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CIAL TOPIC OVERVIEW  2007000104  47  May 2008  3     Noroviruses (formerly 
called Norwalk-like viruses) infect humans, cows, pigs, and 
mice.  36   These viruses are emerging human pathogens that cause 
more than 90% of all epidemic viral gastroenteritis outbreaks 
in the United States.  8   Although seroprevalence for noroviruses 
in herds of swine and cattle ranges from 4% to 99%, disease 
is infrequent.  9,31   In contrast, human noroviral disease occurs 
within 48 h of exposure and is characterized by diarrhea, nausea, 
vomiting, and abdominal pain that lasts for 1 to 5 d.  17   People 
of all ages are susceptible to human noroviruses, but elderly 
persons, renal transplant patients, and those undergoing im-
munosuppressive therapy are at risk for more severe disease. 
Human noroviruses are readily spread by person-to-person 
contact, ingestion of contaminated food or water, or contact 
with contaminated surfaces.  8   Norovirus epidemics occur in 
many community settings, including nursing homes, childcare 
centers, schools, camps, hospitals, cruise ships, disaster shelters, 
and military bases.  16   The high prevalence of human norovirus 
infections is facilitated by the fact that only a few virus particles 
are necessary to initiate infection and by the high stability of the 
virus in the environment despite disinfection attempts.  4,22,30   In 
addition, there are more than 100 human norovirus strains in 
3 genogroups, and elicited immune responses usually are not 
protective against infection with new strains of norovirus.  36   

 Until recently, norovirus research was hampered by the failure 
of these viruses to grow in cultured cells and the lack of a small 
animal model. Murine norovirus (MNV) was identifi ed in 2002 
as a new mouse virus, and it is the fi rst norovirus to be grown 
in cell culture.  18,34   MNV-1 causes a subclinical infection with-

out remarkable tissue pathology in immunocompetent mice, 
and infection is limited to the intestines, liver, spleen, lymph 
nodes, and lungs.  14,18,24   Duration of infection ranges from less 
than 3 d to greater than 5 wk and appears to be dependent on 
the passage history of the viral inocula.  14,18   In contrast, MNV-1 
caused a disseminated infection that included necrosis of the 
spleen, liver, lung, brain and intestines in mice with defi cient 
innate immune responses (Stat1 −/− , Rag2 −/− /Stat1 −/− , Pkr −/− / 
Stat1 −/−  and IFN α  β  γ R −/−  mice).  18   Intracerebral inoculation with 
MNV-1 was fatal in all STAT −/−  mice by pid 7, whereas more 
than 60% of mice survived until pid 7 after intranasal or oral 
inoculation with MNV-1.  18   

 More than 60 additional isolates of MNV have been identifi ed 
and sequenced during the last few years, and they comprise a 
single genogroup and a single serotype.  28   None of these addi-
tional MNV strains has been reported to cause clinical disease 
in immunocompetent mice.  13,23,28   Similar to MNV-1, MNV 
strains WU11, WU12, WU23, and WU25 have been reported to 
cause diarrhea in mice with defi cient innate immune responses 
(OT1/Rag1 −/− /IFN γ R −/− , OT2/ Rag1 −/− /IFN γ R −/−  and  β  2 M −/−  
mice),  28   and endemically infected 2- to 3-mo-old Rag1 −/− /
IFN γ R −/− , OT1/Rag1 −/−  /IFN γ R −/− , OT2/ Rag1 −/− /IFN γ R −/− , 
and Rag1 −/− /Stat1 −/−  mice have been reported to have ruffl ed 
fur, hunched backs, and weight loss.  32   

 Two recent studies reported the presence of MNV antibodies 
in 22% of sera tested and MNV RNA in feces of 64% of mouse 
strains tested, making MNV one of the most prevalent viruses 
in contemporary mouse colonies.  13,23   Because MNV can cause 
disease in immunodefi cient mice, replicates in macrophages 
and dendritic cells in the spleen and liver, and can persist in 
mesenteric lymph node, immunologic studies could be affected 
adversely by MNV infection.  24,32,34   Therefore, methods for 
elimination of MNV from mouse facilities need to be developed. 

 Prevention of Murine Norovirus Infection 
in Neonatal Mice by Fostering 

 Susan R Compton *  

   Murine norovirus (MNV) causes subclinical chronic infections in adult immunocompetent mice and is endemic in many 
mouse colonies. The susceptibility of neonatal mice to MNV infection was investigated. Intestinal homogenates from Swiss 
Webster (SW) mice inoculated orally with MNV-L on postpartum days (ppd) 1 to 3 were negative for MNV by RT-PCR at 
postinoculation days (pid) 3 and 7. In contrast, 69% of intestinal homogenates prepared on pid 3 and 7 from mice inoculated 
orally at ppd 5 to 8 were MNV-positive by RT-PCR. Because only mice 10 d of age or older were infected by contact with 
infected dams, a study was performed to determine whether fostering of neonatal mice from MNV-infected to MNV-naïve 
dams could be effective at preventing infection of neonatal mice. Four litters each of 1-, 2-, 4-, or 6 d-old mice from MNV-L–
infected dams were transferred to naïve dams with similar-aged litters and vice versa. On ppd 21, feces from all MNV-infected 
dams and litters transferred to them were MNV-positive. In contrast on ppd 21, feces from all MNV-naïve dams and litters 
transferred to them were MNV-negative. Fostering of 2-d-old mice from 5 of 5 MNV-C–, 5 of 6 MNV-D–, and 7 of 8 MNV-G–
infected dams onto MNV-naïve dams prevented MNV infection of the foster mice. In the 2 litters where MNV was detected, 
dams were infected within 7 d of transfer, suggesting that the neonatal mice had served as fomites. In summary, fostering 
was effective at preventing MNV infection in 33 of 35 litters of neonatal mice. Precautions to prevent transmission of virus 
on the surface of neonatal mice to foster dams could increase the effi ciency of the fostering process. 

