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Respiratory symptoms with rotavirus shedding in nasopharyngeal secretions have been reported in children
with and without gastrointestinal symptoms (Zheng et al., 1991, J. Med. Virol. 34:29–37). To investigate if
attenuated and virulent human rotavirus (HRV) strains cause upper respiratory tract infections or viremia in
gnotobiotic pigs, we inoculated them with attenuated or virulent HRV intranasally, intravenously, or orally or
via feeding tube (gavage) and assayed virus shedding. After oral or intranasal inoculation with attenuated
HRV, the pigs remained asymptomatic, but 79 to 95% shed virus nasally and 5 to 17% shed virus rectally. After
inoculation by gavage, no pigs shed virus nasally or rectally, but all pigs seroconverted with antibodies to HRV.
No viremia was detected through postinoculation day 10. Controls inoculated intranasally with nonreplicating
rotavirus-like particles or mock inoculated did not shed virus. In contrast, 100% of pigs inoculated with
virulent HRV (oral, intranasal, or gavage) developed diarrhea, shed virus nasally and rectally, and had
viremia. The infectivity of sera from the viremic virulent HRV-inoculated pigs was confirmed by inoculating
gnotobiotic pigs orally with pooled HRV-positive serum. Serum-inoculated pigs developed diarrhea and fecal
and nasal virus shedding and seroconverted with serum and intestinal HRV antibodies. Pigs inoculated
intravenously with serum or intestinal contents from the viremic virulent HRV-inoculated pigs developed
diarrhea, virus shedding, and viremia, similar to the orally inoculated pigs. This study provides new evidence
that virulent HRV causes transient viremia and upper respiratory tract infection in addition to gastrointestinal
infection in gnotobiotic pigs, confirming previous reports of rotavirus antigenemia (Blutt et al., Lancet
362:1445–1449, 2003). Our data also suggest that intestinal infection might be initiated from the basolateral
side of the epithelial cells via viremia. Additionally, virus shedding patterns indicate a different pathogenesis
for attenuated versus virulent HRV.

Group A rotaviruses are the most common cause of dehy-
drating diarrhea in infants and young children worldwide, with
more than 2 million hospitalizations yearly and approximately
440,000 deaths. It is estimated that 82% of rotavirus deaths
occur in children in the poorest countries (23). Rotavirus trans-
mission occurs mainly by the fecal-oral route, although respi-
ratory transmission has been suggested to occur (7).

Rotavirus infection was thought to be limited to the gastro-
intestinal tract. However, respiratory symptoms and rotavirus
shedding in nasopharyngeal secretions have been reported in
children with and without gastrointestinal symptoms (19, 26,
42). Rotavirus antigen was detected in the lung of 1 of 13
experimentally infected 3-week-old conventional pigs at posti-
noculation day 2 (30) and in liver and kidney specimens from
immunodeficient children (9). Rotavirus RNA has also been
detected in cerebrospinal fluid and blood of children with
central nervous system disease (20, 34). Recently, Blutt and
colleagues (2) detected rotavirus antigenemia in the serum of
children, mice, rabbits, and calves. They further demonstrated
that serum from infected mice induced rectal rotavirus antigen
shedding after oral inoculation of rotavirus-negative adult mice

with the serum. Previously, another enteric virus, the porcine
enteric calicivirus (PEC), has also been associated with tran-
sient viremia (infectious virus in serum) after oral inoculation
of gnotobiotic pigs (11).

We choose gnotobiotic pigs because they constitute an ani-
mal model of HRV-induced disease. Their gastrointestinal
tract physiology and their development of mucosal immunity
resemble that of humans. These similarities with HRV infec-
tions of infants allow us to establish correlations which could
be applied for rotavirus vaccine development (14, 25)

The question addressed in our study was whether an atten-
uated human rotavirus and virulent HRV causes upper respi-
ratory tract infections or viremia in naı̈ve neonatal gnotobiotic
pigs after various routes of inoculation. In this study we eval-
uated nasal and rectal virus shedding and viremia after oral,
intranasal, feeding tube (gavage), and intravenous inoculation
of neonatal gnotobiotic pigs with the Wa strain of attenuated
HRV or virulent HRV. The presence of infectious virus in
serum of gnotobiotic pigs after oral inoculation with Wa HRV
was also investigated by oral and intravenous reinoculation of
gnotobiotic pigs with a pool of the HRV-positive sera.

