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Enterohemorrhagic Escherichia coli (EHEC) is a group of food-borne pathogens that can cause diarrhea,
colitis, and the hemolytic uremic syndrome (HUS). The importance of several of the proposed EHEC virulence
factors lacks experimental verification in animal models. The limitations of current animal models led us to
reexamine the infant rabbit model for the study of EHEC pathogenicity. Here, we report that intragastric
inoculation of a Shiga toxin 2 (Stx2)-producing E. coli O157:H7 clinical isolate into infant rabbits led to severe
diarrhea and intestinal inflammation but no signs of HUS. We constructed a set of isogenic derivatives of this
isolate with deletions in several putative virulence genes, including stx,, eae, tir, and ehxA, to investigate the
contribution of individual virulence factors to EHEC pathogenicity. stx, increased the severity and duration of
EHEC-induced diarrhea. Furthermore, although stx, had no role in EHEC intestinal colonization nor was it
required for EHEC-induced inflammation, stx, altered how the host responded to EHEC infection by promot-
ing heterophilic infiltration of the colonic epithelium and lamina propria. Intragastric inoculation of purified
Stx2 also induced inflammation and diarrhea in this model. Diarrhea and intestinal inflammation were also
dependent on EHEC colonization, as EHEC derivatives with deletions in eae and tir did not colonize, form
attaching and effacing lesions, or develop clinical signs of disease. Our studies indicate that infant rabbits are
a useful model for investigation of the intestinal stage of EHEC pathogenesis and suggest that Shiga toxin may

play a critical role in causing diarrhea and inflammation in patients infected with EHEC.

Enterohemorrhagic Escherichia coli (EHEC) is a significant
cause of food-borne illness in developed countries around the
world (40). EHEC includes several serotypes, but E. coli
O157:H7 has been the predominant serotype isolated from
outbreaks in North America, the United Kingdom, and Japan
(19, 36, 54). EHEC infection is usually acquired by the inges-
tion of contaminated food or water or occasionally by second-
ary person-to-person spread (27). Following a typical incuba-
tion period of 3 to 5 days, individuals with EHEC infection
characteristically develop abdominal cramps and nonbloody
diarrhea. In most cases, the diarrhea remains nonbloody and
the illness resolves (23). However, in some cases the illness
progresses to include bloody diarrhea (hemorrhagic colitis)
and the potentially fatal hemolytic uremic syndrome (HUS), a
triad of clinical features that includes acute renal failure,
thrombocytopenia, and microangiopathic hemolytic anemia
(46).

The pathogen and host factors that contribute to the clinical
manifestations of EHEC infection are the subject of consider-
able ongoing investigation. Shiga toxin (Stx), an A-B-type toxin
that inhibits protein synthesis in eukaryotic cells, is thought to
be required for the severe clinical manifestations of EHEC
infection, such as hemorrhagic colitis and HUS (27). There are
two main types of Stx produced by EHEC, Stxl and Stx2.
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Epidemiologic data suggest that isolates producing Stx2 alone
are more likely to cause severe disease than those producing
only Stx1 or a combination of Stx1 and Stx2 (3, 41, 44). Evi-
dence of a role for Stx in the development of severe EHEC-
related disease comes from several studies using animal mod-
els. For example, intravenous administration of Stxl in
baboons reproduced the clinical features of HUS (52). Stx
produced by EHEC in the gastrointestinal tract is thought to
cross the epithelial cell barrier and enter the systemic circula-
tion, where it can damage endothelial cells (reviewed in refer-
ence 56) and thereby cause injury to sensitive distal organs,
such as the kidneys and brain. While the correlation between
Stx and the development of HUS is relatively well established,
the contribution of Stx to EHEC-induced diarrhea and intes-
tinal inflammation has received less attention.

EHEC colonization of the human colon is thought to be
another key determinant of virulence. In tissue culture, EHEC,
like enteropathogenic E. coli and Citrobacter rodentium (a mu-
rine pathogen), forms attaching and effacing (A/E) lesions, and
such lesions are believed to mediate colonization (16). A/E
lesions are characterized by intimate bacterial adherence to
intestinal epithelial cells, localized loss (effacement) of mi-
crovilli from epithelial cells, and the accumulation of a pedes-
tal of polymerized actin and other cytoskeletal elements be-
neath and around the adherent bacterium (reviewed in
reference 17). The genes necessary for the formation of A/E
lesions are located in the locus of enterocyte effacement (LEE)
pathogenicity island. LEE encodes a type III secretion system
that may deliver several effector proteins, including Tir, EspF,
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EspG, EspH, and Map, to the cytoplasm of host epithelial cells
(17, 49). Two LEE-encoded genes, eae (intimin) and #ir (trans-
located intimin receptor), have been shown to play a central
role in the formation of A/E lesions by EHEC in several cell
culture models (12, 25, 51). Intimin has also been shown to
play a role in EHEC pathogenesis with animal models (8, 34,
58). Intimin is an outer membrane protein that mediates at-
tachment to enterocytes (12). The receptor for intimin, Tir, is
a type III translocated protein that is inserted into the host
membrane (9, 10). It is not known whether A/E lesion forma-
tion is required for EHEC colonization of the human colon
and EHEC pathogenicity; in fact, A/E lesions have not been
observed in biopsy specimens taken from patients with EHEC
infection (39). Besides st&x and the LEE-encoded factors, sev-
eral other genes are thought to contribute to EHEC pathoge-
nicity. Of these other factors, most is known about enterohe-
molysin (encoded by ehxA), which has been shown by
epidemiologic studies to be frequently associated with severe
disease (2, 3, 50).

