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INTRODUCTION

within the past few years, it has been demonstrated that stimulation
of thc cardiac sympathetic nerves may cause considerable augmentation of the
force of myocardial contraction, (1-5) This augmentor action has been found to
be most prominent when the left cardias sympathetic nerves are stimmlated;
wheress, stimulation of the cardiac nerves on the right side induces more
prominent changes in the heart rate., Further experiments have demonstrated
that experimentsl hypertension may be induced in the open chest dog and maine
tained by continuocus, low frequency stimulation of the cardicsympathetic nerves
for periods up to eleven hours, {5)

Since the sympathetic immervation of the heart is nomally functional
in intact animals and known connections exist between the higher levels of the
central nervous system and the sm'matic outflow to‘\the heart, it has been
postulated that this mechanism may participate in the induction of neurogenic
hypertension of emotional or psychic origin, (5)

) With this knowledge as a background for our work, we undertook the
project of developing a method by which we would be able to maintain this
hypertensive state for more prolonged periods, A techniqus for implantation of
& bipolar electrode on either stellate ganglion and subsequent closure of the
thorax was developed, This having been accomplished, & series of experiments
was performed with the animals under a hypnotic dose of pentobarbital sodium
%o detemmine if the responses would be similar to those cbtained in an open
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2
cheat animal sand to determine how long this stimulation could be naintained
before the preparation deteriorated,

Becouse of a pulsus altemmans and electrocardieographic changes which
developed in the first experiment in which this new technique was used, the
heart was removed and sxmuined after a period of nine hours-~during the axperi-
MWMmmmﬁdemMinmm’m stellate ganglion
contdmonsly stimulated at a rate of three per second.

Upon examination of the heart, & mumber of small subendocardial hemor
rhages were noted in the laft ventricle situated mainly over the posterior
papillary muscle, Microscopic examination of section taken through the involved
areas confirmed that these hemorrhages were confined to the ammmg:m ared.|

Because of the electrocardiographic changes and the finding pt 8Ubw
endocardial hemorrhages at postmortem examination, we began ‘bo !urbhar investi-
g&he‘k&:apoeaibla role of the sympathetic cardiac nerves in the production of
these hemorrhages,

It wae pointed out that thess lesions were distinctly reminiscent of
those cbserved following hemorrhagic hupotension, (6,7) The similarity was
pussling in so far as in thess %wo procedures the hemodynamic events are so
d‘l.'ffemnt, On the other hand, certain physiclogieal and biochemiosl changes
are found to be similar in both procedures. Indeed, they have in common a
massive wi.h'eiotl of the sympathetle terminations in the myocardiuws ag well as
an increase in the arterial epinephrine-norepinephrine levels, (8)

Jemings and Wartman and others (9) have reported similar aress of
subendocardial necrosis following ligation of the left circunflex coronary
artery in dogs and indentiocal myocardial necrosis has been elecited in animals
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by enforced exsrcise (10,11) and by faradization, (12) as well as by the

infusion of epinephrine and norepinephrine, (13,14,15)

These experiments strongly indict the sympathetic nervous system, and
morve specifically, the epinephrine.norepinephrine levels in the blood perfusing
the myocardium as well as the myocardial concentration of these catecholamines
aa the causative agents for the severe pathological changes. Their ocbvious
significance required careful study of the circimstances in which they appear
during nerve stimulation, and this serves as the principle objective of this
thesis,




MATERTAL AND METHCODS

In all experiments, mongrel dogs were anesthetlized with pentobarbital
sodium (32,5 mgn/kgm) and the stellate ganglion isclated,

The stellate ganglion was approached by a median sternotomy or by a
thoracotomy incision through the second intercostal space, In those instances
where a median stermotomy was employed, the experiment was carried out in its
entirety with the chest opened and vespiration supported by & positive pressure
regpirator through & trachaesl cannula, In those cases in which a thoracotomy
was performed, endotracheal intubation was first performed and the animal's
respiration was supported by a positive pressure respirator during the operative
procedure, Following completion of the surgical procedure, in the latter
instances, the chest wall waé closed, normal intrathoracic pressure re-estab.
lished and the animal breathed spontaneously during the remainder of the
experiment,

In experiments in which openwchest animals were used, & unipolar
elecirode was attached to the stellate ganglion; whereas in the case of the
tglosedwchest" animals a bi-polar electrode was used, The two procedures have
provided essentially similar data,

The parameters of stimulation included pulses of either 2,0 or 5,0
msec duration and 3,0 to 5.0 voliz as read directly frum a cathode ray
oscilloscope monitoring across the stimulating electrode, Frequency of stimulad
tion was systemstically varied as indicated in Table 1.




