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Injection of verotoxin 2e together with sodium deoxycholate, which increases intestinal permeability to
macromolecules, into the intestine of pigs resulted in fluid accumulation, intestinal damage, and signs and
lesions of edema disease. Intragastric administration of verotoxin 2e to newborn piglets, who normally absorb
protein nonspecifically, resulted in systemic verotoxemia. These results suggest that development of natural
edema disease requires a state of increased intestinal permeability.

Edema disease (ED) in pigs, which occurs during the post-
weaning period, is characterized by vascular necrosis, neuro-
logical signs, and edema formation in the gastrointestinal and
central nervous systems (5). The clinical signs and pathologic
lesions of the disease are due to vasotoxic effects of verotoxin
2e (VT2e) produced by Escherichia coli, which colonizes the
small intestine of the pig. These E. coli cells are noninvasive
and colonize without causing visible damage to the intestinal
mucosa (3, 21, 28). Furthermore, intraintestinal inoculation of
postweaning pigs with very large amounts of VI2e does not
reproduce ED (12a) despite the low 50% lethal dose of VT2e
of 3 ng/kg of body weight by the intravenous route (19). These
observations suggest that absorption of VI2e requires an in-
crease in the permeability of the intestinal gut barrier to mac-
romolecules.

This study tested the hypothesis that intraintestinal chal-
lenge of pigs with VT2e under conditions of increased intesti-
nal permeability would allow the development of systemic ef-
fects of VI2e. VT2e was injected with sodium deoxycholate
(DOQC) into the intestine of postweaning pigs. DOC was used
because it and other dihydroxy unconjugated bile salts have
been reported to arise during bacterial overgrowth of the small
intestine and to disrupt the intestinal gut barrier, allowing
small increases in the nonspecific transmucosal passage of in-
tact macromolecules (24). VT2e was also administered intra-
gastrically to newborn piglets, who can absorb macromolecules
in an intact form (2, 34).

(Portions of this study were originally presented at the 93rd
Annual Meeting of the American Society for Microbiology,
Atlanta, Georgia, 16 to 20 May 1993.)

VT2e was purified from E. coli TB1(pCG6) (17) by fast
protein liquid chromatography-cation-exchange chromatogra-
phy (Mono S, Pharmacia, Baie d’Urfe, Quebec, Canada) em-
ploying a linear gradient of 100 to 500 mM NaCl-10 mM
NaH,PO, (pH 6.0). Purified toxin displayed a specific activity
greater than 1.2 X 10° 50% cytotoxic doses/mg in a Vero cell
cytotoxicity assay (17).

Under general anesthesia, 10-cm ligated loops were formed
in the colon, lower ileum, and mid-jejunum of 5- to 6-week-old
weaned female Yorkshire-Landrace pigs (Arkell Swine Unit,
University of Guelph) and injected with 3 ml of phosphate-
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buffered saline (PBS) containing 0 to 40 wg of VI2e and 0 to
5 mM DOC (Sigma, St. Louis, Mo.). After 24 h, the ligated
loops were examined for the presence of fluid and local intes-
tinal damage. Three pigs were used to determine the effects of
VT2e and DOC in various regions of the pig intestine, and four
pigs were used to determine the dose response within the lower
ileum.

Forty micrograms of VT2e in the presence of 5 mM DOC,
but not 5 mM DOC alone, induced accumulation of mucoid
and occasionally slightly red fluid and intestinal damage in
ligated loops of ileum, but not jejunum or colon (Table 1). The
synergy between VT2e and DOC in causing fluid accumulation
and tissue damage in ligated loops in the lower ileum was
investigated by observation of the effect of a range of VT2e
doses with 5 mM DOC and a range of DOC concentrations
with 40 wg of VT2e (Fig. 1 and 2). The minimum dose of VT2e
which induced fluid accumulation in the presence of 5 mM
DOC was 40 pg per loop, and the minimum concentration of
DOC which induced fluid accumulation in the presence of 40
pg of VI2e was 2.5 mM. VT2e alone (40 pg per loop) was very
weakly enterotoxic in ligated loops of ileum.

In the ileum, 40 pg of VT2e in the presence of 5 or 2.5 mM
DOC resulted in severe tissue damage (Fig. 3), which included
submucosal edema and hemorrhage, microthrombus forma-
tion and loss of villus architecture, formation of apoptotic
bodies in the lamina propria of the lower portion of the villi,
and release of fibrin, enterocytes, and leukocytes to the intes-
tinal lumen. The intestinal damage observed in response to 8
pg of VT2e in the presence of 5 mM DOC occurred without
fluid accumulation and was more focal and less severe than
that which occurred in response to 40 wg of VT2e in the
presence of 5 or 2.5 mM DOC. Five millimolar DOC did not
affect the integrity of the intestinal epithelium, consistent with
effects reported in the literature (12).

