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We examined susceptibility to the murine rotavirus, epizootic diarrhea of infant
mice virus (EDIM), in normal suckling and weaned mice and in suckling mice
treated with glucocorticoids. Normal mice 1 to 40 days old were inoculated by
gastric intubation with high doses of EDIM and subsequently evaluated for
rotavirus infection by solid-phase radioimmunoassay, by electron microscopy of
intestinal tissue sections or by both. Radioimmunoassay and electron microscopy
showed a concordance of 89.5% in the detection of rotavirus infection. After a
period of low susceptibility to EDIM infection during the first 3 days after birth
(23%), susceptibility was high for the next 11 days (95%), but decreased abruptly
as mice approached weaning (41% on days 15 through 17). Mice 34 days or older
did not develop EDIM infection after inoculation, but rotavirus antigen was
detected in 12% of uninoculated mothers nursing inoculated litters. Administra-
tion of cortisone acetate to 8-day-old mice induced partial intestinal maturation
prematurely. At 3 to 6 days after cortisone acetate treatment, susceptibility to
EDIM infection decreased to 60% compared with 94% in age-matched controls.
Our data suggest (i) that susceptibility of mice to EDIM infection is age depend-
ent, decreasing in concert with intestinal maturation, and (ii) that glucocorticoids,
which induce premature partial intestinal maturation, modulate susceptibility of
mice to EDIM.

Rotaviruses cause enteritis with substantial
morbidity and mortality in many vertebrate spe-
cies, including humans (10, 25, 43). In all species
studied, infection is more frequent and more
serious in the young than in adults. However,
why rotaviruses infect predominantly the young
is not well understood.

Infection of mice with epizootic diarrhea of
infant mice virus (EDIM) is a potentially useful
animal model for studying the disparate morbid-
ity and mortality in the young and adults after
exposure to rotavirus. EDIM shares with other
rotaviruses one or more common antigens on
the inner capsid (18, 41), although one or more
distinctive species-specific antigens are present
on the outer capsid (41). Morphological changes
have been described in the intestine in EDIM
infection (1, 2, 32). These are very similar to the
lesions induced in other species by other rota-
viruses. EDIM infects primarily the intestinal
villus epithelial cells rather than the crypt cells
(1). Infected absorptive cells have vacuolated
cytoplasm (32). In addition, there are many viral
particles 70 to 120 nm in diameter with an outer
membrane and particles 56 to 65 nm in diameter

without a membrane in the endoplasmic reticu-
lum and in viral factories (1, 2).
Experimental inoculation of mice with EDIM

has helped to elucidate the course of illness.
Approximately 2 days after being fed EDIM-
containing stool filtrates, mice 1 to 11 days old
developed diarrhea which resolved by day 17
(20). Although mice 12 days or older did not
develop diarrhea (20), viral antigen has been
detected in the intestine of 1-month-old mice 5
to 7 days after inoculation (40). Also, inoculated
adult mice and uninoculated dams nursing in-
fected pups have excreted virus in normal ap-
pearing stools (21, 22).
However, fundamental questions regarding

EDIM infection remain unanswered. The actual
frequency of infection which follows inoculation
of mice of different ages with EDIM has not
been defined. Moreover, it is not known what
factors prevent obvious diarrheal disease and
perhaps reduce the frequency of infection after
EDIM challenge as suckling mice approach the
weaning age. During this maturational period
(15 to 17 days after birth), there are striking
changes in intestinal structure and function. Clo-
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sure occurs, with a resultant decrease in the
capacity for macromolecular transport (4, 15).
The brush border enzymes maltase (12, 29),
sucrase (12, 29), and alkaline phosphatase (12,
27, 30) increase, whereas lactase decreases (12,
19, 27, 29). If these maturational processes play
a role in mouse susceptibility to rotavirus, mod-
ulation of maturation might alter infectivity of
EDIM. Glucocorticoid treatment of 8-day-old
mice induces partial intestinal maturation with
increased activity of the intestinal brush border
enzymes maltase (29), sucrase (29), and alkaline
phosphatase (28). Glucocorticoid treatment of 8-
to 12-day-old rats also induces premature clo-
sure (4, 8, 16, 31). The reported effects of gluco-
corticoid treatment on lactase activity has been
more variable, with both increases and decreases
reported in mice (24).

In this report we describe studies designed to
determine the susceptibility of mice of different
ages to experimental inoculation with EDIM
and the effect of glucocorticoid administration
on susceptibility of mice to EDIM infection. We
also compare the efficacy of a recently described
radioimmunoassay (RIA) for rotavirus (6) and
electron microscopy of intestinal tissue in de-
tecting EDIM infection in mice.

MATERIALS AND METHODS
Animals. Pregnant CD-1 Swiss mice, dams with

litters 5 to 21 days of age, and retired female breeders
were obtained from Charles River Breeding Labora-
tories (Wilmington, Mass.). Pregnant mice gave birth
naturally. Pups remained with their mothers and were
allowed to suckle both before and during the experi-
mental period. To avoid cross-contamination before
EDIM inoculation, animals were housed in a separate
building from inoculated animals. Mice were kept in
cages covered with filter caps. Mice that were raised
in our laboratory for the purpose of serological studies
were housed in the same room as inoculated mice.

