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Sudden coronary death is a major cause of mortality in the United States today.
As many as 199,000-386,000 (12) individuals may die suddenly each year, with
the majority of these deaths resulting from ventricular fibrillation secondary to
ischemic heart disease (64). This makes the management of ventricular rhythm
disorders in patients with ischemic heart disease and the prevention of sudden
coronary death a high priority for pharmaceutical research and drug development.
While there are many drug agents currently available for the treatment and suppres-
sion of chronic ventricular arrhythmias, no studies have been conducted to date as
to the effectiveness of suppression of ventricular arthythmias in reducing mortality
due to sudden coronary death. In addition, no currently available antiarrhythmic
agent has the combined properties of low toxicity and proven efficacy for the
prevention of sudden coronary death which is most often due to ventricular fibril-
lation.

One group of drugs that has been studied for its ability to prevent sudden death
is the beta-blockers. Both alprenolol (1,2,86) and practolol (48,49) have been found
to reduce mortality when given to patients following a myocardial infarction. How-
ever, in other studies, practolol (7), propranolol (8,54,84), atenolol (84), and ox-
prenolol (85) have been reported to be ineffective in reducing the incidence of
sudden coronary death in post-myocardial infarction patients. It should be empha-
sized that in none of the above studies was the relationship between the suppression
of ventricular arrhythmias and sudden death examined.

Recently, there has been new interest in the beta-blockers with the publication
of a report on timolol (55). This agent was shown to reduce both total mortality
and mortality due to sudden cardiac death, once again suggesting that beta-adre-
nergic blockade may protect patients at risk of sudden coronary death. However,
the interruption of adrenergic support to the heart by the general use of beta-
adrenergic blocking agents may not be without hazard in those patients who require
a degree of cardiac inotropic and chronotropic support during the acute phase of
myocardial infarction. Such patients may be subject to a higher incidence of car-
diogenic shock and bradyarrhythmias. Furthermore, beta-adrenergic receptor block-
ade might preclude the successful use of inotropic agents such as norepinephrine
or dopamine. Other limitations to the use of beta-receptor blocking agents would
be those patients with obstructive airway disease and those with heart failure.
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Since beta-adrenergic receptor blockade may not be essential for the antiar-
rhythmic actions of “membrane stabilizing” beta-blockers such as propranolol, one
approach to the above problem would be to design a pharmacologic agent with the
beneficial electrophysiological properties of the beta-adrenergic blocking agents,
but without the ability to inhibit the beta-adrenergic receptor.

This chapter describes the electrophysiologic and pharmacologic properties of
pranolium  ([N,N-dimethyl-1-isopropylamino-3-(1-naphthyloxy)-propran-2-ol}); UM-
272, SC-27761 (Fig. 1), the dimethy] quaternary derivative of propranolol. Pran-
olium has been demonstrated to be an effective antiarrhythmic agent when tested
against a variety of experimentally induced cardiac arrhythmias while possessing
no beta-adrenergic blocking activity nor showing any local anesthetic activity. In
addition, data presented in this chapter suggest that pranolium may be an effective
agent in the treatment of sudden coronary death.

IN VITRO ELECTROPHYSIOLOGY

The only microelectrode study published to date on the electrophysiology of
pranolium is that of Rosen et al. (67). These workers found pranolium’s electro-
physiologic properties to closely resemble those of propranolol in canine Purkinje
fibers. At a concentration of 10-3 M, pranolium produced a time-dependent decrease
in action potential amplitude and in the maximum rate of depolarization (V_,,), a
slight decrease in resting membrane potential, and a shortening of the action potential
duration (APD) as measured at S0% repolarization (Fig. 2). Propranolol produced
the same qualitative alterations in the action potential of similar or greater magnitude
than pranolium and in a shorter time period. The effects of pranolium were also
dose related, as 10-% and 10-7 M pranolium exerted lesser effects on the action
potential than the 10-3 M concentration. Pranolium, 10~ M, also decreased V,,,
at all levels of membrane potential (Fig. 3), and this was related to a 1.50-fold
increase in conduction time. The effective refractory period (ERP) was decreased
slightly by pranolium, but APD was decreased to a greater degree than ERP,
resulting in an increase in the ERP relative to the APD. This also resulted in an
increase in the activation voltage of the earliest propagated premature beat (that
beat occurring just at the ERP) despite the fact that repolarization was more fully
complete at the time of the earliest premature beat.

Automaticity in canine Purkinje fibers was reduced by pranolium via a reduction
in the slope of phase 4 depolarization. However, pranolium, 10-¢ M, was not able
to block the increase in spontaneous rate due to the addition of 8j.g of epinephrine
to the bathing medium. In contrast, propranolol at 5 X 10-7 M was fully effective

1+2 CH
O_CHZ—?H_CHZ—I}I_CH:C 3 FIG. 1. Structure of pranolium
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FIG. 2. Effects of pranolium, 10-% M, and propranolol, 10-5 m, on action potential character-
istics. Vertical axis: action potential amplitude, resting membrane potential, V,.,, and duration
to 50% repolarization. Horizontal axis: time. Mean = SE of eight experiments with pranolium
and six experiments with propranolol. {K+Jo = 4 mm. Temp. 36-37°C; cycle length 800 msec.
(From Rosen et al., ref. 67, with permission.)

in antagonizing the increase in rate produced by epinephrine, suggesting that pran-
olium lacks beta-adrenergic blocking properties.

Microelectrode data from our laboratory (unpublished observations) tend to sup-
port the findings of Rosen et al. (67), at least in so far as pranolium’s ability to
decrease V.. Figure 4 shows a control recording of an action potential and its
first derivative from canine ventricular muscle both before and after 5 X 10-5m
of pranolium. Note that the presence of pranolium shortened the APD and decreased
Vimax- However, in our study, 10-* M pranolium had little effect on canine Purkinje
fiber APD, but produced a definite increase in the ERP (Fig. 5). The reason for
this discrepancy in the effect of pranolium on ERP is not certain, but may be the
result of the different concentrations used (103 versus 104 M). The concentration
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FIG. 3. Effects of pranolium on membrane responsiveness. Temp. 37°C. Vertical axis: Vi
(volts/sec). MHorizontal axis: membrane potential (millivolts). Perfusion period, 20 min. (From
Rosen et al., ref. 67, with permission.)

of 10-* M used in our laboratory more realistically reflects the tissue concentration
of pranolium found in the heart after an intravenous dose of 5 mg/kg. This is an
effective antiarrthythmic dose of pranolium and results in a myocardial concentration
of 34-36 pg/g tissue (see section below on Pharmacokinetics). In addition, the
overwhelming amount of in vivo electrophysiologic data indicate that pranolium
prolongs ERP (see below). For this reason it is our conclusion that, based on
microelectrode studies, pranolium’s major electrophysiologic effects are to decrease
Vmax and conduction velocity and increase refractoriness.

An ex vivo study reported by Dresel and Potter (13) found pranolium to decrease
conduction velocity in atria, AV node, and the ventricles of isolated blood perfused
dog hearts. Both propranolol and pranolium (but not practolol) produced dose-
related increases in the minimal conduction time (MCT) of the AV node in response
to late premature stimuli. The increase in conduction times noted with the two
larger doses of pranolium (2—-4 mg/kg) was not statistically significant due to the
large variability among hearts. At 1 mg/kg pranolium produced, however, a sig-
nificant increase in conduction time. At 1, 2, and 4 mg/kg pranolium produced,
on the average, an increase in AV conduction time. In addition, pranolium produced
a nonparallel shift to the right of the curve relating AV conduction to the degree
of prematurity of extrasystoles (ACT). This means that in the presence of pranolium
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FIG. 4. Transmembrane recordings from a canine ventricular muscle cell (lower traces) and
the corresponding dv/dt of phase 0 (upper traces) before and after administration of pranolium.
Note shortening of action potential and reduction in maximum dv/dt.

(2 mg/kg), late but not early extrasystoles were conducted at a slower rate through
the AV node than in the absence of pranolium. In this respect, pranolium resembles
methyl lidocaine which also produces a nonparallel shift to the right in the ACT
curve (43). Propranolol, on the other hand, produces a small, parallel rightward
shift in the ACT curve, indicating that propranolol decreases the conduction of both
late and early extrasystoles. Practolol had no effect on the ACT curve, indicating
that the effect of propranolol and pranolium on this relationship was not due to
beta-adrenergic receptor blockade.

Interestingly, Dresel and Potter found that neither propranolol (2 mg/kg) nor
practolol (0.5-4 mg/kg) affected impulse conduction in either atrial or ventricular
muscle. Pranolium, however, produced a dose-related decrease in both atrial con-
duction (as measured by the increase in time from the pacing stimulus artifact to
the atrial electrogram on a His bundle recording) and ventricular conduction (as
measured by the increase in time from the His bundle depolarization to the ven-
tricular electrogram).

That the actions of pranolium on conduction are not related to a local anesthetic
action of this drug has been shown by Schuster et al. (71). These workers have
studied the comparative effects of 10-3 M of both pranolium and propranolol on
intact and desheathed frog sciatic nerve (Fig. 6). Note that while propranolol pro-
duced a time-dependent decrease in the nerve monophasic spike potential, pranolium
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FIG. 5. Transmembrane potential recordings from canine Purkinje fiber paced at 1500 msec
cycle length. Top trace at fast sweep speed shows minimal interval for propagated response
(effective refractory period) is 230 msec in the control state. Lower left trace was photographed
at slow sweep speed and shows the response to pacing at a 1500 msec cycle length 60 min
after administration of pranolium. Lower right trace shows that effective refractory period is
increased to 1010 msec.

produced no change in the spike potential in either intact or desheathed nerves. So,
while pranolium clearly alters conduction and refractoriness in canine myocardial
tissue, these effects are not related to any local anesthetic properties of the drug.
Additionally, the in vitro electrophysiological properties of pranolium occur despite
the absence of beta-adrenergic receptor blocking action.

IN VIVO ELECTROPHYSIOLOGY

The results of in vivo studies with pranolium are consistent with the drug’s in
vitro actions. In the initial work of Kniffen et al. (35), pranolium produced a dose-
related prolongation of ventricular ERP and AV nodal functional refractory period
(AVFRP) and an increase in AV conduction time. Figure 7 and Table 1 summarize
the data demonstrating the ability of pranolium to increase ventricular refractoriness
in the anesthetized dog. Pranolium elevates the ventricular ERP at 5 and 10 mg/kg
and shifts the ventricular strength-interval curve progressively to the right without
altering diastolic excitability. A similar effect of pranolium on refractoriness is seen
on the AV node (Tables 2 and 3). Pranolium, 2-8 mg/kg, progressively increases
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FIG. 6. The effects of propranoiol, 10-3 M, and pranolium (UM-272), 10-2 M, upon spike
amplitude in the frog sciatic trunk. Experiments with propranolol were performed on intact nerves
and pranolium was tested in both the intact and desheathed nerve preparations. Resulis are
plotted as the percentage decrease in the overall amplitude of the nerve spike potential. Unlike
propranolol, pranolium did not cause a significant decrease in spike amplitude over the course
of 1 hr in either preparation. Pranolium is devoid of local anesthetic activity. (From Schuster et
al., ref. 71, with permission.)

the AVFRP and this results in a decrease in the maximum following rate of the
AV node to atrial pacing. While in the control state, the maximum pacing rate was
291.9 = 6.5 (mean = SEM) beats/min; after 8 mg/kg this maximum rate decreased
to 212.2 % 3.1 beats/min, a decrease of 39%. Note that there is good agreement
between the increase in AVFRP calculated from the maximum driving rate in Table
3 and the actual increase in AVFRP determined by the atrial premature systole
technique (Table 2). Pranolium at 8 mg/kg was also found to significantly increase
AV conduction time from a control value of 146.8 * 5.2 msec to a maximum
value of 245.0 + 5.0 msec.

