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Mice are frequently used as animal models for the study of rotaviral infections. Since natural infection is
common in laboratory mice, it is important that rotaviral studies, as well as other studies utilizing suckling
mice, employ animals of known immune status to murine rotavirus. A variety of homologous and heterologous
enzyme immunoassay systems and an immunofluorescence technique were thus compared to determine the
immunoassay that is most effective at detecting adult mice seropositive for rotaviral antibody. It was
determined that a homologous enzyme immunoassay inhibition technique utilizing murine rotavirus-derived
reagents was the most efficient serologic assay evaluated. A serologic response was consistently detected by this
assay by 5 days after experimental rotaviral inoculation of adult mice. A homologous antibody-binding enzyme
immunoassay, a heterologous inhibition enzyme immunoassay utilizing antigenically related simian rotavirus
(SA-ll) reagents, and an immunofluorescence technique utilizing Nebraska calf diarrhea virus antigens were
found to be less sensitive for detecting serum antibody to murine rotavirus,

Rotaviruses are important causes of acute gastroenteritis
in numerous species of animals, including humans (1, 3, 9).
Murine rotavirus (MRV) infection is frequently used as an
animal model to study the pathogenesis of and immune
response to rotaviral infections (2, 8, 10, 13-15, 20). In
addition to MRV, nonmurine strains of rotavirus are fre-
quently experimentally inoculated into suckling mice (4, 11,
12). Since MRV is widespread and highly contagious, it is
imperative that animals to be used in rotaviral research be
carefully examined for evidence of MRV infection. Three
strains of MRV, designated EW, EB, and EHP, have re-
cently been reported (6). All three strains are pathogenic for
suckling mice. The only consistent clinical sign of MRV
infection is diarrhea within the first 10 to 14 days of life.
Adult mice do not develop clinically apparent disease, but
viral antigens can be detected in intestinal tissues and
seroconversion occurs (2, 15). Of particular concern is the
possibility that pregnant, seronegative mice could be ex-
posed to MRV while being transported or housed awaiting
the birth of their litters. In such a situation, subciinical
infection and seroconversion in the adult mice could alter the
susceptibility of newborn mice to rotaviral infection and thus
have a deleterious effect on rotaviral research utilizing the
mouse as a model. Additionally, the detection of MRV
infection would be of importance in any type of research in
which suckling mice are utilized. In this setting, the presence
of diarrhea in experimental animals could invalidate the data
obtained from these animals. We thus decided to evaluate a

variety of immunoassays to determine which would most
efficiently detect rotaviral antibody in mice experimentally
infected as adults.

MATERIALS AND METHODS
Animals. Pregnant, specific-pathogen-free CD-1 mice were

obtained from a commercial supplier (Charles River Breed-
ing Laboratories, Inc., Portage, Mich.). Mice were tested
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upon arrival for antibodies to MRV utilizing the homologous
antibody-binding and inhibition enzyme immunoassays de-
scribed below. All incoming animals tested negative for
rotaviral antibody. The dams were allowed to give birth
naturally, and the pups remained with the dam until weaning
at 21 days of age, àt which time they were removed and
grouped according to sex. All animals were housed, five to
six animals per cage, in solid-bottom polycarbonate cages
supplied with hardwood chip bedding and covered with a
flexible filter bonnet. Mice were fed a commercial rodent diet
and provided with water ad libitum. Male and female CD-1
mice ranging in age from 30 to 106 days were also purchased
and served as sources of rotaviral antibody-free sera for
standardization of the enzyme immunoassays.

Virus. The MRV utilized in the studies was originally
obtained from Michael Collins (Microbiological Associates,
Bethesda, Md.). This isolate is believed to correspond to the
EW strain (6). Preparations for mouse inoculation were
made from intestinal tracts collected from MRV-infected
suckling mice. Pooled intestines were ground in a hand-held
Tenbroeck grinder containing sufficient phosphate-buffered
saline with 0.01% CaCi2 and MgCl2 H20 to produce a 10%
(wt/vol) suspension, briefly sonicated, and extracted twice
with 0.5 volume of Freon 113. The aqueous phase was

