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When intraperitoneally injected into Swiss mice,
Clostridium sordellii lethal toxin reproduces the fatal
toxic shock syndrome observed in humans and ani-
mals after natural infection. This animal model was
used to study the mechanism of lethal toxin-induced
death. Histopathological and biochemical analyses
identified lung and heart as preferential organs tar-
geted by lethal toxin. Massive extravasation of blood
fluid in the thoracic cage, resulting from an increase
in lung vascular permeability, generated profound
modifications such as animal dehydration, increase
in hematocrit , hypoxia, and finally, cardiorespira-
tory failure. Vascular permeability increase induced
by lethal toxin resulted from modifications of lung
endothelial cells as evidenced by electron micros-
copy. Immunohistochemical analysis demonstrated
that VE-cadherin, a protein participating in intercel-
lular adherens junctions, was redistributed from
membrane to cytosol in lung endothelial cells. No
major sign of lethal toxin-induced inflammation was
observed that could participate in the toxic shock
syndrome. The main effect of the lethal toxin is
the glucosylation-dependent inactivation of small
GTPases, in particular Rac, which is involved in actin
polymerization occurring in vivo in lungs leading to
E-cadherin junction destabilization. We conclude that
the cells most susceptible to lethal toxin are lung
vascular endothelial cells, the adherens junctions of
which were altered after intoxication. (Am J Pathol

2007, 170:1003–1017; DOI: 10.2353/ajpath.2007.060583)

Clostridium sordellii is a gram-positive spore-forming bac-
terium and obligatory anaerobe from the environment
and occasionally from animal and human intestine. This
Clostridium is responsible for myonecrosis and gangrene
in humans, which once accounted for up to 4% of Clos-
tridium myonecrosis.1 Today, myonecrosis attributable to
C. sordellii is infrequent except in injection drug users.2

Infection by this bacterium is characterized by a marked
local edema, no or weak hemolysis, variable production
of gas, severe hypotension, and shock. Sporadic cases
of C. sordellii infections are more common in women after
postpartum wound, endometritis, or postabortion disease
and, more recently, in fatal toxic shock syndrome after
medical abortion characterized by irreversible hypoten-
sion, apyrexia, hemoconcentration with hyperproteine-
mia, leukocytosis, high hematocrit,3,4 pleural effusions,
and sero-sanguinous ascites.5–8 Although rare, these
cases are always dramatic. In addition, C. sordellii is
responsible for bacteremia and arthritis resulting in a high
rate of mortality.9,10 In contrast, C. sordellii diseases are
more frequent in animals, leading to large outbreaks of
enterotoxemia, mainly in sheep and lambs,11–14 and spo-
radic cases of necrotic and hemorrhagic enteritis in cat-
tle.15 C. sordellii toxic infections in sheep and lambs most
often result in sudden death, without characteristic post-
mortem abnormalities except a marked edema and em-
physema of the abomasum wall in some animals.16 The
most relevant feature of C. sordellii pathologies in humans
and animals, whatever the initial site of infection, consists
of a rapid and fatal toxic shock syndrome, indicating a
major role for toxin(s) in the onset of the disease. How-
ever, the exact cause of death has not yet been
deciphered.
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C. sordellii produces several virulence factors, includ-
ing lethal toxin (TcsL), hemorrhagic toxin, phospho-
lipases, extracellular proteases, hemolysins, DNase, and
cytotoxin, but the major one remains TcsL, also called
edema-producing toxin.17 TcsL is responsible for fatal
outcome after C. sordellii infections. It is one of the most
potent toxins. Indeed, its mouse lethal dose (MLD)/kg
was determined to be 150 ng.18 Only Clostridium botuli-
num and Clostridium tetani toxins were found to be more
potent than TcsL (MLD/kg �1 ng).19 When injected intra-
dermally, purified TcsL was shown to be erythematous
and edematous. TcsL belongs to the family of large clos-
tridial cytotoxins.20 It is a single chain protein with a
molecular mass of 250 kd that is active intracellularly and
contains three functional domains.21,22 The C-terminal
domain contains multiple repeated sequences and is
involved in cell surface receptor recognition. The central
part contains a hydrophobic segment and mediates the
translocation into the cytosol of the N-terminal part across
the endosomal membrane. The N-terminal part contains
the enzymatic site and supports the intracellular activity.
TcsL catalyzes the glucosylation of small GTPases from
UDP-glucose. The specific targets of TcsL from strain
IP82 (TcsL-82) are Ras, which is inactivated on glucosy-
lation at Thr-35, Rap, Ral, and Rac at Thr-37.23–26 The
cellular effects of TcsL-82 have been studied using cell
lines of various origins and all cell lines tested seemed
sensitive to this toxin. So far, the cell modifications re-
ported, cell rounding and depolymerization of actin cy-
toskeleton, involve the enzyme activity and the subse-
quent inactivation of small GTPases.

The present in vivo study was thereby designed to
characterize the essential cause of the fatal issue in a
mammalian organism intoxicated with purified TcsL-82
and to determine whether specific target cells for TcsL-82
exist in animals. We show that edema occurred mainly in
lung and heart after TcsL-82 intoxication and that most
symptoms arose from a major increase in vascular per-
meability observed at the lung level because of E-cad-
herin junction disorganization subsequent to in vivo glu-
cosylation of small GTPases in lung.

Materials and Methods

Toxin

Toxin produced by C. sordellii IP82 (TcsL-82) was purified
as previously described.18,27 TcsL-82 was diluted in
Hanks’ balanced salt solution (HBSS) containing 0.1%
bovine serum albumin and sterilized by filtration on a
0.22-�m Millex filter (Millipore S.A.S., Molsheim, France).
MLD of the TcsL-82 preparation used in this study was
assayed as 15 ng/animal.

Animals

Male Swiss mice, 3 to 4 weeks of age (16 g), were
purchased from Charles Rivers (Les Oncins, France) and
were kept for 2 weeks before use (approximate weight at
6 weeks � 20 g). Mice were injected intraperitoneally with

0.5 ml of HBSS supplemented with 0.1% bovine serum
albumin containing 15 ng of TcsL-82. At varying times
after intoxication, animals were euthanized by an intra-
peritoneal injection of 0.1 ml of a mixture made of 0.5 ml
of Rompun 2% (xylazine; Roche Diagnostics, Indianapo-
lis, IN) and 0.25 ml of Imalgene 1000 (ketamine chlorhy-
drate; Merial, Lyon, France) completed to 2 ml with phos-
phate-buffered saline (PBS). After animal opening, fluid
present in the thoracic cavity was collected for analysis.
Animals were terminally bled before organs were col-
lected, and/or necropsies were performed. Blood sam-
ples were collected either on ethylenediaminetetraacetic
acid (10 �l at 0.5 mol/L) or on dry tubes. Control mice
were injected with the diluent only and processed as
described above for intoxicated mice.

Histopathology and Immunohistochemistry

Histology was performed on each mouse. In mice eutha-
nized 2, 6, and 16 hours after TcsL-82 injection, the main
organs, including liver, spleen, lung, heart, thymus, adre-
nals, brain, mesenteric lymph nodes, and intestine, were
collected. Organs were fixed in a freshly made 10% Zn2�

salt solution made of 0.1 mol/L Tris buffer containing
calcium acetate (3.4 mmol/L) (pH 7.4). Fixed tissues were
embedded in low-melting point fusion paraffin as de-
scribed,28 cut in 3-�m sections, and stained with hema-
toxylin and eosin (H&E) for light microscopic examination
by a board certified pathologist. To determine whether
TcsL-82 would damage the brain-blood barrier, an ex-
periment was performed to investigate whether brain tis-
sue was a target for TcsL-82. In this experiment, organs,
including brain, were fixed by intravenous injection of 4%
paraformaldehyde (PFA) in PBS into anesthetized mice
and then embedded in paraffin for routine histology.

