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FIG 3 Comparison of histologic damage between CPE-treated small intestinal and colonic loops. Tissues were processed by histology and stained using
hematoxylin and eosin. Sections of treated or control tissues were then photomicrographed at a final magnification of X200. Shown are representative
photomicrographs after 1- or 6-h buffer or CPE treatments performed in colonic (A) or small intestinal (B) loops. In both the colonic and small intestinal loops,
CPE produced microscopic lesions, characterized mainly by severe mucosal necrosis, that were absent from matching buffer-treated loops. In addition, small
intestinal loops exhibited severe villus blunting. Results shown are representative of histologic examination for six rabbits.

studies were performed using colonic loops treated for 6 h with
CPE (50 pg/ml), CPE (50 pg/ml) preincubated with MAb3, a
neutralizing monoclonal antibody that blocks CPE binding to re-
ceptors (24), or CPE (50 jg/ml) preincubated with nonneutraliz-
ing CPE monoclonal antibody MAb1.

These analyses showed that colonic loops treated for 6 h with
samples containing 50 pg/ml of CPE or 50 pg/ml of CPE prein-
cubated with MAb 1 developed significant histologic damage
compared to HBSS buffer-treated colonic loops (Fig. 4A). In con-
trast, colonic loops similarly challenged with 50 pg/ml of CPE
preincubated with MAb 3 did not develop significant histologic
damage (Fig. 4A).

At the microscopic level, histologic changes in colonic loops
treated for 6 h with either 50 wg/ml of CPE or 50 pg/ml of CPE
preincubated with MAb 1 included severe mucosal necrosis char-
acterized by a loss of superficial epithelium, necrosis, and hemor-
rhage of the lamina propria (Fig. 5). In contrast, colonic loops
challenged with buffer or CPE (50 pg/ml) that had been preincu-
bated with CPE-neutralizing MAb3 showed only very minor or no
histologic changes (Fig. 5).

While those studies (Fig. 4A and 5) confirmed that active CPE
was responsible for the damage observed in CPE-treated colonic
loops, the results regarding luminal fluid accumulation in colonic
loops were more complicated (Fig. 4B). Compared to treatment
with HBSS buffer, all three CPE-containing treatments caused a
significant increase in luminal fluid accumulation in rabbit colon
loops. However, there were no statistically significant differences
(P> 0.05) in fluid accumulation levels between those three CPE-
containing samples, even though samples containing CPE prein-
cubated with MADb3 did not exhibit histologic damage.

Further analysis of luminal fluid accumulation responses in
rabbit colonic loops. The increased luminal fluid accumulation
noted in colonic loops after challenge with 50 pg/ml of CPE that
had been preincubated with sufficient amounts of MAb3 to block

2214 iai.asm.org

(A) Histological damage
4
® 35 <3
8.3 ¥ T
» 25
2> 2
=15
g 1 |
»n 05 T
0_
X N > e
&@ SO A S P s )
& CJQQ/ QQ/ @’b QXQ'D Q’b r ><®{b Q&
& & &
& 9 <
.\Q'D
(B) Fluid accumulation
4
3.5 -
3 -
= 25
E 2
® 15 -
1 r
0.5
0_
XN Q Q N N 2] 2] v
LS5 M) S SR SN AP L =)
S N T
Q/b (,JQ (,JQ
é@‘ @) @)
.\(\’0