The host factors that influence the development of EHEC-
related disease are poorly understood. Although initial reports
suggested that EHEC infection in humans does not provoke a
significant intestinal inflammatory response (22), more recent
studies indicate that this is not the case. In fact, fecal leuko-
cytes are seen more frequently in patients infected with E. coli
O157:H7 than in those infected with some other enteric patho-
gens, including Salmonella and Shigella spp. (53). Colonic bi-
opsies from patients infected with EHEC reveal neutrophil
infiltration in the lamina propria and crypts (21, 29, 30). It is
not known whether the host inflammatory response contrib-
utes to EHEC-related discase, but studies from an animal
model suggest that this may be the case (13). The bacterial
factor(s) that directly or indirectly modulate the host response
to EHEC infection are still largely unknown.

A variety of animal species, including mice, pigs, baboons,
macaques, rabbits, ferrets, and cows, have been used as models
to study the virulence of E. coli O157:H7 or the effects of Stx
on disease (reviewed in references 7, 35, and 38), but no model
reproduces all aspects of EHEC-related disease. Several of
these models are limited by high cost (e.g., nonhuman pri-
mates) and/or by the requirement for complex animal facilities
(e.g., gnotobiotic piglets). Infant rabbits may provide a less
expensive, more readily available animal model in which to
examine the contribution of specific putative virulence factors
to EHEC pathogenicity. To date, while several studies have
used infant rabbits as a model to study EHEC infection (13, 14,
33, 42, 45), none have taken advantage of genetically defined
EHEC mutants. Using 3-day-old infant rabbits, Pai et al. (42)
found that intragastric inoculation of EHEC caused diarrhea,
colonic inflammation and death; the severity of EHEC-related
disease diminished when older (11-day-old) rabbits were used.
They suggested that differences in diarrhea and mortality ob-
served in infant rabbits inoculated with different EHEC iso-
lates were due to variations in the amounts of Stx produced by
these isolates during infection. However, this conclusion must
be tempered by the fact that nonisogenic EHEC isolates were
used in this study.

Here, we used 3-day-old infant rabbits to investigate the
contribution of several putative virulence factors in EHEC-
induced disease and inflammation. We constructed a set of
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isogenic derivatives of a human Stx2-producing E. coli
O157:H7 clinical isolate with deletions in several putative vir-
ulence genes, including stx,, eae, tir, and ehxA. stx, increased
the severity and duration of EHEC-induced diarrhea and mod-
ulated the host response to EHEC, while eae and tir were
required for EHEC intestinal colonization.

MATERIALS AND METHODS

Bacterial strain construction. Five EHEC O157:H7 isolates (905, 205, 2107,
3206, and 2108, named H2M, H2L, H2I, H2C, and H2E in a previous publication
[48]) were tested for pathogenicity in the infant rabbit model. Based on our
results, we decided to use strain 905, an Stx2-producing clinical isolate from a
patient with HUS, as the base strain for generating a set of strains containing
deletions of stx,ap, eae, tir, and ehxA. These 905 derivatives were constructed
using the PCR based “one-step gene inactivation system” described by Datsenko
and Wanner (6). The plasmid pKD4 (6) was used as a template to amplify a
kanamycin resistance gene for these studies. PCR primers were designed using
DNA sequences derived from the E. coli O157:H7 reference strain EDL933 (43)
and are as follows: for stx,s5, JRW1 (5'-ATGAAGTGTATATTATTTAAATG
GGTACTGTGCCTGGTGTAGGCTGGAGCTGCTTCG-3') and JRW2 (5'-T
TATGCCTCAGTCATTATTAAACTGCACTTCAGCAACATATGAATATC
CTCCTTA-3'); for eae, JRW7 (TTATTCTACACAAACCGCATAGACATTT
GGAGTATTGTGTAGGCTGGAGCTGCTTCG-3") and JRWS (5'-ATGATT
ACTCATGGTTGTTATACCCGGACCCGGCACCATATGAATATCCTCCT
TA-3"); for tir, IRW16 (5'-GACGAAACGATGGGATCCCGGCGCTGGTGG
GTTATTGTGTAGGCTGGAGCTGCTTCG-3') and JRW17 (5'-ATGCCTAT
TGGTAATCTTGGTCATAATCCCAATGTGCATATGAATATCCTCCTTA-
3’); and for ehx4, JRW9 (5'-ACAGTAAATAAAATAAAGAACATTTTCAA
TAATGCGGTGTAGGCTGGAGCTGCTTCG-3") and JRW10 (5'-GACAGT
TGTCGTTAAAGTTGTTGAGTGTGTGTTGTTCATATGAATATCCTCCT
TA-3"). PCR products were electroporated into 905 previously transformed with
the lambda Red-encoding plasmid pKD46 (6). Recombinants containing the
kanamycin resistance gene in place of the gene of interest were selected on
L-agar plates containing 50 pg of kanamycin ml~!, and the deletion of the gene
of interest was confirmed by PCR analyses. The growth rates of each of the 905
derivatives we constructed did not differ from that of 905 during in vitro growth
in L broth at 37°C.

