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I. INTRODUCTION

The rhythm of the heart is a rather Complex phenomenon. ItS basis is the

rhythmic spontaneous generation of excitation in the pacemaker, which is nor-

mally located in the sinoatrial node. There are, however, other specialized struc-

tures with inherent myogenic automaticity : the atrioventricular node, the bundle

of His, and the Purkinje fiber system Many efforts have been undertaken to

detect specific potential changes corresponding to spontaneity in the pacemaker
(70, 77, 224, 253). Using extracellular electrodes, Goldenberg and Rothberger

(100) and Bozier (16) were the first to record a spontaneous depolarization dur-

ing diastole at the locus of the pacemaker. This is in contrast to the constant

diastolic membrane potential of the ordinary cardiac fibers. By the technique

of intracellular recording (201) the membrane potential of single cardiac fibers

could be measured, and this was first done by Woodbury et al. (349). Slow dias-

tolic depolarization was found to be a general feature of pacemakers (17, 315,

326, 335, 336). With the development of the ionic theory an explanation of the

slow diastolic depolarization in terms of changes in ionic conductances became

possible. In this review a number of physiological and pharmacological influences

which affect cardiac rhythm will be discussed. Electrophysiological understand-

ing of drug effects on rhythmicity is emphasized. The author has not tried to

present a complete listing of drugs which influence the rhythm of the heart.

Much information related to the present topic can be found in recently pub-

lished reviews and monographs (20, 53, 125, 270, 302, 331, 346).

II. SPONTANEOUS EXCITATION

A. The pacemaker potential

Earlier observations of the cyclic potential changes at the site of the pace-

maker have been confirmed and enlarged in the last 10 years by using the tech-

nique of intracellular recording of membrane potentials. The action potential

repolarizes to a level of about -80 mY. This is followed in pacemaker fibers by

a slow diastolic depolarization, which, at about -60 mV, reaches threshold, i.e.,

elicits the next action potential (see Fig. 1 A and C in comparison to Fig. 1 B

and D). Such pacemaker potentials have been found in the sinus of the turtle

(17, 145), in the sinus venosus of the frog heart (315), the sinus node of several

mammalian hearts (304, 335), the atrioventricular node of the rabbit heart (128,

129), and the bundle of His and the Purkinje system of rabbit, dog, cat, sheep

and kid hearts (50, 128, 129, 326). The slope of the diastolic depolarization differs

considerably when excised tissues from the sinoatrial node, atrioventricular node

and specialized conducting system are compared. In Purkinje fibers, rates of

depolarization between 5 and 40 mY/sec may be observed, whereas in an excised
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FIG. 1. The membrane potential in the course of two cardiac cycles of a fiber of the sino-

atrial node (A), of the atrium (B), of the Purkinje system (C), and of the ventricular
myocardium of a dog heart (D) drawn on the same time axis as the electrocardiogram (E).

Note diastolic depolarization in (A) and (C), the different shape and duration of the

action potentials of different cardiac tissues and the atrioventricular delay indicated by

the delay in the upstroke between (B) and (C). Schematic drawing of unpublished records.

sinus node the rate of depolarization may vary from 15 to GO m\/sec. The po-

tential difference between the maximum diastolic membrane potential at the

peak of repolarization and the threshold for the rapid upstroke is about 15 mY

and roughly the same in the different spontaneously active structures. Threshold

will therefore be reached earliest in the sinus (threshold potential in a Purkinje

fiber is indicated by the dashed line in Fig. 1 C). The action potential arising in

the sinus is conducted to the latent pacemaker structures and arrives there be-

fore their diastolic depolarization reaches threshold. Thus is the coordinated
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heart beat achieved, but whenever the activity of the pacemaker in the sino-

atrial node ceases, the fastest latent pacemaker will take over.

Even within the sinoatrial node or an excised strand of Purkinje fibers, the

slope of the pacemaker varies at different points (42, 145, 326, 334). It is steepest

at the locus of the earliest appearance of the propagated action potential. This

is a small area of about 3 to 5 mm2 at which the slow diastolic depolarization

passes in an upward concave curve smoothly into the rapid upstroke (see arrow

in Fig. 1 A) ; this is typical for the actual pacemaker. At a few millimeters dis-

tance, the slope is less steep and the upstroke of the action potential starts

abruptly from the level of the membrane potential; this is typical for latent

pacemaker fibers. Such an area is excited by a propagated action potential set

up in the actual pacemaker, as can be shown by latency measurements. If the

slow diastolic depolarization is enhanced and threshold is reached earlier than

in all other parts of the preparation, a latent pacemaker fiber may become the

actual pacemaker. The shift of the pacemaker is often accompanied by a change

in beat frequency of the preparation for a shorter or longer period. Arrhythmia

occurs whenever excitation arising in an ectopic focus interferes with the regular

rhythm established in the sinoatrial node. In an excised Purkinje fiber network,

it can often be observed that the propagated action potential does not invade a

small twig of Purkinje tissue in which independent pacemaker activity is going

on. Once in a while an impulse is conducted from this area into the main part of

the preparation, disturbing the regular rhythm. Local areas of block and an

anatomical situation which favors unidirectional conduction are the conditions

for this arrhythmia. The mechanism of ectopic impulse generation is not differ-

ent from that of spontaneous excitation in the sinoatrial node. Of the many

physical factors which may influence the pacemaker potential, temperature and

stretching of the pacemaker tissue should be mentioned. Cooling reduces the

rate of the slow diastolic depolarization in Purkinje fibers (50, 305), while stretch

can have the opposite effect (65). Positive chronotropic effects of probably

similar nature have also been observed in the heart-lung preparation of the dog

after increasing the right atrial pressure (14).

B. Abnormal impulse generation

Spontaneous excitation is not always preceded by a diastolic period during

which the membrane potential depolarizes to threshold. In both ordinary ven-

tricular fibers and Purkinje fibers, action potentials can be observed which start

abruptly when repolarization of the preceding action potential has reached a

level of -50 mY to -70 mY. These extrasystoles coupled to the preceding beat

(as seen in Fig. 2) are frequently observed in deteriorated (20, 306) or drug-

treated preparations (67, 214, 276). In Purkinje fibers these extrasystoles are

often repetitive and appear as slow oscillations between -50 mY and 0 mY

(see Fig. 2, above). Suddenly one of these oscillations may fully repolarize to the

resting potential. One of the typical influences eliciting such extrasystoles is a

reduction of the extracellular potassium concentration, which is known to de-

crease the potassium permeability (36, 38). Low potassium conductance or
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FIG. 2. Purkinje fiber of the dog.

Upper trace (Fig. 7 from 301) : in the presence of low oxygen tension, showing action po-
tentials which start during repolarization. Lower trace (Fig. 2a from 276) : after administra-
tion of aconitine; note the negative afterpotential, on top of which repetitive discharges
develop. (Reproduced by permission.)

reduction in the potassium driving force, i.e., a smaller electrochemical potential

for potassium due to a loss of intracellular potassium (in a deteriorated prepara-

tion), may play a causative role for this disturbance of repolarization.

Action potentials which start before repolarization is complete have slow

rising velocity of the upstroke, and the size of the overshoot is reduced. Both

these factors cause a reduction of conduction velocity (see p. 287). The latency

of the coupled action potentials from the preceding action potentials thus in-

creases with increasing distance from the point of generation of the extrasystole.

At the locus where coupled extrasystoles originate, depolarizing afterpotentials

are often seen (65, 276). Repolarization shows a hump (see Fig. 2, below); at

about -55 mY to -60 mY the rate of repolarization suddenly becomes small

and the potential stays relatively constant for 10 to 20 msec. From these humps

the coupled extrasystoles take off.

Another possible mechanism for these coupled beats is re-entry of excitation.

Under special conditions, excitation could travel in a circular pathway to the

fiber under observation and re-excite this fiber, if it arrives after the refractory

period. Conditions favoring such re-entry are: 1) an abnormally restricted

pathway caused by local areas of block; 2) low conduction velocity; 3) a short

refractory period. Such re-entry has clearly been demonstrated in the atria,

where ring-like structures around the great vessels occur (200). As a special

form of re-entry the electronic spread from an adjacent depolarized area into

the already repolarized fiber should be mentioned. Such spread may produce

re-excitation during the supernormal phase (20, p. 151; 301, p. 68). There is a

continuous transition from an occasional re-entry in a limited region of the heart

to repetitive re-entry in many areas of the heart; this is emphasized in the circus

movement theory of fibrillation (90, 199, 200, 257, 258, 259). When extrasystoles

closely coupled to the preceding beat are seen in a single fiber, it is clearly im-

possible to decide immediately whether they originated in a heterotopic pace-
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maker or as a disturbance of repolarization, or whether they are the result of

re-entry.

C. Normal and abnormal impulse generation in experimentally and

clinically encountered arrhythmias

The information concerning normal and abnormal impulse generation as

presented in the last two sections has mostly been derived from experiments on

single fibers, i.e., of small preparations kept in a tissue bath. The significance of

such observations on single cells for an explanation of cardiac irregularities in situ

under experimental or clinical conditions might be questioned. In this review

many examples of drug effects will be described which occur in an identical or

similar manner iii a small preparation of excised cardiac tissue as well as in the

whole heart of an animal or in a patient.

Clinical observations of disturbances of rhythm are in general agreement with

the experimental findings on the individual cardiac fibers. Experimentally,

the rate of the pacemaker in the sinoatrial node can be slowed or accelerated;

most important in this connection are the effects of innervation, of the trans-

mitter agents, and of drugs which interfere with the transmitter action (see p.

296). Clinically, sinus bradycardia, sinus tachycardia, and sinus arrhythmias

are described, and for most of the cases the reflex nature is emphasized (285,

p. 79 if.). Heterotopic spontaneous impulse generation occurring in the atrio-

ventricular node, in the bundle of His, or in the Purkinje fibers is clinically and

experimentally equally well known. In any of these structures a pacemaker can

develop which drives the heart in regular rhythm. Clinicians describe an ar-

rhythmia caused by the rhythmic activity of two independent pacemakers,

e.g., one in the sinoatrial node and another in the ventricle (paraSystole, 274,

p. 151 if.). An electrocardiographic criterion of this arrhythmia is the variable

time interval between the dominant systole and the parasystolic activity. Ob-

viously the time course of the membrane potential of the pacemaker which

gives rise to the parasystole is similar to that in the sinoatrial node, i.e., activity

is preceded by a pacemaker potential. Presumably the parasystolic focus is

localized in the Purkinje fiber network and protected by unidirectional block

against the propagated action potential from the dominant pacemaker (see

section A). In contrast to this form of arrhythmia, which results from the ac-

tivity of two independent pacemakers, extrasystoles proper are premature beats

which occur at a fixed latency after the regular beat. Such premature beats are

clinically observed as bigeminy or as multiple extrasystoles. Again this type of

impulse generation has also been found in single fibers of excised cardiac tissue

and is described in section B as abnormal impulse generation. This type of

excitation takes off either from the repolarization phase of the preceding action

potential, or close to an area of injured and depolarized fibers; it also occurs in

the presence of drugs, especially digitalis (see p. 316).

The large variety of extrasystoles and their electrocardiographic pattern

results from the many possibilities of their timing within the dominant cycle,

from the localization of their origin, and from special situations regarding the
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refractoriness of parts of the heart, as well as the propagation through the heart.

As far as the origin of the extrasystole is concerned, however, both the clinical

and the experimental aspects point to two types of impulse formation : 1) the

automatic and 2) the extrasystolic impulse formation.

III. THEORETICAL CONSIDERATIONS

A . Mechanism of excitation; refractoriness

The ionic theory of excitation (1 13, 1 15, 1 16, 1 17, 1 18), as derived from ex-

periments on giant nerve fibers, has been of great value for the understanding of

excitation in cardiac muscle. During the last 10 years, much information has

become available to show the great similarity in the basic events of excitation in

nerve, skeletal muscle and cardiac fiber (cf. 280). In this connection, only the

theory of excitation and of the pacemaker potential will be considered.

The excitability of the cardiac fiber is based on the ability of the membrane to

increase its sodium permeability on depolarization. If depolarization reaches a

critical value (threshold), the depolarizing sodium current will be larger than

the opposing repolarizing potassium outward current and a regenerative de-

polarization-excitation-results. Thus the degree of excitability of interest here

is determined by the extent of the increase in sodium conductance (�Na) on

depolarization. According to Hodgkin and Huxley (1 16, 1 17, 1 18), the increase

in gNa can be interpreted as the activation of a sodium carrier system. The avail-

ability of this system to activation depends on the level of the membrane po-

tential prior to stimulation (117, 328). If the resting membrane potential is high,

the system is fully available: the increase in gNa on depolarization is great and

the velocity of the potential change during the rising phase of excitation is at

maximum value. If the membrane potential prior to stimulation is low, the avail-

ability of the sodium carrier system is reduced. Consequently, the rising phase of

the action potential is less steep. Thus, the maximum rate of depolarization of

the rising phase is a measure of the availability of the sodium carrier system. A

graph of the maximum rate of depolarization against the membrane potential

prior to stimulation, as shown in Figure 3, characterizes the sodium carrier

system and hence the reactivity of the membrane on stimulation. The graph

shows an S-shaped curve. There is little decrease in the rate of rise on decreasing

the membrane potential from -100 to -80 mY. Further decrease in membrane

potential from -80 to -60 mY sharply reduces the rate of rise from about

500 Y/sec to 50 V/sec; and, at membrane potentials less negative than -60

mY, the rate is small and relatively constant again (311, 328, 331). It is obvious

that a change in the shape of this curve is a reliable indication of a drug effect

on the sodium carrier system. It should be expected from the ionic theory that

the size of the overshoot of the action potential is closely related to the maximum

rate of rise. In agreement with the theory, a very similar dependence of the size

of the overshoot on the resting membrane potential has been found (328). Ex-

citability is determined, therefore, by the membrane potential before stimula-

tion, the availability of the sodium carrier, and the resting potassium outward

current opposing depolarization.
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FIG. 3. Relation between the maximum rate of rise of the action potential (ordinates)
and the membrane potential prior to stimulation, varied by current flow (clamp potential,

abscissae).
Purkinje fiber of the kid in Tyrode solution (left curve), and in the presence of 0.05 mM

cocaine hydrochloride (right curve). Redrawn from Weidmann (329).

The maximum rate of rise also is a measure of the intensity of the sodium

current (118). Since the electrotonic spread of this current is the stimulus for

the quiescent adjacent fiber and therefore the basis of conduction of the action

potential, conduction velocity depends strongly on the maximum rate of rise of

the action potential. Variation in the maximum rate of rise as affected by drugs

will be used extensively in this review for the explanation of changes in conduc-

tion velocity. It should be noted that the excitatory sodium current flows only

for a very short period. The maximum sodium conductance is maintained only

for about 1 msec; afterwards the sodium carrier becomes more and more inacti-

vated, although depolarization is still maintained. Inactivation is complete in

heart muscle after about 10 to 15 msec (328). This inactivation means that the

sodium carrier is not available on depolarization; therefore, in this state the

fiber is inexcitable. This fact is the basis of the absolute refractory period during

the plateau of the cardiac action potential. The inactivated carrier is transferred

to the state of availability again during repolarization. Thus, during the relative

refractory period excitability progressively returns to the resting level. At the

end of repolarization a brief supernormal phase of excitability (of a few msec

duration) is observed (122, 329). The threshold potential is nearly restored to

its diastolic value, but repolarization has not yet reached the diastolic level by

about 5 or 10 mY. No theoretical explanation of the supernormal phase is known.