MATERIALS AND METHODS

Virus. The attenuated cell culture-adapted Wa strain HRV (P1A [8]G1),
derived from the 27th HRV passage in African Green monkey kidney cells
(MA104) and the virulent Wa HRV from pooled intestinal contents of gnoto-
biotic pigs were used for inoculation of the gnotobiotic pigs at doses of 5 � 107
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fluorescent focus-forming units (FFU) and 106 median infectious doses (ID50),
respectively (40). The ID50 of the virulent Wa HRV inoculum for gnotobiotic
pigs was previously determined to be at least 1 FFU, and the attenuated Wa
HRV was previously determined to be 1.3 � 106 FFU (29, 35, 36).

Virus-like particles. Recombinant baculoviruses expressing rotavirus proteins
VP2 (bovine RF strain), provided by the late J. Cohen (Virologie Moleculaire et
Structurale, UMR CNRS-INRA, Gif-sur-Yvette, France), and VP6 (human Wa
strain) were used to produce 2/6 virus-like particles (VLPs) by coinfection of Sf9
(Spodoptera frugiperda) insect cells (6). The virus-like particles were purified as
previously described and used at 250 �g/dose as a nonreplicating control inoc-
ulum (1, 39).

Inoculation of gnotobiotic pigs. Near-term pigs were derived by surgery and
maintained in gnotobiotic isolator units as described using separate isolator units
for each treatment group (17). All pigs were seronegative for rotavirus antibodies
prior to HRV exposure. At 3 to 5 days of age, pigs were assigned to one of the
seven groups and inoculated as follows: single oral dose of attenuated HRV;
single intranasal dose of attenuated HRV; single dose of attenuated HRV by
gavage; single oral dose of virulent HRV; single intranasal dose of virulent HRV,
single dose of virulent HRV by gavage; and single oral dose of minimal essential
medium or intranasal dose of 2/6-virus-like particles (controls).

Preceding oral and gavage inoculation, pigs received 5 ml of 100 mM NaHCO3

to reduce gastric acidity. For oral inoculation, 5 ml of virus inoculum was slowly
instilled into the mouth at the back of the throat using a needleless syringe.
Inoculation via gavage was performed using a sterile feeding tube. The tubing
was inserted orally with the pigs held in a vertical position. To assure the tube was
in the stomach, milk was withdrawn with a syringe and 5 ml of virus inoculum was
then injected using the syringe. Before removing the tubing, 10 ml of minimum
essential medium was used to flush the tubing.

Nasal and rectal samples were obtained every day to monitor virus shedding,
and blood samples were obtained every other day until postinoculation day 10 for
detection of viremia. The samples were taken in the sequence blood, nasal swab,
and then rectal swab, to avoid possible cross-contamination of samples. Two
cotton-tipped wooden swabs were used per pig per day to obtain the rectal swabs.
For nasal swabs, one calcium alginate fiber-tipped aluminum swab was used per
nostril per day. After cleaning the intravenous collection site with alcohol wipes,
whole-blood samples were collected. After clotting, the serum and clot were
separated by centrifugation. The serum fraction was kept at �20°C until tested,
and the clot was subjected to three freeze-and-thaw cycles and kept at �20°C
until tested. Pigs from each group were euthanized at postinoculation days 1, 3,
5, 7, 10, and 21.

Detection of virus shedding and viremia by ELISA and CCIF. Nasal and rectal
swab samples and serum and blood clot were analyzed by antigen capture
enzyme-linked immunosorbent assay (ELISA) and cell culture immunofluores-
cent assay (CCIF) to detect and quantitate HRV antigen and infectious rotavi-
rus, respectively, as previously described (27, 28). Nasal and rectal swab samples
were initially diluted 1:25 in serum-free minimum essential medium, then diluted
1:4 and serially diluted 10-fold thereafter. For assessment of viremia, serum and
clot were tested by ELISA using undiluted samples and by CCIF using serial
10-fold dilutions. For both the ELISA and CCIF tests, nasal and rectal swab
fluids and serum from mock-inoculated pigs were used as negative controls.
CsCl-purified rotavirus or HRV-positive rectal swab fluids from previously tested
HRV-inoculated pigs were used as positive controls.

