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Alpha Adrenergic Contributions to Dysrhythmia
during Myocardial Ischemia and Reperfusion in Cats

DESMONDJ. SHERIDAN, PATRICIA A. PENKOSKE,BURTONE. SOBEL, and
PETERB. CORR, Cardiovascular Division, Washington University School of
Medicine, St. Louis, Missouri 63110

A B S T RA C T Alpha compared to beta adrenergic con-
tributions to dysrhythmias induced by left anterior
descending coronary occlusion and by reperfusion
were assessed in chloralose-anesthetized cats (n = 96).
Alpha receptor blockade with either phentolamine or
prazosin significantly reduced the number of pre-
mature ventricular complexes during coronary reper-
fusion (321±62-14±10 premature ventricular com-
plexes, P <0.001), abolished early ventricular fibril-
lation (from 25% in controls to 0%), and prevented
the increase in idioventricular rate seen with coronary
reperfusion. However, ,8-receptor blockade was without
effect. Ventricular dysrhythmias induced by coronary
occlusion alone (without reperfusion) were attenuated
markedly by a-receptor blockade under conditions in
which perfusion (measured with radiolabeled micro-
spheres) within ischemic zones was not affected. Alter-
native sympatholytic interventions including pretreat-
ment with 6-hydroxydopamine to deplete myocardial
norepinephrine from 8.8±+1.4 to 0.83+0.2 ng/mg pro-
tein and render the heart unresponsive to tyramine (120
gg/kg) attenuated dysrhythmias induced by both coro-
nary occlusion and reperfusion in a fashion identical to
that seen with a-receptor blockade. Although efferent
sympathetic activation induced by left stellate nerve
stimulation increased idioventricular rate from 66+6
to 144±7 beats/min (P < 0.01) before coronary occlu-
sion, this response was blocked by propranolol but not
by phentolamine. In contrast, during reperfusion the
increase in idioventricular rate induced by left stellate
nerve stimulation (to 203±14) was not inhibited by
propranolol but was abolished by phentolamine (79
± 10). Intracoronary methoxamine (0.1 uM) in animals
depleted of myocardial catecholamines by 6-hydroxy-
dopamine pretreatment did not affect idioventricular
rate before coronary occlusion. However, early after
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coronary reperfusion, methoxamine increased idio-
ventricular rate from 33+7 to 123±21 beats/min (P
< 0.01). Thus, enhanced a-adrenergic responsiveness
occurs during myocardial ischemia and appears to be a
primary mediator of the electrophysiological derange-
ments and resulting malignant dysrhythmias induced
by catecholamines during myocardial ischemia and
reperfusion.

INTRODUCTION

Most deaths resulting from coronary artery disease
are sudden and caused by ventricular fibrillation (VF).1
Although extensive coronary atherosclerosis is charac-
teristic, complete coronary occlusions are often absent
(1). Furthermore, most survivors of primary VF exhibit
no definitive evidence of myocardial infarction (2).
Spasm of a macroscopically normal or partially oc-
cluded coronary artery may contribute to some of these
events. In experimental animals, coronary occlusion
and reperfusion are associated with distinctive malig-
nant ventricular dysrhythmias including VF, with dis-
parate electrophysiological mechanisms. Results ob-
tained previously suggested reentry as an underlying
mechanism of dysrhythmia during coronary occlusion,
in contrast to enhanced ventricular automaticity as an
underlying mechanism of dysrhythmia induced by
reperfusion (3). Partial or complete reperfusion of
ischemic zones may be an important cause of dysrhyth-
mias associated with coronary artery disease when flow
increases because of collateral flow or regression of
spasm.

Adrenergic influences on the dysrhythmias resulting
from myocardial ischemia are well recognized (4).
Chronic cardiac neural ablation significantly reduces
the incidence of VF, whereas acute cardiac denervation

I Abbreviations used in this paper: LAD, left anterior de-
scending; LVEDP, left ventricular end-diastolic pressure;
PVC, premature ventricular complex(es); VF, ventricular
fibrillation.
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has little effect suggesting that residual intramyocardial
catecholamines may be important factors (5). Myo-
cardial cyclic AMPcontent increases significantly after
experimental coronary occlusion in temporal associa-
tion with the increased incidence of ventricular dysrhyth-
mias (6).

