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Although most enteropathogenic Escherichia coli strains do not produce recognized enterotoxins, we wished
to examine whether they produce any factors like heat-stable enterotoxin b or cholera toxin active subunits that
might be missed by conventional assay methods. E. coli strains E851 (0142) and E2348 (0127) that had caused
diarrhea in volunteers were negative for heat-labile enterotoxin and heat-stable enterotoxin a in Chinese
hamster ovary cell and suckling mouse assays, failed to cause secretion in ligated small bowel loops from 6- to 8-
week-old pigs after 4 to 5 h (used to show heat-stable enterotoxin b), and did not activate adenylate cyclase in pi-
geon erythrocyte lysates (used to demonstrate cholera toxin A subunit). We conclude that crude, unconcentrat-
ed culture filtrates and sonicates do not mimic heat-labile or heat-stable enterotoxins or cholera toxin or its A
subunit and that enteropathogenic strains of E. coli probably have yet another mechanism or group of

mechanisms by which they cause diarrhea.

The association of certain enteropathogenic Escherichia
coli (EPEC) strains with diarrhea has been recognized since
the work of Goldschmidt and Dulaney in the mid-1930s (7, 8,
17, 23). Two classic EPEC strains (0127 and O142) caused
diarrhea in adult volunteers despite being negative in con-
ventional assays for heat-labile enterotoxin (LT), heat-
stable enterotoxin (STa), and invasiveness (26). In none of
these studies of EPEC strains was the mechanism of diar-
rhea determined. In a recent report by Robins-Browne et al.
(30), the EPEC strains that had caused diarrhea in adult
volunteers were negative when tested in ligated rabbit ileal
loops, rabbit skin vascular permeability tests, suckling mice,
and Y1 adrenal cells, as well as being negative for guanylate
cyclase activation of rat, rabbit, or infant mouse intestinal
homogenates. They also found that these EPEC strains
lacked detectable DNA for LT or STa. At present, EPEC
strains include 13 serotypes recognized to cause diarrhea.
Although these strains have usually been negative in tests for
the conventionally recognized enterotoxins LT and STa, the
possibility remained that an enterotoxin that is missed by
conventional tissue culture, immunological, and biological
assays might be present and contribute to the diarrhea
caused by EPEC. Indeed, secretory enterotoxic products
have been reported for EPEC strains in studies of perfused
rat and dog intestinal segments (9). Our purpose was to
confirm that the EPEC strains that recently caused disease
in adult volunteers were negative in conventional tests for
enterotoxins and to examine whether biological activities
analogous to STb or cholera toxin active (A) subunits might
be produced by these strains.

STb-producing E. coli strains P-3 and P-16 were obtained
from Carlton Gyles. EPEC strains E851 (0142) and E2348
(0127), which had caused diarrhea in human volunteers (26),
originated from outbreaks of infantile diarrhea in Glasgow
and Taunton, United Kingdom. Strains 334 (LT) and C1-4
(an STa-producing isolate) were obtained from patients with
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diarrhea in Brazil. A nontoxigenic E. coli strain (10405)
served as a control (20). EPEC and control strains were
prepared as previously reported for testing for LT and STa
(1, 15). To test for STb-like activity, the E. coli strains were
incubated with shaking overnight at 37°C, centrifuged, soni-
cated in 3- to 10-s blasts, and heated at 65°C for 30 min. LT in
crude culture filtrates was assayed in the Chinese hamster
ovary (CHO) cell assay as previously described (19). STa
was tested in 2- to 4-day-old suckling mice 3 h after 0.1 ml of
crude culture filtrate was injected intragastrically (15). Fluid
secretion induced by heated (65°C, 30 min), centrifuged E.
coli sonicates in ligated small intestinal segments was as-
sayed in 6- to 8-week-old weaned piglets and in 1.5- to 2-kg
rabbits (10, 24). Porcine jejunal segments (ca. 6 cm long)
were ligated and inoculated with 5 ml of test medium. Rabbit
ileal loops (4 cm long) were inoculated with 1 ml of toxin
control preparation. Data were expressed as the ratio of
volume (in milliliters) to length (in centimeters) = standard
error of the mean.

