Electrophysiologic and antiarrhythmic actions of
nadolol: Acute ischemia in the presence of

previous myocardial infarction

The actions of the S-adranergic receptor antagonist, d,i-nadoioi, were examined in anesthetized
dogs subjected to circumfiex coronary artery ligation in the presence of previous anterior
myocardial infarction. With circumflex ligation, control dogs (N = 18) developed premature
ventricular beats and ventricular tachycardia, followed by ventricular fibrillation (N = 16, 89%).
immediate arrhythmias (2 to 5 minutes) were accompanied by activation delays and continuous
diastolic electrical activity in acutely ischemic epicardial tissue. Delayed arrhythmias (6 to 12
minutes) were accompanied by delayed activation and continuous diastolic electrical activity in
acutely ischemic mid-myocardium. Nadolol (8 mg/kg, intravenously) (N = 10) reduced ventricular
arrhythmias during both phases of arrhythmia development and increased survivai (70%,

p = 0.001 vs control). Nadolol failed to alter activation in acutely ischemic epicardium, but
prevented beat-to-beat changes in epicardial and mid-myocardial activation. Atrial pacing of
nadolol-treated animals at heart rates comparable with those of the control group reversed the
beneficial effects of nadolol on the development of ventricular arrhythmias and ventricular
fibrillation (70%; p = 0.07 vs nadolol; p = 0.21 vs control, respectively). The beneficial effects of
nadolol could not be attributed to reduced epicardial delays, but were associated with the
suppression of beat-to-beat conduction abnormalities that preceded ventricular fibrillation. (Am

Heart J 1988;116:1223.)
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The ligation of a major coronary artery in the dog
produces rapid alterations in the electrical proper-
ties of the myocardium served by the vessel. Delayed
electrical activation is observed within ischemic
tissue, which reflects a decrease in conduction veloc-
ity or a change in the activation pattern of the
ischemic myocardium.”* Premature ventricular
beats, ventricular tachycardia, and less frequently
ventricular fibrillation are sequelae of acute ische-
mia. If a major coronary artery is ligated in the
presence of previous myocardial infarction within
the distribution of a second coronary artery, both
the incidence and severity of premature ventricular
beats, ventricular tachycardia, and ventricular
fibrillation are increased over that observed with the
ligation of a single major coronary vessel.>® The
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electrophysiologic basis for the increased arrhyth-
mias with ischemia in the presence of previous
infarction is not well understood. Although in-
creased epicardial activation delays within acutely
ischemic myocardium are present,® the increase in
activation delays and arrhythmogenesis has been at
least partially attributed to an increase in sympa-
thetic nervous system tone or a compensatory sinus
tachycardia elicited by an acute ischemic event.>”’

Experimental interventions capable of reducing
the incidence of ventricular fibrillation when acute
ischemia is superimposed on previous distant myo-
cardial infarction include @B-adrenergic receptor
blockade with d,l-nadolol™® and left stellate gangli-
onectomy.” The interventions blunt the heart rate
response to an acute ischemic event in the conscious
dog and presumably may also block other potential-
ly detrimental electrophysiologic consequences of
increased activity of the sypathetic nervous system
in acutely ischemic tissue. The present study was
undertaken to determine the possible electrophysio-
logic bases for the antiarrhythmic and antifibrillato-
ry effects of B-adrenergic receptor blockade by
d,1-nadolol in the anesthetized dog subjected to left
circumflex coronary artery ligation in the presence
of previous acute myocardial infarction.
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Fig. 1. Activation delays and ventricular ectopy in the control treatment group subjected to left
circumflex (LCX) coronary artery occlusion in the presence of previous anterior myocardial infarction.
Conduction delays were measured in left circumflex epicardium (LCX-EPI), left anterior descending
epicardium (LAD-EPI), and left circumfiex mid-myocardium (LCX-MID) hefore and at 1-minute
intervals after left circumflex coronary artery ligation. Two separate phases of arrhythmia development
were observed. The first phase occurred within the first 6 minutes after coronary artery ligation in
conjunction with delayed activation and continuous diastolic electrical activity measured on the
epicardial surface of the left circumflex coronary artery. The second or delayed phase of arrhythmia
development occurred after 8 minutes and occurred simultaneously with the development of increased
activation delays and continuous diastolic electrical activity within mid-myocardium of the left
circumfiex distribution. CI, Coupling interval of premature ventricular beat.