B. The pacemaker potential

The pacemaker potential is a spontaneous slow depolarization. Depolarization

occurs if conductance to sodium (�Na) increases relative to conductance to potas-
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sium (g�) either by an increase of gNa or by a reduction of g�. The observation

that the membrane resistance increases during diastole is in favor of the latter

alternative (331). It has been shown that this increase can be attributed to a

decreasing gK throughout diastole (68). As to the mechanism of the fall of g�,

two factors seem to play a role. The first of these involves the relation between

g� and the membrane potential; gK shows a marked decrease on depolarization
in the range of the pacemaker potential. This membrane property will enhance

depolarization, whatever its cause may be (143, 308, 330). The second factor

involves a time-dependent decrease of g� after repolarization of the preceding

beat (308). The membrane resistance immediately after repolarization is smaller

than that found later in diastole, when compared at the same membrane poten-

tial. The rise in g� which causes repolarization seems to outlast this phase. The

return of g� to its diastolic value serves to initiate the diastolic depolarization

(factor 2), which in turn (factor 1) causes a further decrease in g�. Considering

the time-dependent reduction of gK during diastole, the pacemaker potential

may be called a positive afterpotential.

The depolarizing current during diastole is carried by sodium ions. This rela-

FIG. 4. Schematic diagram of the estimated sodium and potassium conductances (lower

tracings) underlying the action potential and pacemaker potential (upper tracing) (using

references 68, 142, 156, 308, 331).

Left, in a sinus fiber; right, in a rabbit ventricular fiber.
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tively constant current becomes more effective because of the decreasing gK.

The larger the gNa the more effe�tive is a decrease in g� in depolarizing the mem-

brane. There is indirect evidence of a large “resting” gNa at the pacemaker and

“resting” gNa �5 largest in the fibers of the sinoatrial node (308). Thus, the con-

ditions for pacemaker activity are characterized by a relatively large sodium

resting current and a decrease in g� after repolarization. A schematic diagram

of the conductance changes for sodium and potassium and the membrane poten-

tial throughout the course of a cycle are shown in Figure 4 for the pacemaker on

the left and for a myocardial fiber on the right.

The ionic theory of excitation in the squid giant nerve fiber has been described

mathematically in a set of differential equations (118); under special conditions

these equations describe spontaneous rhythmic activity (146). Recently, the

nerve equations have been modified according to the experimental data derived

from the tetraethylammonium-treated squid axon, which also shows a prominent

plateau (83, 93), as well as from ventricular cardiac muscle (156, 345)

and Purkinje fibers (241, 242). It is of interest that the computed cardiac action

potentials show the features of a pacemaker when gNa is made relatively high.

Thus, theory and experimental evidence are in good agreement.

C. Conduction of the cardiac impulse

Although the generation of the impulse may be considered as the primary

event determining the rhythm of the heart, normal impulse conduction is also

of importance for the maintenance of regular activity. Of special interest in this

connection is the impulse conduction in naturally narrow and otherwise critical

pathways like that of the atrioventricular node. Also, the effectiveness of extra-

systolic as well as parasystolic impulse formation in producing arrhythmia

depends on whether and how far extrasystolic activity can spread throughout

the heart.

1. Syncytium of fibers versus insulated cardiac cells. Cardiac cells have a length

of about 200 � and are separated from each other by the intercalated discs. The

latter are considered as anatomical cell borders (81, 232, 246). The functional

separation of cardiac cells depends entirely on the effectiveness of the inter-

calated discs to act as a diffusion barrier for small ions like potassium or sodium,

i.e., to present a high resistance to electric current. Obviously, when electrotonic

potentials are recorded 2 to 3 mm from the site of application of current (302,

p. 141; 327, 347), current flows through the intercalated discs, which, therefore,

cannot be a serious hindrance for local circuit current, i.e., for conduction. Argu-

ments to the contrary have been raised (286). These were based on the finding

that the ohmic resistance between the interiors of two cardiac cells was always

found to be at least twice as large as the resistance between the interior of one

cell and the bathing fluid. This result proves that the two cells compared were

not syncytially in close connection; however, it does not imply that every cardiac

cell is separated from the adjacent cells by an ionic barrier of the order of that

of the plasma membrane. More recently it was shown that the intercalated

disc is a low barrier for diffusion of K42. The resistance of a disc was estimated
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to be of the order of that of the myoplasma between two discs, still being 2000

times smaller than the resistance of the plasma membrane (332). Therefore,

under normal conditions conduction should not be affected appreciably by the

intercalated discs ; but when in a deteriorated fiber the membrane potential and

the safety margin for conduction are reduced, the discs may well be the locus

where block first occurs.

�. Local circuit theory and conduction velocity in the heart. In a cylindrical fiber

with cable-like properties, that is, a membrane with a capacity and high resis-

tance, surrounding a myoplasmic core of low specific resistance (R1), the current

density (Im) through any patch of membrane is given by

I- aS2V 1
H’ 2R 02 5t�

where a is the diameter of the fiber, V the potential difference across the mem-

brane and 0 is the conduction velocity, which is the same at each point of the

fiber (114, 118). No equation is available which gives 0 explicitly, for Im is a

complicated function of V and time. By the aid of the Hodgkin-Huxley nerve

equations (118) 0 could be determined for a giant axon and was found to agree

with the 0 measured in this structure. According to equation (1), conduction

velocity depends on the rate of rise of the action potential and should be slowed

when the latter is reduced. Many examples will be given in this review of slowing

of conduction due to a reduction in the rate of rise of the action potential. Since

the rate of rise is reduced when the membrane potential is less negative, con-

duction velocity is slowed in a fiber which is slightly depolarized. This is expected

to occur not only in a deteriorated or injured fiber, but also in a normal fiber

when an extrasystole arises before repolarization of the surrounding fibers is

complete, i.e., at a time when the membrane potential is still lower than in

diastole. This consideration becomes especially interesting when a premature

action potential is conducted along a pathway whose fibers have a progressively

longer action potential; examples are orthodromic conduction through the atrio-

ventricular node (129) or retrograde conduction from the ventricle to

the Purkinje system (127, 161).

Conduction velocity is proportional to the square root of the fiber diameter

(see equation), which varies considerably in the heart. The conduction velocity

in both the atrial and ventricular myocardial fibers (average diameter 12 �

of the canine or human heart is about 0.9 m/sec (302); much slower conduction

(0.05 m/sec) has been found in the thin fibers (3 � or less) of the atrioventricular

node (125, p. 159 if.; 129), whereas in the thicker Purkinje fibers (diameter

about 30 /2) conduction velocities of 1.3 to 3 m/sec have been measured (62,

302, 305, 331). Both in the atrioventricular node and in the Purkinje fiber, the

diameter of the fibers does not account quantitatively for the conduction veloci-

ties measured, a circumstance which suggests that the membrane properties of

the fibers compared are different. In Purkinje fibers, for example, the rate of

rise for a given membrane potential is considerably steeper than in a myocardial

fiber. This suggests a greater increase of gNa on depolarization in the specialized
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fiber type than in the ordinary ventricular muscle fiber (302). The higher con-

duction velocity allows the Purkinje fiber to play its physiological role in dis-

tributing excitation, so that the different parts of the heart will be excited nearly

simultaneously (normal duration of QRS in the electrocardiogram). After in-

terruption of the distributing network or of one of its branches, the wave of

excitation has to make detours through slowly conducting myocardial tissue

(prolonged duration of QRS).

In a network of fibers, such as in the heart, “the cable” is anatomically not

well defined and the current distribution is difficult to survey. The electrotonic

potential spreads farther in the main direction of the fiber bundle than in a

lateral direction (347). It should be expected, therefore, that conduction velocity

is higher along the bundle, as compared to lateral spread. Complicated situations

arise at points where one or several thin fibers merge into one very thick fiber or

vice versa. At such locations, for instance, at the atrial margin of the atrioven-

tricular node (125, p. 160 if.), the current density in the adjacent fiber may be-

come suddenly small, and conduction is delayed. Eventually spatial or temporal

summation plays a role in conduction under such conditions. Also, when the

membrane potential is reduced, conduction might be blocked in one direction,

but could still be possible in the opposite direction.

3. Normal and abnormal transmission through the atrioventricular node. Much

valuable information about conduction in the atrioventricular node has been

derived from surgical interruption (112) and from extracellular recording (172,

247, 270). Recently it became possible to trace the spread of excitation con-

tinuously from the right atrium to its arrival in the bundle of His, as well as in

retrograde direction (128, 129, 215, 264), by using intracellular electrodes. The

major part of the atrioventricular delay could be localized within 1 mm of the

atrial margin of the node. In this circumscribed area the fibers have low resting

potentials, and both overshoot and rate of rise of the action potential are small.

Often the upstroke of the action potential is notched, indicating that the elec-

trode records excitation from different merging fibers in the network (128, 129).

The conduction velocity through this area is as slow as 0.05 m/sec or less. Cer-

tainly the safety margin for conduction is low. It should be expected, therefore,

that drugs which affect the cell membrane will do this very effectively in those

fibers in which the passage of an impulse can easily be blocked or enhanced.

Also, in all parts of the node, slow diastolic depolarization has been observed

(129).

It is well known that the nodal tissue cannot transmit rapid atrial activity.

Intracellular recording has shown that failure of transmission is in part due to

the fact that the duration of the action potential is increased along the pathway

from the atrium to the bundle of His. During rapid atrial rhythm, at the atrial

margin of the node every atrial excitation may be followed by a normal nodal

action potential, while in the lower parts of the node every second action p0-

tential falls into the period of relative refractoriness of the preceding excitation;

accordingly it is of smaller amplitude and of shorter duration; ultimately block

may occur. Then an action potential arrives in the bundle of His only after every
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second atrial excitation (2: 1 block of atrioventricular conduction) (129). As

stated above, the atrial margin of the node is a very critical pathway through

which premature atrial beats are often conducted with delay or are even blocked

(126). The action potentials in this region are short, but refractory period seems

to last much longer than the repolarization of the action potential.

Iv. EFFECT OF INORGANIC CATIONS AND ANIONS ON SPONTANEITY

AND CONDUCTION

This chapter will be concerned with the effect on spontaneity of changing the

ionic concentrations of the plasma or of the perfusate, as well as those of foreign

ions. A change in the concentration of an ion species in the perfusion fluid results

in a change of the equilibrium potential for this ion between the extra- and in-

tracellular phases. The membrane potential will be more or less affected, accord-

ing to the membrane permeability for the ion species. The initial effect of a

change in external concentration is a current flow until a new equilibrium for

the currents contributed by all ions is established. Thus, both initial and late

effects should result from a change in the extracellular ionic concentration. The

same holds true when a foreign ionic species is added. If the foreign ion is able to

enter the cell there will be an initial inward flow of this ion until a final distribu-

tion is reached. Furthermore, the presence of a foreign ion may influence the

permeability for the other ions. The results of such experiments, therefore, have

to be considered with caution and do not always give a clearcut answer.

Sodium. According to the theory of spontaneity presented above, reduction

of the extraceflular sodium concentration and hence of the electrochemical

potential of sodium between the intra- and extracellular phases should slow the

pacemaker activity. Unfortunately this effect has not been systematically studied

in the sinoatrial node, but a few observations are available. Generally it can be

said that reduction of extracellular sodium reduces the slope of the pacemaker

potential and thereby retards spontaneity. When 50% of the sodium chloride in

the perfusion fluid is replaced by an equimolar amount of sucrose or tris(hydroxy-

methyl)aminomethane chloride, the slope of the pacemaker potential in the

sinoatrial node decreases somewhat (115, 125, p. 115; 307). The rate of the guinea

pig heart is slowed by only 10 to 20% when the extracellular sodium is reduced

to one half (251). In the sinoatrial node of the rabbit heart, osmotic replacement

of 75 to 90% of the external NaCl by sucrose is followed by an initial transient

hyperpolarization and a reduction of the slope of the pacemaker potential (308).

After 2 to 3 minutes, however, the preparation deteriorates and depolarization

causes block of conduction at a time when spontaneous depolarization and re-

polarization can still be observed. About 20 minutes after depletion of sodium,

spontaneity is abolished. The early effects of sodium depletion are in qualitative

agreement with the theory of a sodium inward current being responsible for

spontaneity. In the case of the late effects several secondary actions are believed

to complicate the picture.

In the excised Purkinje fibers of dog or sheep hearts the rate effect of sodium

depletion is more marked than in the sinoatrial node (62). When the extracellular
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sodium concentration is halved, the rate of beating is halved within 10 minutes

(62). This result is attributable to a reduction in the slope of the pacemaker

potential, which is roughly proportional to the sodium driving force, as would

be expected if a depolarizing sodium current is a condition for the pacemaker

potential (308).

A decrease in the plasma sodium concentration that is compatible with life

does not change the excitability of the heart appreciably. When, however, iso-

lated hearts are studied, a severe depletion of extracellular sodium reduces the

amplitude of the extracellularly recorded action potential (52) and depresses

excitability as well as conduction velocity. These effects result in atrioventricular

dissociation and finally render the fiber inexcitable (46). Inexcitabiity of a frog

heart bathed in a sodium-free Ringer solution was observed as early as 1902

(244). On the other hand it was found that in a solution containing 4.8 mM

NaCl and no other ions the frog ventricle is still excitable (40). The rate of rise

of the action potentials under this condition is very low. When potassium or

chloride ions are now added, excitability is lost promptly, probably because the

flux of these ions short circuits the small excitatory sodium current (40). It

should be noted that all these effects of sodium depletion are reversible when

normal Tyrode solution is readmitted.

Lithium. Replacement of the extracellular sodium by lithium ions is of interest,

since it has been shown that in skeletal muscle fibers lithium can replace sodium

for the spike potential; it cannot, however, be eliminated from the cell “uphill”

by active transport (165). A similar situation might occur in cardiac muscle and

in the pacemaker. When 90% of NaCl in the bathing solution of a Purkinje

fiber or a sinoatrial preparation is replaced by LiCl, the beating rate is slowed

progressively after a short period of acceleration. In this phase the slope of the

pacemaker potential is reduced. Finally spontaneity ceases, but the preparation

remains excitable (163). In this state the action potential is no longer followed

by a positive afterpotential. Readmission of Tyrode solution results in diastolic

depolarization and spontaneity within 1 to 3 minutes (163, 311). In both ordinary

ventricular fibers and Purkinje fibers the duration of the action potential is

shortened with a loss of plateau when a larger part of the extracellular sodium is

replaced by lithium (163, 208, 288). The mechanism of the lithium effect is not

clear.

Potassium. Either increase or decrease of the extracellular potassium concen-

tration is accompanied by a change in the activity of the pacemaker. When the

extracellular K is increased from 2.7 mM up to 13.5 mM, an early increase in

the frequency of the sinoatrial node is noted (89, 227, 263). In a later phase, im-

pulse generation is slowed. With higher K concentrations in the bathing solution,

depression of the pacemaker in the sinoatrial node becomes more and more

prominent (65, 263). In Purkinje fibers, elevation of the extracellular potassium

also results in a transient rise of the rate, and later the slope of the pacemaker

potential is more and more reduced until spontaneous activity ceases (331).

