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INTRODUCTION

At the time of the last review of antiarrhythmic drugs in this series in 1975 (1),
the important developments in the field centered around the “classical” agents:
lidocaine, procainamide, quinidine, diphenylhydantoin (now phenytoin), and
propranolol. That review properly emphasized the importance of new informa-
tion regarding the effects of these agents on diseased tissue (e.g. obtained from
infarcted hearts) or on normal tissue stressed in the muscle chamber (e.g. by
depolarization with potassium). However, data and concepts available at that
time were not sufficient to explain the important differences among the effects
of these drugs on different types of cardiac tissue, or the difference in sensitiv-
ity of diseased and depolarized tissue as compared to normal tissue.

Since 1975, a modest revolution in antiarrhythmic drug development, re-
search, and clinical application has occurred. The number of agents in active
clinical use or investigation in the U.S. is now more than 18 (2, 3). In addition,
a major new class of agents, the calcium channel blockers, has come into
general use (4, 5). Furthermore, an attempt has been made to extend our
understanding of the mechanism of action at the molecular level: the modulated
receptor hypothesis (6, 7).

This review concentrates on the antiarrhythmic drug literature pertinent to an
evaluation of the modulated receptor hypothesis. A number of general reviews
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of the antiarrhythmic drug group have appeared in recent years (2, 8-14). In
addition, numerous reviews and symposia have been published dealing with the
calcium channel blocking agents (15-26).

MODULATED RECEPTOR HYPOTHESIS

The first crucial observation that led to the modulated receptor hypothesis for
antiarrhythmic drug action was made by Weidmann in 1955 (Figure 1A). He
observed that in the presence of cocaine, quinidine, procainamide, or
diphenhydramine, cardiac sodium channels behave as if the voltage depen-
dence of inactivation is shifted to more negative potentials (27).

A second milestone in the development of modulated receptor theory was the
observation by Johnson & McKinnon in 1957 (Figure 1B) that the effect of
quinidine upon V., (maximum upstroke velocity) progressively increases
with each successive action potential in a train (28), and the steady-state effect
increases with increasing driving rate (Figure 1B). Furthermore, Heistracher
showed that the reduction of V., recovers exponentially between trains (29).

Thirdly, Chen et al (Figure 1C) showed that during diastole, use-dependent
depression of V., recovers slowly at depolarized potentials and more rapidly
at more negative potentials (30).

These three observations have been confirmed for many of the sodium
channel blocking antiarrhythmic drugs (see section on sodium channel blockers
below) and for calcium channel blockers in cardiac tissue (see section on
calcium channel blockade below) as well.

On the basis of these three key observations, and important studies in nerve
(31, 32), it was concluded that the interactions of antiarrhythmic drugs with the
cardiac sodium channel must be time and voltage dependent. One formulation
of this notion is shown in Figure 1D. Specifically, the modulated receptor
hypothesis (6, 7) postulates that (a) antiarrhythmic drugs bind to a receptor site
on or very close to the transmembrane ionic channel; (b) the affinity of the
receptor for the drug is modulated by the channel state and/or potential: rested
(R), activated (A), and inactivated (I) channels (33) can have different kinetics
of interaction with antiarrhythmic drugs; (c) drug-associated channels differ
from drug-free channels in that they do not conduct and their voltage depen-
dence is shifted to more negative potentials.

These modulated receptor postulates were expressed in a set of differential
equations o obtain quantitatively testable predictions of drug action (7). Using
a least square error search, we estimated the drug-receptor rate constants for
quinidine and lidocaine (7). Although these rate constant estimates were based
upon data from several laboratories, using various preparations and differing
experimental conditions, they nevertheless were capable of satisfactorily pre-
dicting the effects of quinidine and lidocaine when used subsequently for data
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over arange of driving rates, recovery intervals, and holding potentials that had
not previously been tested (34). At the time the literature search for the present
review was completed, more than 100 studies had referred to the modulated
receptor hypothesis to describe the action of ionic channel blockers. In the
sections below we shall review the evidence for the hypothesis and call
attention to some unanswered questions that require further research.

SODIUM CHANNEL BLOCKERS
Use-Dependent Block

Unless a sodium channel blocker has exactly the same affinity for rested,
activated, and inactivated channels and does not alter the voltage and time
dependence of gating when bound to the channel, its action on the sodium
current will be use-dependent under appropriate conditions. Indeed, clinically
useful antiarrthythmic drugs have a low affinity for rested channels and a high
affinity for activated or inactivated channels. As a result, some block develops
with each action potential, and recovery from block occurs during rest. Use-
dependent block will occur whenever the rest interval is too short for complete
recovery from block. It is thus not surprising that all sodium channel blockers
studied so far have been found to cause use-dependent reduction of, and slowed
rest-dependent recovery of, In,, Vnax, €Xcitability, or conduction (Table 1). A
few reports have appeared that suggest the absence of use-dependent block of
sodium channel blocking drugs (91-94). However, in each of these, the
apparent lack of use-dependent block can be explained by the experimental
protocol used. Thus, a driving rate of 1 Hz at normal resting potential as used by
Singh & Vaughan Williams (94) is too slow to observe marked use-dependent
block in the presence of amiodarone, because at this membrane potential
recovery from block proceeds so quickly that little block remains at the time of
the next beat. As a result, Singh & Vaughan Williams observed only a small
(but significant) reduction of Vmax The use-dependent reduction of V imax by
amiodarone becomes much more marked when the preparation is either de-
polarized(causingslowerrecovery fromblock) or driven at faster rates (provid-
ing more time for block to occur at depolarized potentials and less time for
recovery between beats) (38). The latter observation is also supported by
clinical findings: amiodarone usually has little effect upon ventricular conduc-
tion, but it may prolong pre-existing His-Purkinje delay (39) or induce tachy-
cardia-dependent right bundle-branch block (95).

Lee et al (91) reported that therapeutic concentrations of lidocaine and
quinidine substantially reduce the sodium current in a “tonic” fashion but cause
very little use-dependent block. These authors used a holding membrane
potential at which 70% of the channels in their preparation were inactivated.
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Table 1 Evidence for modulated receptor interaction with

sodium channel blocking drugs
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Drug References
Alprenolol 35-37
Amiodarone 38,39
Aprindine 4046
Disopyramide 47-51
Droperidol 52

Encainide 50,51,53
Ethmozin 54

Flecainide 51,55,56
Imipramine 35,57,58
Lidocaine and derivatives 30,35,49,51,59-69
Lorcainide 51

Mexiletine 50,51,69,71-76
Phenytoin 62,717,718
Prenylamine 36,79
Procainamide 35,49,51,62,80
Propafenone 81-83
Propranolol 37,60,62,84,85
Quinidine 30,34,37,49,51,62,86-88
Tocainide 35,37,49,51,61
Miscellaneous B blockers 70,89,90

Since lidocaine and quinidine cause more block at depolarized potentials, and
recovery from block occurs very slowly, block would remain close to the
maximum possible under these conditions. Only limited use-dependent block
can occur when “tonic” block is so great. Bean et al (96) used preparations
clamped to more negative holding potentials and showed that marked use-
dependent block develops in the presence of lidocaine. Similar findings were
reported for quinidine by Colatsky (97).

Benzocaine has also been reported to lack use-dependence (92, 93). Benzo-
caine has a very short recovery time constant from block: 105 msecat —95mV,
27 msec at —120 mV (92). Consequently, unless the driving rate is rather fast,
recovery from block will proceed to completion during diastole. In the studies
by Sanchez-Chapula et al, the rest interval between clamp pulses was 500
msec, i.e. 4.7 times the time constant of recovery. Therefore, only about 1%

Figurel A: Antiarrhythmic drugs shift the Vmax—mV curve to more negative potentials [to the
right in this figure from (27)]. B: Antiarrhythmic drugs block in a use- or frequency-dependent
fashion (28). C: Recovery from block is strongly voltage dependent (30). D: Modulated receptor
schema: R = rested; A = activated or open; I = inactivated channels. R°D, A‘D, and I'D represent
the equivalent drug-associated channels. For more details see (6, 7).
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use-dependent block would be predicted. In nerve, Schwarz et al (98) also
failed to observe use-dependent block for benzocaine. It should be noted that,
while they were driving the preparationat 5 Hz, the depolarizing pulse was only
1 msec in duration, leaving 199 msec available for recovery. In contrast, when
stimulating at 10-100 Hz, use-dependent block was observed in the presence of
benzocaine (99-102). In an unpublished study in cardiac tissue, we have found
that the time constant of recovery from block by benzocaine can be lengthened
by depolarization of myocardium. In guinea pig papillary muscle depolarized
to —70 mV, benzocaine causes marked use-dependent block when stimulated
at 5 Hz (Figure 2).

Thus, the evidence available so far is consistent with the claim that all
sodium channel blockers exhibit use-dependent block under appropriate condi-
tions, i.e. when “resting” block is maintained at a low level and diastolic
interval is shorter than the recovery time.

Rested, Activated, and Inactivated Channel Blockade

Use-dependent block suggests different affinities for the individual channel
states, i.e. state-dependent rate constants. (As noted below, an alternative or
supplementary mechanism involves voltage-dependent rate constants of drug-
receptor interaction. This mechanism is less well supported by the available
evidence.) Although numerous investigators have discussed their results in
terms of the modulated receptor hypothesis, only a few have estimated the
affinities (or dissociation constants) for the individual states (see Table 2). In
reviewing the literature we found two postulates that are consistently sup-
ported: (a) antiarrthythmic drugs have a low affinity for rested channels but a

Table 2 Dissociation constants for channel states and voltage shifts for several sodium channel
blocking drugs

Kdg Kd, Kd, V Shift
Drug M) (M) (M) (mV) Method*  Reference
Amiodarone 0.1 1,000 20 50 G 38
Lidocaine 25 30 40 30 G 7
2.5 92 37 25 G 61
0.000 440 Large 10 19 NG 96
Mexiletine 0 4 NG 71
Procainamide 1.85 37,000 370 50 G 80
Propafenone 0.3 1.0 0.5 55 G 103
Quinidine L 103 0 40 G 7
QX-314 30 NG 104

“G: global estimates of the four variables from experimental data; NG: non-global estimates from experimental
data.
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relatively high affinity for the activated or inactivated channels or both; (b)
unless the affinities for the three channel states are determined in a global
fashion, the estimates for the affinity constant for any given state can be
severely contaminated by the effects of the other states.

Open channel block may contaminate the estimates of the non-open state
dissociation constants, because channel block can only be estimated by activat-
ing the channels. Therefore, block occurring during activation by the test pulse,
but before the measured peak, will cause an overestimate of the actual block at
the start of the test pulse. For example, a non-global estimate of rested block
may underestimate the dissociation constant (overestimate rested affinity) by
attributing open channel block to rested channel block. Quantitatively, approx-
imately 10% of the total open channel time occurs before V,,.x, and an even
greater percentage before the peak of the sodium current. Any blockade of
channels occurring during this time would be measured as apparent rested
block. This effect can not be ignored, since studies in nerve have shown that
open channels can have a high affinity for local anesthetics and that their
blockade occurs with a time constant in the 100-1000 psec range (105-111).

Inactivated state blockade may also contaminate non-global estimates of the
affinity of rested or activated channels because many drugs have a very high
affinity for the channel receptor in the inactivated state (i.e. a Ky in the uM
range). To the extent that even a very small fraction of the drug-free channels
are in the I state, a substantial fraction can nevertheless become wapped in the
I'D (see Figure 1) state during rest (for the reason explained in Table 3). This

Table 3 Relation of inactivation voltage shift and rested state dissociation

constant?
V-shift Ky,
(mV) M)
0 0.000 008 3

10 0.000 008 5
20 0.000 01
30 0.000 07
40 0.003 3
50 0.18
60 1.8

*The table shows the value of Ky, (rested state dissociation constant) required if the
first sodium current after an infinite rest period is to be reduced by 10%. Values were
obtained using the modulated receptor equations (7) for a 1 M drug concentration and
resting potential of —90 mV. The affinities for activated and inactivated channels were
set at zero. The voltage shift was varied from 0 to 60 mV. As the voltage shift is
increased, the drug-associated channels behave as if they are more depolarized. This
shifts the equilibrium between R.D. and I.D. (see Figure ID) toward the inactivated
form, thus trapping progressively more channels in the [.D. pool. Consequently, to
keepthe total block lessthan 10%, the minimumrested state dissociation constant must
progressively be increased, i.e. the affinity must be decreased.
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also would appear as rested channel block. In cardiac tissue at room tempera-
ture, inactivation is substantially shifted to more negative potentials (92, 96,
112). Under these circumstances, rested block may be overestimated (91, 96)
unless the holding potential is markedly hyperpolarized to remove all inactiva-
tion.

The voltage shift (discussed below) may also distort non-global estimates: it
will translocate RD channels to the I'D (see Figure 1) pool, again leading to an
overestimate of the rested state affinity. A similar case can be made for
distortion of the estimates for open or inactivated state affinities if non-global
fitting is used. Because of these interactions, it is best to determine these
affinities using a global least-square error search method (7).

RESTED BLOCK The literature cited in the first section shows that at normal
resting potentials therapeutic concentrations of clinically useful antiarrhythmic
drugs reduce the sodium current very little, if at all, when the channels are not
used, i.e. when they remain in the rested state. Using the modulated receptor
equations (7), one can compute the effect of antiarrhythmic drugs under rest
conditions (i.e. “tonic” block). Table 3 shows the minimum possible rested
state dissociation constants that will result in a low (less than 10%) block of
rested channels. As explained in Table 3, this estimate is strongly dependent on
the magnitude of the voltage shift of inactivation. Thus, the model predicts that
for a drug with a typical voltage shift of about 40 mV, the K4, must exceed 3
mM iflittle or no resting block is to occur. Experimentally, it has been observed
that at normal resting potentials, concentrations of sodium channel-blocking
drugs near the mM range are required to observe “tonic” block in heart.
Similarly, when studying local anesthetics in nerve, tonic block is usually
observed only when mM drug concentrations areapplied [tonic block is usually
the variable measured; for reviews see (113, 114)]. In contrast, when studying
the effects of therapeutic concentrations of antiarrhythmic drugs (wM range),
there is usually little tonic block at normal resting potential. It is thus not
surprising that the estimates of rested state dissociation constants determined by
global fitting for the drugs in Table 2 are rather large (K4, > 0.1M). Since all of
these global fits were obtained in pM drug concentrations, estimates of these
large dissociation constants cannot be accurate. Nevertheless, they can be
interpreted as showing that the rested channel affinity for these antiarrhythmic
drugs is too low to be measured accurately at therapeutic drug concentrations.

