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Abstract
P-glycoprotein (P-gp) has been reported to increase stem cell proliferation and regulate apoptosis.
Absence of P-gp results in decreased repair of intestinal epithelial cells after chemical injury. To
further explore the mechanisms involved in the effects of P-gp on intestinal injury and repair, we
used the well-characterized radiation injury model. In this model, injury repair is mediated by
production of prostaglandins (PGE2) and lipopolysaccharide (LPS) has been shown to confer
radioprotection. B6.mdr1a−/− mice and wild-type controls were subjected to 12 Gy total body X-
ray irradiation and surviving crypts in the proximal jejunum and distal colon were evaluated 3.5
days after irradiation. B6.mdr1a−/−mice exhibited normal baseline stem cell proliferation and COX
dependent crypt regeneration after irradiation. However, radiation induced apoptosis was
increased and LPS-induced radioprotection was blunted in the C57BL6.mdr1a−/−distal colon,
compared to B6 wild-type controls. The LPS treatment induced gene expression of the
radioprotective cytokine IL-1α, in B6 wild-type controls but not in B6.mdr1a−/− animals.
Lipopolysaccharid-induced radioprotection was absent in IL-1R1−/− animals, indicating a role for
IL-1α in radioprotection, and demonstrating that P-gp deficiency interferes with IL-1α gene
expression in response to systemic exposure to LPS.

INTRODUCTION
P-glycoprotein (P-gp) is the functional product of the multidrug resistance gene. It is a
glycosylated transmembrane protein expressed at multiple locations including the apical
surface of epithelial cells in the colon and small intestine, and epithelial cells of the
pancreas, kidney and adrenal glands. P-gp is also expressed on endothelial cells at the blood
brain-barrier, and on cells of hematopoietic lineage (1–3). P-gp, also known as abcb1a, is a
member of the ATP-binding cassette super-family of transporters and is known to pump a
variety of amphipathic and hydrophobic substrates from the intracellular environment (4, 5).
P-gp overexpression is often seen in tumors and its expression can be induced by multiple
chemotherapeutic agents, leading to acquired resistance to treatment due to its ability to
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pump these drugs out of the cytoplasm (6, 7). Expression of multidrug resistance gene
polymorphisms has been associated with development of inflammatory bowel disease (IBD)
in specific patient populations (8–11). Introduction of the P-gp deficiency onto the C57BL/6
animal model renders these mice susceptible to induction of intestinal inflammation by
epithelial disruption secondary to chemical damage, indicating a role for multidrug
resistance gene expression in maintaining intestinal homeostasis and injury repair (12).
Interestingly, P-gp has also been associated with mitigating apoptotic resistance. Kidney
proximal tubules cells were shown to be protected from induced apoptosis as a result of
increased P-gp expression (13), and in vitro studies using blast cells have shown that over-
expression of multidrug resistance gene correlates with increased cell survival and decreased
apoptosis (14).

The relationship between proliferation and apoptosis is critical in the gastrointestinal tract,
where the epithelium exists in a state of continuous regeneration maintained by multipotent
stem cells found at the base of intestinal crypts. Stem cells divide and produce daughter stem
cells, or highly proliferative transit cells (15, 16). Transit cells migrate to the proliferative
zone found in the lower portion of each crypt and further divide and differentiate to produce
mature epithelial cells (17). Mature epithelial cells then migrate onto the intestinal villi
where they remain, unless damaged, for anywhere from 3 to 5 days before dying and being
sloughed off into the intestinal lumen (18, 19).

The best characterized model for studying injury repair and intestinal epithelial maintenance
is radiation-induced injury (17, 20, 21). Radiation injury targets rapidly dividing cells by
inducing DNA damage and causing cell cycle arrest and apoptosis. High doses of radiation
effectively eliminate rapidly dividing cells in the crypt proliferative zone, and denude the
intestinal epithelium. Regeneration of the intestinal barrier then becomes the responsibility
of crypt stem cells (17, 20, 21). Crypt regeneration following radiation injury has been
shown to be dependent on induction of cyclooxygenase 1 (COX1) and subsequent synthesis
of prostaglandin E2 (PGE2) (22). Prostaglandins are lipid mediators known to play an
integral role in multiple biological processes such as wound healing and blood clotting, and
are known to be crucial for the maintenance of the intestinal mucosa (23–26).

