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Campus de Bellvitge, Universitat de Barcelona-IDIBELL, Spain
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Abstract

Epsilon toxin (e-toxin), produced by Clostridium perfringens types B and D, causes fatal enterotoxaemia in livestock. The

disease is principally manifested as severe and often fatal neurological disturbance. Oedema of several organs, including

the brain, is also a clinical sign related to microvascular damage.

Recombinant e-toxin–green fluorescence protein (e-toxin–GFP) and e-prototoxin–GFP have already been characterised

as useful tools to track their distribution in intravenously injected mice, by means of direct fluorescence microscopy

detection. The results shown here, using an acutely intoxicated mouse model, strongly suggest that e-toxin–GFP, but not e-
prototoxin–GFP, not only causes oedema but is also able to cross the blood–brain barrier and accumulate in brain tissue.

In some brain areas, e-toxin–GFP is found bound to glial cells, both astrocytes and microglia. Moreover, cytotoxicity

assays, performed with mixed glial primary cultures, demonstrate the cytotoxic effect of e-toxin upon both astrocytes and

microglial cells.

r 2007 Elsevier Ltd. All rights reserved.

Keywords: Clostridium perfringens; Epsilon toxin; Blood–brain barrier; Astrocyte; Microglia

1. Introduction

Epsilon toxin (e-toxin) is one of the most potent
clostridial toxins. It is produced by Clostridium

perfringens types B and D and causes fatal
enterotoxaemia in sheep, goats and, occasionally,

calves and other animals, resulting in heavy
economic losses (Payne and Oyston, 1997). C.

perfringens can be found in the intestine of most
animals, and small amounts of e-toxin in the gut of
healthy animals are considered harmless. Clinical
disease occurs when the microbial balance in the gut
is disrupted, often as a consequence of changes in
diet, and large amounts of this toxin are produced.
e-Toxin is synthesised and secreted as an inactive
prototoxin of 311 amino acids (32.7 kDa) that is
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converted to the fully active toxin by proteolytic
cleavage of N- and C-terminal peptides of 14 and 23
residues, respectively (Bhown and Habeerb, 1977;
Minami et al., 1997). This proteolytic activation is
achieved in the intestinal lumen of infected animals
by the actions of trypsin and chymotrypsin. It is
accepted that e-toxin compromises the intestinal
barrier and enters the gut vasculature from which it
is distributed systemically, causing widespread
vascular endothelial damage and oedema.

Circulating e-toxin accumulates preferentially in
the kidneys and in the brain. Several studies support
the existence of an e-toxin receptor in the brain,
where toxin binding and its effects are completely
counteracted by prototoxin (Buxton, 1978a, b;
Nagahama and Sakurai, 1991). In contrast, only a
minute amount of e-toxin is displaceable in the
kidneys, where we reported a specific binding
component to distal tubules (Soler-Jover et al.,
2004). In fact, the most e-toxin-sensitive cell line to
date is the Madin–Darby canine kidney (MDCK)
cell line of epithelial origin from the distal con-
voluted tubule (Payne et al., 1994). MDCK cells
exposed to e-toxin undergo both cell cycle altera-
tions and morphological changes (Petit et al., 1997;
Borrmann et al., 2001; Donelli et al., 2003).
Cytotoxic effects are correlated with the forma-
tion of a membrane complex of �155 kDa, which
causes a decrease in epithelial membrane barrier
permeability, without entry of the toxin into the
cytosol (Petit et al., 2001, 2003). Those previous
functional studies, together with the recent eluci-
dation of the e-toxin crystal structure, permitted
its classification in the b-pore-forming-toxin fa-
mily, showing marked structural similarities with
the Aeromonas hydrophila aerolysin (Cole et al.,
2004). Although toxicology studies have been
performed with several cell cultures in vitro, at
present, besides MDCK cells, only guinea-pig
peritoneal macrophages and G-402 cells from
human kidney origin have been identified, to our
knowledge, as e-toxin-sensitive cells (Buxton,
1978a, b; Shortt et al., 2000).

Different animal species have been used as
models to elucidate several aspects of e-toxin
toxicity, mice being broadly used. Finnie (2004)
nicely and exhaustively compiled neurological
disorders produced by e-toxin in both natural hosts
and experimental animal models. As pointed out
above, circulating e-toxin specifically binds to renal
epithelial distal tubule cells and to cerebral en-
dothelia, where it may exert a direct effect by

permeabilising the blood–brain barrier (BBB).
Perivascular cerebral oedema has been described
in various species, including sheep (Buxton,
1978a, b; Uzal et al., 2004), calves (Uzal et al.,
2002), rats (Finnie et al., 1999; Ghabriel et al., 2000)
and mice (Morgan et al., 1975; Finnie, 1984; Finnie
and Hajduk, 1992), and several reports have pointed
to the alteration of BBB properties after injection of
e-toxin in animal models (Worthington and
Mulders, 1975; Ghabriel et al., 2000; Finnie, 2004).

The work reported here shows e-toxin–GFP brain
distribution in an acutely intoxicated mice model.
Direct fluorescence tracking of the toxin demon-
strated the toxin’s ability to bind to cerebral blood
vessels inducing severe perivascular oedema, to
cross the BBB and to accumulate in the brain
parenchyma where binding to glial cells is also
occasionally detected. For the first time, a cytotoxic
effect of e-toxin upon glial cells is also shown.

2. Materials and methods

2.1. cDNA constructs, protein expression and

purification

Based on a previously described plasmid contain-
ing the cDNA for the e-prototoxin (Soler-Jover
et al., 2004), we generated an expression vector to
produce a recombinant fusion protein consisting of
glutathione S-transferase (GST)–EGFP–e-proto-
toxin. The cloned e-prototoxin cDNA encodes for
the protein from the amino acid K46 to the end of
the molecule. The resulting e-prototoxin has the
N-terminal peptide already eliminated, but it
remains inactive. Once the recombinant protein is
produced, and the GST is eliminated by thrombin
cleavage, e-toxin can be activated by trypsin, which
eliminates the C-terminal residues (Fig. 1). Conse-
quently, with the use of a sole expression vector we
can obtain the two recombinant proteins: EGFP–
e-prototoxin and EGFP–e-toxin (here named
e-prototoxin–GFP and e-toxin–GFP, respectively).

Finally, the expression vectors encoding either
e-prototoxin or EGFP–e-prototoxin were trans-
formed into a RossetaTM(DE3)pLysS Escherichia

coli strain for optimum protein expression.
The expression of e-prototoxin and e-prototox-

in–GFP recombinant proteins was induced over-
night (O/N) at room temperature (RT) in 250ml LB
medium cultures containing 0.4mM isopropyl-b-D-
thiogalactopyranoside. Cells were pelleted and
resuspended in ice cold PBS containing 1% Triton
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X-100, 0.1mg/ml phenylmethyl-sulphonylfluoride,
10 mg/ml aprotinin and 10 mg/ml leupeptin, and were
sonicated and then centrifuged at 15,000g for
20min. The resulting supernatant was incubated
with 0.5ml of previously PBS-equilibrated glu-
tathione Sepharose 4B beads (Amersham GE
Healthcare Europe GmbH, Spain) for 1 h at 4 1C.
Finally, recombinant proteins were eluted by
thrombin cleavage in 10mM Tris–HCl, pH 8.0,
with 150mM NaCl and 2.5mM CaCl2, according to
the manufacturer’s instructions.

e-Toxin and e-toxin–GFP were obtained by
trypsin proteolysis of e-prototoxin and e-prototoxin–
GFP, respectively, using trypsin beads (Sigma-
Aldrich, Madrid, Spain), according to the
manufacturer’s instructions.

2.2. In vivo studies in a murine model

Male OF1 Swiss mice weighing 20 g were
anaesthetised with ketamine (100mg/kg) and xyla-
zin (10mg/kg) administered intraperitoneally.
e-Toxin–GFP and e-prototoxin–GFP were prepared
in PBS with 1% BSA and injected intravenously
into the tail vein. Injection doses were 2.5 mg/g per
mouse. All animals injected with e-toxin–GFP died
between 5 and 8min after injection. Animals
injected with either e-prototoxin–GFP or GFP
alone were killed after 7min. In some experiments,
mice were co-injected with e-toxin–GFP or
e-prototoxin–GFP together with 200 mg BSA-Alexa
647. In other cases, mice were injected with 1.65mg/g

e-prototoxin simultaneously with 2.5 mg/g e-proto-
toxin–GFP or e-toxin–GFP (10:1 molar ratio).
Finally, some animals were co-injected with e-toxin
together with GFP.

Brains were extracted, fixed by immersion in 4%
paraformaldehyde for 12 h, immersed in 30%
sucrose, frozen in isobutanol and cut into 10 mm
slices in a cryostat. Some slices were immediately
mounted on slides using Immuno Floure Mounting
Medium (ICN Biomedicals; Costa Mesa, CA), and
observed under a Leica TCS 4D confocal micro-
scope (Serveis Cientı́fico-Tècnics, UB-IDIBELL).
Alternatively, other slices were processed for im-
munofluorescence experiments. In these cases, non-
specific binding was blocked by incubating the slices
in PBS containing 10% normal goat serum (NGS)
and 0.2% gelatin 1 h at RT. Either primary anti-
GFAP polyclonal antibody-recognising astrocytes
(1/500) or biotin-labelled tomato lectin reacting
with microglia (1/50) was added and incubated O/N
at 4 1C in the same buffer containing 1% NGS.
Secondary goat anti-rabbit antibody labelled with
Alexa 546 (1/500) or Streptavidin Alexa 546
(1/1000) was incubated for 1 h before the final
washing and mounting of the slides.

All animal experiments were carried out in
accordance with the Guidelines of the European
Union Council (86/609/EU), following Spanish
regulations (BOE 67/8509-12, 1988) for the use of
laboratory animals, and were approved by the
Ethics and Scientific Committees of the Hospital
Clı́nic, Barcelona, and the University of Barcelona.
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Fig. 1. Schematic drawing of native and recombinant e-prototoxin and e-toxin. e-Prototoxin is converted to the fully active toxin by

proteolytic cleavage of N- and C-terminal ends. Trypsin cleavage sites are indicated with white arrows. Recombinant e-prototoxin proteins

were generated as fusion proteins with the GST (from pGEX-4T-1 vector), with or without GFP, and lacking the N-terminal peptide

(e-prototoxin starting at the amino acid K46). Once expressed and purified, the recombinant proteins were incubated with thrombin to

remove the GST (black arrows) and the resulting e-prototoxin or GFP–e-prototoxin was used for the experiments. Trypsin incubations

were performed on these proteins to generate active e-toxin or GFP–e-toxin.
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2.3. Glial cell cultures

Mixed glial cultures were prepared from 1- or
2-day-old neonatal C57BL/6 mice (Charles River,
Lyon, France). The cerebral cortices were dissected,
carefully stripped of their meninges and digested
with 0.25% trypsin for 25min at 37 1C. Trypsinisa-
tion was stopped by adding an equal volume of
culture medium [Dulbecco’s modified Eagle med-
ium-F-12 nutrient mixture, 10% foetal bovine
serum, 100U/ml penicillin, 100 mg/ml streptomycin
and 0.5 mg/ml amphotericin B (Fungizones)] to
which 0.02% deoxyribonuclease I was added. The
solution was pelleted (5min, 200g), resuspended in
culture medium and brought to a single-cell
suspension by repeated pipetting followed by
passage through a 105 mm pore mesh. Cells were
seeded at a density of 250,000 cells/ml
( ¼ 62,500 cells/cm2) and cultured at 37 1C in a
humidified atmosphere containing 5% CO2. The
medium was replaced every 5–7 days. Cultures
reached confluency after 7–10 days in vitro and were
used between the 12th and 15th days in vitro. At this
point, they typically consisted of 75% type-I
astrocytes and 25% microglia.

In all the cases, the medium was changed to 0.5%
FBS 24 h prior to treatments.

2.4. Cell viability studies

Relative cell viability and cytotoxic measurements
were assessed by MTT [3-(4,5-dimethylthiazolyl-2)-
2,5-diphenyltetrazolium bromide] reduction. One
hour before the end of the treatments, MTT was
added and, after one more hour of incubation, cells
were lysed and read at 550 nm.

Glial cell viability in cultures was also routinely
estimated using propidium iodide (PI) fluore-
scent staining. At each point after toxin treatment,
cells were washed with standard Locke’s solution
before and after incubation with 4.6 mg/ml PI for
5min, and then examined under a fluorescence
microscope (Olympus IX70). PI-positive dead cells
showed red nuclei. Images of 2–4 microscopic fields
in each well were obtained with a digital camera
(ColorView 12) using a 20� objective. Three wells
per experimental condition were processed and each
experimental condition was repeated at least four
times.

In some cases, cells were then fixed with 4%
paraformaldehyde and processed as described next.

