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In contrast to humans, adult but not infant small animals are resistant to rotavirus diarrhea. The patho-
physiological mechanism behind this age-restricted diarrhea is currently unresolved, and this question was
investigated by studying the secretory state of the small intestines of adult mice infected with rotavirus.
Immunohistochemistry and histological examinations revealed that rotavirus (strain EDIM) infects all parts
of the small intestines of adult mice, with significant numbers of infected cells in the ilea at 2 and 4 days
postinfection. Furthermore, quantitative PCR revealed that 100-fold more viral RNA was produced in the ilea
than in the jejuna or duodena of adult mice. In vitro perfusion experiments of the small intestine did not reveal
any significant changes in net fluid secretion among mice infected for 3 days or 4 days or in those that were
noninfected (37 � 9 �l · h�1 · cm�1, 22 � 13 �l · h�1 · cm�1, and 33 � 6 �l · h�1 · cm�1, respectively) or in
transmucosal potential difference (4.0 � 0.3 mV versus 3.9 � 0.4 mV), a marker for active chloride secretion,
between control and rotavirus-infected mice. In vivo experiments also did not show any differences in potential
difference between uninfected and infected small intestines. Furthermore, no significant differences in weight
between infected and uninfected small intestines were found, nor were any differences in fecal output observed
between infected and control mice. Altogether, these data suggest that rotavirus infection is not sufficient to
stimulate chloride and water secretion from the small intestines of adult mice.

Rotavirus (RV) is an important cause of acute gastroenter-
itis in young children and is also an important pathogen in
several animal species. In contrast to the situation in humans,
where symptomatic reinfections do occur in adults (1, 23, 30),
most adult small animals show an age-dependent resistance to
symptomatic RV infections (4, 5, 12, 38). The pathophysiolog-
ical mechanisms behind this age-dependent resistance are cur-
rently unresolved, but it has been proposed that they are due to
compensatory fluid absorption by the larger colons of older
animals. It has also been suggested that the low expression of
proteolytic enzymes in newborn mice is a possible mechanism
(13). Furthermore, an interesting observation is that the age-
dependent resistance in adult mice correlates with the lack of
chemokine responses (28). We have previously shown that in
infant mice, rotavirus infection gives rise to an increased fluid
secretion and an increased transmucosal potential difference
(PD), a marker for active chloride secretion (16). The aim of
this study was to investigate the secretory state of the small
intestines of adult mice. Using established (16, 32, 33) in vivo
and in vitro methods, we measured net fluid transport and PD
and found that in spite of virus infection, there was no evidence
for chloride or water secretion from the small intestines of
murine rotavirus-infected adult mice. This suggests that rota-
virus infection in adult mice, in contrast to newborn mice (16),

is not sufficient to stimulate water secretion from the small
intestine.

MATERIALS AND METHODS

Rotavirus infection of adult mice. Rotavirus-naı̈ve adult BALB/c mice (B & K
Laboratories, Sollentuna, Sweden) were kept under standardized environmental
conditions. Adult mice 6 weeks of age were orally inoculated with (40 50%
shedding doses) wild-type murine (strain EDIM) rotavirus, kindly provided by
Marie Rippenhoff-Talty, Buffalo, NY. Before the experiment, the animals
were fasted overnight, with free access to water. At the end of the experiment,
they were killed under full anesthesia by cutting of the heart. The protocol
was approved by the ethical committee in Stockholm, Sweden (registration
no. N38/01).

Enzyme-linked immunosorbent assay. In this study, the primary determinant
of infection was the analysis of rotavirus shedding in fecal output as described
previously (11, 37 ). Stool samples were collected from each animal from day 0
to day 9 and stored at �70°C. Two fecal pellets collected from each individual
mouse were mixed with cold phosphate-buffered saline containing 0.1% Tween
20 and 0.5% bovine serum albumin (BSA) and then centrifuged to remove fecal
solids. An enzyme-linked immunosorbent assay was used to detect rotavirus in
stool samples as previously described (10).

