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Rotavirus is the most important cause of infantile gastroenteritis. Since in vivo mucosal responses to a
rotavirus infection thus far have not been extensively studied, we related viral replication in the murine small
intestine to alterations in mucosal structure, epithelial cell homeostasis, cellular kinetics, and differentiation.
Seven-day-old suckling BALB/c mice were inoculated with 2 � 104 focus-forming units of murine rotavirus and
were compared to mock-infected controls. Diarrheal illness and viral shedding were recorded, and small
intestinal tissue was evaluated for rotavirus (NSP4 and structural proteins)- and enterocyte-specific (lactase,
SGLT1, and L-FABP) mRNA and protein expression. Morphology, apoptosis, proliferation, and migration
were evaluated (immuno)histochemically. Diarrhea was observed from days 1 to 5 postinfection, and viral
shedding was observed from days 1 to 10. Two peaks of rotavirus replication were observed at 1 and 4 days
postinfection. Histological changes were characterized by the accumulation of vacuolated enterocytes. Strik-
ingly, the number of vacuolated cells exceeded the number of cells in which viral replication was detectable.
Apoptosis and proliferation were increased from days 1 to 7, resulting in villous atrophy. Epithelial cell
turnover was significantly higher (<4 days) than that observed in controls (7 days). Since epithelial renewal
occurred within 4 days, the second peak of viral replication was most likely caused by infection of newly
synthesized cells. Expression of enterocyte-specific genes was downregulated in infected cells at mRNA and
protein levels starting as early as 6 h after infection. In conclusion, we show for the first time that rotavirus
infection induces apoptosis in vivo, an increase in epithelial cell turnover, and a shutoff of gene expression in
enterocytes showing viral replication. The shutoff of enterocyte-specific gene expression, together with the loss
of mature enterocytes through apoptosis and the replacement of these cells by less differentiated dividing cells,
likely leads to a defective absorptive function of the intestinal epithelium, which contributes to rotavirus
pathogenesis.

Rotaviruses are one of the most significant causes of gastro-
enteritis, malnutrition, and diarrhea in young children and
animals (17, 28). Mortality rates are low in developed coun-
tries, where illness is usually self-limiting (64). However, each
year more than 600,000 young children die in developing coun-
tries throughout the world (26). Rotavirus infection in children
is mainly restricted to the small intestinal villus epithelium,
resulting in the occurrence of total villus atrophy (3). Although
rotavirus can infect older children and adults, diarrheal disease
is primarily observed in children under 2 years of age (16, 17,
28).

Rotavirus-induced diarrhea is thought to be caused by a
combination of factors (55), which include a reduction in epi-
thelial surface area, replacement of mature enterocytes by
immature (crypt-like) cells (43), an osmotic effect resulting
from incomplete absorption of carbohydrates from the intes-
tinal lumen in combination with bacterial fermentation of
these nonabsorbed compounds, secretion of intestinal fluid

and electrolytes through activation of the enteric nervous sys-
tem (37), and the effect of the rotavirus nonstructural protein
4 (NSP4), which is thought to act as a viral enterotoxin (1).

Since the epithelium is the primary target of rotavirus infec-
tion, epithelial dysfunction plays an important role in rotavirus
pathogenesis. However, thus far, in vivo data concerning spe-
cific epithelial responses are rather limited (10, 22, 29, 43, 53,
57). Studies of the effect of infection on epithelial homeostasis
in vivo are mainly restricted to studies of piglets, young rabbits,
and mice (10, 22, 29, 57).

In piglets, sucrase-isomaltase activity was found to be de-
creased, whereas thymidine kinase activity was increased dur-
ing rotavirus infection (57). In rabbits, rotavirus infection was
shown to impair epithelial homeostasis, and intestinal brush
border membrane Na� solute cotransport activities were af-
fected (21, 22). In young mice, homologous rotavirus infection
affects the small intestinal epithelium by reducing leucine up-
take and lactase and alkaline phosphatase activities, whereas
the maturation of sucrase-isomaltase activity was found to be
precocious (10, 29).

Vacuolization of enterocytes during rotavirus infection is
observed in mice and rats (8, 42, 43) but is not a feature of
rotavirus infection in calves, lambs, and piglets (41, 57, 59).
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These differences have been attributed to the specific nature of
the host response and not to the virus, since vacuolization is
also a characteristic feature of heterologous infections in mice
(2, 19, 38). Mice usually do not develop any symptoms beyond
2 weeks of age, and infection of adult mice occurs without
disease or histopathological lesions (7, 18, 43, 46, 61, 67).

The present study was designed to get more insight into the
pathogenesis of rotavirus infection by studying epithelial ho-
meostasis and dysfunction during rotavirus infection in mice.
We examined the induction of diarrheal illness and timing and
extent of rotavirus replication in the murine small intestine,
and we related viral replication to alterations in mucosal struc-
ture, epithelial homeostasis, kinetics, and differentiation.

MATERIALS AND METHODS

Animals. Pregnant dams were obtained from Harlan (Zoetermeer, The Neth-
erlands). Dams, either with their control or inoculated litters, were housed in
microisolator cages under negative pressure in a specific-pathogen-free environ-
ment. Chicken-protein-free rodent chow [9605/9608; Harlan Teklad TRM (A)]
and deionized water were autoclaved and provided ad libitum until the end of the
experiment. All dams were rotavirus antibody negative as measured by enzyme-
linked immunosorbent assay (ELISA) (as described below). All the experiments
were performed with the approval of the Animal Studies Ethics Committee of
the National Institute of Public Health and the Environment.

Virus. The EDIM (epizootic diarrhea of infant mice) mouse rotavirus strain
was obtained from R. Ward, Children’s Hospital Research Foundation, Cincin-
nati, Ohio (40). The strain used is an unpassaged virus isolated directly from the
stools of ill mice.