2.5. Lectin staining and immunofluorescence in cell

cultures

To identify cells killed by the e-toxin in mixed
glial cultures, immunofluorescence was performed
using specific markers for each glial cell type.
Rabbit anti-GFAP polyclonal antibody and bio-
tin-labelled tomato lectin were used to identify
astroglial and microglial cells, respectively. Cells
grown on culture plates were fixed and permeated,
and non-specific staining was blocked by incubating
the cells with 5% NGS in PBS with 1% BSA for
20min at RT. Cells were incubated O/N at 4 1C with
either rabbit anti-GFAP polyclonal antibody
(1/100) or tomato lectin (1/400). After rinsing with
PBS, cells were incubated for 1 h at RT with
fluorescent secondary antibodies: goat anti-rabbit
Alexa 488 (1/1000) for the rabbit anti-GFAP
polyclonal antibody, and FITC-streptavidin (1/400)
for tomato lectin. Microscopy images were obtained
with an Olympus IX70 microscope (Japan) and a
digital camera (CC-12, Soft Imaging System GmbH,
Germany).

3. Results

3.1. e-Toxin–GFP permeabilises brain capillary

endothelia and crosses the blood–brain barrier after

intravenous injection in mice

Mice injected with e-toxin–GFP died between 5
and 8min after injection. Mice injected either with
e-prototoxin–GFP or GFP alone were killed 7min
after injection.

Direct fluorescence microscopy observation of
cryostat slices from brains revealed accumulation of
both e-prototoxin–GFP (Fig. 2A) and e-toxin–GFP
(Fig. 2B) on the luminal surface of the vascular
endothelium of many blood vessels in all brain
areas. In the case of e-toxin–GFP, fluorescence was
also detected in the brain parenchyma surrounding
some blood vessels (Fig. 2B), suggesting that e-toxin,
but not e-prototoxin, is able to cross the BBB.

Fluorescence labelling in brain endothelia dimi-
nished drastically when an excess amount of
e-prototoxin was injected simultaneously with
e-prototoxin–GFP (Fig. 2C) or with e-toxin–GFP
(data not shown). This indicates the specificity of
the toxin binding to brain endothelia.

No fluorescence was detected in the brains of
animals injected with GFP alone or in combination

ARTICLE IN PRESS
A. Soler-Jover et al. / Toxicon 50 (2007) 530–540 533



with e-toxin or e-prototoxin (supplementary data
Fig. S1).

To check the integrity of the BBB in the presence
of e-toxin and e-prototoxin, we performed experi-
ments in which BSA labelled with Alexa-647 was
co-injected with the same doses of toxin or
prototoxin indicated above. In e-prototoxin–GFP-
injected animals, green fluorescence was associated
with endothelia, as seen above, and all the red
fluorescence, corresponding to BSA, was detected
inside the blood vessels (Fig. 3A, C, E). In the case
of e-toxin–GFP-injected animals, we detected both
green and red fluorescence in the brain parenchyma
surrounding blood vessels (Fig. 3B, D, F). However,

while BSA accumulated perivascularly, confined to
the vessels’ vicinity and surrounded by the astro-
cyte’s perivascular end-feet, e-toxin–GFP entered
deep into the brain parenchyma (Fig. 3B, D, F and
supplementary data Fig. 2S).

These results indicate that e-toxin–GFP permea-
bilises the BBB but is also able to cross it and
accumulate in the brain parenchyma.

To better define the pattern of e-toxin accumula-
tion outside the blood vessels, we performed
immunofluorescence using antibodies against GFP
in order to increase the fluorescence intensity and
evidence the presence of GFP even at low amounts.
With these experiments, we found fluorescence
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Fig. 2. Localisation of e-prototoxin–GFP and e-toxin–GFP in brain after i.v. injection in mice. Mice were i.v. injected with

e-prototoxin–GFP or e-toxin–GFP and their brains were processed for cryostat sectioning and examined under a fluorescence confocal

microscope. e-Prototoxin–GFP was detected on the luminal surface of the vascular endothelium (arrows) in all brain areas examined (A),

while e-toxin–GFP was detected on vascular endothelia (B, arrows) and also outside the vessels, scattered throughout the brain tissue (B,

arrowheads). Co-injection of e-prototoxin–GFP with an excess of e-prototoxin drastically diminished brain fluorescence (C). Scale bars

correspond to 40 mm in (A) and (B) and to 20 mm in (C).
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Fig. 3. Localisation of Alexa 546-labelled BSA in blood vessels after e-prototoxin–GFP or e-toxin–GFP i.v. injection in mice. Mice were

i.v. injected with e-prototoxin–GFP (left column) or e-toxin–GFP (right column) in combination with Alexa 546-labelled BSA, and brains

were processed for cryostat sectioning and examined under a fluorescence confocal microscope. Green fluorescence corresponds to

e-prototoxin–GFP (A, E) or e-toxin–GFP (B, F) and red fluorescence corresponds to BSA (C–F). Notice that while in e-prototoxin–GFP-

injected mice BSA remained confined to the blood vessel’s lumen (C, E), in the case of e-toxin–GFP-injected animals it leaked out of the

vessels (D, F), although at a close distance from the blood vessels. Scale bars correspond to 10 mm in the left-hand images and to 20mm in

the right-hand ones.
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Fig. 4. Localisation of e-toxin–GFP on glial brain cells after i.v. injection in mice. Double immunofluorescence was performed on mice

brain sections after e-toxin–GFP i.v. injection using anti-GFP antibody (A, B) in combination with anti-GFAP for astroglia (C) or biotin-

conjugated tomato lectin for microglia (D). Overlay images demonstrate co-localisation in both cases (E, F). Scale bars correspond to

20mm in the left-hand images and to 10 mm in the right-hand ones.
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associated with glial-shaped morphology. To deter-
mine whether these glial-shaped structures actually
corresponded to any glial cells, we performed
double labelling experiments using anti-GFAP
antibodies for astrocytes, and, for microglial cells,
tomato lectin together with the anti-GFP antibody
(Fig. 4).

Among all the astrocytes marked in red with anti-
GFAP antibodies, some of them also showed GFP
accumulation (Fig. 4A, C, E). Similarly, some cells
labelled with tomato lectin also showed anti-GFP
fluorescence (Fig. 4B, D, F).

These results indicated that both astroglia and
microglia are able to bind e-toxin–GFP in vivo.

3.2. e-Toxin causes cell death in primary glial cell

cultures

To investigate the effect of e-toxin on astroglial
and microglial cells, we used mixed glial primary cell
cultures. MTT cell death assays were performed by
exposing the cells to either 250 nM e-prototoxin or
increasing concentrations of e-toxin (5, 50 and
250 nM), for different periods of time (1, 2, 4, 8,
12 or 24 h).

No significant cytotoxicity was detected either for
e-prototoxin or for 5 nM e-toxin, but a marked
cytotoxic effect appeared for both 50 and 250 nM
e-toxin. For the highest dose, this effect appeared in
the first hour of incubation, reached a maximum of
about 13% at 8 h and remained unmodified after 12
or 24 h of incubation (Fig. 5).

The experiment was done three times and
triplicates of each condition were done for each
experiment.

3.3. e-Toxin kills both astrocytes and microglial cells

In order to identify the cell type that was being
killed by e-toxin in these mixed glial cultures, we
performed immunofluorescence experiments com-
bined with PI dead cell nuclei labelling. After
exposing the cells to either e-prototoxin (50 nM) or
e-toxin (50 or 250 nM) for 4 h, dead cells were
selectively labelled with PI. After fixing the cells, we
performed immunofluorescence studies using anti-
GFAP antibodies for astrocyte staining and tomato
lectin for microglial cells. As shown in Fig. 6, PI was
accumulated on both cell types, at the two e-toxin
concentrations assayed, indicating that e-toxin is
cytotoxic for both cell types in mixed glial cultures,
although a subtle preference was detected for

microglial cells. Moreover, no significant PI accu-
mulation was detected when cells were incubated
with e-prototoxin.

4. Discussion

Pathogenesis of brain damage by C. perfringens

e-toxin depends on the amount of circulating toxin.
In sheep, large doses of toxin produce severe and
generalised vasogenic oedema and an acute or
peracute clinical course to death. In contrast, with
lower doses or in partially immune animals, focal
necrosis, often bilaterally symmetrical, occurs (Uzal
et al., 2002; Finnie, 2003). Perivascular cerebral
oedema and BBB alterations have also been
described in other species.

We have devised a fluorescent recombinant tool
that allowed us not only to investigate e-toxin
effects, but also to determine e-toxin distribution in
an acutely intoxicated mice model. It was already
known that intravenously injected e-toxin preferen-
tially accumulated in kidneys (Nagahama and
Sakurai, 1991), where we identified a specific,
displaceable binding component to distal tubules,
which caused severe kidney alterations (Soler-Jover
et al., 2004). Specific binding to vascular endothelia,
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Fig. 5. Cytotoxic effect of e-toxin on glial cells. MTT cell death

assays were performed on mixed glial primary cell cultures by

exposing the cells to 250 nM e-prototoxin (open circles), e-toxin at

5 nM (black triangles), 50 nM (black squares) or 250 nM (black

circles) for different periods of time (1, 2, 4, 8, 12 and 24 h).

Results are expressed as the mean and standard error of

percentages of cell death in each experimental condition. This

graph corresponds to one out of three representative experiments.
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mainly in the brain, was also reported by means of
direct fluorescence detection (Soler-Jover et al.,
2004). In the present work, we have focused on
e-toxin distribution in the brain of mice acutely
intoxicated with the toxin. High doses of e-toxin–
GFP or e-prototoxin–GFP were used to track these
compounds in mice brains after intravenous injec-
tion. Animals died 5–8min after injections of
e-toxin–GFP, showing the lethal efficiency of this
toxin construct in mice. However, the animals did
not show the convulsive episodes expected from the
proposed excitotoxic activity of the toxin (Miyamo-
to et al., 1998, 2000). This might be due to the
previous administration of ketamine to the animals,
an antagonist of NMDA glutamate receptors, in
keeping with the anaesthetic protocol (Miyamoto
et al., 1998). As a result, the neuronal death
reported in rats injected with sublethal doses of
e-toxin (Miyamoto et al., 1998; Finnie et al., 1999)
was not evident in the brains of mice injected with
high doses of e-toxin–GFP compared with the
control animals injected with e-prototoxin–GFP
(data not shown). However, we cannot rule out

differentiated behaviour among species. Neverthe-
less, intravenous injection of either e-toxin–GFP or
e-prototoxin–GFP, along with fluorescence-labelled
BSA, confirmed proteinaceous oedema induced by
e-toxin. e-Prototoxin–GFP-injected mice showed
green fluorescence—that is, e-prototoxin–GFP
binding—on the luminal surface of vascular en-
dothelial cells, with BSA confined to the blood
vessel lumen. On the contrary, in e-toxin–GFP-
injected animals, BSA crossed the endothelial layer
and accumulated perivascularly, a well-defined
histopathological event of oedema. e-Toxin–GFP
was also able to pass through the endothelium and,
interestingly, was distributed far beyond the bound-
aries within which BSA was confined. Astrocytic
perivascular end-feet clearly limited the BSA extra-
vasation but they did not limit e-toxin–GFP
distribution in the brain parenchyma. Oedema was
diffuse, although e-toxin–GFP spreading into the
brain tissue occurred preferentially in the midbrain,
the cerebellum and cerebellar peduncles, areas in
which histopathological changes were described
following e-toxin intoxication (Finnie, 1984; Uzal

ARTICLE IN PRESS

Fig. 6. Identification of the cell type killed by e-toxin in mixed glial primary cell cultures. Mixed glial cell cultures were exposed to 50 nM

e-prototoxin (A, B, G, H), 50 nM e-toxin (C, D, I, J) or 250 nM e-toxin (E, F, K, L) for 4 h. Propidium iodide (PI) was then added for 5min

to stain dead cell nuclei (B, D, F, G–L). To identify the cell type that was being killed by e-toxin, tomato-lectin staining of microglial cells

(G, I, K) and immunofluorescence against GFAP for astrocytes (H, J, L) were performed. Cells from both cell types showed PI nuclei

accumulation in the presence of e-toxin. The scale bar corresponds to 20 mm in (G–L) images.
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et al., 2002, 2004). Co-injection of e-toxin–GFP with
a 10 molar excess amount of e-prototoxin prevented
e-toxin–GFP binding and distribution, confirming
that both proteins compete for the same binding
sites at the vascular endothelia. Moreover, no green
fluorescence was detected when GFP was injected
alone or in combination with non-labelled e-toxin,
demonstrating that GFP per se does not have any
binding capability in the brain. This diffuse,
vasogenic cerebral oedema causes fatal effects in
the brain and it has been pointed out as the primary
effect of e-toxin in the brain of animals intoxicated
with large doses of e-toxin (Finnie et al., 1999).
However, the entrance and distribution of e-toxin in
brain tissue reported here might contribute to our
understanding of some of the classic neurological
signs associated with e-toxin poisoning, such as
convulsions, that could be induced by direct
interaction of e-toxin with brain cells.

