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Involvement of aquaporins in a mouse model of rotavirus diarrhea
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Rotavirus diarrhea is a major worldwide cause of infantile gastroenteritis; however, the mechanism
responsible for intestinal fluid loss remains unclear. Water transfer across the intestinal epithelial
membrane seems to occur because of aquaporins (AQPs). Accumulating evidence indicates
that alterations in AQPs may play an important role in pathogenesis. Here, we focus on changes
in AQPs in a mouse model of rotavirus diarrhea. In the present study, 32 of 35 mice developed
diarrhea and mild dehydration within 24 hours after infection with rotavirus strain SA11. Intestinal
epithelial cells demonstrated cytoplasmic vacuolation, malaligned villi, and atrophy. AQP1
expression was significantly attenuated in the ileum and colon in comparison with controls;
likewise, AQP4 and -8 protein expression were significantly decreased in the colon of rotavirus
diarrhea-infected mice. In contrast, AQP3 protein expression was significantly increased in the
colon of rotavirus-infected mice in comparison with controls. These results indicate that rotavirus
diarrhea is associated with the downregulation of AQP1, -4, and -8 expression. Therefore, AQPs
play an important role in rotavirus diarrhea.
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resulting in the malabsorption of carbohydrates, disrup-
tion of the tight junctions in the small intestines, and
altered ion channel transport due to the secretion of neu-

INTRODUCTION

Worldwide, rotavirus is the leading cause of severe
diarrhea in infants and young children between 6 months
and 2 years of age, resulting in high mortality and mor-
bidity. An estimated 527,000 children < 5 years of age
die from rotavirus diarrhea each year, and > 85% of
these deaths occur in low-income countries in Africa and
Asia (CDC, 2008). Despite extensive studies in different
animal models, the pathogenesis of rotavirus-induced
diarrhea remains poorly understood. Various mecha-
nisms have been proposed to explain rotavirus-induced
diarrhea, including the decrease in the absorptive surface
area due to short villi, decreased disaccharidase activity
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rotransmitters such as 5-hydroxytryptamine (5-HT) and
Vasoactive intestinal peptide (VIP) (Guttman J A, et al.,
2007; Hodges K, et al., 2010).

Aquaporins (AQPs) are water-channel membrane pro-
teins that are expressed in various tissues. Currently, 13
subtypes of AQPs (AQP0—AQP12) have been identified
in mammals (King L S, et al., 2004). The distal small in-
testine and proximal colon are the major sites of AQPI,
-3, -4, and -8 expression, suggesting that these proteins
play an important role in cell function and fluid homeo-
stasis. Yamamoto et al. reported that AQP4 and -8 ex-
pression levels in the colon were downregulated in mice
with severe diarrhea following the experimental induc-
tion of food allergies (Yamamoto T, et al., 2007). Guttman
et al. demonstrated that alterations in AQP2 and -3 lo-
calization might contribute to diarrhea in a mouse model
following bacterial infection (Guttman J A, et al., 2007).
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AQP3 reportedly played a critical role in the laxative
effects of magnesium sulfate and bisacodyl by regulating
fecal water content in the colon (Ikarashi N, Ushiki T, et
al., 2011; Ikarashi N, et al., 2011). Our previous study
found that decreased AQP1 mRNA expression inhibited
water transfer from the intestinal tract to the vascular
side, which eventually led to the development of diarrhea
(Chen H, et al., 2009). Based on these results, this study
was conducted to investigate the protein expression lev-
els of AQP1, -3, -4, and -8 and pathological changes in
intestine in jejunum, ileum, and colon in a mice model
subjected to rotavirus-induced diarrhea.

MATERIALS AND METHODS

Cell and rotavirus culture

Rhesus monkey kidney (LLC-MK,) cells were cul-
tured in 1640 medium supplemented with 10% fetal bo-
vine serum (Invitrogen, Carlsbad, CA, USA), 200 U/mL
penicillin, and 200 pg/mL streptomycin at 37°C and 5%
CO,.

