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Pathogenesis of murine astrovirus in experimentally
infected mice
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Abstract: Astroviruses are often associated with gastrointestinal diseases in mammals and birds. Murine astrovirus
(MuAstV) is frequently detected in laboratory mice. Previous studies on MuAstV in mice did not report any symptoms
or lesions. However, little information is available regarding its pathogenicity in immunodeficient mice. Therefore,
in this study, we experimentally infected germ-free NOD.Cg-Prkdcs%9]12rgtm?Sug/Shidic (NOG) mice, which are
severely immunodeficient, with MuAstV. Germ-free mice were used for experimental infection to eliminate the
effects of intestinal bacteria. Mice in each group were then necropsied and subjected to PCR for MuAstV detection,
MuAstV RNA quantification in each organ, and histopathological examination at 4 and 28 days post inoculation
(DPI). Tissue samples from the small intestine were examined by transmission electron microscopy. No symptoms
or abnormalities were detected in any mice during necropsy. The MuAstV concentration was highest in the lower
small intestine, where it increased approximately 8-fold from 4 to 28 DPI. Transmission electron microscopy revealed
circular virus particles of approximately 25 nm in diameter in the cytoplasm of the villous epithelial cells of the lower
small intestine. Histopathological examination did not reveal any abnormalities, such as atrophy, in the intestinal
villi. Our results suggest that MuAstV proliferates in the villous epithelial cells of the lower small intestine and has
weak pathogenicity.
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Introduction with an icosahedral morphology, giving them a charac-

teristic starlike appearance, from which their name (from

Astroviruses are nonenveloped, positive-sense, single-  the Greek word astron, meaning star) was derived [3].
stranded RNA viruses often associated with gastrointes-  Astroviruses are taxonomically divided into two groups,
tinal diseases in mammals and poultry [1]. They were  i.e., mamastroviruses (MAstVs), which infect mammals,
first discovered by electron microscopy in 1975 in fecal =~ and avastroviruses (AAstVs), which infect birds [1].
samples from a human child with diarrhea [2]. They were ~ They infect a wide range of wild and domestic animals,
first described as small viruses (28-30 nm in diameter) including cows, sheep, pigs, turkeys, cats, dogs, and rats,
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marine mammals, and birds, causing diarrhea, enteritis,
or sometimes no clinical signs [4]. They may also be
associated with extra-gastrointestinal infections, such as
encephalitis and meningitis [5—8]. Astroviruses cause
little inflammation and cellular damage, and diarrhea in
turkeys has been shown to be caused by disruption of
the cellular tight junction complex in the intestinal epi-
thelium by the astrovirus capsid protein [9—11]. Murine
astrovirus (MuAstV)-like particles were first discovered
in the gut contents of nude mice by electron microscopy
during an episode of collective diarrhea in a mouse
colony [12]. The complete genomic sequence of MuAstV
was elucidated in 2011 in a metagenomic study of wild
Mus musculus feces [13]. However, MuAstV has not
been successfully cultured. MuAstV has been reported
to retain infectivity even in soiled bedding stored for 3
weeks [14], and infection with MuAstV has been re-
ported to increase intestinal permeability [9]. In recent
years, MuAstV has been reported in laboratory mice
worldwide [15, 16], and comparison of the MuAstV
RNA-dependent RNA polymerase (RdRp) sequences
showed numerous mutations indicating ongoing viral
divergence in different facilities [15]. A positive rate of
35.0% was confirmed in a survey conducted in a labora-
tory animal facility in Japan in 2016 [17], and analysis
of the RdRp gene in MuAstV detected in Japanese labo-
ratory animal mice showed high similarity to various
strains, including BSRI1 and STLI, in a public database
[17]. There have been no case reports of MuAstV in
mice, and no symptoms or lesions were confirmed in
previous reports [14, 18, 19]. Limited information is
available regarding its pathogenicity in immunodeficient
mice [14, 15]. In recent years, immunodeficient mice
with varying immunological characteristics have been
produced and used as experimental animals; however,
the details of MuAstV pathogenicity in immunodeficient
mice remain unknown. Therefore, in this study, we ex-
amined the pathogenicity of MuAstV by experimental
infection in germ-free NOD.Cg-PrkdcsI12rg'™ IS8/
ShiJic (NOG) mice, which are severely immunodeficient
[20]. Furthermore, histopathological examinations of the
intestinal tract of spontaneously infected mice were per-
formed.