Mucosal scrapings from E. coli toxin-treated animal seg-
ments were homogenized in saline as described by Forsyth
et al. (13). Adenylate cyclase was measured by using
[*>P]ATP conversion to cyclic [*?PJAMP by the method of
Salomon et al. (33), except that the reaction mix consisted of
60 mM tricine containing 20 mM MgCl, (pH 8) and 1 mM
ATP (10° cpm), and the reaction was stopped after 20 min by
adding 100 pl of stopping solution containing 1% sodium
dodecyl sulfate, 20 mM ATP, and 6.25 mM cyclic AMP (10*
cpm of 3H). The samples were chromatographed over
Dowex and neutral alumina. NaF and isoproterenol were
included as positive controls.

Activation of adenylate cyclase in pigeon erythrocyte
lysates by E. coli toxins was tested by the method of Gill and
King (16). Pigeon erythrocytes were lysed by freeze-thawing
and incubated for 60 min with 50 pl of the test substance
added. Cholera toxin (10 wg/ml) served as a positive control.
The resulting toxin-lysate suspensions were incubated as
described previously (16), except that the reaction was
stopped after 30 min by first adding 0.1 ml of the standard
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stopping solution without sodium dodecyl sulfate and then
boiling. Isoproterenol (5 x 10™> M) or 10 mM NaF served as
additional positive controls. The mixture was chromato-
graphed as described above, and the results were expressed
as percentages of the control values.

Culture filtrates of EPEC strains E851/71 (O142:H6) and
E2348/69 (0127:H6) were confirmed to be negative in con-
ventional tests for STa in the suckling mouse assay and for
LT in the CHO cell assay.

In comparison with the effects of E. coli LT (secretion [+
standard error of the mean], 0.71 = 0.03 and 1.21 = 0.04
ml/cm), STa (0.55 += 0.11 and 0.30 = 0.04 ml/cm), and
cholera toxin (0.72 = 0.03 and 1.2 = 0.12 ml/cm) at 4 and 16
h, respectively, in three standard ligated rabbit ileal loop
assays, EPEC strains E851 (0.24 = 0.09 and 0.15 * 0.04
ml/cm) and E2348 (0.16 = 0.08 and 0.18 = 0.04 ml/cm)
caused no secretory responses and were comparable to the
control E. coli strain 10405 (0.25 = 0.07 and 0.20 *= 0.06
ml/cm) at both 4 and 16 h.

In contrast to the mean secretory response in duplicate
weaned-pig intestinal segments after 4 to 5 h caused by both
of the STb-producing E. coli strains, P3 (1.68 ml/cm) and P16
(1.53 ml/cm), EPEC strains E851 (0.20 ml/cm) and E2348
(0.11 ml/cm) gave responses that were not significantly
different from those of the negative control strain, E. coli
10405 (0.39 ml/cm).

To examine for a cholera toxin or E. coli LT active
subunit-like activity, the pigeon erythrocyte lysates incubat-
ed with EPEC culture sonicates were examined for adeny-
late cyclase activation. The effects of isoproterenol and
cholera toxin on the lysates were striking in comparison to
the effects of both EPEC strains and control E. coli 10405
culture filtrate material. The mean and standard deviation of
determinations from three different experiments done in
duplicate was 83.01 + 22.8%, 284.4 = 151.5%, and 7,049 =
407.3% for strain 10405-treated, isoproterenol-stimulated,
and cholera toxin-treated lysates, respectively; the latter two
values are significantly different from that for the strain
10405-treated lysates (P = 0.01). Sodium fluoride stimulated
adenylate cyclase activity 19-fold over that in untreated
controls. Sodium fluoride also caused similar 15- to 18-fold
stimulations over controls in the presence of culture filtrates
from E. coli strains 10405, E851, E2348, P-3, and P-16 and
with cholera toxin. EPEC strains E851 and E2348 consis-
tently showed no adenylate cyclase activation analogous to
that caused by active subunits of cholera toxin or LT or
analogous to that caused by adenylate cyclase-stimulating
agents. In additional studies done to exclude the possibility
that an inhibitory effect of the crude culture filtrates might
have masked an effect of EPEC products on pigeon erythro-
cyte lysate adenylate cyclase activity, the effect of cholera
toxin was seen even when the crude culture filtrates from
EPEC strains were added to cholera toxin in concentrations
similar to those used in the test solutions.

