Pathogenic Shiga toxin-producing Escherichia coli in the intestine of calves
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Abstract

The purpose of this study was to compare the pathological effects of Shiga toxin-producing Escherichia coli (STEC) that vary in
their association with bovine and human disease. Shiga toxin-producing E. coli of serotypes associated with both dysentery in
calves and hemolytic uremic syndrome (HUS) in humans (O5:H-, O26:H11, O111:H-, O113:H21) were compared with
0157:H7 STEC, which are associated with HUS in humans but not with disease in calves. The STEC were administered orally
to 80 day-old chicks and into ligated loops in the ileum and colon of four 2- to 6-day-old calves. Examination of the ceca of the
chickens 10 d postchallenge showed no adherence or tissue abnormality for any isolate. The calves were euthanized 8 to 10 h
postinoculation, and sections of the intestinal loops were examined by light microscopy, transmission and scanning electron
microscopy, and immunohistochemistry. All strains showed consistent focal adherence associated with mild lesions in the colon.
Attaching and effacing lesions were observed with the eae-positive strains. Ileal lesions were similar to the colonic ones but were
sometimes severe, with marked polymorphonuclear leukocyte proliferation in the lamina propria. It is concluded that chick-
ens were unsuitable for studying interaction of STEC with the intestine and that there was no difference in the interaction of
the ligated calf intestine with STEC of serotypes associated with disease in calves compared with O157:H7 STEC.

Résumeé

Les isolats d'Escherichia coli producteurs de toxine Shiga (STEC) varient dans leur association avec des maladies humaines et animales.
Les effets pathologiques d’isolats de STEC appartenant i des sérogroupes associés a de la dysenterie chez des veaux et au syndrome hémoly-
tique et urémique (HUS) chez I’humain (05:H-, 026:H11, O111:H-, O113:H21) furent comparés a des isolats de STEC O157:H7 associés
au HUS humain mais ne causant aucune maladie chez les veaux. Les STEC furent administrés per os a 80 poulets 4gés d'un jour et injectés
dans des anses intestinales ligaturées d’iléon et de colon de quatre veaux dgés de 2 a 6 jours. Un examen des ceca des poulets 10 jours suivant
Uinoculation ne révéla la présence d’aucune adhérence ou de changement tissulaire. Les veaux furent euthanasiés 8 a 10 heures post-
inoculation et des sections des anses intestinales examinées par microscopie photonique, microscopie électronique a transmission et a balayage,
et par immunohistochimie. Une adhérence focale associée a des Iésions peu séveres au colon était notée avec toutes les souches. Des Iésions
d’attachement et d’effacement furent observées avec les souches eae-positives. Les lésions a 'iléon étaient similaires a celles du colon mais
étaient parfois séveres avec prolifération marquée de leucocytes polymorphonucléaires dans la lamina propria. En conclusion, le poulet n’est
pas un modele approprié pour étudier les interactions de STEC avec I'intestin et les anses intestinales ligaturées de veau ne réagissent pas
différemment selon que les STEC appartiennent a des sérogroupes associés i des maladies chez les veaux ou au sérogroupe O157:H7.
(Traduit par Docteur Serge Messier)

serotypes of STEC (O5:H-, 026:H11, 026:H-, O111:H-, and O113:H21)
cause disease in humans and calves (1,4-6,10).

Introduction

Shlga toxin_producing Escherichia coli (STEC) are a heteroge_ Known STEC virulence attributes are associated with toxin

neous group of E. coli that are associated with diarrhea, hemorrhagic
colitis (HC), and hemolytic uremic syndrome (HUS) in humans
(1,2); edema disease in pigs (3); and diarrhea and dysentery in
calves (4-6). Those STEC that have been associated with HC and
HUS in humans are called enterohemorrhagic E. coli (EHEC) (7).
Shiga toxin-producing E. coli are found in the intestine of healthy cat-
tle, which are a major source of infection for humans (8,9). Serotype
0157:H7, which is the serotype most frequently implicated in
human disease, is not associated with disease in calves. A few

