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Osteopontin (OPN) is a sialated phosphoprotein found in tissues and secreted into body fluids. It is an
integrin ligand with pleiotropic functions as an extracellular matrix protein in mineralized tissues and a
cytokine that is active in cell signaling (A. B. Tuck, C. Hota, S. M. Wilson, and A. F. Chambers, Oncogene
22:1198–1205, 2003). To determine whether OPN may be important in mucosal defense against viral pathogens,
we evaluated the OPN response to rotavirus infection and the extent of diarrhea manifested by infected opn null
mutant (opn�/�) mice. Reverse transcription-PCR, Northern and Western blots, and immunohistochemical
studies of the HT-29 intestinal epithelial cell line and murine intestine were used to evaluate OPN mRNA and
product. Intestinal closed loops and diarrheal observations determined disease severity and duration. OPN
mRNA levels increased after infection of HT-29 cells, peaking in 4 to 6 h. Infected cultures contained 925 �g
of OPN/ml, while for controls the levels were below detection (50 �g/ml). Infection increased OPN mRNA levels
in intestinal tissue between 2 and 24 h postinoculation and increased OPN protein in intestinal fluid. The
cellular localization of OPN was supranuclear and apical, and responding cells were diffusely distributed on
the villus surface. Three days after infection, closed intestinal loops from opn�/� mice contained more fluid
than loops from controls, although secretion levels at the onset of illness were similar. Null mutant mice
experienced more intense and prolonged diarrhea than controls. Rotavirus infection of intestinal epithelial
cells and murine intestine caused marked increases in OPN mRNA levels and secreted OPN protein. OPN-
deficient mice suffered prolonged disease.

Osteopontin (OPN) is a 44-kDa, negatively charged, acidic
protein that is almost always sialated and/or phosphorylated
and that is found in large amounts in a variety of tissues and
secreted into body fluids, including breast milk (7, 14). The
protein contains several conserved motifs, including the inte-
grin binding sequence GRGDS (49). OPN can interact with a
number of receptors, including RGD-mediated interactions
with the integrins �v�3, �v�5, �v�1, �9�1 (54), �8�1 (13), and
�4�1 (2). Also reported are non-RGD-mediated interactions
of OPN with CD44, a family of surface receptors which regu-
late cell adhesion, movement, and activation (56). Other non-
RGD cell binding interactions that are dependent only on the
beta subunit or sialic acid moieties have also been demon-
strated (30). Macrophages, T lymphocytes, NK cells, endothe-
lial cells, smooth muscle cells, fibroblasts, epithelial cells, and
osteoclasts all express OPN in response to activation by various
cytokines or inflammatory mediators (40). OPN has many di-
verse and incompletely understood functions, including the
regulation of cell migration and proliferation, tissue repair and
angiogenesis, and cellular chemotaxis and activation in inflam-
matory conditions (41, 42). A prominent role for OPN in the
promotion of breast and colon malignancy and metastasis has
been recently proposed (55, 60).

Localization of OPN has been observed on the luminal sur-
face of the human stomach in the epithelial glycocalyx (43) and
in secretory granules in intestinal epithelial cells (44). Various
immune functions have been attributed to OPN, including
macrophage chemotaxis and promotion of cell-mediated im-
munity (1, 41). The features described above suggest a role for
OPN in innate protection and restitution processes during viral
infection of the intestinal epithelium.

Rotavirus was first identified as a human pathogen in 1973
when it was detected by electron microscopy in duodenal bi-
opsy specimens from children with acute nonbacterial gastro-
enteritis (3, 19). Several other viral etiologies of gastroenteritis
have subsequently been identified, but gastroenteritis patho-
physiology remains incompletely understood (36). The impor-
tance of innate factors of host resistance has been long recog-
nized because diarrhea susceptibility is a function of the age of
the host without regard for acquired immunity. Innate limita-
tions on rotavirus infection may include the elaboration by the
host of protective factors that ameliorate the severity of the
infection or speed mucosal repair.

Development of a mouse model with a targeted disruption
of the OPN gene (opn) provided an opportunity to consider a
role for osteopontin in a well-characterized model of viral
diarrheal disease. The null mutant mice reproduce and de-
velop normally (46), but we observed increased diarrhea com-
pared to controls following rotavirus infection. This protection
led us to investigate the production and localization of OPN
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during rotavirus infection by reverse transcriptase PCR (RT-
PCR), Northern blotting, and Western blotting in human in-
testinal cell lines and mouse intestines infected with rotavirus.
The results show that this extracellular matrix protein contrib-
utes to the regulation of the host response to this enteric viral
pathogen.

MATERIALS AND METHODS

Animals. The experimental protocol was approved by the Institutional Animal
Care and Use Committee. Pregnant BALB/c mice (specific pathogen free) were
obtained from Taconic Farms (Germantown, N.Y.). opn�/� and opn�/� mice
were developed at Rutgers University (46). Animals were housed in microisola-
tor cages, and food was sterilized.