Histopathology. Specimens (2 cm) were taken from the duodenum, the middle
of the jejunum, and the ileum 5 cm proximal to the ileocecal junction 3 days
postinfection (p.i.). Each specimen was placed on a micropore filter (pore size,
0.2 �m; Schleicher & Schuell, Dassel, Germany) and cut open along its longi-
tudinal axis to obtain access to crypts and villi. The specimens were fixed for 3 h
in Carnoy’s solution (60% methanol, 30% chloroform, 10% acetic acid) and for
20 h in 70% ethanol and then embedded in paraffin. From each specimen, six
3-�m-thick sections were cut at 100-�m intervals and stained with hematoxylin
and eosin (2).

Immunohistochemistry. For immunohistochemistry, paraffin-embedded spec-
imens were cut into thin sections. Briefly, tissues were hydrated for 5 min in
xylene (twice) (Histolab, Sweden), followed by 100% ethanol (twice), 95% eth-
anol (once), and 70% ethanol (once) and finally in washing buffer (0.5 M
Tris-HCl-0.9% NaCl, pH 7.6). Slides were then incubated for 10 min in washing
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buffer containing 0.3% H2O2 to remove endogenous peroxidase, followed by
three washes with washing buffer. Each specimen was then incubated in 1% BSA
(Sigma-Aldrich)-washing buffer for 30 min at room temperature in a humid
chamber. A rabbit polyclonal rotavirus antiserum (K224) diluted 1:100 in 1%
BSA-washing buffer (50 �l/sample) was then added to each specimen for 1 h at
37°C in a humid chamber. The slides were washed again, 50 �l of horseradish
peroxidase-conjugated goat anti-rabbit immunoglobulin G (Dako Cytomation,
Denmark) diluted 1/1,000 in 1% BSA-washing buffer was added, and the slides
were incubated at 37°C for 1 h in a humid chamber. After the slides were washed
three times, diaminobenzidine staining substrate (1 ml diaminobenzidine solu-
tion plus 50 ml washing buffer plus 10 �l H2O2 [30%]) (Saveen Werner AB,
Stockholm, Sweden) was added for 3 to 5 min, followed by three washes in
distilled water. Finally, the slides were stained with hematoxylin.

Measurement of fluid secretion. Fluid production by the intestine was mea-
sured by four different methods: (i) in vitro perfusion experiments; (ii) in vivo PD
measurement; (iii) weight measurement; and (iv) fecal output.

(i) In vitro perfusion experiments. The in vitro perfusion method has been
described elsewhere. Briefly, noninfected mice and mice at 3 and 4 days postin-
fection were anesthetized with tribromethanol, at 125 mg/kg of body weight,
intraperitoneally. The abdomen of each mouse was opened, and a 3- to 5-cm ileal
segment was flushed with isotonic saline and then transferred to a perfusion
chamber containing a modified Krebs-Henseleit solution that was continuously
oxygenated with 5% CO2 in oxygen at 37°C. The intestinal segment was provided
with plastic tubing at both ends and perfused at a constant rate (3 ml/h). The
perfusion solution consisted of the modified Krebs-Henseleit solution containing
mannitol instead of glucose (122 mM NaCl, 25 mM NaHCO3, 3.5 mM KCl, 1.2
mM KH2PO4, 1.2 mM MgCl2, 2 mM CaCl2, 30 mM mannitol) and a radioac-
tively labeled nonabsorbable marker, [14C]polyethylene glycol 4000 (Amersham
Pharmacia Biotech, Buckinghamshire, United Kingdom), at a concentration of
0.07 �Ci/ml. The tracer and the plastic tubing were immersed in a solution
containing [14C]polyethylene glycol 4000 (2 g/l) for 24 h before use to prevent any
absorbance of the tracer into the plastic tubing. After a calibration time of 30
min, samples were collected every 30 min at the outflow site of the perfusion
system for 1.5 h. The radioactivity of triplicate samples was measured from the
inflow and outflow solutions. The sample was mixed with 3.0 ml of scintillation
fluid (Ultima Gold XR, Packard), and the radioactivity was measured. Net fluid
transport was estimated from the rate of perfusion and the radioactivity of the
solutions entering and leaving the intestine. Transmucosal PD was also moni-
tored during the perfusion experiment as previously described (16). One elec-
trode was connected by a T tube to the inlet of the intestine, and the other was
in contact with the solution in the organ bath. Each agar bridge was immersed in
a beaker with a saturated KCl solution which also contained a calomel half-cell
(model 402; Radiometer AB, Brönshöj, Denmark). The PD was continuously
recorded on a polygraph, which was displayed on a chart recorder. Experiments
lasted for 2 h.