The final CCIF titers were calculated based on the final dilution factor as the
reciprocal of the highest dilution showing positive fluorescing cells. In antigen
capture ELISA, half of the 96-well plates were coated with rotavirus-specific
hyperimmune serum and the other half with a rotavirus-negative control serum.
Samples were added in duplicate wells to both halves of the plate, and the ratio
between the mean absorbance from the rotavirus-positive and rotavirus-negative
serum-coated wells was calculated. The cutoff value was calculated as the mean
absorbance from the negative coating wells plus 3 standard deviations. Samples
with a ratio �2 and absorbance value higher than the cutoff value were consid-
ered positive. Antigen ELISA results are shown as the mean absorbance of
replicate samples detected at 405 nm wavelength.

Reverse transcription-PCR. Antigenemia detected by the antigen capture
ELISA in undiluted serum was confirmed by reverse transcription-PCR. The
RNA was extracted from serum of inoculated pigs by using Trizol according to
the manufacturer’s instructions (Life Technologies, Grand Island, N.Y.). The
reverse transcription-PCR was conducted with primers to the VP7 gene as
previously described by Gouvea et al. (10). Serum from mock-inoculated pigs
and water were used as negative controls. Tissue-cultured rotavirus or HRV-
positive rectal swab fluids from previously tested virulent HRV-inoculated pigs
were used as positive controls.

Serum infectivity. To determine if rotavirus present in the sera of HRV-
inoculated pigs was infectious, the serum from pigs bled between postinoculation
days 1 and 6 was pooled for each separate treatment group and filtered through
0.22-�m cellulose acetate filters. Three groups of pigs were inoculated orally,
with each pig receiving 5 ml of the pooled serum from the attenuated HRV-,
virulent HRV-, or mock-inoculated pigs.

Basolateral infection of the intestine. To investigate if rotavirus, as demon-
strated for PEC (11), could infect the intestinal epithelial cells via the basolateral
side through the bloodstream and cause diarrhea, eight gnotobiotic pigs were
inoculated intravenously (1 ml volume) via the anterior vena cava or jugular vein.
Two pigs received pooled serum from the virulent HRV-inoculated pigs. Six
other positive control pigs in separate isolator units received intestinal contents
containing virulent HRV at a dose of 104 ID50 to 106 ID50. The inoculation site
and any surface blood were wiped with 70% alcohol before and after injection to
avoid the potential for oral infection of the pigs. Two of the eight pigs were
euthanized at onset of diarrhea, and the remaining pigs were examined for 7 days
for the presence of diarrhea or nasal or rectal virus shedding and euthanized at
postinoculation day 21.

Isotype antibody ELISA. Serum from pigs that did not shed virus and serum
and intestinal contents from pigs inoculated intravenous with virulent HRV were
tested by antibody-ELISA as previously described for seroconversion to immu-
noglobulin M (IgM), IgA, and IgG antibodies to HRV (1, 24, 32).

Statistical analysis. The proportions of pigs that shed virus or developed
viremia were compared using Fisher’s exact test. One-way analysis of variance
was used to compare mean duration of virus shedding and mean peak titers of
virus shed between groups. Statistical significance was assessed at P � 0.05
throughout. Pearson’s correlation coefficients were assessed for the level of nasal
and rectal shedding and antigenemia in the three groups of pigs receiving viru-
lent HRV. The analysis was limited to postinoculation days 1, 3, 5, and 7, where
corresponding blood, nasal, and rectal samples were available. Pearson’s corre-
lation was also used to evaluate the correlation between levels of antigen shed-
ding by ELISA (absorbance values) and titers of infectious virus (log-trans-
formed values) by CCIF.