Murine model of diarrhea. Litters of 8-day-old mice were restricted from
feeding for 1 h and then inoculated by gavage with 106 PFU of rhesus rotavirus
(RRV) in a volume of 50 �l. Stool observations were made at 24-h intervals by
gentle palpation of the abdomen. Stool consistency was evaluated on a three-
point scale, as follows: 1, normal; 2, mixed solid and liquid; and 3, liquid.
Observations were made by a single observer who was blind to the inoculation
status of the animals.

Intestinal closed-loop studies. Twenty-four hours postinfection (p.i.), pups
were anesthetized by using tribromoethanol delivered with a 30-gauge needle as
a single intraperitoneal injection at a dose of 125 mg/kg of body weight. The
peritoneal cavity was exposed with a midline laparotomy incision. A tight ligature
was placed at the junction of the stomach and the duodenum. Another ligature
was placed loosely at the junction of the cecum with the terminal ileum, subse-
quent to which 100 �l of phosphate-buffered saline (PBS) was injected into the
lumen and the ligature was tied. The laparotomy incision was closed, and the
pups were placed on a temperature-controlled heating pad. The small bowel loop
was removed 2 h after surgery, and the length (in centimeters) and weight (in
milligrams) were recorded. Total loop weight was expressed in milligrams per
centimeter.

Preparation of recombinant osteopontin. Recombinant human OPN was pro-
duced by cloning the cDNA into vector pET16b (Novagen) (47). Briefly, the
NcoI (blunted)-BamHI restriction endonuclease-cleaved fragment of the os-
teopontin cDNA from plasmid OP10A was ligated into the pET16b vector that
had been cut with XhoI, blunted, and then cut with BamHI. The resulting
plasmid was constructed to express recombinant OPN as a fusion protein with a
sequence of 10 histidine residues at the N terminus. The OPN His-tagged protein
was induced into the Escherichia coli BL21(DE3)pLysS expression strain with 1
mM IPTG (isopropyl-�-D-thiogalactopyranoside) for 4 h and purified from the
lysed induced cultures by nickel chelation chromatography. The fractions con-
taining pure recombinant OPN as determined by Western blotting (see below)
were pooled, and the protein concentration was determined by the BCA protein
assay (Pierce, Rockford, Ill.).

Virus preparation. Rhesus rotavirus (a G3, P5B, NSP4 C-type rotavirus) was
propagated in MA104 cells as previously described and purified by fluorocarbon
extraction and sucrose gradient centrifugation (52). Virus bands were identified
by hemagglutination, dialyzed against Tris–saline–2 mM CaCl2, and reconcen-
trated by ultracentrifugation. Aliquots were used to prepare psoralen-inactivated
virus by incubation with 40 �g of AMT (4�-aminomethyl-4,5�,8-trimethyl psor-
alen)/ml on ice under A365 UV light for 50 min (27).

Psoralen-inactivated RRV was characterized by hemagglutination titer (1:
6,400 to 1:12,800) and failure to infect cell monolayers in immunohistochemical
infectious focus assays (51). Spectrophotometry at A260, A280, and A325 provides
a basis for comparing inoculations. The standard inoculation at A260 and A280

was 1.0 to 1.5 and at A325 was �0.300. The inoculation dose for mice contained
approximately 108 infectious particles.

Mammalian cell culture. The human intestinal epithelial cell line HT-29
(American Type Culture Collection) was grown in Dulbecco’s modified Eagle’s
medium-F12 supplemented with 10% fetal bovine serum, 100 �g of penicillin/ml,
and 100 �g of streptomycin/ml at 37°C in an atmosphere of 5% CO2. All tissue
culture media were free of detectable endotoxin, as determined by assay with
Limulus amebocyte lysate (ICN, Costa Mesa, Calif.) at a sensitivity of 0.06 to 0.10
ng/ml.

Infection of cells and mice. HT-29 cell monolayers were grown to confluency,
washed twice in medium without serum, and then infected with rotavirus at
various doses expressed as the multiplicity of infectious virions per cell (MOI), as
determined by serial dilutions of the viral stock in microwell focus neutralization
assays as described above. The virus inoculum remained on the cells for the
duration of the experiment. Mice were infected by gavage with 50 to 100 �l of

virus solution. Sucklings were isolated from the dam for 1 h before and after
inoculation. Sham inoculations were performed with M199 medium without
additives.

Intestinal fluid collection. The small intestines were aseptically removed from
3 ml of sterile Tris-saline buffer (pH 7.4) with 2 mM CaCl2, manually homoge-
nized, and centrifuged at 850 � g for 10 min. The supernatant was removed, and
aliquots were frozen at �80°C until use. Data shown represent pooled samples
from groups of three mice.

