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Summary
Type strains of enteroaggregative Escherichia coli EAEC
(17-2, serotype O3:H2; JM 221, serotype O92:H33), isolates
from an adult and a child with diarrhoea and an asympto-
matic colonised child were used to orally infect adult rabbits.
The experimental animals were followed up and sacrificed at
defined time periods. Colonisation of both small and large
intestine was seen with all strains and isolates used. Isolates
from an adult patient with diarrhoea (MP 27) and from an
asymptomatic colonised child from the community (KM 1337)
were recovered from the small intestine during the first week
of infection and subsequently from the large intestine. A total
of seven rabbits was infected with MP 27; while colonising
the gastrointestinal tract of all seven rabbits, this isolate
caused diarrhoea in only one. On ultrastructural examination,
the rabbits infected with 17-2 showed invasion of lymphoid
follicles. Bacteria were seen in intercellular spaces and within
M cells, a finding that has not previously been described. It is
clearly possible to produce gut colonisation by oral infection
with EAEC in adult rabbits with normal flora.
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INTRODUCTION
Enteroaggregative Escherichia coli (EAEC) are identified
by their arrangement in a “stacked-brick” formation in the
tissue culture adherence assay using HeLa or HEp-2 cells.1

They were first described in childhood diarrhoea in South
America, but have now been reported in acute and persistent
diarrhoea in children in Asia, Central and South America
and Europe.2– 6 Recent reports suggest that they may have a
role to play in outbreaks, sporadic adult diarrhoea, travel-
lers’ diarrhoea and diarrhoea in immunocompromised
individuals.1

EAEC isolates all produce approximately the same
arrangement in tissue culture adherence assays, but appear
to be an extremely heterogeneous group with a variety of
virulence mechanisms which may be responsible for fluid
secretion and diarrhoea.1 In addition to their ability to
adhere, most pathogenic strains appear to elaborate a heat-
stable enterotoxin capable of eliciting a secretory response
in in vitro Ussing chamber studies, a heat-labile haemolysin
and a 108-kDa cytotoxin, and some strains have been shown

to be invasive.1,7,8 However, despite extensive research in
the decade since these organisms were first described, many
questions remain regarding their adherence mechanisms,
pathogenesis of infections caused by EAEC and the reasons
why infection results in persistent diarrhoea.

In human volunteer studies, some strains of EAEC have
been shown to produce diarrhoea.9,10 In animals, EAEC
have been studied previously using rabbit ileal loops and the
reversible ileal-tie in an adult rabbit diarrhoea model.6,11

The only previous study on an intact animal model used
gnotobiotic piglets.12 While the use of gnotobiotic animals
may allow an easier production of experimental infection,
the data obtained from these studies cannot be extrapolated
to the clinical situation because the interactions between the
microbial flora of the host and the infecting organism do not
take place. In this study, type strains of EAEC, as well as
isolates from patients with diarrhoea and a control were
used to infect a rabbit model.

MATERIALS AND METHODS
Bacterial strains

Two prototype strains, 17-2 and JM 221, and three wild-type EAEC
isolates were examined in this study. Escherichia coli K-12 was used as a
control strain. Strain 17-2 (serotype O3:H2) was isolated from a Chilean
child with diarrhoea13 and JM 221 (serotype O92:H33) was isolated from
a student in the United States, who had developed travellers’ diarrhoea in
Mexico.14 In volunteer studies, strain 17-2 did not produce diarrhoea,10 but
JM 221 infection caused diarrhoea.9 The three wild-type strains were
isolated at Vellore from a 3-year-old child with acute diarrhoea (LR 244,
serotype O93:H16), an adult with diarrhoea affected during an outbreak
(MP 27, O125:H12) and a 6-year-old asymptomatic child (KM 1337,
serotype O6:H16). The strains and the local isolates showed an aggregative
adherence pattern in the HEp-2 cell adherence assay and hybridised with
the AA gene probe.15 All isolates were tested in Ussing chambers and a
secretory response was seen with 17-2, LR 244, MP 27 and KM 1337, but
not with JM 221. All bacteria used in the study were stored in Brucella
broth with 10% glycerol at –70°C.

