
INFECTION AND IMMUNITY,
0019-9567/01/$04.00�0 DOI: 10.1128/IAI.69.10.6545–6548.2001

Oct. 2001, p. 6545–6548 Vol. 69, No. 10

Copyright © 2001, American Society for Microbiology. All Rights Reserved.

Toxicity of Shiga Toxin 1 in the Central Nervous System of Rabbits
JUN FUJII,1* YOSHIMASA KINOSHITA,2 TAKASHI YUTSUDO,3 HATSUMI TANIGUCHI,1

TOM OBRIG,4 AND SHIN-ICHI YOSHIDA5

Departments of Microbiology1 and Neurosurgery,2 School of Medicine, University of Occupational and Environmental
Health, Kitakyushu 807-8555, Shionogi and Co. Ltd., Osaka 561,3 and Department of Bacteriology, Graduate

School of Medical Sciences, Kyushu University, Fukuoka 812-8582,5 Japan, and Division of
Nephrology, University of Virginia, Charlottesville, Virginia 229084

Received 25 April 2001/Returned for modification 5 June 2001/Accepted 9 July 2001

The action of Shiga toxin (Stx) on the central nervous system was examined in rabbits. Intravenous Stx1 was
44 times more lethal than Stx2 and acted more rapidly than Stx2. However, Stx1 accumulated more slowly in
the cerebrospinal fluid than did Stx2. Magnetic resonance imaging demonstrated a predominance of Stx1-
dependent lesions in the spinal cord. Pretreatment of the animals with anti-Stx1 antiserum intravenously
completely protected against both development of brain lesions and mortality.

In 1996, there were a total of 16 outbreaks of Shiga toxin
(Stx)-producing Escherichia coli (STEC) infections in Japan. In
Sakai City, the number of patients increased to 9,492, of which
7,889 were schoolchildren. Of these patients, 758 were hospi-
talized, 121 suffered from hemolytic uremic syndrome (HUS),
and 11 children plus one adult died as a result of the infection
(6a). Four of the 11 deaths were due to central nervous system
(CNS) impairment. STEC produce one or more Stxs, such as
Stx1, Stx2, and Stx2c, that are toxic to humans (4). Stx1 and
Stx2 bind to a specific glycosphingolipid receptor, globotriao-
sylceramide (Gb3) (6), and are associated with hemorrhagic
colitis (10), HUS (5), and neurological complications (11, 14).
We previously reported that in mice Stx2c was toxic to both
capillary endothelial cells and nerve fibers in the brain cortex
and spinal cord following oral infection with STEC (3). Fur-
thermore, using magnetic resonance imaging (MRI), we de-
tected brain lesions of rabbits given purified Stx2 intravenously
(1) and determined that the cause of death was a dysfunction
of baroreflex (15). Impairment of the carotid sinus baroreflex
control system in the brainstem leads to poor maintenance of
blood pressure. In the present study, we have compared the
action of Stx1 and Stx2 in the brain of rabbits exposed to the
purified toxins and tested anti-Stx1 antibody as a protective
agent in this model.

Determination of LD50 of intravenous Stx1 and Stx2 in
rabbits. Stx1 and Stx2 used in this study were purified to
homogeneity as described previously (17) and determined to
be free of detectable lipopolysaccharide (LPS) by toxicolor test
and sodium dodecyl sulfate-polyacrylamide gel electrophoresis
with silver staining. The cytotoxic potency of Stx1 and Stx2 was
105 and 106 50% cytotoxic doses (CD50)/�g of protein, respec-
tively, as tested in Vero cells using the WST-1 cell proliferation
assay (Chemicon International, Inc.) as described Yoh et al.
(16). The titers of anti-Stx1 and anti-Stx2 antisera were exam-
ined by the Ouchterlony double gel diffusion test and in the
cytotoxicity neutralization assay. In both assay systems, the

Stx2 antiserum exhibited twice the potency of the Stx1 anti-
serum, 1:64 versus 1:32 and 1:6,400 versus 1:3,200, respectively.

The 50% lethal doses (LD50) of intravenous Stx1 and Stx2
were measured using male Japanese white rabbits weighing
2 kg each (Shizuoka Experimental Animals, Hamamatsu, Ja-
pan). To determine the LD50 of intravenous Stx1, 10 groups
of five rabbits each were challenged intravenously with 2.4,
4.9, 9.8, 20, 39, 78, 156, or 313 ng of Stx1 per kg. Using the
same protocol, rabbits were challenged with intravenous Stx2
at 313, 625, 1,250, or 2,500 ng/kg. These animals were moni-
tored for 1 month. The LD50 of intravenous Stx1 and Stx2 for
rabbits was calculated to be 20 and 884 ng/kg, respectively
(Table 1). Thus, the LD50 of Stx2 was 43.8-fold higher than
that of Stx1 (P � 0.0001 by analysis of variance).