Purification of RNA. RNA was isolated by using Tri-Reagent (Molecular
Research Center, Inc., Cincinnati, Ohio) according to manufacturer’s instruc-
tions. Briefly, after addition of 2 ml of Tri-Reagent to the cells, samples were
allowed to stand for 5 min at room temperature. Chloroform (0.4 ml) was added,
and samples were allowed to stand for 15 min at room temperature. The mixture
was centrifuged at 12,000 � g for 15 min at 4°C. The aqueous phase was
removed, 1.0 ml of isopropanol was added, and the mixture was allowed to stand
at room temperature for 10 min and centrifuged at 12,000 � g for 10 min at 4°C.
The pellet was washed with 2 ml of 75% ethanol, dried, and resuspended in 50
�l of diethyl pyrocarbonate-treated water. The RNA was fractionated on a 1.5%
agarose formaldehyde gel (GIBCO-BRL) and then stained with 1 �g of ethidium
bromide/ml to confirm that the RNA was not degraded. Mouse intestinal tissue
was processed similarly, except that 3 ml of Tri-Reagent was used, and the tissues
were homogenized briefly (Tissuemizer; Tekmar, Cincinnati, Ohio) before pro-
cessing.

PCR. Sense and antisense primers that are complementary to mRNA se-
quences within the gene of interest were synthesized with the Applied Biosystems
392 DNA/RNA synthesizer. The PCR primers used were as follows: for human
�-actin, sense (5�-TCCTGTGGCATCCACGAAACT-3�) and antisense (5�-GA
AGCATTTGCGGACGAT-3�; 304-bp product); for human osteopontin, sense
(5�-GACCAGACTCGTCTCAGGCC-3�) and antisense (5�-AGAAGCATTTC
ATGTTCTCT-3�; 1097-bp full-length product); for mouse �-actin, sense (245-bp
product; 5�-GTGGGCCGCTCTAGGCACCA-3�) and antisense (5�-CGGTTG
GCCTTAGGGTTCAGGGGG-3�); and for mouse osteopontin, sense (929-bp
product; 5�-GCACCCAGATCCTATAGCCA-3�) and antisense (5�-CCCAAAA
TATTACCTCTCTT-3�).

cDNA strands complementary to total cellular RNA at each time point were
made in a total reaction volume of 100 �l by combining 0.2 �g of oligo(dT) and
8 �g of RNA in diethyl pyrocarbonate-treated water, boiling for 1 min, chilling
on ice, and adding 1� PCR buffer (10 mM Tris-HCl–50 mM KCl, pH 8.3 [20°C]),
2.5 mM MgCl2, 1 mM concentrations of each deoxynucleotide, 1 U of RNase
inhibitor/�l, and 50 U of Moloney murine leukemia virus reverse transcriptase
(Epicentre Technologies, Madison, Wis.) and incubated for 1 h at 37°C and then
for 10 min at 95°C. Five microliters from each reverse transcription reaction were
added to fresh tubes, MgCl2 was added to 1.5 mM, 1 �l of each specific sense and
antisense primer and 0.5 U of Tfl DNA polymerase (Epicentre Technologies)
were added, 2.5 �l of 10� PCR buffer was added, and Milli Q water was added
to make a total volume of 25 �l. The cDNAs were amplified for 40 cycles of 1 min
at 94°C, 30 s at 50°C, and 30 s at 72°C for human �-actin and 40 cycles of 1 min
at 95°C, 1 min at 60°C, and 1 min 30 s at 72°C for human OPN, mouse �-actin,
and mouse OPN. Each PCR product was then fractionated on a 1.5% agarose gel
containing 0.5 �g of ethidium bromide/ml, viewed with a transilluminator, and
then photographed with Polaroid 667 instant film. Densitometry was performed
with a CCD imaging system (Alpha Innotech, San Leandro, Calif.). Human and
mouse �-actin served as the internal reverse transcription-PCR control to con-
firm that each sample had equal amounts of RNA.

Preparation of probes for Northern blot analysis. Human �-actin and os-
teopontin digoxigenin (DIG)-labeled RNA probes were synthesized by reverse
transcribing a linearized OP10 or �-actin plasmid that contained the T7 or T3
phage promoter sequence upstream of the target sequence by using the Roche in
vitro transcription kit. Briefly, plasmids OP10 and �-actin–PCR Script were
linearized downstream of the target insert and gel purified. The labeled RNA
probes were then synthesized by in vitro transcription of the target cDNA and
cloned downstream of the T7 or T3 promoter, with T7 or T3 RNA polymerase
using DIG-labeled uridine-triphosphate as substrate. Probe concentrations were
determined by dot blotting dilutions of the probe versus dilutions of the labeled
control RNA onto positively charged nylon membranes followed by immunolog-
ical detection. The nucleoside triphosphate labeling mix contained 10 mM ATP,
10 mM CTP, 10 mM GTP, 6.5 mM UTP, and 3.5 mM DIG-UTP, pH 7.5.

