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Département Nutrition, Danone, Le Plessis Robinson 92350,3 France

Received 19 February 1998/Accepted 24 July 1998

Germfree suckling rats were infected with an SA11 rotavirus strain. Infected pups developed diarrhea
associated with histopathological changes. The virus was detected in feces and in the small intestine. Cellular
vacuolation was observed in the villi of the jejunum. These results provide a new model for further investi-
gations of group A rotavirus infection.

Group A rotavirus is the leading cause of diarrhea among 6-
to 24-month-old children worldwide. In industrialized coun-
tries, the illness is usually self-limiting, with a mean duration of
4 to 7 days (28). However, it is estimated that 870,000 deaths/
year are caused by rotavirus-associated diarrhea, principally in
developing countries (10). The primary symptom is watery
diarrhea, frequently associated with severe dehydration (5).
Limited investigation by mucosal biopsy of infected infants has
shown that rotavirus principally infects the cells of the small
intestine.

The physiopathology of rotavirus-associated diarrhea has
been experimentally studied in several animal species, includ-
ing monkeys (22), calves (19), dogs (14), pigs (31), and rabbits
(6). However, most of these animals are costly and cumber-
some to maintain (4).

To date, the murine model has been the most often used
model for studying rotavirus infection. However, difficulties in
growing murine rotavirus strains to high concentrations in tis-
sue culture have limited their use (21). The use of heterologous
rotavirus, particularly the simian SA11, strain, has led to phys-
iopathological symptoms in mice identical to those produced
by the murine strain (3, 17, 18, 21) and may limit cross con-
tamination among animals bred in the laboratory (6).

Surprisingly few studies of rotavirus infections have been
conducted with rats, even though this animal is commonly used
in the experimental field. To our knowledge, these experiments
have described only homologous models using rats infected
with group B rotavirus (24, 27, 29, 30).

The purpose of the present study was to investigate a new
simplified model for rotavirus investigation. Clinical and his-
topathological symptoms of SA11 rotavirus strain-associated
diarrhea in germfree suckling rats are described.

Animal inoculation. The use of animals maintained in sterile
isolators prevents the exposure to extraneous rotavirus or
other enteric pathogens (31). Furthermore, intestinal micro-
flora can enhance the defense mechanisms of the host against
pathogens (25) and can influence rotavirus infection, as de-
scribed previously for mice (13). Under such conditions, the
germfree status makes it possible to study rotavirus infection
without any disturbing interference by other microorganisms.

In our experiment, rats (Fischer F344 strain) were delivered
and maintained in sterile isolators until the age of inoculation,
and then they were housed in separate isolators. Germfree
pups were orally inoculated at 2, 5, or 8 days of age. Inocula-
tion was performed with a graduated plastic Pasteur pipette
(Miniliquipette; Prolabo, Fontenay sous bois, France). After
inoculation, infant rats were returned to their dams and al-
lowed to suckle. Feng et al. (9) have demonstrated that diar-
rhea was dose dependent according to the rotavirus strain. The
minimal dose of rotavirus provoking diarrhea in mice is 105-
fold higher with heterologous strains than with homologous
ones. SA11-infected mice developed diarrhea if the rotavirus
dose was higher than 4 3 105 PFU/ml (17). Therefore, we
chose to infect the rats with a high concentration of SA11
rotavirus to ensure that diarrhea would occur. Rats received a
single 0.1-ml dose of either virus suspension (1.6 3 109 PFU/
ml), prepared as described by Jourdan et al. (15), or modified
Eagle medium (MEM) as a control.

Clinical signs of diarrhea. Diarrhea was assessed in 23 to 35
infected rats and 16 to 25 control rats per age group. Rats were
checked for diarrhea by gentle massage of the abdomen. Di-
arrhea was diagnosed when poorly formed yellow-green feces
occurred immediately upon palpation. Control rats were
treated identically to infected ones. Individual stool specimens
were carefully collected in sterile plastic tubes on a weighed
piece of plastic. Samples were stored at 280°C before analysis.