 Abbreviations: MNV, murine norovirus; pfd, post-fostering day; pid, post-inoculation day; ppd, postpartum day 
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antisera collection. In addition, 10% intestinal homogenates 
were prepared in DMEM (Invitrogen) with 10% fetal bovine 
sera, aliquoted, and stored at –70  ° C. 

 Comparison of the predicted amino-acid homologies within 
the hypervariable P2 domain of the capsid genes (147 amino ac-
ids) of 34 MNV strains (Genebank accession numbers: AY228235, 
DQ223041 through DQ223043, DQ269192 through DQ269204, 
DQ655664, DQ655666, DQ911368, EF531290, EF531291, 
EF650480, EF650481, EU004669, EU004671, EU004673 through 
EU004677, EU004678, EU004682, and EU004683) identifi ed 5 
groups of MNV strains in which each member of the group 
had at least 96% homology with at least 1 other member of the 
group. Group 1 included MNV-D, -K, -1, -5, -6, -CR5, -CR17, 
-CR18, and -Berlin05. Group 2 included MNV-C, -2, -3, -4, 
-CR6, and -Berlin06. Group 3 included MNV-B, -E, -F, and -G. 
Group 4 included MNV-J, -L, and -M. Group 5 included MNV-
Berlin04, -M21-2, and M21-4. MNV-CR10 had high homology 
with members of both groups 1 and 5. Eight strains (MNV-A, 
-H, -O, -CR3, -CR4, -CR7, -WU24, and -WU26) had no more 
than 95% homology with all other strains. MNV-C, -D, -G, and 
-L were chosen for further study as representative members of 
groups 1 to 4. 

 Sample collection.   A single fecal pellet was collected from 
the anus of each unanesthetized mouse while it was restrained 
gently; the pellet was frozen at –70  ° C pending RT-PCR analysis. 
After euthanasia of mice by carbon dioxide overdose, spleen, 
kidney, liver, mesenteric lymph nodes, and intestines were col-
lected aseptically and frozen at –70  ° C for RT-PCR analysis or 
were fi xed in 10% formalin or Bouin fi xative. Paraffi n sections 
of fi xed tissues (thickness, 5  μ m) were stained with hematoxy-
lin and eosin for histology examination. Blood was collected 
postmortem by cardiocentesis. 

 Serology.   Sera were tested for MNV antibodies by use of an 
immunofl uorescent antibody assay. Immunofl uorescent slides 
were prepared by infecting confl uent monolayers of RAW 264.7 
cells (obtained from American Type Culture Collection, Manas-
sas, VA) with a fi ltered intestinal stock of MNV-D. Infected cells 
were harvested 24 h after inoculation, resuspended in Dulbecco 
minimal media with 10% fetal bovine sera (Invitrogen), and 
10,000 infected or uninfected cells were placed on each spot 
of 12-spot slides. Cells were allowed to grow on the slides in 
a humidifi ed chamber for 24 h, and then cells were fi xed in 
acetone. Sera were tested at a dilution of 1:10, and binding of 
MNV antibodies was detected with fl uorescein-conjugated goat 
antimouse antisera (Jackson Immunoresearch Laboratories, 
West Grove, PA) 

 Nucleic acid assays.   Total RNA was isolated from feces or 
intestinal homogenates by use of RNeasy kits (Qiagen) accord-
ing to the manufacturer’s instructions. RT-PCR was performed 
by using the Superscript One-Step RT-PCR System (Invitrogen) 
and primers specifi c for the MNV capsid gene (MNV5033: GGA 
ACG CTC AGC AGT CTT TG and MNV5542: CAT TCA ACT 
CCC TCT TCT TG). The reaction conditions used for RT-PCR 
were as described above. 

 Fostering.   Pregnant SW mice were observed twice daily to 
determine the time of birth for each litter. Litter sizes ranged 
from 6 to 19 pups, and at fostering litter sizes were reduced to 
a maximum of 12 neonatal mice per dam. At 24 to 36 h (post-
partum day [ppd] 1), 48 to 60 h (ppd 2), 96 to 108 h (ppd 4) or 
144 to 156 h (ppd 6) a cage containing an MNV-infected dam 
with litter and a cage containing a MNV-naïve foster dam with 
litter were placed in a class II biosafety cabinet. The litter was 
removed from the foster dam and placed in a plastic weight boat. 
A fecal sample was collected from the foster dam to confi rm 

Because MNV causes persistent infections with shedding in 
feces for more than 1 mo,  3   efforts to let the infection die out most 
likely would be unsuccessful. MNV is stable between pH 2 and 
10 and remains infectious for at least 7 d at room temperature 
in fecal material,  4   making decontamination efforts diffi cult and 
the risk of spread of MNV by fomites high. In addition, like 
with most noroviruses, very few viral particles are thought to 
be needed to initiate an MNV infection.  22   One method that has 
been successful at eliminating enteric infections from colonies 
of mice endemically infected with  Helicobacter hepaticus , murine 
rotavirus, and mouse hepatitis virus is fostering of neonatal mice 
from infected to uninfected dams.  5,20,27,29,33   In the current study, 
the effi cacy of fostering of neonatal mice from MNV-infected to 
MNV- naïve dams to prevent transmission of MNV to neonatal 
mice and the susceptibility of neonatal mice to MNV infection 
were determined. 