Both the number and affinity of a- and ,3-adrenergic
receptors vary under physiological and pathophysio-
logical conditions. For example, thyroxine alters the
number of detectable a- andoj-receptors (7,8). Alteration
of membrane lipids induced by phospholipase reduces
the number of 8-adrenergic receptors in erythrocyte
membranes (9). Because phospholipase activation is
characteristic of ischemic myocardium (10), possible
concomitant alterations in adrenergic receptors may
occur also. Physiological and pharmacological studies
(11, 12) implicate not only p-adrenergic but also po-
tential a-adrenergic contributions to dysrhythmia. For
example, ventricular dysrhythmias induced by central
stimulation of the brain with picrotoxin appear to be
mediated through a-adrenergic mechanisms (13). The
present study was performed to determine whether
a- as well as 8-adrenergic effects influence electro-
physiological alterations and the resulting ventricular
dysrhythmias induced by ischemia and reperfusion and
to evaluate their relative importance in each setting.

METHODS

Animnal preparations atnd hemodynamic measuremetits.
Experiments were performed with adult cats (n = 96) after
initial anesthesia with intramuscular ketamine (12.5 mg/kg),
followed 10-15 min later by intravenous a-chloralose (75
mg/kg); all surgical procedures were begun 30-45 min after
a-chloralose administration. Although ketamine has been
shown to produce antiarrhythmic effects (14), its short dura-
tion of action after a single dose (25-90 s) would not be ex-
pected to impair the validity of comparisons between groups.
Mechanical ventilation via an endotracheal tube was provided
with a Harvard ventilator (Harvard Apparatus Co., Millis,
Mass.) with a mixture of oxygen and room air to maintain ar-
terial Pco2 at 26-29 mmHg, P02 at >100 mmi Hg, and pH at
7.36-7.40, values obtained in normal cats (15). Muscular
relaxation was maintained with decamethonium bromide
(0.25 ing/kg i.v.) at 30-min intervals and body temperature
was maintained at 37.5°C with an esophageal thermister probe
connected to a thermostatically controled lamp. A left thoraco-
tomy wvas performed by excision of ribs two through four, and
the pericardium was opened and sutured to the chest wall to
form a cradle. Catheters were inserted into the left femoral
artery and vein for recording systemic arterial pressure and
administering drugs. A Gould brush model 260 recorder
(Gould Inc., Instruments Div., Cleveland, Ohio) was used to
monitor multiple lead surface electrocardiograms and arterial
pressure. In several animals, left ventricular dP/dt was
measured continuously after differentiation of left ventricular
pressure signals obtained from a catheter inserted into the left
ventricle at the apex. Mean and pulsatile aortic flow were
determined with the use of a calibrated (5 mm) flow probe
and flowmeter with electronic zero (Narco Bio-Systems, Inc.,
Houston, Tex.). Total peripheral resistance was calculated as
described (16). Stroke work index was calculated as stroke

volume index X (mean arterial pressure - mean left atrial
pressure).

The left anterior descending (LAD) coronary artery vas
isolated at its bifurcation from the left main trunk, proximal
to all branch points. Care was taken to avoid the pericoronarv
nerve coursing parallel to the artery. A 3-0 cotton suture was
placed under the vessel, and polyethylene tubing was
threaded over the suture. Occlusion was produced by ad-
vancing the tubing to the artery and clamping it in position.
Reperfusion was induced by releasing the clamp and re-
moving the suture.

The influence of myocardial catecholamine depletion on the
dysrhythmias associated with ischemia was studied by pre-
treating animals (n = 13) 4 d before surgery with 6-hydroxy-
dopamine (20 mg/kg) in distilled water with ascorbic acid
(pH = 5.2) as an antioxidant (17). A single dose of propranolol
(0.5 mg/kg) was given at the time of 6-hydroxydopamine treat-
ment to avoid manifestations of the sympathomimetic re-
sponse induced acutely. Adequacy of catecholamine deple-
tion was verified in all animals by tyramine (120 /,g/kg) un-
responsiveness. In addition, myocardial catecholamines were
measured in fast-frozen biopsy samples (6) from selected
animals (ni = 8).

Catecholamiinle aslsay . Biopsy samples (200 mg) from left
ventricular sites were pulverized in a steel mortar in liquid
nitrogen, stored at -60°C, homogenized in 0.4 N perchloric
acid and 5 mMreduced glutathione, and centrifuged at 3,000
rpm for 45 min at 0°C. The pellet was assayed for protein,
and the supernatant fraction for catecholamine content. The
catecholamine assay involved methylation of tissue catechol-
amines with a 3H-labeled methyl group from S-adenosvl-
L-methionine by catechol-O-methyl transferase (18) and sep-
aration of products by thin-layer chromatography before liquid
scintillation spectrometry.