When studying the actions of pranolium on automaticity, Kniffen et al. (35)
found pranolium to decrease both spontaneous SA nodal and atrial and ventricular
automatic activity. In 5 dogs in which the SA node had been crushed, 3 mg/kg of
pranolium lowered the AV junctional rate from 76.2 = 11.6 beats/min to 50.8 + 6.3
beats/min and a second dose of 3 mg/kg further reduced the rate to 37.0 = 5.2
beats/min. AV junctional escape time, defined as the interval between the last
electrically driven beat and the first nondriven QRS complex, was also prolonged,
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FIG. 7. Effect of pranolium on the canine ventricular strength-interval curve. The abscissa
shows the time interval between the last paced beat and the premature testimpulse. The ordinate
expresses the strength of the test impuise in milliamperes. This example shows that increasing
doses of pranolium successively shift the ventricular strength-interval curve to the right by
increasing the effective refractory period without changing the diastolic threshoid to excitation.
(From Kniffen et al., ref. 35, with permission.)

TABLE 1. Effect of pranolium on the ventricular
strength-interval curve

Effective refractory period (msec)

Atfter pranolium at mg/kg, i.v.

Exp. No. Control 1.0 5.0 10.0
1 107 110 115 125
2 110 115 125 140
3 125 135 145 150
4 115 110 125 135
5 125 140 145 160

M=+ SE 1164 =37 1220 = 64 131.0 = 6.02 1420 + 6.0b

8p < .005.
bp < .001.
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TABLE 2. Effect of pranolium on the AV functional refractory period and conduction
time studied by the atrial premature systole technique (N = 5)

AV Conduction AV Functional refractory period

Time (msec) % Change p Value Time (msec) % Change p Value

Control 146.8 + 5.28 210.8 = 10.96

Pranolium, i.v.
20 mgkg 1756 = 6.43 19.6 <.001 2412 = 13.24 144 <.005
40 mgkg 190.6 = 7.87 29.8 <.001 250.4 = 12.09 18.8 <.001
8.0 mg/kg 245.0 + 5.00 43.8 <.,001 275.7 = 18.20 30.8 <.010

TABLE 3. Effects of pranolium on the functional refractory period as
determined from the maximum AV transmission rate (N = 5)

Functional refractory period

Max. rate of AV
transmission Calculated
(beats/min =  time = SE

Drug SE) (msec) % Change p Value
Control 2919 = 6.5 2059 = 4.8
Pranolium, i.v.
2.0 mg/kg 2532 = 90 2382 + 88 15.7 <.05
4.0 mg/kg 235.7 + 104 2564 + 10.8 245 <.005
8.0 mg/kg 2122 + 13.1 286.8 + 16.3 39.3 <.005

from a control value of 2.9 = 1.5t0 6.9 = 2.2 (p < .05) sec after the first dose
of 3 mg/kg and to 12.6 £ 3.4 (p < .05) sec after the second dose of 3 mg/kg of
pranotium. In dogs in which a suture was placed through AV junctional tissue near
the bundle of His, both atrial and ventricular rate could be studied independently.
Each of two doses of 3 mg/kg of pranolium effectively reduced both atrial and
ventricular rate, confirming the in vitro work and demonstrating that pranolium
decreases automaticity in the SA node, atria, as well as ventricular myocardium.
More recently, pranolium has been shown to alter refractoriness and conduction
in ischemic myocardium. Gibson et al. (15) studied the effect of the drug on the
ERP and on ventricular activation times {AT) in both normal and acutely ischemic
myocardium in the anesthetized dog. Ischemia was produced by occlusion of se-
lected diagonal branches of the left anterior descending coronary artery (LAD), and
stainless steel bipolar electrodes were placed in the area previously perfused by the
occluded vessel (IZ) and in the area perfused by the nonoccluded left circumflex
artery (NZ). Table 4 presents the data showing the effects of two different doses
of pranolium as compared with saline-treated controls (see legend for dose). In
saline-treated dogs, occlusion of an LAD diagonal branch produced an immediate
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TABLE 4. Effect of pranolium on the effective refractory periods of ischemic and nonischemic

myocardium
Group A Group B Group C
Min 9) (5) @)

after
occlusion? NZ (msec) 1Z (msec) NZ (msec) 1Z (msec) NZ (msec) 1Z (msec).

0 146 = 49 143 £ 3.9 168 = 29 164 £ 1.7 201 £ 156 209 =75
10 147 + 50 130 + 3.95¢ 169 = 24 179 + 6.7b¢ 196 = 13.5 243 =+ 11.1¢
20 148 + 48 124 = 2.76¢ 168 = 3.0 177 £7.2 198 = 145 224 + 6.3
30 149 = 46 120 = 3.0b¢ 166 + 2.8 165 * 4.9 192 + 145 219 x 6.9
40 148 = 4.3 120 + 3.8b¢ 166 + 28 161 + 5.2 190 + 134 219 = 7.1b
50 149 = 50 120 + 54b¢ 164 + 3.8 153 = 56 188 = 13.4 216 * 6.5
60 149 + 52 118 + 6.4b¢ 163 £ 46 156 = 58 187 = 13.8 216 + 6.9°
80 148 = 53 120 + 7.0¢ 163 = 4.7 158 + 57 190 = 14.1 208 + 9.1

100 147 + 52 120 = 7.0b¢ 163 + 3.2 163 = 3.2 188 = 14.3 208 = B85
120 146 + 58 126 + 6.7»¢ 162 + 3.8 166 = 2.9 185 = 134 211 = 85

NZ, nonischemic myocardium; 1Z, ischemic myocardium; group A, saline treatment; group B, pran
olium, 5 mg/kg bolus and 25 pg/kg/min infusion; group C, pranolium, 10 mg/kg bolus and 50 wg/kg/mir
infusion. Numbers in parentheses are numbers of experiments.

aThirty minutes post-treatment.

bp < .05; 1Z, 0 min compared to test.

¢p < .05; IZ compared to NZ.

decrease in IZ ERP while no changes occurred in the NZ. In contrast, after pran-
olium, control ERP was considerably prolonged, and after occlusion the IZ ERP
was either greater than or the same as the NZ ERP, indicating that pranolium had
decreased the disparity in refractoriness between the normal and the ischemic my-
ocardial regions. Additionally, pranolium increased ventricular AT prior to occlu-
sion and both doses of pranolium significantly elevated AT in the IZ after occlusion
(Table 5), indicating that pranolium was preferentially slowing myocardial con-
duction in the IZ.

Patterson and Lucchesi (62) made similar observations in the chronically is-
chemic, conscious dog subject to programmed electrical stimulation. Figure 8 de-
picts the effect of pranolium (5 or 10 mg/kg) after chronic administration for 2 days
(days 3 and 4) followed by withdrawal of the drug on day 5. Dogs had previously
undergone experimentally induced myocardial infarction by a 90-min occlusion of
the LAD followed by reperfusion through a critical stenosis. When the values on
days 3 and 4 are compared with those on day 5 (drug withdrawal), pranolium
produced considerable prolongation of the ERP and an increase in IZ and NZ Q-
EG-interval (defined as the interval between the Q wave of the lead II ECG and
the major deflection of the bipolar electrogram, a measure of conduction). These
increases in conduction time and refractoriness were associated with a decrease in
the severity of the arrhythmic response of pranolium-treated dogs to programmed
electrical stimulation as compared with nontreated controls.

To summarize, pranolium, both in vitro and in vivo increases conduction time
as a result of its ability to decrease the V., of the AP. In addition, pranolium
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TABLE 5. Effect of pranolium on activation time in ischemic
and nonischemic myocardium

Group A Group B Group C
(8) ) (6
Min
after NZ
occlusion NZ2 (msec) 1Z (msec) (msec) IZ (msec) NZ (msec) I[Z (msec)
0 -1 =10 -1+ 06 5+14 3+ 11 14 + 24 618
10 011 —9 * 3.4b 7+ 21 16 = 592 14+ 25 19 + 11.0
20 -2=x12 4 + 35 6+19 13 +44b 12 +35 16 = 8.8
30 018 229 8 x 21 13+ 420 14 + 36 18 = 7.2b
40 -2 =*+12 6 = 3.7 9+27 14 +350 13+ 30 14 + 3.3b
50 -2 *x17 4 + 34 6+23 1435 1427 16+ 290
60 -2+ 21 3+ 36 4 +28 14 +35°0 13+27 14 = 28b
80 -2 17 2 £ 27 9+27 17 x 46% 13 23 16 + 43b
100 -1+ 20 3+ 36 8+30 15=x32F 1321 19 + 48b
120 -15 =+ 20 5=+33 7 = 341 15 = 3.1b 13 = 26 17 + 29b

NZ, nonischemic myocardium; 1Z, ischemic myocardium; group A, saline treated; group B,
pranolium, 5 mg/kg bolus and 25 pg/kg/min infusion; group C, pranofium, 10 mg/kg bolus and 50
pg/kg/min infusion. Numbers in parentheses indicate number of experiments.

aData are expressed as change in activation time, i.e., test-control (pretreatment).

bSignificant differences from 0 min values are: p < .05.

decreases automaticity in the SA nodal tissue, the AV junction, and the ventricle.
This action is a result of pranolium’s ability to decrease the slope of spontaneous
phase 4 depolarization. Finally, pranolium increases the ERP in both the atrio-
ventricular conducting system and the canine ventricle. The relationship between
these electrophysiologic actions and the antiarrhythmic actions of pranolium will
be discussed in the following sections.

ANTIARRHYTHMIC ACTIVITY

Pranolium possesses antidysrhythmic properties in a number of experimental
models of ventricular arrhythmias.

QOuabain-Induced Ventricular Tachyarrhythmias

One of the most widely used animal models for the determination of antiar-
rhythmic activity is that of the production of ventricular tachycardia in anesthetized
dogs by the administration of ouabain (41). The criteria used to determine antiar-
rhythmic activity are: (a) reversion to normal sinus thythm for a specified period
of time, usually not less than 30 min; and (b) the failure of right vagal stimulation
to expose automatic ectopic ventricular activity during sinus node arrest.

In a series of experiments performed in our laboratory, Schuster et al. (71)
reported pranolium, given intravenously to dogs with ouabain-induced ventricular
tachycardia, was successful in reestablishing normal sinus rhythm in doses of 2-3
mg/kg. Also, Patterson et al. (59), in a second series of experiments, found that



162 PRANOLIUM

B 30
7
=
1l FIG. 8. Myocardial activation times and
i ¥ Nz effective refractory periods. Myocardial ac-
O 16 . tivation times {Q-EG intervals) were mea-
sured for normal (NZ) and ischemic (1Z)
myocardium both during (days 3 and 4) and
after (day 5) chronic pranolium administra-
* tion. Effective refractory periods (ERP) in
190 p<005 normal myocardium were also measured.
Data are expressed as means = SD
180 (N = 8). Pranolium administration in-
S creased myocardia! activation times in both
o 70 normai and ischemic myocardium
g (p < 0.05). Pranolium administration aiso
= 160 produced an increase in ventricular refrac-
a toriness (p < 0.05). (From Patterson and
8:.! 50 * Lucchesi, ref. 62, with permission.)
I40_L
T

DAY3 DAY4 DAY S5
5-10 MG/KG Q 12 HR

pranolium, when given orally in doses of 40 and 60 mg/kg to anesthetized dogs
with ouabain-induced ventricular tachycardias, reestablished normal sinus rhythm
within 64 = 7 and 25 * 9 min, respectively, after oral administration (Fig. 9).

Despite the ability of pranolium to slow conduction in ventricular myocardium
and to increase refractoriness in AV nodal tissue, it appears to be an ideal drug for
the treatment of arrhythmias resulting from digitalis toxicity. Thus, pranolium can
be given safely in the presence of the digitalis glycosides, and concurrent admin-
istration of digitalis glycosides does not appear to be detrimental as far as impeding
atrioventricular transmission.

Effects of Pranolium on Ventricular Automaticity After Experimentally
Induced Myocardial Infarction

Another method of determining the antiarrhythmic efficacy of a drug is by ad-
ministering the agent to a conscious dog prepared by the method of Harris (21).
Schuster et al. (71) reported that in dogs studied 48 hr after a two-step ligation of
LAD, each animal exhibited spontaneous ventricular arrhythmias in which an av-
erage of 76.3% of the total number of heart beats (102.7 * 13.9outof 135.1 = 9.9
beats/min) originated from ventricular foci. Pranolium, in an average dose of 5.7
mg/kg (2.5-10 mg/kg) significantly reduced the ectopic heart rate to 16.0 = 10.7
beats/min (14.5% of ventricular rate) (Figs. 10 and 11). The antiarrhythmic action
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FIG. 11. The effect of pranolium in 7 conscious dogs 48 hr after experimentally induced
myocardial infarction. Each animal was studied during the phase of spontaneous ventricular
tachycardia and received an intravenous infusion of pranolium until sinus rhythm was restored.
Ectopic beats were defined as those beats not of sinoaftrial origin. (From Schuster et al., ref.
71, with permission.)

of pranolium persisted in 6 of 7 animals for at least 1 hr. In 2 animals, the
electrocardiogram was monitored for 2 hr with no significant increase in ectopic
rate observed.

