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The administration of bacterial endotoxin to an
animal results in a characteristic series of events,
including hypotension, hyperglycemia, changes in
the white cells and, at high dosage levels, death
(1). The mechanism by which endotoxin pro-
duces these effects has not been defined and search
for a common mode of action has not yet been
fruitful. However, it has been noted on several
occasions that there are many similarities between
the systemic effects of endotoxin and epinephrine.
It has therefore been speculated that some, if not
most, of the effects of endotoxin are due to a liber-
ation of epinephrine resulting from endotoxin
stimulation of the adrenal medulla.

Since there is little evidence available to prove
or disprove this concept, the present studies were
set up to determine the effect of bacterial endo-
toxin on adrenal medullary function. It was
thought desirable to use a technique whereby
samples of adrenal venous blood could be ob-
tained and analyzed for catechol amines noting the
response to various dosages of endotoxin. This
would provide a more direct measurement of
adrenal medullary function than the determination
of peripheral blood levels of the medullary hor-
mones. In addition to determining the adrenal
venous output per minute of catechol amines,
measurements of the output of 17-hydroxycorti-
costeroids were made in order to contrast adrenal
cortical and medullary responses. Similar experi-
ments were performed in animals with spinal cord
transections to provide information concerning
the pathways by which adrenal cortical and medul-
lary activation took place.

MATERIAL AND METHODS

Healthy adult mongrel dogs ranging in weight from
10 to 18 Kg. were used in these experiments. Cannula-
tions of the lumbo-adrenal vein were carried out accord-

* These studies were partially supported by USPHS
Grant No. A-2267.
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ing to the technique of Hume and Nelson (2). This
technique allows intermittent collection of adrenal venous
blood to be made in the unanesthetized, unstimulated
animal. Spinal cord transection was performed in four
animals through a dorsal midline incision. Transection
of the spinal cord between C-7 and T-1 was accomplished
with a wire loop. Blood pressures were maintained in
the immediate post-transection period by the intramus-
cular injection of Neo-Synephrine®. Spinal cord sec-
tioned animals were maintained in the postoperative pe-
riod by the intravenous administration of 500 ml. of 5
per cent dextrose in saline on each of the first two post-
operative days, followed by food and water ad libitumi
after that. The animals were supported in a sling during
portions of the day and this allowed them to take food
and water without assistance. Antibiotics consisting of
penicillin, 200,000 units per day, and streptomycin, 200
mg. per day, were given intramuscularly and the animals
were turned frequently in the first few days following
surgery. With adequate attention to details it was pos-
sible to keep cord sectioned animals in good condition
with little loss in weight and vigor.

The day after adrenal vein cannulation, dogs were
placed on a laboratory table and control samples of
adrenal venous blood were taken. Rectal temperatures
were obtained throughout the course of the experiments
by means of thermistors inserted at least three inches
into the rectum. It has previously been found that
Nembutal® markedly depresses the secretion of epi-
nephrine in response to a variety of stimuli and for this
reason animals were unanesthetized. Careful selection
of animals for these experiments was necessary so that
they would not be excitable and they were conditioned to
the presence of laboratory workers and the attention of
laboratory personnel coincident with obtaining frequent
samples of adrenal venous blood. Usually the head of
the dog was covered with a sheet to reduce apprehension
as a result of environmental activity and an attendant
stayed with the dog to pet him if signs of restlessness
occurred. In the first few minutes of sample collections,
occasional high values for catechol amines were ob-
served, but most animals returned to basal levels and
stayed there for long periods if unstimulated.

Purified endotoxin of the Boivin type derived from
E. coli was prepared by the method of Spink and Ander-
son (3).1 Endotoxin solutions were made up so as to
contain 0.1 mg. per ml. of saline and all endotoxin injec-
tions were given intravenously in a period of approxi-

' Obtained through the courtesy of W. W. Spink and
J. C. Melby.
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TABLE I

Output per minute of E-NE from right adrenal gland after endotoxin administration *

