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A Monkey Model for Enterohemorrhagic Escherichia coli Infection
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Adult Macaca radiata ( ) were infected intragastrically with 1012 Escherichia coli O157:n p 22
H7 strain 84-01, which produces Shiga toxins 1 and 2. Clinical symptoms and bacterial ex-
cretion were documented in each monkey for a specified time period before they were killed.
At necropsy, samples were obtained for culture and histologic and ultrastructural examination.
Seventeen monkeys had diarrhea: E. coli O157 was isolated from postinfection stool samples
from all monkeys and from autopsy cultures for 14 of 22 monkeys. Histologic examination
showed attaching-effacing lesions, which appeared at 12 h and persisted for 7 days, in 12
monkeys. Widening of the intercellular spaces, degeneration and vacuolization of the epithelial
cells, epithelial tufting, extrusion of epithelial cells, and neutrophilic infiltration were char-
acteristic features seen in 20 of the 22 infected monkeys but not in 4 control monkeys. This
monkey model closely parallels the early stages of the disease produced by E. coli O157:H7
and would be useful in the further study of pathogenic mechanisms and prevention methods
in enterohemorrhagic E. coli infections.

Enterohemorrhagic Escherichia coli (EHEC) cause a range
of human illnesses, from nonbloody diarrhea to hemolytic-
uremic syndrome and neurologic symptoms [1]. The intimate
adherence of EHEC to the intestinal epithelium produces char-
acteristic attaching-effacing (A/E) lesions in the intestines of
gnotobiotic piglets, infant rabbits, and chickens [2–4]. These
lesions are not seen in a mouse model or in human infections
[5–8]. EHEC isolates also produce Shiga toxins 1 and 2 (Stx 1
and 2), which are bacteriophage-encoded potent cytotoxins that
induce microvascular changes in vivo and are paralytic and
lethal for mice [9].

In the last decade, several animal models have been devel-
oped for EHEC pathogenetic studies, including streptomycin-
treated mice [4], chickens [2], infant rabbits [1], gnotobiotic
piglets [10], and calves [11]. However, these animals lack normal
adult gut flora, and EHEC can be nonpathogenic in older ani-
mals. This study was undertaken to see whether the clinical,
bacteriologic, and pathologic changes characterizing human
EHEC infections could be produced in adult monkeys with
normal gut microflora.

Received 31 October 2000; revised 12 March 2001; electronicallypublished
18 June 2001.

The experimental protocol was approved by the institutional ethics com-
mittee of the Christian Medical College and Hospital.

Reprints or correspondence: Dr. Gagandeep Kang, Wellcome Trust Lab-
oratory, Dept. of Gastrointestinal Sciences, Christian Medical College and
Hospital, Vellore 632004, India (gkang@cmcvellore.ac.in).

The Journal of Infectious Diseases 2001;184:206–10
� 2001 by the Infectious Diseases Society of America. All rights reserved.
0022-1899/2001/18402-0014$02.00

Materials and Methods

E. coli strain. E. coli O157:H7 strain 84-01, which produces
both Stx 1 and 2, was used in this study. Bacteria were stored at
�70�C in brucella broth with 10% glycerol.

Preparation of infective dose. Bacteria were grown overnight
at 37�C in Luria-Bertani broth and then were centrifuged. The pellet
was resuspended in 10 mL of PBS, to give a final infective dose of
1011 organisms/mL.

Experimental monkeys. Wild-caught Macaca radiata were
screened for bacterial pathogens and parasites, including Crypto-
sporidium species. Samples were cultured, and adherence assays and
toxin testing were done to identify bacterial enteric pathogens, but
screening results were negative. Parasite screening identified hel-
minths (mainly Enterobius species ova) and protozoa (Giardia spe-
cies and Balantidium coli), and affected monkeys were administered
750 mg pyrantel pamoate and 100 mg metronidazole, which elim-
inated parasites in most monkeys. Quantitation of anaerobic and
aerobic flora in 4 monkeys showed that recovery to premetroni-
dazole levels occurred in 4 days.

Monkeys who had not had diarrhea for 2 weeks were experi-
mentally infected when 2 stool examinations had negative results
for pathogens and when 2 weeks had elapsed since treatment. Of
26 experimental monkeys, 4 served as controls and were infected
with E. coli KM 124, an isolate obtained from an asymptomatic
rural South Indian patient whose assay results were negative for
diarrheogenic E. coli, and 22 monkeys were infected with O157:
H7 strain 84-01.