STIMULATION
3.0 Volts
5 msec,

Bec,

CLEFT STELLATE
3/sec,

1EFT STELLATE
10/sec,

INFT STELLATE AND
BIIAT, VAGOTOMY

10/sec,

ROT. STEILATE
10/333’

THBIE X

NUMBER OF

PULSE PRESSURE
AVERACE
mg H&.

33

25,4
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Pressure pulses were recorded on a Sanborn recorder modsl 127
through 8 Statham pressure transducer F23Ub comeocted to & polysthylens ut&wtuL )
passed intc the femoral artery in those instances in which the clesed-chssted
tachniques were used,

In the open chest animals, critically damped pressure pulses were
recorded from Statham (P23Db) transducers on an optical Kymogreph. Again
essentially similar results were cbtained with either recording technigue,

The experiments may be divided into three general groupss

1. Those in which the left stellate ganglion was stimulated

2. Those in which the right stellate was stimulated and

3. Those in which the left stellate ganglion was stimulated
following a bilateral high cervical vagotomy

By any of the afore mentioned procedures the stellate ganglion was
stimilated for periods up to ten hours,

Dus to the realisation that the induction of anoxia may be a signifie
cant factor in causing the subendocardial hamomgea the following procedure
was carried out at the termination of the experiment. While respiration was
uaintumd, Stage IV anesthesia was rapidly induced in the animal with pento-
barbital sodium, the thorax opened, great vessels clamped and the heart and
Jungs exaised en bloc, , .

'Following removal, the heart wes immediately rinsed and opened
according to standard pathological procedure. The endocardial surface, as well
a5 the remainder of the heart was carefully exsmined for the presence of any
macroscopic lesion, In cases in which a lesion of any type was observed,
sections were tsken for microscopic examination,
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7o serve as a control growp for this series of experiments, the
hearts of aninals tsken from the medical student lsboratory or from other
|departmental experiments not imvolving sympathetic or mtacholmim stimulation
me examined to ascertain the appesrance of the endocardium of the stock




RESULTS

In only three of the 93 "control” hearts examined were even slight
subandooardial hemorrhages observed, Petechial hemorrhages were cccasionally
| cbesrved at the base of the mitral valve and small thrombi were frequently found
adherent to the vslves in the control growp.

In eight animals, the left stellate ganglion was continuously stimue
lated at a frequency of 1 per second for several hours, Figure 1 illustrates
the cardiovascular respcnses, in contrast to responses to hicher frequency
stimulation, augmented arterial pulses developed gradually but were sustained
throughout the period of stimulation, Remarkable augmentation occurred instanw
tansoualy wpon transection of the vagl during the stellate stimietion, Heart
rate accelerated early in the stimulation peried but was a less consistent
response than the increase in the pulse pressure. In none of these eight
animals did subendocardial hemorrhages appear, although mmell throumbi were
sometimes found on the mitrel valve, as in the control animals,

- In 11 animals, the laft stellate ganglion was timulated as in the
above serdes except that the frequency was 3 per second, The cardiovascular
Tesponses were more prampt and gensrally more profound in that both the
systolic and pulse pressure changes were greater (fig. 2). These responses
also appeared more promptly after the initation of stimulation, The augmented
pressure pulses were well sustained for the early portions of the stimulation
perdod but deteriorated somewhat more repidliy than did the one per second
stimlation group., Xn this group of experiments (11) all but two showed

8
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definite subendocardial hemorrheges, The hemorrhages were not massive in any o.tJ
these hearts, but usually consisted of macroscopic hemorrhagic streaks along ﬂﬂ
longitudinal aspects of _‘the trabeculae carnae and the papillary muscles of the
left ventricle., In one "a:qmrimnt, a few small areas of subendocardial hemor-
rhage appeared in the right ventricle.