Experi- Adrenal venous catechol amines (pg./min.)
ment Dose Control

no. endotoxin values Minutest. . 10 20 30 40 50 60 90 120 150

mg.
1 0.5 0.02 0.14 0.18 0.56 0.84 1.22 1.05 1.24 0.46
2 0.2 0.05 0.57 0.40 0.32 0.06 0.02
3 0.2 0.19 0.18 0.56 0.47 0.16 0.06
4 0.2 0.19 0.37 0.30 0.41 0.36 0.78
5 0.2 0.07 0.13 0.50 0.67 0.65 0.34 0.12
6 0.2 0.04 0.06 0.11 0.77 2.66
7 0.01 0.03 0.05 0.15 0.14 0.18 0.17
8 0.01 0.04 0.06 0.43 0.23 0.14 0.08 10
9 0.01 0.14 0.15 1.71 1.91 1.86 1.08 0.94 0.40

10 0.01 0.00 0.01 0.01 0.05 0.07 0.07 0.10
1 1 0.01 0.03 0.06 0.04 0.04 0.01

* All animals developed from 1 to 30 C. fever within two hours after endotoxin.
t Time after endotoxin administration.

mately 10 seconds. In general, two schedules of dosages
were used, one of 0.01 mg., the other of 0.2 mg. It
had previously been found that 0.01 mg. elicited an
adrenal cortical response, fever and hypotension without
death and 0.2 mg. represented the maximal tolerated dose
without a fatality rate of over 10 per cent in normal
dogs.

Epinephrine and norepinephrine determinations were
carried out by a modification (4) of the method of Weil-
Malherbe and Bone (5). Values are expressed in the
results as total catechol amines (E-NE) although sepa-
rate epinephrine and norepinephrine determinations were
performed. This is because dihydroxyphenylethylamine
and dihydroxyphenylalanine form fluorescent products
with the methods used and therefore it is most accurate
to report changes in total catechol amines. However,
most of the increase in catechol amine output that took
place was due to the epinephrine component, as meas-
ured. 17-Hydroxycorticosteroid determinations were
performed according to the method of Nelson and Sam-
uels (6). In some of the experiments, after one to two
hours a dose of 25 units of corticotropin was given in-
travenously, following which more samples were ob-
tained. Adrenal cannulation was carried out from one
to 21 days after cord section and in all experiments en-
dotoxin was administered on the day after adrenal vein
cannulation. Blood pressure determinations were carried
out in some experiments with an arterial polyethylene
catheter connected to a mercury manometer.

RESULTS

A preliminary set of experiments was carried
out in which only adrenal venous epinephrine and
norepinephrine outputs (E-NE) were obtained
following endotoxin administration. Reference to
Table I indicates the pattern of response in these
animals. Eleven dogs were given endotoxin at a
dosage range from 0.01 mg. to 0.5 mg. All these

animals manifested a fever of greater than 1.00 C.
two hours after endotoxin administration. There
was no correlation between the degree of body
temperature elevation and dosage of endotoxin ad-
ministered. In Experiment 1, the animal was
given 0.5 mg. of endotoxin and demonstrated a
significant E-NE response at 30 minutes, fol-
lowed by increasing secretion up to one hour
after endotoxin administration and then return
towards normal after two and one-half hours.

Five animals given 0.2 mg. of endotoxin re-
sponded with a significant increase of E-NE out-
put, with maximal levels 20 to 30 minutes after
drug administration. Two of five dogs given 0.01
mg. of endotoxin had a significant adrenal medul-
lary response, with Dog No. 9 attaining levels as
high as 1.91 jug. per minute 40 minutes after endo-
toxin. Corticotropin given during declining E-NE
levels did not stimulate the adrenal medulla.

A second set of experiments was then carried
out in which 17-hydroxycorticosteroids were de-
termined in addition to the catechol amines and
these results are shown in Table II.

Dosages in this group of experiments range
from 0.01 mg. to 0.5 mg. and all animals demon-
strated fevers of over 1.00 C. In addition, all ani-
mals manifested maximal adrenal cortical stimu-
lation as demonstrated by failure to increase cor-
ticosteroid output by corticotropin administration.
In Experiment 1A, at a dosage of 0.01 mg. of en-
dotoxin, when maximal adrenal cortical stimulation
and fever occurred, there was no increase of
catechol amine secretion. Similar results were ob-
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TABLE II

Output per minute of E-NE and 17-OHfrom right adrenal gland after endotoxin administration *

Experi- Adrenal venous output (pg./min.)
ment Substance Dose Control

no. measured endotoxin values Minutest. 0-20 20-40 40-60 60-90 90-120

mg.