Infection. The monkeys were anesthetized by intramuscular
injection of ketamine hydrochloride (4 mg/kg). Gastric acidity was
neutralized with a 10-mL dose of 10% sodium bicarbonate, which
was administered via an orogastric tube. Ten minutes later, the
infective dose was administered through the same tube. Infected
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monkeys were housed in cages in a separate room in the animal
house and were observed twice daily. Stool samples were collected
for culture once (for monkeys without diarrhea) or twice (for mon-
keys with diarrhea) daily.

Autopsy. Two monkeys were killed at each of 8 postinfection
time points (6 and 12 h and days 1–5 and 7), and 3 monkeys were
killed 9 and 12 days after infection. Two control monkeys were
killed on postinfection days 1 and 3.

The monkeys were assigned to specific infection durations before
the start of the experiment, and no changes were made during the
course of the study. At necropsy, samples were collected for culture
and biopsy from the stomach, duodenum, jejunum, ileum, cecum,
proximal colon, mid-colon, distal colon, and rectum. Tissue from the
mesenteric nodes, kidney, liver, spleen, and lungs was also collected.

Bacteriologic examination. Quantitative culture of stool and
culture of autopsy material was done on sorbitol-MacConkey agar.
Sorbitol-negative E. coli colonies were tested by slide agglutination
of a saline suspension of bacteria with specific O157 antiserum
raised in rabbits and absorbed with suspensions of O26 and O55.
Autopsy blood cultures in brain-heart infusion broth were incu-
bated at 37�C for 1 week, with subcultures at 1, 3, 5, and 7 days.

Blood parameters. Estimation of hemoglobin level, packed cell
volume, total and differential leukocyte counts, and serum creati-
nine levels was done on blood collected before and after infection.

Histologic examination. Tissue samples for histologic exami-
nation by light microscopy were put in buffered formalin and were
embedded in paraffin; sections were stained with hematoxylin and
eosin.

Electron microscopy. Tissue samples for examination by elec-
tron microscopy were fixed in glutaraldehyde, were postfixed in
osmium tetroxide, and were processed for ultrastructural study by
routine methods. Multiple 1-mm sections from �2 blocks of tissue
from each site were stained with toluidine blue and were examined.
Ultrathin sections were cut on an LKB4 UM4 ultramicrotome
(Bromma) with a diamond knife (Eindhoven) and were examined
in a Phillips EM201C electron microscope.

Results

Seventeen of 22 infected monkeys developed diarrhea, which
was watery, self-limiting, and had a maximum duration of 4
days. No monkey had frank, bloody diarrhea, and all stool
samples were negative for occult blood. No diarrhea was seen
in control samples.

Blood parameters. No changes were seen in levels of hemo-
globin, platelets, or creatinine in any infected monkeys. An
increase in the total leukocyte count and neutrophils was noted
in monkeys killed 2 days after infection.

Bacteriologic examination. Preinfection cultures of samples
from all monkeys and postinfection cultures of control samples
were negative for sorbitol nonfermenting E. coli. However, after
infection, sorbitol nonfermenting E. coli, which gave a positive
agglutination with O157 antiserum, were isolated from stool
samples from 17 of the 22 infected monkeys: 16 monkeys had
diarrhea and excreted E. coli O157 in the first 4 postinfection
days, whereas 1 monkey excreted E. coli O157 without devel-

oping diarrhea. Quantitative plate counts showed that 6 of 6
monkeys at postinfection day 6 and 1 of 3 monkeys at postin-
fection day 9 were excreting 11012 organisms.

Cultures at autopsy were positive for E. coli O157 in 14
monkeys. Cultures from �1 small intestinal sites and all cecum,
colon, and rectum cultures were positive in all 14, with monkeys
killed at !2 days after infection having positive cultures at all
sites. At 2, 3, and 4 days, 1 of 2 monkeys had E. coli O157
present in the terminal ileum, cecum, colon, and rectum. Posi-
tive results were obtained for cultures of samples from the ter-
minal ileum, cecum, colon, and rectum of both monkeys killed
at 5 and 7 days, 2 of 3 monkeys killed at 9 days, and 0 of 3
monkeys killed at 12 days. All blood cultures were negative for
E. coli O157.

At autopsy, 6 of 22 infected monkeys had distension of the
terminal small intestine, cecum, and proximal colon. Of the 6
monkeys with abnormal findings at autopsy, 5 were killed �5
days and 1 was killed 12 days after infection. No other gross
changes were seen.

Histologic examination. At light microscopic examination,
the most obvious changes were seen in the colon. Rows of
bacteria were adherent to the surface epithelium in �1 of the
5 segments of colon examined in 15 of 22 infected monkeys,
and no adherent bacteria were present in the crypts. Adherent
bacteria were more common proximally than distally and were
seen within 12 h of infection. They were most common up to
postinfection day 4 and then declined, with no adherent bacteria
seen at postinfection days 9 and 12.

