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The general physiological and more detailed he-
modynamic alterations produced in animals by bac-
terial endotoxins have been reviewed by Thomas
(1) and Gilbert (2). It has been shown that after
the administration of endotoxin there is a fall in
cardiac output which is accompanied by a decrease
in auricular filling. Despite the extensive litera-
ture on the hemodynamic effects produced by en-
dotoxin in various vascular beds, little attention
has been given to the study of its action on the
coronary circulation.

In Gilbert's review (2), it was held that there
was "no evidence to date to support the view that
endotoxin had any important effect on myocardial
function." More recently, however, Maxwell and
associates (3) demonstrated by catheterization
techniques that there was a decrease in the coro-
nary blood flow and cardiac efficiency associated
with an increase in myocardial oxygen extraction
after endotoxin. There was, however, no sig-
nificant change in the calculated resistance to flow
through the coronary vascular bed.

This paper reports changes in resistance to flow
through the coronary vascular bed of the dog pro-
duced by local administration of the endotoxin of
Salmonella typhosa 0901. Resistance was calcu-
lated from measurement of coronary perfusion
pressure with the rate of blood flow to the coronary
vascular bed held constant. The heart was beat-
ing but performing no external work.

MATERIALS AND METHODS

The study included a total of 20 mongrel dogs rang-
ing in weight from 10 to 18 kg. The animals were
anesthetized with sodium pentobarbital (35 mg per kg),
and artificially ventilated through a tracheal cannula.
The heart was exposed through the right fourth inter-
costal space. Heparin sodium (5 mg per kg) was in-
jected intravenously and plastic cannulae were intro-

* Reported in part (Clin. Res. 1961, 9, 14).

duced into the superior and inferior venae cavae by way
of the right atrium (Figure 1). A rotating disc oxy-
genator,1 blood heat exchanger,2 and blood pump 3 were
interposed between the cannulae and the left femoral ar-
tery, and the body was perfused with oxygenated blood
at 370 C, at the rate of 80 to 90 ml per kg per minute.
At this point in the procedure positive-pressure respira-
tion was terminated. Coronary venous blood was col-
lected from the right side of the heart with a cannula
threaded through the tricuspid valve and this blood was
returned to the venous limb of the perfusion circuit. Left
heart blood (from arterioluminal, thebesian, and bronchial
vessels) was collected with another cannula inserted
into the left atrium and left ventricle through a superior
pulmonary vein. The flow from this cannula, usually less
than 10 ml per minute, was collected and returned to the
venous limb of the perfusion circuit.

The coronary vascular bed was perfused at a constant
flow rate with a second pump 4 interposed between the
right femoral artery and the ascending aorta (Figure 1).
Flow rates were adj usted to produce mean pressures
ranging from 72 to 130 mmHg. At these pressures,
covering the normal physiological range, flows varied
from 72 to 153 ml per minute. After setting the pump in
motion, the aorta and pulmonary artery were cross
clamped approximately 3 cm from the heart.5 This di-
verted the output of the pump through the entire coronary
vascular bed. Hence, coronary perfusion was never inter-
rupted. Perfusion pressure was measured with a resist-
ance-wire pressure transducer. A needle in the external
carotid artery measured systemic arterial pressure. The
electrocardiogram was recorded throughout the experi-
ment.

In 10 dogs, 0.6 mg per kg of purified lipopolysaccharide
(endotoxin) from S. typhosa 0901 6 was injected in one
bolus of fluid, usually less than 2 ml, into the coronary

1 Kay-Cross disc oxygenator, Pemco Inc., Cleveland,
Ohio.

2 Ward Laboratories, Durham, N. C.
3 Model T-65, Sigmamotor Inc., Middleport, N. Y.
4 Sigmamotor pump, model T-6. The pump was inde-

pendent of pressure over the ranges encountered and was
precalibrated to deliver 10 different rates of flow.

5Postmortem tests showed the aortic valves to be com-
petent to pressures in excess of those encountered.