Animal protocols. Litters of 2-day-old New Zealand White rabbits were ob-
tained from a commercial breeding company (Pine Acre Rabbitry, Norton,
Mass.). Each litter was housed as a group and nursed by the mother. Three-day-
old rabbits were intragastrically inoculated with 905, one of its derivatives, pu-
rified Stx2, or phosphate-buffered saline (PBS) using size 5 French catheters with
flexible tips (Arrow International, Reading, Pa.). Bacterial doses of 5 X10® CFU
per 90 g of rabbit body weight were used in most experiments. For infant rabbit
experiments, bacteria were grown overnight in L broth at 37°C, harvested by
centrifugation, and then resuspended in sterile PBS (pH 7.2) and adjusted to a
cell density of ~10° CFU ml ™. For experiments using Stx2, doses of 100 ug of
Stx2 kg~ ! of rabbit weight were administered on day zero and again on day 1 of
the experiment (a typical total dose was 10 to 15 pg of Stx2 per rabbit). Post-
inoculation, the infant rabbits were weighed daily and observed twice daily for
clinical signs of illness. Diarrhea was scored as follows: none, no diarrhea (nor-
mal pellets are dark green, hard, and formed); mild, diarrhea consisting of a mix
of soft yellow-green unformed and formed pellets, resulting in light staining of
the hind legs; severe, diarrhea consisting of unformed or liquid stool, resulting in
significant staining of the perineum and hind legs. In most experiments, rabbits
were necropsied 7 days postinoculation. Rabbits inoculated with Stx2 were nec-
ropsied 2 days postinoculation. All rabbits were necropsied by intracardiac in-
jection with 1 ml of saturated KCl solution following isoflurane anesthesia (Aer-
rane, Baxter, Deerfield, I1l.). At necropsy, the intestinal tract from the duodenum
to the anus was removed and samples were obtained for histologic and micro-
biologic analyses, as well as for determination of Stx2 concentrations. To limit
any litter-specific effects, at least two different litters were used to test each type
of inoculum studied.

Histology. Tissues were fixed in 10% neutral-buffered formalin, routinely pro-
cessed for histology, and stained with hematoxylin and eosin (H&E). The sam-
ples were semiquantitatively assessed for infiltration of heterophils, mononuclear
cells, and edema or congestion by a comparative pathologist blinded to the
sample identity. Sections were evaluated for heterophil inflammation using the
following criteria: 0, none; 1, scattered individual cells or small clusters limited to
the superficial lamina propria; 2, multifocal aggregates involving the entire mu-
cosa surface with small numbers in the lumen; 3, coalescing heterophilic mucosal
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inflammation with abundant cell extrusion into the lumen; and 4, necrotizing
inflammation with ulceration, large heterophilic intraluminal rafts, and extension
into submucosal and deeper layers. Sections were evaluated for mononuclear
cells (predominantly lymphocytes and plasmacytes) using the following criteria 0,
normal; 1, slightly increased numbers in the lamina propria; 2, moderately in-
creased numbers with mild separation of the crypts; 3, markedly increased
mononuclear cells with decreased crypts and prominent intramucosal follicles; 4,
effacing mononuclear cell inflammation with large mucosal and/or submucosal
follicles = extension into deeper layers. Edema, congestion, and hemorrhage
were subjectively evaluated as follows: 0, none; 1, mild vascular congestion
and/or edema limited to the lamina propria; 2, moderate, involving both mucosa
and submucosa; 3, severe congestion and edema = small hemorrhages of mucosa
and submucosa and edema of the serosa; and 4, severe diffuse transmural con-
gestion, edema, and multifocal hemorrhage. Samples for transmission electron
microscopy from the ceca and distal colons of rabbits necropsied 2 days postin-
oculation were fixed in 2.5% glutaraldehyde (pH 7.3) buffered in 0.1 M sodium
cacodylate. Ultrathin sections of these samples were then stained with uranyl
acetate and lead citrate, post fixed with osmium tetroxide, and examined on a
Phillips CM-10 transmission electron microscope.

EHEC intestinal colonization. The numbers of EHEC CFU in tissue samples
and in stool pellets were determined by plating. Tissue and stool samples were
homogenized in sterile PBS, serially diluted, and plated on either sorbitol Mac-
Conkey (SMAC) plates for enumeration of non-sorbitol-fermenting 905 or Lu-
ria-Bertani agar plates containing kanamycin (50 pg ml~!) for enumeration of
905Astx,, 905Aeae, 905Atir, and 905AehxA. Preliminary experiments revealed
that there were equal plating efficiencies of these 905 derivatives on Luria-
Bertani agar plates containing kanamycin and on SMAC plates. Kanamycin-
containing plates were used instead of SMAC plates to facilitate the detection of
905 derivatives against the background of sorbitol-fermenting flora present in the
rabbits. Tissue and stool samples from PBS-treated control rabbits were plated
on SMAC plates to assess the extent of cross-contamination between rabbits in
the same litter. Stool pellets present in the tissue samples of all animals were
removed prior to the determination of bacterial CFU.

