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CHAPTER I

INTRODUCTION

The innervation of the mammalian heart by both the sympathetic
and parasympathetic divisions of the autonomic nervous system has

neen firmly established on the basis of both anatomical and functiocnal
evidence (59, 92, 93). Thus, experimental procedures which involve
direct electrical stimulation of the myocardium may result in the
excitation of local autonomic fibers. Electrical stimulation of
isolated preparations of cardiac muscle has been shown to release
substantial quantities of autonomic neuromediators (1, 6, 7, 123, 129).
However, the phenomena has not been demonstrated in the intact ven-
tricles. Therefore, part of the purpose of the present study was to
determine if electrical stimuli delivered to the intact myocardium
would release autonomic neuromediatcrs in sufficient magnitude to

alter local contractile function.

Since electrical testing of cardiac vulnerability to fibrilla-
tion involves the application of high intensity current pulses (either
trains or single stimuli) to the myocardium during the vulnerable
period of the cardiac cycle, it is feasible that these stimuli could
release local autoncmic neurcmediators, thereby altering the suscepti-
bility of the heart to fibrillation. Turthermore, ventricular fibril-
lation thresholds measured with trains of stimuli might be affected to

& greater magnitude by local autonomic neuromediator release than

1



thresholds measured with single stimuli, since a train of stimuli
would presumably result in the liberation of more neurotransmitter.
Tamargo et al. (117) discounted the importance of a local adrenergic
discharge from the observation that the fibrillation threshold mea-
sured with trains of stimuli did not change relative to the single-
stimulus fidbrillation threshold in response to propranclel. However,
no quantitative data were repcrted by these investigators to substantiate
this conclusion (117). Thus, a second purpose of the present investi-
gaticn was to quantitatively evalute the effects of propranoclol, atro-
pire and chronic cardiac denervation on ventricular fibrillation
thresholds to determine if local release of sutonomic mediators sig-
nificantly influences ventricular vulnerability to fibrillation
Although reentry is probably the mechanism responsible for the
maintenance of ventricular fibrillation, the mechanism responsible for
the initiation of fibrillation following electrical stimulation of the
heart during its vulnerable period has not been fully elucidated.
Moe et al. (83) demonstrated that fibrillation beéén with a series of
multiple extrasystoles originating from the wvicinity of the stimulat-
ing electrodes. By mapping the spread of activation of the initial
extrasystoles with bipoclar electrograms they eliminated the possibvility
of & macroreentrant circuit and suggested that the initial impulses
originated from an automatic center created by the stimulus current.
However, since the direct bipolar recordings made by Moe et al. (83)
were never closer than six millimeters from the stimulating electrodes,
they were unable to eliminate the possibility of local reentry. There-

fore, the third goal of the present experiments was tc record multiple
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pipolar electrograms from muscle directly adjacent to a pair of stimu-
1ating electrodes to further elucidate the mechanism responsible for

the initiation of fibrillation following the delivery of either trains

of stimull or single stimuli to the ventricles during their vulnerable

period-



CHAPTER IT

LITERATURE REVIEW

A, Ventricular Fibrillation and Defibrillation

Ventricular fibrillation was first reported in 1842 by Erichsen
(22) following ligation of the coronary arteries in a dog. Eight years
1ater, Hoffa and Ludwig (LO) observed ventricular fibrillation in cold-
plooded and mammalian hearts in response to strong, rapidly repeated
galvanic shocks. These investigators (L0) noted that the ventricles
became dilated with blood as the incoordinated quivering movement of
the muscle became insufficient to expel the contents of the ventricles.
In 1874, Vulpian (124) first used the word fibrillation (movement
fibrillaire) to describe the incoordinated contractions following
faradization of the canine ventricles. Vulpian (124) alsoc noted that
regardless of the area to which a faradic stimulus was applied, both
ventricles were thrown into fibrillation. TFurthermore, the inco-
ordinated contractions were not transmitted to the atria, which con-
tinued to show rhythmic contractions lcng after the fibrillary contrac-
tions of the ventricles has ceased. In 1887, McWilliam (76) reported
that the ventricles of small animals (cat, rabbit, mouse, hedgehog
and fowl) frequently recovered spontaneously from fibrillation while
such recovery was infrequently observed in the dog. A systematic

investigation of the importance of tissue mass in the maintenance of



ventricular fibrillation was conducted by Garrey in 191k (26). Garrey
(26) demonstrated that any plece of tissue cut away from the fibril-
1ating canine ventricles would cease fibrillating if its surface area
was less than four square centimeters. The functional integrity of

the excised pleces of tissue was indicated by the observation of co-
ordinated contractions when the muscle was stimulated with single
pulses.

In 1940, Wiggers (130) madé a detailed analysis of the initiation
and progressicn of ventricular fibrillation using cinematographic and
electrocardiographic techniques. The progression of fibrillation fol-
lowing direct faradization of the canine ventricles was divided into

" lasted one to

four stages. The first stage, or "undulatory stage,
two seconds and consisted of three to six undulating. contractions,
having the characteristics of normal premature systoles. The second
stage lasted 15 to LO seconds and was designated "convulsive inco-
ordination.”" This stage was characterized by more frequent contrac-
tions with different regions contracting asynchronously. The third

' was marked by progressive

stage, that of "tremulous incoordination,'
fragmentation of the surface of the ventricles into smaller and smaller
independently contracting units. The third stage continued for two

to three minutes until the onset of the final stage, that of "atonic
fibrillation." The complete loss of contractility characteristic of
this stage was considered to result from increasing anoxia due to the
lack of adequate coronary perfusion (130).

The induction of fibrillation in the dog, as noted by Hoffa and

Ludwig (Lo), ultimately led to the death of the animal. Although



VeWilliam (76) found that cooling the fibrillating ventricles would
arrest the incoordinated contractions of fibrillation, he was unabl

+o restore the normal pumping ability of the myocardium. Other early
methods of terminating fibrillation consisted of the administration of
potassium chloride by either injection into the carotid artery under
pressure (L6) or injection directly into the ventricular cavities (131).
The termination of ventricular fibrillation was presumably related to
the ability of the potassium to suppress excitability and conduction,
resulting in total asystole. Follcwing defibrillation with potassium
chloride, the washout of the excess potassium from the coronary circu-
lation with ah excess of calcium injected into the coronary circulation
sometimes led to a resumption of spontaneous, coofdinated beats (L6,
131).

The most effective means of resuscitating a heart from fibrilla-
tion is by electrical defibrillation. In 1933, Hooker et al. (L47),
expanding on the work of Prevost and Battelli (1899), demonstrated that
a dog's ventricle could be successfully defibrillated with a 60 HZ AC
current of 0.1 to five seconds delivered through electrodes placed
directly on the heart. If countershock was instituted in less than
two minutes, then an effective circulation was reestablished. However,
if fibrillation had lasted more than two minutes, then the recovery of
spontaneous, effective beats did not follow countershock defibrillation.
In the latter case, cardiac massage or injection of adrenaline was
found ;o be of some benefit in restoring an effective circulation (L7).

In a detailed study of electrical defibrillation performed by

Wiggers in 1940 (131), it was found that following long periods of



sipbrillation (five minutes) the difficulty in resuscitation of the
heart was not due to the fact that the ventricles could not be defib-
rillated, but was due to the incapacity of the myocardium to resume
vigorous beating. Therefore, Wiggers (131) advocated the use of car-
diac massage immediately following the onset of fibrillation until the
initiation of countershock defibrillation. Wiggers (131) alsoc advo-
cated the use of serial defibrillation with three to seven shocks ap-
plied at intervals of one to two seconds rather than a single shock.
Each consecutive shock -as thought to cause a coarser type of fibril-
lation contained in a larger mass of muscle, until the final shock
arrested fibrillaticn completely.

In addition to defibrillation with AC current, the work of
Gulvich and Yuniev (31) first demonstrated that defibrillation was
possible with DC current generated from a single capacitor discharge.
Lown et al. (70) compared the two techniques and found that DC counter-
shock was more successful in defibrillating the canine heart and pro-
duced less post-defibrillation arrhythmies than AC countershock.
Further work done by Yarbough et al. (135) showed that AC shocks
applied directly to the heart resulted in a significant deterioration
of ventricular function as compared to DC shocks.

B. Theories of the Mechanism of Ventricular Fibrillation

The various hypotheses which have been promulgated to account for
ventricular fibrillation have centered arcund two main ideas: (1) that
the rapid impulses arise from a single or multiple center of auto-

maticity and (2) that the rapid incoordinated activity is due to



repetitive reentry of impulses.

The concept that altered automaticity was responsible for
ribrillation originated with Engelman in 1896 (21). Engelman (21)
suggested that since ventricular muscle fibers appear to contract
independently during fibrillation then, due to a state of altered
excitablility, the fibers must have become independently rhythmic. In
1900, EHering (32) suggested that ventricular fibrillation represented
the most advanced degree of autcmatic impulse formation in the ventricles
wvhile a single extrasystole represented the lowest degree of ventricular
gutomaticity. ©Since fibrillation invariably appeared to start as a
rapid series of extrasystoles, it was only logical for Hering (32)
to consider that a common mechanism {abnormal ventricular automaticity)
was responsible for both.

The first indication that the continuous rapid movement of fibril-
lation might involve reentrant excitation came from the work of
McWilliam in 1887 (76). Since adjacent muscle bundles were connected
by anastamosing branches, McWilliam (76) suggested that contraction
waves arriving at one fiber might propagate again over an adjacent
fiber which had recovered from a previous contraction.

The first experimental demonstration that a single excitation
wave may pass more then once through the same tissue was given by
Mayer in 1908 (75). Using a ring of subumbrella tissue cut from a
Jjelly fish, Mayer created a transient conduction block by applying
graded pressure near the site of stimulation. By release of the block

at the proper moment, Mayer (75) observed that a contraction wave



traveling the opposite direction would continue propagating arcund
the ring. It was further observed that the "single wave going con-
stantly in one direction around the circuit may maintain itself for
days at a uniform rate" (75).

In 1913, Mines (78) extended the observations of Mayer (75) to
rings of tissue composed of auricles and ventricles from the tortcise
heart. A single stimulus delivered to any portion of the ring resulted
in a single contraction which prcpagated in both directions. After =
series of rapid, successive stimuli, a contraction wave appeared which
continucusly circulated éround the ring. Mines (78) ruled out an auto-
matic focus as a mechanism for the circulating contraction since the
application of an external stimulus to either chamber which was out of
phase with the cycle stopped the contractions. Furthermore, Mines (78)
recognized that the factors essential for the initiation of the circu-
lating contraction were a unidirectional conduction block, slow
conduction and a short'refractory period. Mines (78) also suggested
that in the normal heart reentry did not occcur because the conduction
velocity was so rapid and the refractory period so long that the entire
muscle mass was excited before any portion had recovered from refracto-
iness. However, during faradic stimulation of the ventricles the rapid
stimulation frequency would shorten refractory periods and decrease
conduction velocity such that it would become possible for one wave of
excitation to spread more than once over the same group of fibers.

In 1914, Garrey (26) confirmed the work of Mines (78) by inducing

continuous, circulating contraction waves in rings of ventricular
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musele cut from the hearts of marine turtles. These "circus con-
tractions” which developed in the presence of unidirectional conduction
blocks were considered by Garrey (26) to represent the essential
phencmena of fibrillation. In contrast to the uniform "circus contrac-
+ions'" observed in isclated rings of muscle, the abnormal contractions
of fibrillation in the intact heart were attributed to the number and
complexity of bypass pathways oren to a circulating impulse. Further-
more, Garrey (26) indicated that fibrillation was impossible in small
tissue masses because the time required for an impulse to propagate
through 2l possible circuits was less than the refractory period of
the tissue. In larger masses of tissue the length and number of
potential circuits would ve greater and thus the greater the proba-
bility of an impulse circulating untll it reexcites tissue that has
passed out of refractoriness.

Further support for the role of reentry in the production of
fibrillation was added by the studies of Lewis and his collaborators
(65, 67) on atrial flutter and fibrillation. By determining the order
of electrical activation of the right atrium using direct bipolar
leads these investigators suggested that during atrial flutter and
fibrillation an excitation wave circulated in the atrie along a path
consisting of the taenie terminalis and around the great veins.

Because of the similar appearance of local electrograms in atrial and
ventricular fibrillation, Lewis (f4) reasoned that a similar mechan-
ism was probably responsible for both arrhythmias. However, Lewis

(6L4) pointed out that there was no direct evidence for excitation waves

circulating in the ventricles.



Renewed interest in the automatic focus theory of ventricular
fibriilaticn was provided by Scherf et al. in 1950 (10L). The topical
application of accnitine crystals to a localized area of the ventricular
surface in dogs resulted in the appearance of ectopic beats and ven-
tricular tachycardia. Cooling the site of application arrested the
tachycardia which reappeared upon rewarming. Once the ventricular
tachycardia had degenerated into sustained fibrillation, cooling the
site of aconitine application or any other area of the ventricular
surface had no effect on the fibrillation. The authors (104) con-
cluded that the aconitine created a single center of automatic impulse
formation which could be suppressed by ccoling. Furthermore, the
degeneration of the ventricular ftachycardia into fibrillation was
considered to be due to the formation of multiple centers of auto-
maticity, such that the cocling of any one center could no longer
abolish the_arrhythmia.

The experiments of Scherf et al. (10L) indicated that fibrilla-
tion could be initiated from a single, rapidly firing, ectopic focus,
but they did not demonstrate that the maintenance of fibrillation
depended upon the appearance of multiple centers of automaticity.

If the aconitine-induced focus fired more rapidly than all of the
surrcunding fibers were capable of following, then wave fronts would
fractionate and the conditions necessary for reentrant excitation
would be established.

Further studies cn the mechanism of aconitine-induced fibrilla-

tion were undertaken by Sano and Sawanobori (102) using cultured
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ventricular muscle from the rat embryo. Each preparation consisted

of a mass of tissue a few cell layers in thickness and several hundred
microns in diameter. In 50% of the preparations the addition of
aconitine resulted in an irregular, rapid movement in all parts of the
tissue. The action potential recorded by a single microelectrode was
similar with that of adult, mammalian cardiac fibrillation and thus,
the authors suspected that fibrillation was present in the cultured
cells. Furthermore, the fibrillatory activity was considered to arise
from a single automatic focus. The possibility of reentry was elimi-
nated because of the small size‘of the preparation and because action
potentials recorded simultaneously from different parts of the muscle
mass were roughly synchrcnous. The authors emphasized the fact that
the synchronism throughout the fibrillating mass of cultured cells
was in marked contrast tc the chaotic, asynchreny of different fibers
in adult ventricular fibrillation (101). Therefore, the authors
indicated that the arrhythmia in the cultured cells might correspond
to the initiating focus in adult fibrilletion with the maintenance

of the arrhythmia involving some other mechanism (102).

The absence of diastolic depolarization in either normal ven-~
tricular muscle or fibrillating ventricular musle (L1) makes it diffi-
cult to accept a mechanism for the maintenance of fibrillation based
on automatic foci. Although it is possible that pacemakers within
the His-Purkinje system might become sites of raplid impulse formation
during fibrillation, fibrillatory activity has not been observed in

isolated papillary muscles contalining bundles of Purkinje fibers
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capable of multifocal pacemaker activity (41l). Furthermore, it is
jifficult to account for the relationship between tissue mass and the

ation on the basis of

[

ability of cardiac muscle to sustain fibril
multiple centers of autcomaticity. Although it has been suggested
+hat small hearts will not sustain fibrillation due to an insufficient
number of automatic centers (104) the experiments of Garrey showed that
both small hearts and small pieces of tissue excised from large hearts
would sustain fibrillation as long as local faradic current was applied.
Although there is no direct evidence for reentrant excitation as
the mechanism responsible for the maintenance of fibrillation, the indi-
rect evidence of Mines (78) and Garrey (26) strongly suggest that this
arrhythmia depends upon multiple, asynchronocus reentry. The con-
cepts of Mines (78) and Garrey (26) have been tested in a mathematical
model developed for a digital computer by Moe et al. (84). The model
consisted of a two-dimensional matr;x containing 992 hexagonal units.
The units were éimilar to cardiac cells in the following manner:
{1) each unit was assigned a refractory period, (2) each unit, when
not in its refractory phase, could be fired by a neighboring unit and
(3) each unit could transmit excitation to a non-refractory neighboring
unit. Different units were assigned slightly different refractory
periods to stimulate the normal inhomogeneity of refractory periods in
cardiac tissue. Rapid excitation of a groﬁp of units resulted in
self-sustained turbulent activity resembling fibrillation. The
activity was not due to fixed reentry circuits, but rather was sup-

ported by multiple, irregular wavefronts which varied in pesiticn,



1k
size and number. Increasing the refractory periods of all of the
units or reduction of the area of the model resulted in arrest of the
activity. Although direct test of the model in cardiac tissue %as not
possible, the model confirmed the earlier concepts of both Mines (78)
and Garrey (26) regarding the mechanism of fibrillation. Furthermore,
the model demonstrated that multiple reentrant activity need not de-
pend upon anatomical obstacles or functional abnormalities cf the
myocardium; the intrinsic inhomogenity of recovery among myocardial
cells shculd provide the substrate for the maintenance of mﬁltiple

reentry circuits and fibrillation.



¢. Measurement of Ventricular Vulnerability to Fibrillation

The first evidence for the existence of cardiac "vulrnerable"
period during which applied stimuli are likely to préduce fibrillation
was provided by the experiments of DeBoer in 1921 (19). DeBoer (19)
found that a stimulus applied to the ventriclie of a frecg at the end of
+the refractory period resulted in a series of exirasystoles while the
same stimulus delivered later in the c¢ycle resulted in only a single
response. More definitive studies in 1936 by Ferris et al. (23)
demonstrated that shocks of .03 seconds were effeétive in fivrillating
the canine ventricles provided the shocks were delivered during the
T-wave of the electrocardicgram. In 1940 Wiggers and Wegria (132)
provided conclusive evidence that the last .06 seconds of systcle in
the canine heart constituted a cardiac vulnerable period. It was shown
that during this time a singie induction shock or condensor discharge
applied to a small porticn of the myoccardium could elicit fibrillation.
A later study by the same investigators (127) demonstrated that brief
shocks (40 msec cr less) applied outside of the vulnerable period
never resulted in fibrillation regardless of their strength. Wiggers
and Wegria (133) went on to define the ventricular "fibrillation thresh-
01d" és the current strength of a brief DC shock of constant duration
(10-30 msec) which is just able to induce fibrillation when applied
during the vulnerable period of late systole. Despite repeated fibril-
lations and defibrillations, the fibrillation threshold was highly
reproducible with no abrupt changes over a period of four to five

hours in the open-chest animal (133).
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In 1941, Moe, Harris and Wiggers (83) expanded the initial obser-
sations of Wiggers and Wegria (132, 133) on the nature of the vulner-
able period. They demonstrated that a strong stimulus delivered during
the vulnerable period resulted in a series of multiple, accelerating
extrasystoles which would either be followed by a pause and resumptiocn
of normal rhythm or would degenerate into sustained fibrillation. By
mapping the spread of activation of the accelerating extrasystoles on
the surface and interior of the ventricles, they concluded that the
initial tachycardia which ?receded the development of fibrillation
criginated from a single focus located close to the site of the stimu-
lating electrcdes.

The experiments of Hoffman et al. (42) in 1951 suggested that the
tendency for fibrillation to develop following the delivery of a single
stimulus during the vulnerable period could be related to the basic
excitability of cardiac tissue during the relative refractory period.
They found that during a very brief portion of the relative refractory
period the excitability threshold of a bipolar stimulus was lower than
the immediately preceding or following periods of the cardiac cycle.
The period of enhanced excitability during the relative refractory
period was termed "dip" in the excitability curve. TIn additicn to
enhanced excitability, the period of time corresponding to the "dip"
portion of the curve was associated with the lowest ventricular fibril-
lation thresholds (42). Cranefield et al. (17) determined separate
excitability curves for both anodal and cathodal stimuli, and found

that the abrupt dip in excitability during the relative refractory



period was only characteristic of ancdal stimuli.

The greater susceptibility of the heart to anocdal current during
the vulnerable period is consistent with the finding that the current
required to produce ventricular fibrillaticn with cathodal stimuli is
2.5 times greater than current required by anodal stimuli (25). Al-
though there has never been an adequate explanation of the dip phe-
nomenon or the greater vulnerability of the heart to ancdal currents,
the two phenomena may be related to the ability of ancdal currents to
shorten the duration of the action potential during phase 3 (16).