METHODS

Animal preparation. Male mongrel dogs were anesthe-
tized with intravenous sodium pentobarbital (30 mg/kg).
A cuffed endotracheal tube was inserted, and the animal
was ventilated with a Harvard respirator. With aseptic
technique, the left common carotid artery and left exter-
nal jugular vein were isolated and indwelling catheters
were inserted. A left thoracotomy was performed in the
fifth intercostal space, and the heart was suspended in a
pericardial cradle. The left anterior descending coronary
artery was isolated at the tip of the left atrial appendage.
A 19-gauge needle was placed parallel to the artery, and a
suture was passed around both the artery and the needle.
The suture was tied and the needle withdrawn, which
created a critical stenosis. Previous experiments® have
demonstrated the ability of the stenosis to reduce the
hyperemia observed with the reinstitution of coronary
flow after temporary occlusion of the vessel. The stenosis
does not reduce the resting blood flow through the vessel,
but reduces the incidence of ventricular fibrillation on
reperfusion and prevents hemorrhagic infarction.® The
artery was then occluded with a snare formed by passing a
loop of silicone rubber tubing through a section of blunted
polyethylene tubing. After 2 hours, flow was restored
through the stenosed artery. The chest was closed, and the
animals were allowed to recover from surgery. Amnicillin,
.0 ng/kg, was administered at surgery and on the first
postoperative day.

Experimental procedure. On day 5 after myocardial

infarction, the animals were anesthetized with 30 mg/kg of
intravenous sodium pentobarbital. A cuffed endotracheal
tube was inserted, and the animals were ventilated with
room air with a Harvard respirator. Arterial blood pres-
sure was measured with a Statham blood pressure trans-
ducer. A left thoracotomy was performed in the fifth
intercostal space, and the heart was suspected in a peri-
cardial cradle. With a 22-gauge hypodermic needle (1.5
inches in length), insulated silver wires (0.05 mm diame-
ter) with 2 to 3 cm exposed recording surfaces were
implanted intramurally in the left circumflex coronary
artery distribution, parallel to the first obtuse marginal
branch. Composite bipolar recordings were obtained by
summing five or six eléctrode pairs with an approximate 2
to 3 mm interelectrode distance. Bipolar composite elec-
trodes were placed on the épicardial surface of the left
ventricle.? One electrode was placed over ischemically
injured myocardium in the left anterior descending coro-
nary artery distribution, and a second electrode was
placed on the epicardial surface of the left circumflex
coronary artery distribution. All composite electrodes
were filtered at 50 and 500 Hz. Activation delays were
measured both before and at selected intervals after
ligation of the left circumflex coronary artery. The mea-
surement of the activation delays was performed directly
from the display of a Tektronix Model 5111 storage
oscilloscope. In some experiments an electrocatheter was
advanced through the left carotid artery and advanced: to
the root of the aorta to record His-bundle activation.
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Fig. 2. Electrophysiologic recordings obtained 5 minutes after left circumflex coronary artery ligation.
Composite electrode recordings were obtained from mid-myocardium within the left circumflex
distribution (LCX[INTRA]) and from the epicardial surface of the left circumflex (LCX[EPI]) and left
anterior descending (LAD) distributions. A lead II ECG was recorded from the body surface. The
recordings were obtained 5 minutes after ligation of the left circumflex coronary artery. Continuous
electrical activity bridging diastole is present on the epicardial surface of the left circumflex distribution,
which connects the sinus heart beats and all three ventricular couplets. The diastolic period is electrically
quiescent in the remaining composite electrograms.
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Fig. 3. Electrophysiologic recordings obtained 6 minutes after left circumflex coronary artery ligation.
The electrical recordings are as described in Fig. 2. In the left hand panel, composite electrograms are
shown during sinus rhythm, before left circumflex coronary artery ligation. Activation in each
electrogram remains discrete and localized within the QRS interval of the surface ECG. In the right hand
panel, electrical recordings obtained 6 minutes after left circumflex coronary artery ligation are shown.
Delayed electrical activity is present in the composite electrograms recorded from both mid-myocardium
and epicardium within the left circumflex coronary artery distribution. The delay is greater in
mid-myocardium than on the epicardial surface. Local 2:1 conduction block is present in mid-
myocardium. Two single premature ventricular beats (arrows) are present and are associated with the
prolonged duration electrogram of the 2:1 conduction block, as well as continuous mid-myocardial
electrical activity bridging the diastolic interval between the sinus beat and the ventricular beat. The
mid-diastolic interval remains quiescent in the remaining two composite electrograms.
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Recordings were also obtained at 100 mm/sec with an
oscillographic recorder. Continuous records were obtained
of blood pressure and a lead II ECG with a Grass Model 7
polygraph. The activation delay was defined as the inter-
val between the Q wave of the lead II ECG and the
cessation of local electrogram activity.>' All measure-

ments are then mean of triplicate determinations obtained
during sinus rhythm.