The historical evidence that EPEC causes disease is
strong (4, 17). The decline in interest in EPEC serotypes
stemmed from (i) the development of our understanding of
E. coli enterotoxins (11, 12, 21) and their importance in the
etiology of diarrhea (3, 22, 27, 32), (ii) the apparent decline in
the frequency of recognizable EPEC outbreaks, (iii) similar-
ities in isolation rates of EPEC between cases and controls
(14), and (iv) the discovery that enterotoxin production
could be encoded on plasmids transmissible to any E. coli
serotype (34). Nonenterotoxigenic and noninvasive EPEC
strains have been associated with diarrhea despite their
inability to produce conventionally recognized enterotoxins
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and lack of invasiveness (26). There are several potential
mechanisms of action. Close adherence of bacteria to the
small intestine brush border in a locally destructive fashion
(5, 18, 29, 31, 35) may, in EPEC strains, be associated with a
variable adherence factor encoded on a transmissible plas-
mid (2). An enterotoxic effect may impede intestinal absorp-
tion or elicit net fluid secretion (9, 25). A cytotoxic product
detectable in Vero cells or a shigella-like enterocytotoxin
may be elaborated. Although the original studies with these
two strains were negative for Vero cytotoxin (26), O’Brien et
al. (28) have reported the production of Shiga-like HeLa cell
cytotoxin that is neutralized by antiserum to Shiga toxin
from strain E851 that was grown on iron-depleted medium.
As conflicting reports suggest that Shiga toxin may activate
adenylate cyclase (6), the possibility that an adenylate
cyclase-activating toxin is being produced by certain EPEC
strains was considered. However, even with the higher ATP
substrate concentrations, we still found no evidence for an
adenylate cyclase-activating toxin in the same EPEC strain.

As reported by others, we too find no evidence for LT or
STa in the CHO cell or suckling mouse assay. Furthermore,
in contrast to positive LT and STa controls, the crude
culture filtrates of the EPEC strains that we tested, which
had caused diarrhea in volunteers, failed to cause significant
secretion after 4 or 16 h in ligated adult rabbit ileal segments,
nor did they produce STb-like activity or LT or cholera toxin
A subunit-like activity in the porcine ligated segment or
pigeon erythrocyte lysate adenylate cyclase assays com-
pared with both positive and negative controls.

We therefore conclude that crude, unconcentrated culture
filtrates and sonicates of EPEC strains that have been
historically associated with infantile diarrhea and that have
recently demonstrated their capacity to cause noninflamma-
tory diarrhea in adult volunteers do not mimic E. coli LT,
cholera toxin, E. coli STa, E. coli STb, or cholera toxin
active subunits. These studies lend further support to the
concept that EPEC causes diarrhea by yet another mecha-
nism(s) besides the classically recognized enterotoxins and
invasiveness. It appears that these strains closely adhere to
the mucosa, and we cannot exclude the possibility that
EPEC might deliver an enterotoxic or cytotoxic product
locally to the cells on close adherence in vivo.

LITERATURE CITED

1. Alderete, J. F., and D. C. Robertson. 1977. Nutrition and
enterotoxin synthesis by enterotoxigenic strains of Escherichia
coli: defined medium for production of heat-stable enterotoxin.
Infect. Immun. 15:781-788.

2. Baldini, M. M., J. B. Kaper, M. M. Levine, D. C. A. Candy, and
H. W. Moon. 1983. Plasmid-mediated adhesion in enteropatho-
genic Escherichia coli. J. Pediatr. Gastroenterol. Nutr. 2:534-
538.