Although ouabain-induced ventricular arrhythmias and ventricular tachyarrhyth-
mias present 2472 hr after experimental myocardial infarction are commonly used
to evaluate antiarrhythmic drugs, these models poorly simulate the basis for ven-
tricular arrhythmias in man. Both cardiac glycoside-induced ventricular arrhythmias
and ventricular arrhythmias present 2472 hr after myocardial infarction result from
altered Purkinje fiber automaticity (24,37). Enhanced automaticity of damaged
myocardial tissue may play a role in some arrhythmias. However, it has been
suggested that most ventricular arrhythmias associated with myocardial ischemia
and infarction in man probably result from localized reentry of myocardial electrical
activity (10,24,37). Accurate evaluation of antiarrhythmic activity of drugs requires
animal models that more closely simulate the clinical sitvation in man.

The presence of reentrant ventricular arrhythmias, particularly complex ventric-
ular arrhythmias such as multiform premature ventricular beats, coupled extrasys-
toles, and ventricular tachycardia (Lown grades 3-5), in patients with coronary
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artery disease is a major risk factor associated with the future development of
ventricular fibrillation (68,72,80). Prevention of ventricular fibrillation appears to
be associated with suppression of the continuous underlying myocardial electrical
instability responsible for the development of ventricular tachyarrhythmias and
ventricular fibrillation rather than with an overall reduction in the number of pre-
mature ventricular beats (26,50,51). Prevention of reentrant ventricular arrthythmias
and ventricular fibrillation may be dependent upon the ability of the drug to affect
the underlying substrate, the antifibrillatory properties of the drug, rather than upon
the ability to suppress premature ventricular beats, the antiarrhythmic properties of
the drug. Therefore, the following animal models were used to evaluate the anti-
fibrillatory properties of pranolium.

Reentrant Ventricular Arrhythmias Resulting from Acute
Coronary Artery Occlusion

Schuster et al. (71) studied the ability of pranolium to prevent the development
of ventricular fibrillation resulting from repeated occlusions of the LAD coronary
artery in the anesthetized dog. Each occlusion lasted 10 min and was followed by
reperfusion. In control animals, 11 of 15 animals fibrillated after one, two, or three
occlusions. In the pranolium-treated group (10 mg/kg, i.v.), only 5 of 15 animals
developed ventricular fibrillation (p < 0.025) (71).

In a second series of experiments in which occlusion of the anterior descending
coronary artery was maintained for 20 min, 10 out of 10 untreated animals developed
ventricular fibrillation upon occlusion or upon reperfusion. In the pranolium-treated
group, none of the animals fibrillated during the occlusion and 4 of 10 fibrillated
upon restoration of coronary artery blood flow. The difference between control and
drug-treated groups proved significant (p < 0.05) (71).

Ventricular Fibrillation Threshold Determination

In unpublished experiments from our laboratory, Kniffen (32) showed that pran-
olium was effective in elevating the ventricular fibrillation threshold (the lowest
current intensity producing sustained ventricular fibrillation) in the anesthetized
dog. In these experiments the sinus node was crushed and the ventricular rate
maintained by electrical pacing at a frequency of 2 Hz. A train of 60-Hz pulses
(350 msec in duration) was synchronized to the ventricular pacing stimulus and
was delivered after every sixth driven beat.

Control measurements of fibrillation threshold were 5.4 + 0.38 mA (X = SEM).
After a temporary 2-min occlusion of a branch of the anterior descending coronary
artery, the fibrillation threshold was reduced to 2.4 = 0.2 mA. Administration of
pranolium (5 mg/kg) increased the control values to 11.5 = 1.9 mA at 30 min
after drug (p < 0.01). As seen in Fig. 12, pranolium administration also signifi-
cantly increased ventricular fibrillation thresholds determined in the presence of
regional myocardial ischemia (6.7 = 0.18 mA versus 2.4 * 0.2 mA predrug)
(r <0.05).
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Reentrant Ventricular Arrhythmias Produced by Programmed Electrical
Stimulation in Conscious and Anesthetized Dogs

Recently, the technique of programmed electrical stimulation (PES) has been
used to expose the underlying myocardial substrate responsible for recurrent ven-
tricular tachyarrhythmias (including ventricular fibrillation) in patients exhibiting
these arrhythmias spontaneously (27-29,79). Exposure of the arrhythmia with this
technique (involving the transvenous or transarterial placement of electrocatheters
in either right or left ventricle followed by insertion of 1, 2, or 3 premature ven-
tricular beats during atrial or ventricular pacing) allows the serial testing of a number
of antiarrhythmic drugs to determine which dose of which particular agent best
suppresses the arthythmia. This technique has also lent itself to the examination of
antiarrhythmic agents in the experimental animal (17,46,58,60,62,63). Gibson and
Lucchesi (17) examined the effect of pranolium in anesthetized dogs which had
previously undergone experimentally induced myocardial infarction. The dogs were
instrumented with a bipolar plunge electrode inserted into the septum, an atrial
pacing electrode, and bipolar composite electrodes in which one composite electrode
was placed over the ischemic injured myocardium and the other electrode placed
over adjacent normal ventricular myocardium (Fig. 13). Before pranolium admin-
istration, premature ventricular stimuli delivered to the bipolar septal electrode
elicited nonsustained ventricular tachycardia in 3 animals, sustained ventricular
tachycardia in 2 animals, and ventricular fibrillation in 3 animals. In each animal,
these arrhythmias were associated with depressed, delayed cardiac conduction through
injured myocardium. The injured zone electrocardiogram recorded from the bipolar
composite electrode fractionated into a continuous series of asynchronous spikes
which bridged the entire diastolic interval between consecutive beats (Figs. 14 and
15). Thirty minutes after intravenous pranolium (5 mg/kg), PES produced nonsus-
tained ventricular tachycardia in 2 animals. Ventricular arrhythmias were not in-
duced in the remaining animals. The cycle length of ventricular tachycardia after
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FIG. 13. Instrumentation for programmed electrical stimulation. A bipolar electrode was sewn
to the left atrial appendage to enable control of ventricular rate via atrial pacing. A plunge bipolar
electrode was placed into the interventricular septum adjacent fo the right ventricular outflow
tract. Composite bipolar electrodes were placed on normal and ischemically injured left ven-
tricular myocardium.

pranolium (345 = 5 msec) was significantly increased compared with predrug
values (187 + 16 msec) (p < 0.05). The antiarrthythmic action of pranolium was
maintained in excess of 2 hr after intravenous dosing.

In each experiment, pranolium progressively depressed the amplitude and du-
ration of the ischemic fragmented deflection recorded from the injured zone elec-
trogram during the ventricular beats, although having no effect on the discrete
potentials recorded from the adjacent normal zone. Before pranolium, the injured-
zone potentials persisted for 169 = 18 msec and thus bridged the diastolic interval.
The duration of the diastolic electrical potentials was reduced to 110 = 22 msec
(p < 0.05) 30 min after pranolium (17). This action probably results from the
ability of pranolium to slow conduction preferentially in injured myocardium, an
action previously demonstrated in acutely ischemic ventricular myocardium (15).
Conduction in the most severely depressed and delayed areas may be further de-
pressed by pranolium so that conduction block occurs in the injured myocardium.
This is supported by the observation that the cycle length of the tachycardia increased
after pranolium. This suggests that impairment of already depressed cardiac con-
duction and prolonged refractoriness of different segments of a reentrant pathway
are involved in the antiarrthythmic actions of pranolium and that these electrophys-
iologic effects may result in an antifibrillatory action.

Chronic Administration of Pranolium in the Conscious Dog

Patterson and Lucchesi (62) examined the actions of pranolium in conscious dogs
that had previously been subjected to myocardial infarction and instrumented as
described previously, and then subjected to PES beginning 3 days post-myocardial
infarction.
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FIG. 14. Initiation and termination of sustained ventricular tachycardia by premature stimuli.
NZ, composite electrogram from normal myocardium; 1Z, composite electrogram from injured
myocardium; L-2, lead Il ECG. In panel A, a premature beat (arrowhead) produced ventricular
tachycardia. Panel B, uniform ventricular tachycardia is seen. The epicardial activity of the
injured zone (middle tracej is fragmented and asynchronous, whereas that of the normal zone
(upper trace) remains synchronous and discrete. Panel C, a burst of ventricular pacing (arrow-
head) is used to terminate the tachycardia. (From Gibson and Lucchesi, ref. 17, with permission.)

Pranolium (5 or 10 mg/kg) was administered intravenously every 12 hr beginning
24 hr before PES on day 3 and continued through 12 hr prior to PES on day 4.
PES was performed 12 hr after the last dose of pranolium on days 3 and 4, 30 min
after acute pranolium administration on day 3, and 36 hr after the last dose of
pranolium on day 5. Twenty dogs served as saline-treated controls and underwent
PES on days 3 and 4 after myocardial infarction.

The results of PES in saline- and pranolium-treated animals are shown in Fig.
16. Ventricular tachyarrhythmias were induced by PES in all 20 control animals
on days 3, 4, and 5 after myocardial infarction. Sustained ventricular tachycardias
had a cycle length of 186 = 31 msec. Self-terminating ventricular tachycardias
(nonsustained ventricular tachycardia) were 18 * 7 beats in duration with a cycle
length of 169 =+ 13 msec. In pranolium-treated animals, PES performed 12 hr after
the last pranolium dose produced nonsustained ventricular tachycardia in 2 animals
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FIG. 16. Effect of pranolium (UM-272) on indu-
cible ventricular reentrant arrhythmias in the con-
scious dog. Note that the termination of pranolium
treatment caused an exacerbation of arrhythmias
in all dogs. NI, noninducible; VT,, nonsustained ven-
tricular tachycardia; VT, sustained ventricular tach-
ycardia; VF, ventricular fibrillation. The number of
animals (n) is included in each ball.
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(cycle length, 296 and 316 msec) and sustained ventricular tachycardia in 2 animals
(cycle length, 304 and 320 msec) on day 3. The duration of nonsustained ventricular
tachycardia was 4.2 * 1.6 beats. If ventricular tachycardia could not be induced
with PES at two times diastolic threshold (N = 4), PES at five times diastolic
threshold was performed. resulting in nonsustained ventricular tachycardia (3.6 = 1.2
beats) in 2 animals.

Thirty minutes after the acute administration of the third dose of pranolium on
day 3, ventricular tachyarrhythmias could not be induced in 7 of 8 animals with
PES at two or five times diastolic threshold. In the remaining animal, the cycle
length of the sustained ventricular tachycardia had increased from 324 to 345 msec.

On day 4 after myocardial infarction, PES in pranolium-treated animals at two
times diastolic threshold failed to elicit ventricular tachycardia in 5 animals. Non-
sustained ventricular tachycardia (cycle length, 284 and 312 msec) was produced
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in 2 animals and sustained ventricular tachycardia (cycle length, 320 msec) in 1
animal. PES at five times diastolic threshold produced nonsustained ventricular
tachycardia in 1 of 5 noninducible animals.

On day 5 after myocardial infarction, 36 hr after withdrawal of pranolium, PES
produced ventricular fibrillation in 5 animals and sustained ventricular tachycardia
in 3 dogs. The sustained ventricular tachycardias were rapid (132 = 19 msec cycle
length) and degenerated to ventricular fibrillation in all 3 animals.

Administration of pranolium raised the ventricular refractory period to 183 * 12
msec on day 3 and 191 # 18 msec on day 4. The effective refractory period of
the normal left ventricle on day 5, after withdrawal of pranolium, was 152 + 5
msec {p < 0.05 versus day 3 or day 4). An example of PES in a pranolinm-treated
animal on days 3-5 after myocardial infarction is shown in Fig. 17. This study
demonstrates pranolium’s ability to inhibit inducible cardiac tachyarrhythmias.