Adherence assay

The assay was carried out as previously described.16 Briefly, HEp-2 cell
monolayers were grown overnight on 10 spot multitest slides (ICN
Biomedicals, Costa Mesa, CA, USA) and then washed three times with
minimum essential medium (MEM). Forty m l of the overnight bacterial
culture grown in Luria broth were added to 0.5 ml of MEM containing 2%
foetal calf serum and 1% methyl-a-mannoside and 25 m l of this were
overlaid onto each test spot. The slides were then incubated at 37°C with
5% carbon dioxide for 3 h, washed three times with MEM, fixed with 70%
ethanol and stained with 10% Giemsa stain. The slides were examined
under the oil immersion lens of a light microscope.
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Preparation of infective dose

The bacteria were grown overnight at 37°C in Luria–Bertani broth as
static, non-aerated cultures. The broth was centrifuged and the bacterial
pellet was resuspended in 10 ml of phosphate-buffered saline to a
concentration of 1010 organisms, by comparison with MacFarland’s
tubes.

Experimental infection

The experimental protocol was approved by the Research Committee of the
institution. A total of 17 adult male rabbits bred from the New Zealand
White strain weighing over 1 kg were used in two sets of experiments.
Initially, two rabbits were orally infected with type strain 17-2 and K-12,
and one rabbit each with JM 221, LR 244 and MP 27. One rabbit infected
with type strain 17-2 was sacrificed at 7 days; all other animals were
sacrificed at 10 days. The rabbit infected with MP 27 developed diarrhoea
and died on the sixth day post-infection, and one additional rabbit was
infected with the same strain and sacrificed after 10 days.

A second set of eight experimental animals was infected with MP 27
(four rabbits) and with KM 1337 (four rabbits). In these experiments,
rabbits infected with MP 27 and KM 1337 were sacrificed 5, 7, 9 and 12
days post-infection.

Experimental animals were considered ready for infection when six
consecutive examinations of stool were negative for parasites and for
bacterial pathogens, including HEp-2 cell adherent E. coli and at least 2
weeks had elapsed without occurrence of diarrhoea.

The animals were anaesthetised by intramuscular injection of 4 mg/kg of
ketamine hydrochloride. An orogastric tube was then passed and 5 ml of
10% sodium bicarbonate were given to neutralise gastric acidity. After
10 min, the infective dose prepared as described above was administered
through the tube. Infected animals were housed in cages in a separate room
in the animal house and were observed every day for occurrence of
symptoms. Stool was collected for culture at least once a day.

Autopsy

The study animals were anaesthetised with 4 mg/kg of ketamine hydrochlo-
ride. Sodium pentobarbitone was administered by cardiac puncture to kill
the animal. The abdomen was then opened and samples were collected for
culture and biopsy from the stomach, duodenum, jejunum, ileum, caecum,
proximal colon, midcolon, distal colon and rectum. Culture samples were
collected by swabbing the mucosa at multiple sites and by taking
approximately 0.5 g of luminal contents in 1 ml of saline.

Bacteriological examination

Culture of stool and autopsy material was done on MacConkey agar, with
overnight incubation at 37°C. All E. coli isolates were tested in the
adherence assay and identification was confirmed by carrying out a slide
agglutination with specific antisera prepared as described below.

Production of antisera

New Zealand White male rabbits (over 1 kg) were inoculated intravenously
with live bacteria in doses escalating from 106 to 1010 at 3-day intervals for
a total of 10 doses and then boosted intravenously 3 weeks later with a dose
of 1010 organisms. Each inoculum was prepared fresh by centrifuging
overnight cultures of strains 17-2 and JM 221, and isolates LR 244, MP 27
and KM 1337 at 3000 rpm for 30 min, washing twice with PBS and
resuspending the pellets in 1 ml of PBS at the appropriate concentration
using MacFarland nephelometry. Two weeks after completion of immuni-
sation, the rabbits were bled to obtain serum.