In order to increase fluorescence microscopy
sensitivity, we incubated some slices with an anti-
GFP antibody to allow us to visualise otherwise
undetectable amounts of e-toxin–GFP. The immuno-
fluorescence approach revealed a pattern of fluores-
cence resembling a glial shape. When performing
double labelling with different anti-glial cell markers,
some astrocytes and microglial cells in which both
labels co-existed were detected, indicating that at least
part of the e-toxin–GFP was bound to those cell types.
We propose that astrocytes and microglial cells are
target cells for e-toxin, although we cannot rule out e-
toxin–GFP binding to structures other than these,
since not all of the green fluorescence label we detected
was double labelled with the anti-glial antibodies we
assayed. An earlier report using electron microscopy
to analyse changes in the brains of mice given e-toxin
has already pointed to astrocytes as e-toxin target
cells, describing perivascular end-feet swelling (Finnie,
1984). In vivo binding results shown here add valuable
information to these previous ultrastructural findings.

To study e-toxin effects on glial cells further, we took
advantage of mixed primary glial cell cultures that have
been demonstrated to be a good model in which to
reproduce in vivo-occurring events (Saura et al., 2003).
Biochemical and morphological studies performed on
these cultures revealed that glial cells, both astrocytes
and microglial cells, are sensitive to e-toxin, a relevant
finding since there are only a few cell types so far
known to be sensitive to e-toxin. Interestingly, perito-
neal macrophages from guinea pigs were also found to
be sensitive to the toxin (Buxton, 1978a,b), a fact that,
together with the microglial toxicity shown here, would

point to a possible connection between e-toxin poison-
ing and the immune system. In spite of the relatively
low cytotoxic activity of e-toxin on astroglial and
microglial cells, its possible relevance in the intoxication
pathway cannot be ignored, especially at sublethal
doses and at longer time exposures. Experiments with
lower e-toxin–GFP doses are in progress to ascertain
the role of glial cells in the central nervous system
intoxication pathway in animals sub-acutely intoxi-
cated with e-toxin.

In summary, this work provides direct evidence of
e-toxin and e-prototoxin-specific binding to brain
vascular endothelial cells after intravenous injection
in mice. Moreover, e-toxin crossed the BBB, reach-
ing the brain parenchyma and binding, at least, to
astrocytes and microglial cells, which were found to
be sensitive to e-toxin.
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Abstract

Epsilon-toxin (e-toxin), produced by Clostridium perfringens type D, is the main agent responsible for enterotoxaemia in

livestock. Neurological disorders are a characteristic of the onset of toxin poisoning. e-Toxin accumulates specifically in the

central nervous system, where it produces a glutamatergic-mediated excitotoxic effect. However, no detailed study of putative

binding structures in the nervous tissue has been carried out to date. Here we attempt to identify specific acceptor moieties and

cell targets for e-toxin, not only in the mouse nervous system but also in the brains of sheep and cattle. An e-toxin-GFP fusion

protein was produced and used to incubate brain sections, which were then analyzed by confocal microscopy. The results clearly

show specific binding of e-toxin to myelin structures. e-Prototoxin-GFP and e-toxin-GFP, the inactive and active forms of the

toxin, respectively, showed identical results. By means of pronase E treatment, we found that the binding was mainly associated

to a protein component of the myelin. Myelinated peripheral nerve fibres were also stained by e-toxin. Moreover, the binding to

myelin was not only restricted to rodents, but was also found in humans, sheep and cattle. Curiously, in the brains of both sheep

and cattle, the toxin strongly stained the vascular endothelium, a result that may explain the differences in potency and effect

between species. Although the binding of e-toxin to myelin does not directly explain its neurotoxic effect, this feature opens up a

new line of enquiry into its mechanism of toxicity and establishes the usefulness of this toxin for the study of the mammalian

nervous system.

# 2008 Elsevier B.V. All rights reserved.
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1. Introduction

Epsilon-toxin (e-toxin), a protein synthesized by

the B and D strains of the anaerobic bacteria

Clostridium perfringens, causes fatal enterotoxaemia

in livestock, characterized by acute neurological signs
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and sudden death (Finnie, 2004). The toxin is

produced as a non-toxic precursor molecule that is

activated upon proteolytic cleavage of amino and

carboxy terminal peptides (Minami et al., 1997).

Although non-active, the prototoxin molecule pre-

sumably binds to the same surface cell receptors as the

full active molecule and can prevent its binding and

further toxicity. The active toxin produces diffuse

vasogenic oedema in organs such as the lungs, kidneys

and brain and causes neurological disorders such as

opisthotonus, convulsions and agonal struggling,

leading rapidly to death (Finnie, 2004; Smedley

et al., 2004).

Mice have been widely used to study the effect of

e-toxin and provide a useful model for laboratory

controlled intoxication studies (Finnie, 1984a,b;

Fernandez-Miyakawa et al., 2007a,b, 2008). After

i.v. or i.p. injections into mice the toxin accumulates in

several organs, above all in the kidneys and in the

nervous system: the binding to the nervous system is

specific and saturable (Nagahama and Sakurai, 1991).

In mice, as in sheep and other naturally sensitive

species, the toxin has the capacity to cross the blood

brain barrier (BBB) and enter the brain parenchyma

(Soler-Jover et al., 2007). However, there is little

information about the final location of the toxin in the

brain once it crosses the BBB. Previous results have

shown the binding of e-toxin to a synaptosomal

fraction (Nagahama and Sakurai, 1992) and glial cells

(Soler-Jover et al., 2007), suggesting possible targets.

Based on the variety of symptoms and on the

distribution of the toxin, we decided to examine the

toxin’s potential targets by studying its binding to the

nervous system in mice. We then extended the study to

include sheep, one of e-toxin’s principal natural

targets.

2. Materials and methods

2.1. Expression of the recombinant protein e-
prototoxin-GFP

e-Prototoxin and e-prototoxin-GFP were produced

and purified as previously described (Soler-Jover et al.,

2007). Briefly, the expression of either e-prototoxin or

e-prototoxin-GFP was induced overnight with 0.4 mM

isopropyl beta-D-thiogalactopyranoside (IPTG) at room

temperature (RT), in 250 ml LBmedium cultures. Cells

were pelleted and resuspended in ice cold phosphate

buffer (PB) 20 mM pH 7.5 with NaCl 250 mM,

sonicated and centrifuged at 15,000 � g for 20 min.

The resultant supernatant was incubated with 0.7 ml of

Glutathione SepharoseTM 4B beads (Amersham Phar-

macia Biotech, Freiburg, Germany) for 1 h at 4 8C.
Finally, the recombinant proteins were eluted by

thrombin cleavage in 20 mM PB pH 7.5 containing

250 mM NaCl and 2.5 mM CaCl2.

When required, e-prototoxin and e-prototoxin-
GFP were fully activated to e-toxin and e-toxin-GFP,
respectively, by incubation with trypsin-coated

agarose beads for 30 min at RT (Sigma–Aldrich,

Madrid, Spain), following the manufacturer’s instruc-

tions.

2.2. Mouse and rat synaptosomes

Animals were housed under conventional condi-

tions in climatized rooms with free access to standard

pelleted food and tap water. All animal experiments

were carried out in accordance with EU guidelines

(86/609/EU), and Spanish regulations (BOE 67/8509-

12, 1988) for the use of laboratory animals, and

approved by the Ethics and Scientific Committee at

the University of Barcelona. Sheep and bovine brain

samples were obtained from the Mercabarna slaugh-

terhouse in Barcelona. Human peripheral nerve fibres

from cauda equina were obtained from spinal cord

samples from the Brain Bank of the Institute of

Neuropathology, following the guidelines of the local

Ethics Committee.

For each experiment, 3 brains from male OF1

Swiss mice weighing 20 g, or one brain from a

Sprague–Dawley rat, were extracted and homoge-

nized in sucrose 320 mM with 10 up-and-down

strokes at 600 rpm in a motor driven glass homo-

genizer with a teflon piston (B. Braun Biotech

International). The brain homogenates were centri-

fuged at 3000 � g in a Beckman J2-HS centrifuge for

2 min at 4 8C and the supernatants were centrifuged

again at 14,500 � g for 12 min at 4 8C. The pellet (P2)
was resuspended in 4 ml of sucrose 320 mM, loaded

on a discontinuous Ficoll gradient (4 ml of Ficoll at

12%, 1 ml at 9% and 4 ml at 5%) and centrifuged at

22,500 rpm in a SW41TI Beckman rotor for 35 min at

4 8C. The synaptosomal enriched fractions were
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collected at the two interfaces, between 5% and 9%,

and 9% and 12% of Ficoll concentration.

After protein content quantification (Bradford,

1976), the synaptosomal fraction was distributed in

aliquots of 0.5 mg, centrifuged at 20,800 � g for

12 min at 4 8C and kept on ice until used. Under these

conditions, synaptosomes can be kept for several

hours without losing their capacity to release

glutamate.

2.3. e-Prototoxin-GFP and e-toxin-GFP
incubations on synaptosomal fractions

Mouse or rat synaptosomal fractions were attached

to polylysinated cover slips to analyze the binding of

e-prototoxin-GFP and e-toxin-GFP to isolated nerve

terminals and their possible colocalization with a

neuronal marker.

After fixation of the synaptosomes in 4% paraf-

ormaldehyde and three washes with PBS, the non-

specific binding was blocked by incubating the cover

slips in PBS containing 0.2% gelatin and 20% of

normal goat serum (NGS) for 1 h at RT. The cover

slips were then incubated with 500 nM e-prototoxin-
GFP or e-toxin-GFP in PBS containing 0.2% gelatin

and 1% NGS for 1 h at RT.

For the immunofluorescent analysis, synapto-

somes bound to cover slips were blocked for 1 h as

previously described and incubated overnight at 4 8C
with antibodies against synaptic proteins, SNAP-25

(rabbit serum 1:100 dilution; Binz et al., 1994)

VAMP-2 (1:300 dilution, monoclonal antibody, clone

69.1, Synaptic Systems), against the myelin basic

protein (MBP, 1:300 dilution, monoclonal antibody,

Chemicon MAB387) or against neurofilament

200 kDa (1:100 dilution, monoclonal antibody, clone

RT97, Chemicon). After three washes with PBS, the

cover slips were incubated with the appropriate

secondary antibodies coupled to Alexa Fluor 488 or

546.After threewasheswith PBS, the cover slipswere

mounted with the Aqueous Mounting Medium (GEL/

MOUNT TM, Biømeda corp.) and further examined

under a Leica TCS 4D confocal microscope (Serveis

Cientı́fico-Tècnics, UB-IDIBELL). In the double

fluorescence experiments the e-prototoxin-GFP was

added together with the corresponding secondary

antibody and the samples were processed as described

above.

2.4. e-Prototoxin-GFP and e-toxin-GFP
incubations on slices

To study the morphological binding of e-proto-
toxin-GFP and e-toxin-GFP to the nervous system,

mouse, sheep and cow brains and mouse vagus nerve

samples were fixed immediately after extraction by

immersion in 4% paraformaldehyde in PB (100 mM,

pH 7.2) for 12 h. Samples were cryoprotected by

immersion in 30% sucrose and snap frozen in

precooled isobutanol. Cryostat sections of 10 mm
were obtained, mounted onto poly-L-lysin coated glass

slides and stored at�20 8C until used for e-prototoxin-
GFP and e-toxin-GFP incubations.

The non-specific binding was blocked by incubat-

ing the sections in PBS containing 0.2% gelatin and

20% NGS for 1 h at RT. Sections were then incubated

with 300 nM of e-prototoxin-GFP or e-toxin-GFP in

PBS containing 0.2% gelatin and 1% NGS for 1 h at

RT. After 3 washes with PBS, the samples were

stained with TO-PRO-3 (1:1000 dilution, Molecular

Probes, Invitrogen) for 7 min, washed again and fixed

in 4% paraformaldehyde for 10 min, rinsed and

mounted with an Aqueous Mounting Medium

(GEL/MOUNTTM, Biømeda corp.) and further exam-

ined under a Leica TCS 4D confocal microscope

(Serveis Cientı́fico-Tècnics, UB-IDIBELL). In double

fluorescence experiments the sections were incubated

for 1 h at RT with PBS containing 0.2% gelatin and

20% NGS followed by the primary antibody overnight

at 4 8C. After washing three times with PBS, e-
prototoxin-GFPwas added to the sections together with

the corresponding secondary antibody and processed as

stated above.

In the special case of mouse peripheral nerves,

the mouse sciatic nerve was dissected and teased to

obtain isolated nerve fibres. Fibres were incubated

with e-prototoxin-GFP or e-toxin-GFP as previously

described in slices. Isolated nerve fibres from human

cauda equina (spinal cord horse’s tail) were obtained

from the Institute of Neuropatology, Hospital Uni-

versitari de Bellvitge-IDIBELL.

The specificity of the binding was verified by

co-incubating the sections with native e-prototoxin
or e-toxin together with e-prototoxin-GFP or e-toxin-
GFP, respectively, in a 20:1 molar ratio.