A 2-hour temporary occlusion of the left anterior
descending artery followed by reperfusion through a criti-
cal stenosis was performed in 51 male mongrel dogs.
Electrophysiologic studies were performed in 39 surviving
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Fig. 4. Electrophysiologic recordings obtained 6.2
minutes after left circumflex coronary artery ligation. Fig.
4 is a continuation of the experiment described in Fig. 3.
The recordings are as previously described. Premature
ventricular beats (arrows) are accompanied by continuous
diastolic electrical activity recorded in the mid-myocardi-
al composite electrogram.

dogs on day 5 after myocardial infarction. The initial
studies (VN = 8) were performed with only saline solution
pretreatment. The remaining 30 studies were performed
after randomization of the experimental preparations to
control (saline), nadolol, and nadolol + atrial pacing (200
min~!) treatment groups. Saline solution (10 ml) or nado-
lol (8 mg/kg in 10 ml of saline) was administered intrave-
nously over a 10-minute period. All treatments were
administered 15 minutes before circumflex coronary
artery ligation proximal to the first obtuse marginal
branch. In the nadolol + atrial pacing group, the left
atrium was stimulated at a rate of 193 + 5 beats/min for
the first 30 minutes of coronary artery ligation (4 msec
stimuli, two times diastolic threshold). On completion of
the experiment 6 hours after left circumflex coronary
artery ligation or on the development of cardiac arrest, the
heart was removed and rinsed in cold water. The heart was
then cut into 5 mm thick slices parallel to the atrioventric-
ular groove. The heart was stained for the presence of
active intracellular dehydrogenases with 0.5% triphenyl-
tetrazolium chloride in 0.01 mol/L phosphate buffer, pH
7.4. Infarct size was determined gravimetrically and was
expressed as a percentage of the total left ventricular
mass.

Statistics. The data are expressed as the mean + the
standard error of the mean. One-way analysis of variance
was used to determine differences between treatment
groups. Individual differences between groups were deter-
mined with Bonferoni’s test. Fisher’s exact test was used
to determine differences in survival between treatment
groups.

RESULTS

Ventricular arrhythmia development in the control
(saline) treatment group. Within 1 minute after cir-
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Table f. Sinus heart rates in control, d l-nadolol, and
d,l-nadolol + pacing treatment groups

Control Nadolol Nadolol + pacing
Predrug 145 + 16 147 + 8 142 + 3
Postdrug 142 + 16 106 + 8* 107 = 9*
Post left circumflex ligation (min)
2 188 + 10* 120 + 10*+ 193 + 5*
5 190 = 12* 122 + 9%t 194 + 4*
10 186 124 + 12* 190 + 6*
30 148 126 + 10* 188 + 9*

*p <0.01 vs predrug.
*p < 0.05 vs control and nadolol + pacing.

cumflex coronary artery occlusion, fractionation and
delay of normally conducted beats were apparent in
the composite electrograms recorded from the
acutely ischemic ecircumflex coronary artery distri-
bution. The delay progressively increased and
reached a maximal value of 149 + 13 msec on the
epicardial surface of the circumflex distribution at 5
minutes. As the activation delay increased on the
epicardial surface, the frequency and severity of
ventricular arrhythmia also increased (Fig. 1). Sin-
gle premature ventricular beats were first observed
at 2.2 * 1.2 minutes, with a mean epicardial delay of
138 = 12 msec (N = 18). Ventricular tachycardia
was observed at 4.6 = 1.4 minutes, at a mean epicar-
dial delay of 156 + 16 msec (N =18). In each
instance, the ventricular arrhythmia was accompa-
nied by the presence of continuous diastolic electri-
cal activity on the epicardial surface of the circum-
flex coronary artery distribution. In 10 dogs, ventric-
ular rhythms accompanied by continuous epicardial
diastolic electrical activity in the circumflex coro-
nary artery distribution ended in ventricular fibril-
lation (6.4 + 1.2 minutes) (Fig. 1). Ventricular
fibrillation was preceded by beat-to-beat changes in
the electrogram configuration recorded from epicar-
dial surface of the left circumflex coronary artery
distribution. The magnitude of the delays in the
mid-myocardium during the immediate arrhythmia
phase was always less than that observed on the
epicardial surface, and continuous local electrical
activity spanning diastole during ventricular
arrhythmia was not observed in the acutely ischemic
mid-myocardium.