As noted above, unless all the state-dependent dissociation constants are
determined simultaneously, i.e. by a global fitting procedure, serious overesti-
mates of the rested state affinity are probable. When contributions from
activation and inactivation block are excluded, rested channel block by ther-
apeutic concentrations of antiarthythmic drugs is found to be negligible. In
Hodgkin-Huxley terminology, this can be interpreted as indicating that occu-
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pancy of the channel receptor by an antiarrhythmic drug is unlikely when the
activation gate is closed and the inactivation gate is open. As a result, anti-
arrhythmic agents that can exit from closed channels (e.g. neutral lipophilic
drugs) will do so.

ACTIVATED CHANNEL BLOCK VERSUS INACTIVATED CHANNEL BLOCK In
nerve, open channel block was first convincingly demonstrated by Strichartz
(31) for quaternary lidocaine derivatives. Lidocaine, quinidine, procainamide,
and phenytoin have also been shown to block batrachotoxin-activated sodium

.channels (115). Hille (6) proposed that the channel receptor is accessible

through a hydrophilic pathway from the inside of the cell when the channel is
open. Since sodium channels in heart behave very much like those of nerve (7)
and since at body pH antiarrhythmic drugs exist in the neutral and charged
forms, it is conceivable that the charged form could similarly block open
cardiac sodium channels. However, because the free-running cardiac action
potential lasts so long, direct measurement of “pure” open channel block, i.e.
with minimal contamination by inactivation block, can only be done by using
the voltage clamp technique to impose short pulses. Some evidence is available
for specific agents.

Quinidine Colatsky (97) showed that, in rabbit Purkinje fibers bathed in low
sodium and at room temperature, the reduction in sodium current by quinidine
(5 pg/ml) is mostly due to blockade of open channels. Moreover, lengthening
of the pulses in the train from 50 to 5000 msec produced little additional block.
This suggests that quinidine has a relatively low affinity for inactivated sodium
channels. These observations are in agreement with earlier global estimates of
the dissociation constants (7). In contrast, in ovine Purkinje fibers bathed in
normal sodium and at body temperature, quinidine (10 p.g/ml) caused a greater,
but slowly developing (seconds), reduction of V.« as the pulse duration was
increased (116). However, these authors also concluded that in therapeutic
concentrations (< 2 pg/ml), inactivation block is less important and that the
main mechanism of action of quinidine in reducing V ,,x must be block of open
channels. We have also found that quinidine’s block can increase with clamp
duration in guinea pig papillary muscle (T. Matsubara et al, unpublished
observation). However, the time constant of this slow phase of biock (2-5 sec)
is very similar to that of slow inactivation and has similar voltage dependence
(117-118). This suggests that quinidine may promote slow inactivation. This
voltage-dependent, slowly developing action of quinidine is different from all
other drugs tested so far (see below): the block with other drugs develops much
faster than with quinidine (hundreds of msecs instead of seconds; see below)
and the extent and rate of inactivation block development is not strongly
voltage dependent. To what extent ““slow-inactivation block” by quinidine and
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other antiarrhythmic drugs may constitute an important mechanism of anti-
arrthythmic drug action needs further investigation. Thus, for quinidine the
order of affinity for the sodium channel states appears to be activated >
inactivated >>> rested.

Lidocaine A global fit based on Vomax data (7) suggested that lidocaine has
about equal affinities for activated (K4, = 30 iLM) and inactivated (K4, = 40
M) channels. Bean et al (96) have shown that lidocaine has indeed a very high
affinity for inactivated sodium channels (K4, = 10 pwM). The time constant of
inactivation block at room temperature was a few hundred msec for 20 pM
lidocaine, but shortened to only 1C msec for 200 wM drug. According to the
modulated receptor model, when all the channels are in the I and I‘D pools
(Figure 1), the time constant for inactivation block is: 1/(ki[D] + 1;), which
shows that increasing the dose ([D]) may reduce the time constant. Sanchez-
Chapula et al (92) also observed a high affinity and similar time constants for
inactivated channel block by lidocaine.

In contrast to our initial estimates for lidocaine, neither Bean et al (96) nor
Sanchez-Chapula et al (92) observed much activation block. This is not
surprising, however, given their experimental protocol. A cationic drug in a
hydrophilic transmembrane channel is expected to distribute according to the
Boltzmann equation. As a consequence, concentration at the receptor site, and
the blockade, will be more marked the more depolarizing the pulse (within
limits) and vice versa (31, 32, 119, 120). Yeh & Narahashi (105) and Cahalan
(121) directly demonstrated this effect experimentally in nerve and showed that
it is mostly the rate constant 14 that is voltage dependent. For pancuronium and
9-aminoacridine the dissociation rate constant, 14, becomes progressively
smaller at more positive potentials. As a result, open channel block sharply
declines as the clamp potential is made more negative, so that at =30 mV, the
usual potential for clamp pulses in both of the above cardiac studies (92, 96),
one might expect little activated channel block (120). In fact, in the one
experiment in which Bean et al clamped to more positive levels (+31 mV) (see
their Figure 9A), they too observed activation block for lidocaine. With
free-running action potentials the membrane potential reaches positive levels
while a substantial fraction of the sodium channels are still open, so a greater
degree of activated channel block is expected to occur (122). Thus, lidocaine’s
affinities for the individual channel staies appear to be: inactivated = activated
>>> rested. The exactrelationbetween the first two may be influenced by pH
(as discussed below).

Other drugs Amiodarone (38) appears to cause little or no open channel
block, since a fast train of 19 short pulses (5 msec at 3 Hz) results in no
reduction of V... In contrast, even a single long pulse (1006000 msec) can
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markedly reduce Vmax of a test pulse. Similarly, Sada (80), using a global
search, has shown that procainamide elicits much less open channel block than
lidocaine. Hence, for amiodarone and procainamide, the channel affinities
appear to be best represented as: inactivated >> activated >>> rested.

Disopyramide, although in many respects similar to quinidine (123), is
probably more of an inactivation blocker. Indeed, the percentage blocking
effect of this drug increases with depolarization (124). In addition, hyperpolar-
ization by reduced external potassium can increase disopyramide’s effect (48).
This anomalous effect can occur with inactivation blockers that have a long
time constant of recovery from block. This may be due to the fact that reduced
external postassium can lengthen the action potential duration and consequent-
ly promote inactivation block; this extra block can be observed on the subse-
quent beat.

According to Courtney’s analysis (71), mexiletine also has a substantial
affinity for the inactivated state (K4 = 4 wM). His analysis did not provide an
estimate for open channel block.

Voltage Dependence

Rested sodium channels have a much lower affinity for antiarrhythmic drugs
than depolarized (activated or inactivated) channels. In addition, the rate of
recovery (re) from block is slower (the time constant, 7., is larger) the more
depolarized the holding potential (Table 4). According to the modulated
receptor hypothesis, the rate of recovery from block should be voltage depen-
dent along two separate routes: (a) the 'DtoIto R, and (b) the I'D. toR-DtoR
pathways (Figure 1D).

THE I.D TO I TO R PATHWAY Since recovery from inactivation (I to R) is
strongly voltage dependent (33, 127, 128), the recovery from block (I'‘Dto I to

Table4 Publications showing low drug-receptor affinity in
rested channels and voltage dependence of recovery from

block

Drug References

Amiodarone 38

Benzocaine 92

Droperidol 52

Lidocaine 30,34,61,69,91,92,96,125,126
Mexiletine 73

Prenylamine 79

Procainamide 80

Quinidine 116

Tocainide 61




Annu. Rev. Pharmacol. Toxicol. 1984.24:387-423. Downloaded from www.annualreviews.org

by Central College on 12/12/11. For personal use only.

ANTIARRHYTHMIC DRUGS 399

R) may, a priori, also be voltage dependent. However, the extent of the voltage
dependence will appear very different for individual drugs. If the time con-
stants of the I‘D to I and I to R transitions are of the same order of magnitude,
especially if k; > 0 (e.g. lidocaine), the overall recovery process (I'D to I to R)
will appear strongly voltage dependent. Indeed, from —85 to —70 mV,
increased from about 200 to 500 msec (30, 61, 96). At more positive potentials,
Tre increases and, because of the high affinity of lidocaine for inactivated
channels, most of the channels remain blocked. In contrast, when the time
constant for the I'D to I process is much greater than that of the I toR transition,
and especially if k; is very small (e.g. quinidine), then after the initial fast
recovery of the channels in the I pool the time constant of the global recovery
process will approach 1/1; (34, 116). Since the closed channel rate constants are
not strongly voltage dependent (see below) the recovery will appear to be only
slightly voltage dependent. In fact, over the —85 to —70 mV range, the 1, for
quinidine changes only from 5 to 7.5 sec (116).

THE I-D TO R-D TO R PATHWAY As the membrane potential is made more
negative and the voltage shift of drug-associated channels is overcome, an
additional path for recovery becomes available: I'D to R'D to R (see Figure
1D). This pathway appears to be very fast: Hondeghem & Katzung (34) found
that in the —120 to —140 mV range of resting potentials, recovery from
quinidine block occurs so rapidly that it is not possible to induce use-dependent
block with a 3 Hz pulse train, even if the concentration is increased to 16 pg/ml.
Therefore, it appears that for quinidine, the recovery process shifts from a
relatively slow process (on the order of 5 seconds) to a much faster recovery
process (less than 50 msec) around —120 mV.

For lidocaine, the potential at which the recovery kinetics shift from slow to
fast is less negative, and use-dependent block at 3 Hz disappears around — 105
mV (34). Similar results were obtained for phenytoin (129) and benzocaine
(see Figure 2).

For amiodarone (38) and aprindine (129), the hyperpolarization must be to at
least —140 mV to attenuate use-dependent block. Thus, the latter two drugs
appear to have a voltage shift larger than that for quinidine, while the voltage
shifts for lidocaine, phenytoin, and benzocaine are smaller.

A shift in the voltage dependence of inactivation of drug-associated channels
was proposed quite early in studies of cardiac tissue (27) and nerve (32).
Recently, Weld et al (116) have questioned the existence of the voltage shift.
However, the apparent voltage shift of inactivation, i.e. that, measured ex-
perimentally, ranges from zero (when no channels are blocked), to the actual
shift that would be observed when all the channels are blocked. Unfortunately,
since blocked channels do not conduct, the actual voltage shift cannot be
measured directly. Since Weld et al combined .M concentrations of quinidine
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with slow driving rates, few channels would be blocked and, as expected, they
observed only a small voltage shift (3 mV). Small concentrations of lidocaine
also cause only a small apparent voltage shift [3.5mV at 17 uM (30); 4.4 mV at
21 puM (69); 4.7 mV at 20 uM; and 5.8 mV ai 40 uM (96)]. However, the shift
increases as the dose is increased. Thus, at 1 mM lidocaine, Bezn et al (96)
observed a voltage shift of 22 mV in rabbit, and Payet et al (67), using 426 .M,
measured a voltage shift of 40 = 10 mV in rat. Although these direct ex-
perimental estimates may be somewhat contaminated by block occurring dur-
ing the test pulse, the values are in fairly good argreement with estimates
obtained from global fits: 25 mV (61) and 30 mV (7).

An important test of the voltage shift concept is the demonstration of open
channel unblocking. The experiment requires that (a) a large fraction of
channels be trapped in the drug-associated inactivated (I'D) pool; this is the
normal consequence of rapid use-dependent blocking at normal or low resting
potentials; and (b) a subsequent strong hyperpolarization be used to quickly
translocate the blocked channels into the R-D pool. If an activation is then
elicited so that the ratio of A-D channels to A channels exceeds the equilibrium
ratio, one should observe activation unblocking. This was, in fact, demon-
strated experimentally quite early by Strichartz (31) in nerve and by Gintant &
Hoffman in cardiac fibers (130 and personal communication). In addition to
demonstrating that a strong hyperpolarizing prepulse markedly enhances re-
covery from block, they showed that when the prepulse was within one
millisecond of activation there was a substantial additional recovery from
block. It is difficult to explain this result without invoking a voltage shift of
inactivation and unblocking of the channel during the open state.

A second test of the voltage shift hypothesis is the prediction that the
Vmax-Vm curve can exhibit a “bump,” i.e. a double sigmoid contour (7) at
certain rates in the presence of drugs. Such double-contoured V.-V, curves
have been reported (56, 131). This bump is most convincingly demonstrated
with quaternary compounds. However, the presence of a bump is compatible
with either a voltage shift or voltage-dependent drug rate constants (116). Both
mechanisms are compatible with the modulated receptor hypothesis and predict
a bump at appropriate driving rates. If the bump is such that at certain rates the
Vmax-Vm curve shows a flat region (in the voltage range where all drug-free
channels are fully recovered) between the two sigmoid regions, then this is
easily explained by a voltage shift. The same characteristic would require an
unusually complex voltage dependence of the rate constants.

It is quite possible that, in addition to a voltage shift, the drug binding and
unbinding rate constants may also be voltage dependent. Thus, Starmer et al
(132) have proposed a model that explicitly incorporates voltage-dependent
rate constants. They assume that the drug is charged and consequently that its
distribution in the scdium channel is governed by the Boltzmann equation, i.e.
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is potential dependent. Such a proposal appears quite reasonable for the
charged form of the drug interacting through the hydrophilic pathway (6) and
has been demonstrated experimentally in nerve (105, 121;. However, there is
good evidence that the neutral form of the local anesthetics can also effectively
block sodium channels (92, 93, also see Figure 2). As proposed by Hille (6),
the uncharged molecule can move laterally through the lipid membrane to
combine with the receptor in the inactivated channel. In this situation there is no
reason to anticipate inactivated state block would be voltage (as opposed to
state) dependent. In fact, it has been shown that block by amiodarone (38) and
lidocaine (92, 96, 122) is mostly independent of voltage over arange of —40 to
+40 mV, where channels are inactivated.

One experimental study noted above did report that the closed-state interac-
tions (rested and inactivated) of quinidine are voltage dependent (116). Howev-
er, the data analysis of that paper has been questioned (133). As noted above,
the slow voltage-dependent block described (116) appears to have a voltage-
and time-dependence similar to that of slow inactivation (117, 118).

In summary, the action of antiarrhythmic drugs is strongly voltage dependent
for at least three reasons: (a) affinity of depolarized channels for antiarrhythmic
drugs is much larger than that of rested channels; (b) recovery from block
occurs much more slowly in inactived than in rested channels; (¢) inactivation
of drug-associated channels is shifted to more negative potentials. Whether the
association or dissociation rate constants of rested and inactivated states are
also voltage-dependent will require further studies.

pH Effects

Most antiarrhythmic drugs are weak bases, with pKa ranging from 7.5t09.5.
Thus, at physiological pH these drugs exist in both the cationic and the neutral
form in the ratio determined by the Henderson-Hasselbalch equation. Many
investigators have observed that the action of local anesthetics is pH dependent.
Both the neutral (134) and the cationic forms of these drugs (135-137) have
been proposed to be the active species. Hille (6) has made a very convincing
case for the proposal that both the neutral and cationic species are active. The
cationic drug can access the receptor only from the inside of the membrane and
only when the channel is open. The neutral drug can interact with the receptor
even if the channel is closed, gaining access to it through the lipophilic
membrane phase. These observations have been confirmed in heart by Gliklich
& Hoffman (138), who showed that in cardiac tissue, as in nerve, quaternary
lidocaine derivatives are most effective when applied internally.