(ii) PD measurements in vivo. In the second type of experiment, the PD was
measured in vivo (34). The experiments were performed with noninfected mice
and mice at 3 days postinfection. The mice were anesthetized with continuous
isoflurane gas. Each animal was placed on a heating pad, and its temperature was
continuously monitored. The abdomen was opened at the midline, and a 3-cm-
long jejunal segment with sufficient blood supply from an artery from the mes-
entery root was chosen. The segment was carefully rinsed with isotonic saline,
and the proximal and distal segments were cannulated with polyethylene tubing
for fluid administration. The proximal end was connected to a catheter with
saline agar for PD recording. The other agar bridge was placed in the saline-
soaked abdominal cavity. PD was measured as mentioned above after a calibra-
tion time of 30 min. The segment was soaked with isotonic saline and covered
with a thin plastic film to prevent evaporation. Experiments lasted for 2 h.

(iii) Intestinal weight comparison. The intestinal weight experiment included
weight comparisons of the small intestines of infected and noninfected mice. The
entire small intestine of each mouse from the duodenum to the cecum was
ligated and removed 3 and 5 days postinfection and was immediately weighed to
avoid dehydration. Its length was also determined.

(iv) Fecal output. The numbers of pellets from EDIM-infected and control
mice were measured over 1 h on the third day of infection (n � 8). Fecal output
per 30 min was calculated.

Quantitative reverse transcription-PCR assay for rotavirus. Rotavirus and
hypoxanthine-guanine phosphoribosyltransferase (HPRT) RNA from freshly ex-
tracted duodenal, jejunal, and ileal tissues were obtained from adult and infant
mice 4 days after infection and quantified by real-time PCR. Equal amounts of
tissue from the jejuna, ilea, and duodena of adult and infant mice were homog-
enized, and RNA was extracted using an RNeasy Protect minikit (QIAGEN,
Hilden, Germany).

Total RNA was extracted and transcribed into cDNA as described previously
(27, 29). The real-time PCR was performed with duplicate 25-�l reaction mix-
tures containing Platinum SYBR green qPCR Supermix-UDG (Invitrogen), 150
nM concentrations of forward and reverse primers, and 0.5 �l of cDNA on an
ABI Prism 7500 sequence detection system (Applied Biosystems). The following
rotavirus-specific, gene 6-specific primers were used: 5�-TTCCACCAGGAATG
AATTGGAC-3� (sense) and 5�-GGTCCTCACTTTACCAGCATG-3� (anti-
sense). For HPRT, the primers 5� CCC AGC GTC GTG ATT AGC 3� (sense)
and 5� GGA ATA AAC ACT TTT TCC AAA TCC 3� (antisense) were used.

Serialfold dilutions of a cDNA sample were amplified to control amplification
efficiency for each primer pair. Thereafter, the cycle threshold (CT) values for all
cDNA samples were obtained. The HPRT gene was used as a control gene to
calculate the �CT values for individual samples. The relative amounts of RV/
HPRT transcripts were calculated using the 2���CT method as described previ-
ously (15). These values were then used to calculate the relative expression levels
of RV RNA in infected tissues. Tissues from noninfected mice showed no RV
amplification but did show normal HPRT mRNA levels.

