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The relative importance of the heart in contributing to the
pathogenesis of shock is not well defined. At present, there are
no available experimental data to evaluate the separate contributions
of peripheral and cardiac factors in the intermediate or preterminal
phases of shock. Our laboratories have developed several experimen-
tal canine heart models for use in the evaluation of myocardial
performanée in shoek (7-13). Subsequent reports utilizing these
models in the early and intermediate phases of endotoxin shock have
provided evidence that the myocardium is not directly poisoned by
endotoxin (12) and is very resistant to its adverse henodynamic
actions, surviving periods of marked hypotension for 3 hours without
revealing adverse performance characteristics (8). Our studies have

also yielded indirect evidence for the absence of circulating

- myocardial toxic or depressant factors in the blood of shocked animals

in the interrediate or temﬁnal stages of shock (7,9,10). We have
documented the development of sigrificant heart failure within 4-6
hours following administration of endotoxin, although the mechanism
o-f fallure is not known (11,13). In these studies, heart failure
was manifestal by elevated left ventricular end diastolic pressures,
depressed myccardial contractility (decreasoad d:/Zdt and power), de-
creased efficiaecy, «axd mitochongdrial edoma and disruption (4), which
were obsesved 59 hours altor an Wggegg ondotoxin,  These facets of

myocardial dysfuction aw structural Jdaage were partially or totally




reversed or prevented by early administration of digoxin (13). The
probability of a substantial role of the heart in shock is further
suggested hy reports of clinical septic shock which have included |
descriptions of myocardial dysfunction or failure (18,22).

B ‘\nEvidence for the presence of a circulating toxin or depressant

substanec in shock has heen previously described by Cannon (2), Shorr

and colleagues (21,21), and more recently by Lefer, Glemn, and others

et

(4,5,14-18,23), with the introduction of the term "myocardial de-
pressant factor™ (MDF). The critical significance of circulating
toxic factors cannot be overemphasizexi because of their possible

overwhelming actions on both the peripheral vascular bed and the

myocardium. Pathophysiological manifestations of such factors might

- well include depressions of both aortic pressure and cardiac cutrut,

thus providing a logical rationale for the pathogenesis of shock.

Lefer, Glenn and others (5,6,15,17) have reported that plagma MDF

activity is inversely related to splanchnic blood flow in endotoxin

@)
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shock and that a 2-hour occlusion yields hivh plasma MOF activity.

They have further shown that occlusion of pancreatic arteries alone

g g

or subjecting the pancreas to ischemia or hypoxia results in MDF

activities comparable to those in shock. Finally, they have deron-

stratad that pancreatectany before occlusion of the splancinic arteries,

or prior to inauction of hawrrhaoic shock, almost completely abolishes

MDE predct ton (Fa, 7).

The nurpose of the present staly was o evaluate the nossible role

I Ot a airevlat ing perocardial dopteeut tactor in two forms of shock
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‘experiments was carried out in which each study was camposed of a

of the splanchnic region in contributing to the possible release of

produced by splanchnic arterial occlusion or E. c¢oli endotoxin
after pancreatectomy. Findings do not .support the view that a
myocardial depressant factor performs a significant role in the
pathogenesis of shock. There was no evidence for its release
from visceral splanchnic sites in SAD shock or from the pancreas

after erdotoxin.

METHODS

'Ebcperiments were corducted on adult mongrel dogs intravencusly

anesthetized with 30 mg/kg pentobarbital soditm., A total of 21

small heart donor animal and a large support dog providing blood
continuously for an isolated working heart preparation. This
procedure has been described in prévious reports from this labora-
tory (8-11). |
Two types of experiments were conducted to evaluate the role

a circulating factor toxic to the nyocardium:

Splanchnic arterial occlusion experiments (N = 7)

The purpose of these experiments was to determine if toxic
factors might be relaged from the ischemic splanchnic region and
return through the venous system to depress the wyocardium, Rasically,
the procodure consistid of isolating a heart aml supporting it with
blood exchanged with a heparinized "support animal", as previously

reportal (8,10,11). The test syctean inecluded both lungs, left atriunm,




-left ventricle, and aortié arch. The right ventricle was bypassed
following cannulation or the pulmonary artery. Functional analyses
were carried out on the isolated left ventricle as it was influenced
by blood circulating from the support animal subjected to shock
elicited by splanchnic arterial occlusion. Previous studies