Virus inoculations and subsequent animal-handling procedures. Seven-day-
old BALB/c mice were inoculated intragastrically with 2 � 104 focus-forming
units (FFU) of the EDIM rotavirus strain. Control mice were mock infected
through inoculation with phosphate-buffered saline (PBS). To analyze epithelial
proliferative kinetics, 5-bromo-2�-deoxyuridine (BrdU) (30 mg/kg of body
weight; Sigma, St. Louis, Mo.) was injected intraperitoneally just before inocu-
lation. After inoculation and injection of BrdU, the mice were returned to their
mothers and allowed to suckle. After 6 h and at days 1, 2, 4, 7, 10, and 14, five
infected and three control mice were sacrificed per time point. Segments of
jejunum (anatomic middle of the small intestine) and ileum (distal 2 cm of the
small intestine) were rinsed in PBS and fixed for 4 h in 4% (wt/vol) paraformal-
dehyde (Merck, Darmstadt, Germany) dissolved in PBS. The segments were then
dehydrated through a graded series of ethanol and xylene (Merck) and embed-
ded in Paraplast Plus (Sherwood Medical, Den Bosch, The Netherlands) as
previously described (66). In addition, adjacent segments of the jejunum and
ileum were dissected and snap frozen in liquid nitrogen and stored at �80°C for
RNA and protein isolation.

Detection of rotavirus in stools. To determine rotavirus shedding, fecal sam-
ples were collected from each individual sacrificed mouse at 0 to 14 days postin-
fection (dpi) and stored at �20°C. Samples were then homogenized in PBS in a
10% (wt/vol) solution or suspension and centrifuged (1,000 � g for 5 min) to
remove debris before being analyzed. The presence of rotavirus antigen in fecal
samples was determined by ELISA using the Premier Rotaclone kit (Meridian
Diagnostics, Cincinnati, Ohio). The test was considered positive if the optical
density at 450 nm (OD450) of the well containing stool minus the OD450 of
control wells was �0.1.

Diarrhea score. The severity of diarrheal illness was assessed by examination
of fecal material. Stools were scored from 1 to 4 based on color, texture, and
amount. Normal feces were given a score of 1, exceptionally loose feces were
given a score of 2, loose yellow-green feces were given a score of 3, and watery
feces were given a score of 4. Stools with a score of �2 were considered to be
diarrhea. The percentage of diarrhea was calculated by dividing the number of
diarrheic samples by the total number of mice scored for diarrhea each day. Mice
from which no stool could be obtained were considered as mice with no diarrhea.
The diarrhea severity was determined by dividing the sum of all scores by the
number of total stool samples collected each day.

Antibody production. Polyclonal rabbit hyperimmune sera were raised against
cesium chloride-purified simian rotavirus (SA11) or a synthetic peptide corre-
sponding to amino acids 114 to 135 of NSP4 from the SA11 strain (KLTT
REIEQVELLKRIYDKLTV). The NSP4 peptide was coupled to keyhole limpet
hemocyanin using the EDC kit from Pierce (Rockford, Ill.), following the man-

ufacturer’s protocol. Purified rotavirus or the NSP4 peptide was emulsified with
Freund’s adjuvant and injected subcutaneously into rabbits following the method
we have described previously (63). The polyclonal serum raised against purified
rotavirus was used for quantifying rotavirus protein in intestinal homogenates.
The polyclonal serum raised against the NSP4 peptide was used for immunohis-
tochemistry.

Histology and morphometry. For standard histochemical staining or immuno-
histochemistry, paraffin-embedded tissues were sectioned (5 �m), deparaffinized
with xylene (Merck), and rehydrated in graded ethanol solutions as previously
described (49). Epithelial morphology was analyzed after staining with Gill’s
hematoxylin (Vector Laboratories, Burlingame, Calif.) and eosin (Merck). Crypt
depth and villus height were measured manually in well-oriented sections (10
measurements per region per mouse) using a micrometer (Nikon, Bunnik, The
Netherlands) mounted in an Eclipse E600 Microscope (Nikon). By dividing the
crypt-villus axis into five equal regions, the positions of vacuolated cells and cells
containing replicating virus along the crypt-villus axis were assessed. The posi-
tions were scored from 1 to 5, representing the tips of the villi to the crypts,
respectively. The presence of vacuoles was judged by standard hematoxylin-eosin
staining. The vacuoles were examined for the presence of acid and neutral
carbohydrates using a combined alcian blue–periodic acid-Schiff (PAS) stain.
The presence of replicating virus was determined by immunohistochemistry
using the antibody against NSP4 (see below). Ten crypt-villus units per segment
of the small intestine per animal were analyzed. All scores were averaged per
intestinal segment per animal and were subsequently averaged between animals
to calculate the mean score per segment per time point (� standard error of the
mean [SEM]).

Immunohistochemistry. Deparaffinized and rehydrated sections were incu-
bated overnight at 4°C using the primary mouse monoclonal antibodies anti-
human proliferating-cell nuclear antigen (PCNA) (1:1,500; Boehringer), anti-
BrdU (1:250; Boehringer), and anti-rat lactase (1:1,000; provided by A. Quaroni
[45]) or the rabbit polyclonal antibodies anti-(cleaved) caspase-3 (1:500; Cell
Signaling Technology, Beverly, Mass.), anti-NSP4 (1:1,000), anti-rat liver fatty
acid binding protein (L-FABP) (1:2,000; provided by J. Gordon [54]), or anti-
rabbit sodium glucose cotransporter 1 (SGLT1) (1:1,000; provided by B. A.
Hirayama et al. [24]). Immunohistochemistry was carried out as described pre-
viously (49).

Epithelial proliferation and apoptosis. The effects of rotavirus infection on
intestinal epithelial cell migration kinetics were analyzed through detection of
BrdU, a nucleotide analog that is incorporated into the DNA of proliferating
cells. At different time points after injection of BrdU, the positions of the
foremost and least-advanced BrdU-labeled cells in 10 crypt-villus units per an-
imal were expressed as the number of cell positions from the crypt-villus axis.
Proliferating (PCNA-positive) and apoptotic (caspase-3-positive) cells were
counted in villi and crypts of the jejunum until 14 dpi, of, respectively, 10 and 30
well-oriented crypt-villus units per animal per time point.