Survival curves of rabbits injected intravenously with either
1.9 LD50 (39 ng/kg) of Stx1 or 2.8 LD50 (2,500 ng/kg) of Stx2
are indicated in Fig. 1. The survival of the rabbits injected with
Stx1 was significantly shorter than that of animals which re-
ceived Stx2 (P � 0.023, log rank test) even though the LD50 of
Stx1 administered was lower than that of Stx2. The mean
survival days for Stx1 and Stx2 were 2.4 and 7.0, respectively.

To better understand why Stx1 is more toxic to rabbits than
Stx2, we further examined the action of these toxins in vivo.
The following data presented for our rabbit model help explain
why Stx1 causes more CNS damage than Stx2 in rabbits. These
results may also relate to the action of these toxins in humans
as Stx2-producing STEC present a greater risk for develop-
ment of acute renal failure and CNS abnormalities (8, 12, 13).

Measurement of Stx1 concentration in CSF of rabbits. Ten
rabbits were given Stx1 (2 �g/kg) intravenously. At 0, 3, 8, and
24 h after injection of Stx1, cerebrospinal fluid (CSF) was
obtained from the cisterna magna. Stx1 concentration of the
fluid was determined by enzyme immunoassay (EIA) using the
Novapath Verotoxin EIA kit (Japan Bio-Rad Laboratories,
Tokyo) with values derived from a linear standard curve pre-
pared using purified Stx1. The concentrations of Stx1 in CSF
of rabbits after an intravenous injection of Stx1 are shown in
Fig. 2 and compared to our previous results obtained with Stx2
(2). The results show that Stx1 accumulates more slowly in the
CSF than does Stx2, suggesting that Stx2 crossed the blood-
brain barrier more readily than did Stx1 (3, 8). However, sig-
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nificantly higher levels of Stx1 were detected in CSF at 24 h
compared with the time zero sample (P � 0.05 by t test).
Whether this was due to more rapid endothelial transport of
Stx2 or to selective destruction of the endothelial layer by Stx2
has not been determined. Stx2 not only entered the CSF more
readily, it also appeared to be more potent than Stx1 within
this site. Indeed, intrathecally injected Stx2 was more potent
than intrathecal Stx1 based on the LD50s of intravenous versus
intrathecal Stx2, 3.4 versus 0.36 (�g/kg) (2). In support of this
concept, lethality data from the present study also revealed
some important properties of Stx1, as it was clearly demon-
strated that intravenously presented Stx1 was more than five
times more potent than intrathecally administered Stx1 based
on LD50 values of 20 and �100 ng/kg, respectively. Together,
the data suggest that the primary damage caused by Stx1 takes
place outside of the CNS, such as large intestine, because the
Stx1 toxemic rabbits showed hemorrhagic diarrhea. Stx2 tox-
emic rabbits also developed hemorrhagic diarrhea, but in the
Stx2 toxemic rabbits, Stx2 in CSF increased rapidly and
reached a maximum 2 h after Stx2 injection (Fig. 2). This

suggests that Stx2 may accumulate in rabbit CNS earlier than
in large intestine because the hemorrhagic diarrhea was rec-
ognized 24 h after the injection of Stx2 (1).

MRI of brain lesions induced by Stx1. Analysis of Stx1-
induced brain lesions in rabbits in the present study (Fig. 3)
was performed using previously reported MRI methodology
(1). The results revealed damage that was less severe than we
had described for Stx2 (1). Rabbits given a 1.95 LD50 dose of
Stx1 (39 ng/kg) developed a major spinal cord lesion, appear-
ing as lighter areas indicated by arrows in Fig. 3B (48 h) and
with an accompanying hematoma at 24 h (Fig. 3C). At 48 h,
additional lesions also developed in the brain stem (Fig. 3B,
large arrowhead) and midbrain (Fig. 3B, small arrowhead). In
control untreated animals, all of these areas appeared nor-
mally dark (Fig. 3A). It is likely that the observed flaccid
paresis in these Stx1-treated animals was a result of such lo-
calized damage. We could not find lesions in the cerebellum
and cerebrum of Stx1-treated rabbits.

