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We examined the activities of Clostridium difficile toxin preparations given intragastrically to hamsters, mice,
and rats. The culture filtrate from a highly toxigenic strain of C. difficile caused hemorrhage and accumulation
of fluid in the small intestine and cecum, diarrhea, and death in hamsters and mice. In rats, the culture filtrate
caused only a small amount of fluid accumulation and slight hemorrhage along the small intestine. When toxin
A was removed from the culture filtrate, the filtrate lost its activity. Preparations of homogeneous toxin A
caused a response similar to that observed after the administration of culture filtrate. Hamsters were more
sensitive to toxin A than mice or rats were. When hamsters were given multiple low doses of toxin A 1 week
apart at a concentration which singly caused no response, they became ill and died, indicating that the toxin
may have long-term effects. High amounts of toxin B did not cause any significant response when given
intragastrically, unless initially mixed with low amounts of toxin A or given to hamsters with bruised ceca.
These results suggest that toxins A and B act synergistically and that the action of toxin B may occur via the

tissue damage caused by toxin A.

Clostridium difficile, the etiological agent of pseudomem-
branous colitis in humans, causes cecitis and colitis in a
number of experimental laboratory animals, including ham-
sters, mice, rats, and rabbits (5, 6, 10, 22, 24, 27). The
disease has commonly been associated with antibiotic ther-
apy. More recently, the results of several studies have
shown that the disease can occur in humans and experimen-
tal animals in the absence of antibiotics (9, 26).

At the present time, the animal model used most exten-
sively to study C. difficile disease is the hamster. The disease
progresses rapidly to cecitis, and hemorrhage, ulceration,
and inflammation are evident in the intestinal mucosa. The
animals become lethargic and develop severe diarrhea, and a
high percentage of the animals die from the disease (5, 10,
24). Although C. difficile disease in other animals has not
been studied in as much detail, it appears that animals such
as mice, rats, and rabbits are not as susceptible to the
disease as hamsters (10).

C. difficile produces at least two toxins (1, 30, 31). One of
the toxins, toxin A, causes an accumulation of fluid in ligated
intestinal loops of rabbits (20, 31) and has been referred to as
the enterotoxin. The other toxin, toxin B, is a potent
cytotoxin; subpicogram amounts of the toxin cause rounding
of tissue culture cells (30). In the following study, we
examined the effects of these toxins when they were given
intragastrically to animals. Our findings showed that toxin A
caused intestinal pathology, diarrhea, and death in animals
and that toxin B, when given with low amounts of toxin A,
caused death in hamsters. We also found that hamsters were
more sensitive to toxin A than mice or rats were.

MATERIALS AND METHODS

Assays. (i) Protein determination. Protein was estimated by
the method of Bradford (3) with the Bio-Rad protein assay kit
(Bio-Rad Laboratories, Richmond, Calif.). Bovine gamma
globulin was the standard.
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(ii) Cytotoxicity assay. The cytotoxic titer was determined
against Chinese hamster ovary K-1 cells as previously
described (8).

(iii) Enzyme-linked immunosorbent assay. An indirect en-
zyme-linked immunosorbent assay specific for toxin A was
performed as previously described (21).

Bacterial strains. C. difficile strains 10463 (rox*), 11186
(rox™), and 2037 (tox~) were obtained from the collection of
the Department of Anaerobic Microbiology of the Virginia
Polytechnic Institute and State University (Blacksburg, Va.).
Strain 10463 produces high amounts of toxins A and B, as
determined by enzyme-linked immunosorbent assay and
cytotoxicity assay, and strains 11186 and 2037 do not produce
detectable amounts of either toxin (21, 30).

Preparation of toxin samples. C. difficile strains were
grown in brain heart infusion dialysis flasks similar to those
previously described (29). The culture filtrates and toxins A
and B were purified as previously described (30).

Animals. The animals used in these experiments included
BALB/c male mice (Dominion Laboratories, Dublin, Va.)
weighing about 25 g, golden Syrian male hamsters (Engle
Laboratory Animals, Inc., Farmersburg, Ind.) weighing
about 160 g, and Sprague-Dawley male rats (Department of
Animal Sciences, Virginia Polytechnic Institute and State
University) weighing about 500 g.