RESULTS
Attenuated and virulent HRV were shed nasally in gnotobi-

otic pigs inoculated intranasally or orally, but only virulent
HRV was shed nasally after gavage inoculation. After inocu-
lation with attenuated HRV (oral or intranasal), 79 to 95% of
pigs shed virus in nasal specimens by either CCIF or ELISA
test from postinoculation days 1 to 7. Pigs inoculated via ga-
vage with attenuated HRV had no detectable nasal shedding
(Table 1, Fig. 1 and 2). In contrast, all pigs inoculated orally,
intranasally, or via gavage with virulent HRV shed virus na-
sally. Nasal shedding was detected from postinoculation days 1
to 7 in the pigs inoculated with virulent HRV orally or by
gavage and from postinoculation days 2 to 7 in pigs inoculated
intranasally and lasted at least 1 day longer than rectal shed-
ding in 60% of the pigs. The mean duration of nasal shedding
was significantly longer (P � 0.05) in pigs inoculated with
virulent HRV (3 to 5 days) than with attenuated HRV (1.4 to
1.7 days) (Table 1). There was no statistical difference in the
average peak titer of virus shed between the two groups or the
routes used, except for the pigs given attenuated HRV via
gavage, which did not shed virus. No vomiting was observed in
any pigs after inoculation via gavage. Therefore, regurgitation
of virus from the stomach, resulting in nasal shedding, was
unlikely in the virulent HRV-inoculated pigs.

Significant positive correlations between levels of antigen
shedding and titer of infectious virus were observed only in
nasal specimens of the attenuated HRV group at postinocula-
tion day 2 (R � 0.55, P � 0.013) and postinoculation day 6
(R � 0.52, P � 0.048). Levels of antigen shedding and titer of
infectious virus was also significantly positively correlated for
nasal and rectal samples from the three virulent HRV groups,
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mainly at postinoculation days 1, 2, 3, and 6 (R � 0.88, P �
0.0017; R � 0.888, P � 0.018; R � 0.966, P � 0.0017; and R �
0.6, P � 0.0051, respectively).

Attenuated HRV induced lower rates of rectal shedding,
whereas virulent HRV induced rectal shedding in 100% of pigs
independent of the inoculation route (Table 1; Fig. 1 and 2).
Only 5 to 17% of the pigs inoculated intranasally or orally with
attenuated HRV shed virus rectally. Pigs inoculated with at-
tenuated HRV via gavage had no detectable rectal rotavirus
shedding, but they seroconverted with antibodies to HRV
(data not shown). Rectal rotavirus shedding was present from
postinoculation days 1 to 6 in all pigs inoculated with virulent
HRV orally or by gavage and was detected from postinocula-
tion days 2 to 7 in all pigs inoculated with virulent HRV
intranasally. Pigs inoculated with attenuated HRV intranasally
had significantly longer time to onset of rectal shedding than
the virulent HRV-inoculated pigs.

Inoculation of gnotobiotic pigs with virulent but not atten-
uated HRV caused a transient low level of antigenemia in
serum. Antigenemia and rotaviral RNA were detected in se-
rum by ELISA and reverse transcription-PCR, respectively,
but viremia could not be detected by CCIF (Table 1). This
finding may be explained by interference of certain serum
components with virus infectivity and replication in cell culture
(see Discussion). The serum fraction but not the clot was
positive for HRV antigen by ELISA. Antigenemia was not
detected in any of the attenuated HRV-inoculated pigs by
ELISA, nor was viral RNA detected by reverse transcription-
PCR. All pigs inoculated with virulent HRV developed anti-
genemia between postinoculation days 1 and 7 (Fig. 3), and the
presence of rotavirus genomic RNA in serum was confirmed by
reverse transcription-PCR (Table 1).