If the preparation is still excitable, a positive afterpotential is scarcely detect-

able. A relative insensitivity towards an increase of the extracellular K in sinus
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fibers, as compared to atrial fibers, has been demonstrated (171, 227). Sinus

fibers do not depolarize as much as atrial fibers when the extracellular K is ele-

vated, presumably because the ratio �K/�Na �5 smaller in the pacemaker than in

the myocardium (see p. 286). At 13.5 mJ\I extracellular K, action potentials still

originate within the sinus, whereas atrial myocardium is no longer excitable when

stimulated electrically (227). Several factors may be responsible for the rate

effects of an increase in the extracellular K concentration. 1) At a slight depolari-

zation of the diastolic membrane potential, the pacemaker potential may reach a

still unchanged threshold earlier, thereby accelerating the beat frequency. In a

later phase or at higher concentrations of the extracellular K, the threshold

membrane potential becomes less negative, a factor which slows the rate again.

2) In Purkinje fibers the decrease of g� on depolarization is smaller when the

extracellular K is elevated than when depolarization is due to current flow (36,

38). This effect should slow the rate of the pacemaker potential at high K. 3)

Sinus fibers are still excitable at low membrane potentials at which in myocardi-

um or Purkinje fibers the sodium carrier system is inactivated (125, p. 1 19 if.).

This in an important condition for the sustained spontaneous activity on eleva-

tion of extracellular K.

In the sinoatrial node reduction of the extracellular K concentration to zero

increases the tendency for spontaneous depolarization, and multifocal activity

appears (125). In Purkinje fibers lowering of the extracellular K to zero causes

arrest of the preparation at the plateau of the action potential (38). Preceding

the arrest on the plateau, extrasystoles coupled to repolarization, as described

on p. 281, are often observed. Probably a similar effect in the sinoatrial node is

the basis for multifocal activity in this tissue. Reduction of g� in low extracellular

K concentration, which could explain this effect, has been observed both in

electrophysiological and radioisotope studies (36).

Increase in serum potassium is known to lead to changes in the human elec-

trocardiogram (285, p. 448). As in the experiments with excised tissue, slowing

and speeding of the sinus rhythm, as well as production and suppression of

heterotopic pacemakers, have been reported. Furthermore, an increase in the

amplitude of the T-wave, atrioventricular block, and an increase in the duration

of the QRS complex have been observed. The latter effects are the result of a

decrease in conduction velocity, or block of conduction resulting from a low

resting potential (see p. 287). The change in the T-wave can be explained by the

shortening of the action potential on elevation of the extracellular K concen-

tration (279, 331). Arrhythmia can be produced experimentally in the dog heart

in situ on elevation of the extracellular K. Factors which contribute to the de-

velopment of the arrhythmia are: 1) increase in the activity of the heterotopic

pacemakers; 2) decrease in conduction velocity with the occurrence of local areas

of block and 3) shortening of the refractory period, which favors re-entrance

activity. These factors eventually can result in incoordinated independent

activity of different regions of the heart and in fibrillation.

Electrocardiographic changes have also been observed when the serum potas-

sium is reduced. The QT interval was found to be prolonged (76), indicating
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prolongation of the action potential under this condition. ST depression and the

appearance of U waves were also reported (220). It is possible that these U waves

are caused by retardation of the terminal part of repolarization, as has been

observed in single fiber experiments upon reducing the extracellular K (125).

Extrasystoles reported to occur in hypopotassemia might be related to this

disturbance of repolarization.

Calcium. Calcium ions do not affect the membrane potential by virtue of their

electrical driving force, but they exert an influence on excitability of cardiac

fibers. When Purkinje fibers are kept in a Tyrode solution with extracellular Ca

reduced to one fourth of normal (2 mM) or increased to 4 times normal, the

maximum diastolic membrane potential and the slope of the pacemaker poten-

tial for the slow diastolic depolarization do not change appreciably (329). The

threshold potential, however, is more negative (- 68 mY) when the extracellular

Ca is low than it is in a Tyrode (- 57 mY) solution with a high extracellular Ca

concentration. This change in threshold potential results in a rise of the beat

frequency when the extracellular Ca concentration is low and in a slowing when

the extracellular Ca is elevated. With a high extracellular Ca concentration

spontaneous depolarization might not reach threshold potential. The fiber is

arrested and the membrane potential “stabilized” at a level of - 70 to -80 mY.

The effect of extracellular Ca concentration on threshold potential has also been

tested by application of current pulses (329). Again, a marked influence of the

extracellular Ca on threshold was found. The fiber has to be depolarized more,

i.e., more current is required to reach threshold potential when the Ca concen-

tration is high. In a variant of this experiment, constant depolarizing current

is driven through the membrane; the quiescent fiber responds repetitively, each

action potential being preceded by a slow depolarization like the pacemaker

potential. When the extracellular Ca is reduced, less current is needed to produce

a repetitive response (308). The effect of a reduced extracellular sodium con-

centration on threshold can practically be cancelled by additional reduction of

extracellular Ca concentration (308).

It should be noted that in Purkinje fibers the current-voltage relationship of

a fiber is not influenced by a change of extracellular Ca (range of 0.45 mM to

7.2 mM) either in normal or in a sodium-free Tyrode solution. This finding sug-

gests that the extracellular Ca does not affect g� (308, 329), and it is concluded

that the stabilizing effect of Ca ions reflects a reduction in the sodium permeabil-

ity of the membrane. The effect of calcium ions on the sodium permeability

can partially explain the influence of calcium ions on the depolarization caused

by an increase or decrease of the extracellular potassium concentration. As

already mentioned, the diastolic membrane potential of Purkinje fibers bathed

in a Tyrode solution of normal potassium content is not affected by a reduction

or elevation of Ca concentration. However, when the membrane is depolarized

by an increase in the K concentration of the Tyrode solution, an additional

lowering of the Ca concentration causes still greater depolarization, but if Ca is

raised under this condition, the membrane potential increases (132). The de-

polarization produced by a low potassium concentration in the Tyrode solution
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becomes snialler when Ca is lowered and enhanced on elevation of the Ca con-

centration (132). The mechanism of these effects is not fully understood. They

could be explained qualitatively by the effects of Ca on gNa. It is possible, how-

ever, that under these conditions g� is also affected by the Ca concentration in

the Tyrode solution.

The Ca concentration also influences the time course of the action potential.

When Ca and Mg (which has an effect similar to that of Ca) are reduced, the

atrial action potential is prolonged and its shape resembles that of the ventricular

action potential (132). The time course of the action potential of the ventricular

fiber is reported to be insensitive to a reduction of Ca, from 2 mM normally

present in Tyrode solution to 0.02 mM (67, 132) ; other authors, however, ob-

served prolongation of the plateau when Ca was reduced to 0.5 mM (67). Total

depletion of both Ca and Mg prolongs the action potential (125, p. 94; 132)

and an increase of Ca by a factor of 4 shortens the duration of the action potential,

which now has a time course like that of an atrial fiber (132). Depletion of Ca

and Mg by EDTA (ethylenediaminetetraacetate) prolongs the action potential

of both ordinary ventricular and Purkinje fibers (44) ; CaCl2 antagonizes the

effect (218). Under these conditions spontaneous action potentials of many

seconds duration have been observed. The diastolic period is shortened, since

the pacemaker potential is enhanced. Even in ordinary ventricular fibers spon-

taneous depolarization develops in the presence of EDTA. These findings can

also be explained by a strong influence of calcium on sodium permeability.

In contrast to the relative stability of the membrane potential in Purkinje

fibers, in nerve and muscle fibers elevation of the extracellular Ca concentration

hyperpolarizes the membrane potential, and the opposite can be observed on

Ca depletion (19, 280, 287). The latter type of Ca effect seems to occur in the

sinoatrial node. This structure is relatively insensitive to a lowering of Ca, but

depolarizes when the Ca concentration is markedly decreased (307). Similarly,

a marked increase in Ca has the expected effects of hyperpolarization of the

maximum diastolic membrane potential and suppression of the pacemaker po-

tential in the rabbit sinus (125, p. 115).

High calcium decreases diastolic excitability in cardiac fibers (329), the same

effect it has in nerve and skeletal muscle fibers (280). When, however, excitation

occurs starting from a low membrane potential, the maximum sodium inward

current is larger on elevation of the Ca concentration (329). This means that

the availability of the sodium carrier system is larger at low resting potentials

when Ca is raised. Under these conditions the S-shaped curve relating maximum

rate of rise of the action potential to the membrane potentials prior to stimula-

tion (see Fig. 3) is shifted to the left, to less negative membrane potentials. This

Ca effect may be related to the following observations. When the resting po-

tential is low because of an increase in the extracellular potassium concentration,

it is sometimes impossible to elicit a propagated action potential at normal extra-

cellular Ca concentration. When, however, the Ca is raised, a propagated action

potential appears at the same membrane potential (125, p. 67). It is known that

fibers in high Ca concentration are re-excitable relatively early (at relatively
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low membrane potentials) during repolarization (329). This behavior, which

sometimes gives rise to coupled extrasystoles (early re-excitation), should be

expected when elevation of Ca concentration restores excitability already at low

membrane potentials. Arrhythmia can also be observed on elevation of the extra-

cellular Ca concentration in the whole heart in vitro and in situ (121, 123). In

the perfused rabbit heart in vitro, fibrillation can be initiated by injection of

CaCl2 into the perfusion stream (105) ; also, in the intact animal injection of

CaCl2 causes ventricular extrasystoles and eventually ventricular fibrillation

(123, 344).

Strontiwn and barium. When strontium is added to the normal Tyrode solu-

tion its effect is the same as of a similar amount of Ca (89) . When, however, the

Ca concentration is very low, the addition of strontium affects the action poten-

tial in the same way as would a complete removal of Ca. It has been concluded

that strontium displaces the remaining Ca from sites within the membrane.

Barium increases the duration of the ventricular action potential and the

refractory period in the frog heart (169). Conduction velocity seems to be re-

duced in the guinea pig ventricle after injection of BaCl2 (2). Occurrence of

extrasystoles and ventricular fibrillation in the dog heart has been reported

(238, 260, 284). This arrhythmia might be related to the occurrence of spontane-

ous activity of the abnormal impulse type in excised ventricular fibers in pres-

ence of BaCl2 (218). The effect of barium on the sinoatrial node and heterotopic

pacemakers in vitro is not known. It is not possible at present to relate clearly

the arrhythmias in the presence of barium to observations on the single cardiac

fiber.

Anions. The significance of the flow of chloride ions for the slow diastolic

depolarization has recently been studied (37, 38, 142, 144). In Purkinje fibers

the chloride equilibrium potential (E�1) is at about -50 mY, and at the diastolic

membrane potential the conductance to chloride (cci) amounts to less than 20 %

of the total membrane conductance (144). A small Cl current will therefore

contribute to the diastolic depolarization in Purkinje fibers. In the sinoatrial

node of the rabbit heart, intracellular Cl concentration has been determined as

40 mM and E�1 can be estimated to be between -30 and -40 mY (227). If

gci were appreciable a depolarizing Cl current could be responsible for part of
the diastolic depolarization.

When chloride is replaced by another ion the effect on membrane potential

depends on the permeability to the new anion in comparison to gci. Sudden

depletion of extracellular Cl concentration to zero results in a depolarizing cur-

rent, the intracellular chloride leaking out. Moreover, the concentration differ-

ence for the replacing ion is initially very large; the inflow of these ions results

in hyperpolarization. It can be shown experimentally that the anions smaller

than Cl, like I, Br-, and NOr, suppress the pacemaker potential, whereas

larger anions such as pyroglutamate, methylsulfate, and acetylglycine, produce

the reverse effect (144). The membrane resistance in the range of the pacemaker

potential is reduced in the presence of the smaller anions and increased when

the extracellular chloride is replaced by a larger anion (38, 144). The effects of

these ions on the membrane potential are explained by the larger permeability
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of the membrane towards I, Br, and NOr, which results in a hyperpolarizing

anion current.

In the case of the large anions to which the membrane is less permeable, there

predominates a transient depolarizing chloride current which increases the beat

frequency (144). When intracellular chloride then falls, however, late effects

appear. The depolarizing current decreases and the frequency is reduced to

below its original value. This effect is observed, in the presence of large anions,

5 to 10 minutes after the extracellular chloride has been replaced. The plateau

of the action potential is prolonged in the presence of the large anions, often to

such an extent that the rate of the Purkinje fiber is reduced, although the slope

of the pacemaker potential is still steeper than in normal extracellular chloride

(144). The effect of chloride replacement by large anions is less prominent in the

sinoatrial node than in the Purkinje fiber. When in the rabbit sinus 90 % of the

extracellular chloride is replaced by acetylglycine, the rate of the pacemaker

increases inconsistently up to 20 % within 5 minutes (307) ; lack of any effect

has also been reported (125). These results suggest that the contribution of the

chloride current to the diastolic depolarization is not large and is smaller in the

natural pacemaker than in the Purkinje fibers.

v. METABOLIC INHIBITORS, OXYGEN LACK

In giant nerve fibers, 2 ,4-dinitrophenol (DNP), cyanide, and monoiodoacetate

are known to inhibit active transport, which can be activated again by intra-

cellular injection of ATP (33, 34, 119). In heart muscle, active transport has not

been studied directly by using radioisotopes, but the electrophysiological effects

of a few metabolic inhibitors on the pacemaker are known. DNP, in a concen-

tration of 0.2 mM, after a short excitatory period decreases the slope of the slow

diastolic depolarization in the sinoatrial node of the rabbit heart; the effect is

reversed by appropriate concentrations of ATP (226). The poisoning is accom-

panied by a depolarization, the preparation being finally arrested at about -50

mY. It is possible that this depolarization is due to an accumulation of potassium

outside the cells. Reduction of the intracellular potassium concentration to

about one half and increase of the intracellular sodium concentration by up to
30% have been found in sinoatrial fibers in the presence of DNP (188); the effect

can be attributed to an inhibition of active sodium and potassium transport,

but direct effects of DNP on membrane permeability cannot be excluded. Similar

effects have been observed in Purkinje fibers. Bathing a preparation in 1 mM

DNP or 1 mM iodoacetate immediately results in increased slope of the pace-

maker potential and depolarization; within a few minutes pacemaker activity is

abolished. When the preparation is arrested, the membrane potential often in-

creases again to a value of -70 to -75 mY. In this case the fiber is excitable when

directly stimulated, but repolarization is no longer followed by a pacemaker

potential, i.e., the membrane potential is constant throughout diastole (163).

Again, it is not possible to conclude from these observations that a net inward

current due to active transport, which is blocked by the inhibitors, is responsible

for the pacemaker potential.

An initial excitatory period of increased automaticity has also been observed
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on lowering the oxygen tension both in the sinoatrial node and in Purkinje fibers

(125, p. 1 17 ; 306). Increasing the CO2 tension in the bathing solution from 0

to 10 % decreases pacemaker activity. A further increase up to 20 % and higher

leads to bigeminy, trigeminy and finally to a regular rhythm at a high rate.

Repolarization remains incomplete, i.e., depolarization starts prematurely.

Finally the membrane potential oscillates between - 50 mY and 0 (47). As

judged from the rate changes of the sinoatrial node and a ventricular pacemaker,

the latter is more sensitive towards increase of CO2 or reduction of 02 tension

(296).