In situ hybridization and probe preparation. Nonradioactive in situ hybrid-
ization was performed using the method as previously described (34, 49). Digoxi-
genin (DIG)-11-UTP labeled RNA probes were prepared according to the man-
ufacturer’s protocol (Boehringer Mannheim GmbH, Mannheim, Germany)
using T3, T7, or SP6 RNA polymerase. The following probes were used: a 1-kb
NcoI fragment based on a 2.4-kb rat SGLT1 cDNA ligated in pBluescript (11),
a 350-bp fragment of rat L-FABP cDNA ligated in pBluescript (58), a 250-bp
EcoRI/HindIII mouse beta-actin fragment ligated in pSP65 (32), and a 750-bp
NcoI/SmaI NSP4 (SA11 strain) fragment ligated in pBluescript (see below).
Transcripts longer than 450 bp were hydrolyzed in 80 mM NaHCO3 and 120 mM
Na2CO3, pH 10.2, to obtain probes with various lengths of �450 bp (12).

Quantitation of mRNA. Total RNA was isolated from frozen small intestinal
segments, using Trizol reagent (Gibco-BRL, Gaithersburg, Md.), following the
manufacturer’s protocol. Integrity of the RNA was assessed by visual analysis of
the 28S and 18S rRNAs after electrophoresis and staining with ethidium bro-
mide. Subsequently, 1 �g of total RNA was dot blotted on Hybond-N� (Amer-
sham, Little Chalfont, Buckinghamshire, England) using a vacuum-operated
manifold (BioDot; Bio-Rad, Hercules, Calif.). All blots were hybridized using
specific 32P-labeled cDNA probes as described previously (66). To correct for the
amount of RNA that was spotted, hybridized signals were corrected for glycer-
aldehyde-3-phosphate dehydrogenase (GAPDH) mRNA expression using a
1.4-kb human GAPDH probe (66). Hybridization signals were measured through
autoradiography using a PhosphorImager and ImageQuant software (Molecular
Imaging, Sunnyvale, Calif.). The following probes were used: a 394-bp NcoI
fragment of rat SGLT1 (obtained from Charles Burant), a 400-bp XhoI/EcoRI
fragment of rat L-FABP (58), and a 1.8-kb EcoRI fragment of rat lactase (6). For
the construction of the NSP4 probe, reverse transcription-PCR was performed
on RNA from simian rotavirus (SA11 strain)-infected MA104 monkey kidney

13006 BOSHUIZEN ET AL. J. VIROL.



cells. NSP4 was cloned using the primers GGAACCATGGAAAAGCTTACCG
ACCTC (nucleotides 46 to 62) and TCCCCCGGGTCACATTAAGACCGT
TCCT (nucleotides 730 to 750), based on the NSP4 SA11 coding sequence (5).
PCR fragments were cloned into the EcoRI sites of PCR 2.1 (Invitrogen).

Quantitation of rotavirus protein. Proteins were isolated from frozen seg-
ments by homogenization of the tissue in 500 �l of (Tris-) homogenization
buffer containing Triton X-100 (BDH, Poole, England), 1% sodium dodecyl
sulfate, and various protease inhibitors as previously described (48). Protein
concentration was measured using a bicinchoninic acid protein assay reagent
kit (Pierce). Bovine serum albumin was used as a standard. To quantify
rotavirus structural protein contents, protein homogenates were dot blotted
on nitrocellulose (Nitran; Schleicher & Schuell, Dassell, Germany). The blots
were blocked for 1 h with blocking buffer (50 mM Tris-HCl [pH 7.8], 5%
[wt/vol] nonfat dry milk powder [Lyempf, Kampen, The Netherlands], 2 mM
CaCl2, 0.05% [vol/vol] Nonidet P-40 [BDH], 0.01% [vol/vol] antifoam
[Sigma]) and incubated for 18 h with rabbit hyperimmune serum raised
against SA11 rotavirus particles (1:1,000). After being washed in blocking
buffer, the blots were incubated with 125I-labeled protein A (specific activity,
33.8 mCi/mg; Amersham) for 2 h. Bound 125I-labeled protein A was then
detected and the elicited signals were quantified using a PhosphorImager and
ImageQuant software (Molecular Imaging).

Statistical analysis. Statistical analysis of all data from control and infected
groups was performed using Student’s t test for unpaired data (two tailed). To
compare three or more groups, data were analyzed by analysis of variance

followed by an unpaired t test. Data were expressed as the mean � SEM, and P
values of �0.05 were considered statistically significant.

RESULTS

Rotavirus infection of 7-day-old mice caused diarrhea and
virus shedding starting at 1 dpi. To be able to study rotavirus
infection in vivo, 7-day-old suckling mice were inoculated
orally with 2 � 104 FFU of EDIM rotavirus. As a control, mice
of the same age were inoculated with PBS. Control mice did
not develop diarrhea at any time point and did not shed rota-
virus antigen over a period of 14 days after PBS inoculation as
measured by ELISA (data not shown). Mice inoculated with
rotavirus developed diarrhea over a period of 5 days (Fig. 1A).
The onset of diarrhea occurred as early as 1 day postinfection
(dpi). The highest percentage of diarrhea occurred at 3 dpi,
reaching 93% (Fig. 1A). At this time point also the severity of
diarrheal illness was maximal. The duration of viral antigen
shedding was maximally 10 days (Fig. 1B). At 1 dpi three of the
five animals examined shed virus, and at 4 dpi viral shedding
was maximal. At 10 dpi only two of five examined animals were
still shedding virus. None of the infected mice died spontane-
ously. Thus, the onset of diarrhea occurred approximately at
the same time as viral antigen shedding began.