Mucosal changes (19 of 22 monkeys) were especially striking
in the first 5 days after infection. Vacuolization of epithelial
cells (14 of 22 monkeys) and epithelial cell tufting and extrusion
(10 of 22 monkeys) began 6 h after infection and occurred in
all colonic segments of all monkeys on postinfection day 1.
These were subsequently more prominent in proximal segments
up to 7 days postinfection, after which epithelial cells appeared
essentially normal. Widening of intercellular spaces was seen
by 12 h after infection, mainly in the ascending and mid-colon,
in 11 of 22 monkeys, and persisted for 7 days postinfection.
Neutrophil infiltration of the surface epithelium (8 of 22 mon-
keys) was seen from 6 h to 12 days after infection and was
most prominent at 2 days, affecting both proximal and distal
colon. The crypts showed mucin depletion and infiltration by
neutrophils, with formation of crypt abscesses (12 of 22 mon-
keys). Crypt abscesses, which were seen from 12 h to 12 days
after infection, occurred at all sites but were more prominent
in the proximal and mid-colon segments than in the distal colon
and rectum. Secondary invasion by a mixed population of bac-
teria was seen in 7 monkeys in the cecum and ascending and
mid-colon from day 5 to day 12 postinfection. The lamina
propria showed neutrophil infiltration and mild increase in
plasma cells and lymphocytes from 6 h to 12 days. Vascular
changes, such as edema, hemorrhage and thrombosis, were not
seen. In control monkeys, bacteria adhering to the surface epi-
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Figure 1. Electron micrograph of colonic surface epithelium 2 days after infection, showing adherent bacteria forming attaching-effacing lesions,
with microvillar effacement and accumulation of actin at the site of attachment at the intercellular junction. There is marked distortion of microvilli
adjacent to the lesion. Original magnification, �42,525.

thelium, epithelial cell changes, and prominent neutrophil in-
filtration were not seen.

In other organs, gastric and small intestinal biopsy results
were normal except for mild neutrophilic infiltration of the ileal
mucosa. In the kidneys, a moderate tubular vacuolopathy was
present in 11 of 22 monkeys from 24 h until 12 days postin-
fection. Glomerular or vascular lesions were not seen. There
was mild neutrophilic infiltration of the lungs of 7 monkeys
killed before 7 days and the spleens of 4 monkeys killed within
2 days after infection. Sections of the liver showed hepatocyte
up to 9 days after infection in 9 monkeys. In control monkeys,
other organs showed no significant changes.

Ultrastructural examination. Ultrastructurally, adherent
bacteria forming A/E lesions were seen between 12 h and 7
days after infection and were associated with the formation of
pedestals and cups on the apical membrane, actin accumulation
in the underlying cytoplasm, and short, irregular, and sparse
microvilli. Many bacteria were seen overlying intercellular junc-
tions, often associated with the absence of a recognizable apical
junctional complex (figure 1).

Surface epithelial cells had prominent widening of intercel-
lular spaces, with accumulation of pale granular material in
this space (figure 2). Signs of cellular swelling, including for-
mation of cytoplasmic vacuoles, apical blebs, dilatation of the

rough endoplasmic reticulum, and mitochondrial swelling, were
seen. Nuclei appeared to be crenated or swollen, many with
peripherally condensed chromatin and some with karyolysis.
Neutrophils were seen within the epithelium and in the lumen.
There was marked tufting of cells in the extrusion zone, with
extruded cells showing disruption of cytoplasmic organelles and
surface membranes. These changes were most prominent in the
monkeys killed within 48 h of infection, after which the changes
continued to be present, but to a milder degree, up to 9 days.
Degenerative changes were seen in cells with adherent bacteria.

Discussion

To our knowledge, we report for the first time a monkey
model for EHEC infection, with the formation of A/E lesions
in adult monkeys with a normal intestinal microflora. E. coli
O157:H7 strain 84-01 colonized the gut, produced diarrhea in
17 of 22 monkeys, and formed the pathognomic A/E lesions
in the cecum and ascending and mid-colon. In earlier studies
with other animal models, these lesions were seen variously in
the cecum and proximal colon [3], distal colon [12], or the entire
colon and distal small intestine [4, 11, 13].

Diarrhea was an early feature of the disease process in this
study; it occurred within the first 5 days after infection, and E.
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Figure 2. Electron micrograph showing cytoplasmic vacuolation (V) and widening of the intercellular spaces (arrows) between colonocytes 3
days after infection. Original magnification, �10,400.

coli O157 was isolated from the diarrheal stools of all diarrheic
monkeys but one. Excretion of the organism in the absence of
diarrhea, as reported elsewhere for humans [10], also was seen
with 1 monkey that excreted E. coli O157 for a week without
ever developing diarrhea. The maximum incidence and dura-
tion of diarrhea correlated with degenerative surface epithelial
changes.

