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In rat intestinal crypt cells, Clostridium difficile toxin A induces (i) early cytoskeletal alterations involving the
whole population and (ii) late effects in 30 to 40% of the cells, consisting mainly of surface blebbing and nuclear
fragmentation. All these effects were Ca®* independent and were not abolished by protein synthesis inhibitors.

Clostridium difficile, the major etiological agent of antibi-
otic-associated pseudomembranous colitis (24), produces at
least two high-molecular-weight protein exotoxins, toxins A
and B, which are involved in the pathogenesis of the disease
(17). Toxin A is an enterotoxin which upon injection into
rabbit ileal loops elicits severe epithelial damage associated
with hemorrhage and fluid secretion (17). It is also a cyto-
toxin which acts intracellularly (12) by modifying a cytosolic
target that is probably involved in actin assembly (6-9). In
this study, we used IEC-6 cells which originate from normal
rat small intestinal tissue and display features of undifferen-
tiated crypt cells (22). Thus, they have a diploid karyotype
and a limited life span in vitro, show a strong density-
dependent inhibition of growth, and in contrast to all epithe-
lial cell lines used in toxin A studies so far (9) are not

tumorigenic. It has been speculated that the cells in rat
intestinal crypts may lack receptors for toxin A, since
binding of the toxin in vivo was limited to the villi in both the
small and the large intestines (26). However, the present
study shows that at least cultured crypt cells from the small
intestine do possess functional receptors for toxin A. The
exclusion of the toxin from crypts in vivo probably depends
on inhibited diffusion rather than a lack of receptors on crypt
cells.

Rat intestinal IEC-6 cells (ATCC CRL 1592) were culti-
vated in Dulbecco modified Eagle’s medium supplemented
with 5% fetal calf serum. Toxin A, prepared from C. difficile
VPI 10463 as previously described (8) and purified by the
method of Sullivan and coworkers (25), was kindly provided
by Paola Mastrantonio, Istituto Superiore di Sanita, Rome,

TABLE 1. Role of Ca?* in toxin A-induced cellular effects®

Incubation % of cells
Compound (reference) Dose (min) showing CPE

None (control, toxin A only) 100
Ca?* entry blockers

Verapamil (13) 160 uM 30 100

LaCl; (1) 130 pM 30 100
Ca®* jonophore A23187 (23) 25 WM 30 100
Intracellular Ca®* chelator Quin-2 (19) 25 uM 15 100
Calmodulin antagonists

Calmidazolium (20) 10 pM 30 100

Amitriptylin (3) 100 pM 30 100
Inhibitors of Ca®*-activated catabolic enzymes

Neomycin sulfate (4) 2.5 mM 60 100

Antipain (20) 500 pg/ml 30 100

Leupeptin (20) 500 pg/ml 30 100

“ Confluent monolayt_ars of IEC-6 cells in 96-well plates were pretreated at 37°C with each compound at the concentration and for the time indicated. The highest
dose of each drug causing no morphological modification of the cells was used. Then, the cells were exposed to 1.5 pg of toxin A per ml for 3 h, and the effect
of each compound on cellular intoxication was assessed microscopically and recorded as the percentage of cells showing the typical cytopathic effect (CPE). None

of the tested compounds could counteract toxin A activity.

* Corresponding author.
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FIG. 1. Scanning electron micrographs of control IEC-6 cells (a) and IEC-6 cells treated with 1.5 g of toxin A per ml for 3 h (b). All cells
exposed to the toxin underwent cell retraction and rounding. Some cells, in addition, showed surface blebbing (b). All cells bearing surface
blebs also showed nuclear fragmentation which was detected by light microscopy after the cells were stained with Hoechst 33258 (1 pg/ml
in PBS for 5 min at 37°C). Bright-field (c) and fluorescence (d) micrographs of the same field are shown. Bars: a and b, 10 pm; ¢ and d, 5 pm.
Panel e shows that both cell rounding and blebbing increased with time and were also dependent on toxin concentration. The percentage of
cells with fragmented nuclei was the same as that reported in panel e for blebbing cells. However, even by increasing the dose of the toxin
to 20 pg/ml, we never observed more than 40 to 50% of treated cells bearing surface blebs (data not shown). Symbols: m, blebbing cells,
exposed to 0.15 pg/ml; +, rounded cells, exposed to 0.15 pg/ml; *, blebbing cells, exposed to 1.5 pg/ml; B, rounded cells, exposed to 1.5

pg/ml.
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A per ml. The subpopulation of toxin-treated cells devoid of surface blebs was characterized by the polarization of the nucleus and a slight
dilation of the rough endoplasmic reticulum. In blebbing cells the morphological changes were dramatic (b). The nuclear membrane in some
cells showed convolutions and the chromatin was either marginalized (c) or condensed, with a clearly pyknotic appearance of the nuclei (d).
The rough endoplasmic reticulum membranes showed remarkable dilation and vesiculation, probably produced by fragmentation of the rough
endoplasmic reticulum (d). The bleb matrix contained ribosomes, normal and vesicular rough endoplasmic reticulum, and mitochondria (c).
For practical reasons, all these morphological effects which occurred in blebbing cells are denoted collectively as BERN. Bar, 2 um.

