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We used the neonatal mouse model of rotavirus infection and virus strains SA11-clone 4 (SA11-Cl4) and
Rhesus rotavirus (RRV) to examine the mechanism of the extraintestinal spread of viruses following oral
inoculation. The spread-competent viruses, RRV and reassortant R7, demonstrated a temporal progression
from the intestine, to the terminal ileum, to the mesenteric lymph nodes (MLN), and to the peripheral tissues.
SA11-Cl4 was not found outside the intestine. Reassortant virus S7, which was unable to reach the liver in
previous studies (E. C. Mossel and R. F. Ramig, J. Virol. 76:6502–6509, 2002), was recovered from 60% of the
MLN, suggesting that there are multiple determinants for the spread of virus from the intestine to the MLN.
Phenotypic segregation analysis identified RRV genome segment 6 (VP6) as a secondary determinant of the
spread of virus to the MLN (P � 0.02) in reassortant viruses containing segment 7 from the spread-
incompetent parent. These data suggest that in the orally infected neonatal mouse, the extraintestinal spread
of rotavirus occurs via a lymphatic pathway, and the spread phenotype is primarily determined by NSP3 and
can be modified by VP6.

Rotaviruses (Reoviridae family) are the major cause of viral
gastroenteritis among children and animals, accounting annu-
ally for 450,000 to 650,000 deaths in children worldwide (U. D.
Parashar, E. G. Hummelman, J. S. Bresee, M. A. Miller, and
R. I. Glass, Abstr. Vaccines Enteric Dis., p. 76, 2001). The
rotavirus particle consists of three concentric protein capsid
layers surrounding the genome of 11 double-stranded RNA
segments that encode six structural proteins (VP1 to VP4,
VP6, and VP7) and six nonstructural proteins (NSP1 to NSP6)
(5).

Rotavirus infection results in cytolytic lesions on the intes-
tinal villi and a characteristic histopathology: villous blunting
and atrophy, crypt hyperplasia, and sloughing of the entero-
cytes at the tip of the villus. Increasing clinical evidence sug-
gests that rotavirus infection is not solely confined to the in-
testine, although occurrence outside of the intestine is rare,
given the ubiquitousness of rotavirus infection. Numerous in-
vestigators report rotavirus antigen and/or viral RNA detected
by enzyme immunoassay, immune electron microscopy, elec-
tron microscopy, or reverse transcription-PCR in the central
nervous system (CNS) of children with rotavirus diarrhea and
with benign to severe convulsions or encephalitis (3, 7–9, 12,
13, 17, 20, 21, 30–32). Additional reports discuss CNS compli-
cations with concomitant rotavirus infection but do not dem-
onstrate CNS invasion (11, 26, 28). Rotavirus antigen and/or
RNA was also observed in the microvasculature of the heart
(not the myocytes or fibroblasts) of two children who presented
with gastroenteritis but suffered cardio-respiratory failure and
died (14) and in liver biopsy tissue from infants with cholestatic
disease (22, 24). Finally, rotavirus antigen was detected in the

liver and kidneys of four immunocompromised children with
rotavirus-induced diarrhea at the time of death (6). Animal
studies support these observations. Rotavirus and/or rotavirus
antigen was recovered from the blood, liver, spleen, kidneys,
lungs, and mesenteric lymph nodes (MLN) of orally inoculated
mice (1, 2, 4, 10, 16, 27), and mouse models for rotavirus-
induced hepatitis (29) and biliary atresia (25) were previously
described.