The antisera were absorbed at 4°C with E. coli HB101 at a concentration
of 1010 organisms per ml, and then tested in a tube agglutination test using
doubling dilutions of the antisera from 1:5 to 1:5120 against the
homologous bacteria, and against the other EAEC isolates. All antisera
gave titres of 1260 and above with the homologous bacteria and 160 or
below against some of the other isolates. They were then absorbed with
these isolates until no visible agglutination could be seen at an antiserum
dilution of 1:10.

Preparation of sections for light microscopy

From Bouin’s-fixed, paraffin-embedded sections, 4–5- m m sections were
cut and stained with H&E using routine techniques and examined by light
microscopy.

Preparation of tissue for electron microscopy

The tissues obtained were fixed in 2% glutaraldehyde and 2% formalde-
hyde for 3 h at 4°C, washed in three changes of 0.1 M sodium cacodylate
buffer for 30 min for 4°C and postfixed in 1% osmium tetroxide for 1 h at
4°C. The tissue was then washed in cacodylate buffer for 30 min and
dehydrated in ethanol. After dehydration, clearing with propylene oxide
and propylene oxide with resin was followed by three steps of infiltration
with resin for 1 h, overnight and for 24 h. The tissue was embedded with
resin and left to cure for at least 48 h at 60°C, before being cooled and
sectioned. One- m m sections cut from glutaraldehyde-fixed sections
embedded in araldite were stained with toluidine blue and examined by
light microscopy.

One- m m sections from all areas were studied for bacterial adhesion and
cellular changes. Areas where bacteria were seen in close proximity were
chosen for ultrathin sections which were stained with aqueous uranyl
acetate and lead citrate and viewed under a Philips 201C electron
microscope.

RESULTS
Infection of adult male rabbits weighing over 1 kg with 1010

bacteria showed bacterial colonisation takes place and
persists for over a week, with intermittent excretion of
bacteria from all experimental animals (Table 1).

In the first set of experiments, the rabbits infected with
type strains 17-2 and JM 221 and LR 244 showed no
behavioural changes and did not develop diarrhoea. How-
ever, one rabbit infected with MP 27 showed marked
changes; it was lethargic and not feeding 2 days post-
infection, produced a mushy stool which stained the
perianal fur for 3 days and died on the sixth day post-
infection. The results of the necropsy cultures from these
animals are shown in Table 2. No tissue was collected for
histopathology from the expired rabbit, and although
multiple sites in the gut were positive, this may have been
due to postmortem spread. Both type strains and the wild-
type isolates colonised the ileum and the colon. With LR
244, colonisation was seen only in the terminal ileum,
whereas with the other strains, the proximal ileum was also
colonised (Table 2). Better isolation results were obtained
from the mucosal swabs of multiple sites than from the
luminal contents. All sites of colonisation in the animals
yielded EAEC isolates by mucosal swab culture which were
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TABLE 1 Faecal excretion of enteroaggregative Escherichia coli by
rabbits infected with 1010 bacteria

Days post-infection No. of rabbits No. excreting EAEC

1 14 4
2 14 10
3 14 7
4 14 6
5 12 5
6 11 5
7 8 4
8 8 3
9 6 3

10 2 1
11 2 0



confirmed by the adherence assay and by agglutination with
specific antisera, but culture of luminal contents did not
yield EAEC in six of these sites, and did not identify any
additional sites of colonisation. The rabbits infected with E.
coli K-12 had E. coli which were isolated from the mucosal
swab cultures of the proximal and distal ileum, caecum and
proximal colon and from the luminal contents of these sites,
terminal colon and rectum, but these did not show an
aggregative pattern of adherence in the HEp-2 cell adher-
ence assay and did not agglutinate with the EAEC specific
antisera.