RT-PCR. Equal amounts of feces from RV-infected adult and infant mice
were collected 2 and 4 days after infection, and RNA was extracted using a
QIAmp viral RNA minikit (QIAGEN, Hilden, Germany), according to the
manufacturer’s instructions.

Five microliters of RNA was mixed with 1 �l of a 10-pmol/�l concentration of
gene 6-specific primers (U65988.1). The forward primer (5�-TTC CAC CAG
GAA TGA ATT GGAC-3�) and reverse primer (5�-GGT CCT CAC TTT ACC
AGC ATG-3�) were denatured at 97°C for 5 min and quickly chilled on ice for
2 min, followed by the addition of one RT-PCR bead (Amersham Biosciences,
United Kingdom) and RNase-free water to a final volume of 50 �l. The reverse
transcription reaction was carried out for 30 min at 42°C to produce cDNA,
followed by 5 min at 95°C to inactivate the reverse transcriptase enzyme. The
PCR consisted of 35 cycles of 94°C for 15 seconds, 54°C for 30 seconds, and 72°C
for 30 seconds, followed by a final extension of 72°C for 10 min. The amplicons
were analyzed by gel electrophoresis using 2% agarose gel and ethidium bromide
staining.

Statistical analysis. Results are expressed as means � standard errors of the
means (SEM). Statistical analyses of all data were performed using repeated-
measures analysis of variance and, if appropriate, Student’s t test. A P value of
�0.05 was considered significant.

RESULTS

Murine rotavirus-infected duodenal, jejunal, and ileal tis-
sues of adult mice. All adult mice (n � 8) infected with wild-
type EDIM were found to shed virus for up to 7 days, with a
peak at day 4 (Fig. 1). To obtain additional information about
viral shedding, a PCR was used to detect viral RNA (gene 6)

FIG. 1. Shedding of rotavirus following infection with EDIM (n �
8). Values are means � SEM. The horizontal line shows the optical
density cutoff at 450 nm of 0.1.
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at 2 and 4 days p.i. As illustrated in Fig. 2, all adult infected
mice shed viral RNA at 2 days p.i., although with quantitative
variations. The same pattern was observed when samples were
examined at 4 days p.i. (data not shown), implying that all adult
mice excreted virus (RNA). To obtain quantitative information
about the viral shedding, infant mice were also infected, and
the amount of excreted RNA was compared to that of adult
mice. Figure 2 shows that more viral RNA was shed from
infant mice than from adult mice.

The shedding of virus from adult mice raised the questions
of whether all segments of the small intestine become infected
and, if infected, how extensive is the infection. To address
these questions, viral RNA was quantified and immunohisto-
chemistry was performed with different segments of the small
intestines of infant and adult mice. To obtain quantitative
information about viral synthesis, adult and infant mice were
infected with EDIM, and the amounts of viral RNA in differ-
ent intestine segments were quantified 4 days p.i. Figure 3
shows not only that viral RNA synthesis occurred in the small
intestines of adult mice 4 days p.i. but also that the ileum was
the segment with the most-pronounced viral RNA synthesis.

The viral synthesis was approximately 100-fold higher in the
ileum than in the jejunum or the duodenum, which contrasts
with results for infant mice, for which no such difference was
observed.

A possible reason for the absence of diarrhea in adult mice
could be the presence of no or few infected cells in the small
intestine. To investigate this in more detail, adult and infant
mice were infected and the duodena, jejuna, and ilea were
processed for immunohistochemistry 2 and 4 days p.i. Immu-
nostaining with a polyclonal rotavirus antiserum revealed that
the villi of all segments of the small intestines of adult mice
were infected, with the highest number of infected cells found
in the ileum. The numbers of infected cells in the ilea of adult
mice were significant at 2 days p.i. (Fig. 4A and B) and occa-
sionally resulted in histological lesions (Fig. 4C). No obvious
differences in the numbers of infected cells or locations were
found between 2 and 4 days p.i. Figure 4D shows extensive
immunostaining and lesions from the ilea of infant mice 2 days
p.i. It should be noted that a distinct feature of the infected villi
of infant mice was vacuolization (Fig. 4D), a feature not ob-
served in adult mice (Fig. 4A to C).

