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ABsTrRACT An Eschericlia coli strain isolated from
a patient with severe cholera-like diarrhea elaborates a
partly heat-labile enterotoxin shown to cause prompt
adenyl cyclase stimulation and isotonic fluid secretion by
canine jejunum. Both responses disappear upon removal
of the enterotoxin. The duration of action of a submaxi-
mal dose of this E. coli enterotoxin was brief, despite
sustained exposure to the jejunum, suggesting inactiva-
tion of the enterotoxin by its interaction with the mucosa.

Inoculation of whole bacterial cultures of this E. coli
strain into canine duodenum was followed by bacterial
survival and induction of net secretion after 4-7 h. The
onset of fluid production was associated with increasing
gut mucosal adenyl cyclase activity. Washed bacterial
cells could also produce fluid secretion. In vivo multi-
plication of this enterotoxin-producing E. coli was dem-
onstrated 6-12 h after intraduodenal inoculation of ap-
proximately 10° organisms. This was associated with
fluid secretion. Intestinal fluid production occurred with-
out microscopic pathology in the mucosa.

INTRODUCTION

Recent studies have suggested that noninvasive, entero-
toxigenic E. coli strains cause a major portion of severe
acute diarrheal disease, both in developing nations (1-3)
and in the United States (4). In recent studies about
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509 of the adults hospitalized in Calcutta with acute
“undifferentiated” cholera-like diarrhea had small bowel
colonization by homogeneous isolates of E. coli which
were not of previously recognized enteropathogenic sero-
types. Cell-free culture filtrates of these strains contain
a partly heat-labile enterotoxin which causes fluid ac-
cumulation in ligated segments of rabbit small bowel
(2. 3). In canine jejunum, crude E. coli enterotoxin
(ECT)" induces outpouring of isotonic fluid similar in
composition to that induced by cholera enterotoxin
(CT), but following a very different time-course (3).
Earlier studies have suggested that the mechanism of
action of ECT may be similar to that of CT, in that ECT
does not alter the rate of jejunal fluid accumulation after
a maximum secretory rate has been induced by CT (5).
Further studies have indicated that ECT has an effect
qualitatively similar to that of CT in stimulating adenyl
cyclase in rabbit ileal mucosa and in rat lipocytes (6).
It was the purpose of this study to further explore the
mechanism of diarrhea induced by ECT by answering
the following questions: (a) Is canine gut mucosal
adenyl cyclase activity consistently increased after intra-
luminal ECT administration, and if so, is the increased
adenyl cyclase activity correlated with net secretion of
isotonic fluid by the canine small bowel? (b) Does chal-
lenge of the canine small bowel with viable enterotoxin-
producing E. coli cause net fluid secretion, and if so, is
this fluid secretion associated with enterotoxin produc-
tion and with increased mucosal adenyl cyclase activity ?

* Abbreviations used in this paper: CT, cholera entero-

toxin; ECT, E. coli enterotoxin; PSP, phenolsulfonphtha-
lein.
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(¢) Can the brief duration of action of ECT be due, at
least in part, to deactivation of the enterotoxin within
the bowel?

METHODS

Preparation of enterotoxins and viable cultures for in-
testinal challenge. ECT was prepared from strain 334
(serotype O 15:H 11) which was isolated from the je-
junum of a patient with severe cholera-like diarrhea in
Calcutta (patient 924 in a previous publication [1]). A
control preparation (“ECT” 10405) was made from E.
coli strain 10405, which was isolated from the stool of a
convalescing cholera patient at the Cholera Research Labor-
atory in Dacca, Bangladesh, and provided by Dr. Doyle
J. Evans, Jr. Culture filtrates of E. coli 10405 have demon-
strated no enterotoxin activity when tested in ligated seg-
ments of canine (5) or rabbit small bowel (6), nor do they
enhance lipolysis in viable isolated rat epididymal lipo-
cytes. Cultures were maintained on sealed nutrient agar
slants at room temperature, Enterotoxin was prepared as
described elsewhere (5). Briefly, Syncase broth (7) con-
taining 0.1% sucrose was inoculated with 0.01 ml of an
overnight Syncase culture and then shaken at 30°C for 18
h. Cells were removed by centrifugation and filtration.
After dialysis and lyophilization, the dry powder was
pooled into a single lot for this study and stored at 4°C.
Purified CT was prepared by Finkelstein and LoSpalluto,
(8) and provided as NIH lot 1071 by Dr. John Seal (Na-
tional Institutes of Health).