Similar experiments were performed with brain

samples from sheep and cattle. In this case, samples

J. Dorca-Arévalo et al. / Veterinary Microbiology 131 (2008) 14–2516



were fixed by immersion in 4% paraformaldehyde for

12 h and processed as described for mouse brain

in order to obtain cryostat slices and to perform the

e-prototoxin-GFP and e-toxin-GFP incubations.

2.5. Treatment with pronase E, N-glycosidase F

and detergents

In a series of experiments, tissue sections were

incubated with pronase E, N-glycosidase F or

detergents to assess the nature of the e-prototoxin-
GFP and e-toxin-GFP binding.

To determine whether a protein was directly

involved in the binding of e-toxin, tissue sections

were incubated with different concentrations of

pronase E in PBS 0.1 M (from 0.1 to 1 mg/ml) at

37 8C for different times (5, 15, 30 and 60 min).

To verify the possible participation of N-glycidic

residues in the binding of e-toxin, N-glycosidase

F was used to hydrolyze N-glycan chains from

glycoproteins. Sections were incubated with 10 U/ml

of N-glycosidase F overnight at 37 8C in 20 mM PB,

pH 8 with 10 mM EDTA.

To assess the sensitivity of e-prototoxin-GFP to

detergents, the sections were incubated with Triton

X-100, Nonidet p-40 or CHAPS at 0.5% or 2% in

20 mM PB pH 8 with 10 mM EDTA for 1 h at 4 8C.
After the treatments, the sections were washed

three times with PBS at RT and incubated with

e-prototoxin-GFP as described above. In the case of

detergent incubations, the first two PBS washes were

done at 4 8C. Depending on the treatment, controls

were performed by omitting pronase E, N-glycosidase

F or detergents in the incubation buffer.

3. Results

3.1. Glutamate release from brain synaptosomes

Isolated nerve terminal preparations (synapto-

somes) have been widely used to analyze the effect

of numerous substances, including excitatory and

inhibitory neurotoxins, on neurotransmitter release.

Synaptosomes were isolated from rat or mouse brains

and a specific fluorometric assay was performed to

detect ‘‘on line’’ glutamate release (Nicholls and

Sihra, 1986), to study the possible excitatory effect of

e-toxin on glutamate release directly from nerve

terminals. No glutamate release from rat or mouse

brain synaptosomes could be detected when different

concentrations of e-toxin were added immediately

before the neurotransmitter release assay, in contrast

to the calcium-dependent release of glutamate induced

by chemical depolarization (Fig. 1). e-Toxin did not

interfere with the fluorometric assay by itself or with

the potassium stimulated glutamate secretion, even

after 1 h of preincubation with the active e-toxin
before the glutamate release was tested. The decrease

in fluorescence in the presence of the toxin but in the

absence of glutamate in the extracellular medium

(a symptom of non-stimulation) is due to the slow

reoxidation of NADH by the small fraction of

damaged mitochondria present in the incubation

media (Nicholls and Sihra, 1986). These results

indicate that e-toxin does not directly promote

glutamate release from nerve terminals.

3.2. Binding of e-toxin to the mouse brain

synaptosomal fraction

The absence of e-toxin-dependent direct neuro-

transmitter release prompted us to check the putative

binding of e-toxin to the brain synaptosomal fraction.

In this case, the fusion protein e-prototoxin coupled to
GFP was used to directly visualize its binding to a

J. Dorca-Arévalo et al. / Veterinary Microbiology 131 (2008) 14–25 17

Fig. 1. Glutamate release from mouse brain synaptosomes. Gluta-

mate release from mouse brain synaptosomes was measured on line

by a spectrofluorimetric method (see Section 2). After reaching a

stable base line, synaptosomes were challenged (arrow) with che-

mical depolarization (KCl 50 mM final concentration) or with

e-toxin at different concentrations (50 or 100 nM). At the end of

each measurement, a known standard concentration of sodium

glutamate (10 nmol) was added to the reaction cuvette to quantify

the amount of glutamate released from synaptosomes.



mouse brain synaptosomal preparation immobilized

on glass cover slips. Confocal images of the

synaptosomal preparation incubated with the e-
prototoxin-GFP showed specifically stained small

round structures (Fig. 2A, D and G). Similar results

were obtained when synaptosomes were incubated

with e-toxin for 1 h at RT followed by a specific anti-e-
toxin rabbit serum and Alexa Fluor 546 coupled goat

anti-rabbit secondary antibody (not shown). In order to

confirm the binding of e-prototoxin-GFP to isolated

nerve terminals, antibodies against synaptic proteins

were used as synaptosomal markers and co-incubated

with the e-prototoxin-GFP to perform double fluor-

escence staining assays. Surprisingly, no colocaliza-

tion was observed when any of the antibodies against

synaptic proteins (SNAP-25, synaptobrevin/VAMP2,

Fig. 2B and E, respectively) were used to stain isolated

nerve terminals. In a few cases, when synaptic
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Fig. 2. Colocalization of e-prototoxin-GFP with myelin in a mouse brain synaptosomal fraction. Synaptosomal fraction frommouse brains were

fixed on glass cover slips and incubated with e-prototoxin-GFP (green in A, C, D, F, G and I) after preincubation with antibody against SNAP-25

(B and C) antibody against synaptobrevin/VAMP2 (E and F) or antibody against Myelin Basic Protein (H and I). The polyclonal antibody against

SNAP-25 and the monoclonal antibodies against synaptobrevin/VAMP2 and Myelin Basic Protein (MBP) were revealed with Alexa Fluor 546

coupled goat anti-rabbit or goat anti-mouse secondary antibodies, respectively (in red). C, F and I are merged images of e-prototoxin-GFP with

the respective markers. Insets show detailed colocalization (I) or non-colocalization (C and F) of e-prototoxin-GFP with MBP or SNAP-25 and

synaptobrevin/VAMP2, respectively. Note the SNAP-25 staining pattern surrounded by e-prototoxin-GFP in the inset of C. Bars in C and I

represent 20 mm. Bar in F represents 10 mm. Bars in the figure-insets represent 1 mm.



membrane proteins such as SNAP25 were used as

synaptic markers, some stained structures appeared

surrounded by e-toxin-GFP staining (inset Fig. 2C).

This particular pattern was not observed when

synaptobrevin/VAMP 2 staining was used as a

synaptic vesicle marker (inset Fig. 2F). However, a

complete colocalization was evident when anti-myelin

basic protein (MBP) antibody was used together with

e-prototoxin-GFP (Fig. 2G–I). These results strongly

suggest that e-toxin binds to myelinic structures

present as debris in the synaptosomal preparations

together with the isolated nerve terminals.

3.3. Binding of e-toxin to myelin in central

nervous system

To confirm the binding of e-toxin to myelinic

structures, mouse brain slices were obtained and
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Fig. 3. Binding of e-toxin tomyelinic structures inmouse brain. Sections frommouse cerebellumwere incubated with e-toxin-GFP (A and C). The

sectionswere counterstainedwith thenuclearmarkerTO-PRO-3 for convenient cerebellar layer identification (BandC). C is amerged image ofTO-

PRO-3 labelling with e-prototoxin-GFP. To demonstrate the colocalization of e-prototoxin-GFP staining with myelinic components, sections from

mouse cerebellum were stained with e-prototoxin-GFP (D, F, G and I) together with MBP (E and F) or neurofilament (RT97, H and I) monoclonal

antibodies. Primary antibodies were detected with Alexa Fluor 546 coupled goat anti-mouse secondary antibodies (in red). Note the colocalization

pattern of e-prototoxin-GFP staining with the MBP antibody (F). Also note that the RT97 stained structures on the cerebellar white matter, which

basically correspond to neuronal axons, are surroundedby the e-prototoxin-GFP staining (I). F and I aremerged images of e-prototoxin-GFP staining
with the respective antibodies. GL: granular layer; WM: white matter. Scale bars: C, 75 mm; F, 50 mm and I, 15 mm.



cerebellar sections were incubated with e-toxin-GFP
(Fig. 3A and C). e-Toxin-GFP visibly stained myelinic

structures in the mouse cerebellum. Moreover, no

differences between the e-prototoxin and the activated
form were observed (not shown). This binding to

myelinic structures was specific, since excess amounts

of e-prototoxin (non-GFP coupled) prevented the

staining of cerebellar slices by either the e-prototoxin-
GFP or the full activated e-toxin-GFP (data not

shown). Moreover, cerebellar slices were incubated

with e-prototoxin followed by a specific anti-e-
prototoxin serum to detect the non-labelled toxin

bound to the sections. After incubation with the Alexa

Fluor 488 coupled goat anti-rabbit secondary anti-

body, the staining pattern was similar to those found

with e-prototoxin-GFP or e-toxin-GFP (not shown).

Additionally, no staining was found when sections

were incubated with GFP alone (not shown). A

counterstaining with the nuclear marker TO-PRO-3

was used (Fig. 3B and C) to clearly differentiate the

cerebellar granular layer from the white matter.

As in the experiments on synaptosomes described

above, neuronal and myelin markers were used to fully

demonstrate the binding of e-toxin to myelinic

structures. Cerebellar sections were incubated with

e-prototoxin-GFP (Fig. 3D and G) together with anti-

MBP or anti-neurofilament (Fig. 3E and H respec-

tively). As expected, neither the neuronal marker

(anti-neurofilament RT97 antibody) nor synaptic

markers (anti-SNAP25 antibody) colocalized with

the e-prototoxin-GFP staining (Fig. 3I and not shown).

The neurofilament staining of the cerebellar white
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Fig. 4. Effect of pronase E, N-glycosidase F and Triton X-100 on the e-prototoxin-GFP binding tomyelin. Sections frommouse cerebellumwere

incubated directly with e-prototoxin-GFP as a control (A), or after treatment of the sections with pronase E (1 mg/ml at 37 8C for 30 min, B), N-

glycosidase F (10 U O/N at 37 8C, C) or 2% Triton X-100 (1 h at 4 8C, D). Note the reduced labelling of myelin by e-prototoxin-GFP after the

pronase E treatment (B). Bars represent 40 mm.



matter revealed RT97 stained structures, possibly

corresponding to neuronal axons, surrounded by e-
prototoxin-GFP positive structures corresponding to

myelinic sheaths (Fig. 3I). Conversely, anti-MBP

antibody labelling fully colocalized with the e-
prototoxin-GFP staining (Fig. 3F).

After confirming the specific binding of e-proto-
toxin-GFP and e-toxin-GFP to myelinic structures, a

series of experiments were performed to further

characterize the nature of this interaction (Fig. 4). To

identify a possible protein component in the e-
prototoxin-GFP binding to myelin, brain slices were

previously incubated with pronase E in order to

enzymatically remove a possible protein receptor

component for the toxin. In this case, the binding of e-
prototoxin-GFP to cerebellar slices was clearly

decreased (Fig. 4B) compared to the control non-

treated cerebellar slices (Fig. 4A). Treatment with N-

glycosidase F, to remove N-glycidic moieties on

myelin, did not modify the binding pattern (Fig. 4C),

indicating that the binding of e-prototoxin-GFP to

myelin was independent of a glycidic environment.

Curiously, detergent pre-treatments of cerebellar

slices did not show any evident decrease in e-
prototoxin-GFP binding under these experimental

conditions (Triton X-100 and CHAPS, Fig. 4D and not

shown, respectively). Moreover, the label was even

more intense after detergent treatments, suggesting

that the detergents used (Triton X-100, CHAPS)

unmasked previously inaccessible binding sites to

the toxin.

3.4. Binding of e-toxin to myelinated peripheral

nerve fibres

To check the possible binding of the toxin to myelin

in the peripheral nervous system, sections from mouse

vagus nerve were incubated with e-prototoxin-GFP in

order to localize and identify myelinic nerve fibres

(Fig. 5A). Furthermore, isolated myelinic nerve fibres

were obtained by teasing mouse sciatic nerve and

incubated with e-prototoxin-GFP. Isolated fibres

showed a clear surface staining, more accentuated
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Fig. 5. Binding of e-toxin to peripheral nerve fibres. (A) Cross-

section of mouse left vagus nerve incubated with e-prototoxin-GFP.
(B) Teased fibre from mouse sciatic nerve incubated with e-proto-

toxin-GFP. (C) Teased nerve fibre from human cauda equina

incubated with e-prototoxin-GFP. Note the staining of e-proto-
toxin-GFP to isolated nerve fibres, mainly at the Ranvier nodes

(arrows). Scale bars: A, 40 mm; B and C, 15 mm.



at the Ranvier nodes (Fig. 5B). Similar results were

obtained incubating the nerve fibres with e-toxin-GFP
(not shown). To further examine the possibility that e-
toxin could bind to the myelinic structures in other

species, isolated nerve fibres from the human spinal

cord cauda equina were incubated under the same

conditions as described above for mice. A similar

binding pattern was obtained (Fig. 5C), suggesting

that the binding of e-toxin to myelin may be a common

attribute among mammalian species.