production or intestinal colonization. Since the Shiga toxins (Stx)
produced by STEC isolated from cattle are the same as those pro-
duced by STEC isolated from humans, it is likely that differences in
colonization-related properties may account for differences in the
virulence of STEC for human and bovine hosts. Adherence of STEC
to epithelial cells in vitro has been studied with tissue culture cells
(11-14) or isolated intestinal epithelial cells (15). The attaching
and effacing (AE) lesion induced by eae-positive STEC has been
demonstrated in gnotobiotic pigs, rabbits, mice, chickens, and
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Table I. Characteristics of Escherichia coli strains used in the ligated loops

of calves

EHEC- Area®
Strain Serotype Stx° eae hemolysin LA/FAS® of gut
5a 05:H- 1 + + + |
5ha 05:H- 1 + + + I, C, Ce
26a 026:H11 1 + + + |
26b? 026:H11 1 + + + |, C
111a 0111:H- 1 + + + |
111b? 0111:H- 1 + + + |, C
157 0157:H7 1,2 + + + |, C
157¢ 0157:H7 - + + + |, C
113 0113:H21 2 - - - I, C

| — ileum; C — colon; Ce — cecum; Stx — Shiga toxin; EHEC — enterohemorrhagic

E. coli

@ strains with the “b” suffix were isolated from diseased animals

b types of Stx produced by the strain

¢ positive for localized adherence (LA) and the fluorescent actin staining (FAS) test
d-area of gut in which the strain was inoculated

calves (16); however, animal infections have not been used to
attempt to distinguish between virulence of STEC for human and ani-
mal hosts. At present, there is no system for determining whether
an STEC isolate is a potential pathogen for humans.

Attaching and effacing lesions were induced in the ceca of chick-
ens by O157:H7 and a few other serotypes of STEC (17-19), and
chickens have been suggested to be a useful model for studying the
interaction of STEC with the intestine. The calf is also a poten-
tially valuable animal for studies of interaction of the intestine
with STEC of bovine origin, as it permits evaluation of pathogens in
their natural host and a direct comparison of the behavior of STEC
that differ in virulence in calves and humans. The ligated-loop
method reduces the number of animals that are needed for such
studies.

The purpose of this study was to compare the pathological
effects of STEC that vary in their association with bovine and
human disease. Two animal models were used, namely the orally
inoculated chicken and ligated intestinal loops in calves. The selec-
tion of STEC strains included a toxin-positive and toxin-negative iso-
genic pair of O157:H7 E. coli and an eae-negative isolate. This is the
first report of its kind in which such studies have been conducted in
ligated ileal and colonic loops in calves.

Materials and methods

Bacterial strains

Eight STEC strains belonging to 5 serotypes were used (Table I).
The bacteria were grown overnight in Eagle’s minimum essential
medium (EMEM) with 5% fetal bovine serum (FBS) at 37°C in 5%
CO,, centrifuged at 12 000 X g for 10 min, then resuspended in fresh
medium to approximately 3 X 10'° colony-forming units per mil-
liliter (cfu/mL) of EMEM. A strain of E. coli K-12 grown under
similar conditions and uninoculated EMEM were used as negative
controls in each calf.

Animals

One 2-day-old and three 6-day-old colostrum-fed calves were
used. For 24 h prior to surgery the calves were fed only electrolytes
in warm water (Calf-Lyte II; Austin Canada, Joliette, Quebec).
Under halothane-induced anesthesia, a paramedian incision was
made, starting from the umbilicus and extending 15 cm posteriorly.
Ligated loops were created in the ileum, the colon, and the cecum.
A total of 10 to 12 ileal loops, 1 cecal loop, and 5 or 6 colon loops were
made in each of the three 6-day-old calves. No colon loops were
made in the 2-day-old calf because of technical difficulties in han-
dling the colon in that calf. Each loop was inoculated with 1 mL of
bacteria or 1 mL of EMEM. The calves were inoculated intramus-
cularly (IM) with 50 mg of flunixin (Banamine; Schering-Plough,
Pointe Claire, Quebec) immediately after surgery and with 25 mg at
4-hour intervals thereafter. The calves were euthanized 8 to 10 h after
inoculation of the loops, and samples of intestine were immediately
removed from each loop for histopathologic examination and elec-
tron microscopy (EM). The infection studies followed the guidelines
of the Guide to the Care and Use of Experimental Animals of the
Canadian Council on Animal Care and were approved by the
Animal Care Committee of the University of Guelph.