Small changes in pH can markedly alter the ratio of neutral-to-charged drug
species. This in turn can alter the drug’s effectiveness in several ways. First,
external acidosis promotes the cationic drug form. Since this species partitions
less readily into membranes (139), it is expected that the onset of drug action
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will be slowed (140). Furthermore, the equilibrium concentration in the mem-
brane will be reduced under conditions of acidosis. Therefore, drugs that act
primarily as blockers of the inactivated channel might have a reduced effect.
On the other hand, acidosis may prolong the action potential, thereby providing
alonger time for inactivation block to occur (141, 142). Since the concentration
of neutral drug in the extracellular fluid is in equilibrium with the membrane
concentration, external acidosis will, by translocation of drug from the sarco-
plasmic pool to the extracellular pool, also reduce activation block (assuming
the internal pH remains relatively unchanged) (143). Finally, external acidosis
facilitates protonation of the receptor-bound drug (98, 144) and, since only
neutral drug can dissociate from closed channels, recovery from block is
expected to be slowed by acidosis. Indeed, Grant el al observed that when the
extracellular pH was reduced from 7.4 to 6.9, the time constant of recovery
from block was increased by 66% for quinidine (86) and over 100% for
lidocaine (126). As a result, significant use-dependence occurs at slower heart
rates. The net effect of acidosis will depend upon the relative importance of the
reduction in block developed per action potential versus the increased persis-
tence of block. Thus, Grant et al (86) observed little change in the potency of
quinidine, whereas Nattel (144) found a small increase in potency. It therefore
appears that for therapeutic concentrations of quinidine, the loss in activation
block approximately balances the persistence of block at 1-2 Hz. In the case of
lidocaine (which is also a potent inactivation blocker) block development may
not be reduced much because of the lengthening of the action potential duration
(141, 142). This together with the significant slowing of recovery can markedly
potentiate the effect of lidocaine in acidosis (126, 144).

Usually, the intracellular pH is 0,2-0.3 units more acid than the external pH
(145, 146). Since the neutral drug freely equilibrates across the cell membrane,
one can calculate that the internal cationic concentration will be higher than the
external. However, during cellular ischemia this pH gradient may be enhanced,
resulting in a further relative increase of the cationic internal drug (147). Such
an increase could markedly enhance activation block.

Finally, acidosis promotes the extrusion of intracellular potassium (148,
149). This may result in a marked increase of extracellular K*, which in tumn
can produce substantial depolarization and enhance the voltage-dependent
effect of antiarrhythmic drugs.

Conversely, alkalosis may tend to hyperpolarize the membrane potential and
thereby reduce the effect of antiarrhythmic drugs. In addition, alkalosis pro-
motes the neutral drug form, and recovery from block will occur more quickly
(96). Alkalosis may also cause transient sequestration of drug from the aqueous
phase into the lipid phase. For an activation blocker like quinidine, all these
actions would be expected to reduce the effect. Alkalosis-inducing salts such as
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Figure3 Effects of pH upon rate of development of block by lidocaine (200 M) [Figure 10 from
(96)]. Filled squares: pH = 7.0; open triangles:pH = 8.1. Alkalosis results in more activation block
(1, arrow), faster development of inactivation block (2, box), and less steady-state block (3, arrow)
(for explanation see text). Modified and reproduced from T he Journal of General Physiology by
copyright permission of The Rockefeller University Press and the authors.

sodium lactate have been traditionally used to combat toxicity caused by
quinidine (150-151).

It should be noted, however, that under steady-state conditions external
alkalosis will cause more neutral drug to dissolve in the membrane and thereby
result in an increase in drug available for access to the inactivated channel
receptor as well as an increase of internal drug concentration. As a result,
activation block may actually become more marked and inactivation block may
develop faster, but faster unblocking may result in less-steady—state block (see
Figure 3).

Thus, the effects of pH can be quite complex. They will depend upon
whether the change in pH is mostly intracellular or extracellular, whether the
drug mostly blocks activated or inactivated channels, and the extent to which
resting membrane potential and action potential duration are changed.

Structure-Activity Relationships

Traditional structure-activity analysis of local anesthetic (and antiarrhythmic)
drugs have attempted to correlate physicochemical properties with a single
“potency” figure. Whenblock is measured in nerve by the usual techniques, the
overall lipid solubility does correlate well with potency (113, 134, 135).
However, the modulated receptor hypothesis predicts that a drug has three
potencies, one for each of the channel states. Therefore, the reported single-
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value potencies must be interinediate between the lowest and the highest of the
three state potencies. It is not surprising, therefore, that individual drugs can be
reported as having very different potencies, depending upon the tissues used
(71) or the experimental conditions. For example, chlorprocaine has been
reported to be equal in potency to procaine (152) or four times as potent (114).
This type of discrepancy would be greatly diminished if potencies were re-
ported for well-defined standard experimental conditions or, better, if the
potencies for the individual channel states were reported.

Recently, Courtney has shown that at 3 Hz antiarrhythmic drugs within a
structural series, e.g. amides, may show a strong correlation between lipid
solubility and potency (153). Non-amides appear generally more potent. Since
the membrane potential of the cardiac cells was not voltage clamped in these
studies, the potency of the inactivation blockers might have been altered by
changes in action-potential duration.

The rate of block development can be roughly predicted on the basis of ionic
charge on the local anesthetic molecule: quaternary compounds block rather
slowly (93), while neutral compounds block much more quickly (92). For
tertiary compounds the rate of block development appears intermediate and can
be altered appropriately by pH (98).

For recovery from block, one would expect that lipophilic drugs, which can
freely diffuse through the membrane, would exhibit the fastest recovery-time
constant. However, Courtney has shown that the time constant of recovery
correlates much better with molecular size than with lipid solubility (35). Sada
& Ban (90) similarly showed that in a series of B-blockers the recovery time
constant was more closely related to molecular weight than to lipid solubility. It
appears that molecular weight and lipid solubility together can account for a
significant part of the structure activity relations (over 20 drugs were analyzed
in the above references). However, there must also be other important compo-
nents. Firstly, several drugs deviate significantly from Courtney’s molecular
weight-lipid solubility rule (56, 89, 154). Secondly, it is possible to make small
changes in compounds that only minimally alter their physicochemical prop-
erties, but nevertheless dramatically alter their electrophysiological blocking
properties (155-157). Thirdly, stereoisomers that have identical physico-
chemical properties can nevertheless have markedly differing blocking prop-
erties (158). Clearly, in addition to the molecular weight-lipid solubility rule
there must exist some stereoselective interactions between the receptor and the
drugs (153). Unfortunately, no studies have yet correlated the modulated
receptor affinities with various physicochemical properties of the drugs. We
hopethat by thetime the nextreview in this series appears, it will be possible to
give a more detailed account of quantitative structure analysis in relation to the
channel receptor states.
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CALCIUM CHANNEL BLOCKADE

There is now ample evidence (see reviews cited in introduction) showing that
members of the verapamil, diltiazem, and nifedipine drug groups, as well as
several inorganic polyvalent cations, reversibly diminish ion flux through
membrane calcium channels as their primary effect. For several reasons,
analysis of the mechanisms of this action is less complete than that of the
sodium channel-blocking agents. Chief among these reasons is the still incom-
plete picture of physiological gating in the calcium channel (159-161). Second,
there appear to be great differences between calcium channels in various
species, between channels in different tissues of a given species, and even
between channels in a given tissue at different stages of development (160,
161). Third, calcium influx through the membrane channels is modulated in
many tissues by a variety of chemical agents (161, 163). Nevertheless, the
kinetics and voltage-dependence of the cardiac calcium channel can be de-
scribed operationally using conventional Hodgkin-Huxley variables and three
states (rested, active, and inactivated) in analogy with the sodium channel
(162, 164-166). Furthermore, considerable evidence is already available that
suggests that the receptor for at least some of the organic calcium channel
blockers is modulated by channel state or voltage. The modulated receptor
hypothesis for the action of calcium channel blockers has recently been ex-
tended to smooth muscle (17, 167, 168). The most convincing evidence for the
modulated receptor mechanism in the cardiac calcium channel comes from
direct voltage clamp measurements of the calcium current (I;), but the argu-
ment is also strongly supported by a marked frequency dependence of the
negative inotropic action of verapamil and its congeners and of the effects of
members of the verapamil and diltiazem groups on action potentials.

Use-Dependence

The earliest evidence suggestive of use-dependent blockade by calcium chan-
nel blockers can be found in studies of slow responses (169) and contractility
(170-174). The first definitive evidence of use-dependent block of I was
published by Ehara & Kaufmann (175) in a study of verapamil. This work was
followed by a detailed study of D600 by McDonald et al (176) that fully
confirmed the use-dependence as well as other modulated receptor characteris-
tics of block by the verapamil congener. Subsequent voltage clamp studies
have shown that diltiazem (177-179) as well as verapamil and its congeners
(178, 180, 181) have strongly use-dependent effects on I; in cardiac muscle.
More recent studies of slow responses and force of contraction are fully
consistent with this interpretation for papaverine (182, 183) and other calcium
channel blockers (184, 185).
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Voltage-Dependence of Recovery

Ehara & Kaufmann (175) in their voltage clamp study of verapamil showed that
use-dependent block could be markedly reduced by a holding potential of — 120
mV compared to the normal holding potential of —80 mV. The fact that this
modulation of block represents the voltage dependence of the recovery from
block produced by the activating-inactivating pulse was well demonstrated for
D600 by McDonald et al (176). Trautwein and coworkers (180, 186) showed
that blockade by AQA39 and by D600 was similarly removed by hyperpolariz-
ing prepulses. A hyperpolarization of only 2 seconds to —90 mV was sufficient
to reverse the AQA39 block, while 60 seconds at —90 mV was required for
D600. At —140 mV, 2 seconds were sufficient to remove the D600 block. A
similar voltage dependence has been reported fordiltiazem (178). These results
are consistent with a low affinity of these drugs forreceptors in rested channels
and a shift in the apparent inactivation curve to more negative levels. Similar
results have been reported from the study of slow responses (187).

Is Drug-Receptor Affinity Higher in Activated or Inactivated
Calcium Channels?

A recent study by Kanaya et al (178) showed that block by diltiazem and
verapamil of I; during a test pulse was markedly increased by increasing the
duration of a depolarizing conditioning pulse from 100 msec to 2—3 seconds.
This suggests that both drugs can block inactivated calcium channels. Moreov-
er, for diltiazem this block could not be enhanced by increasing the voltage of a
30-msec conditioning pulse (one too short to result in much inactivation) from
—30to +80 mV. This was interpreted as evidence that the affinity of diltiazem
forthe inactivated channel is greater than the af finity for the channel in the open
state. Lee & Tsien (177) similarly concluded that diltiazem mostly blocks
inactivated calcium channels. Even at concentrations as high as 50 pM, they
still could not demonstrate open channel block for this drug. In contrast,
nitrendipine and D600 both caused a fast reduction of I; upon opening of the
channels. Lee & Tsien interpreted this as evidence for open channel block. It
should be noted that under the conditions of their experiments (Ba** substi-
tuted for Ca") inactivation is minimized, and consequently inactivation block
would be minimized. Nevertheless, as in the case of the sodium channel
blockers, it appears that some drugs (e.g. diltiazem) behave primarily as
inactivated state blockers, while other drugs (e.g. verapamil, D600) also block
open channels. It is not clear whether some drugs exclusively block open
channels. Moreover, studies of single channel currents (188) have suggested
that calcium channels flicker on and off for a period of time after sensing an
activating voltage rather than opening only once, as is the case for sodium
channels. If this is the case, then continuing development of block of calcium
channels during a long depolarizing clamp might represent block of open
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flickering channels as well as inactivated ones. Patch clamp methods will
probably be needed to resolve this problem.

Dihydropyridine Calcium Channel Blockers: A Special Case?

Several lines of evidence suggest that there may be important differences
between the nifedipine family of drugs and othercalcium channel blockers. For
example, Schramm et al have reported (189) that a new dihydropyridine (BAY
K 8644) has potent positive inotropic effects that are competitively inhibited by
nifedipine. Second, receptor binding studies (190-194) suggest that nitrendi-
pine and other members of the nifedipine family bind to acommon receptor site
that differs from but is allosterically linked to, the site or sites at which
verapamil and diltiazem bind. Lee & Tsien (177) reported that the ICs for I;
suppression was about 100-fold higher than the K4 reported forisotope binding
studies. This is not totally unexpected, however, since binding studies deter-
mine dissociation constants in fully depolarized membrane fragments, i.e. the
highest affinity state. In contrast, Lee & Tsien calculated binding in intact cells
at —40 mV. Using computer fitting with our own data, we estimate binding to
rested channels to have a dissociation constant in the mM to M range. Thus, as
in the case of sodium channel blockers, apparent (measured) potencies can vary
between the potencies of the lowest and highest affinity states. However, the
possibility that the dihydropyridines produce a qualitatively different sort of
blockade must be considered. Kohlhardt & Fleckenstein (195) and Bayer &
Ehara (196) found that nifedipine produced a block of I; that had the same
apparent time constant of recovery as inactivated channels in the drug-free
state. Unfortunately, these authors did not use very short or very long recovery
intervals. Kass (197) reported that block of I; in Purkinje fibers by nisoldipine
was much less voltage-sensitive than block by D600. His protocol showed that,
unlike D600 blockade, the nisoldipine-induced suppression of I; was not
removed by rests of up to 120 seconds at relatively negative holding potentials.
Also in contrast to D600 results was the observation that use-dependence of the
nisoldipine block was minimal or absent. Nitrendipine was similarly found to
be almost devoid of use-dependent effect by Lee & Tsien (177) in their study of
isolated ventricular cardiac cells when measured at a frequency of 0.05 Hz. In a
report of slow responses in K*-depolarized chick ventricle, Hachisu & Pappa-
no (198) found that verapamil, but not nifedipine or nimodipine, caused a
use-dependent block. However, the driving frequency in their experiments was
only 0.1 Hz, which is too slow to detect use-dependent block if the recovery
time constant of the dihydropyridines is less than 2—3 seconds. This point is
clearly made by Lee & Tsien (177), who found a recovery time constant of only
a few seconds at room temperature (20-22°C) for nitrendipine, thereby im-
plying that use-dependence can occur with this drug. Molyvdas & Sperelakis
(199) reported that mesudipine, another congener of nifedipine, manifested
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frequency-dependent block of slow responses for the first 20 minutes of
exposure and frequency-independent block thereafter. In an earlier study of
nifedipine, Kohlhardt & Haap (200) found that this agent caused a use-
dependent depression of slow response action potential overshoot and upstroke
velocity in rabbit AV node at a frequency of 0.2 Hz. Therefore, a firm
conclusion should not be drawn regarding the state dependence of the block
produced by the dihydropyridines until they have been studied over a broader
range of driving rates. It is likely that most, if not all, of the calcium channel
blockers will be found to have use dependence when they are studied at driving
intervals shorter than the recovery time constant.