Development of oral animal model. Experiments were done
to determine the optimal conditions for administering C.
difficile toxin preparations intragastrically to mice, hamsters,
and rats. The following conditions were tested: (i) pretreat-
ment of animals with 0.1, 0.5, or 1.0 M NaHCO; 15 to 30 min
before the administration of toxin (in NaHCO; buffer) to
neutralize the gastric acidity (analysis of the stomach and
gastrointestinal tract contents of animals treated in this
manner showed that the pH in all three species was about
7.4); (ii) pretreatment of animals with cimetidine (Tagumet;
Smith Kline & French Laboratories, Philadelphia, Pa.) at a
dose of 50 mg/kg of body weight 2 h before the administra-
tion of toxin to decrease stomach acid production; and (iii)
incorporation of soybean trypsin inhibitor (Sigma Chemical
Co., St. Louis, Mo.) at a concentration of 10 mg/ml in the
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FIG. 1. Analysis of C. difficile strain 10463 culture filtrate ad-
sorbed with toxin A antibody coupled to Affi-Gel 10. The upper
portion of the gel in each plate contained 0.1 ml of goat antiserum
against C. difficile strain 10463 culture filtrate (8). (A) The well
contained 80 pg of strain 10463 culture filtrate. The arrow shows the
location of the toxin A immunoprecipitin arc. (B) The well contained
80 ng of strain 10463 culture filtrate adsorbed with monospecific
toxin A antiserum coupled to Affi-Gel 10. Note that the toxin A arc
has disappeared (shown by arrow on left), demonstrating that the
toxin has been removed by the gel. The toxin B arc in the adsorbed
culture filtrate (shown by arrow on right) is still present.

toxin sample to minimize proteolytic degradation of the
toxins. The cytotoxic activity of the toxin preparations was
not affected by the concentrations of NaHCO; and soybean
trypsin inhibitor used in these experiments. These condi-
tions were tested individually and in conjunction with each
other. Pretreatment of animals with 1 M NaHCO; and
administration of toxin in 1 M NaHCO; gave optimal results.
The administration of cimetidine or the incorporation of
soybean trypsin inhibitor did not increase the toxicity of the
C. difficile toxin preparations.

In subsequent experiments, mice, hamsters, and rats were
given 0.5, 1, and 2 ml of 1 M NaHCO;, respectively; 15 to 30
min later, they were challenged intragastrically with toxin
samples (0.5-, 1-, and 2-ml volumes) in 1 M NaHCOs;. Food
and water were withheld from the animals 24 and 4 h,
respectively, before the administration of NaHCO; and were
given ad libitum 4 h after challenge. The animals were
observed for 4 days. Necropsies were performed on animals
immediately after they died or after they were killed. Control
animals received 1 M NaHCO;.

Bruising of hamster ceca. Hamsters were anesthetized with
methoxyflurane (Metofane) and the cecum was exposed
through an incision in the abdominal wall. The cecum was
bruised with forceps and injected with 0.5 ml of 1 M
NaHCO;. The incision was closed with sutures. Food and
water were withheld from the animals 24 and 4 h, respec-
tively, before the injection. Animals were observed for 4
days and necropsies were performed on animals immedi-
ately after they died or after they were killed.

Crossed immunoelectrophoresis. Crossed immunoelec-
trophoresis was performed in low-electroendosmotic agarose
as previously described (21).

Removal of toxin A from culture filtrate. A sample (1 ml) of
C. difficile strain 10463 culture filtrate was passed through a
column containing affinity-purified toxin A antibody (21)
coupled to Affi-Gel 10 (Bio-Rad Laboratories). The gel (10
ml) contained about 0.5 mg of antibody per ml of gel. The gel
was washed with 0.05 M Tris-hydrochloride buffer, pH 7.5,
containing 0.5 M NaCl. The adsorbed culture filtrate was
concentrated to 1 ml by ultrafiltration on a YM-10 membrane
(Amicon Corp., Lexington, Mass.) and analyzed by crossed
immunoelectrophoresis against crude goat C. difficile anti-
serum (8) to show that toxin A was removed. The adsorbed
culture filtrate was mixed with 2 ml of 1 M NaHCO; and

INFECT. IMMUN.

samples (1 ml) were given to three hamsters as described
above.