Rotavirus (EDIM). EDIM in a suspension of son-
icated and coarsely filtered mouse intestine was ob-
tained through the courtesy of Bemard Fields. The
50% infective dose (ID50) was determined by adminis-
tering 0.1 ml of serial 10-fold dilutions of suspension
intragastrically via PE 10 tubing to 5- to 7-day-old
mice. The dilution causing liquid stool in the distal
colon in half the litter as determined by direct exami-
nation 5 days after inoculation was considered to be
the ID50. New crude viral stocks were established by
inoculating nine litters of mice with a dose of 105-7 ID50
in 0.1 ml of suspension. After 28 to 32 h, the entire
small intestine and colon were removed and sonicated
in gel saline (NaCl, 0.8 g%; CaCl, 0.003 g%; MgCl, 0.017'
g%; boric acid, 0.12 g%; sodium borate, 0.005 g%; gela-
tin, 0.2 g%) diluted to 40% with 0.05 M tris(hy-
droxymethyl)aminomethane (pH 7.4) (Tris buffer). An
ID50 of the new EDIM stock was determined as above.
Then the intestinal suspension was diluted (1:50) with
gel saline to contain the same infective dose as the

original suspension. The suspensions were stored at
-70°C. Only two EDIM stock pools were used for all
experiments, and neither contained detectable viral
particles other than rotavirus (determined by electron
microscopy of negatively stained crude suspension).
Time course of development of EDIM antigen.

The time after inoculation at which the maximum
number of infected animals could be detected was
determined in mice inoculated at 1, 5, 10, 15, and 20
days of age and also in mice at 11 and 13 days of age
that had received 1.25 mg of cortisone acetate (The
Upjohn Co., Kalamazoo, Mich.) intraperitoneally at 8
days of age. Mice were inoculated with EDIM as
outlined above and killed at 12, 24, 30, 36, 48, 72, or 96
h. In the groups of mice without cortisone treatment,
3 to 6 animals were killed at each time. In the groups
of cortisone-treated animals, 4 to 10 animals were
killed at each time. The entire intestine from pylorus
to anus was removed and stored at -70°C for subse-
quent study by RIA.

Susceptibility of mice to EDIM. To determine
susceptibility of mice of different ages to EDIM, the
following groups of mice were inoculated intragastri-
cally with 0.1 ml of a suspension containing a dose of
1057 ID50 of EDIM: 6 litters (n = 44), days 1 through
3; 9 litters (n = 81), days 4 through 14; 7 litters (n =
66), days 15 through 17; 16 litters (n = 155), days 18
through 20; 3 litters (n = 38), days 34 through 35; and
7 adults. Animals were killed 28 to 32 h after inocula-
tion, and the entire intestine from pylorus to anus was
removed. The nature of intestinal contents (diarrhea
versus normal) was recorded for each mouse. Small
samples of duodenum and ileum were removed for
fixation and embedment for electron microscopy from
five animals in each litter. The remaining intestine
was frozen at -70°C for subsequent RIA. Intestines
from 67 uninoculated mothers were removed 28 to 32
h after inoculation of their pups for RIA.

Influence of glucocorticoids. For determination
of the effect of glucocorticoids on susceptibility of mice
to EDIM, 34 litters of mice received 1.25 mg of corti-
sone acetate (Upjohn) intraperitoneally at 8 days of
age. Subsequently, 6 litters (n = 52) 8 to 10 days old
and 28 litters (n = 241) 11 to 14 days old were inocu-
lated with a dose of 105 7 ID50 of EDIM and killed 28
to 32 h after inoculation. The intestines were removed
and prepared for electron microscopy and RIA.
To assess the effect of this dose of glucocorticoids

on intestinal maturation, one-half of the mice of 17
litters (n = 66) were injected with 1.25 mg of cortisone
acetate intraperitoneally at 8 days of age. The other
half of each litter (n = 64) served as controls. Mice
were killed on days 9 to 16, and the intestine from the
pylorus to the ileo-cecal valve was removed and soni-
cated in 1 ml of Tris buffer. A 100-,tl sample was
removed, diluted 1:10 in Tris buffer, and kept frozen
at -20°C for protein analysis which was performed by
the method of Lowry et al. (23). The remainder of the
sonicate was frozen at -70°C for enzyme analysis.

Electron microscopy. Samples for electron mi-
croscopy were fixed in a mixture of 2.5% glutaralde-
hyde and 1.8% paraformaldehyde in 0.1 M phosphate
buffer for at least 2 h and then washed in three changes
of phosphate buffer for a minimum of 3 h, postfixed in
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2% osmium tetroxide for 1.5 h, dehydrated, and embed-
ded in Epon Araldite. Blocks from 57 randomly se-
lected EDIM-inoculated mice of which 12 had and 45
had not received cortisone acetate were examined by
electron microscopy. Thin sections were cut on a Sor-
vall Porter-Blum MT-2B ultramicrotome with dia-
mond knives, contrasted with uranyl acetate and lead
citrate, and examined with a Philips 300 electron mi-
croscope. Samples were scored as positive when rota-
virus particles could be identified within intestinal
epithelial cells.
RIA for detection ofEDIM virus. Intestines were

frozen and thawed three times, sonicated in 1 to 5 ml
of Tris buffer, and diluted with Tris buffer to a final
volume of 10 ml. The presence of rotavirus antigen
was determined by a modification of a microtiter solid-
phase RIA used to detect human rotavirus (6). Hyper-
immune sera were prepared by inoculation of goats
and guinea pigs with high-titered, sucrose gradient-
purified simian rotavirus (SAll) grown in tissue cul-
ture. Wells of microtiter plates (220-25; Cooke Engi-
neering Co., Alexandria, Va.) were coated with 75 ,ul of
hyperimmune goat serum diluted 1:10,000 in phos-
phate-buffered saline (PBS) for 4 h at 4°C, washed
twice with PBS, incubated with 1% bovine serum
albumin in PBS overnight at 4°C, and washed twice
again with PBS. Intestinal homogenate to be tested
(50 !d) was placed in each of two precoated microtiter
wells. The microtiter plates were incubated overnight
at room temperature and washed five times with PBS.
Purified antirotaviral guinea pig immunoglobulin la-
beled with 125I served as the detection antibody. De-
tection antibody (50 ul) diluted in PBS to contain 2
x 105 cpm was added to each well and incubated for
4 h at 37°C. The wells were washed five times with
PBS, the plates were cut apart, and the amount of
radioactivity bound to each well was determined in a
gamma counter (PRIAS; Packard Instrument Co.,
Downers Grove, Ill.). Intestinal homogenates prepared
from six uninfected mice were used as negative con-
trols. Radioimmunoassay of the intestine from inocu-
lated mice was considered positive if the ratio of counts
of inoculated to control uninoculated intestine was
equal to or greater than 2:1. Purified SAl1 virus and
EDIM stock virus were positive in this assay. The
sensitivity of the RIA was 3 x 104 ID50.
RIA for serum IgG antibody to rotavirus. Se-