Histologic studies

Tissues were formalinized, embedded in paraffin, and sectioned
at 5 pm; triplicate consecutive sections were stained with Giemsa,
hematoxylin and eosin, and immunoperoxidase stains.

Immunoperoxidase staining

The identity of the isolates in ligated loops was determined by
labeling the bacteria with anti-O antibody, using an indirect
immunoperoxidase technique (Histostain-SP kit; Zymed Laboratories,
San Francisco, California, USA). The paraffin-embedded tissue
sections were collected on superfrost slides without adhesives and
dried overnight at 37°C. The paraffin was melted at 60°C, and
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Table Il. Scores of adherence and histopathologic lesions in ligated loops of
the ileum and colon in calves inoculated with various Shiga toxin-producing

E. coli (STEC)

lleum Colon®
Adherence? Histopathology® Adherence Histopathology
Strain A,B,C,D A, B,C,D A,C,D A,C,D
5a 2,1,1,1 2,2,1,3 NT NT
5b 2,1,1,1 3,2,3,2 3,1,0 1,1,0
26a 2,3,1,1 2,4,1,2 NT NT
26b 2,1,1,1 2,1,1,2 3,1,1 11,1
111a 2,1,1,1 3,2,1,3 NT NT
111b 1,1,1,1 1,2,2,2 3,2,1 1,1,2
157 2,1,1,1 0,1,1,1 1,2,2 1,1,1
157¢¢ 0 2 3 1
113 2,1,1,0 1,2,3,2 3,1,2 1,1,2

NT - not tested; ABCD — calves A, B, C, and D
@ adherence was scored as described in the text
b histopathologic lesions were graded 1 to 4, as described in the text

¢ no colon loops were made in calf B

4157c, a strain of 0157:H7 STEC that had lost its toxin genes following passage
on laboratory medium, was tested in calf D only

then the sections were treated with methanol. In order to inhibit
endogenous peroxidase, the sections were exposed to freshly pre-
pared 3% hydrogen peroxide in methanol for 10 min. The sections
were washed with tap water and then with phosphate-buffered
saline (PBS; pH 7.4). Non-specific background was eliminated by
treating the samples with non-immune serum supplied with the kit.
After the samples were washed twice with PBS, a 1:200 dilution of
specific rabbit anti-E. coli O serum was added and allowed to
remain in contact with the sections for 15 min. The sections were then
washed twice for 10 min with PBS. A 50-pL volume of biotinylated
goat anti-rabbit IgG antiserum was applied for 10 min, and then the
sections were washed 3 times with PBS. The chromogenic sub-
strate (supplied with the kit) was applied for 5 min, then the tissues
were washed with water; counterstained with hematoxylin; washed
sequentially with water, PBS, then water; dried and mounted with
Glycergel (Dako Corporation, Mississauga, Ontario); and examined
under the microscope.

Electron microscopy

As soon as possible after euthanasia, an approximately 4-mm-long
section from each loop of calf intestine was removed and washed
gently in cold PBS, then transferred to sodium cacodylate-HCI-
buffered glutaraldehyde. The samples were then transferred to 2 mL
of 0.1 M sodium cacodylate and held at 4°C until time for further pro-
cessing. The buffer was removed from the samples, which were then
stained with 10 volumes of 2% osmium tetroxide (J.B. EM Services,
Dorval, Quebec) in 0.1 M cacodylate buffer (pH 7.4) for 1 h at
room temperature. The tissues were washed with MQ (Milli-Q;
Millipore Corp., Bedford, Massachusetts, USA) water for 15 min and
then dehydrated with increasing concentrations of ethanol (50, 60,
70, 80, 90, and 100%), for 30 min at each concentration. After the last
ethanol step, 100% ethanol was mixed 1:1 with an intermediate
solvent, propylene oxide (VWR Canlab, Mississauga, Ontario),

and added to tissue samples at room temperature for 30 min, fol-
lowed by 30 min with 100% propylene oxide. A 30% concentration
of complete epon in propylene oxide was added for 30 min, followed
by 60% epon for 30 min. Then 100% epon was added to the samples
and they were held at 4°C for 4 h. The polymerization catalyst
[100% EPON + DMP30 (J.B. EM services) (0.14 g/10 mL)] was
then added to the samples, which were held overnight at 4°C. The
next day both the epon and the catalyst were removed, and the sam-
ples were placed in embedding molds with fresh epon and catalyst
and then in an oven, at 40°C overnight and then at 60°C for a further
24 h. The hardened blocks containing the samples were sectioned
with a microtome (Leica Canada, Montreal, Quebec) and stained with
5% uranyl acetate and 0.4% lead citrate (J.B. EM Services). The
samples were examined in a 100S transmission electron micro-
scope (JEOL, Peabody, Massachusetts, USA).