Regional myoca rdial blood flotw. Regional myocardial per-
fusion in ischemic and nonischemic areas was measured with
radiolabeled microspheres at five intervals before, during, and
after coronary occlusion. Microspheres (9 /im in diameter)
tagged with 141Ce, 95Nb, or 85Sr (3M Co., St. Paul, Minn.) were
injected as a bolus (0.2 ml) into the left atrium followed by a
flush with saline (5 ml). A blood sample for reference flow was
obtained from the descending aorta with a Harvard withdrawal
syringe pump (1 ml/min; Harvard Apparatus Co.). Micro-
sphere solutions were sonicated for 3 min just before injection
to minimize aggregation, with verification by microscopy.
In preliminary experiments, calculated flow was unaffected by
the order in which the microspheres were administered. At
the end of each experiment, the heart was excised rapidly and
rinsed in saline. Three biopsies were taken from the grossly
ischemic region and three biopsies from the nonischemic
region of the lateral left ventricular wall supplied by the left
circumflex artery. Each biopsy was subdivided into endo-
cardial and epicardial halves. Samples were then weighed
and radioactivity in each blood and tissue sample was deter-
mined with a multi-channel gamma counter (Micromedic
Systems, Horsham, Pa.). Regional blood flow in each sample
was calculated by computer (Digital Equipment Corp.,
Marlboro, Mass.; PDP-12) with the following formula after
correction for crossover of energy peaks between the three
isotopes. Blood flow (ml/min -gm) = (corrected counts in
organ) x (reference blood flow)/(reference counts) x (weight
of heart sample). Two types of experiments were performed.
In one, flow was measured before coronary occlusion, 10 min
after occlusion, and 30 s after reperfusion (n = 6). In the
other, flow was measured before coronary occlusion, 100 s
after reperfusion, and 5 min after reperfusion (n = 6). In all
experiments, occlusion was maintained for 35 min before
reperfusion.
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Determination of idioventricular rate and neural stimula-
tion procedures. Intense bilateral vagal nerve stimulation
was employed to induce complete atrioventricular block.
Although vagal stimulation per se has been shown to modestlv
decrease the rate of latent ventricular pacemakers (19, 20),
this effect would be anticipated to influence results before,
as well as during and after occlusion. Bipolar platinum iridium
electrodes connected to a Grass stimulator with a photon-
coupled isolator (Grass Instrument Co., Quincy, Mass.) were
placed distally on the cervical vagal nerve trunk after decen-
tralization to eliminate afferent nerve activation. Cervical
vagal nerve stimulation in the cat, as opposed to other species,
produces a pure parasympathetic response because there are
no sympathetic fibers coursing with the feline vagal nerve
trunk (21). Parameters of stimulation wvere: 2-ins impulse
duration, 5 V, and variable frequency ranging from 10 to 25
Hz adjusted to produce complete atrioventricular dissociation
with a constant ventricular escape rate.

In studies involving stimulation of efferent sympathetic
nerves a bipolar platinum iridium electrode was placed on the
distal end of the inferior or middle nerve exiting the stellate
ganglion after decentralization to preclude effects of afferent
activation. Stimulus characteristics were: 2-ms duration, 8 V,
and frequency ranging from 3 to 20 Hz. In all experiments,
the right stellate ganglion was removecl before isolation of the
left stellate ganglion.

Reiuional intmocardial perfusiotn wvithi methoxainitne. The
effects of an a-adrenergic agonist, methoxamine, were evalu-
ated by infusing the drug or vehicle at a constant rate via the
LAD coronary artery (tl = 8). The procedure involved cathe-
terization of the femnoral artery with flow directed through a
pulsatile roller pump into the proximal portion of the LAD
coronary artery. The catheter (0.045 i.d. and 0.062 o.d.) was
placed in the left femnoral artery and extended through a cali-
brated roller pump (Polystaltic, Buchler Instruments, Inc.,
Fort Lee, N. J.) with the open end connected to a catheter
(0.023 i.d. and 0.038 o.d.) to be inserted into the proximal
portion of the LAD coronary artery. All catheter tubing was
treated with Siliclad (Clay-Adams, Div., Parsippany, N. Y.)
to prevent clotting and the animals were heparinized
(1,000 U/kg). Pump flow was adjusted so that the mean
pressure at the junction of the catheter and the coronary
artery (P23Db transducer) was equal to mean arterial pressure.
This approach permits regional administration of selected
compounds via a Harvard Apparatus Co. infusion pump
directly into the flow of the LAD coronary artery through a
"Y" in the input tubing with adequate mixing with arterial
blood before entry into the coronary circulation.