One method for attenuation of apoptosis induced by acute radiation injury is the systemic
administration of lipopolysaccharide (LPS). Lipopolysaccharide administration stimulates
the innate immune response and has been shown to confer radioprotective benefits as a
result of a TNFα/TNFR1 dependent increase in COX2 expression and subsequent synthesis
of PGE2 (27). In accordance with these studies LPS is also known to increase the level of
intestinal P-gp. However, it has also been postulated that P-gp expression may be integral to
the cellular response to bacterial stimuli, extruding bacterial ligands from the intracellular
environment prior to stimulation of innate pattern recognition receptors (28). It is unclear
whether LPS would have a radioprotective effect on animals deficient in P-gp expression
and whether these mice would have normal epithelial repair after radiation injury. We have
used P-gp deficient B6.mdr1a−/− mice to study these questions and to determine the
molecules involved in injury repair in this model. Our data show that the level of P-gp
significantly impacts the levels of epithelial cell apoptosis after radiation exposure and
blunts the ability of LPS to protect the epithelium from radiation damage. In the B6 model,
this LPS-induced protection is mediated by the cytokine IL-1α and we now make the novel
observation that expression of this cytokine is decreased in the absence of P-gp expression.
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MATERIALS AND METHODS
Animals

C57BL/6J-Abcba1tm1BorN10 (B6.mdr1a−/−) was derived as previously described under a
research crossbreeding agreement with Taconic Farms, Germantown, NY (12). B6.129S7-
Il1r1tm1Imx/J is commercially available from Jackson Laboratories. However, these animals
were a kind gift from Dr. David Chaplin of the University of Alabama at Birmingham and
have been backcrossed 10 times to the C57BL/6 background. The Institutional Care and Use
Committee of the University of Alabama at Birmingham approved all experiments and all
animals were housed in ventilated racks (Thoren Caging Systems, Inc., Hazleton, PA). All
caging, bedding, water and food were sterilized prior to use. The detailed list of our
facility’s SPF conditions can be accessed at http://main.uab.edu/sites/
ComparativePathology/surveillance/.

Irradiation and Tissue Harvest
Male mice were subjected to lethal (12 Gy) doses of X-ray irradiation at 8–12 weeks old in
the X-RAD 320 irradiator (Precision X-Ray Inc., N. Branford, CT), in accordance with
previous studies evaluating cellular regeneration and repair. Animals were sacrificed at
either 6 h (apoptotic studies) or 3.5 days (crypt regeneration studies) after lethal irradiation.
Colon and proximal jejunum were harvested and fixed in Bouin’s solution (Fisher,
Pittsburgh, PA). Tissue was then cut into 5 mm segments and embedded longitudinally in
paraffin to allow for cross-sectional analysis. The distal ileum was harvested and placed in
RNA Later (Ambion®, Austin, TX) prior to RNA isolation.

LPS and Indomethacin Treatment
B6.mdr1a−/− and B6 animals were given i.p. injections of 0.5 mg/kg LPS (Escherichia coli
0111:B4, Sigma) dissolved in sterile pyrogen free PBS (Mediatech, Manassas, VA), or PBS
alone 24 h prior to irradiation. Indomethacin (Sigma) was dissolved at 12.5 mg/ml into 70%
ethanol and further diluted in 5% sterile PBS prior to use. B6 and B6.mdr1a−/− animals were
treated with 1.5 mg/kg indomethacin i.p. every 8 h beginning 14 h prior to irradiation.