Northern blot analysis. RNA was analyzed on 1.5% agarose gels containing
2.2 M formaldehyde with the addition of 5 �g of ethidium bromide to each
sample before heating (23). The RNA gel was rinsed for 15 min in 2� SSC (0.3
M NaCl plus 30 mM sodium citrate) with shaking to remove the formaldehyde
from the gel and then blotted to a positively charged nylon membrane (Sigma
Chemical Company, St. Louis, Mo.). Transfer occurred in 10� SSC overnight.

3510 ROLLO ET AL. J. VIROL.



After transfer, the membrane was exposed to UV light (120,000 microjoules/cm
in Stratalinker 1800; Stratagene, La Jolla, Calif.) for 3 min to cross-link the RNA
to the membrane. Hybridization was performed according to the instructions
included with the DIG nucleic acid detection kit (Roche Molecular Biochemi-
cals, Indianapolis, Ind.). The membranes were prehybridized in 10 ml of DIG
Easy Hyb (Roche) at 68°C for 1 h, after which the DIG-labeled RNA probe that
had been heated at 68°C for 10 min (50 ng/ml) was added (28). The membrane
was hybridized overnight at 68°C, and immunological detection was performed
according to the DIG nucleic acid detection kit protocol, using CDP-Star
(Roche) as the detection reagent for chemiluminescent detection on Kodak
XAR film.

The �-actin probe was hybridized first, after which the blots were stripped by
boiling the membrane for 30 min in 0.1� SSC containing 1.0% sodium dodecyl
sulfate (SDS) and rehybridized with the OPN probe as described above, except
that the prehybridization solution was removed and fresh hybridization solution
was added to be sure that the SDS concentration was correct for proper hybrid-
ization conditions. The �-actin probe was used to control for equal loading of
RNA.

Western blot analysis. Denaturing SDS-polyacrylamide gel electrophoresis of
nonconcentrated supernatants was performed in an SE250 Mighty Small II Slab
gel electrophoresis unit (Hoefer Scientific Instruments, San Francisco, Calif.)
according to the procedure described by Laemmli by using 4% stacking gels and
10% separating gels (32).

Electroblotting from SDS-polyacrylamide gels onto nitrocellulose was per-
formed in a TE 22 Transfor electrophoresis unit (Hoefer Scientific Instruments)
as recommended by the manufacturer. Nitrocellulose membranes were incu-
bated in 5% nonfat dried milk in Tween–Tris-buffered saline (TTBS) (20 mM
Tris, 500 mM NaCl, 0.1% Tween 20, pH 7.5) for 1 h to block nonspecific ab-
sorption of the antibodies to the membrane. The primary anti-mouse OPN
antibody was LF124 (18) at a dilution of 1:100 in TTBS containing 1.0% gelatin
(Sigma Chemical Company). After two brief rinses with TTBS, the blots were
given one 15-min wash and two 5-min washes in TTBS, followed by incubation in
a 1:1,000 dilution of an affinity-purified horseradish peroxidase-labeled goat
anti-rabbit immunoglobulin G (IgG) (H & L) secondary antibody (Kirkegaard &
Perry Laboratories, Gaithersburg, Md.) in TTBS plus 1% gelatin. The blots were
then given one 15-min wash and two 5-min washes in TTBS, and the presence of
immunoreactive material was visualized by reaction either with 0.4% AEC (3-
amino-9-ethylcarbazole) in dimethyl formamide (Sigma Chemical Company) or
with the Amersham ECL chemiluminescent reagents (Amersham, Arlington
Heights, Ill.). Recombinant OPN was used as a standard to permit quantification
of OPN in culture supernatants.

Antibodies. The biotin-labeled affinity-purified antibody to mouse IgG (H &
L) was purchased from Kirkegaard & Perry Laboratories, Inc. Polyclonal rabbit
anti-rat OPN (courtesy of D. Senger) was used for immunohistochemistry.

Immunohistochemistry. Immediately after sacrifice, the intestines of mouse
pups that had been Tris–saline–2 mM CaCl buffer (TNC) sham infected or
infected with RRV for 24 h were infused with 10% neutral-buffered formalin,
excised, fixed in 10% neutral-buffered formalin, dehydrated in a graded series of
ethanol, and embedded in paraffin. Five-micrometer paraffin sections were pro-
cessed for immunohistochemistry by using the avidin-biotin-horseradish peroxi-
dase technique (Vectastain ABC kit; Vector Laboratories, Burlingame, Calif.).
In brief, the sections were deparaffinized, rehydrated, and incubated with 3%
H2O2 for 30 min to eliminate endogenous peroxidase activity. After blocking
with 10% normal rabbit serum in PBS, pH 7.4, for 15 min, the sections were
incubated for 60 min with antiosteopontin polyclonal antisera diluted 1:2,000 in
PBS. Sections that were incubated without primary antibody served as controls.
The sections were incubated with biotinylated goat anti-rabbit IgG for 30 min.
Immunoreactivity was visualized by the avidin-biotin-peroxidase complex
method (Vectastain ABC kit; Vector Laboratories). The sections were photo-
graphed on a Nikon Labophot-2 microscope.