rum samples were collected from mice bled by cardiac
puncture. The presence of IgG antibody to rotavirus
was determined by a modification of a microtiter solid-
phase RIA used to detect IgA antibody to human
rotavirus (7). Control antigen was prepared from
mock-infected MA104 cells by following the method
for the purification of SAll virus. Nonspecific reactiv-
ity of goat anti-SAll serum was absorbed with control
antigen as follows. One volume of undiluted goat se-
rum was incubated with 2 volumes of control antigen
for 1 h at 37°C and then overnight at 4°C. The mixture
was then centrifuged at 100,000 x g for 1 h. The
supernatant was stored at -70°C until use. Wells of
microtiter plates were coated for 4 h at 37°C with 100
,u of the absorbed anti-SAll serum diluted 1:1,000 in
PBS, washed three times with PBS, incubated over-
night with 1% bovine serum albumin, and washed
three times again with PBS. Each well was then in-

cubated overnight at 4°C with either 25 Al of purified
SAl virus (107 ID50/0.1 ml) or with 25 [L of control
antigen, and then washed five times with 0.05% Tween
20-PBS. Test serum (25 jl) diluted 1:200 in PBS
containing 1% bovine serum albumin and 0.05% Tween
20 was added to each of two virus-containing wells and
two control wells and incubated for 1 h at 37°C. The
wells were then washed five times with 0.05% Tween
20-PBS. The immunoglobulin G (IgG) fraction of
rabbit antimouse IgG (Miles Laboratories, Inc., Elk-
hart, Ind.) was labeled with 125I (6); 50,ul of the labeled
antibody diluted with PBS to contain 2 x 105 cpm was
added to each well for 4 h at 37°C. The wells were
washed five times with 0.05% Tween 20-PBS, the
plates were cut apart, and the amount of radioactivity
bound to each well was determined in a gamma
counter. A serum sample was considered antibody
positive if the counts bound to the virus-containing
wells were at least two times greater than the counts
bound to the control wells. Previously described
EDIM antibody-positive and -negative murine sera
were used as controls in each test (40).

Intestinal enzyme assays. Sucrase, maltase, and
lactase activities were determined by the methods of
Messer and Dahlqvist (26) as modified by Grand et al.
(14). A 0.04-ml sample of appropriately diluted intes-
tinal homogenate was added to 0.2 ml of sugar sub-
strate solution (sucrose for sucrase, f?-D-maltose for
maltase, and a-lactose for lactase) and incubated for
at least 20 min at 37°C. The reaction was stopped by
boiling for 4 min. To measure the liberated glucose,
0.2 ml of glucose oxidase-dianisidine-peroxidase re-
agent was added, and the mixture was incubated at
37°C for 10 min. The reaction was stopped by the
addition of 0.4 ml of 50% (vol/vol) H2SO4, and the
optical density was read spectrophotometrically at a
wavelength of 530 nm. Results were expressed as units
of enzyme activity, with each unit representing 1 ,umol
of substrate hydrolyzed per mg of protein per h.

Statistics. The frequency of infection in different
groups was compared by the chi-square method. The
influence of glucocorticoids on enzyme specific activi-
ties was analyzed using the two-tailed Student t-test.

RESULTS
Time course of development ofEDIM an-

tigen. As shown in Table 1, the highest antigen
detection rates that encompassed all age groups
of mice appeared at 30 h after inoculation and
did not increase thereafter. Not shown in the
table are data from mice that received cortisone
acetate at 8 days of age and were inoculated
with EDIM at 11 or 13 days of age, of which 63%
(n = 8) were positive at 24 h, 72% (n = 18) were
positive at 72 h, and 63% (n = 8) were positive
at 96 h (not statistically significant). Therefore,
for all experiments described below the time
selected for sacrificing all mice to maximize an-
tigen detection was 28 to 32 h after EDIM in-
oculation.
Efficacy of electron microscopy and ra-

dioimmunoassay in detecting EDIM infec-

VOL. 33, 1981



568 WOLF ET AL.

tion. Electron microscopy revealed viral parti-
cles in infected epithelial cells of both duodenum
and ileum 28 to 32 h after inoculation with
EDIM. The cells showed typical features of
EDIM infection including viral particles associ-
ated with elements of endoplasmic reticulum
and viral factories in the cell cytoplasm (Fig. 1).
Both large and small viral particles ranging from
130 to 65 nm in diameter were regularly observed

TABLE 1. Time course of development ofEDIM
antigen

Age at % Positive for rotavirus antigen by RIA at h post-
inocula- inoculationa:
tion
(days) 12 24 30 36 48 72 96

1 0 50 67 50 75 75 100
5 0 0 75 25 67 33 67
10 0 33 100 100 100 100 100
15 0 33 100 75 75 25 60
20 0 0 0 0 0 0 0
a Data are for three to six mice per group.

INFECT. IMMUN.