Materials and Methods

Experimental infection

Experimental animals and rearing environment: Twen-
ty-four germ-free NOG mice were used for experimen-
tal infection. NOG mice are severely immunodeficient
and easily accept heterologous cells due to a deficiency
of T-, B-, NK, and interferon-producing killer dendritic
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cells, macrophage and dendritic cell dysfunction, and
loss of complement activity [20]. To eliminate the effects
of intestinal bacteria, germ-free mice were used for ex-
perimental infection. Germ-free mice were obtained
from breeding colonies at the Central Institute for Ex-
perimental Animals (CIEA). The infected (n=12) and
control (n=12) mice were maintained in sterilized vinyl
isolators. The mice were individually identified, and
three mice were housed in each cage. All mice and ma-
terials, including the sterilized feed and water, were
aseptically loaded and unloaded through a sterile lock.
All mice were confirmed to be MuAstV negative by PCR
of fecal samples before the experiment. A sterility test
was conducted before and after the experiment to ensure
that sterile conditions were maintained throughout the
experimental period.

Inoculation samples: Cecal samples were collected
from NOG mice subjected to testing for microbial mon-
itoring at the CIEA ICLAS Monitoring Center between
November 2017 and December 2018, and PCR was
performed to test for MuAstV. Cecal contents from 18
MuAstV-positive mice were mixed together, homoge-
nized, and centrifuged, and the supernatant was sterilized
by filtration using a 0.2-um filter, stored at —80°C, and
used as the inoculation sample for the experimental
group. All cecal samples were collected from the same
institution. According to a BLAST search for the RdRp
gene, the MuAstV in all the positive samples showed a
higher homology with BSRI1 (Accession No. KC609001)
than with any other strain. A homogenate of cecal con-
tents from 16 MuAstV-negative mice was prepared using
the same methods and used as the inoculation sample
for the control group. Blood agar medium was then
smeared with 100 u/ of MuAstV-positive and MuAstV-
negative inoculation samples and incubated at 37°C for
48 h to confirm the absence of bacterial growth. In ad-
dition, the microbiological test items listed in Table 1
were confirmed to be negative by PCR [21-29].

Study design for experimental infection: Twenty-four
4-week-old female mice were included in this study.
They were divided into two experimental groups of 12
mice each. Mice in the infected group were inoculated
with 100 u/ of the MuAstV-positive inoculation sample,
whereas those in the control group were inoculated with
100 u! of the MuAstV-negative inoculation sample. Six
mice from each of the two groups were euthanized by
excess inhalation of isoflurane at 4 and 28 days post
inoculation (DPI). Blood samples for PCR and quantita-
tive RT-PCR (RT-qPCR) analyses were collected from
all mice by cardiac puncture. In addition, the forestom-
ach, glandular stomach, duodenum, upper small intes-
tine, middle small intestine, lower small intestine, ce-
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Table 1. Results of PCR for microbiological test items of cecal homogenates

Microorganism tested

Inoculated sample of
the infected group

Inoculated sample of
the control group

Ectromelia virus

Lactate dehydrogenase-elevating virus
Lymphocytic choriomeningitis virus
Mouse adenovirus type 1
Mouse cytomegalovirus
Mouse encephalomyelitis virus
Mouse hepatitis virus

Mouse minute virus

Murine norovirus

Mouse parvovirus

Mouse rotavirus

Pneumonia virus of mice
Polyoma virus

Reovirus type 3

Sendai virus

Clostridium piliforme
Filobacterium rodentium
Helicobacter bilis
Helicobacter hepaticus
Mycoplasma pulmonis
Pneumocystis spp.

Aspiculuris tetraptera
Syphacia obvelata

Entamoeba muris

cum, colon, rectum, liver, spleen, and kidney were
collected for PCR, RT-qPCR, and histopathological
examination. A small intestine sample was also col-
lected for electron microscopy.