Statistics. Diarrhea scores were analyzed categorically by the Mann-Whitney
U test (Statview version 4.5; Abacus Concepts, Berkeley, Calif.). Comparisons of
intestinal loop weights were performed by analysis of variance with Tukey’s
post-hoc comparison. Significance was determined at a P value of �0.05.

RESULTS

Rotavirus induces OPN expression in intestinal epithelial
cells. Rotavirus inoculation (MOI of 10) of intestinal epithelial
cells (HT-29) increased OPN mRNA pools within 3 h (North-
ern blot data are illustrated in Fig. 1A and RT-PCR data are
shown in Fig. 1B). mRNA remained increased until 16 h p.i., at
which time cell viability declined. Genetically inactivated rota-
virus also enhanced OPN mRNA when used at similar con-
centrations, indicating that viral replication was not required
(data not shown). The intensity of the response to inactivated
virus was reduced in comparison to response to infectious
virus, similar to the responses of several other cytokines during
RRV infection (48). Figures 2A and B illustrate the virus dose
effect on OPN mRNA and secreted protein. A Western blot
assay identified secreted OPN from infected HT-29 cells, an
effect that was correlated with the dose of inoculated virus in
the range of MOI 1 to MOI 10. At an MOI of 10, an immu-

FIG. 1. (A) Northern blot and (B) RT-PCR mRNA amplification
of OPN and �-actin mRNA in HT-29 cells at 0 to 24 h after rotavirus
infection. HT-29 cells were infected with RRV (MOI of 10). RNA was
extracted, and analyses for OPN and �-actin mRNA were performed.
OPN mRNA levels increased after rotavirus infection of HT-29 cells,
with a peak quantity reached at 4 to 6 h p.i. The level of �-actin was
constant during this period.

FIG. 2. The effect of RRV dose on OPN expression. HT-29 cell
monolayers were infected with RRV (MOIs of 1 and 10), and PCR
amplification of OPN mRNA (harvested at 6 h p.i.) and Western
blotting of secreted OPN were performed. For the Western blot, su-
pernatant was harvested 16 h p.i. These times were chosen based on
data in Fig. 1 showing full expression of specific mRNA or protein at
these times. (A) RT-PCR analysis showed that a 10-fold increase in
RRV inoculum from an MOI of 1 to an MOI of 10 resulted in an
increased amount of OPN mRNA. (B) Western blotting of OPN in
culture supernatants showed similar increased OPN protein with in-
creased viral inoculum. �-Actin was the internal standard for the PCR
assay, while the noninfected control cells were incubated with medium
only.
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nohistochemical assay for viral antigen showed that virtually all
cells were infected with RRV. The OPN secretion was abun-
dant; comparison to a Western blot of a recombinant OPN
standard curve determined that increasing the virus inoculum
from an MOI of 1 to an MOI of 10 increased the amount of
OPN in the nonconcentrated culture supernatant from 160
�g/ml to 925 �g/ml (Fig. 2B).

OPN mRNA expression and protein production in rotavi-
rus-infected mouse small intestines. The murine rotavirus di-
arrhea model requires pups less than 15 days of age, after
which diarrhea does not occur. Data shown in Fig. 3 illustrate
RT-PCR analysis of OPN mRNA in mouse pup (age, 9 days)
intestinal tissue, showing the time course of OPN mRNA ex-
pression at various time points following RRV inoculation.
OPN mRNA was induced in the intestines beginning at 2 h
postinoculation, peaked at 6 h, and then decreased to initial
levels by 24 h. Mice inoculated with medium alone showed
unchanged levels of OPN mRNA at all time points (data not
shown). Results with psoralen-inactivated virus were not sig-
nificantly different from those with live virus, nor was the
response to the murine rotavirus epizootic diarrhea virus of
mice (EDIM). Western blotting of OPN in mouse pup intes-
tinal fluids showed a temporal pattern similar to the RT-PCR
data (data not shown).

Infection but not diarrhea occurs in adult mice with murine
rotavirus EDIM infection, but minimal infection occurs with
simian RRV. We performed Western blotting of OPN with
intestinal fluids of adult mice inoculated with either RRV or
EDIM rotavirus. Figure 4 shows the absence of OPN protein in
RRV-inoculated adult mice at any time point. However, 10 �l
of intestinal fluid from EDIM-inoculated adult mice contained
significant amounts of OPN protein at 48, 72, and 96 h posti-
noculation.