Phiarniacolouical intervetitionis. Adequacy of doses of a-
and 8-adrenergic blocking agents was assessed with both
pharmacological and physiological procedures. DL-propranolol
(0.75 mg/kg) was administered intravenously, in a dose pre-
viously shown in the cat to effectively attenuate the heart
rate increase induced by isoproterenol (0.1 ,ug/kg) or right
stellate nerve stimulation (6) without inducing direct mem-
brane effects. Alpha adrenergic blockade was induced with
either phentolamine (5 mg/kg) or prazosin (500 ,ug/kg), doses
required to completely attenuate the increase (+60 mmHg)
in mean arterial pressure induced by norepinephrine (0.1
,ug/kg) or bilateral carotid occlusion. At the termination of each
experiment, the presence of adequate a- or ,8-receptor blockade
was verified with these interventions.

St(ltistic(al atnalsis. All measured parameters are reported
as mean+SE. Premature ventricular contractions, idioventric-
ular rates, and results of stellate stimulation studies were
analyzed by Student's t test. Significance for death rate data
was determined by chi-square analysis with 2 x 2 contingency
with the Yates correction factor. Heinodynamic data were

analyzed with a 4 x 12 analysis of variance, computed with a
statistics analysis system (22). Mean values for each parameter
for each time period were compared with t tests in which the
pooled estimate of the error term was used. P values of <0.05
were considered significant for differences.

RESULTS

Because the most striking results were obtained under
conditions in which myocardial reperfusion was in-
duced, they will be presented before results obtained
during sustained occlusion.

Dyj.srhi thiia.s intduced by reperfusiont. The feline
preparation used in these studies exhibits reproducible
ventricular dysrhythmia after proximal LAD coronary
occlusion with a consistent onset time, duration, and
overall mnortality caused by VF (3, 6, 16). Because the
dysrhythmia induced by coronary occlusion abates
completely within 35 min, all studies involving reper-
fusion were performed beginning at this time. Charac-
teristics of the dysrhythmias induced by coronary re-
perfusion after 35-min occlusions are shown in Fig. 1.
In control animals the total number of premature ven-
tricular complexes (PVC) elicited by reperfusion were
321+62, and 9 of 35 animals died from VF. In contrast,
phentolamine-treated animals (5 mg/kg) exhibited a
dramatic reduction in the total number of PVC(14+10)
and decreased death caused by VF (0 of 29). To ascer-
tain whether the effects of phentolamine were non-
specific, an additional group of animals was treated
with prazosin (500 Ag/kg) resulting in a similar reduc-
tion of PVC (44.3±20.3) and mortality (0 of 9) (Fig. 1).

An alternative sympatholytic intervention, pretreat-
ment of animals with 6-hydroxydopamine 4 d before
each study resulted in a reduction of ventricular nor-
epinephrine content from 8.8±1.4 in controls (it = 8) to
0.83+0.02 ng/mg protein in treated animals (n = 8). It
also suppressed PVC induced by reperfusion and pre-
vented VF; findings similar to those seen with a-
adrenergic blockade.

In contrast to the protective influence of a-receptor
blockade with either phentolamine or prazosin and of
myocardial catecholamine depletion, ,-receptor block-
ade with propranolol failed to significantly reduce
either the number of PVC induced by reperfusion or
the mortality and underlying VF (Fig. 1) (nl = 10).

Idioven tricular raite. The intrinsic idioventricular
rate was assessed with intense bilateral efferent vagal
nerve stimulation in control (n = 10), phentolamine-
(n = 8), and propranolol-pretreated (it = 6) cats (Fig. 2).
Wehave previously demonstrated that coronary reper-
fusion induces a rapid increase in idioventricular rate
in contrast to coronary occlusion alone (3). The rapid
increase in idioventricular rate seen early after reper-
fusion in control animals to nearly 400% of control
levels was abolished in animals treated with the a-
adrenergic blocking agent, whereas B-adrenergic block-
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(Fig. 4). Phentolamine-treated animals had a slightly
higher idioventricular rate before occlusion and during
vagal stimulation, possibly reflecting presynaptic in-
hibition with overflow stimulation of ,-adrenergic re-
ceptors. After coronary occlusion, propranolol again
abolished the increase in idioventricular rate induced
by left stellate nerve stimulation, whereas phentol-
amine was without effect (Fig. 4). In contrast to the ,B-
mediated effects in the presence of control occlusion
conditions, effects during reperfusion differed mark-
edly. In propranolol-treated animals, idioventricular
rate increased not only in response to reperfusion per
se (143±6) but also in response to combined vagal
plus left stellate nerve stimulation with an additional
significant increase to 203+14. On the other hand, ani-
mals treated with phentolamine exhibited no increase
in idioventricular rate during reperfusion per se (75
±10) or during left stellate nerve stimulation (79±9).
Later during coronary reperfusion when the dysrhyth-
mia had abated (after 15 min), idioventricular rate re-
tumed to control values and ,-mediated responsiveness
returned (Fig. 4). Representative results demonstrating
the ineffectiveness of propranolol in attenuating the
increase in idioventricular rate induced by left stellate
nerve stimulation 30 s after coronary reperfusion are
illustrated in Fig. 5A. The effectiveness of phentol-
amine in abolishing the response to left stellate nerve
stimulation 30 s after reperfusion is also shown in Fig.
5B. The alterations in a- and p-adrenergic responsive-
ness during early coronary reperfusion occurred simul-
taneously with the onset and duration of the dysrhyth-
mia induced by reperfusion. Thus, coronary reper-

