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Enterotoxins from Clostridium difficile;
diarrhoeogenic potency and morphological effects in
the rat intestine

J Torres, E Jennische, S Lange, I Lonnroth

Abstract
The action of toxins A, B, and C from Clostri-
dium difficile was studied in the small intestine
and colon of rats. All three caused fluid
accumulation in the small intestine, maximal
secretion being induced by 1 ug of toxin A,
20 ,ug ofB, and 15 ,ug ofC. Both toxins A and C
caused shedding of epithelial cells from the
villi without visible damage to crypt cells; toxin
A caused further extensive necrosis and bleed-
ing. Toxin B caused secretion without visible
damage to the epithelial cells, though this
activity was unstable and decreased signifi-
cantly after one week of storage. In the colon,
toxin A caused secretion and shedding of
surface epithelial cells without damage to crypt
cells, toxin C caused only a weak secretion,
and toxin B had no effect at all. In terms of
immunohistochemistry, it was found that toxin
A bound to the enterocytes at the tips of the
villi but not to goblet and crypt cells. The
complex expression or interaction ofthe toxins
produced by Cl difficile may explain the broad
spectrum of disease (diarrhoea, colitis, and
pseudomembranous colitis) associated with
this micro-organism.
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Clostridium difficile is recognised as the primary
cause of antibiotic associated pseudo-
membranous colitis' but the extent to which it is
responsible for antibiotic associated colitis and
diarrhoea is unclear.2 3 The secreted toxins seem

to be responsible for most clinical symptoms
since the bacteria colonise the gut without being
invasive.4 5 The toxins are all proteins with
molecular weights above 100 000, and have been
characterised chemically and biologically. Toxin
A causes fluid accumulation and mucosal
damage in the small intestine in hamsters and
rabbits67 but less tissue damage in the rabbit
colon.89 It is possible that an initial cytophatic
effect of toxin A on the intestinal mucosa is
followed by an inflammatory response, endo-
genous mediators released by the inflammatory
response cause necrosis followed by bleeding and
extravasation from the intestinal wall to the
lumen.79 No detailed histological studies have
been done, however, to evaluate this hypothesis.
Toxin B had no effect when tested in the rabbit
intestine,7 although it is a potent cytotoxin for
cells cultured in vitro. '°
We recently isolated and characterised toxic

peptides that are chemically and antigenically
different from toxins A and B," and are referred
to here as fraction C. Other toxic activities
produced by Cl diffile have been reported but
their limited characterisation'2 1' does not allow

comparison with the toxins already described.
In this paper we report the fluid response

induced by toxins A and B and by fraction C in
ligated loops of the rat small intestine and in the
colon. The histological appearance of the intes-
tine is also described, together with the binding
pattern of toxin A to the intestinal epithelium.
The differences in the actions of these toxins on
the intestine may explain the diversity of intes-
tinal disorders associated with Cl difficile.

Methods

ANIMALS
Male Sprague-Dawley rats (ALAB, Sollentuna,
Sweden) weighing 230-300 g were used. The
animals were starved overnight before the study
but were provided with water ad libitum.

PREPARATION OF TOXINS
Cl difficile strain CCUG 19126 (VPI 10463,
obtained from D M Lyerly/T D Wilkins, VPI
Blacksburg, USA) was used. The toxins A, B,
and C were purified to homogeneity from the
crude bacterial broth as described elsewhere." 14
Briefly, toxin B was separated from toxin A and
fraction C by DEAE-Sephadex anion exchange
chromatography, followed by Sephacryl S-400
filtration and high resolution anion exchange
chromatography on a mono Q column, using fast
protein liquid chromatography equipment.
Toxins A and C were precipitated by acid pH and
separated on a mono Q column. All toxin
preparations used in experiments were homo-
geneous, as demonstrated by double im-
munodiffusion in gel and by polyacrylamide
electrophoresis." 14 The concentration of the
pure toxins was measured with a protein assay
kit using Coomassie brilliant blue as the
reagent (Bio-Rad Laboratories, Richmond, CA,
USA).