For immunohistochemistry, lungs and hearts were em-
bedded with OCT compound (Sakura Fineteck Europe,
Zoeterwoude, The Netherlands). Both organs were
plunged for �30 seconds into 2-methylbutane prechilled
in liquid nitrogen. After freezing, organs were stored in a
�80°C freezer until sectioning. Five-�m frozen organ
sections were dried at room temperature and fixed by
incubation in 4% paraformaldehyde for 20 minutes. After
washes (3 � 5 minutes) in PBS, tissues were quenched
for 10 minutes in 50 mmol/L NH4Cl in PBS and blocked in
PBS containing 1 mmol/L Ca2�, 1% bovine serum albu-
min, and 0.2% gelatin. Tissues were then incubated with
the primary antibodies diluted in the permeabilizing
buffer (PBS with 1 mg/ml bovine serum albumin and
0.05% saponin) for 1 hour. Rat monoclonal antibodies
specific for mouse VE-cadherin and anti CD-144 (Pharm-
ingen, BD Biosciences Europe, Lille, France) were used
as primary antibodies. After washes (3 � 5 minutes) in
the permeabilizing buffer, proteins were revealed by in-
cubation of the tissues for 1 hour with fluorescein isothio-
cyanate-conjugated goat anti-rat IgG (H�L) from Cappel
Laboratories (Durham, NC) and tetramethyl-rhodamine
isothiocyanate-phalloidin from Sigma when indicated, di-
luted in the permeabilizing buffer. Finally, the slides were
washed in PBS (3 � 5 minutes), mounted in a Mowiol
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solution, and confocal microscopy was performed using
a microscope (model TCS4D; Leica, Wetzlar, Germany)
equipped with a �40 lens. Z series of optical sections
were acquired at 0.7 �m. Fluorescein isothiocyanate and
tetramethyl-rhodamine isothiocyanate emissions were
collected separately to avoid fluorescence passage from
one channel to another.

Ratios of Wet/Dry Weights of Lungs and Hearts

After death, lungs and hearts from control and 6-hour
intoxicated mice were collected and weighted on a pre-
cision balance. Organs were dried in an oven at 110°C
overnight (until their weight stabilized). Ratios of wet-to-
dry weights were calculated for lung and heart of each
mouse.

Electron Microscopy

Blocks of tissue were fixed by immediate immersion after
preparation in 2.5% glutaraldehyde in 0.1 mol/L cacody-
late buffer. Fixation was continued overnight at 4°C. Sam-
ples were then rinsed three times with 0.1 mol/L cacody-
late buffer, postfixed with 1% osmium tetroxide in 0.1
mol/L cacodylate buffer for 90 minutes, and afterward
rinsed with distilled water. Samples were then dehy-
drated through a graded series of ethanol (25 to 100%),
embedded in spur resin, and polymerized at 60°C for 48
hours. Ultrathin sections (70 to 80 nm) were cut with a
diamond knife, stained with uranyl acetate and lead ci-
trate, and viewed in a Jeol JEM 1010 transmission elec-
tron microscope (Tokyo, Japan) at 80 kv accelerating
voltage. Images were recorded using an Eloise Mega
View III camera and the Analysis Pro software version 3.1
(Eloı̈se SARL, Roissy, France). Histology and electron
microscopy sections were analyzed for morphometry
using the Histolab system (CE1750; Microvision Instru-
ments, Evry, France) and AnalySIS Pro Software version
5.0 (Eloı̈se SARL).

In Vivo Glucosylation by TcsL-82 of Small
GTP-Binding Protein

Lungs and livers from control and TcsL-82-intoxicated
mice (15 ng i.p.) were homogenized in 1 and 2 ml,
respectively, of lysis buffer, pH 7.4, containing 0.5% Tri-
ton X-100, 20 mmol/L 4-(2-hydroxyethyl)-1-pipera-
zineethanesulfonic acid (HEPES), 50 mmol/L NaCl, 5
mmol/L MgCl2, 1 mmol/L ethylene glycol bis(�-amino-
ethyl ether)-N,N,N�,N�-tetraacetic acid, 0.1 mmol/L or-
thovanadate, 10 �mol/L GDP, and protease inhibitor mix-
ture (Complete; Boehringer Ingelheim France S.A.S.,
Paris, France). Organ lysates were centrifuged at 400 �
g. In vitro glucosylation was achieved as previously re-
ported.29 In brief, samples containing 50 �g of total pro-
tein were used with 7 �mol/L [14C]UDP-glucose (DuPont
NEN, Boston, MA) and 1 �g of TcsL-82 in a final volume
of 20 �l. After incubation (1 hour at 37°C), proteins were
separated on sodium dodecyl sulfate-polyacrylamide gel

electrophoresis (15%). After staining and destaining, the
gel was dried and autoradiographed for several weeks.

Hematological Parameters and Blood Chemistry
Analysis

Hematological parameters and differential leukocyte
counts were analyzed on samples collected on ethyl-
enediaminetetraacetic acid using the cell automated
complete blood Vet’ABC counter (SCIL, Viernheim, Ger-
many). After blood clotting, sera were collected by cen-
trifugation for 10 minutes at 500 � g in a microcentrifuge
(Eppendorf France SARL, Le Pecq, France), and serum
chemistry analyses for renal (blood urea nitrogen and
creatinine concentrations) and hepatic (alanine and as-
paragine transferase concentrations) functions were per-
formed using a VetTest analyzer (IDEXX, Cergy-Pontoise,
France). The same apparatus was used to measure al-
bumin concentration in sera and thoracic fluids.

Vascular Permeability Assay

Evans blue dye (30 mg/kg in 100 �l of PBS) was injected
into the tail vein of 18- to 20-g Swiss mice. Thirty minutes
after injection of the dye, animals were sacrificed as
detailed above. The volume of fluid present in the tho-
racic cavity was measured and then dried under vacuum
in a Speedvac centrifuge (GMI, Inc., Ramsey, MI). The
Evans blue dye present in the fluid was extracted over-
night with 1 ml of formamide at 55°C and measured
spectrophotometrically at 600 nm. Likewise, the back-
ground level was measured for each time point by simi-
larly processing lung fluids from intoxicated animals that
did not receive Evans blue dye. Control mice were intra-
peritoneally injected with 0.5 ml of toxin diluent (HBSS).
One half-hour before sacrificing, mice (two control mice
for each time point) were intravenously injected with
Evans blue and further processed as intoxicated mice.
Data are expressed as means � SD.