Levels of nasal and rectal shedding correlated with antigen-
emia in pigs receiving virulent HRV by the different routes.
Significant positive correlations for levels of antigenemia and
nasal and rectal shedding were observed mainly at postinocu-
lation days 3 to 5. Positive correlations were observed in the
virulent HRV intranasal and oral groups between rectal shed-

ding and antigenemia (R � 0.96, P � 0.0018 and R � 0.64, P �
0.0057, respectively) at postinoculation day 3. In the virulent
HRV oral group, positive correlations were found between
nasal and rectal shedding at postinoculation days 3 and 5 (R �
0.53, P � 0.02 and R � 0.8, P � 0.0001, respectively). For the
virulent HRV gavage group, a positive correlation between
nasal and rectal shedding (R � 0.76, P � 0.02) was also seen at
postinoculation day 5. For the virulent HRV intranasal group,
a strong positive correlation between nasal and rectal shedding
occurred at postinoculation day 7 (R � 0.92, P � 0.0077).

Intravenous inoculation of pigs with virulent HRV induces
infection of the gut and diarrhea. Pigs inoculated intravenously
with 104 ID50 of virulent HRV shed virus nasally at postinocu-
lation day 4 and rectally at postinoculation day 5 (data not
shown), whereas two pigs receiving 106 ID50 of virulent HRV
intravenously shed virus nasally and rectally as early as posti-
noculation day 3 (Table 2). Rotavirus antigens were found in
the duodenum, jejunum, and ileum of such pigs (data not
shown). The HRV-specific IgM, IgA, and IgG antibodies were
detected in serum and intestinal contents of pigs inoculated
intravenously with virulent HRV, reaching titers of 16,385,
8,192, and 8,192 in the serum, respectively, and 256, 128, and
16 in the intestinal contents, respectively, at postinoculation
day 21.

Virulent HRV induces not only antigenemia but also vire-
mia assessed by in vivo virus infectivity assay of pooled serum
from virulent HRV-inoculated pigs. The infectivity of virus in
serum from the pigs with antigenemia was confirmed by inoc-
ulating the pigs orally with a pool of antigen ELISA-positive
sera from the virulent HRV-inoculated pigs. All pigs inocu-
lated orally with the pooled serum from the virulent HRV-
inoculated pigs developed diarrhea, rectal and nasal virus
shedding, and transient antigenemia (Table 2) and serocon-
verted to HRV. The pigs in this group developed IgM (256 and
256), IgA (8,192 and 128), and IgG (32,786 and 181) antibody
responses in serum and intestinal contents, respectively, at
postinoculation day 21. None of the pigs inoculated orally with

TABLE 1. Nasal and rectal virus shedding in gnotobiotic pigs after inoculation with attenuated and virulent Wa HRV by the oral (PO) and
intranasal (IN) routes or by gavagea

Treatment No. of
pigs

Nasal virus shedding Rectal virus shedding Virus in serumb

(% of pigs)

%c Days to
onset

Mean
duration

(days)

Peak titer
(FFU/ml) %b Days to

onset

Mean
duration

(days)

Peak titer
(FFU/ml)

ELISA
(antigen)

RT-PCR
(RNA)

Attenuated HRV
IN 23 95A 2.4A 1.7C 3 � 104 5C 3.5A 1C 3.4 � 103 0 0
PO 29 79A 2.1A 1.4C 7 � 103 17B 2.3AB 0.9C 1 � 103 0 0
Gavage 6 0B 0B 0D 0C 0D 0 0

Virulent HRV
IN 6 100A 2A 5A 1.5 � 104 100A 2B 4A 1.8 � 105 100 100
PO 20 100A 1.6A 3.4B 5 � 103 100A 1.5B 3B 4 � 104 100 100
Gavage 8 100A 2A 3.5B 3.4 � 103 100A 1.8B 3.2B 6.8 � 104 100 100

Control (MEM or VLP),
PO or IN

10 0B 0B 0D 0C 0D 0 0

a Values in the same column with different superscript letters differ significantly (Fisher’s exact test, P � 0.05, or analysis of variance).
b No infectious virus (viremia) was detected in the serum of any inoculated pig by CCIF; percent positive pigs determined by ELISA or RT-PCR.
c % of pigs shedding virus by ELISA and/or CCIF.
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sera from attenuated HRV- or mock-inoculated pigs shed virus
or seroconverted with antibodies to HRV.

