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Abstract

 

Alpha toxin from 

 

Clostridium perfringens

 

 type A, a phos-

pholipase C, has been implicated in many of the localized

and systemic features of gas gangrene. We demonstrated

that human endothelial cells synthesize two vasoactive lip-

ids, platelet-activating factor (PAF) and prostacyclin, in re-

sponse to alpha toxin treatment. The stimulated synthesis of

PAF required the enzymatic activity of the toxin and subse-

quent protein kinase C activation. Alpha toxin–treated en-

dothelial cells accumulated the products of the phospholi-

pase C reaction, diacylglycerol and ceramide, and exhibited

a decrease in the enzymatic precursors phosphatidylcholine

and sphingomyelin. Furthermore, the temporal accumula-

tion of PAF depended on the concentration of the toxin in

the overlying medium and was blocked in the presence of a

neutralizing antibody. The cultured endothelial cells also

exhibited enhanced neutrophil adhesion in response to al-

pha toxin which was mediated through the PAF receptor

and P-selectin. P-selectin expression by endothelial cells and

extravascular neutrophil accumulation were also observed

in tissue sections from alpha toxin–injected Sprague-Daw-

ley rats. These endothelial cell–mediated processes are im-

portant in maintaining vascular homeostasis and, when ac-

tivated in a dysregulated manner by 

 

C. perfringens

 

 alpha

toxin, may contribute to localized and systemic manifesta-

tions of gas gangrene including enhanced vascular perme-

ability, localized neutrophil accumulation, and myocardial

dysfunction. (

 

J. Clin. Invest.

 

 1997. 100:565–574.) Key
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Introduction

 

Gas gangrene is a dramatic, life-threatening syndrome caused
by 

 

Clostridium perfringens

 

 type A. The clinical features in-
clude localized pain and swelling, myonecrosis, tachycardia,
and, when left untreated, shock and death (1). The basis for
the profound systemic effects is not known, but one crucial ob-

servation is that they can occur without septicemia. Thus,
many of the effects must be due to generation of inflammatory
mediators at the site of infection, which then exert their ac-
tions at remote sites. In many types of bacterial infections
these actions are caused by bacterial toxins which reach the
circulation (toxemia). An additional feature may be the activa-
tion of inflammatory cells, either in the circulation or at the
site of infection. For example, upon activation leukocytes syn-
thesize platelet-activating factor (PAF)

 

1

 

 and secrete potent in-
flammatory mediators such as cytokines, eicosanoids, as well
as toxic oxygen radicals and proteases, all of which can con-
tribute to physiological actions such as those observed in pa-
tients with gas gangrene. A characteristic, but unexplained,
feature of infections with this organism is the massive accumu-
lation of neutrophilic PMNs at the margins of the infected area
(2). The systemic effects of 

 

C. perfringens

 

 infection may then
result from actions of one or more circulating toxins, the syn-
thesis and release of inflammatory mediators at the site of in-
fection, or both. The pathogenicity of 

 

C. perfringens

 

 has been
correlated with the secreted alpha toxin (3–5), a phospholipase
C (6, 7), but the mechanism by which it elicits pathological re-
sponses has been elusive. This has resulted, in part, from the
limited availability of highly purified toxin, which is needed to
distinguish the effects due to alpha toxin from those caused by
other exotoxins of 

 

C. perfringens.

 

 Recently, several groups
have reported the isolation of the gene for alpha toxin from 

 

C.

perfringens

 

 (8–11). We used alpha toxin purified from an 

 

Es-

cherichia coli

 

 overexpression system (8) to investigate its ef-
fects on endothelial cells. Our rationale was that we have pre-
viously shown that endothelial cells are active participants in
signaling the adhesion and activation of neutrophils. For
example, we found that stimulation of endothelial cells
with thrombin, histamine, bradykinin, or peptidoleukotrienes
causes them to become adhesive for PMNs, even though none
of these agonists affect PMNs directly (12–14). The molecular
mechanisms for this response include the transfer of a glycopro-
tein, P-selectin (previously known as GMP-140 or PADGEM),
from Weibel-Palade bodies to the endothelial cell surface
where it serves to tether PMNs without activating them (14–
16). Simultaneously, stimulated endothelial cells synthesize
PAF, a novel proinflammatory phospholipid, which activates
the adherent PMNs and thereby strengthens binding by re-
cruitment of the leukocyte 

 

b

 

2

 

-integrins (15, 17). PAF also
primes the leukocytes for subsequent secretion of oxygen radi-
cals and proteases (16).
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1. 

 

Abbreviations used in this paper:

 

 DAG, diacylglycerol; HBSS/A,
HBSS containing 1 mg/ml fatty acid–free BSA; HUVEC, human um-
bilical vein endothelial cells; PAF, 1-O-alkyl-2-acyl phosphatidylcho-
line, also known as platelet-activating factor; PKC, protein kinase C.
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We reasoned that endothelial cells may be exposed to bac-
terial exotoxins during 

 

C. perfringens

 

 infections which could
cause dysregulated expression of these proinflammatory sig-
nals by endothelial cells. This would result in a marked recruit-
ment of PMNs and their inappropriate activation. Thus, in an
infection with 

 

C. perfringens

 

 some of the local and systemic ef-
fects may be due to dysregulated activation of endothelial cells
by an exotoxin. We report here that we observed this set of re-
sponses when cultured endothelial cells were exposed to re-
combinant alpha toxin from 

 

C. perfringens.

 

Methods

 

Materials.