Crypt Survival Microcolony Assay
Proliferating/regenerating cells were identified based on 5-bromodeoxyuridine (BrdUrd)
(Sigma) incorporation and detection as described by Cohn et al. (29). Crypt regeneration
was quantified in animals 3.5 days after irradiation as described previously (27). Animals
were injected i.p. with BrdUrd 90 min prior to sacrifice. Tissue was fixed at sacrifice using
cold Bouin’s Fixative. Paraffin embedded tissue sections were sliced in 5 um sections and
deparaffinized using Citrisolv. Exposing slides to 2N hydrochloric acid for 30 min denatured
cellular DNA. Non-specific protein binding sites were blocked through incubation in
blocking buffer containing 1% bovine serum albumin fraction V, 0.2% non-fat powdered
dry milk (Nestle, Vevey, Switzerland), and 0.3% Triton-X 100 dissolved in PBS. BrdUrd
incorporation was detected using a polyclonal goat anti-BrdUrd antibody (a kind gift of Dr.
S. M. Cohn of the University of Virginia) diluted in blocking buffer and incubated at 4°C
overnight (29). BrdUrd incorporation was detected using a Cy3 labeled donkey anti-goat
antibody (Jackson ImmunoResearch, West Grove, PA), and nuclei were stained using
Hoechst bisbenzimide 33258 (Sigma). Cellular regeneration was assessed by fluorescence
microscopy using the Zeiss Axioskop 2 (Carl Zeiss Inc., Thornwood, NY). A regenerative
crypt was defined as containing at least 5 cells demonstrating BrdUrd incorporation. An
average of 6 intestinal cross-sections were analyzed per mouse.
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Apoptosis
Cellular apoptosis was visually confirmed by microscopy to determine the presence of
characteristic morphological changes such as cellular fragmentation, cell shrinkage,
margination, and chromatin condensation. To quantify apoptotic cells, tissue sections were
exposed to terminal deoxynucleotidyl transferase mediated dUTP nick end labeling
(TUNEL) using the ApopTag apoptosis kit from Millipore (Billerica, MA). Hoechst
bisbenzimide was used to label nuclei. To further characterize caspase 3 activity, slides were
deparaffinized and rehydrated in PBS. Antigen retrieval was then performed using citrate
buffer (1.8 mM Citric acid, and 8.3 mM sodium citrate in deionized water) and slides were
blocked in a solution of 3% hydrogen peroxide and PBS. Expression of Avidin and Biotin
was blocked using the kit from Vector Laboratories (Burlingame, CA). Non-specific protein
binding sites were blocked prior to an overnight incubation in buffer containing the
polyclonal rabbit anti-cleaved caspase 3 antibody (Cell Signaling Technology, Danvers,
MA). The antibody was further labeled with streptavidin-HRP (Jackson ImmunoResearch
Laboratories, Inc., West Grove, PA) and then visualization was achieved using
TSA™Cyanine 3 Tyramide (Perkin Elmer, Boston, MA). Three-to-six intestinal sections
were captured for each animal using a 20× objective lens and the SPOT Insight® digital
camera (Diagnostic Instruments, Inc., Sterling Heights, MI). To quantify apoptotic cells, the
green channel image of the crypts was extracted, the threshold was assessed, and the image
was inverted to convert TUNEL staining nuclei to black objects on a white background
using Image Pro Plus® v6 image analysis software (Media Cybernetics, Inc., Bethesda,
MD). Total nuclei were quantified similarly using blue channel images. Apoptotic data was
presented as the ratio of the area of TUNEL staining to the area of Hoechst staining. Caspase
3 activity was similarly assessed using the red channel image for cells labeled by the cleaved
caspase 3 antibody.

RNA Isolation and Quantitative Real-Time Reverse-Transcriptase Polymerase Chain
Reaction

RNA was isolated from distal ileal tissue using TRIzol® as described by Sacchi et al.
(Invitrogen, Carlsbad, CA) (30). Quantitative real-time reverse-transcriptase polymerase
chain reaction was performed using Applied Biosystems gene specific primer probe sets in
combination with TaqMan Universal PCR Mix (Invitrogen) as previously described (12).
Data were analyzed by the “delta-delta Ct” relative quantitation method as described in
Applied Biosystems manufacturer’s instructions (4371095 Rev A, PE Applied Biosystems,
Foster City, CA). The average crossing threshold of the housekeeping gene (18S) is
subtracted from the average crossing threshold of each target gene to determine the relative
expression (ΔCt). To determine fold change, experimental animal data was compared to the
control (as implied in the figure legends) for each gene. Upper and lower limits of the
average fold change were determined using the standard deviation of the ΔCt of the
experimental group in the 2ΔΔCt formula, as outlined in the manufacturer’s protocol.

PGE2 ELISA
PGE2 production after irradiation was quantified using the Prostaglandin E2 EIA Kit
available from Cayman Chemical (Ann Arbor, MI). Tissue from the proximal ileum was
harvested at sacrifice and snap frozen in liquid nitrogen until use. Tissue was weighed prior
to mechanical disruption in 5 mls homogenization buffer (0.1 M phosphate buffer containing
1 mM EDTA, 10 μM indomethacin). Protein was diluted 1:400 and applied to the ELISA
plate as directed. Sample was detected at a range of 1.0–0.078 ng/ml. Protein was expressed
as ng/mg of homogenized tissue.
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Statistical Analysis
Statistical analysis was performed using the QuickCalcs program available from GraphPad
(La Jolla, CA). Statistical analysis on crypt regeneration data sets was performed using the
Kruskal-Wallis test, and Dunn’s multiple comparison analysis. Quantitative real-time
reverse-transcriptase polymerase chain reaction data was analyzed between individual data
sets by using an unpaired Student’s t test. Analysis of quantitative real-time reverse-
transcriptase polymerase chain reaction data was conducted using the differences in
detectable fluorescent emission crossing thresholds between genes of interest and
housekeeping genes.

