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I The relative importance of the heart in contributing to the

pathogenesis of shock is not well defined. At presext, there are

no available experL:Lntal data to evaluate the separate contributions

of peripheral arid 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

I performance in shocK (7-13). Subsequent reports utilizing these

nodels 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 henx dynamic

actions, surviving periods of marked hypotension for 3 hours without

revealing adverse performance characteristics (8). Dar studies have

also yielded indirect evidence for the absence of circulating

myocardial toxic or depressant factors in the blood of shocked anilmls

in the interrediate or terminal stages of shock (7,9,10). We have

documnted the development of s-igificant heart failure within 4-6

hours following administration of enlotoxin, althiough the ruyianism

of ftailure is rot lurwn (11 ,131. In these studies, heart failur -

was in=ifestod by elevatok left votricular end diastolic pressures,

depressed imyccrdial contactdility (dtreasL\J d:/dt and Ixp, mar), de-

cr&3x efficitscy, vul n(.t i'xiovu ira ji disruption (4) , which

I ~ ~~were acrvct 5-9 '11): fcx rtqj uliotox-ill. These Meevts of

myocai xial dyfLficuton !i..A st-uct uO ,mi catt, wexe partially or totally

I
I
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reverseri or prevented by early administration of digoxin (13). The

probability of a substantial role of the heart in shock is further

suggested by reports of clinical septic shock which have included

descriptions of myocardial dysfunction or failure (18,22).I.
Evidence for the presence of a circulating toxin or depressant

substanCc in shock has been previotuiy described by Cannon (2), Shorr

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

(4,5,14-18,23), with the introduction of the term "myocardial de-

pressant factor" (MDF). The critical significance of circulating

I toxic factors cannot be overephasized because of their possible

overwhelming actions on both the peripheral vascular bed and the

myocardium. Pathophysiological rnifestations of such factors might

I well include depressions of both aortic pressure and cardiac cutout,

thus providing a logical rationale for the pathogenesis of shock.

Lefer, Glenn and others (5,6,15,17) have rerorted that plasma MDF

activity is inversely related to splancd-ic blood flow in endotoxin

shock and that a- 2-hour occlusion yields high pJ.asaD MDF activity.

They have further shown that occlusion of pancreatic arteries 3101ie

or subjec .ing the pancreas to isciWa or hypoxia resfuits in MDF

activities ux-ar'ablc to those in ahock. inally, they have daron-

stratei that pancreatectany before (cw<clwion of the splaaidnic arteries,

or prior to bL~ctwr of h~own-irhaiic Ne,1ttxk, --A ks -Aletely abolishes

Thk l~'11SUOf t-10 VISOe t "w~'tud ,t was' Co~ eYk';dwl.to tie M~ssilblo role

I Ii .- t ji q iari.di d.] 1.:- uIf A,1Ctx'r ti two forn of shock
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produce by splanchnic arterial occlusion or E. coli erxlotoxin

after pancreatectomy. Findings do not support the view that a

myocardial depressant factor perform a significant role in the

pathogenesis of shock. There was no evidence for its release

from visceral splanchnic sites in SAO shock or from the pwicreas

after endotoxin.

METHODS

Experiments were conducted on adult Tongrel dogs intravenously

anesthetized with 30 nM/kg pentobarbital sodimt. A total of 21

experiments was carried out in which each study was composed of a

small heart donor animal and a large support dog providing blood

ontinuiusly for an isolated working heart preparation. This

procedure has been described in previous reports from this labora-

tory (8-Il).

Two types of experixients were conducted to evaluate the role

of the splanchnic region in contributing to thie possible release of

a circulating factor toxic to-the rnyocardimw:

Splanchnic arterial occlusion expriwints (N = 7)

I1 The purpose of those experiments was to determine if toxic

factors might be relaned from the isciwdc splanchnic region w-41

return tUrough the venou systa i to dq~esr the iiocaUrdiui, Basically,

I the prwo.xuwre consistud of isolating a heart ,vx suxo)rting it withi

blu(XI exchanged with a hoparinized "su-4xrt iuaivld", as pr.viously

i rcportul (8,10,11). The test s'.tn included both lungs, left atrim,
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I
left ventricle, and aortic arch. The right ventricle was bypassed

I following carnulation or the pulmona- artery. Functional analyses

were carried out on the isolated left ventricle as it was influenced

I by blood circulating from the support animal subjected to shock

U elicited by splanchnic arterial occlusion. Previous studies

utilized a similar procedure (5). Central verous blood from 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 anial, between the hepatic vein confluence with the

cava aryl the right atrium. Coronary venous return and aortic outflow

of the test heart were separately collected, measured volumetrically

and returned to the support aninal as previously described (8,10).