Erythropoietin (EPO), Troponin-I, Chemokines,
Cytokines, and Nitric Oxide Measurements

Aliquots of sera from mice treated for 0.5 to 6 hours with
TcsL-82 were kept at �80°C until analysis. Lung and liver
from the same animals were put in 1 and 2 ml of ice-cold
Dulbecco’s modified Eagle’s medium, respectively, im-
mediately homogenized on ice and centrifuged at
2000 � g for 30 minutes at �4°C. Supernatants were
aliquoted and kept at �80°C until use. Mouse EPO, tumor
necrosis factor (TNF)-�, interleukin (IL)-1�, IL-6, KC, MIP-
1�, MIP-2, and JE/MCP-1 enzyme-linked immunosorbent
assay (ELISA) detection kits were from R&D Systems,
mouse cardiac troponin-I (cTn-I) ELISA kit was from Life
Diagnostics Inc. (West Chester, PA). All these molecules
were measured in serum samples and/or in organs fol-
lowing the manufacturer’s instructions.

Nitrite (NO2
�) and nitrate (NO3

�) measurements were
performed using the nitric oxide quantification kit (Active
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Motif, Carlsbad, CA), following the manufacturer’s in-
structions. All samples were filtered at �4°C through a
10,000-d micropore filter (Millipore) before assay and
were diluted twofold in the assay buffer.

Statistical Analysis

Hematological and chemical data were analyzed using
GraphPad Prism 4 (GraphPad Software Inc., San Diego,
CA), and hematological data were expressed as mean �
SE. Statistical analyses were performed with the Wilcoxon
signed-rank test arbitrarily using the median of controls
as the hypothetical value for comparison. P values equal
or smaller than 0.05 were considered as significant.

Results

In the present study, lethal effect of TcsL-82 was investi-
gated in mice after an intraperitoneal injection of 1 MLD
(a dose that kills a mouse in �24 hours).

Pathological and Histopathological Findings in
Mice on Intraperitoneal Injection of TcsL-82

Pathology

As early as 6 hours after intoxication, six of eight mice
were less mobile and displayed symptoms of ataxia.
Eyes of these animals were deep set in the orbital, indi-
cating dehydration (not shown). Five animals had dark-
ened tails (Figure 1A). After 16 hours, one animal was
normal, one was dead, and the other six had the same
signs as after 6 hours.

Histopathology

Macroscopic Findings: Starting at 2 hours after TcsL-82
intoxication, a clear cell-free and straw-colored serous
fluid was collected from the thoracic cavity of 50% of the
mice (Figure 1B). This fluid coagulated rapidly. Through-
out time, the percentage of animals with fluid in the tho-
racic cavity increased, reaching 60% after 4 hours, 75%
after 6 hours, and 87% later (Figure 1C). The volume of
the thoracic cavity fluid was between 15 and 100 �l
after 2 hours, it increased throughout time to 50 to 350
�l after 4 hours and reached 100 to 500 �l and 200 to
600 �l after 6 and 16 hours, respectively (Figure 1D).
After 6 hours and more, the exudate was serohemor-
rhagic in several mice and contained varying amounts
of red cells (Figure 1B). Local edema at the site of
injection has been reported to be the main character-
istic during C. sordellii infection, and the toxin respon-
sible has been previously named edematous toxin.17

At 6 hours, fluid was collected also from the perito-
neum cavity of three animals. Congestion of the pari-
etal peritoneum was markedly greater at 16 hours.
There was no gross lesion within thymus, lymph nodes,
spleen, gastrointestinal system, brain, liver, or kidneys,

Figure 1. TcsL-82 induces anoxia in mice and fluid accumulation in the
thoracic cavity. After intoxication for 6 hours with intraperitoneally injected
TcsL-82 (15 ng/mouse), mice exhibit signs of anoxia such as darkened
extremities (A) and various volumes of serohemorrhagic fluid were collected
in the thoracic cage (B). In three different experiments, six to eight mice were
sacrificed at various times after intraperitoneal injection of TcsL-82. For each
experiment, the percentage of mice with fluid in the thoracic cage was
calculated (C), and the volume of fluid present in the thoracic cage was
measured (open bars) (D). Two control mice, injected with the diluent only,
were euthanized at each time point. No fluid was collected from the thoracic
cage of control mice (black squares). Results in C and D represent the
mean � SEM of the three different experiments.
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and especially there were no hemorrhages, infarctions,
or abscesses.

Microscopic Findings: All of the organs were examined
in control and in mice intoxicated with TcsL-82 for 2, 6, or
16 hours. After intoxication, lesions occurred mainly in
lung and heart as described below.

Lungs: As reported in Figure 2A, some edema was
observed in control mice near a few large vessels, but
fluid extravasation was very limited and likely attributable
to the protocol of euthanasia. The most obvious lesion

observed in mice receiving TcsL-82 was edema sur-
rounding pulmonary vessels already after 2 hours, which
became abundant and extended to most lung vessels
after 6 hours of intoxication. To evaluate the importance
of edema in lungs of intoxicated mice, the ratios between
wet and dry weights of lungs were measured in control
and 6-hour intoxicated mice as detailed in Materials and
Methods. As shown in Figure 2B, the wet-to-dry weight
ratio increased moderately in lungs of intoxicated mice
compared with that of controls. This increase was statis-

Figure 2. Histopathological analysis of the lung of TcsL-82-treated Swiss mice. A: H&E staining of lungs from HBSS-injected control mice and from mice
intoxicated for 2 and 6 hours with intraperitoneally injected TcsL-82 (15 ng/mouse). Lungs were examined with �20, �40, and �100 lenses. Perivascular space
corresponding to the area where exudate is observed after intoxication (�20 lens and higher magnifications) is very limited in control lung, increased already
after 2 hours, and is massive after 6 hours of intoxication (arrows). B: Ratios of wet-to-dry weights of lung from control and intoxicated mice with TcsL-82 (15
ng/mouse, i.p.). Horizontal bars indicate the median values. The values of control versus intoxicated mice were analyzed by the Wilcoxon signed-rank test using
arbitrarily the median of the control population as the hypothetical value for comparison; P � 0.0156.

Table 1. Analysis of Modifications in Lung Tissue Observed in Histology and Electron Microscopy

Analysis of lung edema in histological
sections Control (n � 13)

2 hours intoxication
(n � 10)

6 hours intoxication
(n � 11)

Ratio of perivascular area/vascular �
perivascular area (mean � SD)*

0.133 � 0.18 0.342 � 0.25 O.61 � 0.19

P (control/intoxicated mice)† 0.0049 0.0005

Analysis of lung vessel endothelial cells
(trans-electron microscopy)

Control 6 hours intoxication **P (control/intoxicated mice)

Length of cell-cell juxtaposition (nm)
(mean � SD) (See Figure 4, 6 hours
of intoxication, high magnification)

(n � 22) 735.61 � 337.46 (n � 13) 1064.30 � 508.24 0.0009

Length of adherens junctions (high
density) (nm) (mean � SD) (see
Figure 4, control, high magnification)

(n � 22) 458.30 � 222.97 (n � 13) 183.61 � 141.84 0.0001

Vesicles in 13 mm2 endothelial cell
areas (mean � SD)

(n � 15) 28 � 6.8 (n � 15) 56 � 12.3 �0.0001

*The perivascular area corresponds to the edema area.
†Determined by the Wilcoxon rank-signed test (control/intoxicated mice), using the control median as the hypothetical value.
n, number of measurements.
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tically significant (P � 0.0156) using the Wilcoxon
signed-rank test. This result fits with the absence of mas-
sive alveolar edema. To confirm further the extravasation
of fluid in lungs observed at the periphery of vessels, the
ratio of perivascular to vascular plus perivascular areas
was measured in lung sections and compared with that of
control mice. As reported in Table 1, a statistically signif-
icant increase in the ratio was observed already after 2
hours intoxication and was markedly greater after 6
hours, confirming that the extravasation process had al-
ready started at 2 hours. Another criterion was also used
to measure the importance of edema in lung tissue, the
light intensity (percentage of absorption), which inversely
correlates with edema. It was measured in 20 fields for
each time point. The mean of intensity was 71.4 � 20.2 in
control lung and decreased to 63.6 � 15 and 69.7 � 14.5
at 2 hours and 6 hours intoxication, respectively. How-
ever, in lung tissue, the difference in light intensity be-
tween control and intoxicated mice was not significant
because of important variations among fields and to the
limited alveolar edema that was primarily observed at the
vessel periphery. In rare areas, an infiltrate of macro-
phages, monocytes, and polymorphonuclear cells was
observed after 2 and 6 hours of intoxication, (data not
shown). No other lung lesion, such as modification of
bronchia, was observed at any time up to 16 hours of
intoxication.