Rotavirus infection in adult mice does not result in salt
(PD) or net fluid secretion from the small intestine. It has
previously been shown that rotavirus infection in adult mice
results in virus shedding without concomitant diarrhea (37). To
investigate possible mechanisms behind this age-dependent re-
sistance, adult mice were infected with EDIM and the trans-
mucosal PD and the net fluid transport in control mice and in
mice infected for 3 and 4 days were monitored.

The perfusion experiments revealed that EDIM infection in
adult mice did not lead to increased PD (Fig. 5), presumably
chloride secretion, compared to that in control mice (4.0 � 0.3
mV [control] versus 3.9 � 0.4 mV [4 days p.i.]), nor were there
any statistically significant differences in net fluid transport
(37 � 9 �l · h�1 · cm�1, 22 � 13 �l · h�1 · cm�1, and 33 � 6
�l · h�1 · cm�1, respectively) among mice infected for 3 days
(n � 8) or 4 days (n � 8) or in noninfected mice (n � 8) (Fig.
5). To extend these in vitro observations, a series of in vivo
perfusion experiments was also performed. In agreement
with the in vitro observations, there were no significant
differences in PD between control and infected mice at 3

FIG. 2. Rotavirus PCR of stool samples collected 2 days p.i. from mouse pups (n � 5) and adult mice (n � 11) infected with EDIM rotavirus.
Gene 6-specific primers were used to amplify a 118-bp PCR fragment. The amplicons were visualized with ethidium bromide on a 2% agarose gel.
�, negative sample; �, positive sample.

FIG. 3. Quantitative determination of rotavirus (EDIM) RNA in
the intestines of infant and adult mice 4 days p.i., measured as the
n-fold increase in viral RNA concentration compared to HPRT
mRNA. The figure shows that the synthesis of viral RNA is higher in
infant than in adult mice, relative to mRNA HPRT. The numbers
presented are mean values (n � 3).
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FIG. 4. Immunohistochemistry of ileal tissue from infant and adult mice at 2 days p.i. Rotavirus-infected cells were identified with a rabbit
polyclonal antiserum that recognizes predominantly vp6. (A) Immunoperoxidase staining of an infected ileum from an adult mouse. (B) A larger
magnification of the tissue shown in panel A illustrating in more detail the infection of individual cells. (C) Immunoperoxidase staining of an ileal
lesion from an adult mouse. Note the severe lesions proximate to the infected cells. (D) Immunoperoxidase staining of ileal tissue from an infected
infant mouse with a large number of infected cells and severe vacuolization. Vacuoles in villous cells were a unique feature of infant mice.
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days postinfection (Fig. 6), suggesting no differences in chlo-
ride transport between infected and noninfected mice.

Rotavirus infection in adult mice does not result in in-
creased weight of the small intestine. An increased fluid se-
cretion and/or tissue edema should presumably lead to an
increase in the weight of the small intestine, when ligated in
situ. We therefore removed the entire small intestine at 3 and
5 days postinfection and determined the weight. As shown in
Fig. 7, there were no significant differences in small intestine
weight between infected and control mice. Furthermore, direct
visual inspection of infected and uninfected duodena and je-
juna at 3 days postinfection did not reveal any apparent dif-
ferences in color, size, or shape (data not shown).

Increased intestinal motility has been recognized as an im-
portant factor for the genesis of diarrhea. To crudely test
whether rotavirus infection leads to increased intestinal motil-
ity, albeit in the absence of diarrhea, the numbers of pellets
from EDIM-infected mice and control mice were measured
during 1 h on the third day of infection (n � 8). Fecal outputs
per 30 min were calculated. In infected animals, the fecal
output was 8.7 pellets/30 min, compared to 8.3 pellets/30 min

in control animals, thus suggesting that rotavirus infection in
adult mice does not result in increased intestinal motility, as
judged from their fecal output.

