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Mouse parvovirus (MPV) is among the most prevalent infec-
tious agents detected in contemporary laboratory mouse colo-
nies2,7,10 and can have deleterious effects on research because of 
in vitro and in vivo immunomodulatory effects, tumor suppres-
sion, and contamination of cell cultures and tissues originating 
from mice.11-13 The potential for MPV transmission among mice 
in research facilities is enhanced by its environmental stability,6 
potential to induce persistent infection in mice,8 and difficult 
eradication from infected laboratory mouse colonies. Despite the 
availability of highly sensitive and specific diagnostic assays,9,14,15 
detection of MPV infections in contemporary laboratory mouse 
colonies remains problematic, with intermittent detection even 
under conditions of enzootic colony infections. The widespread 
use of sentinel mice exposed to soiled bedding as the primary 
detection system, a relatively short period of viral transmission 
postinfection in immunocompetent mice, and a fairly high viral 
dose required to induce productive infection are considered key 
factors that result in intermittent detection of MPV contamination 
in mouse colonies. As a result, MPV infections present important 
and costly challenges to contemporary laboratory animal research 
facilities.

Several studies have investigated the horizontal transmission 
of MPV to sentinel mice. Experimentally infected SENCAR mice 
transmitted MPV1a to naïve sentinels both by direct contact and 
soiled bedding exposure, predominantly during the first 3 wk 
after inoculation.17 Similarly, experimentally infected Swiss Web-
ster mice transmitted MPV1d within 2 wk to sentinels by direct 
contact or through various amounts of soiled bedding.18 Interest-
ingly, transmission to sentinel mice appeared to be enhanced in 
mice maintained in individually ventilated caging as compared 
with static microisolation caging in the cited study. Naturally in-
fected BALB/c mice when 1 mo old, but not when 2, 3, and 6 mo 
old, transmitted MPV to direct contact sentinels.16 Recent studies 
completed in our laboratory1 indicate that C.B-17/Icr-Prkdcscid 
mice inoculated with MPV1e as neonates persistently shed high 
levels of virus in their feces over several months. Undiluted con-
taminated bedding collected at any time point during this period 
consistently transmitted MPV1e to weanling C3H sentinel mice 
exposed for 2 wk. Similarly inoculated neonatal BALB/c mice 
shed high levels of virus, with transmission to sentinels, for only 
2 wk after inoculation.1 In all of these reports, the period of expo-
sure of sentinel mice to soiled bedding was limited (2 wk or less), 
with no repeated exposure opportunities, as might be expected 
under field conditions with an infected colony. In the present 
study, we simulated a typical sentinel monitoring program and 
determined whether chronic exposure to various concentrations 
of MPV1-contaminated bedding, reflective of a broad range of 
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later). Sentinels were euthanized by carbon dioxide inhalation 
after seroconversion was detected. Final blood samples were col-
lected by cardiocentesis; the resulting sera were diluted 1:5 in PBS 
and stored at –80 °C until use. In addition, approximately 20 mg 
each of spleen and lymph node was harvested from each sentinel 
mouse after euthanasia and stored frozen at –80 °C until tissue 
DNA was extracted. Tissue DNA was subsequently stored at –20 
°C until evaluated by qPCR. Mice that did not seroconvert by the 
end of the 12-wk bedding exposure period were euthanized and 
processed as described.