collected and centrifuged at 10,000 x g for 30 min at 5°C, and
the resulting supernatant was passed through a membrane
filter having a pore size of 0.2 ,um. The filtrate, which
constituted the inoculation stock, was divided into small
aliquots and stored at -70°C. The 100% mouse infectious
dose (MIDioe) of the inoculum was determined by feeding
serial 10-fold dilutions of the stock suspension to litters of 5-
to 7-day-old suckling mice. The lowest dose that caused
illness in all animals of the litter 3 days after inoculation was

considered to be 1 MID1oo.
The simian rotavirus (SA-11) and Nebraska calf diarrhea

virus were originally obtained from H. Malherbe (Salt Lake
City, Utah) and R. G. Wyatt (Bethesda, Md.), respectively
and were propagated in MA-104 cells by standard proce-

dures (17).
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Antigens. The MRV preparation used in the enzyme
immunoassays was prepared from intestines collected from
MRV-infected suckling mice. An intestinal homogenate was
prepared and extracted with Freon 113 as described above.
The aqueous phase collected after Freon extraction was
centrifuged at 10,000 x g for 30 min at 5°C, and the resulting
supernatant was placed on a discontinuous 20%/60% (wt/vol)
sucrose cushion. After centrifugation at 100,000 x g for 2 h
at 5°C, the material at the interface of the two sucrose
solutions was collected, divided into small aliquots, and
stored at -70°C. This material served as a semipurified MRV
stock.

Semipurified SA-11 virus stock was prepared in a similar
manner. Supernatant from SA-11 virus-infected cell cultures
was briefly sonicated and centrifuged at 10,000 x g for 30
min at 5°C. The supernatant was collected, layered onto a
discontinuous 20%/60% (wt/vol) sucrose cushion, and cen-
trifuged as above. The material at the interface of the
sucrose layers was collected and stored at -70°C. The viral
suspension contained approximately 8 x 106 PFU.

Antisera. Chicken antisera to MRV and SA-11 virus were
produced by the intramuscular inoculation of laying hens
with 1 ml of the semipurified MRV or SA-11 viral prepara-
tion emulsified in an equal volume of Freund complete
adjuvant. Fourteen days later, the chickens were given a
booster injection of viral preparation emulsified in Freund
incomplete adjuvant. Twenty-eight days after the initial
injection, sera were collected for use in the enzyme im-
munoassays.
Guinea pig antisera to MRV and SA-11 viruses were

produced in a similar manner after the subcutaneous inocu-
lation of guinea pigs with the appropriate semipurified viral
preparation.
Mouse antiserum to MRV was prepared by oral inocula-

tion of 7- to 14-day-old suckling mice with MRV-containing
intestinal homogenates. Twenty-eight days after inoculation,
the mice were exsanguinated, and the sera were collected
and pooled. This serum pool served as the positive serum
control standard. Noninoculated weanling mice served as
the source for pooled negative control standard serum.
Animal inoculation. Weanling mice were divided into two

experimental study groups. The preliminary study group
consisted of 52 28-day-old mice obtained from nine litters.
Before inoculation of the mice with MRV, five randomly
selected animals were exsanguinated to document the
rotavirus-seronegative status of the group. The remaining
mice were orally inoculated with 2 x 103 MIDioe of MRV and
divided into five groups. One randomly selected animal from
each group was exsanguinated on selected days postinocula-
tion. Serum was collected and stored at -70°C until used in
the serologic assays.
The second study group consisted of 20 28-day-old mice

which were inoculated intragastrically via an 18-gauge gas-
tric gavage needle with approximately 2 x 104 MID100 of
MRV. Each mouse was bled before virus inoculation and on
selected days thereafter. The serum obtained was stored at
-700C.
Enzyme immunoassays. Modifications of previously de-

scribed antibody-binding (23) and inhibition (22) enzyme
immunoassay systems were used to detect serum antibodies
to MRV. Optimal dilutions for all reagents utilized in the
immunoassays were determined by checkerboard titration
(18). The isotype reactivity of the peroxidase-conjugated
antisera was determined by reactions with mouse myeloma
proteins (Litton Bionetics, Charleston, S.C.) bound to poly-
styrene microtiter plates.