Conscious Canine Model of Sudden Coronary Death

Animal models used to evaluate the antiarrhythmic efficacy on potential thera-
peutic agents do not mimic the myocardial electrical instability and spontaneous
occurrence of ventricular fibrillation associated with the development of sudden
coronary death in man. The following canine model (61) of sudden coronary death
has been developed recently in our laboratory and may provide a model that closely
resembles the clinical situation in man in that ventricular fibrillation occurs spon-
taneously in response to regional myocardial ischemia.

Male mongrel dogs are anesthetized and myocardial ischemic injury is produced
within the distribution of the left anterior descending coronary artery by temporary
occlusion of the vessel (90 min) followed by reperfusion in the presence of a critical
stenosis. The left circumflex coronary artery is isolated and the tip of a 30-gauge
insulated silver wire is inserted into the vessel lumen (66). A plunge bipolar electrode
is placed in the interventricular septum. Subcutaneous electrodes are implanted for
electrocardiographic monitoring and the chest closed in layers.

At day 3 after myocardial infarction, the animals were randomly assigned to
treatment groups. The first group received saline and the second group received
pranolium, 5 mg/kg i.v., every 6 hr. At 24 hr after initiation of drug therapy, PES
was performed. The next drug dosage was administered and a current of 150 pA
was applied to the intimal surface of the left circumflex coronary artery. A 9-volt
battery, potentiometer, and biotelemetry transmitter were self-contained within the
pouch of a nylon vest, thus allowing the animal free movement within a limited
area. The lead Il electrocardiogram was recorded continuously and stored on mag-
netic tape. The current flow to the intimal surface of the LCX coronary artery was
maintained for 12 hr.

Administration of pranolium prevented the induction of ventricular tachycardia
by PES. No sustained ventricular arrthythmias were produced in 9 animals while
nonsustained ventricular tachycardia was produced in the 1 remaining animal. In
control animals, PES produced nonsustained ventricular tachycardia in 7 animals,
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FIG. 17. Prevention of reentrant ventricular arrhythmias by pranolium (UM-272). Normal zone
{NZ) and ischemic zone (IZ) bipolar composite electrograms, and a lead It ECG (l) are shown
for serial studies on a representative pranolium-treated animal. Sinus cycle lengths (msec) are
given in the lower left of each panel. A: Three days after myocardial infarction and during
pranolium treatment (5 mg/kg every 12 hr), three premature ventricular stimuli with coupling
intervals of 190, 180, and 180 msec failed to produce reentrant cardiac arrhythmias. B: The
stimulus strength was raised to five times diastolic threshold, enabling shorter coupling intervals.
Two premature ventricular stimuli at coupling intervals of 180 and 150 msec produced a slow
three-beat tachycardia. Pranolium treatment was continued through day 4 after myocardial
infarction (panels C and D). C: Three premature ventricular stimuli at coupling intervals of 200,
180, and 180 msec failed to produce ventricular tachycardia. When an increase in stimulus
strength to five times diastalic threshold enabled earlier coupling intervals to be obtained {180,
160, and 160 msec (D)], three premature stimuli still failed to produce ventricular tachycardia.
On day 5 after myocardial infarction, 36 hr after the last dose of pranolium three premature
beats at two times diastolic threshold with coupling intervals of 160, 140, and 140 msec produced
a polymorphic ventricular tachycardia which degenerated to ventricular fibrillation. (From Pat-
terson and Lucchesi, ref. 62, with permission.)
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sustained ventricular tachycardia in 2 animals, and no ventricular arrhythmias in 1
animal.

Current application to the intimal surface of the coronary artery produced de-
nuding of the intimal surface and exposure of underlying collagen (66). Platelet
aggregates and a platelet thrombus form, resulting in partial and, finally, complete
occlusion of the vessel lumen. In saline-treated animals, ST-segment depression or
elevation in excess of 0.3 mV developed at 99 *+ 106 min (X = SD) after initiation
of current flow to the intimal surface of the left circumflex coronary artery. Pre-
mature ventricular contractions developed at 111 = 108 min followed by ventric-
ular tachycardia at 131 = 118 min. Ventricular fibrillation developed in all 10
saline-treated animals at 173 + 143 min. An example is shown in Fig. 18.

Pranolium significantly reduced the incidence of ventricular fibrillation produced
by acute myocardial ischemia within the left circumflex coronary arterial bed in
the presence of left anterior descending myocardial infarction. Four of 10 animals
survived for 24 hr after initiation of current flow to the intimal surface of the left
circumflex coronary artery (p < 0.05). However, the drug did not prevent coronary
artery thrombosis and myocardial ischemia. ST-segment changes appeared at 156 + 89
min followed by the development of premature ventricular contractions at 168 + 93
min. An example of a pranolium-treated animal is shown in Fig. 19. Survival curves
for saline- and pranolium-treated animals are shown in Fig. 20.

No differences were seen in myocardial infarct masses in the left anterior de-
scending coronary artery distribution of saline- (19 * 9% of total left ventricular
mass) and pranolium-treated groups (19 % 13% of total left ventricular mass). In
pranolium-treated animals surviving for 24 hr (N = 4), myocardial infarction
(17 = 10% of total left ventricular mass) was present also in the left circumflex
coronary artery distribution. Only left anterior descending myocardial infarction
was observed in animals developing ventricular fibrillation. No evidence of ischemic
injury was observed in the myocardial distribution of the left circumflex bed due
to the rapid development of ventricular fibrillation in response to regional ischemia
in the region of the LCX coronary artery. Thrombus mass, within the left circumflex
coronary artery, was not significantly different between saline- (8 = 7 mg) and
pranolium-treated (14 = 14 mg) groups.

The beneficial action of pranolium in preventing the induction of reentrant ven-
tricular tachyarrhythmias and reducing the frequency of spontaneous development
of ventricular fibrillation may be a result of the drug’s ability to depress myocardial
conduction or increase myocardial refractoriness. As seen in the studies conducted
in the anesthetized dog, pranolium depressed conduction in ischemically injured
tissue to the extent that conduction failed where it was most severely depressed.
Failure to conduct in these depressed regions resulted in failure of the premature
beats to initiate reentrant arrthythmias (17).

The increase in the refractory period of normal myocardium observed after chronic
pranolium treatment in the conscious dog (62) is similar in magnitude to that
observed with bretylium and other class Il antiarrhythmic drugs. Augmentation of
refractoriness in normal myocardium may prevent the induction of ventricular tach-
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FIG. 20. The effect of pranolium (UM-272) upon survival in a canine model of sudden coronary
death. Pranolium significantly increased (p < 0.05) survival at 24 hr.

yarrhythmias by preventing premature beats from occurring at cycle lengths suf-
ficiently early to establish a reentrant pathway. Alternatively, fractionation and
prolongation of electrical activity within the ischemically injured zone produced by
premature stimuli may fail to excite surrounding normal myocardium when refrac-
toriness of the tissue exceeds the duration of electrical activity within the ischem-
ically injured zone.

Antiarrhythmic Activity in Man

A study by Reele et al. (65) evaluated the actions of intravenous pranolium in
patients with ventricular arrhythmias. Pranolium, 10 mg/kg, given over a period
of 100 min, significantly reduced the number and complexity of ventricular ar-
rhythmias. This action was obtained without significant hemodynamic or systemic
toxicity. However, further studies will be needed to establish efficacy and safety
of pranolium in man.

HEMODYNAMICS

Beta-Blockade

The lack of significant beta-adrenergic receptor blocking activity by pranolium
was demonstrated by Schuster et al. (71). In the isolated rabbit right atrial strip
preparation (Fig. 21), the cumulative dose response to the chronotropic effects of
isoproterenol was studied in the presence and absence of pranolium. At a concen-
tration of 10-% M pranolium produced no significant shift in the isoproterenol
concentration-response curve. However, at a concentration of 10~ M, pranolium
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FIG. 21. Effects of pranolium (UM-272) on the chronotropic concentration-effect curves for
isoproterenol upon isolated right atrial strips. The cumulative log-concentration-effect curves for
isoproterenol were determined in three separate groups—a control group and two groups in
which the isoproterenol concentration-effect curves were determined 60 min after the addition
of 10-¢ and 10-4 M pranolium. Only at 10-¢ M did pranolium cause a statistically significant shift
to the right in the concentration-effect curve (p < .01). (From Schuster et al., ref. 71, with
permission.)

produced a statistically significant shift to the right. In addition, both the inotropic
and chronotropic responses to increasing doses of isoproterenol were studied before
and after pranolium in open-chest anesthetized dogs (Table 6). The increase in both
force and rate seen in response to isoproterenol alone did not differ significantly
from that seen after 0.5, 4, or 10 mg/kg of pranolium. When a separate group of
dogs was studied after receiving 0.5 mg/kg propranolol, there was a prominent
shift to the right of the dose-response relationship to isoproterenol. Thus, pranolium
does not exhibit significant beta-adrenergic receptor blocking activity in the anes-
thetized open-chest dog and only a minimal degree of beta-adrenergic receptor
blockade at a high concentration in the isolated rabbit right atrial strip.

The isolated calf tracheal muscle brought to submaximal contraction with acetyl-
8-methylcholine shows prominent relaxation in the presence of beta-adrenergic

L
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TABLE 6. Effects of pranolium and propranolol upon isoproterenol-induced chronotropic
and inotropic responses

Mean increase in heart rate Mean increase in force
Dose of
isoproterenol Before After
(ng/kg) (beats/min)  (beats/min) p Before {(g) After (g) P

Pranolium, 0.5 mg/kg (N = 5)

0.05 3.6 =08 42 14 >.05 74 * 1.3 72 £ 18 >.05

0.10 89 =15 54 +42 >05 176+ 3.3 134 =15 >.05

0.20 160 £ 31 130 +35 >05 304 =45 31.0 = 45 >.05

0.40 286 =38 27.0+x46 >.05 544 170 596 = 8.3 >.05

0.80 46.0 x 44 41062 >05 840125 942 +73 >.05
Propranolol, 0.5 mg/kg (N = 5)

0.05 44 + 1.9 0.0 =060 <10 89+ 14 00 £ 0.0 <.005

0.10 7.6 + 2.1 02 £02 <025 16.2 £ 2.1 02 + 0.2 <.005

0.20 124 = 29 26 £+ 09 <025 380 %59 19 = 04 <.005

0.40 26.0 + 54 3009 <010 65978 48 + 0.6 <.005

0.80 592 214 70=x14 <005 954 =125 118 £ 1.7 <.005

1.8 23.8 = 10.7 234 + 3.2

3.2 27.0 £ 6.1 46.8 £ 6.2

6.4 478 + 8.5 88.2 = 114
Pranolium, 4.0 mg/kg (N = 5)

0.05 52 = 0.7 32+09 >05 11419 76 x 1.2 >.05

0.10 92 +19 5213 >05 272 =36 19.2 = 3.3 >.05

0.20 18.0 x 47 132+ 26 >.05 542 =63 460 = 7.0 >.05

0.40 328 =47 24254 >05 916 139 860 =109 >.05

0.80 534 + 60 388 +6.6 =>.05 1372 x 174 1394 = 168 >.05
Pranolium, 10 mg/kg (N = 5)

0.025 78 1.6 6617 >4 294 > 3.9 268 £ 43 >4

0.050 144 +20 156 +38 >5 52.8 = 6.2 624 + 7.4 >2

0.100 272 + 37 288 +£53 >5 764 + 7.2 934 + 85 >.1

0.200 446 + 76 456 82 >5 880 87 1236+ 119 <.025

0.400 59.0 = 10.2 620 = 102 >.5 940 + 104 1355 = 124 <.,025

Force and heart rate were measured as increase from control. The values are the means =+
SE obtained from 4 groups of 5 dogs each. Data analyzed by self-paired analysis. The drug was
administered intravenously.

agonists. The cumulative dose-response curve for the beta-adrenergic agonist iso-
proterenol, in this system, in the presence of increasing concentrations of propranoiol
shows a paralle] shift to the right, characteristic of competitive antagonism. Pran-
olium, in the same concentrations as propranolol (10-7-10-5 M) fails to shift the
cumulative dose-response curve to the right, thus showing a lack of competitive
antagonism to isoproterenol at the beta-adrenergic receptor (5).
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Heart Rate, Blood Pressure, and Cardiac Output

Pranolium significantly reduces heart rate, cardiac output (87), and blood pressure
in anesthetized dogs (57). A decrease in heart rate and cardiac output was seen
with an increasing cumulative dose (1 to 3 mg/kg). Systolic pressure, however, did
not exhibit the same dose-response relationship. Single 3-mg/kg doses of pranolium
produced a significant decrease in heart rate and cardiac output but a significant
change in systolic pressure was not seen.