The second set of experiments used eight rabbits infected
with isolates MP 27 and KM 1337 and none of these
experimental animals showed any behavioural changes.
They did not develop diarrhoea or neurological symptoms.
They all excreted E. coli in stool and, of these isolates, at
least three from each rabbit showed the AA pattern and
agglutinated with specific antisera. They were sacrificed at
5, 7, 9 and 12 days, and necropsy cultures showed that all of
the rabbits were still colonised in one or more sites by
EAEC (Table 3).

In the 14 EAEC-infected animals examined, the stomach
and duodenum were colonised only in the MP 27-infected
rabbit that died, where the finding of EAEC may have been
due to postmortem spread; however, colonisation of the
jejunum was seen in two animals. The proximal part of the
ileum was colonised in four rabbits and the terminal ileum
in five rabbits. The caecum was colonised in four, the
proximal colon in six, the distal colon in six and the rectum
in four rabbits.

On histopathological examination by light and electron
microscopy, more severe changes were seen in the rabbits
infected with 17-2 than those with JM 221, and the isolates
from patients with diarrhoea. No changes were seen in the
rabbits infected with the control strain. The stomach and
duodenum were essentially normal in all animals, although
one rabbit infected with 17-2 had increased follicle-
associated neutrophils and bacteria in the lumen of the
duodenum.

Maximal changes were seen in the terminal ileum, where
numerous bacteria were seen in the lumen. In the rabbits
infected with 17-2, these bacteria were of uniform morphol-
ogy, whereas in the rabbits infected with the other strains, it
appeared to be a mixed population. In all rabbits infected
with EAEC strains, near the epithelial cell surface the
bacteria appeared to be of uniform morphology. The rabbits
infected with 17-2 had numerous uniform focally adherent
bacteria (Fig. 1), many of which were arranged in rows on
the surface epithelium. Extruded epithelial cells were seen
in the lumen, with rupture of the cytoplasmic membrane and
swollen mitochondria, with bacteria seen adherent to the
extruded cells (Fig. 2). Adjacent to the adherent bacteria,
microvesiculation of the microvilli was seen (Fig. 3). At the
sites of bacterial adhesion, tufting of the cytoplasm and
dome-like protrusions with increase in lysosomes were seen
in the epithelial cells adjacent to lymphoid follicles (Fig. 4).
Over the lymphoid follicles, bacterial invasion of M cells
was noted (Fig. 5). Bacteria were also seen in intercellular
spaces (Fig. 6) and within epithelial cells in intra-
cytoplasmic vacuoles (Fig. 7). In the rabbit infected with LR
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TABLE 2 Necropsy cultures for EAEC from different sites in the rabbit model; one rabbit infected with 17–2 was
sacrificed 7 days post-infection, all others were sacrificed 10 days post-infection

Site
No. + ve

(n = 6)
17-2

(n = 2)
JM 221
(n = 1)

LR 244
(n = 1)

MP 27
(n = 1)

MP 27
(died)*

Stomach 1 – – – – +
Duodenum 1 – – – – +
Jejunum 2 + – – – +
Proximal ileum 2 – + – – +
Terminal ileum 4 + + – – + +
Caecum 3 + – + + –
Proximal colon 5 + + + + +
Distal colon 6 + + + + + +
Rectum 2 + – – + +

* The positive cultures may be due to postmortem spread since the rabbit expired during the night.

TABLE 3 Necropsy cultures from different sites in a rabbit model for EAEC infection using isolates from a patient
affected in the diarrhoeal outbreak (MP 27) and from an asymptomatic colonised child (KM 1337)

Site
No. + ve

(n = 8)

MP 27
Time period (days)

5 7 9 12

KM 1337
Time period (days)

5 7 9 12

Stomach 0 – – – – – – – –
Duodenum 0 – – – – – – – –
Jejunum 1 + – – – – – – –
Proximal ileum 3 + + – – – + – –
Terminal ileum 2 – – – – + + – –
Caecum 1 – – – – – – – +
Proximal colon 2 – – – + – – + –
Distal colon 2 – – + – – + – –
Rectum 2 – – – + – – + –
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Fig. 1 Villus epithelium of the terminal ileum of a rabbit infected with
EAggEC strain 17–2, showing patchy adherence of morphologically
similar bacteria adherent to the microvillous border of the enterocyte
(toluidine blue stain, original magnification, ´ 2000).