To investigate this possibility, frozen sections of the

striatum and cerebellum from the brains of lambs and

cattle, two animal species that are specially sensitive to

e-toxin,were obtained and processed in order to analyze
the possible binding of e-prototoxin-GFP to myelinic

structures. As expected, e-prototoxin-GFP stained

myelin in both lamb and cow brains (Fig. 6A, B and

D) though with different levels of intensity, suggesting

differences in the affinity of e-prototoxin-GFP to the

different myelin species. Curiously, in addition to

myelin staining, e-prototoxin-GFP labelled endothelial

cells from blood brain microvessels in both lamb

and cow brains with high intensity and specificity

(Fig. 6A–D); this does not occur in rodent species.

4. Discussion

Some of the neurological disorders produced by e-
toxin in experimental and naturally poisoned animals
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Fig. 6. Binding of e-toxin to sheep and bovine nervous system. Sections from sheep (A, B and C) and bovine (D) brains were incubated with

e-prototoxin-GFP. (A) Cerebellar section showing the binding of e-prototoxin-GFP to the white matter (WM) and blood vessels (arrows). (B)

Detail of a section from sheep striatum showing the binding of e-prototoxin-GFP to myelin structures (WM) and blood vessels (arrows). (C)

Blood vessels (arrows) from the molecular layer of the sheep cerebellum stained with the e-prototoxin-GFP. (D) A section of the bovine

cerebellum showing the binding of e-prototoxin-GFP to myelin structures (WM) and blood vessels (arrow). WM: white matter; GL: granular

layer; PL: Purkinje cell layer and ML: molecular layer. Scale bars: A and C, 75 mm; B: 40 mm; D, 25 mm.



are due to the ‘‘massive’’ secretion of glutamate from

glutamatergic nerve terminals, triggering an excito-

toxic episode characterized by convulsions (seizures)

and neuronal cell death. This effect is an established

characteristic of e-toxin, observed in laboratory

animals when lethal and sublethal doses of the toxin

were injected (Miyamoto et al., 1998, 2000). The

massive glutamate release may be achieved by a direct

effect of the toxin on nerve terminals, acting as a

stimulatory toxin, or by acting on neuronal soma or

glial cells. Previous results showing the binding of e-
toxin to a rat brain synaptosomal fraction (Nagahama

and Sakurai, 1992) strongly suggested a direct action

of e-toxin on nerve terminals, probably via the

formation of a pore in the plasma membrane as a

consequence of its oligomerization (Miyata et al.,

2001, 2002). By using a well-established fluorometric

assay to detect the glutamate release from brain

synaptosomes ‘‘on line’’ (Nicholls and Sihra, 1986)

we observed that the toxin does not act directly on

nerve terminals, suggesting that its capacity to elicit

glutamate release may act through another mechan-

ism, either on neuronal soma or axons, or on glial or

other cells present in the nervous tissue.

Taking advantage of the fusion proteins e-proto-
toxin-GFP and e-toxin-GFP which retain the full

binding activity of the nativemolecules, we performed

a series of experiments to examine the binding of e-
toxin to nervous tissue. We have previously found that

e-toxin-GFP and e-prototoxin-GFP fusion proteins are

valuable tools for detecting the binding of the toxin to

sensitive cells and tissues (Soler-Jover et al., 2004,

2007). These studies demonstrated that the e-toxin-
GFP molecules bind to particular structures and

tissues, and that this binding was specific, since

previous incubation with non-labelled e-prototoxin
prevented e-prototoxin-GFP binding.

As noted above, a previous report showed the

binding of e-toxin to plasma membranes prepared

from a synaptosomal fraction composed mainly of

isolated nerve terminals (Nagahama and Sakurai,

1992). Here, combining the e-prototoxin-GFP fusion

protein and confocal microscopy we show that the

myelin structures present in the synaptosomal

preparation are the main source of e-toxin binding

sites. Moreover, the use of synaptic and myelinic

markers confirmed the specific labelling of myelinic

structures by e-prototoxin-GFP. Myelin components,

considered as contaminants, have been detected in

variable amounts along the different fraction obtained

from brain synaptosomal and synaptic vesicle

preparations (Takamori et al., 2006). In fact, the

presence of myelin contamination in crude synapto-

somal fraction has been one of the major problems in

obtaining pure nerve terminal preparations. Further

steps in synaptosomal fraction purification, such as the

Ficoll gradient centrifugation used here, can remove

most of the myelin contamination, but a slight

presence of myelinic markers remains in the

synaptosomal fraction.

In mice, myelin specifically bound e-toxin in both

the central and peripheral nervous systems. The

binding was specific and sensitive to proteases. These

results are in partial agreement with previous data on

the binding of e-toxin to rat brain homogenates and

synaptosomal fractions, where the binding was

partially sensitive to pronase E and neuraminidase

but completely abolished by lipase (Nagahama and

Sakurai, 1992). The differences between that report

and ours, regarding the glycidic component of e-toxin
receptor and on the effect of detergent treatments, may

be due to the different experimental approaches used.

Pronase E treatment did not completely abolish the

binding of e-prototoxin-GFP to myelinic structures.

This may be due to an incomplete action of the

enzyme in the preparations used here or to the

presence of two binding sites, one a protein binding

site and the other with a main glucidic or lipidic

moiety.

The binding of the e-toxin to myelin might not

correspond to a natural target of the toxin in its toxic

pathway. In fact, the binding and effect of injected e-
toxin has not been correlated either with myelin-

containing structures or with its synthesizing cells

(Finnie, 2004; Soler-Jover et al., 2007). Moreover,

these results do not directly identify myelin as the

main or a potential biological target of e-toxin, but
they evidence the toxin’s specific binding to a neural

structure and suggest potential applications of the

toxin as a specific marker in the study of the nervous

system, in particular in myelinic structures. Indeed,

the toxin and its GFP forms may be useful tools to

identify, quantify and analyze myelinic structures.

This potential use of the e-toxin-GFP in myelin

binding and detection may, however, be limited by its

capacity to bind to myelin from different species. The
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binding is clear in myelin from mice and rat origin and

in myelin from human peripheral nerves, but it is

slightly diminished in cow and sheep brains.

The binding of e-toxin to brain endothelial

microvasculature also varies according to the

species studied. Although previous evidence demon-

strated the effect of e-toxin on endothelial permea-

bilization and blood brain barrier translocation in

mice (Finnie, 2004; Soler-Jover et al., 2007), the

binding to mouse brain endothelia could barely be

detected by direct incubation. This characteristic of

e-toxin contrasts with the in vivo binding of the toxin
to brain blood vessels upon its injection in mice

(Soler-Jover et al., 2007). Thus, although the effect

and the binding to brain endothelia are required for

the toxin’s neurological effects in mice, its binding

probably requires intact endothelia, which, in mice,

may be sensitive to the fixation and/or further

manipulation for fluorescence observation. This is

not the case in the rest of species studied here, which

in fact are the e-toxin’s natural targets; in these cases

the binding to the brain microvasculature was

evident.

Finally, it would be reasonable to suggest a double

binding capacity of e-toxin in nervous system: one to

the endothelium, where it performs at least part of its

noxious function (endothelial permeabilization and

oedema) and the other to one or more myelin

components with an as yet undefined function.

5. Conclusions

e-Toxin binds specifically to myelin in both the

central and peripheral nerve systems. The binding is

mediated, at least in part, by a protein component of

myelin. This characteristic of the toxin is not limited

to mouse or rat myelin, the animal models used

here, but is also evident in ovine, bovine and human

myelin, though with different levels of intensity. In

both ovine and bovine brains, at least, the toxin

binds strongly to vascular endothelia. The functional

importance of the e-toxin feature to bind myelin is

still unknown. The identification of the myelin

component that binds to e-toxin is currently under

study and its identification will broaden our under-

standing of the molecular interaction of e-toxin with

its cellular targets.
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ABSTRACT 35 

Epsilon toxin (ε-toxin), produced by Clostridium perfringens types B and D, causes 36 

fatal enterotoxaemia in livestock. In the renal system, the toxin binds to target cells 37 

before oligomerization, pore formation and cell death. Still, there is little information 38 

about the cellular and molecular mechanism involved in the initial steps of the cytotoxic 39 

action of ε-toxin, including the specific binding to the target sensitive cells. In the 40 

present report, the binding step of ε-toxin to target cells in renal system of different 41 

species is characterized by means of an ELISA based assay with recombinant ε-toxin-42 

green fluorescence protein (ε-toxin-GFP) and ε-prototoxin-GFP. In addition, different 43 

treatments with Pronase E, detergents, N-glycosidase F and beta-elimination on MDCK 44 

cells and renal cryosections have been performed to further characterize the ε-toxin 45 

binding. ELISA assays revealed a single binding site with a similar dissociation 46 

constant (Kd) for ε-toxin-GFP and ε-prototoxin-GFP, but a three-fold increase in Bmax 47 

levels in the case of ε-toxin-GFP. Double staining on kidney cryoslices with lectins and 48 

ε-prototoxin-GFP revealed specific binding to distal and collecting tubule cells. In 49 

addition, experiments on kidney and bladder cryoslices demonstrated the specific 50 

binding to distal tubule of a range of mammalian renal systems. Pronase E and beta-51 

elimination treatments on kidney cryoslices and MDCK cells revealed that the binding 52 

of ε-toxin in renal system is mediated by a O-glycoprotein. Detergent treatments 53 

revealed that the integrity of the plasma membrane is required for the binding of ε-toxin 54 

to its receptor. 55 
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INTRODUCTION 60 

Epsilon toxin (ε-toxin) is the most potent clostridial toxin after botulinum and 61 

tetanus neurotoxins. It is produced by the anaerobic bacteria Clostridium perfringens 62 

types B and D and causes fatal enterotoxaemia in sheep, goats and occasionally calves 63 

and other animals, resulting in heavy economic losses (Payne and Oyston 1997).  64 

The toxin is produced as a non-toxic precursor molecule that is activated upon 65 

proteolytic cleavage of amino and carboxy terminal peptides (Minami et al., 1997).  66 

Although non-active, the prototoxin molecule binds to the same surface cell 67 

receptors as the full active molecule and can prevent its binding and further toxicity 68 

(Buxton, 1976; Dorca-Arevalo et al., 2008; Tamai et al., 2003).  69 

The Madin-Darby canine kidney (MDCK) cell line, of epithelial origin from the 70 

distal convoluted tubule, is the most used and sensitive “in vitro” model for ε-toxin 71 

studies (Payne et al., 1994). Additionally, it was recently demonstrated that the 72 

recombinant ε-toxin-green fluorescence protein (ε-toxin-GFP) fusion protein retained 73 

the cytotoxicity of the native toxin (Soler-Jover et al., 2004; Soler-Jover et al., 2007).  74 

ε-Toxin specifically binds to MDCK cells (Petit et al., 1997) and to the epithelium 75 

of distal tubules (Soler-Jover et al., 2004; Tamai et al., 2003). Although the cytotoxic 76 

mechanism for ε-toxin has been deciphered, the initial steps leading to toxin 77 

heptamerization and pore formation are still elusive (Lindsay, 1996; Miyamoto et al., 78 

1998; Petit et al., 1997). Attempts to characterize the putative receptor for ε-toxin point 79 

out a syaloconjugate molecule on cholesterol enriched plasma membrane region as a 80 

candidate (Chassin et al., 2007; Nagahama and Sakurai, 1992; Shimamoto et al., 2005). 81 

Candidates for a protein component as the putative receptor for ε-toxin are a 37 kDa 82 

protein isolated from MDCK cell membranes (Petit et al., 1997) and the hepatitis A 83 

virus cellular receptor 1 identified by gene-trap mutagenesis as one of a series of 84 



 4 

proteins involved in the intoxication process of ε-toxin on MDCK cells (Ivie et al.), 85 

although a functional evidence has not been elucidated.  86 

In this paper we use ε-prototoxin-GFP to further characterize the ε-toxin binding site 87 

in the renal system by using several treatments either on MDCK or mice kidney 88 

cryosections with the help of fluorescent labeled lectins and confocal imaging. 89 

Furthermore, an ELISA based method was developed to define the ε-toxin and ε-90 

prototoxin binding affinity constants to MDCK cells. 91 

 92 

MATERIALS AND METHODS 93 

Expression of recombinant ε-prototoxin-GFP. 94 

ε-Prototoxin and ε-prototoxin-GFP were produced and purified as previously 95 

described (Soler-Jover et al., 2007). Briefly, the expression of either ε-prototoxin or ε-96 

prototoxin-GFP was induced overnight with 1 mM isopropyl beta-D-97 

thiogalactopyranoside (IPTG) at room temperature (RT), in 250 ml LB of medium. 98 

Cells were pelleted and resuspended in ice cold phosphate buffer (PB) 20 mM pH 7.5 99 

with NaCl 250 mM, sonicated and centrifuged at 12,000 x g for 20 min. The resultant 100 

supernatant was incubated with 0.7 ml of Glutathione SepharoseTM 4B beads 101 

(Amersham Pharmacia Biotech, Freiburg, Germany) for 1 h at 4 ºC. Finally, the 102 

recombinant proteins were eluted by thrombin cleavage in 20 mM PB pH 7.5 containing 103 