Our results demonstrate that diarrhea was induced in young
germfree rats by inoculation with 108 PFU of SA11 rotavirus.
The infection was self-limiting, and clinical signs were easy to
interpret since diarrheal feces occurred spontaneously in in-
fected pups as described previously for rat rotavirus-infected
rats (24). Although feces occurred in control pups upon gentle
palpation as well, samples were obtained from ,20% of these
animals (Fig. 1) except at 24 and 48 h postinfection (hpi) for
the control rats inoculated at 8 days. Moreover, stools differed
in color and weight. Control pups produced dark and small
feces. The weight of stool samples (mean 6 standard devia-
tion) collected from 5-day-old infected rats was significantly
greater (8 6 4 mg) than the weight of stool samples collected
from control rats (4 6 4 mg) (P 5 0.04 [t test]). The percentage
of diarrheal samples was significantly higher from 24 to 192 hpi
in pups infected at 2 days, from 48 to 144 hpi in pups infected
at 5 days, and from 72 to 96 hpi in pups infected at 8 days (Fig.
1). The susceptibility of germfree rats was age dependent. The
younger the rats were, the longer the period during which they
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developed diarrhea was. We found that germfree rats were
susceptible to rotavirus infection for at least 8 days after birth.
Vonderfecht et al. (30) have demonstrated that conventional
rats were susceptible to a rotavirus-like agent up to the age of
14 days. In these authors’ experiments, clinical symptoms of
rotavirus diarrhea were defined as liquid or poorly formed
content in the distal colon associated with lesions of the peri-
anal skin (29, 30). The relationship of age to the susceptibility
to rotavirus infection may be due to the maturation changes in

the gut and to the availability of rotavirus-specific receptors on
the enterocytes (28).

Rotavirus shedding. Virus antigen load was determined by
a double sandwich enzyme-linked immunosorbent assay
(ELISA) adapted from a previous study (12): each fecal sam-
ple was diluted in 170 ml of phosphate-buffered saline (PBS)
(pH 7.2). Negative and positive control tests were included in
each plate. The baseline was determined with PBS. Samples
obtained from noninfected pups produced optical densities
(OD) between 0.01 and 0.06. Positive tests consisted of serial

FIG. 1. Percentage of rats delivering feces immediately upon gentle palpa-
tion. Rats were inoculated with either SA11 rotavirus (solid bars) or MEM as a
control (open bars). An asterisk denotes a percentage of samples significantly
different from that of the control group (P , 0.05 [x2 test]). Rats were infected
at the age of 2 days (infected group, n 5 35; control group, n 5 20) (A), 5 days
(infected group, n 5 34; control group, n 5 25) (B), or 8 days (infected group,
n 5 23; control group, n 5 16) (C).

FIG. 2. Relative viral antigen load/virus concentration ratio determined in
feces of infected pups. Rats were inoculated at the age of 2 (A), 5 (B), or 8 (C)
days. Feces were sampled and assayed for rotavirus antigens by ELISA. A
standard curve obtained from the viral inoculum was determined for each plate.
The viral antigen load in feces was determined conventionally relative to the
standard curve. Data represent individual values obtained for fecal specimens.
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dilutions of the viral inoculum (from 1.6 3 108 to 1.9 3 105

PFU/ml). Assays were performed in duplicate. The viral anti-
gen load in samples was determined relative to the standard
curve and the dilution of samples in each plate. Crude OD are
not relevant to this study since they are not really comparable.
Indeed, the weights of feces were different whereas all feces
were diluted in the same buffer volume. Therefore, dilutions
and consequently OD were different from one sample to an-
other, although viral antigen loads could be similar. Using this
assay, we have been able to detect rotavirus antigen in virus
stock with a titer of 106 PFU/ml.