For intestinal challenge with viable organisms, E. coli 334
and 10405 were grown at 37°C for 18 h in 5 ml peptone
water (0.5% NaCl, 1% peptone [Difco Laboratories, De-
troit, Mich.]) to approximately 10° viable organisms/ml.
100 ml Syncase broth (0.5% sucrose) in a high surface-to-
volume ratio (2 cm?/ml) Roux flash was inoculated with
0.01 ml of this culture and incubated for 18 h at 37°C. A
washed preparation of E. coli 334 was prepared from the
above culture by twice centrifuging at 16,300 g for 30 min
at 4°C, discarding the supernatant, and resuspending the
cells in 100 ml of fresh Syncase. Duodenal challenge was
performed promptly with 30 ml of either the washed or
whole cultures (about 10® viable bacteria/ml) or with
whole cultures diluted 200-fold in sterile Syncase (about
10° viable bacteria/ml), the latter used to detect in vivo
bacterial multiplication. Counts of viable bacteria in the
inocula were determined by the drop-plate technique (9).

Preparation of dogs for challenge with enterotoxin or
whole cells. The dogs were mongrels of either sex weigh-
ing 10-20 kg. Dogs to be challenged intrajejunally with
enterotoxin were starved overnight, anesthetized with pento-
barbital, and the jejunum was exposed through a midline
incision. Beginning 10 cm distal to the Treitz ligament,
seven adjacent 10-cm jejunal segments were tied off in situ
with umbilical tape, while care was taken to preserve nor-
mal blood supply. Each segment was cannulated with a
multiperforated polyethylene tube (ID =0.066 inches; OD
=0.098 inches) and separated from adjacent segments by
two umbilical tape ligatures. Each segment was then washed
by syringe aspiration with 10-ml volumes of physiologic
saline until it yielded a clear effluent. All solutions employed
were warmed to 37°C before use.

For duodenal challenge with viable organisms, dogs were
similarly prepared except that a single 25-cm duo.denal
segment was isolated. Care was taken to preserve intact
blood supply and exclude the common bile duct. Each end
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of the segment was ligated with umbilical tape around a
no. 24 Foley catheter without inflation of the balloon. The
segment was washed with 200 ml of isotonic saline, flushed
with 200 ml of air, and allowed to drain freely from both
ends to a single collection flask. Loop effluents were mea-
sured hourly. Only loops secreting less than 2 ml/h during
the two control periods preceding challenge were used. No
attempt was made to perfuse duodenal segments or to
flush them between collection periods, since this might
interfere with bacterial multiplication and enterotoxin pro-
duction. The duodenum, rather than the jejunum or ileum,
was chosen because normal canine jejunum and ileum con-
sistently absorb isotonic fluid, and relatively small altera-
tions in fluid transport by these segments can be appreciated
(Enly by studies employing continuous intestinal perfusion

10).

Determination of net water and electrolyte fluxes in small
bowel. In jejunal segments exposed to enterotoxin-con-
taining electrolyte solutions, net water and electrolyte fluxes
were measured during consecutive 10-min periods, For
control studies, 12 ml of a solution containing Na (145
meq/liter), K (6 meq/liter), Cl (126 megq/liter), HCO,
(25 meq/liter), and phenolsulfonphthalein (PSP, 50 mg/
liter) was instilled into each segment. 2 ml was mixed by
syringe aspiration and withdrawn as the initial sample. 10
min later the loop was emptied and a portion of the con-
tents held as the final sample. During the 5 min between
study periods, each segment was washed twice with 10 ml
of saline. Enterotoxin challenge was accomplished by add-
ing 500 pg/ml ECT 334 or ECT 10405, or 1 ug/ml purified
CT to the test solution. Osmolarity of the test solution
with 500 ug/ml ECT 334 was 308 mosmol/ml. This dose
of ECT-334 represented a maximal dose, preliminary stud-
ies having shown that similar changes in net fluxes were
induced by doses of 250 and 2500 wg/ml. In each dog two
segments were studied before enterotoxin challenge, five
segments were used to study the effects of ECT 334 and
ECT 10405 challenge, and one segment was used to study
the effect of CT. The position of these segments was sys-
tematically varied to compensate for any differences in
function between proximal and midjejunum. To study the
duration of effect of ECT 334 during prolonged contact
with jejunal mucosa, ECT concentrations of 50 and 2500
pg/ml in the above solution were employed.