3. Black, R. E., M. H. Merson, 1. Hug, A. R. M. A. Alim, and
M. D. Yunus. 1981. Incidence and severity of rotaviruses and
Escherichia coli diarrhea in rural Bangladesh. Implications for
vaccine development. Lancet i:141-143.

4. Bray, J., and T. E. D. Beavan. 1948. Slide agglutination of
Bacterium coli var. Neapolitanum in summer diarrhea. J.
Pathol. Bacteriol. 60:395-401.

5. Cantey, J. R., and R. K. Blake. 1977. Diarrhea due to Escherich-
ia coli in the rabbit: a novel mechanism. J. Infect. Dis. 135:454—
462.

6. Charney, A. N., R. E. Gots, S. B. Formal, and R. A. Giannella.
1976. Activation of intestinal mucosal adenylate cyclase by
Shigella dysenteriae 1 enterotoxin. Gastroenterology 70:1085—
1090.

7. Donta, S. T., R. B. Wallace, S. C. Whipp, and J. Olarte. 1977.
Enterotoxigenic Escherichia coli and diarrheal disease in Mexi-



614

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

NOTES

can children. J. Infect. Dis. 135:482-485.

. Dulaney, A. D., and I. D. Michelson. 1935. A study of E. coli

mutabile from an outbreak of diarrhea in the new-born. Am. J.
Public Health 25:1241-1251.

. Edelman, R., and M. M. Levine. 1983. Summary of NIAID

workshop on enteropathogenic E. coli (EPEC). J. Infect. Dis.
147:1108-1118.

Evans, D. G., D. J. Evans, Jr., and N. F. Pierce. 1973. Differ-
ences in the response of rabbit small intestine to heat-labile and
heat-stable enterotoxins of Escherichia coli. Infect. Immun.
7:873-880.

Evans, D. J., Jr., L. C. Chen, G. T. Curlin, and D. G. Evans.
1972. Stimulation of adenyl cyclase by Escherichia coli entero-
toxin. Nature (London) New Biol. 236:137-138.

Field, M., L. H. Graf, Jr., W. J. Laird, and P. L. Smith. 1978.
Heat-stable enterotoxin of Escherichia coli: in vitro effects on
guanylate cyclase activity, cyclic GMP concentration, and ion
transport in small intestine. Proc. Natl. Acad. Sci. U.S.A.
75:2800-2804.

Forsyth, G. W., D. L. Hamilton, K. E. Goertz, and L. W,
Oliphant. 1978. Some comparative properties and localization of
porcine jejunal adenylate cyclase. Can. J. Biochem. 56:280-286.
Gangarosa, E. J., and M. M. Merson. 1977. Epidemiologic
assessment of the relevance of the so-called enteropathogenic
serogroups of Escherichia coli in diarrhea. N. Engl. J. Med.
296:1210-1213.

Giannella, R. A. 1976. Suckling mouse model for detection of
heat-stable Escherichia coli enterotoxin: characteristics of the
model. Infect. Inmun. 14:95-99.

Gill, D. M., and C. A. King. 1975. The mechanism of action of
cholera toxin in pigeon erythrocyte lysates. J. Biol. Chem.
250:6424-6432. )

Goldschmidt, R. 1933. Untersuchungen zur Atiologie der Durch-
falserkrankungen des Sauglings Jahrb. Kinderhlkd. 139:318-
358.

Guerrant, R. L. 1980. Yet another pathogenic mechanism for
Escherichia coli diarrhea? N. Engl. J. Med. 302:113-114.
Guerrant, R. L., L. L. Brunton, T. C. Schnaitman, L. I.
Rebhun, and A. G. Gilman. 1974. Cyclic adenosine monophos-
phate and alteration of Chinese hamster ovary cell morphology:
a rapid, sensitive in vitro assay for the enterotoxins of Vibrio
cholerae and Escherichia coli. Infect. Immun. 10:320-327.
Guerrant, R. L., U. Ganguly, A. G. T. Casper, N. F. Pierce, and
C. C. J. Carpenter. 1973. Effect of Escherichia coli on fluid
transport across canine small bowel: mechanism and time-
course with enterotoxin and whole bacterial cells. J. Clin.
Invest. 52:1707-1714.