utilized a similar procedure (5). Central venous blood fram the
support animal was supplied to the test heart with lungs ventilated,
via a pump set at a constant flow rate (76 cc/kg/min, based on weight
of the dog supplying the isolated heart). The tip of the cannula
supplying blood to the isolated heart was placed in the central veins
of the support animal, between the hepatic vein confluence with the
cava anl the right atrium. Coronary venous return and aocrtic outflow
of the test heart were separately collected, measurcd volumetrically
ard returned to the support animal as previously described (8,10).
Aortic pressure (afterload), cardiac output;:,(fmbmmry blood flow)
and blood temparature ware maintained coustoat ,i_r.'- the working heart
preparation. The adequacy of this test system has been documented

in earlier studies (10), Coronary arterial ud verous PO,, PCO, and
pll were estimated by an Instrumentation Laboratories blood analvzer
while myocardial 0, and o, arterial and vanous blood oontents were
measured by a Van Slyke mardaetric blood analyzer, Cardiac power in
gram-meters/sec and loft ventricular dp/dt in nm Hg/sec were calaulated
as praviously reported (8,10) 0 Splanchnic arterial occlusion was
cartyesh eut, by atrawmabic clampigg of the celiae, ruporior and inferor

meonteric arteries at tnelr vrigias, tor o 2=howr period an the support




animal. Myocardial performance, hemcdynamics and oxidative metabolism
of the test heart were documented during the pre-occlusion period,
twice during occlusion, and at several periods following release of
occlusion in the support dog and monitored ordinarily until death of
the animal (20-90 min post-occlusion). ’

Endotoxin administration following acute pancreatectomy (N = 14)

These experiments were carried out to determine if the presence
of the pancreas is essential for the elicitation of myocardial failure
after endotoxin injection. Previous reports (11,13) demonstrated
heart dysfunction 5 hours after endotoxin, as revealed from work
performance stresses carried out on an isclated heart preparation.

The reports of Lefer and Glenn (6,15,17) have clearly implicated the
pancreas as the chief site of MDF nroduction and release in shock.

The aim of the studies ocutlined below was to determine if heart
failure after endotoxin could he abolishal or diminished by acute
removal of the pancreas prior to an LDy, injection of endotoxin. |
Control studies without endotoxin were carried out to detexmine levels
of myocardial performance 5-7 hours following acute pancreatectomy,

The basic surgical procedure for this series of eperiments was
to conduct a laparotomy in a gmall adult doa via a midline incision
wxier pentobarbital Armsthwia. The pancreas was ramoved together with
a small section of adjoining duodenum and the spleen by sectioning
tissue bewﬂcex'\ doubly tied ligatures without loss of blood. The
abdominal incision was then closed and secured with clamps, animals
were positionad on their left sides ard placed o requlated heating

pxls, and roctal tempewrature probes and arterial and venous catheters
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were secured. Following a 15-30 minute equilibration period, endotoxin
was intravenously administered to 7 of 14 animals. Hearts were re-
moved ard transferred to the intact-dog perfusion system described
above in the splanchnic arterial occlusion (SAO) experimental group,
except that oxygenated (arterial) blood was removed from the support

animal and the isolated lungs were not ventilated. Mean systemic

"blood pressures, monitored in all animals, remained in the normotensive

range in control animals and fell to varying levels of hypotension in
endotoxin~-injected animals during the 3-4 hour period preceding heart
transfer. All hearts were subjected to afterload stresses as per-
formed in the previously described SAO experivents.

Statistics were carried out by means of a modified Student t test.

RESULTS

Splanchnic arterial occlusion SAO) experiments.

Table I illustrates the etiect of splanchnic arterial occlusion
on mean systemic arterial pressure and heart rate of the intac* doa.
It can be seen that pronounced hypotension was elicited by release

ot  planchnic occlusion, while heart rate changes were variable,

Figure la and 1b are two typical myocardial ::&smn._fsés to 2 .hours of
SAD.  The parsistent finding denmonstratad by both im'es ig that
release of 2 hows ot coclusion of blood flow to the splanchnic region
clié not rasult in an Janostrable myocardial Failure or d@px‘éssinn of
falastlo o ot Whe Lent Jwdart, é!n the aentrary, o during pre-tarminal

pericds in the aumal, the ayeedardoe porfoomed normally at elevated




afterloads of 100 and 150 mm Hg when intraventricular systolic
pressure often exceeded 200 mm Hg; left .ventricular end diastolic
pressure (LVEDP) remained below control values at all be.riods fol-
lowing release of occlusion; dp/dt was elevated; cardiic power
equaled or exceeded control values; and myocardial oxygen uptake
remained relatively similar to control values at ecch afterload.
Two unsuspected findings were noted after release of the occlusions:
coronary blood flow increased markedly while heart rate fell below
the pre-occlusion value. There was no evidence for a depression of
myocardial performance unless it could be construed that oronary
flow was inefficiently or non-econamically elevated, All animals
became severly hypotensive within 5 minutes following restoration
of splanchnic blood flow.