Italy. Amitriptylin was from H. Lundbeck & Co., Copen-
hagen, Denmark, and verapamil was from ACO, Solna,
Sweden. [methyl->H]thymidine (specific activity, 20.0 Ci/
mmol), [S-*H]uridine (specific activity, 31.6 Ci/mmol), and
Aquasol were from NEN. L-[4,5-*H]leucine (specific activ-
ity, 75 Ci/mmol) and monoclonal antibodies against 5-bromo-
2'-deoxyuridine (BrdU) were from Amersham (Buckingham-

shire, United Kingdom). All other compounds were from
Sigma Chemical Co., St. Louis, Mo. For scanning and
transmission electron microscopy, control and treated cells
were prepared as previously described (18). For detecting
cells in S phase, cells were loaded with BrdU for 5 h, fixed
with methanol (95%) plus acetic acid (5%) for 20 min in the
dark, and air dried. Then the cells were treated with HCI (1.5
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TABLE 2. Percentage of cells in S phase after
toxin A treatment®

Total toxin % of cells in
BrdU/toxin A treatment exposure S phase
time (h) (mean * SDY?
Control (BrdU only) 0 60.0 = 3.2
BrdU for 2 h before toxin A addition 3 60.0 + 5.8
BrdU and toxin A at the same time 5 58.0 + 4.7
Toxin A for 1 h before BrdU addition 6 455+ 2.5
Toxin A for 2 h before BrdU addition 7 357 +20
Toxin A for 3 h before BrdU addition 8 214 1.1

@ JEC-6 cells in 24-well plates were exposed to toxin A (1.5 pg/ml) for the
times indicated. The cells were loaded with BrdU and processed as described
in the text. After toxin A exposure for up to 5 h, the percent cells in S phase
was identical in control and treated cells, whether the BrdU was added before
or with the toxin. After longer toxin treatments, a decrease in the percent cells
in S phase was detected. However, the blebbing cells were either positive or
negative for BrdU, i.e., there was no correspondence (positive or negative)
between the blebbing phenomenon and the S phase of the cell cycle.

® Percentage of cells which incorporated BrdU after toxin A treatment.

N) for 10 min and washed with Triton X-100 (0.5% in
phosphate-buffered saline [PBS]). After incubation with a
monoclonal anti-BrdU antibody for 1 h at room temperature
and then with tetramethyl rhodamine isothiocyanate—anti-
mouse conjugate (diluted 1:20) for 1 h at 37°C, the cells were
washed in PBS, and the coverslips were mounted on glass
slides with Permount. The cytosolic free calcium concentra-
tion was assayed as previously described (19) with the
fluorescent indicator Fura-2/AM. The assays of precursor
incorporation in DNA, RNA, and protein were performed as
previously described (10).

The IEC-6 cells exposed to toxin A showed a cytoskeletal
response similar to that described for other cell types (6, 9).
Cytoskeletal changes can be caused by fluctuations in cyto-
solic Ca?* or alterations of Ca®*-binding proteins, including
calmodulin (20). C. difficile toxin B was reported to require
active calmodulin and uptake of extracellular Ca2* in order
to intoxicate human lung fibroblasts (3). By contrast, neither
Ca?* nor Ca®*-binding proteins or enzymes appeared to be
involved in the cellular response to toxin A (Table 1).
Accordingly, Lima and coworkers (16) observed that the
toxin A-induced cytopathic effect in CHO cells was not
affected by the Ca** channel blocker diltiazem or by the
calmodulin inhibitor trifluoperazine. Furthermore, the pri-
mary cytoskeletal alterations induced by toxin A in cultured
intestinal cells were not due to changes in the cytosolic Ca**
level since, when measured by fura-2 (11), the cytosolic
Ca?* concentration was unmodified in IEC-6 cells within 1 h
of exposure to the toxin (data not shown). Parallel experi-
ments with Y1 cells indicated that the lack of effect on
cytosolic Ca®* was not restricted to IEC-6 cells. In contrast
to these findings, toxin A was reported to stimulate intracel-
lular Ca®* release in human granulocytes within 3 s (21).
This rapid effect is suggestive of a transmembrane activation
immediately upon contact with toxin A. It can be dependent
on the peculiar characteristics of granulocytes and not
related to the cytoskeletal alterations which require toxin
internalization.