DISCUSSION

Despite proof of viral infection, and replication particularly
in the ileum, we found no evidence of fluid secretion, chloride
secretion, fluid accumulation, or increased fecal output for
adult mice infected with rotavirus. Using established in vivo
and in vitro methods (16, 32, 33), we measured net fluid trans-
port and transmucosal PD and found no evidence of chloride
or water secretion from the small intestine.

These observations are in strong contrast to a previous
study, where we used the same methodology to show that
infant mice infected with RV respond with salt and water
secretion from the small intestine (16). Not only do these two
observations illustrate that the pathophysiology of rotavirus
disease is complex and most likely involves several mecha-

FIG. 5. In vitro perfusion experiments recording net fluid transport (A) and PD (B) in control segments and in infected segments at days 3 and
4 (n � 8 in each group). Values are means � SEM.

FIG. 6. In vivo recording of jejunal potential differences in control
and rotavirus (EDIM)-infected mice at day 3 (n � 8 in each group).
Values are means � SEM.

FIG. 7. Comparison of the small intestinal weights of control and
rotavirus (EDIM)-infected mice at days 3 and 5 (n � 4 in each group).
Values are means � SEM.
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nisms, of which some are age dependent, but also, and more
important, this study shows for the first time that the absence
of clinical diarrhea in adult mice is not solely a consequence of
increased absorption of water in the colon, as has been previ-
ously suggested without experimental support.

While several mechanisms have been discussed to explain
the age-dependent secretory response to rotavirus, there is yet
a limited amount of experimental data available. The most
simplistic explanation for the absence of diarrhea in adult mice
is that no or few cells in the small intestine are infected com-
pared to those in infant mice. To investigate this, immunohisto-
chemistry, quantitative PCR, and histological examination of
all intestinal segments of the small intestine were performed.
The studies revealed that rotavirus infects all parts of the small
intestines of adult mice but preferentially the ilea. Quantitative
PCR revealed that 100-fold more viral RNA was produced in
the ileum than in the jejunum or duodenum. This observation
was supported by immunohistochemistry showing that more
villous cells in the ileum were infected than in the jejunum or
the duodenum, an observation also supported by other studies
of mice (4, 21). Thus, the ileum appears to be the intestinal
segment most susceptible to rotavirus infection, regardless of
whether the infection takes place in infant or adult mice. It has
previously been speculated that the age-related resistance in
mice would be receptor dependent (11, 37). Our observations
do not fully support this, as all intestinal segments in both adult
and infant mice could be infected, but the fact that the ileum
was more susceptible to infection than the jejunum and duo-
denum could also be due to segment-specific differences in
receptor concentration.

A critical part of this study was to estimate the extent of
infection in cells and relate this to infant mice and other animal
models. Immunohistochemistry revealed that more cells were
infected in infant mice than in adults, but more important, the
numbers of infected cells in the ilea of adult mice (Fig. 4) were
significantly higher than the small percentages of cells in the
ilea previously shown to be sufficient to cause diarrhea in infant
mice (24). Thus, the number of infected cells is not a limiting
factor in the cause of diarrhea in mice. However, the possibility
that the restricted number of enterocytes infected in adults
compared to that in infant mice is a contributing factor to the
age-restricted diarrhea cannot be excluded.

In several animal species, profuse diarrhea occurs prior to
the detection of histological changes in the intestine, including
villous blunting (9, 18, 19, 35, 36). Furthermore, some animals
exhibit diarrhea in the absence of clear histopathological
changes, such as infant mice infected with heterologous rota-
virus strains (3), whereas rotavirus-infected rabbits show typi-
cal histological changes in the intestine in the absence of diar-
rhea (5). Moreover, oral administration of epidermal growth
factor to rotavirus-infected piglets can help to restore enzyme
activities and intestinal mucosa but not resolve diarrhea (39);
thus, a clear relationship among infection, mucosal lesions, and
diarrhea is lacking.

