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In this paper we show that Clostridium perfringens epsilon-toxin accumulates predominantly in the mouse
kidney, where it is distributed mainly in glomeruli, capillaries, and collecting ducts. Although some pycnotic
and exfoliated epithelial cells were observed in distal tubuli and collecting ducts, there were no findings
indicative of severe renal injury. Bilateral nephrectomy increased the mouse lethality of the toxin, suggesting
that the kidney contributes to the host defense against the lethal toxicity of epsilon-toxin.

Epsilon-toxin produced by Clostridium perfringens types B
and D is a potent toxin that is responsible for rapidly fatal
enterotoxemia in livestock (17, 22). The toxin has been well
defined in terms of the proteolytic activation of epsilon-pro-
toxin (7, 10), its pore-forming ability in Madin-Darby canine
kidney (MDCK) cell membranes (12, 18) and artificial lipid
bilayers (19), and its heptamerization in detergent-insoluble
glycosphingolipid-enriched microdomains (10, 11). However,
the pathogenic mechanisms involved in the lethality of epsilon-
toxin remain largely unknown, except that it exhibits toxicity
towards neuronal cells (2, 8, 9) and blood vessels in the brains
of mice and rats (1, 3, 4). Besides massive necrosis in the brain,
pulpy kidneys are noticeable in animals that have died due to
enterotoxemia (22). Epsilon-toxin exhibits cytotoxicity towards
MDCK cells derived from dog renal distal tubules or collecting
ducts but not towards any other cell lines (17, 21, 24). More-
over, epsilon-toxin was reported to be most abundant in the
kidneys when intravenously (i.v.) administered to mice (13).
However, nothing is known about its nephrotoxicity.

The aim of this study was to determine the distribution of
epsilon-toxin in the mouse kidney and also its nephrotoxicity.
Male ddY mice (4 weeks old; SLC Japan, Shizuoka, Japan)
were used. The epsilon-protoxin and epsilon-toxin used in this
study were recombinant toxins, which were purified, activated,
and labeled with [y-*>S]ATP as described previously (11). The
intravenous 50% lethal dose of epsilon-toxin was determined
to be approximately 20 ng per mouse. The time to death after
challenge estimated for mice susceptible to 15 ng of epsilon-
toxin was 8.3 = 0.4 h (mean = standard error [SE],n = 5), and
that for mice receiving 500 ng of epsilon-toxin was 0.35 =
0.01 h (mean * SE, n = 5).

First, we examined, by whole-body autoradiography (WBA),
whether epsilon-toxin is accumulated predominantly in the
mouse kidney in accordance with the results obtained by others
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using a different methodology (13). One hundred nanograms
of *3S-epsilon-toxin or *>S-epsilon-protoxin was i.v. injected
into a mouse through a tail vein. The mouse given *>S-epsilon-
toxin was frozen in dry ice-acetone at approximately 1 h postin-
jection (p.i.) immediately after death. The mouse given *°S-
epsilon-protoxin was sacrificed by cervical dislocation at 1 h
p.i., followed by freezing in dry ice-acetone. Frozen sections
(50 wm each) were prepared with an autocryotome (NA-500F;
Nakagawa Seisakusho, Tokyo, Japan), dried at —20°C, and
then exposed to an imaging plate (Fuji Photo Film, Kanagawa,
Japan) for 2 weeks. WBA involving epsilon-toxin and epsilon-
protoxin showed the same distribution profile, indicating that
their putative receptor(s) is the same (Fig. 1). The toxins were
detected most abundantly in the kidneys and fairly abundantly
in the brain and spinal cord. In the kidneys the toxins were
distributed in the outer and inner regions but not in the inter-
mediate one. They were also detected in other organs, such as
the spleen and eyes. Surprisingly, the toxins were deposited
densely in the nasal turbinates, suggesting that they are en-
riched in an epsilon-toxin receptor.

For immunostaining of epsilon-toxin, anti-epsilon-protoxin
antibodies were generated with formalinized epsilon-protoxin
in a female New Zealand White rabbit (SLC). Anti-epsilon-
protoxin immunoglobulin G (IgG) was purified by means of
epsilon-toxin immobilized on Sepharose 4B and protein A-
Sepharose (Amersham Biosciences, Little Chalfont, Bucking-
hamshire, United Kingdom). The purified IgG (0.7 mg/ml) was
checked for specificity and sensitivity by enzyme-linked immu-
nosorbent assay and the Western blot procedure. Nonspecific
control IgG (0.6 mg/ml) was purified from rabbit preimmune
serum by means of protein A-Sepharose. Mice given i.v. 500 ng
of epsilon-toxin or the vehicle (1% Bacto Peptone-0.25%
NaCl solution) were anesthetized with ether at 20 min p.i,
followed by perfusion with 5 ml of phosphate-buffered saline
(PBS) and then 20 ml of fixative consisting of 4% paraformal-
dehyde, 2.5% polyvinylpyrrolidone, 2% sucrose, and 0.1 M
sodium phosphate buffer (pH 7.4). The cryostat sections of
S5-pm thickness were prepared as described by Pavelka and
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FIG. 1. Whole-body autoradiograms for a mouse at approximately
1 h p.i. with 100 ng of **S-epsilon-toxin (A) and one at 1 h p.i. with 100
ng of *S-epsilon-protoxin (B). Upper and lower panels, sections at
median and sagittal (5 to 6 mm lateral of the median line) planes,
respectively.