Heart: As reported in Figure 3, the structure of the heart
appeared dilacerated already after 2 hours of intoxica-
tion. Edema was observed in the endocardium, and the
pericardium was dissociated from the myocardium by
fluid (Figure 3; �40 and �100, 2 hours). Edema was also
observed after 6 hours of intoxication. At that time, most
cells were dissociated by edema and the fibrillar struc-
ture of heart muscle was no longer observed (Figure 3;
�40 and �100, 6 hours). In hearts, however, no edema
was observed around vessels. Congestion and hemor-

rhages were observed in some area between myocytes
(data not shown). Although cardiac lesions because of
edema infiltration were observed in most intoxicated
mice, their localization and extension varied among ani-
mals. It is noticeable that there was no myocardial infarc-
tion nor disseminated intravascular coagulation nor any
thrombosis. Neither endothelium lesion nor contraction
band in myocardium as observed in hearts suffering from
hypoxia30 was evidenced. Evaluation of the importance
of edema in hearts of intoxicated mice was also assessed
by the ratio of wet-to-dry weights in control and 6-hour
intoxicated mice. Although the ratio of wet-to-dry weights
of heart increased moderately after intoxication (Figure
3B) reflecting the absence of a massive pericarditis, a
statistically significant difference was observed between
intoxicated mice and controls (P � 0.047). Light intensity
was also measured in heart sections. Twenty different
fields were analyzed for each time point. The mean of
intensity � SD which was 59.95 � 5.7 in control, de-
creased in intoxicated mice to reach 56.6 � 5.2 and
54.25 � 5 after 2 and 6 hours of intoxication, respectively.
The decrease in light intensity was statistically significant
in intoxicated heart tissue (P � 0.03 and P � 0.001 after
2 and 6 hours of intoxication, respectively). Cardiac dam-
ages were further investigated by measuring the level of
cardiac troponin-I (cTn-I) in the plasma of 16 mice intox-
icated for 6 hours with TcsL-82. cTn-I, a serum marker
with high sensitivity and specificity of cardiac myocyte
injury,31 was not detectable in any control; in contrast, it
was present in the plasma of 10 mice intoxicated with
TcsL-82 for 6 hours, with values ranging from 0.45 to
280 ng/ml.

TcsL-82-dependent changes in lung vessels were fur-
ther investigated by electron microscopy. After 6 hours of
intoxication, major changes consisted in alterations of
endothelial cells. At a small magnification (�24,000),
lung vessel walls were more serrated with endothelial

Figure 3. Histopathological analysis of the hearts of TcsL-82-treated Swiss mice. A: H&E staining of hearts from HBSS-injected control mice as in Figure 2 and from
mice intoxicated for 2 and 6 hours with intraperitoneally injected TcsL-82 (15 ng/mouse). Hearts were examined with �40 and �100 lenses. Exudate (arrows)
is observed at the pericardium and endocardium levels and infiltrates heart muscle, which appears roughly dilacerated after 2 hours. After 6 hours of intoxication,
myocardiocytes appear individualized by exudate. B: Ratios of wet-to-dry weight of lung from control and 6-hour intoxicated mice. Horizontal bars indicate the
median values. The values of control versus intoxicated mice were analyzed by the Wilcoxon signed-rank test using arbitrarily the median of the control
population as the hypothetical value for comparison; P � 0.047.
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cells showing deeper crypts than in control (Figure 4, A
and B). At a higher magnification (�100,000), intercellu-
lar junctions, which were well defined with a dense and
continuous delineation between endothelial cells from
control lung vessel, were faint and discontinuous in en-
dothelial cells from TcsL-82-intoxicated mice (single
frame). Moreover, after 6 hours of intoxication, endothelial
cells presented a higher number of small vesicles (dou-
ble frame) than that of control mice, suggesting an in-
crease in intracellular membrane trafficking. As reported
in Table 1, morphometric analysis of lung endothelial
cells confirmed the disruption of adherens junctions and
the increase in their number of vesicles.

TcsL-82 Induces Alteration of Hematological
Parameters

As reported in Table 2, major hematological modifica-
tions in all parameters were observed in mice intoxi-
cated for 6 hours with TcsL-82. Red cell counts, hemo-
globin content, and hematocrit, all showed highly
significant increases (P � 0.0002) after 6 hours of
intoxication with TcsL-82 compared with control mice.
Differential counts of white cells also showed a signif-
icant increase in granulocytes (P � 0.0002) and mono-
cytes (P � 0.0005) and a decrease in the counts of
platelets (P � 0.0012).

Figure 4. Transelectron microscopy analysis of lung vessels in a control mouse and a mouse intraperitoneally injected with TcsL-82 (15 ng/mouse) 6 hours before
organ fixation (as in Figure 2). Top images are general views showing a highly modified aspect of the vessel after TcsL-82 intoxication. As visualized on enlarged
endothelial structures (middle and bottom images), in the intoxicated mouse staining of intercellular junctions (single frame) is weaker than in control.
Intracellular vesicles (double frame) are abundant in endothelial cells from intoxicated mouse. Original magnifications, �24,000 (top).
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TcsL-82 Induces an Increase in the Level of
Serum EPO, Does Not Modify Renal or Hepatic
Functions, and Alters Vascular Permeability

Because mice showed signs of hypoxia and because
major modifications concerned lung and heart, we inves-
tigated whether TcsL-82 intoxication induced a change in
serum EPO content. As reported in Figure 5A, an in-
crease in EPO was evidenced in a high percentage of
mice intoxicated with TcsL-82. With time, the mean value
of EPO increased (up to 6 hours). Statistical analysis
indicated that EPO had already significantly increased 2
hours after intoxication (P � 0.0039), and the increase
remained significant until and including 16 hours of
intoxication.

Renal function was investigated by analysis of blood
urea nitrogen (BUN) and serum creatinine (CRE) mea-
surements. BUN was increased in TcsL-82-treated ani-
mals (Figure 5B). However, BUN changes independent
of CRE are not indicative of renal dysfunction. Serum CRE
is a more specific determinant of renal function, because
unlike BUN level, which often reflects altered metabolism
or urination, its level is not affected by protein metabolism
or hydration status. No significant change in CRE was
evidenced in TcsL-82-injected mice at the times studied,
with only one mouse falling outside the 0.1 to 1.1 mg/dl
serum CRE range (Figure 5C) indicating that renal func-
tion was not modified in intoxicated mice. Therefore,
modification in BUN level in TcsL-82-intoxicated mice is
likely to be the consequence of the major increase in
vascular permeability and associated dehydration. Ex-
cept in one mouse, no significant modification in the two
liver function indicators, serum alanine aminotransferase
and aspartate aminotransferase, was observed at 6 or 16
hours after intoxication with TcsL-82 compared with con-
trols (Figure 5, D and E).

