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Gnotobiotic piglets inoculated with Escherichia coli serotype 0157:H7 strains that produced Shiga-like toxin
II developed brain lesions similar to those observed in edema disease of swine, including arteriolar necrosis and
malacia. Loss of ability to produce Shiga-like toxin II resulted in loss of ability to cause brain lesions.
All E. coli strains used in the study except a nonpathogenic control strain were 0157:H7. Salient characteristics of
these strains are shown in Table 1. Tests for ability of strains
to produce SLT-I and SLT-II were performed by Alison
O'Brien (Uniformed Services University of the Health Sciences, Bethesda, Md.) as described elsewhere (16). Cultures
for animal inoculation were grown overnight in 5 ml of brain
heart infusion broth (approximately 5 x 109 CFU/ml).
Piglets derived by closed hysterotomy and maintained in
germfree isolators (1) were inoculated with bacterial test
cultures per os at 1 day of age and observed a minimum of
three times daily for signs of disease, including diarrhea,
anorexia, depression, circling, loss of equilibrium, convulsions, and death. Animals that became depressed or exhibited signs of CNS disease were immediately euthanatized
and necropsied. The rest of the animals were killed from 2 to
9 days postinoculation, usually at the rate of 1 piglet per
group per day.
At necropsy, piglets were examined for gross pathological
changes and tissue specimens were collected for histologic
examination (brain and samples of liver, lung, spleen, kidney, jejunum, ileum, cecum, spiral colon, and rectum) and
bacteriological culture (colon). Brains were sectioned in five
areas (anatomic reference points), including medulla oblongata (olivary nucleus), cerebellum with medulla oblongata
(cerebellar peduncles), midbrain (corpora quadrigemina),
and two levels of cerebrum (interthalamic adhesion and genu
of corpus callosum). Specimens for histologic examination
were Formalin fixed and processed by standard methods.
Sections of paraffin-embedded tissue were hematoxylineosin stained for light microscopy. Colon specimens were
cultured aerobically on 5% sheep blood agar and Tergitol-7
agar and anaerobically on blood agar to assess the purity of
the infection. The E. coli isolates were serogrouped to
establish that they were the same as the inoculum.
Following challenge, all piglets, except one which was
inoculated with 0157:H7 strains of E. coli, developed diarrhea. The one nondiarrheic piglet exhibited signs of CNS
disease at 2 days postinoculation. Signs of CNS disease,
including imbalance, head tilt, or lateral recumbency, specific to one side, were observed 2 to 8 days postinoculation
in 4 of 9 piglets inoculated with 933 and 3 of 6 inoculated with
B2387. In addition, some piglets in both of these groups were
depressed but did not exhibit signs of CNS disease. None of
the piglets inoculated with 933D exhibited signs of CNS
disease, nor were they depressed. Piglets inoculated with
G58-1 remained clinically normal after challenge. Pure cultures of the E. coli strains used in inoculation were isolated

Enterohemorrhagic Escherichia coli (EHEC) of serotype
0157:H7 has been responsible for several outbreaks and
numerous sporadic cases of hemorrhagic colitis in the
United States, Canada, and elsewhere (11). It has been
strongly implicated as a causative agent in hemolytic uremic
syndrome (HUS) and thrombotic thrombocytopenic purpura
(TTP) (11). When inoculated with 0157:H7 EHEC, gnotobiotic piglets develop a watery diarrhea (5, 23). Bacteria
diffusely colonize the cecal and colonic mucosa, attaching to
enterocytes and resulting in microvillus effacement (5, 23).
Enterocytes are affected to various degrees and may undergo degeneration and necrosis with desquamation from the
mucosa. The colonic mesentery becomes markedly edematous, and suppurative inflammation occurs in the mucosa
and submucosa (5, 23).
Several putative virulence factors are produced by EHEC,
including toxins known as Shiga-like (or Vero) toxins I and II
(SLT-I and SLT-II). Toxin-containing extracts from the
culture supernatant of 0157:H7 (EHEC) caused diarrhea in
rabbits when given intragastrically, and histologic changes,
including apoptosis, were observed in the intestinal epithelium (17). Apoptotic changes were also seen in ileal loops of
adult rabbits inoculated with SLT-I (9). However, when
gnotobiotic piglets were inoculated with an 0157:H7 strain
that had spontaneously lost its ability to produce SLT-I and
-II, the same kind of intestinal lesion developed as in piglets
inoculated with the SLT-I- and -II-producing parent strain
(22). In addition, inoculation of gnotobiotic piglets with a
non-verotoxigenic 0101:K- E. coli strain resulted in attaching-effacing lesions (7). Thus, SLT-I and -II appear unessential for the production of diarrhea and attaching-effacing
intestinal lesions in gnotobiotic piglets. It remains unclear
whether the toxins contribute to hemorrhagic colitis in
humans.
It has been suggested that the SLTs are of direct etiological importance in HUS and TTP (14) and that toxemia is the
primary pathogenetic event, resulting in microvascular
thrombi. The thrombi are hypothesized to result from a
cytotoxic or cytopathic effect of SLT on vascular endothelium or induction of platelet aggregation (19).
This report describes clinical signs and lesions of the
central nervous system (CNS) of gnotobiotic pigs infected
with certain 0157:H7 E. coli strains and presents evidence
that SLT-II is involved in the pathogenesis. Some features of
this disease of pigs may be similar to HUS or TTP in
humans.
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TABLE 1. Characteristics of E. -o/i strains used
in piglet challenge