Other investigators showed a significant decrease in heart rate after 5 mg/kg
pranolium in anesthetized, open-chest dogs. Cardiac output and mean blood pressure
were not significantly altered (40).

0O, Consumption

Since mammalian myocardium relies largely on aerobic metabolism for its energy
requirements, the oxygen supply and demand ratio is crucial. The two major ways
to increase this ratio are to increase myocardial oxygenation and/or decrease my-
ocardial oxygen demand (56). Since the oxygen content of blood is fairly constant,
the best way to increase myocardial oxygenation is to increase coronary blood flow
through dilation of the coronary arteries. In hearts with coronary artery disease, the
ability to increase flow is severely limited (11). A possible therapeutic approach,
then, is to decrease myocardial oxygen demand (45).

Possible pharmacologic interventions include the use of beta-adrenergic receptor
blocking agents, such as propranolol, to decrease myocardial oxygen requirements
(74). The use of such beta-adrenergic receptor blocking drugs, however, may
aggravate many cardiac disease states by removing essential sympathetic compen-
sation (6,76), especially in the failed heart.

Pranolium decreases myocardial oxygen consumption in both the open-chest (33)
or closed-chest (57,87) anesthetized dog and in the isolated perfused heart in situ
(33,82). Pranolium, 10 mg/kg, has been shown to decrease myocardial oxygen
consumption in anesthetized, open-chest dogs (Fig. 22) with only minimal changes
in cardiac force and heart rate (33). In the closed-chest anesthetized dog (57)
pranolium decreases myocardial oxygen consumption by decreasing heart rate and
force, which also results in a decrease in cardiac output and tension-time index. In
isolated, blood perfused canine hearts (Fig. 23) with a constant afterload, controlled
ventricular volume, and lack of sympathetic refiexes, pranolium produces negative
inotropic and a negative chronotropic effect which are associated with the decrease
in oxygen consumption. When heart rate in this preparation is returned to predrug
levels, however, myocardial oxygen consumption also returns towards control,
indicating that it is the decrease in rate that is primarily responsible for the decrease
in MVO,.

In the isolated blood-perfused canine heart, with constant coronary blood flow
(82), intracoronary infusion of pranolium produces a significant decrease in MVO,
at 1.3, 2.5, and 5.0 mg/min for 25 min, but not at 0.3 mg/min for 15 min. Infusions
of pranolium in a dose of 2 mg/min X 15 min significantly decreased heart rate,
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FIG. 22. The effect of pranolium
{UM-272) on the myocardial oxy-
gen consumption in anesthetized,
open-chest dogs. Myocardial ox-
ygen consumption, calculated and
expressed as mi/min/100 g of left
ventricle is displayed on the ordi-
nate; the time after drug adminis-
tration is displayed on the abscissa.
Each bar represents the mean my-
ocardial oxygen consumption =
SE of five separate experiments.
Mean control O, consumption in
these experiments was 11.7 = 1.9,
This was significantly reduced to
7.3 = 1.1 at 10 min after drug and
7.4 = 1.0 at 20 min after prano-
lium. Even though the calculated
myocardial oxygen consumptions
were not significantly different at
40 and 60 min after drug admin-
istration, the values were still be-
low initial control values. (From
Kniffen et al., ref. 33, with permis-
sion.)

FIG. 23. The effect of pranolium
(UM-272) on the myocardial oxy-
gen consumption in isolated, blood-
perfused canine hearts. Myocar-
dial oxygen consumption, calcu-
lated and expressed as ml/min/100
g of heant, is displayed on the or-
dinate; the time after drug admin-
istration is displayed on the
abscissa. Each bar represents the
mean myocardial oxygen con-
sumption = SE of five separate
experiments. Mean control oxygen
consumption in this study was
3.1 = 0.2. This was significantly
reduced to 2.1 = 0.1 at 20 min and
2.2 * 0.2 at40 min afterdrug. Even
though the calculated myocardial
oxygen consumption was not sig-
nificantly different at 60 min, the
value was still below initia! control
measurements. (From Kniffen et
al., ref. 33, with permission.)
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contractile force, myocardial oxygen consumption, and the epi/endo coronary blood
flow ratio. Coronary artery perfusion pressure increased significantly. Similar changes
were seen 15 min after propranolol (0.5 mg/kg, i.v.) was administered to the donor
dog (Fig. 24). In this isolated blood-perfused heart preparation with spontaneous
heart rate, the intracoronary administration of pranolium (0.5 mg/min) produced
significant stepwise decreases in heart rate and myocardial oxygen demands. At
30, 60, and 120 min after the start of the infusion a stepwise increase in suben-
docardial blood flow was similarly seen. The above changes were greatest at 30
min after the start of infusion. In contrast, when the heart rate was held constant

I | | i
160 1 I | I
[ ' 1 1 e
HR 120 e ¢ . | | .
bpm LI l- ey LR | 1 b
g 1 .
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125 ! ! ! | ] 1
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FIG. 24. Effects of pranolium (DMP) on propranolol on myocardial hemodynamics and oxygen
consumption. Similar changes in heart rate (HR), contractile force (CF), coronary artery perfusion
pressure (CAPP), left ventricular epicardial-endocardial blood flow ratio (EP/ENDO) and my-
ocardial oxygen consumption (MVO,) were observed after intracoronary infusions of pranolium
for 15 min (N = 7) or 15 min after intravenous administration of propranolol (N = 6). Coronary
blood flow (CBF) was held constant in both groups. Points and shaded areas represent
mean + SEM, respectively. *Significant difference (p < .05) from preceding control value by
paired comparison. (From Warltier et al., ref. 82, with permission.)
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at 150 beats/min by right atrial pacing, the increase in subendocardial perfusion
{epi/endo ratio) and the decrease in myocardial oxygen extraction were not as marked
as in unpaced hearts.

A significant increase in subendocardial perfusion and a significant decrease in
MVO, were seen after 30 min of infusion, but the values returned toward control
values at 60 and 120 min. The increase in subendocardial perfusion can be attributed
primarily to the negative inotropic effect of pranolium, which results in an increased
diastolic duration and perfusion time. Propranolol has been shown to produce similar
increases in subendocardial perfusion as indicated by a decrease in epi/endo ratio
(9,20).

Gross et al. (19) showed that pranolium (1,5, and 10 mg/kg, i.v.) produced a
small stepwise increase in the endo/epi ratio of the nonischemic myocardium and
a larger increase in the ischemic myocardium. Propranolol had a similar effect in
nonischemic and ischemic regions of the left ventricle, but pranolium produced
more favorable effects on ischemic subendocardial blood flow.

Both propranolol and pranolium have a negative inotropic effect and limit the
severity of epicardial ST-segment elevations after experimental coronary artery
occlusion (34). In these experiments, when hearts were paced back to their control
levels, propranolol failed to prevent the ST-segment changes. Pranolium, however,
reduced the extent of ST-segment changes even when the hearts were paced back
to their control state.

Regional Myocardial Ischemia

Several investigators have successfully used pharmacologic interventions to re-
duce the amount of cardiac tissue susceptible to damage from myocardial ischemia
(23,34,40,44,45). Pranolium has been shown to be beneficial in reducing infarct
size due to experimental coronary artery occlusion (36,40) in anesthetized open-
chest dogs. Lucchesi et al. (40) examined the effect of pranolium in reducing infarct
size and electrocardiographic changes resulting from a 60-min occlusion of the left
circumflex coronary artery followed by reperfusion. All control animals showed
evidence of myocardial ischemia due to coronary artery occlusion as evidenced by
ST-segment elevations in a lead II ECG, ventricular premature beats, and ventricular
tachycardia. Progressive increases in Q-wave amplitude and loss of R-wave am-
plitude were seen in all control animals after release of the occlusion (Fig. 25). In
pranolium-treated dogs (5 mg/kg, 30 min before occlusion and 2.5 mg/kg every
90 min for a total dose of 15 mg/kg) neither an elevation in the ST-segment nor a
loss of R-wave amplitude was observed (Fig. 26).Upon reperfusion, pathologic Q-
wave formation was not evident in the treated group. Ectopic beats were significantly
reduced in pranolium-treated dogs (15 mg/kg) compared with control animals sub-
jected to LCX occlusion during the first 4 hr of reperfusion. A dose of 12.5 mg/kg
similarly reduced ectopic beats, but the effect was not as marked within the hour
as with the higher dose. At 24 hr after reperfusion, fewer premature ventricular
contractions were seen in pranolium-treated dogs, indicating that many more of the
beats were of sinoatrial origin.
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The technique of tetracycline deposition surrounding the infarcted tissue (25,42,77)
was employed to delineate infarcted tissue from noninfarcted tissue. UV examination
shows that tetracycline is deposited primarily in the periinfarct tissue forming a
fluorescent ring around nonfluorescent or infarcted myocardium. The central portion
of the infarct does not show a positive tetracycline stain because of the lack of
perfusion to this area. The rim of positive tetracycline stain (fluorescent under UV
light) represents that portion of the infarct that has been irreversibly injured due to
an ischemic event, but is still being perfused. This area represents viable myocar-
dium that may be salvaged using proper pharmacologic approaches.

NBT (nitroblue tetrazolium), on the other hand, is reduced by dehydrogenase
activity in both normal myocardium and the relatively ischemic tissue delineated
by tetracycline fluorescence under UV light. These two areas are stained a deep
blue, thus allowing delineation of viable and infarcted tissue.

In pranolium-pretreated hearts examination of tetracycline-stained hearts under
UV light showed a “patchy” or “nonconfluent” distribution of fluorescent material
in the myocardium supplied by the LCX in all but two hearts. The confinement of
the fluorescent material to the endocardial region was noted in all but two hearts,
and in these hearts the fluorescent material extended to the midmyocardial zone.
The NBT stain showed nonstaining areas of myocardium confined to the endocardial
zone.

Infarct size determination by gravimetric analysis showed a significant dose-
related reduction in the extent of myocardial insult in pranolium-treated animals.
The results show that pranolium treatment can significantly reduce the amount of
myocardium that undergoes necrosis as a result of a temporary occlusion of the
circumflex coronary artery and, in contrast to propranolol, does not produce beta-
adrenergic receptor blockade which could compromise cardiac function.

Electrocardiographic changes such as epicardial ST-segment elevations, loss of
R-wave amplitude, the development of pathologic Q-waves, and biochemical changes
such as the loss of myocardial creatine kinase (CPR) activity have been used to
determine and/or predict the extent of myocardial ischemic injury as a result of
coronary artery occlusion (14,18,23,31,45,52). Ku and Lucchesi (36) used these
parameters along with gravimetric determination of infarct size to assess the effect
of pranolium pretreatment in protecting the ischemic heart against irreversible dam-
age.

Dogs were randomized to saline control and pranolium (2 mg/kg given 30 min
before LAD occlusion then 2 mg/kg every 90 min for a total intravenous dose of
10 mg/kg) treatment groups. After 90 minutes of LAD occlusion in anesthetized,
open-chest dogs, coronary flow was reinstituted gradually so as to reduce the
incidence of hemorrhagic infarction and ventricular fibrillation. At 24 hr after
reperfusion, dysrhythmias appeared to originate from multifocal ectopic sites in the
saline-treated group. In the pranolium-pretreated animals, however, the severity of
ventricular dysrhythmias was markedly reduced and abnormal beats appeared to be
predominantly unifocal in origin and with a longer R-R interval.
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In control and pranolium-treated animals similar increases in ST-segment ele-
vations were observed 15 min after LAD coronary artery occlusion. The devel-
opment of pathologic Q-waves upon reperfusion, however, was significantly less
in pranolium-treated animals versus controls. At 24 hr, pranolium-treated animals
had evolved smaller Q-wave voltages compared with the control group. The sum
of R-wave voltage decrease and the Q-wave voltage was significantly less in the
drug-treated than in the control group.

The loss of myocardial CPK activity, which has been used to quantitate the extent
of myocardial infarction (31,45,73,75) was significantly less in pranolium-treated
than in the control hearts. This suggests that pranolium treatment resulted in greater
salvage of cardiac tissue in response to an ischemic insult. In these studies, infarct
size, as measured gravimetrically after NBT staining, was reduced to a greater
extent in pranolium-pretreated than in control animals.