TcsL-82 effect on vascular permeability was investi-
gated using two approaches. First of all, concentrations
of albumin in serum and in lung fluid were measured
throughout time. As shown in Figure 6A, albumin concen-
tration in serum was stable for the first 2 hours and then
decreased. After 6 hours of intoxication, serum albumin
level was approximately half of that measured in control
mice. Albumin level in lung fluid amounted to only one
third of that in serum after 2 hours and increased pro-

Figure 5. TcsL-82-induced plasma EPO increases and does not modify renal
and hepatic functions. Mice were intraperitoneally injected with 0.5 ml of
HBSS containing or not TcsL-82 (15 ng/mouse). At the indicated times, eight
mice were euthanized, and sera were collected. The amount of EPO present
in plasma of control or TcsL-82-intoxicated mice was estimated by ELISA
using a R&D kit as indicated in the Materials and Methods section. Horizontal
bars indicate the mean values. The Wilcoxon signed-rank test was performed
between the values of the control versus intoxicated mice at each time point
using arbitrarily the median of control batch as the hypothetical value for
comparison. The probability P of a significant difference in TcsL-82-intoxi-
cated mice is indicated: *0.05 	 P 	 0.01, **0.01 	 P 	 0.001 for each time
point. Renal and hepatic functions were analyzed by measuring on the one
hand BUN and CRE and, on the other hand, alanine aminotransferase and
aspartate aminotransferase from serum at 0, 6, and 16 hours after intraperi-
toneal injection of 15 ng of TcsL-82. n represents the number of sera studied
for each group.

Table 2. TcsL-82 Modifies Hematological Parameters

Hematological parameters
Control mice

(n � 10)
TcsL-82 intoxicated mice

(n � 12)
Wilcoxon signed-rank test P value

(two-tailed)

Hemoglobin (g/dl) 11.06 � 1.72 15.38 � 2.06 0.0002
Hematocrit (%) 36.47 � 6.39 50.71 � 4.9 0.0002
Red blood cells (103/mm3) 6.22 � 1.07 8.51 � 0.72 0.0002
White cells (103/mm3) 5.40 � 2.5 8.39 � 2.8 0.0017
Granulocytes (�103/mm3) 1.22 � 0.62 2.37 � 1.08 0.0002
Platelets (�103/mm3) 1204 � 388 644 � 397 0.0012
Monocytes (�103/mm3) 0.23 � 0.1 0.65 � 027 0.0005
Lymphocytes (�103/mm3) 4.1 � 1.8 5.5 � 1.9 0.076 (NS)

Hematological parameters and differential leukocyte counts were measured in control and in mice intoxicated for 6 hours with TcsL-82 (15 ng i.p.).
For that purpose, blood samples were collected on EDTA and a cell automated complete blood Vet’ABC blood counter was used. n, the number of
mice analyzed in each group. Results were analyzed by the Wilcoxon signed-rank test using arbitrarily the median of controls as the hypothetical value
for comparison. The P value is given and considered as significant when equal or smaller than 0.05.
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gressively to reach the serum level after 6 hours. Second,
we injected Evans blue dye in the tail vein 30 minutes
before animal sacrifice to measure extravasation. In con-
trol mice, no fluid was collected and therefore Evans blue
dye extravasation was considered as zero. All fluids col-
lected from TcsL-82-intoxicated mice at various times
contained Evans blue. As reported in Figure 6B, the
amount of Evans blue dye present in the thoracic fluid

increased progressively and approximately in parallel
with the increase in lung fluid volume (Figure 1D) con-
firming that TcsL-82 induced an early increase in vascu-
lar permeability of the respiratory tract when intraperito-
neally injected.

Because major modifications of lung vascular perme-
ability seemed to be the cause of TcsL-82-induced
edema, we further investigated whether TcsL-82 could
induce modification of the intercellular endothelial cell
junctions, by monitoring VE-cadherin immunostaining. In
control lung VE-cadherin, a major protein of adherens
junctions, regularly decorated cells along the borders of
vessels. After 6 hours of intoxication, VE-cadherin immu-

Figure 6. Albumin in serum and thoracic fluid and vascular permeability
measurements. A: Albumin was measured in the serum (S, squares) and in
the thoracic fluid (L, circles) in animals injected with TcsL-82 (15 ng/mouse)
0, 2, 4, and 6 hours before sacrifice. The number (n) of sera and thoracic
fluids analyzed ranged from 6 to 10 and 4 to 8, respectively, for each time
point as indicated. The mean is indicated (horizontal bars). B: Vascular
permeability was estimated by measuring the amount of Evans blue present
in the thoracic fluid. For that purpose, 15 to 30 minutes before mouse
sacrifice, Evans blue dye was injected intravenously, and its amount present
in the thoracic fluid was quantified by spectrophotometric analysis at 600 nm
(open bars). The relevant background was the spectrophotometric analysis
of the thoracic fluid present in mice not injected with Evans blue dye
(striped bars). For each time point, two control mice were injected with the
diluent only and with Evans blue 30 minutes before being euthanized. No
fluid was collected from the thoracic cage of control mice (see Figure 1D),
and therefore no Evans blue was measurable (black squares). The graphs
are the means � SD of three different experiments with four mice at each
time point.

Figure 7. TcsL-82 modifies adherens junctions and actin cytoskeleton in lung
vessels and glucosylates small GTPases in lung. Lung (A) and heart (B) vessel
cryosections of control and TcsL-82-treated mice for 6 and 18 hours were
analyzed with an anti-mouse VE-cadherin detected with a relevant secondary
antibody coupled to fluorescein isothiocyanate, and with tetramethyl-rhoda-
mine isothiocyanate phalloidin. C: Lungs and liver of mice intoxicated for 0,
6, and 16 hours with intraperitoneally injected TcsL-82 (15 ng/mouse) were
homogenized and glucosylation with [14C]UDP-glucose in the presence of
TcsL-82 was performed as previously reported.28 Autoradiograph of the gel
shows the amount of in vivo glucosylated GTPases after TcsL-82 intoxication.
Quantification of the radiolabeled bands was performed using Denylab 2.5.2.
software (bottom; DynaLab Inc., Hong Kong). The experiments shown are
representative of three different ones.
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nostaining was irregular and diffuse while fluorescent
intensity was weak (Figure 7A, arrows), probably reflect-
ing a redistribution of VE-cadherin molecules from the
junctional ring to the cytoplasm. After 16 hours, the pat-
tern of VE-cadherin was markedly altered. Indeed, at that
time, a diffuse and weak staining was observed in the
cytosol. Such a change in VE-cadherin distribution sug-
gests a major modification in adherens junctions. More-
over, muscle cells surrounding lung vessels and stained
with phalloidin showed a marked decrease in actin fila-
ments 16 hours after intoxication. In contrast, no obvious
modification in endothelial cell decoration was observed
in hearts of TcsL-82-treated mice throughout a period of
16 hours (Figure 7B).