Figures 23 and 2b further describe the effects of SAO shock on

the heart at 100 mm Hy afterload and fixed cardiac output of 76 cc/
kg/min, Mean values of performance parameters from all xpariments
clearly show that myocardial performance is unimpaired follawing
release of occlusion: LVEDP, dpP/dt, and cardiac pows. ave maintained
" similar to pre-ooclusion values {p » 0,05 while coronary resistance
markedly fell (p ¢ 0.05) in comarison to pre~oceiusion values, and
hearts performed nomally even up to the death of the aninals.
Table 11 swwavizes the effoct of SA0 shock on oxidative metabolism
ef the heart at a maintained aftoriost of 100 ms Hg and constant cardiae

autput of 76 eeskgsrun, Qoronary flow increasad sianificant iy (o G.0%

antd axyyen delivery to the mocardiee wag oloavated (o= 0L08) durine

the postecoclusion period,  Oxygon wtake arsd carbon diox wle praducsion
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were elevated on the average above pre-occlusici. values following
release of the clamps. Significant elevations of coronary venous

0, content occurred (p < 0.01) but since coronary blood fldﬂs were
markedly elevated (p < 0.05), Oz-uptake wés well maintained during
the period of SAO shock. Gradual decreases in pH wrre observeG
during SAO shock. When afterload was increased to 150 mu Hg there
were large cha~es in most parameters, as shown in Téble T1I, Of
special note is the observation that myocardial werformance of the
test heart was notably good during the period of rapidly develdping
hypotens\ive shock in the animal: LVEDP and heart rate were in the
noxrmal range, whil;;,’ dP/dt was elevatec on tl » average tliough not
statistically altered from control values (p > C.05). Increased
coronary blood flow (p < 0.05) resulting from coronary vasodilation,
together with well maintained coronary arterial oxygen content, would
providé an augnented oxygen delivery rate to the nyocardial tissue of
the test heart during -SAO shock.

Endotoxin administration following acute pancreatectamy.

The second series of experiments was corried out to evaluate the
role of the pancreas in the elicitation of heart failure in endotoxin
shock. No differences were ohsorved between myocardial performances
of pancreatectomized dogs in the present experiments and animals with
incact pancreata in proevicus studies from this laboratory (11,13),
none of which reemived endotoxin,  'this obsiorvation clearly demonstrated

that 4-6 hours of acute pancreat ectony cxevtod no detrimental action it-




L S A L B R A A B DS o

self on ‘the myocardium, However, endotoxin administered to pan-
createctomized animals, whose hearts were e_vaiﬁated 4-6 hours later,
demonstrated the same degree of myocardial failure as reported

earlier by this laboratory (11,13). Figure 3 presents raw and derived
data from one control and two experimental heart preparations. The
control heart at the left side of the figure reveals a normal response
to varied afterloads as previously reported (10,11,13) even though |
it was obtained fram an animal pancreatectomizen 5 hours earlier. On
the other hand, the two experimental heart preparations in Figqure 3,
obtained from animals given endotoxin 4-5 hours previously and after
pancreatectomy, exhibited notable degrees of heart failure, Myoéa.rdial
@sftmction was characterized by .abnomally elevated LVEDP values and
relatively depressed dP/dt and cardiac power quantities at matched
afterloads and cardiac outputs. The experimental heart (#2), in the
right enlinn, exhibited a severe deyree of heart failure in that hoth
output and afterload could not be increased above the subfiormal levels
shown in the figure without precipitating rapid overdistension and-
profound failure,

Figqures 4a and 4b provide means, plus and minus one standard

deviation, of various performance and hemodynamic parameters of control,
non-shocked hears (N = 7). However, because of the extreme variability
of failvre of the endotoxin-treated hearts, individual values of the 7
exporimental hearts are sepavately displaved. ‘Iwo hearts could not

function at an attarload of 100 mu iy even at a reduced cardiac output,

The heart indicated by the open sauare (7)) could not suoport a normal




R T ———_——

‘\\j

-10-

cardiac output. It can be seen that only one of the shocked hearts

could sustain a normal LVEDP at 150 mm dg and thet very high LVEDP

‘values were evident even at low afterloads.: Values of dP/dt tended

tn be depressed at 150 mn Hg although'gnly 3 hearts could tolerate

an afterload of this magnitude, without precipitous-overdistension

and extreme failure in contrast to the controls, each of which
performed within normal limits at all afterloads. Heart rates and
coronary resistances were relatively scattered and not significantly
medified from normal hearts. Two of 3 hearts able to survive the

150 mm Hg afterload (Figure 4a) demonstrated subnormal power cquantities
and this was evident since individual LVEDP values were abnormally high.