Fig. 2 shows composite electrogram recordings
from mid-myocardial (intramural), epicardial cir-
cumflex, and epicardial anterior descending sites.
The electrogram recordings were obtained 5 minutes
after circumflex coronary artery occlusion. Three
episodes of ventricular couplets after a sinus heart
beat are shown. In each example, the diastolic
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Fig. 5. Electrophysiologic recordings obtained 8.0 minutes after left circumflex coronary artery ligation.
Fig. 5 is a continuation of the same experiment described in Figs. 3 and 4. At 8.0 minutes after left
circumflex coronary artery ligation, ventricular tachycardia degenerates to ventricular fibrillation. The
first two beats of the tachycardia/fibrillation are accompanied by continuous electrical activity recorded

in mid-myocardium only.
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Fig. 6. Ventricular arrhythmias in control, nadolol, and nadolol + pacing treatment groups. Survival
and the incidence of ventricular arrhythmia are graphed for control, d,1-nadolol, and d,1-nadolol + pac-
ing treatment groups subjected to left circumflex coronary artery ligation in the presence of previous
anterior myocardial infarction. Nadolol pretreatment reduced the incidence of ventricular arrhythmias
and prolonged survival compared with the control treatment group. Atrial pacing reversed the beneficial
effects of nadolol administration with no significant differences in survival or arrhythmias between the
nadolol + pacing and control groups. (Nadolol treatment group. t (time) = 2 to 6 minutes, 10 to 12
minutes, p < 0.05 vs control and nadolol + pacing group).

interval preceding the ventricular beat is spanned
by continuous electrical activity in the epicardial
composite electrogram recording from the circum-
flex distribution. Activation within the anterior
descending epicardium and circumflex mid-myocar-
dium remains discrete and localized to systole. In
the six experiments that used His-bundle record-
ings, activation of the His-bundle occurred during
the QRS complex.

The immediate phase of arrhythmia development

was followed by a second, delayed phase of ventric-
ular arrhythmia. The delayed phase was preceded
by further increases in mid-myocardial activation
delays within the left circumflex distribution. The
duration of electrical activity in the mid-myocardial
(intramural) zone frequently exceeded the delay
observed on the epicardial surface (Fig. 1). The site
of earliest electrical activation for the second
arrhythmia phase was consistently observed in the
mid-myocardium. A substantial number of the ven-
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Fig. 7. Left circumflex epicardial and mid-myocardial conduction delays in control, nadolol, and
nadolol + pacing treatment groups. Epicardial and mid-myocardial conduction delays are shown for the
three treatment groups. Nadolol administration delayed but failed to reduce the maximal conduction
delay present after left circumflex coronary artery ligation, with the maximal delay occurring at 12 + 3
vs 5 + 2 minutes. Nadolol treatment reduced the maximal delay measured in mid-myocardium (86 + 12
msec) when compared with control (126 + 23 msec) and nadolol + pacing treatment groups (138 + 25
msec) (p < 0.01). (Nadolol treatment group, epicardium, t (time) = 2 to 6 minutes, p < 0.05 vs control
and nadolol + pacing group; mid-myocardium, t =2 to 14 minutes, p < 0.05 vs control and nado-

lol + pacing groups)

tricular ectopic beats occurring during this second
phase at 9.0 + 1.0 minute (23% * 8% ) was accom-
panied by continuous mid-myocardial diastolic elec-
trical activity preceding the ventricular ectopic beat.
The second arrhythmia phase produced ventricular
tachycardia at 9.6 = 0.9 minute. In six of eight
remaining dogs, ventricular fibrillation occurred at
10.0 + 0.8 minute after circumflex occlusion. Unlike
the immediate phase of ventricular arrhythmia,
which consisted of ventricular ectopic beats with
morphologic findings of left bundle-branch block,
the delayed phase arrhythmias were principally of a
right bundle-branch block morphology and were
more closely coupled with the sinus heart beat
(192 + 23 vs 268 + 22 msec, p < 0.01). His-bundle
activation preceded the QRS complex. Representa-
tive recordings from the delayed phase of arrhyth-
mia development are shown in Figs. 3 to 5.