(Fig. 2). Because damage to duodenal epithelial
cells was extensive, viral particles were more
abundant and more easily visualized in ileal
mucosa. Therefore, ileal samples were generally
used to detect EDIM infection by electron mi-
croscopy.
When the efficacy of RIA and electron mi-

croscopy in detecting EDIM infection in the
small intestine from 57 mice inoculated with
EDIM was tested, there was an overall concor-
dance in 51 of 57 samples (89.5%). Concordance
was found in 28 rotavirus-positive and 23 rota-
virus-negative samples. Four of 32 samples
(12.5%) were positive by RIA but negative by
electron microscopy, whereas 2 of 25 samples
(8%) were positive by electron microscopy but
negative by RIA. The two samples that were
positive by electron microscopy but negative by
radioimmunoassay were both obtained from 1-
day-old mice. Since the agreement between the
two methods was high and RIA was much less
time consuming than electron microscopy, RIA
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FIG. 1. Electron micrograph of a typical mouse ileal absorptive cell infected with EDIM. Features shown
are: viral factories (F), endoplasmic reticulum containing virus particles (arrow), vacuolization of the
cytoplasm (V), and vacuoles containing "lipoid-like" material (L). Bar, 1 tLm.
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SUSCEPTIBILITY OF MICE TO ROTAVIRUS INFECTION

FIG. 2. Higher magnification ofa portion ofFig. 1 showing a viral factory (F) and a profile ofendoplasmic
reticulum (large arrow) containing viralparticles 65 to 130 nm in diameter. Some, but not all, particles appear
to have an outer membrane (small arrow). Bar, 0.5 pm.

was used to determine the presence or absence
of infection in the majority of EDIM-inoculated
mice.
Effect of age on susceptibility of mice to

EDIM infection. The results of the experiments
designed to determine susceptibility of mice of
various ages to infection after EDIM inoculation
are summarized in Fig. 3. The frequency of in-
fection was as follows: days 1 through 3, 23% (n
= 44); days 4 through 14, 95% (n = 81); days 15
through 17, 41% (n = 66); days 18 through 20,
16% (n = 155), and day 34 to adult, 0% (n = 45).
Of mothers that were not inoculated with virus
but allowed to nurse their inoculated litters, 12%
(n = 67) were positive for EDIM by RIA. The
frequency of infection in inoculated mice be-
tween days 4 and 14 was significantly greater
than that between days 1 and 3 (P < 0.001), the
frequency between days 15 and 17 was signifi-
cantly less than that between days 4 and 14 (P
< 0.001), the frequency between days 18 and 20
was significantly less than that between days 15
and 17 (P < 0.001), and the frequency in animals
older than 30 days (including adults) was sig-
nificantly less than that between days 18 and 20
(P < 0.05). The 12% frequency ofEDIM positiv-
ity in uninoculated mothers was significantly
less than that in inoculated mice between days
4 and 14 and between days 15 and 17. Of mice
negative for EDIM by RIA, only 4% had liquid
stool and 5% had semiformed stool in the intes-
tine when killed. Of mice 14 days or younger
positive for EDIM, 71% had liquid or semi-
formed intestinal contents and 29% had nornal
intestinal contents. Only one 15-day-old mouse
and no mouse older than 15 days had liquid

L~j
Kj

DAYS AFTER BIRTH
FIG. 3. Effect of age on susceptibility of mice to

EDIM infection. Mice were killed 28 to 32 h after
intragastric inoculation with EDIM. A mouse was
considered infected ifradioimmunoassay ofan intes-
tinal homogenate or electron microscopy of an intes-
tinal tissue section was positive. The number of mice
in each group in this and subsequent figures is indi-
cated within parentheses. M denotes uninoculated
mothers nursing inoculated pups.

intestinal contents after inoculation with EDIM.
Serum IgG antibody to rotavirus in mice.

The results of tests for serum IgG antibody to
EDIM are summarized in Table 2. Eleven dams
were tested for the presence of IgG antibody in
serum collected at the time their last infant was
killed. Antibody was present in 55% of the moth-
ers. The presence or absence of antibody in
mothers did not influence susceptibility of their
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TABLE 2. Serum IgG antibody to rotavrus in CD-I
mice

Mouse age Days in labo- No. positive (%)ratory o.pstv(%

Retired breeder 1-2 15 of 20 (75)
Mother 13-30 6 of 11 (55)
22 to 23 days 22-23 2 of 7 (29)
21 days 1 0of20 (0)

infants to EDIM infection. The frequency of
EDIM infection in 11- and 13-day-old mice in-
jected with steroids on day 8 was the same in
four litters from antibody-positive mothers and
four litters from antibody-negative mothers.
Moreover, in three litters inoculated on day 20
no animal developed EDIM infection, although
one of three mothers did not have antibody to
rotavirus. The percentage of dams positive for
antibody was not statistically different from that
of retired female breeders bled within 2 days of
arriving in our facility; 75% (15 of 20) of the
retired female breeders were antibody positive.
None of 20 21-day-old mice had antibody on
their arrival from Charles River Breeding facil-
ity. However, of mice born and housed in our
EDIM-contaminated area, by 23 days of age 29%
(two of seven) were positive for EDIM antibody.
Effect of cortisone acetate on susceptibil-

ity of mice to EDIM infection. The influence
of cortisone acetate administration to 8-day-old
mice on their susceptibility to infection upon
subsequent inoculation with EDIM is summa-
rized in Fig. 4. When mice pretreated with cor-
tisone acetate at 8 days of age were inoculated
with EDIM within 48 h after steroid administra-
tion, the frequency of infection was the same as
in mice of identical age that were not pretreated
with steroids (98 versus 100%). On the other
hand, when such pretreated mice were inocu-
lated with EDIM 72 to 144 h after steroid ad-
ministration, the frequency of infection was sig-
nificantly less than in mice of identical age not
receiving cortisone (60 versus 94%, P < 0.001).
Effect of cortisone acetate on intestinal

maturation. The effect of cortisone acetate ad-
ministration to 8-day-old mice on induction of
maltase activity is shown in Fig. 5. In 9- and 10-
day-old mice (24 to 48 h after steroid treatment),
maltase specific activity was 3.49 ± 0.43 U com-
pared with only 1.27 ± 0.07 U in littermates not
receiving steroids (P < 0.001). Similarly, in 11-
to 14-day-old mice (72 to 144 h after steroid
treatment); maltase specific activity was 4.04 +
0.51 U compared with 1.42 + 0.18 U in litter-
mates not receiving steroids. In 15- to 16-day-old
mice (7 to 8 days after steroid injection), there
was no longer a significant difference between
treated animals and control littermates (2.57 +