In contrast, previous studies with intravenously Stx2-treated
animals revealed lesions of the brain stem but not of the spinal
cord (1). Lesions were first detected in the hypothalamic area
of all experimental animals at 24 h. After 57 h, lesions ap-
peared in the white matter of the cerebral hemisphere or the
hippocampus (1). It is important to note that both Stx1 and
Stx2 caused brain stem lesions that were the apparent cause of
death.

Aside from the different mobilities of Stx1 and Stx2 in cross-
ing the blood-brain barrier, receptor specificity for these toxins
may contribute to their different lethal potencies in the rabbit
model. Stx2 binds to the same receptor as Stx1, Gb3 (6).
However, it has become increasing clear that Gb3 represents a
heterogeneous group of glycolipids that differ in fatty acid
carbon chain length and degree of fatty acid saturation and
hydroxylation (9). It is well accepted that these structural dif-
ferences in toxin receptor may determine toxin binding affin-
ities. We propose that the structure of Gb3 may differ in the
spinal cord and the cerebrum or cerebellum. In humans and
mice, we guess that Stx2 may bind to the kidney and the target

TABLE 1. Determination of LD50 of Stx1 and Stx2 for
rabbits after an intravenous injection

Stx Dose
(ng/kg)

No. of rabbits
treated

No. of
deaths

LD50
(ng/kg)

Stx1 313 5 5 20
156 5 4
78 5 4
39 5 3
19 5 2
9.8 5 0
4.9 5 2
2.4 5 0

Stx2 2,500 5 5 884a

1,250 5 3
625 5 2
313 5 0

a Probit method. Potency ratio, 43.8.

FIG. 1. Survival curves for rabbits injected with Stx1 or Stx2 intra-
venously. Two groups of rabbits were injected intravenously with 1.9
LD50 (39 ng/kg) of Stx1 or with 2.8 LD50 (2,500 ng/kg) of Stx2. The
survival of the rabbits injected with Stx1 was significantly shorter than
that of rabbits that received Stx2 (P � 0.023 by log rank test). The
mean survival with Stx1 and Stx2 was 2.4 and 7.0 days, respectively.

FIG. 2. Time course of Stx1 and Stx2 concentrations in CSF after
intravenous injection of Stx1. Stx1 concentrations in CSF 8 and 24 h
after intravenous Stx1 injection were significantly higher than those in
the nontreated control (�, P � 0.01 by t test).
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sites of brain rather than Stx1 because of the different structure
of Gb3.

Effect of intrathecal versus intravenous injection of anti-
Stx1 antiserum on brain damage induced by intravenous Stx1.
To determine the protective effects of an intrathecal or intra-
venous injection of rabbit anti-Stx1 antiserum, 15 rabbits were
examined in three different treatment groups of five rabbits

each. An intrathecal injection was used as described by Mizu-
guchi et al. (7). One group of rabbits were injected intrathe-
cally with 0.5 ml of rabbit serum (the titer of anti-Stx1 antibody
was 32) 1 h before an intravenous injection of Stx1 (78 ng/kg;
3.86 LD50). Another group of rabbits was injected with the
same dose of rabbit serum intravenously 1 h before the intra-
venous injection of Stx1. A control group of rabbits were in-

FIG. 3. MRI of brains of normal and Stx1-challenged rabbits. (A) Midsagittal T2-weighted image of a nontreated control rabbit’s brain. Two
arrows show spinal cord areas, a small arrowhead shows midbrain, and a large arrowhead shows brain stem. (B) T2-weighted image at 48 h after
Stx1 administration (39 ng/kg, 1.95 LD50). A high-intensity area of brain stem (large arrowhead) and midbrain (small arrowhead) with spinal cord
lesion (two arrows) is seen. (C) T2-weighted image at 24 h after Stx1 administration (39 ng/kg, 1.95 LD50). A low-intensity area of spinal cord is
seen as a hematoma (arrow).
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jected with Stx1 only. The lethality results recorded at day 10
showed 100% survival (five of five) of the rabbits injected
intravenously with the rabbit serum containing anti-Stx1 anti-
body (32 titer) 1 h before the intravenous injection of Stx1. All
five rabbits in the control group died. However, only 60%
(three of five) survival was observed when the anti-Stx1 anti-
serum was injected directly into the CSF space 1 h before the
intravenous injection of Stx1. This result differs from our pre-
vious success in therapy of an intrathecal injection of rabbit
serum containing anti-Stx2 antibody for the brain lesion in-
duced by intravenous Stx2 injection (2). It is concluded the
lethal toxic effects of Stx1 in rabbits involve damage within as
well as outside of the brain, whereas Stx2 acts primarily within
the brain.

This study was supported by a grant for International Health Coop-
eration Research (9A-1) from the Ministry of Health and Welfare.
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