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A clinical problem of increasing magnitude is
the occurrence of hypotension in patients with
bacteremia associated with the liberation of endo-
toxin from gram-negative microorganisms (1-3).
Although the local vascular effects of endotoxin
have been extensively studied in animals, par-
ticularly with reference to necrotizing effects on
tumors (4, 5) and the Schwartzman reaction (6,

7), the hemodynamic alterations produced by -

these bacterial products remain unexplained.
Endotoxins constitute a group of similar chemical
substances identified as protein-polysaccharide
complexes (8). In the course of a series of in-
vestigations reported elsewhere (9, 10), it was
found that the pattern of the shock and the patho-
logical changes in the gastrointestinal tract pro-
duced by the intravenous injection of endotoxins
derived from Brucella melitensis, Escherichia coli,
Serratia marcescens and Salmonella typhosa?
were indistinguishable. The uniform pathophysio-
logical changes permit the tentative assumption
that various endotoxins are closely related with
respect to their pharmacological activity (11).
Intravenous administration of endotoxin in
suitable doses to anesthetized adult dogs regularly
produces a precipitous fall in arterial blood pres-
sure and a simultaneous rise in portal vein pres-
sure. Very similar changes, except for quantita-
tive differences, have been observed in the cat, the
rabbit, and the rat. These changes have been
traced to pooling of blood in the portal system and
particularly in the liver (12). In the dog, the
portal vein pressure returns to baseline levels and
partial recovery of the arterial pressure occurs
during the first 15 minutes after injection. Over

1 Endotoxin from Serratia marcescens was kindly sup-
plied by Dr. M. J. Shear, National Cancer Institute, and
endotoxin from Salmonella typhosa by Dr. Dennis Watson
of the University of Minnesota.

the following 1 to 5 hours the arterial pressure
again falls to lower values from which it does not
ordinarily recover (10).

Since the sequence of hemodynamic events fol-
lowing injection of endotoxin to adult dogs was
constant and reproducible, this method seemed
well suited for further inquiry into the mechanism
of the type of shock that is produced by these
bacterial products. The present studies repre-
sent an attempt to define the initial cardiovascular
alterations which are responsible for the profound
blood pressure changes previously observed.

MATERIALS AND METHODS

Endotoxin. Purified endotoxin of the Boivin type de-
rived from E. coli or Br. melitensis was used for most
of the experiments. The method of preparing this type
of endotoxin has been previously described (13).
Washed, heat-killed E. coli organisms grown on “Albimi”
Brucella agar medium and diluted in an equal volume of
sterile saline were employed in many experiments.
Earlier observations had established that this “crude”
endotoxin and the highly purified endotoxins produce
identical hemodynamic changes (10). In several later
experiments “crude” endotoxin containing 50 mg. of
dried bacterial bodies per cu. ml. was prepared from cells
grown in synthetic (non-protein containing) media ac-
cording to a technique described by Braude, Carey, Suther-
land, and Zalesky (14). Purified Br. melitensis and
E. coli endotoxin were used in a dosage of 10 and 5 mg.
per kg. respectively, and ‘“crude” endotoxins were used
in a dosage of 0.3 ml. per kg. Shock was produced by a
single injection given intravenously.

Procedures. Adult mongrel dogs were used and all
experiments were conducted under pentobarbital sodium
anesthesia except for studies of cardiac output which
were done under thiopental sodium. In each case, the
anesthetic was given intravenously in a dosage of 30 mg.
per kg. with supplementary doses as needed. Arterial
pressures were measured in the femoral or carotid artery.
Portal vein pressure was measured by a catheter ad-
vanced into the vessel from a splenic branch vein.
Pressures were recorded by means of Statham strain
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gauge manometers with optimal damping and a San-
born Polyviso recorder. Calibrations were made with a
mercury manometer. Endotoxin was injected into the
femoral vein or into venous tubing leading to the right
atrium.

Inferior vena cava pressures either above or below the
diaphragm were measured in six animals through cathe-
ters advanced from the femoral vein. Subcutaneous
small vein pressure was measured in a dorsal foot vein
in three dogs according to a technique described by
Haddy, Richards, Alden, and Visscher (15).

Cardiac output was determined in four dogs before and
at specified intervals after the injection of endotoxin us-
ing the dye-dilution technique of Nicholson and Wood
(16). Evans blue dye (T-1824) was introduced into
the right atrium through a catheter advanced from the
jugular vein. Continuous photokymographic recordings
of dye concentration in blood from the carotid artery
were made using the cuvette oximeter.

