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Rapid Communication
Endotoxin-Induced Cytokine Gene Expression
In Vivo
I. Expression of Tumor Necrosis Factor mRNA
in Visceral Organs Under Physiologic Conditions and
During Endotoxemia
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Tumor necrosis factor (TNF) mRNA was detected
by Northern blotting in whole-organ homogenates
of the spleen, liver, kidney, lung, and small bowel
in naive and saline-injected control rats, support-
ing the hypothesis that TNFmRNA ispresent in vivo
in apreformed intracellularpool. TNFmRNA in en-
dotoxin-treated rats as quantitated by densitome-
try of the ratio of TNF mRNA to actin mRNA in
Northern blots waspresent in increased quantity in
the liver, kidney, and lung (1.6-2.9 times over
time zero levels) at 15 minutes and increased
quantity in the spleen, liver, and kidney (1.3-1.9
times over time zero levels) at 30 minutes. The ki-
netics of endotoxin-induced TNF gene expression
are consistent with the relatively transientpeak of
serum TNFprotein levels reported by previous in-
vestigators to occur approximately 1 hour after in-
jection ofendotoxin. Because TNF mRNA appeared
ubiquitous in the organs ofcontrol rats examined
and because the endotoxin-induced increase in
TNF mRNA was relatively small, endotoxin may in-
duce the expression ofthe TNFprotein in serum not
only by increasing TNF mRNA levels but perhaps
more importantly by a posttranscriptional mecha-
nism. The presence of a preformed pool of TNF
mRNA may teleologically be viewed as a mecha-
nism to increase the rapidity of the host's response
to sepsis. (AmjPathol 1989, 134:11-14)

Endotoxin (LPS) is the major cause of the severe systemic
toxicity and of the local inflammation associated with
gram-negative bacterial infections.1 Endotoxin, however,
does not exert most of its potent biologic effects directly,
but rather through the expression of endogenous media-
tors of inflammation and immunity known as cyto-
kines.1-3 Cytokines are relatively low molecular weight
proteins, many of which were originally discovered to be
produced by immune or inflammatory cells, although sev-
eral mesenchymal and epithelial cells are now implicated
as potential sources of cytokines. Several lines of evi-
dence suggest that LPS exerts many of its effects by the
release of cytokines. Endotoxin, for example, does not
induce the clinical features of endotoxemia in C3H/HeJ
mice whose macrophages express very low levels of
tumor necrosis factor (TNF) and interleukin-1 (IL-1) as
compared with the macrophages of congenic endotoxin-
sensitive C3H/HeN mice.45 Endotoxic shock in several
experimental animal models is prevented by passive im-
munization with antisera to TNF6 and high doses of TNF
induce hemorrhagic shock.7 Even though intradermal in-
jections of LPS induce severe neutrophilic inflammatory
infiltrates in vivo, endotoxin is not chemotactic for neutro-
phils in vitro.e Intradermal injection of certain cytokines re-
produces the acute inflammation caused by endotoxin,
and some cytokines are chemotactic for neutrophils in
vitro.9 Because LPS appears to induce many biologic
effects by the release of cytokines in either an endocrine
or paracrine fashion, a knowledge of endotoxin-induced
cytokine gene expression in vivo is of fundamental impor-
tance to our understanding of the pathogenesis of endo-
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toxin-induced inflammation and morbidity. The purpose of
the present study is to assess the presence and quantity
of TNF mRNA in the visceral organs of naive and endotox-
emic rats.