Serology. The multiplex fluorescent immunoassay (MFI) format 
was used to evaluate sera for the presence of virus-specific anti-
bodies. Baculovirus-expressed recombinant nonstructural protein 
1 (rNS1) from minute virus of mice prototype strain and recom-
binant MPV1b viral capsid protein 2 (rVP2) were prepared es-
sentially as previously described.9,15 Purified rNS1 and rVP2 were 
covalently coupled to carboxylated polystyrene microspheres 
(Luminex, Austin, TX) at a coupling concentration of 25 μg of 
protein per 5 × 106 microspheres according to manufacturer’s 
recommended protocols. Ovalbumin, A92L mouse fibroblast cell 
lysates, and Hi-Five insect cell lysates were similarly coated to mi-
crospheres to serve as control antigens. Lysates were prepared by 
three freeze-thaw cycles as previously reported.9,15 Microspheres 
were stored at 4 °C in the dark until use. Evaluation of mouse sera 
for rNS1- and rVP2-specific antibodies was performed automati-
cally (LiquiChip Workstation, Qiagen, Valencia, CA) as described 
previously.1 Briefly, antigen-coated microspheres were incubated 
for 60 min with dilute sera at a final dilution of 1:500 in 100 μl 
diluent, washed twice, incubated with phycoerythrin-conjugated 
F(ab’)2 fragment goat antimouse IgG secondary antibody (Jack-
son ImmunoResearch Laboratories, West Grove, PA), washed 
twice, and resuspended in stop solution containing formalin. The 
microplate then was shaken for 5 min and analyzed. Baseline val-
ues (rNS1, 125; rVP2, 125) to discriminate negative and positive 
samples were determined previously as the mean plus 2 standard 
deviations of results obtained for 70 sera from mice known to be 
negative for murine parvovirus infection. Results are reported 
as the median fluorescent intensity (mfi) of 100 antigen-coated 
microspheres. Sera were to be excluded if they exceeded baseline 
values for 2 of the 3 control antigens, although in this experiment, 
none of the sera evaluated exceeded the mfi baseline for any of 
the control antigens.

qPCR. DNA was extracted from tissues and feces and screened 
by an MPV-specific qPCR assay as previously described.2,14 Brief-
ly, DNA was extracted using a genomic DNA extraction kit (Mag-
neSil KF, Promega, Madison, WI) and a robotic extraction station 
(KingFisher, Thermo Labsystems, Franklin, MA) according to 
the manufacturer’s recommendations. qPCR reactions were per-
formed by using an automated system (Mx3000P QPCR System, 
Stratagene, Cedar Creek, TX), and products were analyzed with 
the accompanying software. Each 20-μl reaction consisted of 1× 
TaqMan buffer (50 mM KCl, 10 μM EDTA, 10 mM Tris-HCl [pH 
8.3], and 60 nM passive reference dye); 5.5 mM MgCl2; 200 μM 
(each) dATP, dCTP, and dGTP; 400 μM dUTP; 300 nM primers; 
125 nM probe; 0.2 U uracil-N-glycosylase (AmpErase, PE Ap-
plied Biosystems, Foster City, CA); 0.5 U Taq polymerase (Am-
pliTaq Gold, PE Applied Biosystems, Foster City, CA); and 2 μl 
template DNA (approximately 50 ng DNA). Thermal cycling 
conditions consisted of 50 °C for 2 min for incubation of uracil-N-
glycosylase, polymerase activation at 95 °C for 10 min, and then 

disease prevalence scenarios within any given affected room, can 
induce seroconversion in sentinel mice.

Materials and Methods
Mice. Untimed pregnant C.B-17/Icr-Prkdcscid/Crl (SCID) female 

mice were obtained from Charles River Laboratories (Wilmington, 
MA), and male and female weanling Hsd:ICR mice were obtained 
from Harlan Sprague Dawley (Indianapolis IN). All mice were 
reported to be free of murine viruses, pathogenic bacteria, and 
endo- and ectoparasites by the suppliers. All mice were housed 
in sterilized static microisolation caging on aspen chip bedding, 
NIH-31 diet (Harlan Teklad, Madison, WI) and hyperchlorinated 
water were provided ad libitum, and all animal manipulations 
were performed in a class IIA biological safety cabinet by using 
standard microisolation technique. Animals were housed in a bio-
containment facility at a temperature of 22 to 24 °C, relative hu-
midity of 40% to 60%, 12 to 15 air exchanges hourly, and a 12:12-h 
light:dark cycle. The University of Arizona Institutional Animal 
Care and Use Committee approved all animal procedures.