Site of Action of the Calcium Channel Blockers

The route traveled by a calcium channel blocker to its receptor site has certain
parallels with that mapped out for the local anesthetics on the basis of their
molecular structure and kinetics (6, 98). It is noteworthy that none of the useful
calcium channel blockers are permanently charged and the amines all have
pKa’s of nine or less. All can be taken up by cells (201) and some structure-
contractile activity analyses have been reported (174, 202, 203). These data
suggest that the drugs must cross the cell membrane to gain access to their site
of action. A study of D890 (the N-methyl quaternized derivative of D600)
showed it to be without effect in a standard contractility assay (174). In an
important extension of this approach, Hescheler et al (204) showed that
extracellularly applied D890 had no effects on calcium-dependent electrical
propertties of guinea pig myocytes. In contrast, D600 at 50-fold lower concen-
trations markedly lowered and shortened the plateau of the action potential.
However, when administered intracellularly by pressure injection, both drugs
caused prompt suppressant effects. Furthermore, after a single pulse injection
the block induced by D890 persisted, while that produced by D600 completely
disappeared within nine minutes. These results suggest that, when in the
charged form, drugs must access the verapamil receptor from the intracellular
side of the membrane. No reports comparing intracellular and extracellular
application of dihydropyridine drugs were found in our survey. However,
Rosenberger & Triggle (205) reported that quaternary analogs of nifedipine
were inactive in suppressing smooth muscle contraction, suggesting that these
drugs also must cross a lipid barrier to gain access to their receptor.

As noted above, dissociation of uncharged local anesthetic drugs from the
inactivated sodium channel probably takes place through the lipid phase of the
membrane. Such studies require the availability of similar drugs with different
lipid: water partition coefficients, or a single drug whose partition coefficient
can be modified by pH manipulation. Whether size is a more important
determinant of the recovery time constant than lipid solubility for calcium
channel blockers, as it is for local anesthetics (35), will require further inves-
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tigation. However, Pelzer et al (186) found that for the closely related drugs,
D600 and AQA-39, the less lipophilic and slightly smaller molecule AQA-39
had the faster rate of dissociation.

APPLICATIONS OF THE MODULATED RECEPTOR
HYPOTHESIS

Selective Depression of Depolarized Tissue

Arrhythmias are frequently associated with tissue depolarization caused by a
variety of conditions, but especially ischemia (64, 206-213) and digitalis
poisoning (214, 215). For several reasons, antiarrhythmic drugs are more
depressant in depolarized tissue (Table 5). First, receptor binding of these
drugs develops faster and dissociation occurs more slowly in depolarized
myocardium. As a result, the clinician (under optimal circumstances) can
choose a drug dose that will have relatively little effect on normally polarized
tissue, which is necessary for normal conduction, while selectively depressing
the depolarized tissue, which is responsible for the arrhythmia.

Second, although all antiarrhythmic drugs appear to shift inactivation and
slow recovery, one would expect, other factors being equal, that an inactivation
blocker would be more selective than an activation blocker when the major
basis for the arrhythmia is depolarization.

Selective depression of depolarized tissue is now well accepted as a major
mechanism of action of sodium channel-blocking antiarrhythmic drugs (2, 3,
63, 242, 255, 256).

Table § Evidence for selective depression as an effect of
sodium channel blockers

Drug References
Aprindine 41-43

Disopyramide 124,216,217
Encainide 218-220

Ethmozin 221

Flecainide 222-224

Imipramine 225

Lidocaine 30,34,61,62,69,93,96,226-246
Mexiletine 71,73,75,76,247,248
Phenytoin 62,227,249-251
Prenylamine 79

Procainamide 62,80

Propafenone 81,83

Propranolol 62,252

Quinidine 62,240

Tocainide 61,253,254
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In the case of the calcium channel blockers, the situation is somewhat
complicated by the very significant protective effect of these agents in metabol-
ically compromised tissue (257-262). In several acute coronary occlusion and
reperfusion models, diltiazem and verapamil are extwemely effective in pre-
venting arrthythmias (263-265). They are less effective in suppressing arrhyth-
mias after they have started (266, 267). There are several possible explanations
for this discrepancy; protection against depolarization caused by ischemia
when given before occlusion or reperfusion is one (268).

Selective Depression of Tachycardias

During a rapid rhythm, i.e. one with short diastolic intervals, less recovery
from drug-induced blockade can occur between beats than during a slower
rhythm. Also, more activation and inactivation block develops. Hence, the
shorter the cycle length, the greater the steady-state block of inward currents.
Thus, given a drug with a long recovery time, e.g. quinidine, one can choose a
dose that minimally reduces conduction at normal heart rates but suppresses
conduction in a tachycardia. For some otherdrugs, e.g. lidocaine, the diastolic
recovery from block at normal resting potential is so fast that they are not very
effective in “filiering” tachycardias. Thus, it has been reported by numerous
investigators that lidocaine is not a very effective agent in ventricular tachycar-
dia in the absence of resting depolarization (269-271). However, lidocaine is
still effective in preventing very fast arthythmias, e.g. ventricular fibrillation
(272). Nifedipine, which manifests little or no use dependence of blockade at
slow and moderate driving rates, also turns out to be ineffective in reversing
supraventricular tachycardias (273), the arrthythmia in which other calcium
channel blockers are most effective.

Selective Depression of Early Extrasystoles

An early extrasystole can be viewed as a very rapid single beat tachyarrhyth-
mia. Because the tachycardia is not sustained, a drug that produces a slowly
increasing use-dependent block will not block such extrasystoles very effec-
tively. The primary example of a drug that has such a pattem of slow in-slow
out (SISO) blockade is quinidine. That is, development of block is slow and
recovery during rest is also slow. In conwrast, a drug like lidocaine can be
described as fast in-fast out (FIFO), since it associates avidly with the receptor
during the entire duration of the action potential and dissociates rapidly during
diastole. Hence, a sufficiently early extrasystole will find a significant fraction
of channels blocked—and will be suppressed—at doses of lidocaine that have
little depressant effect on impulses in the normal rhythm. Therefore, for a given
tolerable (minor) depression of the normal rhythm, a FIFO drug will provide
much more depression during diastole than a SISO agent.

Instances often occur in which FIFOs are not quite effective, and the
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maximum tolerated level of a SISO also does not achieve the required suppres-
sion of the extrasystoles. It can be computed (34) that the combination of a
FIFO agent (lidocaine or equivalent) with a SISO drug (quinidine) can provide
a therapeutic efficacy not obtainable with maximum tolerated doses of either
drug alone. This prediction has been confirmed by experimental (274) and by
clinical studies (275, 276).

The other permutations of the rate in-rate out description are easily pre-
dicted. A slow in-fast out agent would be ineffective and would probably be
dropped from study in early screening tests. In contrast, a fast in-slow out agent
(rapid association, slow dissociation) might be expected to have a high degree
of cumulation, i.e. would be a potent local anesthetic. If, however, such an
agent was accidently administered systemically, it would be toxic to the
myocardium at slow heart rates and relatively low plasma concentrations.
Bupivicaine appears to be such a FISO drug (277).

Selective Depression on the Basis of Action Potential Duration

The experiments utilizing modulated receptor protocols described above show
that certain drugs are nearly pure inactivation blockers, (e.g. amiodarone,
benzocaine, diltiazem), others are nearly pure activation blockers (e.g, quater-
nary lidocaine derivatives, quinidine), while most of the drugs have significant
affinity for the channel receptor in both states. Since the action potentials of all
cardiac tissues have an upstroke of roughly comparable duration (1-2 msec),
activation blockers are expected to be effective in all tissues. In contrast, the
plateau of the action potential varies markedly in different cardiac cells (50~
500 msec). The effect of an inactivation blocker will be more marked the longer
the duration of the action potential plateau (13). Thus, inactivation blockers are
expected to be more effective in Purkinje and ventricular myocardium than in
atrial tissue. Moreover, if the inactivation blocker also has a fast diastolic
recovery, the drug will produce an insignificant level of block in atrial tissue
and will have little efficacy. Lidocaine in atrial tissue would therefore behave
like a slow in-fast out drug; and it does have a low efficacy against atrial
arrhythmias (234).

Antiarrhythmic Drug Interactions Caused by Receptor
Modulation

Since many cardiac drugs can lengthen or shorten the cardiac action potential
duration, it is predictable that these drugs might potentiate or antagonize the
action of inactivation blockers. Thus, part of the positive interactions observed
between quinidine and mexiletine (276) must result from the lengthening of the
action potential duration caused by quinidine, which provides more time for
inactivation block by mexiletine to occur. It will be important to see whether
drugs that cause more marked lengthening will further amplify this synergistic
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action. Conversely, shortening of action potential duration would theoretically
be of benefit in the treatment of toxicity caused by inactivation blockers.

In summary, modulated receptor concepts appear to be well supported by the
available experimental evidence. However, the hypothesis cannot yet be
considered to have been proven to be the sole or primary mechanism of the
action of these drugs (278). Further tests over broader experimental conditions
need to be carried out. One of the major advantages of the hypothesis is the
wide range of testable predictions that can be generated. As noted above, many
in vitro studies in the last five years have been designed on this basis. It is hoped
that in the next five years, many more clinical as well as basic studies will test
the hypothesis.

ACKNOWLEDGMENTS _

We thank James Moyer and Brian Katzung for computer help, Charles Cotner
for graphics, and Deborah Noack and Virginia Hayes for word processing.
Research has been funded in part by the USPHS and the American Heart
Association. L. M. Hondeghem is an Established Investigator of the American
Heart Association.

Literature Cited

1. Sasyniuk, B. I., Ogilvie, R. I. 1975. effects of local anesthetics and calcium
Antiarrhythmic drugs: Electrophysiolog- antagonists. Pharmac. Ther. C 2:125-50
ical and pharmacokinetic considerations. 9. Hauswirth, O., Singh, B. N. 1979. Ionic
Ann. Rev. Pharmacol. Toxicol. 15:131- mcchanisms in heart muscle in relation to
55 the genesis and the pharmacological con-

2. Boyden, P. A., Wit, A. L. 1983. Phar- trol of cardiac arrhythmias. Pharmacol.
macology of the antiarrhythmic drugs. In Rev. 30:5-63
Cardiac Therapy, ed. M. R. Rosen, B. F. 10. Zipes, D. P., Troup, P. J. 1978. New
Hoffman, pp. 171-234. Boston/Amster- antiarrhythmic agents. Amiodarone, ap-
dam: Martinus Nijhoff. 568 pp. rindine, disopyramide, ethmozin, mexil-

3. Hondeghem, L. M., Mason, J. W. 1982. etine, tocainide, verapamil. Am. J. Car-
Agents used in cardiac arrhythmias. In diol. 41:1005-24
Basic & Clinical Pharmacology, ed. B. 11. Scholz, H. 1981. Therapie der arrhyth-
G. Katzung, pp. 138-54. Los Altos: mien. Neue antiarrhythmika. Verh.
Lange Medical Publ. 815 pp. Dtsch. Ges. Kreislaufforsch. 47:18-33

4. Fleckenstein, A. 1981. Fundamental ac- 12. Surawicz, B. 1983. Pharmacologic treat-
tions of calcium antagonists on myocar- ment of cardiac arrhythmias: 25 years of
dial and cardiac pacemaker cell mem- progress. J. Am. Coll. Cardiol. 1:365-81
branes. See Ref. 16, pp. 59-81 13. Hondeghem, L. M., Katzung, B. G.

5. McAllister, R. G. Jr. 1982. Clinical 1983. Mechanism of action of anti-
pharmacology of slow channel blocking arrhythmic drugs. In Function of the
agents. Prog. Cardiovasc. Dis. 25:83- Heart in Normal and Pathological
102 States, ed. N. Sperelakis, Boston: Marti-

6. Hille, B. 1977. Local anesthetics: Hyd- nus Nijhoff. In press
rophilic and hydrophobic pathways for 14. Fleckenstein, A. 1977. Specific pharma-
the drug-receptor reaction. J. Gen. Phys- cology of calcium in myocardium, car-
iol. 69:497-515 diac pacemakers, and vascular smooth

7. Hondeghem, L. M., Katzung, B. G. muscle. Ann. Rev. Pharmacol. Toxicol.
1977. Time- and voltage-dependent in- 17:149-66
teractions of antiarrhythmic drugs with 15. Henry, P. D. 1980. Comparative phar-
cardiac sodium channels. Biochim. Bio- macology of calcium antagonists: Nifedi-
phys. Acia. 472:373-98 pine, verapamil and diltiazem. Am. J.

8. Singh, B. N. 1977. Antiarrhythmic Cardiol. 46:1047-58



Annu. Rev. Pharmacol. Toxicol. 1984.24:387-423. Downloaded from www.annualreviews.org
by Central College on 12/12/11. For personal use only.

16.

18.

19.

20.

21.
22.

23.

24.

25.

26.

27.

28.

29.

30.

3L

Weiss, G. B. 1981. Sites of action of
calcium antagonists in vascular smooth
muscle. In New Perspectives on Calcium
Antagonists, pp. 83-94. Bethesda: Am.
Physiol. Soc. 241 pp.