Histopathological lesions in mouse small intestine during
rotavirus infection. At necropsy, accumulation of fluid in the
small intestine was observed in infected mice. This was first
observed at 1 dpi, persisted through 4 dpi, and was accompa-
nied by distention of the ileum and large intestine. At these
time points the diameter of the duodenum of infected mice,
however, appeared smaller than that of the controls (data not
shown). In control animals, jejunal enterocytes were clearly
polarized and the nuclei were localized at the base of the
enterocytes (Fig. 2A). Histopathological changes in the small
intestine of rotavirus-infected mice were characterized by swol-

FIG. 1. Percentage of diarrhea (F) and mean diarrheal score (E)
(A) and viral antigen shedding (B) in neonatal mice inoculated with
rotavirus. Percentage of diarrhea per day was calculated by dividing
the number of diarrheic samples by the number of total samples
collected each day. A score of �2 was considered diarrhea, whereas a
score of �2 was considered normal. The mean diarrheal score was
determined by dividing the sum of all diarrhea or not-diarrhea scores
(1 to 4) by the number of total samples scored each day (numbers are
listed at the bottom of the figure). Fecal samples (n � 5 per day) from
0 to 14 dpi were assayed for rotavirus antigen shedding by ELISA (B).
Data are expressed as net and mean OD450 and represent individual
values obtained for fecal samples. Readings of �0.1 are considered
positive.

FIG. 2. Histopathological lesions in mouse small intestine (jeju-
num) during rotavirus infection at 1 dpi. Sections were stained with
hematoxylin and eosin. (A) In control animals, enterocytes were
clearly polarized and the nuclei were localized at the base of the
enterocytes. (B) In infected mice at 1 dpi, histopathological changes
were characterized by vacuolization of the enterocytes, swelling of the
villus tips (arrow), constriction of the bases, and nuclei that were
irregularly positioned within the cells (solid arrowhead). In many villi,
lesions seemed to be present at the tips (open arrowhead). Magnifi-
cation, �250.
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len villus tips and constricted villus bases. In many villi, lesions
seemed to be present at the tips (Fig. 2B). In infected mice at
1 dpi, nuclei were enlarged and irregularly positioned within
the cells. At the constricted bases of the jejunal villi, the cells
were flattened and rounded (Fig. 2B). During infection, large
vacuoles occurred in the enterocytes lining most of the surface
of the villi in the small intestine (Fig. 2B). Particularly in the
ileum, accumulation of supranuclear vacuoles was observed,
while in the duodenum histological changes were mainly re-
stricted to rounding of enterocytes (data not shown). Vacuol-
ization was observed from 1 to 7 dpi and was most pronounced
in the ileum at 2 dpi. Almost-complete resolution of the his-
topathological changes was observed by 7 dpi. At the start of
the weaning period at 10 dpi, when the pups were 17 days old,
minimal vacuolization was noticeable at the tips of the villi in
(formerly) infected and control animals. These vacuoles, how-
ever, were only detected in the ileum and were morphologi-
cally different from and always far fewer in number than the
vacuoles observed in the inoculated mouse pups before 7 dpi
(data not shown). The vacuoles observed during infection and
during the start of the weaning period did not stain for acid or

neutral carbohydrates with a combined alcian blue-PAS stain
(data not shown).

Kinetics of rotavirus replication in the mouse small intes-
tine. To determine the kinetics of rotavirus replication in
young mice, the presence of replicating virus in small intestinal
tissue was determined by detection of rotavirus structural pro-
teins and NSP4. NSP4 is not found in mature infectious virus
particles and is only synthesized within host cells during virus
replication. The presence of NSP4 is therefore an incontro-
vertible indication for viral replication. At 6 h postinfection
(hpi), NSP4 was detected at RNA and protein levels in an
occasional epithelial cell in the duodenum and jejunum of
infected mice, as observed by in situ hybridization and immu-
nohistochemistry, respectively (data not shown). At 1 dpi ro-
tavirus NSP4 protein and mRNA were detected in almost all
the epithelial cells located in the upper part of the small in-
testinal villi of rotavirus infected mice (Fig. 3A and B, jeju-
num). At 2 dpi, when vacuolated cells were still abundantly
present, NSP4 expression was only detected in a few cells in the
villus epithelium. At 4 dpi, a second peak of rotavirus replica-
tion was observed (Fig. 3A and B). No rotavirus antigen was

FIG. 3. Kinetics of rotavirus replication in the mouse small intestine. Levels of NSP4 mRNA (A) and protein (B) expression in jejunum at
several days postinfection were determined by in situ hybridization and immunohistochemistry, respectively. No rotavirus antigen was detected
beyond 7 dpi in any part of the small intestinal epithelium. Quantitative expression of NSP4 mRNA and structural rotavirus proteins were analyzed
by RNA and protein dot blotting, respectively (C and D). At 1 dpi, the levels of NSP4 mRNA and structural protein expression were significantly
higher in the ileum than in the jejunum. �, P � 0.05 (Student’s t test). Magnification, �150. Error bars, SEM; a.u., arbitrary units.
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detected beyond 7 dpi in any part of the small intestinal epi-
thelium. Analysis of adjacent sections revealed that the local-
ization of NSP4 RNA and protein within the small intestinal
epithelium correlated well and matched with that of the struc-
tural proteins (data not shown). Viral replication was not ob-
served in the crypt compartment at any time during infection,
and replication was confined solely to the villus epithelium. No
rotavirus structural proteins (data not shown) or NSP4 mRNA
or protein could be detected in the vacuoles at any time point.
Quantitatively, very low expression of NSP4 mRNA was first
observed in gut homogenates of the jejunum at 6 hpi (Fig. 3C).
In agreement with the histological data, two peaks of viral
replication were observed in both the jejunum and ileum. At 1
dpi there was a first peak of NSP4 mRNA expression. Expres-
sion was low at 2 dpi, and a second peak of replication was
observed at 4 dpi. At 1 dpi, expression of NSP4 mRNA was
statistically significantly higher in the ileum than in the jeju-
num. Quantitative data of rotavirus structural protein expres-
sion in gut homogenates correlated well with the expression of
NSP4 mRNA (Fig. 3D). Some animals did not shed rotavirus
at 1 dpi (Fig. 1). However, NSP4 mRNA and rotavirus struc-
tural protein expression was observed in the duodenum and
jejunum, but not the ileum, of these animals (data not shown).
Rotavirus antigen was not detected in any section of the small
intestine of control mice.