The original test solution and the initial and final samples
were analyzed colorimetrically for PSP concentrations with
a Beckman DU spectrophotometer (Beckman Instruments,
Inc., Fullerton, Calif.) (11). To determine the net water
flux for each study period, initial and final segment volumes
were calculated as follows:

. _[PSPIo- 1o
"7 [PSP);

L [PSP];- 17
77 [psry,

Net water flux=7;—V: (ul/cm jejunum/min) where,

o = original volume of test solution instilled, V= cal-
culated initial volume, and V= calculated final volume.
Sodium concentrations were determined with a flame pho-
tometer with internal lithium standard (Instrumentation
Laboratory, Inc., Lexington, Mass.). Net sodium flux was
expressed as sodium concentration in calculated net fluid
added to or removed from the bowel lumen,

Duodenal segments were inoculated with 30 ml of one
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of the culture preparations described above, and the cath-
eters clamped for 1 h. Thereafter fluid was allowed to
drain freely irom the segment and measured at hourly
intervals. Hematocrits were determined hourly, and saline
was infused intravenously at a rate adequate to maintain
a stable hematocrit during study. Plasma protein determi-
nations (12) immediately before bacterial inoculation, and
at 3 and 6 h after, confirmed that adequate hydration was
maintained.

Enterotoxin assay. Duodenal fluid produced in the 6th h
after challenge with whole cultures of E. coli 334 was
assayed for enterotoxin in rabbit small bowel segments by
a modification of the method of Kasai and Burrows (13).
The fluid was sterilized by centrifugation for 45 min at
12,100 g at 4°C and passage through a 220-nm filter (Milli-
pore Corporation, Bedford, Mass.). A series of 4-cm seg-
ments of small bowel were prepared in 8-10 wk-old New
Zealand white rabbits as previously described (3). In each
rabbit, segments were injected with 1 ml of sterile filtrate,
normal saline (two segments), or a known potency of ECT
334 (two segments). After 6 h the animals were sacrificed,
the volume of fluid in each segment measured, and the seg-
ment length determined. Values from three rabbits with
negative saline control segments and positive ECT 334
segments were used to assay each sample.

Adenyl cyclase assay in gut mucosa. Biopsies of duo-
denum and jejunum for adenyl cyclase assay and histologic
examination were obtained as described elsewhere (14).
In jejunal segments they were taken immediately after
enterotoxin challenge and immediately after the subsequent
flux study periods. No more than two biopsies were per-
formed in any segment. In the duodenum biopsies were
obtained immediately before bacterial inoculation, and 3,
and 6 h after.

Biopsy tissue was cooled to 0°C in isotonic saline, cold-
washed with a solution of 75 mM Tris and 25 mM MgCl.
at pH 8, and mucosal cells were immediately separated by
scraping with glass slides. Within 1 min of biopsy, mucosal
cells were homogenized with 10 strokes of a TenBroeck
hand homogenizer in the same solution, and 20 ul of the
homogenate was added to the reaction mixture, Immedi-
ately after being shaken on a vortex mixer, the reaction mix-
ture was incubated for 10 min at 37°C. Activity of adenyl
cyclase was assayed essentially by the method of Krishna,
Weiss, and Brodie (15). The final composition of the re-
action mixture (each assay =50 ul) was 30 mM Tris
(pH 8), 10 mM HgCls, 10 mM theophylline, 5 mM phos-
phoenolpyruvate, 350 mg/ml pyruvate kinase, 20 mg/ml
myokinase, and 1.5 mM ATP with 1 uCi [a-*P]JATP.
After a 10-min incubation, the reaction was stopped by
adding of 0.5 ml of recovery mixture containing 50 ug
adenosine 3',3'-cyclic monophosphate (cAMP), 100 ug ATP,
and 0.01 xCi [*H]cAMP, shaking on a vortex mixer, and
placing in a boiling water bath for 3 min. Reaction blanks
for each set of experiments were incubated before adding
protein homogenate and stopping. Cooled to room tem-
perature, the content of each assay tube was placed on a
0.6-by-4-cm chromatographic column of Dowex AG 50
W-X2 (200-400 mesh) cation exchange resin (Dowex Ion
Exchange Resins, Dow Chemical Co., Midland, Mich.).
After elution of 99.2% of the ATP with the initial 2 ml
of distilled water, the second 2 ml was collected. It con-
tained about 35% of the newly formed [*P]cAMP as de-
termined by [PH]cAMP recovery. The remaining ATP was
largely removed from this eluent by twice precipitating
and centrifuging at 700 ¢ for 10 min with 0.2 ml 0.15 M
Ba(OH): and 0.2 ml 5% ZnSO, at pH 7.5-8.0. After the
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second centrifugation, 2 ml of the supernate was placed in
15 ml of a scintillation mixture made with 2 liters of
toluene, 1 liter of Triton-X (Packard Instrument Co., Inc.,
Downers Grove, IIL), 16.5 g of 2,3-diphenyloxazole, and
05 g of 14-bis-(2-[4-methyl-5-phenoxazolyl])-benzene.
Double-isotope counting of *H and *P in each sample was
done in a Packard Tri-Carb Liquid Scintillation Spectrom-
eter (model 3375).