TABLE 2. Incidence and distribution of malacia in the brains
of pigs challenged with E. coli strains

SLT-1I" SLT-11I"

Strain

Source (reference)

Serotype

933
933D
B2387
G58-1

Hamburger isolate (18)
Derived from 933h,' (21)
Human isolate"
Swine isolate (5)

0157:H7
0157:H7
0157:H7
0101:K28:NM

+
+

-

+

-

No. of pigs with lesions/no.
inoculated and examined
for strain:
933 933D B2387 G58-1

Brain region
(reference point)

to produce SLT-11 during storage.
Obtained from A. D. O'Brien. Uniformed Services University of the
Health Sciences, Bethesda, Md.

Medulla oblongata (olivary nucleus)
Cerebellum (cerebellar peduncles)
Midbrain (corpora quadrigemina)
Cerebrum (interthalamic adhesion)
Cerebrum (genu of corpus callosum)
Total with malacia/total inoculated

from the colon of each pig. All pigs inoculated with 933,
933D, and B2387 had mesocolonic edema. No other gross
lesions were seen in these pigs or in the pigs inoculated with
G58-1.
The cecal and colonic mucosa of pigs inoculated with 933,
933D, and B2387 were colonized by bacteria showing close
adherence to the apical surface of enterocytes. Bacterial
adherence was associated with enterocyte necrosis and
desquamation, serosuppurative inflammation of the cecal
and colonic submucosa, and edema of the mesocolon. The
ilea of these pigs were occasionally colonized by closely
adherent bacteria. Close bacterial adherence was not seen in
the intestines of pigs inoculated with G58-1.
The brain stem, midbrain, and cerebrum of pigs inoculated
with 933 and B2387, but not 933D or G58-1, frequently

contained areas of arteriolar necrosis and malacia (Fig. 1;
Table 2). Malacia was often bilateral, involved both grey and
white matter, and in the cerebrum was primarily limited to
subcortical areas, often in close proximity to basal nuclei.
Focal areas of parenchymal necrosis associated with ringlike
hemorrhages and arteriolar necrosis were occasionally seen
in the cerebellum, the medulla oblongata, and the cerebrum
(Fig. 2). Small hemorrhages associated with platelet and
fibrinous capillary thrombi were also occasionally seen in all
levels of the brain. Arterioles in the brain were frequently
affected with endothelial swelling, necrosis and regeneration, and necrosis of myocytes in the tunica media (Fig. 3).
Lesions were not seen in other tissues examined.
Lesions in the brains of piglets in this study appeared to

"Detectable levels of toxins in culture supernatant (,positive; -

negative).

"Spontaneously lost ability

5/8
4/9
4/9
2/9
6/9
8/9

0/5
0/5
0/5
0/5
0/5
0/5

2/4
0/6
3/6
6/6
6/6
6/6

0/2
0/3
0/4
0/4
0/4
0/4
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FIG. 1. Acute focal malacta (center, boundaries demarcated by arrow~/s) in ventral medulla oblongata of piglet 4.5 days postinoculation with
933. Necrosis is indicated by nuclear pyknosis, cytoplasmic eosinophilia iof neurons and glial cells, and vacuolation of neuropil. Bar, 200 p.m..
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FIG. 2. Focal necrosis (arrow) in cerebellar pecluncle of pigi et
(see legend to Fig. 1). Necrotic focus is demarcat(ed by a ring of
hemorrhage and is associated with arteriolar necrosi s (arrowheadss.
Bar, 100 ,um.
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the anatomic locations of these lesions. Differences in the
site of edema (mesocolon) in our experimental pigs, when
compared with those most frequently found in natural edema
disease, may have been the result of one of the following: (i)
differences in bacterial colonization sites in the two diseases,
(ii) differences in the effect of toxin on newborn versus older
pigs, or (iii) differences in cell surface binding by the two
toxins. Differences between SLT-II and SLT-IIv in receptor
activity are suggested by the observation that SLT-II is
cytotoxic to both Vero and HeLa cells, whereas SLT-IIv is
cytotoxic to Vero cells only (12).
Edema disease of pigs and HUS and TTP of humans have
a number of features in common. Both the pig and human
diseases frequently have a prodrome of diarrhea (8, 14, 15)
and may include submucosal colonic edema (14, 15). The
CNS may be affected in any of these diseases (6, 8, 10, 14,
15). Each of them involves the vascular system (4, 6, 14, 15),
and endothelial cell damage may be the primary event that
precipitates clinical manifestations of the disease (14). Endothelial swelling was seen following experimental infection
of swine with an edema disease-producing strain of E. (oli
(13) and is observed in the glomeruli of patients with HUS