Stx2 quantification. Purified Stx2 was obtained from the Center for Gastro-
enterology Research on Absorptive and Secretory Processes (Tufts-New En-
gland Medical Center, Boston, Mass.). Purified Stx2 was heat inactivated by
boiling for 8 h. The absence of Stx2 activity in heat-inactivated-toxin preparations
was established by measuring the amount of *H-leucine incorporation in HCT-8
cells as described previously (55). Total (extracellular and periplasmic) Stx2
concentrations in polymyxin B (2 mg ml~!)-treated homogenized tissue and stool
samples were determined using an enzyme-linked immunoassay as described
previously (1). Adherent stool was removed from tissue samples prior to mea-
suring Stx2 concentrations.

Statistical analysis. Weight gain (expressed as a percentage of rabbit weight at
the start of the experiment), bacterial counts (after log transformation), and Stx2
concentrations were analyzed using the Student ¢ test. In samples where no
bacterial colonies were detected at the lowest dilution, the mean values pre-
sented in Fig. 3A to D were calculated using the lower limit of detection as a
value. Therefore, the means presented in the figures overestimate the true value.
Histology scores are ordinal nonparametric data and were analyzed using the
Mann-Whitney U test on Prism software (GraphPad, San Diego, Calif.).

RESULTS

Definition of infection parameters. Initially, we carried out
experiments to explore the influence of EHEC strain, inocu-
lum size, and length of infection on the development of clinical
and histopathologic markers of disease following intragastric
inoculation of 3-day-old rabbits with human EHEC isolates.
All five O157:H7 Stx2-producing EHEC isolates tested caused
diarrhea and some degree of colonic inflammation in the rab-
bits. We selected 905 because this isolate tended to produce
more-severe colonic inflammation than the other four isolates
tested. 905 inoculum sizes ranging from 5 X 10° to 1 x 10"
CFU all led to similar amounts of diarrhea. Since colitis was
less pronounced when inocula of less than ~5 X 10% CFU were
used, we chose this dose for subsequent experiments. Using
this inoculum size, we found that colonic inflammation peaked
at ~7 days postinoculation. By day 14 postinoculation, colonic
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TABLE 1. Diarrhea in rabbits inoculated with EHEC strain 905
and its derivatives

- . b
Total no. of rabbits No. with Diarrhea

noculun (no. of litters) Severe Mild None
905 16 (11) 16 0 0
905Astx, 6(3) 0 6 0
905Aeae 9(2) 1¢ 0 8
905Atir 5() 0 0 5
905AehxA 6(2) 6 0 0
PBS 6(2) 0 0 6

@ All rabbits were inoculated intragastrically with ~5 X 10% CFU of 905, one
of the 905 derivatives or PBS.

> Number of rabbits with the respective severity levels of diarrhea. Rabbits
were observed twice daily for 7 days following inoculation. Diarrhea was scored
as described in the text.

¢ This rabbit had a very watery diarrhea.

inflammation and the numbers of 905 cells recovered from the
colon had both declined (data not shown). Based on these
findings, in the experiments described below, we monitored
rabbits for 7 days following inoculation of 5 X 10® CFU of 905
(or its derivatives). At that point, the rabbits were necropsied
for microbiologic and histologic analyses.

905 induced diarrhea and intestinal inflammation in infant
rabbits. (i) Clinical signs. All rabbits intragastrically inocu-
lated with 905 developed severe diarrhea 2 to 3 days postin-
oculation (Table 1). Diarrhea was made evident by perineal
soiling with liquid feces and hyperemic swelling of the anus
(Fig. 1A). The 905-inoculated rabbits also developed ruffled
coats by day 4 to 5 postinoculation. In contrast to what has
been reported previously using this model (e.g., (42), none of
the rabbits in our experiments died; this was true even if the
duration of the experiment was extended to 14 days postinocu-
lation or when the dose was increased to 10'° CFU. In agree-
ment with previous reports, occult blood was not detected in
feces (assessed using the Hemoccult SENSA assay [Beckman
Coulter, Inc., Palo Alto, Calif.]). Despite severe diarrhea, all
rabbits gained weight and nearly doubled their initial body
weight in 7 days (Fig. 2). None of the control rabbits inoculated
with PBS developed diarrhea (Table 1). Surprisingly, these
PBS-inoculated rabbits gained only slightly more weight than
those inoculated with 905, and this difference did not reach
statistical significance. At necropsy, the ceca and colons of
rabbits inoculated with 905 were distended and filled with
unformed stool and fluid (Fig. 1C). In contrast, the ceca and
colons of rabbits inoculated with PBS were not distended and
contained hard, formed pellets (Fig. 1D).

(ii) Bacterial colonization and Stx2 concentrations. 905 col-
onized all regions of the distal small intestine and large intes-
tine examined. Seven days following inoculation, 905 numbers
often exceeded 10% CFU g~ ! of tissue in the ileum, cecum, and
mid-colon (Fig. 3A to C). The highest numbers of 905 cells
were consistently found in stool samples (pellets or liquid fe-
ces) (Fig. 3D). 905-inoculated and PBS-treated rabbits were
housed in the same cages, but there was little 905 cross-con-
tamination of the control rabbits (compare 905 and PBS in Fig.
3A to C).