A neonatal mouse model of heterologous rotavirus infection
has been previously described and characterized (18, 23) and
extensively used in rotavirus immunology and pathogenesis
studies. While the extraintestinal spread of rotavirus in the
neonatal mouse model is well documented, the determinants
and mechanisms of the spread of the virus are not as clear. It
is known that extraintestinal spread occurs in a rotavirus strain-
dependent manner (16, 29). We previously demonstrated that
among SA11-clone 4 (SA11-Cl4) and Rhesus rotavirus (RRV)
reassortants, spread of the virus to the liver was significantly
associated with RRV-derived genome segment 7, which en-
codes NSP3 (16). Murine rotavirus antigen was detected in the
macrophages of Peyer’s patches and mesenteric and inguinal
lymph nodes of 14-day-old mice at 2 to 7 days postinoculation
(2). In a subsequent study, rotavirus was found in Peyer’s
patches and mesenteric lymph nodes 1 to 10 days after the
inoculation of adult mice with the RRV-based Rotashield vac-
cine preparation (15). Finally, rotavirus strains incompetent
for extraintestinal spread following oral inoculation were ob-
served to be unable to spread from a subcutaneous inoculation
site, whereas viruses competent for extraintestinal spread were
able to spread from the subcutaneous inoculation site (16).
Taken together, these data suggest that the spread of rotavirus
from the intestine may occur via the lymphoid system and may
also involve gut-associated lymphoid tissue and/or mesenteric
lymph nodes.

Kinetics of rotavirus extraintestinal spread. To determine
the kinetics of virus spread following oral inoculation, 5-day-
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old CD-1 mice were orally inoculated with 2 � 106 PFU of
SA11-Cl4, RRV, or the single-segment reassortant viruses, S7
or R7 (Table 1), as previously described (16). Six, 12, 24, 48,
and 72 h postinfection (hpi), whole blood, spleen, lungs, liver,
mesenteric lymph nodes, and intestine were harvested. The
intestine was excised last to prevent the contamination of pe-
ripheral tissues with gut contents. The intestine was divided
into two sections. Because Peyer’s patches could not be cleanly
dissected from the suckling mice, a 1.5- to 2-cm section of
Peyer’s patch-rich terminal ileum (PP) was excised from each
mouse and analyzed separately from the rest of the intestine to
determine if virus concentrated in this region. The virus titer in
each tissue was determined by plaque assay (16).

Virus was detected at high titers in the guts of all animals at
early time points (Fig. 1A to D and 2A to D). The virus titers
of SA11-Cl4 and S7 and their frequencies of detection in the
gut declined at late time points. RRV and R7 titers also de-
clined in the gut but less rapidly than the titers of SA11-Cl4
and S7. In the PP, virus titers were high and remained at
relatively high levels at all time points for all viruses (Fig. 1).
The number of inoculated animals with virus in the PP in-
creased with time and reached 100% for both RRV and R7
(Fig. 2) Among SA11-Cl4 infected animals, the frequency of
detection in the PP increased at early time points and then
decreased. R7 differed from SA11-Cl4 in that the proportion of
animals with R7 virus in the PP remained high throughout the
experiments, but as with the detection of SA11-Cl4, the fre-
quency of R7 detection did not reach 100%.

Titers of RRV and R7 in the MLN increased over the course
of the experiment (Fig. 1), as did the frequencies of virus
isolation (Fig. 2). SA11-Cl4 was recovered from the MLN
rarely and at extremely low titers. S7 showed increasing titers
and frequencies of recovery from the MLN over time, but both
measurements were lower than those observed for RRV and
R7. For RRV, R7, and S7, the appearance of virus in the MLN
lagged behind its appearance in the PP by about 24 h. The
recovery of S7 in the MLN, when SA11-Cl4 was not found at
that site, suggests that an RRV gene in S7 modifies the escape-

incompetence phenotype previously associated with SA11-Cl4
segment 7 (16).