 

[

 

3

 

H]Acetate (3.4 Ci/mmol) and [

 

g

 

-

 

32

 

P]ATP (10 Ci/mmol)
were purchased from NEN-DuPont (Wilmington, DE). [

 

3

 

H]Arachi-
donic acid (200 Ci/mmol) was obtained from American Radiolabeled
Chemicals (St. Louis, MO). Phospholipids were obtained from
Avanti Polar Lipids (Alabaster, AL). Phospholipases A

 

1

 

 (

 

Rhizopus

arrhizus

 

), phospholipase A

 

2

 

 (bee venom), fatty acid–free BSA, butylhy-
droxytoluene, deoxycholate, and A23187 were purchased from Sigma
Chemical Co. (St. Louis, MO). PAF acetylhydrolase was a gift from
Dr. Diana Stafforini at the University of Utah (Salt Lake City, UT)
and was prepared as described (18). Purified alpha toxin from 

 

C. per-

fringens

 

 was a generous gift from Dr. J.Y. Tso at Protein Design Labs
Inc. (Mountain View, CA) and was prepared as previously described
(8). An affinity-purified mAb to alpha toxin, 1C6F4, with neutralizing
activity was also a gift from Dr. J.Y. Tso (19). The PB1.3 IgG1 mAb
was obtained from Cytel Corp. (San Diego, CA). Culture medium
M199 and HBSS were obtained from Whittaker M.A. Bioproducts,
Inc. (Walkersville, MD). Sphingosine, staurosporine, and sangivamy-
cin were obtained from Sigma Chemical Co., Calbiochem Corp. (San
Diego, CA), and the Natural Products Branch, Division of Cancer
Treatment, National Cancer Institute, respectively. All solvents were
HPLC grade, and were obtained from J.T. Baker. 

 

E. coli

 

 diacylglyc-
erol (DAG) kinase was purchased from Lipidex (Westfield, NJ) and
is now available from Amersham Corp. (Arlington Heights, IL).

 

Alpha toxin.

 

The specific activity of the alpha toxin was deter-
mined as previously described (20). Briefly, 1 U of activity is defined
as that which hydrolyzes 1 nmol of 

 

p

 

-nitrophenylphosphorylcholine
in 30 min at 37

 

8

 

C. The purity of the alpha toxin preparation which
was used in this study was previously demonstrated (21).

 

Cell culture.

 

Primary confluent endothelial cells were cultured in
p35 dishes from the veins of human umbilical cords as described pre-
viously (22).

 

Synthesis of 1-O-radyl-2-[

 

3

 

H]acetyl-sn-glycero-3-phosphocholine

 

2

 

(PAF and acylPAF) by endothelial cells.

 

The cellular accumulation
of PAF and acylPAF was determined essentially as previously de-
scribed (23). Briefly, confluent human endothelial cells were incu-
bated with 25 

 

m

 

Ci/ml [

 

3

 

H]acetate in HBSS containing fatty acid–free
bovine serum albumin at 1 mg/ml (HBSS/A) and 0.1 mM ZnCl

 

2

 

, with
the specified concentration of alpha toxin, for the indicated period of
time at 37

 

8

 

C. The reactions were stopped by the addition of acidified
MeOH and the phospholipids were extracted and separated by TLC
CHCl

 

3

 

/MeOH/HOAc/H

 

2

 

0 (5:2.5:0.8:0.4). The amount of radiolabel
incorporation into PAF was determined by liquid scintillation spec-
trometry. For experiments in which we calculated the amount of radi-
olabeled PAF released by the endothelial cell monolayer, the me-
dium from stimulated endothelial cells was centrifuged for 10 min
(350 

 

g

 

) and the fluid phase was further analyzed for radiolabeled
PAF as described above. The quantity of radiolabeled PAF in the
medium was divided by the total amount of radiolabeled PAF synthe-
sized by the monolayer to determine the percentage of PAF released
by the endothelial cells.

 

We performed a variety of experiments to characterize the prod-
uct labeled with [

 

3

 

H]acetate, and each supported the conclusion that
the product was 1-radyl-2-[

 

3

 

H]acetyl-

 

sn

 

-glycero-3-phosphocholine.
Confluent human umbilical vein endothelial cells (HUVECs) were
treated with 0.2 U/ml alpha toxin for 40 min, extracted, and devel-
oped on TLC as described above. The labeled product migrated in
the same fraction as authentic PAF standards on TLC. TLC sections
corresponding to the radiolabeled lipid species were scraped from the
plate, sonicated for 2 min (60 Hz) in the presence of MeOH/CHCl

 

3

 

/
H

 

2

 

0 (25:12.5:10), and extracted by the method of Bligh and Dyer (24).
Portions of the lipid extract, in addition to authentic standards, were
dried under N

 

2

 

 and subjected to HPLC analysis or selective enzy-
matic hydrolysis with PAF acetylhydrolase (18), phospholipase A

 

1

 

(23), or phospholipase A

 

2

 

 under conditions in which the substrate was
limiting. For HPLC analysis the lipid fraction was dissolved in 1:1
hexane/isopropanol and an aliquot was loaded onto a Beckman
HPLC equipped with a column (4.5 mm 

 

3

 

 25 cm) (Ultrasphere Si-05;
Beckman Instruments, Fullerton, CA) and a Berthold in-line radioac-
tivity monitor. The radiolabeled product, as well as synthetic PAF
standards, eluted as a single peak of radioactivity with a retention
time of 26 min in the following conditions: solvent A (1:1 hexane/iso-
propanol), solvent B (H

 

2

 

O), flow 1.0 ml/min, gradient 96% A (0–5 min)
to 92% A (5–30 min). For PLA

 

2

 

 assays, the radiolabeled lipid was in-
cubated for 1 h at 37

 

8

 

C in 100 mM Tris-HCl, pH 7.5, 1.3 mM deoxy-
cholate, 6.7 mM CaCl

 

2

 

, and 267 

 

m

 

M butylhydroxytoluene with 25 U
PLA

 

2

 

 after which an additional 25 U was added and the reaction con-
tinued for an additional hour. Each reaction was extracted by the
method of Bligh and Dyer (24) and the lipid products were separated
by TLC as described above to characterize the remaining radiola-
beled lipid products.