Aortic pressure (afterload), caxdiac outpu J puhmnary blood fh)

and blood ten rature wire maintained trt h. thie worki-g heart

preparation. The adecuapy of this test system has been dom~m*nt(d

in earlier studies (10). Cmonary arterial i venous P02 , 102 ald

pil were estimated by an 2nstrurntation Utboratories blood ankilyzex

i whilu myocardial 02 and LO2 arterial md venous blcxx contents were

mwmsured by a Van Slyke irarmetric blod lyzer. Cardiac power in

I gqranmuto's/sec w-4] loft vwntricular dPdrt il nin H/sec were calculatex!

as pricviousIy £'poxtttv1 (8,16). Splanduic arta'il. occlwsion was

C--ar? 10,1 . by dt aLit " Omqci.q tfi ,v i-h, st4Vtio ai in e-rior

tri~t.. -)V iw terlu. at trieir fot 'i .1, ftut d ~ ritxl ill U1 susvrt
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animal. Myocardial performance, hem dynamics 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 pancreatectmy (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 fron work

performance stresses carried out on an isolated heart preparation.
The reports of Lefer and Glenn (6,15,17) have clearly implicated the

- pancreas as the chief site of MDF production and release in shock.

The aim of the studies outlined belcw was to determine if heart

failure after endotoxin could be abolish&l or dimidnished by acute

1 ' reoval of the panceas prior to an LD70 injection of endotoxin.

Control studies without erdotcxtn wore carri ed out to detemine levels

of myocardial perf=inct 5-7 hours following acute pancreatectoy.

The basic surgical Irocedure for this series of xperinxnt, was

under pentobarbital anesthesi... The pancreas was r oqwv toqethar with

ja wall section of adjoining dudenum and tie spleeni by sectioning

tissue between doubly tied ligatures without loas of blood. TheIi
abdaid..al incision wa then closed =d sec=' d witl cla', animals

were psitioned on their left sides ix,, placil o, rexulatx1 heating

pads, and roctal twsnexature probes ad arter.ial and venous catleters

£ I
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I
were secured. Following a 15-30 minute equilibration period, endotoxin

I was intravenously administered to 7 of 14 animals. Hearts were re-

moved and transferred to the intact-dog perfusion system described

above in the splanchnic arterial occlusion (SAD) experimental group,

except that oxygenated (arterial) blood was removed from the support

animal and the isolated lungs were not ventilated. Mean systemic

blood pressures, monitore1 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 expertnents.

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

Ra.SULTS

SLplanchnic arterial ocrlusion SAO) xperimwts.

TableI illustrates the effect of splanclnic arterial oco)usion

on , mn systemic arterial presmsr ail hoat: rate of the intacl dog.

It can be seen that pronouncl hypotension was elicited by release

- ol plivcMic oxclusion, while heart rate chiinges were variable.

<I Fiur'e la and lb are tu* typical n yoarial responses to 2 hours of

SAn. The 1xirsistentt fimling dt.vstratt1 by )-oth fiqures is that

-i release of 2 h oux t tKxlusion ot: b ILXo•I MUcw to the splanchn.ic region

did not rtwiult in ou, daistrable m x:i 'rdia1 failure or depression of

-ricxL in i 4an itvi, Ut i 01urdw 1 Wi' o lot 'tA i tI ('lv laxtcV1
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I afterloads of 100 and 150 mn, Hg when intraventricular systolic

pressure often exceeded 200 mm Hg; left ventricular end diastolic
presure (LVEDP) remined below control values at all periods fol-

3lowing release of occlusion; dP/dt was elevated; cardiac power

equaled or exceeded control values; and nyocardial oxygen uptake

remained relatively similar to control values at ezch afterload.5 'Two unsuspected findings were noted after release of the occlusions:

coronary blood flow increased markedly while heart rate fell below

I the pre-occlusion value. There was no evidence for a depression of
myocardial perfornrance unless it could be construed that coronary

flow was inefficiently or non-economically elevated. All aniniIas

5 became severly hypotensive within 5 minutes following restoration

of splanchnic blood flow.