The antibody-binding enzyme immunoassay for MRV
antibody was conducted by first coating the wells of poly-
styrene microtiter plates (Immulon 2; Dynatech Laborato-
ries, Inc., Alexandria, Va.) with either nonimmune chicken
sera or chicken antiserum to MRV diluted in carbonate
buffer (pH 9.6). After overnight incubation at 4°C, the wells
were washed with phosphate-buffered saline containing
0.05% Tween 20 and covered with semipurified MRV stock
for 2 h at 37°C. The wells were again washed, covered with
the sera to be tested, and incubated overnight at 4°C. Affinity
purified, peroxidase-labeled goat antibody to mouse immu-
noglobulin G (IgG) (-y chain specific) or to IgG and IgM
(heavy and light chain specific) (Kirkegaard and Perry Lab-
oratories, Inc., Gaithersburg, Md.) was added for 2 h at
37°C, followed by the addition of substrate. The substrate
consisted of 0.4 mg of O-phenylenediamine and 0.4 ,ul of 30%
H202 per ml of 0.01 M citrate buffer (pH 5.0). The reaction
of enzyme on substrate was quantitated in a microplate
colorimeter (Biotek Instruments, Burlington, Vt.) at a wave-
length of 450 nm. For each sample tested, a net optical
density (OD) was determined by subtracting the OD reading
obtained from the wells coated with nonimmune chicken
sera from the OD reading obtained from wells coated with
chicken anti-MRV serum. Positive and negative control
standards were assayed on each plate. To determine which
test sera were positive or negative for rotaviral antibody by
this enzyme immunoassay, 42 sera obtained from a group of
rotavirus-seronegative mice were analyzed, and the standard
deviation of the negative test sera around the standard,
pooled negative control was determined. Any test sera with
a net OD value at least 3 standard deviations above the net
OD of the negative control standard was considered to be
positive for rotaviral antibodies.
Both homologous and heterologous inhibition enzyme

immunoassays were also performed. In the inhibition im-
munoassay, the presence of antibody in the test sera was
detected by the ability of specific antibody to inhibit the
binding of a standardized quantity of rotaviral antigen to the
solid phase. In the homologous inhibition immunoassay, the
serum to be tested was first mixed with a predetermined
quantity of semi-purified MRV stock and incubated over-
night at 4°C. The mixture was then transferred to the wells of
polystyrene microtiter plates that had been coated with
nonimmune or MRV hyperimmune chicken sera as above.
After incubation for 30 min at 37°C, the wells were washed
with phosphate-buffered saline-Tween 20, covered with
guinea pig antiserum to MRV, and incubated for 30 min at
37°C. The wells were again washed and affinity purified, and
peroxidase-labeled goat antibody to guinea pig IgG
(Kirkegaard and Perry Laboratories, Inc.) was added for 2 h
at 37°C, followed by the addition of the substrate. The
heterologous inhibition immunoassay was conducted in a
similar fashion but utilized SA-11 virus-derived reagents.
Both positive and negative control standards were used on
each plate, and a net OD value was determined as above.
For each test serum, percent inhibition was calculated by the
formula: % inhibition = [1 - (net OD of test serum/net OD
of negative control serum)] x 100. The 42 individual
rotavirus antibody-negative sera were again used to calcu-
late the standard deviation of negative sera around the
pooled negative control standard as described above. Any
test serum producing a level of inhibition at least 3 standard
deviations above the negative control standard was consid-
ered to be positive for rotaviral antibody.

Immunofluorescence. The indirect immunofluorescence
technique was a modification of that described previously

VOL. 25, 1987



1366 FERNER ET AL.

a)
o 4

-

2-

0 3 5 7 10 14 21 28 35 60
Days Post- Inoculation

FIG. 1. Presence of MRV antibodies in sera of experimentally
inoculated mice. Five animals were tested at each time point on days
O to 35 postinoculation. Seven animals were tested on day 60. O,
MRV inhibition enzyme immunoassay; O, anti-IgM-IgG antibody-
binding enzyme immunoassay; O, anti-IgG antibody-binding en-
zyme immunoassay; Rn, SA-11 inhibition enzyme immunoassay; a,
indirect immunofluorescence.