The blebbing phenomenon induced by C. difficile toxin B
in various types of cultured cells (18), including IEC-6 cells,
has been observed previously (unpublished observations).
By contrast, toxin A has so far been described as causing
blebbing only in IEC-6 (Fig. 1). Although the general modes
of action of the two toxins are very similar (4), they act
differently on the associations between actin and actin-
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FIG. 3. Influence of cycloheximide (CHX) and actinomycin D
(AcD) on toxin A-induced blebbing in IEC-6 cells. The cells were
treated either with 50 pg of CHX or with 10 pg of AcD per ml for 30
min before the addition of 1.5 pg of toxin A per ml. The mean
percent blebbing cells + standard deviation was scored at the times
indicated. In toxin A-treated cells, both drugs strongly increased the
proportion of blebbing cells. Symbols: m, toxin A alone; +, CHX
alone; *, CHX plus toxin A; B, AcD alone; X, AcD plus toxin A.

binding proteins (6, 8, 18) and with respect to Ca®>* involve-
ment (3). Speculatively, these last findings could explain
why the toxin B-induced blebbing occurred as a more
general response in different cell types. Since the blebbing,
endoplasmic reticulum, and nuclear change (BERN) effects
caused by toxin A (Fig. 2) are present only in a fraction of
treated cells, they cannot be merely a consequence of the
general cytoskeletal breakdown. Moreover, the BERN re-
sponse was linked neither to the cell cycle (Table 2) nor to
the age of the cells in vitro (the number of passages), and the
response was similar whether the cells were sparsely grow-
ing or the cultures were confluent (data not shown). Thus,
the reason why only a cell fraction shows surface blebs
remains to be defined. Since IEC-6 cells have the potential to
differentiate in vitro into adsorptive and secretive cells,
respectively (14), the different responses may be due to the
concomitant presence in the culture of cells in different
stages of spontaneous differentiation. Another reason may
be a different stage of cell aging, mainly in terms of an
unbalance in the enzyme machinery, which is known to
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TABLE 3. Effect of toxin A on macromolecular synthesis®

Time (h) % of cells % Precursor incorporation in°:

of toxin showing

exposure CPE® DNA RNA Protein
0 0 100 100 100
1 0 111.5 = 153 102.8 £9.06 97.1 + 8.50
3 100 95.2 = 9.30 80.4 + 5.22 102 + 10.5
6 100 51.8 + 3.88 56.7 £ 5.97 80.6 =19.1

2 Confluent monolayers of IEC-6 cells in 24-well plates were exposed for
the times indicated to toxin A diluted in growth medium to 1.5 pg/ml at 37°C.
Each experiment included six control cultures and triplicate toxin-treated
cultures for each time point. Each experiment was performed at least three
times. Toxin A in itself did not inhibit protein synthesis within the first 3 h of
exposure, and RNA synthesis was only slightly depressed as measured by the
incorporation of radiolabelled leucine and uridine, respectively. In addition, a
decrease in thymidine incorporation in DNA was seen only after 6 h, when the
rounding up had developed in 100% of the cells, and the inhibition was
complete after 24 h (data not shown).

® CPE, cytopathic effect.

€ Results were calculated as counts per minute per microgram of protein
and expressed as percents (means * standard deviations) of similarly treated
controls in which toxin treatment was omitted.

counteract several degenerative processes including bleb-
bing (for a review, see reference 5). The BERN effects
closely resemble those seen in apoptosis induced by various
agents (27) such as the phosphatase inhibitor okadaic acid
(2), which is also a diarrheogenic toxin. Apoptosis has
traditionally been associated with programmed cell death, in
which dependence on active synthesis of mRNA and protein
has been considered a cardinal feature. However, protein
synthesis does not seem to be required in all instances (15).
Toxin A-treated cells were actually sensitized to cyclohex-
imide and actinomycin D, which inhibit synthesis of protein
and mRNA, respectively (Fig. 3). These metabolic inhibitors
might confer an additional stress on the exposed cells, which
results in blebbing of a larger cell population. However, as
shown in Table 3, toxin A in itself did not inhibit protein or
DNA synthesis before the development of the cytoplasmic
effect, and RNA synthesis was only slightly depressed.
Thus, it seems that the toxin A-induced depression of
macromolecular synthesis can be a consequence but not
the cause of the cytoplasmic effect and/or the BERN re-
sponse.

In conclusion, our data strongly suggest that the cytoskel-
etal changes induced by toxin A are achieved without any
measurable effects on the cellular Ca®>* homeostasis. The
reason why IEC-6 cells exposed to toxin A undergo cell
death through two morphologically separated pathways is
now under investigation. Taking into account the character-
istics of these crypt cells, we propose IEC-6 cells as a useful
cell model for studies on the cellular mode of action of
enterotoxins.
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