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Riehl, Terrence E., Rodney D. Newberry, Robin G. Lorenz, and
William F. Stenson. TNFR1 mediates the radioprotective effects of
lipopolysaccharide in the mouse intestine. Am J Physiol Gastrointest
Liver Physiol 286: G166–G173, 2004. First published October 2,
2003; 10.1152/ajpgi.00537.2002.—LPS is radioprotective in the
mouse small intestine through a mechanism that includes the synthesis
of cyclooxygenase-2 (COX-2) and PGE2. The goal of this study was
to identify the intermediate steps in this process. We used wild-type
(WT) C57BL/6 mice and knockouts for tumor necrosis factor recep-
tors 1 and 2 (TNFR1�/�, TNFR2�/�) and recombination-activating
gene 1�/� mice. Mice were given parenteral LPS and then subjected
to 12 Gy total body gamma irradiation. The number of surviving
intestinal crypts was assessed 3.5 days after irradiation using a
clonogenic assay. Crypt cell apoptosis was assessed by histology.
Parenteral administration of LPS induced COX-2 expression, PGE2

production, and radioprotection in WT and TNFR2�/� mice but not in
TNFR1�/� mice. TNFR1�/� mice were radioprotected by adminis-
tration of exogenous 16,16-dimethyl PGE2. Immunohistochemical
studies localized TNFR1 and COX-2 expression to subeptihelial
fibroblasts and villus epithelial cells. Radiation-induced apoptosis was
reduced by pretreatment with LPS in WT and TNFR2�/� mice but not
in TNFR1�/� mice. In the absence of LPS, crypt survival was
elevated in TNFR1�/� when compared with WT mice. These findings
demonstrate that TNFR1 function is required for LPS-induced radio-
protection in C57BL/6 mice and define an essential role for TNFR1
function in the induction of COX-2 expression and PGE2 production
in this process. The immunolocalization of TNFR1 and COX-2
expression to subepithelial fibroblasts following LPS administration
suggests that this cell type plays an intermediate role in LPS-induced
radioprotection in the intestine.

cyclooxygenase; prostaglandin E2; gamma radiation; epithelial cell;
subepithelial fibroblast

GAMMA RADIATION, AN EXTENSIVELY characterized model of in-
testinal injury, affects rapidly proliferating cell populations
(21, 25, 26). After total body irradiation, the major sites of
injury are the bone marrow and the intestinal epithelium.
Exposure of mice to 7–15 Gy total body irradiation results in
the death of most proliferating cells in the bone marrow, but
some stem cells survive and repopulate the marrow (10). With
higher doses of radiation, the number of surviving bone mar-
row stem cells is insufficient to repopulate the marrow, and the
animal dies. Similarly, after 8–14 Gy of total body irradiation,
proliferating transit cells in the intestinal crypt are killed; but
some stem cells survive (21, 25, 26). Surviving stem cells
proliferate and give rise to transit cells that form regenerative
crypts and eventually repopulate the mucosa. Higher doses of

radiation kill more of the stem cells and, consequently, reduce
the number of regenerative crypts.

The cellular response to radiation injury in the bone marrow
and intestine can be modulated by agents given before irradi-
ation. Agents that decrease the amount of radiation-induced
injury are said to be radioprotective. Il-1, Il-11, Il-12, TNF-�,
granulocyte-macrophage colony-stimulating factor, stem cell
factor, PGE2, and LPS are radioprotective in the bone marrow
(16, 17, 27, 35). In the intestine, Il-1, Il-11, PGE2, and trans-
forming growth factor-� (TGF-�) are radioprotective; given
before radiation, they increase the number of surviving crypts
after radiation (22, 23, 34).

We recently demonstrated that LPS is radioprotective in the
intestine through a mechanism that involves the induction of
cyclooxygenase-2 (COX-2) and the production of PGE2 (28).
LPS induces COX-2 expression in villus epithelial cells and
subepithelial fibroblasts but not in stem cells or other crypt
epithelial cells. LPS is radioprotective in the intestine through
a COX-2-mediated mechanism, but COX-2 was not induced in
stem cells. Radioprotective agents act by promoting stem cell
survival. The absence of LPS-induced COX-2 expression in
stem cells suggests that the radioprotective effects of LPS are
mediated through other cell types in which COX-2 is induced
and PGE2 synthesized. In this study, we sought to identify the
intermediate steps in LPS-induced radioprotection in the intes-
tine.