RESULTS
Radiation-Induced Apoptosis, and Intestinal Crypt Regeneration in Small Intestinal Tissue

Radiation targets rapidly dividing cells by damaging DNA resulting in mitotic or apoptotic
death (17, 20, 21). It has been previously shown that over-expression of P-gp increases
cellular resistance to apoptosis (13, 14). Therefore, B6.mdr1a−/− P-gp deficient animals may
demonstrate an increased susceptibility to radiation damage as a result of altered rates of
apoptosis and subsequent aberrant cell cycling. To examine levels of apoptosis in the
intestinal epithelium after radiation injury, B6.mdr1a−/− and B6 control animals were
lethally irradiated and sacrificed 6 h after irradiation. Apoptosis, as detected by TUNEL,
was increased after lethal irradiation in both the B6 and B6.mdr1a−/− animals, but this
increase was only significant in the B6.mdr1a−/− proximal jejunum (Fig. 1A–C). In addition,
B6.mdr1a−/− animals demonstrated no significant increase in apoptotic area at baseline when
compared to wild-type controls (Fig. 1C). To confirm the involvement of caspase signaling
pathway in this radiation model tissue was labeled with antibody targeting expression of
cleaved caspase 3. Cleaved caspase 3 immunoreactivity confirmed TUNEL results, and
B6.mdr1a−/− animals demonstrated increased labeling of cleaved caspase 3 in intestinal
tissue after exposure to radiation (data not shown).

Next, we assessed whether this altered apoptosis in intestinal epithelial tissue corresponded
with increased cellular proliferation, potentially rendering cells more susceptible to
radiation-induced cell death (31). To assess basal levels of epithelial cell proliferation,
animals were injected with BrdUrd 90 min prior to sacrifice. BrdUrd incorporation into cells
during DNA synthesis was evaluated in unmanipulated B6.mdr1a−/− and wild-type control
animals. Interestingly, there was no significant difference in baseline cellular proliferation
between control and P-gp deficient animals (11.9 ± 1.6 BrdUrd-positive nuclei/crypt in B6
versus 11.0 ± 2.3 in B6.mdr1a−/−) at baseline.

Death of crypt epithelial cells renders intestinal villi unable to repopulate after radiation
damage, and impairs the ability of the intestinal epithelium to repair itself after injury.
B6.mdr1a−/− and wild-type control animals were exposed to lethal doses of irradiation (12
G), and sacrificed 3.5 days later to evaluate crypt regeneration. Regenerative crypts were
quantified as those containing at least 5 BrdUrd positively labeled nuclei (Fig. 1D and E).
B6.mdr1a−/−animals demonstrated no significant change in crypt regeneration after radiation
injury when compared to B6 control animals (Fig. 1F).

Radiation-Induced Apoptosis, and Intestinal Crypt Regeneration in Distal Colonic Tissue
Previously reported cellular apoptosis assays, as well as crypt regeneration assays have been
conducted almost solely on small intestinal tissue, with little work being carried out that
investigates colonic tissue (22). Because P-gp is expressed in the jejunum, our initial
experiments were designed to characterize the effects of mdr1a gene deficiency in small
intestinal tissue. However, P-gp expression increases along the cephalocaudal axis of the
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gastrointestinal (GI) tract similarly to gastrointestinal bacterial load, with expression
increasing distally toward the colon (3, 32). To assess the effects of P-gp deficiency where
its absence may initiate more profound disturbances to cellular homeostasis, we next chose
to examine apoptosis and crypt regeneration in distal colonic tissue. The decision to conduct
our experiments in both small intestinal and colonic tissue enabled us to compare our results
with current literature, and also draw correlations between P-gp expression and function.

Experiments were conducted as described above using tissue from the distal colon. In distal
colonic tissue, we again demonstrated an increase in epithelial apoptosis in response to
radiation-induced injury in B6 animals deficient in P-gp expression (Fig. 2A). This data
supports previously published results indicating a role for P-gp expression in moderating
cellular apoptosis. However, B6.mdr1a−/− and B6 control animals demonstrated no
differences in rates of colonic crypt regeneration after radiation injury (Fig. 2B).
Interestingly, colonic crypt regeneration in both animal strains was much lower than values
seen in small intestinal tissue (Fig. 2B compared to Fig. 1F). This data indicates that P-gp
deficiency alone does not impair normal crypt regenerative ability after acute radiation-
induced injury, however it does induce apoptosis, presumably in the crypt proliferative zone.