For the colon loop in calf D that had been injected with strain 113,
it was necessary to use tissue previously embedded in paraffin to
identify zones of adherent bacteria by EM. Areas of tissue with
adherent bacteria were transferred to xylol overnight to remove the
paraffin. The sample was then rehydrated in buffer and processed
for EM as described above.

Assessment of mucosal damage and bacterial
adhesion

If the appearance of the intestine was similar to that in areas in
which EMEM alone had been injected the histopathologic reac-
tion was given a score of 0. Typically, the villi were slender, had an
intact epithelium with regularly shaped cells, and had a low con-
centration of cells with few or no polymorphonuclear leukocytes in
the lamina propria. Sections with irregularity in villus shape,
degeneration of the epithelial cells at the tips of a low percentage of
villi, and a moderate increase in neutrophils and other cells in
the lamina propria were scored as mild, or grade 1. Sections
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Figure 1. Changes in villi in the ileum of calves in response to Shiga toxin-
producing Escherichia coli (STEC). A. Normal villus. The villus is long
and slender with intact epithelium, regularly shaped epithelial cells with
prominent brush border, and a low concentration of mononuclear leukocytes
in the lamina propria. B. Mild reaction (grade 1). Villi are slightly blunted,
there are degenerating epithelial cells at the tip, and there is increased cel-
lularity in the lamina propria, with neutrophils migrating into the epithelium
(arrowheads). C. Moderate reaction (grade 2). Villi are short and blunt. There
is shallow ulceration (arrow), and large numbers of neutrophils are pres-
ent in the lamina propria and appear to be streaming into the lumen.
D. Severe reaction (grade 3). The upper third of the villus is covered
with degenerate epithelial cells or is ulcerated, there is massive infiltra-
tion of the lamina propria with polymorphonuclear leukocytes, and edema
distends the lamina propria.

demonstrating short, blunt villi with irregularly shaped epithe-
lial cells exfoliating singly or in clumps from a moderate number of
villi, as well as large numbers of neutrophils in the lamina propria
that sometimes extruded through the villus tips, were assigned a rat-
ing of moderate, or grade 2. Sections demonstrating areas of villus
atrophy and pseudomembrane formation, areas with loss of villus-
tip epithelium and an inflammatory exudate in the lamina pro-
pria continuous with the material in the lumen, and/or some areas
in which severely damaged villi showed highly vacuolated epithe-
lial cells at their tips, with large numbers of attached bacteria,
were assigned a score of severe, or grade 3. If the changes identified
for a grade-3 reaction were found in most areas of the intestine, the
response was scored as grade 4.

For each ligated segment, at least 2 sections stained with hema-
toxylin and eosin, 2 stained with Giemsa, and 2 stained by immuno-
histochemistry were examined. A long, continuous stretch of 50 bac-
teria was considered equivalent to 1 cluster. If no areas of bacterial
adherence were detected, the adherence score was 0. If fewer than
5 areas of adherence per section were identified on average, the score
was 1. If the average number of bacterial clusters per section was

Figure 2. Changes in the appearance of the colon of calves in response to
STEC. A. Mild reaction (grade 1). A mild reaction is shown at the left
(arrows), adjacent to a normal area of the colon. The area to the left shows
marked irregularity of the epithelium, with intraepithelial neutrophils
(arrows) and increased cellularity of the lamina propria (arrowheads).
B. Moderate reaction (grade 2). There is necrosis of the epithelium
(black arrow), increased cellularity of the lamina propria (arrowheads) and
a strong neutrophilic reaction (white arrows).

between 6 and 60, the score was 2. If the average number of clusters

per section was greater than 60, the score was 3.