The highest Stx2 concentrations were consistently found in
the stool (Fig. 4), and they encompassed a wide range of values
(between 40 and 1,340 ng of Stx2 g~ ). Over this range, we did



FIG. 1. Gross and histologic findings in infant rabbits infected with EHEC strain 905 or its stx, derivative, 905Astx,. Feces-contaminated area
of rabbits inoculated with 905 at 7 days postinoculation (A) versus the lack of diarrhea in rabbits inoculated with 905Astx, (B) are shown, as well
as lack of formed pellets and edematous nature of the colon of rabbits infected with 905 (C) versus normal appearance of colon containing formed
ingesta in PBS-treated rabbits (D). (E to I) Representative H&E-stained sections from the mid-colon of infant rabbits infected with 905, 905Astx,,
PBS, or purified Stx2. (E) Suppurative colitis in a rabbit infected with 905 (magnification, X20). (F) Cluster of heterophils (black arrow) shown
at a higher magnification in a 905-infected rabbit (magnification, X40). (G) No inflammation in the colon of PBS-treated rabbit (magnification,
%X20). (H) Lymphocytic colitis with fewer heterophils in rabbit infected with 905Astx,. (I) Crypt abscess (black arrow) in the distal colon of rabbit
inoculated with purified Stx2 (magnification, X40).
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FIG. 2. Weight gains in infant rabbits inoculated with PBS, 905, or
one of its derivatives. Rabbits were weighed prior to inoculation and at
7 days postinoculation, and the difference in weight was expressed as a
percentage of the initial rabbit weight. Rabbits infected with 905
gained significantly (P < 0.05) less weight than those infected with
905Astx,. Error bars represent the standard deviations of the means.

not observe any correlation between high levels of Stx2 and
more-severe clinical or histologic signs of disease. Stx2 was not
detected in any stool or tissue samples taken from rabbits
inoculated with PBS.

(iii) Histopathology. Pathological lesions in 905-inoculated
rabbits were confined principally to the colon. Histologically,
905 infection was manifest as suppurative colitis with vascular
congestion (Fig. 1E). Colitis was most prominent in the mid
and distal parts of the colon in the 905-inoculated rabbits.
Compared to the control rabbits, the distal colon of 905-inoc-
ulated rabbits contained increased numbers of heterophils (the
lapine neutrophil analogue) (P < 0.001) (Fig. SA) and mono-
nuclear cells (P < 0.001) (Fig. 5B) as well as increased edema
and congestion (P < 0.001) (Fig. 5C). Similar findings were
observed in the mid-colon (data not shown). Inflammatory
cells were most-consistently localized to the mucosal surface
epithelium and lamina propria (Fig. 1F), with variable exten-
sion into the submucosa. In individual rabbits, the degree of
inflammation was more varied in the mid-colon than in the
distal colon, where the extent of inflammation was similar in
most of the sections examined. Control animals exhibited no or
minimal inflammation (Fig. 1G and 5). No histologic abnor-
malities were observed in the kidneys or brains from any rab-
bits.

Characteristic A/E lesions were observed in the colons of
905-inoculated rabbits 3 days postinoculation using transmis-
sion electron microscopy. There was effacement of epithelial
cell microvilli at sites of bacterial attachment, resulting in a
diminished brush border (Fig. 6A). In agreement with reports
using other E. coli O157:H7 isolates in tissue culture systems
and in gnotobiotic piglets, bacteria were found cupped on a
small pedestal-like structure.

Stx2 is required for diarrhea and intestinal inflammation.
We utilized two approaches to investigate the contribution of
Stx2 to diarrhea and intestinal inflammation in infant rabbits.
First, we studied whether an isogenic Astx, derivative of 905
caused disease in infant rabbits. Second, we studied whether
intragastric inoculation of purified Stx2 caused disease in in-
fant rabbits.

While rabbits inoculated with 905Astx, initially developed
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mild diarrhea at the same time as rabbits inoculated with 905,
there was complete resolution of diarrhea in this group of
rabbits by day 5 to 6 postinoculation (Table 1). In marked
contrast to rabbits inoculated with 905, rabbits inoculated with
strain 905Astx, had little or no fecal smearing on their rear legs
and perinea and exhibited no perianal redness or swelling by
day 7 postinoculation (Fig. 1B). Unexpectedly, given the lack
of difference in weight gain between 905-infected and PBS-
treated rabbits, rabbits inoculated with 905Astx, gained signif-
icantly (P < 0.05) more weight than those infected with the
wild-type strain over the course of the experiment (Fig. 2). At
necropsy, the ceca and colons of rabbits inoculated with strain
905Astx, contained formed pellets similar to those seen in
rabbits inoculated with PBS. These findings suggest that the
persistent severe diarrhea observed in 905-inoculated rabbits is
Stx2 dependent, whereas the initial diarrhea observed 2 to 3
days post-905 inoculation is Stx2 independent.

Stx2 production does not appear to alter 905 colonization of
the infant rabbit intestine. The numbers of 905Astx, recovered
from all regions of the intestine and the stool were similar to
those found when 905 was used as the inoculum (Fig. 3A to D).
As expected, Stx2 was not detected in samples taken from
rabbits inoculated with 905Astx, (Fig. 4).

Interestingly, although the intestinal colonization properties
of 905Astx, were very similar to those of 905, the deletion of
stx, from 905 clearly influenced the host inflammatory re-
sponse. Rabbits inoculated with 905Astx, had significantly (P <
0.05) lower numbers of heterophils and a trend towards higher
numbers of mononuclear cells in the mucosal surface epithe-
lium and lamina propria in the distal colon than rabbits inoc-
ulated with 905 (Fig. 1H and Fig. 5). Similar findings were
observed in the mid-colon, except that differences between the
numbers of mononuclear cells in 905- and 905Astx,-infected
animals reached statistical significance (P < 0.05) in this part
of the colon (data not shown). These observations suggest that
Stx2 promotes heterophil recruitment into the intestine and
alters the nature of the host inflammatory response to EHEC.