Confluent monolayers of LLC-MK, cells were grown
in 75-cm’ flasks, washed 3 times with phosphate buffered
saline (PBS), and 375 uL of rotavirus strain SA11 was
added to the LLC-MK, cells. To induce propagation,
rotavirus strain SA11 was activated with trypsin (10 pg/
mL in medium) for 1 hour at 37°C. After 1 hour of ad-
sorption, the cells were washed 3 times with PBS and
incubated in serum-free medium containing 1 pg/mL
trypsin. Cells and medium were harvested when 100%
cytopathological effects (CPE) were observed.

The infected LLC-MK, cells were disrupted by 3 cy-
cles of freezing/thawing, and the cultured fluids were
centrifuged for 30 minutes at 8000 rpm at 4°C. Then the
absorption of the final suspension was measured.

Viral infection was assayed in 96-well culture plates
containing a confluent monolayer of LLC-MK, cells.
After the growth medium was removed, each well was
washed 3 times with PBS. Each well was inoculated with
100 pL of the virus, which had been serially diluted 10-
fold. After adsorption for 1 hour at 37°C, serum-free me-
dium was added. The cultures were placed in the incu-
bator at 37°C. CPEs were observed every day. Five days
after infection, 50% cell culture infective dose (CCIDs,)
was calculated according to the protocol described by
Reed and Muench (Krah D L, et al., 1991), which was
determined to be 1x10" CCID,,/mL.

Animal preparation and rotavirus enteritis model

All animal procedures were reviewed and approved
by Guangzhou Women and Children’s Medical Center
Institutional Review Committee on Laboratory Animal
Care, and all animals were handled in accordance with
institutional guidelines. Three-day-old Kunming mice
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were obtained from Sun Yat-Sen University (Guangzhou,
China). The experiment group consisted of 35 mice,
which were administered 3 inoculations of 100 uL ro-
tavirus strain SA11 via intragastric feeding tube every
2 hours. The control group consisted of 35 mice, which
were administered 3 inoculations of 100 pL of uninfect-
ed LLC-MK, cells. Diarrhea was assessed by visually
monitoring mice for up to 24 hours following intragastric
challenge. A scoring system was used to determine the
presence of diarrhea: 0, no stool; 1, brown formed stool;
2, brown soft stool; 3, yellow soft stool; and 4, yellow
watery stool. If the score was = 2 points, the mice were
diagnosed with diarrhea.

Detection of rotavirus antigen

The presence of the rotavirus antigen was tested using
the rapid Rotavirus Test Kit (Colloidal Gold, Beijing,
China). Fifty mg of formed stool or 100 puL watery stool
was added to 0.5 mL of the extraction solution provided
with the test kit. This combination was then stirred to ho-
mogenize. The results were read 15 minutes after incuba-
tion at room temperature. All procedures were conducted
according to the manufacturer’s instructions.

Sample collection and processing

Ileum specimens were obtained at necropsy from mice
at 3 days postinfection and used for histopathological
analysis. Specimens were fixed in buffered 10% forma-
lin, routinely processed, embedded in paraffin, sectioned
at 4 um, stained with hematoxylin and eosin (HE), and
examined using light microscopy. For electron micro-
scopic examination, specimens were fixed in 3% neutral
phosphate-buffered glutaraldehyde, postfixed in osmium
tetroxide, dehydrated in graded ethanol, infiltrated with
propylene oxide, and embedded in epoxy resin. Semithin
(1 pm) sections were cut and stained with toluidine blue.
Ultrathin (50-70 nm) sections were stained with uranyl
acetate and lead citrate.

Two-cm-thick specimens were obtained from the jeju-
num, ileum, and colon, flushed with ice-cold saline, and
frozen at -80°C in liquid nitrogen for Western blot analysis.