The types of histologic reactions observed are illustrated in
Figures 1 and 2. Typically, enterocytes with adherent bacteria
showed pyknotic nuclei, and there was much exudate, consisting of
bacteria, neutrophils, fibrin, and sloughed epithelial cells in the ileal
lumen. In the colon, lesions were generally mild, and the affected
epithelium was characterized by an absence of goblet cells (Figure 2).

There was considerable variation from calf to calf with respect to
bacterial adherence and tissue reaction, even within the same bac-
terial strain (Table II). Lesions were highly focal in all areas and in
all animals, except for an ileal loop from calf B that was inoculated
with strain 26a, in which lesions were widespread. In each field
examined under 100X magnification, distinctions could be made
between unaffected areas of intestine and those in which there was
a tissue response (Figure 2A). Examination under 400X magnification
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Figure 3. Adherence of STEC to ileal and colonic epithelium. A.
Immunoperoxidase staining of STEC serotype 026:H11 adherent to villi and
in the lumen in the ileum of a calf (40X). B. Bacteria evident as rows of dark-
staining organisms at the interphase between epithelium and lumen
(Giemsa, 63X). C. A cluster of bacteria adhering in a pattern similar to that
seen in localized adherence to HEp-2 cells in vitro (Giemsa, 100X).

often identified adherent bacteria in association with the lesions. The
identity of adherent organisms was confirmed by the immunoper-
oxidase technique (Figure 3) in all cases, except for strain 113,
with which the O antiserum did not react in either the immuno-
histochemical studies or the in vitro slide agglutination tests. The

Figure 4. Transmission electron micrograph of an eae-positive and eae-negative
STEC associating with the colonic epithelium. A. The figure shows the clas-
sical AE lesion in an area of the colon infected with STEC 05:NM. Note the
pedestal formation and the close association of bacteria with the colonic
epithelial cells (arrowheads) and the effacement of microvilli (arrows in the
lumen). B. Transmission electron micrograph of colonic mucosa infected
with an eae-negative STEC of serotype 0113:H21 shows that some bacteria
are surrounded by an electronlucent zone and are at some distance from
the epithelium. However, other bacteria (arrows) appear to be associated
with typical AE lesions.

reactions to the O157:H7 isolate in the ileum were always mild
(Table II).

In one of the 6-day-old calves (C) there was 15 mL to 20 mL of
thick, bloody fluid and grossly evident pseudomembrane formation
in ileal loops inoculated with strains 5b, 26a, 26b, 111a, and 111b
(Table II). In all calves, there was a mucopurulent exudate in the
ileum, and in the colon the lumen content was primarily mucus.

Only one strain (5b) was inoculated in a loop at the tip of the
cecum in each calf. This isolate caused focal erosion and pseudovil-
lus formation. There was increased cellularity in the lamina propria,
microerosion with increased loss of epithelial cells, and pyknotic
eosinophilia.

The control ileal segments inoculated with the E. coli K-12 strain
or EMEM showed long villi, with an intact epithelium consisting of
regularly shaped cells. There was no polymorphonuclear leukocyte
reaction in the lamina propria, except in the case of calf C; in this calf,
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Figure 5. Invasion of the ileal epithelium by an 05:NM verotoxin-producing
E. coli. Arrows point to an invading organism.

congestion of the blood vessels in the lamina propria was evident in
the control loops.

Focal bacterial adherence was observed for all STEC isolates
that were tested. Adherent bacteria were much more readily
observed with Giemsa stain (Figure 3B, 3C) than with hematoxylin
and eosin stain, and areas of adherence were clearly identified in the
immunohistochemical reactions (Figure 3A). Adherence to colonic
epithelium was the most extensive with strain 157c. No bacterial
adherence was detected in the control ileal loops inoculated with the
E. coli K-12 strain or EMEM.

Under transmission EM, eae-positive strains were closely apposed
to the epithelial cell surface in the ileum and in the colon, with efface-
ment of microvilli and condensation of fibrillar material just below
the organisms (Figure 4A). With the ezeA-negative O113:H21 strain,
the bacteria were typically surrounded by an electron-lucent zone
and were seen at some distance from the microvilli with no close
attachment. This organism appears to be heavily capsulated both
in vitro and in vivo; however, in one calf, bacteria that showed close
attachment with typical AE lesions were evident in a loop inoculated
with the O113:H21 organism (Figure 4B). Occasionally the bacteria
were seen on cytoplasmic pedestals and there was superficial inva-
sion (Figure 5) with each of the isolates tested.