PGE2 and Crypt Regeneration after Acute Radiation Injury
Previous studies using FVB/N female mice have shown that crypt regeneration after
radiation injury corresponds with increased intestinal COX1 levels and requires production
of PGE2 (27). To evaluate whether the B6 male animal model was operating by the same
pathway, B6.mdr1a−/− and B6 control animals were evaluated for expression of intestinal
COX1 mRNA expression and PGE2 levels. To evaluate these parameters in the same mice
where crypt regeneration was assessed, RNA was isolated from distal ileal tissue and
quantitative real-time reverse-transcriptase polymerase chain reaction is performed (Fig.
3A). Data is presented as changes from baseline gene expression in B6 control animals after
normalization for 18S expression. PGE2 expression is quantified by ELISA on extracts from
proximal ileal tissue (Fig. 3B). In accordance with previous publications, B6 animals
demonstrated a modest increase in COX1 expression, however, this did not translate to a
significant increase in PGE2 protein production. Interestingly, B6.mdr1a−/− animals showed
significantly increased levels of both COX1 and PGE2 after exposure to radiation, although
crypt regeneration in these animals was not significantly enhanced when compared to B6
controls (Fig. 3A–B, Fig. 2B and Fig. 1F). This data suggests that crypt regeneration after
radiation-induced injury may not be solely contingent upon production of PGE2 in our
animal model, and/or that PGE2 production does not directly correlate with absolute
numbers of regenerating crypts.

To ascertain whether PGE2 production was necessary for crypt regeneration after radiation
injury, B6 and B6.mdr1a−/− animals were treated with the non-specific COX inhibitor
indomethacin to block all stimuli inducing production of PGE2, prior to exposure to
radiation. Administration of indomethacin ameliorated production of PGE2 (data not
shown). The elimination of PGE2 production resulted in significantly reduced crypt
regeneration in distal colonic tissue in B6.mdr1a−/− animals, in fact crypt regeneration was
completely abrogated in these animals (the ratio of crypt regeneration in indomethacin
treated animals to non-treated animals was 0). While crypt regeneration in control B6
animals was reduced, the reduction was not significant (the ratio of crypt regeneration in
indomethacin treated animals to non-treated animals was 0.6) (Fig. 3C). This data confirms
that as previously reported in the FVB/N mice, PGE2 production plays a role in crypt
regeneration after irradiation in the B6 and B6.mdr1a−/− animal models. However, it does
not seem to be the sole factor involved in crypt regeneration in the B6 animal model (Fig.
3C).
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LPS Induced Radioprotection of Intestinal Tissue
Systemic LPS stimulation has been shown to induce crypt regeneration in the small intestine
after radiation-induced injury (22). Furthermore, it has been shown to increase the
expression and activity of P-gp (33). LPS-induced radioprotection may be mediated via this
increase in P-gp expression and consequently, radioprotection should be abrogated in P-gp
deficient animals. To investigate the effects of LPS treatment on crypt regeneration in
B6.mdr1a−/− we injected P-pg deficient and wild-type animals with LPS 24 h prior to
irradiation. To assess crypt regeneration across a spectrum of P-gp expression, proximal
jejunal and distal colonic tissue was analyzed. Animals were irradiated and sacrificed as
described above, and crypt regeneration was quantified. B6.mdr1a−/− and B6 controls both
displayed increased levels of crypt regeneration in the proximal jejunum following systemic
treatment with LPS prior to exposure to radiation (Fig. 4A). However, this radioprotection
was abrogated in the distal colon of the B6.mdr1a−/− (Fig. 4B), indicating the P-gp plays an
integral role in the colonic response to systemic LPS stimulation.

LPS Induced Expression of TNFα and COX Enzymes
LPS-induced radioprotection in female FVB/N mice is mediated by increased production of
TNFα, which subsequently induces expression of COX2 and production of PGE2 (27). As
previously published studies have shown that increased COX2 expression enhances P-gp
expression, we hypothesized that this LPS radioprotection pathway would not function
normally in the B6.mdr1a−/−mice (34). We therefore wanted to assess the levels of LPS-
induced expression of TNFα and COX2 in P-pg deficient animals following acute radiation
injury. In B6 animals, exposure to radiation significantly elevated gene expression of TNFα
and COX2, compared to non-treated animals (Fig. 5). However, when LPS was
administered no significant alteration of gene expression of TNFα or COX2 in B6 animals
was noted (Fig. 5). Slightly different results were seen in B6.mdr1a−/− animals, where
exposure to radiation significantly increased expression of TNFα, but not COX2. However,
as was seen in the B6 controls, LPS administration dampened this increased expression of
TNFα (Fig. 5). LPS did not alter baseline production of PGE2 in nonirradiated B6 or
B6.mdr1a−/−proximal ileum (data not shown). These results indicate that while induced
PGE2 expression appears to play a critical role in baseline crypt regeneration after radiation
injury in B6.mdr1a−/− animals (Fig 3), it does not play a role in LPS induced radioprotection
in male B6 control animals.