fusion is associated with a transient alteration in a- anid
,8-adrenergic responsiveness and is temporally relate(d
to the ventricular dysrhythmias induced by reperfusioni.

Effects of infusionis of methoxa.initie. To further
examine adrenergic responsiveness during coronary
reperfusion, methoxamine (0.1 ,uM), an a-adrenergic
agonist, was infused directly into the left anterior de-
scending coronary artery in animals depleted of myo-
cardial catecholamines by prior treattment with 6-hy-
droxydopamine (Fig. 6). Before abrupt interruption of
coronary flow, idioventricular rate (47+4 beats/mim)
was not significanitly altered by methoxamine (50±2
beats/min). In contrast, early after coron-iary reperf'usioni
methoxamine significantly increased idioventriculatr
rate (125±22 beats/min) compared to results in animn-als
depleted of myocardial catecholacmines and subejected
to reperfusion but not given methoxamine. The in-
crease in idioventricular rate induced by methoxamine
after coronary reperfusion was maximium within 2 miin
(Fig. 6). After 10 min, the enhanced sensitivity to
methoxamine disappeared.

Dy.srhythrnii.s incduced by coroniaril occltusioni. The
dysrhythmias induced during 35 min of coronary occlu-
sion alone were attenuated also by a-receptor blockade
(Table I). However, in contrast to the case after reper-
fusion, a-receptor blockade induced an antiarrhythmnic
response. During coronary occlusion, a-receptor block-
ade with either phentolamine or prazosin abolished
mortality caused by VF compared to control animals
in whom 28% died with early VF. In addition, there
was a significant reduction in the number of PVC(Table
I). Also, myocardial catecholamine depletion dimin-
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or termination (off) of left stellate nerve stimulation (LSNS).
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FIGURE 6 Influence of regional (LAD) infusion of methox-
amine (0.1 ,uM) on the idioventricular rate before coronarxy
occlusion and at 2, 5, and 10 min after reperfusion in animals
pretreated with 6-hydroxydopamine. Control histograms rep-
resent animals infused with the vehicle only without methox-
amine. Vertical bars represent the SEMand * denotes a sig-
nificant increase in the idioventricular rate (P < 0.01).
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TABLE I
Ventricular Dysrhythmias Induced by Coronary Occlusion

Total number
Mortality caused by of premature

ventricular ventricular
fibrillation complexes

Control 14 of 50 (28%) 908±+ 120
Phentolamine 0 of 29 (0%) 234 +73*
Prazosin 0 of 9 (0%)* 280±71*
6-Hydroxydopamine 0 of 13 (0%)* 83±31*
Propranolol 2 of 12 (17%) 170±60*

* P < 0.05 in comparison to controls.

ished PVC during coronary occlusion. None of the 6-
hydroxydopamiine-pretreated animals exhibited VF. In
contrast, B-adrenergic l)lockade Nvith propranolol re-
duced the total number of PVC but failed to reduce
the incidence of VF, a finding similar to that reported
previously demonstrating mortality with VF after
coronary occlusion in three of eight cats despite the
presence of 8-adrenergic blockade (6). Thus, a-adrener-
gic blockade or myocardial catecholamine depletion
reduces both PVC and VF associated with coronary
occlusion alone. However, p-adrenergic blockade fails
to significantly reduce mortality caused by VF even
though it does reduce the total number of PVC(Table I).

Hemod nmic.s. In phentolamine- or prazosin-
treated animals sinus rate did not differ significantly
from values in control animals (Fig. 7). Thus, the anti-
arrhythmic effectiveness of these agents cannot be
attributed exclusively to effects on sinus rate. Animals
treated with propranolol had significantly lower heart
rates than controls or those treated with either phentol-
amine or prazosin (P < 0.05 for each comparison).