DISCUSSION

In this study we demonstrated nasal shedding after inocula-
tion of gnotobiotic pigs with attenuated HRV and virulent
HRV. To clarify if the presence of HRV in the nasal tract was
a result of replication of attenuated and virulent HRV in the
respiratory tract/oral cavity or was only residual inoculum re-
maining in the nasopharyngeal region, gnotobiotic pigs were
also orally inoculated with a gavage tube. All pigs inoculated
with virulent HRV by the oral, gavage, or intranasal route shed
virus nasally; only pigs inoculated with attenuated HRV by the
intranasal and oral routes, not via gavage, shed virus. These
findings suggest that in pigs inoculated via gavage, virulent
HRV may have reached the nasal epithelial cells secondarily
via the blood circulation, since viremia was evident in all vir-
ulent HRV-inoculated pigs but not in the attenuated HRV-
inoculated pigs. For the attenuated HRV-inoculated pigs, di-
rect contact of the nasal or oral mucosal surfaces with the virus
delivered orally or intranasally may be a requirement for in-
fection of these cells. Moreover, the finding of rotavirus anti-
gen in nasal epithelial cells of both attenuated HRV- and
virulent HRV-infected pigs confirms the likely active replica-
tion of rotavirus in these cells and the upper respiratory tract.
Nasal virus shedding was observed as early as postinoculation

day 1 in the virulent HRV-inoculated pigs, with no statistical
difference in the mean time to onset of nasal and rectal shed-
ding in this group. Based on this observation and the lower
percentage of rectal virus shedding in the attenuated HRV
group compared to nasal shedding, it is unlikely that the nasal
shedding was from fecal-nasal contamination inside the isola-
tor unit.

Zhaori et al. (41) detected HRV antigen in 27.6% of tra-
cheal aspirates of children with a clinical diagnosis of pneu-
monia, of which only two cases had diarrhea with rotavirus
detectable in feces. In gnotobiotic pigs, 100% of the pigs
showed nasal and rectal virus shedding when exposed to viru-
lent HRV. For attenuated HRV-inoculated pigs, nasal virus
shedding was more prominent than rectal shedding (oral or
intranasal but not gavage), and infectious virus was detected by
CCIF in the nasal swabs. However, no antigenemia (or viremia
confirmed by serum inoculation) was evident in the attenuated
HRV-inoculated pigs, suggesting a different pathogenesis for
virulent HRV versus attenuated HRV. The latter probably
requires efficient oronasal replication for further spread to the
gut, an observation potentially important for the design and
delivery of attenuated HRV vaccines. Moreover, it is possible
that, based on the higher titers of virus shed nasally and the
longer duration, the attenuated HRV strain may represent a
temperature-sensitive mutant of HRV with greater replication
in the upper respiratory tract. Of interest, Mebus et al. (16a)

FIG. 3. Detection of antigenemia in gnotobiotic pigs by ELISA after inoculation with HRV. The dashed line represents the cutoff value (ELISA
� 0.08). All control values were below the cutoff value and are not shown. Symbols: }, virulent HRV, oral; ‚, virulent HRV, gavage; �, virulent
HRV, intranasal.

TABLE 2. Nasal and rectal virus shedding and antigenemia in gnotobiotic pigs after oral (PO) or intravenous (IV) inoculation with pooled
sera or intestinal contents of gnotobiotic pigsa

Treatment No. of
pigs

Nasal virus shedding Rectal virus shedding % of pigs with:

%b Mean days
to onset

Mean
duration

(days)

Mean peak titer
(FFU/ml) %b

Mean
days to
onset

Mean
duration

(days)