0.32 U compared with 2.71 + 0.38 U). The mean
maltase specific activity in adult mice was 12.06
± 0.61 U.

Control Steroid
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KR 60k
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20h

O0 B-10 11-14
DAYS AFTER BIRTH

FIG. 4. Effect of cortisone acetate on susceptibility
of mice to EDIM infection compared with age-
matched controls. All treated mice were injected with
cortisone acetate on day 8. All mice were inoculated
with virus on the days indicated on the abscissa and
killed 28 to 32 h later.

DAYS AFTER BIRTH

FIG. 5. Maltase specific activity in sonicated small
intestine of mice injected intraperitoneally with cor-
tisone acetate on day 8, littermate controls, and nor-
mal young adults. Mice were killed on the days in-
dicated on the abscissa. Maltase activity is expressed
as units ± standard error of the mean. One unit
equals micromoles of maltose hydrolyzed per milli-
gram ofprotein per hour. *, P < 0.001.
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The effect of cortisone acetate injection in 8-
day-old mice on intestinal sucrase activity varied
from animal to animal. Whereas none of the
control littermates had detectable sucrase activ-
ity until they were 14 days of age, 22% of steroid-
injected animals had detectable sucrase activity
at 9 and 10 days of age (24 to 48 h after steroids),
and 56% had detectable sucrase activity at 11 to
14 days of age (72 to 144 h after steroids). The
mean sucrase activity was 0.02 ± 0.01 U at 9 to
10 days and 0.20 ± 0.06 U at 11 to 14 days. By
15 to 16 days, there was no difference between
the mean sucrase specific activity in control and
cortisone acetate-injected animals (0.12 ± 0.05
U compared with 0.12 ± 0.04 U).

Intestinal lactase activity was unaffected by
cortisone acetate injection both in animals 9 to
10 days and 11 to 14 days of age (Fig. 6). In both
steroid-treated mice and untreated littermates
15 to 16 days of age (data not shown) mean
lactase activity had decreased to levels which
were not significantly different from those of
young adult mice 40 to 44 days of age (0.72 ± 0.2
U compared with 0.62 ± 0.05 U).

DISCUSSION
The presence of rotavirus infection in experi-

mentally inoculated mice was evaluated by two
methods, RIA of homogenized intestine with
antiserum to a closely related rotavirus (SAll)
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FIG. 6. Lactase specific activity in sonicated small
intestine of mice injected intraperitoneally with cor-

tisone acetate on day 8, littermate controls, and nor-

mal young adults. Mice were killed on the days in-
dicated on the abscissa. Lactase activity is expressed
as units ± standard error of the mean. One unit
equals micromoles of lactose hydrolyzed per milli-
gram ofprotein per hour.

and electron microscopy of thin sections of fixed
intestinal mucosa. The two methods showed an
overall concordance rate of 89.5%. Since only
two of the samples which were positive by elec-
tron microscopy were negative by RIA (both
from 1-day-old animals), the use of RIA instead
of electron microscopy to detect EDIM infection
appears justified. Although the sensitivity of the
RIA is 3 x 104 ID50, the cumbersome nature of
infectivity studies as well as the problem of
cross-contamination with EDIM precluded ef-
fective use of a biological assay in our relatively
long-term studies involving multiple groups of
animals.
Using RIA and electron microscopy, we have

shown that the degree of susceptibility of mice
to EDIM is an age-related phenomenon. Our
experiments show three periods of differing sus-
ceptibility of mice to inoculation with EDIM
virus. There is a low frequency of infection (23%)
in 1- to 3-day-old mice, which rises to a very
high frequency (95%) between days 4 to 14 and
then falls abruptly at 15 to 17 days (41%) as the
time of weaning is approached. The frequency
of infection in adult mice is very low; no rotavirus
infection was detected in any of the inoculated
adults, but the detection of rotavirus antigen in
the intestine of 12% of uninoculated mothers
exposed to infected pups demonstrates that
adult mice may, under some circumstances, re-
tain the capacity to be infected with rotavirus.
Alternatively, the presence of rotavirus antigen
in the dam's intestine may reflect ingestion of
EDIM in the excreta of their pups rather than
true infection. Our results most likely represent
a change in susceptibility to virus with age.
Asymptomatic infection in some older animals
could have been present and have remained
undetected by our assays; however, no animal
older than 15 days developed diarrhea after in-
oculation. The finding of liquid or semiformed
stool contents in 71% of mice 14 days or younger
that were positive for EDIM infection by RIA
or electron microscopy (or both) is consistent
with the reported average onset of diarrhea 2
days after inoculation (20). It is likely that a
substantially larger number of mice would have
developed diarrhea had they been killed at a
later time.
Our findings raise two major questions: (i)

what are the factors responsible for the low
susceptibility of mice to EDIM in the 1- to 3-day
period immediately after birth, and (ii) what are
the factors responsible for the marked decrease
in susceptibility as mice approach the weaning
period?
One possibility for the low susceptibility to