Western blot analysis

Frozen tissue samples were sectioned into small
pieces, homogenized, and dissolved for 30 minutes on
ice in lysis buffer containing 20 mmol/L Tris (pH 7.4),
10% sucrose, 2 mmol/L EDTA-Na,, 50 mmol/L NaF,
1% TritonX-100, and 0.1% sodium dodecyl sulfate. The
mixture was sonicated before centrifugation at 12,000
rpm for 15 minutes at 4°C to remove tissue debris. The
supernatant was recentrifuged at 12,000 rpm for 10
minutes at 4°C to obtain the membrane proteins. The
membrane protein concentration was measured using
the bicinchoninic acid (BCA) assay (Beyotime Biotech
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Inc., Jiangsu, China). Equal amounts of total protein
(50 ng) from each sample were loaded and separat-
ed using 10% sodium dodecyl sulfate polyacrylamide
gel electrophoresis, then transferred to polyvinylidene
difluoride membrane. Subsequently, the membranes
were blocked with 5% milk containing TBS and 0.05%
Tween-20 for 1 hour at room temperature, followed by
overnight incubation at 4°C with either AQP1 (1:1000
rabbit polyclonal; ab125041; Abcam Inc., Cambridge,
MA, UK), AQP3 (1:2000 rabbit polyclonal; ab153694;
Abcam Inc., Cambridge, MA, UK), AQP4 (1:1000 rabbit
polyclonal; sc-20812; Santa Cruz, CA, USA), or AQPS
antibodies (1:1000 rabbit polyclonal; ab15124; Abcam
Inc., Cambridge, MA, UK). After washing 3 times with
TBS-T, 1:10,000-diluted horseradish peroxidase (HRP)
-conjugated anti-rabbit antibodies (ab6721; Abcam Inc.,
Cambridge, MA, UK) were incubated for 1 hour at
room temperature. The target protein was detected using
enhanced chemiluminescence Western blot detection
reagents. Parallel Western blot analysis was performed
using the anti-Glyceraldehyde 3-phosphate dehydroge-
nase (GADPH) monoclonal antibody (ab9385; Abcam
Inc., Cambridge, MA, UK) as the loading control.
Signals were detected using ECL Western Blot Detection
Reagents (GE Healthcare, Buckinghamshire, UK) and
exposed on X-ray film.

For the quantitative Western blot analysis, band in-
tensities were quantified using an Odyssey scanner (LI-
COR Biosciences; Lincoln, NE) and analyzed using
Imagel] software (LI-COR, Lincoln, USA). Samples were
prepared from 7 sets of nontreated and rotavirus strain
SAll-treated mice. To minimize interference with data
due to stage aberrations, sample preparation and statisti-
cal analyses were performed as follows: (1) 5 mice from
each set were selected from the littermates; (2) signal
intensities obtained from a single sample were expressed
as a percentage of the summed signal intensities, which
were obtained from 5 mice in the same set; and (3) this
value was used to calculate the average and SD values
for each set.

Statistical analyses

Data were expressed as means + SDs. Differences
between mean values were assessed using the unpaired
student ¢ test, and p < 0.05 was considered statistically
significant.

RESULTS

Clinical symptoms and gross appearance of the
intestinal tissues at necropsy

Mice were exposed to repeated oral SA11 virus chal-
lenges, which resulted in diarrhea within 24-hours post-
infection and peaked within 3—4 days. Eight of 35 mice
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developed anorexia, 6 of 35 mice developed dehydra-
tion, and 12 of 35 mice developed abdominal distention.
Fourteen of 35 mice developed frequent watery stools.
Four mice became lethargic within 3—4 days postinfec-
tion, but the rest of the mice remained active and con-
tinued to drink breast milk throughout the study. Mice
in the rotavirus-infected group did not gain weight. The
nontreated normal mice developed no symptoms, and
their weight increased by 0.2 g/day.

At necropsy, mild hyperemia in the jejunum and ileum
were observed in mice that were administered the SA11
rotavirus. Diarrheic mice had watery yellow-white, yel-
low-brown, or brown-green colonic contents with flecks
of undigested curd. There were no gross lesions in the
control group.

Histopathology

The jejunum and ileum from the SA11 rotavirus-in-
fected mice demonstrated patchy hyperemia. The micro-
scopic findings were characterized by mild multifocal
villus atrophy and necrosis, scattered hyperplastic crypts,
and occasional goblet cell-filled crypts. Mild inflamma-
tory cell infiltrates were occasionally scattered within the
lamina propria. The intestinal mucosa was normal in the
control group (Figure 1A). While the submucosa demon-
strated variable edema, the blood vessels were occasion-
ally dilated and ileal epithelial cells demonstrated vacuo-
lar degeneration in SA1l-infected mice (Figure 1B).