Animal infections. MPV1e originally was isolated from natu-
rally infected mice and is maintained by oral inoculation of naïve 
mice with filter-sterilized tissue homogenate obtained from in-
fected mice.1 The ID50 was determined in weanling BALB/c mice 
by oral inoculation. Mouse pups (age, 1 d; n = 12) were inoculated 
oronasally with 100 ID50 MPV1e, weaned at 4 wk of age into sex-
matched groups of 4 mice per cage, and maintained for the dura-
tion of the sentinel exposure study. Weekly throughout the entire 
12-wk study, 10 fecal pellets were collected from the floor of each 
cage of these infected SCID mice and stored frozen at –80 °C until 
fecal viral load could be determined by quantitative polymerase 
chain reaction (qPCR).

Sentinel exposure. Each of 7 large new biohazard bags labeled 
with the bedding dilution (1:5, 1:25, 1:125, 1:625, 1:3125, 1:15,625, 
and 1:78,125) received 7.2 l of clean bedding. Three cages contain-
ing 1 week’s accrual of soiled bedding from weaned MPV1e-in-
fected mice was placed into the 1:5 bedding dilution bag (that is, 
a total of 1.8 l soiled bedding from MPV-infected SCID mice). The 
biohazard bag was closed with sufficient air in the bag to allow 
thorough mixing and then was manually tumbled end over end 
for 2 min. We then removed 1.8 l of mixed bedding from the 1:5 
bedding dilution and placed it into the 1:25 bedding dilution bag, 
and the bedding was remixed as described above. This process 
was repeated to generate the remaining 5-fold bedding dilutions. 
After mixing was complete, 600 ml of bedding from each dilu-
tion was placed into each of 10 sterilized empty shoebox cages. 
A single 4-wk-old Hsd:ICR mouse was placed into each cage that 
contained diluted bedding, with the most dilute bedding group 
(1:78125) completed first, followed by the next most diluted bed-
ding group (1:15625), and so on. Cages were changed weekly in 
the same order (most diluted to most concentrated soiled bedding 
group), with each cage refilled with aliquots of freshly prepared 
bedding dilutions as just detailed. Blood was collected from each 
Hsd:ICR mouse every other week by submandibular venipunc-
ture into hematocrit tubes. During the processing of 70 blood sam-
ples collected after the initial 2 wk exposure to soiled bedding, 24 
specimens were lost in a centrifuge accident. Blood was collected 
from these mice 1 wk later, and the results from these samples are 
included along with the other available 2-wk exposure data. After 
centrifugation in a hematocrit centrifuge, serum was harvested 
and evaluated by multiplex fluorescent immunoassay (described 
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taminated bedding. Serum, lymph node, and spleen were col-
lected from all sentinel mice and evaluated by MFI and qPCR. All 
mice that were seropositive to both rNS1 and MPV rVP2 in ante-
mortem MFI evaluations (n = 43) were also seropositive to both 
antigens in sera harvested from them postmortem, and lymphoid 
tissue qPCR was strongly positive in all of these mice (mean, 8.3 
× 105 viral DNA copies per 2 μl tissue DNA). All mice seronegative 
to both rNS1 and MPV rVP2 (n = 21) throughout the antemortem 
and at the postmortem evaluation were also lymphoid tissue qPCR 
negative.

45 cycles of 95 °C for 15 s followed by 60 °C for 1 min. Samples 
were considered positive if they exhibited a mean fluorescence of 
greater than 0.1 and a cycle threshold of less than 35. These qPCR 
findings were considered the ‘gold standard’ against which MFI 
assays were compared for purposes of estimating their sensitivity 
and specificity in the context of our study. We used 10-fold serial 
dilutions of cloned amplicon DNA (range, 107 to 100 template 
copies) to generate a standard curve, with linear regression of 
this standard curve (R2 = 0.993), and then it was used to estimate 
the numbers of copies of the viral genome detected in each DNA 
sample by qPCR. The absolute viral copy number per fecal pellet 
was calculated by multiplying this estimate by the dilution fac-
tors used during DNA extraction and qPCR set-up.