Fig. 2 Electron micrograph of the terminal ileum of a rabbit infected
with 17–2, showing groups of morphologically uniform bacteria
adherent to microvilli. Degenerate extruded epithelial cells with ruptured
cytoplasmic membrane and swollen mitochondria are seen in the lumen.
Bacteria are also adherent to the extruded cells (original magnification,
´ 4400).

Fig. 3 Electron micrograph of the terminal ileum of a rabbit infected
with 17–2, showing rows of bacteria adherent to microvilli. Vesiculation
of microvilli is seen adjacent to the sites of bacterial adherence (original
maginfication, ´ 8000).

244, the isolate from the child with diarrhoea, similar
changes were seen in the terminal ileum along with focal
degeneration of cells and an increase in lysosomes. In the
terminal ileum, numerous morphologically uniform bacteria
were seen within the mucus layer overlying the
epithelium.

In the caecum of all the infected rabbits, numerous
bacteria were seen in the lumen, some with a similar type of
morphology. With strain 17-2, focal adherence to the
surface epithelium over lymphoid follicles was noted, with
some bacteria invading the epithelial cells. Occasional
bacteria were seen in histiocytes in the lymphoid follicle.
With strain JM 221, the aggregative adherence pattern of the
bacteria could be distinguished at the surface epithelium,
although no invasion or vesiculation of microvilli was
seen.

In the proximal colon, adherent bacteria were seen in all
infected rabbits although the surface epithelium appeared
intact in all animals except for mild microvillar change seen
with LR 244. In the distal colon and rectum, occasional
colonies of aggregatively adherent bacteria were seen in one
rabbit infected with 17-2. In all the other rabbits the distal
colon and rectum appeared essentially normal.

DISCUSSION
Previous studies on histopathology in EAEC animal models
have examined rat and rabbit ileal loops,6 the RITARD
model11 and gnotobiotic piglets,12 but the longest time
period before necropsy was 3 days. In the animal model
described here, the rabbits were examined after 7 and 10
days, during which period all of the infected animals
intermittently excreted EAEC. These organisms are
believed to cause a prolonged diarrhoea and any relevant
animal model would need to examine the duration of
persistence of these bacteria in the gut. This is a heteroge-
neous group of organisms and, although adherence factors
have been described, including the aggregative adherence
fimbriae AAF/I and AAF/II, they are present in only a
subset of phenotypically identified strains and their role in
persistence in the gut is yet to be determined.7

In this study, one of the rabbits showed symptoms of
illness and died 5 days after infection. Necropsy cultures
indicated heavy colonisation of the gut but this may have
been due to postmortem spread, since the five other animals
which were infected with this isolate had colonisation
limited to a few sites. On histopathological examination and
necropsy culture of the other five rabbits, colonisation of
both the small and the large intestine was noted. This is
similar to the findings using cultured human tissue,18,19 but
differs from the previously described animal experiments in
that the colon and rectum were also colonised. It is
interesting to note that the time periods before necropsy in



these experiments are longer than those previously descri-
bed, and also that with both MP 27 and KM 1337, animals
sacrificed at 5 and 7 days showed colonisation of the small
intestine, whereas rabbits sacrificed at 9 and 12 days
showed predominant colonisation of the large intestine
(Table 3). Although colonisation of the rectum had occur-
red, no significant histopathological lesions of the rectum
were noted in any of the animals.