Ultrastructure of the ileal tissue

Electron microscopy was used to examine the ultra-
structure. Ileal specimens were obtained from select
SAT1l rotavirus-infected mice at 3 days postinfection
demonstrated adipose particles, vacuoles in the villus
enterocytes, and occasional goblet cells. Infected en-
terocytes demonstrated intracytoplasmic lipid globules,
malaligned or defluxed microvilli, increases in the num-
ber of lysosomes, mitochondrial swelling, and dilated en-
doplasmic reticulum, but no obvious structural changes
were noted at the cell junctions (Figure 2).

AQP protein expressions

AQP1, AQP3, AQP4, and AQPS protein expression
levels were determined in the nontreated normal mice
and SA11 rotavirus-treated mice using Western blot anal-
ysis (Figure 3). There were no significant differences in
any AQPs in the jejunum between groups. AQP1 expres-
sion was significantly reduced in the ileum and colon of
mice after SA11 virus exposure in comparison with non-
treated normal mice ( p < 0.05 for the ileum; p < 0.01 for
the colon) (Figure 3A). Likewise, AQP4 (Figure 3B) and
AQPS protein expression levels (Figure 3C) were sig-
nificantly attenuated in the colon of SA11 virus-infected
mice ( p <0.01 for AQP4; p < 0.05 for AQPS). However,
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Figure 1. HE-stained ileal mucosa in mice infected with rotavirus strain SA11. A: The ileal mucosa appears normal
in the control mice. B: In SA11-infected mice, the ileal epithelial cells show vacuolar degeneration (Magnification:

200x).

Figure 2. Ultrastructure of ileal specimens obtained from rotavirus strain SA11-infected mice. (A, upper left & right)
The ultrastructure of the ileum is normal in control mice. (B, lower left & right) The rotavirus SA11-induced diarrheic
mice show malaligned or defluxed microvilli, mitochondrial swelling, and an increase in the number of lysosomes.

AQP3 protein expression was significantly increased in
the colon of the SA11 rotavirus-infected mice in compar-
ison with the controls (p < 0.01) (Figure 3D).

DISCUSSION
Sheridan et al. was the first researcher to describe a

mouse model of rotavirus infection in their study of vi-
rus-specific immunity (Sheridan J F, et al., 1983). The
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neonatal mice that received SA11 antigen-positive cells
developed diarrhea that lasted = 9 days. Mice are con-
sidered a reliable animal model for studying immune
responses during primary rotavirus infection (Knipping K,
et al., 2011). In our mouse model of rotavirus diarrhea,
mice developed profusely liquid stools 24 hours after
exposure to SA11 strain. Microscopically, vacuolar de-
generation, multifocal villus atrophy, and necrosis in the
ileum were noted. Electronic microscopy revealed intra-
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Figure 3. Western blots of AQPs in the intestines of rotavirus strain SA11-treated mice. In comparison with control
animals, mice infected with SA11 demonstrated (A) decreased AQP1 protein levels in the ileum and colon, (B)
decreased AQP4 levels, (C) decreased AQP8 levels in colon, and (D) increased AQP3 expression levels in the
colon. Jej, jejunum; lle, ileum; col, colon. *p < 0.05; **p < 0.01 in comparison with the control group.

cytoplasmic lipid globules, mitochondrial swelling, and
endoplasmic reticulum dilatation. By establishing this
animal model, we are able to investigate if altered AQP
expression levels in the intestines are associated with the
development of rotavirus diarrhea.