(4).
Glomerular damage, as found in HUS and apparently
result from a toxemia associated with the lproduction Of
resulting from fibrinous thrombosis (4), was not observed in
SLT-II by bacteria in the intestinal lumen. Only pigle ts
the piglets infected with 0157:H7 E. (o/i, nor is it observed
inoculated with 0157:H7 strains that produce-d SLT-II d ein association with edema disease. This suggests that some
veloped identifiable brain lesions. Loss of genies coding f( )r
of the lesions associated with infection by 0157:H7 E. (coli
SLT-II production in strain 933 was apparently accompanie d
are host specific. Perhaps only endothelial cells in certain
by loss of ability to cause brain lesions.
tissues, varying somewhat from species to species, are
The lesions in the brains of pigs infecte d with SL1rsusceptible to damage by SLT-II. Susceptibility may be the
II-producing E. c oli were essentially identic:al to lesioris
result of expression of cell surface receptors to that toxin.
resulting from natural infection of pigs with esdema diseas eproducing strains of E. coli (10). The same lesRons have bee Wn
We thank Tom Bargar for assistance with photography.
produced by intravenous injection of a par tially purifie-d
X r__- _a_LITERATURE CITED
preparation of toxin (edema disease principle trom edema
1. Benfield, D. A., D. H. Francis, J. P. McAdaragh, D. D. Johnson,
disease-producing strains (2). Edema disease-c ausing strains
M. E. Bergeland, K. Rossow, and R. Moore. 1988. Combined
produce a substance (presumably edema dise ase principle)
rotavirus and K99 Esclerichia coli infection in gnotobiotic pigs.
that is cytotoxic to Vero cells (3, 20) and neiutralizable by
Am. J. Vet. Res. 49:330-337.
antiserum to SLT-II (12). Furthermore, the Mgenes for this
2. Clugston, R. E., N. 0. Nielsen, and D. L. T. Smith. 1974.
substance (known as SLT-II variant) are highl y homologous
Experimental edema disease of swine (E. coli enterotoxemia).
(94% for subunit A genes and 79% for subunit B genes) (24).
lll. Pathology and pathogenesis. Can. J. Comp. Med. 38:34-43.
Similarities in the two toxins may account for similarities in
3. Dobrescu, L. 1983. New biological effect of edema disease
the nature of the lesions produced in the braiins of pigs and
principle (Eschericlhia co/i-neurotoxin) and its use as an ini litro
,

assay for this toxin. Am. J. Vet. Res. 44:31-34.
4. Fong, J. S. C., J. P. deChadarevian, and B. S. Kaplan. 1982.
Hemolytic uremic syndrome. Current concepts and management. Pediatr. Clin. North Am. 29:835-851.
5. Francis, D. H., J. E. Collins, and J. R. Duimstra. 1986. Infection

0
I9

,

6.
7.

8.

4q
*

FIG. 3. Arteriole in cerebellar peduncle of pigle t (see legend to
Fig. 1). Endothelial cell appears regenerative with large, vesicular
nucleus and basophilic cytoplasm (arrowhead). Mycocytes in tunica
media are necrotic (arrow). Bar, 25 p.m.

9.

of gnotobiotic pigs with an Escherichia coli 0157:H7 strain
associated with an outbreak of hemorrhage colitis. Infect.
Immun. 51:953-956.
Giauantiono, C. A., M. Vitacco, F. Mendilaharzu, G. E. Gallo,
and E. T. Sojo. 1973. The hemolytic-uremic syndrome. Nephron 11:174-192.
Hall, G. A., N. Chanter, and A. P. Bland. 1988. Comparison in
gnotobiotic pigs of lesions caused by verotoxigenic and nonverotoxigenic Esclhcrichia coli. Vet. Pathol. 25:205-210.
Karmali, M. A., M. Petrie, C. Lim, P. C. Fleming, G. S. Arbus,
and H. Lior. 1985. The association between idiopathic hemolytic uremic syndrome and infection by verotoxin-producing
Esclhericlia co/i. J. Infect. Dis. 151:775-782.
Keenan, K. P., D. D. Sharpnack, H. Collins, S. B. Formal, and
A. D. O'Brien. 1986. Morphologic evaluation of the effects of
Shiga toxin and E. coli Shiga-like toxin on the rabbit intestine.

