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Distribution and Degradation of Sublethal Doses of 1125 Labeled
Endotoxin from Salmonella enteritidis in Mice* (33907)

JBaN D. Gupta! aAND CHARLES E. REED?
(Introduced by Charles V. Seastone)

Department of Medicine, University of Wisconsin Medical School, Madison, Wisconsin 53706

Injection of minute quantities of lipopoly-
saccharide extracted from cell walls of gram-
negative organisms (endotoxin) produces a
variety of physiological responses of several
target organs. Information about the distribu-
tion of endotoxin in the target organs would
be helpful in elucidating the mechanism of
those effects, and radioactive labeled endotox-
ins have been employed for this purpose.

Braude and co-workers (1, 2) studied the
distribution of lethal doses of 3'Cr labeled
endotoxin from E. coli injected intravenously
in rabbits and mice, and attempted to cor-
relate the physiological response with the
distribution of radioactivity. Similarly, Star-
zecki et al. (3) studied the plasma clear-
ance and tissue distribution of %Cr labeled
endotoxin in normal and endotoxin-resistant
dogs. Other workers (4-6) also studied the
distribution of endotoxins from other bacteri-
al species labeled with other isotopes. Howev-
er, in these studies a lethal dose of endotoxin
had to be injected because of the low specific
activity of the endotoxin. High specific ac-
tivity can be obtained by labeling purified
endotoxin from Salmonella enteritidis with
125] (7). We have investigated the possibili-

* Supported by USPHS Grant no. Al 04412, HE
015626 and OH 00044.

1Present address: Childrens Medical Research
Foundation, Royal Alexanda Hospital for Children,
Camperdown, N.S.W. 2050 Australia.

2 Reprint requests to Dr. Reed.

ty that this preparation might be useful in
studying the distribution of small nontoxic
amounts of endotoxin, but serum enzymes
degrade the endotoxin molecule in vitro, re-
moving a large part of the radioiodinated
lipid from the bulk of the lipopolysaccharide
(8). If similar degradation occurs iz vivo,
interpretation of the results of tracer injec-
tion studies would become complex, for part
of the radioactivity would be iodinated fatty
acids or free iodide. The present experiments
on the distribution of radioactivity after in-
jection of 1251 labeled endotoxin in mice
showed that degradation of the endotoxin
complex does indeed occur iz vivo and the
radioactivity in some tissues is due more to
iodine freed from the endotoxin than to the
localization of the injected endotoxin complex
itself. By comparing the distribution of radio-
activity after injection of chromium and io-
dine labeled endotoxin some information can
be obtained about the distribution of the dif-
ferent parts of the endotoxin complex.
Methods. Experimental animals. Swiss
Webster mice of either sex weighing 20-25 g
were housed in cages containing 4-5 animals,
given food and water ad libitum and kept for
2 hr at 25 or 37° before the intravenous
injection of endotoxin and held at the same
temperature for the duration of the experi-
ment. At various times after injection the
animals were anesthetized with ether, decapi-
tated and the blood was collected directly
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into counting tubes. The organs were dissect-
ed and counted separately. The thyroid was
included with the head. Blood and clots in
the carcass and organs were absorbed as care-
fully as possible with absorbent paper. The
counts of the paper and the counts of the
blood obtained by exsanguination were added
to give the total radioactivity of blood. No
effort was made to collect and count the urine
or feces. The samples were counted in a
Packard Autogamma scintillation counter.
The results were expressed as percentage of
the total injected radioactivity recovered in
each of the various organs.

Endotoxin. Detailed methods of prepara-
tion of the endotoxin and isotope labeling
have been described (7). Briefly, the en-
dotoxin was a 68% alcohol precipitate of the
aqueous ether extract of the cell wall of Sal-
monella enteritidis grown in a synthetic
medium. It was labeled with 125 using chlo-
ramine T. Most of the label is on the lipid
portion of the complex. More than 95% of
the radioactivity of the freshly labeled en-
dotoxin can be co-precipitated with specific
antibody by half saturated ammonium sul-
fate. The LDjo of this preparation for this
strain of mice kept at 25° was 15 pug and at
37° was 6 pg. One pg of the endotoxin prepa-
ration with a 1%°I count of 45,000 to 50,-
000/min was injected into each animal.
When needed, the labeled endotoxin was di-
luted with nonlabeled endotoxin to get the
desired amount of endotoxin with the desired
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counts. For labeling with 3Cr the method of
Braude et al. (9) which labels predominate-
ly the carbohydrate portion was used. One pg
of 51Cr labeled endotoxin contained 800-1000
cpm.