Additional support for the idea that Stx2 can directly cause
diarrhea and elicit intestinal inflammation comes from exper-
iments where we intragastrically inoculated infant rabbits with
purified Stx2. For these experiments, heat-inactivated Stx2
(HI-Stx2) was administered as a control treatment. Following
inoculation of 100 g of Stx2 kg ' given as a repeated dose on
day zero and on day 1, rabbits developed diarrhea (manifest as
fecal staining on the hind legs) by day 2 postinoculation; rab-
bits inoculated with HI-Stx2 did not exhibit any signs of Stx2-
induced disease. Rabbits inoculated with purified Stx2 had
significantly (P < 0.05) more heterophils in the distal colonic
mucosa than rabbits inoculated with HI-Stx2 (Fig. 7A). Thus,
histologic observations from experiments using either purified
Stx2 or 905 suggest that Stx2 promotes heterophil infiltration
into the colonic mucosa. Unlike rabbits inoculated with 905,
rabbits inoculated with purified Stx2 developed crypt ab-
scesses, characterized by crypt ectasia and distortion, with in-
traluminal plugs of degenerating heterophils and epithelial
cells, in the distal colon (Fig. 1I and 7B).

eae and tir are required for 905 colonization. Like many
EHEC isolates, 905 contains eae and tir, genes which encode
proteins thought to be required for the intimate attachment of
EHEC to the intestinal epithelium. Although the importance
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FIG. 3. Recovery of 905 or one of its derivatives (CFU g~ ') from intestinal segments or stool from infected rabbits. Numbers of bacterial CFU
were determined in sections taken from the ilea (A), ceca (B), mid-colons (C), and stools (D) of rabbits 7 days postinoculation. Open symbols
represent samples below detection limits. Bars represent the mean value for each treatment.

of eae and fir in EHEC attachment to host cells has been
demonstrated in tissue culture epithelial cells, the requirement
for these LEE-encoded genes in EHEC colonization in vivo
has not been clearly demonstrated. Isogenic derivatives of 905
containing deletions of either eae (905Aeae) or tir (905Atir)
were constructed to investigate the role of eae and tir in 905
colonization of the infant rabbit intestine.

Both eae and tir proved to be critical for 905 colonization of
the infant rabbit intestine. The numbers of both 905Aeae and
905Atir cells recovered from the ilea, ceca, and colons of rab-
bits inoculated with these 905 derivatives were more than 4
orders of magnitude lower than those found when 905 was
used as the inoculum (Fig. 3A to C). In fact, 905Aeae and
905Atir cells were not detectable in many of these samples. The
magnitude of the reduction in the numbers of 905Aeae and
905Atir cells recovered in stool samples was not as dramatic as
that observed in the regions of the intestine that we sampled
(Fig. 3D). No adherent bacteria were seen in electron micro-
graphs of any sections taken from the colons of rabbits inoc-
ulated with 905Aeae. Instead, the bacteria observed in these

micrographs were present in the gut lumen adjacent to intact
microvilli (Fig. 6B). These observations suggest that eae medi-
ates 905 adherence to the infant rabbit intestinal epithelium
and that adherence is required for efficient colonization.
Consistent with the marked reduction in the intestinal col-
onization by 905Aeae and 905Atir and the absence of Stx2 in
stool samples from rabbits inoculated with these strains (Fig.
4), the clinical and histologic signs of infection with these 905
derivatives were greatly attenuated. Eight of nine rabbits inoc-
ulated with 905Aeae and five of five rabbits inoculated with
905Atir had no diarrhea (Table 1). Rabbits inoculated with
905Aeae or 905Atir also tended to gain more weight than those
inoculated with 905, although these differences did not reach
statistical significance (Fig. 2). Heterophil infiltration in tissue
sections from most of the rabbits inoculated with 905Aeae and
all of the rabbits inoculated with 905Atir did not differ from
results with PBS-treated rabbits (Fig. 5). These findings sug-
gest that intestinal colonization mediated by eae and tir is
required for 905-induced diarrhea and intestinal inflammation.
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FIG. 4. Stx2 concentrations (ng g~ ') in stools of rabbits inoculated
with PBS, 905, or one of its derivatives. Stool samples were removed
from the large intestines of rabbits 7 days postinoculation, and Stx2
concentrations were determined by enzyme-linked immunosorbent as-
say. Bars represent the mean values.

ehxA does not contribute to diarrhea. Epidemiologic data
suggest that the enterohemolysin EhxA contributes to EHEC
virulence (2, 3, 50). An isogenic derivative of 905 containing a
deletion of ehxA4 was constructed to investigate the importance
of EhxA in 905 pathogenicity in infant rabbits. The clinical
signs of 905AehxA infection of infant rabbits did not differ from
those observed with 905. All 905AehxA-inoculated rabbits de-
veloped severe diarrhea (Table 1), perianal redness, and ruf-
fled coats. Weight gains in the 905- and 905AehxA-inoculated
rabbits did not differ (Fig. 2). EhxA did not influence intestinal
colonization by 905. Equal numbers of 905A¢/ix4 and 905 cells
were recovered from the intestine and the stool (Fig. 3).
Amounts of Stx2 found in the stool of 905AehxA- and 905-
inoculated rabbits were not significantly different (Fig. 4).
Compared to 905-inoculated rabbits, there was a tendency
toward less heterophil infiltration in the distal colon of
905AehxA-inoculated rabbits (Fig. SA); this difference reached
statistical significance in the mid-colon (P < 0.05) (data not
shown). Overall, besides a subtle effect on colonic heterophil
infiltration, ehxA does not seem to significantly influence 905
pathogenicity in infant rabbits.