EDIM infection in 1- to 3-day-old mice could be
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the presence of antibody to rotavirus in the
colostrum and milk of the nursing mothers. Al-
though there are no reported measurements of
EDIM-specific colostral or milk antibodies in
mice, specific rotavirus antibodies have been
demonstrated in colostrum or milk at parturition
in cows (42), ewes (39), and humans (7, 44);
however, colostral and milk antirotavirus anti-
bodies decrease rapidly after birth. Two calves
fed colostrum with a neutralizing antibody titer
of 1:320 to bovine rotavirus were protected from
disease (42). Gnotobiotic lambs fed 450 ml, but
not those fed only 100 ml, of colostrum on the
first or second day of life and challenged 2 days
later with rotavirus were protected from disease
(37), as were lambs fed 40 ml of colostrum per
kg for 4 consecutive days after birth and chal-
lenged with virus on the second day (36). In
addition, two infant lambs fed high-titer anti-
rotavirus hyperimmune serum on days 2 to 4 did
not excrete rotavirus or develop diarrhea when
challenged on day 2 with rotavirus (37). Thus,
in species other than mice, oral ingestion of
substantial amounts of antibody directed against
rotavirus seems protective. In our studies, the
presence or absence of serum IgG antibody to
rotavirus in the mother did not appear to affect
susceptibility to EDIM infection of 11- or 13-
day-old mice injected with corticosteroids on
day 8 or of 20-day-old mice.
A second possibility for the lower susceptibil-

ity of 1- to 3-day-old mice to EDIM infection
may be low trypsin activity in the intestinal
lumen. Trypsin has been shown to increase in-
fectivity of rotaviruses in cells grown in tissue
culture (3, 9, 13, 38). In rats, trypsin activity in
the intestine is very low at birth, rises slightly
on day 4, and then remains essentially un-
changed until day 14, when activity increases
further toward adult levels (33). If the intralu-
minal trypsin activity in the intestine of mice, a
closely related species, should follow the same
pattern during development, an increase be-
tween days 3 and 4 after birth may contribute to
the very high susceptibility to EDIM infection
observed between 4 to 14 days after birth.

Several factors may influence the striking de-
crease in susceptibility to EDIM infection which
becomes apparent in mice age 15 days and older.
In this study we have confirmed that adminis-
tration of cortisone acetate to 8-day-old mice is
followed by premature partial maturation of the
intestinal absorptive epithelium (29). Moreover,
we have shown that such premature maturation
is associated with a significant decrease in the
frequency of EDIM infection in 11- to 14-day-
old mice 3 to 6 days after they received gluco-
corticoid injection. This decrease in susceptibil-

ity to EDIM infection was similar to that which
occurs naturally in 15- to 17-day-old animals.
The increase in maltase specific activity 24 h
after steroid injection occurred 48 h before
change in the susceptibility of mice to EDIM
infection, implying that maturation of this en-
zyme is not of importance in the decrease. How-
ever, other events occurring during intestinal
maturation in rodents, such as a decreased ca-
pacity for macromolecular transport (4, 8, 16,
31), may be important in modulating suscepti-
bility to EDIM. Alternative explanations for the
effect of cortisone on decreasing the susceptibil-
ity of mice to EDIM infection and the change in
susceptibility at 15 days are possible and include
maturation of the mouse's immune system or
maturation of the pancreas.
A receptor for rat immunoglobulin has been

demonstrated in the duodenal epithelium of
suckling rats (15, 34). This receptor, which nor-
mally disappears at the time of weaning, can be
made to disappear precociously by administra-
tion of glucocorticoids before weaning (8, 16, 31,
34). It has been suggested that an intestinal
receptor for rotavirus may be important in ro-
tavirus-induced enteritis, that the intestinal
brush border enzyme, lactase, may serve as this
receptor, and that lactase may also serve to alter
the rotavirus, increasing its infectivity (17). This
hypothesis is based on the observations that
lactase specific activity tends to decrease in an-
imals in concert with decreased susceptibility to
rotavirus infection and that lactase partially un-
coats bovine rotavirus (17). In addition, prein-
cubation of bovine rotavirus with lactase was
associated with a modest increase in infection of
cultured cells in vitro (3). Our data do not pre-
clude the presence in suckling mice of a rotavirus
receptor which normally decreases or disappears
at the time of weaning or can be induced to
decrease prematurely after glucocorticoid ad-
ministration. However, our data do indicate that
lactase is an unlikely candidate for the receptor
molecule and that the level of lactase activity is
not a crucial determinant ofmouse susceptibility
to EDIM infection. Although susceptibility to
EDIM infection was decreased significantly in
our glucocorticoid-treated mice, intestinal lac-
tase specific activity was not altered.
Rotavirus may not require a specific receptor,

but may enter absorptive cells along with mac-
romolecules by pinocytosis (4, 8). Such pinocy-
tosis decreases abruptly at the time of weaning
in mice and rats, and a decrease in pinocytosis
can be induced prematurely by glucocorticoid
administration (4, 8).