A number of questions about the site of infection and the
mechanism of binding of EAEC remain to be answered.
The site of binding of enteric pathogens depends on
receptor expression by the target tissue or cells. There are

quantitative and structural differences between carbohydrate
side chains of glycoproteins in the microvillous and
basolateral membranes of intestinal epithelial cells20 and
those of the proximal and distal small intestine.21 The degree
of cellular differentiation and maturation can also affect
concentration of receptors.22 These differences in receptor
expression may play a role in determining the site of binding
of EAEC as well differences in fimbrial expression.17

Extrusion of epithelial cells as seen here has been
described in studies using paediatric in vitro organ cultures,18

and is believed to reflect the cytotoxic activity of EAEC and
may explain the bloody diarrhoea that is seen in some EAEC
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Fig. 4 (A) Electron micrograph of the terminal ileum of a rabbit infected with 17–2, with villous epithelial cells adjacent to a lymphoid follicle
showing intraepithelial lymphocytes (L) within an M cell (M). Enterocytes show tufting of the apical border and bacteria in close proximity to the
microvillar surface (original magnification, ´ 3400). (B) A higher magnification of an enterocyte with tufted apical border. Note the vertically arranged
bacteria with their long axes parallel (original magnification, ´ 15 800).

Fig. 5 Electron micrograph of lymphoid follicle-associated epithelial
cells in the terminal ileum of a rabbit infected with strain 17–2, showing
morphologically uniform bacteria in close apposition to an M cell (M),
within the M cell (arrowhead) and in the intercellular spaces between
cells (arrow) (original magnification, ´ 15 000).

Fig. 6 Electron micrograph of the lymphoid follicular region of the
terminal ileum of a rabbit infected with strain 17–2. An M cell (M) has
adherent bacteria on surface projections (arrowhead) and bacteria
(arrow) in between an intraepithelial lymphocyte (L) and the M cell
(original magnification, ´ 9700).



infections.2,4 Of the three toxins produced by EAEC,
enteroaggregative heat-stable toxin 1 (EAST1) is believed to
be an enterotoxin without recognised cytotoxic activity,
while the haemolysin and the 108-kDa plasmid-encoded
toxin are believed to be cytotoxic.1,7 The isolates used in this
study, other than JM 221 and K-12, induced secretory activity
in Ussing chambers, but were not tested for cytotoxicity.

Microvillar vesiculation, as seen in the ileum of infected
rabbits in this study, has previously been demonstrated in
the colon using paediatric organ culture18 and in differ-
entiated T84 cells,23 but was not seen in the animal models
described earlier. It has been postulated that the elevation of
intracellular calcium induced by the haemolysin-like heat-
labile protein could be responsible for the microvillar
vesiculation.23

Invasion by EAEC as seen here has not been previously
described in animal models, although adherence to
lymphoid follicles has been noted19 and invasion/internal-
isation in tissue culture cells has been seen with some
isolates.8 On electron microscopy, the presence of bacteria
in intercellular spaces and within M cells also has not been
previously described. These findings could explain the
prolonged nature of symptomatic infection with EAEC that
has been described in children.2,4 The adherence of EAEC
must play a role in the initiation of infection, to be followed
by mechanisms by which colonisation and, hence, the
infection persist, resulting in a diarrhoea of long duration.

The importance of studying the changes caused by a
putative pathogen in an animal model with normal flora
cannot be overemphasised. In a gnotobiotic animal or in
isolated tissue, there is no interaction between the organism
being studied and the commensal flora, which could result
in more severe disease than would be seen in a naturally
infected host. The changes seen in this study indicate that
oral infection of rabbits with EAEC produces the patho-
logical features described earlier in animal models and in
organ culture. The rabbit model, therefore, could be
employed in further studies on pathogenesis and prevention
of EAEC infection.
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Fig. 7 Electron micrograph of villous epthelial cells in the terminal
ileum of a rabbit infected with strain 17–2, showing bacteria enclosed
within intracytoplasmic vacuoles (arrow) (original magnification,
´ 15 000).