DISCUSSION

Promising results using infant rabbits as model hosts for the
study of EHEC pathogenicity were published several years ago
(13, 14, 42, 45), but studies using genetically defined EHEC
mutants in this model have not been presented. Taking advan-
tage of contemporary genetic techniques that facilitate cre-
ation of deletion mutants in E. coli, we constructed a set of
isogenic derivatives of a human clinical EHEC isolate to reex-
amine the infant rabbit model of EHEC pathogenicity. Intra-
gastric inoculation of infant rabbits with the human EHEC
isolate caused diarrhea and colitis but no signs of HUS. Stx2
increased the severity and duration of EHEC-induced diarrhea
and modulated the host inflammatory response to EHEC. In-
tragastric inoculation of purified Stx2 also caused inflamma-
tion and diarrhea in rabbits. Colonization of the infant rabbit
intestine by EHEC depended on eae and tir but was not influ-
enced by stx, or ehxA. Our findings indicate that infant rabbits
are a useful model for the study of the intestinal manifestations
of EHEC pathogenicity. If results from this model apply to
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human EHEC infections, then our observations suggest that
EHEC-induced diarrhea is primarily caused by Stx2.

An advantage of infant rabbits over mice for study of EHEC
pathogenicity is that human EHEC isolates colonize the infant
rabbit intestine without the requirement for additional treat-
ments. Mice must be given streptomycin, presumably to elim-
inate the normal intestinal flora to facilitate EHEC coloniza-
tion. Furthermore, mice develop neither diarrhea, colitis, nor
AJE lesions following EHEC inoculation (60). A limitation of
the infant rabbit model is that rabbits do not develop HUS or
other evidence of microangiopathy. The reason(s) for this are
not known, although the absence of Gb3, the Stx receptor, in
rabbit kidneys may explain the absence of HUS in this model
(61). Intravenous injection of Stx in adult rabbits can cause
microvascular lesions in the brain that resemble thrombotic
microangiopathy in humans (61). The lack of this pathological
finding in EHEC-infected infant rabbits may be due to insuf-
ficient absorption of Stx from the intestine, or alternatively,
Gb3 may not yet be expressed in the endothelium of the de-
veloping central nervous system in young rabbits.

The mechanism(s) by which Stx causes diarrhea in infant
rabbits are not known. The enterotoxigenic effect of Stx on
ligated ileal loops of adult rabbits is well documented (28) and
is thought to be due to selective damage and loss of villus
absorptive epithelial cells. Studies by Keusch and colleagues
suggest that these effects are due to Stx binding to Gb3 on
these cells (e.g., see references 26, 31, and 37). However, Gb3
does not appear in the rabbit small intestine until day 16 of life
(37). A number of studies have described the effects of intra-
venously administered Stx to adult rabbits (e.g., see references
18 and 47). Typically, these animals develop neurologic signs of
disease, but gastrointestinal signs of disease including diarrhea
are also common. In this model, Stx appears to act primarily on
the vasculature supply of the intestine, especially the cecum
(47). It is not known if the intravenous route of Stx adminis-
tration (as opposed to the intragastric route) influences how
the host responds to Stx. Besides physiological alterations in
epithelial cell absorptive and barrier functions resulting from
direct Stx2-Gb3 interactions (or Stx2 interactions with an al-
ternative receptor), indirect effects of Stx2 on the integrity of
the intestinal epithelium may also contribute to diarrhea. For
example, the Stx2-dependent influx of heterophils into the
colonic mucosa may cause diarrhea. Such a mechanism is sug-
gested by the results of Elliott et al. (13). These workers
showed that pretreatment of 10-day-old EHEC-infected rab-
bits with an antibody to the leukocyte adhesion molecule,
CD18, reduced diarrhea, epithelial disruption, and electrolyte
transport abnormalities induced by EHEC.

Our findings with both purified Stx2 and 905Astx, revealed
that Stx2 modulates the host immune response. It has been
suggested that gut inflammation may facilitate the severe man-
ifestations of EHEC infection by allowing increased uptake of
Stx from the gut lumen into the systemic circulation. Hurley et
al. (24) reported that neutrophil transmigration had a signifi-
cant impact on Stx absorption across a model epithelial barrier.
Stx’s can elicit production of interleukin 8 and other C-X-C
chemokines from cultured intestinal epithelial cell lines (55,
57). In vivo, epithelial cells may respond to Stx2 by expressing
proinflammatory cytokines, leading to the recruitment of het-
erophils into the epithelium and lamina propria as observed in
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FIG. 5. Colitis scores from the distal colons of infant rabbits inoculated with PBS, 905, or one of its derivatives. H&E-stained sections were
scored for heterophils (A), mononuclear cells (B), and edema or congestion (C). Bars represent the median values.

this study. Interestingly, the inflammatory infiltrates elicited by
905 and by 905Astx, differed. Inflammatory lesions in 905Aszx,-
infected rabbits contained more mononuclear cells than in
905-infected rabbits. Thus, although Stx2 is not required for
EHEC-induced inflammation, Stx2 alters how the host re-
sponds to EHEC infection both by promoting heterophil infil-
tration and by decreasing mononuclear cell infiltration. Pre-
sumably this modulation of the host response creates some
as-yet-unknown benefit to EHEC. If diarrhea results from
polymorphonuclear cell infiltration into the colon as discussed
above, then Stx2 modulation of the host response may promote
EHEC dissemination.

