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Abstract

Recently, a novel verocytotoxin named VT2y was described which belongs to the STx family and is produced by Escherichia coli isolated
from domestic poultry with swollen head syndrome (SHS). The VT2y toxin induced apoptosis in Vero, HeLa, CHO, CEF (primary chicken
embryo fibroblast) and PCK (primary chicken kidney) cell lines. Morphological evidence (nuclear shrinkage, chromatin condensation and
blebbing of the plasma membrane) of apoptosis could be distinguished in 15 min and was maximal at 1 h after treatment with VT2y. This
was confirmed by the terminal dUTP nick-end-labeling (TUNEL) method. ß 2001 Federation of European Microbiological Societies.
Published by Elsevier Science B.V. All rights reserved.
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1. Introduction

Swollen head syndrome (SHS) in avian species was ¢rst
described by Morley and Thomson [16] who attributed the
disease to a mixed infection with Escherichia coli and co-
ronavirus, paramyxovirus, or pneumovirus in which the
initial viral infection caused acute rhinitis that permitted
E. coli to invade the subcutaneous facial tissues [19]. This
acute respiratory disease observed in domestic poultry is
characterized by swelling of the peri- and infra-orbital
sinuses, torcicollis, opisthotonus and lack of coordination
[16,23]. Since the syndrome was described in South Africa,
in 1984, there has been progressive spread to many other
countries.

Verocytotoxin-producing E. coli (VTEC) are associated
with infant diarrhea, hemorrhagic colitis and hemolytic^
uremic syndrome in humans, dysentery in calves, edema
disease (ED) of pigs and, more recently, SHS in birds
[6,18,20,26]. VTEC strains produce one or more VTs:
VT1, and several variants of VT2. The VT2v is produced
by E. coli isolated from pigs with ED [11]. Recently Par-

reira and Yano [20] described a novel cytotoxin called
VT2y and sequencing of a 1560-bp DNA fragment of
VT2y showed that it contained the STx gene of Shigella
dysenteriae, but the region 300 bp upstream of the start of
the gene for the STxA subunit was identical to the corre-
sponding sequence for E. coli O111:H-, except for 1 nu-
cleotide, suggesting that VT2y is a member of the STx
family [22].

The aim of this study is to illustrate the morphological
and intracellular alterations induced in vitro by cytotoxin
VT2y in Vero, HeLa, CHO, HEp-2, PCK and CEF cell
lines.

2. Materials and methods

2.1. Bacterial strains

E. coli SHS-8 strain isolated from chickens with SHS
was used as a source of VT2y [21]. E. coli strain K12C600
was used as a negative control and strain J2 (O157:H-
VT2) was used as a source of VT2 (kindly donated by
Yoshifumi Takeda, Japan) in these experiments. All
E. coli strains were stored at 320³C in Luria^Bertani
(LB) [14] broth to which 15% glycerol was added.
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2.2. Puri¢cation of VT2y

The cytotoxin VT2y was puri¢ed [21], and protein con-
tent was assayed as described by Bradford [2].

2.3. Cytotoxicity assays

The cytopathic e¡ect (CPE) of puri¢ed VT2y was exam-
ined in Vero (African green monkey kidney), HeLa (hu-
man epitheloid cervical carcinoma), CHO (Chinese ham-
ster ovary), HEp-2 (human larynx epidermoid carcinoma),
PCK (primary chicken kidney) cell lines obtained from the
Laboratory of Cell Culture, DMI, UNICAMP, Brazil ;
CEF (chicken embryo ¢broblast) cells were generously
supplied by Fort Dodge Laboratories, Inc. Campinas,
Brazil. All cell lines were maintained as described by Mac-
Leod and Gyles [10]. The cells were grown at 37³C in
Eagle's minimal essential medium (EMEM) with Earle's
salts (Cultilab, Campinas, SP, Brazil), supplemented with
10% fetal bovine serum (FBS, Sigma, St. Louis, MO,
USA), penicillin (1000 U ml31) and streptomycin (250
Wg ml31). To determine cytotoxic activity [18], 100 Wl of
medium and 2U105 cells per well were placed in 96-well
plastic plates (Costar, Cambridge, MA, USA). After 24 h,
culture medium was aspirated and 150 Wl of fresh EMEM
without FBS, and 50 Wl (9 ng ml31) of puri¢ed VT2y were
added to each well. The plates were incubated at 37³C in a
5% CO2 atmosphere for 24 h. Morphological changes
were observed over the 24-h period and the test was scored
as positive if more than 50% of the cells exhibited cyto-
toxic e¡ects. Control E. coli strains were J2 (O157:H-VT2)
and K12C600.