Localization of OPN and RRV in the intestine. By immuno-
histochemistry, OPN was found to be localized to mouse small
intestinal epithelial cells, with supranuclear and luminal accen-
tuation in pups (either BALB/c or opn�/�) that had been
infected with rotavirus for 24 h but not in pups that had been
sham infected for 24 h. Similar sections in opn�/� mice showed
no staining of intestinal cells (Fig. 5). Rotavirus antigen was
detectable by immunohistochemistry in adjacent sections by
either peroxidase or fluorescein isothiocyanate labeling, al-
though the infected cells are scattered in a manner consistent

with a limited production of new viral antigen that was seen in
previous histological studies of RRV infection in mice (35).
Thus, while rotavirus infection induced the production of OPN
in intestinal epithelial cells, viral infection of a specific cell was
not required to induce OPN. This finding indicates the in vivo
activity of a secondary stimulus that is presently unknown.

OPN absence causes prolonged intestinal secretion after
infection. Rotavirus infection increased epithelial expression
of OPN, but a relationship to diarrhea severity was uncertain.
We therefore chose to evaluate intestinal secretion in OPN
null mutant mice infected with rotavirus. opn�/� and opn�/�

pups were matched for age, weight, and litter size. They were
infected by gavage at 8 days of age with 5 � 106 PFU of RRV.
Littermates that received sham inoculations with TNC served
as controls. Small intestinal closed loops were measured for
length and weight, and results were expressed in milligrams per
centimeter (Table 1 and 2). Infected opn�/� mice studied 1 day
p.i. were similar to the infected opn�/� counterparts, demon-
strating similar increases in loop weights compared to unin-
fected mice (data not shown). Three days p.i., the opn�/� mice
had returned to control levels of accumulated fluid (note in
Table 1 that RRV-infected opn�/� pups were not different
from buffer-injected opn�/� pups at 3 days p.i.). Striking dif-
ferences persisted in the RRV-infected opn�/� mice that had
significantly more intestinal fluid accumulation 3 days p.i. than
either the RRV-infected or the sham-infected opn�/� mice.

Diarrhea is more severe in opn�/� mice. As predicted from
the loop data, the diarrheal response to RRV infection was
significantly more severe in the OPN-deficient mice on day
3 p.i. (Table 3). The scale used to record these results is a
modification of previously reported methods (50). The number
of descriptive categories in this report was limited to three to
reduce subjectivity and to require greater differences among
samples to result in significance (scale used: 1, normal; 2,
mixed solid and liquid or paste; 3, liquid). We considered the
results as categories rather than continuous variables and an-
alyzed the data with the nonparametric Mann-Whitney U test
(Statview version 4.5; Abacus Concepts). Significance was
achieved at the 5% level between opn�/� mice and controls on
days 2 to 4 after infection (Table 3). Observer bias was reduced

FIG. 3. RT-PCR amplification of OPN and �-actin mRNA from
the RRV-infected intestines of 9-day-old mouse pups. Pups were in-
oculated by gavage with 50 to 100 �l of RRV (108 focus-forming
units/ml), and the entire small intestine was removed at the indicated
time points. RNA was extracted, and RT-PCR analysis for OPN and
�-actin mRNA was performed. The amount of OPN mRNA increased
in response to rotavirus infection between 2 and 16 h p.i., with the
maximal response at 4 to 6 h.

FIG. 4. Adult mice increase intestinal secretion of OPN in re-
sponse to murine EDIM rotavirus but not simian RRV. A Western
blot analysis of OPN was performed on the intestinal fluids of EDIM-
and RRV-infected 5-week-old BALB/c mice as well as sham-infected
controls. OPN protein was absent from the intestinal fluids of RRV-
infected adult mice at any time point, while OPN protein was induced
in the intestinal fluids of adult mice orally inoculated with an equiva-
lent dose of mouse rotavirus (EDIM) at 48 to 96 h p.i. S, sham inoc-
ulated; R, rotavirus inoculated (either RRV or EDIM, as indicated).
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by the use of a blinded observer to assign scores. Mutant mice
are not distinguishable from controls by appearance.

DISCUSSION

Rotaviruses are an important cause of severe acute gastro-
enteritis, a self-limited illness that may cause fatal volume
depletion in young children. The cognate immune response
engendered in the host is important to limit future infections

FIG. 5. Localization of OPN protein in the intestine. Nine-day-old BALB/c mouse pups were orally inoculated with either RRV or TNC.
Samples were harvested at 24 h p.i., and immunohistochemistry using polyclonal rabbit anti-rat OPN was performed. OPN was found localized to
small intestinal epithelial cells with supranuclear and luminal accentuation in RRV- but not TNC-inoculated pups. Magnification, �20. (A) Sham-
inoculated mouse small intestine. (B) RRV-infected opn�/� mouse intestine. (C) RRV-infected opn�/� mouse stained for OPN. (D) opn�/� mouse
infected with RRV and stained for OPN. Note the extensive vacuolization (compared to panel A) but the absence of OPN staining in the
RRV-infected null mutants.