Prior to the study in calves, we used 40-day-old broiler chickens
and 40-day-old layer chickens to investigate adherence of these
STEC strains to the ceca (17,18). However, we found that the orally
inoculated day-old chicken was unsuitable for studying the inter-

action of STEC with the intestine, as no AE lesions were observed
in the ceca of any of the chickens (data not shown). Earlier reports
indicated that day-old chickens experimentally infected with one
strain of O157:H7 STEC showed prolonged colonization of the
ceca with typical AE lesions and penetration of epithelial cells
(17,18). In 10-day-old chickens infected with STEC of serogroups O5
and 026 (calf origin), 0103 (chicken origin), O111 and O157:H7
(human origin), and O15 (pig origin), AE lesions and/or adherence
in the ceca were consistently associated only with those isolates of
chicken origin (19). The findings in the present study are consistent
with these findings.

One of the objectives of the present study was to compare adher-
ence of an STEC serotype that is a human pathogen (0157:H7)
with that of serotypes that are pathogens of both calves and humans
(05, 026, 0111, O113); however, there was no discernible difference
in the ability of the various strains to adhere to the calf intestine
(Table II). The ligated calf intestine was useful for detection of
those isolates that adhered; however, it may be unsuitable for
determining degrees of colonization, since the bacteria are not
subject to being washed away, as they are in the unligated intestine.
Furthermore, the highly focal nature of the lesions might result in
sampling errors.

The accumulation of fluid in the ileal loops inoculated with
strains 5b, 26a , 26b, 111a, and 111b in calf C suggests that certain
undefined conditions (possibly viral, bacterial, or parasitic infection)
could predispose the calf to diarrhea in response to STEC serotypes
05:NM, 026:H11, and O111:H-. Since bloody diarrhea has been
reproduced in gnotobiotic calves in response to STEC serotype
05:H- (20-22), it is clear that these organisms can induce disease
without the need for other factors that damage the intestine.
However, there are cases in which a combination of agents might
induce disease in animals that are resistant to either agent alone, such
as with enterotoxigenic E. coli and rotavirus (23,24). The absence of
fluid accumulation in ligated ileal loops inoculated with strains
0157:H7 and O113:H21 might mean that although these isolates
adhered to the calf intestine they lacked the capacity to induce
fluid production in the calf intestine. The O5 isolate from a diseased
calf induced fluid production, whereas the isolate from a healthy calf
did not, but this observation was limited to 2 isolates in a single calf.

There was a clear demarcation between the areas with adherent
bacteria, which showed histopathologic changes, and areas that were
free of bacteria, which did not show the changes. In colon samples
stained with hematoxylin and eosin, the absence of goblet cells
facilitated the recognition of affected areas. Other studies have
inoculated calves with different serogroups of STEC, including
O5:H- (4,21,22), 026:H11 (5), and O111:H- (25); these strains caused
AE lesions, diarrhea, and dysentery, the lesions being seen mainly
in the colon and less commonly in the ileum. Colonization may be
related to factors such as distribution of receptors in the intestine,
the age of the calf, and other unidentified predisposing factors
that promote adherence and/or growth in the intestine.

The observed histologic lesions were similar to those described
by researchers who infected gnotobiotic calves (20-22) or conven-
tional calves (5,25) or examined naturally infected calves (6,21). The
only difference was that invasion of epithelial cells was evident for
all serotypes used in the present study but was not reported for
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bovine STEC in any of the other studies in calves. The marked
polymorphonuclear leukocyte response seen in the ileum may be
significant, as these cells have been implicated in toxin transport from
the intestine, transfer to endothelial cells, and damage to tissue
(26-28). However, unlike humans and pigs, cattle appear to lack the
vascular receptors for Stx and, therefore, do not show a systemic
response (29).

The immune status of the calf could influence both fluid accu-
mulation and adherence of bacteria in the intestine. However, dif-
ferences in fluid response and in adherence with strains of the
same serotype that produced the same Stx suggest that antibodies
against the major surface polysaccharides or antitoxic antibodies
were not responsible. Host receptors for Stx could play a role in the
intestinal response to toxin, as has been shown for rabbit enterocytes
(30). Nothing is known of the presence or absence of receptors for
Stx on the enterocytes of the ileum or colon of calves, but there would
need to be marked variation in the distribution of these receptors in
adjacent loops to account for the differences.

