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We studied the susceptibility of five germfree inbred strains of mice to oral infection by murine pathogenic
Escherichia coli 0115a,c:K(B) (MPEC), the causative agent of mouse megaenteron. Although MPEC colonized
all strains of mice at 10°/g of feces, the mouse strains could be divided into three groups according to their
intestinal lesions. In CF1 and C3H/He mice, intestinal lesions were produced in the cecum and colon with
hyperplasia of epithelial cells accompanied by severe inflammatory reactions and erosion. The lesions in NC
and C57BL/6 mice were restricted to the tip of the cecum, and hyperplasia of epithelial cells was more severe
in these mice than in CF1 or C3H/He mice. BALB/c mice had no lesions. Analysis of F, hybrids of CF1, NC,
and BALB/c mice and offsprings from backcrosses of F, mice to parental strains showed that susceptibility to
MPEC seemed to be controlled genetically by a single locus which may be related to the receptors on epithelial
cells for MPEC adherence. However, the differences in lesions between CF1 and NC mice suggest that a
combination of this locus and another locus to which it. may be related regulates the hyperplasia of intestinal

epithelial cells.

Infectious megaenteron of mice was originally described
by Muto et al. (21). Nakagawa et al. (22) isolated character-
istic murine pathogenic Escherichia coli O115a,c:K(B)
(MPEC) as the causative agent of this disease. Clinically
severe diarrhea with high mortality was observed in suckling
mice at 2 to 3 weeks of age (21, 22) and in specific-pathogen-
free adult mice (16, 17), but not in conventional adult mice
(16, 17, 21). Macroscopically, the disease produces thick-
ened walls in both the small and large intestines of suckling
mice before 4 weeks of age and only in the large intestine
after 4 weeks of age (21). Microscopic lesions are character-
ized by hyperplasia of crypt-type epithelial cells. There is
little inflammatory reaction in the lesions of suckling mice
(21), but in specific-pathogen-free mice with severe diarrhea,
there are marked inflammatory lesions with erosion (16). In
germfree mice monoassociated with MPEC, the infection is
not fatal and there are no severe inflammatory lesions of
epithelial cells of the intestine, although hyperplastic lesions
appear (16). Thus, the presence of intestinal flora appears
necessary to produce severe inflammatory lesions in specif-
ic-pathogen-free mice.

The differences between CF1 and ICR mice in their
susceptibility to MPEC infection have been reported previ-
ously (18). In CF1 germfree mice, intestinal lesions are
produced in the cecum, colon, and rectum. But in ICR
germfree mice, the intestinal lesions are localized in the tip
of the cecum. The inoculated MPEC attach to surfaces of
lesions in both mouse strains but not to normal epithelia.
However, the genetics of the susceptibility of mice to MPEC
infection was not analyzed.

This infectious disease is modified by intestinal flora (16,
17), so that in some cases, the mice are protected from the
infection, and in other cases, the infection is enhanced.
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Consequently, germfree mice are required as models in
examining the intrinsic susceptibility of mice to this infec-
tion. In the present study, we tested the susceptibility to
MPEC of five inbred germfree mice, F, mice with each
combination of a resistant strain and two types of sensitive
strains, and the offsprings from backcrosses of F; mice to
both parental strains. Also, the possible genetic control of
susceptibility to MPEC infection is discussed.

MATERIALS AND METHODS

Mice. Male and female inbred germfree CF1, C3H/He,
NC, and BALB/c mice were bred in the Institute of Physical
and Chemical Research, Wako, Japan. C57BL/6 inbred
germfree mice were obtained from Teikyo University School
of Medicine. All mice were housed in metal cages in Trexler-
type flexible vinyl isolators sterilized with 2% peracetic acid.
The mice were fed with FR-1 pellets (Funabashi Farm Co.)
sterilized by gamma irradiation at doses of 5 Mrads. Metal
cages containing wood shavings and water were introduced
into the isolators after sterilization at 121°C for 2 h. The mice
were used at 8 to 16 weeks of age. F, mice and the offsprings
from backcrosses of F, mice were used at 8 weeks of age.