TABLE 1. Closed intestinal loop weights 3 days p. i. in
milligrams per centimeter

Characteristic Buffer RRV Buffer RRV

opn genotype �/� �/� �/� �/�
No. of animals 8 8 11 13
Mean 14.4 16.5 17.3 21.7
Minimum 9.4 13.8 14.6 14.6
Maximum 17.8 19.2 18.7 31.8
SD 3.18 1.75 1.36 4.63
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but has limited impact on the acute illness. A variety of oth-
er host responses to infection mediate pathophysiology, the
amelioration of the infection or symptoms, or perhaps even
elements of both. We report in this paper that increased pro-
duction and secretion from intestinal epithelial cells of os-
teopontin occurs in response to infection with rotavirus. The
role of OPN in the host response to intestinal infection is not
yet understood, but there is increasing evidence that this pro-
tein is involved in many aspects of intestinal physiology in
health and disease, including immune chemotaxis, cell motility
and maturation, cellular adhesion, and vascular development.
Now, OPN is associated with host diarrheal response to infec-
tion.

The murine model of rotavirus diarrhea is frequently used to
study pathogenesis. Rhesus rotavirus causes diarrhea in nor-
mal murine pups from birth to about 15 days of age in what is
commonly referred to as the heterologous host model. A mu-
rine rotavirus strain, such as EDIM, causes similar diarrheal
disease but can do so at much lower doses, and the infection
is characterized by much greater viral replication. Replica-
tion-inactivated RRV particles must be administered in 10-
times-greater doses to achieve an effect that is quantitatively
comparable to that of replication-competent RRV. These ob-
servations are consistent with observations previously reported
for other cytokines (47). Most of the experiments in this report
were performed with the heterologous host model. We did
observe OPN increases in response to EDIM infection in adult
mice.

In the experiments reported in Table 1, litters were matched
for age and litter size to eliminate variations in developmental
features. Virus-inoculated controls and OPN null mutants (but
not sham-inoculated mice) experienced diarrhea, but the se-
verity and duration of the disease was significantly greater in
the OPN-deficient mice. The closed-loop studies showed a
similar result of infection in wild-type and mutant mice on day
1 p.i., but the persistently abnormal secretion by null mutants
through day 3 p.i. confirmed the clinical observation of pro-
longed illness.

OPN is primarily an extracellular protein. It is extensively
modified by posttranslational modifications, such as sialation
or phosphorylation, which has important functional conse-
quences. OPN is capable of stimulating cell migration and cell
attachment and is essential for cellular immune responses and
for the remodeling of cardiovasculature and bone. Found in
moderate levels in plasma, OPN acts as a cytokine that is able
to modify gene expression via integrins, including �v�3 and
�v�5, and certain CD44 isoforms. It is induced in immune cells,

especially T lymphocytes and macrophages, in inflammatory
conditions (14, 41, 43). Diverse properties have led to the sug-
gestion that OPN is part of a host response to stress of many
types (15).

OPN has been identified at numerous luminal epithelial
surfaces (5) and specifically in the glycocalyx of the human
gallbladder and gastric mucosal surfaces in substantial quanti-
ties. OPN is upregulated in the epithelium in ulcerative colitis
(38) but not in Crohn’s disease (22). OPN is induced by gamma
interferon (33) and by bovine viral diarrhea virus (45). Bovine
viral diarrheal virus is a chronic infection in many tissues (53)
with similarities to hepatitis C virus (6).

Many gastroenteritis viruses, including many rotaviruses, as-
troviruses, and enteric adenoviruses, interact with sialic acids
or integrin receptors on target cell surfaces (34). Rotaviruses
interact with cellular sialic acids (29, 35) and integrin receptors
(10, 25) during the attachment and penetration process. Inter-
ference with both sialic acid and integrin binding has been
shown to limit infectivity by these viruses (9–11, 16, 17, 20, 29,
35, 39, 59, 63). Previous studies have identified intestinal mucin
preparations capable of limiting in vitro rotavirus infection (9,
58), and various glycoproteins limit disease when administered
enterically in a mouse model (59, 61, 63), including substances
present in breast milk (62). Sialated forms of OPN are found
in breast milk in high concentrations, raising the possibility that
interactions with pathogens could occur with OPN either in-
gested or elaborated at the epithelial surface of the intestine.
OPN may induce nonproductive binding of virus prior to cell
attachment or blockade of virus attachment or penetration of
cells. Our studies do not directly address the possibility of
increased or prolonged infection due to the lack of OPN.
However, histochemical studies of RRV-infected intestines did
not show dramatic increases in viral antigen 1 day after infec-
tion. Studies with homologous host murine viruses may be bet-
ter adapted to demonstrate such an effect because of the greater
numbers of infected cells typically seen in those infections.