The protein content of the homogenate was determined
by the method of Lowry, Rosebrough, Farr, and Randall
(12) ; the homogenate had been diluted to an estimated
range of 30-90 ug/20 ul (i.e., per assay) before the start
of the assay. The adenyl cyclase activity was linear over
this range of protein concentration. The results, expressed
as picomoles of cAMP formed per milligram oi homoge-
nate protein per 10 min incubation, were then calculated
from the specific activity of [*P]cAMP formed minus the
reaction blank. The total amount of cAMP formed was
corrected for recovery of cAMP as determined by [*H]-
cAMP.

Curves were obtained which determined that 10 min was
the optimal incubation time and that pH 8 was optimal
for measurement of adenyl cyclase activity in canine jejunal
mucosa stimulated by ECT 334. Direct addition of ECT 334
(500 wg/ml) to the homogenate had no effect upon con-
version of ATP to cAMP.

Histopathologic studies. An unscraped portion of each
biopsy was fixed in 10%-buffered formaldehyde and stained
with routine hemotoxylin and eosin, and with combined Al-
cian Blue periodic acid Schiff for mucin (16). Specimen
pairs taken before E. coli inoculation, and 6 h after were ex-
amined by a pathologist who was unaware of the treatment
of each tissue. The degrees of inflammation, tissue invasion
by bacteria, goblet-cell prominence, and dilatation of villous
lacteals or crypts were noted in each specimen.

Statistics. Except where specified, all P values were
obtained by paired analysis using Student’s ¢ test.

Materials. [«-*P]ATP [*H(G)] 2-6 Ci/mmol) and
adenosine 3',5'-cyclic phosphate, ammonium salt ([*H]c-
AMP, 13-17 Ci/mmol) were obtained from New England
Nuclear, Boston, Mass. Cation exchange resin AG 50 W-X2
(200-400 mesh) was purchased from Bio-Rad Laboratories,
Richmond, Calif. ATP, sodium salt, cAMP, phosphoenol-
pyruvate, and pyruvate kinase and myokinase from rabbit
muscle were obtained from Sigma Chemical Co., St. Louis,
Mo. All other listed and unlisted chemicals were standard

commercial preparations and were used without further
purification.

RESULTS

Jejunal challenge with preformed enterotoxin. The ef-
fect of ECT on net jejunal movement and mucosal
adenyl cyclase activity was studied in nine dogs. Net fluid
secretion occurred only during the 10-min study period
in which ECT 334 was in contact with jejunal mucosa
(Fig. 1). During that period, fluid secretion differed
significantly from initial control absorption (P < 0.01),
and recovery of normal absorption occurred by the time
the segments had been washed twice and restudied for 10
min (P <0.01). The onset of and recovery from fluid
secretion corresponded with simultaneous changes in
activation of mucosal adenyl cyclase. The immediate in-
crease and the prompt fall in adenyl cyclase activity
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Figure 1 Time-course of net water flux and change in
mucosal adenyl cyclase activity in canine jejunal segments
studied in situ. ECT indicates period during which ECT
334 or ECT 10405 was placed in gut segment. Statistical
analysis and control adenyl cyclase values are indicated in
Results section. Net water absorption is indicated by nega-
tive values. Change in adenyl cyclase activity is compared
to control values before ECT exposure. Vertical bars indi-
cate SEM.

within adjacent study periods were significant (P <0.01
and P < 0.05, respectively).