Table IVa and TVb array polled data of certain metabolic parameters

in hearts cbtained from endotoxin-shocked and control pancreatectomized
animals at 100 and 150 mm Hg afterloads. No significant differences in
coronary arterial and venous oxygen or carbon dioxide partial pressures
or contents were cbserved in the control and experimental groups, ard no
alterations in myocardial arterial or venous pH values were discernible
in hearts able to berfrdn against the higher afterloads. Table V sum-
marizes findings of coronary blood flow, myocardial oxygen supply in

accounting for myocardial failure after endotoxin.

DISCUSSION
The putpose of the present study was to evaluate the possible role

of a cvirculating myocardial depressant factor in shock produced separately

N 2
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by splanchnic arterial occlusion (SAO) and endctoxin. Each stress
‘was applied in a lethal faushion, SAO shock characterized w precipi-
tously developing systemic hypotension followed. by early deith, ard

an IDq, g,vggli erdotoxin shock eliciting sustained hypotensién,
acidosis, and heart failure after 4-5 hours. Research in this laboratorv,
“though clearly demonstrating heart failure after endotoxin, has failed to
reveal the mechanism. We have excluded a direct myocardial toxic action
of endotoxin (12) and have demonstrated that the blood of endotoxin-
shocked animals, in the intermediate or pre-terminal stages, does not
possess a circulating myocardial toxic factor of sizjnificant importance
(7-9,10) . Nevertheless, a myocardial depressant substance, termed "M,
has been described to perform a critically important role in the elici-
tation of myocardial dysfunction in several forms of shock, including
those elicited by splanchnic arterial occlusion and endotoxin (14-17,23).

In the course‘ of attempting to hamonize the findings of this |

lahoratory (7-13) with those of others (5,6,14-18,23), it becam: increas-

ingly recognized that at least two critical experiments should be carried

e T L T St e L £ MM S 2. T T,

out: (a) splanchnic arterial occlusion and (b) pancreatectomized animals

[ R———)

administered endotoxin. The former would be essential in that this form
of shock, involving 2 hours of arterial ccclusion of three major splanch- 1
nic vessels, has been shown to be a sufficient stimulus to release a
maximum concentration of MDF after release of the oc¢lusion (15), The
latter pancreatectomy experiment would be of critical importance because

the pancreas has been implicated as being the major, if not the onlwy,

F g T i+
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source of MDF in shock (16,17). 1If heart failure was due in large
pa.rt to MDF released from the ischemic splanchnic region, SAO experi- '
ments should yield a significant measure of myocardial dysfunction in
the test heart. If pancreatectomy was carried out and shown by itself
not to adversely affect myocardial performance, i.njecfion’ of endotoxin !
would be expected not to result ir heart failure in the absence of thé
pancreas, according to Lefer and Glemn (5,6,17).

Unfortunately, results from our experiments as carried out in the o

present study, have failed to harmonize our previous findings (7-13)
with those of others (5,6,14-~18,23). We obtained no evidence whatso-
ever to support the view that a myocardial depressant factor performs

a simificant role in the pathogenesis of SAO shock or endotoxin shock

s et

post-pancreatectany. There was no indication of myocardial depressant
factors circulating in the blood released from abdaminal visceral sites
after release of splanchnic arterial occlusion or following lethal in- ;
jections of exdotoxin., Experiments carried cut in this laboratory to
evaluate the MOF hypothesis incorporated the rigid control of afterload
and cardia: output in order to more clearly recognize ard interpiet

changes in nyocardias performance at the separate afcerloads.,

In SAO shock, as carried out in the present study, myocardial con-
tractility in a test heart receiving blood directly from the previously

ischemic splanchnic region, at constant afterload and cardia output,

B

was normal in all respects: IVEDP was low or lowwy than normal, dp/dt

ardd cardiac power were at control pre—occlusion levels or hicher, while

1.4 o vhborind e it et
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heart rate changes were variable. These findings bersistéd even in