In each of the experiments using the alpha toxin–specific mAb a
fivefold excess of this neutralizing antibody was used. In the experi-
ments shown in Fig. 3 

 

A

 

 the stimulation medium was preincubated
with the corresponding antibodies or buffer alone for 1 h at 37

 

8

 

C be-
fore it was added to the cell monolayers. In the experiments shown in
Fig. 3 

 

B

 

, the neutralizing antibody was added at various times to the
stimulation medium overlying the endothelial cells.

To examine the role of protein kinase C (PKC) in PAF synthesis,
endothelial cells were preincubated in HBSS/A containing varying
concentrations of staurosporine (0–500 nM), sphingosine (0–100 

 

m

 

M),
or sangivamycin (0–40 

 

m

 

M) for 15, 15, or 5 min, respectively. Cells
were then stimulated with 0.2 U/ml alpha toxin in HBSS/A containing
0.1 mM ZnCl

 

2

 

 for 40 min at 37

 

8

 

C and assayed for PAF as described
above.

 

Studies of arachidonic acid turnover and prostaglandin produc-

tion.

 

Endothelial cells were labeled with 0.25 

 

m

 

Ci/ml [

 

3

 

H]arachidonic
acid in M199, for 3 h before exposure to alpha toxin. The cells were
washed twice with HBSS and stimulated for various times with either
0.2 U/ml alpha toxin in HBSS/A containing 0.1 mM ZnCl

 

2

 

 buffer
alone (negative control), or with 10 

 

m

 

M A23187 (positive control) for
15 min. Immediately after the stimulation period, the cell supernatant
was transferred to a microfuge tube and centrifuged for 15 min
(16,000 

 

g

 

) to remove cell debris. The resulting supernatant was trans-
ferred to a scintillation vial and the radioactivity was quantified by
scintillation spectrometry. Additionally, the supernatants from unla-
beled endothelial cells treated in the same manner were collected and
assayed for 6-keto-PGF

 

1

 

a

 

, the stable breakdown product of prosta-
glandin I

 

2

 

 (PGI

 

2

 

), by RIA (23).

 

Quantification of diacylglycerol, alkylacylglycerol, and ceramide.

 

Alpha toxin–stimulated endothelial cells were collected after the ad-
dition of 1.0 ml MeOH and the lipids were isolated by a Bligh and
Dyer extraction (24). The lower phase of each extract was dried un-
der N

 

2

 

 and treated with 

 

E. coli

 

 DAG kinase in the presence of
[

 

32

 

P]ATP as previously described (25). The resulting [

 

32

 

P]phospha-
tidic acid species and ceramide [

 

32

 

P]phosphate were separated by sil-
ica gel TLC in CHCl

 

3

 

/MeOH/HOAc (325:75:25) and quantified by
liquid scintillation spectrometry. The alkylacylglycerol fraction was
determined by incubating a fraction of the phosphorylated product in

 

2. The term radyl is used to describe compounds with either an ether
or ester linkage between a fatty acid and the glycerol backbone.
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a 200-

 

m

 

l volume of 0.3 N NaOH, 90% methanol, for 15 min at 90

 

8

 

C.
The resulting 1-O-alkyl-2-hydroxy phosphatidic acid was extracted
into the organic phase of an acidic Bligh and Dyer (24), submitted to
thin layer chromatography in CHCl

 

3

 

/MeOH/HOAc/H

 

2

 

0 (10:3:3.5:
0.3), and quantified by liquid scintillation counting. Authentic DAG
and 1-O-alkyl-2-acyl glycerol were carried through to determine 

 

R

 

f

 

and recovery.

 

Neutrophil adhesion to endothelial cells.

 

PMNs were isolated from
human venous blood and labeled with 

 

111

 

In as described (12). Neutro-
phil adhesion to endothelial cell monolayers was performed and
quantitated as described (12). In experiments where we examined the
effect of the PAF receptor antagonist, L659,989, on neutrophil adhe-
sion, the neutrophils were pretreated with 100 

 

m

 

M L659,989 for 5 min
before addition to the endothelial cell monolayers (17). In experi-
ments where the P-selectin–mediated adhesion was blocked by the
mAb G1, the endothelial cells were incubated for 30 min with 25 

 

m

 

g/
ml mAb G1 and the neutrophil suspension contained mAb G1 (10

 

m

 

g/ml) during the 10-min adhesion assay (15). All monolayers were
washed twice with 1 ml HBSS after stimulation and before the neu-
trophil adhesion assay.

 

Immunohistochemical staining and histology of alpha toxin–

injected rats.

 

Sprague-Dawley rats (100–150 g) were injected inter-
muscularly with 100 

 

m

 

l PBS or 100 

 

m

 

l PBS containing 1 U of alpha
toxin. After varying times, the rats were sedated with intraperitoneal
chloral hydrate (0.4 g/kg body wt) and killed by cervical dislocation.
The muscle at the injection site was excised and fixed in ice cold 4%
paraformaldehyde for 1 h. The tissue was then dehydrated in a
graded series of ethanol at 4

 

8

 

C and embedded (Immunobed; Poly-
sciences Inc., Warrington, PA) at 4

 

8

 

C for 24 h. 4-mm-thick sections
were cut using glass knives and transferred to glass microscopy slides.