LPS Induces Radioprotection and Innate Immune Cytokines
As B6 male control animals appeared to use a pathway independent of TNFα induced PGE2
production/COX2 for LPS-induced radioprotection, we began to investigate alternative
mechanisms of LPS-induced protection. We examined gene expression of innate
inflammatory cytokines known to effect injury repair in the GI tract: IL-1α, IL-1β, IL10 and
IFNγ (35–39). Evaluation of their expression in male B6 control mice after LPS-induced
radioprotection demonstrated that only IL-1α expression was increased after LPS
pretreatment and subsequent radiation (Supplementary Table 1; http://dx.doi.org/10.1667/
RR2835.1.S2 and Fig. 6A). Additionally, B6 animals expressed significantly more IL-1α
when LPS was administered prior to irradiation, compared to B6.mdr1a−/− animals (Fig.
6A). This data correlates with the diminished crypt regeneration following LPS treatment in
B6.mdr1a−/− animals, and indicates a potential role for IL-1α in promoting enhanced
radioprotection in male B6 animals after pretreatment with LPS.

Role of IL-1α in LPS-Induced Radioprotection
To confirm the importance of IL-1α in LPS induced crypt regeneration, B6.IL-1R1−/−

animals were evaluated for crypt regeneration after administration of LPS and exposure to
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radiation. Animals deficient in IL-1 receptor expression demonstrated a slight increase in
crypt regeneration when compared to B6 and B6.mdr1a−/− animals after exposure to
radiation (Fig. 6B compared to Fig. 4B). However, like B6.mdr1a−/− animals, B6.IL-1R1−/−

animals showed no evidence of LPS induced radioprotection (Fig. 6B compared to Fig. 4B).
This data confirms that recognition of IL-1α is critical in LPS induced radioprotection in B6
animals.

DISCUSSION
FVB.129P2-Abcba1tmBorN7 (FVB.mdr1a−/−) mice develop a spontaneous unremitting
colitis when maintained in a specific pathogen-free environment and disease has been
proven to be ameliorated by both prophylactic and therapeutic antibiotic treatment (28).
FVB.mdr1a−/− demonstrate altered phosphorylation patterns of junctional proteins, which
are associated with decreased intestinal tissue resistance early in development, and prior to
development of clinical symptoms of colitis (40).

Recently we demonstrated that re-derivation of the mdr1a gene deficiency onto the C57BL/6
background strain ameliorates development of spontaneous disease (12). Furthermore,
B6.mdr1a−/− animals demonstrated no alterations to intestinal tissue integrity and ion
permeability (unpublished data from the Lorenz lab). However, B6.mdr1a−/− animals proved
to be more susceptible to colitis induction when exposed to chemically induced epithelial
disruption, which highlights a role for P-gp expression in regulating epithelial homeostasis
and injury repair (12).

To elucidate the role P-gp plays in epithelial injury repair, we examined the effects of low
dose radiation injury on B6.mdr1a−/− mice. It was our hypothesis that animals deficient in P-
gp expression would succumb more readily to radiation-induced tissue damage as a result of
altered epithelial homeostasis. As predicted B6.mdr1a−/− animals failed to recover from
radiation-induced injury, implicating a role for P-gp expression in epithelial injury repair
after radiation-induced damage (unpublished data, Lorenz and Staley).

Studies of multidrug resistance gene expression in humans have indicated that the multidrug
resistance protein plays a role in regulating cellular apoptosis. P-gp expression and function
has been strongly associated with increased resistance to spontaneous apoptosis (14). The
most highly characterized method of studying intestinal apoptosis and epithelial cell
regeneration uses acute radiation-induced injury of proximal jejunum. To investigate the
role of P-gp expression in cellular turnover, we initially used this small intestinal model
because it enabled us to compare our results with previous studies. However, our true
experimental focus was the effects of injury in the distal colon, where normal epithelial P-gp
expression is highest and where the effects of P-gp deficiency should be the most profound.