MATERIALS AND METHODS

Animals. Mice were maintained on a 12:12-h light-dark schedule
and fed standard laboratory mouse chow. Animal procedures and
protocols were conducted in accordance with the institutional review
board at Washington University School of Medicine (St. Louis, MO).
C57BL/6, TNF receptor 1 (TNFR1)-deficient (13, 19), TNF receptor
2 (TNFR2)-deficient, and recombination-activating gene (RAG)1-
deficient on the C57BL/6 background were purchased from The
Jackson Laboratory (Bar Harbor, ME). Whole body irradiation of
mice was carried out in a gamma cell 40 137Cs irradiator at a dose rate
of 80.7 cGy/min. Animals were killed at various times and rapidly
dissected as described previously (1). The proximal jejunum was fixed
in Bouin’s solution and divided into 5-mm segments before paraffin
embedding and immunohistochemical analysis. The distal jejunum
was snap-frozen in liquid nitrogen for Western blotting and analysis
of TNF-� levels. The proximal ileum was snap-frozen for measure-
ment of PGE2 levels.

Crypt survival. Crypt survival was measured in animals killed 3.5
days after irradiation, as described previously (28), using a modifica-
tion of the microcolony assay (21, 33), with signal detection using
3,3�-diaminobenzidine tetrahydrochloride (Sigma, St. Louis, MO).
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Immunohistochemistry. For immunohistochemical localization of
mouse COX-2 or TNFR1, deparaffinized sections of Bouin’s fixed
tissue were incubated with either a 1:2,000 dilution of rabbit anti-
mouse COX-2 (Cayman Chemical, Ann Arbor, MI) (28) or a 1:50
dilution of Armenian hamster anti-mouse TNFR1 monoclonal anti-
body (BD Pharmingen, San Diego, CA). Endogenous peroxidase
activity was quenched with 3% hydrogen peroxide. Nonspecific stain-
ing was blocked by incubating sections sequentially in blocking buffer
(New England Nuclear, Boston, MA), avidin-D solution (Vector
Laboratories, Burlingame, CA), biotin-D (Vector Laboratories), and
either normal donkey serum for COX-2 (Sigma) or normal goat serum
for TNFR1 (Sigma) before incubating slides overnight at 4°C with the
primary antibody. Sections incubated with preimmune rabbit serum
(for COX-2), preimmune goat serum (for TNFR1), or without primary
antibody served as negative controls. A 1:2,000 dilution of biotinyl-
ated donkey anti-rabbit immunoglobulin G (Jackson Immuno Re-
search Laboratory, West Grove, PA) was used as the secondary
antibody for COX-2, and a 1:2,000 dilution of biotinylated goat
anti-Armenian hamster immunoglobulin G (Jackson Immunore-
search) was used as the secondary antibody for TNFR1. Signal
amplification was carried out with the indirect biotinyl tyramide
system (New England Nuclear). The amplified antibody signal was
detected using 3,3�-diaminobenzidine tetrahydrochloride.

SDS-PAGE and Western blot analysis of COX-2. Distal jejunum
tissues were assayed for COX-2 by Western blotting. Samples for
sodium SDS-PAGE were homogenized in a proteinase inhibitor
cocktail as described previously (28). A rabbit polyclonal antibody
against mouse COX-2 (Cayman Chemical) was used to detect bands
corresponding to COX-2. Bound antibody was revealed using a
donkey anti-rabbit immunoglobulin G linked to horseradish peroxi-
dase and an enhanced chemiluminescence kit (Amersham, Arlington
Heights, IL) with fluorographic detection on BioMax ML film
(Kodak, Rochester, NY).

COX-2 inhibitor. NS-398 (Biomol, Plymouth Meeting, PA) was
reconstituted as a concentrated stock solution in dimethylsulfoxide.
Working solutions were made by diluting NS-398 in sterile 5%
sodium bicarbonate immediately before use and administering a dose
of l mg/kg ip (12).

16,16-Dimethyl PGE2. 16,16-dimethyl PGE2 (dmPGE2; Sigma)
was dissolved in ethanol and diluted into sterile 5% sodium bicarbon-
ate immediately before use. Animals treated with dmPGE2 received a
single dose (0.5 mg/kg) injected intraperitoneally at 1 h before
irradiation (12 Gy).