Immunohistochemical detection of P-selectin was performed us-
ing the avidin–biotin immunoperoxidase technique (Vectastain ABC
Reagent; Vector Laboratories Inc., Burlingame, CA). The sections
were incubated overnight at room temperature with PB1.3, a P-selec-
tin–specific mAb (26), at a dilution of 1:50. The secondary antibody
was applied as per the manufacturer’s instructions provided with the
Vectastain kit. The sections were counter stained with hematoxylin
and permanently mounted with coverslips. The slides were examined
and photographed with Normarski interference contrast optics using
a light microscope (Axioplan; Carl Zeiss, Inc., Thornwood, NY). In
control experiments where the primary antibody to P-selectin was
omitted, no immunoperoxidase staining of the tissue sections was ob-
served.

 

Results

 

Alpha toxin stimulates endothelial cells to synthesize pro-inflam-

matory compounds: PAF and prostacyclin.

 

The addition of al-
pha toxin to confluent monolayers of human endothelial cells
stimulated the synthesis of PAF (Fig. 1). In the experiment
shown we added 0.2 U of toxin/ml of incubation medium, and
found that peak accumulation was at 40 min. Buffer-treated
endothelial cells did not synthesize PAF when incubated in
parallel. We further examined the toxicity of the alpha toxin to
endothelial cells at this concentration by Trypan blue exclu-
sion and lactate dehydrogenase release. After incubation with
alpha toxin for 120 min we did not detect lactate dehydroge-
nase activity in the media (

 

n

 

 

 

5

 

 3) and observed that 9.3

 

6

 

1.5%
of the cells stained positive with Trypan blue (

 

n

 

 

 

5

 

 3). These re-
sults demonstrate that most endothelial cells retain cellular in-
tegrity under these conditions.

We have shown previously that virtually all of the PAF syn-
thesized by endothelial cells in response to histamine, bradyki-
nin, and ATP remains associated with the cells, and a substan-
tial fraction is on the surface (23). We found, however, that
5.1

 

6

 

1.1% and 22.2

 

6

 

0.3% of the PAF synthesized by endothe-

lial cells was released into the supernatant at 30 and 60 min, re-
spectively, after the addition of alpha toxin (0.2–2 U/ml). One
possible explanation for the apparent release of PAF into the
medium was that the endothelial cells stimulated with alpha
toxin detached from the monolayers. This explanation was ex-
cluded by several approaches. First, the medium samples were
centrifuged before analysis to remove any endothelial cells in
the fluid phase. Second, we observed that 58.9

 

6

 

5.7% of the
PAF released into the medium passed through a 0.2-

 

m

 

m filter.
The mechanism by which this lipid mediator is released into
the fluid phase remains to be established but may be a reflec-
tion of membrane blebbing, as previously observed with oxi-
dant-damaged endothelium (27), or the release of membrane
fragments generated by the phospholipase C activity of alpha
toxin.

To demonstrate that the metabolic labeling with [

 

3

 

H]ace-
tate specifically measured the production of PAF, we per-
formed several experiments to characterize the labeled prod-
uct. The labeled species which comigrated with PAF standards
on TLC also eluted in the same fraction as PAF standards on
HPLC using a solvent system that separates PAF from similar
phospholipid species (28, 29). Furthermore, we observed that

 

.

 

 95% of the [

 

3

 

H]acetate label was released from PAF in the
presence of PLA

 

2

 

 or PAF acetylhydrolase. However, only 6%
of the labeled product was lost when exposed to PLA

 

1

 

 under
conditions in which a similar compound containing a 1-acyl
linkage was degraded by 81%. These results confirm that the
radiolabeled product we observed was predominantly authen-
tic PAF.

Endothelial cells respond in a variety of other ways to acti-
vation with agonists. One of these responses is the release of
arachidonic acid and its conversion to PGI

 

2

 

 (23). This may

Figure 1. Alpha toxin from C. perfringens stimulates PAF synthesis 
by endothelial cells. HUVEC were incubated with HBSS, 1 mg/ml 
BSA, and 1 mM ZnCl2 (HBSS/A/Zn21) containing [3H]acetate (open 

circles) or HBSS/A/Zn21 containing [3H]acetate and 0.2 U/ml alpha 
toxin (closed circles). At the time points shown, the cellular lipids 
were extracted and [3H]PAF was isolated by TLC and then quanti-
fied by liquid scintillation spectroscopy. The results shown are from 
one experiment but the general pattern of PAF accumulation is typi-
cal of that observed in five additional experiments conducted in a 
similar manner.
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have particular relevance for shock since this latter compound
is a potent vasodilator (30). We determined if exposure of en-
dothelial cells to alpha toxin also resulted in the release of
arachidonic acid and its conversion to PGI2. We labeled endo-
thelial cells with [3H]arachidonate, exposed them to alpha
toxin (0.2 U/ml for 30 min), and measured the release of the la-
bel. Monolayers treated with alpha toxin released 19.3% of the

radiolabeled arachidonate, whereas buffer-treated cells re-
leased 5.6%. In a parallel incubation, cells exposed to the cal-
cium ionophore A23187 (10 mM) for 15 min resulted in 8.6%
release. Thus, there was a dramatic stimulation of arachido-
nate release from membrane phospholipids in response to the
toxin. We next examined supernatants from toxin-treated cells
for the presence of 6-keto-PGF1a, the stable breakdown prod-
uct of PGI2, which is the major product derived from arachi-
donic acid in these cells (31). We found a time-dependent in-
crease, indicating that after its release the arachidonic acid was
converted into this potent vasodilator (Fig. 2). Additionally,
we observed that the pattern and magnitude of synthesis and
release of PGI2 from endothelial cells in response to alpha
toxin differed from that observed in response to the physiolog-
ical agonist, thrombin. Whereas the PGI2 release by the throm-
bin-treated cells was maximal at 10 min we observed increas-
ing levels of PGI2 as late as 40 min after the addition of alpha
toxin. Furthermore, after 40 min of stimulation, the level of
PGI2 in the medium of alpha toxin–treated cells exceeded that
of thrombin- or buffer-treated cells.