Ellinger (16) except that treatment with ammonium chloride
was omitted. To amplify the immunohistochemical signal, two
signal amplification systems, a dextran polymer visualization
system (EnVision+; Dako, Carpinteria, Calif.) and a tyramide
signal amplification system (NEN Life Science Products, Bos-
ton, Mass.), were used in combination with some modifications
of the suppliers’ instructions. Endogenous peroxidase activity
was inhibited by treatment with 3% H,O, in TBST (50 mM
Tris-HCI [pH 7.4], 300 mM NaCl, 0.1% Tween 20), and non-
specific binding of primary antibodies was blocked with block-
ing buffer (5% goat serum, 1% Triton X-100 in antibody dilu-
tion buffer [Dako]). After incubation with primary antibodies
(rabbit anti-epsilon-protoxin IgG or nonspecific control IgG,
each diluted to 2.3 ng/ml in blocking buffer), the sections were
subjected to amplification with EnVision+ (goat anti-rabbit
IgG and horseradish peroxidase-immobilized dextran polymer;
Dako). The immunohistochemical signal was further amplified
with a TSA fluorescence system (fluorescein; NEN Life Sci-
ence Products). The sections were mounted on glass slides
using a ProLong antifade kit (Molecular Probes, Eugene,
Oreg.) and then viewed under a laser scanning confocal mi-
croscope (Olympus Optical, Nagano, Japan).

Strong labeling was found in the kidney sections from epsi-
lon-toxin-injected mice but not in those from vehicle-injected
ones when stained with epsilon-protoxin-specific IgG (Fig. 2A
and B). Nonspecific control IgG gave weak signal intensity to
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the collecting ducts in both sections (Fig. 2C and D). However,
the immunoreactivity of nonspecific control IgG was restricted
to the apical side, differing from that of epsilon-protoxin-spe-
cific IgG, which gave strong signal intensity to the basolateral
side in epsilon-toxin-injected mice (Fig. 2A). More impor-
tantly, collecting ducts per se were not reactive with epsilon-
protoxin-specific IgG (Fig. 2B). Thus, we concluded that the
immunostaining involving epsilon-protoxin-specific IgG allows
the specific detection of epsilon-toxin distributed in the kid-
neys. At low magnification, epsilon-toxin was detected in the
whole kidney except for the outer medulla (data not shown),
this being consistent with the doubly stained WBA profile of
the kidney. Epsilon-toxin was detected most prominently in the
glomeruli, capillaries, and collecting ducts (Fig. 2A). It was
also detected to a large extent in the epithelial cells of the
distal tubules and to a lesser extent but significantly in those of
the proximal tubules. In the epithelial cells of the proximal
tubules epsilon-toxin was mainly detectable on the luminal
side, while in the epithelial cells of the distal tubules and
collecting ducts it was on the basolateral side (Fig. 2A).

To examine toxin-induced morphological changes in the
mouse kidney, mice were i.v. given 20 to 500 ng of epsilon-
toxin, followed by transcardial perfusion with 10 ml of PBS and
then 20 ml of 4% paraformaldehyde in PBS. The kidneys were
cut into small pieces, which were placed in the fixative for 2
days. After routine dehydration and embedding, 2-pm cut sec-
tions were stained with hematoxylin-eosin. A histological com-
parison between mice in the same dose group showed that
renal pathological changes became more evident as fixation
time was delayed. To detect maximal but not postmortem
changes, only mice surviving at 6.5 to 7.5 h after challenge with
20 to 50 ng of epsilon-toxin were fixed prior to death. Figure 3
shows morphological changes detected in both the cortex and
the medulla of the kidneys from a mouse given 50 ng of toxin
(Fig. 3). In the cortex, glomeruli showed apparent shrinkage
resulting in dilatation of Bowman’s space. Proximal tubules
were almost intact, while distal tubules and collecting ducts
exhibited degenerative changes: a decrease in the height of
epithelial cells with a dilated lumen and cellular degeneration
with karyopycnosis and cellular exfoliation into the lumen.
Since the mouse given 50 ng of the toxin showed the most
prominent renal histological changes among those given 20 to
50 ng of the toxin, the severity and extent of these pathological
changes may also be dependent on the toxin dose. However,
they were less prominent in the kidneys from mice given 100 or
200 ng of epsilon-toxin. Moreover, there was no obvious his-
tological finding in the kidneys from mice given 500 ng of the
toxin, even in those from a mouse surviving exceptionally long
and fixed at 30 min p.. (data not shown). Therefore, the
changes described above seem to be the maximal premortem
histological changes, although they are not very severe.