 Materials and Methods 
 Mice.   Untimed pregnant or 4-wk-old female Swiss Webster 

mice (Tac:[SW]) were obtained from Taconic (Germantown, NY). 
On arrival at the destination institution, mice were seronegative 
for  Ectromelia  virus, murine rotavirus, lymphocytic choriomen-
ingitis virus, mouse hepatitis virus, mouse parvovirus, minute 
virus of mice, murine norovirus, pneumonia virus of mice, 
reovirus, Sendai virus, and  Mycoplasma pulmonis  and were free 
of bacterial and parasitic infections. Mice were housed in an 
animal room with a negative pressure differential relative to 
the corridor, a 12:12-h light:dark cycle, and 10 to 15 air changes 
hourly. Mice were housed in fi lter-top static isolation caging 
on sterilized corncob bedding and were fed sterilized rodent 
chow (diet 5010, Purina Mills International, St Louis, MO) 
and hyperchlorinated water ad libitum by water bottle. Cages 
were changed weekly in a class II biosafety cabinet within the 
animal room, and caging and waste were autoclaved. All ani-
mal care and experimental procedures were approved by the 
Yale Animal Care and Use Committee and were in accordance 
with all federal policies and guidelines governing the use of 
vertebrate animals. 

 MNV stocks.   Fecal samples were collected from 63 clinically 
normal, genetically engineered mice. Each fecal pellet was ho-
mogenized in 500  μ l PBS, and total RNA was isolated from 50 
 μ l of the homogenate by using RNeasy kits (Qiagen, Valencia, 
CA) according to the manufacturer’s instructions. RT-PCR was 
performed by using the Superscript One-Step RT-PCR System 
(Invitrogen, Carlsbad, CA) and primers specifi c for the MNV 
capsid gene (MNV5662: GGC CGC CTT CTT TCT AAG CC 
and MNV 6507: GGA ACA CCC TGA CTG GGC AA). Primers 
were obtained from the WM Keck Foundation Biotechnology 
Resource Laboratory at Yale University (New Haven, CT). The 
reaction conditions for RT-PCR were: 30 min at 50  ° C; 2 min at 
94  ° C; 40 cycles of 15 s at 94  ° C, 30 s at 50  ° C, 90 s at 68  ° C; and 
10 min at 68  ° C. RT-PCR products were electrophoresed on a 1% 
agarose gel, stained with ethidium bromide, and visualized by 
UV illumination. All RT-PCR assays included positive and nega-
tive controls. RNA extracted from 23 fecal samples produced 
an 865-basepair product. Sequencing of the products identifi ed 
13 isolates of MNV (A, B, C, D, E, F, G, H, J, K, L, M, and O; 
Genebank accession numbers, DQ269192 through DQ269204). 
Viral stocks and antisera were produced after oral inoculation 
of groups of fi ve 4-wk-old SW mice with 20  μ l/mouse of the 
fecal homogenate. Two mice in each group were euthanized 
by carbon dioxide overdose at postinoculation day (pid) 3, and 
intestines were harvested for viral stock preparation, and 3 mice 
were euthanized by carbon dioxide overdose at pid 30 for viral 
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MNV had not been transmitted from the dams to the neonatal 
mice prior to fostering on ppd 1 to 6. In addition, MNV RNA 
was not detected in intestines from 12 neonatal mice culled 
from MNV-positive dams on ppd 2 through 6 (data not shown). 
Fostering of neonatal mice to MNV-naïve dams was successful 
at preventing MNV-L infection, in that RT-PCR of all fecal RNA 
samples tested at ppd 21 and 45 (0 of 46) from mice fostered onto 
MNV-naïve dams were negative for MNV RNA, and sera from 
these mice were negative for MNV antibodies at ppd 45 (0 of 
40;  Table 1 ). All intestinal samples from neonatal mice fostered 
to MNV-infected dams (0 of 22) tested pfd 7 were negative for 
MNV RNA ( Table 1 ), showing that MNV was not transmit-
ted effectively to neonatal mice from the dams before ppd 13. 
Fostering of neonatal mice to MNV-L infected dams eventually 
resulted in infection of all foster mice, as MNV RT-PCR of the 
majority of feces tested at ppd 21 (16 of 18) and all feces tested 
at ppd 45 (8 of 8) were positive for MNV RNA, and sera from 
these mice were positive for MNV antibodies at ppd 45 (40 of 
40;  Table 1 ). None of the mice that became infected with MNV-L 
showed any clinical signs, and histologic examination of spleens, 
kidneys, livers, mesenteric lymph nodes, Peyer patches, small 
intestines, and large intestines from these mice revealed no le-
sions. These data indicate that transmission from MNV-infected 
dams did not occur in neonatal mice younger than 13 d but 
readily occurred in mice prior to weaning on ppd 21. 

 Fostering of neonatal mice from MNV-C–, -D–, and -G–infected 
mice to MNV-naive dams.   MNV-L and other MNV strains in 
group 4 differ from many MNV strains in that attempts to 
culture them in vitro were unsuccessful (data not shown). To 
determine whether this difference in vitro might indicate that 
differences also exist in vivo, a second fostering experiment was 
performed to determine whether fostering of neonates from 
dams infected with other MNV strains to MNV-naïve dams 
could prevent MNV infection of neonatal mice. A single time 
point for fostering (ppd 2) was chosen. Twenty-seven untimed 
pregnant SW mice were inoculated orally 2 to 9 d prepartum 
with MNV-C, -D or -G, representative strains from groups 1 
to 3. Nineteen litters of neonatal mice from MNV-inoculated 
dams were fostered to naïve foster dams on ppd 2. Other 
MNV-inoculated adult females either did not deliver litters, or 
uninoculated adult females did not deliver litters in time for 
them to be used as foster dams. In addition, 7 litters of neonatal 
mice from MNV-naïve dams were fostered to MNV-inoculated 
dams on ppd 2. Feces from all 19 MNV-inoculated dams were 
positive by RT-PCR for MNV RNA on the day of fostering, 
whereas feces from all 19 MNV-naïve foster dams were negative 
by RT-PCR for MNV RNA on the day of fostering. Most litters 
(17 of 19) of neonatal mice fostered from MNV-C–, -D–, or -G-
inoculated dams to MNV-naïve dams remained free of MNV 
infection in that RT-PCR of fecal RNA tested at ppd 21 and 35 
from mice fostered onto MNV-naïve dams were negative for 
MNV RNA, and sera from these mice were negative for MNV 
antibodies at ppd 21 or 35 ( Table 2  ). 