250 mM NaCl and 2.5 mM CaCl2. When required, ε-prototoxin and ε-prototoxin-GFP 104 

were fully activated to ε-toxin and ε-toxin-GFP, respectively, by incubation with 105 

trypsin-coated agarose beads for 30 min at RT (Sigma–Aldrich, Madrid, Spain), 106 

following the manufacturer’s instructions. 107 

 108 
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ε-Prototoxin-GFP and lectin incubations on MDCK cells, mouse kidney and 109 

urothelium cryosections.  110 

Animals were housed under conventional conditions in climatized rooms with free 111 

access to standard pelleted food and tap water. All animal experiments were carried out 112 

in accordance with EU guidelines (86/609/EU), and Spanish regulations (BOE 67/8509-113 

12, 1988) for the use of laboratory animals, and approved by the Ethics and Scientific 114 

Committee at the University of Barcelona. Sheep, bovine and caprine kidney and 115 

bladder samples were obtained from the Mercabarna slaughterhouse in Barcelona. 116 

Human kidney was obtained from the Unit of pathology from the University hospital of 117 

Bellvitge, following the guidelines of the local Ethics Committee. 118 

To study the binding of ε-prototoxin-GFP and lectins on cryosection slices, mouse 119 

kidney and urothelium samples were fixed immediately after extraction by immersion in 120 

4% paraformaldehyde (PFA) in PB (100 mM, pH 7.2) for 12 h. Samples were 121 

cryoprotected by immersion in 30% sucrose, embedded in OCT media and snap frozen 122 

in precooled isobutanol. Cryostat sections of 10 μm were obtained, mounted onto poly-123 

lysine coated microscope slides (Superfrost Plus, Thermo scientific) and stored at -20 124 

ºC until used for ε-prototoxin-GFP and lectin incubations. Non-specific binding was 125 

blocked by incubating the sections in PBS containing 1% bovine serum albumin for 30 126 

min at RT. Sections were then incubated with defined biotinylated lectins (Table 1) in 127 

the same buffer for 1h at RT. After three washes in PBS the cryosections were 128 

incubated with 300 nM of ε-prototoxin-GFP and streptavidin-Alexa-546 conjugate 129 

(Molecular Probes) (1:500 dilution) in PBS containing 1% bovine serum albumin 130 

(BSA) for 1 h at RT. After 3 washes with PBS, the samples were stained with TO-PRO-131 

3 (1:1000 dilution, Molecular Probes, Invitrogen) for 7 min, washed again and mounted 132 

with an Aqueous Mounting Medium (Fluoromount, SIGMA). MDCK cells were grown 133 
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on coverslips to confluence in DMEM-F12 medium supplemented with L-Glutamine, 134 

15 mM HEPES and antibiotics. Cells were washed three times in PBS, and fixed with 135 

4% (PFA) for 12 min at RT. After washing with PBS, cells were processed as described 136 

above for renal tissue samples. Slides were examined under a Leica TCS-SL confocal 137 

microscope (CCiTUB, Biology Unit of Campus of Bellvitge).  138 

 139 

Treatment with Pronase E, N-glycosidase F, sodium hydroxide (NaOH) and 140 

detergents. 141 

In a series of experiments, tissue sections were incubated with Pronase E, N-142 

glycosidase F, NaOH or detergents (Triton X-100, sodium deoxycholate and sodium 143 

cholate) to assess the nature of the ε-prototoxin-GFP binding. To determine whether a 144 

protein was directly involved in the binding of ε-toxin, sections from mouse kidney 145 

were incubated with different concentrations of Pronase E in PBS 0.1 M pH 7.4 (from 146 

0.1 to 1 mg/ml) at 37 ºC for different times (5, 15, 30 and 60 min). 147 

N-glycosidase F was used to hydrolyze N-glycan chains from glycoconjugates to 148 

verify the possible participation of N-glycidic residues in the binding of ε-toxin 149 

(Desantis et al., 2006). Kidney sections were incubated with 100 U/ml of N-glycosidase 150 

F overnight at 37 ºC in 20 mM PB, pH 8 with 10 mM EDTA. To evaluate the possible 151 

participation of O-glycidic residues in the binding of ε-toxin, beta-elimination treatment 152 

with 0.055 N NaOH in water at 37 ºC for different times (1, 3, 24, 48, 72 and 120 h) 153 

was used. In this case sections were obtained and analyzed from mouse, cow, goat, 154 

sheep and human kidneys and from mouse, cow, goat and sheep bladders. 155 

To assess the sensitivity of ε-prototoxin-GFP to detergents, sections from mouse 156 

kidney were incubated with Triton X-100, sodium deoxycholate and sodium cholate at 157 
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different concentrations (0.1, 0.5, 1 and 2%) in 20 mM PB pH 8 with 10 mM EDTA for 158 

1 h at different temperatures (4 ºC, RT or 37 ºC). 159 

After the treatments, the sections were washed three times with PBS at RT and 160 

incubated with ε-prototoxin-GFP and/or lectins as described above. In the case of 161 

NaOH treatment, the reaction was stopped adding 0.055 N sulfuric acid for 30 sec 162 

before the PBS washes. Depending on the treatment, controls were performed by 163 

omitting Pronase E, N-glycosidase F, NaOH or detergents in the incubation buffer. 164 

In the case of MDCK cells, the treatments were performed in the same conditions as 165 

in tissue sections. 166 

 167 

ELISA assay to detect the sensibility of the ε-prototoxin-GFP binding. 168 

MDCK cells were grown on 96-well plates (Techno Plastic Products, TPP) to 169 

confluence, washed three times in PBS, and fixed with 4% PFA, washed with PBS and 170 

incubated in PBS containing 3% bovine serum albumin (BSA) for 1 h at RT. After 171 

washing with PBS, the cells were incubated with increasing concentrations (0, 0.2, 0.4, 172 

0.8, 2, 4, 8, 20, 40, 100 nM) of ε-prototoxin-GFP in PBS containing 1% BSA for 1 h at 173 

RT. After four washes in PBS, cells were incubated with anti-GFP rabbit polyclonal 174 

antibody (1:1000 dilution) in PBS containing 1% BSA for 1h RT. After four washes in 175 

PBS, cells were incubated with (1:1000 dilution) anti-rabbit immunoglobulins 176 

conjugated to horseradish peroxidase (DAKO, Glostrup, Denmark) in PBS containing 177 

1% BSA for 1h RT. Finally, after four washes in PBS cells were developed using the 178 

OPD (o-Phenylenediamine dihydrochloride) tablets (SIGMAFAST OPD) to detect the 179 

peroxidase activity. Absorbance was measured in a spectrofotometer (ASYS) at 450 180 

nm. 181 
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Non specific binding was determined by preincubating the cells with an excess of 182 

recombinant non labeled ε-prototoxin (2 µM, corresponding to a 50 times the maxim ε-183 

prototoxin-GFP or ε-toxin-GFP concentration used) for 30 min and before the 184 

increasing concentrations of ε-prototoxin-GFP were added. Specific binding was 185 

calculated by subtraction of non-specific binding from total binding. As a negative 186 

control, the experiment was performed using increased concentrations of GFP instead of 187 

ε-prototoxin-GFP. 188 

Standards were performed by adding different amounts of ε-prototoxin-GFP (0, 0.2, 189 

0.4, 0.8, 2, 4, 8, 20, 40, 100 ng) to empty wells for 1 h at RT. After washing three times 190 

with PBS, wells were processed as described above but omitting the native ε-prototoxin 191 

and ε-prototoxin-GFP co-incubations. 192 

In some experiments ε-toxin-GFP was used instead of ε-prototoxin-GFP and non 193 

labeled ε-toxin in excess was used to calculate the nonspecific binding. 194 

The results were subjected to nonlinear regression analysis using Graph Pad Prism 3 195 

software, and Kd and Bmax were calculated. 196 

To characterize the effect of NaOH and detergents on the binding of ε-prototoxin-197 

GFP, MDCK cells were grown on 96-well plates to confluence, washed three times in 198 

PBS, and fixed with 4% PFA. To study the effect of NaOH, cells were treated with 199 

0.055 N NaOH for 6 h at 37ºC. The reaction was stopped by adding 0.055 N H2SO4 for 200 

30 sec in each well. To study the effect of detergents, cells were treated with 2 and 1% 201 

sodium cholate at 4 ºC for 1h. In both cases, after three washes in PBS, cells were 202 

processed as described above and analysed by the same software. 203 

SigmaStat (version 2.0) was used for statistical analysis. Results were expressed as 204 

means ± standard deviations of at least four independent determinations. Significant 205 
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differences were calculated using the paired Student’s t-test with p<0.01 being 206 

considered to indicate statistical significance. 207 

 208 

RESULTS 209 

Binding of ε-toxin-GFP and ε-prototoxin-GFP to MDCK cells. 210 

An ELISA based assay was performed to characterize and determine the specificity 211 

and constants of ε-prototoxin-GFP and ε-toxin-GFP binding on MDCK cells.  212 

Scatchard analysis of the data demonstrates that ε-prototoxin-GFP binds to a single 213 

pool of binding sites with an equilibrium dissociation constant (Kd) of 3.8 ± 1.9 nM and 214 

a maximal binding (Bmax) of 67.3 ± 10.2 pmol/mg of protein (Fig. 1 A). 215 

Although similar parameters for Kd were found for ε-toxin-GFP, the number of 216 

binding sites (Bmax) was significantly increased up to three-fold for ε-toxin-GFP 217 

compared to ε-prototoxin-GFP (Fig. 1 B). This ELISA assay was further used to 218 

characterize and quantify the binding of ε-prototoxin-GFP to MDCK cells after some 219 

treatments (shown ahead) used to characterize the binding of ε-prototoxin-GFP on 220 

MDCK and renal tissue. 221 

 222 

Characteritzation of ε-prototoxin-GFP binding sites to MDCK cells. 223 

To further characterize the nature of the interaction of ε-toxin and ε-prototoxin with 224 

MDCK cells, a series of experiments were performed using ε-toxin-GFP and ε-225 

prototoxin-GFP, and different treatments as detergent incubations, N-glycosidase F 226 

digestion and β-elimination. 227 

Some treatments with detergents at different temperatures (4 ºC, RT and 37 ºC) 228 

were performed on PFA fixed MDCK cells to study the effect on the ε-prototoxin-GFP 229 

binding. A decrease in the ε-prototoxin-GFP binding was observed at any temperature 230 
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by incubating the cells with sodium deoxycholate or Triton X-100 at 2%. The binding 231 

of ε-prototoxin-GFP after 2% of sodium cholate treatment at 4 ºC was not affected 232 

compared to the control (Fig. 2). Although no variations in Kd were detected on the 233 

binding of ε-prototoxin-GFP to MDCK cells after 1% of sodium cholate treatment at 4 234 

ºC, a two-fold increase in Bmax was detected under these conditions (Fig. S-1 A). 235 

However, there was an important decrease in the ε-prototoxin-GFP binding after a 236 

treatment with 2% of sodium cholate at RT and 37 ºC, similarly to the other detergents 237 

tested (Fig. 2).  238 

β-elimination treatment for 1 h, abolish the binding of ε-prototoxin-GFP to the 239 

plasma membrane in MDCK cells (compare Fig. 3 A with  D). Consequently, the 240 

binding of Arachis hypogaea (PNA), a lectin which recognizes O-glycans, was 241 

abolished (compare Fig. 3 B with E) while the binding of Datura stramonium (DSA), 242 

used for N-glycan detection, was increased (compare Fig. 3 C with F). Similar results 243 

were obtained labeling the cells with Canavalia ensiformis lectin (ConA), a lectin that 244 

binds N-glycans (not shown). Moreover, after N-glycosidase F treatment the binding of 245 

ε-prototoxin-GFP and PNA did not change compared to the control (compare Fig. 3 A 246 

with G, and Fig. 3 B with H, respectively) but the binding of DSA was significantly 247 

reduced after the enzymatic action (compare Fig. 3 C with I). 248 

The binding of ε-prototoxin-GFP to MDCK cells after β-elimination treatment was 249 

quantified using the ELISA assay.  While no variations in Kd was detected (Kd 3.3 ± 2.3 250 

nM) a decrease around 95% in the Bmax was observed (Bmax 3.4 ± 0.62 pmol/mg of 251 

protein, (Fig. S-1 B), in agreement with the images shown above (Fig. 3). 252 

 253 

 254 

 255 
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ε-Prototoxin-GFP binding sites in mouse kidney and bladder. 256 

In addition do MDCK cell line, mice have been widely used to study the effect of ε-257 

toxin and provide a useful model for laboratory controlled intoxication studies 258 

(Fernandez-Miyakawa et al., 2007a; Fernandez-Miyakawa et al., 2008; Fernandez-259 