the face of severe systemic hypotension ard up to the point o f death

in the intact animal. It is possible that a myocardial excitatory
factor might also be elaborated folloving relase of the clamps, which
would counteract or negate the myocardial effects of a depressant sub-
stance., It should be pointed out that since -the tip of the cannuia
carrying blood to the isclated heart is placed downstream from the
confluences of the hepatic veins and inferior vena cava, the isolated -
heart is ampling precisely the same blood as the intact heart. Since
both arterial and venous inflows to the liver were onstructed during

the occlusion period, it is likely that the liver would have been
rendered incapsble of detoxigying agents rsleased from thé ischemic
splanchnic region (19). Further, it would appear that since the mean
am:tic pressure of the dog falls dramaticauy to shock levels after
release of the occlusion, the precipitaticn of shock m.st have been due
to peripheral vascular rather than direct cardiac factws in view of the
normal performance of the test heart. The marked increase in coronary
blood flow observed in the SAO experiment:: might have been elicited hy
catecholamine release; howsver, the absence of tachycardia in flne test
heart appears to negate this possibility. In addition, heart rates of
the intact animals were not significantly modified in S8R0 shock. Results
fram this first set of experiments would suggest that systemic hvpotension
in the intact animal was caused by peripheral pooling of blood, which

yielderl a greatly depressed venous retwrn and cardiac cutput, This

R R e T N AR PT)
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vi~v is supported by the findings of Chiu and others (3) and Wilson

- and Fbert (25), but other possibilities are raised by Selkurt (19)

and Williams (24).

Pancreatectamy experiments, carried out in the present study,
failed to interfere with the elicitation of myocardial failure in
endotoxin shock as previously reported (11,13). Precisely the same
degree of heart failure after enodtoxoin was observed in the acutely
pancreatectamized animal, as previously reported in animals with intact
pancreata (11,13): LVEDP was notably elevated at lower afterloads

and only half of the hearts could tolerate a normally high afterload

"f:(lSO mm Hg) without tue precipitation of total myocardial destruction,

“and dp/dt and cardiac power were relatively depressed, particularly

at the higher afterload of 150 mm Hg. Finally, these experiments

. have failed to identify the critical factors instrumental in the

pathogenesis of cardiac dysfunction in endotoxin shock. Fxplanations

~ have been posed by Cann ancd others which appear to invoke abnormal

enphasis an sympathetic drive and rate (l). Findings from cases of

hman septic shock have documented myocardial failure (18,22), under-

scoring the need for a clearer understarding of its mechanism in rrder

_to provide etfective therapy (13).
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FIGURE LEGENDS

Effect of splanchnic arterial occlusion on myocardial
performance, hemodynamics and metabolism (typical
experiment; constant cardiac output; afterload, 100 mm
Hg; LVEDP = left ventricular end diastolic p:essure) .
Effect of splanchnic arterial occlusion on myocardial
performance and hemodynamics (typical experiment;
constant cardiac output; afterload, 150 mm Hg: LVEDP =
left ventricular end diastolic pressure) .

Effect of splanchnic arterial occlusion on myocardial
performance (mean + SE, 7 experiments; afterload,

100 mm Hg; LVEDP = left ventricular end diastolic pressure).

Effect of splanthnic arterial occlusion on myncardial

I

performance and hemodynamics (mean + 8E, 7 experiments;
afterload, 100 mm Hg; power, work/sec = amemeters/sec) .
Effect of endotoxin after pancreatectamy {and splenectony)
on myocardial performance, hemodynamics and metabolism

(1 control and 2 experimental preparations).

Control: post-pancreatectaw {6 hours): no endotoxin
administared,

Exparimental #l: post-pancreoatectamy (6 hours)

post=andotoxin (5 howrs)

Wwper bental #2: post~pancreatectany (5-1/2 hours) ;

poat-atxlotoxin {4-1/2 hours).
(Afterlead and cardiac cutput oould not be elevated

becau: -+ of severe degree of heart failure).
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Figure 4a. @Effect of endotoxin administration in acutely pan-
createctomized animals on myocardial pérfonnance (14

experiments). (Performance responses evaluated at

100 and 150 mm Hg afterload in all controls and experi=~
mentals except the latter in which severe degree of
heart failure prevented attairment of afterload.)

Control hearts (N = ™); acute pancreatectomy without

endotoxin, Mean = dashed (==-———-==) line; + SE =
§0lid (~ewemer——) ]ine.

Experimental hearts (N = 7); acute pancreatectomy
followed by endotoxin, Individual hearts represented
by separate symbols.

Effect of endotoxin in acutely pancreatectomized animals

on coronary vascular resistarnce, cardiac power (work/sec)
and heart rate, at variable afterloads (14 expariments).

(Refexr to Figure 4a for Surther axplanation).
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