Preparation of lavage fluids from mouse intestine. The small
intestine and cecum were removed from mice, sutured with
nylon at each end, and lavaged three times with 3 ml of
phosphate-buffered saline. The lavage specimens were
pooled and insoluble material was removed by centrifuga-
tion. The supernatant was filtered through a 0.45-um mem-
brane.

RESULTS

Effects of culture filtrates given intragastrically. We com-
pared the effects of culture filtrate from toxigenic and
nontoxigenic strains of C. difficile given to hamsters, mice,
and rats. All four of the hamsters given undiluted samples of
culture filtrate from toxigenic strain 10463 developed hem-
orrhagic fluid in the stomach, small intestine, and cecum
within several hours. Diarrhea was evident in all of the
animals by 5 h and two of the animals died within 15 h. In
mice, the small intestine and cecum were distended with
fluid by 12 h, but only 4 of 16 mice had diarrhea. Some
hemorrhage was apparent along the intestinal mucosa. By 24
h, six of the mice were dead and five of the surviving mice
had diarrhea. Rats accumulated some fluid and slight hem-
orrhage in the stomach, small intestine, and cecum within 24
h. None of the rats developed diarrhea or died. Hamsters,
mice, and rats that were given undiluted culture filtrate from
nontoxigenic strains 11186 and 2037 did not become ill or
develop intestinal pathology.

To determine which toxin caused the effects, toxin A in
culture filtrate was removed by immunoadsorption (Fig. 1)
and the filtrate was given to hamsters. Culture filtrate treated
in this manner did not cause diarrhea or intestinal pathology
in any of the three hamsters given the sample. Hamsters
which received culture filtrate diluted to the same extent, but
which had not been adsorbed, developed diarrhea and
intestinal pathology, and five of the six animals died.

Effects of toxins A and B given intragastrically. When toxin
A was given to hamsters, the animals accumulated hemor-
rhagic fluid in the cecum and small intestine, and the mucosa
was inflamed. Mice which were given the toxin also accu-
mulated fluid in the small intestine, but there was consider-
ably less hemorrhage than observed in hamsters. Rats did
not accumulate fluid at the doses we tested. The amount of
toxin A necessary to cause intestinal pathology, diarrhea,
and death in the three species is given in Table 1. Hamsters
are more sensitive to the toxin than mice or rats are.

To further investigate the difference in sensitivity, we
gave three mice a large dose of toxin A (1 mg/kg). At this
concentration, the mice did not become ill or develop
intestinal pathology. After 1 h, the mice were killed and the
gastrointestinal tracts were lavaged. Samples (1 ml) of the
lavage fluid were given intragastrically to three hamsters,
and within 16 h the hamsters became lethargic and devel-
oped diarrhea. Three hamsters which were given lavage fluid
from untreated mice did not become ill. Toxin A was
incubated with intestinal lavage fluid from mice to detect any
factors in the mouse gastrointestinal tract which might
inactivate or neutralize the toxin. When we gave toxin A
treated with the lavage fluid to hamsters, there was no
decrease in toxicity.

Multiple doses of low amounts of toxin A (0.02 mg/kg) had
cumulative effects when given to hamsters at weekly inter-
vals. A single dose of toxin A at this concentration did not
cause diarrhea or intestinal pathology. However, five of the
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six hamsters developed diarrhea after the second dose and
four of the animals died after the third dose.

High amounts of toxin B (0.5 mg/kg) did not cause
intestinal pathology, diarrhea, or death when given intragas-
trically to animals. We were able to recover a cytotoxic titer
of 10° from the ceca and small intestine of hamsters which
received toxin B preparations; therefore, all of the toxin was
not inactivated when given by this method. When we mixed
a low amount of toxin A (0.01 mg/kg) with toxin B (0.5
mg/kg) and gave this mixture to hamsters, all six of the
animals became lethargic and four died within 24 h. Necrop-
sies revealed some mucus and edema in the small intestine
and hemorrhage in the lungs.