In addition to the measurement of cardiac vulnersbility to fibril-
lation by the delivery of single stimuli during the wvulnerable period,
other techniques have been reported involving the delivery of multiple
stimuli. In 1964, Han (33) introduced a technique employing a train
of constant current rectangular pulses (100 Hz) that scanned the
T-wave of the electrocardiogram. This technique eliminated the need
to repeatedly scan the relative refractory period with single stimuli
to determine the point of maximum vulnerability, and thus minimized
the time necessary to carry out a fibrillation determination. In
the same report (33), the author described an alternative method for
the gquantitation of ventricular vulnerability involving the continuous
application of a train of 100 Hz rectangular pulses of twice the
diastolic threshold. The number of premature beats evoked by the
train was shown to be direcfly related to the duration of the train.
The index of vulnerability was taken as the minimum duration of a
train which could produce a sufficient number of accelerating premature

beats to elicit fibrillation.
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In addition to the measurement of fibrillation threshclds with
rectangular pulses of current, some investigators have tested cardiac
vulnerability to fibrillation using 60 Hz alternating current (39, 115,
119). The quantities measured have been both the magnitude of the
current (39) end the duration of stimulation (119) necessary to evoke
ventricular fibrillation. Sugimoto et al. (115) found that the magni-
+tude of the current required to fibrillate the heart with a 60 Hz AC
train (5 sec) was about 30 times less than the current required with a
single rectangular stimulus (10 msec). By varying the duraticn of the
AC train, they found that the current reguired to fibrillate was
directly related to the number ¢f premature responses.evoked by the
train. When the duraticn of a train was adjusted to produce five or
six repetitive premature beats, the fibrillation threshold was less
than cone milliampere and approached the diastolic threshold. The
authors (115) concluded that during 60 Hz stimulation the fibrillation
threshold is prégressively reduced after the first five or six prema-
ture beats, thus making it possible to induce fibrillation with very
weak current.

In addition to the nature of the testing pulses, a number of
other physical factors have been shown to influence the absolute
magnitude of current necessary to induce ventricular fibrillation.

The number of heart beats between successive test stimuli (118), the
size and configuration of the testing electrodes (11), the distance of
separation between the electrode poles (118), and the position of the

electrodes on the ventricles (L8, 107, 109) have all been shown to
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significantly affect the fibrillation threshold. Shumway et al. (107)
reported that fibrillation thresholds were least when measured on the
right ventricular surface followed by the posterior surface of the left
ventricle and ghen the anterior surface of the left ventricle. More
recent studies (48, 109) have indicated that the fibrillation thresh-
o0ld measured in the left ventricular endocardium is significantly less
than the epicardial threshold, but not different from the threshold

measured at either the epicardium or endocardium of the right ventricle.
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D. Physioclogical and Pharmacological Influences on Ventricular

Vulnerability to Fibrillation

The quantitative nature of g ventricular fibriliation threshold
neasurement has made it possible to evaluate the effects of a wide
spectrum of physiological and pharmacolcgic interventions on the vul-
nerability of the heart to fibrillation (85, 138). BRecause of the
lzrge number of physical factors (enumerated in Section C) which affect
the absolute current regquired to evoke fibrillation, the absoclute ven-
tricular fibrillestion threshold has little physioiogical significance.
Therefore, the relative change in the fibrillation theshold from its
control value provides the only meaningful index of evaluating the
effect of various interventions on the vulnerability of the heart to
fibrillation.

The wvalidity of the use of the ventricular fibrillaticn threshold
in determining changes in the vulnerability of the heert to fibrilla-
tion is supported by the fact that the majority of experimental inter-
ventions which alter the ventricular fibrillation threshold result in
a similar directional change in the spontaneocus susceptibility of the
heart to fibrillation (85, 138). Myccardial ischemia produced by
ligation of a coronary artery in‘the experimental animal decreases
the ventricular fibrillation threshold (33, 54, 107, 112, 134) and
results in the appearance of spontanecus ectopic activity and fibril-
lation (38, 1234). Generalized myocardial hypothermia in the experi-
mental animal decreases the ventricular fibrillation threshold and
increases the likelihood of spontanecus ectopic activity and fibrilla-

tion (13, 1L). Metabolic acidosis predisposes the humen heart to
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ventricular fibrillation and decreases the ventricular fibrillation
threshold in experimental animals (28, 69). 1In addition, the increase
in the ventricular fibrillation threshold follocwing the administration
of therapeutic doses of gquinidine (126), lidocaine (30) or procaine
amide (133) to experimental animels is consistent with the ability of
these agents to suppress spontaneous ventricular arrhythmias in both
man and experimental animals (5, 82).

Some insight into the mechanism by which varicus influences
alter the ventricular fibrillation threshold was provided in a series
of papers by Han, Moe and co-workers (33 - 37). These reports indi-
cated that there was a close correlation between the amount of
asynchrony of recovery of excitability of closely adjacent areas of
the myccardium and the ventricular fibrillation threshold. Recovery
of excitability was determined by the measurement of functionél
refractory periods using multiple (four to eight) pairs of bipolar
electrodes inserted into closely adjacent areas of the myocardium.

The asynchrony of recovery of excitability was expressed as the range
of variation between the refractory periods determined at the different
test sites. The authors evaluated the effect of heart rate (36),
premature stimulation (3L4), and adrenergic mediators (35) cn both
asynchrony of recovery of excitability and the ventricular fibrilla-
tion threshold measured with a single stimulus delivered during the
vulnerable period.

In the case of heart rate, it was shown that, as cardiac cycle

length was increased from 300 msec to 700 msec, refractory periods
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1jengthened, the dispersion of refractory periods increased by about
o0 msec and the fibrillation threshold fell by about 30% (36).

Following an early premature beat, refractory periods shortened,
temporal dispersion'of refractorinesé:increased by 10 to 15 msec and
the fibrillation threshold decreased by about 50% (3L). The changes
in dispersion of refractoriness and fibrillation threshold were maxi-
mal within a 12 millimeter radius of the electrode site used to elicit
the premature response. At greater distances from the electrode site,
there was little change in either dispersion of refresctoriness cr fib-
rillation threshold between the control beats and the premature beats.

In the experiments dealing with adrenergic influences, Han et z2l.
(35) found that stimulation of the left stellate ganglion shortened
refractory periods by up to 15 msec, increased temporal dispersion of
refractoriness by five to 10 msec and decreased the multiple response
threshold by 34%. The threshold for multiple ventricular responses
was determined instezd of the fibrillation threshold to avoid the
delay required for fibrillation and countershock defibrillation. In
contrast to the effects of sympathetic nerve stimulation, an intra-
venous infusion of epinephrine or norepinephrine (2 ug/kg/min) resulted
in a transient decrease in the multiple response threshold followed by
a sustained increase above control (35). Although refractory periods
shortened throughout the duration of the infusion, the initial period
of enhanced vulnerability was accompanied by an increase in temporal
dispersion of refractoriness, while the dispersion of refractory

periods decreased as the fibrillation thresholds increased. The
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biphasic effects of the catecholamines on both vulnersbility and
tempcral dispersion of refractoriness were attributed to the myo-
cardial distribution of the catecholamines during the infusion (35).

+ was presumed that dufiné the start c¢f an infusion, when catechola-
mine levels in the blood were rapidly increasing, the myocardial
distribution was nonuniform, becoming more unifcrm with time as the
vlcod levels of catecholamine stabilized.

The importance of the effect ¢f nonuniform recovery of excita-
pility on the ventricular fibrillation threshold was further emphasized
by Spear et al. (112). These investigators measured the temporal
dispersion of refractoriness following a single premature beat induced
by either a single stimulus or train of stimuli delivered during the
vulnerable period. Refractory periods were determined from a circular
array of six bipolar electrodes surrounding a central bipolar electrode
used to deliver current during the vulnerable period. Increasing the
intensity of a train or single stimulus at the central sitg resulted
in an increase in the temporal dispersion of refractoriness following
the premature beat at the peripheral electrodes. In addition, the
fibrillation threshold of the premature beat, measured at the central
electrocde, decreased as the intensity of the train or single stimulus
delivered during the preceding vulnerable period was increased. Since
all hearts contain a certain degree of intrinsic asynchrony of recovery
of excitability, the authors (112) suggested that the fibrillation
threshold was a measure of the additional asynchrony of recovery of

excitability that must be added to the myocardium by the stimulating



current to caﬁse multiple, asynchroncus reentry and fibrillation.
Furthermore, it was hypothesized that interventions which alter the
intrinsic level of homogenity of recovery of excitability would iike—
wise affect the fibrillation threshold by increasing or decreasing the
smount of "extra inhomegenity' that must be added to the myocardium
vy the stimulating current to elicit fibrillation (112).

Although asynchrony of recovery of excitability may be an
important determinant of the ventricular fibrillation threshold, the
level of resting excitability may also affect the current re@uired to
induce fibrillation. The ability of therapeutic doses of quinidine,
procaine amide or aprindine to elevate the ventricular fibrillation
threshold may be related in part to the ability of these three anti-
arrhythmic agents to decrease the resting level of excitability (27,
126, 136). Guam et al. (27)have shown that changes in the resting
level of excitability produced by infusion of potassium chloride
correlate quite well with changes in the ventricular fibrillation
threshold. An increase in serum potassium ion concentration of about
L0% resulted in a significant decrease in both the excitability
threshold (measured in end-diastole) and the fibrillation threshold.
Further infusion.of potassium chloride to increase the potassium ion
concentration by 120% of control resulted in an excitability threshold
and fibrillation threshold which were significantly greater than con-
trol. Since there were no changes in the dispersion of refractory
periods associated with either of the two hyperkalemic states, the

authors ccncluded that the changes in the fibrillation threshold were
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most likely mediated by changes in the resting level of excitability
(27).

Because of the potential importance of the autonocmic nervous
system in the genesis of sudden cardiac death in man, the effects of
altered autonomic states on the ventricular fibrillation threshecld
nave received considerable attention. Verrier et al. (120) demon-
strated that stimulation of the posterior hypothalamus resulted in a
L0% reduction of the ventricular fibrillation threshold in closed-chest
dcgs. The increase in the vulnerability of the heart to fibrillation
was shown to be due to a direct effect of sympathetic nerves on the
ventricles and independent of hemodynamic changes. The fibrillation
threshold in the experiments of Verrier et al. (120) was measured
with a special technique described as sequential R/T pulsing. The
R/T pulsing technique involved the delivery of two low intensity
stimuli in rapid succession resulting in two premature systoles. A
third stimulus of varisble intensity was used to scan the vulnerable
period of the second premature systole to determine the fibrillation
threshold. Using the R/T pulsing technique in closed-chest animals
the same group of investigators (121) demonstrated that reflex changes
in cardiac sympathetic tone, mediated by carotid sinus baroreceptors,
also resulted in marked changes in the fibrillation threshold.

More recent studies by Matta et al. (73) have documented the
importance of changes in sympathetic tone on ventricular vulnerability
to fibrillation in the conscious animal. Since the use of conscious

animals precluded the induction of fibrillation, the authors used
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the R/T pulsing technique to measure the threshold for the production
of multiple ventricular extrasystoles. An earlier study from the same
1aboratory (74) in anesthetized animals had shown that, regardless of
the level of sympathetic tone, the current required to produce multiple
ventricular extrasystoles was a constant fraction (66%) of the cur-
rent required to produce fibrilliaticn. Changes in sympathetic tone
in the conscious animal were elicited by creating a stressful environ-
ment via instrumental aversive conditioning. Exposure of the animals
to such an environment resulted in a 50% decrease in the multiple
response threshold. Administration of the cardioselective, beta-
adrenergic blocking drug, tolamolol, eliminated the stress-induced
changes in threshold (73).

In additicn to a sympathetic influence on ventricular vulnera-
bility to fibrillation, there is also evidence that the parasympathetic
nervous system may alter the ventricular fibrillation threshold. Kent
et al. (53) provided the first conclusive evidence that stimulation of
the cervical vagosympathetic trunk increases the ventricular fibrilla-
ticn threshold. In the same study, the parasympathetic innervation of
the ventricles was histologically mapped using acetycholinesterase
staining. Only sparse cholinergic innervation was identified in ven-
tricular muscle, while a dense innervation of the proximal porfion
of the Purkinje system was observed. From their histological studies,
the authors concluded that the decreased vulnerability of the ven-
tricles to fibrillation produced by vagal stimulation was mediated by
cholinergic nerve fibers which supply the specialized ventricular

conduction system (53).
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The experiments of Kolman et al. (56) provided further insight
into the mechanism bty which the wvagus alters wvulnerability to fibrilla-
tion. These experiments showed that in closed-chest, chloralose-
anesthetized animals, vagal stimulation had no effect on the ventricu-
lar fibrillaticn threshold. However, when sympathetic tone was aug-
mented by thoracotomy or by electrical stimulation of the left stellate
ganglion, vagal stimulation produced a significant increase in the fib-
rillation threshold. Furthermore, the effect of the vagus on the
fibrillaticn threshold was eliminated following beta-adrenergic block-
ade. The authors concluded that the vagal effect was indirect, and
was expressed by counteracting the effects of elevated adrenergic tone
on ventricular vulnersbility.

The findings of Kolman et al. (56) have been confirmed by
Rabinowitz et al. (91) and Yoon et al. (137); thus, it would appear
that a parasympathetic—sympéthetic interaction is responsible for
the effect of vagal activation on the fibrillation threshold. The
absence of a direct effect of the vagus on cardiac vulnerability is
consistent with the absence of a direct effect of acetylcholine on
ventricular transmembrane action potentials (LL4). Furthermore, the
ability of the vagus to antagonize the effects of sympathetic tone
on the fibrillation threshold is consistent with the ébility of the

vagus to antagonize the effects of sympathetic tone on ventricular

contractile force.
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7. Release of Autonomic Mediators by Electrical Stimulation of the

Heart
The first experimental evidence indicating that electrical
stimulation of the heart causes release of autcnomic mediators was
provided by Lewis in 1921 (66). Lewis recorded direct bipolar leads
from different areas of the right atrium, while a faradic current
(L5 Hz) was applied to the right atrial appendage. A local area with
a radius of eight to 20 millimeters surrounding the point of stimu-
laticn achieved rates of 1,500 tc 2,L00 b/m during the stimulation,
while the remainder of the atria responded at rates of only 300 to
500 b/m. Following atropine, the rapid local response was eliminated,
with the entire atrium responding to faradic stimulation with rates of
300 to 400 b/m. The author concluded that the faradic shocks excited
local vagal nerve endings which shortened local refractory periods,
allowing & more rapid rate of response.
In 1943, Knowlton (55) examined the response of isolated

turtle atria to single induction shocks applied during the absoclute
refractory pericd. After a single strong induction shock, there was a
decrease in contractile strength of the isolated atrium. The response
required several heart beats to fully develop and lasted for a period
of up to a minute. With stronger induction shocks, a negative chrono-
tropic response was also observed. The prevention of the negative
inotropic and chronotropic responses by atropine and their prolongation
by eserine led the author to conclude that acetylcholine was liberated

at vagal terminals by the induction shocks.
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In 1958, Whalen (128) studied the response of isolated feline
atria and papillary muscles to various intensity driving stimuli
gelivered by means of large platinum electrodes lying alongside the
muscle. When the stimulus voltage used to drive the papillary muscles
was suddenly increased, (2-10 times threshold) there was a gradual
increase in the force of the ccntractions after a few seconds latency.
wnhen the voltage was returned to threshold, the force of the contrac-
tions gradually returned tc baseline. Strips of atrial muscle under
the same conditions showed a depressed contractile force during the
high-voltage drive followed by a positive rebound when the voltage
was returned to threshold. Atropine eliminated the depression and
unmasked an augmentation of atrial contractile force during the high-
voltage drive. 1In a subsequent study, Whalen et al. (129) repeated
the high-voltage stimulation experiments on muscles that were cbtained
from cafs which had been previously subjected to thoracic sympa-
thectomy (8-12 days). In the denervated atrial muscles, the depres-
sion was more pronounced than in innervated muscles, and there was no
positive rebound fcollowing termination of the high voltage drive. The
authors (129) concluded that supramaximal driving stimﬁli liberated
both acetylcholine and norepinephrine in both atrial and ventricular
muscle, the predominant response‘(potentiation or depression) depending
upon the relative amount of each transmitter released.

In contrast to the high-voltage driving stimuli employed by
Whalen et al. (129), Brady et al. (7) attempted to stimulate nerve

elements within an isclated feline papillary muscle by the application
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of a train of high-intensity pulses during the absolute refractory
period of the muscle. These investigators demonstrated that a train
of supramaximal stimull exerted a biphasic effect on contractile force:
g depression of contractile force while the stimulus train was applied
and a large potentiation of subsequent contractions. The potentia-
tion was eliminated by the beta-adrenergic blocking agent, dichloro-
phenyl isopropyl aminoethanol, while the depression was not altered.
The authors concluded that the depression was due to a direct membrane
depressant effect of the current, while the potentiation was attributed
to the liberation of norepinephrine from sympathetic nerve endings.
The most complete pharmacologic testing of the response of
isclated cardiac muscle to electrical stimulation was performed by
Blinks (6). Blinks (6) employed trains of high-voltage stimuli to
drive isolated atria of guinea pigs along with atria and papillary
muscle of kittens. An adrenergic response (increased contractile
force) was observed in both atrial and papillary muscles, and was’
eliminated by either propranclol, pretreatment of the animals with
reserpine, or chronic cardiac denervation (regional nerve ablation).
Furthermore, the maximum positive inotropic response obtainable by
electrical stimulation of a papillary muscle was equal to the maximum
response obtainable by superfusion of the tissue with norepinephrine.
A cholinergié response (decreased contractile force) was pronounced
in the atrial muscle, but was only minimal in the ventricular muscle.
Furthermore, a cholinergic response in the papillary muscle was only

evident in the absence of the adrenergic response. The cholinergic
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responses in both tissues were eliminated by atropine.

In addition to inotroplc changes associated with electrical
ctimulation of isolated cardiac tissues, experiments by West and
co-workers (2, 123) have demonstrated marked chronotropic and dromo-
tropic respeonses to electrical stimulation of isolated heart prepara-
tions. Amory and West (1) observed hyperpolarization, bradycardia,
and a secondary tachycardia in isolated rabbit sincatrial nodes driven
with supramaximal stimuli (12 volts). The hyperpclarization and brady-
cardia were eliminated by atropine and enhanced by physostigmine. The
secondary tachycardia was blocked by guanethidine, bretylium, dichloro-
isoproterenol or pretreatment of the animals with reserpine. In a sub-
sequent study, Vincenzi and West (123) demonstrated that electrical
stimuli which were subthreshold for myoccardial excitation were capable
of exciting intramyocardial nerve fibers. Bursts of high-frequency
stimuli (100 Hz) with a short pulse duration (less than .5 msec) were
applied to the region of either the sincatrial ncde or the atrioven-
tricular node of the isolated rabbit heart. The stimuli resulted
in the appearance of both negative and positive chronotropic and
dromotropic responses. The negative responses were facilitated by
physostigmine and blocked by atropine, while the positive responses
were facilitated by cocaine and biocked by dichloroisoproterenol.

-~
Furthermore, both negative and'positive inotropic responses were also
observed when subthreshold stimuli were applied to isolated left atrial
strips from dogs, guinea pigs, or rabbits. In feline papillary muscles,

bursts of high-frequency stimuli resulted in a positive inotrcpic response

only (123).
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The cobservations of Vincenzi and West (123) that stimuli sub-
threshold for the excitation of cardiac muscle may excite intramyo-
cardial nerve fibers raises the gquestion of whether autonomic nerves
are ever excited by normal cardiac action potentials. Vincenzi and
West (123) could find no evidence for autoncmic excitation resulting
from the rapld drive of an isolated preparation through an intracellu-
lar electrode. Furthermore, Blinks (6) found that although cocaine or
propranclol had marked effects on the contractions of isolated
papillary muscles driven with suprathreshold stimuli, the drugs had
little effect on muscles driven with threshold stimuli. In the
absence of any direct anatomical connectiqns between myocardial cells
and autonomic nerve fibers, it would seem unlikely that the extra-
cellular current generated by depolarization of myocardial cells

would be of sufficient magnitude to excite the terminal nerve fibers.



CHAPTER III

MATERIALS AND METHODS

A. Acute Surgical Procedure

Adult mongrel dogs of either sex weighing between 17 and 24 kg
were anesthetized with sodium pentobarbital (30 mg/kg). A femoral
artery was cannulated with polyethylene tubing (PE 240) for measure-
ment of arterial blood pressure. Blood pressure was recorded via a
Statham transducer (P2D3B) and a Grass polygraph (model 7). A femoral
vein was also cannulated for injection of drugs or lactated Ringer's
solution.

The dogs were ventilated with 40% 0, using a positive pressure

2
ventilator (Bird Mark T7) while a left thoracotmy was performed at
the level of the fifth intercostal space. The ventilation of the
thoracotomized animal was adjusted to maintain an arterial pO2 of
greater than 100 torr and an arterial p002 of less than 40 torr.
Decamethonium (10 mg/kg) was administered to produce neuromuscular
blockade during the surgery, and supplemental doses (1 mg/kg) were
administered as needed to maintain the blockade throughout the dura-
tion of the experiment. Supplemental doses of sodium pentobarbital
(1-2 mg/kg) were also administered every one to two hours.

Following thoracotomy, the ansae subclavia originating from the
right and left stellate ganglia were isolated and transected. The

right and left stellate cardiac nerves were also transected in those
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animals in which the nerves originated from the stellate ganglia

rather than the ansae subclavia. Since the majority of cardiac
sympathetic ﬂerves funnel into the stellate ganglia and exit via the
ansae subclavia (52,79,94), these denervation procedures should have
produced a nearly complete sympathetic decentralization of the heart.
Following sympathetic decentralization, total autonomic decentraliza-
tion of the heart was produced by bilateral transection of the cervical
vagosympathetic trunks.

Fat.tissue overlying the pericardium was removed, the pericardium
was incised and the heart was suspended in a pericardial cradle. The
temperature of the myocardium was monitored via a YSI prote (model L425)
sutured to the epicardium and connected to a YSI telethermometer
(model 46). The temperature of the heart was held constant (36-38°)
by means of an infrared heating lamp placed above the thoracic cavity.