In rats, chymotrypsin and trypsin activities in
the intestine increase strikingly shortly before
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weaning (5, 33). Gastric pepsin activity also in-
creases abruptly in the rat just before weaning
(11). Although it is not known whether these
changes take place in mice, rats and mice are
closely related species, and there are studies
which suggest that proteolytic enzymes may
play a major role in rotavirus infectivity. Barnett
et al. (3) noted that infectivity of bovine rotavi-
rus was decreased 3-fold by prior incubation of
rotavirus in medium containing 2.7 U of chy-
motrypsin per ml, although there was a 1.5-fold
increase in infectivity after incubation in me-
dium containing only 0.27 U of chymotrypsin
per ml. Using reovirus, a closely related double-
stranded RNA virus, Rubin and Fields (35) have
shown that preincubation of type 3 reovirus with
chymotrypsin reduces its capacity to infect cul-
tured cells. The sensitivity of the reoviruses to
chymotrypsin in vitro correlated with the
amount of virus recoverable by plaque assay
after mouse inoculation in vivo (35). The effect
of gastric pepsin on rotavirus infectivity has not
been examined in vivo or in vitro. It is possible
that chymotrypsin or pepsin (or both) could
decrease EDIM infectivity in the mouse in vivo
at 15 days of age. It is less likely that increased
trypsin activity is responsible for the decreased
susceptibility to EDIM at 15 to 17 days since
trypsin enhances rotavirus infection of cells
grown in culture (3, 9, 13, 38).
In conclusion, it is clear that further studies

are needed to elucidate the mechanisms which
influence rotavirus infectivity in mammalian in-
testine. The precise characterization of suscep-
tibility of mice of different ages to EDIM infec-
tion and the demonstration that glucocorticoids,
which induce premature maturation of the in-
testine, modulate this susceptibility should aid
in our understanding of the host-virus interac-
tions in this in vivo model of rotavirus enteritis.

ACKNOWLEDGMENTS
This work was supported by Public Health Service grants

AM 17537 and AM 07121 from the National Institutes of
Health and contractDAMD 17-76-C-6052 from the U.S. Army
Medical Research and Development Command.
We are grateful to Frank Capozza and Connie Bueti for

technical assistance and to Bernard N. Fields and Donald H.
Rubin for stimulating discussions and advice during the course
of these studies. We also would like to thank Michael Collins
of Microbiological Associates, Bethesda, Md., for providing
reference sera samples for the EDIM antibody determinations,
and David S. Schreiber, in whose laboratory these studies
were initiated.

LITERATURE CITED
1. Adams, W. R., and L. M. Kraft. 1967. Electron-micro-

scopic study of the intestinal epithelium of mice infected
with the agent of epizootic diarrhea of infant mice
(EDIM virus). Am. J. Pathol. 51:39-60.

2. Banfield, W. G., G. Kasnic, and J. H. Blackwell. 1968.

Further observations on the virus of infant mice: an
electron microscopic study. Virology 36:441-421.

3. Barnett, B. B., R. S. Spendlove, and M. L. Clark. 1979.
Effect of enzymes on rotavirus infectivity. J. Clin. Mi-
crobiol. 10:111-113.

4. Clark, S. L., Jr. 1959. The ingestion of proteins and
colloidal materials by columnar absorptive cells of the
small intestine in suckling rats and mice. J. Biophys.
Biochem. Cytol. 5:41-50.

5. Corring, T., and A. Aumaitre. 1970. Mise en place et
evolution de l'equipement enzymatique du pancreas
exocrine du jeune rat pendant la periode embryonnaire
l'allaitement et le sevrage. Ann. Biol. Anim. Biochem.
Biophys. 10:431-441.

6. Cukor, G., M. K. Berry, and N. R. Blacklow. 1978.
Simplified radioimmunoassay for detection of human
rotavirus in stools. J. Infect. Dis. 138:906-910.

7. Cukor, G., N. R. Blacklow, F. E. Capozza, Z. F. R.
Panjvani, and F. Bednarek. 1979. Persistence of anti-
bodies to rotavirus in human milk. J. Clin. Microbiol.
9:93-96.

8. Daniels, V. G., R. N. Hardy, K. W. Malinowska, and
P. W. Nathanielsz. 1973. The influence of exogenous
steroids on macromolecule uptake by the small intestine
of the newborn rat. J. Physiol. 229:681-695.

9. Estes, M. K., D. Y. Graham, E. M. Smith, and C. P.
Gerba. 1979. Rotavirus stability and inactivation. J.
Gen. Virol. 43:403-409.

10. Flewett, T. H., and G. N. Woode. 1978. The rotaviruses:
brief review. Arch. Virol. 57:1-23.

11. Furinata, C., T. Kawachi, and T. Sugimara. 1972.
Premature induction of pepsinogen in developing rat
gastric mucosa by hormones. Biochem. Biophys. Res.
Commun. 47:705-711.

12. Goldstein, R., T. Klein, S. Freier, and J. Menczel.
1971. Alkaline phosphatase and disaccharidase activi-
ties in the rat intestine from birth to weaning. I. Effect
of diet on enzyme development. Am. J. Clin. Nutr. 24:
1224-1231.

13. Graham, D. Y., and M. K. Estes. 1980. Proteolytic
enhancement of rotavirus infectivity: biologic mecha-
nism. Virology 101:432-439.

14. Grand, R. J., D. A. Chong, and K. J. Isselbacher.
1972. Intracellular processing of disaccharidases: the
effect of Actinomycin D. Biochim. Biophys. Acta 261:
341-352.

15. Hallday, R. 1955. The absorption of antibodies from
immune sera by the gut of the young rat. Proc. R. Soc.
London B Biol. Sci. 143:408-413.

16. Halliday, R. 1959. The effect of steroid hormones on the
absorption of antibody by the young rat. J. Endocrinol.
18:56-66.

17. Holmes, I. H., R. D. Schnagl, S. M. Rodger, B. J.
Ruck, I. D. Gust, R. F. Bishop, and G. L. Barnes.
1976. Is lactase the receptor and uncoating enzyme for
infantile enteritis (rota) viruses? Lancet i: 1387-1388.

18. Kapikian, A. Z., W. L. Cline, H. W. Kim, A. R. Kalica,
R. G. Wyatt, D. H. VanKirk, R. M. Chanock, H. D.
James, Jr., and A. L. Vaughn. 1976. Antigenic rela-
tionships among five reovirus-like (RVL) agents by
complement fixation (CF) and development of new
substitute CF antigens for the human RVL agent of
infantile gastroenteritis. Proc. Soc. Exp. Biol. Med. 152:
535-539.