TOXIN A ANTIBODIES
Toxin A antiserum was prepared in rabbits,"
and the IgG fraction was purified as described by
Steinbuch et al. '1 Briefly, the contaminating
serum proteins were removed by precipitation
with caprylic acid and by DEAE-Sephadex
chromatography, leaving the IgG fraction to be
precipitated with ammonium sulphate. This IgG
fraction was then dissolved in phosphate
buffered saline (PBS) pH 7-2, and dialysed
against the same buffer. Two hundred ml of this
IgG solution was adsorbed with 200 [tg oftoxin A
for one hour at room temperature.
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RAT INTESTINAL LOOP TEST
Rat intestinal loops were used to study the action
of toxins A, B, and C.'6 Ether was used for
anaesthesia during the three to seven minute
long operation, after which the animal recovered.
No analgesic was used after the operation, since
there was no evidence of pain. The small intes-
tine was approached via a midline incision.
Ligated loops, about 10 cm in length, were
prepared in the jejunum. For the kinetic studies,
two loops per rat were made, between which a
blank loopwas prepared. For histological studies,
one loop per rat was prepared. Each loop was
injected with 1 ml of toxin in 20 mM triethano-
lamine, 0-2 M NaCl, pH 7 5. Controls were
injected with triethanolamine, NaCl alone.

Loops, 10 to 12 cm in length, were also
prepared in the transverse colon after careful
rinsing of the whole colon with approximately
20 ml of phosphate buffered saline (37°C). These
loops were injected with 2 ml of the various
toxins or triethanolamine, NaCl; and the fluid
accumulation was measured after six hours.
The resulting fluid secretion in both the small

intestine and colon was calculated from the
weight to length ratio of the loop (mg/cm) by
subtracting the mean ratio of triethanolamine,
NaCl injected loops from that of the toxin
injected loops. In the kinetic studies (Fig 1) two
loops were prepared on the small intestine. The
numbers in the Table and Figures (mg/cm)
represent the mean values of all the loops. The
reproducibility of the fluid response to the
different toxins did not vary more than 10%
between the rats.

HISTOLOGICAL STUDIES
Rats under ether anaesthesia were given trans-
cardial perfusion with 40-60 ml ice cold 4%
paraformaldehyde in phosphate buffered saline.
The middle portion of the small or large intes-
tinal ligated loop used for toxin or triethano-

and 1 iim thick sections were prepared using a
Historaye microtome (LKB). Using standard
procedures, the sections were either stained with
basic fuchsin/methylene blue/azure III or with
periodic acid Schiffhaematoxylin to show mucus
in goblet cells.

IMMUNOHISTOCHEMISTRY
Three hours after they had been fixed the
intestinal pieces were rinsed overnight in phos-
phate buffered saline containing 7 5% sucrose.
They were then frozen in liquid nitrogen and 6
im cryostat sections were prepared. The sec-
tions were incubated with antibodies against
toxin A at 4°C for 12 hours, followed by horse-
radish peroxidase conjugated antibodies (Swine
anti-rabbit immunoglobulin-P: Dakopatt, Den-
mark) for two hours at room temperature.
Bound horseradish peroxidase was visualised
with the 3,3-diaminobenzidine reaction. Control
sections were incubated without the primary
antibodies or with antibodies adsorbed with an
excess of toxin A.