B. Chronic Surgical Procedure

Chronic ventricular sympathectomy was attempted in 11 dogs, while
nine dogs served as sham-operated controls. The denervation procedure
used was a modification of the technique described by Kaye et al. (51).
The animals were anesthetized with sodium pentobarbital (30 mg/kg) and
ventilated with a positive pressure respirator (Bird Mark 7). Under
aseptic conditions, a left thoracotomy was performed at the level of
the fourth intercostal space. The pericardium over the pulmonary
artery was opened and the heart suspended in cradle fashion. The ad-
ventitia surrounding the complete circumference of the pulmonary artery

(approximately one centimeter distal to the pulmonary valve annulus)

was transected along with the adventitia on the medial surface of the
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sorta. The ventrolateral cervical cardiac nerve was transected at
the junction of the pulmeonary veins and left atrium. The circumference
of the left superior pulmonary vein was dissected free, and connective
tissue lying between the left atrium and right pulmonary artery was
transected. Following these intrapericardial denervation procedures,
the pericardium was loosely approximated with sutures, and the denerva-
+ion was continued in the thorax. The ventromedial, ventrclateral,
dorsal and innominate cardiac nerves were severed on the left side,
while the recurrent cardiac nerve and ansae subclavia were transected
on the right side of the animal. The nerves were identified according
to the anatomical descriptions given by Mizeres (80).

In the sham-operated animals, the pericardium was opened and
the heart was left undisturbed for a period of time (30 minutes) ap-
proximately equal to the amount of time required for the intraperi-
cardial denervation. In addition, the thoracic cardiac nerves were
isolated, but were not transected. .

Following completion of the denervation or sham procedure, the
chest was closed and the animals were treated with antibiotics. Two
of the denervated animals died within the first postoperative week.
The remaining nine denervated animals and the nine sham-operated ani-
mals were used in an acute experiment, two to four weeks after the

-

initial surgery. The acute surgical procedures used on these animals
were the same as described earlier in Section A. At the end of the
acute experiment, tissue samples were taken from both ventricles and
immediately frozen in liguid nitrogen for subsequent determination of

norepinephrine levels using the trihydroxyindole-flurometric method (18).
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(inalyses were generously verformed by Dr. S. B. Jones, Department of
physiology, Loyola University Medical Center.) Analyses of myccardial
norepinephrine levels were completed in six of the chronically dener-
wvated animals and six of the sham-operated animals.

c. Walton-Brodie Strain Gauge Arch

The Walton-Brodie strain gauge arch used was a small U-shaped
piece of brass with a variable resistor expoxied to its back surface.
The arch measured eight millimeters long and three millimeters wide
and was sutured directly to the myoccardium through two holes in each
focot. The arches were modified sc that one foot of each arch contained
a unipolar electrode which was insulated from the arch. The electirode
consisted of the tip of a 23 gauge stainless steel needle extending
for a distance of three millimeters from the foot of the arch.

To obtain a2 maximal response from a strain gauge arch, the
muscle fibers beneath the arch must be stretched from their resting
length £y about 40 to 50% (12). However, stretching the muscle fibers
by more than 25% of their control length has been shown to result in
damgge of the fibers (98). In the present experiments, the arches
were applied so that the muscle fibers beneath the arches were stretched
by 20 to 30% of their control length.

The arches were sutured to the epicardium so that the long axes
of each arch was parallel to the epicardial muscle fibers. TFurther-
more, the sutures were placed approximately two to three millimeters

deep to try to encompass fibers which were nearly parallel to the sur-

face fibers.
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The absolute force developed by a strain gauge arch depends upon
three important variables: (a) the stretch of the fibers beneath the
sarch (12), (b) the number of muscle fibers encompassed by the sutures
used to anchor the arch (12), and (c) the orientation of the muscle
fivers encompassed by the sutures relative to the long axis of the
arch (88,106). BRecause it is impossible to account for all of these
variables, only relative magnitudes of force can be accurately mea-
sured with the strain gauge arch. Quantitation cf the strain gauge
arch response in the present experiments was obtained by utilization
of the percentage change of the force of contraction from its control
level.

Since relative comparisons of contractile force are only valid
if a strain gauge arch responds in a linear fashion, each arch used
was calibrated to determine its linearity. One foot of each arch
was clamped in a vice, and weights ranging from five to 100 grams
were suspended from the other foot. Changes in resistance of the
strain element of the arch were converted to a voltage signal using
a Wheatstone bridge circuit and a Grass preamplifier (model TP1).
Using amplification settings similar *o those used in actual experi-
ments, the strain gauge arches were found to respond in a linear
fashion to loads of five to 100 grams.

D. Electrical Stimulation of the Myccardium

To determine if electrical stimulation of the intact myocardium
results in the release of autonomic mediators, trains of rectangular

pulses were delivered at various points on the epicardial surface via
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+he electrodes embedded in the strain gauge arches. To prevent excita-
tion of the myccardium during the stimulations, the trains were deliv-
ered during the absolute refractory periocd of the cardiac cycle. The
absolute refractory period was rapidly located by recording a unipolar
electrogram from the arch electrode with the indifferent electrode in
the left hind limb. The electrogram, alcng with a lead IT ECG, were
amplified with a Grass (medel T7P5) AC preamplifier (time constant
.45 sec) and were displayed on a storage oscilloscope (Tektronix D13).
Left atrial pacing was employed to maintain a constant heart rate
(120-150 b/m). A synchronizing pulse from the pacing stimulator
(Grass SD9) was used to trigger the sweep generator of the oscillo-
scope so that the time relationship between the pacing stimulus and
the depolarization and repoclarization complexes of the unipolar
electrogram could be determined.

Once the time of excitation and repclarization of the muscle
‘ beneath the arch electrode had been determined, the arch electrode
was switched to a stimulation mode. A synchronizing pulse from the
pacing stimulatcer triggered a digital stimulator (Haer 4i) to generate
a 100 msec rectangular pulse (L0 volts) which was applied to the modu-
lating input of a third stimulator (Grass SD9)}. The third stimulator
generated a train of 10 rectangular pulses (100 Ez) which were delivered
to the myocardium through the arch electrode. An 18 gauge needle placed
in the left hind limb completed the circult of current flow. The arch
electrode was made cathodal with respect to the hind limb electrode.
The delay control of the digital stimulator was set so that a train of

stimuli was initiated after the muscle beneath the arch had depolarized,
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and was terminated before the muscle started tc repolarize. The cur-
rent intensity of each train was determined by monitoring the vcltage
drop across a.precision 100 ohm resistor in series with the stimulating
electrodes. The voltage drop was measured with a Tektronix differen-
tial amplifier (model SA20N) and was displayed on a storage oscillo-
scope (Tektronix D13).

Figure 1 shows an oscillcscope trace which illustrates the
positicn of a train of stimuli relative to a surface ECG (lead II) and
a unipolaf electrogram recorded from an eilectrode in a strain gauge
arch sutured to the outflow tract of the right ventricle (RVE). The
oscilloscope was triggered to sweep by the pacing stimulator. The
stimulus train seen at the bottom of the figure consisted of 10 pulses
(4 msec, 100 Hz) delivered through a dummy load (500 ohms) instead of
the myocardium. Figure 1 clearly demonstrates that the train started
after the excitation wave had reached the arch electrode and terminated
before the onset of local repolarization.

While recording local myocardial contractile force, trains of
stimuli were delivered each cardiac cycle to the myocardium through
strain gauge arch electrodes sutured to either the right or left ven-
tricle. The approximate location of the arches used in most of the
experiments 1s shown in Figure 2. In several experiments nultiple
arches were attached to either ventricle. In some animals the fre-
quency, duration and intensity of individual pulses within a train
were varied to determine the effect of these parameters on local myo-

cardial contractile fcrce. In another series of experiments, the
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FIGURE 1
EXAMPLE OF A STIMULUS TRAIN USED TO ELICIT

CHANGES IN CONTRACTILE FORCE
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A lead ITI ECG is shown along with a unipolar g}ectrogram (RVE)
recorded from an electrode embedded in a strain gauge arch sutured to
the right ventricular outflow tract. The third channel (STIM) shows
the timing of a 10 pulse stimulus train (100 Hz, 4 msec) delivered
through a 500 ohm resistor in place of the myocardium. The train
started after local excitation of tissue beneath the arch electrode
and termianted before the onset of local repolarization.
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FIGURE 2
THE POSITION OF STRAIN GAUGE ARCHES OR ELECTRODES

ON THE EPICARDIAL SURFACE

CIRCUMFLEX

A schematic diagram of the heart illustrating the placement of
strain gauge arches or electrode placques for testing cardiac vulnera-
bility to fibrillation. The solid rectangles represent the arches
or electrode placques. The landmarks labeled are the aorta (Ao), the
left atrial appendage (LA), the pulmonary artery (PA), the right
ventricle (RV), the left ventricle (LV) and the left anterior
descending coronary artery (LAD).
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internal cycle time on the digital stimulator was set so that the
Syncnronizing pulses from the pacing stimulator were only effective in
+riggering the digital stimulator and generating a train once every six
seconds. Changes in contractile force in response to trains of stimulil
were measured during control conditions and following administration of
either propranolel (.5-3 mg/kg) or atropine (.2 mg/kg). In addition,
the effect of current trains on local myocardial contractile force was

evaluated in chronically denervated and sham-operated control animals.

E. Ventricular Fibrillation Thresholds

Ventricular fibrillation thresholds were determined by using both
trains of pulses and single pulses delivered during the vulnerable
period of the cardiac cycle. The electrode used to measure the fib-
rillation threshold consisted of two 23 gauge stainless steel needles
embedded in an acrylic placque. The two needles were separated from
each other by a distance of one centimeter and extended for a distance
of three millimeters from the surface of the placque. ©Small holes at
either end of the placque allowed the electrode to be sutured directly
to the epicardial surface. A placaue electrode was sutured tc both
the right and left ventricles at the locations indicated in Figure 2.

The train method of testing cardiac vulnerability to fibrilla-
tion involved the delivery of a train of 14 rectangular pulses (4 msec,
100 Hz) during the vulnerable period of the cardiac cycle. While heart
rate was held constant (120-150 b/m) by left atrial pacing, the pacing
;timulator (Grass SD9) triggered a digital stimulator (Haer b4i) to

generate the train. 7To correctly time the train of pulses to fall
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during the vulnerable period of the cardiac cycle, the stimulating
electrodes were first used to record a local bipolar electrocgram. The
signal was amplified with s Grass (medel TPS) AC preamplifier (time
constant .45 sec) and displayed on a storage oscilloscope (Tektronix
D13). The oscilloscope sweep was synchronized to the pacing stimulator
to determine the delay between the pacing stimulus and the T-wave of
the bipoclar electrogram. The appropriate delay was programmed into
the digital stimulator so that the train would start during the ST-
segment and terminate‘QO msec beyond the T-wave of the local electro-
gram.

Figure 3 shows an oscilloscope trace which illustrates the tim-
ing of a train relative to the cardiac cycle. The right ventricular
electrogram (RVE) in this figure was obtained from an electrode placque
sutured tc the right ventricular outflow tract. The left ventricular
electrogram (LVE) was recorded between a 33 gauge wire hooked into the
endocardium of the left ventricle and a needle inserted into the left
hind limb. The stimulus train shown in the bottom channel was deliv-~
ered through a dummy load (500 ohms) to avoid excitation of the myo-
cardium. As shown in the figure, the stimulus train started during
ST-segment of the bipolar electrogram (RVE) and terminated 20 msec
beyond the end of the local bipolar T-wave.

The current intensity of the trains used to test cardiac vulner-
ability to fibrillation was determined by monitoring the voltage drop
across a precision resistor in series with the stimulating electrcdes

as described earlier in Section D. The trains were delivered to the
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FIGURE 3
AN EXAMPLE OF A STIMULUS TRAIN USED TO TEST

CARDIAC VULNERABILITY TO FIBRILLATION

ECG
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Shown are a lead II ECG, a unipolar electrogram from the left
ventricle (LVE) and a bipolar electrogram recorded from a placque
electrode sutured to the right ventricular outflow tract. The stimu-
lus train in the bottom channel (STIM) consisted of 14 pulses (4 msec,
100 Hz) delivered through a 500 ohm resistor instead of the myocar-
dium. The stimulus train started during the ST-segment of the bipolar
electrogram (RVE) and terminated 20 msec beyond the end of the local
bipolar T-wave. The artefact in the ECG following the T-wave was due
to the atrial pacing stimulus.
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myocardium starting at intensities below the level necessary to evoke
rultiple extrasystoles and were increased by .2 to 1 ma increments
until ventricular fibrillation occurred. A time interval of six sec-
onds (12 to 15 heart beats) was used to separate successive trains.

The current intensity of individual pulses within a train usually
tended to decrease during the train, indicating the presence of elec-
trode polarization. TFigure Y4 shows an oscilloscope trace of the cur-
rent levels of a single stimulus (panel &) and a train of stimuli
(panel B) delivered to the right ventricle. In panel B, the first
pulse in the train had an intensity of 31 ma while the last pulse had
an intensity of 30 ma. Changes in current intensity during the
single pulse (panel A) were less obvious than during the train. Re-
gardless of the absolute current level of a train, changes in current
intensity from the first pulse to the last pulse were never more than
10% of the current intensity of the initial pulse. To minimize perma-
nent electrode polarization due to the buildup of electrolyte deposits,
the stimulating electrodes were immersed for several seconds in a mix-
ture of concentrated nitric and hydrochleric acids fellowing each
experiment.

The method of testing cardiac vulnerability to fibrillation
using a single stimulus involved scanning the vulnerable period of the
heart with a 10 msec rectangular pulse. The method used for the
generation and timing of the stimulus was similar to the method de-
scribed for the generation and timing of the trains of stimuli. The
single stimulus was delivered to the myocardium beginning in the abso-

lute refractory pericd and moving by 5 msec increments through the



FIGURE 4
THE METHOD OF MONITORING STIMULUS CURRENT DURING

A FIBRILLATION THRESHCLD DETERMINATION
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FIGURE &

The figure shows an oscilloscope display of the voltage drop
zcross a 100 ohm resistor in series with the stimulating electrodes.
The stimulating electrodes were sutured to the outflow tract of the
right ventricle. A current and time calibration are shown in the
lower right hand corner of each panel. In panel A, a single stimulus
(30 ma, 10 msec) was delivered to the myocardium, while in panel B, a
train of stimuli (4 msec, 100 Hz, 1k pulses) was applied. The current
intensity of the train fell from 31 ma during the Tirst pulse to 30 ma
during the last pulse indicating the presence cof electrode polarization.
In contrast to the slight amount of polarization during the train,
the current level of single stimulus remained constant.
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relative refractory period. Successive stimuli were separated by a

six second recovery period. The stimuli were started at current Inten-
gities below the level necessary to evcke multiple extrasystoles or
fibrillation and were increased by .5 to 1 ma increments. At each cur-
rent intensity, the relative refractory period was scanned at 5 msec
intervals to insure that the stimuli would fall during the most vulner-
able phase of the cardiac cycle.

Once fibrillation had been initiated with either a train or

ingle stimulus, defibrillation was achieved within 15 seconds by the
delivery of a DC 30 watt-second pulse (Burdick DC/150) through paddles
placed across the myocardium. To minimize damage to myocardial muscle,
the paddles were applied outside of the pericardium. A 10 to 15 minute
recovery period was allowed between successive determinations of fib-
rillation thresholds, and all thresholds were determined in triplicate.
A fibrillation threshold was considered stable when three successive
measurements did not deviate from each other by more than 20%. Since

metabolic acidosis has been shown to significantly decrease ventricu-

—d

lar fibrillation thresholds (28,99), arterial pH was measured in
each experiment. When the arterial pH fell below T7.35, scdium bicar-
bonate was infused in sufficient doses to maintain the pH within a
range of T7.35 to T7..L5.

Ventricular fibrillation thresholds were determined with both
trains of stimuli and single stimuli at both a right and left ventricu-

lar stimulating site (Figure 2). Following the establishment of stable,

control thresholds, propranolol (.5 mg/kg) was administered and the
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measurements were repeated. In one series of znimals, right ventricu-
ijar fibrillation thresholds were detérmined using trains befcre and
after administration of atropine (.2 mg/kg). Fibrillation thresholds
were also determined in the animals which had been subjected to either
chronic, surgical denervation or sham thoracotomy. In some of the
chronically denervated animals, fibrillation thresholds were deter-
mined tefore and after administration of propranclol (.5 mg/kz).

In addition %o fibrillation thresholds, the excitability thresh-
0ld for a single response was measured late in diastole in several
animals. The threshold was measured via a pair of electrcdes sutured
to the anterior surface of the left ventricle (not the same electrodes
used to test cardiac vulnerability to fibrillation). A single stimu-
lus (10 msec) was delivered to the ventricle 20 to L0 msec before the
arrival of the normal wave of excitation. Tﬁe excitability threshold
was taken as the current intensity of a stimulus which was Jjust suf-
ficient to evoke a single propagated response.

Y. Local Electrogram Recordings Duriﬁg the Induction of Fibrillation

In & series of 10 animals, bipclar electrograms were recorded
from different areas of the ventricles to determine if abnormal active-
tion patterns could account for the genesis of multiple extrasystoles
and fibrillation resulting from stimulation of the heart during its
vulnerable period. The recording electrodes consisteéﬂof a 25 gauge
needle threaded with a single Teflon-coated stainless steel wire
(.005 inch diameter) bent at the tip to form a small hcok. The tip of

the wire was stripped of its insulation for one to two millimeters to
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1ower the electrode impedance and increase the area of contact with
the myocardium. The needles were inserted into the myocardium for
apout two to four millimeters and then withdrawn, leaving the wires
hocked into the heart muscle. Two to six pairs of recording wires
were inserted in each animal.

The position of the recording electrodes relative to the stimu-
lating electrode is shown in Figure 5. The sclid circles represent
+he position of the bipolar needles used for delivering current. The
needles were embedded in an acrylic placque and sutured to the epi-
cardium as described eariler in Section E. The open circles in
Figure 5 represent the ﬁosition of the bipolar recording electrodes.
The two wires in each pair were separated by a distance of about
seven to ten millimeters.

Each bipolar electrogram was amplified with a Gould differen-
tial AC preamplifier (model 13-4615-56). The preamplifier filters
were set to pass frequencies of 30 Hz to 3 kHz. The bipolar electro-
grams along with a lead II ECG were displayed on a Gould-Brush direct
writing recorder (model 2800) at a paper speed of 200 mm/sec. The
recorder pens had a rise time of less than four milliseccnds and
would resond to frequencies of greater than 125 Hz.

G. Data Analysis

Where possible, all results were expressed as the mean plus or
minus the standard error of the mean (+SE). Statistical comparison
of means was performed using the Student's t-test for paired or un-

paired samples. When it was necessary to make multiple group compari-

socns, & one-way or two-way analysis of variance was performed.
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FIGURE 5
LOCATION OF STIMULATING AND RECORDING ELECTRCDES FOR

ANATYSTS OF THE INITTATION OF FIBRILLATION

The solid circles indicate the position of a pair of bipolar
stimulating electrodes on the right ventricle used to evoke multiple
extrasystoles and fibrillation. The open circles indicate the posi-
tion of bipolar recording electrodes. The two recording electrodes
in each bipolar pair were separated by a distance of about seven to
ten millimeters.
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Fcllowing the analysis of variance, an F-test, t-test or Scheffe
test was used to determine the significance of differences between
individual means. The results of all statistical tests were con-
sidered to indicate the presence of a significant difference or
variation when p < .05. The statistical methcds and tables used

were taken from Downie and Heath (20) and Sokal and Rohlf (108).



CHAPTER IV

RESULTS

A. Contractile Force Changes in Response to Electrical Stimulation

of the Myocardium

Figure 6 shows the response of an animal to trains of stimuli

delivered to the myocardium through two strain zauge arches sutured

to the left ventricle. The proximal arch (LVCF1l) was sutured to the
base of the left ventricle as shown in Figure 2. The distal arch
(LVCF2) was sutured between the first and second diazgonal branches

of the left anterior descending coronary artery and was separated

from the proximal gauge by a distance of about two centimeters. The
trains consisted of 10 pulses (2 msec, 100 Hz) delivered once every
400 msec (heart rate 150 b/m). In panel A, 2 ma trains were delivered
through the electrode in the proximal arch resulting in a 9% increase
in local contractile force. 1In panel B, a 65% increase in contractile
force resulted from the delivery of 10 ma trains, while in panel C,

20 ma trains resulted in a 160% increase in contractile force. In
panels A and B there was little change in either arterial blood pres-
sure or contractile force measured by the distal arch (LVCF2). In
panel C, the distal arch showed a 15% increase in contractile force
while pulse pressure increased by 10 mm Hg. In panel D, 10 ma trains
were delivered through the electrode in the distal arch. Although the

distal arch responded with a 90% increase in contractile force, the

53



54

FIGURE 6

TYPICAL RESPONSE OF THE LEFT VENTRICLE TO STIMULUS

TRATNS OF VARIOUS INTENSITY
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Twoe strain gauge arch recordings are shown from the anterior
surface of the left ventricle (LVCFl and LVCF2) along with an arterial
blood pressure trace. A time line with a stimulus indicator is shown
between the two contractile force recordings. In panels A thru C
stimulus trains were delivered beneath the proximal arch (LVCFl) at
current intensities of 2, 10 and 20 ma, respectively. In panel D,

10 ma trains were delivered beneath the distal arch (LVCF2). Since
the two arches were separated by only a distance of about two centi-
meters, the highly localized changes in contractile force indicate

a highly local excitation of autcnomic fibers.
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prcximal arch showed cnly a 5% increase. Furthermore, there was no
change in arterial blood pressure.