The mechanism of induction of fluid accumulation by VT2e
and DOC together may be different from that of VTs alone in
the rabbit small intestine. In the rabbit, VTs bind specifically to
and are cytotoxic toward globotriaosyl ceramide-containing
apical absorptive enterocytes (13), and fluid accumulation in
response to treatment with Shiga toxin or VT1 is believed to be
due to inhibition of Na™ reabsorption by toxin-damaged apical
absorptive enterocytes (13, 14). The fluid which accumulated
in ligated loops of pig ileum after treatment with VT2e and
DOC in combination was likely an exudate arising from sub-
mucosal edema and mucosal damage induced by local action of
VT2e on the intestinal microvasculature.
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TABLE 1. Effect of VT2e plus DOC on fluid accumulation and
mucosal damage in ligated intestinal loops in three regions of the

pig gut
Effect of:
Location of VT2e + DOC DOC
ligated loop
Fluid Intestinal Fluid Intestinal

accumulation® damage® accumulation® damage®
Jejunum 0 - 0 _
Tleum 1.6 = 0.9 + 0 -
Colon 0 - 0 -

“ Pairs of ligated loops in the mid-jejunum, lower ileum, and mid-colon were
injected with 40 pg of VI2e in 3 ml of PBS containing 5 mM DOC (VT2e +
DOC) or with 3 ml of PBS containing 5 mM DOC (DOC). The loops were
examined 24 h later.

b Expressed as volume (milliliters) per length (centimeters) =+ standard error
of the mean.

¢ Assessed by examination of hematoxylin-and-eosin-stained paraffin sections.
+, submucosal edema and hemorrhage, microthrombus formation, and release
of fibrin, enterocytes, and leukocytes to the intestinal lumen; —, no intestinal
damage.

VTs alone, including VT2e, have been reported not to cause
fluid accumulation in ligated loops of pig small intestine (10,
18); however, only fluid accumulation greater than 0.5 ml/cm
was considered positive. In the present study, large amounts of
VT2e caused very weak fluid responses in the lower ileum. The
VT2e receptor glycolipids globotriaosyl ceramide and globote-
traosyl ceramide have been detected in the pig small intestine
mucosal scrapings (25); however, their location is unknown.
Pig erythrocytes contain both globotetraosyl ceramide and glo-
botriaosyl ceramide (7) and would be present in mucosal scrap-
ings. The glycolipids may also be present in enterocytes or
other cells in the lamina propria of the villi. The presence of
glycolipids in apical absorptive enterocytes could account for
the weak enterotoxic response observed. Alternatively, it is
possible that endogenous deconjugated bile salts which arise in
ligated loops could effect changes to the intestinal barrier to
the toxin.
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FIG. 1. Effect of various dosages of VT2e in the presence of 5 mM DOC on
fluid accumulation in ligated ileal loops. Ligated loops were injected with VT2e
in 3 ml of PBS containing 5 mM DOC. The data are expressed as volume
(milliliters) per length (centimeters) = standard error of the mean. n, number of
loops per treatment.
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FIG. 2. Effect of various concentrations of DOC in the presence of 40 pg of
VT2e on fluid accumulation in ligated ileal loops. Ligated loops were injected
with 40 pg of VT2e in 3 ml of PBS containing DOC. The data are expressed as
volume (milliliters) per length (centimeters) * standard error of the mean. n,
number of loops per treatment.

To test the hypothesis that VT2e administered intraintesti-
nally under conditions of increased mucosal permeability
would allow the development of ED in weaned pigs, the lower
ileum (approximately 1 m from the ileocecal junction) of two
pigs was inoculated with 400 pg of VT2e in the presence of 50
ml of PBS containing 5 mM DOC, and the pigs were observed
for clinical signs of ED. The concentration of VI2e adminis-
tered (8 wg/ml) was less than that which induced fluid accu-
mulation and severe intestinal damage in ligated loops of ileum
(13.3 pg/ml). Control pigs consisted of two pigs who received
400 pg of VT2e in 50 ml of PBS and two pigs who received 50
ml of PBS containing 5 mM DOC. Pigs in which VT2e together
with DOC was injected into unligated ileum showed no signs of
systemic toxemia during the first 24 h postinoculation. How-
ever, they began to show clinical signs of ED during the second
24 h (edema of the eyelid and face, depression, altered squeal,
incoordination, fine muscle tremors, dyspnea, and convulsions)
and became very ill and were euthanized 48 h after inoculation.
At postmortem, edema of the mesentery of the spiral colon,
small intestine, and associated lymph nodes, face, eyelid, lar-
ynx, and brain was observed in the pigs. Hemorrhage of the
cerebellum was observed in one pig. Tissues of these pigs
contained microvascular lesions consistent with those reported
in natural and experimental ED (not shown) (16, 19). The
ileum and mesenteric lymph nodes posterior to, but not ante-
rior to, the site of injection were edematous and hemorrhagic
(not shown). The control pigs remained completely healthy.