2.4. Cellular viability assay

The cellular viability was determined using a neutral red
(2-amino-3-methyl-7-dimethyl-amino-phenazoniumchlo-
ride) assay [1].

The neutral red assay was performed in Vero, HeLa,
CEF, PCK and CHO cells. Puri¢ed VT2y cytotoxin was
applied to the cells and after 1 h, the medium was sub-
stituted with 0.2 ml of neutral red solution (50 Wg ml31)
per well and the plate incubated at 37³C in 5% CO2 for 3 h,
to allow for dye incorporation. Afterwards, the dye me-
dium was removed and each well was rapidly washed with
formol^calcium solution (10% formaldehyde and 10% cal-
cium chloride) to remove unincorporated neutral red; 0.2
ml of solution containing 1 ml acetic acid with ethanol
50% was added to each well and the plate kept for 15
min at room temperature to extract the dye from the cells.

Controls consisted of toxin-treated and untreated cells
but without addition of neutral red, (blank). Normal cells,
without addition of cytotoxin, but with addition of neutral
red, were utilized as controls of 100% with viable cells.

The color reaction was measured with an ELISA plate
reader (Multiskan Bichromatic) at 540 nm.

The CD50, was de¢ned as the minimum amount of
VT2y required to kill 50% of the cells (1 CD50), and
was determined from the toxin concentration resulting in
50% neutral red absorbance compared to control cells as
100%.

2.5. Determination of lactate dehydrogenase (LDH)

Leakage of the cytosolic enzyme LDH, was assessed [15]
to investigate whether VT2y a¡ected the integrity of the
plasma membrane of Vero cells. Medium from Vero cells
treated with 3 CD50 of VT2y or without VT2y was col-
lected after 15, 30, 60, 90 min and immediately chilled on
ice until measurement of LDH activity. A fraction of each
sample was added to a cuvette containing sodium pyru-
vate in 1 ml freshly prepared potassium phosphate bu¡er
(0.1 M, pH 7.4) and the mixture was equilibrated for 30
min at 37³C. The enzyme activity was determined spectro-
photometrically and the rate of enzyme leakage min31 was
calculated and expressed as percentage of total LDH ac-
tivity as compared to untreated control cells.

2.6. Morphological characterization of apoptosis induced by
VT2y in Vero, HeLa, CEF, PCK and CHO cells

The Vero, HeLa, CEF, PCK and CHO cells were grown
on coverslips in 24-well plates using 104 cells ml31 per well
in a volume of 1 ml. The plates were incubated at 37³C in
5% CO2. After 24 h, culture medium was aspirated and
replaced with 1 ml of fresh medium. Then, 3 CD50 VT2y
was added to each well, and incubated for the same time
intervals as in the LDH assay. After incubation, the cover-
slips were washed with PBS, ¢xed in 10% formaldehyde
solution in PBS for 1 h, then washed with distilled water
and stained with 0.025% toluidine blue in McIlvaine pH
4.0 bu¡er [13].

The coverslips were washed for 15 min with distilled
water, air-dried, cleared in xylene and mounted using En-
tellan (Merck, Germany).

2.7. DNA fragmentation assay in Vero cells

DNA fragmentation in VT2y-treated and untreated
Vero cells was investigated in situ by the terminal dUTP
nick-end-labeling (TUNEL) method using an In situ cell
death detection POD kit (Roche, Mannheim, Germany).
Experiments were performed according to the manufactur-
er's protocol.

3. Results

3.1. Cytotoxic activity

The VT2y was cytotoxic to Vero, HeLa, CEF, PCK and
CHO cells, but not for HEp-2 cells. By light microscopy
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the cytotoxin-a¡ected cells appeared round and shrivelled,
and the cells were dead within 1 h.

3.2. E¡ect of VT2y on cell viability

The neutral red assay showed that Vero cells were more
sensitive than other cells tested since 50% cell death was
observed in the presence of 0.1 ng ml31 VT2y. A linear
increase in the percentage of dead cells was found as pro-
tein concentration was increased within the range indi-
cated in Fig. 1.

3.3. LDH leakage

After 15 min minimal (5%) LDH leakage was observed
as compared to the control (Fig. 2), but by 60 min an
increase to 46% above control LDH leakage had occurred.

3.4. Kinetic study of the morphological alteration in Vero
cells induced by VT2y

The cytotoxin VT2y caused morphological alterations in
Vero cells, such as cytoplasm vacuolization, blebbing of
the plasma membrane, chromatin condensation within the
nucleus, nuclear shrinkage and apoptotic bodies within 15
min. The e¡ects became more pronounced with time to
a¡ect the majority of cells. By 1 h, 100% cell death was
observed (data not shown).