The pattern of epithelial vacuolization is more extensive
than the pattern of replicating virus. To determine whether
replicating virus and vacuolated cells were found in the same
region along the villi, crypt-villus units in the jejunum were
divided into five regions of equal length. The positions were
scored from 1 to 5, representing the tips of the villi to the
crypts, respectively (Fig. 4). As stated earlier, the first infected
cells where observed at 6 hpi, and vacuolated cells were first
observed at 1 dpi. At 1 and 2 dpi, infected cells were exclusively
found in the upper halves of the villi. However, vacuolated
cells were observed along the entire villi, even at the base of

the villi where no rotavirus was detected. At 4 dpi, infected and
vacuolated cells were found in the same region. At 7 dpi, no
virus antigen was detected, but occasionally there was still
some vacuolization of the enterocytes in the upper villus re-
gions. A very similar pattern of vacuolization and replicating
virus was observed in the ileum (data not shown). Note that
these scores do not present data on the severity of histological
pathology but rather present information on where the pathol-
ogy was observed.

Villus and crypt length during rotavirus infection. We
wanted to examine whether villus atrophy occurred in our
homologous rotavirus model. In control mice, villus length in
the jejunum remained constant during development in the
second week after birth (i.e., 6 hpi to 7 dpi) (Fig. 5A). Then,
when the control mice were 17 and 21 days old (i.e., 10 and 14
dpi), villi became significantly shorter (74 to 78%) compared to
the control length at 6 hpi to 7 dpi. In control mice, the crypts
of the jejunum increased in depth by about 100% during de-
velopment in the period between 1 and 3 weeks (i.e., 6 hpi to
14 dpi) after birth. During infection, villus atrophy was ob-
served as villi in the jejunum were shortened to 69 to 75% (i.e.,
at 6 hpi to 4 dpi) of the control length. Villus lengths of
infected and control mice were comparable at 7 to 14 dpi.
Crypt depth increased from 6 hpi to 14 dpi in control as well as
infected mice. During infection there was a trend toward an
increased crypt depth at 1 (142%) and 2 (134%) dpi compared
to control mice; however, this did not reach statistical signifi-
cance. From days 4 to 14 crypt depth of infected mice was
comparable to that in controls.

Apoptosis and proliferation of intestinal epithelial cells are
increased during rotavirus infection. To analyze jejunal epi-
thelial proliferation and apoptosis during the course of rotavi-
rus infection, proliferating cells were identified by expression
of PCNA and apoptotic cells were identified by expression of
cleaved caspase-3. In control animals, proliferating cells were
almost exclusively observed in the crypt compartment (Fig.

FIG. 4. The pattern of epithelial vacuolization is more extensive than the pattern of replicating virus. Crypt-villus units in the jejunum were
divided into five regions of equal length (see the left part of the figure). The position of the vacuolated cells (open bars) and virus-containing cells
(solid bars) on the crypt-villus axis was scored from 1 to 5, representing the regions from the tips of the villi to the crypts. At 1 and 2 dpi, infected
cells were exclusively found in the upper part of the villi, whereas vacuolated cells were observed along the entire villi and even at the base of the
villi. Values are means � SEM (error bars). � and ��, P � 0.01 and P � 0.001, respectively (Student’s t test). At the left, a crypt-villus unit is shown
and the different regions are indicated.
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6A). However, in infected animals at 1 and 2 dpi, proliferating
cells were abundantly covering the crypt epithelium and
reached up to two-thirds of the length of the villi (Fig. 6B). The
number of proliferating cells was strongly increased at 1
(153%) and 2 (206%) dpi but returned to control numbers
from 4 to 14 dpi (Fig. 6E). Note that the number of prolifer-
ating cells in control animals gradually declined during devel-
opment in the second week after birth. Apoptotic cells were
rarely observed in control animals (Fig. 6C). During infection,
apoptotic cells were particularly observed in the upper parts of
the villi (Fig. 6D). Quantitative analysis of the number of
cleaved caspase-3-positive cells showed that apoptosis follows
the course of infection (Fig. 6F). At 1 and 4 dpi, there was a
strong increase in the number of apoptotic cells. At 2 dpi, the
number of apoptotic cells was not increased. Apoptosis was
still slightly but significantly increased at 7 dpi but thereafter
(at 10 and 14 dpi) normalized.

Rotavirus infection alters epithelial cell migration kinetics
in mouse small intestine. As rotavirus infection caused in-
creased epithelial proliferation as well as apoptosis, we wanted

to investigate the effects of infection on intestinal epithelial cell
migration kinetics. Cell kinetics were analyzed through detec-
tion of incorporated BrdU that was injected at time zero, just
before inoculation. The position of the foremost as well as
least-progressed BrdU-labeled cells in a crypt-villus unit in the
ileum was expressed as the number of cell positions from the
crypt-villus boundary. There was no significant difference in
the number of cells that had incorporated BrdU during the first
6 h after inoculation (data not shown). At 6 hpi, BrdU-positive
cells in control and infected animals were restricted to the
crypt compartment (Fig. 7). At 1 dpi, there was no difference
between the positions of BrdU-labeled cells in infected and
control animals. From 2 to 7 dpi, BrdU-positive cells in in-
fected animals migrated significantly faster up the villi than in
the respective controls. During infection, also the number of
cell positions between the foremost cells and least-advanced
cells was increased at 2 dpi. In control animals, BrdU-labeled
cells were observed until 7 dpi. However, in infected animals,
most of the BrdU-labeled cells were lost from the tips of the
villi already at 4 dpi.