Mean arterial pressure was significantly lower in both
phentolamine- and prazosini-treated animals compared
to values in controls (P < 0.05). Despite the marked
differences in antiarrhythmic effectiveness, animals
treated with propranolol demonstrated a reduction in
mean arterial pressure comparable to that seen in phen-
tolamine- and prazosin-treated cats (Fig. 7). Thus, the
protective influence of a-adrenergic blockade does not
appear to depend exclusively on alterations in mean
arterial pressure. Analysis of alterations in left ven-
tricular end-diastolic pressure in the four groups re-
vealed no significant differences during coronary oc-
clusion (Fig. 7). However, 2 min after reperfusion,
both phentolamine- and prazosin-treated animals
demonstrated significantly lower left ventricular end-
diastolic pressure (LVEDP) compared to untreated
animnals. Nevertheless, LVEDP remained within nor-
mal limits throughout the experiments in all animals
(Fig. 7).

Neither cardiac output nor peak left ventricular dP/dt
differed significantly amonlg any of the four groups
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FIGURE 7 Alterations in heart rate (A), mean arterial pressure
(B), and LVEDP(C) before occlusion and throughout coronary
occlusion and subsequent reperfusion (horizontal bar). Values
are mean+SEMfor control animals (0) and animals treated
with either phentolamine (A), propranolol (LO), or prazosin (0).

(Fig. 8). Stroke work was somewhat higher in control
and propranolol-treated animals than those animals
treated with the a-receptor blocking agents. However,
these differences in stroke work were not significant
(Fig. 8). Thus, the marked antiarrhythmic effectiveness
of a-receptor blockade cannot be ascribed exclusively
to reflex alterations in heart rate, or ventricular loading
conditions. The modestly lower LVEDP in animals
treated with a-adrenergic blocking agents are more
likely a consequence of the more regular rhythm than
a cause of antiarrhythmic efficacy because reduction of
LVEDP to 1±0.3 mmHg induced with nitroprusside
did not stimulate the antiarrhythmic effect in control
animals after coronary reperfusion (291±+ 18 PVC, n = 2).
Furthermore, maintenance of LVEDPat control levels
after phentolamine (8±1 mmHg) by infusion of dextran
(n = 2) did not diminish the antiarrhythmic effect
during reperfusion (17±3 PVC).

DISCUSSION

Reperfusion compared to sustained coronary occlusion
induces malignant ventricular dysrhythmia, which
appears to depend upon different, yet characteristic
electrophysiological derangements (3). The dysrhyth-
mia induced by coronary occlusion alone appears to be
primarily a result of reentrant excitation secondary to
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the number of PVCand prevented VF d'uring occlusion
and reperfusion. An altemative sympatholytic inter-
vention, depletion of myocardial catecholamines by 6-
hydroxydopamine pretreatment, elicited comparable
protective effects even though 0-adrenergic blockade
was ineffective.

Left stellate nerve stimulation induced a marked
increase in idioventricular rate dependent on,8-adrener-
gic mechanisms before coronary occlusion but a-adren-
ergic mechanisms after reperfusion judging from re-

sponses to propranolol and phentolam'lne. The ap-
parent prominence of a-adrenergic mechanisms during
reperfusion may help to explain the ineffectiveness of
,8-receptor blockade in some cases on VF during myo-
cardial ischemia (4, 6) compared to the marked ef-
fectiveness of myocardial catecholamine depletion (4,
5). After coronary occlusion, spontaneous increases in
perfusion are prominent, mediated not only by col-
laterals but also possibly by diminished spasm of ves-

sels within the ischemic bed itself. Under these con-

ditio,ns and particularly early after reperfusion the pre-
ponderance of a-adrenergic mecha'nisms as contributors
to electrophysiological alterations underlying malig-
nant dysrhythmia may well militate against sup-'
pression by 8-adrenergic blockade.

The increase in idioventricular rate (measured under
conditions of vagal stimulation) induced by left stellate
nerve stimulation during coronary occlusion alone was

not altered by a-receptor blockade but was abolished
by 8-receptor blockade (Figs. 4 and 5). Thus, the in-
creased idioventricular rate did not appear to result
from increased a-adrenergic stimulation early during
occlusion. On the other hand, a-adrenergic blockade
with either prazosin or phentolamine or depletion of
myocardial catecholamines with 6-hydroxydopamine
significantly attenuated both ventricular ectopic ac-

tivity and VF induced by coronary occlusion (Table 1).
The differential effects of a-blockade in the same setting
on idioventricular rate as opposed to 'ventricular ectopic
activity and VF may be a' result of the nature of the
stimulus. In the case of idioventricular rate, measure-