Materials and Methods

Lewis rats, male, weighing approximately 250 g, either
naive or at specified timepoints after the intravenous injec-
tion of saline or 100 ,ug S. typhosa lipopolysaccharide
(Sigma Chemical Co., St. Louis, MO), were anaesthesized
with ether and the organs (spleen, liver, kidney, lung, and
small bowel) were removed and placed in a petri dish con-
taining 10 ml of 4 M guanidium isothiocyanate, 25 mM
Hepes (pH 7.0) and 0.7 ,ul f-mercaptoethanol. The organs
in an ice bath were immediately minced, crushed, and
homogenized for 30 seconds with a Tissumizer tissue ho-
mogenizer. The whole organ homogenate was centri-
fuged in a 50 ml conical tube for 10 minutes at 10,000 rpm
at 12 C in a Beckman JA-13 rotor. The RNA-containing
supernatant was collected and Sarkosyl was added to a
final concentration of 0.5%. The supernatant was heated
at 65 C for 2 minutes, and then ultracentrifuged at 25,000
rpm over a CsCI gradient for 20 hours in a Beckman
SW-41 rotor. The RNA pellet was resuspended in 10 mM
TRIS-HCL, pH 7.4, 5 mM Na-EDTA, 1% SDS at room tem-
perature for 1-2 hours, extracted with phenol/chloroform/
isoamyl alcohol, and precipitated with 1/10 volume 3 M
sodium acetate and 2.5 volumes absolute ethanol at -30
C overnight. After drying the pellet in a vacuum dessica-
tor, the yield and purity of RNA was quantitated by mea-
suring the ratio of the absorbances at 260 and 280 nm.
Successful isolation of undegraded RNA was preliminarily
monitored by mini-gel electrophoresis and examination of
the sharpness of the 18S and 28S ribosomal RNA bands
under ultraviolet light. Northern blotting was performed
according to standard methods10 by electrophoretic sep-
aration of total organ RNA (25 ,ag/lane) in a formaldehyde
agarose gel followed by blotting of the RNA onto a nitro-
cellulose filter paper (Zeta-probe membrane).

A murine TNF cDNA containing plasmid was obtained
as a gift from Dr. George Davatelis of the Rockefeller Insti-
tute and was transformed in our laboratory into JM101
cells. The TNF cDNA is inserted in the pUC9 plasmid at
the Pst and Bam HI restriction sites. For the purpose of
hybridization, however, Pst and Eco RI were used as
restriction enzymes for the purification of the insert from
the vector because Eco RI cleaves off a portion of the 3'-
untranslated region of the insert that contains a TTATT-
TATT consensus sequence that is common to IL-1 and
other cytokines11 and might result in unwanted cross-hy-
bridization. The purified insert was labeled with dCTP-
a32P by random sequence hexanucleotide priming (prime

time "C" biosystem) to a specific activity of approxi-
mately 109 cpm/,Ag. A human y-actin cDNA probe (gift of
Dr. Hun Fang) was used as a loading control in a second
hybridization of the same Northern blot originally hybrid-
ized with the TNF cDNA.12 After hybridization, the blots
were washed at room temperature for 15 minutes, twice
with 2x SSC and 0.1% SDS and twice with 0.2X SSC
and 0.1% SDS. Laser densitometry (LKB Ultroscan laser
densitometer) was used to quantitate the density of the
hybridization bands obtained after Northern blotting.