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

the heart -t. 100 m Hg afterload and fixed ciardiac output of 76 cc/

IE kg/min. Memi values of perfoniwce parwretoxs frmc all ,uwi°m t

- clearly sha that iyocardial pwfornc* is tuiiairod followinq

re ease of ocvlusion. LVDP, dP/dt, nd mrdiac p are maintained

! Isimilar to pro-o-clusion values (p ' 0.05) while corow2ary resistance
- awkedly fell (p < 0.0 ) in oCu~arisom to pre hsion values, and

I hearts peirfornW =-rmally awin Qp theUI deaUi of the wanils.

Table 1 swirarizmu.e th of fwct of 10o stuOc on cmidat ve tttawilsmIof the mrt ata rtjintifvl -tr loa ; tLx 100) ari IlIq anti conxstant canliac.

j coy~r7';ckq/mml. C.mbrtivry f~* ixt vst% i~nfemt% (p 00s
ar . owqen delivery U. the th,,.rth,I cu W l,,as (p 0.05) 'w! ri

4

1 
4
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were elevated on the average above pre-occlusioi values following

-release of the clamrps. Significant elevations of coronary venous

* 02 content occurred (p < 0.01) but since coronary blood flows were

* rmarkedly elevated (p < 0.05), 02 uptake was well maintained during

the period of SAO shock. Gradual decreases in pH were observe,

,1j during SAO shock. When afterload was increased to 150 m Hg there

L] were large cha- -es in mst parameters, as shown in Table III. Of

special note is the observation that myocardial yerformiace of the

test heart was notably good during the period of rapidly developing

hypotensive shock in the animal: LVEDP and heart rdte were in the

1 normal range, while dP/dt was elevated on t l average tough not

statistically altered from control values (p > C.05). Increased

ooronary blood flow (p < 0.05) resulting from coronary vasodilation,

together with well maintained caronary arterial oxygen content, would

provide an augmented oxygen delivery rate to the nmyocardial tissue of

the test heart during SAO shock.

Endotoxin administration following acute pancreatectomy.

The second series of experiments was carried out to evaluate the

cle of the pancreas in the elicitation of heart failure in endotoxin

shock. No differences were obsered between myocardial performances

of ranc.ceat.ectxxmizefd dogs in tlie prese.it expriments and animals with

intact pancreata in f, vious studies from this laboratorx (11,13)

none ot whic ",i \/1 ondot oxi n. 'I'h i r,;ort. tion cloarly demnstrated

that. 4-6 hours of acute p u cveiI ,'rt w, , t no det-iental action it-



self on the myocardium. However, endotoxin administered to par.-

createctomized animals, whose hearts were evaluated 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 frcm 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

V it was obtained from an animal pancreatectcimize 5 hours earlier. On

the other hand, the two experimental heart preparations in Figure 3,

I obtained from animals given endotoxin 4-5 hours previously and after

pancreatectcmw, exhibited notable degrees of heart failure. Myocardial

dysfunction was characterized by abnormally elevated LVEDP values and

I relatively depressed dP/dt and cardiac poiier quantities at mtched

afterloads and cardiac outputs. The experimental heart (#2), in the

I i right crkh, u, exhibited a severe degree of heart failure in that both

output and afterload could not be increased above the subhormal levels

shown in the figure without precipitating rapid overdistension and

profound failure.

Figures 4a and 4b provide nvans, plus and minus one standard

deviation, of various perforxce and hemodynamic parameters of control,

1 non-shocked hears (N 7). Hower, becaust of the extreane variability

of- faillre of the endotoxin-treated hearts, i:xdividual values of the 7

ex-erimntal hearts ire sepairately displayed. 'IWo hearts ow'uld not

function at W1 oaXd of 100 1i11 lig even at a rkduced cardia output.

3 The he.art indicated by the open ,ioua.o (.) could not suvrxort a norriw

!



I -10-
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cardiac output. It can be seen that only one of the shocked hearts

could sustain a normal LVEDP at 150 im rg and that very high LVEDP

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

t' be depressed at 150 rm Hg although only 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

modified frcn normal hearts. Two of 3 hearts able to survive the

I 150 m Hg afterload (Figure 4a) demonstrated subnormal power quantities

and this was evident since individual LVEDP values were abnormally high.