In the presence of DNP, iodoacetate, sodium azide, sodium cyanide, or low

oxygen tension, conspicuous shortening of the action potential of ati’ial, ventric-

ular, and Purkinje fibers occurs before the resting potential is appre-

ciably affected (170, 207, 210, 222, 226, 306). All these agents, including low

oxygen tension, lower the resting potential, and thereby reduce conduction

velocity. In the dog heart in situ, reduction of the arterial oxygen saturation to

one third or one half results in prolongation of QRS in the electrocardiogram by

20 % ; the PQ interval is prolonged by 50 %, indicating a greater sensitivity of

the nodal fibers towards oxygen deficiency (295).

For the occurrence of extrasystoles and fibrillation, the observation of in-

complete repolarization and oscillation of the membrane potential in the Pur-

kinje fibers might be of importance. The shortening of the refractory period,

together with the slowing of conduction, is expected to favor re-entry activity.

The degree of shortening differs considerably in different fibers of the same prep-

aration, a circumstance which results in an inhomogeneity of the refractory

state. It is not surprising, therefore, that electrical stimulation leads more often

to fibrillation under these conditions (26).

VI. CARDIAC INNERVATION AND TRANSMI’11�ER ACTION

A. Vagal stimulation and acetylcholine

1. The effect on the membrane potential. The effect of vagal stimulation on the

membrane potential of the pacemaker has been studied in the sinus venosus of

the frog heart (41, 145). If a single shock is applied to the vago-sympathetic

trunk in the beginning of diastole, the slope of the pacemaker potential is slightly

reduced, resulting in a longer interval between the two beats. If the vagus is

stimulated repetitively at a low rate, the slope of the pacemaker potential is

reduced, the duration of the action potential is shortened, and on repolarization

the membrane potential reaches a value slightly more negative than the control.

Repetitive stimulation at a higher frequency (10 to 20/see) suppresses the pace-

maker potential and drives the membrane potential to a level which is more

negative by about 10 mY than the maximum diastolic potential prior to stimu-

lation [hyperpolarization, the Gaskell-effect (92)]. When stimulation ceases,

the membrane potential depolarizes again to the threshold value and the beat

is resumed. Vagal fibers and endings can also be excited by direct stimulation

of the sinoatrial node of the rabbit heart by a rapid volley of stimuli, which the

cardiac muscle cannot follow. Immediately after the stimulation period the rate
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of the pacemaker is reduced or the preparation is arrested and simultaneously

the membrane potential is increased. Hyperpolarization and the rate effect are

abolished when the preparation has been previously atropinized or when hemi-

cholinium has been administered ; the rate effect is enhanced in the presence of

physostigmine (3).

Inhibitory effects have also been observed after application of acetyicholine

(ACh) to the sinoatrial node of the dog and rabbit heart, as well as to ectopic

pacemakers in the right atrium of the human heart (303, 309, 338). In quiescent

atrial tissue of the cat, hyperpolarization on application of ACh or

carbamylcholine has been reported (23). On application of ACh or stimulation of

the vagus nerve in atrial myocardium, very little hyperpolarization may be

seen, although the fibers are strongly inhibited and eventually inexcitable

(131, 145). It will be shown later that the amount of hyperpolarization depends

to a large extent on the level of the membrane potential.

The sensitivity towards ACh varies considerably in different structures of the

heart. The inhibitory effects are most pronounced in the sinoatrial node and the

atrionodal junction (54, 125, 145, 304). Furthermore, ACh effects are well known

to occur in both atria (131, 304) and have also been observed in the upper part

of the atrioventricular node (54). With higher concentrations of ACh (10� g/ml),

slight inhibition of the spontaneity in the bundle of His and in Purkinje fibers

can occur (275), but this effect is not seen consistently. Some Purkinje fiber

strands seem to be slightly sensitive towards ACh, but some are not. This agrees

with the observation that in the dog heart with complete atrioventricular block,

ACh can affect the ventricular pacemaker (71). A depressant effect of ACh on

ventricular pacemakers in rat and rabbit hearts has also been reported (9).

Mammalian myocardial fibers are insensitive towards ACh and even concen-

trations of 1O� g/ml cause no inhibition, i.e., no sign of an increase in the mem-

brane permeability towards potassium ions can be detected (131, 275). This

agrees with older reports which indicate that the ventricular pacemaker in

complete atrioventricular block could not be affected by vagal stimulation (73,

74, 75, 111, 252). Since it is known that the density of innervation is higher in

the sinus than in the atrium (312), we may assume that the differences in sen-

sitivity are related to the density of synapses in the structures compared. The

ventricular myocardium does not seem to be innervated by cholinergic nerve

fibers. It should be noted that in the ventricular myocardium, negative inotropic

effects do occur when high ACh concentrations (1O� to 1O� g/ml) are applied

to excised ventricular strips (275) or are administered intravenously to the dog

(278); however, this depressant effect is not accompanied by any change in the

membrane potentials. This means that the surface membrane of the ventricular

fiber has no receptive sites at which ACh can increase the potassium permeabil-

ity (see below, p. 298), but that ACh can reach sites which control contractility.

This direct effect on the contractile process occurs only when higher concentra-

tions of ACh are used. It is doubtful whether this effect has any physiological

importance.

�. Mechanism. As a possible mechanism of the effect of ACh, an increase in the



298 TRAUTWEIN

potassium permeability of the cardiac surface membrane has been suggested

(23). This could explain the shortening of the duration of the action potential

and the hyperpolarization. That a “mobilization” of potassium ions is involved

in inhibition was indicated by the observation of a liberation of potassium from

the atria as a result of vagus stimulation or in the presence of ACh (135, 137,

195). All these earlier observations, however, did not lead to a coherent hypothe-

sis; this was introduced as soon as Kuffier (184), Fatt and Katz (80), and Eccles

(69) put forward a general concept of a change in ionic permeability produced

by the transmitter. This hypothesis has since been elaborated with respect to

heart muscle both by electrophysiological and radioisotope techniques.

If ACh were to increase g�, this should cause a fall in membrane resistance

independent of the membrane potential. Reduction of membrane resistance

in a frog atrial strip has been demonstrated, the length constant being reduced

by one third to one half in the presence of ACh (310). Many examples of a drop

in membrane resistance by ACh have been reported in the rat, dog, and rabbit

atrium (68, 155, 303, 304, 347). An increase in potassium conductance will drive

the membrane potential towards the electrochemical equilibrium potential for

potassium (EK) and cause hyperpolarization whenever the membrane potential

E is less negative than EK. This is the case at the site of the pacemaker, where,

as stated above, an appreciable resting sodium current-the generator of the

heart beat-keeps the diastolic membrane potential 10 to 20 mY more positive

than EK (see p. 285). In a latent pacemaker fiber, however, the difference be-

tween E and EK is smaller and, therefore, the hyperpolarization will be smaller

for a given change in g�. In atrial fibers, which have a high constant diastolic
membrane potential, the difference between E and EK may be small amid no

hyperpolarization is seen (131, 145). These observations suggested a crucial

experiment. It should be possible to show that, at membrane potentials more

negative than EK, depolarization results on application of ACh, i.e., that the

ACh effect reverses its direction at EK. This reversal has been demonstrated

(303): depolarization occurs on application of ACh when a strong inward current

raised the membrane potential above EK. Furthermore, the membrane potential

at which the hyperpolarizing response reverses to a depolarization became more

positive when the extracellular potassium concentration was increased. These

results should be expected if the reversal potential is identical with the electro-

chemical potassium potential between the intra- and extracellular phases. This

behavior proves that ACh causes a specific increase in g�, because a nonspecific

increase in membrane permeability could not be expected to have a reversal

potential identical with that of a potassium electrode.

The increase in potassium permeability has been directly observed by radio-

isotope experiments (107, 141, 248). In a sinus venosus, vagal stimulation (10/

see), as well as application of ACh (2 X 1O� to 2 X 10_� g/ml), increases the

rate of outflow as well as the rate of uptake of K42. Similar experiments in atrial

tissue have also shown an increase in g�, which is much weaker than in the

sinus. As to the specificity of the permeability change, it is interesting that no

obvious effect of ACh on the movement of Br and Cl- could be detected (141).
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Thus, in the heart both electrophysiological amid radioisotopic studies show the

great specificity of the change in membrane permeability produced by ACh

towards potassium ions.

3. “Excitatory” effects of AC/i. Several observations suggest that ACh might

produce excitatory effects in heart muscle in addition to the well-known in-

hibition. Wrhen ACh is added to isolated atria in Locke’s solution containing

quinidine, the arrested atria resume the beat . The same concentration of ACh

causes inhibition in a control preparation (22, 24). Similar stimulating effects of

ACh have been reported in deteriorated arrested atria amid in the cooled atrium

when the vagus was stimulated (28, 30). It has been concluded from such ex-

periments that ACh might initiate the pacemaker potential at least under special

experimental conditions (24). Experimental evidence, however, supports a differ-

ent explanation. In the cooled or deteriorated atria the membrane potential is

so low that conduction is blocked, but local pacemaker activity is still going on.

When ACh is administered or the vagus nerve is stimulated hyperpolarization

occurs. At the increased resting potential excitability is restored and conduction

is possible again. After a short initial inhibition of the pacemaker, the same in-

hibitory mechanism allows the preparation to contract, for the action potential

is conducted again through the preparation (212, 304). A similar explanation

may apply to the quinidine “conditioning,” another circumstance in which

hyperpolarization might overcome the “stabilizing” quiidine effect on the

membrane (see p. 311). Clearly, such effects cannot be called excitatory if their

mechanism is considered.

Whether the increase in membrane potential following administration of ACh

or vagal stimulation fully explains the recovery of excitability and conduction

of a deteriorated or cooled preparation is difficult to decide; accordingly, addi-

tional mechanisms should be considered. It is possible that ACh can liberate

norepinephrine (29), the effect of which might outlast the inhibitory period,

consequently produce acceleration of the pacemaker in the sinoatrial node, and

improve the spread of excitation over the preparation (see p. 308). Stimulating

effects of ACh have been observed in the heart with sinus rhythm (133), as well

as on the ventricular pacemaker (after atropinization or when high doses of

ACh were used) of hearts with complete block (71). The effects have been con-

sidered to be adrenergic; in the case of the ventricular pacemaker, phentolamine,

an adrenergic blocking substance, eliminates the stimulatory effect of ACh.

It has also been reported that either epinephrine or ACh exerts a positive chrono-

tropic action on isolated rabbit atria treated with quinidine (24). In this case

both effects are blocked by dichloroisoproterenol (DCI) or by pretreatment with

reserpine (see p. 309). These findings suggest that the stimulating action of ACh

is due to a release of epinephrmne (6).

True excitatory action of ACh requires evidence for a depolarizing effect

(i.e., reduction of g� or an increase of gNa) or for an effect similar to that of a

low Ca concentration on excitability. The latter possibility has been tested by

measuring the rate of rise of the action potential in the atrium of the guinea pig

heart; this increased in the presence of ACh, concomitantly with a small hyper-
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polarization, which is believed not to be responsible for the effect (154). In the

dog atrium, however, the increase in rate of rise corresponds to the small

increase in membrane potential caused by ACh (307) . The available evidence

does not support the hypothesis of a direct influence of ACh on the sodium-

carrying system.

4. Excitability and refractoriness. The effect of vagal stimulation or ACh on

the resting or diastolic excitability has frequently been determined and with

variable results. rf�he strength-duration curve for a threshold stimulus in the dog

atrium has been found completely unaffected even by strong vagal stimulation

(20, p. 203 ; 130). In the cat heart and in the turtle sinus an increase in rheobase

has been reported (61, 96), whereas in the same preparation in the presence of

carbamyicholine a decrease of rheobase and a fall of chronaxie have been ob-

served (23). The discrepancies may be attributed in part to differences in the

sensitivity to ACh of the structures in which excitability has been determined.

There is also some uncertainty as to whether the absolute threshold potential

changes when hyperpolarization occurs. No changes of absolute threshold po-

tential were recorded. Defined in terms of the threshold potential, excitability is

certainly not increased in the presence of ACh. If, however, chronaxie is used

for definition of excitability, the latter is expected to increase, since a fall of the

membrane resistance, and hence of the membrane time-constant, increases the

stimulating efficiency of short pulses. Finally, the rheobase might increase in

fibers whose membrane conductance is increased because the stimulating voltage

across the membrane is relevant here. A contrary result might be due to methodo-

logical reasons : when the strength-duration curve is determined with extra-

cellular electrodes, the current distribution in the tissues changes as the mnemn-

brane conductance falls, amid a stronger current may flow to some fiber regions.

It is well knowmi that ACh shortens the action potential in the sinus and atria

(131, 145, 279), the effects of carbaniylcholine amid acetyl-�-methylcholine being

indistinguishable from those of ACh (23, 211, 325). The degree of shortening

could be related quantitatively to the increase in potassium permeability (304).

The reduction of the duration of the action potential results in a marked shorten-

ing of the absolute refractory period of the atrium, the degree of shortening

being proportional to the strength of vagal stimulation (279). The relative re-

fractory period is also shortened to a variable degree, depending on the strength

of inhibition. During strong vagus stimulation or in the presence of ACh con-

centrations of 1.3 X 10� g/nil, this period is definitely shorter than the control

values [dog atrium in situ (20, p. 204); cat atrium in vitro (23)]. It should be

remembered that during vagal stimulation or application of ACh these changes

in the refractory periods are not uniform, and that this results in a considerable

inhomogeneity in excitability in atrial fibers. This might explain the decrease in

fibrillation threshold and the prolongation of the period during which the atrial

preparation responds with extrasystoles or fibrillation when stimulated after the

absolute refractory period.

A somewhat surprising observation is the sudden increase in the beating rate

of the atria that results from either local application of ACh or vagal stimulation
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(90, 131, 257). Thus, ACh or vagus stimulation can cause fibrillation of the non-

fibrillating atria or an increase of the rate of fibrillation (257). Also, local appli-

cation of either acetyl-j3-methylcholine (237) or ACh (273) to small areas of the

atria produces atrial fibrillatiomi. Likewise, ACh can cause fibrillation when

added either to the fluid bathing isolated atria (339) or to the circulation of the

heart-lung preparation (25, 31). The cause of these effects is not ami increase of

the spontaneous sinus rate or the occurrence of a single or multiple pacemakers.

It results presumably from early re-excitation (see p. 281) by re-entrance (339). A

favorable condition for eliciting atrial fibrillation by ACh injection is hyper-

potassemia (196). However, hyperpotassemia can also either prevent or stop

fibrillation induced by ACh (25). Often, of course, ACh will stop arrhythmic

activity and fibrillation, especially when applied in higher concentrations.

5. Effects of A Ch and vagal stimulation on conduction in the atrium and atrio-

ventricular node. The effects of vagal stimulation or ACh on conductiomi depend

oh the intensity of the inhibitory effect. In the frog atrium a small area can be

inhibited so effectively by stimulation of the branch of the vagus that innervates

it, that the action potential cammot invade the inhibited area, i.e., complete block

occurs (183). Similar observations have beeti reported from the electrically driven

turtle sinus; it is rendered inexcitable whemi the vagus is stimulated repetitively

at high frequencies (145) ; the action potentials which arise just before block

occurred have a low amplitude. The block of comiduction will occur when g� is

increased up to levels comparable to gNa during excitatiomi.

