be only transient if the increased potassium concentration is not maintained for an adequate time is interesting in this
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regard. It suggests that at least the early reversal by potassium occurs before
the transport system is completely "reactivated" and may be due to a different
mechanism. This effect of potassium may be related to the demonstrated enhancement of active transport, in both red cells s6,sr and nerve fibers, s9 which
occurs when the extracellular potassium concentration is raised from low levels
the optimum value. It also has been suggested that the beneficial effect of
potassium in counteracting digitalis toxicity may result, at least in part, from
a nonspecific "depressant" action of K +. This possibility has not been tested directly. However, at least two factors have been considered. First, potassium,
in the concentrations commonly employed in intact animals, usually enhances
resting excitability. '~6 Second, by the time digitalis causes some enhancement
of automatieity in tha specialized cardiac tissues, the resting excitability of
atrial and ventricular muscle usually has been depressed. However, comparable data are not available for fibers of the His-Purkinje system. A third possibility also awaits test. Potassium, by decreasing the enhanced phase 4 depolarization in specialized tissues, will necessarily increase the level of membrane potential at the time these same tissues are excited. In this manner, the
deleterious effects of digitalis on rate of rise and amplitude of the action potential, and thus on conduction, may be partially reversed.
The interrelationships between digitalis and the pH of the peffusing media
are not yet clearly defined, probably because changes in the latter are associated with alterations in transmembrane ion transport and ion gradients
which are difficult to distinguish, one from the other. Several studies have
demonstrated that metabolic acidosis, experimentally produced by such means
as the administration of mineral acids or ammonium chloride, is accompanied
by a loss of intracellular potassium and a corresponding rise in serum potassium2 ~ Infusion of base, on the other hand, is accompanied by a movement
of potassium and sodium into the cells and a decline in serum potassium
levels. 9~ These changes presumably result from changes in hydrogen ion flux.
The effects of alterations in pH and the associated ion shifts on the electrical
activity of the specialized fibers have not been subject to detailed studies. The
effects of varying the CO2 concentration of the Tyrode solution from 0-50
per cent have been studied21 Increasing the CO2 from 0-10 per cent depressed
canine Purkinje fiber automaticity by decreasing the slope of phase 4 depolarization. A further increase to 20 per cent resulted in a bigeminal rhythm, the
premature beat arising during the latter part of phase 3. It is not possible to
say whether the 'extrasystoles' were of the reentry type or represented true
automaticity. Fifty per cent CO2 concentrations resulted in the disappearance
of bigemeny and a progressive decrease in amplitude of resting and action potentials and culminated in inexeitability. Reduction of the pH of the Tyrode
solution to 697 resulted in a picture similar to that described above for the 20
per cent CO2 gas mixture. In a recent preliminary communication,93 the response of sheep Purkinje fibers to changes in the pH of the perfusing media
from 5.5 to 8.7, were described. In acid Tyrode solution, the amplitude, rate
of rise, and plateau duration of the action potential were increased. Phase 4
depolarization and spontaneous automatieity were suppressed. In alkaline
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Tyrode solution, the plateau duration was reduced and phase 4 depolarization
enhanced. Unfortunately, the associated transmembrane ion fluxes were not
described. Current-voltage curves obtained in sodium free Tyrode solution
revealed that pH changes had little or no effect on resting membrane conductance, but that less outward current was necessary for depolarization in acid
as opposed to alkaline solutions, suggesting decreased potassium conductance
during the inscription of the action potential. The authors also feel that H ion
exerts a stabilizing effect on the sodium carrier mechanism similar to that of
quinidine and local anesthetics.
Studies of the interrelationship between the enhancement of automatieity
produced by digitalis and environmental pH have been conducted almost entirely in intact animals24-96 In line with findings that acidosis depresses and
alkalosis enhances antomatieity,98 it has been shown that the digitalis-induced
automatieity is similarly affected by environmental pH changes. The increased
"tolerance' to digitalis in acidosis has invariably been accompanied by increases
in serum potassium levels; the decreased 'tolerance' during alkalosis by lowered potassium levels. For the most part, when pH changes were unaccompanied by changes in serum potassium, changes in 'tolerance' to digitalis did not
occur,~4 suggesting that the changes in ion flux induced by the altered pH,
rather than the pH levels themselves, were the important factor. One preliminary study of the effects of molar lactate-induced alkalosis on aeetyl strophanthidin toxicity95 included determinations of both intraeellular and extracellular water and electrolyte distribution. The authors eonehided that altered
myocardial potassium gradients rather than changes in extraeellular potassium
concentrations, per se, were the cause of the increased sensitivity to digitalis
induced by alkalosis. Preliminary findings from our own laboratory to the effect that respiratory acidosis induced by varying the CO2 content of the inspired gas mixture suppresses or decreases the digitalis-induced enhancement
of automatieity are in line with those described above. Studies of transmembrahe potential changes induced by digitalis at different values for pH are
lacking. In one preliminary study, ~7 canine Purkinje fibers were exposed to a
small concentration ( .125 mg./L. ) of ouabain. The pH of the perfusing Tyrode
solution was varied from 6.7-7.8 by changing the pCO2 and/or HCOa concentration. Concentrations of ouabain which did not cause any toxic changes at a
pH of 7.2 resulted in deterioration of electrical activity of the fiber if the pH
was increased or decreased. Altering the pCO2 or HCOs, while maintaining the pH at about 7.2, resulted in a similar alteration in the response to ouabain. Unfortunately, lack of information on changes in ionic composition of
the fiber renders a more detailed analysis of the data difficult. The obvious
importance of pH and the associated changes in ionic distribution should surely encourage a systematic study of their interrelationship with digitalis.
Relationships between the effects of digitalis and the intraeelhilar and
extraceUular concentrations ,of other ions also are important. There have been
numerous studies of the effect of changes in extraeellular Ca + + concentration
on the inotropie action of digitalis 76 and, conversely, of the effects of digitalis
on fiber Ca + + content and influx and efflux of Ca+ + 2 s-l~ Although the major
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emphasis of this work has been directed towards an explanation of the mechanism by which digitalis modifies force of contraction, it is clear that effects of
digitalis on passive and active electrical properties also depend in part on
extracellular calcium concentration. Abolition of digitalis-induced arrhythmias
due to enhanced automaticity of the His-Purkinje system can be effected by a
reduction in extracellular concentration of ionized calcium and enhanced toxicity often results from administration of calcium salts. However, detailed
studies of the Ca-digitalis relationship, in terms of electrophysiology of the
heart, are lacking.
V. POSSIBLE MECHANISMS OF ACTION