Apoptosis was evaluated in P-pg deficient mice and control animals under both irradiated
and nonirradiated conditions. Only B6.mdr1a−/− distal colonic tissue showed significantly
increased epithelial apoptosis after acute radiation injury when compared to control animals.
Previous reports have correlated increased epithelial apoptosis in response to acute injury
with poor crypt regenerative capabilities after injury (20). To evaluate the effects of
increased apoptosis on tissue regeneration, crypt microcolony formation was assessed in
wild-type and P-pg deficient animals after exposure to lethal doses of X-ray irradiation. We
observed no significant reduction in proximal jejunal or distal colonic crypt regeneration in
B6.mdr1a−/− animals. This data suggests that the baseline epithelial regeneration is not
effected by P-gp deficiency.

Baseline proximal jejenal crypt regeneration in FVB/N female mice has been previously
shown to be dependent on increased COX1 expression and subsequent PGE2 production
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(41). Although radiation induced an increase in COX1 gene expression in both B6 control
and P-pg deficient mice, an increase in the level of PGE2 was only seen in the proximal
ileum of the irradiated B6.mdr1a−/−, and not in the B6. Therefore, it appeared that this
mechanism might not function in our model as previously reported for the FVB/N female
mice. We chose to further investigate this pathway by evaluating the effects of COX
inhibition on crypt regeneration. Indomethacin treatment completely abrogated distal
colonic crypt regeneration in B6.mdr1a−/− mice, and did not significantly reduce crypt
regeneration in B6 control animals. These data demonstrated that COX enzymes and PGE2
production are critical in the B6.mdr1a−/− response to radiation-induced injury, but other
pathways appear to contribute to this regeneration in the male B6 model.

Systemic LPS exposure has been shown to induce increased crypt regeneration after
radiation injury by production of TNFα, stimulation of TNFR1, and subsequent induction of
COX expression and PGE2 synthesis (27). As increased COX2 expression enhances P-gp
expression, we hypothesized that this LPS radioprotection pathway would not function
normally in the B6.mdr1a−/− mice (34, 42). Crypt regeneration data indicated that, while B6
control and B6.mdr1a−/− animals both demonstrated increased crypt regeneration after pre-
exposure to LPS, the magnitude of the response was significantly muted in P-gp mice,
particularly in distal colonic tissue. In the distal colon, LPS conferred a fivefold increase in
crypt regeneration in B6 animals, while B6.mdr1a−/− animals demonstrated only a 1.5-fold
increase.

To evaluate key downstream modulators of the LPS-induced radioprotection pathway, we
demonstrated that irradiation did induce increased expression of TNFα and COX enzymes.
However, LPS treatment prior to irradiation attenuated this response in control and
B6.mdr1a−/−animals. Again, as discussed above, this data differs from that previously
published on female FVB/N mice (27, 42). One potential reason for this difference could be
that we used male mice of a different strain in our experiments. In preliminary experiments,
we found that nonirradiated female B6 mice expressed significantly higher levels of both
COX2 (12.11-fold increase, range 4.88–30.57), and mdr1a (35.07-fold increase, range 9.68–
126.98) than their male littermates. This altered baseline expression of two of the genes
involved in this pathway could clearly account for the difference seen in our male data when
compared to previously published data on female mice. Our data indicates that TNFα
induction of COX2 expression is not the pathway used for LPS-induced radioprotection in
the male B6 model. Therefore, LPS may be inducing radioprotection through an alternative
pathway.

To further investigate alternative mechanisms for LPS-induced radioprotection we chose to
investigate levels of regulatory (IL10) and inflammatory (IL-1α, IL-1β, IFNγ) cytokines
previously reported to play a role in the repair of radiation-induced injury. Our gene
expression data indicated that intestinal IFNγ, IL-1β and IL10 are not altered after systemic
LPS-treatment and subsequent radiation injury, and therefore they would not appear to be
part of the alternative mechanism seen in LPS-induced radioprotection in male B6 animals.
However, we found that, when B6 animals are treated with LPS prior to exposure to
radiation, they express significantly increased intestinal levels of IL-1α. Given previous
reports that IL-1α can induce COX2 expression in intestinal epithelial cell lines, we
hypothesized that this IL-1α/COX2/PGE2 pathway could be playing a role in radiation-
induced injury repair in our B6 model (43). We chose to further investigate the role of IL-1
gene expression on LPS-induced radioprotection by using animals deficient in expression of
type 1 IL-1 receptor (44). IL-1R1 is known as the IL-1 signaling receptor (IL-1R2 being the
decoy receptor), and has been shown to bind both IL-1α and IL-1β, with a tenfold greater
affinity for IL-1α (45, 46). We were able to demonstrate that animals deficient in expression
of IL-R1 displayed crypt regeneration similar to wild-type animals after exposure to
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radiation. Additionally, we demonstrated that LPS-induced radioprotection is reduced in
animals deficient in expression of IL-1R1. This data clearly indicates the importance of IL-1
in LPS-induced radioprotection in the B6 male model of radiation injury repair. As
B6.mdr1a−/− mice do not show this increased intestinal expression of IL-1α after systemic
LPS treatment and radiation injury, we can conclude that P-gp is involved in the mechanism
of LPS-induced expression of IL-1α after radiation damage.