When the peripheral tissues (spleen, liver, and lung) were
examined, the results were variable, as expected, since the
spread-competent RRV escapes the gut to the liver in only
about 30% of orally inoculated animals (16). RRV was found
in the spleen and lungs only at low titers and only at late time
points (Fig. 1). The appearance of RRV in these tissues lagged
behind the appearance in the MLN, suggesting that the virus
had passed through the MLN prior to reaching the target
organ (Fig. 2). RRV was found in the liver of two animals at 48
hpi at titers similar to those reported previously. We did not
detect RRV in the liver at 72 hpi, the time at which we had
previously found the virus present in �30% of livers (16). This
result is likely due to the small number of animals examined.
As expected, SA11-Cl4 was not found in peripheral tissues,
including MLN. R7 spread to spleen and lung only at the late
72-hpi time point and was found in these tissues at low titers.
R7 was not found in the liver, again probably because of the
small number of animals examined. The spread of S7 to the
MLN was unexpected since it did not contain the RRV-derived
segment 7, which was previously found to confer the spread
phenotype (16). However, the unexpected spread of S7 to the
MLN, coupled with its expected failure to spread to peripheral
tissues, suggests that the modification of the spread phenotype
of this virus affects spread only as far as the MLN and not
beyond.

Virus was present at barely detectable titers in the blood of
five RRV-inoculated animals at 24 and 48 h postinoculation
and one SA11-Cl4-inoculated animal 48 h postinoculation.
However, we cannot eliminate the possibility of an ongoing
viremia below the limit of detection (50 PFU/ml) in our assays.
Taken together, the kinetics of the spread of rotavirus from the
intestine suggest a temporal progression of spread-competent
virus through the gut, to the PP, to the MLN, and out to the
peripheral tissues.

VP6 is a secondary determinant of extraintestinal spread.

TABLE 1. Frequency of detection in the MLN of RRV and SA11-Cl4 reassortant viruses following the oral inoculation of neonatal mice

Virus na MLN
growthb

MLN
titerc

Parental origin of genome segmentd (gene product)

1
(VP1)

2
(VP2)

3
(VP3)

4
(VP4)

5
(NSP1)

6
(VP6)

7
(NSP3)

8
(NSP2)

9
(VP7)

10
(NSP4)

11
(NSP5)

RRV 17 100% 2.8 R R R R R R R R R R R
SA11-Cl4 17 0% 0.0 S S S S S S S S S S S
R7 10 80% 3.7 S S S S S S R S S S S
S1, 2, 3, 5, 7 17 77% 3.1 S S S R S R S R R R R
S7 10 60% 3.8 R R R R R R S R R R R
S4, 5, 7, 9 18 55% 3.3 R R R S S R S R S R R
R4, 6, 9 17 29% 1.2 S S S R S R S S R S S
R9 16 14% 0.7 S S S S S S S S R S S
R4 18 12% 0.9 S S S R S S S S S S S
R8, 9 17 0% 0.0 S S S S S S S R R S S
R10 17 0% 0.0 S S S S S S S S S R S
R11 18 0% 0.0 S S S S S S S S S S R

a n, the number of individual pups inoculated with each virus.
b MLN growth is measured as the percentage of animals in which virus was recovered from the MLN at 3 days postinoculation.
c Titers are the mean titers of the virus in virus-positive MLN at 3 days postinoculation.
d RRV-derived genome segment numbers have been converted to SA11 functional equivalents.
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To identify additional RRV-derived determinants that confer
the phenotype for spread to the MLN on reassortant viruses
containing a spread-incompetent segment 7, 5-day-old mice
were inoculated with a panel of RRV and SA11-Cl4 reassor-
tant viruses (Table 1). Since RRV-derived genome segment 7
is sufficient to confer the extraintestinal spread phenotype (16),
all reassortant viruses examined contained SA11-Cl4-derived
segment 7 and segregated the other 10 segments. Tissues were
harvested 3 days pi (dpi), and MLN were examined by plaque
assay for the presence of replication-competent virus.