It is perhaps a condemnation of the science of pharmacology to state that
the mechanism of action of digitalis still is uncertain if not unkno~vn. This
statement applies not only to the inotropic action of digitalis but also to its
effect on the electrical actMty of the cell membrane. Although it is possible
to explain in large measure the changes in rate, rhythm and conduction which
are obseraled when digitalis is administered to the intact mammal (see below),
these explanations can be made only in terms of observed alterations in the
transmembrane potential of single fibers and by application ,of standard
electrophysiologieal principles. For the most part, the mechanisms responsible
for alterations in electrophysiological properties have not been directly
demonstrated.
Maintenance of the transmembrane resting potential and generation of the
action potential usually is described in terms of transmembrane ionic concentration gradients, selective permeability of the membrane to particular ions
and voltage or time dependent variables which change specific ionic conductances of the membrane. In addition, active transport of one or more ionic
species is necessary to maintan certain of the ionic concentration gradients. In
the case of cardiac fibers, Na + and K + are the ions currently thought to be
distributed on the basis of active transport while fiber CI- concentration is
assumed to result from the transmembrane potential difference3
Digitalis might influence the electrical activity of cardiac fibers in several
ways. For this section we will assume that the action of digitalis is direct; actions mediated through digitalis-induced changes in the effect of other substances have been considered elsewhere (section III). Although the two modes
of action probably are not, in fact, separable, our assumption greatly simplifies
discussion.
The effect of digitalis on the transmembrane resting and action potential
might be a result of a change (stimulation or depression) in active transport
or a change in passive permeability. Either might alter the concentration of
ions within or immediately outside the membrane and thus modify passive and
active electrical properties. Similarly, a change in resting transmembrane
potential, resulting perhaps from a digitalis-induced decrease in potassium
permeability, might in turn modify" the net electro-chemical driving force acting on a specific ion and in this manner change its distribution. Digitalis might
directly influence those factors which modify ionic conductances during
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activity. Digitalis might alter the relationship between the level of transmembrane potential and restoration of excitability during phase 3. Finally, changes
in the repetition rate of action potentials might influence ionic concentration
gradients either by altering the net fluxes which result from depolarization and
repolarization or, in the case of passive distribution of an ion, by changing the
mean value of the transmembrane potential. Each of these, actions has been
attributed to digitalis on the basis of experiments conducted in vitro; the
problem is to select those, mechanisms which are in fact responsible for the
therapeutic and toxic effects of this agent in vivo.
Some of the data necessary for a discussion of this problem are available
(tables 1 and 2). However, interpretation is made difficult by variations in the
concentration of digitalis employed, variations in species and type of cardiac
tissue (and thus in digitalis sensitivity), and inconstant experimental conditions such as composition of the extracellular fluid ([K+], [Ca++]), heart
rate and exposure time. Also, only assumption justifies a comparison of digitalis
effects in vitro or on the normal heart with the effects of the same agent on the
failing heart. In order to compare various experiments it is also necessary to
assume that effects of low concentrations of digitalis are analogous to effects
produced early after exposure to higher concentrations. In general, the former
effects are thought to be indicative of the action of therapeutic concentrations.
Although many studies have shown an appreciable decrease in fiber K +
concentration or in K+ influx either after exposure of isolated tissues to digitalis or after administration of this agent to the intact mammal, 1~176 others
have shown no change or a small increase. 1~176 In general, the latter were
associated with lower concentrations or smaller doses of digitalis. Other measurements suggest that, in nontoxic concentrations, digitalis does not cause a
significant change in [Ki]. Changes in the polarization resistance of the cardiac
fiber membrane due to digitalis have been studied by Dudel and Trautwein TM
and Kassebaum. n In both instances the initial change was an increase in resistance which suggested a decrease in PK. This change in resistance was not
accompanied by a decrease in resting potential. We may express the transmembrane potential in terms of the extracellular concentrations of sodium,
potassium and chloride ([Nao], [Ko], [Clo] ); the intracellular concentrations
of the same ions ( [Nai], [Ki], [Cli] ); and the permeabilities of the membrane
to those ions (PN~, P~:, Pc~). From a consideration of such a formulation of
the ionic basis of the resting potential,
V --