Analysis of enterocyte gene expression in mouse small in-
testine during infection. In order to examine enterocyte gene
expression during rotavirus infection, we analyzed serial small
intestinal sections (jejunum) by in situ hybridization. As mark-
ers for enterocyte gene expression we used lactase (the brush
border protein that hydrolyzes the milk sugar lactose), SGLT1
(the brush border protein involved in the uptake of sodium,
glucose, and water), and L-FABP (a cytoplasmic protein in-
volved in fatty acid metabolism). L-FABP (Fig. 8C), SGLT1
(Fig. 8G), and beta-actin mRNA (data not shown) expression
was detected in all enterocytes along the entire small intestinal
villi of control animals. At 1 dpi, there was massive expression
of NSP4 mRNA in the upper halves of the intestinal villi (Fig.
8A). In cells and areas on the villi that were NSP4 positive,
there was an apparent downregulation of enterocyte (L-FABP
and SGLT1) and housekeeping (beta-actin) mRNA expression
(Fig. 8B, F, and E). At subsequent days after inoculation, this
phenomenon was also observed, although not as prominently
as it was during the first replication peak at 1 dpi. During
infection, lactase mRNA expression followed the same pattern
as SGLT1 and L-FABP mRNA expression (data not shown).

To examine whether enterocyte-specific gene expression in
the jejunum was also quantitatively affected during infection,
expression of lactase-, L-FABP-, and SGLT1 mRNA was as-
sessed by RNA spot blotting. Since the expression of the
housekeeping gene beta-actin was also affected by rotavirus
infection, the amount of RNA spotted was corrected for
GAPDH mRNA and 28S rRNA expression. Only data from
spot blots normalized to GAPDH mRNA are shown, since
spot blots normalized to 28S rRNA gave very similar results.
Already at 6 hpi, all three markers were downregulated (Fig.
9). During massive viral replication at 1 dpi, mRNA levels were
decreased to 15 to 22% of control levels. The mRNA levels
were significantly decreased until 7 dpi (L-FABP and SGLT1)
and 10 dpi (lactase). Notice that at 4 dpi, when there was a
second peak of viral replication, no second decline of marker
mRNA levels was observed. This suggests that mRNA levels in
the remaining cells on the villi had increased at this time point.

In addition to mRNA expression, SGLT1 protein expression
was examined by immunohistochemistry. In the jejunum of

FIG. 5. Villus length (A) and crypt depth (B) in the jejunum of
control mice (open bars) and during rotavirus infection (solid bars).
Data from three to five animals at each time point are expressed as
mean villus height and mean crypt depth � SEM (error bars). � and ��,
P � 0.05 and P � 0.01 (Student’s t test). Controls at 6 and 7 dpi were
compared to controls at 10 and 14 dpi and analyzed by analysis of
variance followed by an unpaired t test (‡, P � 0.05).
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control animals, SGLT1 membrane protein was expressed in
the enterocyte brush border (Fig. 8D). During rotavirus infec-
tion at 1 dpi, SGLT1 expression was almost completely lost
from the brush border of enterocytes along the villi (Fig. 8H).
Expression of SGLT1 protein was largely recovered by 4 dpi
and was completely recovered by 7 dpi (data not shown). Lac-
tase and L-FABP protein expression was also affected by ro-
tavirus infection, and expression largely followed the pattern
seen for SGLT1 (data not shown).

DISCUSSION

In this study, we infected suckling mice with a homologous
rotavirus strain. All phenomena that are presented in this work
were observed in at least two independent experiments.

Mice developed diarrhea over a period of 5 days, starting at 1
day after inoculation. The onset of diarrhea coincided with the
onset of viral shedding; however, rotavirus antigen was shed for a

total period of 10 days maximum. This means that after 5 to 10
dpi, virus antigen was shed, while no diarrheal illness occurred.
Viral antigen in small intestinal tissue, however, was only ob-
served until 4 dpi, indicating that diarrhea correlated with the
presence of replicating virus in the intestinal tissue.

Two peaks of viral replication in small intestinal tissue were
observed at 1 and 4 dpi. The occurrence of two antigen peaks
during homologous (murine) rotavirus infection is in agree-
ment with electron microscopic studies in infant mice (43, 61).
The second peak of viral replication at 4 dpi is most likely
caused by infection of newly formed cells, since we show that
most BrdU-labeled cells, present during inoculation, were lost
within 4 days.

During both peaks of infection, levels of NSP4 mRNA and
structural rotavirus proteins were higher in the ileum than in
the jejunum. Although some animals did not shed rotavirus at
1 dpi, replicating virus was observed in the duodenum and
jejunum, but not ileum, of these animals (data not shown).

FIG. 6. Proliferation and apoptosis in jejunum during rotavirus infection as analyzed by staining of PCNA and cleaved caspase-3, respectively.
(A) In control animals, proliferating cells were exclusively found in the crypt compartment (arrow). (B) In infected animals at 1 dpi, proliferating
cells were observed on up to two-thirds of the length of the villi (arrows). (E) The numbers of proliferating cells in infected animals were strongly
increased at 1 and 2 dpi (solid bars) and were comparable to control numbers (open bars) between 4 and 14 dpi (E). (C and F) Apoptotic cells
were rarely observed in control animals (open bars). During infection at 1 dpi, however, apoptotic cells were abundantly observed at the villus tips
(D) (arrow), and the numbers of apoptotic cells were significantly increased at 1, 4, and 7 dpi (F) (solid bars). � and ��, P � 0.05 and P � 0.01
(Student’s t test). Error bars, SEM. Original magnification, �250.
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These findings suggest that infection begins in the proximal
small intestine but eventually is more severe in the distal small
intestine at later stages during infection.

With respect to the exact timing of the induction of damage
and viral replication, it appears that the initial load of viral
inoculum is of particular importance. From previous experi-
ments, we observed that when mice were inoculated with fewer
(2 � 103 or 5 � 102) FFU, the development of histological
damage and the appearance of the first peak of viral replica-
tion were delayed by 1 day compared to those observed for
mice inoculated with the high dose of 2 � 104 FFU. Interest-
ingly, the mice inoculated with the lower virus load eventually
developed peaks of infection that were comparable with those
of the higher load (unpublished data).