We also studied the in vivo level of small GTPase glu-
cosylation in lung and liver. As shown in Figure 7C,
control lung and liver preparations exhibited radiolabeled
glucosylation of 20- to 22-kd proteins ranging for low-
molecular mass GTPases. In contrast, weaker glucosyla-
tion (30 to 40% less) was observed in lung preparations
from TcsL-82-intoxicated mice. These results indicated
that in vivo TcsL-82 glucosylates small GTPases in lung,
thus inhibiting incorporation of [14C]UDP glucose into
those substrates during the subsequent in vitro incuba-
tion with the toxin. Lung, which is apparently the most
sensitive organ to TcsL-82, includes several tissues and
various cell types. Only a restricted percentage of
GTPases were glucosylated in vivo after intraperitoneal
intoxication, indicating that only a subpopulation of cells
was highly sensitive to the toxin. In liver, which is an
organ not damaged after intoxication, no change in the
level of glucosylation was observed in preparations from
intoxicated mice compared with that from control. Al-
though TcsL-82 was shown to induce apoptosis,32 histo-
logical analysis revealed only a few apoptotic bodies in
macrophages present in the thymus cortex and a limited
number of apoptotic cells in alveolar tissue after 6 hours
of TcsL-82 intoxication using terminal dUTP nick-end la-
beling (TUNEL) assay (data not shown). No major sign of
necrosis was observed in other organs. Thus, apoptosis
is unlikely to be a major process in death induced by
TcsL-82.

TcsL-82 Triggers a Limited Inflammatory
Response

Some bacterial toxins have been reported to generate
inflammation. This is the case for various superantigen
toxins that exhibit highly potent polyclonal lymphocyte-
transforming properties and initiate massive release of
proinflammatory cytokines,33 thus leading to a toxic
shock syndrome that is occasionally fatal. Two other
large clostridial toxins, toxin A (TcdA) and toxin B (TcdB)
from C. difficile, the agent of pseudomembranous colitis
and antibiotic-associated diarrhea, have been shown to
be inflammatory enterotoxins in the intestine of several
animal species and humans, respectively. Both toxins
were reported to generate a local inflammation charac-
terized by an intense inflammatory infiltrate with neutro-
phil recruitment34–38 and an early release of proinflam-

matory cytokines, both of which play an important role in
the pathophysiology of C. difficile infection and tissue
damage.36,39–41 TcdB is immunologically related to
TcsL-8218 and shares the same glucosyl-transferase en-
zymatic activity.22,25 Moreover, several studies concern-
ing the lethal toxin (LT) from Bacillus anthracis have sug-
gested that this toxin killed animals by inducing
nonspecific shock-like manifestations mainly related to
the macrophage sensitivity and the production of TNF-�
and IL-1� by these cells.42

Because C. sordellii was reported to cause fatal infec-
tions with clinical features of a toxic shock,3,5–7 we inves-
tigated whether TcsL-82 induced a severe inflammatory
response as a possible cause of shock and death. Che-
mokines for polymorphonuclear neutrophils, KC (CXCL1)
and MIP-2 (CXCL2), and for monocytes, JE/MCP-1
(CCL2) and MIP-1� (CCL3), were assayed.43 It is worth
noting that KC, MIP-2, and JE/MCP-1 can be produced
by vascular endothelial cells. As shown in Figure 8A, KC,
MIP-2, and JE/MCP-1 rapidly increased in lungs, their
level being significantly different from that of the control
group already 1 hour after TcsL-82 intoxication for KC
and MIP-2 and after 2 hours for JE/MCP-1. The level of
each cytokine increased at least up to 6 hours after
intoxication to reach an average of �10,000, 2200, and
3400 pg/g of lung for KC, MIP-2, and JE/MCP-1, respec-
tively (the average control levels being �300, 10, and
240 pg/g of lung, respectively). The same chemokines
were also increased in the plasma and the liver but to a
lesser extent (Figure 8, B and C). The increase in plas-
matic KC was never significant because of important
variations between mice (Figure 8B). No significant in-
crease in MIP-1� level was observed in lung before 6
hours of intoxication (Figure 8A), a time at which vascular
permeability and thoracic edema were maximal. This
chemokine increased neither in plasma (Figure 8B) nor in
liver. On the contrary, it showed a rapid and significant
decrease in liver (Figure 8C).

To investigate further a possible inflammatory reaction
in response to TcsL-82, three major early and potent
proinflammatory cytokines, IL-1�, IL-6, and TNF-�, were
measured in sera, as well as in lungs for TNF-�, in mice
intoxicated for various length of time. No significant in-
crease in any of these cytokines was detected in sera
and lungs (data not shown), a result that excludes the
possibility of even any partial relations between the lethal
effect of TcsL-82 and a massive production of proinflam-
matory cytokines.

Nitric oxide (NO) and other reactive nitrogen species
are thought to play an important role in the pathogenesis
of pulmonary dysfunction associated with inflamma-
tion.44–46 Moreover, reactive nitrogen species were re-
cently reported to be involved in the integrity of epithelial
tight junctions.47 Accordingly, we investigated whether
TcsL-82 intoxication could lead to generation of reactive
nitrogen species (NO2

� and NO3
�). Measurements were

performed in lung and blood samples of mice intoxicated
for various times. However, compared with control mice
no increase in NO2

� and NO3
� content was measured in

sera and lungs of intoxicated mice at any time after
TcsL-82 intraperitoneal injection (data not shown).
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Discussion

When TcsL-82 was intraperitoneally injected in mice, it
reproduced the major clinical and biological features
reported in fatal human infections by C. sordellii, occur-
ring postpartum, after abortion, and recently after medi-

cal abortion with RU-486.3,5–7,48,49 Indeed, these human
infections attributable to C. sordellii were characterized by
a toxic shock syndrome including hemoconcentration, a
major increase in white blood cells with a decrease in
platelet counts, and hypoalbuminemia but no liver dys-
function. Autopsy of these patients revealed in most
cases massive pleural, pericardiac, and peritoneal effu-
sion. All identified cases of C. sordellii infections had a
fulminant course and a fatal outcome.

Is Massive Edema, Which Is a Consequence of
Increased Vascular Permeability, the Unique
Cause of the Lethal Effect of TcsL-82?

Pleural and pericardiac edema were observed shortly
after TcsL-82 injection and appeared to be attributable to
an increase in vascular permeability as assessed by the
presence of Evans blue dye and albumin in pleural exu-
dation. In the present work, we show that TcsL-82 mod-
ifies vascular endothelial cells, particularly at the cardio-
pulmonary level. Indeed, all of the effects of TcsL-82
observed in mice, including edema of lungs and myocar-
dium, increased hematocrit, BUN modification in relation
to dehydration, anoxia, and EPO production seemed to
be the consequence of endothelial cell dysfunction. It is
unlikely that another cause could participate in edema
formation because no major histological lesion nor bio-
chemical dysfunction has been observed in other organs
such as kidney, liver, or brain even shortly before death.
Moreover, the progressive decrease in serum albumin
and the correlated increase in the amount of albumin in
the thoracic fluid indicate that endothelium lesions from
lung and heart and subsequent vascular permeability
changes are the main causes of cardiopulmonary edema
after TcsL-82 intoxication. Thus, the TcsL-82-induced
death of mice seems to be mainly a consequence of
edema. It remains unclear whether the massive edema in
lung is sufficient for a fatal issue by suffocation or whether
the edema in the heart participates in the death by in-
ducing a cardiorespiratory failure.