We investigated the effects of toxin B given intragastric-
ally to hamsters with bruised ceca. When toxin B (0.5 mg/kg)
was given intragastrically to hamsters treated in this manner,
all four of the animals became lethargic and two died within
24 h. None of the four control hamsters which received
buffer instead of toxin B became ill.

DISCUSSION

C. difficile disease has been described in a number of
experimental laboratory animals (5, 6, 10, 22, 24, 27).
Hamsters are highly susceptible to the disease and develop
severe cecitis, usually resulting in death. Other experimental
animals do not appear to be as susceptible as hamsters. For
example, germfree mice containing high numbers of toxigen-
ic C. difficile in their feces develop only chronic inflamma-
tion along the intestine (22). In the present study, we
examined the effects of C. difficile toxin preparations given
intragastrically to hamsters, mice, and rats. Our results
showed that culture filtrate from a toxigenic strain of C.
difficile caused intestinal pathology, diarrhea, and death in
animals. Further analyses revealed the following: (i) culture
filtrate in which toxin A was removed was not active in this
model; (ii) homogeneous toxin A caused intestinal pathol-
ogy, diarrhea, and death in animals; and (iii) preparations of
toxin B did not cause any significant pathology or death of
the animals. Based on these observations, we suspected that
toxin A caused most of the responses elicited by the culture
filtrate from the toxigenic strain. However, when we gave a
mixture of toxin B containing low amounts of toxin A
intragastrically to hamsters, they died. These findings sug-
gest that toxins A and B act synergistically. These findings
suggest also that both toxins are involved in the pathogene-
sis of C. difficile disease since no toxin A~/toxin B* clinical
isolates have been reported (21).

We previously showed that toxin B, at a cytotoxic titer of
10°, was lethal when injected into the ceca of hamsters (18).
In the present study, we found that hamsters which had a
cytotoxic titer of 10° in their ceca after the intragastric
administration of toxin B did not become ill. During an
intracecal injection, there is significant trauma to the tissue
around the injection site. It is possible that toxin B is active
via the damaged tissue. To investigate this possibility, we
gave toxin B intragastrically to hamsters in which the ceca
had been bruised and injected with buffer. Our findings
showed that toxin B was active when given intragastrically
to hamsters treated in this manner, suggesting that the
integrity of the mucosa plays a role in the action of toxin B.
Based on these observations, it is feasible that the tissue
damage caused by toxin A during C. difficile disease may
increase the action of toxin B. Also, any manipulations
which result in damage to the integrity of the gastrointestinal
tract (e.g., surgical wounds, trauma due to handling of the
intestine) in persons infected with C. difficile may enhance
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TABLE 1. Effects of intragastric administration of toxin A on
hamsters, mice, and rats®

mg of toxin A per kg of body wt necessary to cause:

Animalb ——r—

i ntestina, .

species pathology Diarrhea Death
Hamster 0.08¢ 0.08 0.16
Mouse 24 2 16
Rat >2¢ >2 >2

“ The minimum amount of toxin A necessary to elicit the observed
responses is given.

b Twofold dilutions of toxin A were administered intragastrically to each
group of animals (three animals per group), and the animals were observed
over a 72-h period. Necropsies were performed on animals immediately after
they died or were sacrificed.

© This dose caused hemorrhage and fluid in the small intestine and cecum.

4 This dose caused some fluid in the small intestine and hemorrhage along
the mucosa of the intestine.

¢ The highest dose of toxin A given to rats was 2 mg per kg of body weight,
which did not cause any significant intestinal pathology, diarrhea, or death.

the action of toxin B. Our results may explain why some
persons with high levels of cytotoxicity due to toxin B do not
become ill. It is conceivable that some persons do not have
receptors for toxin A and that the action of the toxin is not
expressed; as a result, toxin B is not active.