The control-culture filtrate, ECT 10405, produced no
significant change in net water flux or in adenyl cyclase
activity. There were significant differences in paired ob-
servations (n=6) of net water flux (difference = 11.8
ul/cm/min, P < 0.02) and mucosal adenyl cyclase ac-
tivity (difference =89.4 pmol cyclic AMP/mg protein/
10 min, P < 0.05) during mucosal exposure to ECT 334
or ECT 10405. The mean control adenyl cyclase values
were 13725 (SEM) and 158+34 (SEM) pmol cAMP
formed per mg protein per 10-min incubation for all
nine dogs and for the six dogs with paired ECT 10405
controls, respectively.

These data were also paired with maximal CT re-
sponses 3 h after challenge. Maximum observed fluid
secretion and adenyl cyclase responses to ECT 334 were
469, and 30% of the CT effects, respectively. The differ-
ences between the maximum observed responses to ECT
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334 and to CT were highly significant (P <0.001, =9)
for both adenyl cyclase activity and intestinal fluid
secretion.

The calculated mean sodium concentration of the net
fluid absorbed from the lumen in control studies was 147
megq/liter==10 (SEM, # =8 dogs). The net fluid added
to the lumen in the same segments in the presence of
ECT 334 had a mean sodium concentration of 159 meg/
liter=6 (SEM).

The duration of effect of ECT 334 when left in con-
tact with jejunal mucosa was studied by injecting seg-
ments with 12 ml containing 50 or 2500 pg/ml ECT 334.
At 0, 15, 30, 45, and 60 min, 0.5-ml samples were ob-
tained for PSP analysis to determine net water flux.
After 90 min all fluid was removed, a 0.5 ml portion was
taken for PSP analysis, and the remainder was placed in
a previously unused control segment for 15 min to detect
any residual enterotoxin effect. To confirm the validity
of this method, two control segments were similarly stud-
ied in each dog through the 90-min period without ad-
dition of enterotoxin.

The effect of the higher dose of ECT 334 persisted
throughout the 90-min period (Fig. 2). Furthermore,
persisting enterotoxic activity was evident when the
residual content of the segment was placed into a control
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Figure 2 Duration of the effects of supramaximal and
submaximal doses of ECT 334 upon net water flux in
canine jejunum. Statistical analysis is given in Results
section. Control net water flux showed absorption of 163
ul/cm/15 min in graph A, and 143 ul/cm/15 min in graph
B. All changes represented either decreased absorption or
secretion. Vertical bars indicate SEM.
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segment (P <0.01, n=7). In contrast. the effect of a
submaximal dose of ECT 334 (50 ug/ml) was transient,
even though left in contact with the small bowel. In-
jection of the remaining material into a control segment
did not produce a significant change in water flux (P >
0.1, n=26). Control segments maintained normal ab-
sorption throuhgout the 90-min period.

Duodenal challenge with viable E. coli. Inoculation
with whole cultures of E. coli 334 produced a rapid but
transient net fluid secretion in the 19 animals studied,
after correcting for the initial 30-ml inoculum (Fig. 3).
This was done by subtracting 30 ml from the effluent col-
lected at the end of the 1 h bacterial inoculation period.
Net secretion decreased slightly during the 2nd h, then
increased steadily to the maximal observed rate of fluid
secretion and mucosal adenyl cyclase stimulation 6 h
after bacterial inoculation (Table I). The transient net
secretion observed in the 1lst h in segments inoculated
with whole cultures of E. coli 334 was thought to be due
to preformed enterotoxin in the inoculum. Transient ini-
tial fluid secretion was not seen after inoculation with
washed cells of strain 334; however, the total 7-h fluid
output was comparable in magnitude to that induced by
whole cultures. Control strain 10405 produced slight net
secretion 2—7 h after inoculation; however, the secretory
rate 7 h after inoculation was significantly less than that
induced by strain 334 (P <0.02). The pH of duodenal
fluid obtained during control periods varied from 6.8 to

< 40 A . °
3 (334 WHOLE CULTUR )\/
£
>
E 30 — P
5 _— /
Y B (334 WASHED CELLS)— IS
5 201 N, v
o . /
a e,
o 9. . d bl
o 10 \ /_8,,,’ RS S
- g'.‘..‘.d' )
% S C (10405 CONTROL)
[ s 7
> 0 NN
(@] \\ sall
T N/

-10 1 1 ) ) | L 1

CONTROL 1 2 3 4 5 6 7
HOURS AFTER BACTERIAL INOCULATION

Fictre 3 Volume of loop output after inoculation with
whole cultures of E. coli 334 (curve A, #=19), washed
cells of E. coli 334 (curve B, n=4) and whole cultures of
E. coli 10405 (curve C, n =10). Data at 1 h represent the
net output after subtracting the initial 30-ml inoculum from
each value. Studies beyond 7 h were complicated by altered
function of controls associated with histopathologic changes
of peritonitis, interstitial edema, crypt dilatation, and focal
atrophy in the bowel mucosa. Using grouped analysis: at
1h A—B=20 ml/h, P<02;at7 h A—C=29 ml/h, P
<001; at 7 h B—C=20 ml/h, P <0.02.