1A 17-OH 1.2 1.3 19.4 23.6 29.4lA E-NE 0.01 0.24 0.12 0.18 0.18 0.13

17-OH 1.8 7.0 19.6 19.22A E-NE 0.01 0.12 0.05 0.09 0.10

3A 17-OH 0.0 1.6 0.8 14.0 36.0 29.8 16.2
E-NE 0.1 0.10 0.17 0.10 0.19 0.21 0.10

4A 17-OH 0.50 2.6 11.6 13.4 11.8 12.6 10.6
E-NE 0 0.25 0.15 3.32 1.35 1.28 0.89

5A 17-OH 0 0 7.8 3.8 23.2 19.4 19.6 20.4
E-NE 0.1 0.05 0.06 0.20 1.09 1.05 0.94

6A 17-OH 0.10 0.6 4.0 14.4 26.0 27.2
E-NE 0 0.02 0.05 0.06 0.34 0.20

7A 17-OH 0.01 1.4 4.4 22.6 29.0 19.6 23.2
E-NE 0 0.02 0.03 0.06 0.12 0.18 0.18

* In several of the experiments, the administration of 25 units of ACTHhad no effect on E-NE levels and did not
cause a further increase in 17-OH after endotoxin. All animals developed fever of 1 to 30 C. after endotoxin.

t Time after endotoxin administration.

tained in Experiments 2A, 3A and 7A all of which
involved the intravenous administration of 0.01
mg. of endotoxin. These experiments demon-
strate clearly that a dose of endotoxin which uni-
formly results in the production of fever and
maximal adrenal cortical stimulation may fail to
result in adrenal medullary stimulation in addi-
tion. Experiments 4A, 5A and 6A using doses of
0.1 mg. or more led to significant E-NE output
increases. Throughout this set of experiments
exogenous corticotropin did not further increase
the output of 17-hydroxycorticosteroids which
followed endotoxin stimulation.

Reference to Table III indicates the results of
experiments in which dogs with spinal cord sec-

tion and adrenal cannulae were given small and
large doses of endotoxin. All animals with spinal

cord transection responded with the expected
maximal output of 17 hydroxycorticosteroids and
with a fever of over 1.00 C. at one and one-half
hours following endotoxin administration. In
contrast to the fever and adrenal cortical re-

sponses, none of the dogs responded to 0.01 mg. of
endotoxin with an increase in E-NE and another
injection at 90 minutes of 0.2 mg. failed to alter
adrenal medullary output of catechol amines from
basal levels. Cord sectioned dogs given 0.2 mg.

of endotoxin become hypotensive as do normal
animals. Reference to Figure 1 indicates that even

with a dose of endotoxin which consistently pro-

duced adrenal medullary stimulation in normal
dogs (Figure 2), there was no response in the
cord sectioned animals. One cord sectioned ani-
mal is not included on the protocol because he

TABLE III

Output per minute of E-NE and 17-OH from right adrenal gland after endotoxin in cord sectioned dogs *

Experi- Sub- Dose Adrenal venous output (ug./min.)
ment stance endo- Control

no. measured toxin values Minutest.. 10 20 30 40 50 60 75 90 105 120 150 180 210 240

mg.

lB 17-OH 001 0.7 2.8 6.8 13.1 14.1 25.0 26.4 22.9 21.8 18.4 21.7
E-NE 0.02 0.02 0.05 0.03 0.05 t 0.01 0.04 0.01 0.02 0.02 0.02

2B 17-OH 001 0.02 7.3 143 17.7 15.0 14.5 11.2 10.5 14.0 12.1 12.9
E-NE * 0.00 0.01 0.00 0.01 0.02 0.02 t 0.01 0.02 0.01 0.01 0.01 0.01

17-OH 2 3.0 17.8 16.8 11.0 12.6 9.4 18.1 16.2
E-NE 0.20 0.08 0.12 0.13 0.08 0.08 0.06 0.06 0.03

* The rectal temperature of all three dogs rose at least 10 C. after endotoxin,
t Time after endotoxin administration.
1 0.2 mg. endotoxin I.V.