In summary, decreased expression of P-gp results in increased rates of intestinal epithelial
cell apoptosis and diminished LPS-induced injury-repair mechanisms secondary to
inadequate induction of the radioprotective cytokine IL-1α (Supplementary Fig. 1; http://
dx.doi.org/10.1667/RR2835.1.S1). This mechanism may be one contributing factor to the
increased susceptibility of humans with decreased expression of P-gp or P-gp deficient mice
to colonic inflammation after chemical and bacterial epithelial injury.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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FIG. 1.
Radiation-induced apoptosis and intestinal crypt regeneration in small intestinal tissue.
Apoptosis was assessed in proximal jejunal tissue from B6 (panel A), and B6.mdr1a−/−

(panel B) animals. Apoptotic cells were labeled by TUNEL and nuclei were labeled using
Hoechst dye (blue). Apoptosis is quantified as the ratio of apoptotic area to area of nuclear
stain (panel C). Crypt regeneration was assessed in proximal jejunal tissue from B6 (panel
D), and B6.mdr1a−/− (panel E) animals. Crypt regeneration was quantified as a crypt
containing a minimum of 5 BrdUrd positive cells, 6 cross-sections were counted/animal.
Data are presented as the average number of regenerative crypts/cross-section (panel F). All
groups contained at least N = 5 animals. Images were captured at a 200×magnification, Bar
=0.5 μm. *P < 0.05 between treatment groups.
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FIG. 2.
Radiation-induced apoptosis and intestinal crypt regeneration in distal colonic tissue (DCo).
Apoptosis was assessed in tissue from B6 and B6.mdr1a−/− animals as previously described.
Apoptosis is quantified as the ratio of apoptotic area to area of nuclear stain (panel A). Crypt
regeneration was assessed in tissue from B6 and B6.mdr1a−/−animals as previously
described. Data is presented as the average number of regenerative crypts/cross-section
(panel B). All groups contained at least N =5 animals. *P < 0.05 between treatment groups.
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FIG. 3.
Levels of COX1 and PGE2 in B6 and B6.mdr1a−/− animals. Range for gene expression data
(panel A) was calculated from the standard deviation of the ΔΔCT value and the average
gene expression is plotted with upper and lower limits of the range shown. Dotted lines
demonstrate the range of physiological relevance. ELISA (panel B) determined PGE2
content in the proximal ileum. Distal colonic (DCo) tissue was harvested and analyzed for
crypt regeneration (panel C). N = 5 animals for all groups except B6 irradiated LPS where N
= 3. *P < 0.05 between treatment groups.
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FIG. 4.
Crypt regeneration in lethally irradiated and LPS-treated mice. B6 and B6.mdr1a−/− animals
were injected with LPS prior to exposure to lethal doses of X-ray radiation. Crypt
regeneration was quantified as described. Data is presented as the average number of
regenerative crypts/cross-section. All groups contained at least N = 5 animals, except B6
irradiated LPS where N =3. Bar = 0.5 lm. *P < 0.05 between treatment groups.
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FIG. 5.
Gene expression of TNFα and COX2. Gene expression data were derived as previously
described. Gene expression of TNFα (panel A) and COX2 (panel B), are represented
graphically. N = 5 animals for all groups except B6 irradiated LPS where N = 3. *P < 0.05
when values are compared to each strains own baseline gene expression. §P < 0.05 between
treated B6.mdr1a−/− and treated B6 control animals.
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FIG. 6.
IL-1α gene expression and the effects of IL-1 signaling on LPS-induced radioprotection.
RNA isolated from distal ileum (panel A). Distal colonic crypt regeneration was assessed in
IL-1R1−/−animals after exposure to radiation, with or without administration of LPS (panel
B). N = 5 animals for all groups. *P < 0.05 when values are compared to each strains own
baseline gene expression. §P < 0.05 between treated B6.mdr1a−/− and treated B6 control
animals.
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