Prior to PCR, the gastrointestinal tract was washed
with sterile PBS to remove the contents. The prepared
PCR and RT-qPCR samples were stored at —80°C until
further analysis. Samples collected for histopathological
examination were fixed in 10% neutral buffered forma-
lin and stored at 25°C until examination. Tissue samples
for transmission electron microscopy (TEM) were fixed
in 0.1 M phosphate buffer with 2% paraformaldehyde
and 2% glutaraldehyde.

PCR and RT-qPCR for MuAstV: All samples were
screened for MuAstV by PCR. RNA extraction and PCR
conditions were as previously reported [17], and
MuAstV-BF (5 GAATTTGACTGGACACGCTTTGA
3’) and MuAstV-BR (5> GGTTTAACCCACATGC-
CAAA 3’) primers, which target the RARp gene, were
used [15, 17]. The RNA extracted from each organ was
adjusted to a concentration of 50 ng/ul, and MuAstV
was then quantified in the sample by RT-qPCR. MuAstV-
specific RT-qPCR was performed using Brilliant II1
Ultra-Fast SYBR Green RT-qPCR Master Mix (Agilent
Technologies, Santa Clara, CA, USA) with MuAstV-BF
and MuAstV-BR primers on a 7500 Fast Real-Time PCR
System (Thermo Fisher Scientific K.K., Tokyo, Japan).
The RT-qPCR program was designed in our facility, and
the amplification conditions were as follows: 50°C for

10 min, 95°C for 3 min, and then 40 cycles of 95°C for
5's, 58°C for 30 s (decreasing by 0.2°C per cycle), and
72°C for 30 s. To quantify the MuAstV in the tested
samples, the copy number of the target gene was deter-
mined by software using a prepared standard, and a melt-
ing curve was generated after measurement. A negative
control was included in each reaction. The generated
data was analyzed using 7500 Software v2.3 (Thermo
Fisher Scientific K.K.).

Histopathological analysis: The collected forestom-
ach, glandular stomach, duodenum, upper small intes-
tine, middle small intestine, lower small intestine, ce-
cum, colon, rectum, liver, spleen, and kidney samples
were subjected to histopathological examination. Tissue
samples were fixed in 10% neutral buffered formalin,
embedded in paraffin, and stained with hematoxylin and
eosin (HE), according to the standard procedures. For
the lower small intestine, the length and depth of at least
3 villi and crypts, respectively, were measured per slide
using the NDP.view2 image viewing software (Hama-
matsu Photonics K.K., Shizuoka, Japan). The mean
villi length and crypt depth from each slide were used
for statistical analysis using one-way analysis of variance
(ANOVA). Differences with a P-value <0.05 were con-
sidered statistically significant.

TEM analysis: Tissue samples for TEM were fixed in
0.1 M phosphate buffer with 2% paraformaldehyde and
2% glutaraldehyde and then postfixed in 2% osmium
tetroxide in 0.1 M phosphate buffer for 2 h in an ice bath.
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The specimens were then dehydrated in graded ethanol
and embedded in epoxy resin. An ultramicrotome was
used to prepare ultrathin sections, which were stained
with uranyl acetate for 15 min and a lead staining solu-
tion for 5 min before being subjected to TEM (Hitachi
H-7600 at 100 kV).

Ethics statement: This study was conducted in strict
accordance with the Regulations for Animal Experimen-
tation of the CIEA, which are based on the Guidelines
for Proper Conduct of Animal Experiments (Science
Council of Japan, 2006). The experimental protocol was
approved by the Institutional Animal Care and Use Com-
mittee for Animal Experimentation of the CIEA (permit
no. 18035A).

Histopathological examination of spontaneously
MuAstV-infected mice

To confirm the pathological condition of spontane-
ously MuAstV-infected mice with resident intestinal
bacteria, their small intestine was subjected to histo-
pathological examination (November—December 2019).
In total, 101 mice from 29 facilities that were subjected
to microbiological monitoring tests performed at the
CIEA ICLAS Monitoring Center were surveyed. The
cecum was collected for PCR and stored at —80°C until
analysis. The lower small intestine samples for histo-
pathological examination were fixed in 10% neutral
buffered formalin and stored at 25°C until examination.
The cecal samples were screened using PCR, and sam-
ples from PCR-positive mice were histopathologically
examined. The PCR and histopathological analyses were
performed as described in the previous sections.