Results

TNF mRNA as detected by Northern blotting was present
in all organs examined (spleen, liver, kidney, lung, small
bowel) in both a naive uninjected rat killed at time 0 (Fig.
1) and a saline-injected negative control rat sacrificed at
15 minutes (data not shown). Peripheral neutrophil
counts, which are probably the most sensitive in vivo indi-
cator of endotoxemia or TNF,13,14 were normal in both
control rats. After injection of endotoxin, densitometry
demonstrated increases in TNF mRNA expression of 1.8,
1.9, 3.7, 1.3, and 1.3 in the spleen, liver, kidney, lung, and
bowel, respectively, comparing the absorbances of the
1.6 kb bands at 15 minutes with time zero. The TNF cDNA
probe was then dissociated and the Northern blot was
rehybridized with actin cDNA. The so-called "housekeep-
ing gene" actin serves as a control to compensate for any
changes in the intensity of hybridization for TNF mRNA
that are due to unintentional over- or underloading of total
organ RNA in the lanes of the Northern gel. Each organ
expresses a unique level of actin mRNA (so that the inten-
sity of hybridization for actin mRNA is not the same in
lanes of different organs), but the level of actin gene ex-
pression for each organ remains constant after injection
of endotoxin. TNF mRNA expression at 15 and 30 min-
utes was quantitated by laser densitometry of both TNF
and actin bands at 0, 15, and 30 minutes with calculation
of the change in TNF mRNA expression by the formula:
TNF (Abs at 15 or 30 minutes)/TNF (Abs at time zero):
actin (Abs at 15 or 30 minutes)/actin (Abs at time zero).
On the foregoing assumptions, the liver, lung, and kidney
demonstrated TNF mRNA increases of 1.6, 1.6, and 2.9
at 15 minutes, whereas the spleen and bowel actually
demonstrated slight decreases in TNF mRNA content to
0.8 and 0.5 of time zero levels. At 30 minutes after the
injection, TNF mRNA expression in the spleen, liver, kid-
ney, lung, and bowel was 1.3, 1.3, 1.9, 1.0, and 1.0, re-
spectively, as compared with time zero.

Discussion

The present study documents that TNF mRNA is present
within visceral organs under normal physiologic condi-
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Figure 1. TNFmRNA (1. 6 kb) is detected by
Northern blotting in whole-organ homoge-
nates of spleen, liver, kidney, lung, and
small bowel in a naive (time zero) rat. TNF
mRNA in endotoxin-treated rats as quanti-
tated by laser densitomery of the ratio of
TNF mRNA to actin mRNA expression was
present in increased quantity in several
but not all organs at 15 and30 minutes.
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tions and that endotoxin can transiently increase TNF
mRNA levels in some organs. The seemingly ubiquitous
presence of TNF mRNA under physiologic conditions
would at first appear paradoxical because TNF is not
thought to circulate other than in pathophysiologic condi-
tions.15 Beutler et al,5 however, have demonstrated pre-
viously that murine thioglycolate-elicited peritoneal macro-
phages contain a pool of TNF mRNA that is not expressed
as protein. After stimulation with endotoxin, the macro-
phages produced a large additional quantity of TNF
mRNA and secreted immunoreactive TNF.5 The present
findings would, therefore, appear to add further evidence

to the hypothesis of Beutler and colleagues that the con-
trol of TNF synthesis is regulated both at the transcrip-
tional and posttranscriptional levels. Significantly, TNF
mRNA has in the present experiments been much more
firmly documented to be presented in vivo under physio-
logic "unactivated" conditions because the TNF mRNA
in elicited macrophages could conceivably, as mentioned
by Beutler et al, be the result of mRNA induction during
the isolation process.5 The kinetics of endotoxin-induced
TNF mRNA expression in the rat would appear to corre-
late well with the kinetics of endotoxin-induced serum TNF
in the rat, which peaks in a burst sharply and transiently
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approximately 1 hour after the experimental injection of
15endotoxin.5

In conclusion, TNF mRNA is present in multiple vis-
ceral organs under physiologic conditions. Endotoxin, as
is consistent with the results of Beutler et a15 on the basis
of experiments with monocyte/macrophages, is postu-
lated to control the secretion of TNF both by increasing
TNF mRNA levels and, perhaps more importantly, by a
posttranscriptional mechanism. The increase in TNF
mRNA levels may be either transcriptional or by other
mechanisms.

Burchett et al16 have presented evidence that TNF lev-
els may be upregulated by a change in the duration of
increased transcription and by an apparent increase in
translation or protein stability in response to LPS. Eco-
nomu et al17 have recently suggested that the regulation
of TNF mRNA's half-life may occur through a short-lived
RNAse. A recent review of as yet unpublished data by
M. G. Tovey describes the expression of high levels of
TNF mRNA in the spleen, liver, and peripheral blood leu-
kocytes of normal individuals and would seem to be in
agreement with our findings of TNF mRNA expression in
the organs of naive rats.18
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