Mechanism and Time-Course of E. coli Diarrhea

TaBLE 1
Increase in Adenyl Cyclase Activity of Jejumal Mucosa after
1Whole Culture Inoculation

Mean increase in adenyl cyclase activity
over paired controls

Time
after E. coli 334 E. coli 10405
inoculation (n =19) n =1

h pmol/mg protein/10 min (£SEM)
3 +37(£22) +28(£18)

NS NS
6 +57(x19) —10(x18)

P <0.01 NS

7.4 and did not detectably affect the subsequent response
to bacterial inoculation.

Mucosal adenyl cyclase activity increased after inocu-
lation of E. coli, and by 6 h the increase was statistically
significant (P <0.01, Table I). No increase in adenyl
cyclase activity was demonstrable in segments inoculated
with equal numbers of strain 10405.

Enterotoxic activity was demonstrable in only 3 of 12
duodenal effluents collected 6 h after E. coli 334 inocula-
tion, during near-maximal secretory and enzyme re-
sponses. The average volume in ligated rabbit small
bowel segments with these three samples was 0.65 ml/cm.
Enterotoxin had been demonstrable in cell-free supernates
of the original challenge material (average response =
0.80 ml/cm).

The mean inoculum in 19 dogs challenged with whole
cultures of E. coli 334 was 6.7 X 10° viable bacteria/ml.
Approximately 6 times the total initial inoculum was re-
covered in fluid secreted during the first 6 h, and the
fluid at the 6th h still had a bacterial concentration of
22X 107 viable organisms/ml. Viable bacterial counts
at 6 h were virtually identical (1.8 X 107/ml) in duodenal
fluid of animals inoculated with strain 10405, Table II
shows the multiplication of E. coli 334 in vivo up to 12
h after challenge of dogs with whole cultures previously
diluted 1:200 in sterile Syncase. Bacterial multiplication
was associated with increasing fluid secretion.

Histopathologic studies. There were no histopatho-
logic changes demonstrable in tissue examined immedi-
ately after ECT 334 or ECT 10405 challenge when com-
pared with paired control specimens. Likewise, tissue
taken 6 h after E. coli 334 or E. coli 10405 inoculation
was not detectably different from paired preinoculation
control specimens (Figs. 4 and 5). Mucin staining re-
vealed no appreciable differences in goblet-cell morphol-
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TaBLE 11
In vivo Multiplication of E. coli 334 and Fluid Secretion in Eight Duodenal Segments

Hours after inoculation

3 6 10 12
Total viable bacterial counts
recovered from loop,
X106 (£SEM) 2.3(x1.0) 23.5(+8.3) 196 (£79) 2,890(=+1,680)
Hourly fluid output,
milliliters (£SEM) 2.6(£0.7) 7.0(£2.7) 10.3(£3.7) 15.4(£7.9)

Initial inoculum was 30 ml containing 2.8£0.4 (X108) E. coli 334/ml. Duodenal output before inoculation

averaged 0.8+0.3 ml/h.

ogy or intracellular distribution of mucus between con-
trol segments and those exposed to ECT 334.

DISCUSSION

The pathogenesis of acute diarrhea caused by enterotoxin-
producing strains of E. coli bears a number of striking
similarities with cholera: the organism colonizes, but
does not invade, the small bowel (1, 17) ; sterile dialyzed
culture filtrates contain an enterotoxin which stimulates
mucosal secretion of an isotonic, protein-poor electrolyte
solution (5) ; the same culture filtrates inhibit net sodium
absorption and induce net chloride secretion by isolated
viable rabbit ileal mucosa (18) ; finally, these culture fil-

