
THE DISTRIBUTION OF CR51 LABELED E. COLI ENDOTOXININ
THE GENERALIZEDSHIWARTZMANREACTION1

By RICHARDT. SMITH,2 ABRAHAMI. BRAUDE, AND FRANCIS J. CAREY

(From the Pediatric Research Laboratories of the Variety Club Heart Hospital and the Depart-
ment of Pediatrics, University of Minnesota, Minneapolis 14, Minn.; and the

Department of Medicine, Division of Infectious Diseases, Southwestern
Medical School, University of Texas, Dallas, Texas)

(Submitted for publication December 3, 1956; accepted January 24, 1957)

The generalized Shwartzman reaction (1) oc-
curs in immature (2) rabbits following the sec-
ond of two sublethal intravenous injections of
gram-negative bacterial endotoxin, spaced 18 to
24 hours apart, and consists of widespread hemor-
rhage and necrosis. The reaction also occurs after
a single injection of endotoxin in animals treated
with intravenous thorotrast, trypan blue (3), col-
loidal iron, or colloidal carbon (4). Because these
substances were thought to "blockade" the reticu-
loendothelial (R.E.) system, it was suggested
that an analogous impairment of R.E. function
may also be produced by the first or "preparing"
injection of endotoxin, resulting in slower removal
and detoxification of the second dose and directly
or indirectly in the characteristic lesions in the
kidney, heart, lungs, and liver.

In the experiments to be reported, the distribu-
tion of radioactive Crl' labeled endotoxin in nor-
mal rabbits was compared with that in rabbits
which had received a preparing injection of un-
labeled endotoxin 24 hours earlier. The results
indicate that, in the rabbit, the "prepared" state is
characterized by impaired removal of a second
injection of endotoxin by the liver and increased
localization by the lung.

METHODSANDPROCEDURE

Animals. Young albino rabbits of a hybrid stock
weighing between 0.77 and 1.3 kilo., used for all experi-
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tion.

ments, were housed in air-conditioned, humidity-con-
trolled animal quarters and fed water and Purina rabbit
pellets.

Endotoxin. Escherichia coli endotoxin was prepared
and labeled with radioactive chromic chloride (Cr'Cls)
according to the methods previously reported (5). The
close quantitative relationship shown to exist between
the toxicity and radioactivity of endotoxin so labeled pro-
vides the basis for using radioactivity as a measure of the
distribution of endotoxin. In preliminary experiments
it was found that the lot of endotoxin employed in these
experiments produced the generalized Shwartzman re-
action with high frequency in immature rabbits.

Experimental. Each rabbit in one experimental group
received an intravenous injection of 0.25 mgm. non-labeled
E. coli endotoxin in the marginal vein of the ear (the
"preparing" injection); 24 hours later each prepared
animal received a second intravenous injection of 0.56
mgm. E. coli endotoxin labeled with Cr=Cl In a second
group of animals, each received an intravenous injection
of 0.56 mgm. labeled endotoxin, but no preparing injec-
tion of non-labeled endotoxin.

At varying intervals after the injection of radioactive
endotoxin, samples of blood were removed by cardiac
puncture, heparinized, and 5.0 ml. plasma saved for de-
termination of radioactivity. The animals were im-
mediately sacrificed and the weights of each animal and
its individual organs were recorded. The lung, heart,
spleen, kidney, and weighed aliquots of liver were rinsed
with tap water to remove superficial blood and placed in
10 per cent formol-saline until radioactivity was meas-
ured. After counting, sections of the organs, stained
with hematoxylin and eosin were examined microscopi-
cally. When the volume of an organ made it necessary
to digest with concentrated nitric acid before counting, a
weighed aliquot was first removed for histologic section.
The radioactivity of the tissues and of injected labeled
endotoxin was determined by counting in a scintillation
counter for ten minutes as previously described (5).
Corrections were made for decay. On the basis of
previous data obtained in rabbits given endotoxin, total
circulating plasma radioactivity was calculated by as-
suming an average hematocrit of 40 per cent and an
average blood volume of 5 per cent of body weight (6).
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TABLE I

Comparison of uptake of radioactive Cr1l labeled endotoxin in normal rabbits and those
which received non-labeled endotoxin twenty-four hours earlier

Interval %Injected radioactivity* Concentration indext
between in-

Rabbit jection and Plasma
number sacrifice 5 ml. Spleen Liver Lung Heart Kidney Spleen Liver Lung Heart Kidney

Group I-0.25 mgm. E. coli endotoxin, I. V. 24 hours prior to 0.56 mgm. Cr51 labeled endotoxin I. V.