Nadolol treatment group. Nadolol (8 mg/kg intrave-
nously) was administered to 10 dogs, 15 minutes
before circumflex coronary artery ligation. Nadolol
administration was accompanied by a decrease in
the sinus heart rate from 147 + 8 to 106 + 8 beats/
min. With circumflex coronary artery ligation, the
heart rate increased to 120 + 10 beats/min
W ~0.00) and was not further aitered over the
6-hour duration of the experiment (Table I). The
heart rate response to circumflex coronary artery
ligation in the nadolol group differed markedly from
that observed in the control group. In the control

group, circumflex coronary artery occlusion pro-
duced an immediate increase in the sinus heart rate
from 142 + 6 to 188 + 10 beats/min (Table I). Sinus
heart rates after nadolol treatment were significant-
ly less than those observed in the control and
nadolol + pacing groups (Table I).

Nadolol administration suppressed both immedi-
ate and delayed arrhythmia development after cir-
cumflex coronary artery ligation. The incidence of
premature ventricular beats (Fig. 6) and the subse-
quent development of ventricular fibrillation
(N =1, p = 0.001) were reduced compared with the
control group. Seven of 10 nadolol-treated dogs
survived 6 hours, with electromechanical dissocia-
tion as the cause of death in two animals (p = 0.02 vs
saline solution, p = 0.08 vs nadolol + pacing) (Fig.
6). However, nadolol did not alter the extent of
epicardial activation delay present after circumflex
ligation (Fig. 7), but increased the time for the
development of maximal epicardial delay from
4.8 + 1.2 to 12.2 = 3.4 minutes (p < 0.05 vs control
and nadolol + pacing groups). Mid-myocardial acti-
vation delays during the first 16 minutes of circum-
flex occlusion were reduced significantly in the
nadolol group (p <0.05 vs control and nado-
lol + pacing groups). No beat-to-beat alterations in
the epicardial or mid-myocardial composite electro-
grams were observed after circumflex occlusion in
eight of 10 nadolol-treated animals, which is in
contrast with beat-to-beat changes in activation
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observed in control and nadolol + pacing groups
(17/18, p = 0.0004; 9/10, p = 0.003, respectively). An
example of a 2:1 conduction disorder in the acutely
ischemic zone mid-myocardial composite electro-
gram of a saline-treated animal can be observed in
Fig. 3.

Nadolol + atrial pacing treatment group. With intra-
venous nadolol (8 mg/kg), there was an immediate
decrease in the sinus heart rate from 142 + 3 to
107 + 9 beats/min (p < 0.01). Beginning 15 seconds
before circumflex artery occlusion, atrial pacing was
used to maintain the heart rate at 193 + 5 beats/min
(Table I). The paced heart rate in the nadolol + pac-
ing group was not different from the spontaneous
heart rates observed in the control group.

With circumflex coronary artery occlusion, there
was immediate fractionation and delay in the com-
posite electrograms recorded from acutely ischemic
epicardium and mid-myocardium. Initially, the epi-
cardial activation delays always exceeded those
observed in the mid-myocardium. Accompanying
circumflex epicardial electrogram fractionation and
delay was the development of continuous diastolic
electrical activity and ventricular ectopic beats at
2.4 + 1.3 minutes (Figs. 6 and 7). Ventricular tachy-
cardia was observed at 3.9 + 1.2 minutes after cir-
cumflex ligation at an mean epicardial delay of
162 + 16 msec. There were no differences in the
extent or timing of epicardial and mid-myocardial
activation delays in the control and nadolol + pac-
ing groups, and there were no differences in the
incidence or timing of the two phases of arrhythmia
development (Figs. 6 and 7). Four animals in the
nadolol + atrial pacing group developed ventricular
fibrillation in conjunction with ventricular ectopic
beats, resulting from continuous diastolic electrical
activity in acutely ischemic epicardium (3.4 + 1.2
minutes). The delayed phase of arrhythmia forma-
tion produced a recurrence of ventricular premature
beats and ventricular tachycardia at 8.6 = 1.2
minutes and 9.2 = 1.1 minutes (N = 6), respectively,
followed by ventricular fibrillation in three of six
surviving animals (11.2 = 0.8 minutes). The delayed
phase of ventricular ectopia and ventricular fibrilla-
tion was associated with delayed activation and
diastolic electrical bridging in mid-myocardium but
not in acutely ischemic epicardium.