Figure T shows the response of the right ventricle to trains
of stimuli. The record was obtained from an animal different from
the one described in Figure 6. Two strain gauge arches were sutured
to the right ventricular outflow tract, separated by a distance of
approximately seven millimeters. The trains of stimuli consisted of
10 pulses (2 msec, 100 Hz) delivered cnce every L60 msec (heart
rate 130 b/m). In panel A, the trains were delivered through an
electrode in the proximal arch (RVCF1l) while in panel B the distal
arch (RVCF2) served as the site of stimulation. In both panels,
there was an increase in local contractile force as current was
increased from 5 to 20 ma. The responses were highly localized
such that the greatest increase in contractile force was obtained
from the arch which served as the stimulation site. The sudden
surge in contractile force during the 20 ma trains in panel B was
due to postextrasystolic potentiation following a premature con-
traction.

Results similar to those shown in Figures 6 and T were observed
in six different animals in which multiple strain gauge arches were
sutured to either the right or left ventricle. With current intensi-
ties of 20 ma or less, a strain gauge arch sutured more than 30 mil-
limeters away from the site of stimulstion consistently failed to
record an increase in contractile force.

The effects of train intensity on myocardial contractile force

were systematically studied in eight animals in which an arch was
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FIGURE T
TYPICAL RESPONSE OF THE RIGHT VENTRICLE TO

STIMULUS TRAINS OF VARIOUS INTENSITY

S5ma 10 ma 20 ma

RVCF1 g

5 ma 10ma 20 ma

Two strain gauge arch recordings are shown along with an arter-
ial blood pressure trace. The proximal arch (RVCFl) was sutured to
the right ventricular outflow tract (Figure 2). The distal arch
(RVCF2) was placed about seven millimeters below the proximal arch.
In panel A, stimulus trains of 5, 10 and 20 ma were delivered through
the proximal arch, while in panel B, the same trains were delivered
through the distal arch. The responses were highly localized such
that the greatest increase in contractile force was obtained from the
arch which served as the stimulation site. The sudden surge in con-
tractile force during the 20 ma trains in panel B was due to post-
extrasystolic potentiation following a premature contraction.
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sutured to approximately the same locaticn on the right ventricular
outflow tract (Figure 2). The trains consisted of 10 pulses (2 msec,
100 Hz) and were delivered during each cardizc cycle. The intensity
of the trains was set initially at 1 ma and increased every 30 sec-
cnds to a maximum of 20 ma. Figure 8 shows a plot of the mean + SE
increases in contractile force as a function c¢f the current intensity
of the trains. It is evident that contractile force increased in a
nonlinear manner with each step increase in current. The data in
Figure 8 were subjected to a one-way analysis of variance, and the
resultant ¥ value showed significance at the .01 level. A paired
t-test was used to compare individual means. The t-test indicated
that the increase in contractile force in response to 1 ma trains
(31 + 14%) was significantly less (p<.005) than the increase pro-
duced by 5 ma trains (116 + 20%). Furthermore, the increase at 10 ma
(183 + 23%) was significantly different (p <.005) from both the in-
crease at 5 ma and the increase at 20 ma (260 + 37%).

The group of animals used to evaluate the effects of current
intensity on right ventricular contractile force was also used to
determine the effects of variations in stimulus duration, polarity,
and fregquency. With the current level of the trains held constant
at 10 ma, pulse durations were varied between .01l msec and 5 msec.
Contractile force started to increase at an average pulse duration
of .3 + .1 msec and became meximal at a duraticn of 2 msec. With
pulse duration, frequency, and current intensity held constant,

changes in polarity of the strain gauge arch electrode (catheodal to
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FIGURE 8
QUANTITATIVE EVALUATION OF THE EFFECT OF STIMULUS

STRENGTH ON CONTRACTILE FORCE
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The abscissa shows the current strength of stimulus trains
delivered to the right ventricular conus through a strain gauge arch,
while the ordinate depicts the percentage increase in local contrac-
tile force recorded by the arch. ZEach point represents the mean * SE
increase determined in eight different animals. Paired t-tests fol-
lowing a one-way analysis of variance indicated that the increase in
relative contractile force associated with each step increase in
current was statistically significant (p<.005).
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anodal) did not alter the increases in contractile force. In three
znimals the increases in contractilé force produced by trains of
five pulses (2 msec, 10 ma) at a frequency of 50 Hz were compared to
changes produced by the same trains delivered at a freguency of
100 Hz. Identical increases in contractile force were cbserved at
both stimulation frequencies.

Figure 9 shows the response of an animal to trains of stimulil
following blockade of beta-adrenergic receptors with propranolol
(2.5 mg/kg). The artefacts in the left ventricular electrogram
(LVE) at the bottom of the figure indicated the onset of the trains
of stimuli. 1In panel A, delivery of 10 ma trains (10 pulses, 2 msec,
100 Hz) to the right ventricle resulted in a 15% decrease in con-
tractile force (RVCF). Although not shown in the figure, prior to
beta~adrenergic blockade, the same trains resulted in a 187% increase
in contractile force. In panel B, the trains were delivered to the
left ventricle resulting in little change iﬂ local contractile force
(LVCF). However, before propranclol the same trains produced a 1357
increase in left ventricular contractile force. Panels C and D were
recorded in the same animal following the administraticn of atropine
(.2 mg/kg). An increase in contractile force of about L40% was ob-
served in response to trains delivered to the right ventricle (panel C)
and the left ventricle (panel D). Since the responses shown in panels
C and D were obtained within 15 minutes following the responses in
panels A and C, it was likely that the responses cbserved were related
to the muscarinic blocking effects of atropine rather than a decrease

in the plasma concentration of propranclol.
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FIGURE 9

TYPICAL RESPONSE OF THE VENTRICLES TO STIMULUS

TRAINS FOLLOWING BETA-ADRENERGIC BLOCKADE

130 secl

Strain gauge arch recordings are shown from the right (RVCF)
and left (LVCF) ventricle along with pulsatile and mean arterial
blood pressure. The artefacts in the left ventricular electrogram
(LVE) in the bottom channel indicate the timing of the stimulus trains.
Panels A and B were obtained in the presence of propranolol (2.5 mg/kg),
while panels C and D were obtained in the presence of both propranolol
and atropine (.2 mg/kg). In panel A, 10 ma trains delivered to the
right ventricle resulted in a 15% decrease in local contractile force.
In panel B, the same trains delivered to the left ventricle did not
alter contractile force. Following the administration of atropine,
the 10 ma trains produced a 40% increase in both right (panel C) and
left (panel D) ventricular contractile force. The responses shown in
panels C and D were obtained within 15 minutes of the responses shown
in panels A and B.



Administration of propranclol resulted in s dose-dependent
reduction in the magnitude of the pésitive inotropic response to trains
of stimuli in eight different animals. Doses of 2 to 3 mg/kg were re-
gquired to totally abolish the positive inotropic responses to 10 ma
trains of stimuli. At these high doses of propranoclol, a small nega-
tive inotropic responses (5-20%) was observed in the right ventricle
in six of eight animals, while a2 decrease in left ventricular con-
tractile fcorce was cbserved in only three of the eight animals.

The effect of atrcpine (in the absence of propranolol) on the
inotropic responses to trains ¢f stimuli was also evaluated in eight
animals. Figure 10 shows the mean * SE contractile force changes of
the two ventricles in response to trains of stimuli delivered Tefore
and after atropine (.2 mg/kg). The trains consisted of 10 pulses
{2 msec, 100 Hz) and were delivered for 30 seconds at a current inten-
sity which was sufficient %o produée an increase in contractile force
cf 70 to 100% under control conditions. To insure reproducibility,
each stimulation was repeated twice and the sequence in which the two
ventricles were stimulated was randomized. The duplicate trials did
not vary by more than 10%. As shown in Figure 10, the increase in
contractile force under control conditicns was 87 + L% in the right
ventricle and 81 j_S% in the left ventricle. Following atropine, the
same trains of stimuli increased right ventricular contractile force
by 121 1.9% and left ventricular contrasctile force by 112 i_6%. A
paired t-test showed both changes to be highly significant (p <.01).

In eight of the chronically denervated animals and eight of the

sham-coperated animals, 10 ma trains cf stimuli were delivered to both
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FIGURE 10
QUANTITATIVE EFFECT OF ATROPINE ON THE INOTROPIC RESPONSE

OF THE VENTRICLES TO TRAINS OF STIMULI
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The bars represent the mean + SE increase in contractile force
of both the right (RV) and left (LV) ventricle in eight animals. The
open bars represent the contrcl response to trains of stimuli, while
the stippled bars represent the response following atropine (.2 mg/kg).
A paired t-test showed that following atropine, the stimulus trains
resulted in a significantly greater (p<.0l) contractile force change
in both chambers.
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the right and left ventricle. Figure 11 shows the contractile force

-
in

changes in response to the trains in one of the denervated animals.
panel A the trains were delivered to the right ventricle resulting in a
14% decrease in right ventricular contractile ferce (RVCV). Applica-
tion of the trains to the left ventricle resulted in a 2% increase in
contractile force (LVCF) as shown in panel B. Since the increase in
contractile force in panél B develcoped immediately with the onset of
the stimuli and disappeared immediately upon termination of the stimu-
11, it is deoubtful that local autonomic mediators were involved.
Panels C and D were obtained in the same animal five minutes after the
administraticn of atropine (.2 mg/kg). Delivery of trains of stimuli
to the right ventricle after atropine (panel C) did not result in the
negative inotropic response observed under control conditions (panel A).
The response of the left ventricle following atropine (panel D) was
not different from the control response (panel B).

The absence of a significant positive inotropic response to
trains of stimuli was a consistent finding in all of the denervated
animals. In three of the eight denervated animaels a slight negative
inctropic response (5-15%) was observed in response to trains of stimuli
applied to the right ventricle, while none of the animals displayed =
negative inotropic response to itrains applied to the left ventricle.
The sham-operated control animals all demonstrated positive inoctropic
responses of at least 50 to 100% in response to 10 ma trains. Cate-
cholamine analysis of multiple tissue samples taken from both ventricles
in six of the denervated animals showed norepinephrine levels of

01 to .05 ug/g. Similar samples taken from six of the sham-cperated
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FIGURE 11

INOTROPIC RESPONSE OF A CHRONICALLY DENERVATED

HEART TO TRAINS OF STIMULI

A B
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Strain gauge arch recordings from the left (LVCF) and right
(RVCF) ventricles are shown along with arterial blood pressure.
time line with a stimulus mark is shown below the RVCF recording.
panel A, 10 ma trains were delivered to the right ventricle result-
ing in a 14% decrease in contractile force. In panel B, the same
trains, delivered to the left ventricle, resulted in little change in
contractile force. Panels C and D were recorded during the delivery
of trains of stimuli to the right (C) and left (D) ventricles five
minutes following the administration of atropine (.2 mg/kg). Atropine
eliminated the negative inotropic response in the right ventricle and
did not alter the response in the left ventricle.

A
In
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control animals showed norepinephrine levels of .5 to 1.2 ug/g.

Since the electrical testing of cardiac vulnerability to fibril-
lation involves the intermitient delivery of current to the myocardium,
several experiments were performed to determine if contractility
changes were associated with the delivery of trains of stimuli or
single stimuli to the myocardium at six second intervals. Figure 12
shows a typical experiment in which trains of stimuli and single
stimuli were delivered to the ventricles during a single cardiac cycle
once every six seconds. Iﬁ panel A, a 10 pulse train (10 ma, L msec,
100 Hz) was delivered to the left ventricle. The artefacts in the
left ventricular electrogram (LVE) indicated the +timing of the trains.
After the first few trains, left ventricular contractile force (LVCF)
increased to a steady state level which was T0% greater than control.
In panel B, the same trains as in A were delivered to the right ven-
tricle resulting in & 19L4% increase in local contractile force (RVCF).
Single stimyli (10 msec, 10 ma) were delivered to the right ventricle
in panel C resulting in a 30% increase in right ventricular contractile
force. Panel D was obtained five minutes following the administration
of propranolol (.5 mg/kg) and illustrates the tctal sbsence of changes
in contractile force in response to trains of stimuli delivered to the
right ventricle. Although not shown in the figure, propranoclcl also
eliminated the contractile force changes shown in panels A and C.

Figure 13 shows a quantitative comparison of the changes in con-
tractile force produced by trains (10 ma, 4 msec, 100 Hz) to the changes
produced by single stimuli (10 ma, 10 msec). Each train or single

stimulus was delivered once every six seconds for a total pericd of
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FIGURE 12
TYPICAL INOTROPIC RESPONSE TO STIMULUS TRAINS AND SINGLE

STIMULI DELIVERED AT SIX SECOND INTERVALS
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Contractile force recordings are shown from both the right (RVCF)
and left (LVCF) ventricles along with an arterial blood pressure trace.
The artefacts in the left ventricular electrogram (LVE) in the bottom
channel mark the onset of the stimuli. In panel A, 10 ma trains,
delivered to the left ventricle, resulted in a 70% increase in local
contractile force. In panel B, 10 ma trains were delivered to the
right ventricle resulting in a 194% increase in local contractile
force. In panel C, 10 ma single stimuli were delivered to the right
ventricle resulting in a 30% increase in local contractile force.

Panel D was obtained five minutes following the administration of
propranclol (.5 mg/kg) and shows the total elimination of a positive
inotropic resonse during the delivery of 10 ma trains to the right
ventricle. Although not shown in the figure, the positive inotropic
resopnses in panels A and C were alsc eliminated by propranolcel.
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FIGURE 13
COMPARISON OF THE INOTROPIC EFFECTS OF

STIMULUS TRAINS TO SINGLE STIMULI
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Each bar represents the mean + SE increase in local contractile
force during a 60 second period of stimulation. Successive trains (t)
or single stimuli (s) were separated by a six second recovery period as
shown in Figure 12. The data were obtained from a total of 16 animals
with eight animals used to compare the two types of stimuli in each
ventricle. A two-way analysis of variance followed by a Scheffe test
indicated that in both ventricles the relative increase in contractile
force in response to trains was significantly greater (p<.0l) than the
increase produced by single stimuli. Furthermore, the increase in
right ventricular contractile force in response to trains was signi-
ficantly greater than the increase in left ventricular contractile
force (p<.05), while no significant difference (p>.05) was found
between the response of the two ventricles to single stimuli.
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60 seconds. The sequence in which the stimulations were performed
was randomized, and each period of stimulation was repeated at least
twice. Contractile force began to increase approximately two seconds
following the first stimulus and achieved a steady state after the
first three or four stimulli. The bars in Figure 13 represent the
mean * SE increases of steady state contractile force in eight animals.
The results were subjected to a two-way anzlysis of variance. The
analysis of variance indicated that a significant interaction (p< .05)
was present between the variables; therefore, the significance of dif-
ferences between means was determined using a Scheffe test. The
increase in right ventricular contractile force in response tc trains
(117 + 18%) was significantly greater (p<.0l) than the increase pro-
duced by single stimuli (12 + 3%). Likewise, the increase in left
ventricular force in response to trains (68 + 10%) was significantly
greater than the increase produced by single stimuli (8 + 3%). With
trains of stimull, the right ventricular response was significantly
greater (p<.05) than the left while no significant difference (p>.05)
was found between the response of the two ventricles to single stimuli.

B. Ventricular Fibrillation Threshclds

The observation of changes in local myocardial contractile force
in response %o electrical stimulation of the myocardium raises the
gquesticn of whether release of local autcnomic mediators influence the
current required to evoke ventricular fibrillation. Therefore, ven-
tricular fibrillation thresholds were determined by the delivery of a
train of stimuli to the myocardium during its vulnerable period and

compared to the thresholds obtained by scanning the vulnerable period



with a single stimulus.

Figure 14 illustrates a typicél experiment in which a ventricu-
Jar fibrillation threshold was determined by the delivery of trains
of stimuli {14 pulses, U4 msec, 100 Hz) to the left ventricle. The
current intensity (milliémperes) of each train is indicated by the
numbers above the premature beats in the left ventricular elsctro-
gram (LVE). It is evident that the number of multiple extrasystoles
evcked by a train increased as the Intensity of the trains increased
until fibrillaticn was produced with a train of 18 ma. The record
shows only the last four trains in a series of 27 trains which were
started at 5 ma and increased by .5 ma increments. Following defibril-
lation of the animal and a 15 minute recovery period, the identical
fibrillation threshold was obtained when only a total of nine trains
were delivered starting at a current intensity of 14 ma. In general,
it was found that the fibrillation threshold, measured with either
trains of stimuli or single stimuli, was independent of the total
number of stimuli delivered as long as at least six to 10 stimuli
were delivered before fibtrillation ocecurred. When fibrillation was
evoked with less than six stimuli the thresholds tended to be unstable.

Figure 15 shows a gquantitative comparison of fibrillation thresh-
0lds measured with trains to thresholds measured with single stimuli
at both a right and left ventricular stimulating site. The data in
the figure were obtained from a total of 32 animals, with each bar
representing the mean + SE fibrillation threshold for eight different

animals. Five animals were excluded from the study due to unstavle
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FIGURE 1k

A TYPICAL EXAMPLE OF A FIBRILLATION THRESHOLD

DETERMINED WITH TRAINS OF STIMULI

LVE

A lead II ECG and a unipolar left ventricular electrogram (LVE)
are shown along with an arterial blood pressure trace. The numbers
above the left ventricular electrogram indicate the current intensity
of stimulus trains (14 pulses, 4 msec, 100 Hz) delivered at six second
intervals to the left ventricle. The number of mulitiple extrasystoles
evoked by the trains increased as the intensity of the trains was
increased until fibrillation was evoked with a train of 18 ma. The
record shows only the last four trains in a series of 27 trains that
were started at 5 ma and increased by .5 ma increments.
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FIGURE 15
COMPARISON OF TRAIN FIBRILLATION TERESHOLDS

TO SINGLE-STIMULUS THRESHOLDS
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Each bar represents the mean #+ SE fibrillation threshold (ma)
determined in eight animals. A separate group of eight animals was
used for each of the fcur determinations. The four groups of data
were subjected to a two-way analysis of variance followed by an
F-test. The fibrillation thresholds measured with trains (t) were
found to be significantly less (p<.0l) than the thresholds measured
with single stimuli (s), while the thresholds measured at the right
ventricular site (RV) were found to be significantly less (p<.01)
than the thresholds measured at the left site (LV).
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thresholds. The four groups of data in Figure 15 were subjected to a
two-way analysis of variance to test'the significance of effects due
to the site of stimulation (RV vs LV) and method of stimulation {(trains
vs single stimuli). Fibrillation thresholds measured at the right ven-
tricular site were found to be significantly less (p<.0l) than the
thresholds measured at the left ventricular site, while the threshoclds
measured with trains were significantly less (p<.0l) than the thresh-
¢lds measured with single stimuli. Furthermore, there was no signifi-
cant interaction (p>.05) between the two varisbles.

Following the control measurements shown in Figure 15, provranolol
(.5 mg/kg) was administered and the fibrillation threshold measurements
were repeated. Beta-adrenergic blockade increased the right ventricu-
lar train threshold from 7.0 + .9 ma to 21.6 + 1.9 ma and the single
stimulus threshold from 15.2 + 1.9 ma to 19.4 + 2.1 ma. At the left
ventricular site, the train threshold increased from 14.k + 1.6 ma to
39.5 + 2.4 ma, while the single stimulus threshold increased from
23.7 + 1.5 ma to 30.2 * 1.8 ma. A paired t-test indicated that each
change in threshold produced by propranolol was statistically signifi-
cant. The adequacy of the beta-adrenergic blockade was tested in each
animal by the delivery of 10 ma trains (10 pulses, L msec, 100 Hz) at
six second intervals to the right ventricle via a strain gauge arch
electrode. The presence of beta-vblockade was indiceted in each animal
Ly the absence of a change in contractile force during a 60 second
stimulation pericd (Figure 12).

To compare the relative increases in fibrillation threshold

following administraticn of propranoclol, the change in each animal was
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expressed as a percentage increase above thé control threshold. The
mean *+ SE percentage increases in fiﬁrillation threshold are depicted
by the bar graph in Figure 16. At both stimulation sites the relative
increase in the threshold measured with trains was about seven times
greater than the relative increase in the threshold measured with
single stimuli. A two-way analysis of variance applied fo the four
groups of data in the figure indicated that the difference due to the
method of stimulation (trains vs single stimuli) was highly significant
(p<.01) and independent of the stimulation site (probably of variable
interaction >.05). The analysis of variance also showed that there was
no significant difference (p>.05) between the relative increase in the
right ventricular threshold and the relative increase in the left ven-
tricular threshold.