Results

FLUID RESPONSE
The time course of the small intestinal fluid
response to toxin A (5 rig) is shown in Figure 1.
Fluid accumulation was evident after one hour,
the fluid became viscous after two hours, and
haemorrhagic after four hours. Fluid accumula-
tion was maximal six hours after challenge.
The dose response six hours after challenge

with toxins A, B, and C is shown in Figure 2. A
low dose (0-3 ,ug) of toxin A induced significant
secretion, while 1 [tg gave some 90% of the
maximal response (Fig 2 (a)). Fraction C was
about 15 times less active than toxin A - 10 [tg
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Mean (SEM)fluid secretion in rat colon loops six hours after
challenge with Clostridium difficile toxins

Challenge Accumulation offluid* (mglcm)

Toxin A, 2 [g 317 (9)
Toxin B, 40 tg <10
Fraction C, 25 itg 57 (13)

*Each value represents the mean (SEM) of four animals.

induced significant secretion and 20 pg the
maximal response (Fig 2 (a)). The fluid secretion
caused by fraction C was viscous, but there was
no bleeding.
Toxin B was tested at different times after it

had been produced (Fig 2 (b)). Freshly prepared
toxin B had an activity similar to that of fraction
C, that is 10 pug induced a pronounced response
(200 mg/cm). After one week, however, the
activity had decreased significantly, a 30 pg dose
was required to obtain the same response that

v,- :-

e

Figure 3: Plastic sections stained with periodic acid Schifflhaematoxylin (a-c), methylene
blue/azur III/Basicfuchsin (d-f). V=villus; C=crypt region; M=tunica muscularis.
(a) Control loopfrom small intestine, injected with triethanolamine, NaClfor 6 hours, showing
no sign oftissue injury (x 100). (b)Jejunal loop exposed to toxin A, I sgfor 2 hours. Extensive
tissue injury is evident. Entire sheets ofepithelial cells (arrows) have been sloughed offfrom the
basal membrane (x 100). (c)Jejunal loop exposed to toxin A, I ggfor six hours. Exceptfor the
deeper parts ofthe crypt region the entire mucosa is damaged (x 100). (d) Higher magnification
ofsection similar to that in Figure 3 (c) showing extensive bleeding (arrows) in the submucosa
and tunica muscularis 6 hours after injection oftoxin A. Cells deep in the crypts seem unaffected
(x 225). (e) Control loopfrom large intestine injected with triethanolamine, NaCl, showing
normal morphology (x 175). (f) Loopfrom the large intestine exposed to toxin A, I tgfor 6
hours. Shedding ofcells in the surface epithelium is evident (arrows) (x 175).

had been induced by 10 ,ug of the freshly isolated
toxin.

In colon loops, the fluid response to toxin A
was similar to that seen in the small intestine,
whereas fraction C induced a very weak secre-
tion, and toxin B no secretion at all (Table).

HISTOLOGICAL FINDINGS
In the light microscope, loops injected with
triethanolamine, NaCl showed no sign of tissue
damage (Fig 3 (a)) whereas extensive damage was
already evident two hours after injection of 1 ,tg
of toxin A (Fig 3 (b)). Epithelial cell sheets, with
the cells still held together by their tight junc-
tions, had detached themselves from the basal
membranes of villi. Shed goblet cells seemed to
have their normal content of periodic acid Schiff
positive material and there was no sign of mucus
release. Six hours after challenge, most of the
mucosa was necrotic and cellular debris filled the
intestinal lumen (Fig 3 (c)). There was also
extensive bleeding, both in the submucosal layer
and in the tunica muscularis, though epithelial
cells deeper in the crypts seemed to be compara-
tively unaffected (Fig 3 (d)).

In the transverse colon, no damage was
induced by triethanolamine, NaCl injection (Fig
3 (e)). Injection of 1 ,ug toxin A resulted in
shedding of cells in the surface epithelium, while
no damage was observed in the crypts (Fig 3 (f)).

In jejunal loops injected with toxin B (20 rig,
one day old), no obvious changes were seen after
two hours but after six hours there was slight
oedema in some epithelial cells in the tip of
villi (Fig 4 (a)). In the colon no morphological
effect was observed after administration of this
toxin.