FiGure 4 Preinoculation control canine duodenU{n illus-
trating normal microscopic structure. H and E stain. X 65.
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trates stimulate adenyl cyclase activity in rabbit small
bowel mucosa and in isolated viable rat epididymal lipo-
cytes (6). The two differ, however, in at least one im-
portant respect, the time-course of enterotoxin action.
Maximal alteration of mucosal adenyl cyclase and fluid
secretion does not occur until 150 min after CT challenge
and is sustained for more than 24 h thereafter (14).
This effect ensues despite attempts to wash CT from the
intestine after a 10-min exposure. By contrast, earlier
studies showed that the secretory response of canine je-
junum to ECT 334 was fully developed during a 90-min
enterotoxin perfusion period and absorption was largely

FiGuRe 5 Canine duodenum 6 h after inoculation of ap-
proximately 10° E. coli 334. No significant change is noted
from the paired control in Fig. 4. H and E stain. X 65.

Guerrant, Ganguly, Casper, Moore, Pierce, and Carpenter



restored during the first 90 min after enterotoxin per-
fusion (5). In the present study the time-course of the
secretory effect of a maximal dose of ECT 334 was more
precisely defined, being demonstrable during the first 10
min of jejunal exposure and full recovery occurring by
5 min after enterotoxin removal. The shorter duration
of ECT effect may explain, at least in part, the shorter
‘duration of diarrhea associated with enterotoxin-produc-
ing E. coli (19).

Earlier studies have shown differences in the mucosal
binding sites of ECT and CT, and have suggested that
these differences may contribute to differences in their
time-course of action (20). This study shows that ECT
334 loses enterotoxic activity after exposure to jejunal
mucosa. This loss could result from enterotoxin absorp-
tion or from enterotoxin inactivation within the lumen
or as a result of enterotoxin interaction with the mu-
cosa. In any case this inactivating process may explain,
at least partly, the brief duration of ECT effect. A sus-
tained secretory response to ECT of several h duration
is possible but appears to require either continuous per-
fusion with fresh ECT or injection of a large amount of
ECT into a ligated gut segment® (5). ECT is frequently
assayed by measuring the cumulative secretory response
in in vivo ligated segments of rabbit or mouse small
bowel* (3, 21). The above observations suggest measure-
ment of this secretory response must be made earlier
when studying smaller ECT doses than when studying
larger ones, to avoid obliteration of the secretory effect
by early recovery of intestinal absorptive function.

Previous studies have established a clear temporal
relation between adenyl cyclase activation and jejunal
secretion induced by CT (14). This study also estab-
lishes a consistent temporal relation between the secre-
tory response to jejunal inoculation with preformed ECT
334 or to duodenal inoculation with viable E. coli 334
and increased adenyl cyclase activity in the affected mu-
cosa. Adenyl cyclase stimulation appeared to be related
to enterotoxic activity, since it was observed only in the
presence of secretion induced by a viable enterotoxin-
producing E. coli or its culture filtrate. The control-
culture filtrate produced neither jejunal secretion nor
adenyl cyclase activation. Duodenal segments challenged
with viable E. coli of the control strain showed slight
net fluid secretion during the 7-h observation without
adenyl cyclase activation, raising the possibility that
pathways other than adenyl cyclase activation by entero-
toxin may be involved in intestinal secretion caused by
viable bacteria.

Finally, this study shows that the secretory effects
of preformed enterotoxin, including adenyl cyclase acti-
vation, can be reprodiced by duodenal inoculation with

2Evans, D. G, D. J. Evans, Jr.,, and N. F. Pierce. Un-
published observations.
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viable enterotoxin-producing E. coli. When the inoculum
size was reduced, these E. coli were demonstrated to un-
dergo appreciable in vivo multiplication. Preformed en-
terotoxin in the whole culture challenge probably ac-
counted for the transient secretory response during the
1st h but exerted no effect thereafter, since the same
secretory course was observed in segments challenged
with previously washed bacteria and was presumably
caused by enterotoxin production in vivo. Our inability
to detect enterotoxic activity in most of the duodenal
effluents suggests that the enterotoxin was produced in
small amounts and largely mucosa bound, or that it was
inactivated, or both. The absence of demonstrable histo-
pathologic change or tissue invasion is consistent with
the concept that the secretory process is enterotoxin-
mediated and does not involve structural damage visible
on light microscopy. The demonstration of intestinal se-
cretion induced by bacterial inoculation suggests that the
dog may be employed for further studies of the mecha-
nism of diarrheal disease induced by viable E. coli and
for study of the immune response to intestinal coloniza-
tion with E. coli. '
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