In addition to an elevation of the ventricular fibrillatiocn
threshold, administration of propranoclol resulted in some slight
hemodynamic changes. In the 32 animals used tc cbtain Figures 15 and
16, propranclol resulted in a decrease in spontaneous heart rate from
127 + L to 120 + 5 b/m (p<.05). With heart rate held constant, there
was a decrease in right ventricular contractile force of 19 1'3%, and
a slight decrease in mean arterial blood pressﬁre from 110 + 3 to
108 + L mm Hg (p>.1). In nine of the 32 enimals, the diastolic excita-
bility threshold was measured before and after propranolol. The thresh-
old increased from .071 + .06 to .0T6 + .06 ma; however, the increase
was not statiétically significant (p>.1).

In addition to the effects of beta-adrenergic blockade, the

effects of cholinergic blockade on vulnerability to fibrillation was
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FIGURE 16
EFFECT OF PROPRANOLOL ON TRAIN FIBRILLATION THRESHOLDS

COMPARED TO SINGLE-STIMULUS THRESHOLDS
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Each bar represents the mean #* SE percentage increase in the
fibrillation threshold above control in response to propranolcl
(.5 mg/kg). A two-way analysis of variance followed by an F-test
indicated that the relative increase in the fibrillation threshold
measured with trains was significantly greater (p<.0l) than the rel-
ative increase in the single-stimulus threshold. Furthermore, with
either stimulation technique there was no significant difference
(p<.05) between the relative increase in the fibrillation threshold
measured at the right ventricular site compared to the left ventri-
cular site.
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determined in eight animals. These animals were a separate group
from those used to obtain the data sﬁown in Figures 15 and 16. The
fibrillation thresholds were determined with trains of stimuli at the
right ventricular site before and after administration of atropine
(.2 mg/ke). Under control conditions, the fibrillation threshold was
found to be 7.8 + .8 ma, a value not significantly different (p>.1)
from the corresponding control threshold shown in Figure 15. Following
the administration of atropine, the fibrillation threshold fell to
6.0 + .8 ma. However, the difference between the two means did not
reach statistical significance (.l>p>.05). The adequacy of muscarinic
blockade was indicated in each animal by the lack of a heart rate
change in response to a 10 second stimulation of the distal end of
the right cervical vagus (10 volts, 20 Hz, .5 msec).

The results of fibrillation threshold determinations with trains
of stimuli in the chronically denervated and sham-cperated control
animals axe shown in Figure 17. Each bar represents the mean + SE
fibrillation threshold determined for eight animals. The same animals
were used to determine the fibrillation threshold at both a right and
left ventricular site. The results from one denervated and cne sham-
operated animal were nct included due to unstable fibriliation thresh-
0lds. The paced heart rate (150 * 6 b/m) and mean arterial blood
pressure (107 + 3 mm Hg) of the denervated animals were not signifi-
cantly different (p>.1) from the paced heart rate (149 + L b/m) and
mean arterial blood pressure (103 + 3 mm Hg) of the sham~operated

control animals. TFurthermore, the diastclic excitability threshold

of the denervated hearts (.0€7 + .005 ma) was not significantly
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FIGURE 17
EFFECT OF CHRONIC CARDIAC DENERVATION ON

TRATIN FIBRILLATION THRESHOLDS
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Each bar represents the mean + SE fibrillaticn threshold (ma)
determined in eight animals. In each denervated or sham-operated
animal the thresholds were determined at both a right (RV) and left
(LV) ventricular site. The four groups of data were subjected to a
two-way analysis of variance followed by an F-test. The fibrillation _
thresholds of the denervated hearts were found to be significantl
greater (p<.0l) than the sham-operated hearts, while the thresholds
measured at the right ventricular site were significantly less (p<.0l)

than thresholds at the left site.
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dgifferent (p>.1) from the diastolic threshold of the sham-operated
nearts (.068 + .008 ma). As shown in Figure 17, the fibrillaticn
+hreshold measured at either site in the denervated animals was about
three times greater than the threshold of the corresponding ventricle
in the sham-cperated animals. A two-way analysis of variance indi-
cated that the elevation of the ventricular fibrillation threshold
produced by chronic cardiac denervaticn was highly significant
(p<.01) and independent of the site of stimulation (probability of
variable interaction >.05). Furthermore, in both groups of animals
the fibrillation threshold measured at the right ventricular site
was significantly less (p<.0l) than the threshold measured a%t the
left veniricular site.

In six of the chronically denervated animals, fibrillation
thresholds were determined at the right ventricular site following
the administration of propranoclol (.5 mg/kg). Beta-adrenergic block-
ade in these animals increased the fibrillation threshold from
17.8 + 1.4k ma to 19.5 + 2.4 ma. A paired t-test indicated that the
increase was not statistically significant (.1>p>.05). 1In contrast
to the small change in fibrillation threshold, provranolol signifi-
cantly slowed the spontanecus heart rate of the denervated animals
from 140 + 10 to 116 + § b/m (p<.05). With the heart rate held
constant, right ventriculaf)contractile force fell by 23 + 5%, and
mean arterial blood pressure showed a slight decrease (109 + & to
108 + 5 mm Hg) which did not achieve statistical significance
(p>.1). The adequacy of beta-blockade was indicated in each animal

by the absence of & heart rate response following the administration
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of norepinephrine (.2 ug/kg).

2. Electrographic Analysis of the Initiaticn of Fibrilation

]

The application of high intensity currents to the ventricles
during the vulnerable period of the cardiac cyele resulted in the
appearance of considerable abnormal extracellular electrical activity.
Figure 18 illustrates a typical experiment in which abnormal local
electrical activity was observed following the delivery of a single
stimulus (10 msec) to the right ventricle during the vulnerable
period of the cardiac cycle. The record shows a surface ECG (lead II)
and two bipolar electrograms (RVEl and RVE2) recorded from electrodes
contiguous to the stimulating electrode (Figure 5). In panel A, while
heart rate was paced at 120 b/m, a 4 ma stimulus was delivered 180 msec
after the intrinsic deflection of RVE2. A stimulus artefact can can be
seen in all three traces with the largest artefact occurring in the
local bipolar electrograms. Following the stimulus artefact, a single
premature ventricular complex was observed in the surface ECG while
beth local electrograms showed fractionated complexes which lasted
three times as long as the preceding control complexes. In panel B,
the current intensity of the stimulus was increased to 10 ma resulting
in the production of two closely coupled extrasystoles in the surface
ECG. Both of the local electrograms displayed multiple disorganized
electrical complexes whicﬁ spanned the interval from the stimulus to
the onset of the R-wave of the second extrasystole in the ECG.

Figure 19 shows a record from another experiment in which
abnormal, local electrical activity resulted from ventricular stimu-

lation during the vulnerable period of the cardiac cycle. Panel A
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FIGURE 18
ABNORMAL LOCAL ELECTRICAL ACTIVITY FOLLOWING

VULNERABLE PERIOD STIMULATION
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Two bipolar electrograms from the right ventricle (RVEl and RVE2)
are shown along with a lead II ECG. The bipolar electrograms were
recorded from electrodes contiguous to a pair of stimulating electrodes
(Figure 5). The atria were driven at a basic cycle length of 500 msec.
Following the control cycle in panel A, a 4 ma stimulus was delivered
to the right ventricle 180 msec after the intrinsic deflection of the
basic resopnse in RVE2. A single premature systole appeared in the
ECG while both bipolar electrograms showed some abnormal electrical
activity lasting for about 75 msec following recovery from the stimulus
artefact. In panel B, the stimulus strength was increased to 10 ma
resulting in two premature ventricular systoles. The bipolar electro-
grams showed continuous, disorganized electrical activity which spanned
the interval in the ECG between the two premature beats.
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FIGURE 19
ABNORMAI, LOCAL ELECTRICAL ACTIVITY PRECEDING

THE DEVELOPMENT OF FIBRILLATION
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The electrograms shown are the same as in Figure 18 with the
the addition of a bipolar electrogram recorded from the anterior sur-
face of the left ventricle (LVE). The atria were driven at a basic
cycle length of 395 msec as shown in panel A. In panel B, a 20 ma
stimulus was delivered 127 msec following the intrinsic deflection of
the basic response in RVEl. The stimulus resulted in a series of
accelerating extrasystoles which degenerated into sustained fibrilla-
tion. The left ventricular electrogram showed only uniform activation
complexes during the initial cycles of the arrhythmia. The first
activation complex that could be identified in RVE1l (arrow) was fol-
lowed 50 msec later by continuous, disorganized electrical activity.
Although some uniform complexes were identifiable in RVE2 (arrows),
the complexes were bridged by continuous, disorganized electrical
activity.
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shows an ECG {(lead II) and three local bipolar eiectrograms recorded
during a control cycle (cycle length'395 msec). The two right ven-
tricular electrograms (RVELl and RVE2) were recorded from electrodes
contiguous to the stimulating electrodes, while the left ventricular
electrogram (LVE) was recorded from z pair of electrodes located in
the anterior epicardium of the left ventricle (Figure 5). In panel B,
a 20 ma stimulus (10 msec) was delivered to the right ventricle
127 msec following the intrinsic deflection of RVEL. The stimulus
resulted in a series of multiple extrasystoles which degenerated
into sustained fibrillation. TFollowing a large stimulus artefact,

a single uniform activation complex was observed in RVEL (arrow)
which was followed 50 msec later by continuous, disorganized elec-
trical activity. In contrast to the total discrganization of elec-
trical activity in RVELl, some uniform activation complexes could be
identified in RVE2 (arrows). However, the uniform activation com-
plexes were bridged by continuous, disorganized electrical activity.
Continuous, local electrical sctivity was not observed in the left
ventricle (LVE), althcough the activation complexes demonstrated a
marked increased in amplitude and duration as the initial tachycardia
degenerated to fibrillation.

Results similar to those shown in Figures 18 and 19 were ob-
served in 10 different animals. As the current intensity of single
stimulus delivered during the vulnerable periocd was increased, there
was an increase in the duration of disorganized electrical activity
recorded from the vicinity of the stimulating electrode. When the

intensity of the stimuli became sufficient to evcke multiple
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extrasystoles, the local electrical activity became continuous, bridg-
ing the interval between successive bremature beats. Disappearance

of the local disorganized electrical activity was always followed
immediately by termination of the extrasystoles. Continuation of

the local, disorganized electrical activity led to sustained fibril-
lation.

To determine if the disorganized electrical activity associated
with multiple extrasystoles and fibrillation was confined to the local
vicinity of the stimulating electrode, several experiments were per-
formed in which multiple electrograms were recorded frcm the right
ventricle. Figure 20 shows a record from an experiment in which four
electrograms were monitored from the right wventricle. Two of the
electrograns were recorded from electrodes placed six millimeters
above (RVED and 15 millimeters below (RVE2) the stimulating electrode.
The remeining two electrograms (RVE3 and RVEL) were obtained from
electrodes contiguous to the stimulating electrodes. A left ventricu-
lar electrogram (LVE) and ECG are also shown. The figure shows a
control cycle (cycle length 465 msec) followed by a 15 me stimulus
delivered 150 msec after the intrinsic deflection of RVE3. The stimu-
lus resulted in three premature ventricular systoles followed by a
premature supraventricular systole. The first ventricular extrasys-
tole was & direct result of the stimulus current, while the second and
third extrasystole were spontaneocus. The arrows above the three local
electrograms recorded away from the direct site of stimulation (LVE,
RVELl and RVE2) indicate the activaticn complexes associated with each

ventricular extrasystole. Although these complexes demcnstrated scme
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FIGURE 20
AREA OF TISSUE INVOLVED IN THE GENESIS OF

ABNORMAL ELECTRICAL ACTIVITY
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FIGURE 20

LEGEND

Five bipolar electrograms are shown along with a lead II ECG.
The electrodes used to record RVE3 and RVEL were placed in close
proximity to the stimulating electrodes (Figure 5). The two other
right ventricular electrograms were recorded from electrode pairs
placed six millimeters above (RVEL) and 15 millimeters below (RVE2)
the stimulating electrodes. The remaining electrogram (LVE) was
recorded Trom the antericr surface of the left ventricle. Following
a control cycle (cycle length 465 msec),a 15 ma stimulus was delivered
to the right ventricle 150 msec after the intrinsic deflecticn of the
control response in RVE3. The stimulus resulted in three premature
ventricular systoles followed bty a premature supraventricular systole.
The arrows in LVE, RVEl and RVEZ2 indicate the activation complexes
associated with each ventricular extrasystole. The appearance of
continuous, disorganized complexes in RVE3 and RVEL suzgests that the
abnormal electrical activity induced by the stimulus was confined,
at least intially, to a small area surrounding the stimulating elec-
trodes.
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degree of aberrancy compared to the control complexes, the electrical
potentials recorded returned rapidly to baseline following each complex.
The similar activation sequence (RVE1-RVE2-LVE) for each extrasystole
suggested that all of the ventricular extrasystoles arcose from foci
near the stimulating electrodes. In contrast to the uniform activa-
tion complexes in RVEl, RVE2 and LVE, both RVE3 and RVE4 showed con-
tinuous, disorganized electrical activity which appeared immediately
following the stimulus artefact and preceded the development of two
spontanecus extrasystoles.

The highly local nature of the disorganized electrical activity
(Figure 20) resulting from the application of high intensity currents
during the wvulrerable period suggested that the abnormal activity may
have been an artefact of the stimulus. This possibility was tested
in four animals, but was eliminated by the finding that local, dis-
crganized electrical activity did not appear following stimulstion
of the heart outside of its vulnerable pericd. Figure 21 shows a
record typical of the responses observed in these four animals.

Panel A shows a control trace of five local electrograms along with

a surface ECG. The first two right ventricular electrograms (RVEL

and RVE2) were recorded from the vicinity of the stimulating electrode,
while the third and fourth right ventricular electrograms were re-
corded 20 millimeters below (RVE3) end six millimeters above (RVEL)

the stimulating electrodes. In panel B, a 10 ma stimulus was deliv-
ered 190 msec following the intrinsic deflection of the control complex
in RVE2. The appearance of a closely coupled spontanecus extrasystole

following the stimulus-induced extrasystole indicated that the stimulus



FIGURE 21

RELATIONSHIP OF ABNOEMAL LOCAL ELECTRICAL

ACTIVITY TO THE V@IERABLE PERIOD
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TGURE 21

LEGEND

Five bipolar electrograms are shown along with a lead II ECG.
RVEl and RVEZ2 were recorded from the immediate vicinity of the stim-
ulating electrcdes. The two other right ventricular electrcgrams
were recorded from electrode pairs placed six millimeters above (RVEL)
and 20 millimeters below (RVE3) the stimulating electrodes. The
remaining electrogram (LVE) was recorded from the anterior surface of
the left ventricle. A control cycle is shown in panel A, while panel
3 shows two ventricular extrasystoles in response to a 10 ma stimulus
delivered during the vulnerable period (coupling interval 190 msec).
Disorganized electrical activity bridging the interval between the
two extrasystoles was apparent only in RVEL and RVE2. In panel C, the
same stimulus was delivered earlier in the relative refracitory pericd
(coupling interval 147 msec) resulting in only a single ventricular
response. The latency from the stimuius to the onset of negativity
in RVE3 was 82 msec which was 45 msec longer than the stimulus-response
latency in panel B. Although some discrganized electrical activity
was recorded in RVEL and RVE2 in panel C, the activity disappeared
shortly following the onset of negativity in RVE3 and RVEL. In panel
D, the 10 ma stimuluswas delivered at the end of the T-wave (coupling
interval 248 msec) resulting in a single premature response. The
longer coupling interval, as compared to panels B and C, was asso-
clated with a shorter stimulus-response latency (19 msec in RVE3).
Furthermore, in panel D, no disorganized electrical activity could
be identified in RVEL or RVEZ2 following recovery from the stimulus
artefact.
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fell during the vulnerable pericd of the cardiac cycle. The latency
from the onset of the stimulus to the intrinsic deflection of the first
extrasystole in RVE3 was 37 msec. Disorganized electrical activity,
bridging the interval between the two extrasystoles, was observed only
in RVEl and RVE2. In panel C, the same stimulus was delivered earlier
in the relative refractory period at a coupling interval cf 1L7 msec.
The stimulus was follcwed by a single ventricular extrasystole. The
latency from the stimulus to the cnset of the local activation complex
in RVE3 was 87 msec. This was 45 msec longer than the stimulus-
response latency shown in panel B. The longer stimulus-response
latency in panel C probably resulted from extremely slow impulse con-
duction away from the stimulation site due to excitation of myocardial
cells very early in their relative refractory period (L49). Although
some disorganized electrical activity was recorded in RVEL and RVEZ
immediately following the disappearance of the stimulus artefact, the
activity disappeared shortly following the onset of negativity in
RVE3 and RVEL. In panel D, the 10 ma stimulus was delivered at a
coupling interval of 2L8 msec resulting in a single ventricular extra-
systcle. The longer coupling interval as compared to panels B and C
was associated with a shorter stimulus-response latency (19 msec in
RVE3). The shorter stimulus-response latency was probably due to the

-
greater excitability and conduction velocity of the more completely
repolarized fibers. In contrast to the disorganized electrical activity
follcwing the stimulus in panel B, the RVELl and RVE2 electrograms in

panel D returned to isopotential following the stimulus artefact.

n

1=

Local disorganized electrical activity similar to that shown
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Figures 18-21 was also observed in four animals in which trains of
stimuli were used to evoke multiple éxtrasystoles and fibrillaticn.
Figure 22 shows the response of the same animal used to obtain the
record for Figure 21 to a train of 1L pulses (4 msec, 100 Hz) deliv-
ered at a current intensity of 5 ma. The two pairs of recording
electrodes contiguous to the stimulating electrodes (RVELl and RVE2)

P2

showed continuous disorganized electrical activity between the first

and second extrasystoles, while the electrograms recorded away from
+the direct site of stimulation (LVE, RVE3 and RVEL) showed only dis-
rete activation complexes. Once the multiple extrasystoles had
degenerated into sustained fibrillation, all of the local electro-

grams displayed continuous disorganized electrical activity.
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FIGURE 22
ABNORMAL LOCAL ELECTRICAL ACTIVITY EVOKED

BY A TRAIN OF STIMULI
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The electrical recordings are the same as described in the
legend of Figure 21. Following a control cycle, a train of 1L pulses
(4 msec, 100 Hz) was delivered to the right ventricle with a current
intensity of 5 ma. The train resulted in a series of accelerating
extrasystoles which degenerated into sustained fibrillation. The
electrodes in close proximity to the stimulating electrodes (RVEL and
RVE2) recorded continucus electrical activity between the first and
second extrasystoles, while the remaining electrograms showed no
electrical activity between the first and second extrasystoles.
the extrasystoles had degenerated into sustained fibrillation,
the local electrograms showed continucus, disorganized electrica
complexes.
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CHAPTER V
DISCUSSION

A. Contractile Force Changes In Response to Electrical Stimulation

of the Myocardium

A substantial body of evidence has bteen accumulated indicating
that electrical stimuli applied to preparations of isclated ven-
tricular muscle may cause the release of autcnomic mediators by
excitation of intramyocardial nerve fibers (6, 7, 123, 128, 129).

The present set of experiments provides the first demcnstration of
this phenomenon in the intact ventricles. The positive inotropic
responses elicited by trains of stimuli (Figures 6-8) were most likely
due to the local liberation of norepinephrine. Although direct evi-
dence for the release of norepinephrine was not obtained, the elimina-
tion of the positive inotropic responses following beta-adrenergic
blockade or chronic cardiac denervation provides strong indirect

evidence for the local release of norepinephrine. The enhancement

0), and

[

of the positive inotropic respense following atropine (Figure
the appearance of = negative inotropic response in some animals follow-
ing beta-adrenergic blockade (Figure 9) or chronic cardiac denervation
(Figure 11) provides indirect evidence for the local release of ace-
tylcholine. Presumably, the two neuromediators were liberated from
autonomic nerve fibers within the myocardium as nerve fibers are the

91
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only structures in the ventricles known tc contain the neuromediators
in appreciable guantities.

The method used to stimulate intramyoccardial nerves in the
present study involved the application of trains of rectangular pulses
to the myocardium during its absolute refractory period. This method
is similar to the method used by Brady et al. (7) and by Blinks (6) to
study the effects of electrical stimuli on contractions of isclated
feline papillary muscles. Brady et al. (7) found that the application
of a train of supramaximal stimuli during the absolute refractor;
period of a papillary muscle resulted in a depression of the contrac-
tion during which the stimuli were applied and a large potentiation
of éubsequent contractions. The potentiation was eliminated by pre-
treatment of the animals with reserpine, while the depression was nct
susceptible to pharmacological blockade. The magnitude of the depres-
sion was as large as 50% of the control contractile strength and was a
direct function of the amount of charge. (current x time) delivered to
the tissue. The magnitude of the potentiation effect in response to
trains of stimulil in the present study was similar to the magnitude
of the potentiation effect reported bty Brady et al. (7). However,
no consistent evidence could be found in the present experiments for a
direct depressant effect of the stimulus current on lccal myocardial
contractile force. These results are consistent with the obtservations
of Blinks (6) tkhat the direct depressant effect of current on contrac-
tile force was never greater than 5% of control.