In a group of 11 animals, the left stellate ganglion was stimulated
at a frequency of 10 per second, In these animals, the cardiac response was
prompt (starting within 2 or 3 seconds) and much more pronounced than in either
of the earlier groups (fig. 3). The response was primarily augmentor, resulie
ing in an increase in pulse pressure of twenty to eighty mm Hg, In some of
these animals the pressure pulse remained augmented for many hours, but in most/
the initial augmentation slowly and gradually deteriorated as narked by & pro=-
greseive decline in the amplitude of the pressure pulse. Ele«tmuﬁiagraphia
tracings were cbtained in a number of these animals stimulated at a Smmmy
of 10 per second and it was noted that with the onset of stimulation there were
usually ST segment changes as well as changes in the T wave, The T wave
changes were either flattening, diphascity or inversion in the standard leads
I and IXI, There was shortening of the P-R interval as would be expscted with an
increase In conductivity as well as an increase in the awplitude of the R wave
with stimulation, Following the cessation of stimulation, the electrocardio-
gren usually returned to its initial pattern (fig, L).

The hearts of all of the animals stimulated at 10 per second for pro=
longed periods (3«12 howrs) showed moderate to messive subendooardial
hsmorrhages in the left ventricle. These hemorrhages were distributed along 04
long axis of the trabeculae carmae and the posterior papillary muscle with the
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Figure | illustrates EKC changes ag seen during left stellate
ganglion stimulation, infusion of noradrenalin and angina pectoris,
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most common site of ocourrance being the point of attachment of the chordae
tendinae to the papillary muscle, Only rarely was hsmorrhage observed in the
right mﬂria]g, regardless of whether the right or left stellate ganglion was
stimulated, andithu never been observed in the atrial walls,

MWeroscopic examination of the hearts in which these lesicns were
found showed moderate extravasation of blood in areas of the endocardium and in
the interstitial tissue of the adjacent myocardium, The amount of hemorrhage
varied directly with the frequency of stimulation, Occasional neutrophilic
infiltartion was noted, Some of the myocardial fibers, which were surrounded
Tb,y bleood, were non-streited and hyalinized but there were no definite nnclaar
changes indicative of necrosis seen,

In marked contrast to the sbove results cbtained by stimulation of the]
left stellate ganglion were those obtained with stimulation of the right
stellate genglion, A swmmary of the results obtained in the first twenty~five
experiments is seen in table 2, Blood pressure responses and heart rate changes
were similar to those reported in an esarlier publication, The average increase
in pulse pressure in these experiments was 24,4 mm, Hg, during stimulation of
the left stellate ganglion, with incresses in the systolic pressure ranging
from 2488 mm, Hg. The average increase in the heart rate during this series
of experiments was only 6 beats per minute,

In the animals in which the righr stellate ganglion was stimulated
the average increase in the pulse pressure was only 6,0 mm, Hg, bub the
average increage in the heart rate was 90 beats per minute, It is also remarke
able that the hearts of the animels in which the yight stellate ganglion was
stimulated when examined following the temmination of the experiment showed no




TABIE 2
STIMUIATION NO. OF DURATION  MAX, MAX, PATHOLOGY
PROCEDURE  EXFER, (Hrs.) P, P, HEART :

nHl, Hg‘. RATE
1FT, STELIATE 13 3.5 - 10 2, 6.2 SEH LEPT
GANGLION ' VENTRICLE

- 12 DOGS

BIIAT, VAGOTOMY 3 hes 22,7 3.3 %0 LBSIONS
1FT, STELLATE 3 3.8 28,0 6.3 SEH IEFT
GANGLION VENTRICLE
Irar, smEiLATE 6 5 6.0 90,0 NO LESIONS

SEH 2 Subendocaydial ﬂwrﬁz&g‘

Table 2 is @ swmmary of the first 25 experiments demonstrating the
different response to right and left stellate ganglion stimulation and the
affect of vagotomy,




Nesions regardless of the frequency of stimulation.