16 35'
$17 38'

:18 75'
$20 77'

21 123'
t22 125'
123 180'
24 185'

t25 255'
26 257'
27 363'

t28 364'
§30 110
131 110
132 180
§33 240
134 240
§35 150

3.8 1.2 41.7 3.0 0.2
5.8 2.7 21.9 4.0 0.5 3.6
3.5 4.5 28.1 0.3 1.8
3.9 1.3 21.7 0.2 0.6
2.4 1.3 49.7 1.7 0.2 0.7
2.7 4.7 25.7 4.4 0.4 2.0
3.5 1.6 31.9 2.3 0.1 1.9
2.7 6.5 24.4 6.1 0.3 0.3
5.1 1.3 30.6 0.3
2.3 2.0 29.4 2.5 0.3 0.4
1.4 13.7 29.3 3.2 0.2 0.5
2.6 2.9 40.3 6.0 0.1 1.3
0.7 1.9 4.0 0.1 3.9
2.6 1.3 1.4 0.4 0.4
1.2 2.4 34.4 2.4 0.1 0.9
0.5 3.6 2.1 0.3 2.1
0.9 5.6 28.9 0.1 0.4

6.9 27.9 2.8 0.4 7.0

17.1 7.1
13.0 6.2
20.3 6.1
16.4 5.6
21.8 11.2
27.4 10.3
19.5 8.5
49.9 5.8
14.6 7.3
22.9 6.75
57.1 7.0
29.0 9.3
15.8
11.0
11.9 8.5
23.8

5.1 8.6
36.5 5.3

4.3
3.5 2.1 2.3

1.7 1.0
1.1 0.5

2.8 1.2 0.8
5.4 1.7 1.5
3.1 0.7 1.9
7.2 1.2 0.3

3.0
3.2 1.5 0.4
3.4
7.0 0.4 1.1
4.1 0.4 3.2
1.7 1.9 0.4
3.4 0.8 1.1
2.3 1.4 2.0

2.5 1.8 4.8

Group II-Single injection I. V. 0.56 mgm. CrU1 labeled endotoxin

3.1 2.1 46.9 0.3 1.7
4.4 3.6 42.6 0.2 0.3 1.4
5.3 46.9 0.6 0.4 0.6
5.0 3.6 57.5 0.8 0.4 1.2
1.4 2.6 68.1 1.9 0.2 0.4
4.0 1.9 57.5 0.5 0.4 0.8
2.8 2.5 53.1 3.2 0.3 1.7
4.0 1.1 45.6 2.1 0.2 1.5

0.9 31.9 3.2 0.2 0.3
3.1 2.4 58.6 1.9 0.2 1.0

1.6 57.5 0.1 0.8
3.0 2.0 47.4 1.9 0.3 0.3
2.4 2.3 0.9 0.5 1.9
2.5 2.0 50.4 1.1 0.2 0.5
1.1 2.7 54.4 0.8 0.3 0.1
1.7 1.4 41.1 1.9 0.2 1.4
0.9 1.9 67.7 0.2 0.2
1.2 1.6 45.5 0.7 0.4 1.1

38.5
36.2

29.8
28.3
28.4
13.9
15.4

5.5
26.1
31.5
28.3
38.9
25.8
37.5
18.2
25.8
27.2

8.3
15.9

7.4
10.8
14.7
10.4
13.4
13.4
10.2
17.9
11.7

8.9

12.2
13.0
10.6
19.2
11.9

1.7 2.2
0.4 1.7 1.9
1.3 1.9 0.7
1.1 2.2 1.5
3.3 0.9 0.4
0.8 1.4 0.8
5.0 1.2 1.0
3.0 0.9 1.7
4.9 1.3 0.4
2.4 1.1 1.2

0.4 0.8
2.6
1.6 1.9 1.8
1.8 0.7 0.4
1.2
0.6 1.7

0.9 2.0 1.7

c.p.s. in total organ X 100 = %Injected radioactivity in given organ
c.p.s. injected

t Per cent of injected radioactivity in given organ = Concentration index
Per cent of total body weight in organ

t Fibrinoid deposits in glomeruli but no necrosis detectable microscopically.
§ Bilateral renal cortical necrosis present grossly and microscopically.