Rac Inactivation by TcsL-82 Is Likely to Play a
Role in Modifying Endothelial Cells Adherens
Junctions

TcsL from C. sordellii strain IP82 glucosylates Rho and
Ras family GTPases.23–26 The Rho GTPase, Rac, modi-
fied by TcsL-82 is involved in the cytoskeleton remodel-
ing and induces lamellipodia.50 Actin cytoskeleton is in
tight interaction with specific structures at the cell periph-
ery involved in cell-cell contacts such as tight junctions
and adherens junctions. The involvement of the Rho pro-
teins in the regulation of cell-cell junctions in endothelial
cells has been investigated either in ex vivo endothelial
cells from human umbilical vein and porcine pulmonary
arteria (human umbilical vein endothelial cells and por-
cine aortic endothelial cells)51–54 or in immortalized en-
dothelial cell lines from human or murine myocardial ves-
sels.55,56 Rho and Rac are the main regulators of the cell

Figure 8. TcsL-82 increases the level of certain chemokines, primarily in lung
and plasma and, to a lesser extent, in liver. Mice were injected intraperito-
neally with 0.5 ml of HBSS containing or not TcsL-82 (15 ng/mouse). After
the indicated times, mice were euthanized and sacrificed, blood, lung, and
liver were collected. Plasma was sampled after centrifugation. After weigh-
ing, organs were homogenized and centrifuged, and the extracted superna-
tants were collected. KC, MIP-1�, MIP-2, and JE/MCP-1 were measured by
ELISA using R&D kits in each sample from lungs (A), plasma (B), and liver
(C). Chemokine measurements represent individual values of six samples for
each time point. Horizontal bars represent the median value at each time
point. The Wilcoxon signed-rank test was performed between the values of
the control versus intoxicated mice at each time point using arbitrarily the
median of the control population as the hypothetical value for comparison.
The probability P of a significant difference in TcsL-82-intoxicated mice is
indicated: *0.05 	 P 	 0.01; NS, nonsignificant.
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barrier integrity; Rho plays a critical role in the mainte-
nance of tight junctions, a structure existing between
endothelial cells, whereas Rac is a major regulator of the
integrity of VE-cadherin junctions, mainly adherens junc-
tions.57,58 In the present work, immunohistochemical
analysis brought to light that VE-cadherin junctions were
disrupted in vascular endothelium cells in lung of TcsL-
82-intoxicated mice. Electron microscopy studies con-
firmed endothelial cell modifications, in particular at the
level of adherens junctions in lung, generated by TcsL-82
that glucosylates and inactivates small GTPases. More-
over, in lung only a fraction of GTPases were glucosy-
lated in vivo, suggesting that only a cell subpopulation
was targeted by the toxin, probably the cells highly mod-
ified by TcsL-82, ie, vascular endothelial cells, which
possess well-defined adherens junctions. In recent work,
using a model of epithelial cells, we showed that TcsL-82
from C. sordellii mainly altered adherens junctions by
removing E-cadherin-catenin complexes from the mem-
brane to the cytosol.59 Similar effects on adherens junc-
tions have been observed with other toxins that directly
depolymerize actin filaments or indirectly alter the actin
cytoskeleton through Rac. Thus, Rac, a major target for
TcsL-82, is likely to play a central role in TcsL-82-depen-
dent adherens junction alteration and subsequent edema
formation without excluding a role of Ras family proteins
modified by TcsL-82 in the cellular alterations. Indeed,
Ras family GTPases, are also involved in the control of
actin cytoskeleton, in particular of adherens junc-
tions,60–65 in addition to their implication in the control of
cell survival and cell cycle.

No Obvious Inflammatory Component Appears
to Participate in the TcsL-82 Lethal Effect

Based on the present work, we can exclude major par-
ticipation by an inflammatory process in the fatal issue
induced by C. sordellii TcsL-82. Indeed, except for the
local production of chemokines, which are likely respon-
sible for the infiltrates of polymorphonuclear and mono-
cytes in lungs, attempts to identify various types of in-
flammation were unsuccessful, including those caused
by cytokine or NO production whether in the general
circulation or in the lung, the main organ targeted by
TcsL-82.

Death Induced by TcsL-82 from C. sordellii or
by Anthrax Toxin from B. anthracis Involves
Different Mechanisms

In humans, clinical features of inhaled anthrax spores
present similarities to those of C. sordellii infection such as
depression of blood oxygen level, severe respiratory dis-
tress, and a septic shock. The major virulence factor of B.
anthracis, anthrax toxin, consists of three proteins: one
receptor binding subunit, protective antigen, and two
catalytic subunits: edema factor and lethal factor. Edema
factor and lethal factor, respectively, form LT and edema
toxin in combination with protective antigen. LT, a metal-

loprotease, produces symptoms of anthrax in mice in-
cluding hypoxia, circulatory collapse, and massive
edema when intraperitoneally injected. It was first re-
ported that the systemic shock induced by B. anthracis LT
was the result of TNF-� production attributable to the lysis
of infected macrophages.42,66 However, Moayeri and
colleagues67 recently used two different mouse strains
with anthrax-susceptible and -resistant macrophages to
demonstrate that the mouse inflammatory response,
whether in terms of TNF-� or cytokine production, was
influenced by genetic factors but was not critical in LT-
induced death. They clearly showed that the pathology
induced by anthrax LT was related to extensive tissue
necrosis and hypoxic damage in the liver, spleen, and
bone marrow.67 It is noteworthy that both LT and TcsL-82
share a common effect in cells inhibiting the Ras MAP
kinase pathway. TcsL-82 inactivates Ras through UDP
glucosylation25 whereas LT proteolytically cleaves MAP
kinases.68,69 Although in mice the clinical picture of an-
thrax LT (edema and hypoxia) is similar to that induced
by C. sordellii TcsL-82, the origin of the edema is clearly
different. In the first case edema has been related to liver
failure, and in the present work we show that TcsL-82
increases vascular permeability by modifying pulmonary
endothelial cells.

Recently it has been reported that death in BALB/cJ
mice induced by purified edema toxin, an adenylyl cy-
clase, was attributable to multiorgan failure including
adrenal glands, lymphoid organs, bone, bone marrow,
gastrointestinal mucosa, heart, and kidney, and that it
involved a production of several cytokines.70 On the
contrary, after TcsL-82 intoxication the only organs mod-
ified by massive edema were lung and heart. Moreover,
no cytokine production was observed after TcsL-82
intoxication.

What Are the Target Cells of TcsL-82 and How
Does the Toxin Reach These Targets?

Peritoneum is a highly irrigated tissue, which can serve
for various exchanges and has been used in patients to
perform dialysis.71 Intraperitoneally injected molecules
are delivered into the whole body after reabsorption by
venous, arterial, and/or lymphatic vessels. So far, we do
not know how TcsL-82 is captured in the peritoneum for
delivery to its target cells. Based on the present work, it is
likely that endothelial cells from pulmonary vessels and
thoracic serous membranes are target cells when
TcsL-82 is intraperitoneally injected. Large volumes of
fluid were found in the pleural cavity of intoxicated mice.
Indeed, edema was localized around pulmonary vessels,
in pleura as well as in pericardium and endocardium,
Several explanations may be proposed for why the first
vascular lesions were observed in the lung and not in
the peritoneum after TcsL-82 intraperitoneal injection.
TcsL-82 is absorbed through blood vessels, but vessels
from different organs express variable amounts of
TcsL-82 receptors or different accessibility or affinity to
the toxin, and TcsL-82 could be absorbed via venous
circulation and thus reach heart and lung where it would
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be removed progressively from the peritoneum by lung
endothelial cells. 125I-Labeled TcsL-82, when intraperito-
neally injected, is progressively released into the circu-
lation, reaching a maximum level in blood after 1.5 to 2
hours. Therefore, TcsL-82 is likely captured by cells with
high-affinity receptors, probably pulmonary and serous
membrane endothelial cells. We favor the latter hypoth-
esis because the major histological lesions were ob-
served only at the cardiopulmonary level, accompanied
by massive fluid extravasation into the thoracic cage.