Acute circumflex coronary artery ligation was asso-
ciated withsignificant decreasesin mean arterial pres-
sure in all three treatment groups. There were no dif-
ferences in mean arterial pressure between treatment
groups throughout the experiment (Table II).

Myocardial infarct mass. Anterior descending
infarct mass in saline solution, nadolol, and nado-
lol + pacing groups was 17% = 3%, 16% + 3%,

Antifibrillatory actions of d,l-nadolol 1229

Table 1I. Mean arterial pressures in control, d,l-nadolol,
and d,I-nadolol + pacing treatment groups

Control Nadolol Nadolol + pacing
Before drug 112 = 11 106 = 10 113 + 9
After drug 114 + 12 101 £ 9 109 £ 9
After left circumflex ligation (min)
2 94 + 10* 88 + 12* 86 + 11*
5 90 = 11* 86 + 10* 83 = 9%
10 78 87 + 13* 91 + 8*
30 1 87 + 12% 82 + 9*

*p < 0.05 vs predrug.

and 16% + 4% of total left ventricular mass,
respectively. Infarct mass in the circumflex coronary
artery distribution in the seven surviving dogs of the
nadolol treatment group was 21% = 4% of left
ventricular mass.

DISCUSSION

Mechanisms for ventricular arrhythmia formation dur-
ing the immediate phase of ventricular arrhythmia devel-
opment (initial 8 to 10 minutes) after left circumfiex
coronary artery occlusion. During the initial 8 to 10
minutes after left circumflex coronary artery liga-
tion, progressive increases in the duration of epicar-
dial activation were recorded from the left circum-
flex coronary artery distribution. The mid-myocar-
dial delays were always less than the recorded
epicardial delays, presumably because of the slowed
but normal transmural excitation pathway from
endocardium to epicardium, Ventricular premature
beats were invariably (1) preceded by delayed epi-
cardial activation, which exceeded 150 msec on the
composite electrogram recorded from the left cir-
cumflex coronary artery distribution, (2) preceded
by localized conduction disorders (i.e., 2:1 or Wenck-
ebach-like conduction disturbances in acute ische-
mic epicardial electrograms), and (3) accompanied
by continuous epicardial electrical activity bridging
the diastolic interval from the preceding ventricular
beat. Premature ventricular beats were not observed
during the immediate phase of ventricular arrhyth-
mia unless the epicardial delays exceeded 150 msec
and could presumably exceed the local recovery of
myocardial excitability. There was no evidence for
the active participation of previously injured anteri-
or epicardium in acute arrhythmia formation. Elec-
trical activity recorded from the anterior distribu-
tion remained discrete until rapid ventricular tachy-
cardia (>300 beats/min) had developed. The devel-
opment of continuous electrical activity within the
anterior epicardial electrogram was associated with
the eventual degeneration of ventricular tachycardia
to ventricular fibrillation.
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The mechanism for ventricular arrhythmia for-
mation during the immediate ventricular arrhyth-
mia phase closely parallels that previously described
by Waldo and Kaiser,! Williams et al.,? and Kaplins-
ky et al® for acute anterior descending coronary
artery ligation. These investigators have attributed
the earliest phase of acute arrhythmia development
to localized epicardial reentry within the ischemic
zone. This conclusion was largely made on
the basis of the demonstration of diastolic electrical
bridging between an initiating and a “reentrant”
ventricular beat. Other evidence suggesting local
myocardial reentry as a mechanism for the immedi-
ate phase of ventricular arrhythmia consisted of (1)
the appearance of local conduction block (that is, 2:1
conduction block, Wenckebach-like conduction,
etc.) preceding ventricular arrhythmia and (2) the
increases in epicardial conduction delays exceeding
the approximate duration of recovery of excitability.
An epicardial site for reentry is also consistent with
the observation of His-bundle activation during and
not preceding the QRS complex and morphologic
findings of left bundle-branch block of premature
ventricular beats, suggestive of early right ven-
tricular activation via the myocardium rather than
early left ventricular Purkinje system activa-
tion.