19. Koldovsky, O., and F. Chytil. 1965. Postnatal develop-
ment of 8-galactosidase activity in the small intestine
of the rat: effect of adrenalectomy and diet. Biochem.
J. 94:266-270.

20. Kraft, L. M. 1957. Studies on the etiology and transmis-
sion of epidemic diarrhea of infant mice. J. Exp. Med.
106:743-755.

21. Kraft, L. M. 1958. Observations on the control and natural

VOL. 33, 1981



574 WOLF ET AL.

history of epidemic diarrhea of infant mice (EDIM).
Yale J. Biol. Med. 31:121-137.

22. Kraft, L. M. 1961. Responses of the mouse to the virus of
epidemic diarrhea of infant mice. Neutralizing anti-
bodies and carrier state. Lab. Anim. Care 11:125-135.

23. L-owry, 0. H., N. H. Rosebrough, A. L. Farr, and R.
J. Randall. 1951. Protein measurement with the Folin
phenol reagent. J. Biol. Chem. 193:265-275.

24. Malo, C., and D. Menard. 1979. Opposite effects of one
and three injections of cortisone or thyroxine on intes-
tinal lactase activity in suckling mice. Separatum Ex-
perentia 35:493-494.

25. McNulty, M. S. 1978. Rotaviruses. J. Gen. Virol. 40:1-18.
26. Messer, M., and A. Dahlqvist. 1966. A one-step ultra-

micro method for the assay of intestinal disacchari-
dases. Anal. Biochem. 14:376-392.

27. Moog, F. 1951. The functional differentiation of the small
intestine: the differentiation of alkaline phosphomono-
esterase in the duodenum of the mouse. J. Exp. Zool.
118:187-205.

28. Moog, F. 1953. The functional differentiation of the small
intestine. III. The influence of the pituitary adrenal
system on the differentiation of phosphatase in the
duodenum of the suckling mouse. J. Exp. Zool. 124:
329-346.

29. Moog, F., A. E. Denes, and P. M. Powell. 1973. Disac-
charidases in the small intestine of the mouse: normal
development and influence of cortisone, Actinomycin
D, and cycloheximide. Dev. Biol. 35:143-159.

30. Moog, F., M. E. Etzler, and R. D. Grey. 1969. The
differentiation of alkaline phosphatase in the small in-
testine. Ann. N.Y. Acad. Sci. 166:447-465.

31. Morris, B., and R. Morris. 1974. The effects of cortisone
acetate on stomach evacuation and the absorption of
'25I-labelled globulins in the young rat. J. Physiol. 240:
79-89.

32. Pappenheimer, A. M., and J. F. Enders. 1947. Epi-
demic diarrheal disease of suckling mice. II. Inclusions
in the intestinal epithelial cells. J. Exp. Med. 85:417-
423.

33. Robberecht, P., M. Deschodt-Lanckman, J. Camus,
J. Bruylands, and J. Christophe. 1971. Rat pan-
creatic hydrolases from birth to weaning and dietary
adaptation after weaning. Am. J. Physiol. 221:376-381.

34. Rodewald, R. 1970. Selective antibody transport in the
proximal small intestine of the neonatal rat. J. Cell Biol.
45:635-640.

35. Rubin, D. H., and B. N. Fields. 1980. The molecular
basis of reovirus virulence: the role of intestinal enzymes
and the viral MlC polypeptide. J. Exp. Med. 152:853-
868.

36. Snodgrass, D. R., and P. W. Wells. 1976. Rotavirus
infection in lambs: studies on passive protection. Arch.
Virol. 52:201-205.

37. Snodgrass, D. R., and P. W. Wells. 1978. The immu-
noprophylaxis of rotavirus infections in lambs. Vet. Rec.
102:146-148.

38. Theil, K. W., and E. H. Bohl. 1980. Porcine rotaviral
infection of cell culture: effects of certain enzymes. Am.
J. Vet. Res. 41:140-143.

39. Wells, P. W., D. R. Snodgrass, J. A. Herring, and A.
McL. Dawson. 1978. Antibody titres to lamb rotavirus
in colostrum and milk of vaccinated ewes. Vet. Rec.
103:46-48.

40. Wilsnack, R. E., J. H. Blackwell, and J. C. Parker.
1969. Identification of an agent of epizootic diarrhea of
infant mice by immunofluorescent and complement fix-
ation tests. Am. J. Vet. Res. 30:1195-1204.

41. Woode, G. N., J. C. Bridger, J. M. Jones, T. H. Flew-
ett, A. S. Bryden, H. A. Davies, and G. B. B. White.
1976. Morphological and antigenic relationships be-
tween viruses (rotaviruses) from acute gastroenteritis of
children, calves, piglets, mice, and foals. Infect. Immun.
14:804-810.

42. Woode, G. N., J. Jones, and J. Bridger. 1975. Levels of
colostral antibodies against neonatal calf diarrhoea vi-
rus. Vet. Rec. 97:148-149.

43. Wyatt, R. G., A. R. Kalica, C. A. Mebus, H. W. Kim,
W. J. London, R. M. Chanock, and A. Z. Kapikian.
1978. Reovirus-like agents (rotaviruses) associated with
diarrheal illness in animals and man, p. 121-145. In P.
Morris (ed.), Perspectives in virology, vol. 10. Raven
Press, New York.

44. Yolken, R. H., R. G. Wyatt, L. Mata, J. J. Urrutia, B.
Garcia, R. M. Chanock, and A. Z. Kapikian. 1978.
Secretory antibody directed against rotavirus in human
milk-measurement by means of enzyme-linked im-
munosorbent assay. J. Pediatr. 93:916-921.

INFECT. IMMUN.