PAF synthesis depends upon the concentration of active

alpha toxin and PKC activation. We observed PAF synthesis
and accumulation at concentrations as low as 0.05 U/ml with a
maximal response at 0.6 U/ml of toxin. Interestingly, the time
of peak accumulation depended on the concentration of toxin
used. For example, with 0.6 U/ml of toxin the peak accumula-
tion occurred at z 20 min, while with 0.05 U the accumulation
was still increasing as late as 1 h after the addition of toxin.
This suggested that the effect of the toxin was a consequence
of its enzymatic activity. To examine this issue, and to demon-
strate that the cellular response was due to the toxin and not a
contaminant of the preparation, we included a specific, neu-
tralizing antibody to the toxin. As shown in Fig. 3, when the
mAb was included throughout the incubation, no PAF synthe-
sis was detected. Furthermore, if immunoglobulin from a non-
immune rabbit was added to the endothelial cells along with
the alpha toxin, the subsequent PAF synthesis was not dimin-

Figure 2. Alpha toxin stimulates the synthesis and release of prosta-
cyclin by endothelial cells with different kinetics than thrombin. Hu-
man endothelial cells were stimulated with 0.2 U/ml alpha toxin 
(filled circles), 2.0 U/ml thrombin (filled triangles), or HBSS/A/Zn21 
only (open circles) for the times shown. The stimulation buffer was 
collected and assayed for 6-keto-PGF1a, the stable breakdown prod-
uct of PGI2, by RIA. The results depicted are from a single experi-
ment but are typical of three experiments which were conducted sim-
ilarly.

Figure 3. The alpha toxin 
effects on endothelial 
cells require active toxin. 
(A) Endothelial cell 
monolayers were incu-
bated for a total of 40 min 
with HBSS/A/Zn21 con-
taining [3H]acetate in the 
presence or absence of 
0.2 U/ml alpha toxin
and/or a neutralizing an-
tibody to alpha toxin. (B) 
0.2 U/ml alpha toxin was 
added to endothelial cells 
in the presence of
HBSS/A/Zn21 and [3H] 
acetate. At varying times 
after the addition of al-
pha toxin, a neutralizing 
mAb to alpha toxin was 
added. All monolayers 
were incubated with the 
alpha toxin for a total of 

40 min. [3H]PAF was measured as in Fig. 1. Each graph depicts the results of single experiments but are representative of a total of four experi-
ments which were conducted similarly.
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ished (data not shown). In contrast, when the toxin was incu-
bated with the endothelial cells for increasing periods of time
before neutralization with the specific antibody, we observed
intermediate stimulation of PAF. This result strongly suggests

that the action of the toxin was due to the hydrolysis of mem-
brane phospholipids, rather than a traditional signal transduc-
tion event after binding to a receptor.

To directly examine the phospholipase C activity of alpha
toxin on endothelial cells we measured the amounts of
diradylglycerol formed at various times after exposure to the
toxin. We found a time-dependent increase of both, as shown
in Fig. 4. We further analyzed the diradylglycerol pool and
found that 11.566.8% was comprised of 1-alkyl, 2-acylglycerol
with the remainder being DAG. In the same experiment we
observed that ceramide levels also increased in response to al-
pha toxin treatment. Additional studies in which phospholip-
ids were labeled with [3H]choline or [32P]phosphate demon-
strated a time-dependent loss of cellular sphingomyelin and
phosphatidylcholine in response to alpha toxin treatment (data
not shown).

We previously demonstrated that the initial step of PAF
synthesis in response to receptor-mediated agonists, the acti-
vation of an arachidonate-specific phospholipase A2, requires
activation of PKC (32). The accumulation of DAG, an endog-
enous activator of PKC, in alpha toxin–stimulated endothelial
cells suggested that this mechanism is also involved in PAF
synthesis. To test this possibility we exposed endothelial cells
to the toxin in the presence or absence of PKC inhibitors as
shown in Fig. 5. Staurosporine and sphingosine both inhibited
the synthesis of PAF in a concentration-dependent fashion. In
an additional experiment we saw partial inhibition with sangi-
vamycin at concentrations of 1 mM and 10 mM. These results
suggest alpha toxin elicits proinflammatory responses by en-
dothelial cells, in part through the elevation of intracellular
DAG, mediated by intrinsic phospholipase C activity, and sub-
sequent activation of PKC.

PMNs adhere to alpha toxin–stimulated endothelial cells.