. Triggle, D. J. 1981. Calcium antago-

nists: Basic chemical and pharmacologic-
al aspects. See Ref. 16, pp. 1-18
Allen, J. C. 1982. The current status of
the mechanism of the calcium channel
antagonists. Prog. Cardiovasc. Dis.
25:133-40

Rahwan, R. G. 1983. Mechanisms of
action of membrane calcium channel
blockers and intracellular calcium antag-
onists. Medicinal Res. Rev. 3:21-42
Mitchell, L. B., Schroeder, J. S.,
Mason, J. W. 1982. Comparative clinical
electrophysiologic effects of diltiazem,
verapamil, and nifedipine: A review.
Am. J. Cardiol. 49:629-35

Harris, P., Opie, L. 1971. Calcium and
the Heart. London: Academic. 198 pp.
Braunwald, E. 1982. Mechanism of ac-
tion of calcium-channel-blocking agents.
N. Engl. J. Med. 307:1618-27

Reves, J. G., Kissin, I., Lell, W. A.,
Tosone, S. 1982. Calcium entry block-
ers: Uses and implications for anesthe-
siologists. Anesthesiology 57:504-18
Puech, P., Krebs, R. 1980. New Thera-
py of Ischemic Heart Disease. 4th
Int. Adalat Symp. Amsterdam / Oxford /
Princeton: Excerpta Med. 298 pp.
Flaim, S. F., Zelis, R. 1982. Calcium
Blockers. Mechanisms of Action and
Clinical Applications. Baltimore/Mu-
nich: Urban & Schrwarzenberg

Nayler, W. G., Horowitz, J. D. 1983.
Calcium antagonists: A new class of
drugs. Pharmacol. Ther. 20:203-62
Weidmann, S. 1955. Effects of calcium
ions and local anesthetics on electrical
properties of Purkinje fibers. J. Physiol.
129:568-82

Johnson, E. A., McKinnon, M. G. 1957.
The differential effect of quinidine and
pyrilamine on the myocardial action
potential at various rates of stimulation.
J. Pharmacol. Exp. Ther. 120:460-68
Heistracher, P. 1971. Mechanism of ac-
tion of antifibrillatory drugs. Naunyn-
Schmiedebergs Arch. Pharmacol. 269:
199-212

Chen, C-M., Gettes, L. S., Katzung, B.
G. 1975. Effect of lidocaine and quini-
dine on steady state characteristics and
recovery kinetics of (dv/dt) max in guinea
pig ventricular myocardium. Circ. Res.
37:20-29

Strichartz, G. R. 1973. The inhibition of
sodium currents in myelinated nerve by

ANTIARRHYTHMIC DRUGS

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

413

quaternary derivatives of lidocaine. J.
Gen. Physiol. 62:37-57

Courtney, K. R. 1975. Mechanism of
frequency-dependent  inhibition  of
sodium currents in frog myelinated nerve
by the lidocaine derivative GEA 968. J.
Pharmacol. Exp. Ther. 195:225-36
Hodgkin, A. L., Huxley, A. F. 1952. A
quantitative description of membrane
current and its application to conduction
and excitation in nerve. J. Physiol.
117:500-44

Hondeghem, L. M., Katzung, B. G.
1980. Test of a model of antiarrhythmic
drug action. Effect of quinidine and lido-
caine on myocardial conduction. Cir-
culation 61:1217-24

Courtney, K. R. 1980. Interval-
dependent effects of small antiarrhythmic
drugs on excitability of guinea-pig
myocardium. J. Mol. Cell. Cardiol.
12:1273-86

Sada, H. 1978. Effect of phentolamine,
alprenolol and prenylamine on maximum
rate of rise of action potential in
guinea-pig papillary muscles. Naunyn-
Schmiedebergs Arch. Pharmacol. 304:
191-201

Courtney, K. R. 1980. Antiarrhythmic
drug design: Frequency-dependent block
in myocardium. In Molecular Mecha-
nisms of Anesthesia, ed. B. R. Fink, pp.
111-18. New York: Raven. 510 pp.
Mason, J. W., Hondeghem, L. M., Kat-
zung, B. G. 1983. Amiodarone blocks
inactivated cardiac sodium channels.
Pfluegers Arch. 396:79-81

Rosenbaum, M. B., Chiale, P. A., Hal-
pem, M. S., Nay, G. J., Przbylski, J. et
al. 1976. Clinical efficacy of amiodarone
as an antiarrhythmic agent. Am. J. Car-
diol. 38:93444

Moyer, J. W., Hondeghem, L. 1978.
Rate rhythm and voltage dependent
effects of aprindine: A test of a model of
the mechanisms of action of antiarryth-
mic drugs. Proc. West. Pharmacol. Soc.
21:57-61

Steinberg, M. 1., Greenspan, K. 1976.
Intracellular electrophysiological altera-
tions in canine cardiac conducting tissue
induced by aprindine and lignocaine.
Cardiovas. Res. 10:236-44

Verdonck, F., Vereecke, J., Vicngels,
A. 1974. Electrophysiological effects of
aprindine on isolated heart preparations.
Eur. J. Pharmacol. 26:338-47
Carmeliet, E. P., Verdonck, F. 1974.
Effects of aprindine and lidocaine on
transmembrane potentials and radioac-
tive K efflux in different cardiac tissues.
Acta Cardiol. Suppl. 18:73-90



Annu. Rev. Pharmacol. Toxicol. 1984.24:387-423. Downloaded from www.annualreviews.org
by Central College on 12/12/11. For personal use only.

414

4.

45.

46.

47.

48.

49.

50.

Sl.

S2.

53.

54.

55.

HONDEGHEM & KATZUNG

Gilmour, R. F. Jr., Chikarev, V. N.,
Jurevichus, J. A., Zacharov, S. L., Zipes,
D. P., Rosenshtraukh, L. V. 1981. Effect
of aprindine on transmembrane currents
and contractile force in frog atria. J.
Pharmacol. Exp. Ther. 217:390-96
TenEick, R. E., Yeh, J. Z., Robertson,
L. 1980. Cellular electrophysiological
effects of aprindine on cat papillary mus-
cle. Fed. Proc. 39:966

Yeh, J. Z., TenEick, R. E. 1980. Voltage
dependent block of Na channels in cat
papillary muscle and squid axon pro-
duced by aprindine. Fed. Proc. 39:966
Kojima, M. 1981 Effects of disopyra-
mide on transmembrane action potentials
in guinea-pig papillary muscles. Eur. J.
Pharmacol. 69:11-24

Kojima, M., Ban, T., Sada, H. 1982.
Effects of disopyramide on the maximum
rate of rise of the potential (V,,) in
guinea pig papillary muscles. Jpn. J.
Pharmacol. 32:91-102

Man, R. Y. K., Dresel, P. E. 1979. A
specific effect of lidocaine and tocainide
on ventricular conduction of mid-range
extrasystoles. J. Cardiovasc. Pharma-
col. 1:329-42

Campbell, T. J. 1983. Resting and rate-
dependent depression of maximum rate
of depolarisation (V) in guinea pig
ventricular action potentials by mexile-
tine, disopyramide, and encainide. J.
Cardiovasc. Pharmacol. 5:291-96
Campbell, T. J. 1983. Kinetics of onset
of rate-dependent effects of Class I anti-
arrhythmic drugs are important in deter-
mining their effects on refractoriness in
guinea pig ventricle, and provide a
theoretical basis for their subclassifica-
tion. Cardiovasc. Res. 17:344-52
Grant, A. O., Hondeghem, L. M., Kat-
zung, B. G. 1978. Effects of droperi-
dol on depolarization-induced automatic-
ity, maximum upstroke velocity (Vpma,)
and the kinetics of recovery of V., in
guinea-pig ventricular myocardium. J.
Pharmacol. Exp. Ther. 205:193-203
Carmeliet, E. 1980. Electrophysiologic
effects of encainide on isolated cardiac
muscle and Purkinje fibers and on the
Langendorff-perfused guinea-pig heart.
Eur. J. Pharmacol. 61:247--62

Danilo, P. Jr., Langan, W. B., Rosen,
M. R., Hoffman, B. F. 1977. Effects of
the phenothiazine analog, EN-313, on
ventricular arrhythmias in the dog. Eur.
J. Pharmacol. 45:127-39

Kastor, J. A., Horowitz, L. N., Harken,
A. H., Josephson, M. E. 1981. Clinical
electrophysiology of ventricular tachy-
cardia. N. Engl. J. Med. 304:1004--1020

56.

57.

58.

59.

60.

61.

62.

63.

65.

66.

67.

Campbell, T. J., Vaughan Williams, E.
M. 1983. Voltage- and time-dependent
depression of maximum rate of depolar-
ization of guinea-pig ventricular action
potentials by two new antiarrhythmic
drugs, flecainide and lorcainide. Car-
diovasc. Res. 17:251-58

Weld, F. J., Bigger, J. T. Jr. 1980. Elec-
trophysiological effects of imipramine
on ovine cardiac Purkinje and ventric-
ular muscle fibers. Circ. Res. 46:167-
75

Rawling, D. A., Fozzard, H. A. 1979.
Effects of imipramine on cellular elec-
trophysiological properties of cardiac
Purkinje fibers. J. Pharmacol. Exp.
Ther. 209:371-75

Hondeghem, L. M., Lam, C. 1980.
Selective depression of 2,4-dintrophenol
depolarized canine Purkinje fibers by
lidocaine. Naunyn-Schmiedebergs Arch.
Pharmacol. 313:11-16

Courtney, K. R. 1979. Fast frequency-
dependent block of action potential up-
stroke in rabbit atrium by small local
anesthetics. Life Sci. 24:1581-88
Oshita, S., Sada, H., Kojima, M., Ban,
T. 1980. Effects of tocainide and lido-
caine on the transmembrane action poten-
tials as related to external potassium and
calcium concentrations in guinea pig
papillary muscles. Naunyn-Schmiede-
bergs Arch. Pharmacol. 314.67~82
Wald, R. W., Waxman, M. B., Downar,
E. 1980. The effect of antiarrhythmic
drugs on depressed conduction and uni-
directional block in sheep Purkinje fi-
bers. Circ. Res. 46:612-19

Lazzara, R., Hope, R. R, El-Sherif, N,
Scherlag, B. J. 1979. Effects o flidocaine
on hypoxic and ischemic cardiac cells.
Am. J. Cardiol. 41:872-78

. El-Sherif, N., Scherlag, B. J., Lazzara,

R., Hope, R. R. 1977. Re-entrant ven-
tricular arrhythmias in the late myocar-
dial infarction period. 1. Conduction
charactcristics in the infarctionzone. Cir-
culation 55:686-702

Ehring, G. R., Hondeghem, L. M. 1980.
Structural similarities and cardiac elec-
trophysiological differences between
lidocaine and procainamide. Proc. West.
Pharmacol. Soc. 23:163--66

Iven, H., Brasch, H. 1977. Effects of the
local anesthetics Brufacain and Lido-
caine on transmembrane action poten-
tials, refractory period, and reactivation
of the sodium system in guinea pig heart
muscle. Naunyn-Schmiedebergs Arch.
Pharmacol. 297:153-61

Payet, M. D. 1982. Effect of lidocaine on
fast and slow inactivation of sodium cur-



Annu. Rev. Pharmacol. Toxicol. 1984.24:387-423. Downloaded from www.annualreviews.org
by Central College on 12/12/11. For personal use only.

68.

69.

70.

71.

72.

73.

74.

75.

76.

71.

78.

79.

rent in rat ventricular cells. J. Pharma-
col. Exp. Ther. 223:235-40

Lamanna, V., Antzelevitch, C., Moe, G.
K. 1982. Effects of lidocaine on conduc-
tionthroughdepolarized canine false ten-
dons and on a model of reflected reentry.
J. Pharmacol. Exp. Ther. 221:353-61
Weld, F. M., Bigger, J. T. Jr. 1975.
Effect of lidocaine on the early inward
transient current in sheep cardiac Pur-
kinje fibers. Circ. Res. 37.630-39
Sada, H., Ban, T. 1981. Frequency de-
pendent block of nerve conduction by
B-adrenergic blocking agents. Arch. Int.
Pharmacodyn. Ther. 254:134—44
Courtney, K. R. 1981. Comparative ac-
tions of mexiletine on sodium channels in
nerve, skeletal and cardiac muscle. Eur.
J. Pharmacol. 74:9-18

Courtney, K. R. 1981. Significance of
bicarbonate for antiarrhythmic drug ac-
tion. J. Mol. Cell. Cardiol. 13:1031-
1034

Hohnloser, S., Weirich, J., Antoni, H.
1982. Effects of mexiletine on steady-
state characteristics and recovery kinetics
of V,ax and conduction velocity in
guinea pig myocardium. J. Cardiovasc.
Pharmacol. 4:232-39

Okuma, K., Sugiyama, S., Wada, M.,
Sugemoya, J., Nimi, N., et al. 1976.
Experimental studies on the antiarrhyth-
mic action of a lidocaine analog. Cardiol-
ogy 61:283-97

Weld, F. M., Bigger, J. T. Jr., Swistel,
D., Bordiuk, J., Lau, Y. H. 1979. Elec-
trophysiological effects of mexiletine
(Ko1173) on ovine cardiac Purkinje fi-
bers. J. Pharmacol. Exp. Ther. 210:222—
28

Sada, H., Ban, T., Oshita, S. 1980.
Effects of mexiletine on transmembrane
action potentials as affected by external
potassium concentration and by rate of
stimulation in guinea-pig papillary mus-
cles. Clin. Exper. Pharmacol. Physiol.
7:583-93

Ehring, G. R., Hondeghem, L. M. 1978.
Rate, rhythm and voltage dependent
effects of phenytoin: A test of a model of
the mechanisms of action of antiarrhyth-
mic drugs. Proc. West. Pharmacol. Soc.
21:63-65

Courtney, K. R., Etter, E. F. 1983. Mod-
ulated anticonvulsant block of sodium
channels in nerve and muscle. Eur. J.
Pharmacol. 88:1-9

Ban, T., Kojima, M., Sada, H., Oshita,
S. 1982. Effects of prenylamine on trans-
membrane action potentials as related to
the changes in external porhtassium con-
centrations in guinea pig papillary mus-

ANTIARRHYTHMIC DRUGS 415

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

cle. J. Cardiovasc. Pharmacol. 4:601-
8

Sada, H., Kojima, M., Ban, T. 1979.
Effect of procainamide on transmem-
brane action potentials in guinea-pig
papillary muscles as affected by exter-
nal potassium concentration. Naunyn-
Schmiedebergs Arch. Pharmacol. 309:
179-90

Kohlhardt, M., Seifert, C. 1980. Inhibi-
tion of V.« of the action potential by
propafenone and its voltage-, time- and
pH-dependence in mammalian ventricu-
lar myocardium. Naunyn-Schmiedebergs
Arch. Pharmacol. 315:55-62
Kohlhardt, M., Seifert, C. 1983. Tonic
and phasic INa blockade by antiarrhyth-
mics: Different properties of drug bind-
ing to fast sodium channels as judged
from V,,, studies with propafenone and
derivatives in mammalian ventricular
myocardium. Pfleugers Arch. 396:199—
209

Ledda, F., Mantelli, L., Manzini, S.,
Amerini, S., Mugelli, A. 1981. Elec-
trophysiological and antiarrhythmic
properties of propafenon in isolated car-
diac preparations. J. Cardiovasc. Phar-
macol. 3:1162-73

Tarr, M., Luckstead, E. F., Jurewicz, P.
A., Haas, H. G. 1973. Effect of propran-
olol on the fast inward sodium current in
frog atrial muscle. J. Pharmacol. Exp.
Ther. 184:599-610

Ban, T. 1977. A kinetic study of the
cffccts of propranolol and N-
propylajmaline on the rate of rise of ac-
tion potential in guinea pig papillary mus-
cles. Jpn. J. Pharmacol. 27:865-80
Grant, A. O., Trantham, J. L., Brown,
K. K., Strauss, H. C. 1982. pH-
dependent effects of quinidine on the
kinetics of dV/dt-max in guinea pig ven-
tricular myocardium. Circ. Res. 50:210-
17

Ducouret, P. 1976. The effect of quini-
dine on membrane electrical activity in
frog auricular fibres studied by current
and voltage clamp. Br. J. Pharmacol.
57:163-84

Yeh, J. Z., Narahashi, T. 1976. Mecha-
nism of action of quinidine on squid giant
axon membranes. J. Pharmacol. Exp.
Ther. 196:62-70

Sada, H., Ban, T. 1981. Effects of var-
ious structurally related B-adrenoceptor
blocking agents on maximum upstroke
velocity of action potential in guinea
pig papillary muscles. Naunyn-Schmie-
debergs Arch. Pharmacol. 317: 245-51
Sada, H., Ban, T. 1980. Effects of ace-
butolol and other structurally related 8



Annu. Rev. Pharmacol. Toxicol. 1984.24:387-423. Downloaded from www.annualreviews.org
by Central College on 12/12/11. For personal use only.