In the right atrium of a dog or a rabbit heart the inhibitory effect of ACh,

even iii the highest concemitrations, is never as strong as the vagal effect in the

amphibian atrium, amid the conduction velocity of the actiomi potential is not

decreased. By contrast, it cami be shown by latency measurements that con-

duction velocity is often increased either in the presence of ACh or whemi the

vagus is stimnulated (61, 130, 304). This might be due to a slight iiicrease in the

restimig potential. It is also possible that conduction velocity rises when the

membramie conductance falls to a certain extent, since the current density in the

immnediate vicinity of excitation increases. No judgment of the quantity of such

an effect is possible, simice the influence of a change of the membrane resistance

on conduction velocity has not yet been worked out theoretically. A situation

similar to that in the amphibiami sinus is encountered in the transmission through

the mammalian atrioventricular node, which is blocked by ACh in low concemi-

trations. Atrioventricular transmission has been extensively studied by a syste-

matic simultamieous recording of the electrical events along the pathway of

excitation (54, 125, p. 145 if). A considerable difference in the ACh sensitivity of

fibers in different regions has been demonstrated. ACh strongly affects fibers of

the atrionodal junction. In these apparently very thin fibers, ACh produces a

great reduction of the amplitude and duration of the action potential, and a

block of conduction occurs (54, 125). The lower part of the miode does not show

signs of inhibition, and the bundle of His is also not inhibited. When the atrio-

ventricular node is blocked, independent rhythmic activity may originate in a

pacemaker in the bundle of His.
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6. Atropine and cholirtesterase inhibitors. Atropine eliminates the inhibitory

effect of ACh (21 1), as well as those of carbamylcholine and acetyl-�3-methyl-

choline (313). ACh in a concentration of 10� g/ml fails to exert its influence on

the pacemaker potential and membrane resistance of an atropiiiized preparation

bathed in a Tyrode solution (atropine 10� to 10� g/nil). The ACh effects on

potassium fluxes are also abolished in the presence of atropine (107). Immediately

after application to an excised dog atrium, atropine (10� g/ml) causes a slight

prolongation of the action potential and a decrease of the resting potential. The

effect suggests the existence of a spontaneous “resting” liberation of ACh, as is

well known from other synapses (164). In concentrations of 5 X 106 and higher,

atropine also affects ACh-insensitive membranes of Purkinje fibers and yen-

tricular fibers. These effects are similar to those of local anesthetics (313).

The cholinesterase inhibitors have been used in several studies on the pace-

maker. Eserine decreases the rate of the pacemaker activity on the heart-lung

preparation and on atria in vitro (27, 313, 324). These indirect effects of ACh

are abolished by atropine. Neostigmine causes a variable shortening of the action

potential of rabbit atria (21 1). The effect of neostigmine on the changes in

membrane resistance of fibers of the frog atrium produced by ACh has been

determined (310). When the preparation is immersed in mineral oil amid sur-

rounded by a small volume of solution, the membrane resistance falls abruptly

on application of ACh through the micropipette. The inhibitory effect disappears

or is reduced within a few minutes, however, presumably because the ACh in

the small volume is hydrolyzed. In fact, when neostigmine and ACh are applied

together, the effect on membrane resistance remains constant for many minutes.

Similarly, in the presence of neostigmine the potassium fluxes in rabbit atria

are slightly increased (248). Diisopropyl fluorophosphate (DFP) in large concen-

trations (10� to 106 g/ml) added to the fluid in which a dog atrial preparation

is beating spontaneously or is driven electrically produces within minutes all

signs of inhibition, very much like those caused by ACh. The effects are nullified

when atropine or PAM (pyridine aldoxime methiodide’) is added (313). The

same observation has been reported for pacemaker and nonpacemaker fibers in

the isolated rabbit atrium in the presence of tetraethyl pyrophosphate (168).

Here again the effect of this drug is the same as that produced by ACh and

eliminated by PAM. It is possible that, in the presence of the alkylphosphates,
ACh spontaneously released from the nerve endings accumulates, or the libera-

tion is increased, or both, and ACh effects become apparent under this condition.

The latter alternative may explain the shortening of the atrial action potential

by strychnine, which is also reversible by atropine (211). These effects of DFP

could not be observed in ventricular myocardium, in which DFP has a local

anesthetic action, which, however, occurs later than the inhibitory effect in the

right atrium.

B. The effect of sympathetic stimulation and epinephrine

1. Observations on the pacemaker. The direct electrophysiological observation

of the effects of sympathetic stimulation on the natural pacemaker has been
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possible only on the sinus venosus of the frog heart (41, 145). No information is

available concerning the effects of sympathetic stimulation on the pacemaker of

the mammalian heart. The typical effect of the sympathetic stimulation is an

increase in the slope of the pacemaker potential, which results in shorter beat

intervals, since neither the maximum diastolic membrane potential nor the

threshold is appreciably affected. During stimulatiomi at 20/sec for several

seconds, the effect develops gradually, being just detectable after 1 to 2 seconds

and doubling the heart rate after 10 seconds. The rate effect wanes within 1 to 3

minutes after the end of stimulation. Thus the time course of the sympathetic

effect is much slower than that of the vagal effects in the heart. Similarly when

either epinephrine or norepinephrine is applied to the sinoatrial node of the

rabbit heart, the most marked effect is an increase in the rate of the slow diastolic

depolarization (163, 338). Often application through a micropipette to a latent

pacemaker area results in a shift of time pacemaker to the site of application. The

effect of sympathetic stimulation on the membrane potential and the time

course of its development can be judged better when the sinus venosus is quies-

cent. A single stimulus applied to the sympathetic root causes depolarization

within one second. On repetitive stimulation depolarizatiomi reaches threshold

and spontaneity is re-established (41). A somewhat indirect method of

stimulating the sympathetic fibers and nerve endings in the sinoatrial node of

the rabbit has been reported recently (3). When the spontaneously beating

preparation is stimulated by 20 pulses/second for 5 seconds, immediately after

stimulation the beating rate is suppressed, presumably because of the stiniula-

tion of vagal fibers in the preparation (see p. 296). This suppression is followed

by a positive chronotropic effect, which is most probably the result of the stimu-

lation of sympathetic structures, for it is blocked by pretreatment with reserpine

or by dichloroisoproteremiol, guanethidine, or bretylium and enhanced in the

presence of cocaine and pyrogallol. Cocaine and phenoxybenzamine also increase

the chronotropic response of sympathetic stimulation in the sinoatrial node of

the rabbit dissected with its innervation (138).

Experiments with excised Purkinje fibers yielded results similar to those

gained with the sinoatrial node. When epinephrine is administered to the fluid

in which the preparation is bathed, the only consistent observation is the in-

crease in the slope of the pacemaker potential (163, 243). The beat frequency

can approach that of the sinus node. This observation agrees well with the

observation of extrasystoles and ectopic foci after an intravenous injectiomi of

epinephrine. These are seen especially in the intact animal, in which the reflex

inhibition of the sinus activity favors the development of heterotopic pace-

makers (120). It is important to note that only in Purkinje fibers has epinephrine

the depolarizing effect on the diastolic membrane potential, whereas in ven-

tricular myocardium the production of a pacemaker potential has never been

observed. Since epinephrine induces spomitaneity in cat papillary muscles (63),

this preparation is supposed to contain Purkinje fibers. The quiescent Purkinje

fiber shows depolarization when epinephrine is applied locally, as in the quiescent

sinus after symiipathetic stimulation. When the depolarization is large enough,
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it leads to oscillations and development of a pacemaker (163, 243). At the pace-

maker imi a Purkinje fiber strand a few further effects can be observed after local

application of epinephrine through a micropipette (surface area of application,

100 /22; concentration, 10� g/nil). In the majority of all applications a slight

depolarization of the maximum diastolic membrane potential occurs. Sometimes

small changes in the take-off level of the action potential are measured, which

might result from small shifts in the location of the pacemaker. Often the action

potential “improves” 1 to 2 minutes after the application of the drug. This

‘ ‘improvement ‘ ‘ consists of slightly more negative maximum diastolic potentials

and threshold potentials, which result in a larger amplitude of the overshoot;

often the plateau phase is at a more positive level and prolonged (91).

The relative potencies of l-epinephrine and l-norepinephrine in increasing the

heart rate have not been studied electrophysiologically at the pacemaker in the

sinoatrial node, but much is known about the chronotropic effects, as observed

by the rate of contraction of isolated hearts. Significant species differences have

been reported. Generally l-norepinephrine is somewhat more potent than 1-

epinephrine in accelerating the pacemaker (55, 189, 202, 205, 333). When the

chronotropic effects of l-epinephrine and l-norepinephrine were compared with

those produced by isoproterenol, the latter agent was found 10 to 15 times more

potent in accelerating the pacemaker (155, 189).

2. Arrhythmia in the intact animal after administration of epinephrine. The

ability of epinephrine to induce ectopic ventricular beats, when administered

intravenously in the dog, cat, or rabbit was recognized early and has often been

studied (120, 159, 194, 240, 340). These ectopic beats most probably result from

the development of pacemakers in the conductive system, where epinephrine

depolarizes the membrane potential to threshold. Obviously, the probability for

the occurrence of ectopic beats will be the larger the longer the time available

for their development. A favorable condition is the inhibition of the sinus node

due to vagal reflex activity, which occurs when the blood pressure rises (240).

When the vagi are cut or when atropine is administered, larger doses of

epinephrine are necessary to precipitate ectopic beats, which occur less frequently

(240). Under these conditions sinus tachycardia may result; thereby the in-

creased sinoatrial rate can still dominate the heart, i.e., the conductive system

will be excited by a propagated impulse before a pacemaker potential, originated

somewhere in this structure, reaches threshold. The preparation with the simio-

atrial node inhibited by stimulation of the vagus nerve has been used in the

anesthetized animal to test the effectiveness of sympathomimetic drugs in

producing ventricular pacemakers (255). Isoproterenol is ten times more potent

than epinephrine or norepinephrine in producing ectopic beats. In the intact

animal, however, isoproterenol does not elicit ectopic beats, for it does not

increase the blood pressure; accordingly, it produces a marked increase in the

rate of the pacemaker in the sinoatrial node, which is not inhibited by vagal

reflex action (254). In another study, l-epinephrine, l-norepinephrine, mephen-

termine, and methoxamine have been compared in their effectiveness in produc-

ing ectopic beats in the exposed heart of a dog whose vagi had beemi cut. The most
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potent drug has been shown to be l-epinephrine, while methoxamimie neither

produces ectopic beats nor increases the normal pacemaker rate of the sinoatrial

node (94) ; this situation holds true even when the dog heart is sensitized with

cyclopropane or chloroform (187, 291). In the heart-lung preparation, methox-

amine (4 mg) produces a slight depression of the pacemaker rate; doses of 1 mng

or more abolish the positive chronotropic action of epinephrine (148). The

possible mechanism of the antagonizing effect towards epinephrine is discussed

below (see p. 306).

3. Mechanism. The effect of epinephrine on the pacemaker potential is only

partially understood. As the basis for the effects of epinephrine one might think

of an increase of gxa or a decrease of gK or of gci, or a combimiation of these. The

latter possibilities are not convincing because the epinephrine effect is practically

unaltered when the extracellular chloride is replaced by a large anion to which

the cell is not permeable (unpublished experiments), and the membrane resist-

ance does not increase as would be expected when gK decreases (66) . Certainly,

sodium ions carry the depolarizing current, since depolarization fails when the

extracellular sodium concemitration is reduced to one-half, or when the membrane

is depolarized and thereby the potential is brought closer to ENa. Thus, an increase

in the “resting” gxa may be assumed as the basis of the membrane effect of

epinephrine. The difficulty in this interpretation is that sometimes no depola-

rization is observed, although the slope of the pacemaker potential is increased.

An increase in resting gNs cannot be the only effect of epinephrine. The hyper-

polarization of quiescent atrial fibers (67) and the increase of the maximum dias-

tolic membrane potential in the pacemaker, which is sometimes observed, are

contrary to the effect of an increase in gsa.

Epinephrine could have an effect similar to that of depletion of external

calcium; but the following observations do not favor this hypothesis: 1) epi-

nephrine does not alter the level of the threshold potential, when this is determined

with square pulses in the quiescemit Purkinje fiber (163); and 2) the dependence

of the rate of rise of the upstroke or the size of the overshoot of the action po-

tential on the level of the membrane potential prior to excitation (see Fig. 3) is

not affected by epinephrine in Purkimije fibers (311). In the frog sinus, however,

the rate of rise and overshoot seem to increase on sympathetic stimulation (145).

These effects could be due to a slight hyperpolarization of the firing level, which,

however, was not observed in the experiments. In the frog atrium, partially

depolarized by an increase in the extracellular potassium concentration, epi-

nephrine appreciably increases the amplitude of the overshoot without an in-

crease in the restimig potential, the rate of rise of the action potential being

unchanged (72). For an explanation of these effects of epinephrine on the frog

sinus and frog atrium, a decrease in the intracellular sodium concentration by

activation of the active transport has been discussed. This hypothesis seems to

be supported by a few experiments. Epinephrine fails to have detectable mem-

brane effects in Purkinje fibers poisoned with DNP or iodoacetate (1 to 2 mM)

(163, 311); these agents are known to block active transport in giant nerve fibers.

Similarly, when sodium is replaced by lithium, which cannot be extruded actively
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from the skeletal muscle fiber (165), epinephrine fails to have any effect. However,

direct effects of these metabolic inhibitors on the membrane (for example, an

increase in �K) are not excluded. In quantitative terms, an explanation of the

epinephrine effects on the basis of an increase of sodium concentration difference

is not very convincing, since the reduction of intracellular sodium by 50 % (from

50 mM to 25 mM) increases the driving force for sodium ions by only 10 %.

Larger intracellular changes can scarcely be expected (256). In radioisotope

studies a markedly increased outflow of Na24 in the presence of epinephrine (at

a constant rate of beating) was found in frog sinus venosus and atriumn (106).

It is of interest that methoxamine, which is chemically related to epinephrine,

antagonizes the chronotropic effect of epinephrimie on the pacemaker imi the

sinoatrial node, as well as omi ectopic pacemakers (148) ; also, it reduces the rate

of rise of the upstroke of the ventricular action potential but does not change

the resting potential (147). This latter finding suggests a reduction of gNa similar

to the “stabilizing” actiomi of quinidine. A depression of the oxygen consumption

of heart tissue by metlioxarnine has also been reported (108). Dichloroisopro-

terenol, which imi small doses (0.01 to 3 mg) in the dog heart-lung preparation has

the properties of a synipathomimetic amine, in larger doses produces a de-

pression of the pacemaker in the sinoatrial node ; furthermore it inhibits com-

petitively the chronotropic effect of epinephrine (85, 239) whereas the classical

adrenergic blocking agents, such as Dibenamine, phenoxybenzamine, azapetine,

piperoxan and Hydergine do not block the chronotropic response of the pace-

maker towards epinephrine (239). Unfortunately no electrophysiological study

on the pacemaker is available with methoxamine or with dichloroisoproterenol.

4. Excitability and refractoriness. In contrast to the strong effects of the

sympathomimetic agent on spontaneous impulse generation, the effects of these

drugs on restimig excitability are often insigmiificant. It should be stated in this

context that automaticity and resting excitability are two different qualities and

are by no means directly related. Stimulation of the cardiac sympathetic nerves

of the dog heart produces either no change of the ventricular or atrial excitability

or a minimal lowering of the diastolic threshold (20, p. 216).