Miyakawa et al., 2007b; Finnie, 1984a, b).  260 

As in the case of the MDCK cell line, some lectins, which specifically bind different 261 

kidney structures, were initially used to analyze the binding of ε-prototoxin-GFP to 262 

renal tubules. The lectins used in this study (DSA, PNA and DBA) have shown an 263 

specific distribution labeling in mouse renal tissue (Egea et al., 1989; Hanai et al., 1994; 264 

Laitinen et al., 1987). DSA binds to podocytes, endothelium and with a high intensity to 265 

the mesangium of the glomerulus. It also binds to proximal tubules and with a lower 266 

intensity to distal tubules (Egea et al., 1989; Laitinen et al., 1987). PNA binds to 267 

proximal, distal and with a higher intensity to collecting tubules while DBA only labels 268 

collecting tubules (Laitinen et al., 1987). 269 

Double staining with the lectins and ε-prototoxin-GFP of kidney cryosections 270 

revealed that the ε-prototoxin-GFP binding was detected both in distal and collecting 271 

tubules (Fig. S-2 D-F for PNA lectin and Fig. S-2 G–I for DBA lectin), and was absent 272 

in the proximal tubules of the mouse kidney (Fig. S-2 A-C for DSA lectin). 273 

The binding of ε-prototoxin-GFP to distal and collecting tubules prompted us to 274 

check the putative binding to the rest of urinary system. Incubations of ε-prototoxin-275 

GFP on bladder cryosections revealed its binding to the urothelium (Fig. 4 A). To 276 

further characterize the nature of this interaction in urinary system we performed a 277 

series of experiments using Pronase E, detergents, N-glycosidase F and β-elimination as 278 

in MDCK cells. 279 
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Slices from mouse urinary bladder (Fig. 4 A-B) and kidney (Fig. 4 C-F) were 280 

previously incubated with Pronase E in order to enzymatically remove a possible 281 

protein receptor component for the toxin. In this case, the binding of ε-prototoxin-GFP 282 

to epithelial cells from the bladder (Fig. 4 B) and kidney distal tubules (Fig. 4 D and F) 283 

was clearly decreased compared to the control non-treated bladder and kidney slices. 284 

The effect of the detergents used on mouse kidney sections at different 285 

concentrations and temperatures is summarized in table 2, where plus sign (+) indicates 286 

an increase in the binding of ε-prototoxin-GFP, minus sign (-) indicates a decrease and 287 

equal sign indicates no variation in the binding compared to non treated controls.  288 

Finally, to check if any glucidic chains are involved in the binding of ε-prototoxin-289 

GFP, cryosections were incubated with N-glycosidase F or with NaOH (β-elimination) 290 

in order to remove the N- or O- glycans respectively, as explained previously. 291 

After β-elimination the binding of ε-prototoxin-GFP to distal tubules from the renal 292 

cortex (Fig. 5, A and G) was clearly decreased (Fig. 5, D and J) compared to the control 293 

non-treated. Moreover, similarly to the results obtained with MDCK cells, the binding 294 

of DSA lectin to distal tubules was increased after the β-elimination (Fig. 5, B and E) 295 

while the binding with PNA lectin was decreased (Fig. 5, H and K). In addition, the 296 

binding of ε-prototoxin-GFP to the epithelial cells from the mouse bladder after β-297 

elimination treatment was also decreased compared to the control non-treated (Fig. S-3). 298 

Finally, there was not change in the binding of ε-prototoxin-GFP to distal tubules in 299 

mouse kidney sections after N-glycosidase F treatment, confirming the role of O-300 

glycan, but not N-glycan, chains in the binding of ε-prototoxin-GFP (Fig. S-4).  301 

Similarly to the results shown for mouse kidney, the binding of ε-prototoxin-GFP to 302 

distal tubules in cow (Fig. 6A and B), goat (Fig. 6C and D), sheep (Fig. 6E and F) and 303 
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human (Fig. 6G and H) kidney was decreased after β-elimination compared to the non-304 

treated control (Fig. 6).  305 

 306 

DISCUSSION 307 

We previously demonstrated that recombinant ε-prototoxin-GFP was a convenient 308 

tool to study the toxin binding mechanisms since it binds to the same sites as does the 309 

active toxin, but without damaging and cytotoxic effects. In this study we used the 310 

recombinant ε-prototoxin-GFP to further analyze the nature of ε-toxin binding sites in 311 

MDCK cells and mouse kidney cryosections. Moreover, an ELISA based method was 312 

successfully developed to characterize the binding of ε-toxin and ε-prototoxin to the 313 

MDCK cell line. We previously showed that ε-prototoxin-GFP specifically binds to 314 

distal tubules in mouse renal tissue (Soler-Jover et al., 2004). In the present report we 315 

show that the binding is not restricted to distal tubules but it is also detected in 316 

collecting tubules and in the bladder urothelium, suggesting the presence of an ε-toxin 317 

receptor in all these regions of the renal system. Besides, experiments on kidney 318 

cryoslices confirmed the specific binding to distal tubule cells of a range of species. 319 

Saturation studies in MDCK cells with ε-prototoxin-GFP revealed the presence of a 320 

high affinity single binding site with a dissociation constant (Kd) around 4 nM and a 321 

Bmax around 67 pmol/mg.  322 

The binding of ε-toxin-GFP to MDCK cells showed the same affinity parameter but 323 

up to three-fold increase in Bmax compared to ε-prototoxin-GFP. This result could be in 324 

accordance with the property of ε-toxin to form heptamer aggregates after binding to its 325 

receptor and once in the plasma membrane, a condition not shown for ε-prototoxin.   326 

After β-elimination treatment, the Kd did not change but the Bmax was reduced 327 

around 95% compared to the control situation, in accordance with the results obtained 328 
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with ε-prototoxin-GFP and confocal microscopy supporting the involvement of a O-329 

glycoconjugate in the recognition process. The specific combination of carbohydrate/s 330 

involved in ε-toxin binding is still under study. 331 

All together, saturation studies and the enzymatic and detergent (see below) 332 

treatments in MDCK cells, are in partial agreement with previous data on the binding of 333 

125I-ε-toxin to rat brain homogenates and synaptosomal fractions, where the binding was 334 

partially sensitive to Pronase E and neuraminidase and completely abolished by lipase. 335 

Furthermore, 125I-ε-toxin showed high affinity to rat brain homogenates and 336 

synaptosomal membrane fractions, having single binding phases with a Kd of 2.5 and 337 

3.3 nM, respectively  and a Bmax of 9 and 25 pmol/mg, respectively (Nagahama and 338 

Sakurai, 1992), closer to the parameters shown here in Kd for MDCK cells and 339 

suggesting the existence of a unique receptor for ε-toxin on different tissues, but with a 340 

higher number of receptors in renal system as it is shown by increased levels in Bmax in 341 

MDCK cells.  342 

To check if the plasma membrane integrity was involved in the ε-prototoxin-GFP 343 

binding, MDCK cell and mouse kidney sections were incubated with several detergents 344 

under different concentration and temperature conditions. While in most of the 345 

conditions the ε-prototoxin-GFP binding was reduced with detergent concentrations 346 

above 0.5%, the binding increased after sodium cholate treatment (at 4 ºC in MDCK 347 

cells and at RT and 37 ºC in kidney cryosections), suggesting that, under the condition 348 

used, sodium cholate unmasks ε-toxin binding sites in the renal system. The effect of 349 

detergents increasing receptor availability has been previously shown in several models 350 

(Koppelman and Dufau, 1982). Basically detergents would make occluded receptors, 351 

not exposed to cell surface, accessible to the ligand (Mello et al., 1980; Pilch et al., 352 

1983). Thus, data from detergent treatments suggest the importance of an adequate lipid 353 
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environment to preserve the capacity of MDCK cells to bind ε-toxin, and that a 354 

detergent treatment with a high critical micellar concentration (CMC) point may 355 

increase their binding capacity in comparison to other detergents with lower CMC. 356 

Although the existence of an occluded intracellular pool of receptors should not be 357 

discarded as binding parameters suggest (sodium cholate doubles the number of 358 

available binding sites), a direct effect of sodium cholate on the ε-toxin receptor 359 

increasing its binding capacity could be considered. 360 

ε-Toxin binding was also studied in renal tissues from ε-toxin sensitive animal 361 

models (cow, sheep and goat). Kidney and bladder cryosections were used for β-362 

elimination treatment, similarly to the mouse kidney and bladder cryosections shown 363 

above but with longer period treatments. Besides, in bladder sections of these species 364 

we also observed a significant reduction of ε-prototoxin-GFP binding after β-365 

elimination treatment (not shown). Moreover, the behaviour of the ε-toxin tested in 366 

human kidney cryosections after β-elimination treatment was similar to the other 367 

species, suggesting that the same receptor found in the species tested may be present in 368 

the human renal system.  369 

 370 

CONCLUSIONS 371 

Fusion proteins ε-toxin-GFP and ε-prototoxin-GFP have been revealed as useful 372 

tools to study the cellular and molecular cytotoxic mechanism of ε-toxin. In the present 373 

report, these fusion proteins have been used to demonstrate the presence of a single high 374 

affinity binding site to the MDCK cell line, the most sensitive cellular model to the 375 

toxin. Morphological approaches using ε-prototoxin-GFP showed the presence of a O-376 

glycosilated protein as a candidate for the receptor of ε-toxin in the renal system of all 377 

mammalian species tested. Altogether, the results help to understand the first steps in 378 
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the intoxication pathway of ε-toxin and may serve as a basis for preventive or even 379 

therapeutic approaches in the treatment of ε-toxin intoxication, by interfering in its first 380 

step of cytotoxic activity.  381 

 382 

ACKNOWLEDGEMENTS 383 

The authors thank Dr. Michel Popoff of the Institut Pasteur for helpful discussions 384 

and Dr. August Vidal of the Pathology Anatomy of the Bellvitge hospital for providing 385 

samples. We are also grateful to Biology Unit of CCiTUB of Campus de Bellvitge. This 386 

work has been supported by grants SAF 2008/00732 to JB and FIS 00305 to MMS of 387 

the Spanish Government.  388 

 389 

REFERENCES 390 

Buxton, D., 1976, Use of horseradish peroxidase to study the antagonism of Clostridium 391 

welchii (Cl. perfringens) type D epsilon toxin in mice by the formalinized epsilon 392 

prototoxin. J Comp Pathol 86, 67-72. 393 

Chassin, C., Bens, M., de Barry, J., Courjaret, R., Bossu, J.L., Cluzeaud, F., Ben 394 

Mkaddem, S., Gibert, M., Poulain, B., Popoff, M.R., Vandewalle, A., 2007, Pore-395 

forming epsilon toxin causes membrane permeabilization and rapid ATP depletion-396 

mediated cell death in renal collecting duct cells. Am J Physiol Renal Physiol 293, 397 

F927-937. 398 

Desantis, S., Ventriglia, G., Zubani, D., Deflorio, M., Megalofonou, P., Acone, F., 399 

Zarrilli, A., Palmieri, G., De Metrio, G., 2006, Histochemical analysis of 400 

glycoconjugates in the domestic cat testis. Histol Histopathol 21, 11-22. 401 



 17 

Dorca-Arevalo, J., Soler-Jover, A., Gibert, M., Popoff, M.R., Martin-Satue, M., Blasi, 402 

J., 2008, Binding of epsilon-toxin from Clostridium perfringens in the nervous 403 

system. Vet Microbiol 131, 14-25. 404 

Egea, G., Goldstein, I.J., Roth, J., 1989, Light and electron microscopic detection of (3 405 

Gal beta 1,4 GlcNAc beta 1) sequences in asparagine-linked oligosaccharides with 406 

the Datura stramonium lectin. Histochemistry 92, 515-522. 407 

Fernandez-Miyakawa, M.E., Fisher, D.J., Poon, R., Sayeed, S., Adams, V., Rood, J.I., 408 

McClane, B.A., Uzal, F.A., 2007a, Both epsilon-toxin and beta-toxin are important 409 

for the lethal properties of Clostridium perfringens type B isolates in the mouse 410 

intravenous injection model. Infect Immun 75, 1443-1452. 411 

Fernandez-Miyakawa, M.E., Jost, B.H., Billington, S.J., Uzal, F.A., 2008, Lethal effects 412 

of Clostridium perfringens epsilon toxin are potentiated by alpha and perfringolysin-413 

O toxins in a mouse model. Vet Microbiol 127, 379-385. 414 

Fernandez-Miyakawa, M.E., Sayeed, S., Fisher, D.J., Poon, R., Adams, V., Rood, J.I., 415 

McClane, B.A., Saputo, J., Uzal, F.A., 2007b, Development and application of an 416 

oral challenge mouse model for studying Clostridium perfringens type D infection. 417 