Mean peak titer
(FFU/ml) Diarrhea Viremia

Serumc PO 4 100 2.8 4 2.8 � 103 100 1.8 4 2 � 104 100 100
Serumc IV 2 100 3 1 �250 100 3 2 2 � 103 100 100
Intestinal contentsc IV 2 100 3 2 1 � 103 100 3 2 4 � 103 100 100

a Pigs inoculated with pooled sera from attenuated HRV-exposed pigs (n � 3) and controls (n � 2) did not develop diarrhea or shed virus nasally or rectally
b % of pigs shedding virus by ELISA and/or CCIF.
c From virulent HRV-inoculated pigs.
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reported that attenuation of the neonatal calf diarrhea virus
vaccine strain of bovine rotavirus was achieved by serial pas-
sage in cell culture at lowered temperatures (29 to 30°C).
Alternatively, attenuated HRV may be less stable in the pres-
ence of gastrointestinal enzymes, leading to reduced intestinal
infectivity and rectal shedding, as evident from the complete
absence of rotavirus shedding in pigs inoculated with attenu-
ated HRV directly into the stomach via gavage.

Nasal virus shedding in the attenuated HRV-inoculated pigs
was detected by CCIF and to a lesser extent by ELISA. These
findings indicate the presence of viable virus particles and
potentially less free or degraded viral antigens, since fewer
proteolytic enzymes are present in respiratory compared to
intestinal secretions. In the virulent HRV-inoculated pigs, na-
sal shedding was more readily detected by ELISA than CCIF,
probably signifying a higher level of free antigen but also not
excluding the fact that the virulent HRV strain is more fastid-
ious than the attenuated HRV strain for cell culture replica-
tion (37). We were unable to detect infectious virus (viremia)
in serum by CCIF in either the attenuated HRV- or virulent
HRV-inoculated pigs, possibly for the same reason, but also
because of the inhibitory effects of the pig serum components
on virulent HRV infectivity in cell culture, as observed simi-
larly for fetal bovine serum (5, 33, 37). Serum components such
as lipoproteins may have protease inhibitor effects on the ac-
tivity of the proteolytic enzymes, which are essential for in vitro
replication of rotavirus (8, 15). However, the in vivo infectiv-
ity was not affected, since diarrhea and virus shedding was
promptly induced by oral inoculation with the positive serum.
The gastric enzymes and bile acids may have contributed to
overcome the inhibitory affects of the serum. Moreover, the
serum may have increased the initial stability of the virus
throughout the gut, increasing the efficiency of infection.

The onset of antigenemia and nasal and rectal shedding in
the virulent HRV-inoculated pigs occurred at postinoculation
day 1 for both orally and gavage-inoculated pigs, but in intra-
nasally inoculated pigs, nasal shedding was detected 1 day later
(postinoculation day 2). Nasal shedding was also observed
when pigs were inoculated via gavage. This infectivity pattern
suggests that the virulent HRV reached the nasal cells via the
bloodstream. How rotavirus reaches the blood after oral, in-
tranasal, or gavage inoculation remains unknown. Some stud-
ies suggest that rotavirus may be taken up by macrophages or
other antigen-presenting cells in the gut-associated lymphoid
tissue and then enter the bloodstream (3). Osborne et al. (22)
showed an increase in the blood flow through villi at 72 h
postinfection during rotavirus infection of mice. Cedgard et al.
(4) demonstrated that blood flow in the gut was doubled after
exposing the intestinal mucosa to bacterial toxins. Whether the
viral enterotoxin NSP4 is capable of activating the same mech-
anism and increasing blood flow, leading to transport or leak-
age of rotavirus into serum or increased uptake by antigen-
presenting cells, requires further investigation.

Another possible way for virulent HRV to penetrate the gut
barrier from the lumenal side would be by the destruction of
enterocytes in the villi, exposing the basement membrane, fol-
lowed by transit into the blood and then followed by transit to
the nasal cavity with replication in the nasal epithelial cells.
This explanation is consistent with the villous atrophy induced
by virulent HRV but not attenuated HRV in gnotobiotic pigs

(35). We also observed significant positive correlations be-
tween levels of rectal shedding but not nasal shedding and
antigenemia, which might imply that the occurrence of anti-
genemia depends on the magnitude of virus replication in the
gut.