6Bacto lipopolysaccharide, Difco Laboratories, Detroit,
Mich.
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perfusion circuit. Coronary perfusion pressure and sys-
temic arterial pressure were monitored over the succeed-
ing 30 minutes with a two-channel direct-writing re-
corder.7 In a second series of 10 dogs, 1 ml of pyrogen-
free water was injected into the coronary perfusion cir-
cuit and pressures were likewise recorded for the sub-
sequent 30-minute period.

In 5 of the 10 experimental animals, coronary arterial
and venous blood samples were simultaneously withdrawn
from the coronary perfusion circuit just proximal to the
aorta and from the cannula inserted into the right heart,
respectively, before and 30 minutes after endotoxin.
These blood samples were analyzed for oxygen and car-
bon dioxide content, serum sodium and potassium con-
centrations, hematocrit and hemoglobin concentration, by
the Van Slyke manometric method, flame photometry,
microcapillary centrifugation, and photometric method,
respectively.

Since vena caval and right heart pressures remained
atmospheric, the resistance to flow through the coronary
vascular bed and systemic circulation was calculated by
dividing perfusion pressure by the rate of blood flow

7 Model 60, Twin-Viso, Sanborn Co., Waltham, Mass.

and was expressed as millimeters of mercury per mil-
liliter per minute.

The proportion of time spent by the ventricles in sys-
tole was estimated by the following formula:

per cent of time spent in systole
QTinterval X no. beats/min X 100

60

At the conclusion of the experiments the animals were
sacrificed and subjected to gross and microscopic patho-
logical examination.

RESULTS

Coronary arterial pressure and resistance.
There was no significant change in the coronary
arterial pressure and resistance in the control ani-
mals given pyrogen-free water (Figure 2). After
the injection of endotoxin there was a progressive
decrease in the mean average coronary arterial
resistance (Figure 2). Ten minutes after endo-
toxin arterial pressure had decreased in six dogs,
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FIG. 1. SCHEMATICDIAGRAM OF THE CARDIOPULMONARYBYPASS AND CORO-
NARYPERFUSION SYSTEMS.
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FIG. 2. LEFT: THE EFFECT OF 1 ML OF PYROGEN-FREEWATERON THE CORONARYVAS-
CULAR PRESSURE IN 10 CONTROL ANIMALS. Heavy line represents mean pressure.

Coronary blood flow (average) 102 ml per minute.
RIGHT: THE EFFECT OF S. typhosa ENDOTOXIN (0.6 MGPER KG) ON THE CORONARY

VASCULARPRESSUREIN 10 EXPERIMENTALANIMALS. Heavy line represents mean pres-

sure. Coronary blood flow (average) 98 ml per minute.

increased in one, and remained unchanged in three.
During the final 20 minutes of the experiment cor-

onary arterial pressure progressively decreased
in nine of the ten dogs treated with endotoxin.
The average arterial resistance prior to the ad-
ministration of endotoxin was 0.95 mmHg per

ml per minute, and resistance values at 5, 10, 15,
20, 25, and 30 minutes after endotoxin were 0.91,
0.89, 0.86, 0.81, 0.75, and 0.71 mmHg per ml per

minute, respectively. The average resistance at 30
minutes was 25 per cent less than the average con-

trol value (p < 0.01).
Systemic arterial pressure and resistance.

There was no change in the systemic arterial pres-

sure or calculated resistance in the control animals
given pyrogen-free water (Figure 3). Systemic
arterial pressure decreased in nine dogs and re-

mained essentially unchanged in one after adminis-
tration of endotoxin (Figure 3). The average

control pressure was 65 mmHg; 30 minutes after
endotoxin the pressure had fallen to an average of
47 mmHg. This represented a 29 per cent de-
crease in total peripheral resistance (p < 0.01).
The initial systemic arterial pressures were lower
than normal. This was primarily due to the in-
ability of the pump-oxygenator to deliver sufficient
flows to maintain higher pressures in dogs of this
size. Calculated total peripheral resistances, how-
ever, were within the normal physiological range.