FIG 4 Effects of MAbs and other treatments on CPE activities in colonic
loops. Colonic loops were challenged for 6 h with CPE (50 pg/ml), heat-
inactivated CPE (50 pg/ml), CPE (50 wg/ml) plus CPE-neutralizing MAb3,
CPE (50 pg/ml) plus CPE-nonneutralizing MAb1, BSA, or buffer. (A) Histo-
logic damage. Relative to buffer-treated or any other colonic loops, significant
(¥, P < 0.05) damage developed only in those colonic loops treated with CPE
(50 pg/ml) or CPE (50 pg/ml) plus MAb1. Results shown are the mean = SD
from 4 to 6 rabbits. (B) Fluid accumulation (g/cm). Relative to buffer-treated
loops, all loops except those receiving MAb3 or BSA showed significant (P <
0.05) fluid accumulation. However, relative to loops treated with CPE (50
wg/ml), there were no statistically significant (P < 0.05) differences in fluid
accumulation for any samples tested for this figure, except those receiving
buffer alone. Results shown are the mean * SD from 4 to 6 rabbits.
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FIG 5 Histology after the treatments of colonic loops for Fig. 4. CPE (50 wg/ml) or CPE (50 pg/ml) plus MAbI produced similar microscopic lesions,
characterized mainly by severe mucosal necrosis and occasional congestion/hemorrhage of the lamina propria. Heat-inactivated CPE (50 pg/ml), CPE (50

pg/ml) plus MAb3, BSA, or buffer produced no histologic lesions.

the development of significant histologic damage could indicate
that (i) colonic luminal fluid accumulation caused by CPE treat-
ment is due to some other active contaminant in the CPE prepa-
ration, (ii) colonic luminal fluid accumulation requires active
CPE but at lower levels than necessary to cause histologic damage,
or (iii) colonic luminal fluid accumulation caused by CPE treat-
ment is an osmotic effect that does not require active CPE (or
other active factors).

To help distinguish between those possibilities, additional
studies were performed. When rabbit colonic loops were treated
for 6 h with 50 pg/ml of heat-inactivated CPE (Fig. 4B and 5),
significant loop fluid accumulation was still observed even though
this inactivated toxin caused no significant histologic damage
(Fig. 4A). This result, coupled with the finding that fluid accumu-
lation still occurred when using CPE that had been preincubated
with sufficient amounts of MADb3 to block histologic damage, sug-
gested that addition of any protein might suffice to induce colonic
loop fluid accumulation. This hypothesis was confirmed when it
was determined that addition of MAb1 or MADb3 alone (no CPE)
or even BSA alone (no CPE) (Fig. 4B and 5), at a molar equivalent
of only a 25-jg/ml dose of CPE, induced rabbit colonic fluid ac-
cumulation levels in rabbit colonic loops that were not signifi-
cantly different from the luminal fluid accumulation levels mea-
sured after a 6-h challenge of colonic loops with 50 g/ml of CPE.

CPE can bind and form large complexes in rabbit colon. Re-
ceptor binding and formation of the CH-1 large CPE complex are
considered to be essential early steps in CPE action on Caco-2 cells
(1, 13, 28). Despite its true size of ~450 kDa, the CH-1 complex
migrates anomalously in SDS-PAGE as a smeary ~155-kDa spe-
cies on the SDS-containing 4% polyacrylamide gels necessary to
analyze this large protein species (13). Previous studies had dem-
onstrated that CPE binds and forms a similarly migrating CH-1-
like large complex in mouse internal organs, including the small
intestine (29).

Therefore, the current study analyzed whether CPE also binds
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and forms a large CPE complex in the rabbit colon. CPE Western
blot analysis of tissue homogenates from colonic loops challenged
with 50 or 100 pg/ml of enterotoxin clearly demonstrated CPE
binding and the formation of a large CPE complex (Fig. 6A). Sim-
ilar to the CH-1-like CPE complex formed in Caco-2 cells (13, 28)
or mouse intestine (29), the CPE large complex formed in colonic
tissues migrated on SDS-containing 4% polyacrylamide gels with
an apparent size of ~155kDa. A similarly migrating large complex
was also detected in CPE-treated rabbit small intestine (Fig. 6A).
As expected, control loops treated with HBSS buffer alone (no
CPE) did not show any CPE binding or large-complex formation.

Rabbit colon contents of claudin-3 and claudin-4 CPE recep-
tors. Because CPE bound to the rabbit colon in the preceding
experiment (Fig. 6A), Western blot studies were performed to
determine whether this organ contains the high-affinity CPE re-
ceptors claudin-3 and claudin-4 as potential contributors to this
binding. The results obtained detected both of these CPE recep-
tors in the colon and the small intestine (Fig. 6B). However, some
animal-to-animal variations were noted in the relative abun-
dances of these two claudins in the small intestine and colon
(Fig. 6B).