When we exposed hamsters repeatedly to low doses of
toxin A, the effects were cumulative and the hamsters
developed diarrhea and died. Bullen and Batty (4) previously
described a similar situation involving the epsilon toxin of C.
perfringens type D. They found that if mice were repeatedly
given low doses of the toxin, the animals died. These
investigators suggested that the initial dose of toxin in-
creased the permeability of the intestine, resulting in absorp-
tion of lethal amounts of toxin in subsequent doses. In the
experiments of Bullen and Batty (4), the challenge doses of
toxin were given several hours apart. We obtained a similar
effect when the doses of toxin A were given a week apart;
therefore, toxin A may exert a long-term effect on the
mucosa. If the same phenomenon occurs in humans, this
effect could be one cause of the relapses that occur with this
disease (2, 16, 25). We have initiated experiments to exam-
ine the effects of these toxins on the permeability of the
intestine and to detect the toxins, after intragastric adminis-
tration, in the blood and various organs.

When we determined the dose of toxin A necessary to
elicit a response in animals, our findings showed that ham-
sters were more sensitive to the toxin than mice or rats were.
The greater sensitivity of hamsters to toxin A probably
explains why hamsters are more susceptible to C. difficile
disease than mice or rats are. We also found that toxin A
caused considerably less hemorrhage in mice than in ham-
sters and that, in the mouse, the intestinal pathology (i.e.,
inflammation, mild hemorrhage, fluid response) occurred
primarily in the small intestine. These findings are consistent
with those of Onderdonk et al. (22), who noted that mice
monoassociated with toxigenic C. difficile did not develop
the rapidly fatal, hemorrhagic cecitis which occurs in ham-
sters, and with those of Lonnroth and Lange (19), who
reported that toxin A injected into ligated intestinal loops in
mice caused a watery hypersecretion with little hemorrhage.

It is unclear why hamsters are more sensitive to toxin A
than mice or rats are. We did not detect any inactivation or
neutralization of the toxin by soluble extracts prepared from
mouse intestine. We were able to recover toxin A from the
small intestine of mice and show that the toxin still caused
diarrhea in hamsters; thus, the toxin was not inactivated as
it passed through the stomach of the mice. It is possible that
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receptors for toxin A are present in higher numbers in the
hamster, particularly in the cecum.

In addition to the variation in sensitivity among animal
species, there appears to be an age-dependent variation.
Human infants can have titers of toxins A and B equivalent
to those found in adults with pseudomembranous colitis, yet
show no clinical symptoms of the disease (7, 12, 17, 28). As
many as half of the normal neonate population may carry C.
difficile as part of their colonic flora so any effects of toxin A
on gut permeability could influence the susceptibility to
other intestinal diseases and toxins. For example, an in-
crease in susceptibility to botulinum toxins could result in
more severe forms of infant botulism.

Various procedures have been described for orally admin-
istering bacterial toxins to animals. The toxins of Vibrio
cholerae and Escherichia coli have been given to animals
pretreated with bicarbonate solutions or cimetidine to re-
duce the gastric acidity of the stomach. Amino acids have
been added to samples to protect toxins against proteolytic
degradation in the gastrointestinal tract. In addition, pH-
dependent microspheres have been used to transport the
heat-labile toxin of E. coli through the stomach of rats
(13-15, 23). In our study, we found that toxins A and B were
sufficiently protected by pretreating the animals with a
high-molarity NaHCO; solution and incorporating the toxin
samples in the NaHCO; solution.

Gurian et al. (11) recently described pseudomembranous
colitis in a patient with hypochlorhydria and noted that the
patient had not been receiving antibiotic therapy. They
suggested that the disease resulted from the ingestion of
contaminated food. These investigators also showed that the
cytotoxic activity of the strain isolated from the patient was
inactivated by gastrointestinal secretions. Our finding that
toxin A is protected against gastric acidity by NaHCO;
corroborates these observations; however, additional stud-
ies are needed to determine whether C. difficile toxin can be
a cause of food poisoning in humans.
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