In another experiment, newborn Yorkshire-Landrace piglets
less than 6 h old were administered 100 g (six piglets), 20 ug
(six piglets), or 0 pg (three piglets) of VT2e in 5 ml of 5%
sodium bicarbonate intragastrically or 1 pg of VI2e in PBS
intravenously (three piglets). The piglets had free access to
colostrum and were returned to the sow immediately after the
administration of toxin. The neonatal piglets who received
VT2e intragastrically remained healthy for 24 h, but then they
subsequently developed signs of verotoxemia (inappetence,
edema of the eyelid, profound edema of the neck, incoordina-
tion, dyspnea, fine muscle tremors, and paralysis). The piglets
who received 100 wg of VT2e experienced signs of toxemia
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FIG. 3. Effect of 40 wg of VT2e in PBS containing 5 mM DOC (A) and of
PBS containing 5 mM DOC (B) on the intestinal mucosa of ligated ileal loops
after 24 h. (A) Note edema of villi and submucosa (E) and release of fibrin,
enterocytes, and leukocytes to the intestinal lumen (arrows). (B) Note intact
epithelium. Staining was with hematoxylin and eosin. Magnification, X100.

earlier and died or were euthanized in extremis earlier (mean
time to death, 37 h) compared with the piglets who received 20
pg of toxin (mean time to death, 48 h). All piglets who received
1 ng of VT2e intravenously developed severe signs of toxemia
and died or were euthanized in extremis (mean time to death,
55 h). The piglets who were administered bicarbonate alone
remained completely healthy. Edema and vascular lesions sim-
ilar to those observed in postweaning pigs administered VT2e
together with DOC intraintestinally were observed in the tis-
sues of neonatal piglets administered VT2e intragastrically
(not shown).
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The hypothesis that VT2e is absorbed during increased in-
testinal permeability was supported by the demonstration that
systemic effects of intraintestinal VI2e required administra-
tion of an agent which increases intestinal macromolecular
permeability (1) or the protein-permeable intestine of new-
born piglets. These observations suggest that during natural
ED, intestinal permeability may be increased. Numerous fac-
tors may increase the permeability of the intestine. These in-
clude viruses (15), bacteria (6, 30), bacterial products such as
deconjugated dihydroxy bile salts (1, 8, 31), or toxins (9, 32).
During postweaning diarrhea and ED, there are marked
changes in the intestinal flora of pigs (20). Possibly, the altered
intestinal flora in the weaned pig may cause an accumulation of
dihydroxy bile salts in the ileum, leading to increased perme-
ability to macromolecules. Also, ED strains of E. coli generally
produce a-hemolysin and may make one or a number of en-
terotoxins (11, 27), but neither a-hemolysin nor enterotoxins
appear to be necessary for bacterial colonization or systemic
absorption of VT2e (3, 28, 29). It is possible that ED strains of
E. coli produce another unknown toxin which directly increases
the permeability of the pig intestinal mucosa to macromolec-
ular antigens, including VT2e.

High-protein feed at weaning promotes the development of
ED by enhancing intestinal colonization with E. coli (4, 28).
Dietary factors may also alter intestinal macromolecular per-
meability by enhancing colonization by certain bacteria and
viruses or by inducing intestinal hypersensitivity (26, 35). In
pigs with ED, infiltration of eosinophils in the intestine, evi-
dence of hypersensitivity, has been observed (16, 23).

The amount of macromolecule absorbed from the intestine
nonspecifically is extremely small and is proportional to the
concentration of the solute (33). During ED, VT2e at the
mucosal surface adjacent to adhering bacteria may persist at a
high concentration and lead to nonspecific absorption of toxin.
In vitro experiments indicate that the biological effects of heat-
labile toxin produced by E. coli adherent to Y-1 cells were
enhanced approximately 40-fold compared with those of toxin
produced by nonadherent bacteria (22). VI2e produced by
adherent bacteria may be similarly more effective in inducing
ED than luminal toxin.

Since macromolecules are not readily absorbed from the
normal postweaning pig intestine, increased intestinal perme-
ability due to changes in the intestinal microflora or diet may
play a role in the development of natural ED. Currently, we
are not able to determine if the permeability of the intestine is
altered during disease, since it is difficult to reproduce exper-
imentally and a ready source of pigs which are susceptible to
intestinal colonization with ED-causing strains of E. coli is not
available in Canada or the United States. More information
regarding the absorption of VI2e by pigs may be gained by
studies with pigs naturally infected with ED-causing strains of
E. coli.

We acknowledge with gratitude the support of this work by a Nat-
ural Sciences and Engineering Research grant.
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