RESULTS On the other hand, uptake of radioactivity by the

The results of these studies are given in detail liver (Figure 2) was strikingly reduced in the
in Table I and presented graphically in Figures prepared animal. Hepatic uptake accounted for
1, 2, 3, and 4 as much as 60 per cent of injected radioactivity

The distribution of radioactive endotoxin in in the normal rabbit, whereas uptake in the pre-
the normal rabbits resembles that reported pre- pared rabbit was usually less than 40 per cent.
viously (6). Figure 1 shows that clearance of Figure 4 shows that the lung of the prepared rab-
radioactivity from the plasma of the prepared ani- bit accumulates a higher percentage of the injected
mals did not differ significantly from normals. radioactivity than the normals.

36
$37
38
39
40

t41
42

t43
44
45
46

147
§48
49
50
51
52
53

41'
43'
79'
81'

128'
130'
190'
192'
262'
264'
367'
369'

110
110
180
180
240
240
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I.

_.. Receivaed as6 nq E.coli endotoy4in
0 labelled wi th Cr5sCl3

Received first 0.25 mq. non-
labelled E.coli endotoyicn, and
24 hr. later 0.56 mi. labelled
endotoxin.

0

* o.8
l l .I l l l I .

-f 4 8 12 16 20 24
HOURS AFTER IANJECTION OF ENDOTOXIAI

FIG. 1. PER CENT OF INJECTED RADIOACTIVITY PRESENT IN PLASMAAT VARIOUS
TIMES AFTER INTRAVENOUS INJECTION OF CRe LABELED ENDOTOXIN, IN NORMAL
RABBITS ANDANIMALS WHICHHADRECEIVED A PREPARINGINJECTION OF 0.25 MGM.
UNLABELEDENDOTOXIN24 HouRs EARLImE

Each point represents the value for a single animal.

'0 0

00

0%

Uptake of radioactive endotoxin by the kidneys
in the two groups did not differ significantly ex-
cept in the rabbits which developed bilateral renal
cortical necrosis (Figure 3). The kidneys of four
such animals contained an average of 3.72 per cent
of radioactivity injected, whereas the kidneys of
those living more than 6 hours and not showing
renal cortical necrosis contained an average of
only 0.62 per cent. This apparent increase in up-
take of radioactivity is not explained simply by
the increased size of the involved kidneys, because
the average concentration index was also in-
creased in that group. Excluding those develop-
ing necrosis, glomerular fibrinoid deposits were
found in the kidneys of 5 single-dose rabbits, but
in 13 prepared animals. In contrast, no signifi-
cant differences in localization of radioactivity by
these two groups were observed.

Bilateral renal cortical necrosis occurred with
the expected incidence (3 of 6 living more than
6 hours) in the prepared group, but one animal
also showed this lesion after one injection of
endotoxin. Presumably, the fibrinoid deposits oc-
cluding the glomerular lumen as a result of a
single injection of endotoxin were sufficiently ex-
tensive to result in cortical necrosis (7).

Radioactivity in the spleen in the two groups
varied considerably, but the mean values were
slightly higher for the prepared group than for

the controls. (Mean uptake in prepared group
equalled 3.63 per cent, in controls, 2.11 per cent.)

Not all of the injected radioactive endotoxin
was accounted for in the organs examined and it
seems possible that localization may have oc-
curred in the bone or other points in the carcass
not examined. On the basis of previous data
(6), intestinal or renal excretion probably would
not account for a significant amount of endotoxin.

@60

2,50

t40

*o 30

c 20

10

'0 3 6 9 12 15 18
Hour.s after injection of endotoxin

21 24

FIG. 2. PER CENTOF INJECTED RADIOACTrVmI LOCAL-
IZED IN THE LIvER AT VARIOUS TIMES AFTER AN INTRA-
VENOUSINJECTION OF CRe LABELED ENDOTOXININ NOR-
MAL AND PREPAREDRABBITS

Each point represents the value for a single animal.
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KIDNEY
6 * Received 0.25 mq. E. coil

endotoyin 24 hr. edrlir
5 o Controls -no prior

endotoxiri
4 - A L.3ilateral renal cortical

necrosis present
3

2 00 0 00
0 00 000 0

1 0~~~

8

7

6

S

4

3

2

* LUNG

0 0

.Q7Received 0.25mq. E.coli
endotoxin 24hr. earlier

Q6 Controls - no prior
endotoxin

0

*0 0

0 0*

00

091

0
A

3 6 9 12 15 1 21 24

HOURSAFTER INJECTION OF ENOOTOXIN

FIGS. 3, 4. PME CENT OF INJECTED RADIOACTIVITY IN

THE KIDNEY (FIGuRE 3) AND LUNG (FIGURE 4) AT

VARIOUS TIMES AFTER AN INTRAVENOUS INJECTION OF

CR" LABELED ENDOTOXIN IN NORMALAND PREPARD
RABBITS

Each point represents the value for one animal.