Table IVa and IVb array polled data of certain metabolic parameters

in hearts obtained from endotoxin-shocked and control pancreatectnized

animals at 100 and 150 nm Hg afterloads. No significant differences in

- coronary arterial and venous oxygen or carbon dioxide partial pressures

or contents were observed in the control and experimental croups, and no

alterations in myocardial arterial or venous pH values were discernible

J in hearts able to perfrom against the higher afterloads. Table V sm-

marizes findings of coronary blood flow, myocardial oxyget supply in

5 accounting for myocardial failure after endotoxin.

DIUSSION

j The molse (A Uie prescnt study was to evaluite the possible role

of a circulat iu myyocradial depressant factor in shock Froduced separately

!I
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> 1 by sPlanchnic arterial occlusion (SAO) and eixkctoxin. Each stress

was applied in a lethal ftashion, SAO shock characterized y~ precipi-

~ 3tously developing systmiic hypotension followed by early de,-:h, anm3

~ i an LD70 E.coli eniotoxin shock eliciting sustained hypotension,

acidos is, and heart failure after 4-5 hours. Research in this laboratory,*

though clearly demonstrating heart failure after enviotoxin, has failed to

reveal the mechanism. WP have excludIed a direct myocardial toxic action

of endotoxin (12) and helve dawnstrated that the blood of endotoxin-

shocked animals, in the intermediate or pre-terminal stages, does not

possess a circulating myocardial toxic factor of significant iiqortznce-

(7-9,10). Nevertheless, a my'ocardial depressant substance, tenre "We"fl

has been described to perform a critically inprtant role in the elici-

3 tation of rnyocardiaJ. dysfunction in several formus of shock, inclin~rct

those elicited by splanchnic arterial occlusion and endotoxin (14-17,23).

:3In the course of attempting to harmonize thfe findings of this

3 laboratory (7-13) with those of others (5,6,14-18,23), it becamt .increas-

ingl recognized that at least two critical experiints should be carried

3 out: (a) splanchnic arterial occlusion wnd (b) pancreatectmized animals

administered endoLoxin. The former would be essential in that thids torm

of shock, involving 2 hours of arterial occlusion of three major splanch-

Ii vessels, has been shown to be a sufficic-nt stimulu~s to release a

maxinmm concentration of MVII, after releaise of the'oclcusion (15). The

latter 1wincreatectomy oxpriment wtld be of critical importance because

the pancreas has bi-en imp~licated as buing the iiij or, i f nut the only,
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I source of M4F in shock (16,17). If heart failure was due in large

part to MDF released from the ischanic splanchnic region, SAO experi-

rnents should yield a significant measure of myqocardial dysfunction in

the test heart. If pancreatectrny was carried out and show~n by itself

not to adversely affect myocardial performance, injection of endotoxin

Iwould be expected not to result in, heart failure in the absence of the

pancreas, according to Lefer and Glenn (5,6,17).

Unfortunately, results fran our experiments as carried out in the

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-

I ever to support the view that a myrocardial depressant factor performs

a significant role in the pathogenesis of SAO) shock or endotoxin shock

post-pancreatectany. There was no indication of mnyocardial depressant

factors circulating in the blood released from abdcininal visceral sitesz after release of splanchnic arterial occlusion or following lethal in-

I jections of e~1otoxin. Experimants carried out in this l.aboratory to

evauat th ~) hpothesis incorporated the rigid control of af terloaevlaete5Wh a
and cardia2; output in order to w~ore clearly recognize and interptet

changes in myocardiai per fornce at the separate af uerloads.

In SAO) shock, as carried out in the present Wtuly, myocardial con-

I tractility in a test heart receiving blood directly from the previously

/1 ischanic splanchnic region, at comstant afterload and cardia outrut,

wts nonival in all respects: IMMIP was low~ or 1co&er thart normal, dP/ct

and cardiac powe'r were at control pr(-ocelusion levels o'r iiher, .