Measurement of TNF-� levels. Extracts from distal jejunum were
obtained from supernatants of tissue lysates prepared in proteinase
inhibitor cocktail (30). Samples were assayed by a TNF-�-specific
enzyme-linked immunoassay (B-D Pharmingen, San Diego, CA)
according to the manufacturer’s directions.

Measurement of PGE2 levels. PGE2 concentrations in extracts from
proximal ileum were determined by a PGE2-specific enzyme-linked
immunoassay (Cayman Chemical) according to the manufacturer’s
directions.

Apoptosis. The proximal jejunum was obtained from mice 6 h after
12 Gy whole body irradiation, fixed overnight in Bouin’s solution, and
embedded in paraffin. Sections were stained with hematoxylin and
eosin, and the number of apoptotic cells per crypt section was assessed
by morphological criteria as described by Potten and Grant (24).

LPS. LPS from Escherichia coli K-235 was purchased from Sigma
(St. Louis, MO). Animals treated with LPS received a single dose (0.5
mg/kg) injected intraperitoneally.

RESULTS

We (28) had previously demonstrated that LPS is radiopro-
tective in the small intestine in FVB/N mice. Treatment with
LPS (0.5 mg/kg given 14 h before irradiation) increases the
number of surviving crypts per cross section from 10 to 20. In

FVB/N mice, the radioprotective effects of LPS in the intestine
are mediated through COX-2 and PGE2. In the current study,
we used a series of knockout mice on the C57BL/6 background
to define the intermediate steps in the induction of radiopro-
tection by LPS in the mouse small intestine. In untreated
C57BL/6 mice, there were 12 surviving crypts per cross
section 3.5 days after gamma irradiation (12 Gy; Fig. 1). In
C57BL/6 mice given 0.5 mg/kg of LPS 14 h before radiation,
there were 26 surviving crypts per cross section. Thus the fold
increase in crypt survival with LPS was similar in FVB/N and
C57BL/6 mice, although the baseline crypt survival was some-
what higher in the C57BL/6 strain. We used RAG1�/� mice to
determine whether the radioprotective effects of LPS are me-
diated through T lymphocytes or B lymphocytes. Baseline
crypt survival in the RAG1�/� mice was somewhat lower than
in C57BL/6 controls; however, LPS induced a threefold in-
crease in crypt survival in the RAG1�/� mice, demonstrating
that the radioprotective effects of LPS are not mediated
through T lymphocytes or B lymphocytes.

TNF-� is a candidate intermediate molecule for LPS-in-
duced radioprotection, because LPS is known to induce TNF-�
production, which, in turn, may induce COX-2 expression and
PGE2 production (9). In addition to these observations, previ-
ous studies (17) have demonstrated that TNF-� is radioprotec-
tive in the bone marrow. The biological effects of TNF-� are
mediated through binding to two distinct receptors. It is not
known which TNFR(s) are required for COX-2 induction in the
intestine in response to LPS. Signaling through TNFR1 is
associated with apoptosis and cytokine production; whereas
signaling through TNFR2 is associated with proliferation and
enhanced cell survival. To define the role of TNF-� in LPS-
induced radioprotection in the intestine and to identify the
relevant TNFR(s) for this process, we measured crypt survival
in TNFR1�/� and TNFR2�/� mice in the presence and ab-
sence of LPS. Baseline crypt survival in TNFR1�/� mice was
more than double that seen in the C57BL/6 wild-type (WT)
mice; however, treatment with LPS did not induce a further

Fig. 1. LPS treatment before radiation increases crypt survival in C57BL/6
wild-type (WT), recombination-activating gene (RAG)1�/�, and TNF receptor
(TNFR)2�/� but not in TNFR1�/� mice. LPS (0.5 mg/kg) was given intra-
peritoneally 14 h before irradiation (12 Gy). Mice were killed 3.5 days after
irradiation, and the number of surviving crypts per cross section was deter-
mined. Data are the means � SE for 4–12 animals. *P � 0.001 compared with
WT-irradiated control; **P � 0.001 compared with RAG1�/�-irradiated
control; ***P � 0.002 compared with TNFR2�/�-irradiated control.
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