The beta-adrenergic blocking agent, propranolecl, has been shown
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to DpCSSess direct membrane depressant activity in addition to beta-
sdrenergic blecking porperties (4, 24, 72). The high dcses of pro-
pranOlOl (2-3 mg/kg) used in the present study (Figure 9) probably
exerted some direct depressant effects upon the myocardium (L, 2k,
72). However, high doses of propranclol were only necessary to
totally abolish the positive inotropic responses to trains of stimuli;
1ower doses (.5-1 mg/kg) consistently resulted in a significant at-
tenuation of the response. Furthermore, when the myocardium was
stimulated with trains of stimuli delivered at six second intervals
(Figure 12), the positive inotropic responses were totally abolished
at & .5 mg/kg dose of propranoclol. Presumably, a dose of this magni-
tude is free of direct membrane effects (24, T2).

Although the 100 Hz trains of stimuli delivered to the myo-
cardium in the present study appeared to liberate local stores of
norepinephrine, it was not possible to determine if the release of
norepinephrine from the terminal sympathetic nerve fibers waé able to
follow the high stimulation frequency. Brown -and Gillespie (9) stim-
ulated the postganglionic sympathetic fibers to the cat spleen and
found that the output of norepinephrine per stimulus showed a pro-
gressive decrease at frequencies greater than 40 Hz. At frequencies
of 100 Hz, they could not measure norepinephrine in the perfusate.
Roshe et al. (100) studied the pressor response to stimulation of the
left stellate ganglion and found a reversal in the response at fre-
quencies above 15 Hz, with both systolic and pulse pressures regressing

from peak levels as frequency was increased to 80 Hz. In contrast to
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the deletericus effects of high frequency stimuli con autonomic
function in the intact animal, both Brady et al. (7) and Blinks (6)
found that the positive inotropic response to a single train of
stimuli with a constant number of pulses was independent of‘frequency
at frequencies of up to 100 Hz. At frequencies greater than 100 Hz,
the positive inotropic response was attenuated. In the present experi-
ments decreasing the frequency of pulses within a train from 100 Hz
to 50 Hz, while maintaining a constant number of pulses per train,
did not alter the magnitude of the positive inotropic response.
These results along with the observations of Blinks (6) and Brady
et al. (7) suggest that the postganglionic sympathetic fiters are
capable of following high stimulation frequencies when the stimulil
are delivered in brief bursts or trains. It may well be that the
deleterious effects of high frequency stimuli (100 Hz) on norepin-
ephrine output are only demonstrative under conditions of continuous
postgénglionic stimulation.

The highly localized nature of the positive inctropic responses
to trains of stimuli (Figures 6 and 7) is consistent with the cbserva-
tions of Randall and co-workers (50, 96, 97, 116). These investiga-
tors found that excitaticn of individual thoracic nerve trunks
induced positive inotropic responses in highly localized regions of the
ventricles. Furthermore, stimulation of the stellate ganglia, follow-
ing ablation of narrow strips of epicardium resulted in obliteration
of contractility changes in very discrete areas of the ventricles.

In the present study, trains of stimuli were applied to different areas

of the ventricles through unipclar electrodes. Thus, it was likely



that during each stimulation there was current flowing throughout the
entire myocardium. However, the efficacy of a stimulus is primarily
determined by the density of current flowing within an irritable tis-
sue rather than by the absolute magnitude of the current delivered.
Since current density is always maximal at an electrode-tissue inter-~
face, sympathetic fibers close to the electrode site were presumsbly
excited with lower intensity trains of stimuli than more distant
fibers. Therefore, at low current intensities (5 ma or less) con-
tractility changes were only observed at the site of stimulation,
while at high current intensities (20 ma) responses were more gen-
eralized (Figures 6-7). Furthermore, recruitment of sympathetic
fibers at greater distances from the electrode site is the most
likely explanation for the positive correlation between the magni-
tude of a local inotropic response and the current intensity of the
stimuli (Figure 8). Increases in current intensity above 20 ma
(Figure 8) resulted in little further change in contractility which
suggests that the 20 ma stimuli resulted in near maximal recruitment
of local sympathetic fibers.

Previous studies on the sympathetic control Qf regional ven-
tricular function have shown that the percentage increase in contrac-
file force of the right ?entricular conus in response to right or
left stellate stimulastion is consistently greater than the response
of other regions of the right or left ventricles {3, 50). In the
present study, the relative increase in contractile force of the right
ventricular conus in response to 10 ma trains of stimuli was almost

7 ~

twice the magnitude of the response of the left ventricular tase o
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the same stimuli (Figure 12). Since the left ventricular base and
right ventricular conus contain similar levels of norepinephrine (2),
it is doubtful that the difference in the response of the two regions
to trains of stimuli is related to the amount of norepinephrine liver-
ated. The greater responsiveness of the right ventricular conus
might well be due to the parallel nature of the muscle fibers which
comprise this area (3, 52). In contrast to the fibers of the conus,
histologic examination of the left ventricle has shown that fiber
angles begin to change within one millimeter of the epicardium (11L).
In the present study, it is doubtful that all of the muscle fibers
encompassed by the sutures used to anchor a strain gauge arch to the
left ventricle were parallel. Thus, only a fraction of the total
force developed by some of the muscle fibers beneath an arch may
have been registered by the strain gauge.

In addition to differences in the positive inotropic response
of the two ventricles to trains of stimuli, there was also a dirf-
ference in the magnitude of the negative inotropic response of the
two ventricles to trains of stimuli in the absence of adrenergic
influences. Following beta-adrenergic blockade with propranolol,

a decrease in right ventricular contractile force in response to
trains of ;timuli was observed in T75% of a group of eight animals,
while a decrease in left ventricular contractile force was observed
in only 38% of the animals. In the chronically denervated animals,
a decrease in right ventricular contractile force was observed in

38% of the animals, while none of the animals demonstrated a decrease
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in left ventricular contractile force. The negative inotrepic
responses to trains of stimuli in both the beta-blocked and chroni-
cally denervated animals were eliminated by atropine (Figures 9 and
11), indicating that the respcnses were probably mediated by local
acetylcholine release. The more frequent negative inotropic response
in the right ventricle is consistent with the observations of Priocla
and Fulton (89). These investigators showed that efferent vagal
stimulation produced a greater relative decrease in right ventricu-
lar systolic pressure (L4-12%) in the isovolumetric canine heart than
left ventricular systolic pressure (1-10%). Furthermore, Schmid
et al. (105) found that choline acetyltransferase activity in the
right ventricle of the guinea pig heart was twice as great as the
enzyme activity in the left ventricle. Thus, the more consistent
depression of right ventricular contractile force observed in the
present experiments may well be due to a greater cholinergic nerve
density in the right ventricle.

The inconsistent negative inotropic response in the chronically
denervated animels was somewhat surprising in light of the findings of
Priola et al. (90); +that postganglicnic parasympathetic fibers sur-
viving chronic cardiac denervation are capable of depressing both
right and left ventricular contractility in isovolumetric paced
hearts. The lack of a more consistent and pronounced negative
inotrcpic response in the chronically denervated ventricles in the

present experiments may be related tc peripheral vagolytic effects

of pentobarbital (95), or possibly a change in local levels of
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acetylcholine following chronic cardiac denervaticn.

The experiments of Levy et a2l. (61) and Stanton and Vieck (113)
have demonstrated that the depressant effects of vagal stimulation on
ventricular contractility are accentuated in the presence of an ele-
vated background of sympathetic activity. Furthermore, the antago-
nism was shown to be specific for the type of enhanced contractility
produced by adrenergic interventions (63). In the present study, a

Pa

parasympathetic-sympathetic interaction may have been respcnsible for
the significant increase in contractile force in response to trains
of stimuli after blockade of only muscarinic receptors. As shown in
Figure 10, trains of stimuli delivered following atropine (.2 mg/kg)
resulted in a further increase in right ventricular contractile force
of 3L4% and a further increase in left ventricular contractile force
of 31%. These responses were more consistent and of a greater magni-
tude than the negative inotropic responses to trains cf stimuli fol-
lowing the elimination of adrenergic influences. .
The mechanisms which have been proposed to account for para-
sympathgtic-sympathetic interactions in cardiac tissue are shown
schematically in Figure 23. Loffelholz and Muscholl (68, 69) arnd
Levy (61) have shown that vagal stimulation acts through a muscarinic
receptor to inhibit the release of norepinephrine in response to sympa-
thetic stimulation. This type of interaction is represented in
Figure 23 by an inhibitory axo-axonal synapse of the vagus on the
sympathetic fiber. In addition to a reduced neuronal release of

norepinephrine, acetylcholine has also been shown to antagonize

(through a muscarinic receptor) the inotropic effects of exogenous
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MECHANISMS PROPOSED FOR PARASYMPATHETIC-SYMPATHETIC INTERACTION
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FIGURE 23

LEGEND

Schematic diagram showing the mechanisms which have been proposed
to account for the antagonism of sympathetic responses by the vagus.
As shown in the diagram, parasympathetic fibers may presynaptically
inhibit the release of norepinephrine through an axo-axonal synapse.
Alternatively, vagal activation may increase cellular levels of cyclic
guanosine monophosphate which may inhibit the effects of cyclic
adenosine monophosphate on cellular functicn.
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catecholamine (L5, 125). The mechanism for this antagonism, as shown
in Figure 23, may be an inhibition of the stimulatory effect of cyclic

AMP on the contractile force of the cell by cyelic GMP (125).

-

3. Ventricular FiBrillation Thresholds

C
O

The experiments of Wiggers and Wegria {(132) were the first
demonstrate that an appropriately timed stimulus of sufficient energy
delivered to the ventricles in late systole could result in ventricular
fibrillation. These same investigators (133) later suggested that the
minimum current intensity of a single stimulus, delivered during the
vulnerable pericd and resulting in ventricular fibrillation, provided
a gquantitative measure of ventricular vulnerability to fibrillation.

To minimize the amount of time necessary to precisely locate the
vulnerable period with a single stimulus, Han (33) introduced a
technique in which a gated series of rectangular pulses (100 Hz) was
applied to the ventricles during the T-wave of the electrocardiogram.
It was assumed that the 100 Hz train of pulses would be comparable to
a scan of the vulnerable pericd with a single pulse at 10 msec inter-
vals, and that the fibrillaticn threshold obtained would be comparable
to the value obtained with the single-~pulse technigue.

Tamargo et al. (117) compared the two technigques and found that the
Tibrillation threshold measured with a train was consistently less than
the threshold measured with a single stimulus. These investigators
considered the pecssibility that trains of stimuli might excite
adrenergic fibers close to the stimulating electrodes, thereby reduc-
ing the level of current necessary 1to evoke fibrillaticon. However,

this possibility was eliminated by the finding that propranclcl did not
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alter the fibrillation threshold measured with trains relative to the
threshold measured with single stimuli.

Verrier et al. (122) suggested that the current necessary to
produce fibrillation with a train of stimuli depended upon the time
relationship of the train relative to the protective zcne of the
cardiac cycle. The protective zone was defined as a pericd starting
10 to 15 msec after the nadir of the vulnerable period and lasting
for approximately 50 msec. It was shown that a stimulus delivered
during this period of time could inhibit or prevent the development
of ventricular fibrillation resulting from an earlier stimulus deliv-
ered during the vulnerable period. Verrier et al. (122) showed that
trains of stimuli which scanned the vulnerable period and ended dur-
ing the protective zone had substantially higher fibrillation thresholds
than trains of stimuli which ended before the onset of the protective
zone or extended beyond the end of the protective zone boundary.

In the present study, fibrillation thresholds measured with
trains of stimull were found to be significantly less than thresholids
measured with single stimuli (Figure 15). The single stimuli used to
scan the wvulernable period had a duraticn of 10 msec, which was con-
siderably longer than the 4 msec duration of individual pulses within
a train. Héd equal pulse durations been employed with both techniques,
it is likely that the difference between the fibrillation thresholds
would have been even greater. The trains of stimuli used %o test

cardiac vulnerability to fibrillation extended beyond the T-wave of
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the electrocardiogram, and thus, presumably extended beyond the
boundaries of the protective zone as defined by Verrier and co-workers

122).

N

o

Although the timing of a train relative to the) protective zone of
the cardiac cycle may be an important determinant of the fibrillation
threshold, the results of the present study indicate that the level of
current necessary to fibrillate the heart with trains of stimuli is

s

markedly altered by the local excitation of sympathetic nerves. The

Q.

importance of a local excitation of sympathetic nerves was indicate
by the observation that propranolel increased the fibrillation
threshold measured with trains by a greater relative magnitude than
the threshold measured with single stimuli. In contrast to the findings
of Tamargo et al. {(117), the relative increase in the fibrillation
threshold measured with trains at either ventricular site was approxi-
mately seven times greater than the relative increase in the single-
stimulus threshold determined at the same site (Figure 16). Further-
more, with either method of stimulation, the relative increzse in the

fibrillation threshold determined at the right ventricular site was not

o,

significantly different from the relative increase in the threshol
determined at the left ventricular site (Figure 16).

Stimulation of thoracic, cardiac, sympathetic nerves has been
shown to reduce the ventricular fibrillation threshcld measured with
either trains of stimuli (29, 54) or single stimuli (35). In the pres-
ent study, since the hearts were autonomically decentralized, a local

excitation of sympathetic fibers by the stimulus current could have

accounted for the effects of propranolol on the Tibrillation threshold
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measured with both trains of stimulil and single stimuli. A local
excitation of sympathetic fibers waé indicated by the observation that
both trains of stimuli and single stimuli increased local nmyocardial
contractile force (Figures 12 and 13). Trains of stimuli delivered to
the myocardium at six second intervals through a strain gauge arch
electrode resulted in a much greater increase of local myoccardial con-
tractile force than single stimulil delivered in g similar fashion
(Figure 13). Since the positive inotropic response to both trains and
single stimuli was eliminated by propranclol (Figure 12) it is likely
that the stimuli liberated local stores of norepinephrine, with trains
of stimuli releasing a greater amount of the catecholamine than single
stimuli. Thus, the much greater effect of propranolol on the fibril-
lation threshold determined with trains than on the threshold deter-
mined with single stimuli was probably due to the greater liberation
of local norepinephrine by the trains.

The latency from the onset of sympathetic nerve excitation to a
measurable change in sinus rate or atrioventricular conduction has been
shown to be about one to two seconds (111, 112). In the present study
a similar latency was observed between the onset of a train of stimulil
and an increase in local myocardial contractile force. Since adrener-
gic influences on ventricular vulnerabiliﬁy have been shown to be
mediated by cyclic ad;nosine monophosphate (71), it is doubtful that

ctivation of local sympathetic fibers would start to alter vulnera-
bility to fibrillaetion in less than one to two seconds. However, the
latency from the onset of a train of stimuli delivered during the

vulnerable period toc the development of multiple extrasystoles leading
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to fibrillation was invariably less than one seccnd (Figures 1L and
22). Therefore, it is doubtful that any norepinepnhrine liberated
during a given train could alter the vulnerability of the heart to that
particular train. It is possible, though, that ncrepinephrine released
during a given train might remain in sufficient quantities to alter the
vulnerability of the heart to subsequent trains. A local buildup of
norepinephrine lasting between successive trains was indicated by the
maintained increase in local myocardial contractile force observed
during a series of 10 trains (Figure 12). A gseries of 10 single
stimuli also resulted in a measurable increase in local myoccardial
contractile force which was maintained between successive stimuli
(Figure 12). Thus, a local buildup of norepinephrine might also
influence the level of current necessary to fibrillate the heart %ith
single stimuli. If a longer time interval were allowed between suc-
cessive trains or single stimuli, then more time would be available
for removal of norepinephrine and thus the adrenergic influence on
cardiac vulnerability would presumably be diminished. The failure of
Tamarge et al. {117) to demonstrate a local adrenergic influence on
ventricular fibrillation thresholds measured with trains of stimulil
may have teen due to a lack of precise control over the time interval
between successive trains.

In addition to beta-adrenergic blockade, the direct membrane
depressant effects of high doses of propranclol have been shown to
prevent non-catecholamine mediated arrhythmias (72). However, it is

doubtful that the dose of propranclcl which elevated ventricular
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fibrillation thresholds in the present study was sufficient to exert
a membrane anesthetic effect (UL, 2h; T72). The absence of a signifi-
cant change in the diastolic excitability threshold following proprancl-
ol argues for the lack of a significant membrane effect. The signifi-
cant decrease in heart rate and contractile force in response to pro-
pranclol was probably due to the blockade of the beta-stimulatory ef-
fects of circulatory catecholamines. Although high levels of circu-
latory catecholamines have been shown %o increase the ventricular
fibrillation threshold (35, L43),a recent study by Rabinowitz et al.
(91) showed that the infusion of sub-pressor amounts of norepinephrine
resulted in an 18% reduction in the threshold for multiple extra-
systoles that was sustalned throughout the duration of the infusion.
Thus, it is conceivable that a small part of propranolol's_ability to -
elevate the fibrillation threshold measured with either trains or
single stimuli may have been due to blockade of the beta-stimulatory
effects of circulating catecholamines.

Further evidence for the influence of stimulus-induced, local
release of norepinephrine on ventricular vulnerability to fibrillation
was indicated by the significant elevation of the ventricular fibrilla-
ticn threshold following chronic cardiac denervation. Compared to
sham-thoracotomized animals, depletion of myocardial catechclamines by
surgical denervation resulted in a three~fold elevation of the ven-
tricular fibrillation threshold measured with trains of stimuli
(Figure 17). The difference in the mean fibrillation threshold be-
tween the two groups of animals could not be accounted for by 4if-

ferences in heart rate, diastolic thresheold, or arterial pH.
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Furthermore, in contrast to the pronounced effects of propranclol on
the fibrillation threshold measured'with trains in innervated hearts,
beta-blockade in the denervated heart resulted in little change in the
fibvrillation threshold.. Althcugh circulating catecholamines were
present in the denervated animals, as indicated by the changes in heart
rate and contractile force in response to propranclol, their influence
cn cardiac vulnerability to fibrillation appeared to te minimal. The
absolute ventricular fibrillation thresholds in the chronically denerva-
ted animals were not significantly different (p>.1) from the thresholds
(measured with trains in normal animals with intact innervation follow-
ing beta-adrenergic blockade (unpaired t-test). Furthermore, the
thresholds in the sham-operated animals were not significantly differ-
ent (p>.1) from the thesholds in normal enimals with intact innerva-
tion prior to beta-blockade. Thus, it can be concluded that depletion
of myocardial catecholamines by surgical denervation produces the same
increase in ventricular fibrillation threshold as dces beta-adrenergic
blockade in animals with an intact, terminal, sympathetic innervation.

The results of the present study shed some doubt on the wvalidity
of the use of the ventricular fibrillation threshold measured with a
train of pulses as an index of vulnerability of the ventricles to fib-
rillation. Since trains of stimuli produce an "artificial enhance-
ment of sympathetic tone to local areas of the myocardium, the tech-
nique is not appropriate to monitor changes in cardiac vulnerability
associated with reflex changes in autonomic tone. In addition, the

train of pulses technigque may not be eppropriate to test the effect
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cf an antiarrhythmic drug on ventricular vulnerability tc fibrilla-
tion 1f the drug antagonizes the reiease of norepinephrine cr its
effect cn cardiac beta-receptors.

In addition to stimulusjinduced réléase of catecholamines, it
is possible that stimulation of parasympathetic nerve endings may
influence the current reguired to evoke ventricular fibrillsastion.
Cervical vagal stimulation has been shown to increase the ventricular
fitrillation threshold measured with either trains of stimuli (53, 137)
or single stimuli (56). However, in the presence of beta-adrenergic
blockade, the fibrillation threshold measured with either method was
not affected by vagal stimulation (56, 137). Thus, it would appear
that the vagal effect on cardiac vulnerability is indirect and works
by antagonizing sympathetic effects. In the present study, blockade
of muscarinic receptors with atropine resulted in a 15% decrease in the
ventricular fibrillation threshold measured with trains of stimuli.
However, the decrease did not achieve statistical significance at the
.05 level of probability. Because of the rapid hydrolysis of acetyl-
choline and the six second time interval between successive trains,
it i1s doubtful that local levels of acetylcholine reached sufficient
magnitude to significantly antasgonize the effects of locally released
norepinephrine.

The precise electrophysiological mechanisms by which norepin-
ephrine, released from sympathetic terminals, alters the vulnerability
of the heart to fibrillation have yet to be fully elucidated. Han et
al. (35) showed that left stellate stimulation could shorten the func-

ticnal refractory period of ventricular muscle by as much as 15 msec.
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The decrease in refractory pericd is consistent with the ability of
norepinephrine to increase the sloperof phase 3 repolarization in
isolated ventricular muscle cells (L41). Han et al. (35) also found
that stellate stimulation did not shorten refractory periods measured
at closely adjacent points on the epicardial surface by an equal
magnitude. Presumably the nonuniform effects of sympathetic nerve
activation on refractory periods was the result of a nonuniform dis-
tribution of sympathetic nerve terminals to different myocardial cells.
Cells closer to a nerve terminal would see a greater concentraticn of
norepinephrine and undergo a greater shortening of refractory period
than cells further away. The resulting increase in témporal disper-
sion of refractoriness might facilitate the induction of fibrillation
by causing fracticnation of a premature wave front. In the present
experiments, the localized release of norepinephrine by the stimulus
current probably created a marked temporal dispersion of refractoriness.
The abbreviation of refrﬁctory periods presumably followed the distribu-
tion of liverated norepinephrine.