The available data show that pranolium protects the ischemic myocardium from
irreversible injury. Pranolium was found to reduce myocardial infarct size, decrease
voltage in the pathologic Q-wave, reduce the severity and number of premature
ventricular contractions. and preserve myocardial CPK and dehydrogenase activities
in hearts subjected to regional ischemia and reperfusion.

Global Ischemia—DProtective Effects of Pranolium

Vogel et al. (81) have examined the effect of pranolium on myocardial injury
during global ischemia in the isolated and blood-perfused cat heart. This model
was selected because the isolated preparation allows precise measurement and con-
trol of hemodynamic variables, and global ischemia eliminates factors related to
collateral coronary artery flow seen during regional ischemia. The use of the globally
ischemic heart also simplifies tissue sampling probiems associated with experimental
models employing regional 1schemic injury. Vogel et al. (81) studied several pa-
rameters which have been associated with ischemic injury including the presence
or absence of contracture, changes in ventricular pressure development and diastolic
pressure/volume relationships, fluid and electrolyte accumulation, and microsomal
Ca?* accumulation.

Four groups of isolated hearts were studied. A control group (N = 10) was not
made ischemic and did not receive drug. A group of untreated ischemic hearts
(N = 10) was subjected to 1 hr of global ischemia followed by 1 hr of reperfusion.
Two groups of ischemic hearts received pranolium (0.75 mg/min for 10 min) before
ischemic arrest. In one group (N = 10), the hearts were allowed to beat sponta-
neously during drug administration. The second group (N = 8) was paced at 150
beats/min.

During an infusion of pranolium to spontaneously beating isolated cat hearts
(0.75 mg/min/10 min) there was a decrease in heart rate (135 *+ 12 to 85 = 9
beats/min), coronary blood flow (1.08 = 0.64 to 0.59 =+ 0.48 ml/min/g wet weight),
and myocardial oxygen consumption (6.8 * 1.7 to 2.7 = 1.7 ml/min/100 g wet
weight). In hearts paced at 150 beats/min during pranolium infusion, ventricular
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pulse pressure decreased 37% and this was similar to the decrease seen in unpaced
hearts (Table 7). However, neither coronary blood flow nor oxygen consumption
decreased in the paced hearts (Table 7), suggesting that the decrease in myocardial
oxygen consumption seen in spontaneously beating hearts was a result of the neg-
ative inotropic effect and not related to the contractile state of the myocardium
under conditions in which left ventricular volume was maintained constant with a
latex fluid-filled balloon.

Pranolium decreased the severity of myocardial injury in response to global
ischemia followed by reperfusion. Contracture during and immediately after global
ischemia was decreased by pranolium pretreatment (Table 8) and, in addition,
pranolium pretreatment maintained the ventricular diastolic pressure-volume rela-
tionship at a level similar to that of the pre-ischemic control (Fig. 27). This suggests
that pranolium protects the ventricle from the decrease in compliance normally seen
after global ischemia. Pacing the heart at a constant rate during pranolium admin-
istration partially reversed the protective effects of the drug on contracture and
compliance, suggesting that the fall in heart rate produced by pranolium prior to
the onset of ischemia is an important component of pranolium’s ability to reduce
global ischemic injury (Fig. 27, Table 8). However, pranolium pretreatment was
unable to produce any significant recovery in ventricular developed pressure.

Besides its effect on the mechanical properties of ventricular muscle, pranolium
reduced the reperfusion-induced hyperemic response at 60 min in nonpaced hearts
(Fig. 28), decreased tissue accumulation of Na* and Ca?*, and reduced K+ loss
(Table 9). In addition, pranolium preserved both microsomal adenosine triphosphate
(ATP)-dependent calcium uptake (Fig. 29) and calcium binding (Table 10). While
the mechanism of ischemic contracture is controversial (30), it can be antagonized
by manipulations which delay depletion of ATP or which may reduce the availability
of calcium to contractile proteins (22). Warren et al. (83) have demonstrated that
pranolium can reduce State 3 respiration, so that in the study of Vogel et al. (81),
ATP stores may have been preserved by pranolium acting to decrease oxygen
consumption independent of its negative chronotropic effect. Pranolium also reduced
the augmentation of total myocardial calcium content (Table 9) which occurs upon
reperfusion. Although it is not known how calcium was distributed within the
myocardium in the pranolium-treated hearts, preservation of the calcium-accumu-
lating ability of the sarcoplasmic reticulum may have maintained normal free calcium
concentrations surrounding the contractile apparatus.

While pranolium was not able to preserve all indices of myocardial function (i.e.,
developed ventricular pressure) the above study demonstrates that the quaternary
drug can preserve myocardial viabiiity during global ischemia by reducing my-
ocardial energy requirements before ischemia and possibly through direct actions
on myocardial calcium regulation.
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TABLE 8. Development of contracture during ischemia®

Ischemia Reperfusion

10min 20min  30min 40 min 50 min 60 min 5 min

No Rx 22 75 1210 169 19 =x 9 25+ 8 32 =10
Pranolium 00 1=t 2+2 4+30 8x+50 11x£90 7 +3b
Pranofium + pace 0+ 0 1+2 2+3 4x4 7+x6 12+8 19 =+ {1¢

Values are means = 95% confidence intervals.

aMeasured as increase in resting pressure, in millimeters of mercury, with left ventricular balloon
volume constant.

bSignficantly different from value in untreated hearts.

¢Significantly different from value in treated hearts which were not paced.
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FIG. 27. Summary of diastolic pressure-volume curves and left ventricular (LV) function curves.
Diastolic pressure-volume curves are indicated by circles. Ventricuiar function curves were
generated by plotting left ventricular pulse pressure as a function of left ventricular volume as
indicated by the triangles. Solid symbols represent values obtained in the preischemic period;
open symbols represent values obtained 1 hr after the end of the ischemic period. Each point
represents the mean value of 8-10 hearts. Confidence intervals have been omitted for clarity.
(From Vogel et al., ref. 81, with permission.)
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FIG. 28. Coronary blood flow during the reperfusion period, with LVEDP adjusted to zero in
all groups. Significant differences between ischemic hearts and nonischemic control hearts are
indicated by *(p < .005). The peak hyperemic response at 10 min of reperfusion was similar in
all ischemic groups. At 60 min of reperfusion, coronary flow remained elevated in untreated
hearts and in treated-paced hearts but returned toward control values in nonpaced treated
hearts. At 60 min, flow in nonpaced, pranolium (UM-272)-treated hearts was significantly less
than in either of the other ischemic groups (p < .001). Each bar represents the mean of 8-10
hearts. Vertical lines indicate 95% confidence intervals. (From Vogel et al., ref. 81, with per-
mission.)

PHARMACOKINETICS

Oral Absorption

Pranolium, in common with other monoquaternary ammonium compounds, is
absorbed to a greater extent than could be predicted from its lipid solubility. Pran-
olium is present in plasma within 10 min after oral administration of 40 or 60 mg/kg
to anesthetized dogs (59) (Fig. 30). As with other monoquaternary ammonium
compounds (38), there is a nonlinear correlation between the dose administered and
the amount absorbed. The extent of absorption of a 60-mg/kg dose of pranolium
is about twice that of a 40-mg/kg dose, although both doses were sufficient to
convert ouabain-induced ventricular tachycardia to normal sinus rhythm (59) (Fig.
30). One possible explanation for the incomplete absorption of pranolium from the
gastrointestinal tract is the presence of a monoquaternary ammonium ion transport
system in jejunal mucosa (78). The transport system is capable of transporting
monoquaternary ammonium ions from blood to the intestinal lumen and is saturable.
The increased bioavailability of pranolium at a dose of 60 mg/kg versus 40 mg/kg
may be the result of saturation of this intestinal transport system.

Distribution

Plasma concentrations of *C-labeled pranolium decrease in a biexponential man-
ner after intravenous administration in anesthetized dogs (16). Pharmacokinetic
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FIG. 29. ATP-dependent “*Caz+ uptake by microsomes isolated from cat hearts (N = 8-10)
was measured in medium containing 0.1 m KCI; 5.6 mm MgCl,; 5.6 mm potassium oxalate; 100
uMm 4CaCl, (0.1 uCi/liter); 5 mm Tris-ATP; and 15 to 40 ng/mi of microsomal protein in 20 mm
Tris-maleate buffer, pH 6.8 (37°C). Values shown are means + 95% confidence limits, based
upon duplicate runs, calculated for the four groups of isolated microsomes of cat hearts. Data
are corrected for nonspecific binding of +Ca?+ to Millipore filters. Inset: initial 2 min calcium
uptake by cardiac microsomes isolated from the appropriate isolated hearts. With the exception
of the ischemic-No Rx group, uptake proceeded linearly with time during this period. *(p < .05
vs. control, pranolium (UM-272) and pranolium-paced); t(p < .02 vs. control, pranolium and
pranolium-paced); $(p < .05 vs. control). (From Vogel et al,, ref. 81, with permission.)

2 5

analysis indicates an alpha-phase distribution half-life of 2.1 + 0.2 min and a beta-
phase distribution half-life of 127 = 10 min. The rapid clearance of pranolium
from blood (approximately 11 ml/min/kg) suggests that an active secretory process
may be responsible for clearance of pranolium from plasma to urine. Approximately
10% of an intravenously administered dose of '“C-labeled pranolium appears in
urine at 2 hr after administration (16). Examination of urine samples by thin-layer
chromatography failed to detect metabolites of pranolium. All “C-labeled activity
in urine migrated as a single peak which corresponded to reference '“C-labeled

drug.
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TABLE 10. Microsomal calcium binding

Group 1 min % Control 5 min % Control
Control (6) 25 + 10 100 48 = 15 100
Ischemia-No Rx (6) 7+ 64 26 13 = 12a 27
Ischemia-Pranolium (4) 31 =17 122 46 = 28 96
Ischemia-Pranolium (6) (paced) 19 = 10 74 38 +3 79

findicates significant difference between untreated ischemic hearts and all other groups.

Caz+ binding was assayed under conditions similar to those described in the legend to Fig.
29 except that the %Ca?+ concentration was lowered to 20 um, protein concentration was 40—
60 pg/ml, the temperature was 25°C and potassium oxalate was absent from the incubation
medium. Values are mean + 95% confidence limits.

N 6 ® 60 mg/kg oral UM-272

o e 40mg/kg oral UM-272

é 5 9/%a FIG. 30. Plasma pranolium (UM-

S 272) concentrations after p.o. admin-
g istration. Plasma pranolium concen-

g trations are shown for a period of 2

b hr. The area under the curve was more

< 3 than three times as great in the 80

& mg/kg group as the 40 mg/kg group.
2 (From Patterson et al., ref. 59, with

ij permission.)

~

Q

o
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Pranolium exhibits a large steady-state volume of distribution, 1.6 liters/kg (16),
suggesting that extensive binding of the drug occurs in body tissues. Pranolium
concentrations in heart, diaphragm, skeletal muscle, and blood were determined 2
hr after intravenous administration of 5 mg/kg C-labeled drug, and the data are
presented in Fig. 31. Myocardial concentrations of pranolium were 36 times that
of blood, 30 times that of skeletal muscle, and 5 times that of the diaphragm (16).
Similar selective concentration of drug in heart tissue is observed after oral admin-
istration of pranolium. Myocardial concentrations of pranolium after oral admin-
istration of 40 or 60 mg/kg ranged from 8 to 35 times that of plasma (59). Table
11 summarizes the data showing myocardial and plasma concentrations observed
after intravenous and oral pranolium administration.
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FIG. 31. Pranolium concentrations in various tissues are shown 2 hr after administration. (From
Gibson et al., ref. 16, with permission.)