We have shown that the cell-associated PAF signals PMNs
when it is expressed by endothelial cells stimulated with
thrombin and histamine, resulting in activation-dependent
functional upregulation of b2 integrins and adhesion of the leu-
kocytes to the endothelial surface (15, 17). The endothelial

Figure 4. Clostridial alpha toxin catalyzes the accumulation of 
diradylglycerol in endothelial cells. Human endothelial cells were in-
cubated with 0.2 U/ml alpha toxin (filled circles) or HBSS/A/Zn21 
buffer only (open circles) for the times shown. Cellular lipids were ex-
tracted and incubated with DAG kinase in the presence of [32P]ATP. 
[32P]Phosphatidic acid was isolated by TLC and estimated by scintilla-
tion spectrometry. The amount of diradylglycerol in each sample was 
then calculated from standard curves. The results shown are from a 
single experiment but are representative of two similarly conducted 
experiments. In another experiment we measured a similar accumula-
tion of radiolabeled diradylglycerol in response to alpha toxin in en-
dothelial cells that had been prelabeled with [3H]arachidonate.

Figure 5. PAF synthesis 
by alpha toxin–stimu-
lated endothelial cells re-
quires the activation of 
PKC. Human endothe-
lial cells were preincu-
bated in HBSS/A/Zn21 
containing various con-
centrations of (A) sphin-
gosine (100 nM to 100 
mM) or (B) staurosporine 
(1 nM to 500 nM) for 15 
min, respectively, and 
then were stimulated 
with 0.2 U/ml alpha toxin 
for 40 min. [3H]PAF was 
measured as in Fig. 1. 
Each graph depicts the 
results of single experi-
ments but are representa-
tive of four experiments 
which were conducted 
similarly.
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cell–dependent mechanism of PMN adhesion resulting from
juxtacrine signaling by PAF may be critical in leukocyte target-
ing under some conditions in vivo (for review see reference
33). However, it may also be involved in pathologic leukocyte
accumulation. Endothelial cells which had been exposed to al-
pha toxin were also found to be adhesive for PMNs. As shown
in Fig. 6 A, adherence was dependent on the time of preincu-
bation and the concentration of alpha toxin. The alpha toxin–
treated endothelial cells were adhesive for PMNs for pro-
longed periods in contrast to endothelial cells activated by
histamine in parallel. We tested whether toxin-induced adher-
ence was mediated via the PAF which was synthesized by the
endothelial cells under these conditions (Fig. 1). This was ac-
complished by pretreating the neutrophils with a selective an-
tagonist of the PAF receptor (15, 17), L659,989, before placing
them on the EC monolayers. As shown in Fig. 6 B, pretreat-
ment with L659,989 diminished the binding of PMNs to the en-
dothelial cell monolayer. In control experiments (not shown),
L659,989 inhibited PMN adhesion to resting unstimulated en-
dothelial cells induced by exogenously added PAF (1027 M)
but did not inhibit PMN adhesion induced by N-formylmethio-
nyl-leucyl-phenylalanine (1027 M), which is recognized by a
different receptor.

Although the alpha toxin was washed from the endothelial
cell monolayers before the addition of neutrophils in these
studies, we examined whether alpha toxin could elicit neutro-
phil adhesion in the absence of endothelial cells. When we in-
cubated neutrophils on gelatin-coated dishes for 10 min in the
presence of 0.02 or 0.2 U of alpha toxin neutrophil adhesion
was not observed, indicating that the adhesion of neutrophils
to endothelial cells in these experiments requires the activa-
tion of the endothelial cells.

We have previously demonstrated that stimulated endothe-

lial cells express P-selectin on the plasma membrane concomi-
tant with PAF synthesis and that maximal adhesion of PMNs
to endothelial cells stimulated by histamine and thrombin re-
quires the cooperative action of P-selectin and PAF (15). To
examine whether P-selectin also contributed to the alpha
toxin–elicited neutrophil adhesion we examined the effects of
a specific antibody to P-selectin, mAb G1, which, when bound
to endothelial cell surfaces, prevents P-selectin–mediated
PMN adhesion (14, 15). As shown in Fig. 6 C we observed that
mAb G1 significantly inhibited PMN adhesion to alpha toxin–
stimulated endothelial cells. In two independent experiments,
endothelial cells were pretreated with 0.2 U/ml alpha toxin for
either 30 or 60 min; the mAb G1 and a PAF receptor antago-
nist (10 mM WEB 2086) were both included in the assay; and
we found that the PMN adhesion was abolished. These find-
ings indicate that cooperative tethering of PMNs by P-selectin
and signaling by PAF (Fig. 6 B) are involved when PMNs ad-
here to endothelial cells treated with alpha toxin (Fig. 6 A). In
an experiment not shown, an antibody against the PMN b2 in-
tegrins partially inhibited PMN adhesion to alpha toxin–acti-
vated endothelial monolayers. This is consistent with our pre-
vious observation that activation of PMNs by PAF expression
by endothelial cells induces functional upregulation of the in-
tegrins on the leukocyte surface, amplifying adhesion. Because
tethering of PMNs by P-selectin and signaling by PAF also
primes them for enhanced granular enzyme release (16), this
may contribute to local vascular injury when alpha toxin in-
duces prolonged accumulation of the leukocytes (Fig. 6 A).