Bacteria and inoculation. E. coli Oll5a,c:K(B) Ex-33
(MPEC) was isolated from the cecal contents of a spontane-
ous case of infectious megaenteron. The organisms were
cultured in semisolid Trypticase soy medium (BBL Micro-
biology Systems) and then stored at —80°C. MPEC was
prepared for inoculation into mice as follows. The frozen
organisms were inoculated into Trypticase soy broth and
incubated at 37°C overnight. The growth (0.5 ml) was added
to 4.5 ml of Trypticase soy broth and incubated with shaking
at 37°C for 2.5 h. Viable counts in the broth usually reached
4 x 108 cells per ml. The culture (0.2 ml) was then inoculated
into the mouse stomach via a metal catheter attached to a
1-ml syringe.
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FIG. 1. Macroscopic changes in CF1, NC, and BALB/c mice 7
days after infection with E. coli O115a,c:K(B). Note the thickened
walls of the cecum and colon of the CF1 mouse and the tip of cecum
of the NC mouse (arrow). There were no changes in the BALB/c
mouse.

Enumeration of viable organisms. A 1:100 fecal suspension
was prepared in sterilized phosphate-buffered saline (pH 7.0)
by using a glass homogenizer. To quantify the E. coli closely
attached to the wall of the cecum or colon, tissue segments
were excised and the contents were washed three times with
40 ml of sterilized phosphate-buffered saline. The remaining
phosphate-buffered saline was removed by swabbing with
sterilized filter paper. A 1:10 emulsion was then made in
sterilized phosphate-buffered saline by using a glass homog-
enizer. The emulsion or dilution (0.1 ml) was spread onto
desoxycholate-hydrogen sulfide-lactose agar (Eikin) plates.
The plates were incubated at 37°C for 18 to 24 h.

Histological examination. The cecum and colon were fixed
with 10% buffered Formalin and embedded in paraffin.
Sections (3 to 4 um) were stained with hematoxylin and
eosin stain.

Statistical analysis. Student’s ¢ test was used to determine
the significant differences between mouse strains with re-
spect to numbers of bacteria in feces or on the walls of the
large intestines. The x? test was used to compare observed
and expected data for genetic analysis.

RESULTS

Macroscopic lesions. A total of 15 germfree mice of each
strain was orally inoculated with MPEC and examined
macroscopically and microscopically for lesions on days 3,
5,7, and 14 after infection. The lesions were localized within
the large intestine. In CF1 and C3H/He mice, thickening of
the walls of both the cecum and colon appeared on days 5, 7,
and 14. The lesions on day 14 were more severe than those
on days 5 and 7. The lesions in NC mice were located at the
tip of the cecum on days 5 and 7 but did not appear on day
14. In C57BL/6 mice, the lesions were located at the tip of
the cecum, as in NC mice on days 5 and 14, and on day 7

GENETICS OF E. COLI 0O115a,c:K(B) INFECTION IN MICE 931

only, a slight thickening of the wall of a part of the colon also
appeared. BALB/c mice showed no lesions (Fig. 1).

Histological lesions. In CF1 and C3H/He mice, there was
hyperplasia of the epithelial cells of the large intestine. There
was also an inflammatory reaction in the lamina propria and
submucosa, with edema of the submucosa. Desquamatory
reactions, erosion and slight ulceration, also appeared. The
muscle layer thickened with cell infiltration. In CF1 and
C3H/He mice, MPEC adhered to the epithelial cells at the
tip, the side wall, and the base of crypts. MPEC formed
microcolonies on some parts of mucosal epithelia (Fig. 2).

In NC and C57BL/6 mice, the lesions consisted mainly of
hyperplasia of epithelial cells; erosion and ulceration of the
muscle layer usually did not occur. The hyperplastic epithe-
lial folds in these mice were higher than those in CF1 or
C3H/He mice, and the number of mitotic figures in the
epithelial cells was greater. The epithelial cells were de-
tached from the tips of the folds. MPEC adhered only to the
tips of the folds and did not form microcolonies (Fig. 3).
There was no histological change or adherence of MPEC in
BALB/c mice (Fig. 4 and 5).

Organism numbers in feces and on walls of the large
intestine. At 3 and 7 days after MPEC inoculation, 10° cells
per g of feces were recovered from all mice. On days 3 and
7, the numbers of organisms on the colon wall of NC mice
and on the cecum and colon walls of BALB/c mice were
lower than those in other mouse strains. On the cecal wall of
NC mice, the numbers of organisms on day 3 were 108 to
10%g, but decreased to 10° to 107/g by day 7. In CF1,
C3H/He, and C57BL/6 mice, there were no differences in the
numbers of organisms on the cecal wall between days 3 and
7. Although only very few lesions were observed in the colon
of C57BL/6 mice on day 7, the number of organisms cultured
was the same as those in CF1 and C3H/He mice (Table 1).