1122



ADRENALCORTICAL AND MEDULLARYRESPONSETO ENDOTOXIN

died following the injection of 0.2 mg. of endo-
toxin. Two of the other cord sectioned animals
became very sick, with vomiting and hypotension
following 0.01 mg. of endotoxin and it must be
concluded that spinal sectioned animals are more

sensitive than normal animals to these effects of
endotoxin administration.

DISCUSSION

It is possible, without considering the data pre-

sented in this report, to make out quite a convinc-
ing case for the participation of epinephrine in the
systemic response to bacterial endotoxin. Endo-
toxin sensitizes blood vessels to the action of epi-
nephrine and norepinephrine (7). Intradermal
injection of epinephrine in rabbits either preceded
or followed by intravenous endotoxin yields an

area of hemorrhagic necrosis where epinephrine
was injected (8). Treatment with adrenolytic
substances such as dibenamine prevents the vas-

cular response of rabbits to typhoid endotoxin (9).
Boquet and Izard conclude that endotoxin leads
to the liberation of epinephrine or epinephrine-
like substances which themselves lead to peripheral
vasoconstriction. Adrenolytic agents should
therefore prevent the blood vessel constriction
which occurs following endotoxin administration.
Feldman and Gellhorn (10) suggest that fever and
hyperglycemia following endotoxin administra-
tion are due to stimulation of the sympathico-
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adrenal system. In a recent article Thomas, Zwei-
fach and Benacerraf (11) emphasized the possible
role of epinephrine in mediating endotoxin effects
and they mentioned the further possibility that
endotoxin lesions may be due to serotonin.

There are few previous studies related to the
problem of adrenal medullary secretion following
endotoxin administration. Cannon and Pereira
(12) demonstrated that the administration of
typhoid bacilli to adrenal-demedullated animals re-

sulted in a different series of events than in ani-
mals with normal adrenals. Adrenal-demedul-
lated animals demonstrate a slow secondary rise
in temperature in contrast to the biphasic response

of the normal animals. Removal of the adrenal
medulla rendered the animals more susceptible to
the lethal effect of bacterial endotoxin and the
above-mentioned authors concluded that "the re-

sponse of the adrenal medulla during toxic fevers
is serviceable to the organism" (12).

Hoshi (13) claimed to have demonstrated in-
creased circulating blood levels of epinephrine
with a maximum response two to four hours after
the injection of dysenteric toxin. He claims to
have observed a depression in blood level of epi-
nephrine following large quantities of the toxin.
Blood sugars were measured in Hoshi's experi-
ments and hyperglycemia occurred at the same time
as did the increase in blood levels of epinephrine.
More recently, Heiffer, Mundy and Grimm (14)
have demonstrated that E. coli endotoxin given in
lethal doses to rabbits resulted in unstatistical ele-
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vations in peripheral blood epinephrine levels.
Norepinephrine levels were unchanged in the
initial hypotensive period but were significantly
elevated statistically five hours following endo-
toxin administration.

Our findings demonstrate quite clearly that the
response of the adrenal medulla is dependent upon
the dosage of endotoxin administered. One one-
hundredth mg. of endotoxin uniformly results in
maximal adrenal cortical stimulation, as meas-
ured by the output per minute of 17 hydroxycorti-
costeroid. Such a dose gives a fever of over 1.0°
C. in 100 per cent of animals. In contrast, only
two of eight normal animals in this study showed
an increased secretion of E-NE following a dos-
age of 0.01 mg. of endotoxin. All animals demon-
strated an adrenal medullary response to a dosage
of 0.1 mg. or greater. Therefore, although it is
possible that at higher dosage levels the endo-
genous release of epinephrine from the adrenal
medulla accounts for some of the systemic re-
sults after bacterial endotoxin administration, the
occurrence of these effects at lower dosage levels
is not dependent upon epinephrine. It is inter-
esting that the response of the adrenal medulla is
one of the least sensitive indices of endotoxin ac-
tivity, in contrast to the extreme sensitivity of the
pituitary-adrenal axis.