(19). Briefly, confluent monolayers of MA-104 cells in 96-
well tissue culture plates were infected with Nebraska calf
diarrhea virus. Twenty-four hours later, cells were fixed with
an acetone-95% ethanol mixture (6:4, vol/vol). Antibodies to
rotavirus were detected by first incubating a 1/10 dilution of
test sera with the wells, followed by fluorescein-labeled goat
antibody to mouse IgG (heavy and light chain specific)
(Antibodies Inc., Davis, Calif.). Plates were inverted and
examined with an epifluorescence microscope. Wells con-
taining fluorescent cells were scored as positive for rotaviral
antibody. Positive and negative control sera were assayed on
each plate.

RESULTS

A preliminary study was initially performed in which
serum collected from five animals at selected intervals was
analyzed for the presence of rotaviral antibodies by each of
the immunoassays described above. Serum rotaviral anti-
bodies were detected in some animals by all methods uti-
lized; however, the number of samples tested positive at
each time point varied depending on the test methodology
(Fig. 1). Serum rotaviral antibody was first detected by the
homologous inhibition enzyme immunoassay on day 5
postinoculation and was detected in at least four of the five
animals tested at each interval throughout the study. In
contrast, rotaviral antibody was first detected by the heter-
ologous inhibition immunoassay utilizing SA-11-derived re-
agents on day 28 postinoculation when only one of five
animals tested positive. Not until day 60 post inoculation
was antibody to rotavirus detected in more than half of the
animals tested by this method. Serum rotaviral antibody was
detected by the antibody-binding enzyme immunossay uti-
lizing peroxidase-conjugated anti-mouse IgG on day 21
postinoculation and was detected in at least four of the five

animals tested at each interval through the remainder of the
study. Antibody to rotavirus was detected by the binding
immunoassay utilizing the anti-IgG-IgM conjugate in one
animal on day 5 postinoculation, but it was not until 28 days
after inoculation that more than half of the animals tested at
each interval were consistently seropositive. The indirect
immunofluorescence technique first detected serum rotaviral
antibody on day 21 postinoculation, but it was not until day
60 postinoculation that antibody to rotavirus was detected in
more than half of the animals tested by this method.

After evaluating the data obtained from the preliminary
study, we determined that the homologous inhibition im-
munoassay and the binding assay utilizing an anti-IgG con-
jugate were of most value in detecting mice that had con-
verted to a rotavirus-seropositive status after infection as
adults. These two enzyme immunoassays were then used in
conjunction with indirect immunofluorescence to analyze
the serum samples obtained from the serially bled mice for
the presence of rotaviral antibodies (Fig. 2).

In agreement with the preliminary study, antibodies to
MRV were first detected by the homologous inhibition
enzyme immunoassay on day 5 postinoculation when 18 of
the 20 animals tested positive. The number of seropositive
samples detected remained high through day 64 of the study.
In comparison, rotavirus-seropositive samples were first
identified by the antibody-binding enzyme immunoassay
utilizing the peroxidase labeled anti-mouse IgG 10 days after
inoculation, but it was not until day 36 postinoculation that
more than half of the animals tested as rotavirus
seropositive. Of the 20 serum samples, 8 were tested as
rotavirus antibody positive by indirect immunofluorescence
10 days after viral inoculation. At least 9 of the 20 samples
were tested as seropositive by this methodology through day
36 postinoculation; however, the number of positive samples
had decreased to 7 of 20 at the termination of the study.
A great deal of variability among individual animals was

seen when serially obtained samples were evaluated. Of the
20 animals, 7 were found to be rotaviral antibody positive by
all three test methodologies. These animals were tested
positive by all three assays throughout the 92-day course of
the study (Table 1). A second group consisting of 10 animals
tested positive for MRV antibody by at least one of the
methods at some time during the study but reverted to
rotavirus-seronegative status on one or more of these assays
before termination of the study (Table 2). Two of these

1; 1 1i1j
O 5 O 15 22 29 36 S0 64 78 92

Days PosI-Inoculation
FIG. 2. Presence of MRV antibodies in sera of experimentally

inoculated, serially bled mice. Twenty samples were tested by each
assay at each time point. B1, MRV inhibition enzyme immunoassay;
W, anti-IgG antibody-binding enzyme immunoassay; *, indirect
immunofluorescence .
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TABLE 1. Rotavirus antibody in serially bled mice
representative of group 1

Rotavirus antibody at the following day
Animal Assay postinoculationa:
no.ystm O 5 10 15 22 29 36 50 64 78 92