While mucosal injury was significant in infant mice, it was
limited in frequency and severity in adult mice. In none of the
animal models were crypt cells found to be infected, an obser-
vation reported earlier (4, 33). The most-pronounced histolog-
ical difference between adult and infant infected intestines was
the extensive vacuolation found in infant mice (Fig. 4). A

possible role of vacuolation in diarrhea has been proposed
from studies of rats. Ciarlet et al. (4) found that rhesus RV-
inoculated 5-day-old rats exhibited diarrhea without inflamma-
tion. No effect on villous height or width or other histological
lesions were seen, but large vacuoles were observed. Extensive
vacuolation in infant mice has been reported previously (25,
33) but has not been highlighted as a major feature of rotavi-
rus-induced pathology in calves with diarrhea (20), lambs (31),
or piglets (35). One might propose that cells with significant
vacuolation should contain viral particles, something that was
not investigated in this study but has been examined elsewhere.
Osborne et al. (25) and Coelho et al. (6) found no clear cor-
relation between the severity of enterocyte vacuolation and the
presence of virus particles. Furthermore, Ciarlet et al. (4)
found no virus particles in vacuoles of infected rats.

Another explanation for the different intestinal responses to
rotavirus implies an impaired absorptive capacity of the villous
cells in infant mice but not in adult mice. It is possible to reveal
such a mechanism by measurements of transmural PD. Since
PD represents a net measurement of electrogenic epithelial
transport, differences in rates of glucose and/or amino acid
absorption by sodium-coupled symports could be reflected in
the PD. Such measurements in secreting infant mice revealed
a higher PD in the rotavirus-infected gut than in the nonin-
fected gut (14, 16), whereas no such difference was seen in the
adult mice of the present study. The increased PD in infant
mice can be explained in terms of an increased lumen-tissue
flux of positive ions and concomitant glucose/amino acid ab-
sorption. Hence, the PD measurements are not compatible
with decreased rates of glucose/amino acid absorption in infant
mice. However, an attenuated absorptive capacity of nonelec-
trogenic transport mechanisms in infant mice may contribute
to the secretory response to rotavirus. Collins and coworkers
(7, 8) studied the intestinal enzyme profiles of rotavirus diar-
rhea in infant mice and found that while lactose malabsorption
could be one contributing factor to the fluid loss at the peak of
diarrhea (72 h p.i.), carbohydrate malabsorption could not be
a key factor leading to diarrhea in infant mice.

The activation of a secretory reflex(es) in the enteric nervous
system represents another proposed mechanism for rotavirus
fluid secretion. This hypothesis implies that nerve afferent fi-
bers, located just underneath the intestinal epithelium, are
activated by amines/peptides secreted from the enteroendo-
crine cells and/or by chemokines, prostaglandins, or nitric ox-
ide released from enterocytes exposed to microorganisms (17,
21, 26). In line with this, Rodriguez-Diaz et al. (27) found not
only that NSP4 and rotavirus stimulated the release of NO
from HT-29 cells but also that NO2/NO3 occurred in increased
amounts in the urine of rotavirus-infected mice and young
children. It is in this interesting context that Rollo et al. (28)
reported that rotavirus evokes the release of chemokines only
from epithelial cells obtained from mice less than 2 weeks old.
Thus, one possible mechanism for the lack of effect of RV in
adult mice may be that RV does not cause a release of
chemokines to activate an enteric nervous system secretory
reflex(es).

As the number of infected cells and histological lesions,
including vacuoles, cannot entirely explain fluid secretion, it is
tempting to speculate about impaired age-dependent cellular
receptor signaling. Apart from the cytokines and NO discussed
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above, NSP4 should be considered. Morris et al. (22) found
that NSP4 induces diarrhea in mice in a dose- and age-depen-
dent manner. The same group has proposed that age-restricted
diarrhea is not due to an age-dependent receptor for NSP4 but
rather to an age-dependent event downstream in the signaling
pathway from Ca2� mobilization (22).
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