DISCUSSION

To fully understand CPE-mediated GI disease, it is important to
identify which organs are affected by this enterotoxin in vivo. In
1982, McDonel and Demers (21) reported that CPE induces diar-
rhea via its effects on the small intestine but not the colon. This
conclusion was based upon results from their experiments using
CPE-treated colonic loops, where no significant histologic dam-
age or fluid accumulation was detected in those loops, although
CPE treatment did cause some luminal mucus and protein accu-
mulation (21).

Since that work by McDonel and Demers (21), several subse-
quent findings have suggested the need for reassessing whether
CPE can damage the colon. First, an epidemiologic study of a
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FIG 6 Western blot analyses of rabbit colon. (A) CPE Western blot analyses of homogenates from colonic or small intestinal loops challenged for 6 h with 50 or
100 pg/ml of CPE. In both the small intestine and colon, CPE bound and formed a large complex that migrates as a 155-kDa CPE species, similar to the CH-1-like
CPE complex formed in mouse small intestine or in Caco-2 cells (25, 29). (B) Claudin-3 (upper panel) or claudin-4 (lower panel) Western blot analyses of
homogenates from small intestines and colons from four control rabbits. Note that the CPE receptors claudin-3 and claudin-4 are clearly produced in both colon

and small intestine in all four tested rabbits.

severe C. perfringens type A food poisoning outbreak in Oklahoma
concluded that, under medical conditions leading to reduced in-
testinal motility, CPE-positive type A strains can damage the co-
lon, producing a potentially lethal necrotizing colitis (30). Second,
in vitro treatment of human colonic tissue with only 10 wg/ml of
CPE caused slight morphologic and fluid transport changes, al-
though the extent of those effects did not reach statistical signifi-
cance (31). Finally, it is now well established that purified CPE is
cytotoxic for several colonic cell lines, including Caco-2 cells (10,
25, 28).

Because of this uncertainty in the literature, the current study
revisited whether CPE affects the colon in vivo. Using rabbit co-
lonicloops, both 50- and 100- g/ml doses of the enterotoxin were
found to induce significant histologic lesions and luminal fluid
accumulation. An explanation for the discrepancy between the
results of this study and those of the previous study (21) regarding
the ability of CPE to induce damage and fluid accumulation is not
obvious. It is not attributable to differences in CPE treatment
times, since McDonel and Demers (21) challenged colonic loops
for 1 h with high-dose CPE, which was a sufficient time in the
current study to observe the development of significant colonic
damage. Consistent with our finding, another previous study re-
ported mild, although not statistically significant, in vitro damage
to human colonic tissue after a 1-h treatment with only 10 pg/ml
of CPE (31). The difference in results between the current study
and that of McDonel and Demers (21) also is not due to use of
higher CPE treatment doses in the current study, since the earlier
study employed much higher CPE doses (supraphysiologic at
~400 pg/ml) than our study. The colonic lesions and fluid accu-
mulation induced by electrophoretically pure CPE in the current
study could be neutralized by a monoclonal antibody (24), con-
firming CPE involvement in the observed colonic damage. Fur-
ther supporting CPE causation of colonic damage, the T-1 strain
used as the source for CPE in our study produces CPE but no other
known toxins when grown in the Duncan-Strong medium used
for CPE purification. Finally, the amino acid sequence of CPE
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produced by strain T-1 is identical to the CPE sequence encoded
by NCTC8239, the strain used by McDonel and Demers for CPE
purification (data not shown). In addition, the CPEs produced by
T-1 and NCTC8239 have identical activities on Caco-2 cells (data
not shown). Therefore, the different conclusion about CPE-in-
duced colonic damage reached by our study was not due to use of
a CPE variant with more activity than the CPE produced by
NCTC8239.