When epinephrine or norepinephrine is administered the most frequent

response is a diphasic effect: ami initial period (1 to 5 minutes) of increased

excitability (10 to 23 � is followed by a longer period (up to 30 minutes), duriiig

which the threshold is increased by 23 to 50% of the control value (282). These

effects of epinephrine and norepinephrine vary with the rate and volume of the

injection. In the dog, small doses of either agent infused at a rate of about 7 /Lg

per kg body weight and miii for 3 minutes produce only the initial transitory

increase of excitability in both the ventricle and atrium whereas larger amounts

(15 to 30 �g per kg and miii) produce the long lasting depression of excitability

after the initial transitory increase. When equimolar doses are compared, 1-

epinephrine produces a slightly greater change in excitability thaii does i-nor-

epinephrine (282). The diphasic effect on excitability has also been observed

with other sympathoniimetic agents, such as mephentermine and methoxamine

(94, 289). As to the mechanism of this diphasic change in excitability, it has been
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shown that a single intravenous injection or a continuous infusion of either 1-

epinephrine or l-norepinephrine causes a transitory increase of the serum po-

tassium by a factor of 2 to 3. This increase in serum potassium is in phase with,

and may account for, the decrease of the current requirement. The slight de-

polarization apparently reduces the difference between the threshold membrane

potential and the resting potential amid, therefore, increases excitability. This

explanation is supported by the fact that the same elevation of the serum po-

tassium by injection of KC1 also leads to an increase in excitability (20, p. 228).

The depression of excitability seems to be a direct effect of these agents on the

cardiac fibers, which occurs when larger concemitrations are administered. Further

effects, such as an increase in vascular volume after the administration of epi-

nephrine, which could change the short-circuiting of an extracellularly applied

current pulse, are, however, not fully excluded. Threshold determinations on

single ventricular fibers during a period of 30 minutes after epinephrine adminis-

tration are not available. In the quiescent Purkinje fiber of the sheep, the thresh-

old membrane potential is not altered after local application of l-epinephrine

through a micropipette, in concentrations that are below those producing a

pacemaker. In this structure the resting potential depolarizes by a few mV and,

as a result, the current strength of a threshold stimulus led through a second

microelectrode into the same fiber is slightly decreased after epinephrine applica-

tion (163). Unfortunately no such experiments are available on ventricular

myocardial fibers.

Rather inconsistent observations have been reported concerning the effects

of sympathetic stimulation and sympathomimnetic agents omi the refractory

period or the duration of the cardiac action potential. At a constant beating rate

the latter has been found to be slightly shortened in the atrial fibers of the dog

and cat, as well as in the right ventricular fibers of the dog (20, p. 221 if.; 123,

p. 87) and in fibers of the embryonic chicken heart (82). Prolongation has been

reported, however, in atrial fibers of the rat, guinea pig and rabbit (86, 123, p.

57; 325), as well as in the frog ventricle, when high epimiephrine concentrations

(0.2 mg/ml) are applied (206). Most often the duration of the normal ventricular

action potential is not changed by epinephrine (43). Prolongation after epi-

nephrine application can be observed imi the course of the recovery of a hypo-

dynamic or deteriorated preparatiomi, the action potentials of which show a loss

of plateau and are of short duration (91, 311). The monophasic action potential

led off by a suction electrode from the exposed heart of a dog is shortened l)y 10

to 20 % when l-epinephrine, norepinephrine, mephentermine, or methoxamimie

is administered (94), but this effect may reflect ami imicrease in the serum po-

tassium, which has been reported under this condition (20, p. 224).

Stimulation of the cardiac sympathetic nerves has no significant effect on the

refractory period when the heart rate is kept constant (20). When, however,

in the dog l-epinephrine is administered by imifusion at a rate of about 7 /2g per

kg body weight and mm, both the relative and the absolute refractory period in

the dog ventricle and atrium are shortened by 10 to 13 msec (282). A stronger

effect, shortening of the absolute refractory period by 20 to 50 msec, has been
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reported after the infusion of norepinephrine (94). The shortening of the absolute

refractory period might be related to a slight decrease in the duration of the

action potential, as obserVed with isolated atrial or ventricular strands after the

application of epinephrine. In the intact dog an increase in the serum potassium,

after the infusion of either epinephrine or norepinephrine, could produce a

similar effect. A decrease in refractory period by 10 to 20 % has also been found

with mephentermine, but only for a short time after the beginning of the infusion

(289). Generally it can be said that the effects of the sympathomimetic agents on

the resting excitability and the refractory period are small and play no significant

role in the ability of these drugs to produce arrhythmia.

5. Conduction velocity. Epinephrine causes a slight increase in conduction

velocity in the dog heart, as measured by close bipolar electrodes in the heart-

lung preparation ; simultaneously, the QRS complex is shortened (18). A decrease

in the conduction time has been observed on the exposed dog heart, in situ in

both the ventricular and atrial myocardium (94). In equimolar doses (infusion

at a rate of about 7 �g per kg body weight and mm) the effect is slightly stronger

when induced by epinephrine than by norepinephrine (282). The mechanism of

this increase of conduction velocity is difficult to understand, since neither the

resting potential and action potential nor the resting excitability show con-

sistent changes, except in atrial fibers, in which an increase in resting potential

has been observed (66).

In a deteriorated preparation with a low conductiomi velocity, epinephrine

causes a marked increase in conduction velocity. The improvement of the spread

of excitation into a partially or completely blocked fiber area has been demon-

strated (311). The action potential increases appreciably in amplitude and is

accompanied by a slight increase in resting potential. When conduction is blocked

in the frog atrium by an increase in the extracellular potassium concentration,

the amplitude of the action potential is increased and conduction is restored by

epinephrine without a change in the level of the resting potential (72).

The effect of epinephrine on transmission in the atrioventricular node has also

been studied in isolated preparations in the tissue bath (216), as well as in the

exposed dog heart (94, 294). In this structure the resting potential and

the velocity of the rising phase of the action potential are normally low, and the

situation is somewhat similar to that in the deteriorated or potassium-treated

myocardium. This may explain the marked effect of epinephrine in shortening

the atrioventricular delay (182, 216, 294); l-epinephrine (3 mg/mm) infused for

5 minutes shortens the atrioventricular conduction time by 40 %. Ten to twenty

times larger concentrations have to be administered to affect intraventricular

conduction (294). Pressor amines such as methoxamine and mephentermine

prolong the atrioventricular conduction time, as should be expected in the

presence of a drug which reduces the rate of the upstroke of the action potential.

In the case of methoxamine, this increase aniounts to 30 to 100 %. Mephentermine

initially shortens atrioventricular conduction time and also ventricular conduc-

tion time (289), but, when it is infused continuously, a lengthening by as much

as 20 msec is consistently observed (94). Here again it should be stated that the
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effects of the sympathomimetic drugs on conduction velocity do miot explain

the arrhythmias produced by these agents. The cause of this arrhythmia lies in

the enhanced tendency of the fibers of the conductive system to produce spon-

taneous excitation.

6. Reserpine. Iii relation to the action of epinephrine on the pacemaker, the

cardiac action of reserpine is of great interest. When small doses (0.03 to 1 mg/

liter of blood) are applied to a heart-lung preparation, an increase in the rate of

the pacemaker in the sinoatrial node, as well as of a pacemaker in the atrio-

ventricular node, is observed (179). These accelerating effects of reserpine are

due to a release of norepinephrine, presumably stored in the sympathetic nerve

endings (12, 233, 243, 28la, 313a, 323). A release of catecholamines by reserpine

is also found in other tissues (136, 236). The depletion can be so complete as

to interfere with transmission between the nerve endings and the pacemaker

fibers, and stimulation of the accelerator nerve fails to evoke an increase in rate

(316). When larger doses (5 to 15 mg per liter of blood) are applied, a direct

depressant effect on the pacemaker is observed (149), which is not affected by

atropine. The sensitivity to catecholamines of the reserpine-pretreated pace-

maker seems to depend on time; an early reduction of the sensitivity (149, 179)

that is followed by periods of unchanged sensitivity (149) and hypersensitivity

(7) has been described. A detailed presentation of this subject has appeared

(313a).

Omily one electrophysiological study of the effect of reserpine on the cardiac

pacemaker is available (299). In the presence of reserpine in a concentration of

1 to 10 mg/liter the duration of the actiomi potential is prolonged amid the size

of the overshoot is reduced in both pacemaker and atrial fibers; in pacemaker

fibers the slope of the diastolic depolarization is decreased, the heart rate is

slowed, and after one to two hours the pacemaker activity ceases. The effects of

reserpine are not reversed by washing, but the addition of norepinephrine restores

the normal rate amid configuration of the action potential. The sensitivity of the

preparation to epinephrine was reduced by a factor 10 to 100; however, after 2

to 3 hours the sensitivity towards catecholaniiiies began to increase. This study

shows that reserpine has direct membrane effects. Both electrophysiological and

radioisotope work will be necessary before a possible mechanism can be dis-

cussed.

In a study of the Rauwolfia alkaloids a group of compounds has beeti found

with a biphasic action on rate similar to that of reserpine. These substances are

raunescine, isoraunesci tie, deserpidi tie, and rescinnami ne. Another group, con-

sisting of ajmaline, serpentine, aricine, and a-yohimhine, causes only the de-

pressant effect on rate, without the initial cardioacceleratory action (36, 37, 131,

158). These agemits have an action like that of quinidine (see p. 310). Two other

agents with an action related to that of reserpine have become knowmi recently

(15, 219). Bretylium and guanethidine produce positive chronotropic effects on

the heart-lung preparation similar to those observed with reserpine (87, 352).

Bretylium has also been shown to depress considerably the effect of sympathetic

stimulation in the right atrium of the rabbit heart dissected with its innervation
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intact (139). Both bretyliuni and guanethidine abolish the positive chromiotropic

effect seen after the rapid stimulation of the rabbit sinoatrial node (3). It was

proposed recently that these effects are due to the release of catecholamines in a

manner similar to the action of reserpine (87, 177). The following observations

suppoi-t this hypothesis. Depletion of the catecholamines in the rabbit and dog

heart by guanethidimie could be showmi (39, 177). When the dog used for the

heart-lung preparation is pretreated by reserpine in a maminer kmiown to deplete

the catecholainine storages, the positive chronotropic effects of bretylium and

guanethidine are abolished. 1�urtherniore, pretreatment of the dog by guami-

ethidine abolishes the positive chronotropic effect of this agent when subsequently

administered in the heart-lung preparation (87). Block of the chromiotropic

effects of nerve stimulation by guanethidine has, however, beemi found to occur

before depletion of the catecholamine storage (39a, 88a, 220a). These authors

attribute the block produced by guanethidine, like that of bretylium, to sonic

action oii the nerve other than on the release of catecholamine.

VII. DRUGS WITH ANTIARRHYTHMIC PROPERTIES

The aim of this chapter is not to present a complete review of the numerous

papers about drugs with antiarrhythmic effects, but to show a few common

features of their action. Several factors comitribute to the imifluemice of these

agents on rhythmicity of the heart: 1) a direct effect omi the rate of the pace-

maker potemitial which is more marked in the heterotopic pacemakers thami in the

sinus node ; 2) a decrease imi diastolic excitability ; 3) prolongation of the ab-

solute amid relative refractory period, and a decrease in vulnerability of the heart

to stimuli durimig these periods; and 4) a reductiomi imi conduction velocity in all

cardiac fibers, which becomes promimient when higher concentrations are used.

The antiarrhythmic drugs differ imi the extent of their influence oii these factors,

but all their effects can possibly be explained by a common mechanism.

A. Effect of quinidine and procainamide

Q uinidine sulfate (6 mg/liter) depresses the rate of the pacemaker potential in

the sinoatrial node of the rabbit heart in vitro (337). Both quinidine amid pro-

cainamide also suppress lieterotopic pacemakers in Purkinje fibers. In low

concentrations quinidine (3 to 6 mg/liter) amid procainaniide (30 to 60 mg/liter)

reduce the slope of the diastolic depolarization (124, 329). The same effect has

beemi observed omi Purkinje fibers, the pacemaker activity of which was enhanced

by epinephrine (123, p. 193). The depression of the pacemaker potential occurs

without any change in the maximum diastolic membrane potential. In the

mamnmiialian sinus node both these drugs seem to be less active in suppressing

spontaneous activity than imi Purkinje fibers (123, p. 118). A comparative study

of these drugs in depressing spontamieity in the sinus amid heterotopic pacemakers

is not yet available.

The duration of the action potential in both ventricular myocardium amid

Purkinje fibers, as well as in atrial fibers, is slightly prolonged when therapeutic

concentrations of quinidine are used, mainly because of a retardation of the
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terminal repolarizatiomi phase (124, 152, 218, 318, 319, 337). In the presemice of

quinidine, procaine, or procainamide, the small effect on the duration of the

action potential does not fully account for the pronounced imicrease in the “effec-

tive” refractory period (198), i.e., the shortest interval between two maximal

stimuli which elicit a response propagated through the whole heart (297, 337).

The prolongation of the effective refractory period caused by these agents

results mainly from ami interferemice with the depolarizing process (see Mecha-

nism, below). It should be noted that these agents increase the refractory period

in comicentrations that are equal to those in the blood after clinical use.

Interesting effects of these amitiarrhiythmic agents on the upstroke of the action

potential have been reported. Quinidine sulfate (3 to 4 mg/liter), procainamide

(100 mg/liter) and pyrilamine maleate (7.3 mgi’ liter) reduce the rate of rise of

the upstroke amid the size of the overshoot of the action potential, but leave the

diastolic membramie potential unaffected (132, 318, 337). The effect of quinidine

on the rate of the upstroke of the action potential has been reported to depend

omi the beat frequency, beimig more pronounced at high rates thami at lower rates

(133). Whether this is a true rate-effect, as the authors state, or is the result of a

slightly less negative membrane potential due to incomplete repolarization at a

high beatimig rate, is difficult to decide on the basis of figure 3 of their paper (133).

In Purkinje fibers quinidine sulfate (10 mug/liter), pmocainaniide (330 mg/liter)

amid diphenhydramine hydrochloride (10 mg/liter) reduced the rate of rise of the

upstroke amid the overshoot of the action potential (329) ; clearly, the decrease

in the rate of rise could iiot be attributed to depolarization of the resting po-

tential. Whemi the latter was artificially increased by current flow to the control

value, or to even more negative values, the rate of rise of the upstroke was still

smaller iii the presemice of (1tminidilie than iii the untreated fiber (329). All these

drugs rendered Purkinje fibers inexcitable withimi 1 to 2 hours; at this time the

resting potential was decreased (48), but block occurred before the potential

dropped to -72 mY, a level at which untreated fibers were still excitable (329).

A decrease in the comiduction velocity of the rabbit atrium produced by quini-

dine, procaine, or procainamide in low therapeutic comicentrations has heeii

reported (297).