Statistical analysis. Evaluation of diagnostic test performance 
(sensitivity, specificity, and predictive value) among MFI serolog-
ic assays from antemortem blood samples compared with qPCR 
results from postmortem tissue samples was done by standard 
methods, including calculation of their exact 95% confidence 
intervals, kappa statistics for test agreement, and McNemar χ2 
statistic to evaluate beyond-chance concordance of findings.19 
Differences with P values less than or equal to 0.05 were consid-
ered significant.

Results
MPV1-contaminated bedding. Each of 12 SCID mice (4 mice 

per cage) were inoculated oronasally with MPV1e (100 ID50 per 
mouse) within 24 h of birth. Starting at 5 wk after inoculation, an 
estimate of MPV fecal viral load was determined weekly for all 
cages used as source bedding by qPCR of DNA extracted from 
10 pooled fecal pellets collected from each cage of infected SCID 
mice. The mean MPV fecal viral load during the exposure period 
was 1.3 × 107 MPV DNA copies per fecal pellet, with relatively 
consistent levels of fecal virus shedding throughout the course 
of the experiment (Figure 1). At study completion, infection of 
all MPV-inoculated SCID mice was confirmed by qPCR of their 
lymph nodes and spleens (mean lymphoid tissue viral load = 1.1 
× 107 viral DNA copies per 2 μl tissue DNA).

Sentinel exposure to MPV1-contaminated bedding dilutions. 
Weanling Hsd:ICR mice (n = 10 per bedding dilution group) 
were housed individually and exposed to 5-fold serially diluted 
bedding obtained from SCID mice persistently shedding MPV1e 
(dilution range, 1:5 to 1:78,125). Fresh bedding dilutions were pre-
pared weekly. Every other week, mice were bled by submandibu-
lar venipuncture, and sera were evaluated by MFI for rNS1- and 
MPV rVP2-specific antibodies. Based on serologic findings, the 
cumulative incidence of MPV infection for the 7 soiled bedding 
dilution groups over the 12-wk study period was 100% (10 mice 
seropositive of 10 mice tested), 100% (10 of 10), 90% (8 of 9 sero-
positive; 1 additional mouse in this group found dead at 6 weeks 
postexposure was strongly tissue qPCR positive), 20% (2 of 10), 
70% (7 of 10), 60% (6 of 10), and 20% (2 of 10), as depicted in Fig-
ure 2 A. The majority of seropositive mice (78%) converted during 
the first 2 to 3 wk of exposure to soiled bedding, when they were 
4 to 7 wk of age (Figure 2 B).

Correlation of MFI serology and lymphoid tissue qPCR results 
in sentinel mice. Seropositive mice were euthanized by carbon 
dioxide inhalation after initial seroconversion was detected in 
antemortem blood samples, almost always within 1 wk after the 
positive antemortem blood was collected. All remaining mice 
were euthanized 12 wk after their initial exposure to MPV-con-

Figure 1. Mean MPV DNA copies per fecal pellet (expressed in log10 
scale) from MPV-infected SCID mice used to produce MPV-contaminat-
ed bedding during the 12-wk sentinel mouse exposure period, as deter-
mined by qPCR.

Figure 2. (A) Cumulative incidence of MPV rVP2-seropositive mice in 
each bedding dilution group during the 12-wk exposure period. (B) Per-
centage of mice within each bedding dilution group that converted to 
seropositivity at each time point. Of the 45 mice that seroconverted, 35 
(78%) did so during the first exposure period.
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finding is consistent with the relatively higher susceptibility of 
young mice to productive MPV1 infection as compared with that 
in older mice.3 However, we cannot exclude a dose-dependent 
phenomenon because the vast majority (83%) of mice that sero-
converted during this timeframe were from the groups exposed 
to the 3 highest concentrations of contaminated bedding. The 
amount of virus to which sentinel mice were exposed was ex-
tremely high: approximately 1 × 107 MPV copies per fecal pellet 
on average. We estimated fecal output from our MPV-infected 
SCID mice to be approximately 2000 fecal pellets per cage of 4 
mice per week (data not shown), which extrapolates to 2 × 1010 
MPV copies in the bedding of each source cage used to prepare 
the dilution series each week. Therefore, the 5-fold serial dilu-
tions that were used for sentinels in this study emulated scenarios 
of chronic MPV exposures ranging from 4 × 109 MPV copies at 
the 1:5 dilution (400 fecal pellets) to 2.5 × 105 MPV copies at the 
1:78,125 dilution (less than 1 fecal pellet). That infection occurred 
in even 2 of the mice within the highest bedding dilution group 
(1:78,125) was surprising, although fragmentation of fecal pellets 
likely occurred during preparation of the soiled bedding dilu-
tions, and clean bedding was used as diluent such that an inquisi-
tive mouse might seek and possibly ingest the small amounts of 
foreign fecal material present. To our knowledge, the foraging be-
havior of mice when housed on soiled bedding originating from 
unrelated mice has not been studied.