ments during occlusion alone showed no increase.
However, left stellate stimulation did augment the
idioventricular rate in this setting. Because the aug-
mentation was not blocked by phentolamine, its mech-
anism appeared to be neuronally induced,8-stimulation.
On the other hand, "acute" stellate ablation does not
diminish ventricular ectopic activity or VF (5) induced
by coronary occlusion. Furthermore, based on the data
shown in Fig. 2 demonstrating no increase in idioven-
tricular rate during coronary occlusion, it is likely that
efferent left stellate nerve stimulation is not a consis-
tent concomitant of ischemia in the preparation used in
this study. Thus, these derangements cannot depend
exclusively on neuronal stimulation. Because dysrhyth-
mia induced by coronary occlusion alone is dependent

cU

FIGuRE 8 Alterations in cardiac output (A), peak dP/dt
(B), and stroke work (C) before occlusion and throughout
coronary occlusion and subsequ'ent reperfusion (horizontal
bar).Valuesaremean-+-SEMforcontrolanimals(O)andanimals
treated with either phentolamine (A), propranolol (0), or

prazosin (40).

increased conduction time throughout the ischemic
region. It is accompanied by asynchronous depolariza-
tion, normal idioventricular rate, and shortening of the
refractory period (3). On the other hand, dysrhythmia
induced by reperfusion is dependent on different elec-
trophysiological alterations because conduction time
through myocardial regions is normal, and the rhythm
is accompanied by synchronous depolarization and an

elevated idioventricular rate (3). The present study was

undertaken to evaluate contributions of a- and,8-adren-
ergic neural influences on these two different types of
dysrhythmia. The feline preparation was used in part
because occlusion of the proximal LADcoronary artery
results in reproducible ve.ntricular dysrhythmia with
a consistent time of onset, duration, frequency of ec-

topic activity, and mortality caused by VF (3, 6). Fur-
thermore, the feline preparation exhibits predictable
and reproducible activation of both afferent and effer-
ent autonomic nerves during myocardial ischemia.
Reperfusion instituted 35 min after coronary occlusion
elicits another type of ventricular dysrhythmia, which
is characterized by a rapid onset time and brief duration
(3). Although the antiarrhythmic effect of a-blockade
was most marked during early reperfusion, a-adrenergic
contributi ons to both types of dysrhythmia were evi-
dent because phentolamine and prazosin suppressed
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on mechanisms that exacerbate reentrant excitation,
including profound decreases in conduction velocity
and alterations in regional refractory periods without
increases in the idioventricular rate (3), presumably
a-adrenergic blockade during coronary occlusion fa-
vorably effects parameters other than idioventricular
rate. Indeed methoxaimine has been shown to induce
conduction block in partially depolarized Purkinje
fibers, a phenomenon partially reversed by phentol-
amine (23) and may thereby exacerbate dysrhythmia
depending on reentrant excitation and may explain the
profound antiarrhythmic influence of phentolamine
during coronary occlusion in the present study. Cate-
cholamines may of course, be released in myocardium
because of ischemia per se (4), independent of local
efferent neural activity. Their release may contribute
to 1oth the a- and 8-adrenergic effects implicated in
ventricular ectopic activity and VF early after coronary
occlusion. The lack of an increase in idioventricular
rate during coronary occlusion alone may also be
caused in part by suppression of idioventricular rate by
increased extracellular K+ (24), known to accumulate in
the extracellular space early after coronary occlusion (25).

Because a-adrenergic blocking agents such as phen-
tolamine possess cholinergic blocking actions on iso-
lated smooth muscle (26) inhibit the action of tyramine
and potentiate the action of norepinephrine on isolated
guinea pig atrium (27), and exhibit quinidine-like
effects on canine Purkinje fibers at higher doses (28),
experiments were performed to determine whether the
protective electrophysiological influences observed in
the present study were a result of specific a-receptor
blocking actions. Specificity of postsynaptic a-adrener-
gic blockade is suggested by: (a) The dramatic increase
in idioventricular rate during coronary reperfusion in-
duced by efferent left stellate nerve stimulation, a
response obliterated by a-adrenergic but not B-adren-
ergic blockade. This response could not have been
caused by a local anesthetic action of phentolamine
on nerve transmission because previous studies have
demonstrated that in the cat, phentolamine at the same
concentrations, does not alter sympathetic neural ac-
tivity (13); (b) Induction of effects identical to those
seen with phentolamine by prazosin, an a-adrenergic
blocker devoid of presynaptic blocking activity (29);
(c) Increases in the idioventricular rate and dysrhyth-
mia identical to those seen with stellate nerve stimula-
tion induced by methoxamine during coronary reper-
fusion, responses not seen before coronary occlusion;
and (d) Effects identical to those seen with a-receptor
blockade but not 8-receptor blockade induced by myo-
cardial catecholamine depletion.