Genetic analysis. Mouse strains were divided into three
groups on the basis of differences in the location of lesions,

FIG. 2. Cecum of a CF1 mouse 7 days after infection. Hyperpla-
sia of crypt-type cells and erosion appeared in addition to severe
inflammatory reactions in the lamina propria, submucosa, and
muscle layer. Bar, 50 pm.
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FIG. 3. Cecum of an NC mouse 7 days after infection. There was
severe hyperplasia and detachment of epithelial cells from the tip of
mucosa. Bar, 50 pm.

the site of MPEC adhesion to epithelial cells, and the
histology of the lesions (Table 2). The differences in suscep-
tibility to MPEC among the mouse strains could depend on
the differences in receptor sites on the epithelial cells of the
large intestine and on the response of the epithelial cells,
especially hyperplasia. It appeared that there were two gene
loci, one locus controlling the receptor site on the epithelial
cell in the large intestine for adhesion of MPEC (Mcr,
mucosa colonization receptor) and the other locus control-
ling the response of epithelial cells to MPEC infection (Ect,
epithelial cell turnover). The Mcr locus has three types of
genes: Mcr-1 for CF1 mice, Mcr-2 for NC mice, and mcr for
BALB/c mice (shown in Table 3 as A,, A,, and a, respec-
tively). The Ect locus has two types of genes: Ect for NC
mice and ect for CF1 and BALB/c mice (shown in Table 3 as
B and b, respectively).

FIG. 4. Cecum of a BALB/c mouse 7 days after infection. No
lesions appeared. Bar, 50 pum.
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FIG. 5. Cecum of an uninfected germfree mouse (BALB/c).
There were no histological differences between strains of uninfected
germfree mice. Bar, 50 pm.

F, hybrids of CF1 x BALB/c, NC x BALB/c, and NC x
CF1 crosses and their backcrossed progeny were examined
for macroscopic and microscopic lesions in the large intes-
tine 7 days after oral inoculation with MPEC. The results are
summarized in Table 3. All the F; hybrids of CF1 X
BALB/c, NC x BALB/c, and CF1 x NC crosses had
NC-type lesions. In F, (CF1 x BALB/c) x CF1 backcrossed
mice, the ratio of CF1-type lesion to NC-type lesion was
15:16. These F; x BALB/c backcrossed mice showed
BALB/c- and NC-type lesions at a ratio of 13:17. In the
offsprings derived from backcrosses of F;, (NC x BALB/c)
mice to either parental strain, all of the F; X NC back-
crossed mice had NC-type lesions. The F;, X BALB/c
backcrossed mice had both BALB/c- and NC-type lesions at
aratio of 8:11. All F; (NC x CF1) x NC backcrossed mice
had NC-type lesions, and the F; X CF1 backcrossed mice
had both NC- and CF1-type lesions at a ratio of 15:3. There
were no differences between male and female mice in each
mouse group as to type of intestinal lesion. Also, in F,
hybrids and backcrossed offsprings, the lesion types were
unrelated to the sex of the parent strains.

The combination of a/a showed the BALB/c-type lesion
irrespective of the combination of B and b, and only the
combination of A;/A; b/b showed the CF1-type lesion. The
other combinations, A;, A,, or a and B or b, produced the
NC-type lesion. There were no differences between the
experimental data obtained and the theoretical incidence
rate of the lesion types as determined by the x? test.

DISCUSSION

There are many reports of differences among mouse
strains in their susceptibility to infection by various bacteria,
e.g., Salmonella typhimurium (14, 15, 24), Mycobacterium
bovis (8, 12), M. lepraemurium (4), M. intracellulare (11),
Listeria monocytogenes (2, 28), Corynebacterium kutscheri
(13), and Bacillus anthracis (29). These bacteria, except for
B. anthracis, are intracellular pathogens (27). E. coli
Ol15a,c:K(B) (the causative agent of megaenteron) in mice
is not an intracelhilar pathogen. Adhesion of this bacteria to
intestinal epithelial cells is thought to be the most important
step in infectious megaenteron (18, 21). In this study, we
demonstrated differences in susceptibility to MPEC infec-
tion among inbred germfree mouse strains. These differences
concerned the location of intestinal lesions, the adhesion of
MPEC to epithelial cells, and the type of histological lesions,
as summarized in Table 2. From these results, we found that
mouse strain differences in susceptibility to MPEC infection
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TABLE 1. Viable counts® of E. coli O115a,c:K(B) in feces and walls of the large intestine of five infected strains of germfree mice

Count at 3 days after infection in:

Count at 7 days after infection in:

Mou.se
strain Cecum wall Colon and Feces Cecum wall Colon and Feces
rectum walls rectum walls