At least 7 AQP subtypes (AQPs 1, 3,4, 5,7, 8,9, and
11) are reportedly expressed in the gastrointestinal tract
and play important roles in several physiological and
pathological processes. In particular, the colon is a major
site for AQP1, 3, 4, and 8§ expression (Yamamoto T, et al.,
2007), and there is some evidence regarding the physio-
logical roles and functions of AQP1, 3, 4, and 8. Chen et

WWWw.virosin.org

al. (Chen H, et al., 2009) reported that AQP1 mRNA was
significantly decreased after exposure to rotavirus SA11
in a mouse model of rotavirus-induced diarrhea. AQP1
protein expression demonstrates a similar pattern to
that observed for AQP1 mRNA in our present research.
AQP1 mRNA was upregulated in the traditional Chinese
medicine antidiarrheal oral liquid treatment group, which
further suggested that the decrease in AQP1 inhibited
water transfer from the intestinal tract to the vascular
side and caused diarrhea. However, there were no signifi-
cant difference in AQP3, 4, and 8 expression between the
rotavirus diarrhea group and treated with Chinese medi-
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cine antidiarrheal oral liquid group. In our present study,
the expression levels of AQP4 and AQPS decreased
while AQP3 increased. This difference might have been
caused by the quantity of samples and diarrhea severity.
Our results are consistent with those reported by other
researchers (Yamamoto T, et al., 2007; Ikarashi N, et al.,
2011; Wang K S, et al., 2000; Laforenza U, et al., 2005;
Hardin J A, et al., 2004; Ma T, et al., 2001; Tsujikawa
T, et al., 2003). AQP1 reportedly plays a major role in
pancreatic secretion, bile concentration, and water re-
absorption in colon. Ma T et al. demonstrate that AQP1
knockout mice develop steatorrhea and a blunted weight
gain when fed a high-fat diet, suggesting that AQP1 de-
letion causes the defective secretion of fluid across cells
in the biliary tract and pancreatic acini/ducts and alters
the quantity and/or composition of secreted fluids (Ma
T, et al., 2001). In streptozotocin-induced diabetic rats,
the number of AQP1-immunoreactive neurons signifi-
cantly increase, indicating that AQP1 plays an important
role in diabetic gastrointestinal dysfunctions such as
diarrhea and constipation (Ishihara E, et al., 2008). The
water content of defecated stool is also higher in AQP4-
knockout mice (Wang K S, et al., 2000), and inhibiting
AQP8 expression by small interfering RNA significantly
decreases water absorption in rat colon (Laforenza U,
et al., 2005), indicating that AQP4 and AQP8 may play
major roles in water movement through the colon by act-
ing on the apical side of the superficial cells. In addition,
allergic diarrhea is associated with the downregulation
of AQP4 and AQPS8 expression in the proximal colon of
mice (Yamamoto T, et al., 2007). Interestingly, in a mu-
rine model of colitis and in patients with inflammatory
bowel disease or infectious colitis, significant alterations
in colonic fluid secretion are correlated with reduced
AQP4 and AQPS expression. Patients have also devel-
oped severe diarrhea and reduced AQP expression levels
(Hardin J A, et al., 2004). These results are consistent
with our findings that AQPs are reduced in mice with
severe diarrhea due to the experimental administration of
rotavirus.

We also found that the AQP1 protein expression levels
in the ileum, and AQP1, AQP4, and AQPS levels in the
colon, were significantly attenuated in rotavirus-infected
mice, suggesting that these AQPs contribute to decreased
colonic water absorption and subsequently diarrhea.

AQP3 in the colon was also upregulated after SA11
infection. We speculate that this is a compensatory mech-
anism to avoid severe diarrhea and further dehydration.
Tsujikawa et al. also found that among rats with 80%
distal small bowel resection, AQP3 mRNA expression
significantly increased in the residual small intestine and
colon. Diarrhea gradually improved, most likely due
to an adaptive response to increased water absorption
(Tsujikawa T, et al., 2003). In addition, Ikarashi et al re-
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ported that AQP3 protein expression in the colon signifi-
cantly increases over time following the administration
of osmotic laxative or magnesium sulfate-induced diar-
rhea (Ikarashi N, et al., 2011). Apparently, the compensa-
tory increase in AQP3 found here was still insufficient to
prevent diarrhea.

In conclusion, here we demonstrate that low AQP1
protein expression in the ileum and AQP1, AQP4, AQP8
protein expression in the colon play an important role
in rotavirus diarrhea. Our work provides important in-
sights into the mechanisms of rotavirus-induced diarrhea.
Further analysis of the underlying molecular mechanisms
that downregulate AQPs in the colon is required.
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