Am. J. Pathol. 125:69-80.
10. Kurtz, H. J., M. E. Bergeland, and D. M. Barnes. 1969.
Pathologic changes in edema disease of swine. Am. J. Vet. Res.
30:791-806.

1342

NOTES

11. Levine, M. M. 1987. Escherichia coli that cause diarrhea:
enterotoxigenic, enteropathogenic, enteroinvasive, enterohemorrhage, and enteroadherent. J. Infect. Dis. 155:377-389.
12. Marques, L. R. M., J. S. M. Peiris, S. J. Cryz, and A. D.
O'Brien. 1987. Escherichia coli strains isolated from pigs with
edema disease produce a variant of Shiga-like toxin II. FEMS
Microbiol. Lett. 44:33-38.
13. Methiyapun, S., J. F. L. Pohlenz, and J. U. Bertschinger. 1984.
Ultrastructure of the intestinal mucosa in pigs experimentally
inoculated with an edema disease-producing strain of Escherichia coli (0139:K12:H1). Vet. Pathol. 21:516-520.
14. Morrison, D. M., D. L. J. Tyrrell, and L. D. Jewell. 1986.
Colonic biopsy in verotoxin-induced hemorrhagic colitis and
thrombotic thrombocytopenic purpura (TTP). Am. J. Clin.
Pathol. 86:108-112.
15. Nielson, N. 0. 1986. Edema disease, p. 528-540. In A. D.
Leman, B. Straw, R. D. Glock, W. L. Mengeling, R. H. C.
Penny, and E. Scholl (ed.), Diseases of swine, 6th ed. Iowa
State University Press, Ames.
16. O'Brien, A. D., G. D. LaVeck, M. R. Thompson, and S. B.
Formal. 1982. Production of Shigella dysenteriae type 1-like
cytotoxin by Escherichia coli. J. Infect. Dis. 146:763-769.
17. Pai, C. H., J. K. Kelley, and G. L. Meyers. 1986. Experimental
infection of infant rabbits with verotoxin-producing Escherichia
coli. Infect. Immun. 51:16-23.
18. Riley, L. W., R. S. Remis, S. D. Helgerson, H. B. McGee, J. G.
Wells, B. R. Davis, R. J. Hebert, E. S. Olcott, L. M. Johnson,
N. T. Hargett, P. A. Blake, and M. L. Cohen. 1983. Hemorrhagic colitis associated with a rare Escherichia coli serotype.

INFECT. IMMUN.
N. Engl. J. Med. 308:681-685.
19. Rose, P. E., J. A. Arnour, C. E. Williams, and F. G. H. Hill.
1985. Verotoxin and neuraminidase-induced platelet aggregating
activity in plasma: their possible role in the pathogenesis of the
haemolytic uraemic syndrome. J. Clin. Pathol. 38:438 441.
20. Smith, H. W., P. Green, and Z. Parsell. 1983. Vero cell toxins in
Escherichia coli and related bacteria: transfer by phage and
conjugation and toxic action in laboratory animals, chickens,
and pigs. J. Gen. Microbiol. 129:3121-3137.
21. Strockbine, N. A., L. R. M. Marques, J. W. Newland, H. W.
Smith, R. K. Holmes, and A. D. O'Brien. 1986. Two toxinconverting phages from Escherichia coli 0157:H7 strain 933
encode antigenically distinct toxins with similar biologic activities. Infect. Immun. 53:135-140.
22. Tzipori, S., H. Karch, K. I. Wachsmuth, R. M. Robins-Browne,
A. D. O'Brien, H. Lior, M. L. Cohen, J. Sithers, and M. M.
Levine. 1987. Role of a 60-megadalton plasmid and Shiga-like
toxins in the pathogenesis of infection caused by enterohemorrhagic Escherichia coli 0517:H7 in gnotobiotic piglets. Infect.
Immun. 55:3117-3125.
23. Tzipori, S., I. K. Wachsmuth, C. Chapman, R. Birner, J.
Brittingham, C. Jackson, and J. Hogg. 1986. The pathogenesis of
hemorrhagic colitis caused by Escherichia coli 0517:H7 in
gnotobiotic piglets. J. Infect. Dis. 154:712-716.
24. Weinstein, D. L., M. P. Jackson, J. E. Samuel, R. K. Holmes,
and A. D. O'Brien. 1988. Cloning and sequencing of a Shiga-like
toxin 11 variant from an Escherichia coli strain responsible for
edema disease of swine. J. Bacteriol. 170:4223-4230.