Alpha toxin stimulates P-selectin expression in endothelial

cells and neutrophil accumulation in tissue in vivo. To further
examine the role of alpha toxin in mediating neutrophil adhe-
sion and subsequent extravasation we injected Sprague-Daw-
ley rats intramuscularly with either PBS or PBS containing 1 U

Figure 6. PMNs adhere to alpha toxin–treated endothelial cells through a PAF and P-selectin–mediated process. (A) Endothelial cells were pre-
treated with HBSS/A containing 0.01 U/ml alpha toxin (open circles), 0.2 U/ml alpha toxin (filled circles), or 1024 M histamine (filled squares) for 
the times shown. After incubation the monolayers were washed with HBSS/A and overlaid with 111In-labeled PMNs for 5 min. The excess PMNs 
were removed and the adherent 111In PMNs were quantified by gamma counting. (B) Endothelial cells were pretreated for 40 min with HBSS/A 
containing 0.2 U/ml alpha toxin or HBSS/A alone. After pretreatment the monolayers were washed and overlaid with 111In-labeled PMNs in 
HBSS/A or HBSS/A containing 100 mM L659,989, a PAF receptor antagonist. The excess PMNs were removed and adherent 111In-labeled 
PMNs were quantified as above. (C) Endothelial cells were stimulated for 60 min with 0.2 U/ml alpha toxin. An antibody which inhibits P-selec-
tin–mediated adhesion, mAb G1, was included in the latter 30 min of the alpha toxin stimulation at 25 mg/ml and the corresponding neutrophils 
were preincubated for 10 min with 10 mg/ml mAb G1 before the adhesion assay.
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of alpha toxin. P-selectin expression was detected by immuno-
histochemistry on the surface of endothelial cells in tissue sec-
tions taken at 20 min and 1 h after the injection (Fig. 7, B and
C), and neutrophil accumulation in the extravascular space
was apparent at 2 and 4 h (Fig. 7 D). P-selectin expression and
neutrophil accumulation were absent in PBS-injected controls
which were analyzed 1 and 4 h after injection (Fig. 7 A).

Discussion

Clostridium perfringens alpha toxin, a phospholipase C, plays a
significant role in the development of gas gangrene. Both al-
pha antitoxin and an alpha toxoid vaccine protect against C.

perfringens type A infections (3, 4), and alpha toxin–deficient
bacterial strains exhibit reduced virulence (5). Additional
studies have further associated some of the clinical manifesta-
tions of gas gangrene infections with alpha toxin. When par-
tially purified exotoxin filtrates containing alpha toxin were in-
jected into muscle tissue, significant myonecrosis resulted (2).
Upon closer inspection, accumulation of neutrophils in vessels

at the border of the necrotic tissue was found, in addition to
evidence of increased vascular permeability. Furthermore,
rabbits which received an intravenous injection of purified al-
pha toxin exhibited decreased cardiac output, bradycardia, hy-
potension, and subsequently died (34). Thus alpha toxin is a
critical determinant of local and systemic vascular manifesta-
tions of clostridial infections. It is likely that the alpha toxin
also contributes to endothelial injury and dysregulated accu-
mulation of PMNs in lung injury associated with C. perfringens

septicemia (35).
Although the phospholipase C activity of alpha toxin is not

detectable in the venous blood of infected animals (36), endo-
thelial cells may be exposed to alpha toxin in localized areas of
vascular damage. Enzymatic hydrolysis of endothelial mem-
branes by alpha toxin may then induce some of the clinical
manifestations of gas gangrene and other clostridial infections.
We demonstrated that cultured human endothelial cells
treated with recombinant alpha toxin synthesize two potent
vasoactive compounds, PAF and prostacyclin, and become ad-
hesive for neutrophils. We also observed that rat endothelial

Figure 7. P-selectin expression and neutrophil accumulation in response to alpha toxin in vivo. Sprague-Dawley rats were injected with either 
PBS (A) or PBS containing alpha toxin (B–D) and tissue sections were taken from the site of injection and stained for P-selectin expression with 
the monoclonal antibody PB 1 (A–C). All sections were counterstained with hematoxylin. (A) Rat tissue taken 1 h after the injection of PBS 
showing an absence of P-selectin expression at the vascular wall shown by white arrows. (B, C) Rat tissue taken 20 min (B) and 1 h (C) after the 
injection of alpha toxin showing the presence of P-selectin expression by endothelial cells shown by black arrows. (D) Rat tissue taken 4 h after 
the injection of alpha toxin showing the accumulation of extravascular neutrophils.



572 Bunting et al.

cells express P-selectin and elicit neutrophil extravasation and
accumulation in response to alpha toxin in vivo. These endo-
thelial cell responses are important for vascular homeostasis
but when activated in a dysregulated manner by C. perfringens

alpha toxin may contribute to both localized and systemic ef-
fects after infection.

PAF is a potent lipid mediator which has been demon-
strated to activate inflammatory cells (37–39) and increase vas-
cular permeability (40, 41), and may contribute to myocardial
dysfunction in a variety of pathogenic settings (42–44). We
found that alpha toxin induces HUVEC to synthesize PAF by
a process that depends on the concentration of the toxin in the
overlaying medium and the length of time the monolayers are
incubated with the toxin. We demonstrated that this endothe-
lial cell response was blocked by an alpha toxin antibody
which confirmed that the effect was not the result of a contam-
inant in the toxin preparation. Furthermore, when we added
the antibody, which blocks the enzymatic activity, at varying
times after the addition of the alpha toxin, the amount of PAF
accumulation was found to be proportional to the time of ex-
posure to active toxin (Fig. 3). This result supports our conclu-
sion that the toxin stimulated the cells by virtue of its intrinsic
enzymatic activity as a phospholipase C. We observed the ac-
cumulation of the phospholipase C reaction products, 1,2
diradylglycerol and ceramide, as well as a loss of the phospho-
lipid substrates, phosphatidylcholine and sphingomyelin, in
toxin-stimulated cells. We demonstrated previously that PAF
synthesis by stimulated endothelial cells requires PKC activa-
tion (32), and have shown that alpha toxin induces PAF syn-
thesis by a pathway that requires the enzymatic activity of the
toxin and is inhibited by agents that block PKC activation. Al-
though the PKC inhibitors used in this study are known to di-
minish PKC activity, we cannot rule out the possibility that
these compounds may also inhibit other cellular kinases which
are required for PAF synthesis. Direct activation of PKC by al-
pha toxin may be mediated through the enzymatic production
of DAG, an endogenous activator of most PKC isoforms. Fur-
thermore, the liberated diradylglycerol may participate in
other responses of endothelial cells activated by alpha toxin as
may ceramide, which can activate some components of the
MAP kinase pathway in endothelial monolayers (45). Thus to-
gether with theta toxin from C. perfringens (20, 21, 32, 34) the
alpha toxin can induce a number of signaling pathways in en-
dothelium during infections by these organisms.