During infection at 1 to 7 dpi, large vacuoles were observed
in enterocytes lining most of the surface of the villi in the small
intestine. The vacuoles seemed largely devoid of rotavirus an-
tigen as determined by immunohistochemistry. This observa-
tion is in agreement with other studies in mice and rats (20, 43,
46), although rotavirus particles were observed by electron
microscopy to be associated with intracytoplasmic vacuoles in
canine rotavirus-infected gnotobiotic dogs (27). At 1 and 2 dpi,
many vacuolated cells were found lower on the villi than in-
fected cells. Moreover, vacuolization was observed in many
cells in which no NSP4 or structural proteins were detected,
and cells that were strongly positive for rotavirus antigen
seemed histologically undamaged. In agreement with other

studies, these findings suggest that there is no direct correla-
tion between the occurrence and severity of vacuolization of
the enterocytes and the presence of virus (8, 9, 43). The vacu-
oles do not stain for acid or neutral carbohydrates with alcian
blue or PAS, respectively. Others found that the vacuoles in
infected neonatal rats also did not contain neutral lipids (8).
Therefore, the origin and nature of these vacuoles remain
obscure.

It has been suggested that vacuolization is a late state of
infection that precedes extrusion (9). However, the fact that
the vacuolated cells were found lower on the villi than virus-
infected cells at various time points during infection suggests
that vacuolization is not directly caused by infection of these
cells. Therefore, vacuolization might be caused by a systemic
mechanism or by a secreted (viral) factor. One such viral factor
is NSP4. After being secreted from infected cells, NSP4 is
thought to mediate cell signaling by increasing intracellular
calcium levels, leading to chloride secretion in uninfected cells
(1).

In addition to the morphological damage, we analyzed the
changes in epithelial homeostasis during rotavirus infection by
studying epithelial proliferation, migration, and apoptosis. In
our study, the rate of proliferation during infection was
strongly increased at 1 and 2 dpi as indicated by increased
numbers of PCNA-positive cells. Indications for increased pro-
liferation rates in mice during rotavirus infection also come
from studies showing that the activity of thymidine kinase is
increased (10, 14, 43). Epithelial migration was also drastically
increased as indicated by the BrdU labeling study. Overall, this
led to an increase in epithelial cell turnover from 7 days in
control mice to 4 days in infected mice.

To our knowledge, this is the first study to describe increased
apoptosis during rotavirus infection in vivo. Apoptotic cells
were mainly observed in the upper parts of the villi where most
infected cells where observed. The number of apoptotic cells
followed the course of infection. These findings indicate that
rotavirus directly causes the increased apoptosis of villus en-
terocytes. In HT-29 human adenocarcinoma cells, SA11 rota-
virus infection was also found to trigger apoptosis, and Superti
et al. stated that the specific histological features of rotavirus
infected enterocytes may be a consequence of virus-induced
apoptosis (62). However, in our study most damaged and vac-
uolated cells were not caspase-3 positive and also were found
lower on the villi than infected cells. Moreover, many apoptotic
cells were not morphologically damaged upon histological ex-
amination. This suggests that vacuolization is not a direct con-
sequence of apoptosis but rather precedes it.

Rotavirus infection in children can result in the occurrence
of a flat mucosa with total villus atrophy (3), and the most-
severe form of villus atrophy is observed in piglets, where small
intestinal villi can be completely eroded (57). Villus atrophy in
mice is mild compared to that observed in other mammalian
species (3, 7, 35, 57, 60, 61). Villus atrophy in our model
occurred as early as 6 hpi, before the onset of massive viral
replication. At this stage of infection, no obvious histological
damage or increased apoptosis was observed. The shortening
of the villi is therefore possibly caused by an effect of infection
on the smooth muscle cells or the subepithelial network of
myofibroblasts within the villi. Speculatively this rapid villus
contraction involves the enteric nervous system.

FIG. 7. Cell migration kinetics in the mouse small intestine (ileum)
during rotavirus infection. Just before inoculation, mice were injected
with BrdU. The positions of the foremost as well as least-progressed
BrdU-labeled cells in each crypt-villus unit are expressed as the num-
ber of cell positions from the crypt-villus boundary (shown as a dotted
line at 0 on the graph). At 6 hpi, BrdU-positive cells in control (open
bars) and infected (closed bars) animals were restricted to the crypt
compartment. From 2 to 7 dpi, BrdU-positive cells in infected animals
migrated significantly higher up the villi than in respective controls (�,
P � 0.05; ��, P � 0.01) The number of cell positions between the
foremost and least-advanced cells was also increased at 2 dpi (‡, P �
0.05). However, in infected animals, BrdU-labeled cells were predom-
inantly lost from the villi at 4 dpi.
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On the subsequent days, villus atrophy is likely attributed to
the strong increase in apoptosis. One of the most plausible
explanations for the relatively minor villus atrophy in mice is
our observation of a very strong increase in the number of
proliferating cells and cellular migration that potently counter-
acts the increased number of shed and apoptotic cells. The
pathogenesis of this enhanced proliferation is unknown, but a
negative feedback from mature villus epithelium has been pos-
tulated (30, 51, 56). The shedding of differentiated enterocytes

may result in a deficient negative feedback of mature entero-
cytes, resulting in enhanced proliferation. In our model, the
small intestinal epithelium likely responds to the increased loss
of epithelial cells by enhancing the replacement of these cells
through induction of proliferation in the crypts, as well as at
the base of the villi. As has been proposed by others, we think
that the basal region of the villi might constructively contribute
to the process of enhanced renewal of villus cells (43, 52).

We studied the expression of enterocyte-specific lactase, L-

FIG. 8. Histological analysis of enterocyte gene expression during rotavirus infection. NSP4 (A), L-FABP (B), beta-actin (E), and SGLT1
(F) mRNA expression in serial small intestinal (jejunum) sections during rotavirus infection as examined by in situ hybridization (at 1 dpi). During
massive expression of NSP4 in enterocytes in the upper halves of the villi at 1 dpi (A), enterocyte-specific L-FABP, beta-actin, and SGLT1 mRNA
expression was downregulated in these cells (B, E, and F). In control animals, L-FABP mRNA (C), SGLT1 mRNA (G), and beta-actin mRNA
(data not shown) were expressed in all enterocytes along the entire villi. (D) SGLT1 protein was observed in the brush border of control animals.
(H) At 1 dpi, expression of SGLT1 protein was almost completely lost in infected animals. Magnifications: �150 (A, B, C, E, F, and G) and �175
(D and H).