Our observations suggesting that Stx contributes signifi-
cantly to the development of EHEC-induced diarrhea in infant
rabbits are in contrast to findings with 10-day-old rabbits (33)
and gnotobiotic piglets (59). Stx did not contribute to diarrhea,
mucosal damage, or colonic ion transport in 10-day-old rabbits
infected with various strains of EHEC (33); however, the re-
sults from this study were obtained using nonisogenic strains of
E. coli O157:H7. With gnotobiotic piglets, Tzipori et al. (59)
found that all E. coli O157:H7 strains administered to gnoto-
biotic piglets, regardless of stx, were capable of inducing diar-

rhea and mucosal damage. The reason(s) that gnotobiotic pig-
lets are apparently insensitive to the intestinal effects of Stx are
unknown. In agreement with our observations, Stx has been
shown to contribute to the diarrhea caused by Shigella dysen-
teriae type 1 in a macaque monkey model using isogenic strains
(15). The conflicting results obtained from these studies high-
light the fact that animal models can yield different informa-
tion about the role of virulence factors in EHEC pathogenicity,
however; our findings together with observations from a num-
ber of different studies (reviewed in reference 20) suggest that
Stx plays an important role in colonic disease caused by EHEC.

Two LEE pathogenicity island genes, eae and fir, were re-
quired for EHEC colonization, A/E lesion formation (only
tested for 905Aeae), inflammation, and diarrhea in infant rab-
bits. In gnotobiotic piglets, EHEC eae was also found to be
required for A/E lesion formation, intestinal inflammation,
and diarrhea (34), but intestinal colonization did not depend
on eae (58). In studies by Tzipori et al., similar numbers of
wild-type EHEC and eae EHEC cells were recovered from the
intestines of infected gnotobiotic piglets (58). In contrast, in
neonatal calves, eae appeared to be required for intestinal
colonization (8). These differences in the requirement for eae
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FIG. 6. Transmission electron micrographs of tissue sections from
the colons of rabbits infected with 905 (A) or 905Aeae (B). Note the
loss of microvilli from the epithelial cells in panel A. The colons of
rabbits inoculated with 905Aeae contained no adherent bacteria, al-
though bacteria could be seen in the intestinal lumen adjacent to rows
of intact microvilli. [magnification, X4,900 (A) or X2,200 (B); scale
bars, 1 wm].

in intestinal colonization in different animal models (as re-
flected in the recovery of EHEC cells from the intestines of
infected animals) may reflect species-specific differences in the
varieties of niches available for intestinal EHEC growth.

Our work suggests that there is some niche where eae or tir
are not required for EHEC growth within the intestine of the
infant rabbit, since significant numbers of 905Aeae and 905Atir
cells were recovered in stool pellets of infected animals (Fig.
3D). Interestingly, although these pellets contained >107
905Atir CFU g~!' and >10° 905Aeae CFU g~!, no Stx2 was
detected there. This dichotomy between cell numbers and Stx2
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concentrations may suggest that Stx2 production requires eae-
and fir-dependent colonization of the appropriate niche; alter-
natively, our assays for Stx2 may not be sufficiently sensitive to
detect Stx2 in stool samples with reduced numbers of EHEC.

Despite the frequent presence of ehxd in EHEC isolates
obtained from patients with severe EHEC-related disease (50),
our observations do not support the idea that exA is a critical
EHEC virulence factor. Other than a subtle reduction in the
severity of colitis in sections from the mid-colon in rabbits
inoculated with 905AehxA, no differences between 905- and
905AehxA-infected rabbits were detected. In agreement with
our findings, Tzipori et al. found that curing EHEC isolates of
the plasmid containing ehxA4 did not influence EHEC-induced
disease in the gnotobiotic piglet model (59).

The infant rabbit model of EHEC infection should be useful
in exploring the role of other putative EHEC virulence factors.
The list of potential factors continues to grow and includes a
catalase peroxidase (encoded by katP) (5), an extracellular
serine protease (encoded by espP) (4, 11), and a secreted
metalloprotease (encoded by stcE) (32). It will be particularly
interesting to investigate the importance of LEE-encoded type
IIT effectors, such as EspF, EspG, EspH, and Map, in this
model, since the importance of many of these proteins in
EHEC pathogenicity has not been established with an animal
model. The recent advances in techniques for the genetic ma-
nipulation of E. coli will facilitate these studies. Investigation
of different host factors important in EHEC pathogenicity in
infant rabbits will also be possible. Such studies may be limited
however, by the repertoire of available reagents suitable for
use with rabbits.
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