BT

F

log~

PK[Ki] + Px,a[Nai] +

Pcl[CIo]

PK[Ko] + PNa[Na0] +

Pc~[Cli]

it seems unlikely that resting potential would be maintained in the presence
of a decrease in PK if there were a significant decrease in [Ki]. A small increase or decrease in [Ks] would not be noticed, however.
This evidence strongly indicates that low concentrations of digitalis do not
cause an appreciable loss of fiber K. Indirect evidence also suggests that,
under the same conditions, [Na~] is not increased appreciably. The magnitude of the action potential reversal and, more important, the rate of rise
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of the action potential are not decreased early after exposure of isolated tissues to digitalis. T M Also, in the intact mammal, conduction velocity is unchanged until 75 per cent of the lethal dose has been given? 3,25 Maintenance
of a normal conduction velocity supports the conclusion that the rate of rise
of the action potential is not appreciably changed. Significant increase in fiber
Na+ concentration would be expected to diminish the magnitude of the
action potential reversal, and more noticeably, the maximum rate of rise of
the action potential. It seems reasonable to conclude, therefore, that "nontoxic" eoneentrati(~ns of digitalis do not modify electrical activity primarily
by diminishing the normal concentration gradients of K + or Na + across
the fiber membrane.
The maintenance of a normal concentration of potassium and sodium in
cardiac fibers exposed to nontoxic concentrations of digitalis, as suggested
above, does not preclude an effect of digitalis on active transport of these
ions. It has been shown conclusively that, in adequate concentration, digitalis
depresses or poisons the system responsible for active transport of Na+ and/or
K + in cardiac muscle, red cells, nerve fibers and kidney tubules. (see 49,76)
However, whether or not this action will cause a measurable change in [Ki]
or [Nail depends on the extent to which the transport capacity is reduced in
relation to the net passive movement of the same ions. This, in turn, is influenced by changes in the Na or K eonduetances of the resting or active membrane, by changes in the magnitude or voltage-time course of the transmembrane action potential or by changes in heart rate. Since the permeability of
the resting membrane is reduced by low concentrations of digitalis and resting
potential unchanged (table 1), a resulting decrease in passive net flux might
well maintain EKiJ and [Nazi at normal values despite some depression of
active transport. Additional evidence for some impairment of active transport
by low concentrations of digitalis will be presented below.
In terms of these considerations the direct effects of low or therapeutic
concentrations of digitalis on the heart may be accounted for as follows. The
slight increase in excitability observed with doses which do not exceed 70
per cent of the MLD, and demonstrated as a decrease in threshold to electrical
stimuli, may reflect the concurrent increase in membrane resistance (table 1).
Because of the higher polarization resistance, a smaller applied current is
necessary to lower the resting potential to the critical threshold level. However, it is quite difficult to relate changes in excitability determined by electrical stimulation through surface electrodes to a specific change in the properties of the cell membrane. Resting potential is unchanged and there is no
evidence of a change in magnitude of the threshold potential. Amplitude and
rate of rise of the action potential and conduction velocity are unchanged and
thus there is no alteration in the configuration of the QRS complex.
Changes in the duration of the action potential and in the voltage-time
course of repolarization are complex. In vitro, low concentrations of digitalis
or brief exposure to this agent cause some prolongation of the action potential
when the frequency of stimulation is low. This finding is the same for ventricular muscle and Purkinje fibers and might be expected to result from a de-
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crease in PK which is suggested by the demonstrated increase in polarization
resistance of the membrane. On the other hand, the usual result when digitalis
is administered to the intact mammal is a decrease in both Q-T interval and
duration of refractoriness. This is indicative of a decrease in action potential
dm'ation. In vitro experiments also show a decrease in action potential duration early during digitalis action if the stimulation frequency is high. The
exact rate at which the modification in action potential duration changes
from increase to decrease appears to depend on the K + concentration in the
perfusing medium.
The fact that the change (from increase to decrease) in action potential
duration is rate dependent 11,a3 and influenced by [Ko] is quite interesting.
An inca'ease in [Ko] is known to cause earlier initiation of phase 3 of repolarization and to increase the rate of change of membrane potential during
phase 2.1~ Each action potential normally results in a net efflux of K + and a
transient increase in [Ko] immediately outside the membrane. The magnitude
and time-course of this local change in [K] depend largely on two factors:
diffusion and active inward transport of K +. If one assumes that therapeutic