FIG. 9. Quantitative analyses of enterocyte mRNA expression during rotavirus infection. Control values per day were arbitrarily set at a relative
expression of 1 and are represented as a dotted line. At 6 hpi, enterocyte mRNA levels in the jejunum of infected animals were decreased compared
to those of controls (dashed line). mRNA levels remained significantly decreased until 7 dpi (L-FABP and SGLT1) and 10 dpi (lactase). The
amount of RNA spotted was corrected for GAPDH mRNA expression. Symbols: �, P � 0.05; ��, P � 0.01; ���, P � 0.001 (versus control using
Student’s t test). Error bars, SEM; a.u., arbitrary units.
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FABP, and SGLT1 mRNAs as markers for the absorptive and
metabolic functions of the enterocytes. Lactase is essential for
the hydrolysis of lactose (65), the most important sugar in milk.
L-FABP is a protein that is involved in the uptake and intra-
cellular transport of fatty acids (25), and SGLT1 is a glucose
cotransporter involved in the uptake of glucose, salts, and
water (15). Already after 6 h, we observed reduced levels of
these enterocyte-specific mRNAs. The downregulation of
these genes in vivo persisted till 10 dpi. The most prominent
effect of viral infection was observed at 1 dpi. At this time point
there was a very distinct downregulation of enterocyte gene
expression in cells that harbored replicating virus. Enterocyte-
specific protein levels were also reduced at days 1 and 2 dpi,
following the reduced levels of the cognate mRNAs. This is in
agreement with an earlier study where mice were infected with
a homologous (murine) rotavirus; lactase and alkaline phos-
phatase activities were reduced, whereas sucrase-isomaltase
activity showed a precocious maturation (10). Katyal and co-
workers found that there was a reduced amino acid (leucine)
uptake in the jejunum and ileum of mice infected with a ho-
mologous rotavirus (29). In rabbits, rotavirus infection was
shown to impair intestinal brush border membrane Na� solute
cotransport activities of SGLT1. This effect was found to be
mediated by a direct inhibiting effect of NSP4 on SGLT1 and
not by means of reduced levels of SGLT1 in brush border
vesicles (21, 22). Our data, however, show that these observed
reductions of Na� solute cotransport activities, at least in mice,
are probably caused not only by a direct inhibitory effect of
rotavirus proteins (NSP4) on SGLT1 activity but also by re-
duced levels of SGLT1 transcripts and SGLT1 protein in the
brush border of enterocytes. So from our study, it seems that a
reduced amount of the transporter (SGLT1) in the brush bor-
der membrane of enterocytes might be one of the mechanisms
underlying the reduced Na� solute transport activity observed
during rotavirus infection in rabbits (21).

Together these findings suggest that the enterocyte absorp-
tive and metabolic capacities are affected, which might con-
tribute to pathogenesis of rotavirus infection.

Many viruses (human immunodeficiency virus, influenza vi-
rus, poliovirus, adenovirus, and herpes simplex virus) are
known to interfere with the host cell translational machinery
and shut off gene expression in a variety of ways (4, 33, 36, 39,
68). The rotavirus NSP3 is capable of inducing the shutoff of
host cell translation during in vitro rotavirus infection, by in-
teracting with the eukaryotic initiation factor 4GI (eIF4GI),
which is part of the eIF4F holoenzyme complex (44). Since
eIF4F modulates mRNA stability (47), the shutoff of entero-
cyte gene expression during rotavirus infection we observed
here in vivo might also be mediated by NSP3. Furthermore, we
hypothesize that NSP3 could mediate this shutoff by removing
eIF4F from cellular mRNA, resulting in decreased stability of
these mRNAs and subsequently a decreased translation. How-
ever, this shutoff might not be absolute, since several in vitro
studies indicate an upregulation of specific genes in infected
cells (13, 69).

Based on the present data, we suggest that the hypothesis of
Hamilton and colleagues (23, 31, 50) used to explain one of the
mechanisms for rotavirus-induced diarrhea—that is, decreased
solute absorption and water reabsorption in the intestine
through substitution of mature enterocytes by nontransporting

crypt cells—needs further refinement. In relation to the inhib-
itory effect of rotavirus on the absorptive function of the small
intestinal epithelium, we propose that in addition to the direct
inhibition of Na� solute cotransport activities through NSP4,
at least three sequential processes are implicated in this mech-
anism of rotavirus-induced diarrhea. (i) Early on during infec-
tion, enterocyte-specific gene expression is directly downregu-
lated in infected cells at the mRNA level. This results in
reduction of mature enterocyte-specific protein levels and thus
in a functional less differentiated status relatively early during
infection while there is still little histological damage. (ii) Ma-
ture enterocytes are lost from the villi through apoptosis and
shedding. (iii) These mature enterocytes are replaced by im-
mature and actively dividing cells.

In summary, we report that during a homologous rotavirus
infection in mice, villus atrophy and an increase in crypt depth
are accompanied by highly induced epithelial apoptotic and
proliferation rates. Epithelial cell turnover was increased from
7 days in controls to 4 days in infected mice, indicating that the
second peak of viral replication was most likely caused by
infection of newly synthesized epithelial cells. Rotavirus infec-
tion caused a downregulation of enterocyte-specific gene ex-
pression in vivo in infected cells. This suggests that rotavirus
infection causes a shutoff of endogenous gene expression in
favor of viral gene expression. The shutoff of enterocyte-spe-
cific gene expression, together with the loss of mature entero-
cytes through apoptosis and the replacement of these cells by
less differentiated dividing cells, likely leads to a defective
absorptive function of the intestinal epithelium, which contrib-
utes to rotavirus pathogenesis.
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