The observations on the effects of these drugs iii the exposed heart in situ are

in good agreement with the results gained on single fibers. Excitability was

determimied in these experiments h)y measuring thresholds at different times of

the cycle at a constamit heart rate. The atrial amid ventricular excitability amid

fibrillatiomi thresholds, as affected by (1uimndine sulfate, have been studied with

comitrolled concentrations of the ding in the blood (20, p. 244; 93). Therapeutic

concentrations, which did not lower the blood pressure, prolonged the absolute

refractory period of the atrium by about 20 msec, and the relative refractory

period by 30 msec. During the relative refractory period, the threshold for a

single response was consistently elevated amid even the strongest of stimuli did

not evoke fibrillatiomi. The minimum blood level of qwnidimie sulfate which

prolongs the refractory period, is 3 to 6 mg/liter. This is the same concentration

as that used in the Tyrode solution bathing the excised ventricular preparation
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(20). The resting excitability is decreased in the atrium (threshold elevated by

40 %), and is even more so in the ventricle (threshold elevated by 80 to 110%)

(95). The conductiomi velocity is slightly decreased, but can become very low

when higher concentrations are used (294, 300). Very similar results have been

obtained with procainamide infused 10 minutes at a rate of 30 to 40 mg per kg

amid mimi (330). The atrium seems to be more sensitive towards this drug than

the ventricle with respect to the prolongation of the refractory period. Con-

duction through the atriovemitricular node is greatly delayed by all the anti-

arrliythmic drugs, as might he expected in a structure that has a low safety

margin for conduction.

B. Mechanism

The mechammism of action of quinidine, procainamide, procaine, diphenhydra-

mine, amid cocaine has been extensively studied on Purkinje fibers (329). When

compared at the same resting potential, the rate of rise of the action potential

and the size of the overshoot are decreased. The S-shaped curve relating the

maximum rate of rise (which is proportional to the sodium inward current omi

activation) to the membrane potential at the start of the action potemitial, is

shifted to the right (see Fig. 3). This could be interpreted as a block or inactiva-

tion of sodium carriers. The maximum transport capacity of the carrier system is

also reduced (see the right curve in Fig. 3), for even the action potentials taking

off from very large membrane potentials (artificially increased by curremit flow)

show a maximum rate of rise which is smaller thami the maximum rates of con-

trols (329). This basic observation holds true for all the other drugs memitioned

and possibly explaimis their antiarrhythmic effects.

As mentiomied above, there is a discrepancy between the small increase in the

duration of the action potential and the marked prolongation of the “effective

refractory period” in the presemice of quinidine. It has also been reported that,

with high comicentrations of quimiidine, repolarization can be complete, but a

propagated action potemitial stillcan not be elicited (134, 297). If this were the

case, refractorimiess could miot be explained omi the basis of the S-shaped curve,

hut an additional effect of the amitifibrillatory agents on the time of recovery of

the sodium carrier system after repolarization would have to be assumed. Imi

accordance with the sodium-carrier blocking theory of the action of quimiidine

is the observatiomi that its effect can be imihibited by increasing the extracehlular

sodium comicentration. This chamige increases the sodium driving force, amid this

partially compemisates for the depression of the carrier system (51). The findimig

of an inhibition of Na24 imiflux by quimiidine agrees with the above-described

concept of its mechanism of action (167). Also, the reported depression of K42

effiux (134) is not an uncommon observation with “stabilizing” drugs (84, 280).

In the heart-lung preparation of the dog, however, a slight net loss of potassium

imi the presence of quinidine has been reported (21). The somewhat conflicting

results reported in the literature concerning this matter have recently beemi

summarized (21). Quinidine exerts its antiarrhythmic properties in a concen-

tration which does not change the intracellular sodium or potassium concen-
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tration (lOla). The antiarrhythmic effect cannot, therefore, be explained by a

change in the difference of the ionic concentration between the extra- and the

intracellular phase.

C. Related drugs

Many antiarrhythmic agents have been studied in recent years by testing

their ability to prevent experimentally induced fibrillation (59). With some of

these drugs excitability has been measured. The compound 1-(2-diethylamino-

ethylamine)-3-niethylisoquinohine dihydrochloride decreased excitability during

diastole by as much as 50 % below comitrol values and prolonged the refractory

period by 15 to 40 % ; vulnerability against fibrillation and extrasystoles was

markedly decreased (230). The compound 1 -(2-diethylaminoethylamimio)-3

propylisoquinoline produced smaller changes in excitability and in the refractory

period, and had a lower antifibrillatory potemicy for the ventricle (230). Several

local anesthetics prevent ACh- or aconitine-induced auricular fibrillation and

ventricular arrhythmias induced by combined hydrocarbon-epinephrine adminis-

tration (283). In addition to diphenhydramine dihydrochloride, many other

antihistamines are known to depress experimental atrial arrhythmias elicited by

injury or acoiiitine (341) as well as ventricular arrhythmias (281). A few amitimna-

larial drugs have been described as very effective in prevemiting atrial fibrillation

(32). Other compounds such as N-(7-isopropylaminopropyl)-a , a-diphemiyl-

acetamide hydrochloride ; /3-diisopropylaniinoethyl-4-phenyl-4-tetrahydropy-

rancarboxylate hydrochloride ; and �-diethylaminoethyl-2 , 6-dimethyl-5 , -

6-dihydro-4H-pyran-3-carboxylate hydrochloride, prolonged the “effective

refractory period” of the cat papillary muscle. These compounds also prevented

experimental arrhythmias (342). An antiarrhythmic action is also reported with

such ataraxic agents as benactyzine and alsoroxylon; their effects have been

compared with that of quinidimie (5).

A group of antifibrillatory drugs consisting of ajmahin, serpemitine, aricimie,

reserpinine amid a-yohimbine has been found in Rauwolfia. These drugs prolong

the relative refractory period in the isolated rabbit atrium and prevent experi-

mental arrhythniias (4, 319). Serpemitine amid ajmalin also restore the sinus

rhythm (209); ajmalin increases the fumictiomial refractory period of the atrio-

ventricular transmission (131), as well as the PQ interval (277). Ajmahin also

reduces myocardial excitability amid conduction velocity. In comparable doses

it is about twice as potent as quinidine in prolonging the refractory period (10,

98, 277). Amiother compound, amotriphen, has recently been reported to de-

celerate markedly the normal and epinephrine-stimulated isolated rabbit atrium

and to decrease the simius rate of the dog heart; in smaller doses than are required

with quinidimie this agemit stops ventricular flutter and prolongs the relative

refractory period (78).

It should be remembered that, in the single fiber experiments, chemically

quite unrelated agents with antifibrillatory action such as quinidimie, procaine,

diphenhydramine and papaverine have basic common properties: they inhibit

the sodium permeability on activation, reduce the resting excitability and pro-
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long the relative refractory period. One might assume, therefore, that the amiti-

arrhythmic effects of the drugs discussed in this section are based omi the same

principles. All these drugs probably reduce the resting excitability amid thereby

exert a protective effect agaimist any kind of stimulus, such as mechanical ones

iii surgery, electiotonic spread from adjacent depolarized areas, amid action

potentials of low amplitude which might arise in the relative refractory period.

Moreover, these drugs will prevent any kind of early re-excitatiomi by re-entry,

re-excitation of the aconitimie type (see p. 319) or excitatiomi which might occur

during the supernormal phase before repolarization is complete. Finally these

agents decelerate the isolated rabbit atrium as well as the simius of the dog heart

both under normal comiditions and when stimulated by epinephrine.

VIII. DIGITALIS

A . The effect on the pacemaker in the sinoatrial node

Imi addition to their imiotropic effects, the digitalis glycosides amid ouabain

exert an importamit influence on the rate amid the rhythm of the heart. A detailed

electrophysiological study of the effects on the sinoatrial node is miot available.

Ouabain (0.01 mg/liter) reduces the rate of the frog sinus (314). Slowing of the

pacemaker as an early and consistent effect of digitalis has also beemi reported for

the cannulated heart of both the frog and the turtle (223), but even toxic doses

of digitalis do not abolish the pacemaker potential in the simioatrial node of the

rabbit heart (334). Bradycardia, as an early evemit after administratiomi of digitalis

glycosides, is known from experimemits in the dog and cat (262, 292, 322), as well

as from therapeutic administration in man (283). Experimiients on isolated or

vagotomized hearts, which still show a bradycardia on application of digitalis,

were thought to prove a direct effect of the glycosides on time pacemaker fibers

in the sinoatrial miode (223). Such experiments are not strictly conclusive, for a

hiberatiomi of ACh from the nerve endings has been observed iii the isolated

atrium (313). However, in the atropinized preparation, in which sensitization

effects towards ACh seem to be ruled out, digitalis still produces a bradycardia

(24, 186, 223). Therefore, a direct effect of the glycosides on the pacemaker seems

to exist. An electrophysiological study of this phenomenon should be rewarding.

In addition to the direct effect on the pacemaker fibers a peripheral sensitiza-

tion toward the action of the vagus, i.e., toward ACh, by digitalis has been showim.

The chronotropic effect of ACh in the heart-lung preparation is greatly aug-

mented in the presence of ouabaimi (88, 192, 193). Also, when the effect of vagal

stimulation on the sinus mate before amid after administration of ouabain is

compared, a marked sensitization of the former by the glycosides can he shown

at stimulation rates of 10/sec or higher (88, 221) but not with lower rates (88,

192, 193). As to the significance of the digitalis bradycardia, it has been argued

that it cannot be observed using “physiological” impulse rates in the vagal

fibers. This rate was assumed to be 2 to 4 action potential.s per second (191, 192),

judging from the effect of stimulatiomi of all fibers of the vagus nerve in iiian (33).

This conclusion seems doubtful, since single fiber recordings from vagal cardiac
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branches show frequencies well within the range of 10 to 40 impulses per second

(265).

An interaction between digitalis and the effects of either sympathetic impulses

or epinephrine has also been seemi. Digitalis reduces the chronotropic effect of

an epinephrine infusion on the sinoatrial amid the atrioventricular node of a

previously decentralized heart ; also, the effect of sympathetic stimulatiomi in

both these structures is reduced by digitalis (228).

B. Refractory period, excitability and conduction velocity

When a papillary muscle is driven at a comistant rate and ouabain (2 X 10�

g/ml) is added, the force of contraction increases within two minutes; simul-

taneously, the actiomi potential is slightly prolonged. Thereafter, the force of

contraction increases further, but the duration of the action potemitial becomes

progressively shorter. This can be observed either in a hypodymiamic preparation

or in the presence of a low extracellular concentration of calcium ions. Obviously,

the force of comitraction cannot be related to the duration of the actiomi potential

in the presence of ouabaimi (67). Shortening of the duration of the action potential

has frequently been observed in the presence of toxic doses of ouabain or digitalis

(290, 348). Iii the presence of digitalis in concentrations which produce a positive

imiotropic effect the extracellularly recorded monophasic action potemitial can be

shortened (109, 1 10). A digitalis-induced shortening of the QT interval in mami

also indicates a shortemiing of the actiomi potential (11).

In digitalis intoxication, the shortening of the ventricular action potential

explains the shortemiing of the absolute refractory period, as observed in the frog

ventricle (137, 268), tortoise vemitricle (204) amid in the dog heart (198). The

threshold dose at which the refractory period begins to shorten is about 40 %

of the lethal dose of digitoxin or ouabain (229). Shortening progresses umitil80 %

of the lethal dose is administered. Digitalis exerts its inotropic effects before the

action potential or the refractory period is affected (351). We believe, however,

that it is miot justified to comisider the shiortenimig of the vemitricular action po-

tential by 20 to 30 % of its duratiomi as a toxic effect of digitalis, for this degree

of shortemiing cami be observed imi the tissue bath before the drug reaches its

maximum inotropic effect and whemi no sign of comitracture is detectable (67).

In contrast to the absolute refractory period the relative refractory period is

markedly prolonged by the glycosides (198), especially at higher rates (268).

We believe that the prolongatiomi of the relative refractory period is due to the

fact that repolarization is shortened on the plateau level, resulting in the short-

ening of the absolute refractory period. The terminal phase of the repolarization,

however, is prolonged, amid during that time excitability is probably depressed

(67).

The plateau of the action potential of the Purkinje fiber is less sensitive to-

wards glycosides thami that of ventricular fibers and loss of plateau occurs only

on severe intoxication (67). The effect of digitalis on the action potential of the

atrial fiber has not been studied to our knowledge. The refractory period of the

atria in either the heart-lung preparatiomi or the vagotomized exposed heart of a
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dog i� increased i)y digitoximi in an amount that is 30 to 40 % of the lethal dose.

When, however, in this tissue, the vagal innervation is maintained amid an ap-

propriate method of anesthesia is used, the glycosides decrease the fuactional

refractory period (229). Digitalis often reduces diastolic excitability (157, 199,

274, p. 276). This observatiomi was confirmed in more recent experiments in tlie

dog heart with respect to doses higher than 50 % of the lethal dose ; excitability

is slightly increased, however, when smaller doses are used (231). Omily small

quantitative differences were found when the effects on excitability of digitoxin,

lanatoside C, ouabaimi, or K-strophantoside were compared (231).

Corresponding to the influence on diastolic excitability, the comiductiomi velocity

in the ventricular myocardium increased early in the course of digitalis adminis-

tration amid decreased after 50 to 60 % of the lethal dose had beemi given (231-

294). In the atrium, 33 to 40 % of the lethal dose of K-strophantoside or lanato-

side C was sufficient to prolong the conduction time (229a). The relatively late

effects of digitalis intoxication on myocardial conduction velocity seem some-

what surprising in the light of the large number of observations concerning

deformation and widening of QRS (283). In this connection the greater sensi-

tivity of conduction velocity in Purkinje fibers towards digitalis, as compared to

that of ordinary ventricular fibers, should be mioted. In Purkinje fibers con-

duction velocity is slowed markedly at a time when in the myocardium a slight

increase of the conduction velocity prevails (294).

Conduction through the atrioventricular node, determined as conduction time

from a stimulating electrode placed on the atrium to a recording electrode on the

ventricular surface, is affected to a distinctly greater degree by the glycosides

than is comiduction through either the ventricle or the atrium. Atrioventricular

conduction time increases already after 13 to 20 % of the lethal dose is given and

continues to increase until block occurs at 50 to 60 % of the lethal dose (231).

1mmthe state of atrial fibrillation the strong depressant effect of digitalis omi atrio-

ventricular conduction will reduce the miumber of atrial excitatiomis conducted to

the ventricle, thus slowing the ventricular rate (231).

C. The arrhythmias

In the course of digitalis or ouabain intoxication, arrhythmias occur at an

early stage in the dog heart. Arrhythmias result from ectopic beats that originate

as a rule imi the left ventricle (261). The dose of the glycosides necessary to elicit

ectopic pacemakers varies from 20 to 60 % of the lethal dose. As poimited out liy

Scherf and Schott (274), these ectopic beats are not coupled to the preceding

beat but occur singly with varying coupling or in groups in irregular sequence.

The bigeminal type seen in man on digitalis treatment has been observed ex-

perimentally only under special conditions, e.g., increasing the CO2 temision in

the lung (99), and, most obviously, when glycosides are applied topically to the

surface of the heart (166, 271).

In single fiber experiments on excised tissue, the effects of digitalis are some-

what different in papillary muscle from those in Purkinje fibers. In the former

preparation, which consists of ordinary myocardium and which is supposed to

he free of conductive tissue, only extrasystoles coupled to a preceding action
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potential occur. Frequently a shortened action potential is observed which is

followed by a depolarizing afterpotential, on top of which the coupled extra-

systole arises (67). In the Purkinje fibers, however, extrasystoles arise before the

action potential is appreciably shortened. They can be independent of the pre-

ceding beat and simply be fired into the regular rhythm as a single event, mdi-

cating an increase in the spontaneity of the Purkinje fibers (67, 321). Extra-

systoles can also arise from the repolarization phase at a membrane potential

level of about - 30 to - 60 mY. They can occur as long trains which appear as

oscillations between -50 and 0 mY (49, 67, 321). This terminating disorder is

certain to lead to ventricular fibrillation if it occurs, especially whemi conduction

velocity is slowed.