Total body perfusion was performed with an oxygen-
dispersion type of pump-oxygenator as described by
Clark, Gollan, and Gupta (17). The system was primed
with an excess of blood obtained by exsanguination of
two large donor dogs. Oxygenated blood was intro-
duced into the left subclavian artery and venous blood
was picked up from the right auricle. The heart was en-
tirely excluded from the circulation by the ligation of
the pulmonary artery and the aortic root. Constant pres-
sure perfusion was maintained in one experiment by use
of a Sigmamotor pump and a Starling resistor as a
shunt. The pump, maintained at constant output, was
used for total perfusion experiments in two dogs.

Vascular pooling was measured in six dogs using a
reservoir system which was interposed between the cen-
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F1c. 1. ARRANGEMENT OF THE RESERVOIR SYSTEM AND
THE RECORDING INSTRUMENTS FOR THE QUANTITATION OF
VENoUs RETURN

tral ends of the great veins and the heart (Figure 1).
The reservoir consisted of a glass cylinder maintained in
a 37° C water bath which was placed 30 cm. below the
heart level of the experimental animal. Unoxygenated
blood was pumped from the base of the cylinder to the
right atrium employing a Sigmamotor pump. The vol-
ume of blood in the cylinder was measured by the hy-
drostatic pressure of the fluid column acting on a strain
gauge manometer. The atrial infusion pressure was used
as a monitor. Since this pressure was created by flow
through a tube to the right atrium, the pressure varied as
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a function of flow and resistance to filling in the right
atrium. Constancy of this pressure indicated constant
inflow and the absence of heart failure. The system was
primed with 400 ml. of heparinized blood from a donor
dog. The experimental animal was respired with air.
Thoracotomy was performed by splitting the sternum.
The azygos vein was ligated and 1 mg. per kg. of heparin
was injected intravenously. The atrial catheter was in-
serted through the auricular appendage and the superior
vena cava was cannulated. Infusion at a rate equal to
the superior vena cava flow was begun. A catheter was
subsequently introduced into the inferior vena cava so
that the entire venous return passed through the reser-
voir. The infusion pump was gradually speeded up until
an average flow of approximately 85 ml. per kg. was at-
tained. This flow was maintained constant for the re-
mainder of the experiment. In most instances between
100 and 300 ml. of blood were taken up from the reser-
voir before input and return were equal.

Serial electrocardiographic records of nine dogs were
studied before and after initiation of hypotension with
endotoxin. Limb lead tracings were obtained by re-
versing- the conventional leg leads and positioning the
right arm lead in the posterior neck.
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During the period when both the systemic blood
pressure fell rapidly and the portal vein pressure
rose, following the injection of endotoxin, the in-
ferior vena cava pressures remained essentially
unchanged (4 dogs), or decreased as much as 2
mm. Hg (2 dogs). Subcutaneous small vein
pressure fell 1.5 to 7 mm. (3 dogs) during the
same period. With partial recovery of the blood
pressure and fall in portal vein pressure, the pres-
sures of both the inferior vena cava and small veins
returned to their previous levels (Figure 2). A
small but progressive rise of small vein pressure
occurred in two of the three animals after the sec-
ond hour.

TABLE I

Serial determinations of the cardiac output and peripheral resistance in dogs after the administration of endotoxin *
2

32
.180 .097 .044 .074 .058 .050
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trol
113
.240 .050 .054
156 .051
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32

mm. Hg
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82 47
47 50
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Mean arterial blood pressure

90
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Con-
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Cardiac output and peripheral resistance.?

After injection of the endotoxin there was a
sharp decrease in cardiac output. With partial
recovery of the arterial pressure, cardiac output
was correspondingly increased (Table I). It was
of considerable interest that changes in arterial

Sex
M
M

Wt
Kg
12.0
14.5
18.6
14.0

E. cols
(“crude’)
E. coli
(“crude”)

2 The kind cooperation of Dr. E. B. Brown and the
technical assistance of Mrs. Lois Trank and Mr. Richard
Clancy with this group of experiments are gratefully
acknowledged.

Endotoxin
E. coli
(purified)
Brucella

(purified)
* The time in minutes indicates the approximate interval between injection of toxin and the measurement of cardiac output.

Dog

No.
1
2
3
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Fic. 3. RevLatioNsHIP oF THE CARDIAC OUTPUT AND
THE CALCULATED PERIPHERAL RESISTANCE TO ARTERIAL
PreEssURE FoLLowinNG INJECTION oF ENDOTOXIN

pressure during the two hours following injection
were closely correlated with changes of cardiac
output (Figure 3). The calculated peripheral re-
sistance remained essentially constant or rose. In
no instance was it possible to attribute the arterial
hypotension to a fall in calculated peripheral re-
sistance.