CF1 8.5 + 0.16*** 8.5 + 0.28** 9.5 + 0.391% 9.0 = 0.22%* 9.0 + 0.22*%* 9.6 = 0.311
C3H/He 8.2 + 0.37** 8.6 + 0.16** 9.6 + 0.21% 8.6 = 0.31** 8.8 = 0.19** 9.4 = 0.10%
NC 8.6 + 0.19** 7.9 + 0.16*° 9.6 + 0.22% 6.9 = 0.31* 7.7 = 0.38% 9.4 + 0.28%
C57BL/6 8.5 *+ 0.43** 8.1 + 0.11** 9.6 + 0.08% 8.7 £ 0.24* 8.7 *+ 0.24** 9.9 + 0.08F
BALB/c 7.4 + 0.31 7.5 £0.22 9.0 = 0.19 7.3 +0.13 7.3 £0.11 9.3 x0.11

“ Mean * standard deviation (log count per gram); n = 5.

® Significance against BALB/c mice: **, P < 0.001; *, 0.001 = P < 0.05; +, not significant.

TABLE 2. Comparison of microscopical lesions in five inbred germfree mice monoassociated with E. coli O115a,c:K(B)

Mouse strain(s) Location of lesions

Adhesion of E. coli

Histological lesions

CF1 and C3H/He Cecum and colon

NC and C57BL/6 Tip of cecum

BALB/c No lesions No adhesions

From tips to crypts of mucosal epithelia;
production of microcolony in epithelia

Only the tip of mucosal epithelia

Hyperplasia of epithelial cells; inflammatory
reaction in lamina propria, submucosa, and
muscle layer; erosion and ulceration

Severe hyperplasia; severe detachment of epi-
thelial cells from the tip of mucosa; large
number of epithelial cells with mitosis

No lesions

are due to differences in the receptors on epithelial cells of
the intestine and to the hyperplasia response of epithelial
cells.

There may be no receptors or only a very few receptors
for the adhesion of MPEC to epithelial cells of the cecum and
colon of BALB/c mice and of the colon of NC and C57BL/6
mice. There are many reports of different susceptibilities of

animals to bacterial infection caused by differences in the
distribution of receptors on the host cells. Examples include
K88-fimbriated enteropathogenic E. coli in pigs (25, 26),
P-fimbriated uropathogenic E. coli in humans (19, 20), 987P-
fimbriated enteropathogenic E. coli in rabbits (5, 7), and
streptococcus on human oral epithelial cells (23). There were
differences between NC and C57BL/6 mice and between

TABLE 3. Genetic analysis of susceptibility of mice to E. coli O115a,C:K(B) infection

No. of mice with Theoretical incidence rate

Mouse strain [genotype(s)] Genotype(s) of offspring Ij:ﬁéx I(I’:nrzgie histopathological lesions®** (%) of lesions®
- + ++ - + ++

CF1 x CF1 (A,/A; b/b) A,/A, blb 20 0 0 20 0 0 100
(A,/A, blb)

NC x NC (4,/A, B/B) A,/A, BIB 18 0 18 0 0 100 0
(A,/A, BIB)

BALB/c x BALB/c (ala ala blb 18 18 0 0 100 0 0
blb) (ala blb)

CF1 x BALB/c (4,/A, A,la blb 16 0 16 0 0 100 0
bib) (ala bib)

F, x CF1 (A,/a blb) A,JA, blb and A,/a blb 31 0 16 15 0 50 50
(A,/A, blb)

F, x BALB/c (A,/a blb) A,/a blb and ala blb 30 13 17 0 50 50 0
(ala blb)

NC x BALB/c (4,/A, Ala Bib 13 0 13 0 0 100 0
BIB) (ala bib)

F, x NC (A,/a B/b) A,/A, BIB, A,JA, Blb, Asla 14 0 14 0 0 100 0
(A,/A, BIB) B/B, and A,la Blb

F, x BALB/c (A,/a B/b) Ajla Blb, A,la bib, ala Bib, 19 8 11 0 50 50 0
(ala b/b) and ala b/b

CF1 x NC (A,/A, blb) A,JA, Blb 23 0 23 0 0 100 0
(A,/A, B/B)

F, X CF1 (A,/A, BIb) A,/A, blb, A, /A, Blb, A JA, 18 0 15 3 0 75 25
(A,/A, blb) blb, and A /A, Blb