1 Inhibition b - + + + + + + + + + +
Binding - - - - - + + + + + +
IFAd _ _ + + + + + + + + +

2 Inhibition - + + + + + + + + + +
Binding - - -..+ + +
IFA - - - + + + + + + +

3 Inhibition - + + + + + + + + + +
Binding - - - + - + + + + + +
IFA - - + + + + + - + + +

a +, Tested rotavirus seropositive; -, tested rotavirus seronegative.
b Homologous inhibition enzyme immunoassay.
c Antibody-binding enzyme immunoassay with enzyme-labeled, anti-mouse

IgG.
d Immunofluorescence.

animals converted to a seronegative status by all test meth-
odologies. Data obtained from the remaining three animals
are shown in Table 3. These animals were tested as positive
for MRV antibodies by the inhibition enzyme immunoassay;
however, the response was transient or sporadic, and all
three animals returned to seronegative status during the
course of the study. With the exception of one sample on day
78 postinoculation, these three animals were consistently
tested as rotavirus seronegative by the antibody-binding
enzyme immunoassay and the immunofluorescence assay.
The only assay system that detected all 20 animals as being
seropositive at some point in the study was the inhibition
immunoassay. The antibody-binding and the immuno-
fluorescent techniques detected 16 of 20 and 15 of 20
animals, respectively, as being rotavirus seropositive.

Further evaluation of the data showed that in only 4 of the
220 serum samples evaluated over the 92-day study period
did the homologous inhibition enzyme immunoassay fail to
detect antibodies to MRV when the antibodies were detected
by another assay method. In all four instances these samples
were tested positive by the antibody-binding assay utilizing
the anti-mouse IgG-peroxidase conjugate. In addition, if
samples tested as rotavirus antibody positive by any one of
the immunoassays were declared to be rotavirus sero-

positive, 166 of the 200 serum samples collected after MRV
inoculation would be judged to contain rotaviral antibodies.
Of these 166 samples, 162 were tested positive by the
homologous inhibition assay, while 63 and 78 samples were

tested positive by the antibody-binding and immunofluores-
cence tests, respectively.

DISCUSSION

The group A rotaviruses possess common antigens that
are located largely on the inner capsid protein, VP6, as well
as virus neutralization or serotype-specific antigens located
on outer capsid proteins VP3 and VP7 (5, 7). Owing to the
presence of the common inner capsid determinants, heterol-
ogous rotaviruses are frequently used as sources of antigens
to be utilized in assays for the detection of rotaviral anti-
body. Viral antigens derived from SA-11 virus have thus
been previously reported to be an efficient substitute for
MRV antigens in the detection of serum antibody to MRV
(15). In the present study, an inhibition enzyme immunoas-

TABLE 2. Rotavirus antibody in serially bled mice
representative of group 2

Rotavirus antibody at the following day
Animal Assay postinoculationa:

no. system
0 5 10 15 22 29 36 50 64 78 92

4 Inhibitionb - + + + + + + + + + +
Binding - - - - - + + + +
IFAd _ _ + + +

5 Inhibition - + + + + + + + + + +
Binding - - - - - + - + + -
IFA - - - - + +

6 Inhibition - + + + + + + + + + -
Binding - - - - - - +
IFA - - - + + +

a +, Tested rotavirus seropositive; -, tested rotavirus seronegative.
b Homologous inhibition enzyme immunoassay.
Antibody-binding enzyme immunoassay with enzyme-labeled, anti-mouse

IgG.
d Immunofluorescence.

say utilizing MRV-derived reagents was superior to the other
serologic assays evaluated in that antibody was detected
earlier and more consistently in experimentally inoculated
adult animals. Assays using antigenically related rotaviruses
were also evaluated. These assay systems were found to be
less sensitive methodologies for detecting serum antibody to
MRV. This discrepancy between these results and those of
previous studies might be accounted for by differences in
test methodologies or experimental protocols. In the previ-
ous study, solid-phase-bound SA-11 virus was used as the
antigen in an antibody-binding immunoassay, while in the
present study SA-11 virus in solution was used as the antigen
in an inhibition enzyme immunoassay format. Additionally,
the serum samples evaluated previously were pooled sam-
ples obtained from suckling mice that were experimentally
inoculated with MRV at 1 to 7 days of age. At this age, mice
suffer an extensive intestinal infection that leads to sympto-
matic gastroenteritis. In contrast, in the present study, mice
were inoculated at 28 days of age, a time when only limited
viral replication occurs and clinical disease does not result
(2, 15). Thus, the characteristics of the immune response in
these two populations in terms of levels and subclasses of
antibody might be expected to differ. The specific purpose of
the present study was to identify an efficient and sensitive