Immunization of mice. For the study of
the distribution of labeled endotoxin in im-
munized mice, the animals were immunized
by intravenous injection of 0.1 pg of endotox-
in. In some, 14 days after this primary injec-
tion a second injection of 0.5 pg of endotoxin
was given. Control animals received saline
instead of endotoxin. The distribution of ra-
dioactivity was studied on day 14 after the
primary or secondary immunization. After
counting the radioactivity of whole blood the
serum was assayed for antibody by a modifi-
cation of the Farr procedure (7).

Preparation and fractionation of stomach
extract. Stomach extract was prepared by
macerating the stomachs of the experimental
animals in 0.15 M phosphate buffer, pH 7.8,
centrifuging off the supernatant, and re-
extracting the residue three times in a similar
fashion. More than 90% of the radioactivity
was recovered. Extracts were pooled and
concentrated. Two ml (equivalent to the ex-
tract from the stomachs of 3 mice) were
passed through a 40 X 2-cm Sephadex G-200
column and eluted by Tris—NaCl buffer, pH
7.8, and the radioactivity of each tube was
determined. The column was calibrated with
blue dextran 2000, bovine serum albumin,
and Na!25],

TABLE I. Distribution of Radioactivity after Injection of 1 ug **I Labeled Endotoxin from 8. enteri-
tidis into Mice Kept at 25 and 37°.%

Percentage of injected radioactivity in

Time
after Heart,
injection Temp lung, Intes-
(hr) (®) thymus Liver Spleen Stomach tine Kidney Blood Head Body Total
1 25 (10) 1.4 18.0 3.5 17.9 5.7 1.7 5.6 9.4 23.3 86.7
37 (10) 2.0 18.4 3.3 18.0 7.1 2.0 5.9 10.1 23.2 90.0
5 25 (11) 0.9 11.3 2.1 27.6 5.9 1.0 5.0 9.9 14.4 78.1
37 (10) 11 12.8 1.8 25.9 8.2 1.3 4.8 11.3° 17.3% 85.3
24 25 (10) 0.3 6.2 1.1 0.9 1.0 0.3 0.4 8.9 2.6 21.7
37 (11) 0.3 6.1 0.8 6.8 2.7¢ 0.5 0.9 13.0° 6.9° 38.0°

Difference between the two temperatures significant *p <.05; *p <.02; and °p <.01.
¢ Figures in parentheses are the number of animals in the group; values are the means of these animals.
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Results. The distribution of radioactivity
was measured in mice kept at 25 and at 37°C
(Table I). One hr after injection the liver,
stomach (mostly the stomach wall), head,
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and body contained most of the injected
radioactivity. Part, but not all of the radio-
activity of the head was in the thyroid and
salivary glands. Only 6% remained in the
blood. Radioactivity in the liver and body
decreased to a considerable extent after 5 hr
and increased in the stomach. At this time
slightly more radioactivity was found in the
liver, head, and body of the animals kept at
37° than those at 25°. After 24 hr most of
the radioactivity had been excreted with only
the liver, head, and body retaining apprecia-
ble amounts of 1251, After 24 hr considerably
more radioactivity was found in the stomach,
head, and body of the animals kept at 37°
than those at 25°.

The distribution of two endotoxin prepara-
tions, one labeled with 5'Cr and the other
with 1251 was compared (Table II). The ¥'Cr
was excreted slowly localizing in the liver and
to a lesser extent in the body. Little 31Cr
was deposited in the stomach or head. When
a doubly labeled endotoxin preparation was
used, the distribution of %I was similar to
single labeled 125 labeled endotoxin, and
most of 51Cr was found in the liver (unpub-
lished data). Table II also lists the distribu-
tion of radioactivity after injection of Na'2°1
and Na, 31CrO4. Both iodide and chromate
were excreted more rapidly than when they
were combined with endotoxin. With Na'251
after 5 hr there was no radioactivity in the
liver and blood, but most of the radioactivity
was in the stomach, head, and body. The
51Cr on the other hand, was found both in
blood and liver even 24 hr after injection,

and a considerable amount was retained in
the body.

In view of the similarity in the distribution
of 1% in the stomach and head after injec-
tion of either Na 1251 or endotoxin-1?°1 it
seemed that the radioactivity in these two
organs was more likely to be free iodide than
iodine still bound to endotoxin. The stomach
of 3 animals sacrificed 5 hr after injection of
1251 labeled endotoxin were extracted with
isotonic saline. Unlike the radioactivity in the
injected endotoxin, the radioactivity of
stomach extracts had become dialyzable and
could not be co-precipitated as antigen-anti-
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o 5 10 5 20 25 30

<+————» TUBE NO.
BLUE DEXTRAN

35 40 45 50 55
~ SODIUM IODIDE

F1c. 1. Sephadex G-200 separation of stomach extract: (—), the optical density and counts per
minute of the stomach extract; --- optical density of albumin; ®-@®-@® counts per minute of
Na'*I/ double arrows at the bottom indicate where blue dextran and carrier Nal were eluted from

the column.

body complexes by half saturated ammonium
sulfate. On the other hand, after addition of
carrier Nal almost all of the radioactivity
could be precipitated by silver nitrate. The
stomach extract was passed through a
Sephadex G-200 column (Fig. 1). The peak
of radioactivity of the stomach extract corre-
sponded with the peak of the radioactivity of
Na!#1. Thus, it seems that the radioactivity
in the stomach is free iodide split off from
the endotoxin complex.