concentrations of digitalis depress active K + transport to some extent, the
rate and [Ko] dependent decrease in action potential duration is explicable.
At higher rates of stimulation the depressed inward transport of K + results
in a greater, and perhaps more prolonged, change in [K +] immediately outside the membrane; this, in turn, increases the slope of phase 2, causes an
earlier initiation of phase 3 and a shortened action potential. The shorter
action potential is reflected by the decreased Q-T interval. It might be mentioned that the change in slope of phase 2 would result in some displacement of S-T segment of the electrocardiogram if the digitalis effects on rate
of repolarization were not completely uniform throughout the ventricles. The
demonstration of a greater sensitivity of Purkinje fibers to a given concentration of digitalis in comparison to ventricular muscle fibers 1~
and the subendocardial distribution of Purkinje tissue thus provide a possible mechanism
for observed changes in S-T segment.
The mechanism by which low concentrations of digitalis alter the frequency of cardiac pacemakers is not certain. When isolated preparations of
Purkinje fibers are exposed to digitalis there is a progressive increase in the
slope of phase 4 depolarization and thus a progressive increase in rate. In
terms of the modification of the ionic hypothesis currently applied to cardiac
tissue, an increase in the slope of phase 4 would be expected to result from
either a decrease in PK, a decrease in [K~] or an increase in PN~. The resulting
decrease in K efflux, in one case, or increase in inward sodium current in the
other would accelerate diastolic depolarization. Two studies of Purkinje
fibers have shown that, early after exposure to digitalis, there is an initial increase in polarization resistance which is thought ~to represent a decrease in
PK. This change thus seems to be the most likely mechanism by which low
concentrations of digitalis increase automaticity.
It is apparent that this conclusion does not agree with all reported changes
in either net fluxes of Na+ and K + or in [Ki] and [Nai]; however, there are
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a number of reasons why agreement need not be expected. First, measurements of these variables have, for the most part, been restricted to atrial or
ventricular muscle fibers and the observed changes may not reflect simultaneous changes in the specialized fibers of the sinoatrial node and HisPurkinje system. Second, many of these studies have not considered factors,
other than the direct effect of digitalis, which may modify ion movement.
Such factors most commonly include changes in rate and force of contraction.
The influence of the former is obvious. The latter might influence K + efflux
either by improving mixing in the extracellular compartment or by intensification of the hypoxia present in most in vitro preparations. Since PK as well as
active transport of Na+ and K + most likely are influenced directly by (Ko)
and since active transport quite likely is influenced by hypoxia, the number
of possible interrelated effects is great and the likelihood of correct interpretation small.
The mechanisms by which higher, or toxic, concentrations of digitalis produce effects on the electr'cal activity of cardiac tissues seem somewhat clearer
than is the case for lower, or therapeutic concentrations. In the presence of a
high concentration of digitalis active transport of both Na + and K + is depressed, membrane permeability is increased and, probably as a result of
both of these changes, (Nai) rises and (Ki) falls. The observed changes in
(Ki) are such as to reduce the magnitude of the resting potential and, as a
direct result, to decrease the rate of rise, amplitude and duration of the action
potential. A decrease in rate of depolarization of the action potential also may
result from a direct effect of digitalis on activation of the Na + carrying
system. 11 With the increase in (Nai), the change in concentration gradient for
Na + will directly decrease both rate of rise of phase 0 and amplitude of the
overshoot. Conduction velocity will decrease mainly in relation to changes in
the rate of rise of the action potential. To the extent that the decrease in membrane resistance represents an increase in PK it may contribute to the decrease
in action potential duration; this effect would be similar to the shortening
of atrial action potentials produced by acetylcholine (see section III).
The progressive increase in rate of depolarization during phase 4 and the
resulting increase in automaticity probably are the result of interaction of several factors. Since an increase in PIr and P~a would tend to have opposite effects
on the slope of phase 4, one may assume either that the change in Pr:~ is the
greater or that the effect of the increased PK is minimized by the concurrent
decrease in [K~]. The decrease in excitability, measured as an increase in
stimulus current, probably reflects the combined effects of a change in membrane resistance, a decrease in resting potential and the effect of partial inactivation of the Na carrying system; the latter is due both to loss of resting
potential 4 and direct effects of digitalis. 11
V I . EFFECTS ON ELECTRICAL ACTIVITY OF THE H U M A N HEART