TABLE 3. Rotavirus antibody in serially bled mice
representative of group 3

Rotavirus antibody at the following day
Animal Assay postinoculationa:

no. system
0 5 10 15 22 29 36 50 64 78 92

7 Inhibition' - + - - + - - - + - -

Bindingc
IFAd -

8 Inhibition - +
Binding - - +
IFA - -

9 Inhibition - +
Binding
IFA - -

a +, Tested rotavirus seropositive;-, tested rotavirus seronegative.
b Homologous inhibition enzyme immunoassay.
' Antibody-binding enzyme immunoassay with enzyme-labeled, anti-mouse

IgG.
d Immunofluorescence.
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method for the detection of animals initially exposed to
MRV upon shipping or upon introduction into our colonies.
For this purpose, the inhibition enzyme immunoassay utiliz-
ing MRV-derived reagents was clearly the most efficient.

Previous studies have shown that rotaviruses derived from
different host species can be distinguished by postinfection
serum virus-blocking activity in an enzyme-linked immuno-
sorbent assay (21). The present data demonstrated that an

inhibition enzyme immunoassay utilizing MRV-derived re-

agents was more effective at detecting MRV antibody than
was an assay utilizing SA-11 virus-derived reagents. The
data are thus consistent with previous observations and
indicate that postinfection serum having antibody to both
type- and group-specific antigenic determinants more effi-
ciently blocks the binding of homologous virus, as opposed
to heterologous virus, to the solid-phase-adsorbed capture
antibody in the inhibition enzyme immunoassay format.
A homologous inhibition enzyme immunoassay similar to

that reported here has been used previously in a study of the
immune response to experimental MRV infection (2). While
a postinoculation period of only 10 days was evaluated in
that study, by 5 days after inoculation antibody was detected
in animals inoculated either 1 or 28 days of age. Earlier
studies in suckling mice indicate that this early antibody is
most likely IgM (15); however, we have been unable to
confirm this when either goat anti-mouse IgM-IgG (Fig. 1) or
goat anti-mouse IgM (unpublished observation) antibody
conjugates were used in an antibody-binding enzyme im-
munoassay format. The reason for the increased sensitivity
of the inhibition assay versus the antibody-binding assay is
not clear but may relate to the relative stability of virus-
antibody binding in solution (as in the inhibition assay) as

compared with antibody binding to solid-phase-bound anti-
gen (as in the antibody-binding assay). It may also relate to
variations in immunoglobulin isotypes or subclasses recog-

nized by the various enzyme-labeled antiglobulins utilized in
the studies. Regardless of the antibody isotype present in the
early phase of the antirotaviral immune response, the ho-
mologous inhibition assay was consistently effective at de-
tecting this response; thus, similar assays might also be
considered for use in the early, serologic diagnosis of infec-
tion with other viral agents.

Other investigators have compared an antibody-binding
enzyme immunoassay with indirect immunofluorescence to

determine which methodology could most effectively detect
previous exposure to rotavirus in laboratory mice (16).
These workers suggest that the enzyme immunoassay is
more sensitive than immunofluorescence. However, single
serum samples from only 23 mice were evaluated in this
study. Our data showed that the immunofluorescence test

may be slightly more sensitive than the antibody-binding
enzyme immunoassay, although the two assay systems were

roughly comparable.
The variability seen in the sequentially obtained serum

samples serves to point out that even when a combination of
immunoassays is utilized, an animal may be tested as immu-
nologically naive to rotavirus when, in fact, it has been
previously infected with MRV and has generated an immune
response. Whether these animals are more likely to subse-

quently excrete virus and thereby serve as a source of

colony infection is not known. Patterns of viral shedding in
adult animals and the relationship between viral shedding
and persistence of a detectable immune response should be

examined in future studies. Additionally, the natural course

of rotaviral infection in offspring of truly immunologically
naive dams versus those from dams exposed to virus but

either lacking or possessing detectable immune responses
should be further examined.
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