416

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

HONDEGHEM & KATZUNG

adrenergic blockers on transmembrane
action potential in guinea-pig papillary
muscles. J. Pharmacol. Exp. Ther.
215:507-14

Lee, K. S., Hume, J. R., Giles, W.,
Brown, A. M. 1981. Sodium current de-
pression by lidocaine and quinidine in
isolated  ventricular cells. Nature
291:325-27

Sanchez-Chapula, J., Tsuda, Y ., Joseph-
son, I. R. 1983. Voltage- and use-
dependent effects of lidocaine on sodium
current in rat single ventricular cells.
Circ. Res. 52:557-65

Gintant, G. A., Hoffman, B. F., Naylor,
R. E. 1983. The influence of molecular
form of local anesthetic-type antiarrhyth-
mic agents on reduction of maximum up-
stroke velocity of canine cardiac Purkinje
fibers. Circ. Res. 52:735-46

Singh, B. N., Vaughan Williams, E. M.
1970. The effect of amiodarone, a new
anti-anginal drug, on cardiac muscle. Br.
J. Pharmacol. 39:657-67

Heger, J. J., Prystowsky, E. N., Jack-
man, W. M., Naccarelli, G. V., Warfel,
K. A., etal. 1981. Amiodarone: Clinical
efficacy and electrophysiology during
long-term therapy for recurrent ventricu-
lar tachycardia or ventricular fibrillation.
N. Engl. J. Med. 305:539—45

Bean, B. P., Cohen, C. J., Tsien, R. W.
1983. Lidocaine block of cardiac sodium
channels. J. Gen. Physiol. 81:613-42
Colatsky, T. J. 1982. Quinidine block of
cardiac sodium channels is rate- and volt-
age-dependent. Biophys. J. 37:343a
Schwarz, W., Palade, P. T., Hille, B.
1977. Local anesthetics. Effect of pH in
use-dependent block of sodium channels
in frog muscle. Biophys. J. 20:343—
68

Strichartz, G. 1980. Use-dependent con-
duction block produced by volatile gener-
al anesthetic agents. Acta Anaesthesiol.
Scand. 24:402-6

Courtney, K. R., Kendig, J. J., Cohen,
E. N. 1978. Frequency-dependent con-
duction block: The role of nerve impulse
pattern in local anesthetic potency. Anes-
thesiology 48:111-17

Rimmel, C., Walle, A., Kessler, H.,
Ulbricht W. 1978. Rates of block by pro-
caine and benzocaine and the procaine-
benzocaine interaction at the node of
Ranvier. Pfluegers Arch. 376:105-
118

Kendig, J. J., Courtney, K. R., Cohen,
E. N. 1979. Anesthetics: Molecular
correlates of voltage- and frequency-
dependent sodium channel block in
nerve. J. Pharmacol. Exp. Ther.
210:446-52

103.
104.

105.

106.

107.

108.

109.

110.

111,

112.

113.

114.

115.

116.

117.

Hondeghem, L. M. 1983. See Ref. 82,
appendix
Yeh, J. Z. 1978. Sodium inactivation
mechanism modulates QX-314 block of
sodium channels in squid axons. Bio-
phys. J. 24:569-74
Yeh, J. Z. Narahashi, T. 1977. Kinetic
analysis of pancuronium interaction with
sodium channels in squid axon mem-
branes. J. Gen. Physiol. 69:2293-323
Cahalan, M. D., Almers, W. 1979. In-
teractions between quatemary lidocaine,
the sodium channel gates, and tetrodo-
toxin. Biophys. J. 27:39-56
Yeh, J. Z. 1982. A pharmacological
approach to the structure of the sodium
channel in squid axon. In Proteins in the
Nervous System: Structure and Function,
pp- 17-49. New York: Liss
Amstrong, C. M., Gilly, W. F. 1979.
Fast and slow steps in the activation of
sodium channels. J. Gen. Physiol.
74:691-711
Keynes, R.D., Rojas, E. 1974. Kinetics
and steady-state properties of the charged
system controlling sodium conductance
in the squid giant axon. J. Physiol.
239:393434
Lo, M-V. C., Shrager, P. 1981. Block
and inactivation of sodium channels in
nerve by amino acid derivatives. II. De-
pendence on temperature and drug con-
centration. Biophys. J. 35:1-16
Peganov, E. M., Khodorov, B. 1. 1977.
Vorootnyi tok v membrane perekhvata
ranve v usloviiakh lineinoco izmeneniia
membrannogo potentsiala Biul. Eksp.
Biol. Med. 84:515-18
Brown, A. M., Lee, K. S., Powell, T.
1981. Sodium current in single rat heart
muscles. J. Physiol. 318:479-500
Seeman, P. 1972. The membrane action
of anesthetics and tranquilizers. Pharma-
col. Rev. 24:583-655
Covino, B. G., Vassallo, H. G. 1976.
Local Anesthetics. Mechanisms of Action
and Clinical Use. New York: Grune &
Skratton
Catterall, W. A. 1981. Inhibition of volt-
age-sensitive sodium channels in neuro-
blastoma cells by antiarthythmic drugs.
Mol. Pharmacol. 20:356-62
Weld, F. M., Coromilas, J., Rottman, J.
N., Bigger, J. T. Jr. 1982. Mechanism of
quinidine-induced depression of max-
imum upstroke velocity in ovine cardiac
E7’urkinje fibers. Cir. Res. 50:369-
6

Saikawa, T., Carmeliet, E. 1982. Slow
recovery of the maximal rate of rise
(Vmayx) Of the action potential in sheep
cardiac Purkinje fibers. Pfluegers Arch.
394:90-93



Annu. Rev. Pharmacol. Toxicol. 1984.24:387-423. Downloaded from www.annualreviews.org
by Central College on 12/12/11. For personal use only.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

Clarkson, C. W., Mason, J. W., Matsu-
bara, T., Moyer, J. W., Hondeghem, L.
M. 1983. Slow inactivation in guinea pig
ventricular myocardium. Biophys. J.
41:309a

Henderson,E. G., Reynolds, L. S. 1978.
Removal of slow sodium inactivation in
denervated and organ-cultured mouse
skeletal muscle: Modification by tetrodo-
toxin. J. Pharmacol. Exp. Ther.
207:1032-40

Lipicky, R. J., Gilbert, D. L., Ehren-
stein, G. 1978. Effects of yohimbine on
squid axons. Biophys. J. 24:405-22
Cahalan, M. D. 1978. Local ancsthetic
block of sodium channels in normal and
pronase-treated squid giant axons. Bio-
phys. J. 23:285-311

Hondeghem, L. M., Matsubara, T.
1984. Quinidine and lidocaine: Activa-
tion and inactivation block. Proc. West.
Pharmacol. Soc. 27 (In press)
Hashimoto, K., Satoh, H., Imai, S.
1980. Effects of etafenone and anti-
arrhythmic drugs on Na and Ca channels
of guinea pig atrial muscle. J. Car-
diovasc. Pharmacol. 561-70

Kus, T., Sasynick, B. 1. 1978. Disopyra-
mide phosphate: Is it just another quini-
dine? Can. J. Physiol. Pharmacol.
56:326-31

Schmidtmayer, J., Ulbricht, W. 1980.
Interaction of lidocaine and benzocaine
in blocking sodium channels. Pfluegers
Arch. 387:47-54

Grant, A. O., Strauss, L. J., Wallace, A.
G., Strauss, H. C. 1980. The influence of
pH on the electrophysiological effects
of lidocaine in guinea pig ventric-
ular myocardium. Circ. Res. 47:542—
50

Weidmann, S. 1955. The effect of the
cardiac membrane potential on the rapid
availability of the sodium-carrying sys-
tem. J. Physiol. 127:213-24

Gettes, L. S., Reuter, H. 1974. Slow
recovery from inactivation of inward cur-
rents in mammalian myocardial fibres. J.
Physiol. 240:703-24

Hondeghem, L. M., Ehring, G. R.,
Moyer, J. W. 1978. Observations on the
nature of the voltage shift of antiarrhyth-
mic drugs. Proc. West. Pharmacol. Soc.
21:67-69

Gintant, G. A., Hoffman, B. F. 1982.
Blockade of fast inward sodium current
by quaternary derivatives of lidocaine in
canine cardiac Purkinje fibers. Biophys.
J. 37:244a

Hondeghem, L. M., Katzung, B. G.
1977. A unifying model for the interac-
tion of antiarrhythmic drugs with cardiac
sodium channels: Application to quini-

ANTIARRHYTHMIC DRUGS

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

417

dine and lidocaine. Proc. West. Pharma-
col. Soc. 20:253-56

Starmer, C. F.,Grant, A. O, Strauss, H.
C. 1983. A model of the interaction of
local anesthetics with Na channels. Bio-
phys. J. 41:145a

Courtney, K. R. 1983. Comments on
“Mechanisms of quinidine-induced de-
pression of maximum upstroke velocity
in ovine cardiac Purkinje fibers” (Letters
to the Editor). Circ. Res. 52:232

Skou, J. C. 1954. Local anaesthetics. 1.
The blocking potencies of some local
anaesthetics and of butyl alcohol deter-
mined on peripheral nerves. Acta Phar-
macol. Toxicol. 10:281-91

Skou, J. C. 1954. Local anaesthetics.
Vol. II. Relation between blocking
potency and penetration of a mono-
molecular layer of lipoids from nerves.
Acta Pharmacol. Toxicol. 10:325-37
Narahashi, T., Frazier, D. T., Yamada,
M. 1970. The site of action and active
form of local anesthetics. 1. Theory and
pH experiments with tertiary com-
pounds. J. Pharmacol. Exp. Ther. 171:
32-44

Frazier, D. T., Narahashi, T., Yamada,
M. 1970. The site of action and active
formof local anesthetics. II. Experiments
with quaternary compounds. J. Pharma-
col. Exp. Ther. 171:45-51

Glicklich, J. 1., Hoffman, B. F. 1978.
Sites of action and active forms of lido-
caine and some derivatives on cardiac
Purkinje fibers. Circ. Res. 43:638-51
Ritchie, J. M. 1975. Mechanism of ac-
tion of local anaesthetic agents and
biotoxins. Br. J. Anaesthesiol. 47:191—
98

Nattel, S., Bailey, J. C. 1983. Time
course of the electrophysiological effects
of quinidine on canine cardiac Purkinje
fibers: Concentration dependence and
comparison with lidocaine and disopy-
ramide. J. Pharmacol. Exp. Ther. 225:
176-80

Poole-Wilson, P. A., Langer, G. 1975.
Effect of pH on ionic exchange and func-
tion inrat and rabbit myocardium. Am. J.
Physiol. 229:570-81

Spitzer, K. W., Hogan, P. M. 1979. The
effects of acidosis and bicarbonate on ac-
tion potential repolarization in canine
cardiac Purkinje fibers. J. Gen. Physiol.
73:199-218

Hille, B. 1977. The pH dependent rate
of action of local anesthetics on the node
of Ranvier. J. Gen. Physiol. 69:475-
96

Nattel, S., Elharrar, V., Zipes, D. P.,
Bailey, J. C. 1981. pH dependent elec-
trophysiological effects of quinidine and



Annu. Rev. Pharmacol. Toxicol. 1984.24:387-423. Downloaded from www.annualreviews.org
by Central College on 12/12/11. For personal use only.

418

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

HONDEGHEM & KATZUNG

lidocaine on canine cardiac Purkinje fi-
bers. Circ. Res. 48:55-61

Ellis, D., Thomas, R. C. 1976. Direct
measurement of the intracellular pH of
mammalian cardiac muscle. J. Physiol.
262:755-T1

Bowman, W. C., Rand, M. J. 1980.
Textbook of Pharmacology, Ch. 28, p.
17. Oxford: Blackwell. 2nd ed.
Bauman, J. L., Curtis, R. A., Covinsky,
J. O. 1980. Effects of antiarthythmics in
ischemic models. Am. Heart J. 100:947—
48

Skinner, R. B. Jr., Kunze, D. L. 1976.
Changes in extracellular potassium activ-
ity in response to decreased pH in rabbit
atrial muscle. Circ. Res. 39:678-83
Sperelakis, N., Lee, E. C. 1971. Charac-
terization of (Na+ K+)ATPase isolated
fromembryonic chick hearts and cultured
chick heart cells. Biochim. Biophys. Acta
233:562-79

Bellet, S., Harridan, G., Somylo, A.,
Lara, R. 1959. The reversal o f cardiotox-
ic effects of quinidine by molar sodium
lactate: An experimental study. Am. J.
Med. Sci. 237:165-76

Bailey, D. J. Jr. 1960. Cardiotoxic
effects of quinidine and their treatment.
Arch. Int. Med. 105:13-22

Chemick, W. S. 1971. Local anesthetics.
InDrill's Pharmacology in Medicine, ed.
J. R. DiPalma, pp. 190-210. New York:
Blakiston-McGraw Hill 4th ed.
Courtney, K. R. 1983. Quantifying anti-
arthythmic drug blocking during action
potentials in guinea-pig papillary muscle.
J. Mol. Cell Cardiol. 15:749-57
Rudiger, H. J., Homburger, H., Antoni,
H. 1981. Effects of a new antiarrhythmic
compound [2-bensol-1-(2’ disopropyl-
amino-ethoxy-imino-cycloheptone  hy-
drogen fumarate] on the electrophysiolo-
gical properties of mammalian cardiac
cells. Naunyn-Schmidebergs Arch. Phar-
macol. 317:238

Ehring, G. R., Hondeghem, L. M. 1980.
Structural similarities and cardiac elec-
trophysiological differences between
lidocaine and procainamide. Proc. West.
Pharmacol. Soc. 23:163-66

Ehring, G. R., Hondeghem, L. M. 1981.
Antiarrhythmic structure activity rela-
tionships in a series of lidocaine pro-
cainamide derivatives. Proc. West.
Pharmacol. Soc. 24:221-24

Dangman, K. H., Hoffman, B. F. 1981.
In vivo and in vitro antiarrhythmic and
arthythmogenic effects of N-acetyl pro-
cainamide. J. Pharmacol. Exp. Ther.
217:851-62

Yeh, J. Z. 1980. Blockage of sodium

159.