Experimental infection of MuAstV

Appearance and necropsy findings: The mice were
asymptomatic at both 4 and 28 DPI, and no abnormalities
were observed. The results of necropsies performed at
4 and 28 DPI revealed no abnormal findings in any mice.

PCR and RT-qPCR analyses of each organ: The
MuAstV-positive inoculation sample (100 u/) inocu-
lated into the infected group contained 2.9 x 10° mole-
cules of MuAstV RNA, as confirmed by RT-qPCR. PCR
analyses performed at 4 DPI yielded positive results for
samples from the liver, kidney, and entire intestinal tract
except the rectum. In addition, 4 of the 6 blood samples
tested positive (Table 2). PCR analyses performed at 28
DPI yielded positive test results for the samples from
the forestomach, kidney, blood, and entire intestinal tract
except the rectum (Table 2). All samples from the control
group yielded negative PCR results. The amount of
MuAstV per ng RNA in each organ was quantified by
RT-qPCR. The MuAstV concentration was highest in the
lower small intestine at 4 and 28 DPI. The MuAstV con-
centration in the lower small intestine exhibited an ap-
proximately 8-fold increase from 4 to 28 DPI (Fig. 1).

Histopathological examination of major organs: No
abnormalities were noted in the histopathological ex-
amination of the forestomach, glandular stomach, duo-
denum, upper small intestine, middle small intestine,
lower small intestine, cecum, colon, rectum, liver, spleen,
and kidney (Fig. 2). The villi length, crypt depth, and
villus/crypt ratio in the lower small intestine of the in-
fected group were not significantly different from those
of the control group at 4 and 28 DPI (P>0.05; Figs. 2
and 3).

Table 2. Results of the PCR analysis of tissue samples from different organs performed at 4 and 28 days post inoculation (DPI)

4 DPI 28 DPI
Organ
No.1 No.2 No.3 No.4 No.5 No.6 No.1 No.2 No.3 No.4 No.5 No.6
Forestomach + + - + + + + + + + + +
Glandular stomach + + - - + - + + _ + + +
Duodenum + + + + + + + + + + + +
Small intestine (upper) + + + + + + + + + + + +
Small intestine (middle) + + + + + + + + + + + +
Small intestine (lower) + + + + + + + + + + + +
Cecum + + + + + + + + + + + +
Colon + + + + + + + + + + + +
Rectum - - — - - + + _ + + + +
Liver + + + + + + + + - + + +
Kidney + + + + + + + + + + + +
Spleen - - - + - - + + + + + -
Blood + + + - - + + + + + +
Bone marrow NT NT NT NT NT NT + + + + - +
Brain NT NT NT NT NT NT + + + + +

NT: not tested.
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Fig. 1. Murine astrovirus (MuAstV) RNA concentration in each organ after MuAstV-positive cecal homogenate inoculation. A) 4 days

post inoculation (DPI). B) 28 DPI.

Fig. 2. Histopathological examination of the lower small intestine. (A) Murine astrovirus (MuAstV)-infected group at 4 days
post inoculation (DPI). (B) Control group at 4 DPI. (C) MuAstV-infected group at 28 DPI. (D) Control group at 28 DPI.

TEM analysis of the lower small intestine: Tissue
samples from the lower small intestine, where the
MuAstV RNA concentration was highest, were examined
by TEM. Circular virus particles of approximately 25
nm in diameter, forming electron-dense aggregates with
a center-to-center distance of approximately 25 nm, were
confirmed in the cytoplasm of the epithelial cells of the
lower small intestine at both 4 and 28 DPI. Electron
micrographs captured at 28 DPI are shown as represen-
tative examples (Fig. 4).

Histopathological examination of the small intestine
of spontaneously MuAstV-infected mice
To investigate the effect of MuAstV on the spontane-

ous infection of mice with resident intestinal bacteria,
101 mice from 29 facilities monitored at the CIEA
Monitoring Center were tested for MuAstV using PCR.
Samples from 42 mice tested positive. Of these positive
mice, 12, 6, 4, 4, 5, 8, and 3 belonged to the ICR,
BALB/c, C57BL/6J, BALB/c-nu/+, BALB/c-nu/nu,
SCID-beige, and NOG strains, respectively (Table 3). A
histopathological examination of the small intestine was
performed for these 42 MuAstV-positive mice, and no
clinical signs or abnormal necropsy or histopathological
findings were found for any of the mice.