Mechanisms for ventricular arrhythmia formation dur-
ing the delayed phase of ventricular arrhythmia devel-
opment (6 to 12 minutes) after left circumfiex coronary
artery occlusion. Delayed ventricular arrhythmia for-
mation was preceded by decreases in the prolonged
activation delays observed on the epicardial surface
after acute occlusion. As the epicardial delays par-
tially returned to preocclusion values, there was a
decrease in both the incidence and severity of
ventricular arrhythmias. During the quiescent peri-
od, there was a continued increase in mid-myocardi-
al activation delays in the circumflex coronary
artery distribution. As shown in Figs. 3 to 5, the
mid-myocardial delays often exceeded the delays
measured at the epicardial surface. The mid-myo-
cardial delays could not result simply from the
progressive slowing of conduction from the endocar-
dial to epicardial surface. The premature ventricular
beats were frequently (23% =+ 8%) preceded by
continuous diastolic electrical activation within
acutely ischemic mid-myocardium. Even when con-
tinuous activity was absent during the delayed
phase of ventricular arrhythmia development, the
earliest site of activation on either composite or
closely-spaced bipolar electrograms occurred within
acutely ischemic mid-myocardium. His-bundle acti-
vation preceded the QRS interval. The frequent
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although not invariable presence of continuous elec-
trical activity in mid-myocardium, the progressive
increase in mid-myocardial activation delays that
preceded the delayed phase of ventricular arrhyth-
mia, the appearance of local conduction block in
mid-myocardium preceding delayed ventricular
arrhythmias (not observed on the epicardial sur-
face), and the relatively early activation of the
His-Purkinje system are suggestive of mid-myocar-
dial reentry as a mechanism for the delayed phase of
ventricular arrhythmia in the present experimental
model.

Although two phases of ventricular arrhythmia
have been previously described for acute left anteri-
or descending coronary artery ligation, little infor-
mation is available concerning the mechanism for
delayed ventricular arrhythmia development. Ka-
plinsky et al®>'' have demonstrated that delayed
ventricular arrhythmia occurs without antecedent-
delayed epicardial electrical activity and antecedent
epicardial conduction block or epicardial bridging of
the diastolic interval preceding an ectopic ventricu-
lar beat. However, unlike the present study, delayed
ventricular arrhythmias were not associated with
progressive activation delays, local conduction
block, or diastolic bridging in mid-myocardium.!
The observed differences could partly be explained
by the use of summed or composite electrode record-
ings in the present study vs the closely spaced,
individual bipolar electrode pairs used by Kaplinsky
et al."! The composite electrode recordings consisted
of five bipolar pairs, each with an exposed recording
surface of 2 to 3 cm. Therefore electrical activation
could be monitored throughout a large volume of
acutely ischemic mid-myocardium. The earlier man-
ifestation of the delayed phase of arrhythmia forma-
tion in the present study could have resulted from
differences in the experimental model, that is,
acute occlusion of the left circumflex coronary ar-
tery vs the left anterior descending coronary artery,
or the presence of anterior infarction, sinus tachy-
cardia, or an increase in sympathetic nervous system
tone.®

The role of the sympathetic nervous sytem in early
ventricular arrhythmia formation after coronary artery
occlusion. Acute myocardial ischemia activates sen-
sory afferent sympathetic fibers within ischemic
myocardium.'>** Subsequent activation of the car-
diocardiac sympathetic reflex produces dramatic
increases in heart rate and myocardial contractili-
ty.’* When the left circumfiex coronary artery is
occluded in the presence of previous anterior infarc-
tion, there is (1) an immediate and profound
increase in the sinus heart rate®® and (2) the devel-
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opment of severe epicardial conduction delays in the
left circumflex coronary artery distribution® A
potential consequence of increased activation of the
sympathetic nervous system is an increased inci-
dence of ventricular fibrillation (90% to 95%) com-
pared with proximal left circumflex coronary artery
ligation in the absence of a previous ischemic event
(20%).5

Studies by Schwartz and Vanoli,'® Schwartz et
al,’” and Euler et al.® have demonstrated that
electrical stimulation of the left stellate ganglion
increases both the incidence and severity of ventric-
ular arrhythmia observed during acute coronary
artery ligation. The arrhythmogenic effect of left
stellate stimulation occurs in both the presence'® !
and the absence!® of increased heart rates or arterial
pressure. Pharmacologic and surgical interventions,
which are capable of attenuating the effects of
increased sympathetic nervous system tone (stellate
ganglionectomy),>'** gsurgical denervation,?* and
B-adrenergic receptor blockade,'*% lower the inci-
dence of ventricular tachycardia and ventricular
fibrillation accompanying acute coronary artery
ligation.