DISCUSSICON AND CONCLUSIORS

These experiments establish that the experimental hypertension which
may be induced in the open chest dog by prolonged, contimuous, low frequency
stimulation of the cardiosympathetic nerves may also be induced in & similar

1fashion in the intact (closed«chest) animal, However, it has been impossible

to maintain this hypertensive state by continuous stimulation, as previously
intended, for more than about twelve hours, It has been found that with this
continued stimulation, the pressure pulse, after a period of 6.8 hours,

lgradually decreases, assumes the appearance of the pulee in shock, and the

animal eventually expires, Such results have been attained in animals in which
the vagl have been sectioned bilaterally and the sympathetic trunk has been cut
imnediately caudal to the stellate ganglion as well as in animals with the vagi
and sympathetic trunks intact, Hence, some of the preparations were neurally
isclated in such a way that direct excitation of the splanchnic vascular bed
and the adrenal medulls was eliminated,

| Because of other important aspects of this experiment and because
of the great mmber of possible contributing factors, the actusl ocsuse of
death in these animals has not yet been fully determined,

| These experiments also point out that the rep onse to stimulation

Jof the left and right stellate ganglion is remarkaebly different, Stimulation

of the left stellate ganglion resulis primarily in an increase in the pulse
pressure with litile changs in the heart ratey whereas, stimilation of the

7
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right stellate ganglion causes @ more marked change in the heart rate with
smaller changes in the pulse pressure,

Again the ultinmate action of the cardiac pympathetic nerves is not
known but the inotropic action of these nerves is best explained 88 a result of
a maxiced inorease in the force of contraction of the ventricular musculature
with & consequent elevation in the volums of the systolic efection, Since we
have noted no significant alteration of electriscal conductivity within the
heart during sbimulation of the right stellats ganglion-.as determined slectroe
ocardiographically--we believe the increased heart rate to be a simple sinus
tachycardia,

In sttempting to explain the etiology of the subendocardial lesions
seen in our experiments we need consider both mechanical and metabolic factors
as possible causes, Comnsidered among the mechsnical causes are those factors
which may lead to & break in the continuity of the subendocardial arterioles
and/or vemules, Intraventrioular pressures and systemic blood pressures cean
be disuissed as the sole causative factor since the lesions produced may be
found regardless of the height of the pressure pulse, We have also mentioned
that the stimulation of the cardiac sympathetic nerves results in an incresse
in the foree of contraction of the ventricular musculature, It is considered
possible that with this increased contraction the swbendocardial vessels may
be sheared, or be subjected to such ineresses in pressure as to be saused to
rupture,

Lastly, we inow that with the increased force of contraction of the
heart there is a more complete emptying of the ventricle, It is possible that
the lesions result from forceful apposition of the endosardial atn'fnm under
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the conditions of sympathetic nerve excitation,

It is apparent that we cannct dismiss these mechanical factors as
unimportant in the ;;roducﬁm of the subendocardial lesions, but we believe thay
the rols they play, if any, is only secondary to some metabolic al‘begntion
caused by the stimulation of the cardiac sympathetic nerves,

As was mentioned eariier, it wes the cardiac arhythmias and the
sleotrocardiographic changes that first caused us to examine the heart for
possible pathology, Our stimulation procedures of the left stellate ganglion
a8t a rate of 10 per second caused flattening, diphascity or inversion of the
T wave in leads I and II as well &s sme S.T segment changes, These «hange#
reverted to normal following discontinuation of the stimulation for a periecd
of a few minutes,

Such EKG changes as noted in these experiments are similar to those
seen with the infusion of epinephrine and norepinephrine (16,17) or in patients
with angina pectoris, Johansson and Vendsslu have reported that with low doses
of epinephrine (2,73 x 10~TH) only slight 5-T segment changes were noted, At
higher doses (1.36 x 10™2M) S.T segment ohanges occurred which could be above
or below the isoelectric line and the previously positive or negative T waves
became less negative or less positive respectively, At higher doses, the down.
ward and upward T deflections diminished considerably and diphasic forms
appe&red.’ Ogcagionally, directional changes in the T occurred, These authors
commont that the accompanying ST devistions resembled an injury current with
their monophasie ocomplex, They also note that in their experiments the T wave
changes preceded the displagement of the ST segment, (16)