Infect Immun 75, 4282-4288. 418 

Finnie, J.W., 1984a, Histopathological changes in the brain of mice given Clostridium 419 

perfringens type D epsilon toxin. J Comp Pathol 94, 363-370. 420 

Finnie, J.W., 1984b, Ultrastructural changes in the brain of mice given Clostridium 421 

perfringens type D epsilon toxin. J Comp Pathol 94, 445-452. 422 

Hanai, T., Usuda, N., Morita, T., Nagata, T., 1994, Light microscopic lectin 423 

histochemistry in aging mouse kidney: study of compositional changes in 424 

glycoconjugates. J Histochem Cytochem 42, 897-906. 425 



 18 

Ivie, S.E., Fennessey, C.M., Sheng, J., Rubin, D.H., McClain, M.S., Gene-trap 426 

mutagenesis identifies mammalian genes contributing to intoxication by Clostridium 427 

perfringens epsilon-toxin. PLoS One 6, e17787. 428 

Koppelman, M.C., Dufau, M.L., 1982, Prolactin receptors in luteinized rat ovaries: 429 

unmasking of specific binding sites with detergent treatment. Endocrinology 111, 430 

1350-1357. 431 

Laitinen, L., Virtanen, I., Saxen, L., 1987, Changes in the glycosylation pattern during 432 

embryonic development of mouse kidney as revealed with lectin conjugates. J 433 

Histochem Cytochem 35, 55-65. 434 

Lindsay, C.D., 1996, Assessment of aspects of the toxicity of Clostridium perfringens 435 

epsilon-toxin using the MDCK cell line. Hum Exp Toxicol 15, 904-908. 436 

Mello, R.J., Brown, M.S., Goldstein, J.L., Anderson, R.G., 1980, LDL receptors in 437 

coated vesicles isolated from bovine adrenal cortex: binding sites unmasked by 438 

detergent treatment. Cell 20, 829-837. 439 

Minami, J., Katayama, S., Matsushita, O., Matsushita, C., Okabe, A., 1997, Lambda-440 

toxin of Clostridium perfringens activates the precursor of epsilon-toxin by 441 

releasing its N- and C-terminal peptides. Microbiol Immunol 41, 527-535. 442 

Miyamoto, O., Minami, J., Toyoshima, T., Nakamura, T., Masada, T., Nagao, S., Negi, 443 

T., Itano, T., Okabe, A., 1998, Neurotoxicity of Clostridium perfringens epsilon-444 

toxin for the rat hippocampus via the glutamatergic system. Infect Immun 66, 2501-445 

2508. 446 

Nagahama, M., Sakurai, J., 1992, High-affinity binding of Clostridium perfringens 447 

epsilon-toxin to rat brain. Infect Immun 60, 1237-1240. 448 



 19 

Payne, D.W., Williamson, E.D., Havard, H., Modi, N., Brown, J., 1994, Evaluation of a 449 

new cytotoxicity assay for Clostridium perfringens type D epsilon toxin. FEMS 450 

Microbiol Lett 116, 161-167. 451 

Petit, L., Gibert, M., Gillet, D., Laurent-Winter, C., Boquet, P., Popoff, M.R., 1997, 452 

Clostridium perfringens epsilon-toxin acts on MDCK cells by forming a large 453 

membrane complex. J Bacteriol 179, 6480-6487. 454 

Pilch, P.F., Shia, M.A., Benson, R.J., Fine, R.E., 1983, Coated vesicles participate in the 455 

receptor-mediated endocytosis of insulin. J Cell Biol 96, 133-138. 456 

Shimamoto, S., Tamai, E., Matsushita, O., Minami, J., Okabe, A., Miyata, S., 2005, 457 

Changes in ganglioside content affect the binding of Clostridium perfringens 458 

epsilon-toxin to detergent-resistant membranes of Madin-Darby canine kidney cells. 459 

Microbiol Immunol 49, 245-253. 460 

Soler-Jover, A., Blasi, J., Gomez de Aranda, I., Navarro, P., Gibert, M., Popoff, M.R., 461 

Martin-Satue, M., 2004, Effect of epsilon toxin-GFP on MDCK cells and renal 462 

tubules in vivo. J Histochem Cytochem 52, 931-942. 463 

Soler-Jover, A., Dorca, J., Popoff, M.R., Gibert, M., Saura, J., Tusell, J.M., Serratosa, 464 

J., Blasi, J., Martin-Satue, M., 2007, Distribution of Clostridium perfringens epsilon 465 

toxin in the brains of acutely intoxicated mice and its effect upon glial cells. 466 

Toxicon 50, 530-540. 467 

Tamai, E., Ishida, T., Miyata, S., Matsushita, O., Suda, H., Kobayashi, S., Sonobe, H., 468 

Okabe, A., 2003, Accumulation of Clostridium perfringens epsilon-toxin in the 469 

mouse kidney and its possible biological significance. Infect Immun 71, 5371-5375. 470 

 471 

 472 

 473 



 20 

FIGURE CAPTIONS 474 

Fig. 1. Binding of ε-prototoxin-GFP (A) or ε-toxin-GFP (B) on MDCK cells. A 96-475 

well plate was used to seed the cells at confluence (0.8 to 1.8 μg of protein/well as 476 

detected by Bradford protein assay). Cells were fixed and incubated in PBS-BSA 1% 477 

with increasing concentrations of ε-prototoxin-GFP or ε-toxin-GFP. To determine the 478 

level of the specific binding, cells were preincubated with unlabeled ε-prototoxin (A) or 479 

ε-toxin (B) for 30 min prior to the addition of the ε-prototoxin-GFP or ε-toxin-GFP 480 

respectively. The dissociation constant (Kd) was 3.8 ± 1.9 nM and 5.8 ± 4.7 nM for ε-481 

prototoxin-GFP and ε-toxin-GFP respectively. The number of binding sites (Bmax) was 482 

67.3 ± 10.2 pmol/mg and 201 ± 49 pmol/mg for ε-prototoxin-GFP and ε-toxin-GFP 483 

respectively. Note a similar Kd but a significant three-fold increase in Bmax in the ε-484 

toxin-GFP condition compared to ε-prototoxin-GFP (p = 0.002). The insets show the 485 

Scatchard plot calculated using GraphPad Prism 3 software. B/F, bound ε-prototoxin-486 

GFP/free ε-prototoxin-GFP. 487 

 488 

Fig. 2. Binding of ε-prototoxin-GFP on MDCK cells after detergent treatments. Cells 489 

were treated at 4 ºC (left column), at RT (middle column) or at 37 ºC (right column) 490 

with 2% Triton X-100 (D-F), 2% sodium cholate (G-I) and 2% sodium deoxycholate (J-491 

L) prior to the ε-prototoxin-GFP incubation. Note a complete reduction in ε-prototoxin-492 

GFP binding at 2% Triton X-100 and sodium deoxycholate at any condition compared 493 

to the control (A-C). No modifications were observed in ε-prototoxin-GFP binding at 494 

2% sodium cholate at 4 ºC (G) but a reduced and spotted pattern and a complete 495 

absence of binding of ε-prototoxin-GFP was observed after treatment at RT (arrow, H) 496 

and 37 ºC (I) respectively. Bars correspond to 40 μm. 497 

 498 
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Fig. 3. Effect of β-elimination and N-glycosidase F on ε-prototoxin-GFP (A, D and 499 

G), Arachis hypogaea lectin (PNA) (B, E and H) and Datura stramonium lectin (DSA) 500 

(C, F and I) binding to MDCK cells. Cells were treated with 0.055 N NaOH for 1 h at 501 

37 ºC (D, E and F) or with N-glycosidase F, overnight at 37 ºC (G, H and I). Some cells 502 

were treated with buffer (without N-glycosidase F or NaOH) under the same conditions 503 

and used as a control (A, B and C). DSA, that recognizes an N-linked glycan (Gal β1,4 504 

GlcNAc) and PNA that recognizes O-linked glycan (Galβ1-3GalNAc, α-Gal and β-Gal) 505 

were used as treatment controls. β-elimination strongly reduces the labeling of ε-506 

prototoxin-GFP (D) and PNA (E), but not DSA labeling, which was increased (F). N-507 

glycosidase F reduced the labeling of DSA lectin (I) but not PNA (H) and ε-prototoxin-508 

GFP (G) labeling. Bars represent 40 μm. 509 

 510 

Fig. 4. Effect of pronase E on the ε-prototoxin-GFP binding to renal system. Mouse 511 

urinary bladder (A, B) and kidneys (C-F) sections were preincubated for 30 min at 37 512 

ºC with 0.5 mg/ml of pronase E (B, D and F) or without the enzyme mixture under the 513 

same conditions (A, C and E). Labeling of urothelium (A-B), distal tubules from the 514 

renal cortex (C-D) and renal medulla (E-F) by ε-prototoxin-GFP was reduced after 515 

pronase E treatment.  Bars represent 40μm. 516 

 517 

Fig. 5. Effect of β-elimination on ε-prototoxin-GFP binding to mouse kidney 518 

sections. Sections from mouse kidneys were treated with 0.055 N NaOH at 37 ºC for 1 h 519 

(D-F and J-L) or with water under the same conditions as controls (A-C and G-I). 520 

Sections were incubated with ε-prototoxin-GFP (green in A, C, D, F, G, I, J and L) after 521 

preincubation with Datura stramonium lectin (DSA) (B, C, E and F) or Arachis 522 

hypogaea lectin (PNA) (H, I, K and L). DSA stains the proximal tubules (arrowheads) 523 
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and PNA stains the distal and collecting tubules (arrows). Note the reduced labeling by 524 

ε-prototoxin-GFP (D, F, J and L) and PNA (K and L) but not the labeling by DSA (E 525 

and F) which increases after ß-elimination treatment. Bars represent 40μm. 526 

 527 

Fig. 6. Effect of β-elimination on ε-prototoxin-GFP binding to distal and collecting 528 

tubules from cow, goat, sheep and human kidneys. Sections from cow (A and B), goat 529 

(C and D), sheep (E and F) and human (G and H) kidneys were treated overnight with 530 

0.055 N NaOH at 37 ºC (B, D, F and H) or water under the same conditions, as controls 531 

(A, C, E and G). Note the ε-prototoxin-GFP binding to distal and collecting tubules in 532 

all species (white arrows) in the control situation. The ε-prototoxin-GFP binding after 533 

the ß-elimination treatment was strongly diminished in all species. Bars represent 40μm. 534 

 535 

Fig. S-1. Binding of ε-prototoxin-GFP on MDCK cells after 1% sodium cholate (A) 536 

or β-elimination (B) treatments The dissociation constant (Kd) was 1.65 ± 0.81 nM and 537 

3.29 ± 2.27 nM after 1% sodium cholate treatment and β-elimination treatments 538 

respectively. The number of binding sites (Bmax) was 115.8 ± 14.91 pmol/mg and 3.4 ± 539 

0.62 pmol/mg after 1% sodium cholate treatment and β-elimination treatments 540 

respectively. Note that the dissociation constant (Kd) was not significantly modified 541 

after the two treatments. However, the number of binding sites was increased after 1% 542 

sodium cholate (p = 0.002) and consistently reduced about 95% after β-elimination (p � 543 

0.001). The insets show the Scatchard plot calculated using GraphPad Prism 3 software. 544 

B/F, bound ε-prototoxin-GFP/free ε-prototoxin-GFP. 545 

 546 

Fig. S-2. ε-Prototoxin-GFP labeling of distal and collecting tubules in mouse renal 547 

sections. ε-Prototoxin-GFP binds to renal tubules (in green, A, C, D, F, G and I). Datura 548 
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stramonium lectin (DSA) binds to proximal tubules (in red and arrows, B and C). 549 

Arachis hypogaea lectin (PNA) binds to distal and collecting tubules (arrows) and to 550 

proximal tubules (in red and arrowhead, E and F). Dolichos biflorus lectin (DBA) binds 551 

to collecting tubules (in red and arrow, H and I). Note the colocalization of ε-552 

prototoxin-GFP with PNA to distal and collecting tubules (arrows, F) and with DBA to 553 

collecting tubules (arrow, I) but not with DSA in proximal tubules (C). Bars represent 554 

40μm.  555 

 556 

Fig S-3. Effect of β-elimination on ε-prototoxin-GFP binding to mouse bladder 557 

cryosections. A mouse bladder section was treated with 0.055 N NaOH at 37 ºC for 1 h 558 

(B) or with water at the same conditions as control (A). Note the strong reduction of ε-559 

prototoxin-GFP labeling after β-elimination treatment (B) compared to the control 560 

situation (A). Bars represent 40 μm. 561 

 562 

 Fig S-4.  Effect of N-glycosidase F on the binding of ε-prototoxin-GFP to distal and 563 

collecting tubules. No changes in the binding of ε-prototoxin-GFP were observed after 564 

N-glycosidase treatment, compared to the control situation (compare A and G with D 565 

and J). Datura stramonium lectin (DSA) which binds to proximal tubules (arrows, B, C, 566 

E and F) and Arachis hypogaea lectin (PNA) which binds to distal and collecting 567 

tubules (arrows, H, I, K and L) were used as controls for N-glycosidase F activity.  Bars 568 

represent 40μm. 569 

 570 
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