F, X NC (A,/A, BIb) A,/A, Bib, A,/A, Blb, A5IA, 20 0 20 0 0 100 0

(A,/A, BIB) BIB, and A,/A, Blb

2 Mice were Killed on day 7 after inoculation.

® Symbols: —, BALB/c-type lesion; +, NC-type lesion; ++, CF1-type lesion (Table 2).
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CF1 and C3H/He mice with respect to the location of
adhesive sites for MPEC on the mucosal epithelial cells. In
NC and C57BL/6 mice, MPEC adhered only to the tips of the
hyperplastic epithelial folds, but in CF1 and C3H/He mice,
the organism adhered to all parts of the epithelium from tip
to crypt. It has been reported (1, 10) that there are differ-
ences between the glycolipid distribution in the tips of the
villi of rat small intestine and that in the crypts. There also
may be differences between the distribution of receptors to
MPEC adherence in tips and that in crypts in the cecal
epithelium of NC mice. Cohen et al. reported that the
receptor in mouse colonic mucus for a human fecal E. coli is
a glycoprotein (3). Dean and Isaacson (6) also found that the
receptor in rabbit small intestines for 987P-fimbriated E. coli
is a glycoprotein and proved that the different susceptibilities
to E. coli 987P are related to the distribution of the receptors
on epithelial cells, which varies with age (7). In megaenteron
in mice, the type of intestinal lesion and the susceptibility to
infection are different depending upon the age of the mice
(21, 22). Studies of the mechanisms determining the differ-
ences of susceptibility to MPEC on the basis of age or mouse
strain should be focused on the distribution of the receptors
on intestinal epithelial cells.

Hyperplasia of the intestinal epithelial cells is most likely
the most important factor affecting the differences between
the type of lesions seen in CF1 and C3H/He mice. In NC and
CS57BL/6] mice, histological lesions were restricted to the
epithelial cells with severe mucosal hyperplasia detachment
of epithelial cells, from the tip of hyperplastic mucosa. In
contrast, only slight hyperplasia occurred in CF1 and
C3H/He mice compared with that in NC and C57BL/6J mice,
although histological lesions of CF1 and C3H/He mice were
very severe. Ganaway (9) suggested that the hyperplasia
response may be a defense mechanism to replace infected
cells with newly migrated, uninfected epithelium. For exam-
ple, mouse colitis associated with Citrobacter freundii is
characterized by marked mucosal hyperplasia and various
degrees of inflammation. We have formulated the following
hypothesis. MPEC easily colonizes the epithelial cells of
CF1 and C3H/He mice since the hyperplasia response of
these mice is very weak. MPEC then causes desquamation
erosion, and ulcerative lesions are produced. On the other
hand, the hyperplasia response of NC and C57BL/6 mice is
very severe, and the infected cells are replaced with newly
migrated epithelial cells. Consequently, the histology is
restricted only to hyperplasia of the epithelial cells.

The differences among mouse strains in susceptibility to
MPEC infection were also analyzed genetically. Since the
susceptibility to MPEC infection is thought to be controlled
by the receptor on the intestinal villous epithelial cell, it
appeared that only the autosomal locus Mcr was involved.
We observed lesions in all F; mice of CF1 x BALB/c and
NC x BALB/c crosses. Mice obtained from the backcross of
F, hybrids (from a CF1 x BALB/c ora NC x BALB/c cross)
to BALB/c mice were distributed at a ratio of 1:1 with
respect to resistance or sensitivity. These results suggested
that the mice are sensitive or resistant to MPEC infection
according to genetic control by only one locus; Mcr-1 (CF1
type) and Mcr-2 (NC type) are dominant to mcr (BALB/c
type). In F; mice (CF1 x NC) and the progeny obtained from
the backcross to CF1, the combination of genes, Mcr-1/Mcr-
2, produced NC-type lesions. However, we thought that the
type of lesion was controlled by more than the Mcr locus,
since F, mice (CF1 X BALB/c) had the gene combinations
Mcr-1/mcr and ect/ect and yet showed only NC-type lesions.

We looked at the Ect locus as the other genetic factor

INFECT. IMMUN.

which might control the hyperplasia of intestinal villus
epithelial cells. Ect (NC type), which controls the high
response of epithelial cells to hyperplasia against MPEC
infection, was dominant to ect (CF1 and BALB/c types), as
demonstrated by F; mice (from NC X CF1 and NC X
BALB/c crosses) and the progeny obtained from the back-
cross to each parent strain. However, further studies are
required to determine whether the ect of CF1 mice and the
ect of BALB/c mice are the same genes.

In summary, inbred germfree mouse strains showed dif-
ferent susceptibilities to MPEC, and these differences were
controlled genetically. From genetic analysis, we suggest
that the production of intestinal lesions is controlled by one
locus and the histopathological differences among intestinal
lesions are controlled by at least two loci.
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