160.
161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

channels by stereoisomers of local anes-
thetics. In Molecular Mechanisms of
Anesthesia, ed. R. Fink, pp. 35-44. New
York: Raven
Reuter, H. 1979. Properties of two in-
ward membrane currents in the heart.
Ann. Rev. Physiol. 41:413-24
Hagiwara, S., Byerly, L. 1981. Calcium
channel. Ann. Rev. Neurosci. 4:69-125
Reuter, H. 1983. Calcium channels mod-
ulation by neurotransmitters, enzymes
and drugs. Nature 301:569-74
Tsien, R. W. 1983. Calcium channels in
excitable cell membranes. Ann. Rev.
Physiol. 45:341-58
Osterrieder, W., Brum, G., Hescheler,
J., Trautwein, W., Flockerzi, V., Hof-
mann, F. 1982. Injection of subunits of
cyclic AMP-dependent protein kinase
into cardiac myocytes modulates Ca2+
current. Nature 298:576- 78
Beeler, G. W. Ir.,Reuter, H. 1970. Volt-
age clamp experiments on ventricular
r9nyocardial fibres. J. Physiol. 207:165-
0

New, W., Trautwein, W. 1972. The
ionic nature of slow inward current and
its relation to contraction. Pfluegers
Arch. 334:24-38

Trautwein, W., McDonald, T. F., Tri-
pathi, O. 1975. Calcium conductance
and tension in mammalian ventricular
muscle. Pfluegers Arch. 354:55-74
Godfraind, T., Dieu, D. 1981. The in-
hibition by flunarizine of the nor-
epinephrine—Evoked contraction and
calcium influx in rat aorta and mesenteric
arteries. J. Pharmacol. Exp. Ther.
217:510-15

Lowe, A ., Matthews, E. K., Richardson,
B. P. 1981. The calcium antagonistic
effects of cyproheptadine on contraction,
membrane electrical events and calcium
influx in the guinea-pigtaenia coli. Br. J.
Pharmacol. 74:651-63

Wit, A. L., Cranefield, P. F. 1974.
Effect of verapamil on the sinoatrial and
atrioventricular nodes of the rabbit and
the mechanism by which it arrests reen-
trant atrioventricular nodal tachycardia.
Circ. Res. 35:413-25

Bayer, R., Hennekes, R., Kaufmann,
R., Mannhold, R. 1975. Inotropic and
electrophysiological actions of verapamil
and D 600 in mammalian myocardium. 1.
Pattern of inotropic effects of the race-
mic compounds. Naunyn-Schmiedebergs
Arch. Pharmacol. 290:49-68

Bayer, R., Kaufmann, R., Mannhold, R.
1975. Inotropic and electrophysiological
actions of verapamil and D 600 in mam-
malian myocardium. II. Patten of



Annu. Rev. Pharmacol. Toxicol. 1984.24:387-423. Downloaded from www.annualreviews.org
by Central College on 12/12/11. For personal use only.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

inotropic effects of the optical isomers.
Naunyn-Schmiedebergs Arch. Pharma-
col. 290:69--80

Tritthart, H., Volkmann, R., Weiss, R,
Fleckenstein, A. 1973. Calcium-me-
diated action potentials in mammalian
myocardium.  Naunyn-Schmiedebergs
Arch. Pharmacol. 288:239--52

Ludwig, C., Nawrath, H. 1977. Effects
of D-600 and its optical isomers on force
of contraction in cat papillary muscles
and guinea-pig auricles. Br. J. Pharma-
col. 59:411-17

Mannhold, R., Steiner, R., Haas, W.,
Kaufmann, R. 1978. Investigations on
the structure-activity relationships of
verapamil. Naunyn-Schmiedebergs Arch.
Pharmacol. 302:217-26

Ehara, T., Kaufmann, R. 1978. The volt-
age- and time-dependent effects of (-1)-
verapamil on the slow inward current in
isolated cat ventricular myocardium. J.
Pharmacol. Exp. Ther. 207:49-55
McDonald, T., Pelzer, D., Trautwein,
W. 1980. On the mechanism of slow cal-
cium channel block in heart. Pfluegers
Arch. 385:175-79

Lee, K. S., Tsien, R. W. 1983. Mecha-
nism of calcium channel blockade by
verapamil, D600, diltiazem and nitrendi-
pine in single dialysed heart cells. Nature
302:790-94

Kanaya, S., Arlock, P., Katzung, B.G.,
Hondeghem, L. M. 1983. Diltiazem and
verapamil preferentially block inacti-
vated calcium channels. J. Mol. Cell
Cardiol. 15:145-48

Tung, L., Morad, M. 1982. Frequency-
and voltage-dependent block of tension
and slow inward current in heart muscle
by diltiazem. Circulation 66:11-293
Trautwein, W., Pelzer, D., McDonald,
T. F., Osterrieder, W. 1981. AQA 39, a
new bradycardic agent which blocks
myocardial calcium (CA%*) channels in a
frequency- and voltage-dependent man-
ner. Naunyn-Schmiedeber gs Arch. Phar-
macol. 317:228-32

Hume, J. R., Giles, W. 1981. Active and
passive electrical properties of single
bullfrog atrial cells. J. Gen. Physiol.
78:19-42

Sanguinetti, M. C., West, T. C. 1982.
Comparison of papaverine and verapamil
on frequence-dependent changes in V.«
of K-depolarized ventricular tissue. J.
Cardiovasc. Pharmacol. 4:791-802
Sanguinetti, M. C., West, T. C. 1982.
Frequency-dependent depression of V ;a
of slow reponse action potentials by a
high concentration of papaverine. J. Car-
diovasc. Pharmacol. 5:125-30

ANTIARRHYTHMIC DRUGS

184.

185.

186.

187.

188.

189.

190.

191.

192.

193.

194.

195.

419

Linden, J., Brooker, G. 1980. The influ-
ence of resting membrane potential on the
effect of verapamil on awia. J. Mol. Cell
Cardiol. 12:325-31

Borchard, U., Hafner, D. 1983. Differ-
ence in action of the calcium antagonists
nifedipine and diltiazem on the slow re-
sponse in ventricular myocardium.
Naunyn-Schmiedebergs Arch. Pharma-
col. 322:R28

Pelzer, D., Trautwein, W., McDonald,
T. F. 1982. Calcium channel block and
recovery from block in mammalian ven-
tricular muscle treated with organic chan-
nel inhibitors. Pfluegers Arch. 394.:97-
105

Isenberg, G., Klockner, U. 1982. Iso-
lated bovine ventricular myocytes. Char-
acterization of the action potential. Pflue-
gers Arch. 395:19--29

Reuter, H., Stevens, C. F., Tsien, R.
W, Yellen, G. 1982. Properties of single
calcium channels in cardiac cell culture.
Nature 297:501-04

Schramm, M., Thomas, G., Towart,R.,
Frankowiak, G. 1983. Novel dihydropy-
ridines with positive inotropic action
through activation of Ca2+ channels.
Nature 303:535-37

Murphy, K. M. M., Gould, R. J., Lar-
gent, B. L., Snyder, S. H. 1983. A uni-
tary mechanism of calcium antagonist
drug action. Proc. Natl. Acad. Sci. USA
80:860-64

Holck, M., Thorens, S., Haeusler, G.
1983. Does [3H]-Nifedipine label the
calcium channel in rabbit myocardium?
J. Receptor Res. 3:191-98

DePover, A., Matlib, M. A.,Lee, S. W,
Dube, G. P., Grupp, I. L., et al. 1982.
Specific binding of [3H]-nitrendipine to
membranes from coronary arteries and
heart in relation to pharmacological
effects. Paradoxical stimulation by dil-
tiazem. Biochem. Biophys. Res. Com-
mun. 108:110-17

Ferry, D. R., Glossman, H. 1982. Identi-
fication of putative calcium channels in
skeletal muscle microsomes. FEBS Lett.
148:331-37

Yamamura, H. 1., Schoemaker, H.,
Boles, R. G., Roeske, W. R. 1982. Dil-
tiazem enhancement of [3H]-nitrendipine
binding to calcium channel associated
drug receptor sites in rat brain synapto-
somes. Biochem. Biophys. Res. Comm.
108:640—46

Kohlhardt, M., Fleckenstein, A. 1977.
Inhibition of the slow inward current
by nifedipine in mammalian ventricu-
lar myocardium. Naunyn-Schmiedebergs
Arch. Pharmacol. 298:267-72



Annu. Rev. Pharmacol. Toxicol. 1984.24:387-423. Downloaded from www.annualreviews.org
by Central College on 12/12/11. For personal use only.

420

196.

197.

198.

199.

200.

201.

202.

203.

204.

205.

206.

207.

HONDEGHEM & KATZUNG

Bayer, R., Ehara, T. 1978. Comparative
studies on calcium antagonists (VII).
Prog. Pharmacol. 2:31-37

Kass, R. S. 1982. Nisoldipine: A new,
more selective calcium current blocker in
cardiac Purkinje fibers. J. Pharmacol.
Exp. Ther. 223:446-56

Hachisu, M., Pappano, A. J. 1983. A
comparative study of the blockade of cal-
cium-dependent action potentials by
verapamil, nifedipine, and nimodipine in
ventricular muscle. J. Pharmacol. Exp.
Ther. 225:112-20

Molyvdas, P-A., Sperelakis, N. 1983.
Comparison of the effects of several cal-
cium antagonistic drugs (slow-channel
blockers) on the electrical and mechani-
cal activities of guinea pig papillary mus-
cle. J. Cardiovasc. Pharmacol. 5:162—
69

Kohlhardt, M., Haap, K. 1981. The
blockade of V,, ., of the atrioventricular
action potential produced by the slow
channel inhibitors verapamil and nifedi-
pine. Naunyn-Schmiedebergs Arch.
Pharmacol. 316:178-85

Pang, D. C., Sperelakis, N. 1983. Nifed-
ipine, diltiazem, bepridil, and verapamil
uptakes into cardiac and smooth muscles.
Eur. J. Pharmacol. 87:199-207
Rodenkirchen, R., Bayer, R., Steiner,
R., Bossert, F., Meyer, H., Moeller, E.
1979. Structure-activity studies onnifed-
ipine in isolated cardiac muscle. Naunyn-
Schmiedebergs  Arch.  Pharmacol.
310:69-78

Mannhold, R., Zierden, P., Bayer, R.,
Rodenkirchen, R., Steiner, R. 1981. The
influence of aromatic substitution on the
negative inotropic action of verapamil in
the isolated cat papillary muscle.
Arzneim. Forsh. 31:773-80

Hescheler, J., Pelzer, D., Trube, G.,
Trautwein, W. 1982. Does the organic
calcium channel blocker D600 act from
inside or outside on the cardiac cell mem-
brane? Pfluegers Arch. 393:287-91
Rosenberger, L. B., Triggle, D. J. 1978.
Calcium, calcium translocation and spe-
cific calcium antagonists. In Calcium in
Drug Action, ed. G. B. Weiss, pp. 3-31.
New York:Plenum. 366 pp.
Nguyen-Thi, A., Ruiz-Ceretti, E.,
Schanne, O. F. 1981. Electrophysiologic
effects and electrolyte changes in total
myocardial ischemia. Can. J. Physiol.
Pharmacol. 59:876-83

Karagueuzian, H. S., Fenoglio, J. J. Jr.,
Weiss, M. B., Wit, A. L. 1980. Coro-
nary occlusion and reperfusion: Effects
on subendocardial cardiac fibers. Am. J.
Physiol. 238:H581-93

208.

209.

210.

212.

213.

214.

215.

216.

217.

218.

219.

220.

Wit, A. L., Friedman, P. L. 1975. Basis
for ventricular arrhythmias accompany-
ing myocardial infarction. Alterations in
electrical activity of ventricular muscle
and Purkinje fibers after coronary artery
occlusion. Arch. Int. Med. 135:459-72
Weiss, J., Shine, K. I. 1981. Extracellu-
lar potassium accumulation during
myocardial ischemia: Implications for
arrhythmogenesis. J. Mol. Cell. Cardiol.
113:699-704

Lazzara, R., El-Sherif, N., Scherlag, B.
J. 1975. Disorders of cellular electro-
physiology produced by ischemia of the
canine His bundle. Circ. Res. 36:444-54

. Carmeliet, E. 1978. Cardiac transmem-

brane potentials and metabolism. Circ.
Res. 42:577-87

Janse, M. J., van Capelle, F. J. L., Mor-
sink, H., Kleber, A. G., Wilms-
Schopman, F., et al. 1980. Flow of “in-
jury” current and patterns of excitation
during early ventricular arrhythmias in
acute regional myocardial ischemia in
isolated porcine and canine hearts. Evi-
dence for two different arrhythmogenic
mechanisms. Circ. Res. 47:151-65
Janse, M. J., Cinca, J., Morena, H.,
Fiolet, J. W. T., Kleber, A. G, et al.
1979. The “border zone” in myocardial
ischemia. An electrophysiologic, meta-
bolic, and histochemical correlation in
the pig heart. Circ. Res. 44:576-88
Ferrier, G. R. 1977. Digitalis arrhyth-
mias: Role of oscillatory afterpotentials.
Prog. Cardiovasc. Dis. 19:459-73
Rosen, M. R., Gelband, H., Hoffman,
B. F. 1973. Correlation between effects
of ouabain on the canine electrocardio-
gram and transmembrane potentials of
isolated Purkinje fibers. Circulation
47:65-72

Danilo, P. Jr., Hordof, A. J., Rosen, M.
R. 1977. Effects of disopyramide on
electrophysiologic properties of canine
cardiac Purkinje fibers. J. Pharmacol.
Exp. Ther. 201:701-10

Yamada, S., Nishimura, M., Watanabe,
Y. 1982. Electrophysiologic effects of
disopyramide studied in a hypoxic canine
Purkinje fiber model. J. Electrocardiol.
15:31-40

Gibson, J. K., Somani, P, Bassett, A. L.
1978. Electrophysiologic effects of en-
cainide (MJ9067) on canine Purkinje
fibres. Eur. J. Pharmacol. 52:161-69
Wong, S. S., Myerburg, R. J., Ezrin, A.
M., Gelband, H., Bassett, A. L. 1982.
Electrophysiologic effects of encainide
on acutely ischemic rabbit myocardial
cells. Eur. J. Pharmacol. 80:323-29
Elharrar, V., Zipes, D. P. 1982. Effects



Annu. Rev. Pharmacol. Toxicol. 1984.24:387-423. Downloaded from www.annualreviews.org
by Central College on 12/12/11. For personal use only.

222.

223.

224,

225.

226.

227.

228.