Rotavirus was detected in fecal samples for 192, 144, or 120
hpi in pups infected at 2, 5, or 8 days, respectively (Fig. 2).
Direct detection of rotavirus in the intestinal segments of rats
demonstrated that it remained in the small intestine for at least
5 days postinfection (p.i.). Five-day-old pups were inoculated
with 0.1 ml of a mixture containing rotavirus (1.6 3 109 PFU/
ml) and spores of Bacillus subtilis (3 3 106 CFU/ml), usually
used as an intestinal transit marker (7, 8). At selected time
intervals, two to three pups were sacrificed. The entire intes-
tinal tract of each pup was removed and divided into stomach,
small intestine, and colon segments. The segments were sepa-
rately diluted in sterile water (stomach and small intestine, 1/10
[wt/vol]; colon, 1/100 [wt/vol]). Then, they were homogenized
in an Ultra-turrax homogenizer (Bioblock, Paris, France) and
tested for the presence of rotavirus and spores. Rotavirus was

tested by ELISA. B. subtilis spores were numerated on agar
medium (meat extract [8 g/liter], yeast extract [2 g/liter], man-
ganese sulfate [0.04 g/liter], glucose [1 g/liter], Bi-Tek agar [28
g/liter]) after incubation at 53°C for 24 h under aerobic con-
ditions. The count was expressed as log10 CFU/milliliter. Ro-
tavirus and bacterial spores were found in the stomach imme-
diately after inoculation but not at any time point thereafter.
Spores were found decreasingly from 12 to 120 hpi in the colon
but were not found in the small intestine during this period. By
contrast, rotavirus remained in the small intestine at 12 to 120
hpi and was found in the colon (data not shown). Similar
experiments with mice have shown that murine rotavirus was
detected in mucosal homogenates from germfree mice at 8
days p.i. or from conventional mice at 13 days p.i. (13). Rota-
virus was present for 7 days p.i. in the intestinal contents of
conventional mice (16).

Histological examination. Infected and control pups were
inoculated at 5 days. Three pups were sacrificed 3 days p.i.
Jejunal segments were removed. The cell morphology was ob-
served by light microscopy. Fresh tissues were fixed in slightly
modified Carnoy fixative (absolute ethanol–30% formalde-
hyde–acetic acid [6:3:1; vol/vol/vol]), dehydrated, and embed-
ded in paraffin. Paraffin sections (6 mm) were cut on a mic-
rotome (Leitz, Wetzlar, Germany) and were polychromatically
stained. Acid and neutral mucin were stained with Alcian blue
and periodic acid-Schiff stain, respectively. Cellular nuclei were

FIG. 3. Histological aspects of jejunum villi of germfree suckling rats examined on day 3 p.i. Five-day-old rats were inoculated with either SA11 rotavirus (A) or
MEM as a control (B). Intestinal sections were polychromatically stained and observed by light microscopy. Magnification, 3300.
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stained with Hansen ferric trioxyhematein, muscular fibers
were stained with picric acid, and collagen and basement mem-
branes were stained with indigo carmine. Care was taken that
only longitudinal sections cut perpendicularly to the muscular
mucosae were studied. Villus height, crypt depth, and the num-
ber of mucus-containing cells were determined for 10 different
villi from the same intestinal section.

Morphologic changes associated with rotavirus infection
were limited to cellular vacuolation. The control section pre-
sented cells characterized by nuclei localized at their base and
by a large supranuclear area occupying almost the whole apical
cytoplasm. Nuclear polarity and cellular morphology of the
villus basis were not affected by the virus. By contrast, large
areas of cellular vacuolation were observed in infected intes-
tinal sections at 3 days p.i. (Fig. 3). These lesions were revealed
in the enterocytes localized at the upper one-third of the in-
testinal villi. The villus height/crypt depth and number of mu-
cus-containing cells/villus height ratios of infected animals
were not significantly different from those of control animals
(data not shown). Mucus in infected villi was not completely
released on the intestinal lumen, as suggested by the presence
of dark stained goblet cells. In rats infected with a rotavirus-
like agent, histological changes were defined in the distal small
intestine by villus shortening, syncytial cell formation, and
crypt elongation but limited vacuolation at the tip of the villus
(30). The damage intensities caused by rotavirus infection in
the different parts of the small intestine differ according ani-
mals and rotavirus strains as reported by different authors.