I7



.her rat chne wer vral. Ths fidig .p.r...t e vni

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

5 in the intact animal. It is possible that a myocardial excitatory

factor might also be elaborated following relase of the clanips, which

would counteract or negate the nyocardial effects of a depressant sub-

stance. It should be pointed out that since the tip of the cannula.

carrying blood to the isolated heart is placed dcwnstrean from the

jconifluenices of the hepatic veins and inferior vena, cava, the isolated

heart is ainpling precisely the same bloo~d as the intact heart. Since

I both arterial and venr~is inflows to the liver were ob.,tructed durirm

Ithe occlusion pexiod, it is likely that the liver would have been
rendered incaipable of deboxigying agents vu-leased fromn the ischanic

Isplanchnic region (19). Further, it would appear that since the mean

aortic pressure of the dog falls dramatically to shock levels aftex

release of the occlusion, the precipitationi ofk shock im..t havei been due

to peripoheral vascular rather tnan direct cardiac fact' rs in vim of the

nonml performance of the test heart. The marked increase in coronay-f

blood flow~ observed in the SAW eperime~nt., might have been elicited by

catecholamine release; hm-wver, the absence of tachycardi.i in the test

heart appears to negate this possibility. In addition, heart rates of

I the intact animals were no~t significantly modified in W) shock. Results

from this first set of exper'llv~nts would suggest that systanic hvroterusion

in the intact animal was caused ky Weiphea. p=ohnq of blood, which

yielded 'a greatly depr~essed3 vonrus return arcl cardinc outpuit. Mhs

-A
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vi-4 is supported by~ the findings of Chiu and others (3) andi Wilson

*and Ebert (25), but other possibilities are raised by Selkurt (19)

Aand Williami (24).

Paricreatectmyr experirents, carried out in the present stLudy,

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 erndtoxoin was observed in the acutely

pancreatectauized animal, as previously reported in aninals with intact

parcreata (11,13): LVEDP was notably elevated at lower afterloads

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

- ~(150 rm Hg) without tie precipitation of total mryocardial destruction,

and dP/dt and cardiac power were relatively depressed, particularl%

at the higher afterload of 150 mm H-g. F'inally, these experiments

have failed to identify the critical factors inst'umental in thoa

pathogenesis of cardiac dysfunction in endotoxin shock. Explanations

have been posed by Camn and others which appear to invoke abnriml

a3Thasis on syrnathetic drive and rate (1). Findings from~ cases of

h~.an septic shock have documented miyocardial failure (18,22), under-

I scoring the need for a clearer understanding of its michanism in order

to provide effective thierapy (13).
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FIGURE LEGENDS

Figure la. Effect of splanchnic arterial occlusion on myocardial

j performance, hemodynamics and metabolism (typical

experiment; constant cardiac output; afterload, 100 mm

- Hg; LVEDP = left ventricular end diastolic pressure).

r Figure lb. Effect of splanchnic arterial occlusion on myocardial

performance and hemodnamics (typical experiment;

I oonstant cardiac output; afterload, 150 mm Hg: LVEDP

left ventricular end diastolic pressure).

Figure 2a. Effect of splanchnic arterial occlusion on myocardial

performance (mean + SE, 7 experiments; afterload,

100 =m Hg; LVEDP * left ventricular end diastolic pressure),

Figure 2b. Effect of splanuhnic arterial occlusion on myocardial

perfonnance and hemodynawics (mean + SE, 7 eapari.nts;

afterload, 100 m Hg; lxwwJ, worR/sec = cmi-ters/sec).

Figure 3. Effect of eniotoxin aftev pancreatectay (and splenectwy)

on myocardial perforance, hewdynwnics and metabolism

1 (1 cnUtrol and 2 experibvantal preparatiois).

Control: post-wrncreatwtan , (6 hours): no erdotoxin

U administered.

Experiitntal #1: post-p 'eatect(,,y (6 -I s);

- ~pwt-cdtoxin (4-1/2 Y tt2s).

3 (Afterload Lmd cardiac out,:pt aould not be elevated

I btcAu: of severe degree of heart failure).
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Figure 4a. Efetof enooi diita.o naueypn

experiments). (Performance responses evaluated at

100 and~ 150 mn Hg afterload in all cxontrols and experi-

rentals except the latter in which severe degree of

heart failure prevented attainment of afterload.)

Control hearts (N =);acute pancreatectrn without

I exxdotoxin. Mean =dashed (---)line; + SE

I R ifntal hearts (N 7); acute pancreatectcw2'

folloed by endot~xin. Ixdividual hearts represented

by separxate sMrbols.

IFigure 4b. Effect of erdotoxin in acutely pancreatectoJdzed aimals
on ooronary vascul=a resistance, cardiac poer (work/sec)

I and heart rate, at variable afterloadzs (14 experinnts).

(Refer to Figure 4a for fl'uthr acplanation).
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