229.

230.

231.

232.

of encainide and metabolities (MJ14030
and MJ9444) on canine cardiac Purkinje
and ventricular fibers. J. Pharmacol.
Exp. Ther. 220:440-47

. Ruffy, R., Rozenshtraukh, L. V., Elhar-

rar, V., Zipes, D. P. 1979. Electrophys-
iologic effects of ethmozin on canine
myocardium. Cardiovasc. Res. 13:354—
63

Cowan, J. C., Vaughan Williams, E. M.
1981. Characterizationo fa new oral anti-
arrhythmic drug, flecainide (R818). Eur.
J. Pharmacol. 73:333-42

Hodges, M., Haugland, J. M., Granrud,
G., Conrad, G. J., Asinger, R. W, etal.
1982. Suppression of ventricular ectopic
depolarizations by flecainide acetate, a
new antiarrhythmic agent. Circulation
65:879-85

Borchard, U., Boisten, M. 1982. Effect
of flecainide on action potentials and
alternating current-induced arrhythmias
in mammalian myocardium. J. Car-
diovasc. Pharmacol. 4:205-12
Brennan, F. J. 1980. Electrophysiologic
effects of Imipramine and Doxepin on
normal and depressed cardic Purkinje fi-
bers. Am. J. Cardiol. 46:599-606
Allen, J. D., Brennan, F. J., Wit, A. L.
1978. Actions of lidocaine on transmem-
brane potentials of subendocardial Pur-
kinje fibers surviving in infarcted canine
hearts. Circ. Res. 43:470-81

Singh, B. N., Vaughan Williams, E. M.
1971. Effect of altering potassium con-
centration on the action of lidocaine and
diphenylhydantoin on rabbit atrial and
ventricular muscle. Circ. Res. 29:286-95
El-Sherif, N., Scherlag, B. J., Lazzara,
R., Hope, R. R. 1977. Re-entrant ven-
tricular arrhythmias in the late myocar-
dial infarction period. 4. Mechanism of
at')tion of lidocaine. Circulation 56:395-
402

Hondeghem, L. M., Cotner, C. L. 1978.
Reproducible and uniform cardiac ische-
mia: Effects of antiarrhythmic drugs.
Am. J. Physiol. 235:H574-80
El-Sherif, N., Lazzara, R. 1977. Reen-
trant ventricular arrhythmias in the late
myocardial infarction period. 4. Mecha-
nism of action of lidocaine. Circulation
56:395-402

Obayashi, K., Hayakawa, H., Mandel,
W. J. 1975. Interrelationships between
external potassium concentration and
lidocaine effects on the caninc Purkinje
fibers. Am. Hear: J. 89:221-26
Brennan, F. J., Cranefield, P. F., Wit,
A. L. 1978. Effects of lidocaine on slow
response and depressed fast response ac-
tion potentials of canine cardiac Purkinje

ANTIARRHYTHMIC DRUGS 421

233.

234.

235.

236.

237.

238.

239.

240.

241.

242.

243.

fibers. J. Pharmacol. Exp. Ther. 204
312-24

Rosen, M. R., Merker, C., Pippenger,
C. E. 1976. The effects of lidocaine on
the canine ECG and electrophysiologic
properties of Purkinje fibers. Am. Heart
J. 91:191-202

Rosen, M. R., Hoffman, B. F., Wit, A.
L. 1975. Electrophysiology and pharma-
cology of cardiac arrhythmias. V. Car-
diac antiarrhythmic effects of lidocaine.
Am. Heart J. 89:526-36

Kimura, S., Nakaya, H., Kanno, M.
1982. Effects of verapamil and lidocaine
on changes in action potential character-
istics and conduction time induced by
combined hypoxia, hyperkalemia and
acidosis in canine ventricular myocar-
di7um. J. Cardiovasc. Pharmacol. 4:658-
6

Lazzara, R., Hope, R. R, El-Sherif, N.,
Scherlag, B. J. 1978. Effects of lidocaine
on hypoxia and ischemic cardiac cells.
Am. J. Cardiol. 41:872-79

Nakaya, H., Hattori, Y., Kanno, H.
1980. Effects of calcium antagonists and
lidocaine on conduction delay induced by
acute myocardial ischemia in dogs. Jpn.
J. Pharmacol. 30:587-97

Wang, C. M., James, C. A., Maxwell,
R. A. 1979. Effects of lidocaine on the
electrophysiological properties of suben-
docardial Purkinje fibers surviving acute
myocardial infarction. J. Mol. Cell. Car-
diol. 11:669-81

Kupersmith, J., Antman, F. L. Y., Hoff-
man, B. F. 1975. In vivo electrophys-
iologic effects of lidocaine in canine
acute myocardial infarction. Circ. Res.
36:84-91

Chen, C-M., Gettes, L. S. 1976. Com-
bined effects of rate, membrane poten-
tial, and drugs on maximum rate of rise
(Vmax) of action potential upstroke of
guinea pig papillary muscle. Circ. Res.
38:464-69

Kupersmith, J. 1979. Electrophysiolog-
ical and antiarrhythmic effects of lido-
caine in canine myocardial ischemia.
Am. Heart J. 97:360-66

Hondeghem, L. M., Grant, A. D., Jen-
sen, R. A. 1974. Antiarrhythmic drug
action: Selective depression of hypoxic
cardiac cells. Am. HeartJ. 87:602-5
Cardinal, R., Janse, M. J., VanEaden,
1., Wemer, G., Naumann, D. C., Durrer,
D. 1981. The effects of lidocaine on in-
tracellular and extracellular potentials,
activation, and ventricular arrhythmias
during acute regional ischemia in the iso-
lated porcine heart. Circ. Res. 49:792-
806



Annu. Rev. Pharmacol. Toxicol. 1984.24:387-423. Downloaded from www.annualreviews.org
by Central College on 12/12/11. For personal use only.

422

HONDEGHEM & KATZUNG

244, Gerstenblith, G., Scherlag, B. J., Hope,

245.

246.

247.

248.

249.

250.

251.

252.

253.

254.

255.

256.

R. R., Lazzara, R. 1978. Effect of lido-
caine on conduction in the ischemic His-
Purkinje system of dogs. Am. J. Cardiol.
442:587-91

Avitall, B. 1979. Strength-interval
curves of isolated rat papillary muscle
during hypoxia and reoxygenation:
Effect of lidocaine. J. Electrocard. 12:
353-60

Carson, D. L., Dresel, P. E. 1983. Ef-
fect of lidocaine on ventricular conduc-
tion in acutely ischemic dog hearts.
J. Cardiovasc. Pharmacol. 5:357-
63

Singh, B. N., Vaughan Williams, E. M.
1972. Investigations of the mode of ac-
tion of a new antidysrhythmic agent
(Ko1173). Br. J. Pharmacol. 44:1-9
Yamaguchi, I., Singh, B. N., Mandel,
W. 1979. Electrophysiological actions of
mexiletine on isolated rabbit atria and
canine ventricular muscle and Purkinje
fiber. Cardiovasc. Res. 13:288-96
Jensen, R. A., Katzung, B. G. 1970.
Electrophysiological action of diphenyl-
hydantoinon rabbit atria. Dependence on
stimulation frequency, potassium, and
sodium. Circ. Res. 26:17-27

Rosen, M. R., Danilo, P. Jr., Alonso, M.
B., Pippenger, C. E. 1974. Effects of
therapeutic concentrations of diphenyl-
hydantoin on transmembrane potentials
of normal and depressed Purkinje fibers.

J. Pharmacol. Exp. Ther. 197:594-
604
El-Sherif, N., Lazzara, R. 1978. Re-

entrant ventricular arthythmias in the late
myocardial infarction period. 5. Mecha-
nism of action of diphenylhydantoin.
Circulation 57:465-72

Pappano, A. J. 1970. Calcium-
dependent action potentials produced by
catecholamines in guinea pig atrial mus-
cle fibers depolarized by potassium.
Circ. Res. 27:379-90

Moore, E. M., Spear, J. F., Horowitz, L.
N., Feldman, H. S., Moller, R. A. 1978.
Electrophysiologic properties of a new
antiarrhythmic drug—tocainide. Am. J.
Cardiol. 41:703-9

Coltart, D. J., Berndt, T. B., Kernoff,
R., Harrison, D. C. 1974. Antiarrhyth-
mic and circulatory effects of Astra
W36075, anew lidocaine like agent. Am.
J. Cardiol. 34:35-41

Bigger, J. T. Jr., Hoffman, B. F. 1980.
Antiarrhythmic drugs. In Goodman and
Gilmans’s The Pharmacological Basis of
Therapeutics, ed. A. G. Gilman, L. S.
Goodman, A. Gilman, pp. 761-92. New
York: Macmillan. 6th ed.

Gettes, L. S. 1979. On the classification

257.

258.

259.

260.

261.

262.

263.

264.

265.

266.

267.

268.

of antiarrhythmic drugs. Mod. Concepts
Cardiovasc. Dis. 48:13-18

Bush, L. R., Romson, J. L., Ash,J. L.,
Lucchesi, B. R. 1982. Effects of dil-
tiazem on extent of ultimate myocardial
injury resulting from temporary coronary
artery occlusion in dogs. J. Cardiovasc.
Pharmacol. 4:285-96

Clarke, R. E., Christlieb, 1. Y., Henry,
P. D., Fischer, A. E., Nora, J. D., et al.
1979. Nifedipine: A myocardial protec-
tive agent. Am. J. Cardiol. 44:825-31
Fleckenstein, A. 1971. Specific inhibi-
tors and promotors of calcium action in
the excitation-contraction coupling of
heart muscle and their role in the preven-
tion or production of myocardial lesions.
See Ref. 21, pp. 135-88

Henry, P. D., Schuchlieb, R., Borda, L.
J., Roberts, R., Williamson, J. R.,
Sobel, B. E. 1978. Effects of nifedipine
on myocardial perfusion and ischemic in-
jury in dogs. Circ. Res. 43:372-80
Nayler, W. G., Grau, A., Slade, A.
1976. A protective effectof verapamil on
hypoxic heart muscle. Cardiovasc. Res.
10:650-60

Saini, R. K., Antonaccio, M. J. 1982.
Antiarrhythmic, antifibrillatory activities
and reduction of infarct size after the cal-
cium antagonist Ro 11-1781 (Tiapamil)
in anesthetized dogs. J. Pharmacol. Exp.
Ther. 221:29-36 )

Ribeiro, L. G. T., Brandon, T. A., De-
bauche, T. L., Maroko, P. R., Miller, R.
R. 1981. Antiarrhythmic and hemody-
namic effects of calcium channel block-
ing agents during coronary arterial re-
perfusion. Comparative effects of verap-
amil and nifedipine. Am. J. Cardiol.
48:69-74

Clusin, W. T., Bristow, M. R., Baim, D.
S., Schroeder, J. S., Jaillon, P., et al.
1982. The effects of diltiazem and re-
duced serum ionized calcium on ischemic
ventricular fibrillation in the dog. Circ.
Res. 50:518-26

Weishaar, R. E., Bing, R. J. 1980. The
beneficial effect of a calcium channel
blocker, diltiazem, on the ischemic-
reperfused heart. J. Mol. Cell Cardiol.
12:993-1009

Yamaguchi, I., Obayashi, K., Mandel,
W. J. 1978. Electrophysiological effects
of verapamil. Cardiovasc. Res. 12:597-
608

Sheehan, F. H., Epstein, S. E. 1982.
Effects of calcium channel blocking
agents on reperfusion arrhythmias. Am.
Heart J. 103:973-77

El-Sherif, N., Lazzara, R. 1979. Reen-
trant ventricular arrhythmias in the late
myocardial infarction period. 7. Effect of



Annu. Rev. Pharmacol. Toxicol. 1984.24:387-423. Downloaded from www.annualreviews.org
by Central College on 12/12/11. For personal use only.

269.

270.

271.

272.

273.

verapamil and D-600 and the role of the
“slow channel”. Circulation 60:605~-15
Sverdlow, C. D., Echt, D. S., Winkle,
R. A., Griffin, J. C., Ross, D. L.,
Mason, J. W. 1981. Incidence of acute
antiarrthythmic drug efficacy at elec-
trophysiologic study. Circulation 64:1V—
137

Sverdlow, C. D., Blum, J., Winkle, R.
A., Griffin, J. C.,Ross,D. L., Mason, J.
W. 1982. Decreased incidence of anti-
arrhythmic drug efficacy at electrophys-
iologic study associated with the use of
third extrastimulus. Am. Heart J.
104:1004-11

Mason, J. W., Sverdlow, C. D., Winkle,
R. A,, Ross, D. L., Echt, D. S., et al.
1983. Venwricular tachyarrhythmia in-
duction for drug selection; experience
with 311 patients. NIH Symposium on
Antiarrhythmic Drug Therapy. New
York: Raven

Lie, K. I., Wellens,H. J., vanCapelle, F.
J., Durrer, D. 1974. Lidocaine in the
prevention of primary ventricular fibrilla-
tion. A double blind, randomized study
of 212 consecutive patients. N. Engl. J.
Med. 291:1324-26

Kawai, C., Konishi, T., Matsuyama, E .,
Okazaki, H. 1981. Comparative effects

ANTIARRHYTHMIC DRUGS

274.

275.

276.

271.

278.

423

of three calcium antagonists, diltiazem,
verapamil, and nifedipine, on the sino-
atrial and atrioventricular nodes. Ex-
perimental and clinical studies. Circula-
tion 63:1035-42

Moyer, J. W., Hondeghem, L. M. 1980.
Effects of the combination of quinidine
and lidocaine on the upstroke velocity of
the cardiac action potential. Proc. West.
Pharmacol. Soc. 23:159--61

Breithardt, G., Seipel, L., Abendroth, R.
R. 1981. Comparison of antiarrhythmic
efficacy of disopyramide and mexiletine
against  stimulus-induced ventricular
tachycardia. J. Cardiovasc. Pharmacol.
3:1026-37

Duff, H. J., Roden, D., Primm, R. K.,
Oates, J. A., Woosley,R. L. 1983. Mex-
iletine in the treatment of resistant ven-
tricular arrhythmias: Enhancement of
efficacy and reduction of dose-related
side effects by combination with quini-
dine. Circulation 67:1124-28

Albright, G. A. 1979. Cardiac arrest fol-
lowing regional anesthesia with etido-
caine or bupivacaine. J. Anesthesiol.
51:285-87

Gettes, L. S. 1980. Editorial: Thoughts
of a computerphobe. Circulation 61:
1225-26



	Annual Reviews Online
	Search Annual Reviews
	Annual Review of Pharmacology and Toxicology Online
	Most Downloaded Pharmacology and Toxicology Reviews
	Most Cited Pharmacology and Toxicology Reviews
	Annual Review of Pharmacology and Toxicology Errata
	View Current Editorial Committee


	ar: 
	logo: 