 One litter of 12 neonatal mice fostered from an MNV-D–
inoculated dam became infected. The dam to which these 
neonatal mice were fostered to became infected within the fi rst 
week of fostering, as feces from this mouse were MNV-positive 
by RT-PCR on pfd 7. In addition, 1 litter of 10 neonatal mice 
fostered from an MNV-G–inoculated dam became infected. 
The dam to which these neonatal mice were fostered to became 
infected shortly after fostering, because feces from this mouse 
were MNV-positive by RT-PCR on pfd 2. The rapid infection of 
these 2 foster dams, during the time period in which neonatal 
mice remain free of infection, indicates that the neonatal mice 

that she was not infected with MNV. Age-matched neonatal 
mice were removed from the MNV-infected dam and were 
transferred onto the nest in the foster dam’s cage, with care to 
not transfer bedding, nesting material, or fecal material from 
the cage containing the MNV-infected dam. A fecal sample was 
collected from the MNV-infected dam for RT-PCR analysis to 
confi rm that she was shedding MNV. The neonatal mice from the 
foster dam, temporarily held in the weigh boat, were placed on 
the nest in the MNV-infected dam’s cage. Exterior cage surfaces 
were disinfected with 1:5:1 Clidox (Pharmacal, Naugatuck, CT), 
and cages were returned to the cage rack. The exterior of the 
handler’s gloves and the work surface of the cabinet were dis-
infected with Clidox, and the fostering procedure was repeated 
on additional sets of cages. 

 Statistics.   Fisher Exact Probability Tests were performed by 
using http://faculty.vassar.edu/lowry/fi sher.html. 

 Results 
 Infection of neonatal mice with MNV.   In an effort to generate 

intestinal stocks of several MNV strains, 5 litters of neonatal SW 
mice (56 mice) and their dams were inoculated orally on ppd 1 
or 2 with 10  μ l of fecal homogenates containing MNV-A, -C, -D, 
-G, or -L. Ten pools of 4 to 6 intestines from neonatal mice har-
vested on pid 3 were all negative for MNV RNA by RT-PCR. In 
contrast, fecal and intestinal samples collected from the dams on 
pid 3 were all positive for MNV RNA by RT-PCR. To investigate 
at what age neonatal mice become susceptible to MNV, a pilot 
study was performed with 5 litters of SW mice. Neonatal mice 
and their dams were inoculated with MNV-G on ppd 3, 5, 7, or 
8. All neonatal mice and dams remained healthy through pid 21 
and did not show any clinical signs. Histologic examination of 
spleens, kidneys, livers, mesenteric lymph nodes, Peyer patches, 
small intestines, and large intestines from 6- to 21-d-old mice 
revealed no lesions (data not shown). Of the 21 neonatal mice 
inoculated on ppd 3, none (0 of 15) of the intestines tested on 
ppd 6 or 10 were positive for MNV RNA by RT-PCR, whereas 
feces and sera collected from the 3 dams and from 6 mice at 
weaning (ppd 21) were positive for MNV by RT-PCR and serol-
ogy. Of the 34 neonatal mice inoculated on ppd 5, 7, and 8, 69% 
(11 of 16) of intestines tested were RT-PCR–positive for MNV 
at ppd 8 to 14 and 94% (17 of 18) of feces tested on ppd 17 or 21 
were RT-PCR–positive for MNV. Therefore, neonatal mice were 
resistant to MNV infection after oral inoculation on ppd 1 to 3, 
but susceptibility to infection after oral inoculation developed 
by ppd 5. Because MNV infection was not detected on ppd 10 
in mice inoculated on ppd 3, it appears that indirect infection 
of neonatal mice by contact with MNV-infected dams does not 
occur before ppd 11. 

 Fostering of neonatal mice from MNV-L–infected mice to 
MNV-naive dams.   Sixteen pregnant SW mice were inoculated 
orally with MNV-L 2 to 5 d prepartum. Four litters of neonatal 
mice from MNV-L–inoculated dams were fostered to MNV-
naïve dams on ppd 1, 2, 4, and 6 to determine the age range of 
neonates for which fostering could be used to generate MNV-
free mice. Conversely, 4 litters of neonatal mice from MNV-naïve 
dams were fostered to MNV-inoculated dams on ppd 1, 2, 4, 
and 6. As expected, feces from all 16 MNV-inoculated dams 
were positive by RT-PCR for MNV RNA on the day of foster-
ing, postfostering day (pfd) 7, and at the time of weaning (ppd 
21), whereas feces from all 16 MNV-naïve foster dams were 
negative by RT-PCR for MNV RNA on the day of fostering, pfd 
7, and at the time of weaning (ppd 21). All intestinal samples 
from neonatal mice born to MNV-infected dams (0 of 16) tested 
on pfd 7 were negative for MNV RNA ( Table 1  ), indicating that 

Prevention of MNV by fostering
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after oral inoculation with MNV, infection as measured by the 
presence of MNV RNA in the intestine did occur—but only in 
mice 5 d of age or older. Further studies will be necessary to 
determine the mechanism of the resistance of 1- to 3-d-old mice 
to MNV, but it most likely is related to developmental changes 
occurring in the intestine and associated lymphoid tissues. 
Because antigen-presenting cells (macrophages and dendritic 
cells) are targets of MNV infection and because dendritic cells 
are essentially absent in several lymphoid tissues of 1 d old mice 
and are present only in very low numbers in 1-wk-old mice, the 
lack of this population of susceptible cells may contribute to the 
resistance of neonatal mice to MNV infection.  6,34   