A detailed discussion of the effects of digitalis on electrical activity of the
human heart is beyond the scope of this presentation. However, the results
obtained from studies of isolated cardiac tissues and intact animals permit
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some conclusions and suggestions concerning any attempted explanation of the
action of digitalis in man. Also, it may be anticipated that an attempt to relate experimental results summarized here to clinical use of digitalis, even
though incomplete and in part erroneous, will stimulate either thought, experiment or both.
Some further comment on one point, the definition of therapeutic and
toxic effects is warranted. Many experiments have employed different definitions which have been based on different assumptions. In relation to clinical
use, a therapeutic action of digitalis is one which promotes or accomplishes
the desired change in function. However, digitalis is employed for several
quite different purposes in the clinic. If adequacy of the heart is improved
by the positive inotropie action of digitalis, the dose required to effect this
change may correctly be referred to as a therapeutic dose. The same definition
might be employed in the laboratory to describe a concentration of digitalis
sufficient to cause a positive inotropie effect. However, the definitions are not
comparable in that the clinical use is associated with a beneficial effect maintained for days or years. In contrast, a concentration of digitalis which initially
improves the contraction of an isolated preparation of cardiac muscle usually
causes loss of contractility and eontraeture after longer exposure.
In relation to clinical use of digitalis, a therapeutic effect or dose may be
defined in terms of the production of a desired change in rate or rhythm.
Such a change may be the indirect result of the inotropie effect of digitalis
or may be due to an enhancement of vagal action. The dose required to
produce these effects often is quite different from that employed to produce
a high degree of A-V block or to alter the atrial rhythm in flutter or fibrillation. In the latter instances, a comparison with effects produced in vitro would
suggest that the changes were due to a toxic action of digitalis. Nevertheless,
if one considers only the clinical use, both dose levels are within the therapeutic range and toxicity would be indicated only by the appearance of undesirable actions on the heart, gastrointestinal tract or central nervous system.
Obviously, these extraeardiae manifestations of digitalis toxicity have no
parallel in studies of the isolated heart or its component tissues.
Finally, comparability between clinical and experimental use is lacking
in many instances because the condition of the heart is quite different in
each situation. There is no good reason to assume that experimental heart
failure, either in the intact animal, the isolated heart or the isolated preparation of cardiac muscle, is caused by a mechanism similar to that operative in
man. An analogous situation might be a comparison of the use of digitalis in
heart failure due, in one ease, to valvular disease and in the other, to thyrotoxicosis. The same argument applies to experimental arrhythmias. Lastly,
when one considers the effects of digitalis on isolated tissues, many of the
changes noted may be related in large measure to the altered environment
and condition of the tissue and not to the concentration of or time of exposure
to digitalis. These considerations emphasize the necessarily tentative nature
of any attempt to describe, in terms of experimental data, the mechanism by
which digitalis alters the electrical activity of the human heart.
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