Total body perfusion

When endotoxin was injected into the animals
maintained by a mechanical “heart-lung” system,
no fall in arterial blood pressure was observed.
On the other hand, a rise of portal vein pressure
was not prevented. During constant pressure
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perfusion (Figure 4), the accentuated rise in
portal vein pressure proved that elevation of this
pressure is a basic response to endotoxin which
may occur without fall in arterial pressure,

Venous return

Injection of endotoxin into dogs maintained
with constant cardiac filling was shortly followed
by an exaggerated and prolonged elevation in
portal vein pressure. Coincident with a rise in
portal vein pressure there was a rapid decline in
the level of blood contained in the reservoir due
to a deficient venous return. Infusion pressure
and arterial pressure remained constant. Large
quantities of donor blood were added to the reser-
voir at short intervals to compensate for the inade-
quate venous return. Maximum pooling occurred
in the first ten minutes and corresponded to the
period of exaggerated portal pressure rise (Figure
5 and Table IT). Continued slower loss occurred
until termination of the experiment. Although
some experiments were continued for periods up to
three hours, data are reported only for the first half
hour. The poor condition of the preparation, in
part due to the loss of blood from rupture of dis-
tended blood vessels in the viscera, made observa-
tions in the later periods of the experiment of
questionable significance.

Electrocardiographic studies

The heart rate was reduced on the average from
186 to 151 beats per minute after the initiation of
hypotension with endotoxin. Over the next thirty
minutes the heart rate gradually returned to its
former level. No cardiac arrhythmia or conduc-
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tion defect was observed in any of nine animals
studied. Segments of a typical record are shown
in Figure 6.

DISCUSSION

Arterial hypotension occurring in the course of
an overwhelming infection or initiated by the in-

jection of bacterial products has variously been at-
tributed to cardiac injury (18, 19), diffuse injury
to capillaries and blood vessel walls resulting in
loss of vasomotor tonus or leakage (20-23), to
an insult of the central nervous system (24, 25) or
to a combination of two or more of such effects

TABLE II
Volume of blood pooled after injection of endotoxin

Arterial blood pressure

Portal vein pressure Volume of blood pooled
ml./kg.

mm. Hg mm.
No. Wt  Sex  Endotoxin o0 5”107 307 0’ s 107 307 57 107 30"
1 19.0 F E. coli 112 108 110 130 7 35 17 8 36 46 68
(crude) _— — — —
60 78 58 58
2 9.0 F E. coli 165 195 125 135 6 50 48 13 51 82 103
(crude) _— — - —
95 85 70 70
3 9.5 F E. coli 142 137 135 142 9 31 28 18 22 28 43
(purified) —_— — — —
102 82 85 75
4 12.2 F E.coli 120 115 97 110 4 31 24 15 30 41 51
(purified) _ = — —
75 80 60 68
5 8.0 M (crude, 100 100 115 130 9 43 22 7 44 66 100
synthetic) _— — — —
40 40 45 30
6 7.0 F E. coli 165 170 190 85 5 38 15 9 61 61 114
(crude) _ = —  —
100 90 100 57
Mean 134 138 129 122 7 38 2 12 40.7 54 79.8
79 76 70 60
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Fi1c. 6. SEGMENTS OF A TvypicAL ELECTROCARDIO-
GRAPHIC RECORD OBTAINED AT INTERvVALS FoLLOWING
INJECTION OF ENpOTOXIN AT 0 MINUTES

(26-28). In an earlier study we found that shock
caused by endotoxin is not accounted for by a di-
rect action of toxin on higher nervous centers
(10). The possibility that endotoxin causes hy-
potension by action on the heart or on blood ves-
sels generally was investigated in the present
series of experiments.

It seems evident that the acute decline in ar-
terial blood pressure, which occurred soon after
the injection of endotoxin, was associated with a
corresponding decline in cardiac output. There
was no significant change or an increase in the
calculated peripheral resistance and this suggested
that arterial or arteriolar vasodilatation did not
occur. The hypotensive state was fully accounted
for by a fall in cardiac output to between 21 and 36
per cent of the control value. When cardiac out-
put was artificially maintained at a constant value
by a mechanical heart, no significant blood pres-
sure decline was produced by endotoxin, offering
further proof that shock was not due to a fall in
peripheral resistance.

The inferior vena cava pressure was unaffected
or decreased when shock was precipitated, con-
sequently the fall in cardiac output could not be
attributed to congestive heart failure. Direct ob-
servation of the heart in the open chested dog and
electrocardiographic observations supplied no evi-
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dence that myocardial dysfunction was a factor in
the production of shock.

A definitive demonstration of the hemodynamic
changes involved was supplied by the venous re-
turn experiments. It was found that the injection
of endotoxin produced a marked decrease in ve-
nous return. When the blood supply to the right
atrium was artificially maintained through an
exogenous source, the blood pressure did not fall.
The heart was fully capable of normal function and
both cardiac output and arterial blood pressure
were unaltered as long as the large deficit in ve-
nous return was compensated for by augmented
blood supply to the right heart.