 Infection of neonatal mice by contact with infected dams, and 
their waste, occurred in mice after ppd 14, with almost all mice 
positive for MNV RNA in the feces by ppd 17. The timing of 
the development of susceptibility to MNV infection via natural 
routes coincides with several major maturational changes in the 
intestine of mice, including the cessation of nonselective and 
selective uptake of macromolecules (antibodies), upregulation 
of expression of enzymes necessary for the digestion of the 
carbohydrates in solid food, downregulation of lactase, changes 
in the glycosylation pattern of surface carbohydrates on brush-
border membranes, and colonization by an ‘adult’ intestinal 
microfl ora.  10,11,26   These maturational changes indirectly affected 
the susceptibility of mice to MNV, as they prepared the mouse 
for the digestion of solid food. Mice in the current study began 
ingesting solid food around ppd 16 and were assumed to also 
begin ingestion of fecal material containing MNV, because mice 
typically become coprophagic at ppd 17 to 18.  7   Coprophagy 
appears to be the primary means of MNV transmission to 
young mice. 

may have served as fomites. The dams probably acquired the 
infection from grooming the neonatal mice, and subsequently 
the neonatal mice became infected via ingestion of virus-laden 
feces shed by the dam. Fostering of mice to MNV-C–, -D–, or -G-
infected mice resulted in infection of all neonatal mice as MNV 
RT-PCR of all (36 of 36) of feces tested at ppd 21 and 35 were 
positive for MNV RNA, and sera from these mice were positive 
for MNV antibodies at ppd 21 and 35 (32 of 32;  Table 2 ). All mice 
that became infected with MNV-C,-D, or -G did not show any 
clinical signs, and histologic examination of spleens, kidneys, 
livers, mesenteric lymph nodes, Peyer patches, small intestines, 
and large intestines from these mice revealed no lesions. 

 Discussion 
 Neonatal mice are generally more sensitive than weanling or 

adult mice to disease caused by enteric viruses. For example, 
intragastic inoculation of 1- to 14-d-old CD1 mice with murine 
rotavirus results in infection with diarrhea in the majority of 
inoculated mice, whereas inoculation of 15- to 20-d-old mice 
results in a sporadic asymptomatic infection, and inoculation 
of weanling and adult mice does not result in infection.  35   Oral 
inoculation of 1- to 7-d-old CD1 or BALB/cByJ mice with 
MHV-Y results in infection leading to severe enterocolitis with 
high mortality, whereas inoculation of 2-, 3-, and 12-wk-old CD1 
or BALB/cByJ mice with MHV-Y results in subclinical mild 
enteritis. 1-3  In contrast, clinical signs were not observed in neona-
tal SW mice inoculated on ppd 1 through 8 with MNV-C, -D, -G, 
or –L, in agreement with a recent study that reported that 6 d-old 
129S6/SvEvTac mice inoculated intragastically with MNV-1 did 
not develop diarrhea, and weight loss was not induced.  24   Even 
though clinical signs did not occur in neonatal mice or in dams 

  Table 1.  Fostering of mice from MNV-L–infected dams 

Age at 
fostering (d)

MNV status of 
foster dam

No. of mice 
fostered

Intestinal RT-PCR at 
pfd 7 a 

Fecal RT-PCR 
 at ppd 21

Fecal RT-PCR 
 at ppd 45

Serology 
 at ppd 45

1 naïve 45 0/4 (4) 0/4 (9) 0/2 (2) 0/2 (10)

2 naïve 48 0/4 (4) 0/4 (10) 0/2 (2) 0/2 (10)

4 naïve 40 0/4 (4) 0/4 (9) 0/2 (2) 0/2 (10)

6 naïve 48 0/4 (4) 0/4 (10) 0/2 (2) 0/2 (10)

1 infected 48 0/4 (4) 4/4 (5) 2/2 (2) 2/2 (10)

2 infected 48 0/4 (4) 4/4 (4) 2/2 (2) 2/2 (10)

4 infected 48 0/4 (8) 4/4 (5) 2/2 (2) 2/2 (10)

6 infected 48 0/4 (6) 3/4 (4) 2/2 (2) 2/2 (10)

pfd, postfostering day; ppd, postpartum day

 P   <  0.0001 (Fisher Exact Probability Test) when fostering of litters of neonatal mice to MNV-naïve dams was compared with fostering of litters 
of neonatal mice to MNV-L-infected dams.
 a No. of litters of mice positive for MNV-L RNA by RT-PCR or positive for MNV antibodies by IFA / no. of litters tested (no. of mice tested)

  Table 2.  Fostering of 2-d-old mice from MNV-C, -D, or -G–infected dams 

Status of 
original dam

Status of foster 
dam

No. of litters 
 (no. of mice fostered)

Fecal RT-PCR 
 at ppd 21 a 

Fecal RT-PCR 
 at ppd 35

Serology 
 at ppd 21

Serology 
 at ppd 35

MNV-C naive 5 (49) 0/5 (11) 0/5 (14) 0/4 (20) 0/5 (23)

MNV-D naive 6 (58) 1/5 (15) 1/6 (16) 1/5 (22) 1/6 (28)

MNV-G naive 8 (89) 1/7 (17) 1/8 (18) 1/7 (37) 1/8 (40)

naive MNV-C 3 (27) 3/3 (4) 3/3 (9) 3/3 (3) 3/3 (9)

naive MNV-D 2 (20) 2/2 (3) 2/2 (8) 1/1 (2) 2/2 (8)

naive MNV-G 2 (20) 2/2 (3) 2/2 (9) 1/1 (1) 2/2 (9)

ppd, postpartum day

 P   <  0.0001 (Fisher Exact Probability Test) when fostering of litters of 2-d-old mice to MNV-naïve dams was compared with fostering of litters of 
2-d-old mice to MNV-infected dams.
 a Number of litters of mice positive for MNV RNA by RT-PCR or positive for MNV antibodies by IFA / no. of litters tested (no. of mice tested)
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maternal rejection of the fostered mice and potential hypother-
mia were observed.  33   Therefore if disinfection is included in the 
fostering process, care should be taken to mitigate these poten-
tial problems. In a second study, after signs of maternal rejection 
were observed when BALB/c neonatal mice were fostered to 
C57BL/6 foster dams, rejection was mitigated by covering the 
mice to be fostered with scented talc powder, mixing the mice 
from the donor and recipient litters prior to transfer, and (in a 
few cases) return of a few of the dams own pups back into her 
cage.  27   Dams in the current study were left in their home cages 
with the original bedding and nesting material, and no effort 
was made to alter the scent of the foster mice. Scent altering was 
unnecessary in this study to induce good maternal care of the 
fostered mice but might be necessary if the strain of foster dam 
used is less nurturing than the SW dams or if neonatal mice are 
treated with strongly scented disinfectants prior to fostering. 