In the attenuated HRV-inoculated pigs, no antigenemia was
detected, so the probable mechanism for the infectivity pattern
observed would be that attenuated HRV initially replicated in
the nasal epithelial cells (after intranasal inoculation) or in the
tonsils and pharyngeal tissues with transit to the nasal tissue
(after oral inoculation), followed by swallowing of virus and
introduction into the stomach with the limited viral replication
seen in the epithelial cells of the gut (35). The low percentage
of rectal shedding detected in this study corroborated the study
by Ward et al. (35). The inability to detect rectal virus shedding
in these piglets could be explained by a low level of virus
replication which was still capable of initiating a rotavirus-
specific IgM antibody response.

The ID50 of attenuated HRV Wa is 1.3 � 106 FFU, as
previously determined by Ward et al. (35) based on serocon-
version, since little or no shedding was detectable. Currently,
candidate rotavirus vaccines are being evaluated in doses of
105 FFU to 4 � 105 FFU in humans (12). The ID50 of the
attenuated HRV Wa used in this study is higher than that of
the candidate HRV vaccines but lower than that of the virulent
HRV. The high dose of virulent HRV was necessary to induce
100% diarrhea with the heterologous HRV in the age-matched
naı̈ve piglets. The aim of this study was not to compare atten-
uated virus to virulent virus in terms of ID50 but to mimic the
use of the attenuated virus as a vaccine and the high dose of
virulent virus to mimic the natural rotavirus infection and
disease.

Our results provide a new perspective on the pathogenesis of
virulent HRV in a gnotobiotic pig model, confirming extraint-
estinal infection or spread of a HRV strain (nasal, viremia) in
an animal rotavirus disease model. Additional studies are in
progress to delineate if extraintestinal infection by virulent
HRV is limited mainly to viremia and nasal shedding or if
virulent HRV may spread to and replicate in other organs.

Our findings have clinical implications. The role of rotavirus
in upper respiratory tract infections of children requires addi-
tional study, as does the presence of rotavirus viremia in chil-
dren and its possible consequence related to detection of HRV
in the cerebrospinal fluid of children with central nervous
system disease (16, 38). The diarrhea associated with rotavirus
typically lasts from 2 to 8 days, but immunodeficiency, immu-
nosuppression, and malnutrition are risk factors for severe and
prolonged symptoms and chronic infection (9, 16). The inci-
dence of rotavirus infection is similar in both developed and
developing countries, but the morbidity and mortality of the
disease are much greater in developing countries. How ex-
traintestinal spread of rotavirus contributes to disease severity
and induction of protective immunity has yet to be determined.

Svensson et al. (31) and Jourdan et al. (13) showed that
rotavirus infects differentiated Caco-2 cells in vitro both api-
cally and basolaterally. The results of our study, in which ad-
ministration of virulent HRV by the intravenous route resulted
in infection of intestinal epithelial cells, corroborates such in
vitro findings. We demonstrated diarrhea, rectal shedding,
HRV antigen in duodenum, jejunum, and ileum as well as
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seroconversion to HRV and the presence of IgM, IgA, and IgG
antibodies to HRV in the intestinal contents of the pigs inoc-
ulated intravenously with virulent HRV. Our finding provides
new in vivo evidence for the idea that rotavirus may infect from
the basolateral surface. Guo et al. (11) also observed infection
of the intestine after intravenous inoculation of neonatal gno-
tobiotic pigs with a porcine enteric calicivirus, Cowden strain.
Other investigators have suggested a pathway similar to the
one described for reovirus (21), whereby virus in the blood
reaches the ileum and infects crypt cells, possibly by attaching
to the basolateral membrane (2, 18).

To our knowledge, this study is the first to describe infection
of the gastrointestinal tract by a virulent rotavirus strain via
viremia from the blood and rotavirus shedding from the upper
respiratory tract in neonatal animals. Whether the same event
will occur after exposure to different rotavirus serotypes and
the role of cross-protective antibodies in avoiding viremia are
still to be determined. The implications of our findings of the
distinct pathogenesis and virus distribution patterns of virulent
HRV versus attenuated HRV for protective immunity and
vaccine development require further study. For vaccination
studies, detection of viremia may be another parameter to
evaluate vaccine protection induced by the candidate vaccines
against circulating virulent HRV strains.
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