In small intestine loops injected with 20 tg of
fraction C, there was moderate shedding of
epithelial cells from the upper part of the villi
after two hours (Fig 4 (b)) and extensive damage
after six hours affecting most of the villi (Fig 4
(c)). The crypt region seemed mainly unaffected.
As in the case of toxin A, exposure to the toxin
did not result in any evident release of mucus,
and the shed goblet cells were filled with periodic
acid Schiff positive material (Fig 4 (d)). Fraction
C (20 rig) caused no damage when injected into
colon loops.

BINDING OF TOXIN A
Binding of toxin A (1 rig) to epithelial cells in the
loops was shown by indirect immunohisto-
chemistry using antibodies against toxin A.
Exposure of the small intestinal loops to toxin A
for one hour resulted in binding of the toxin to
enterocytes throughout each villus, whereas
there was no binding either to epithelial cells in
the crypts (Fig 5 (a)) or to the apical surface of
goblet cells (Fig 5 (b)). Immunoreactivity was
confined to the microvilli region of the entero-
cytes, there being none in the cytoplasm. Control
sections from loops exposed to toxin A were
incubated with preadsorbed immune serum.
In these sections no toxin A immunoreactivity
could be detected, thus verifying the specificity
of the antiserum used (Fig 5 (c)). In control
loops exposed to triethanolamine, NaCl for
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Figure 4: Plastic sections stained with periodic acid Schifflhaematoxylin. (a)Jejunal loop

exposed to toxin B, 20 tg(I day old)for 6 hours. There is slight oedema in the epithelial cells at

the uppermost part ofthe villi (arrow) (x 100). (b)Jejunal loop exposed to toxin C, 20 Ftg for 2
hours. A thin layer ofshed epithelial cells can be seen near the uppermost part ofthe villi (arrow)

(x 200). (c)Jejunal loop exposed to toxin C, 20 Fsgfor 6 hours, showing extensive tissue

damage, comprising most ofthe mucosa, but no major bleeding (x 100). (d) Higher

magnification ofsection similar to that in Figure 4 (c) showing shed goblet cells with preserved

periodic acid Schiff-positive material (arrows) (x 100).

one hour no immunoreactivity was observed

(Fig 5 (d)).

Exposure of colon loops to toxin A (1 Fig for

one hour) resulted in binding of the toxin to the

surface epithelium (Fig (e)). As in the small

intestine, no binding of toxin A was found either

in the crypts or in goblet cells.

Discussion

The first sign of tissue injury in rat intestinal

loops challenged with toxin A was detachment of

epithelial cells, held together by their tight

junctions at two hours, by which time accumula-

tion of fluid was already evident. Denudation of

the villi eliminates the cells which filter water and

electrolytes and regulate the complex pressures

exerted by the interstitial tissue and blood vessels

of the lamina propria.'7 The detachment of the

epithelial cells from the tips of the villi renders

the submucosa, including the capillary endo-

thelium, unprotected from bacterial toxic pro-

ducts normally present in the lumen. Further-

more, the osmotic pressure in the loop lumen

continuously increases as a result of cellular

debris. Thus, several different mechanisms

interact in producing fluid accumulation in the

ligated loop after denudation of the villi. Injury
to the rat intestinal wall by toxin A progressed

steadily and after six hours extensive necrosis of
the mucosa was observed, including pronounced
bleeding in the submucosa and tunica muscularis,
though the deeper part of the crypts seemed
unaffected. Toxin A also causes extensive
necrosis of the intestinal wall, both in the caecum
of hamsters"' and in the small intestine of
rabbits,9 though there is also a pronounced
inflammatory reaction in these animals.'" In the
present study in rats, however, no inflammatory
reaction was observed. Thus, the epithelial
damage seems to be the primary effect, whereas
the mediators of the inflammatory reaction prob-
ably enhance both the fluid secretion and the
tissue damage.'9
We found that the minimal dose of toxin A