Guerrant, R. L., J. M. Hughes, B. Chang, D. C. Robertson, and
F. Murad. 1980. Activation of intestinal guanylate cyclase by
heat-stable enterotoxin of Escherichia coli: studies of tissue
specificity, potential receptors and intermediates. J. Infect. Dis.
142:220-228.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.
34.

35.

INFECT. IMMUN.

Guerrant, R. L., R. A. Moore, P. M. Kirschenfeld, and M. A.
Sande. 1975. Role of toxigenic and invasive bacteria in acute
diarrhea of childhood. N. Engl. J. Med. 293:567-573.
Gurwith, M., D. Hinde, R. Gross, and B. Rowe. 1978. A
prospective study of enteropathogenic Escherichia coli in en-
demic diarrheal disease. J. Infect. Dis. 137:292-297.

Gyles, C. L. 1979. Limitations of the infant mouse test for
Escherichia coli heat stable enterotoxin. Can. J. Comp. Med.
43:371-378.

Klipstein, F. A., B. Rowe, R. F. Engert, H. B. Short, and R. J.
Gross. 1978. Enterotoxigenicity of enteropathogenic serotypes
of Escherichia coli isolated from infants with epidemic diarrhea.
Infect. Immun. 21:171-178.

Levine, M. M., D. R. Nalin, R. B. Hornick, E. J. Bergquist,
D. H. Waterman, C. R. Young, S. Sotman, and B. Rowe. 1978.
Escherichia coli strains that cause diarrhea but do not produce
heat-labile or heat-stable enterotoxins and are non-invasive.
Lancet i:1119-1122.

Merson, M. M., G. K. Morris, D. A. Sack, J. G. Wells, J. C.
Feeley, R. B. Sack, W. B. Creech, A. Z. Kapikian, and E. ]J.
Gangarosa. 1976. Traveler’s diarrhea in Mexico: a prospective
study of physicians and family members attending a congress.
N. Engl. J. Med. 294:1299-130S.

O’Brien, A., 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. 146:763-766.

Polotsky, Y. E., E. M. Dragunskaya, V. G. Seliverstova, T. A.
Avdeeva, M. G. Chakhutinskaya, I. Ketyi, A. Vertenyi, B.
Ralovich, L. Emody, I. Malovics, N. V. Safonova, E. S. Snigir-
evskaya, and E. I. Karyagina. 1977. Pathogenic effect of entero-
toxigenic Escherichia coli and Escherichia coli causing infantile
diarrhoea. Acta Microbiol. Acad. Sci. Hung. 24:221-236.
Robins-Browne, R. M., M. M. Levine, B. Rowe, and E. M.
Gabriel. 1982. Failure to detect conventional enterotoxins in
classical enteropathogenic (serotyped) Escherichia coli strains
of proven pathogenicity. Infect. Immun. 38:798-801.
Rothbaum, R., A. J. McAdams, R. Giannella, and J. C. Partin.
1982. A clinicopathologic study of enterocyte-adherent Esche-
richia coli: a cause of protracted diarrhea in infants. Gastroen-
terology 83:441-454.

Sack, R. B., S. L. Gorbach, J. G. Banwell, B. Jacobs, B. D.
Catterjee, and R. C. Mitra. 1971. Enterotoxigenic Escherichia
coli isolated from patients with severe cholera-like disease. J.
Infect. Dis. 123:378-38S.

Salomon, Y., C. Londos, and M. Rodbell. 1974. A highly
sensitive adenylate cyclase assay. Anal. Biochem. 58:541-548.
Skerman, F. J., S. B. Formal, and S. Falkow. 1972. Plasmid-
associated enterotoxin production in a strain of Escherichia coli
isolated from humans. Infect. Immun. 5:622-624.

Ulshen, M. H., and J. L. Rollo. 1980. Pathogenesis of Escherich-
ia coli: gastroenteritis in man—another mechanism. N. Engl. J.
Med. 302:99-101.