The systemic circulating biodistribution of intrave-
nously injected, 125I-labeled TcsL-82 was extremely
rapid, occurring within seconds (T1/2� � 90 seconds). Its
circulatory half-life, T1/2�, was estimated as 4 hours.
When intravenously injected, the heart was the first organ
receiving high doses of the toxin. TcsL-82 probably killed
mice by inducing heart lesions such as anoxia. Indeed,
histological observation of H&E-stained heart tissue re-
vealed many clear cardiomyocytes (data not shown).
Intravenously injected TcsL-82 did not induce lung fluid
effusion as it did after intraperitoneal injection. The clini-
cal feature of intoxication observed after TcsL-82 intrave-
nous injection in mice has never been reported during
human infection by C. sordellii, an infection that, in con-
trast, seems similar to that observed in mice after intra-
peritoneal injection, ie, when the toxin is slowly released
into the blood circulation.

A Proposed Mechanism for Intraperitoneally
Injected TcsL-82 to Induce Death

TcsL-82 is captured by endothelial cells from lung ves-
sels. At this level most TcsL-82 molecules are cleared
from the circulation and inactivate various small GTP-
ases, in particular Rac, modifying adherens junctions
(Figure 9) and thereby induce an increase in lung vas-
cular permeability, whereas major fluid effusion in lung
and pleura leads to modifications of hematological pa-
rameters and anoxia. As edema in heart was not ob-
served around vessels, it is likely to be the result of a fluid

effusion of endocardium and pericardium causing mus-
cle cell dissociation.

In conclusion, death induced by TcsL-82 seems to be
the consequence of an increase in vascular permeabili-
ty—essentially at the lung level—resulting from modifica-
tions of endothelial cells. Extravasation of blood fluid into
the pleural cavity leads to anoxia and finally to cardiore-
spiratory failure, in the absence of inflammation. Because
the main effect of the TcsL-82 known so far is a glucosy-
lation-dependent inactivation of small GTPases, in partic-
ular Rac, which is involved in actin polymerization, it can
be concluded that when the toxin is intraperitoneally in-
jected, the most susceptible cells for TcsL-82 are lung
endothelial cells.
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54. Wójciak-Stothard B, Potempa S, Eichholtz T, Ridley AJ: Rho and Rac
but not Cdc42 regulate endothelial cell permeability. J Cell Sci 2001,
114:1343–1355

55. Adamson RH, Curry FE, Adamson G, Liu B, Jiang Y, Aktories K,
Barth H, Daigeler A, Golenhofen N, Ness W, Drenckhahn D: Rho
and rho kinase modulation of barrier properties: cultured endothe-
lial cells and intact microvessels of rats and mice. J Physiol 2002,
539:295–308

56. Waschke J, Baumgartner W, Adamson RH, Zeng M, Aktories K, Barth
H, Wilde C, Curry FE, Drenckhahn D: Requirement of Rac activity for
maintenance of capillary barrier properties. Am J Physiol 2004,
286:H394–H401

57. Jou T-S, Schneeberger EE, Nelson WJ: Structural and functional
regulation of tight junctions by RhoA and Rac1 small GTPases. J Cell
Biol 1998, 142:101–115

58. Kaibuchi K: Regulation of cadherin mediated cell-cell adhesion by
Rho family GTPases. Curr Opin Cell Biol 1999, 11:591–596

59. Boehm C, Gibert M, Geny B, Popoff M, Rodriguez P: Modification
of epithelial cell barrier permeability and intercellular junctions
by Clostridium sordellii lethal toxin. Cell Microbiol 2006, 8:
1070 –1085

60. Rodriguez-Viciana P, Warne PH, Khwaja A, Marte BM, Pappin D, Das
P, Waterfield MD, Ridley A, Downward J: Role of phosphoinositide
3-OH kinase in cell transformation and control of the actin cytoskel-
eton by ras. Cell 1997, 89:457–467

61. Bos JL: All in the family? New insights and questions regarding

1016 Geny et al
AJP March 2007, Vol. 170, No. 3



interconnectivity of Ras, Rap1 and Ral. EMBO J 1998,
17:6776 – 6782

62. Accorsi K, Giglione C, Vanoni M, Parmeggiani A: The Ras GDP/GTP
cycle is regulated by oxidizing agents at the level of Ras regulators
and effectors. FEBS Lett 2001, 492:139–145

63. Campbell SL, Khosravi-Far R, Rossman KL, Clark GJ, Der CJ: In-
creasing complexity of Ras signaling. Oncogene 1998,
17:1395–1413

64. Hogan C, Serpente N, Cogram P, Hosking CR, Bialucha CU, Feller
SM, Braga VMM, Birchmeier W, Fujita Y: Rap1 regulates the formation
of E-cadherin-based cell-cell contacts. Mol Cell Biol 2004, 24:6690–
6700

65. Price LS, Hadjo-Milosinovic A, Zhao J, Zwartkruis FJT, Collard JG,
Bos JL: Rap1 regulates E-cadherin-mediated cell-cell adhesion.
J Biol Chem 2004, 279:35127–35132

66. Park JM, Greten FR, Li Z-W, Karin M: Macrophage apoptosis by
anthrax lethal factor through p38 MAP kinase inhibition. Science
2002, 297:2048–2051

67. Moayeri M, Haines D, Young HA, Leppla SH: Bacillus anthracis lethal

toxin induces TNF�-independent hypoxia-mediated toxicity in mice.
J Clin Invest 2003, 112:670–682

68. Pellizzari R, Guidi-Rontani C, Vitale G, Mock M, Montecucco C:
Anthrax lethal factor cleaves MKK3 in macrophages and inhibits the
LPS/INF�-induced release of NO and TNF�. FEBS Lett 1999, 462:
199–204

69. Vitale G, Pellizzari R, Recchi C, Napolitani G, Mock M, Montecocco C:
Anthrax lethal factor cleaves the N-terminus of MAPKKs and induces
tyrosine/threonine phosphorylation of MAPKs in cultured macro-
phages. Biochem Biophys Res Commun 1998, 248:706–711

70. Firoved AM, Miller GF, Moayeri M, Kakkar R, Shen Y, Wiggins J,
McNally EM, Tang W-J, Leppla SH: Bacillus anthracis edema toxin
causes extensive tissue lesions and rapid lethality in mice. Am J
Pathol 2005, 167:1309–1320

71. Flessner MF: The transport barrier in intraperitoneal therapy. Am J
Physiol 2005, 288:F433–F442

72. Pfeifer G, Schirmer J, Leemhuis J, Busch C, Meyer DK, Aktories K,
Barth H: Cellular uptake of Clostridium difficile toxin B. J Biol Chem
2003, 278:44535–44541

How C. sordellii Lethal Toxin Kills 1017
AJP March 2007, Vol. 170, No. 3