Mechanism of action of 3-adrenergic receptor block-
ade in the prevention of ventricular arrhythmia after
coronary artery ligation. Despite strong evidence of a
detrimental effect of increased sympathetic nervous
system tone during acute myocardial ischemia, the
bases for the beneficial electrophysiologic actions of
B-adrenergic receptor blockade during myocardial
ischemia are not well understood. Studies performed
in anesthetized dogs by both Hope et al.® and
Reynolds et al.®® have suggested that reduction in
the sinus heart rate, with concomitant reductions in
epicardial conduction delays,' is the primary com-
ponent of the antiarrhythmic effect provided by
propranolol. The protective effects can be substan-
tially mitigated if heart rates are maintained at
values (180 to 200 beats/min) observed in the con-
trol group. As in the present study, atrial pacing in
both studies was maintained for the entire acute
ischemic event. Therefore the possible detrimental
effects of an acute or transient increase in heart rate
on the ventricular rhythm cannot be separated from
the adverse effects of the high heart rates on the
ischemic process.

The present studies suggest that myocardial con-
duction delays exceeding 140 to 160 msec are neces-
sary but not sufficient for the initiation and mainte-
nance of reentrant ventricular rhythms. Although a
critical activation delay was achieved in the nadolol
treatment group, the incidence and severity of
arrhythmia after nadolol treatment were markedly
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reduced. Therefore the substantial reversal of the
antiarrhythmic effect of 8-adrenergic blockade with
atrial pacing was accompanied not by significant
changes in the overall magnitude of delayed myocar-
dial activation observed in epicardium but by the
absence of rate-dependent conduction disorders in
ischemically injured mid-myocardium and epicardi-
um.

It is possible that the protective effect of nadolol
in the present experimental model could have been
reversed by even transient periods of atrial pacing,
which would have failed to alter the severity of the
underlying ischemic process. The high heart rates,
through an ability to expose rate-dependent conduc-
tion disorders or prolonged refractoriness within
acutely ischemic ventricular myocardium, could act
as a trigger to initiate reentry in an existing but
otherwise quiescent substrate. A similar action of
nadolol on the development of rapid ventricular
heart beats triggering in an existing, quiescent sub-
strate has been demonstrated for the 6- to 24-hour
period after coronary artery ligation in the dog.”
The drug selectively suppressed the rapid, sponta-
neous ventricular beats associated with the sponta-
neous sustained ventricular tachycardia and fibrilla-
tion. The antiarrhythmic effect of B-adrenergic
receptor blockade, that is, the failure to spontane-
ously initiate ventricular arrhythmia, was observed
despite a failure to suppress the underlying reen-
trant substrate responsible for the lethal arrhythmic
event.

Many of the electrophysiologic actions exerted by
propranolol and other 8-adrenergic receptor antago-
nists can be attributed to direct effects of the drug
on myocardial conduction.?”* In previous studies we
have examined the electrophysiologic actions of
nadolol in normal and ischemically injured tissues.”8
At dosages of 0.125 to 8 mg/kg, the drug fails to alter
excitability thresholds, refractoriness, and conduc-
tion in either normal, acutely ischemic, or ischemi-
cally injured left ventricular myocardium. Studies
conducted in vitro by Gibson et al.”® with intracellu-
lar microelectrode recordings have also failed to
detect direct membrane actions of nadolol at con-
centrations exceeding those predicted by the
present dosage regiment. Furthermore, in a previous
study,” we have demonstrated a failure of the d-
nadolol, the inactive optical isomer of the racemic
drug, to prevent ventricular fibrillation resulting
from left circumflex thrombosis in the presence of
previous anterior myocardial infarction. Therefore
we must attribute the antiarrhythmic and antifibril-
latory actions of d,l-nadolol in the present study to
B-adrenergic receptor blockade.
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