necessary to elicit a maximal fluid response in
rat small intestinal loops was five to 10 times
lower than that reported for intestinal loops in
rabbits.89 Considering the potency and morpho-
logical effects of toxin A, the rat seems to be a
suitable species in which to study the action ofCl
difficile toxins. This contrasts with a previous
report that rats had been found to respond poorly
to toxin A,2" although in that study toxin A was
administered orally and fluid secretion was
measured as visible diarrhoea.
The low sensitivity of the crypts to the action

of toxin A is a feature common to all animal
models studied,9 8 and has also been observed in
biopsy specimens from humans.2' The present
work showed binding of toxin A to be limited to
the villi, and no toxin was evident in the crypts.
This absence of binding may explain why cells
from the crypts seem to remain unaffected. In
the colon, too, there was a relation between
binding of toxin A and tissue damage; only those
parts of the mucosa which showed binding of
toxin A were damaged. Toxin A may be blocked
from diffusing into the crypts or it may bind
preferentially to mature enterocytes, which
would explain why the intestine of infants is
unaffected by Cl difficile toxins.2223
The present results showed that toxin A does

not bind to goblet cells, which suggests that
specific toxin receptors present on the microvilli
region of the differentiated enterocyte are absent
from the goblet cell. A glycolipid containing the
sequence gal al-3 gal 3 1-4 glcNac, has been
suggested as the putative receptor for toxin A.24
Although we recently reported that fraction C
was more active than toxin A in an in vitro cell
test," in the present study it was found to be 15
times less active in the gut than toxin A. This
may be due to the sensitivity of fraction C to
proteases in the gut - these enzymes do not affect
the activity of toxin A." Fraction C caused
extensive shedding of cells in the mucosa of the
small intestine and, as discussed above with
regard to toxin A, this denudation of the villi may
explain the accumulation of fluid, though
fraction C caused less tissue damage than did
toxin A.

In contrast to previous reports,689 we found
that toxin B does induce accumulation of fluid.
The enterotoxic activity was highly unstable,
however, which may explain previous failures to
discover it. Histology showed that toxin B
induced moderate oedema without destruction
of the mucosal epithelium, changes which are
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a b

Figure 5: Cryostat sections processed to demonstrate toxin A immunoreactivity, using a
HRP-conjugated secondary antibody. Leucocytes in the lamina propria (LP) show non-specific
staining. V=villus; C=crypt region; M=tunica muscularis. (a) Loop exposed to toxin A, I [ig
for I hour, showing toxin A binding on epithelial cells throughout the villi (arrow), but no
binding in the crypts (arrow heads) (x 120). (b) Higher magnification ofa section similar to that
in Figure 5 (a) showing binding oftoxin A in the microvilli region of the enterocytes (arrows).
Goblet cells show no binding oftoxinA (arrow heads) (x300). (c)Jejunal loop exposed to toxin
A for I hour, incubated with pre-adsorbed immune serum. No specific immunoreactivity is to be
seen (x 100). (d) Loop injected with TES for I hour. The section has been incubated with
antitoxin A antibodies. No specific immunoreactivity is to be seen (x 100). (e) Loopfrom large
intestine exposed to toxin A, I pgfor I hour, showing binding oftoxin A in the upper part of
cells ofthe surface epithelium (arrow) ( x 200).

similar to those induced by cholera toxin and
Escherichia coli LT.25 Because of the instability of
its enterotoxic action, only fresh preparations of
toxin B can be used to study the possible
mechanisms, such as stimulation of cyclic
adenosine monophosphate or cyclic guanosine
monophosphate synthesis in the epithelial
cells.
The colon was appreciably less sensitive to the

action of these toxins, a finding which is in
agreement with those of previous studies." The
secretory effect of toxin B seems to be limited to
the small intestine, whereas toxin A was the only
toxin showing noticeable secretion and tissue
damage in the colon.
The broad spectrum of intestinal disorders

associated with Cl difficile (watery diarrhoea,
colitis, and pseudomembranous colitis) may be

the result of the dominant expression of one of
the toxins produced by this micro-organism (B,
C or A, or both, respectively).
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