Electrocardiographic changes. The effect of
endotoxin upon heart rate and QT interval were

of importance because they permitted an inference
to be made regarding coronary vascular trans-
mural pressure. Using the QT interval and heart
rate it was found that there was no significant dif-
ference in the percentage of time the ventricles
spent in systole (Table I). The electrocardio-
grams of those animals given endotoxin revealed
nonspecific T-wave abnormalities and premature
ventricular contractions. Two dogs developed
complete heart block concomitantly with intra-
pleural hemorrhage. Another animal developed
intermittent runs of various types of intraventricu-
lar conduction defects.
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FIG. 3. SYSTEMIC VASCULARPRESSURECHANGESIN 10
EXPERIMENTAL ANIMALS AFTER ADMINISTRATION OF S.
typhosa ENDOTOXIN (0.6 MGPER KG) AND IN 10 CONTROL
ANIMALS AFTER ADMINISTRATION OF 1 ML OF PYROGEN-
FREE WATER. Numbers represent calculated values for
total peripheral resistance.
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TABLE I

The effect of intracoronary injection of endotoxin and pyrogen-free water on the percentage
of time spent by the ventricles in systole *

Dogs given pyrogen-free water Dogs given endoxin

Time in Time in
Heart rate at systole at Heart rate at systole at

Coronary Coronary
Dog no. flow 0 min 30 min 0 min 30 min flow 0 min 30 min 0 min 30 min

ml/min % % m/min % %
1 95 160 160 69 67 125 135 140 56 51
2 95 130 140 74 70 95 140 140 56 56
3 153 120 130 40 39 123 140 130 65 68
4 72 150 100 45 46 95 120 200 40 46
5 123 80 65 43 43 72 140 140 51 51
6 153 120 130 56 56 123 140 70 51 39
7 75 140 135 65 67 123 160 160 64 64
8 75 100 80 53 53 100 107 55 43 32
9 100 120 130 48 47 50 165 155 69 72

10 75 140 100 65 66 75 140 130 70 72

Average 102 126 117 56 55 98 138 132 56 55

* Calculation: per cent of time spent in systole = (QT interval X heart rate X 100)/60.

Myocardial metabolism. There were no sig- hemorrhage and petechiae over the surface of the
nificant changes in arterial and venous hematocrit, heart. The areas of hemorrhage were more ex-
in the concentrations of sodium and potassium, and tensive in the three experimental animals that de-
in hemoglobin after endotoxin. The A-V dif- veloped heart blocks or intraventricular conduc-
ference for both oxygen and carbon dioxide in- tion defects. There were no gross or microscopic
creased slightly (0.8 and 1.8 vol per cent, re- changes in the major coronary vessels. Micro-
spectively) but neither increase was statistically scopic examination indicated that the myocardial
significant (Table II). bleeding in the experimental animals originated

Postmortem examinations. Free blood was from damaged capillaries. There were no - ab-
found at necropsy in all body cavities of animals normalities of these types found on examination of
treated with endotoxin. There was passive con- animals injected with pyrogen-free water.
gestion in the liver and spleen. The mucous mem-
branes of the gall bladder, stomach, and small in- DISCUSSION
testine were edematous and hemorrhagic. Omental These studies show that the injection of the
vessels were markedly dilated. Glandular tissues, endotoxin of S. typhosa 0901 into the coronary
including the pancreas, adrenals, and testes were vascular bed of the nonworking dog heart perfused
hemorrhagic and congested. There were areas of at a constant flow results in a progressive decrease

TABLE II

Coronary oxygen consumption, carbon dioxide production, and resistance changes in dogs
treated with Salmonella typhosa endotoxin

Coronary A-V oxygen* A-V carbon dioxide* Coronary vasc. resistance
blood

Dog no. flow Control Exper.t Diff. Control Exper.t Diff. Control Exper.t Change

ml/min vol % vol % mmHg/m/min1m
4 125 9.9 9.8 -0.1 10.1 10.9 +0.8 0.64 0.42 -34
5 95 7.0 7.3 0.3 6.4 6.6 0.2 0.88 0.74 -16
6 123 8.9 9.4 0.5 3.0 5.3 2.3 0.70 0.55 -21
7 95 2.5 4.0 1.5 1.7 6.8 5.1 1.01 0.42 -58
8 72 6.6 8.2 1.6 5.2 6.0 0.8 1.73 1.33 -23

Average 102 7.0 7.8 0.8 5.3 7.1 1.8 0.99 0.69 -30

* Duplicate samples (average).
t Thirty minutes after endotoxin.
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in coronary vascular resistance. This resistance
decrease probably results from active vasodilata-
tion due either to a direct effect of the endotoxin
on vascular smooth muscle or to an indirect effect
through some remote action of the endotoxin. In
view of the studies of Hinshaw, Kuida, Gilbert and
Visscher (4) it seems more likely that the effect of
endotoxin is an indirect one.