In addition to effects on dispersion of refractoriness, activa-
tion of sympathetic nerves has been shown to alter the ventricular
excitability threshold. Han et 2l.(35) demonstrated a decreased
diastolic excitability threshold‘during left stellate stimulation,
although otlr:er investigators (8, 57, 58) have failed to demonstrate a
consistent effect of sympathetic nerve stimulation con the resting
level of excitability. However, Burgess et al. (10) have shown that

during the relative refractory period the dip in the bipolar or anodal
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strength-interval curve is lowered in response to sympathetic activa-
tion. ©Since the dip in the strengtﬂ—interval curve coincides in time
with the vulnerable period (42), it is possible that changes in excita-
bility during this period may exert a parallel influence on the ven~
tricular fibrillation threshold.

C. Abnormal Electrical Activity During the Induction of Fibrillaticn

There is substantial evidence indicating that interventions which
alter the ventricular fibrillation threshold do so by altering the
cdnditions necessary for the production of reentrant excitation. Sev-
eral studies have indicated that changes in veptricular fibrillation
thresholds are closely correlated to the amouqt of asynchrony of
recovery of excitability among adjacent myoccardisl fibers (3k-36, 77,
112). Absolute changes in conduction velocity and refractory period
appear to be less important than the dispersion of these properties
between different areas of the myocardium (34-36, 77). Presumably,
nonuniformity of excitability during the propasgation of a premature
impulse would facilitate the likelihood of unidirecticnal conducticn
block and reentrant excitation.

Although the ventricular fibrillation threshold is affected by
interventions which alter the susceptibility of the heart to reentry,
direct recordings from the myccerdium during the induction of fibril-
lation have never been able to substantiate a reentrant mechanism.

Moe et al. (83) suggested that a single stimulus of sufficient inten-
sity delivered during the vulnerable period gave rise to a single rhyth-
mic center from which several impulses were discharged at an accelerat-

ing rate. These investigatcrs hypcothesized that the progressive



decrease in refractory pericds associated with the accelerating rate
and the ccnduction delay of the premature response would establish
the conditicns necessary for reentry and fibrillation. The conclusion
that the initial, accelerating extrasystoles originated from a single
rhythmic center was supported by the observation of a similar spread
of activation of each extrasystole on the surface and interior of the
ventricles. The pcssibility of a macroreentrant circuit was eliminated
since there was a period of time between each of the initial bteats
when no area of the ventricles was excited (83).

The results of the present study do not support the concept of
a single rhythmic center as the mechanism responsible for the genesis
of multiple extrasystoles and fibrillation in response to either a
single stimulus or train of stimuli delivered during the vulnerable
veriod. The observation of continuous, disorganized electrical
activity spanning the interval between the first premature beat and
subsequent premature beats (Figures 19-2 ) suggests that the mech-
anism is much more complex than a single, accelerating ectopic focus.
In the experiments of Moe et al. (83) electrograms were recorded
from very close bipolar electrodes (interelectrode distance 1.5 mm )
attached to the ventricles at least six milliimeters from the site of
stimulation. Presumably, the failure to cbserve continuous, dis-
organized electrical activity was dur to their recording from
a sufficient mass of tissue in close proximity to the stimulating
electrodes. As shown in Figures 20-22, disorganized electrical activ-

ity was recorded from the electrodes placed within a few
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millimeters of the stimulating electrodes. Electrograms recorded from
electrodes placed six to 20 millimeters above or below the stimulating
electrodes did nct record disorganized electrical activity during the
initial cycles of the arrhythmia.

Althcugh it was not possible to determine the precise origin of
the continuous electrical activity recorded in the vicinity of the
stimulating electrodes, the amplitude and rate of change of the
majority of complexes would suggest that they were associated with
asynchronous depolarization of local myocardial fibers. It is pcs-
sible that some of the electrical complexes were due to asynchronous
repolarization of adjacent fivers, although the high pass filters
employed presumebly attenuated the potentials generated by repolariza-
tion to a much greater degree than those generated by depolarization.

It is possible that the continuous, disorganized electrical
activity recorded following the first extrasystole elicited by a
train or single stimulus was not the direct cause of subsequent,
spontaneous extrasystoles, but was merely associated with theilr
occurrence. However, the fact that local, disorganized electrical
activity always preceded the appearance of a spontaneous extrasystole
argues for a cause and effect relationship. Furthermore, the ap-
pearance of disorganized electrical activity did not depeﬁd upon the
appearance of spontanecus extrasystoles since the abnormal activity
was observed at stimulus intensities beiow the threshold for the
production of multiple ventricular response (Figure 18). In each

animal, the duration of the disorganized electrical activity increased
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as the intensity of the stimulus current was increased. Thus, the
appearance of spontaneous extrasystéles following the initial stimulus-
induced extrasystole was probably the result of the formation of multi-
ple local wavefronts, outlasting the refractory period of the surround-
ing myocardium. If the local wavefronts survived long enough, then
the multiple extrasystoles degenerated into sustained fibrillation.

Although the precise mechanism responsible for the continuous,
disorganized electrical activity could not be determined, pcssible
mechanisms include either multiple ectopic focl discharging asyn-
chronously or localzed reentry. Moe et al. (83) suggested that a
strong stimulus delivered during the vulnerable periocd created a local
state of tissue polarization which acted as a persisting stimulus
resulting in multiple premature responses. It is conceivable that in
the present experiments a lpng—lasting state of polarization created
by a train or single stimulus could have produced multiple, asynchro-
nous firing of closely'adj;cent fibers resﬁlting in the appearance
of continuous electrical activity in the local electrograms. Alter-
natively, it is possible that a series of oscillatory afterpotentials
(15) could have been triggered in many different fibers by the intense
stimulus current. However, if the initiation of fibrillation following
a single electrical stimulus depended upon a persisting stimulus due
to tissue polarization, or on a series of oscillatory afterpotentials,
it would be difficult then to account for the presence of a discrete
vulnerable period. As shown in Figure 21, only stimuli which fell
during the vulnerable period resulted in local, disorganized electrical

activity which preceded the appearance of spontaneocus extrasystoles.



11k
When stimuli were delivered earlier or later than the ventricular
vulnerable period, there was little disorganized electrical activity
extending beyond the single premature response evoked by the stimulus
(Figure 21).

The appearance of local, disorganized electrical activity
resulting only from stimulation of the myocardium during its vulner-
able period can be explained on the basis of multiple reentry circuits.
The conditions necessary for reentry to occur have been defined as:
(1) the presence of a unidirectional conduction block, (2) activa-
tion of tissue distal tc the block over an alternate pathway and
(3) reexcitation of tissue proximal to the block (81). Since not all
adjacent myocardial cells recover from refractoriness at the same
moment in time, a stimulus delivered during the vulnerable period
could result in a propagated response in some cells while other cells
would act as a temporary block to the spread of excitation. The
greater the strength of the stimulus, the larger the mass of tissue
exposed to the excitatory effects of the stimulus and the greater
the number of local areas of block which could form. In addition, the
stimulus current itself may act to increase asynchrony of recovery of
excitability, thereby increasing the probability of local conducticon
block formation (112).

In order for reexcitation of fibers proximal to a site of block
to occur, the conduction time over an alternate route must exceed the
refractory period ¢f the tissue to be reentered. The rapid appearance

of disorganized electrical activity in the present study following a
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single stimulus delivered during the vulneratle period suggests that
the refractory period of some fibers ﬁust have been exceedingly brief.
Sasynuik and Mendez (103) nave shown that whenever conduction block
occurs in terminal Purkinje fibers due to premature activation,‘
there is a marked decrease in the duration of acticn potentials and
refractory periocds of cells preximal to the site of vlock. Presumably,
this shortening of action potential duration and refractory period
is due to the effect of repolarizing current flowing from neighboring
unexcited areas. Furthermre, Sasynuik and Mendez (103) demonstrated
that the shortening of refractory periods proximal to a site of block
was sufficient to allow reentry to occcur over a very short pathlength.

In the present study, it is possible that multiple areas of
local conduction block could have shortened the refractory period of
scme fibers enough to alldw reentry to occur in a small mass of tissue.
For the local reentrant activity to survive long enough to produce

-multiple extrasystoles and fibrillation, the local sites of conduction
block must have frequently shifted location, resulting in the forma-
tion of new reentry circuits. At the fibrillation threshold a critical
number of reentry circuits would form such that local reentry could be
sustained long enough to spread to other regions of the ventricles
resulting in sustained fitrillation.

In addition to conduwtion block and reentry within ventricular
muscle fibers, terminal Pwkinje fibers may also have been responsible
for perpetuation of the reentrant excitation following a single stimu-

lus or train of stimuli delivered during the vulnerable period. The
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distal Purkinje fibers, two to three millimeters proximal to their
termination in ventricular muscle, have been shown to possess nuch
longer action potential durations and refractory periods than either
proximal Purkinje fibers or ventricular muscle cells (86,87). Further-
more, both Kakihana et al. (L8) arnd Spear et 1. (109) have shown that
an equal magnitude of current is required to fibrililate the ventricles
at either the right ventricular epicardium, right ventricular endo-
cardium or left ventricular endocardium, while a significantly greater
amount of current i1s required at the left ventricular epicardium.
Since there i1s a high degree of asynchrony of recovery of excitability
at the Purkinje-muscle junction, it is possible that the proximity of
the stimulating electrodes to the terminal Purkinje fibers may be an

important determinant of the fibrillation threshcld.



CHAPTER VI
SUMMARY

Trains of electrical stimuli were applied to the intact ventri-
cles of anesthetized dogs during the absolute refractory period of the
cardiac cycle. The stimulus trains were delivered to the epicardial
surface via unipolar electrodes embedded in the Teet of modified
Walton-Brodie strain gauge arches. The delivery of a train during
each cardiac cycle while heart rate was held constant by atrial pacing
resulted in highly localized potentiation of ventricular contractile
force as measured by the strain gauge arches. The magnitude of the
potentiation and the mass of ventricular tissue showing a positive
inotropic response were directly related to the intensity of the
stimulus trains. Trains'of equal intensity resulted in a greater
increase in right ventricular contractile than left ventricular
contractile force. The positive inotropic response of either ventricle
to trains of stimuli was abolished following chronic cardiac denervation
or beta-adrenergic blockade with propranclol indicating that the
response was probably mediated by the excitation of local sympathetic
nerve fibers. Following the elimination of adrenergic influences,

a slight negative inotropic response to trains of stimuli was observed
in some animals. The magnitude and consistency of the negative ino-
tropic response appeared to be greater in the right ventricle than

in the left ventricle. Administration of atropine blocked the negative
inotropic response. Furthermore, when the adrenergic system was
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intact, the administration of atropine resulted in a significant
augmentation of the pesitive inotropic response of both ventricles
to trains of stimuli. Thus, in addition to nerepinephrine release,
it also appeared thaf electrical stimulation of the ventricles
resulted in activation of parasympathetic fibers with subsequent
release of acetylcholine.

The influence of norepinephrine, liberated by electrical stimula-
tion of the ventricles, on vulnerability to fibrillation was deter-
mined by comparing thne effects of veta-adrenergic vlockade on the
fibrillation threshold measured with a train of stimuli to the effect
of beta-adrenergic blockade on the fibrillation threshold measured
with a single stimulus. Priocr to beta-adrenergic blockade, ventricular
fibrillation thresholds determined by scanning the vulnerable period
with a train of 1b4 pulses (L msec, 100 Hz) were significantly less
than fibrililation thresholds determined by scanning the vulnerable
period with a single 10 msec stimulus. Following beta-gdrenergic
blockade with propranolol, the relative increase in fibrillation
thresholds measured with trains was about seven times greater than
the relative increase in the single-stimulus threshold. The relative
increase in the fibrillation threshold measured with either method
was the same at both a right and ileft ventricular stimulation site.
Purthermore, fibrillation thresholds measured with trains of stimuli
in a group of animals subjected to chronic cardiac denervation were
about three times greater than the thresholds in a group of animals
subjected to a sham thoracctomy. In addition, the train fibrillation

thresholds of the catecholamine-depleted hearts were nct different
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from the train thresholds of beta—blopked, innervated hearts. Thus, it
was concluded that the norepinephrine released during the measurement
of a ventricular fibrillaticn threshold with trains of stimuli,
exerted a profound influence on the level of current necessary to
evoke fibrillation.

In another series of experiments the initiation of fivbrillation by
the application of either a train of stimuli4or single stimulus to the
myccardium during the vulnerable pericd of the cardiac cycle was analyzed
by means of multiple bipolar electrograms. Electrogrmas recorded frcm
electrodes contigucus to a pair of stimulating electrcdes in the right
ventricle shcwed a considerable amount of abnormal electrical activity
following the delivery of an intense singie stimulus or train of stimuli
during the vulnerable period. At stimulus intensities below the threshold
for multiple ventricular response, the abnormal activity consisted
of low-amplitude complexes which lasted considerably longer than the
control activation Complexeg. When the stimulus intensity was
sufficient to evcke multiple extrasystoles or fibrillation, the local
electrograms showed continuous electrical activity, bridging the
interval between the first premature beat and subsequent premature
beats. Electrograms recorded several millimeters away frcm the direct
site of stimulation did not show similar abnormal electrical activity.
Furthermore, the abnormal local electrical activity resulted only frem
stimulaticn of the heart during its vulnerable periocd; stimuli applied
earlier or later in the cardiac cycle did not result in continuous
local electrical activity. The presence of continuous local electrical

R
10rii-

iy

activity preceding the development oI multiple extrasystoles and

lation suggested that the stimulus induced the formation of multiple,



120
local reentry circuits, although a mechanism iavolving abnormal auto-

maticity could not be ruled out.



10.

11

BIBLIOGRAPHY

Amecury, D.W. and T.C. West. Chronotropic response following direct
electrical stimulation of the isolated sincatrial node: a
pharmacolcgic evaluation. J. Pharmaccl. Exp. Therp. 137:
1L4-23, 1962.

Angelakos, E.T., Regional distribution of catecholamines in the
dog heart. Circ. Res. 16: 39-LL, 1965.

Armour, J.A., J.B. Pace and W.C. Randall. Interrelationship of
architecture and function of the right ventricle. Am. J.
Physicl. 218: 17L-179, 1970.

Barret, A.M. Compariscon of the effects of (i)—propranolol and
(i)—propranolol in anesthetized dcgs: beta-receptor blocking
and haemodynamic action. J. Pharm. Pharmacol. g;; 2&1—2&7,

1969.

Bigger, J.T. and R.H. Heissenbuttel. The use of procaine amide
and lidocaine in the treatment of cardiac arrhythmias. Prog.
Cardiovasc. Dis. 11: 515-534, 1969.

Blinks, J.R. Field stimulation as a means of effecting the graded
release of autonomic transmitters in isolated heart muscle.
J. Pharmacol. Exp. Therp. 151: 221-235, 1966.

Brady, A.J., B.C. Abbot and W.F.H.M. Mommaerts. Inotropic effects
of trains of impulses applied during the contraction of cardiac
muscle. J. Gen. Physiol. hi: L15-432, 1960,

Brooks, C. McC., B.F. Hoffman, E.E. Suckling and 0. Crias. Excita-
.bility of the Heart. New York: Grune &% Stratton, 1955.

Brown, G.L. and J.S. Gillespie; The output of sympathetic trans-
mitter from the spleen of the cat. J. Physiocl. 138: 81-102,

1957.

Burgess, M.J. and H.J. Levine. Effects of cardiac sympathetic
stimulation and ablation on canine ventricular anodal strength-
interval curves. Circ. Res. 39: L429-433, 1976.

Chen, P., G.H. Myers, V. Parsonnet, K. Chatterjee and P. Katz.
Relationship between pacemaker fibrillation thresholds and
electrode area. Med. Instrum. 9: 165-170, 1975.

121



12.

18.

19.

20.

21.

22.

23.

2kh.

25.

Cotton, M. DeV. and E. Bay. Direct measurement of changes in
cardiac contractile force: relationship of such measurements
to stroke work, isometric pressure gradient and other para-
meters of cardiac function. Am. J. Physiocl. 187: 122-134,

1956.

Covino, B.G. and W.R. Beavers. Effect of hypothermia on ventri-
cular fibrillary threshold. Proc. Soc. Exp. Biol. and Med.

95: 631-63k, 1957.

Covino, B.G. and H.E. D'Amatoc. Mechanism of ventricular fibril-
lation in hypothermia. Circ. Res. 10: 148-155, 1962.

-

Cranefield, P.F. Action ootentlaWS, afterpotentials and arrhyth-

mias. Circ. Res. bL1.: L15-L23, 1977.
Cranefield, P.¥. and B.F. Hoffman. Pr opagated repolarization in
heart muscle. J. Gen. Physiol. 41: 633-6L9, 1958.

Cranefield, P.¥., B.F. Hoffman and A.A. Siebens. Ancdal excita-
tion of cardiac muscle. Am. J. Physici. 190: 383-390, 1957.

Crout, R. Catechol amines in urine. Standard Methods of Clinical
Chemistry 3: 62-80, 1961. »

DeBoer, J. On recurring extrasystoles and their relationship to
fibrillation. J. Physicl. Si: 410-4LukL, 1921.

Downie, N.M. and R.W. Heath. Basic Statistical Methods. New York:
Harper & Row, 197hL. -

Fngelmann, T.W. Uber den Einfluss der Systole auf die motorische
leitung in der Herzkammer mit Bemerkungen zur Theorie Allo-
rhythmischer Herzstorungen. Pflig. Arch. zes. Physiol. §§j

543-566, 1896.

Enl

Erichsen, J.E. On the influence of the coronary circulaticn on the
action of the heart. Lond. Med. Gaz. 2: 561-564, 18L2o,

Ferris, L.P., B.G. King, P.W. Spencer and H.3. Williams. Eff
electrical shock on the heart., Electric. Eng. 55: Lo8, 1

Fitzgerald, J.D., J.L. Wale and M. Austin. Haemodynamic effects of
(i)—propranolol, dexpropranolol, oxyprenolol, practolol and
sotalol in anesthetized dogs. Eur. J. Pharmacol. 17: 123-134,
1972.

Furman, S. and R. Mehia. Ancdal influence on ventricular fibril-
lation. Am. J. Cardiol. 23: 137, 19T7L.




[hY)
[0

27.

28.

29.

30.

31.

32,

33.

34,

35.

36.

37.

38.

123

Garrey, W.E. The nature of fibrillatory contractions of the heart;
its relation to tissue mass -and form. Am. J. Physiol. 33: 397-
b1k, 191k,

Gaum, W.E., V. Elharar, P.D. Walker and D.P. Zipes. Influence of
excitability on the ventricular fibrililation threshold in dogs.
Am. J. Cardicl. LO: 929-935, 1977.

Gearst, P.H., W.H. Fleming and J.R. Malm. Increased susceptibility
of the heart to fibrillation during metabolic acidosis. Circ.
Res. 19: 63-70, 1966.

George, A,, J.F. Spear and E.N. Moore. The effects of digitalis
glycosides on the ventricular fibrillation threshoid in inner-
vated and denervated canine hearts. Circulation 29; 353-3539,

1974,

Gerstenblith, G., J.F. Spear and E.N. Moore. Quantitative study of
the effect of lidccaine on the threshold Tfor ventricular fibril-
lation in the dog. Am. J. Cardiol. 30: 2k2-247, 1972.

oy

Gurvich, N.L. and G.S. Yuniev. Restoration of heart rhythm during

fibrillation by a condensor discharge. Am. Rev. Soviet Med. E;

252-256, 1947,

Hering, H.E. 7Zur experimentellen Analyse der uhregelmassigkeiten
des Herzschlages. Pflig. Archiv. ges. Physiol. §g§ 1-33, 1900.

Han, J. Ventricular vulnerability during acute coronary occlusion.
Am, J. Cardiol. 2u: 857-86L, 1969.

Han, J., P.D. Garcia de Jalon and G.X. Mce. Fibrillation threshold
of premature ventricular responses. Circ. Res. 18: 18-25, 1966.

Han, J., P.D. Garcia de Jalon and G.K. Moe. Adrenergic eff
ventricular vulnerability. Circ. Res. 1lb: 516-52L, 1964,

Han, J., P. Millet, B. Chizzonitti and G.K. Moe. Temporal disper-
sion of recovery of excitability in atrium and ventricle as a

function of heart rate. Am. Heart J. 72: 632-639, 1966.

Han, J. and G.K. Moe. UNonuniform recovery of excitability in ven-
tricular muscle. Circ. Res. 1lh: LL4-60, 196k,

Harris, A.3., A. Estandia and R.F, Tillotson. Ventricular ectopic
rhythms and ventricular fibrillaticn following cardiac sympa-
thectomy and coronary occlusion. Am. J. Physiol. 165: 505-512,
1951,




124

Hoff, H.E. and L.H. Nahum. Nature of ventricular fibrillati
¢o¢low1ng electric sheck and its prevention by acety!—beua—
menthyl choline chloride. Am. J. Physiol. 110: 675-680, 193k.

jos

Hoffa, M. and C. Ludwig Finige neue Ve “iber Herzbewegung.

Zeitshrift . rat. Mediecin. 9: 107- wu‘

Hoffman, B.F. and P.F. Cranefield. Electrophysioclogy of the Heart.

New York: McGraw-Hill, 1960.

Hoffman, B.F., E.F, Gorin, F.3. Wax, A.A. Siebens and C.McC.
Brooks. Vulnersbility to fivrillaticn and the ventricular-
excitability curve. Am. J. Physiol. 167: 88-94, 1951.