Results of the experiments in the cord sectioned
animals show that the mechanism of endotoxin
action on the adrenal medulla at high dosage
levels is not a direct one and that it is not a re-
sult of hypotension. If endotoxin passed via the
blood stream to the adrenal medulla and directly
stimulated the release of epinephrine and nor-
epinephrine, spinal cord section should not alter
this effect. The fact that no adrenal medullary
output increase occurred in response to large doses
of bacterial endotoxin in hypotensive cord sectioned
animals indicates that nervous pathways are neces-
sary to this response. It does not give evidence as
to whether the essential nervous connections are
afferent or efferent. It seems most likely, how-
ever, that endotoxin acts at some site in the cen-
tral nervous system above the level of cord
transection with stimulation of nerve fibers pass-
ing down the cord and out the splanchnic nerves
which supply the adrenal medulla. That the
adrenal cortical stimulating effect does not depend
upon descending nerve pathways is shown by the

maximal adrenocortical response to endotoxin
administration seen in the cord sectioned animals.
The great potency of intrathecally administered
endotoxin in producing fever and other systemic
responses has been emphasized by Keene (15),
Bennett and Cluff (1) and others.

There appear to be several pathways by which
stimulation of epinephrine release from the adrenal
medulla may occur. von Euler (16) describes
experiments in which splanchnic nerve stimula-
tion, intravenously administered nicotine and
histamine all result in high levels of peripheral
blood epinephrine. Several investigators have
described experiments involving central nervous
system stimulation and its effect upon epinephrine
release from the adrenal medulla. Centers exist
in the cerebral cortex (17, 18) and hypothalamus
(19) which both increase and decrease adrenal
medullary epinephrine secretion and it is reported
that ablation of the frontal cortex results in altered
adrenal medullary secretion. Our studies indi-
cate that the administration of endotoxin results
in adrenal medullary stimulation as a result of a
direct action on the central nervous system. Ex-
periments in dogs with "isolated pituitary islands"
indicate that the central nervous system center for
epinephrine secretion is located in the high medulla
or pons (20). The epinephrine center evidently
acts on the adrenal medulla through descending
nervous pathways in the spinal cord. Suzuki and
co-workers (21) have described descending spinal
pathways subserving epinephrine secretion from
the adrenal following insulin hypoglycemia. Al-
though at high dosage levels of endotoxin the
endogenous secretion of epinephrine may con-
tribute to the total systemic response following
endotoxin administration, there can be no ques-
tion that the fever and the adrenal cortical re-
sponse, at least, are independent of adrenal medul-
lary activation.

Our findings are not completely in accord with
some of the previously reported studies on this
subject. Chambers, Koenig, Koenig and Windle
(22) found that dogs with cord section at C-7 did
not demonstrate fevers following the administra-
tion of pyromen. Keeton (23), however, found
that although animals given typhoid vaccine failed
to develop fever two to four days after cord sec-
tion, if the period after transection were extended
to three to seven days, fever did occur. In the
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present study it was found that dogs responded
to endotoxin with fever as early as one day after
cord transection and that this fever producing ef-
fect of endotoxin was still present as long as
three weeks after cord transection.

SUMMARY

1. Small doses of E. coli endotoxin (0.01 mg.)
administered intravenously to dogs result in maxi-
mal adrenal cortical stimulation and fever, but
infrequently lead to increased adrenal medullary
secretion.

2. Large doses of E. coli endotoxin (0.2 mg.)
administered intravenously to dogs result in
adrenal medullary stimulation, in addition to the
adrenal cortical stimulating and fever promoting
activities.

3. Transection of the spinal cord at C-7 abol-
ishes the adrenal medullary response to large doses
of bacterial endotoxin, leaving unimpaired the
febrile, hypotensive and adrenal cortical responses.
It is suggested that adrenal medullary activation
following endotoxin is dependent on descending
nerve pathways in the spinal cord.

4. Epinephrine release is not necessary for the
febrile and adrenocortical stimulating effects of
endotoxin.

5. It is concluded that there is a differential
response of the adrenal cortex and medulla to en-
dotoxin, with the pituitary adrenal axis more
sensitive than the central nervous system center
which controls epinephrine release.
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