The renal pathological changes and accumulation of epsilon-
toxin may suggest the following possibilities. First, the neph-
rotoxicity of epsilon-toxin may be involved in its lethal toxicity
not primarily but still somehow. Second, the kidneys may con-
tribute to the decrease in the amount of circulating epsilon-
toxin and thereby protect the host from its lethal toxicity. In
order to assess these possibilities, the effect of nephrectomy on
the lethal toxicity of epsilon-toxin was examined. Mice were
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FIG. 2. Epsilon-toxin immunostaining of the renal cortex from a mouse given i.v. 500 ng of epsilon-toxin (A and C) or the vehicle alone (B and
D) and fixed at 20 min p.i. Sections were stained with either epsilon-protoxin-specific (A and B) or nonspecific (C and D) IgG, as described in the
text. The glomeruli (g), capillaries (c), and collecting ducts (cd) were heavily stained. The renal epithelial cells of the distal tubules (d) were fairly
densely stained, and those of the proximal tubules (p) were weakly stained. Note that the toxin was detected on the apical side of the proximal
tubules (small arrowhead) and the basolateral side of the distal tubules (medium arrowhead) and collecting ducts (large arrowhead). Bars, 20 pm.

anesthetized with ether, and then bilateral nephrectomy was
accomplished by tying a silk suture securely around the hilus
renalis containing the artery, vein, and ureter, followed by
resection of the kidneys. The abdominal incision was closed,
immediately followed by injection with the vehicle alone or 50
or 100 ng of epsilon-toxin through a tail vein. The bilateral
nephrectomy clearly shortened the time required for the toxin
to kill mice (Table 1), indicating that the kidneys protect the
host from the lethal toxicity of epsilon-toxin. The kidneys,
however, could filter any circulating toxins, and the effect of
nephrectomy may reflect such a general feature of the kidneys,
not being specific to epsilon-toxin. To address this issue, we
examined the lethality for nephrectomized mice of two other
toxins, C. perfringens alpha-toxin, which is similar in molecular
size but not neurotoxicity to epsilon-toxin, and botulinus type
A neurotoxin, which is larger and more neurotoxic than epsi-
lon-toxin. Nephrectomy did not shorten the time to death in
either case (Table 1). These results exclude the generality of
the effect observed for epsilon-toxin intoxication and suggest

that the accumulation of epsilon-toxin in the kidneys through
specific binding causes the effect.

Epsilon-toxin is accumulated predominantly in the kidneys,
which attenuates its lethality. This apparently paradoxical find-
ing implies the biological significance of the epsilon-toxin ac-
cumulation in the kidneys. We propose that the kidneys con-
tribute to the host defense against epsilon-toxin by trapping the
toxin and thereby protecting more susceptible organs, e.g., the
brain, from its lethal toxicity. Our hypothesis is of interest in
the context of the host defense against bacterial infection.
Another example of specialized host defense in kidneys is the
protection from urinary tract infection by Tamm-Horsfall gly-
coprotein secreted from the surface of cells of the Henle’s
loop, which binds to type 1 fimbriated Escherichia coli, pre-
venting infection by the organism (14, 15, 20). Interestingly,
both C. perfringens and E. coli are intestinal commensal bac-
teria. Mammals might have developed defense mechanisms
specific to individual bacteria or toxins during their interaction
with commensal bacteria.
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FIG. 3. Hematoxylin-cosin-stained sections of a mouse kidney at 6.5 h p.i. with the vehicle alone (A) or 50 ng of epsilon-toxin (B to D). Note

the shrinkage of the glomerulus (asterisks), epithelial cells exhibiting karyopycnosis (arrows), and cells exfoliated into the lumen (arrowheads) in
the distal tubules and collecting ducts in the toxin group. Bars, 50 pm.

TABLE 1. Lethality of epsilon-toxin, alpha-toxin, and botulinus
toxin for nephrectomized and unnephrectomized mice

Time required for killing

. Amt of toxin Nephrec- mice” (h

Toxin (ng or MLD?) tomy ®
Mean * SE Range
None 0 + 211 20-23
Epsilon-toxin 50 - 5805 4.4-6.8
50 + 1.0 = 0.1 0.83-1.2
100 - 1.1 0.1 0.88-1.3

100 + 0.63 =0.05 0.05-0.77

Alpha-toxin® 100 — 22=+0.1 1.9-2.4
100 + 2502 2.1-3.3
Botulinus 2 X 10° — 1.8 0.1 1.5-2.0
neurotoxin” 2 X 10° + 23+0.1 1.9-2.5

“ The amount of botulinum toxin is expressed as MLD (minimal lethal dose)
determined by intraperitoneal injection into mice.

> Mice with and without nephrectomy were i.v. given toxins (n = 5 for each
group) or the vehicle alone (n = 3), and then the time of animal death was
recorded.

¢ Alpha-toxin was purified from recombinant E. coli (23), and its specific
activity was determined by p-nitrophenylphosphorylcholine hydrolysis assay (6)
to be 303 nmol/min/mg.

4 Botulinus type A neurotoxin, which had been purified as described elsewhere
(5), was provided by K. Oguma (Department of Bacteriology, Okayama Univer-
sity Graduate School of Medicine and Dentistry, Okayama, Japan).
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