










exposure (Fig. 8b and d). By contrast, when cells were first
exposed to either vinblastine or taxol (Fig. 8e and g), an agent
known to depolymerize or stabilize microtubules, respectively,
and subsequently to TDH for 18 h, no filopodia were detected
(Fig. 8f and h), cells maintaining the shape of untreated mono-
layers.

Nuclear shape and Golgi apparatus positioning, both mi-
crotubule dependent, are altered in TDH-treated cells. As
viewed by Hoechst staining in TDH-treated cells, although
chromatin distribution was unaffected, the nuclei showed a
bean-like appearance (Fig. 9a and b). The Golgi apparatus
appeared localized around the nucleus in control cells (Fig.

FIG. 6. TDH influences the cell cycle of IEC-6 cells. Histograms show DNA content of control cells (a, b, and d) and cells treated with 2.5 HU of TDH per ml (c
and e) for the time periods indicated. Note the augmented percentage of cells in S phase after 2 days of exposure to TDH.
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9c), whereas overnight TDH-treated cells exhibited a clear
shrinkage and condensation (Fig. 9d), with the Golgi apparatus
localized mainly in the nuclear cleft. After IEC-6 cells were
washed, the Golgi structure reverted to that of control cells
(data not shown).

DISCUSSION

In this work, we investigated the effect of TDH on IEC-6
cells, a normal cell line derived from rat crypt intestine. Our
results showed that in this cell line, the first response to the
hemolysin was an increase of intracellular calcium within 2 to
5 min after the addition of TDH in the extracellular medium.
EGTA was capable of inhibiting this cellular response, indi-
cating the extracellular calcium, not the cytosolic stores, as a
source of calcium ions. This permeabilization to calcium ions

could result from the formation of pores on the cell membrane.
In erythrocytes, TDH has been reported to acts as a pore-
forming toxin (11, 13, 23) causing membrane permeabilization
and colloidal osmotic lysis. However, although TDH has been
reported to induce calcium influx in cells other than erythro-
cytes (10, 18, 24), formation of pores in such cell lines has not
been reported. Thus, we cannot rule out the possibility that in
our cell model, TDH acts extracellularly, binding to a mem-
brane receptor and transducing a signal which, in turn, leads to
the opening of calcium channels. We may speculate that in
IEC-6 cells, TDH acts in a different way depending on the
toxin concentration. In particular, it could cause cell lysis at
high concentrations, acting as a pore-forming toxin, but simply
bind to a membrane receptor at low concentrations, thus hav-
ing less deleterious effect on cells.

FIG. 7. TDH provokes changes in actin and tubulin cytoskeletal networks in IEC-6 cells. Shown are fluorescence micrographs of cells stained for detection of F-actin
(a and b) and tubulin (c and d). (a and c) Control cells; (b and d) cells exposed to 2.5 HU of TDH per ml for 18 h. Both cytoskeletal elements are present in the filopodia.
Bar represents 10 mm.
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FIG. 8. Microtubule perturbants inhibit TDH-induced morphological changes in IEC-6 cells as viewed by fluorescence detection of F-actin. Cells were treated with
cytochalasin D (a and b), jasplakinolide (c and d), vinblastine (e and f), or taxol (g and h). Cells in panel b, d, f, and h were subsequently exposed to TDH for 18 h.
Note that only the microtubule-perturbing drugs are able to inhibit the formation of filopodia. Arrows indicate filopodia. Bar represents 10 mm.
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To our knowledge, all of the morphological changes due to
the hemolysin reported so far for cells other than erythrocytes
were represented by degeneration of the cells which, in most
cases, resulted in loss of viability (19, 24). By contrast, IEC-6
cells responded to TDH initially with an increase in cytosolic
calcium; when exposed to the hemolysin for a longer period of
time, they underwent reversible morphological alterations con-
sisting of mainly filopodium formation. Reversibility has also
been reported to occur in mouse myocardial and melanoma
cells (10), but only if cells were washed and incubated in TDH-
free medium not later than after 2.5 min of hemolysin expo-
sure. In contrast, in our model it was possible to revert all
observed effects irrespective of the length of treatment.

The microfilament system is known to be a preferential
target of bacterial protein toxins (2), while the tubulin has been
reported to be modified by only a few bacterial toxins and
always as a secondary target (6). While both systems, microtu-
bules and microfilaments, were present in TDH-induced filop-

odia, our results showed that the process of filopodium forma-
tion required the integrity of the microtubule network only.
Interestingly, Abrami and coworkers (1) reported that the
aerolysin produced by Aeromonas hydrophila, a toxin which
forms pores on cell membranes (for a review, see reference
17), induces vacuolation of the endoplasmic reticulum in a
tubulin-dependent fashion. TDH shares certain properties
with the aerolysin other than the tubulin-dependent morpho-
logical alteration in mammalian nucleated cells: hemolytic ac-
tivity, formation of pores, secretion of the protein as a dimer,
and molecular mass (46 kDa for TDH and 51 kDa for the
aerolysin). These characteristics may suggest that TDH and
aerolysin belong to the same group of toxins.

Another feature characteristic of IEC-6 cells exposed to
TDH was a decreased rate of progression through the cell
cycle. While control cells actively divided and grew in number,
TDH-treated cells showed no increase in cell number with
respect to the initial seeding. This is in accordance with the

FIG. 9. Nuclear shape and Golgi apparatus positioning are altered in TDH-treated IEC-6 cells. Shown are fluorescence micrographs of cells stained with Hoechst
33258 (a and b) or with NBD C6-ceramide (c and d) for Golgi detection. (a and c) Control cells; (b and d) cells exposed to TDH for 18 h. Bar represents 10 mm.

VOL. 67, 1999 TDH MODULATES CYTOSKELETON IN INTESTINAL CELLS 1147

 on S
eptem

ber 19, 2019 by guest
http://iai.asm

.org/
D

ow
nloaded from

 

http://iai.asm.org/


observation that the hemolysin, although it allows progression
of cells through the cell cycle, delays entry into the G2/M
phase. Moreover, we never observed in IEC-6 cells exposed to
TDH the extensive Golgi fragmentation which aids the parti-
tioning process occurring as cells enter M phase (16, 25); the
Golgi apparatus always appeared well compacted and localized
in the nuclear cleft. As for morphological changes, the involve-
ment of tubulin may be the common feature which influences
the cellular activities perturbed by TDH.

As a conclusion taking into account all of the above-re-
ported findings, we tentatively propose the following chain of
events. The first cellular response evoked by TDH in IEC-6
cells is a transient raise in calcium level, which accounts for the
hemolytic activity of the toxin. Since a permanent increase in
cytosolic calcium is not compatible with survival, presumably
cells are able to actively and rapidly extrude ions. If TDH
remains in the medium, cells need energy to continuously
pump out calcium, which would probably induce cell stress
phenomena. Signs of such a cellular response are the extrusion
of filopodia, typical of starved cells deprived of sufficient nu-
trients, and the marked decreased rate of progression through
the cell cycle. Once TDH is removed from the medium, cells
rapidly recover their growth characteristics and morphology,
exhibiting no apparent damage to the original cell shape and
physiology. Speculatively, the self-limiting diarrheal form of
disease caused by V. parahaemolyticus may be reconducted to
the above-reported cellular response observed in cultured in-
testinal cells.
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