Ten mice seroconverted between 8 and 16 wk of age when ex-
posed weekly to various concentrations of MPV, indicating that 

Discrepant diagnostic test results were detected in the remain-
ing 6 mice. Five mice were seropositive to MPV rVP2 but nega-
tive to rNS1 antigen when evaluated antemortem. One of these 
mice became seropositive to rNS1 at postmortem examination; 
and its lymphoid tissue was qPCR positive (interpreted as a true 
positive). Three of these 5 mice displayed similar serologic results 
(mean MPV rVP2 mfi, 2087; rNS1, negative) and were lymphoid 
tissue qPCR positive (mean = 6.1 × 104 viral DNA copies per 2 μL 
tissue DNA) upon postmortem examination (also interpreted as 
true positives). The fifth mouse displayed a low MPV rVP2 MFI 
result initially (mfi, 227), and was seronegative to both antigens 
and lymphoid tissue qPCR negative at postmortem examination 
(interpreted as a false positive). The remaining mouse that yield-
ed discrepant results displayed a low seropositive result to rNS1 
(mfi, 177) but was negative to MPV rVP2 antigen at the postmor-
tem serologic evaluation and was lymphoid tissue qPCR negative 
(also interpreted as a false positive).

Comparing antemortem MFI assays to postmortem lymphoid 
tissue qPCR results revealed that the sensitivity and specificity of 
the rNS1 assay (with exact 95% confidence boundaries) was 95.6% 
(84.7%, 99.5%) and 95.8% (78.9%, 99.9%). Corresponding values 
of sensitivity and specificity for the rVP2 assay were 100% (92.0%, 
100%) and 95.8% (78.9%, 99.9%). The kappa value for agreement 
between these assays was excellent at 0.81, and the McNemar 
test (χ2 =1.50, P = 0.22) showed they did not significantly differ 
in results, regardless of the bedding dilution to which mice were 
exposed (Figure 3).

Stability of infectious MPV in soiled bedding. Four groups of 2 
weanling C3H mice each were housed for 2 weeks on MPV-con-
taminated bedding from infected SCID mice, which was either 
undiluted or diluted 1:125 and then stored at room temperature 
for either 4 or 8 wk. Three weeks after being housed on this bed-
ding, sera and lymphoid tissues were harvested from the mice and 
evaluated by MPV MFI and qPCR, respectively. Only the 2 mice ex-
posed to undiluted contaminated bedding stored for 4 wk serocon-
verted (mean MPV rVP2 mfi, 16900) and displayed high lymphoid 
tissue viral DNA loads (mean = 520 viral DNA copies per 2 μl tis-
sue DNA). Mice in the remaining groups remained seronegative 
and displayed negative lymphoid tissue viral loads by qPCR.