A decrease in vascular resistance can be due
either to vasodilatation or to a decrease in blood
viscosity. However, since hematocrit and tem-
perature remained unchanged throughout the ex-
periments, resistance changes due to viscosity
seem unlikely. It is highly improbable that the ob-
served resistance changes were due to the effects
of viscosity as influenced by the non-Newtonian
character of blood, since both pressures and flow
rates were within physiological limits (5).

Since there was no significant decrease in the
proportion of time spent by the ventricles in sys-
tole (calculated from the QT interval and heart
rate), it may be inferred that the extraluminal
intra-myocardial pressure did not change. With
no change in the extraluminal pressure the ob-
served decrease in resistance must have resulted
from active vasodilatation. Endotoxin, therefore,
has an effect on the coronary vascular bed. Even
though the amount of endotoxin given was less
than that used in previous studies it is likely, be-
cause the endotoxin was injected directly into the
coronary arteries, that the concentration achieved
in the myocardium was higher.

Gilbert (2) suggests that the effect of endotoxin
on resistances within individual vascular beds may
be more important than its over-all effect on the
total peripheral resistance. Studies have been re-
ported on several vascular beds including the liver
(6), intestine (7), kidney (8), and forelimb (9,
10). These studies indicate that there are two
phases of the vascular response to endotoxin-an
early, transitory phase of increased resistance and
a longer phase of lowered resistance. Contrary to
these studies, we were unable to demonstrate an
increase in vascular resistance in the early phase.
There was a progressive decrease in average cor-
onary vascular resistance over the entire 30 min-
utes of the experiment. Whether the decreased
resistance was due to a direct action of the endo-
toxin on the vascular bed, a decrease in vasomotor

tone, or secondary to a release of vasoactive sub-
stances could not be determined during these ex-
periments. A previous study reported from this
laboratory (11) has shown that slight increases in
local serum potassium actively dilate the coronary
vascular bed of the dog. There was, however, no
detectable change in serum potassium following
endotoxin in this study.

It has been suggested (6, 12) that hypotension
induced by endotoxin is primarily brought about
by a diminished venous return and that calculated
total peripheral resistance may even rise after the
administration of endotoxin (13). Gilbert and
Schiller (14), however, reported a decrease in
total peripheral resistance; and Hinshaw and as-
sociates (15), have demonstrated a significant fall
in total peripheral resistance in eviscerated and
noneviscerated dogs after the administration of
endotoxin. Utilizing a similar technique, the 29
per cent fall in total peripheral resistance demon-
strated in our experiments is in close agreement
with the 23 per cent reduction in total peripheral
resistance reported by Hinshaw and co-workers
even though our initial pressures were lower. In
both studies control animals demonstrated no sig-
nificant change in total peripheral resistance. The
progressive decrease in the blood level in our
oxygenator during studies involving the use of
endotoxin indicated that there was a significant
amount of vascular pooling. This decrease in
blood level may have been due in part to free bleed-
ing; however, it occurred within 12 minutes after
endotoxin and before any observable hemorrhage.
These results indicate that hypotension induced
by endotoxin may be brought about both by a
peripheral venous pooling of blood with a conse-
quent diminished return to the heart, and by a
decrease in arteriolar tone.

SUMMARYAND CONCLUSIONS

The effects of endotoxin on total peripheral re-
sistance and on coronary vascular resistance of the
beating, nonworking dog heart were studied dur-
ing cardiopulmonary bypass. The administration
of 0.6 mg per kg of Salmonella typhosa endotoxin
directly into the coronary arteries of dogs resulted
in a progressive decrease in coronary vascular re-
sistance and total peripheral resistance, which ap-
peared to be due to active vasodilatation.
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