Exp. Anim. 2021; 70(3): 355-363
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Fig. 3. Villus length, crypt depth, and villus/crypt ratio in the infected and control groups. (A) Villus length, (B) crypt depth, and (C)
villus/crypt ratio at 4 days post inoculation (DPI). (D) Villus length, (E) crypt depth, and (F) villus/crypt ratio at 28 DPI. No
significant differences were detected between the infected and control groups (P>0.05).

1. pm

Fig. 4. Transmission electron microscopy of the lower small intestine. The ultrastructure of the lower small intestine of
murine astrovirus (MuAstV)-infected mice was analyzed at 4 and 28 days post inoculation (DPI). (A and B) An
electron micrograph of a sample analyzed 28 DPI is presented as a representative example. (A) Electron micro-
graph of the epithelial cells of a villus with viral aggregates in the cytoplasm (indicated by the white arrow) at
8,000% magnification. (B) Enlarged view of the region indicated by the white arrow at 50,000x magnification.

RT-gPCR of tissue samples from each organ per-
formed at 4 and 28 DPI revealed that the MuAstV con-
centration was highest in the lower small intestine, where
it exhibited an approximately 8-fold increase from 4 to
28 DPI. In a previous report, the MuAstV concentration
was found to be the highest in the duodenum of Ragl ™"~
mice [18]; however, the effect of MuAstV present in the
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intestinal contents was not described. In the present
study, the intestinal samples were tested after the re-
moval of intestinal contents with sterile PBS. TEM ex-
amination of the lower small intestine, where the
MuAstV concentration was the highest, confirmed the
presence of circular virus particles in the cytoplasm that
were approximately 25 nm in diameter and forming ag-
gregates with a center-to-center distance of approxi-
mately 25 nm; this suggests that in mice, MuAstV pro-
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Table 3. Individual information of spontaneously murine astrovirus (MuAstV)-infected mice

Immunocompetent mice

Immunodeficient mice

Age (weeks) Sex

Age (weeks) Sex

ICR 17 Female
ICR 17 Female
ICR 12 Female
ICR 17 Female
ICR 17 Female
ICR 17 Female
ICR 17 Female
ICR 8 Female
ICR 13 Female
ICR 13 Female
ICR 13 Female
ICR 16 Female
BALB/c 18 Male
BALB/c 18 Male
BALB/c 18 Male
BALB/c 18 Male
BALB/c 18 Male
BALB/c 18 Male
C57BL/6J 23 Male
C57BL/6J 8 Female
C57BL/6J 24 Female
C57BL/6J 12 Female
BALB/c-nu/+ 7 Female
BALB/c-nu/+ 24 Male
BALB/c-nu/+ 24 Male
BALB/c-nu/+ 30 Female

BALB/c-nu/nu 18 Female
BALB/c-nu/nu 11 Unknown
BALB/c-nu/nu 11 Unknown
BALB/c-nu/nu 30 Female
BALB/c-nu/nu 16 Female
SCID-beige 18 Female
SCID-beige 18 Female
SCID-beige 18 Female
SCID-beige 18 Female
SCID-beige 18 Female
SCID-beige 18 Female
SCID-beige 18 Female
SCID-beige 18 Female
NOG 24 Male
NOG 24 Male
NOG 24 Male

liferates in the villous epithelial cells of the lower small
intestine. Astroviruses are described as particles ap-
proximately 30 nm in diameter that are characterized by
a starlike appearance [3]. However, in the present study,
the particles often did not appear starlike; this observa-
tion is consistent with TEM observations of astrovi-
ruses in other animals [2, 30-32]. Although further
confirmation by immunostaining is required, these re-
sults are consistent with those of previous reports on
astrovirus infection in the intestinal villous epithelium
of humans, pigs, lambs, and turkeys [30, 31, 33-35].

Following experimental infection in the present study,
no clinical signs or abnormalities were observed during
necropsy or histopathological examination of samples
at 4 and 28 DPI. A previous study did not report any
lesions in MuAstV-positive mice [ 14, 15, 19], which was
also confirmed in the present study for more severely
immunodeficient animals. Rotavirus, which infects the
intestine, induces diarrhea by destroying the villous
epithelial cells, ultimately causing cell death and villous
atrophy [36, 37]. However, astroviruses have been re-
ported to not cause cell death or visible histopathologi-
cal changes [10, 19, 38], which is consistent with our
results.