UJ

Hoffman, 3.F., A.A. Siebens, P.F. Cranefield and C.McC. Brook
The effect of epinephrine and norepinephrine on ventricu
vulnerability. Circ. Res. 3: 140-1L46, 1955.

g\J
=

Hoffman, B.F. and E.E. Suckling. Cardiac cellular potentialS'
effect of vagal stimulation and acetylcholine. Am. J. Physiol

173: 312-320, 1953.

Hellenberg, M., 5. Carriere and A.C, Barger. 2i
acetylcholine on ventricular myocardium. Ci

536, 1965.

Hooker, D.R. On the recovery of the heart in electric shcck. Am.
J. Physiol. 91: 305-328, 1929.

Hooker, D.R., W.B. Kouwenhoven and O0.R. Langworthy. The effect of
alternating currents on the heart. Am. J. Physiol. 103: Lik-
ksk, 1933,

Kakihana, M., J. Jalife, B. Moe and G.K. Moe. A compariscn of
epicardial and endocardial fibrillation thresholds. Am. J.
Cardiol. 39: 273, 190

Kao, C.Y. and B.F. Hoffman. Graded and decremental respocnse in
heart muscle fibers. Am. J. Physicl. 19L: 137-196, 21953,

Kaye, M.P., J.M. Geesbreght and W.C. Randall. Distribution of autc-

nomic nerves to the canine heart. Am. J. Physiol. 218: 1025-
1029, 1970.

Kaye, M.P., D.V. Pricla and J. Coyle. Depletion of ventricular
catecholamine levels following perpulmonary neurectomny. Proc.
Soc. Exp. Biol. and Med. 135: 8LL-8LE, 1970.

Keith, A. Fate of the bulbus cordis in the human heart. Lancet 2:

1267-1273, 192bL.



53.

5k,

55.

56.

5T.

58.

59.

£0.

61.

62.

63.

6l

125

Kent, X.M., S.E. Epstein, T. Cocper and D.M. Jacobowitz. Cholin-
ergic innervation of the canine and human ventricular con-
ducting system: anatomic and electrophysiologic correlations.
Circulation 50: 9u48-955, 197k,

Klicks, B.R., M.J. Burgess and J.A. Abildskov. Influence of sympa-
thetic tone on ventricular fibrillation thresholds during
experimental corcnary occlusion. Am. J. Cardiol. 36 ks Lo,

1975. o

Knowlton, F.P. Inhibition of the turtle's atria by single i
tion shocks applied directly. Am. J. Physicl. 140: 93-97,
1943,

Kolman, B.5., R.L. Verrier and B. Lown. The effect of vagus nerve
stimulation upon vulnerability on the canine ventriclie: role of
sympathetic-parasympathetic interaction. Circulation 52: 578-

585, 1975.

Kolman, B.S., R.L. Verrier and B. Lown. Effect of vagus nerve
stimulation upon excitability on the canine ventricle.  im. J.
Cardicl. 37: 1041-1045, 1976.

Kralios, F.A., L. Martin, M.J. Burgess and K. Millar. Local ven-
tricular repolarization changes due to sympathetic nerve-branch
stimulation. Am. J. Physiol. 228: 1621-1626, 1975.

Levy, M.N. Parasympathetic control of the heart. In: Neural Control

of the Heart. Ed., W.C. Randall. New York: Oxford University
ress, 1977, pp. 95-129.

Levy, M.N. and B. Blattberg. Effect of vagal stimulation on the
flow of ncrepinephrine into the corcnary sinus during cardiac
sympathetic nerve stimulaticn. Circ. Res. 38: 81-85, 1976

Levy, M.N., M, Ng, P. Martin and H. Zieske. Sympathetic and para-
sympathetic interactions upon the left ventricle of the dog
Circ. Res, 19: 5-10, 1966.

Levy, M.N., M, Ng and H. Zieske. Functional distribution o
peripheral cardial sympathetic pathways. Circ. Res. 19:

661, 1966.
Levy, M.N. and H. Zieske. Effect of enhanced contractility on the
left ventricular response to vagus nerve stimulation in dogs.

Circ. Res. 2k: 303-311, 1969.

Lewis, T. The Mechanism and Graphic Registration of the Heart Best.

London: Shaw, 1925.



65.

6.

67.

68.

69.

T0.

1.

2.

73.

Tk,

5.

T6.

.

126
Lewis, T. Cbservations upon flutter and fibrillation. Part IV.
Impure flutter, theory of circus movement. Heart 7: 293-321,
1920. -

Lewis, T. and T.¥. Cotton. Observations upon flutter and fibrilla-
tion. Part V. Certain Effects of faradic stimulation of the
auricle. Heart 8: 37-57, 1921.

Lewis, T., H.S. Feil and W.D. Sroud. Observations upon flutter
and fibrillaticn. Part II. The nature of auricular flutter.
Heart T: 191-233, 1920.

Loffelholiz, K. and E. Muscholl. Inhibition by parasympathetic
nerve stimulation of the release of adrenergic transmitter.
Naunyn-Schmiedeberg's Arch. Pharmacol. 267: 181-184, 1970.

Loffelholz, K. and E. Muscholl. A muscarinic inhibition of the
noradrenaline reliease evcked by postganglionic sympathetic
nerve stimulation. Naunyn-Schmiedeberg's Arch. Pharmacol.

265: 1-15, 1969.

Lown, B., J. Neuman, R. Amarasingham and B.V. Berkovitis. Compari-
son of alternating current with direct current electroshock
acrecss the closed chest. Am. J. Cardiol. 10: 223-233, 1962.

Lubbe, W.¥., T. Podzuweit, P.S. Darries and L.H. Opie. The role
of cyclic adenosine monophosphate in adrenergic effects on
ventricular vulnerability to fibrillation in the isolated
perfused rat heart. J. Clin. Invest. 61: 1260-1269, 1978.

Lucchesi, B.R., L.5. Whitsitt and J.L. Stuckney. Antiarrhythmic
effects of beta-adrenergic blocking agents. Ann. N.Y. Acad.
Sei. 139: 9L0-951, 1967.

Matta, R.J., J.E. Lawler and B. Lown. Ventricular electrical
stability in the conscious dog. Am. J. Cardiol. 38: 594-598,

1976.

Matta, R.J., R.L. Verrier and B. Lown. Repetitive extrasystole
threshold as an index of vulnerability to ventricular fibril-
lation. Am. J. Physiol. 230: 1469~1L73, 1976.

Mayer, A.G. Rhythmical pulsation in Scyphomedusae. Carnegie Inst.

Wash., Papers, Tortugar Lab. 1: 113-131, 1908.

McWilliam, S.A. Fibrillar contraction of the heart. J. Physicl.
8: 296-310, 1887.

Merx, W., M.S. Yoon and J. Han. The role of local disparity in
conduction and recovery time on ventricular vulnerability to

. P . - Y Ve ~ .
fibrillaticn. Am. Heart J. G4: 0603-clC, 1977.




80.

81.

82.

83.

8h.

85.

86.

87.

88.

89.

90.

127

Mines, G.R. On the dynamic equilibrium in the neart. oJ. Physiol.
L46: 350-383, 1913.

Mizeres, N.J. The origin and course of the cardiocaccelerator
fibers in the dog. Anat. Rec. 132: 261-279, 1953.

Mizeres, N.J. The anatomy of the autcnomic nervous system in
the dog. Am. J. Anat. 96: 290-302, 1955,

Mce, G.X. Evidence for reentry as a mechanism of cardiac arrhyth-
mias. Rev. Physiol. Biochem. Pharmacol. 72: 55-81, 1975.

Moe, G.K. and J.A. Abildskov. Antiarrhythmic drugs. In: The
Pharmacological Basis of Therapeutics (L4th edition). Eds.,
L.8. Goodman and A. Gilman. DNew York: Macmillan, 1970, BD.

709-T27T.

Moe, G.K., A.S5. Harris and C.J. Wiggers. Analysis of the 1
tion of fibrillation by electrographic studies. Am. J. Physiol.

13h: L73-ko2, 191,

Mce, G.K., W.C. Rheinboldt and J.A. Abildskov. A computer model
of atrial fibrillation. Am. Heart J. 67: 200-220, 1964.

Moore, E.N. and J.F. Spear. Ventricular fibrillation threshold:
its physiological and pharmacological importance. Arch.
Intern. Med. 135: LL6-453, 1975.

Myerburg, R.J., H. Gelband and B.F. Hoffman. Functional charac-
teristics of the gating mechanism in the canine A-V conducting
system. Circ. Res. 28: 136-1L7, 1971.

Myerburg, R.J., J.W. Stewart and B.F. Hoffman. Zlectrophysiclogi-
cal properties of the canine peripheral A-V conducting system.
Circ. Res. 26: 361-378, 1970.

Newvman, W.H. and R.P. Walton. train-gauge arch recordings from
an acutely ischemic area of the left ventricle. J. Appl.

Physiol. 23: 398-400, 1967.

Priola, D.V. and R.L. Fulton. Positive and negative inotropic
responses of the atria and ventricles to vagosympathetic
stimulation in the isovolumic canine heart. Circ. Res. 25:

365-275, 1969.

Priocla, D.V., H.A. Spurgeon and W.P. Geis. The intrinsic innerva-
tion of the canine heart: a functicnal study. Circ. Res. LO:

50-56, 1977.



G2,

93.

ok,

95.

96.

97.

98.

99.

100.

102.

128

Rabinowitz, S.H., R.L. Verrier and B. Lown. Muscarinic effects of
vagosympathetic stimulation on the repetitive extrasystole
threshold. Circulation 53: 622-627, 1976.

Randall, W.C. Sympathetic contrcl of the heart. In: DNeural
Control of the Heart. Ed., W.C. Randall. UNew York: Oxford
University Press, 1977, Pp. 45-9k.

Randall, W.C. and J.A. Armour. Gross and microscopic anatomy of
the cardiac innervation. In: Neural Control of the Heart.
Ed., W.C. Randall. UHNew York: Oxford University Press, 1977,
pp. 13-k1.

Randall, W.C., H. McNally, J. Cowan, L. Caliguiri and W.G. Rohse.
Functional analysis of the cardicaugmentor and cardicaccelera-
tor pathways in the dog. Am. J. Physiol. 191: 213-217, 1957.

Randall, W.C. and C.N. Peiss. Anomalous autonomic outflows to the
heart and blood vessels. In: Baroreceptors and Hypertension.
Ed., P. Kezdi. Oxford: Permagon, 1967, pp. 211-22k,

Randall, W.C., M.'Szentivanyi, J.B. Pace, J.3. Wechsler and M.P.
Kaye. Patterns of sympathetic nerve projections onto the
canine heart. Circ. Res. 22: 315-323, 1968.

Randall, W.C., J.S. Wechsler, J.B. Pace and M. Szentivanyi. Altera-
tions in myocardial contractility during stimulation of the
cardiac nerves. Am. J. Physiol. 21L: 1205-1212, 1968,

-Reeves, T.J. and L.L. Hefner. Isometric contraction and contrac-
tility in the intact mammalian ventricle. Am. Heart J. 6h:
525-538, 1962.

Rogers, R.M., J.F. Spear, E.N. Moore, L.N. Horowitz and J.E. Sonne,
Vulnerability of canine ventricle to fibrillation during
hypoxia and respiratory acidosis. Chest 63: 986-994, 1973.

Roshe, W.G., M. Kaye and W.C. Randall. Prolonged pressor effects
of selective stimulaticn of the stellate ganglion. Circ. Res.

5: 1bh-148, 1956.

Sano, T., H. Tsuchihasik and T. Shimamotc. Ventricular fibrillation
studied by the microelectrode method. Circ. Res. 6: L1-L46,
1958.

Sano, T. and T. Sawancbori. Mechanism initiating ventricular
fivrillation demonstrated in cultured ventricular muscle
tissue. Circ. Res. 26: 201-210, 1970.

Sasyniuk, B.I. and C. Mendez. A mechanism for reentry in canine
ventricular tissue. {irc., Res. 28: 2-15, 1971.



10k,

105.

106.

110.

111.

113.

115,

™

Scherf, D., L.J. Morgenbesser, E.J. Nightingale, and X.T.
Schaeffeler. Mechanism of ventricular fibrillation.
Cardiologia 16: 232-242, 1650.

Schmid, P.G., B.J. Greif, D.D. Lund and R. Roskoski Jr. Regional
choline acetyltransferase activity in the guinea pig heart.
Circ. Res. L2: 657-660, 1978.

Shimosato, 5., G.E. Herpfer and B.E. ETsten. Sta and dyna-
mic performance of Walton strain-gauge arche J. Appl.

Physiol. 21: 1892-1896, 1966.

Shumway, N.E., J.A. Johnson and R.J. Stish. The study of ventri-
cular fibrillation by threshold determinations. J. Thoracic
Surg. 3L: 643-653, 1957.

T

Sokal, R.R. and F.J. Rohlf. 3Biometry. San Francisco: W.H. Iree-

man, 1969.

H

Spear, J.F., L.N. Horowitz and E.¥. Moore. Relationship of
endocardial and epicardial ventricular fibrillation thres-
holds of the right and left ventricles. Am. J. Cardiol. 39:
27h, 1977.

Spear, J.F., K.D. Kronhaus, E.N. Moore and R.P. Kline. The effect
of brief vagal stimulation on the isclated rabbit sinus node.

Circ. Res. Lh: 75-88, 1979.

Spear, J.F. and E.N, Moore. Influence of brief vagal and stel-
late nerve stimulation on pacemaker activity and conduction
within the atrioventricular conduction system of the dog.
Circ. Res. 32: 27-41, 1973.

Spear, J.F., E.N. Mcore and L.N. Horowitz. Effect of current
pulses delivered during the ventricular vulnerable period
upon the ventricular fibrillation threshold. Am. J. Cardiol.

32: 814-822, 1973.

Stanton, H.C. and R.L. Vick. Cholinergic and adrenergic influ-
ences on right ventricular myocardial contractility in the
docg. Arch. Int. Pharmacodyn. 176: 233-248, 1968.

Streeter, Jr., D.D., H.M. Spotnitz, D.P. Patel, J. Rcss and E.H.
Sonnenblick. Fiber orientation in the canine left ventricle
during diastole and systole. Circ. Res. 2k: 339-3L7, 1969.

Sugimoto, T., S.F. Schaal and A.G. Wallace. Factors determining
vulnerability to ventricular fibrillation induced by 60-cps
alternating current. Circ. Res. 21: 601-608, 1967.



116. Szentivenyi, M., J.B. Pace, J.S. Wechsler and W.C. Randall.
Localized myocardial responses to stimulaticn of cardiac
sympathetic nerves. Circ. Res. 21: 691-702, 1967.

117. Tamargo, J., B. Moe and G.XK. Mce. Interaction of sequential
stimuli applied during the relative refractory period in
relation to determinatiocn of fibrillation threshold in the
canine ventricle. Circ. Res. 37: 534-541, 1975.

118. wvan Tyn, R.A. and L.D. Maclean. Ventricular fibrillation thresh-
olds. Am. J. Physiol. 201: L57-L61, 1961.

119. Vanremoortere, E. and E. Wauters. Fibrillation threshold curves
and anti-arrhythmic drugs. Arch. Int. Pharmacodyn. 176:

L76-4T79, 1968,

120. Verrier, R.L., A. Calvert and B. Lown. Effect of posterior
hypothalamic stimulaticn on ventricular fibrillation thresh-
old. Am. J. Physiol. 228: 923-927, 1975.

121. Verrier, R.L., A. Calvert, B. Lown and P. Axelrod. Effect of
acute blood pressure elevation on the ventricular fibrilla-
tion threshold. Am. J. Physiol. 226: 893-897, 197k,

122. Verrier, R.L., W.W. Brooks and B. Lown. Protective zone and the
determination of vulnerability to ventricular fibrillation.
Am. J. Physiol. 23L: H592-H596, 1978.

123, Vincenzi, F.F. and T.C. West. Release of autonomic mediators in
cardiac tissue by direct subthreshold electrical stimulation.
J. Pharmacol. Exp. Therp. 141: 18L-195, 1963.

124k, Vulpian, A. Note sur les effets de la faradisation directe des
ventricules du ccoeur chez le chien. Arch. Physiol. é; 975-

980, 1874k,

125. Watanabe, A.M. and H.R. Besch. Interaction between cyclic
adenosine monophosphate and cyclic guanosine monophosphate
in guinea pig ventricular myocardium. Circ. Res. 37: 309-

317, 1975.

126. Wegria, R. and N.D. Nickerson. The effect of papaverine, epi-
nephrine and quinidine on the fibrillation threshold of the
mammalian ventricles. J. Pharmacol. Exp. Therp. ZE; 50-5T7,
1gk2,

127. Wegria, R. and C.J. Wiggers. Factors determining the produc-
tion of ventricular fibrillation by direct currents {with a
note on chronaxie). Am. J. Physiol. 131: 104-118, 19k0.

128. Whalen, W.J. Apparent exception to the "all or none' law in
cardiac muscle. Science 127: L68-L69, 1958,



129.

jt
w
O

131.

133.

13h.

135.

137.

131

Whalen, W.J., N. Fishman and R. Erickson. Nature of the poten-
tiating substance in cardia¢ muscle. Am. J. Physiol. 19L:

573-580, 1958.

Wiggers, C.J. The mechanisms and nature of ventricular fibril-
lation. Am. Heart J. 20: 399-412, 19k0.

Wiggers, C.J. The physiologic basis for cardiac resuscitation
from ventricular fivbrillation -- method for serial defibril-
lation. Am. Heart J. 20: L13-L22, 1940.

Wiggers, C.J. and R. Wegria. Ventricular fibrillation due to
single, localized induction and condensor shocks applied
during the vulnerable phase of ventricular systole. Am, J.
Physiocl. 128: 500-505, 19L40.

Wiggers, C.J. and R. Wegria. Quantitative measurement of the
fibrillation threshold of the mammalian ventricles with
observations on the effects of procaine. Am. J. Physiol. 131:

296-308, 19L0.

Wiggers, C.J., R. Wegria and B. Pinera. The effects of myocardial
ischemia on the fibrillation threshold - the mechanism of
spontaneous ventricular fibrillation following corcnary
occlusion. Am. J. Physiol. 131: 309-316, 19k0.

Yarbrough, R., G. Ussey and J. Whitley. A comparison of the
effects of A.C. and D.C. countershock on ventricular func-
tion in thoracotomized dogs. Am. J. Cardiol. 1L: 50k-512,
1964,

Yoon, M.5., J. Han, B.G. Goel and P. Creamer. Effect of procaine-
amide on fibrillation threshold of normal and ischemic
ventricles. Am. J. Cardiol. 33: 238-242, 197k,

Yoon, M.S., J. Han, W.W. Tse and R. Rogers. Effects of vagal
stimulation, atropine, and proprznolol on fibrillation
threshold of normal and ischemic ventricles. Am. Heart J.

_9_3_: 60"‘ 59 1977-

Zipes, D.P. Electrophysioclogical mechanisms involved in ventri-
cular fibrillation. Circulation 51 & 52 Supplement III
pp. 120-130, 1975.



APPROVAL SHERT

This dissertation submitted by David Euler has been read and
approved by the following committee:

Dr. Walter C. Randall, Director
Professor, Physiology, Loyola

Dr. Robert D. Wurster
Professor, Physiology, Loyola

Dr. Clarence N. Peiss
Professor, Physioclogy, Loyola
Dean of the Medical School, Loyola

Dr. Rolf M. Gunnar
Chief, Section of Cardiology

Dr. E. Neil Moore
Professor, Physiology, University of Pennsylvania

The final copies have been examined by the director of the disserta-
tion and the signature which appears below verifies that any necessary
changes have been incorporated and that the dissertation is now given
final approval by the Committee with reference to content and form.

Vianld Salt/ 4 &jt(c(,m a (me&([

Date Director's Signature




	The Effect of Autonomic Mediators Released by Electrical Stimulation of the Ventricles on Contractile Force and Vulnerability to Fibrillation
	Recommended Citation

	img001
	img002
	img003
	img004
	img005
	img006
	img007
	img008
	img009
	img010
	img011
	img012
	img013
	img014
	img015
	img016
	img017
	img018
	img019
	img020
	img021
	img022
	img023
	img024
	img025
	img026
	img027
	img028
	img029
	img030
	img031
	img032
	img033
	img034
	img035
	img036
	img037
	img038
	img039
	img040
	img041
	img042
	img043
	img044
	img045
	img046
	img047
	img048
	img049
	img051
	img052
	img053
	img054
	img055
	img056
	img057
	img058
	img059
	img060
	img061
	img062
	img063
	img064
	img065
	img066
	img067
	img068
	img069
	img070
	img071
	img072
	img073
	img074
	img075
	img076
	img077
	img078
	img079
	img080
	img081
	img082
	img083
	img084
	img085
	img086
	img087
	img088
	img089
	img090
	img091
	img092
	img093
	img094
	img095
	img096
	img097
	img098
	img099
	img100
	img101
	img102
	img103
	img104
	img105
	img106
	img107
	img108
	img109
	img110
	img111
	img112
	img113
	img114
	img115
	img116
	img117
	img118
	img119
	img120
	img121
	img122
	img123
	img124
	img125
	img126
	img127
	img128
	img129
	img130
	img131
	img132
	img133
	img134
	img135
	img136
	img137
	img138