Agein, these changes are not at all unlike the changes seen in
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patients in whom angina pectoris is provoked by exsrcise or during the inhala.
tion of low oxygen concentretions., (18,19,20) In these individuals there is
also noted depression of the S-T segment and flattening, diphascity and/or
inversion of the previously positive T in leads I and II (and in some of the
precordial leads), A comparison of the EKG changes obtained in our e:perinmxt.rx,1I
in epinephrine.norepinephrine infusion and in angina pectoris is eeen in figure
b

The question then arises as to how stimulation of the stellate gangu&ra
can produce the EXG changee which have been described and how this procedure
produces the subendoorrdial lesions which have been found in almost every
animal in which it was employed,

To date, there has been no report of such lesions produced by direct
stimulation of the cardimec sympathetic nerves, However, these lssions have
bean described following hemorrhagic shock, (6~7) following infusion of catew
cholamines (13,14,15) following forced exercise (10) and faradisation in
animals (12) and following intracranial lesions, (21) Since these situations
{except intracranial lesions) have been shown to have in cormon & resultant in-
crease in the myocardial and elrculating concentration of catecholamines, it
appears most wortlwhile to consider the possible role of these substances in
the production of the areas of myocardial damage,

Stimulation of the cardiac sympathetic nerves has been shown to lead
1o an increase in the total concentration of myocardial catecholamines, Ine
creases have also been demonstrated following injection imto the circulatien
of epinephrine and norepinephrine, following muscular exercise and sxposure to
cold, by direct stimulation of the cardiac sympathetic nerves as wall as in
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similar situations in which there was a sympathetic nervous discharge, (10)
Although in the esrly reports, theve appearsd to be & gonsidsrebls mmount of
confusion as to the substmnce or substance liberated at the cardisc sympathetic
postganglionic nerves which terminated within the heart, it has been shown
recently that this increase in myocardial catecholamines is due specifically to
an accumulation of norepinephrine, while the mnaen‘bm‘bimv of epinephrine re-
mains the same, (10)

Parther evidence for the fact that the cardise sympsthetics play an
important role in the rsgulation of myocardial catecholmmine concentretion is
offered by the fact that sympathectomy is followed by a diminution of the total
myocardisl catecholamines, (22)

It 1s also suggested by our present series of experiments that the
frequency of stimulation may play an important role as regerds the amount of
these substances liberated at the swpsthetdc nerve endings within the heart,
In table 2 15 shown the ce and severity of the subendocardial lesions
occurring with varied frequency of stimulation, It will be noted that with
stimulation of a very low frequency (1/sec) lesions are seldom produced in the

heart, Stimulation of the cardiac sympathetic nmerves at a rate of three per
second causes lesions which are relatively small; whereas stimulation at a rate
of ten per second resulis in the production of lesiona in the hearts of all
of the animals with the lesions ranging in size from moderate to massive, In
figure 5 is shown a heart in which are present subendocardial lesions which
have been described,

In 1957 Jennings and Wartman described the occurrance of myocardial
infarction following the ligation of the left circumflex coronary artery in
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Figure 5

Figure S shows a heart in which is seen subendocardial hemorrhagic
lesions typical of those obtained by stimulation of the left stellate ganglion

at a frequency of 10 per second,
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dogs. (9) The areas of the heart musculature which were affescted in their pro-
cedure were almost identical with those desoribed in our experiments, It was
pointed out by these authors that experiments with tagged red blood cells show-
ed that less blood entered the posterior papillary muscle than entered the
latersl wall of the left ventricle, They concluded that the posterior papillary
muscle apparently received most of its blood from the left circumflex coronary
artery alone, so that when this vessel was cocluded, greater ischemis developed
in this area than elsewhere, )

QOther authors have also proposed that the subendocardial area is more
susceptible to anoxia dus to the higher intramyccardisl pressures which are
found in this area, (23,2L) The present evidence therefore leads us %o suspeot
that the lesions found in our experimentsa are in some way yelated to hypoxia
of the subendocardial region which is induced by sympathetis discharge, The
disruption of the continwity of the vessels in this area may also be enhanced
by the meshanical factors which are associated with this sympathetis discharge,