TABLE 11. Plasma and myocardial pranolium concentrations 2 hr after oral
and intravenous administration

Plasma Myocardium Urinary excretion
(rg/mi) (ng/ml) (% dose)
5mgkgiv. 1.0+ 02 Atrial 36.0 = 3.8 10.0 = 3:5%

R. ventricle 34.3
. ventricle  36.4
40 mg/kg p.o. 0.6 = 0.1 Atrial 18.8
. ventricle 18.8
. ventricle 18.9

Atrial 39.0
. ventricle 39.5
. ventricle 39.3

—

3.0 3.0 = 0.6%

60 mg/kgp.o. 09 = 05 7.8 9.8 = 0.9%

I+ H o+
N
©w

rnD r3>D
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Plasma Concentrations—Therapeutic Response

Although plasma concentrations of pranolium decline rapidly after intravenous
administration, a high concentration of pranolium is maintained in myocardium.
The plasma concentration at the time of initial conversion of a oubain-induced
ventricular tachycardia was 7.2 = 1.5 wg/ml, but despite its decrease to 1.0 = 0.2
pg/ml 2 hr later, the arthythmia did not return. After oral administration, the plasma
concentration of 4.2 + 1.5 pg/ml (60 mg/kg dose) and 0.7 = 0.2 pg/ml (40 mg/kg
dose) were observed at the time of initial conversion of the ouabain-induced ven-
tricular tachycardia to normal sinus rthythm. Lower plasma concentrations of 0.9 = 0.5
and 0.6 = 0.1 pg/m! were observed later in the experiment and still exerted sig-
nificant antiarrthythmic action. Despite the presence of the lower plasma concen-
trations 2 hr after administration of oral or intravenous prapolium, tissue concentrations
remain high (Table 11) and the antiarrhythmic action persists.

Duration of Action

Despite the rapid clearance of pranolium from plasma, the extensive uptake of
pranolium in heart tissue extends its duration of action beyond that which could be
expected simply based upon plasma concentrations. Significant depression of con-
duction in normal and ischemically injured myocardium and prolongation of ef-
fective refractory periods in normal myocardium are observed 12 hr after a 5- or
10-mg/kg dose. Protection against the induction of reentrant ventricular tachyar-
rhythmias by programmed electrical stimulation was observed 12 hr after the last
pranolium dose (62).

Selective uptake and concentration in myocardium with a prolonged duration of
action despite rapid clearance from plasma is seen also with bretylium (3,53),
clofilium (39), and methyllidocaine (69,70). All three drugs are quaternary am-
monium antifibrillatory agents that are cleared rapidly from plasma by renal mech-
anisms (4,70), but have extended durations of action of up to 16 hr because of their
ability to concentrate in myocardial tissue.

SUMMARY

In a wide vartety of animal models, pranolium, the dimethyl quaternary derivative
of propranolol, is effective in minimizing or eliminating the deleterious effects of
myocardial ischemia. Pranolium reduces ultimate infarct size, decreases the extent
of Q-wave and ST-segment changes attendant to ischemia, and reduces the accu-
mulation of Ca?+ and contracture after global ischemia. Pranolium is also effective
against both automatic and reentrant arrhythmias, and is effective in reducing mor-
tality in a conscious canine model of sudden coronary death. Only one clinical
study of pranolium has been performed to date and the results of this study are
promising. Clearly, more clinical data as to the effectiveness of pranolium are
needed and warranted as this drug may represent an important phatmacologic mo-
dality in the prevention of cardiovascular death. Since the major cause of death is
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sudden unexpected ventricular fibrillation in patients with recognized or unrecog-
nized ischemic heart disease, there is an urgent need for a prophylactic agent that
will exert an antifibrillatory action as opposed to an agent that suppresses premature
ventricular ectopic beats—an action which may or may not coincide with an ability
to prevent sudden coronary death. Pranolium, a quaternary ammonium compound
without beta-adrenergic receptor blocking action, possesses both the antiarrhythmic
and antifibrillatory actions which would recommend that its potential be explored
further in patients who are at risk of sudden coronary death. Toxicology studies
and preliminary clinical trials have provided further reason for being enthusiastic
over the possibility that pranolium may serve a useful purpose in reducing the
morbidity and mortality associated with ischemic heart disease. Furthermore, its
effectiveness in several models of ischemic myocardial injury suggests that pran-
olium has important potential applications in protecting the ischemic heart from
irreversible cellular injury. The drug warrants further exploration at the clinical
level in an effort to determine its full potential.

ACKNOWLEDGMENT

These studies were supported by Grant HL-05806 from the National Institutes
of Health—National Heart, Lung and Blood Institute.

REFERENCES

1. Ahlmank, G., Saetre, H., and Korsgren, M. (1974): Reduction of sudden deaths after myocardial
infarction. Lancet, 2 (7896):1563.

2. Andersen, M. P., Bechsgaard, P., Frederiksen, J., Hansen, D. A., Jurgensen, H. J., Nielsen, B.,
Pedersen, F., Pedersen-Bjergaard, O., and Rasmussen, S.L. (1979): Effect of alprenolol on
mortality among patients with definite or suspected acute myocardial infarction. Lancet, 2 (8148):865-
868.

3. Anderson, J. L., Patterson, E., Conlon, M., Pasyk, S., Pitt, B., and Lucchesi, B. R. (1980):
Kinetics of antifibrillatory effects of bretylium: Correlation with myocardial drug concentration.
Am. J. Cardiol., 46:583-592.

4. Anderson, J. L., Patterson, E., Wagner, J. G., Stewart, J. R., Behm, H. L., and Lucchesi, B. R.
(1980): Oral and intravenous bretylium disposition. Clin. Pharmacol. Ther., 28:468-478.

5. Ariens, E. J. (1967): The structure activity relationships of beta-adrenergic drugs and beta-adre-
nergic blocking drugs. Ann. N.Y. Acad. Sci., 139:606-631.

6. Balcon, R., Jewitt, D. E., Davies, I. P. H., and Oram, S. (1967): A controlled trial of propranolol
in acute myocardial infarction. Am. Heart J., 74:582-584.

7. Barber, J. M., Boyle, D. McC., Chaturvedi, N C., Singh, N., and Walsh, M. J. (1976) Practolol
in acute myocardlal infarction. Acta Medica Scand 587(Suppl ):213-219.

8. Barber, N. S., Evans, D. W_, Howitt, G., Thomas, M., Wilson, C., Lewis, J. A., Dawes, P. M.,
Handler, K., and Tuson, R. (1980): Multicenter postinfarction trial of propranolol in 49 hospitals
in the United Kingdom, Italy and Yugoslavia. Br. Hearr J., 44:96-100.

9. Becker, L. C., Fortuin, N. J., and Pitt, B. (1971): Effect of ischemia and antianginal drugs on
the distribution of radioactive microspheres in the canine left ventricle. Circ. Res., 28:263-269.

10. Bigger, J. T., Dresdale, R. J., Heissenbuttel, R. H., Weld, F. M., and Wit, A. L. (1977): Ven-
tricular arrhythmias in ischemic heart disease: Mechanism, prevalence, significance and manage-
ment. Prog. Cardiovasc. Dis., 19:255-296.

11. Braunwald, E. (1971): Control of myocardial oxygen consumption: Physiologic and clinical con-
siderations. Am. J. Cardiol., 27:416-432.

12. Doyle, J. T. (1979): The risk of sudden death: The general population. Working group on Arte-
riosclerosis, NIH, Bethesda.



198 PRANOLIUM

13

15.
16.

17.

18.

19.

20.
21.
22.

23.

24.

25.

26.

27.

28.

29.
30.
31.
32.

33.

34,

35.

36.

. Dresel, P. E., and Potter, P. (1978): The effect of propranolol and dimethylpropranolol on cardiac
conduction. Can. J. Physiol. Pharmacol., 57:637-641.

. Durrer, D., Van Lier, A. A. W_, and Buller, J. (1964): Epicardial and intramural excitation in

chronic myocardial infarction. Am. Heart J., 68:675.

Gibson, J. K., Burmeister, J. L., and Lucchesi, B. R. (1978): Electrophysiologic effects of UM-

272 on myocardial ischemia in the canine heart. J. Pharmacol. Exp. Ther., 207:304-310.

Gibson, J. K., Kom, N. L., Counsell, R. E., and Lucchesi, B. R. (1979): Tissue distribution and

antiarthythmic action of N-dimethylpropranolol (UM-272) in the dog. Fed. Proc., 38:697.

Gibson, J. K., and Lucchesi, B. R. (1380): Electrophysiologic actions of UM-272 (Pranolium) on

reentrant ventricular arrhythmias in post-infarction canine myocardium. J. Pharmacol. Exp. Ther,,

214:347-353.

Grant, R. P., and Murray, R. H. (1954): The QRS complex deformity of myocardial infarction

in the human subject. Am. J. Med., 17:587.

Gross, G.J., Warltier, D. C., and Hardman, H. F. (1978): Beneficial actions of N-dimethyl

propranolol on myocardial oxygen balance and transmural perfusion gradients distal to a severe

coronary artery stenosis in the canine heart. Circulation, 58:663-669.

Gross, G. J., and Winbury, M. M. (1973): Beta adrenergic blockade on intramyocardial distribution

of coronary blood flow. J. Pharmacol. Exp. Ther., 187:451-464.

Harris, A. S. (1950): Delayed development of ventricular ectopic rhythms following experimental

coronary occlusion. Circulation, 1:1318-1327.

Hearse, D. J., Garlick, P. B., and Humphrey, S. M. (1977): Ischemic contracture of the myo-

cardium: Mechanisms and prevention. Am. J. Cardiol., 39:986-993.

Hillis, L. D., Askenazi, J., Braunwald, E., Radvany, P., Muller, J. E., Fishbein, M. C., and

Maroko, P. R. (1976): Uses of changes in epicardial QRS complex to assess interventions which

modify the extent of myocardial necrosis following coronary artery occlusion. Circulation, 54:591,

Hoffman, B. F., and Rosen, M. R. (1981): Cellular mechanisms for cardiac arrhythmias. Circ.

Res., 49:2-15.

Holman, B. L., Dewanjee, M. K., Idoine, J., Fliegel, C. P., Davis, M. D., Treves, S., and Eldh,

P. (1973): Detection and localization of experimental myocardial infarction. J. Nucl. Med., 14:595-

599.

Horowitz, L. N., Josephson, M. E., Farshidi, A., Spielman, S. R., Michelson, E. L., and Green-

span, A. M. (1978): Recurrent sustained ventricular tachycardia. 3. Role of electrophysiologic

study in selection of antiarthythmic regimens. Circulation, 58:986-998.

Horowitz, L. N., Josephson, M. E., and Kastor, J. A. (1980): Intracardiac electrophysiologic

studies as a method for the optimization of drug therapy in chronic ventricular arrhythmia. Prog.

Cardiovasc. Dis., 23:81-98.

Josephson, M. E., Kastor, J. A., and Horowitz, L. N. (1980): Electrophysiologic management of

recurrent ventricular tachycardia in acute and chronic ischemic heart disease. Cardiovasc. Clin.,

11:35-55.

Kastor, J. A., Horowitz, L. N., Harken, A. H., and Josephson, M. E. (1981): Clinical electro-

physiology of ventricular tachycardia. N. Engl. J. Med., 304:1004-1020.

Katz, A. M., and Tada, M. (1977): The “stone heart” and other challenges to the biochemist.

Am. J. Cardiol., 39:1073-1077.

Kjekshus, J. K., and Sobel, B. E. (1970): Depressed myocardial phosphokinase activity following

experimental myocardial infarction in the rabbit. Circ. Res., 27:403.

Kniffen, F. J. (1973): The antiarrhythmic activity of quaternary ammonium compounds. Doctoral

Dissertation, University of Michigan.

Kniffen, F. J., Lomas, T. E., Burmeister, W. E., and Lucchesi, B. R. (1975): Effects of dimethyl

quaternary propranolol (UM-272) on oxygen consumption and ischemic ST-segment changes in

the canine heart. J. Pharmacol. Exp. Ther., 194:234-243.

Kniffen, F. 1., Lomas, T. E., and Lucchesi, B. R. (1974): Effects of dl-propranolol and dimethyl

propranolol (UM-272) on ischemic ST-segment changes in the canine heart. Fed. Proc., 33:389.

Kniffen, F. J., Schuster, D. P., and Lucchesi, B. R. (1973): Antiarrhythmic and electrophysiologic

properties of UM-272, dimethyl quaternary propranolol, in the canine heart. J. Pharmacol. Exp.

Ther., 187:260-268.

Ku, D. D., and Lucchesi, B. R. (1978): Effects of dimethyl propranolol (UM-272; SC-27761) on

myocardial ischemic injury in the canine heart after temporary coronary artery occlusion. Cir-

culation, 57:541-548.