Preexisting antibody alters the distribution
of %1Cr labeled endotoxin (2). We therefore
studied the distribution of radioactivity after
injection of !?°I labeled endotoxin in immu-
nized and nonimmunized animals (Table
IIT). Radioactivity in each of the various
organs was highest in the nonimmunized ani-
mals and lowest in those given two immuniz-
ing injections. There was a 5-fold increase in
antibody after one immunizing injection and

about a 75-fold increase after the second.
When the results of individual animals given
two immunizing injections were compared it
was noted that the animals with the most
antibody retained the least radioactivity in
each organ.

To determine which organ might split the
iodine from endotoxin, 25T labeled endotoxin
was incubated at 37° with slices of liver,
spleen, and stomach in a Dubnoff shaker. At
intervals, aliquots were drawn off and centri-
fuged. The supernatant was assayed for un-
dergraded 251 labeled endotoxin by reaction
with antibody (Table IV). Soluble com-
ponents from each of the organs leached into
the incubation fluid and bound some en-
dotoxin. Stomach slices quickly degraded the
labeled endotoxin, whereas spleen and liver
did not. The breakdown of endotoxin by the
stomach slices is not due to acid since incu-
bation in 0.1 N HCI for 1 hr had no effect on
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the subsequent reaction of endotoxin with
antibody.

Discussion. The distribution of radioactivi-
ty was quite different with 251 labeled and
51Cr labeled endotoxins. Since 5!Cr appears
to label chiefly the polysaccharide (10) and
125 chiefly lipid A (although about 20% of
the 125] is also bound to the core polysac-
charide) (8) the distribution of the two iso-
topes can shed light on the fate of the two
parts of the endotoxin molecular complex.
With 51Cr labeled endotoxin, as others have
observed, we found the greater part of the
radioactivity in the liver. With 1251 labeled
endotoxin, however, the radioactivity ap-
peared in the stomach, body, and head, al-
though a small part of the radioactivity ap-
peared in the liver also. The distribution of
the 125T injected in the form of iodide may
explain to some extent the fate of the 1251
label. Five hr after injection, the Na 12°I was
mainly in the stomach, head, and body, simi-
lar to the radioactivity of the labeled endo-
toxin. No radioactivity appeared in the liver
or spleen. Radioactivity in the stomach, head,
and body is most probably free iodide or iodi-
nated fatty acids released by breakdown of
lipid A, rather than iodine still bound to poly-
saccharide.

This conclusion is based not only on the
similarity of distribution of 2?3 injected ei-
ther as labeled endotoxin or free Na 1 but
also on the recovery of in organic iodide from
extracts of the stomach. We presume the
iodide was split from the endotoxin by a
series of enzyme reactions. The site and mode
of action of these reactions is uncertain, but
the initial stage of the degradation may be
the action of serum lipase on the lipid moiety
of the endotoxin (8). The stomach is likely
to be one site of the degradation since stom-
ach slices were active in vitro. After lipid is
removed from endotoxin the iodinated fatty
acids appear to be rapidly metabolized and
the 1251 excreted as iodide along with chloride
in the urine, saliva, and gastric secretions.

Similar considerations of the distribution
of radioactivity after injection of radioactive
chromate and chromate labeled endotoxin are
complicated by the iz vivo reaction of the
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chromate ion with red cells, serum proteins,
and other body constituents. It is- clear
though, that radioactivity was not found in
the liver after injection of sodium chromate,
so that the radioactivity in the liver seems to
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TABLE IV, Effect of Incubation with Tissue Slices on *I Labeled Endotoxin.

Radioactivity Unaltered en-
(%) bound. dotoxin (%)
Duration of by tissue remaining in ~ Endotoxin (%)
incubation (hr) constituents® supernate® degraded®
Buffer 0.25 0 100 0
) 1 0 100 0
4 0 100 0
24 0 100 - 0
Liver 0.25 18 82 0
1 21 79 0
4 36 67 0
24 49 51 0
Spleen 0.25 8 92 0
1 11 89 0
4 14 85 0
24 16 84 0
Stomach 0.25 30 18 52
1 36 21 45
4 40 15 45
24 12 9 79
0.1 N HCI 1 0 100 0

¢ Value is obtained by subtracting the radioactivity precipitated by half saturated ammoni-
um sulfate in the aliquots drawn from the incubation mixture of endotoxin and buffer from ra-
dioactivity precipitated in the aliquots drawn from the incubation mixture of endotoxin and

tissue slices.