Within the past few years, numerous authors have demonstrated that
epinephrine and norepinephrine have a definite effect on the myocardial oxygen
eonsumption, Gollwitzer-deier and Witsleb (31) have demonstrated that
norepinephrine has & marked augmenting influence on the cardiac ocxygen
consumption, This effect exerted by norepinephrine is approaximately onge
quarter of the effect exsrted by epinephrine, Gollwitzerdisier and her
associates have also ascertainsd the oxygen consumption of the myocardium
direct stimulation of the cardimc sympathetic nerves, (25) Eckstein (26) as we
as Shipley and Oregg (27) are in complete agreement with her conclusions in w!
it was found that the oaxygen consumption is grestly intemsified during sympathe
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ic stimulation, In experiments in which tha cardiac output was controlled
during the sympathetic stimulation, Eckstein and his co.workers found that the
increase in oxygen consumption is not necessarily due to &én increase in the work
of the heart. His findings mimmagmmbtim those of similay
imonts performed with epinephrine and his conclusion is in harmony with
that offered by Evans, (28) GollwitserMeier, (29) Gremels and Garcia Ramos, {30)

Further evidence that these cardiac leslons appear as a result of
anoxia i3 offered by the fact that the chemistry of the involved area is
identical with that of the ayea of infaretion which is produced by ligation of
the arterial supply to this area, It has been demonstrated that lactic acid
concentration in the avea is increased while the glycogen as well as the
ereatinine and adenylpyrophosphoric acid is decreased., (10)

These facte lead to the implication that the sympathetic neurow
hormonal action aside from causing obvious mechanical responses, also plays
an impertant role in altering the oxygm consumption of the myoccardium,

It has been suggested in the past by zome authors that the vagl exert
an oxygen sparing effect upon the myocardial tissue (10) and by other authors,
that these nerves amy be the apgents solely responsible for the subendocardial
hemorrhages. (21) It is shown in our experiments that the vagl hawe no
apparent influence on the appearance of these lesions, Neither the sise nor
the severity of the subendocardial lesions was altered in our experiments in
which the vagl were sectioned,

Our experiments have also revealed that in animals in which the right
stellate ganglion was stimulated, no visible lesions cccurred in the heart,

No electrocardiographic changes worenoted in these experiments except those
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which would be expected with the change in heart rate, The cardiovascular
responses obtained in these experimente have been mentioned earlier,

Since we are not equipped to determine levels of the catecholamines
and since no definitive work of this kind has yet been reported upon stimulae
tion of the left and right stellate ganglion in dogs, we are unseble to offer
a gatisfactory aaqwlanaﬁ.on for these results at this time,

We are awsre of the fact that no adequate explanation :‘or the ultie
mate action of the catecholamines upon the cellular metabolism of the heart
has yet been offered, Be that as it may, the fact remains that these homones
are secreted as & iwult of stimulation of the cardiac sympattwtic nerves and
result in & marked increase in the myocardial oé:ygen consumption, The end
resulis, as seen in owr experiments, are tﬁe electrocardiographic changes
sugzestive of myocardial hypoxia snd the subendocardial hemorrhages found at
postenorten examination,
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SUMMARY

The right or left stellate gunglion of dogs was siimulated at varying
frequenates (1,3, or 10/asec) for perlods up to 10 hours, This pro-
cedure was ammigvmﬂmmmnmmm
with the vagi intact.

The present experiments are in complete agreement with sarlier
experiments in which it was demonstrated that the augmentation of
myocardial contration is most prominent during stimulation of the
left sympathetic trunk and its associated pathways, whereas
excitation of the right trunk induces more prominent cardisc
acceleration,

It has been demonstrated that stimulation of the left stellate
ganglion at & frequency of 3 per second or greater consistently
results in the wocurrence of swbendocardial hemorrhages of the left
ventricle,

A possible explanation for the cccurrence of these subendocardlal
lesions ia offered in which the "anoxiating" action of the cate-
cholamines liberated by sympathetic stimulation is implicated,
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