37.

38.

39.

40.

41.

42.
43.
44.

45.

46.

47.

48.
49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

PRANOLIUM 199

Lazzara, R., El-Sherif, N., Hope, R. R., and Scherlag, B. J. (1978): Ventricular arrhythmias and
electrophysiological consequences of myocardial ischemia and infarction. Circ. Res., 72:740~
749.

Levine, R. R., and Pelikan, E. W. (1961): The influence of experimental procedures and dose on
the intestinal absorption of an onium compound, benzomethamine. J. Pharmacol. Exp. Ther.,
131:319-327.

Lindstrom, T. D., Murphy, P. J., Smallwood, J. K., Wiest, S. A., and Steinberg, M. 1. (1982):
Correlation between the disposition of *C-clofilium and its cardiac electrophysiological effects.
J. Pharmacol. Exp. Ther., 221:584-589.

Lucchesi, B. R., Burmeister, W. E., Lomas, T. E., and Abrams, G. D. (1976): Ischemic changes
in the canine heart as affected by the dimethyl quaternary analog of propranolol, UM-272 (SC-
27761). J. Pharmacol. Exp. Ther., 199:310-328.

Lucchesi, B. R., and Hardman, H. F. (1961): The influence of dichloroisoproterenol (DCI) and
related compounds upon ouabain and acetylstrophanthidin-induced cardiac arthythmias. J. Phar-
macol. Exp. Ther., 132:372-381.

Malek, P., Kolc, J., Zastava, V., Zak, F., and Peleska, B. (1963): Fluorescence of tetracycline
analogues fixed in myocardial infarction. Cardiologica (Basel}, 42:303-318.

Man, R. V., and Dresel, P. E. (1977): Effect of lidocaine and methyllidocaine on cardiac con-
duction. J. Pharmacol. Exp. Ther., 201:184-191.

Maroko, P. R., and Braunwald, E. (1976): Effects of metabolic and pharmacologic interventions
on myocardial infarct size following coronary occlusion. Circulation, 53 (Suppl. I):162-168.
Maroko, P. R., Kjekshus, J. K., Sobel, B. E., Watanabe, T., Covell, J. W., Ross, J., Jr., and
Braunwald, E. (1971): Factors influencing infarct size following experimental coronary artery
occlusion. Circulation, 43:67-82.

Michelson, E. L., Naito, M., David, D., Dreifus, L. S., and Moore, E. N. (1981): Antiarrhythmic
efficacy and electropharmacology of clofilium in a chronic canine ventricular tachycardia model.
Circulation, 64:124.

Michelson, E. L., Spear, J. F., and Moore, E. N. (1981): Effects of procainamide on strength-
interval relations in normal and chronically infarcted canine myocardium. Am. J. Cardiol., 47:1223—
1232,

Multicentre International Study: Improvement in prognosis of myocardial infarction by long term
beta-adrenoceptor blockade using practolol. Br. Med. J., 3(5986):735-740.

Multicentre International Study: Supplementary report: Reduction in mortality after myocardial
infarction with long-term beta-adrenergic blockade. Br. Med. J., 2(6084):419-421.

Myerburg, R. J., Briese, F. W., Conde, C. A., Mallon, S. M., Liberthson, R. R., and Castellanos,
A. (1979): Antiarrhythmic drug therapy in survivors of prehospital cardiac arrest. Comparison of
effects on chronic ventricular arrhythmias and recurrent cardiac arrest. Circulation, 59:855-865.
Myerburg, R.J., Kessler, K. M., Kiem, 1., Pefkaros, K. C., Conde, C. A., Cooper, D., and
Castellanos, A. (1981): Relationship between plasma levels of procainamide, suppression of
premature ventricular complexes and prevention of reentrant ventricular tachycardia. Circulation,
64:280-290.

Myers, G. B., Klein, H. A., and Hiratzka, T. (1948): Correlation of electrocardiographic and
pathologic findings in anteroposterior infarction. Am. Hearr. J., 37:205.

Namm, D. H., Wang, C. M., El-Sayad, S., Copp, F., and Maxwell, R. A. (1975): Effects of
bretylium on rat cardiac muscle: The electrophysiological effects and its uptake and binding in
normal and immunosympathectomized rat hearts. J. Pharmacol. Exp. Ther., 193:194-207.
Norris, R. M., Caughey, D. E., and Scott, P. ]. (1968): Trial of propranelol in acute myocardial
infarction. Br. Med. J., 2(5602):398-400.

Norwegian Multicenter Study Group: Timolol-induced reduction in mortality and reinfarction in
patients surviving acute myocardial infarction. N. Engl. J. Med., 304:801-807.

Olson, R. E. (1969): Metabolic interventions in the treatment of infarcting myocardium. Circu-
lation, 40(Suppl. 4):195-201.

Olson, E. G., Goodyear, A.V.N., Langon, R. A., Cohen, L. S., and Wolfson, S. (1976): N-
Dimethylisopropyl propranolol: Effects on myocardial oxygen demands. Circulation, 53:501-505.
Patterson, E., Gibson, J. K., and Lucchesi, B. R. (1980): Electrophysiologic effects of disopyr-
amide phosphate on reentrant ventricular arthythmia in conscious dogs after myocardial infarction.
Am. J. Cardiol., 46:792-799.

Patterson, E., Stetson, P., and Lucchesi, B. R. (1980): Plasma and myocardial tissue concentrations



200

60.

61.

62.

63.

65.

66.

67.

68.

69.

70.

71.

72.
73.
74.
74.

76.
77.

78.

79.

80.

81.

82.

PRANOLIUM

of UM-272 (N,N-Dimethyl-propranolol) after oral administration in dogs. J. Pharmacol. Exp.
Ther., 214:445-453.

Patterson, E., Gibson, J. K., and Lucchesi, B. R. (1981): Electrophysiologic actions of lidocaine
in a canine model of chronic myocardial ischemic injury-arrhythmogenic actions of lidocaine.
Circulation, 64:123.

Patterson, E., Holland, K., Eller, B., and Lucchesi, B. R. (1982): Ventricular fibrillation resulting
from ischemia at a site remote from previous myocardial infarction—A conscious canine model
of sudden coronary death. Am. J. Cardiol., 50:1414-1423.

Patterson, E., and Lucchesi, B. R. (1981): Chronic ventricular tachyarrthythmias in the conscious
dog: Prevention by UM-272 (dimethylpropranolol). J. Cardiovasc. Pharmacol., 3:769-780.
Patterson, E., and Lucchesi, B. R. (1981): Antifibrillatory properties of nadolol—Lack of cor-
relation between ventricular fibrillation threshold determinations and programmed electrical stim-
ulation. Circulation, 64:124.

. Peter, T., Hamamoto, H., Jordon, J., Platt, M., and Mandel, W. (1980): Indications for antiar-

rhythmic therapy as prophylaxis against sudden death. Cardiovasc. Clin., 11:249-266.

Reele, S., Woosley, D., Komhauser, D., Carr, K., and Shand, D. (1978): Antiarrhythmic efficacy
of pranolium in man. Clin. Res., 26:264A.

Romson, J. R., Haack, D. W., and Lucchesi, B, R. (1980): Electrical induction of coronary artery
thrombosis in the ambulatory canine: A model for in vivo evaluation of antithrombotic agents.
Thromb. Res., 17:841-853.

Rosen, M. R., Miura, D. S., and Danilo, P. (1975): The effects of dimethy! quaternary propranolol
on the electrophysiologic properties of canine cardiac Purkinje fibers. J. Pharmacol. Exp. Ther.,
193:209-217.

Ruberman, W., Weinblatt, E., Goldberg, J. D., Frank, C. W., Chaudhary, B. S., and Shapiro,
S. (1981): Ventricular premature complexes and sudden death after myocardial infarction. Cir-
culation, 64:297-305.

Ryden, L., Berlin, A., and Freiber, L. R. (1975): Plasma concentrations and urinary excretion of
the antiarthythmic quaternary ammonium compound, QX-572, in man. Eur. J. Clin. Pharmacol.,
8:277-282.

Ryden, L., Hjalmarson, A., Wasir, H., and Werkd, L. (1974): Effects of long acting antiarthythmic
agent, Astra QK-572, on refractory ventricular tachyarrhythmias. Br. Heart J., 36:811-821.
Schuster, D. P., Lucchesi, B. R., Nobel, N. C., Mimnaugh, M. N., Counsell, R. E., and Kniffen,
F. 1. (1973): The antiarrthythmic properties of UM-272, the dimethyl quaternary derivative of
propranolol. J. Pharmacol. Exp. Ther., 184:213-227.

Schulze, R. A., Strauss, H. W., and Pitt, B. (1977): Sudden death in the year following myocardial
infarction. Am. J. Med., 62:192-199.

Shell, W. E., Kjershus, J. K., and Sobel, B. E. (1971): Quantitative assessment of the extent of
myocardial infarction in the conscious dog by means of analysis of serial changes in serum creatine
phosphokinase (CPK) activity. J. Ciin. Invest., 50:2614.

Snow, P.J. D. (1965): Effect of propranolol in myocardial infarction. Lancer, 2:551-553.
Sobel, B. E., Roberts, R., and Larson, K. B., (1976): Estimation of infarct size from serum MB
creatine phosphokinase activity: Applications and limitations. Am. J. Cardiol., 37:474.
Stephan, S. A. (1966): Unwanted effects of propranolol. Am. J. Cardiol., 18:463-472.

Sybers, H. O., Ashraf, M., Brauthwaite, J. R., and Lok, M. (1972): Early myocardial infarction.
A fluorescent method of detection. Arch. Pathol., 93:49-54.

Turnheim, K., and Lauterbach, F. O. (1977): Absorption and secretion of monoquaternary am-
monium compounds by the isolated intestinal mucosa. Biochem. Pharmacol., 26:99-108.
Vandepol, C.J., Farshidi, A., Spielman, S. R., Greenspan, A. M., Horowitz, L. N., and Jo-
sephson, M. E. (1980): Incidence and clinical significance of induced ventricular tachycardia. Am.
J. Cardiol., 45:725-731.

Vismara, L. A., Amsterdam, E., and Mason, D. T. (1975): Relation of ventricular arthythmias
in the late hospital phase of acute myocardial infarction to sudden death after hospital discharge.
Am. J. Med., 59:6-12.

Vogel, V. M., Romson, J. L., Bush, L. R., Shlafer, M., and Lucchesi, B. R. (1980): Protective
effects of dimethylpropranolol (UM-272) during global ischemia of isolated feline hearts. J.
Pharmacol. Exp. Ther., 212:560-568.

Warltier, D. C., Gross, G. J., and Hardman, H. F. (1978): Effect of N-dimethyl propranolol on



83.

84.

85.

86.

87.

PRANOLIUM 201

regional myocardial blood flow and oxygen consumption in the canine heart. J. Pharmacol. Exp.
Ther., 204:294-302.

Warren, S., Lucchesi, B., and Shlafer, M. (1979): Effects of N-dimethyl propranolol (UM-272)
on isolated cardiac mitochondria and microsomes. Res. Commun. Chem. Pathol. Pharmacol.,
25:227-239.

Wilcox, R. G., Roland, J. M., Banks, D. C., Hamptom, J. R., and Mitchell, J. R. A. (1980):
Randomized trial comparing propranolol with atenolol in immediate treatment of suspected my-
ocardial infarction. Br. Med. J., 280(6218).885-888.

Wilcox, R. G., Rowley, J. M., Hampton, J. R., Mitchell, J. R. A., Roland, J. M., and Banks,
D. C. (1980): Randomized placebo-controlled trial comparing oxprenolol with disopyramide phos-
phate in immediate treatment of suspected myocardial infarction. Lancer, 2 (8198):765-769.
Withelmsson, C., Vedin, J. A., Wilhelmsson, L., Tibblin, G., and Werko, L. (1974): Reduction
of sudden deaths after myocardial infarction by treatment with alprenolol. Lancet, 2(7890):1157-
1159.

Wolfson, S., Olson, E. G., Langon, R. A., Goodyear, A. V.N., and Cohen, L. S. (1974): N-
Dimethylisopropyl propranolol (SC-27761), an analogue without beta-blocking or anesthetic ac-
tions: Effects on myocardial demands. Circulation, 50 (Suppl. 111):37.