The immediate hypotensive action of endotoxin
in the dog is therefore attributable to an effect
upon one or more areas of the body vasculature
which results in the pooling of large quantities of
blood or the extravasation of fluid. Since periph-
eral resistance does not fall, pooling must occur
predominantly in the post-arteriolar vascular bed.
We have already pointed to the portal venous sys-
tem as a primary site of pooling. The amounts of
fluid stored in the liver and intestine, quantitated
by a gravimetric method previously described
(12), account for most or all of the blood loss
which is reflected as deficient venous return in
the present experiments. It is to be noted, how-
ever, that in the intact animal a fall in the arterial
pressure probably limits the extent of rise of liver
and intestinal weight. When the blood pressure
is maintained at normotensive levels by means of
total body perfusion or compensation of deficient
venous return, elevation of the portal vein pres-
sure appears to be accentuated and the deficit in
venous return is greater.

The initial pooling in the portal system is evi-
dently caused by transient obstruction to venous
outflow from the liver. We have measured pres-
sures in unobstructed hepatic veins of dogs fol-
lowing injection of endotoxin and found that these
vessels reflect the pressure conditions of the in-
ferior vena cava rather than those of the portal
vein. Essex and Thomas (29, 30) have demon-
strated occlusive spasm of the intrahepatic vas-
culature of the dog and cat following administration
of Ascaris suum extract, hydatid cyst fluid, and
histamine, not attributable to a local sphincter
mechanism or sluice valve at the junction of the
hepatic veins and the inferior vena cava. Endo-
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toxins from gram-negative bacteria probably exert
a similar action. This is supported by the ob-
servation that portal-caval anastomosis (Eck fis-
tula) greatly modifies the immediate hypotensive
reaction that follows injection of endotoxin, para-
sitic extracts, or anaphylaxis (9, 31, 32). How-
ever, the hepatovascular phenomena which occur
in various types of shock are as yet poorly under-
stood.

There is no evidence at present that pooling oc-
curs in systemic veins in the early period after
endotoxin injection. In contrast to the marked
elevation of portal vein pressure, a depression in
the vena cavae and in small subcutaneous vein
pressures was observed after injection of endo-
toxin.

Evidence that intravenous injection of endo-
toxin causes a significant increase in capillary
permeability is lacking (33) and it is doubtful
that leakage of fluid from the intravascular space
can be implicated as the major factor in the pro-
duction of the initial hypotensive state in the dog,
although such leakage may be a factor in later
stages. Studying shock produced by meningococ-
cal toxin, Ebert, Borden, Hall, and Gold (23)
also found a marked fall in cardiac output which
was not attributable to changes in peripheral re-
sistance. No regular change occurred in the
hematocrit or plasma volume after such shock.
However, prolongation of mixing time has been
shown recently to be an important limiting factor
in the estimation of blood volume during shock
(34) and erroneously low volumes may be cal-
culated.

The mechanism of the shock produced by a
single injection of endotoxin is in several re-
spects similar to anaphylactic shock and irre-
versible hemorrhagic shock. Almost a half cen-
tury ago, Pearce and Eisenbrey experimentally
demonstrated deficient venous return as the cause
of anaphylactic hypotension by use of a donor dog
in place of a reservoir system (35, 36). An in-
creasing body of experimental evidence has led to
a re-examination of physiological concepts as to
the genesis of shock associated with infections.
Although the most readily measured changes oc-
cur in the arterial bed, the cause of these changes
in the early period after endotoxin has been, ad-
ministered to dogs intravenously is found to be
pooling of blood in specific post-capillary vessels.
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CONCLUSIONS AND SUMMARY

Hypotension was produced in anesthetized dogs
by intravenous injection of endotoxin derived
from Escherichia coli and Brucella melitensis.
The sharp fall in arterial pressure was accom-
panied by a marked rise in portal vein pressure
and a fall in systemic venous pressure. Hypoten-
sion was produced by the fall in cardiac output
without a decrease in the peripheral resistance.
No evidence was found to indicate that myocardial
failure was a factor in producing the hypotension.
Total body perfusion prevented hypotension and
intensified portal vein pressure elevation.

Venous return, measured by means of a reser-
voir system interposed between the great veins
and the right heart, decreased markedly after in-
jection of endotoxin. When cardiac 'ﬁlling was
kept constant by an infusion system, the deficit in
venous return was augmented and the portal vein
pressure elevation was intensified, but the arterial
pressure did not fall.

These observations indicate that the primary cir-
culatory disturbance produced by endotoxin in
dogs is mediated through an action on one or more
specialized venous beds, including especially the
vasculature of the liver. It is suggested that lo-
calized venous spasm in the hepatic venous system
and possibly elsewhere produces pooling of large
quantities of blood. The total venous return is
thereby critically reduced and a fall in cardiac
output and arterial blood pressure are inevitable
end results, which account for the hypotension in
this situation.
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