In addition to possible OPN-virus interactions that may limit
infection, it is interesting to speculate on the possibility of OPN
regulation of epithelial restitution. OPN regulates macrophage
movement (8, 21, 57, 64) and breast cancer cell migration (12).
OPN, as a component of the extracellular matrix, has a previ-
ously characterized role in response to endothelial tissue in-
jury, where OPN-mediated cell migration is induced by a va-
riety of growth factors that also have roles in the restitution of
epithelial monolayers (24). The established role of OPN in cell
migration, the localization of OPN in the gut to the mucosal

TABLE 2. ANOVA comparison of groupsa

Comparison groups
(inoculum and opn gene status)

Mean
difference |q| P

RRV (�/�) and buffer (�/�) 7.30 8.26 �0.0001
RRV (�/�) and RRV (�/�) 5.64 6.02 0.0007
RRV (�/�) and buffer (�/�) 4.21 5.15 0.0043
Buffer (�/�) and buffer (�/�) 3.52 3.76 0.053
Buffer (�/�) and RRV (�/�) 1.43 1.53 0.703
RRV (�/�) and buffer (�/�) 2.09 2.01 0.495

a Experiments were evaluated by one-way analysis of variance and post hoc by
Tukey’s all pairs comparison.

TABLE 3. Mouse diarrhea score following rotavirus infectiona

opn status Day 1 Day 2 Day 3 Day 4 Day 5

�/� 1.5 	 0.16 2.4 	 0.13 2.0 	 0.15 1.7 	 0.15 1.2 	 0.11
�/� 1.4 	 0.14 2.9 	 0.07 2.6 	 0.15 2.4 	 0.18 1.6 	 0.17
P value 0.5737 0.0015 0.0048 0.0029 0.1148

a opn gene null mutant mice (�/�) and otherwise genetically identical controls
(�/�) were inoculated with RRV (106 PFU), and the ensuing diarrhea was
compared by using a threepoint scale (1, expressed stool of normal texture; 2,
mixed solid and liquid stool; 3, completely liquid stool) (see Materials and
Methods for further details). Sham-inoculated �/� and �/� mice always scored
1, and therefore those data are not shown. Statistical analysis was done by the
Mann- Whitney nonparametric test. P values indicating significant differences at
the 5% level are in bold.
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surface, and the present report showing an abundant epithelial
OPN response to virus infection suggest a role in mucosal re-
pair processes induced by mucosal pathogens. Epithelial dam-
age during murine rotavirus infection, as reflected by a signifi-
cant decrease in villus height, has recently been reported. Other
infected species, including humans, may have greater evidence
of epithelial damage that stimulates repair processes (3, 26).

OPN also inhibits apoptosis (31). Soluble OPN inhibits ap-
optosis of adherent human umbilical vein endothelial cells
incubated in medium lacking critical growth factors and cyto-
kines. In a dose-dependent manner, OPN reduced the forma-
tion of apoptotic bodies and suppressed DNA fragmentation.
OPN also caused an increase in Bcl-XL mRNA levels, sup-
pressed the apparent dispersion of Bcl-XL throughout the cy-
toplasm, and slightly enhanced I
B� protein degradation.
These data suggest that a function of OPN in homeostatic
processes is to facilitate the survival of stressed endothelial
cells, possibly by occupying unligated integrins and suppressing
integrin-mediated death by activation of the NF-
B signaling
pathway and the upregulation of Bcl-XL transcription.

This hypothesis is particularly interesting in light of the
recent study by Boshuizen et al., in which villus blunting,
increased apoptosis, and epithelial cell turnover have been
demonstrated in the mouse model of homologous rotavirus in-
fection (4). Even though the blunting in the mouse was char-
acteristically mild, the authors considered increased apoptosis
to be a possible cause of increased cell turnover. Repopulation
of villi in infected intestine requires a rapid migration of re-
placement cells from the crypt region toward villus tips. Thus,
the changes in epithelium described by Boshuizen et al. include
two areas in which OPN may be relevant: regulation of apo-
ptosis and facilitation of cell migration. In our limited histo-
logical evaluation, we did not appreciate gross differences in
villus height between null mutant mice and controls infected
with rotavirus, but our studies were not designed to evaluate
this feature. Furthermore, the less virulent qualities of the
heterologous host model (using simian RRV) rather than the
homologous host system (using a murine rotavirus) may be less
likely to induce grossly visible villous structural changes. RRV
antigen is only sporadically detected in villus tip enterocytes
24 h after infection in this model that is characterized by
limited replication (35).

Boshuizen et al. also commented on diffuse intestinal epi-
thelial vacuolization (of unknown cause or significance) noted
in uninfected cells in infected animals (4), providing easily
visible evidence of the extensive communication among epi-
thelial components. OPN uniformly covers the villi of infected
mice 24 h after infection but does not appear to extend into the
crypts. It is apparent that OPN regulation may be altered in
many epithelial cells that are not themselves infected with
RRV. Potential candidates to mediate an indirect effect in-
clude inflammatory cytokines or growth factors secreted from
epithelial cells in response to injury. Transforming growth fac-
tor �1 and epidermal growth factor have been shown to me-
diate increased OPN production in renal epithelial cells (37).
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