RRV-derived segment 6 is present in each of the four reas-
sortant viruses found most frequently and at the highest titers
in the MLN after oral inoculation (Table 1). SA11-Cl4-derived
segment 6 is present in each of the four reassortant viruses

recovered least frequently from the MLN and at very low
titers. Statistical analysis showed that RRV-derived segments
8, 10, and 11 are borderline significant by the t test. However,
RRV-derived segment 6 is more than an order of magnitude
more significant than any other segment (Table 2 according to
the t test (P � 0.001), and it is the only significant segment
according to the Wilcoxon ranked-sum test (P � 0.02) (see
reference 16 for statistical methods).

In our studies we concentrated on the movement of infec-
tious virus, since infectivity is required for the replication of
rotavirus in peripheral tissues, as has been observed in humans
(6) and in the mouse (25, 29). Our results indicate that rota-
viruses with the ability to spread beyond the intestine do so via
the lymphatic system. The studies presented here indicate that

FIG. 1. Virus titers in various tissues following oral inoculation of neonatal mice with (A) RRV, (B) SA11-Cl4, (C) R7, or (D) S7. Five-day-old
mice were orally inoculated with 2 � 106 PFU of rotavirus. At the postinoculation times indicated, animals were sacrificed, tissues were harvested,
and virus titers were determined by plaque assay. Values indicate mean titers of virus-positive samples. Error bars indicate standard deviations.
Gut, large and small intestine less a 2-cm section of terminal ileum; PP, 2-cm section of Peyer’s patch-rich terminal ileum. Results for RRV and
SA11-Cl4 at 6 hpi and for R7 and S7 are from 5 to 6 animals. Results for RRV and SA11-Cl4 at 12 to 72 hpi are from 9 to 11 animals.

TABLE 2. Statistical analysis of the contribution of single genome segments to spread of reassortant viruses to the mesenteric lymph node

Analysis
P for genome segment

1 2 3 4 5 6 7 8 9 10 11

Student’s t test 0.10 0.10 0.10 0.13 NAa 0.001 NAb 0.05 0.36 0.05 0.05
Wilcoxon ranked-sum test 0.18 0.18 0.18 0.11 0.33 0.02 NAb 0.17 0.26 0.17 0.17

a Statistical analysis by Student’s t test was not applicable (NA), since only one reassortant virus examined contained RRV-derived segment 5.
b Statistical analysis was NA, since all reassortant viruses examined contained SA11-C14-derived segment 7.
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a bolus of virus, given in the stomach, moves sequentially to the
gut, to the PP, to the MLN, and then to the peripheral tissues
and organs (spleen, liver, and lungs). This pathway is similar to
that elucidated for the extraintestinal spread of the closely
related reovirus (19). We previously showed that genome seg-
ment 7, encoding protein NSP3, was the determinant of the
spread of RRV beyond the gut (16). Here we found that, while
RRV segment 7 was sufficient for a reassortant virus to spread
beyond the gut, some reassortant viruses containing segment 7
from a spread-incompetent virus (SA11-Cl4) could also spread
as far as the MLN but not beyond to the peripheral tissues. We
found that this unexpected spread to the MLN of reassortant
viruses with segment 7 from a spread-incompetent virus re-
quired the presence of segment 6, encoding VP6, from the
spread-competent RRV parent. Thus, either RRV segment 6
or segment 7 conferred on a reassortant virus a phenotype for
spread to the MLN, but as we described previously, RRV
segment 7 is required for spread beyond the MLN to the
peripheral tissues (16).

In summary, some rotavirus strains are capable of escape
from the gut and movement to and infection of peripheral
tissues. The pathway of escape is via cells of the lymphoid
system, but the mechanisms of this escape from the gut remain
to be defined. However, it is clear that NSP3 is the major
determinant in this spread. Further characterization of the
spread phenomenon is important for vaccine development ef-
forts and for understanding how rotaviruses can be associated,
though rarely, with severe disease at peripheral sites.

This work was supported by National Institutes of Health grants
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Service grant DK56338, which funds the Texas Gulf Coast Digestive
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