In earlier studies, adherent bacteria have been reported from
18 h after infection in a calf model [11] and up to postinfection
day 90 in a chick model [2]. Our study of sequential changes
demonstrates that A/E lesions accompanied by surface epithe-
lial changes appear as early as 12 h after infection and represent
early features of the disease. Ultrastructural features of the A/
E lesion have been described before [11–13] and could account
for the loss of normal absorptive function. However, evidence
of severe cell damage with gross swelling of cytoplasm and
disruption of cell membrane, degenerative swelling of endo-
plasmic reticulum and mitochondria, and irreversible nuclear
injury have not been reported previously. Our findings of severe
epithelial damage are indicative of incipient ulcers and correlate
well with light microscopic evidence of surface epithelial ne-
crosis described in earlier animal models and in humans [6, 7].
Widened intracellular spaces between surface epithelial cells
may indicate active fluid secretion by these cells.

The formation of A/E lesions and the development of striking

changes in the surface epithelium were followed by secondary
invasion by luminal organisms, which probably causes exac-
erbation of disease, as seen in the clinical setting. This feature
has not been demonstrated in earlier models that used gno-
tobiotic monkeys. Further studies that use organisms that pro-
duce no toxin, either Stx 1 or 2, and that use isogenic deletion
mutants for the eae gene in this model are required to char-
acterize the disease process in primates.

References

1. Griffin PM. Escherichia coli O157:H7 and other enterohemorrhagic Escheri-
chia coli. In: Blaser MJ, Smith PD, Ravdin JI, Greenberg HB, Guerrant
RL, eds. Infections of the gastrointestinal tract. New York: Raven Press,
1995.

2. Beery JT, Doyle MP, Schoeni JL. Colonization of chicken cecae by Escheri-
chia coli associated with hemorrhagic colitis. Appl Environ Microbiol
1985;49:310–5.

3. Pai CH, Kelly JK, Meyers GL. Experimental infection of infant rabbits with
verotoxin-producing Escherichia coli. Infect Immun 1986;51:16–23.

4. Tzipori S, Karch H, Wachsmuth JK, et al. Role of a 60-megadalton plasmid
and Shiga-like toxins in the pathogenesis of infection caused by entero-
hemorrhagic Escherichia coli 0157:H7 in gnotobiotic piglets. Infect Immun
1987;55:3117–25.

5. Griffin PM, Olmstead LC, Petras RE. Escherichia coli O157:H7 associated
colitis: a clinical and histological study of 11 cases. Gastroenterology 1990;
99:142–8.



210 Kang et al. JID 2001;184 (15 July)

6. Kelly JK, Oryshak A, Wenetsek M, Grabiec J, Handy S. The colonic pa-
thology of Escherichia coli O157:H7 infection. Am J Surg Pathol 1990;
14:87–92.

7. Kelly JK, Pai CH, Jadusingh IH, Macinnis ML, Shaffer EA, Hershield NB.
The histopathology of rectosigmoid biopsies from adults with bloody
diarrhea due to verotoxin-producing Escherichia coli. Am J Clin Pathol
1987;88:78–82.

8. Wadolkowski EA, Sung LM, Burris JA, Samuel JE, O’Brien AD. Acute renal
tubular necrosis and death of mice orally infected with Escherichia coli strains
that produce Shiga-like toxin type II. Infect Immun 1990;58:3959–65.

9. Sears CL, Kaper JB. Enteric bacterial toxins: mechanisms of action and
linkage to intestinal secretion. Microbiol Rev 1996;60:167–215.

10. Tarr PI. Escherichia coli O157:H7: clinical, diagnostic and epidemiological

aspects of human infections. Clin Infect Dis 1995;20:1–10.

11. Dean-Nystrom EA, Bosworth BT, Cray WC Jr, Moon HW. Pathogenicity

of Escherichia coli O157:H7 in the intestines of neonatal calves. Infect

Immun 1997;65:1842–8.

12. Li Z, Bell C, Buret A, Robins-Browne R, Stiel D, O’Loughlin E. The effect

of enterohemorrhagic Escherichia coli 0157:H7 on intestinal structure and

solute transport in rabbits. Gastroenterology 1993;104:467–74.

13. Francis DH, Collins JE, Duimstra JR. Infection of gnotobiotic pigs with an

Escherichia coli O157:H7 strain associated with an outbreak of hemor-

rhagic colitis. Infect Immun 1986;51:953–6.