 In the present study, most of the mice fostered on ppd 1, 2, 4, 
and 6 remained free of MNV. Several studies have investigated 
the time frame during which fostering is effective at prevent-
ing  Helicobacter hepaticus  infection of neonatal mice. One study 
indicated that fostering of neonatal mice from genetically engi-
neered mice on a C57BL/6 background naturally infected with 
 H. hepaticus  to C57BL/6 dams within 24 h of birth prevented  H. 
hepaticus  infection.  29   A second study investigated the effi cacy 
of fostering of neonatal mice from experimentally infected 
C57BL/6 dams onto BALB/c dams at later times (ppd 1 through 
14) and found that for only the group of mice fostered on ppd 
1, all remained free of  H. hepaticus .  27   In contrast, a third study 
indicated that fostering of C57BL/6 neonatal mice to BALB/c 
dams on ppd 1 to 4 d prevented  H. hepaticus  infection, but only 
if the sire was not present in the cage.  5   Use of medicated feed 
in conjunction with fostering within 24 h of birth seems to be 
the most effective method of preventing the transmission of  H. 
hepaticus  and fur mites to neonatal mice.  15,19   Several studies have 
investigated the effectiveness of fostering within 36 h of birth 
for the prevention of the enteric viruses mouse hepatitis virus, 
mouse parvovirus, murine rotavirus, and Theiler encephalomy-
elitis virus and found that fostering is effective at preventing all 
but Theiler encephalomyelitis virus infection.  12,20,33   The longer 
time period for which fostering is effective at preventing MNV 
infection, relative to other enteric agents, probably results from 
the resistance of neonatal mice to MNV infection. 

 In conclusion, fostering is a relatively simple process that 
can be used to eliminate multiple enteric pathogens from a 
population of mice. If the goal is to eliminate MNV only, then 
fostering can be performed any time before ppd 6. However, if 
the goal of the fostering process is to eliminate multiple agents 
from a population of mice, then fostering should be performed 
within 24 h of birth and the use of medicated feed should be 
considered if nonviral agents are to be eliminated. 

 Acknowledgments 
 This study was funded by a grant from the American College of 

Laboratory Animal Medicine. 

 References 
    1 .   Barthold     SW   ,    Beck     DS   ,    Smith     AL   .   1993 .  Enterotropic coronavirus 

(mouse hepatitis virus) in mice: infl uence of host age and strain 
on infection and disease.   Lab Anim Sci    43   :  276 – 284 .  

    2 .   Barthold     SW   ,    Smith     AL   .   1984 .  Mouse hepatitis virus strain–
related patterns of tissue tropism in suckling mice.   Arch Virol  
  81   :  103 – 112 .   

    3 .   Barthold     SW   ,    Smith     AL   ,    Lord     PF   ,    Bhatt     PN   ,    Jacoby     RO   ,    Main   
  AJ   .   1982 .  Epizootic coronaviral typhlocolitis in suckling mice.   Lab 
Anim Sci    32   :  376 – 383 .  

 The presence of anti-MNV maternal antibodies did not pre-
vent transmission of the virus from the dams to the neonatal 
mice. Antibodies to MNV-1 were detectable on pid 7 in 20% of 
experimentally infected mice and in the majority of infected 
mice by pid 14.  14,24   In the present study, pregnant mice were 
inoculated with MNV 2 to 9 d prepartum. Because most of the 
dams likely lacked antibodies to MNV when they gave birth, 
maternal antibodies probably played little, if any role, in the lack 
of infection in neonatal mice prior to fostering. All neonatal mice 
housed with MNV-infected dams should have acquired mater-
nal antibodies by ppd 16, when ingestion of MNV-laden fecal 
material started. All neonatal mice housed with MNV-infected 
dams were both seropositive and positive for MNV RNA in 
there feces by ppd 21, indicating that maternally transferred 
antibodies did not protect against MNV infection. The persist-
ent nature of the MNV infection in the face of a robust antibody 
response indicates that MNV antibodies also are insuffi cient to 
clear the virus in the dams. 

 The fostering procedure was designed to be as simple as 
possible. The procedure included several steps that differed 
from published fostering protocols and which may have re-
sulted in the infection of 2 of the foster dams. Because mice 
were housed in fi lter-top cages, cages were only opened in the 
biosafety cabinet, all cages were disinfected prior to removal 
from the cabinet, and soiled cages were not dissembled in the 
animal room, it was not considered necessary to house MNV-
infected and MNV-naïve dams in separate locations, as had been 
done in fostering protocols for other enteric murine infectious 
agents.  27,29,33   In addition, the fostering protocol used involved 
having a cage housing an MNV-infected dam and a cage housing 
a MNV-naïve dam open at the same time in the biosafety cabinet. 
Human noroviruses generally are not considered to be spread 
via an airborne route, though aerosol droplets of vomitus have 
been reported to be a possible source of infection.  21   Therefore 
the infection of the foster dams likely did not occur by transfer 
of virus in the air from the cage housing the MNV-infected dam 
to the MNV-naïve foster dam during the few minutes it took to 
transfer the neonates. 