Enterovirus pathogenicity may be promoted or sup-
pressed upon interaction with enterobacteria [39-41].
Therefore, germ-free mice were used for the infection

experiment to eliminate the effects of intestinal bacteria.
In addition, 42 spontaneously MuAstV-infected mice
with intestinal bacteria (both immunocompetent and im-
munodeficient) were selected for histopathological ex-
amination of the intestinal tract, and no abnormal nec-
ropsy findings, histopathological abnormalities, or
clinical symptoms were observed in any of them; thus,
there were no signs of promotion or suppression of
MuAstV pathogenicity due to the presence or absence
of intestinal bacteria.

Various mutations of MuAstVs have been reported
based on comparison of the RdRp gene, and it is not
possible to investigate the pathogenicity of all MuAstV
strains. Therefore, in this study, BSRI1 (Accession No.
KC609001), which is the most frequently detected
MuAstV strain in Japan, and samples with the highest
similarity were collected and used for experimental in-
fection. The results of this study suggest that MuAstV
proliferates in the villous epithelial cells of the lower
small intestine of mice; however, it does not cause le-
sions, even in severely immunodeficient animals, such
as NOG mice, and its pathogenicity is considered ex-
tremely weak. The CIEA ICLAS Monitoring Center,
which conducts microbial monitoring tests for quality
control of laboratory animals, classifies microorganisms
into five categories (A to E) based on their pathogenic-
ity in mice and rats [21], as follows: Category A, zoo-
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notic and human pathogens carried by mice or rats;
Category B, indigenous mouse or rat pathogens that can
cause symptomatic disease and occasional death; Cat-
egory C, microbes that usually cause asymptomatic in-
fections accompanied by alterations in physiological
functions; Category D, microbes that can cause oppor-
tunistic infections; Category E, microbes that are usu-
ally nonpathogenic but indicate the hygiene status of the
rearing environment. Because viruses proliferate inside
the cell, they are classified as Category C or higher; as
a less pathogenic virus, MuAstV is considered to be in
Category C. MuAstV retains infectivity for a long pe-
riod of time and is orally transmitted. It has been re-
ported that when sentinel mice were exposed to soiled
bedding that had been stored for 1, 2, or 3 weeks before
exposure, the feces of most sentinels became MuAstV
positive [14]. In order to prevent MuAstV infection, as
with other microorganisms, it may be necessary to use
sterilized equipment, feed, and water for mice and to
assign exclusive caretakers for areas that are confirmed
to be MuAstV positive.

According to Compton ef al., MuAstV infection is not
a confounding variable and does not affect the dextran
sulfate-induced colitis model in NLRP3-deficient mice
[42]; however, innate immunity is involved in the sup-
pression of MuAstV proliferation [18]. MuAstV in-
creases intestinal permeability; both C57BL/6 and
IFNaR mice infected with MuAstV for 3 days had
greater intestinal permeability than uninfected control
mice, with IFNaR mice having a greater increase in
permeability [9]. Turkey astrovirus causes diarrhea and
sodium malabsorption [43], and the HAstV-1 capsid
protein of the human astrovirus has been shown to dis-
rupt the tight junction complex, thereby increasing bar-
rier permeability [11]. When diarrhea occurred in a
colony of nude mice in 1985, astrovirus-like virus par-
ticles were observed in the intestinal contents, but the
diarrhea episode started during a heat wave in the sum-
mer when the temperature of the animal room was 22 to
32°C and the relative humidity varied between 25% and
70%. It has been suggested that the nude mice were pre-
viously symptomless carriers of MuAstV and that the
pathogenicity of the virus was enhanced by the break-
down of climate control or by heavy experimental stress
[12].

The results of this study reveal that the pathogenicity
of MuAstV is extremely weak in mice, so it is not neces-
sary to perform regular microbiological monitoring tests;
however, it is considered that experiments related to
immunity or intestinal permeability should check for
MuAstV. Further studies are required to assess the effects
of MuAstV infection on experiments in mice.
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