Alpha receptor blockade did not significantly alter
regional coronary flow before, during, or after occlusion,
suggesting that its protective influences were not
caused by improved distribution of perfusion. Recently,

Powell and Fiegl (30) have demonstrated that under
physiological conditionis a decrease of carotid sinus
pressure from 128 to 44 mmHg induces a 20% increase
in coronary diastolic resistance mediated largely by
a-adrenergic mechanisims. However, it appears that
under conditions of ischemia, a-receptor mediated
vasoconstriction is not prominent and that the hyper-
emia accompanying reperfusion is modulated primarily
by factors independent of a-adrenergic neural mech-
anisms.

Coronary occlusion in the dog induces a progressive
increase in apparent B-adrenergic receptor number
within 1 h after coronary occlusion (31). However, it
has not been established whether or not these changes
are associated with functional enhancemeneit of f-re-
ceptor responsiveness. Receptor analyses in vitro after
removal and incubation of ischemnic tissue, may give
results that are not necessarily analogous to those
occurring in the intact ischemic heart because of the
presence of potentially modulating metabolites in vivo.
Furthermore, in a preliminary report (32) others have
also demonstrated an increased role of a-adrenoceptors
in ischeinic myocardium and both a- and f-adrenergic
receptor stimulation appear to be important progenitors
for the induction of VF in dogs treated with probucol (33).

The observed idioventricular rate during early re-
perfusion exceeded 180 beats/min, a rate far in excess
of the peak rate of 70-80 beats with maximal stellate
ganglion stimulation under physiological conditions
(34). Thus, abnormal impulse formation appeared to
occur during early reperfusion. In dogs with complete
atrioventricular block, intense stimulation of cardiac
sympathetic nerves or splanchnic nerves to the adrencal
medulla results occasionally in ventricular tachycardia
with a rate in excess of 120 beats/min (35). This type
of ventricular tachycardia is quite different from the
physiological acceleration of idioventricular pace-
makers induced by sympathetic nerve stimulation (35).
Its rate is much more rapid and it begins and terminates
abruptly usually outlasting the sympathetic stimulation
(35). Analogous phenomena were seen during reper-
fusion in the present study. This type of abnormal ven-
tricular activity may be a result of overdrive excitation,
a phenomenon in which a driving stimulus in the pres-
ence of enhanced adrenergic activity leads to repetitive
discharge (36). The higher idioventricular rate seen
with reperfusion in the present study mediated via
a-adrenergic mechanisms rather than the physiological
fl-receptor activation influencing automaticity in normal
Purkinje fibers and myocardium may be an example of
the same type of abnormal automaticity. Previous
studies in isolated Purkinje fibers have demonstrated
an a-adrenergic mediated decrease in spontaneous rate
(37, 38), presumably because of inhibition of 42K uptake
(38). However, the enhanced a-adrenergic responsive-
ness in the present study results in an increase in
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idioventricular rate, suggesting that this inhibitory
mechanism does not appear to be operative.

The rapid increase in idioventricular rate during
coronary reperfusion may be related to delayed after
depolarizations similar to those induced by digitalis
(39) and secondary to a rapid increase in Ca++ influx
(36). Increased Ca++ accumulation is seen in ischemic
tissue that suddenly undergoes reperfusion (40), a
phenomenon known to increase the magnitude of such
depolarizations. Alpha-mediated adrenergic influences
may magnify the inward calcium movement since in
isolated depressed fibers the potentiation of slow re-
sponse type depolarizations by catecholamines may be
secondary to a rather than (8-receptor stimulation (41).

Acute (as opposed to long-term) sympathetic dener-
vation does not consistently decrease the incidence of
VF induced by coronary occlusion (5) or by reperfusion.
However, chronic cardiac sympathectomy and treat-
ment with reserpine sufficient to deplete myocardial
norepinephrine stores are both efficacious (5). These
observations suggest that release of myocardial cate-
cholamines independent of local efferent neural ac-
tivity contributes to dysrhythmias during myocardial
ischemia. Furthermore, others have reported failure of
propranolol to decrease the incidence of VF during
coronary reperfusion (42). The present results suggest
that the deleterious electrophysiological alterations in-
duced by ischemia and mediated by release of myo-
cardial catecholamines are dependent to a considerable
extent on a-adrenergic mechanisms.

The dysrhythmias induced by coronary reperfusion
appear to depend upon electrophysiological alterations
different from those underlying dysrhythmias induced by
coronary occlusion alone (3). Adrenergic mechanisms
appear to contribute to both. The particular importance
of a-adrenergic influences under pathophysiological
rather than physiological conditions may account for
the promise of a-adrenergic blockade in suppressing
ventricular dysrhythmia accompanying ischemic heart
disease in man (43).
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