D. Mechanism

No defimiite statemiient can be made concerning the mnechanismii of the electro-

physiological effects of digitalis glycosides. In Purkinje fibers the membrane

resistance increases in an early stage of the positive inotropic action (67, 162).

It is possible that this correspomids to the prolongation of the action potential

and the slowing of the pacemaker potential with low doses of ouabain, as well

as to the slight increase in excitability and conduction velocity. In a later phase

the membrane resistance in a Purkinje fiber decreases progressively (67, 162),

the action potential is shortened, and extrasystoles appear.

Cardiac glycosides and related compounds inhibit ionic exchange in red blood

cells and other tissues (97, 160, 213, 266, 267, 339a). In concentrations which

exert a positive inotropic effect but do not produce arrhythmias, both increases

and decreases of the fluxes of potassium and gains and losses of this ion in the

coronary blood have been reported (21a, 106a, 319a). Some authors have pointed

out that positive inotropic effects occur before changes of the fluxes or of the

intracellular potassium concentration can be detected (166a, 190, 249, 317).

Higher concentrations clearly cause the cardiac cells to lose potassium and take

up sodium (21a, 106a, 166a). In experiments on Purkinje fibers in which both the

membrane potential and the potassium flux as well as the intracellular potassium

concentration were measured, arrhythmias caused by a toxic dose of ouabain

could be attributed to a loss of intracellular potassium. When extracellular

potassium was doubled, the intracellular potassium concentration increased and

arrhythmias disappeared (234a).

It has been pointed out that many of the electrophysiological effects of digitalis

are similar to those of the stabilizers (280). In the presence of ouabain (0.2

mng/liter) the resting potential is not appreciably affected, but the action po-

tential is diminished in size and the rate of rise of the action potential is reduced

(290, 348). This observation can be interpreted as reduction of the sodium

inward current on activation. The S-shaped curve (see p. 284) relating the

maximum rate of rise of the action potential to the membrane potential prior to

stimulation is shifted to the right, as in the presence of local anesthetics (67, 162).

This fact is certainly the basis of the reduction of conduction velocity, which has

often been found in the presence of digitalis.

No theoretical relation can be seen between the positive inotropic effects of
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digitalis and the shortening of the action potential, the inhibition of active

transport, or increase or decrease of potassium conductance. The effect of ouabain

on the sodium carrier system seems to be more interesting in this connection.

It has been speculated that ouabain might have a high affinity toward receptors

for Ca within the membrane and thereby produce an inotropic effect similar

to that of a high Ca or low extracellular sodium concentration (67, 203, 250).

IX. VERATRUM ALKALOIDS

A . The tertiary alkamines

The esters of the tertiary alkamines, veratridine, cevadine, germidine, proto-

veratrine A and B, and related substances, have cardiac actions similar to those

of the cardiac glycosides. These drugs exert a positive inotropic action and pro-

duce arrhythmias (8, 176, 180). Injected into the circulation of dogs and cats,

they produce a profound bradycardia of reflex nature that is nearly abolished

when the vagi are cut. The receptor areas for this reflex (Bezold-Jarisch reflex)

in the heart have been extensively studied (58). Here, we are concerned with the

direct effect of these drugs on the denervated heart. The effect of these agents

on the normal sinoatrial rate is rather insignificant, except for cevadine, which

produces a sinus tachycardia (8). However, the frequency of latent pacemakers

in the conductive system of the ventricles is markedly increased by the tertiary

alkamines ; this results in the development of ectopic pacemakers and eventually

in ventricular tachycardia. In addition, extrasystoles are observed which cvi-

dently start from the repolarization phase of the action potential. The simplest

form is the coupled extrasystole of the bigeminal type. Also, in Purkinje fibers,

long trains of extrasystoles at a high frequency can be elicited by a regular action

potential (100); this effect is very similar to that of aconitimie (see p. 319). In

larger doses even the ventricular myocardial fibers are able to generate repetitive

discharges (214). A well-known effect of these agents is the prolongation of the

action potential. This prolongation is probably related to the marked tendency

for repetitive discharge. The prolonged action potential of both the atrial and

ventricular fibers results in a long-lasting refractory period, which has been

observed by many authors (20, p. 262; 293).

Conduction velocity is slowed by veratrine (a mixture of veratridine amid

cevadine), the effect being stronger in the Purkinje fibers (293). Depression of

the diastolic excitability has also been reported (20, p. 263) and should be related

to the decreased conduction velocity. Unfortunately no electrophysiological

experiments are available concerning the mechanism of these disorders in the

heart. Theories concerning the repetitive responses in the veratrimiized nerve and

skeletal muscle fiber have been discussed recently by Shanes (280).

The great quantitative amid qualitative differences in the effects of the indi-

vidual tertiary alkamines should be noted, but an extensive differentiation is

not within the scope of this article. The more prominent action of the germine

and protoverin esters is their stimulating effect on ventricular pacemakers (8,

293, 294), whereas the veracevine and zygadinine esters tend more to prolong

the action potential (214, 293), to depress excitability leading to various kinds

of block (8), and to cause repetitive discharges of the aconitine type. With severe
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intoxication all these drugs cause ventricular fibrillation. Three factors con-

tribute to this terminal stage: 1) the imicrease in the spontammeity of the ventricular

pacemakers, 2) the occurrence of repetitive discharges, amid 3) the depression of

the conduction velocity, especially in the comiductive system.

B. Secondary alkamines

Representatives of this group such as veratramnine, veratrosimie, jervine, amid

pseudojervine have a marked depressant effect omi the rate of the pacemaker in

the sinoatrial miode (174, 175, 183). When the simioatrial node has been crushed,

a similar depressamit effect of veratramine on the spontaneous atrioventricular

rhythm can be observed (178). These effects can be shown in the heart-lung

preparation amid they are apparently not mediated through the sympathetic

(149) or vagal system (175). Veratramimie and veratrosine greatly reduce the

chronotropic effects of an epinephrimie infusion (174) om� of accelerator nerve

stiniulatiomi (150, 181), but these drugs do not depress the inotropic effect of

epimiephrine. The rate-depressant effect is very specific for the pacemakers in

the sinoatrial and atrioventricular node ; ectopic pacemakers are miot affected by

veratramine, which does riot influemice the fibrillating heart (178). In large doses,

veratramine can greatly depress or even periodically suppress the rhythm in the

sinoatrial node, a circunistance that can result in peculiar periods of arrest and

activity of the heart (173).

X. DRUGS INDUCING ARRI-IYTHMIA AND FIBRILLATION

Most chemical or physical imifluences can cause arrhythmia or fibrillation whemi

present in a certain comicentration or intensity. Since arrhythmia and fibrillation

are merely states of disorgamiized activity, they may be produced in many ways.

Here the effects of a few agents which are known to elicit experimental ar-

rhythmia will be discussed.

Aconitine has oftemi been used to elicit experimnental arrhythmia (272). When

applied locally to the atrium, it produces a focus which fires at a high rate (272,

274). Applied to ami excised Purkimije fiber or papillary muscle, aconitine causes

a marked depolarizing afterpotential from which short action potemitials of low

amplitude mnay arise. Shorter or longer trains of action potentials with incomplete

repolarizatiomi can be observed, which progressively repolarize to a little more

negative membrane potential (276). When repolarization reaches a critical

value of -63 mV the action potential suddenly fully repolarizes to the resting

level (see Fig. 2 B). Aconitine has the same effect in ordinary ventricular fibers

(217, 276). Clearly, the extrasystoles caused by aconitinc are coupled. Aconitinc

does miot produce slow diastolic depolarization in the ordinary ventricular fibers;

no spontaneous activity can he induced in an arrested fiber (217, 276). After

the first stimulus, however, the respoiise is repetitive. If the action potemitial

repolarizes fully, the preparation will not start to beat again unless stimulated.

When this drug is applied to a small preparatiomi or to the whole heam-t, it will

cause fibrillation by the appearance of multiple foci. The exact mechanism of this

aconitimie action is a matter of speculation.

Some hydrocarbomis, chloroform (197), ether, and cyclopropane (298) can
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cause arrhythmia or, in large doses, ventricular fibrillation (140, 225). In addition,

these agents increase the sensitivity of the heart to the fibrillation-initiating

effect of epinephrine (60, 64, 254). In the isolated atrium of the cat these drugs

depress excitability and shorten the refractory period (1) ; in the heart in situ

prolongation of the refractory period and depression of excitability have been

described (20, p. 258). Possibly depolarization and a slowing of the conduction

velocity leading to local areas of block are important factors for the occasional

occurrence of fibrillation ; especially is this the case when heterotopic pace-

makers develop under the influence of sympathetic innervation or injected

epinephrine.

Amarin hydrochloride (2 ,3 ,5-triphenyl dihydroiminazole) is also known to

cause fibrillation, expecially if its effect is combined with that of epinephrine

(79). This drug prolongs the PQ interval, reduces the conduction velocity, and

prolongs the absolute and relative refractory periods, in both atria and yen-

tricles (20, p. 260). In the dog heart in situ a concentration of 5 to 10 mg/kg of

body weight nearly doubles the diastolic threshold of the ventricles (20, p. 260).

The effect of this drug offers a good example of how a depression of excitability

and conduction, together with prolongation of the refractory periods (which is

most probably not homogeneous in different regions), results in a disorganized

action of the heart. In this respect the fibrillation-inducing effect of this drug is

not different from the effect of low temperature or a toxic dose of quinidine, both

of which lower conduction velocity to a critical value, thereby preventing co-

ordinated activation of the heart.

Recently alpha-phenoxy-alpha-dimethylamino-methyl-propiophenone hydro-

chloride (U-0882) has been shown either to produce spontaneous ventricular

fibrillation or greatly to sensitize the dog ventricle toward the fibrillation-

inducing action of epinephrine (233, 234). In the presence of U-0882 the QT

interval is lengthened and slight bradycardia occurs. On intravenous administra-

tion of epinephrine (4 /2g/kg) the sinus rate increases and the QT interval is

prolonged further. The QRS-complex gradually emicroaches upon the T wave of

the antecedent beat. When QRS begins before T is complete, the heart fibrillates.

Fibrillation also results both on injection of KC1 (10 mg/kg), which speeds the

sinus rate, and on ventricular tachycardia produced by direct electrical stimula-

tion. Protection against the fibrillation caused by U-0882 can result from either

dichloroisoproterenol or a toxic dose of ouabain; the latter is known to shorten

the action potential.

The most probable cause of fibrillation produced by U-0882 is spread of excita-

tion into a ventricle which is still-and to a variable degree-in the state of rela-

tive refractoriness because of the great prolongation of the action potential. This

should result in action potentials which greatly differ in amplitude and duration,

as well as conduction velocity. Under these conditions, coordinated activation of

the ventricle is no longer maintained. It is possible that after the long plateau,

either repolarization suddenly becomes incomplete, or depolarization occurs

spontaneously without the arrival of a propagated action potential. In both of

the explanations, fibrillation probably is maintained by conduction at random

i mito adjacent nonrefractory fibers.
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XI. CONCLUSIONS

On the basis of the present knowledge of cardiac electrophysiology a rather

complete picture of the different aspects of the rhythmic activity of the heart

can be given. Especially studies on simigle cells have made possible a detailed

analysis of the excitatory process. A complete theory of excitation amid impulse

generation was first achieved in nerve fibers. This information could then be

applied to cardiac electrophysiology and excitation in cardiac fibers could be

described mathematically in terms of changes in ionic conductances, the electro-

motive forces for the ions being constant. Present electrophysiological concepts

use a model of the cell membrane which consists of several “channels” for the

flow of ions represented by the parallel membrane conductances for these ions.

The electrophysiologist attempts to explain the membrane potential during

excitation, as well as all influences altering the excitation process, by a change of

one or more of these ionic conductances. The most serious limitation of this

concept is the lack of any detailed knowledge of the molecular structures and

processes inside the membrane which are the basis for ionic conductances.

Effects of drugs on membrane potential amid excitation are explained by the

electrophysiologist in terms of changes of ionic conductance or of shifts of the

electromotive force for the flow of the ions across the membrane. The most

readily explained effects of drugs are those which can be represemited by the

change of one specific ionic conductance from the normal to a new constant level.

The effect of ACh is the best kmiown and most important example : all

its membrane effects are based on the increase of the potassium conductance.

Such drug effects are characterized by a fast onset and usually a fast reversibility

to the normal state.

A more complicated theoretical situation exists if the effect of a drug caminot

be explained solely by a static change of conductance. The ionic conductances

depend on the membrane potential amid the time after a change of the membrane

potential; a drug can work by shifting these relationships. Typical representatives

of this group of drugs, quinidine and procainamide, reduce the increase of sodium

conductance brought about by depolarization and alter the time constant of this

effect. In this manner these drugs raise the threshold for excitation and have

antiarrhythmic properties. These drugs also change the static membrane con-

ductance for other ions, and have effects on the intracellular ionic concentration

as well as those on cell metabolism. The antiarrhythmic effect, however, can be

attributed to the interference with the depolarizing mechanisni in the membrane.

The last (and, from the theoretical point of view, the most frustrating) group

of drug effects is that in which, in addition to changes of membrane conductances,

a change in the electromotive force for the flow of specific ions has to be assumed.

The latter possibility is equivalent to a change in intracellular ionic concentra-

tion; such a change may also affect membrane conductances. The action of

epinephrine probably belongs to this group of effects. In addition to an increase

in sodium permeability, shifts of intracellular ion concentrations are involved.

Typically, these drug effects change in character with time after application and

may depend on the metabolic state of the cell. It is quite possible that the diffi-
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culties in theoretical interpretation of the effects of drugs such as epinephrine

are due to the limitations of the electrophysiological membrane model.

As a concluding remark the author may state his views concerning a useful

direction of future work in this field. He has regretted the considerable lack in

electrophysiological information about the effects of many drugs, information

which could be gained by the application of relatively simple methods. Especially

to be deplored is the fact that experiments at the cellular level are very often

missing. From the theoretical point of view it does not seem very useful to go

on doing elaborate experiments on the heart in situ as long as the actions of drugs

on single fibers have not been observed. For example, no study is available of the

direct effects of either digitalis or veratrum alkaloids on the pacemaker in the

sinoatrial node. Thus, it is not known whether veratramine causes bradycardia

because of an “inhibitory” effect depressing the pacemaker potential, or whether

bradycardia results from a very prolonged action potential in the sinus fibers.

Electrophysiological studies of effects at the cellular level should be done with

several more local anesthetic agents, the volatile anesthetics, sympathomimetic

agents, dichloroisoproterenol, reserpine, and many more fibrillatory drugs, in

order to clarify their mechanism of action.

Although the biophysical approach to the problem of drug effects on the

cardiac membrane will still lead to much new and valuable information, the

trend to a biochemical approach is strong. Many new aspects of drug action

would be opened if more information concerning structural and biochemical

counterparts of membrane conductances would be provided.
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