The mucus barrier can prevent bacteria from coming into contact
with epithelial cells. Any change in the intestine that caused a
breach in this barrier would likely promote bacterial contact with
intestinal epithelial cells and hence colonization. It is noteworthy that
mucus discharge was a common reaction to the presence of STEC in
the colon. This reaction could be effective in both trapping bacteria
in the lumen and protecting the epithelium. It would be interesting
to assess whether a mucinolytic agent would promote greater
adherence.

Serotype 0157:H7 STEC adhered to both the colon and ileum.
Dean-Nystrom and colleagues (31,32) demonstrated that 0157:H7
STEC induced AE lesions and diarrhea in calves less than 36 hours
old and AE lesions in weaned calves. Thus, it is likely that O157:H7
organisms attach to the intestine of calves following natural expo-
sure. Their failure to cause disease in cattle may be due to a limited
capacity for adherence and/or a lack of other properties that may
be necessary to elicit a dysenteric response. This organism does not
appear to cause disease in cattle, although it is consistently positive
for all the potential virulence attributes of enterohemorrhagic E. coli
(15,33). This suggests that some unidentified virulence factors
required for disease in animals may be missing in this serotype or
that regulation of virulence genes may be different in human and
bovine hosts.

There was no consistent difference in adherence or tissue reaction
between isolates of the same serotype from diseased and healthy
cattle (Table II). One exception was the difference in fluid response
to the 2 isolates of O5:H- in calf C. These observations suggest
that it may be necessary to test several isolates from healthy and dis-
eased animals, as they represent overlapping populations.

The adherence and lesions observed could not be related to the
type of Stx produced by the isolates. In fact, the results seen with the
0157:H7 isolate in calf D indicate that adhesion in the ligated calf
colon model is not dependent on toxin production. Sjogren and col-
leagues (34) investigated the role of Stx by infecting rabbits with the
enteropathogenic E. coli strain RDEC-I and its isogenic variant,
which produced high levels of Stx1, and found that there were
more severe histopathologic reactions, vascular changes, and edema
in rabbits infected with the variant producing Stx1. It was con-

cluded that Stx1 was an important virulence factor that contributed
significantly towards the severity of the infection. The tests in the
present system were of short duration, and it is possible that toxin
production at later stages of infection might influence the kinds of
lesions that are produced in the intestine.

The calf colonic loops injected with eae-negative serotype
0113:H21 organisms showed non-intimate adherence, but AE
lesions were also seen in some areas. The non-intimate adherence
was similar to that described by Dytoc and colleagues (35), who
reported that serotype O113:H21 in a rabbit model of infection
caused effacement of microvilli without intimate attachment of
the bacteria to the intestinal wall. It is possible that those bacteria
observed to form AE lesions were eae-positive bacteria from the
normal flora.

Shiga toxin-producing E. coli are found as normal intestinal flora
in healthy cattle and cause dysentery only rarely (4,6,25). It is
therefore likely that differences among the various serotypes may
not be identifiable in the intestine of normal calves. It may be
necessary to study the development of dysentery under natural
conditions.

In summary, this study demonstrated that day-old chickens were
not suitable for studying adherence and tissue response to verotoxin-
producing E. coli. This finding is important because of the early suc-
cess in chickens with one strain of O157:H7 (17) and the confirma-
tion with the same strain (18). The two O157:H7 isolates that were
investigated both adhered to the intestinal epithelium to a degree
indistinguishable from that of STEC implicated in calf disease;
however, the tissue response to the strain that was tested extensively
was milder than that to isolates of other serotypes. Shiga toxin-
producing E. coli adherence in the colon was characterized by an
absence of goblet cells and a mild histologic reaction. All 5 STEC
serotypes that were tested adhered to the intestinal epithelium in the
ileum and colon. In one calf, in which control ileal loops showed con-
gestion, 5 of the 8 STEC isolates tested induced a fluid reaction in the
ileum. Non-intimate adherence was observed in a colon loop
infected with an eae-negative O113:H21 isolate.
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