PAF synthesis by endothelial cells may contribute to local-
ized inflammatory events observed in gas gangrene infections
including enhanced vascular permeability and neutrophil re-
cruitment. Increased vascular permeability has been observed
previously in response to highly purified alpha toxin (46) and
may significantly contribute to the marked edema observed in
gangrenous tissues. We demonstrated that endothelial cells
stimulated with alpha toxin also became adherent for neutro-
phils and that adherence was mediated by PAF and P-selectin.
Furthermore, we also observed P-selectin expression by rat
endothelial cells and neutrophil accumulation in muscle tissue
after alpha toxin injection. The expression of P-selectin on the
surface of the endothelial cells was rapid and is most likely a
consequence of the release of Weibal-Palade bodies, as others
have demonstrated that changes in P-selectin transcription are
only observed after longer incubation periods (47). Unlike the
response to physiological agonists, which leads to a transient
expression of an adhesive surface (17), alpha toxin–stimulated

endothelial cells remained adhesive to PMNs for a prolonged
period of time (Fig. 6 A). This may contribute to sequestration
of leukocytes in vessels at the perimeter of necrotic muscle in
gas gangrene (2). The unique paucity of PMNs within the pri-
mary necrotic zones of C. perfringens–infected tissue may also
reflect the lysis of neutrophils by the leukocytolytic activity of
theta toxin (20) as histological examination of necrotic muscle
tissue has shown that PMNs at the border of infection ap-
peared karyolytic (2).

PAF accumulation in response to alpha toxin by endothe-
lial cells was different from other agonists which we have stud-
ied in several ways. First, the time of maximal [3H]PAF accu-
mulation depended on the quantity of active toxin in the
medium. That is to say, the endothelial cells demonstrated
maximal PAF accumulation in response to a high concentra-
tion of alpha toxin (0.6 U/ml) at z 20 min. However, PAF lev-
els continued to increase as late as 1 h after the addition of a
lower concentration of toxin (0.05 U/ml). Second, the delayed
and prolonged accumulation of PAF in response to alpha toxin
was unlike the tightly regulated and transient expression of
PAF in response to physiological agonists such as histamine,
bradykinin, thrombin, and ATP (Fig. 6 A and reference 23).
Finally, a portion of the [3H]PAF synthesized by the mono-
layer was released into the overlying medium. This is the first
example we have seen in which PAF is released from the en-
dothelial cells, and may reflect membrane disruption by the ac-
tion of alpha toxin. During gas gangrene infections, release of
even small quantities of PAF could disrupt vascular homeosta-
sis through the activation of a variety of inflammatory cells be-
yond the site of infection, including platelets (37), neutrophils
(38), and macrophages (39).

In addition to PAF, alpha toxin–stimulated endothelial
cells synthesized and secreted prostacyclin, another potent va-
soactive lipid. Prostacyclin, an arachidonate metabolite, is
both a vasodilator (30) and an antithrombotic agent (48). The
coordinated synthesis of prostacyclin and PAF synthesis by
HUVEC has been demonstrated previously (23) and most
likely reflects the cleavage of phosphatidylcholine by a PLA2

activity leading to the production of arachidonic acid and the
PAF biosynthetic precursor, lysoPAF (49, 50). The activation
of PLA2 in these studies may be mediated in part through
PKC, as this kinase has been shown previously to regulate
PLA2 activity. We observed that endothelial cells labeled with
arachidonic acid released a labeled species into the superna-
tant after alpha toxin treatment. From RIA we demonstrated
that the toxin stimulated HUVEC secreted 6-ketoPGF1a, a sta-
ble degradation product of prostacyclin. Although prostacyclin
and PAF can elicit contrasting responses from the vasculature,
the local concentration of each may markedly differ especially
as the majority of the PAF is retained by the endothelial cells
and prostacyclin is primarily released into the fluid phase.

In summary, we describe new biological properties of the
C. perfringens alpha toxin. Our studies suggest that some of
the localized and systemic effects of gas gangrene infections
may be modulated by the primary responses of endothelial
cells to alpha toxin. Furthermore, prolonged exposure of en-
dothelial cells to alpha toxin was also recently shown to induce
surface expression of intercellular leukocyte adherence mole-
cule-1 and E-selectin (endothelial cell-leukocyte adherence
molecule-1) as well as synthesis of interleukin-8 (21). The ex-
pression of these molecules after prolonged exposure to alpha
toxin may also add to the accumulation and inappropriate acti-
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vation of PMNs at the periphery of the necrotic regions of in-
fection. These studies further demonstrate that the endothe-
lium is a critical target for bacterial toxins other than gram–
negative lipopolysaccharide, a classic agonist for this cell type
(51). Additional study of the primary and secondary effects of
C. perfringens exotoxins in the regulation of other inflamma-
tory mediators may also aid in the understanding of many clin-
ical manifestations of gas gangrene infections which eventually
result in profound shock and death.
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