Discussion
There was a high level of agreement among the 3 MPV diag-

nostic assays used, independent of the bedding dilution group to 
which mice were exposed. With estimated relative test sensitivity 
and specificity of 100% and 95.7%, respectively, the rVP2 MFI 
slightly outperformed the rNS1 MFI as compared with our gold 
standard assay of qPCR results in tissues harvested postmortem. 
High lymphoid tissue viral loads were detected in all mice that 
seroconverted to MPV rVP2, and all but 3 mice that were MPV 
rVP2 seropositive were also seropositive to rNS1. The latter re-
sults suggest exposure without productive infection , consistent 
with findings reported previously in mice experimentally inocu-
lated with MPV1 at 8 and 12 wk of age.3 False-positive serology 
results, 1 each to rNS1 and MPV rVP2 antigen, were detected in 
2 mice, as suggested by low seroreactivity and failure to detect 
MPV DNA by qPCR. Viral DNA was not detected by qPCR in 
any of the mice that were seronegative to both rNS1 and MPV 
rVP2 antigens.

Most sentinel mice (78%) were infected during the first 2- to 
3-wk exposure period, when the mice were 4 to 7 wk of age. This 

Figure 3. Scatter plots of mean number of MPV DNA copies per 2 μl 
DNA extract (expressed in log10 scale) detected in lymph node and 
spleen, correlated to (A) rNS1 and (B) MPV rVP2 MFI serology results. 
For both antigens, median fluorescent intensity (mfi) values greater than 
125 are considered positive.
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older mice can indeed become productively infected if exposed 
to a sufficient dose of virus. Of the mice that remained seronega-
tive on 1 or both assays throughout the 12 wk study period, all 
were from groups exposed to soiled bedding diluted to at least 
1:125, indicating that the exposure dose among sentinels is criti-
cal to inducing an infection. However, the cumulative incidence 
among sentinel mice in each group did not correlate directly with 
the amount of virus in the bedding—that is, only 2 mice in the 
1:625 dilution group seroconverted, whereas 7 and 6 mice sero-
converted in the 1:3125 and 1:15625 dilution groups, respectively. 
This finding suggests interindividual variation among the mice, 
possibly due to either behavioral variables (for example, inges-
tion related to coprophagic or burrowing behavior) or to other 
yet-undefined stochastic processes. Alternatively, at these levels 
of bedding dilution, the amount of fecal fragments present may 
have varied and could have resulted in the variable transmission 
to the sentinel mice. Regardless, this situation increases the com-
plexities associated with consistent sentinel detection of MPV.

The fecal viral loads detected in our infected SCID mice 
throughout the 12 wk study are similar to those we reported pre-
viously for acutely infected immunocompetent mice (> 106 copies 
per fecal pellet).1 As a result, each bedding dilution in our study 
approximates various ratios of cages containing acutely infected 
mice to those containing uninfected mice in the population being 
monitored by the sentinel. In contrast, the fecal viral load in im-
munocompetent mice after induction of an immune response was 
at least 10,000-fold lower in concentration. Therefore, our high-
est dilution groups in which only poor seroconversion was seen 
mimic viral levels shed from chronically infected immunocom-
petent mice. This finding suggests that sentinel-based detection of 
MPV occurs primarily when there are sufficient numbers of acutely 
infected colony mice present, particularly when acute shedding 
coincides with exposure of postweanling-age sentinel mice.

We also evaluated the viability of infectious MPV within soiled 
bedding stored at room temperature for 4 and 8 wk because 
parvoviruses are relatively resistant to physicochemical deg-
radation4-6 and because MPV1 remains infective under normal 
environmental conditions for at least 7 d.18 Undiluted bedding 
collected from SCID mice persistently infected with MPV1 and 
stored for 4 wk (but not 8 wk) induced productive infection in 
exposed mice, whereas bedding diluted 1:125 did not induce in-
fections in naïve mice after storage for 4 wk or longer. These find-
ings suggest that the amount of infectious virus within the milieu 
of soiled bedding diminishes over time to levels below the critical 
threshold required to induce productive infection in mice. Future 
studies of this issue will be required to help further define any 
dose-dependent thresholds, which could become important com-
ponents of infection control strategies within MPV-contaminated 
colonies.

Collectively, our findings indicate that seroconversion occurs 
consistently in young mice exposed to high doses of MPV1 virus 
equivalent to those shed by acutely infected mice, whereas sero-
conversion is inconsistent in mice chronically exposed to lower 
doses of virus that mimic those shed by MPV-infected mice after 
an adaptive immune response.
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