3.5. Detection of apoptosis in cells after treatment with
verotoxin (VT2y)

When cells were cultured in the presence of VT2y, they
showed condensed chromatin (Fig. 3B), cleaved nuclei
(Fig. 3C) and cytoplasmic blebbing (Fig. 3D), ¢ndings
typical of apoptosis. We also observed the presence of
cytoplasmic vacuoles in conjunction with apoptotic fea-

tures (Fig. 3C). However, none of these features occurred
in control cells (Fig. 3A).

The cleavage of nuclear DNA, a major feature of apo-
ptosis, occurred during VT-induced death of Vero cells, as
con¢rmed by in situ detection by the TUNEL method
(Fig. 4B). The same Vero cells clearly incorporated bio-
tinylated nucleotides, indicating the occurrence of DNA
fragmentation induced by VT2y, in contrast with control
cells (Fig. 4A).

4. Discussion

Programmed cell death, or apoptosis, is de¢ned by the
cell's ultrastructural morphology [7] and is characterized
by cell shrinkage, membrane blebbing, and condensation
of nuclear chromatin. These morphological changes are
accompanied by DNA fragmentation, and this form of
cell death is a natural process by which an organism re-
moves damaged or unnecessary cells. It may also be trig-
gered by external stimuli [12]. Recently, reports have
claimed that VTs induce programmed cell death, apopto-
sis, in cell lines such as Vero, MDCK [5,25] and others.

In our studies, we showed evidence of morphological
alterations characteristic of apoptosis (Fig. 3) in three
mammalian cell (Vero, HeLa and CHO) and two avian
cell lines (PCK and CEF), but not in HEp-2 cells. The
most sensitive line to VT2y was Vero cells (Fig. 1), prob-
ably due to receptor speci¢city of the cells, as it is known
that variants of VT2 are more cytotoxic to Vero cells than
HeLa cells [4] ; the receptor for VT1 and VT2 is globotrio-
syl ceramide (GB3) [9], whereas the preferred receptor for
VT2v is globotetraosyl ceramide (GB4) [24]. It will be
interesting to study the receptor for this toxin on the avian
cells PCK and CEF, since VT2y is produced by avian
E. coli strains. We also observed the presence of multiple
vacuoles in the cytoplasm of these cell lines (Fig. 3C), that

Fig. 1. E¡ect of treatment for 1 h of various concentrations of VT2y on
Vero, HeLa, PCK, CEF and CHO cells as determined by neutral red
assay. The experiment was repeated twice and mean values, þ S.D., are
shown.

Fig. 2. LDH leakage after VT2y exposure expressed as a percentage of
control values. The experiment was repeated twice and mean values,
þ S.D., are shown.
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simultaneously showed apoptotic features induced by
VT2y cytotoxin. The microscopic nuclear fragmentation
and incorporation of nucleotides shown by the TUNEL
method occurred following VT-treatment of Vero cells
(Fig. 4). By performing the LDH assay we veri¢ed a sim-
ilar time-response using 3 CD50 VT2y; marked apoptosis
e¡ects were also observed when cells were assessed using a
toluidine blue assay. Based on these data, we suggest that
the VT2y-induced cell death occurs by the apoptotic path-
way after plasma membrane damage.

Interestingly morphological evidence of apoptosis was
observed within 15 min and was maximal within 1 h of
toxin administration to Vero cells, which is considerably

more rapid than previously described for apoptosis in-
duced by VT2 in epithelial cells [8,27].

ED in pigs is caused by the toxin variant VT2v pro-
duced by E. coli [11]. This disease is characterized by ano-
rexia, edema of the eye-lids and neurological abnormal-
ities, such as lack of coordination and paralysis [3] ;
these characteristics, are similar in some respects to those
shown by chickens with SHS [17]. Here we observed that
VT2v induced apoptosis in Vero cells, but in contrast to
VT2y the morphological alterations of apoptosis were de-
tected 3 h after VT-treatment (data not shown). From this
evidence, a histopathological study of the action of VT2y
in vivo is necessary to determine whether apoptosis as a

Fig. 3. Light Microscopy. Vero cells incubated with culture supernatant from E. coli negative control strain K12C600 (A), and Vero cells 1 h after
VT2y treatment (B) showed chromatin condensation, (C) cleaved nuclei (small arrowhead) and cytoplasmic vacuolization (long arrow), (D) formation
of cytoplasmic blebbing. Bars, 10 Wm. These features are characteristic of apoptosis following treatment with VT2y.
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VT-mediated mechanism of cell damage is a major feature
in the pathogenesis of SHS.
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