®Value obtained by subtracting the value of the previous column from the value obtained
after reacting an aliquot with excess antibody and preeipitating it with 50% saturated am-

monium sulfate.

°Value is the difference obtained by subtracting the sum of the first two columns from 100,

represent deposition of endotoxin. The results
of studies with endotoxin labeled with the
two isotopes are consistent with the view that
the lipid portion of endotoxin is rapidly split
off and metabolized, perhaps even before
phagocytosis, while the core polysaccharide is
more stable remaining more or less intact
for many hours after it is cleared from the
circulation by the RES.

Endotoxin is more lethal when the mice are
kept at 37° than at 25° after the injection.
While the uptake by the liver was not affect-
ed by temperature, more radioactivity was
retained in the other organs by the animals
kept at 37°. The precise significance of this
finding is not clear, but may reflect a differ-
ence in blood flow to various organs at differ-
ent temperatures. It seems unlikely that the
greater lethality at 37° is related to differ-

ences in degradation or distribution of en-
dotoxin.

Less radioactivity of 1251 labeled endotoxin
was retained by immune than nonimmune
mice, with amount of radioactivity recovered
being inversely proportional to the amount of
antibody, but immunization did not alter
the relative distribution of radioactivity
among the various organs. It appears that
antibody-bound endotoxin is degraded at a
faster rate than the unbound antigen, and
that most of the iodide from antibody-bound
endotoxin is excreted in the urine rather than
the stomach which is a major route of excre-
tion of the iodide removed from nonantibody-
bound endotoxin.

Summary. The distribution of radioactivity
after injection of endotoxin labeled with 3'Cr
and %I was quite different. The *1Cr, label-
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ing chiefly the core polysaccharide, was re-
tained by the liver while 1251, labeling chiefly
lipid A, was rapidly excreted by the kidney,
stomach, and salivary glands probably as free
iodide. Stomach slices, but not liver or
spleen slices, split 1251 from labeled endotoxin
in vitro suggesting that the stomach may
play a role in endotoxin degradation. The
radioactivity of 25T labeled endotoxin was
excreted more rapidly by immunized than
nonimmunized animals.

We are indebted to Mrs. Isabelle Tjioe fer skillful
technical assistance.
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Studies on Early-Appearing Interferon in Vitro
I. Production of Endotoxin-Induced Interferon by Mouse Spleen Cells
Cultured in Vitro (33908)

SteEVAsu KoeavasHI,! Osamu YAsul, AND MASAAKI MASUZUMI
(Introduced by H. Levy)

Public Health Research Institute of Kobe City, Kobe, Japan

It has been demonstrated that at least two
kinds of interferon (IF) appear in plasma of
intact animals by injections of endotoxin
(ET) or virus (1). The ET produces peak
levels of plasma IF about 2 hr after injec-
tion. In contrast, virus-induced IF reaches its
maximum titers at 6-12 hr after injection of
the inducer. The former and the latter are
called the early-appearing IF (early-IF) (2,
3) and the late-appearing IF (late-IF) or IF
(4, 5), respectively.

It is well known that the late-IF is synthe-
sized within the cells in response to the in-
ducer. By using metabolic inhibitors, the
above fact was confirmed both iz vivo and in
vitro (6-9). On the other hand, in the case
of early-IF, it has been observed that its

1Present address: Department of Cell Biology,
Albert Einstein College of Medicine, Yeshiva Univer-
sity, Bronx, New York.

production in rabbit plasma was not affected
by the treatments of actinomycin D (10) or
puromycin (11). These results have been
confirmed in mice (12).

Recently, Smith and Wagner (13) report-
ed that rabbit macrophages cultures in vitro
could produce ET-induced IF and spontane-
ous IF without inducer. Nagano et al. (14)
also demonstrated rapid “sponatneous” re-
lease of IF by similar cells iz vitro.

However, the production of macrophage-IF
was inhibited by actinomycin D or puromy-
cin. More recently, Finkelstein et al. (15)
reported that the production of ET-induced
IF by mouse macrophages cultures in vitro
was relatively resistant to inhibition by
actinomycin D. This result was of much in-
terest. However, the molecular basis for its
production mechanism is still unclear.

The present paper describes the kinetics
and cellular conditions for producing the ET-