Some studies have reported greater changes in the ileum than
in the jejunum in gnotobiotic dogs infected with a canine ro-
tavirus (14) or in suckling mice infected with nonmurine rota-
virus strains (23). By contrast, Kubelka et al. (17) have ob-
served more changes in the jejunum in SA11-infected mice.
Others have demonstrated similar changes in the ileum and
jejunum in SA11-infected mice (18) or in group B rotavirus-
infected rats (24). Heyman et al. (13) have reported the ap-
pearance of vacuoles in enterocytes of the villi of the proximal
small intestine associated with a release of mucus in the lumen
of mice infected with a murine strain.

Rotavirus structural proteins in the cells were detected by
immunofluorescence. Paraffin sections were deparaffinized
with toluene and rehydrated with decreasing concentrations of
ethanol (100, 95, 90, and 70%). The slides were washed in
water and then in PBS. After drying at room temperature, the
preparations were incubated for 1 h at 37°C with a hyperim-
mune rabbit antirotavirus serum. The serum was diluted 1/100
in PBS containing 3% bovine serum albumin. The slides were
again washed with PBS and incubated for 30 min at 37°C with
a goat anti-rabbit immunoglobulin-fluorescein isothiocyanate
conjugate (Boehringer SA, Meylan, France) diluted 1/100 in
PBS containing 3% bovine serum albumin. After final wash-
ings with PBS, fluorescence was examined by UV light micros-
copy. Greenberg et al. (11) have reported that rotavirus has a
tissue tropism limited to the upper part of the villus. Our
observations from 3 days p.i. are in agreement with this result.
Rotavirus antigen was detected by immunofluorescence in dif-

FIG. 4. Detection of rotavirus antigens in jejunum cells of germfree suckling rats 3 days p.i. Five-day-old rats were inoculated with either SA11 rotavirus (A) or
MEM as a control (B). Rotavirus structural proteins were labeled with a hyperimmune rabbit antirotavirus serum and then a goat anti-rabbit immunoglobulin-
fluorescein isothiocyanate. Rotavirus antigens were detected under UV light by immunofluorescence. Magnification, 3400.
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ferentiated cells at the tip of the villus, although adjacent
vacuolated cells closer to the crypt did not show any fluores-
cence (Fig. 4). Similar results have been reported in infant rats
infected with a rotavirus-like agent (30): virus particles in the
upper one-third of villi of the small intestine have been found
to be associated with histological changes.

Minimal replication and histological lesions have been asso-
ciated with diarrhea in animal models, suggesting a toxin-like
effect of rotavirus (1, 26). In our experiment, diarrhea occurred
whereas enterocyte morphology presented mild modifications
and vacuolation was observed in cells in which no rotavirus
structural antigens were detected. This result might be ex-
plained by the mechanism of infection proposed by Ball et al.
(1). Rotavirus particles bind some cells, resulting in virus entry
and gene expression at the tip of the villus. Then, the non-
structural protein NSP4, expressed in infected cells, is released
into the lumen and interacts with a specific receptor on adja-
cent cells, increasing the endogenous secretory pathway.

Group A rotavirus is a significant human and veterinary
pathogen in terms of morbidity, mortality, and economic loss
(4). Bass et al. (2) mentioned that natural group A rotavirus
receptors had never been observed in rats. To our knowledge
this is the first report describing diarrhea in germfree rats
infected with a group A rotavirus strain. The suckling rat
model presents almost the same advantages as mouse or rabbit
models in terms of cost, diarrhea intensity and duration, and
histopathological changes. However, one advantage of the rat
model over the other small-animal models is found with regard
to the clinical signs. In rabbits, both infected and control ani-
mals normally excrete soft, moist feces (6). It is of interest that
our present model may further the knowledge of rotavirus
infection. This report clarifies the previously held concept that
group A rotavirus does not infect rats (2).

To date rotavirus pathogenesis remains poorly understood
(1). The new animal model presented here may be useful for
further investigations of group A rotavirus infection.
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