However, there is a possible explanation for the different con-
clusions of the two studies regarding CPE activity in the rabbit
colon. The early study by McDonel and Demers (21) never dem-
onstrated any small intestinal activity for their CPE preparation.
In the absence of any positive control, it is conceivable that the
CPE preparation used in the earlier study possessed weak or no
activity.

Results from the current study also demonstrated that after
similar CPE treatments, the rabbit small intestine developed his-
tologic lesions, consistent with previous reports (20). The current
study also determined that the rabbit colon and small intestine
exhibit similar time frames of significant lesion development after
treatment with 50 pg/ml of CPE. In addition, the CPE sensitivities
of the organs appears to be similar, since a 1-h treatment with 10 to
25 pg/ml of this toxin causes minimal, statistically insignificant
damage to the colon (this study and reference 31) or small intes-
tine (20), while both organs develop significant lesions after a 1-h
treatment with 50 pg/ml of CPE (this study). Their similar CPE
responsiveness suggests that both the small intestine and colon
may be targets during CPE-mediated GI disease.

The extensive damage observed in both CPE-treated rabbit
small intestine and colon during the current study correlated with
the formation of similar CH-1-like large complexes in both or-
gans. Detection of a CH-1-like complex in the CPE-treated colon
is likely to be significant for pathogenesis, since the CH-1 large
complex is thought to contain the CPE pore and to be responsible
for the cytotoxicity that results in CPE-induced intestinal tissue
damage (1).
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Understanding the contribution of histologic damage to the
observed development of luminal fluid accumulation in the CPE-
treated colon proved to be complicated, since inactivated CPE or
CPE neutralized by MAb3, neither of which induced significant
histologic damage, caused luminal fluid accumulation similar to
that caused by the same dose of active CPE in rabbit colonic loops.
Those observations suggested that osmotic effects contribute to
CPE-induced luminal fluid accumulation, which was supported
by the similar luminal fluid accumulation cause by active CPE
versus MAbs or even BSA alone, even though the MAbs or BSA
caused no histologic damage. These observations are consistent
with previous studies describing osmotic diarrhea involving the
colon. In those studies, increased osmotic pressure in the colon
from other agents induced diarrhea, with this effect comprising
the basis for several commonly used laxatives (32-35).

Even if histologic lesions are not required for causing fluid
transport alterations in the CPE-treated colon, this damage still
could have pathologic importance. The C. perfringens type A food
poisoning outbreak in Oklahoma was exceptionally severe, with
several deaths in nonelderly people (30). As mentioned, it has
been postulated that reduced intestinal motility, due to medica-
tion side effects, may prolong contact between CPE and the intes-
tines (30). In this regard, it is notable that in the Oklahoma out-
break investigation (30) colonic necrosis was observed in several
people whose small intestines were unremarkable. Therefore,
damage from prolonged contact between the colon and CPE may
have facilitated entry of the enterotoxin into the bloodstreams of
these people, so it could then damage their internal organs and
contribute to death. Similar enterotoxemia was experimentally
demonstrated recently in mice intestinally challenged with CPE
(29).

Finally, Western blot analyses demonstrated the presence of
claudin-3 and -4 in the rabbit small intestine and colon. Since
these two claudins are both high-affinity CPE receptors (8, 10, 12,
25), their presence in the colon helps to explain the binding of CPE
to the colon detected in this study and the previous study by
McDonel and Demers (21). Furthermore, since binding is consid-
ered the essential first step in CPE action (1), the presence of these
high-affinity CPE receptors likely facilitates CH-1-like CPE com-
plex formation, and the development of histologic damage, in
colonic loops. The presence of these claudin CPE receptors in the
rabbit colon also likely holds relevance for understanding the CPE
responsiveness of the human colon, where these two claudins are
also present (36, 37).

In summary, the current findings support CPE effects on the
colon as a potential contributor to CPE-mediated GI disease. This
information will broaden understanding of CPE-mediated GI dis-
ease pathology and could impact future therapeutic development.
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