 Lastly, the fostering protocol used did not include disinfection 
of the neonatal mice prior to transfer. Therefore, the neonatal 
mice may have served as fomites, and MNV present on the 
skin of neonatal mice appeared to be the most likely source of 
infection for the 2 MNV-naïve foster dams that became infected 
within a week of fostering. The transmission of MNV on the skin 
of neonatal mice in 2 litters to 2 naïve foster dams highlights 
the highly infectious nature of MNV. Like human noroviruses, 
MNV seems to require only a few viral particles to initiate 
infection, and therefore fomite-based transmission can readily 
occur after contact with a surface contaminated with a small 
amount of virus.  22   Fomite-based transmission of noroviruses 
is facilitated by the stability of the virus at room temperature 
and its relative resistance to several disinfectants.  4,30   Several 
fostering protocols for other viruses and bacteria have included 
disinfection of neonates with disinfectants such as Virkon or 
iodine.  19,33   To decrease the failure rate (5.7%) of the fostering 
process, disinfection of neonatal mice with an antimicrobial 
product effective against human noroviruses,  30   such as Virkon, 
could be added to the procedure. Alternatively for large litters, 
neonatal mice could be fostered onto 2 MNV-naïve dams. 

 In this study, foster dams did not display signs of rejection of 
the neonatal mice, possibly because outbred dams are known 
for their superior nurturing abilities.  25   In a previous study in 
which genetically modifi ed mice on a C57BL background were 
disinfected prior to fostering to outbred foster dams, signs of 

Prevention of MNV by fostering



30

Vol 47, No 3
Journal of the American Association for Laboratory Animal Science
May 2008

    4 .   Cannon     JL   ,    Papafragkou     E   ,    Park     GW   ,    Osborne     J   ,    Jaykus     LA   ,  
  Vinje     J   .   2006 .  Surrogates for the study of norovirus stability and 
inactivation in the environment: a comparison of murine norovirus 
and feline calicivirus.   J Food Prot    69   :  2761 – 2765 .  

    5 .   Crisler-Roberts     R   ,    Ge     Z   ,    Kearney     MT   ,    Singletary     KB   ,    Fox     JG   ,  
  Roberts     CS   ,    Baker     DG   .   2005 .  Evaluation of  Helicobacter hepaticus  
bacterial shedding in fostered and sex-segregated C57BL/6 mice.  
 Comp Med    55   :  515 – 522 .  

    6 .   Dakic     A   ,    Shao     QX   ,    D’Amico     A   ,    O’Keeffe     M   ,    Chen     WF   ,    Shortman   
  K   ,    Wu     L   .   2004 .  Development of the dendritic cell system during 
mouse ontogeny.   J Immunol    172   :  1018 – 1027 .  

    7 .   Ebino     KY   ,    Suwa     T   ,    Kuwabara     Y   ,    Saito     TR   ,    Takahashi     KW   .   1987 . 
 Lifelong coprophagy in male mice.   Jikken Dobutsu    36   :  273 – 276 .  

    8 .   Fankhauser     RL   ,    Monroe     SS   ,    Noel     JS   ,    Humphrey     CD   ,    Bresee     JS   ,  
  Parashar     UD   ,    Ando     T   ,    Glass     RI   .   2002 .  Epidemiologic and molecu-
lar trends of “Norwalk-like viruses” associated with outbreaks of 
gastroenteritis in the United States.   J Infect Dis    186   :  1 – 7 .   

    9 .   Farkas     T   ,    Nakajima     S   ,    Sugieda     M   ,    Deng     X   ,    Zhong     W   ,    Jiang     X   .  
 2005 .  Seroprevalence of noroviruses in swine.   J Clin Microbiol  
  43   :  657 – 661 .   

    10 .   Hemmings     WA   ,    Morris     IG   .   1959 .  An attempt to affect the selective 
absorption of antibodies from the gut in young mice.   Proc R Soc 
Lond B Biol Sci    150   :  403 – 409 .  

    11 .   Henning     SJ   .   1987 . Functional development of the gastrointestinal 
tract. In: Johnson LR, editor. Physiology of the gastrointestinal tract. 
New York: Raven Press. p 285–300.   

    12 .   Hickman     DL   ,    Thompson     KJ   .   2004 .  Multi-phase approach to 
eradicate enzootic mouse coronavirus infection.   Contemp Top 
Lab Anim Sci    43   :  22 – 28 .  

    13 .   Hsu     CC   ,    Riley     LK   ,    Wills     HM   ,    Livingston     RS   .   2006 .  Persistent 
infection with and serologic cross-reactivity of three novel murine 
noroviruses.   Comp Med    56   :  247 – 251 .  

    14 .   Hsu     CC   ,    Wobus     CE   ,    Steffen     EK   ,    Riley     LK   ,    Livingston     RS   .   2005 . 
 Development of a microsphere-based serologic multiplexed 
fl uorescent immunoassay and a reverse transcriptase PCR assay 
to detect murine norovirus 1 infection in mice.   Clin Diagn Lab 
Immunol    12   :  1145 – 1151 .   

    15 .   Huerkamp     MJ   ,    Zitzow     LA   ,    Webb     S   ,    Pullium     JK   .   2005 .  Cross-
fostering in combination with ivermectin therapy: a method 
to eradicate murine fur mites.   Contemp Top Lab Anim Sci  
  44   :  12 – 16 .  

    16 .   Hutson     AM   ,    Atmar     RL   ,    Estes     MK   .   2004 .  Norovirus disease: chang-
ing epidemiology and host susceptibility factors.   Trends Microbiol  
  12   :  279 – 287 .   

    17 .   Kaplan     JE   ,    Gary     GW   ,    Baron     RC   ,    Singh     N   ,    Schonberger     LB   ,  
  Feldman     R   ,    Greenberg     HB   .   1982 .  Epidemiology of Norwalk 
gastroenteritis and the role of Norwalk virus in outbreaks of acute 
nonbacterial enteritis.   Ann Intern Med    96   :  756 – 761 .  