DISCUSSION

These experiments demonstrate significant al-
terations in localization of endotoxin in the or-

gans of the rabbits prepared for the generalized
Shwartzman reaction. Twenty-four hours after a

sublethal intravenous injection of E. coli endo-
toxin, the capacity of the liver to take up radio-
active Cr51C13 labeled endotoxin was reduced to ap-

proximately one-half normal. On the other hand,
the uptake by the lung, and to a lesser extent by
the spleen, was increased in the prepared rabbits.
The relation of these shifts in localization of radio-
active endotoxin to pathogenesis of the generalized
Shwartzman reaction, however, is not clear. In

general, prepared rabbits showed the altered pat-
tern of localization regardless of whether or not
renal cortical necrosis developed. Likewise, rab-
bits having glomerular fibrinoid lesions upon
microscopic examination did not differ consist-

ently in pulmonary or hepatic uptake from those
not showing this lesion.

The only definite correlation between shifts of
radioactivity and the lesions of the generalized
Shwartzman reaction was found in the increased
localization in kidneys showing renal cortical
necrosis. Although this observation implies that
increased localization of endotoxin in the kidney
may result directly in cortical necrosis, another
possible explanation seems as likely. Previous
studies (6) have demonstrated that soon after
injection into normal rabbits radioactive endo-
toxin localized in the "buffy coat" of the blood and
presumably in the polymorphonuclear leucocytes.
Since renal cortical necrosis is accompanied by
infiltration of the swollen juxta-cortical areas with
leucocytes (8), it seems possible that renal con-
centration of radioactivity may represent the
trapping of endotoxin-laden leucocytes in the
necrotic areas. This same mechanism might also
account for greater uptake by the lung.

The decreased uptake of endotoxin in the liver
of the prepared rabbits is of considerable interest.
The concept that R.E. function of the liver is im-
paired by the preparing injection of endotoxin
receives support from several previous studies.
"Blockade" of the R.E. system (3, 4) brings
about a state of preparation for the generalized
Shwartzman reaction in rabbits which resembles,
in every demonstrable way, that resulting from an
injection of endotoxin. Cornwell (9) determined
plasma clearance rates and organ uptake of radio-
active colloidal gold in prepared rabbits in an
attempt to assess the functional capacity of the
R.E. system after an injection of endotoxin. He
demonstrated a decreased plasma clearance and
hepatic uptake in the prepared rabbit. Gabrielli
(10) has reported similar results using radioactive
colloidal chromium, and Biozzi, Benacerraf, and
Halpern (11) recently demonstrated decreased
hepatic uptake of injected ink particles after in-
jection of typhoid vaccine.

Therefore, the available evidence indicating de-
creased capacity of the liver to take up endotoxin
is compatible with the interpretation that an R.E.
function of this organ is compromised in the "pre-
pared" rabbit. It is conceivable, however, in view
of the marked hemodynamic effects of endotoxin,
especially involving splanchnic and hepatic blood
flow (12), that other mechanisms may be in-
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volved. Regardless of their interpretation the
functional alterations of the prepared state re-
vealed in these studies do not appear to bear
a direct relationship to the microscopic fibri-
noid lesions which characterize the generalized
Shwartzman reaction. In this respect the data
support the suggestion made previously (13, 14)
that the acute lethal action of endotoxin and the
fibrinoid vascular lesions in the Shwartzman re-
action do not necessarily depend upon the same
mechanisms.

SUMMARY

Attempts have been made to characterize the
prepared state in the generalized Shwartzman re-
action by determining the fate of intravenously
injected Cr51 labeled radioactive endotoxin in rab-
bits 24 hours after a preparing injection of un-
labeled endotoxin. Compared with normal rab-
bits, the prepared rabbit exhibited a markedly
altered pattern of distribution of radioactivity.
Hepatic uptake was reduced nearly 50 per cent
and pulmonary uptake was increased. No in-
crease in renal localization was observed except
in those rabbits developing bilateral renal cortical
necrosis. In animals not developing necrosis, no
direct relationship was found between the renal
or hepatic uptake of endotoxin and the microscopic
fibrinoid lesions of the generalized Shwartzman
reaction.
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