    18 .   Karst     SM   ,    Wobus     CE   ,    Lay     M   ,    Davidson     J   ,    Virgin     HW   .   2003 . 
 STAT1-dependent innate immunity to a Norwalk-like virus.   Sci-
ence    299   :  1575 – 1578 .   

    19 .   Kerton     A   ,    Warden     P   .   2006 .  Review of successful treatment for 
Helicobacter species in laboratory mice.   Lab Anim    40   :  115 – 122 .   

    20 .   Lipman     NS   ,    Newcomer     CE   ,    Fox     JG   .   1987 .  Rederivation of MHV 
and MEV antibody positive mice by cross-fostering and use of the 
microisolator caging system.   Lab Anim Sci    37   :  195 – 199 .  

    21 .   Marks     PJ   ,    Vipond     IB   ,    Regan     FM   ,    Wedgwood     K   ,    Fey     RE   ,    Caul   
  EO   .   2003 .  A school outbreak of Norwalk-like virus: evidence for 
airborne transmission.   Epidemiol Infect    131   :  727 – 736 .   

    22 .   Moe     C   ,    Rhodes     D   ,    Pusek     S   ,    Tseng     F   ,    Heizer     W   ,    Kapoor     G   ,    Gilliam   
  B   ,    Haab     M   ,    Stewart     P   ,    Miller     S   ,    Sobsey     M   ,    Hermann     J   ,    Blacklow   
  N   ,    Calderon     R   .  Determination of Norwalk virus dose–response 
in human volunteers. Abstracts of the 98th Annual Meeting 
of the American Society for Microbiology; 1998 May 17–21; 
Atlanta, GA.   

    23 .   Muller     B   ,    Klemm     U   ,    Mas Marques     A   ,    Schreier     E   .   2007 .  Genetic 
diversity and recombination of murine noroviruses in immuno-
compromised mice.   Arch Virol    152   :  1709 – 1719 .   

    24 .   Mumphrey     SM   ,    Changotra     H   ,    Moore     TN   ,    Heimann-Nichols     ER   ,  
  Wobus     CE   ,    Reilly     MJ   ,    Moghadamfalahi     M   ,    Shukla     D   ,    Karst     SM   .  
 2007 .  Murine norovirus 1 infection is associated with histopatho-
logical changes in immunocompetent hosts, but clinical disease 
is prevented by STAT1-dependent interferon responses.   J Virol  
  81   :  3251 – 3263 .   

    25 .   Pritchett     KR   ,    Taft     RA   .   2006 . Reproductive biology of the labora-
tory mouse. In: Fox JG, Barthold SW, Davisson MT, Newcomer 
CE, Quimby FW, Smith AL, editors. The mouse in biomedical 
research: volume III. Normative biology, husbandry, and models. 
Burlington (MA): Academic Press.  

    26 .   Schaedler     RW   ,    Dubos     R   ,    Costello     R   .   1965 .  The development of 
the bacterial fl ora in the gastrointestinal tract of mice.   J Exp Med  
  122   :  59 – 66 .   

    27 .   Singletary     KB   ,    Kloster     CA   ,    Baker     DG   .   2003 .  Optimal age at 
fostering for derivation of  Helicobacter hepaticus -free mice.   Comp 
Med    53   :  259 – 264 .  

    28 .   Thackray     LB   ,    Wobus     CE   ,    Chachu     KA   ,    Liu     B   ,    Alegre     ER   ,    Hend-
erson     KS   ,    Kelley     ST   ,    Virgin     HW   .   2007 .  Murine noroviruses 
comprising a single genogroup sexhibit biological diversity despite 
imited sequence divergence.   J Virol    81   :  10460 – 10473 .   

    29 .   Truett     GE   ,    Walker     JA   ,    Baker     DG   .   2000 .  Eradication of infection 
with  Helicobacter  spp. by use of neonatal transfer.   Comp Med  
  50   :  444 – 451 .  

    30 .   United States Environmental Protection Agency   .  2008. List G: 
EPA’s registered antimicrobial products effective against norovirus 
(Norwalk-like virus).  

    31 .   van der Poel     WH   ,    van der Heide     R   ,    Verschoor     F   ,    Gelderblom     H   ,  
  Vinje     J   ,    Koopmans     MP   .   2003 .  Epidemiology of Norwalk-like virus 
infections in cattle in the Netherlands.   Vet Microbiol    92   :  297 – 309 .   

    32 .   Ward     JM   ,    Wobus     CE   ,    Thackray     LB   ,    Erexson     CR   ,    Faucette     LJ   ,    Bel-
liot     G   ,    Barron     EL   ,    Sosnovtsev     SV   ,    Green     KY   .   2006 .  Pathology of 
immunodefi cient mice with naturally occurring murine norovirus 
infection.   Toxicol Pathol    34   :  708 – 715 .   

    33 .   Watson     J   ,    Thompson     KN   ,    Feldman     SH   .   2005 .  Successful rederi-
vation of contaminated immunocompetent mice using neonatal 
transfer with iodine immersion.   Comp Med    55   :  465 – 469 .  

    34 .   Wobus     CE   ,    Karst     SM   ,    Thackray     LB   ,    Chang     KO   , Sosnovtsev SV, 
Belliot G, Krug A, Mackenzie JM, Green KY, Virgin HW.   2004 . 
 Replication of norovirus in cell culture reveals a tropism for den-
dritic cells and macrophages.   PLoS Biol    2   :  e432 .   

    35 .   Wolf     JL   ,    Cukor     G   ,    Blacklow     NR   ,    Dambrauskas     R   ,    Trier     JS   .   1981 . 
 Susceptibility of mice to rotavirus infection: effects of age and 
administration of corticosteroids.   Infect Immun    33   :  565 – 574 .  

    36 .   Zheng     DP   ,    Ando     T   ,    Fankhauser     RL   ,    Beard     RS   ,    Glass     RI   ,    Monroe   
  SS   .   2006 .  Norovirus classifi cation and proposed strain nomencla-
ture.   Virology    346   :  312 – 323 .     


