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This study describes a quick (<12 h) assay for detecting temperature decreases in BALB/c and C57BL/6 mice
injected intraperitoneally (i.p.) with staphylococcal enterotoxin A (SEA), SEB, or SEC3 or toxic shock syn-
drome toxin 1 and a potentiating dose of lipopolysaccharide (LPS). Toxin-specific antisera effectively neutral-
ized the temperature fluctuations in this model. Orally administered SEA or SEB (50 mg/animal), with or
without LPS, did not have an effect on temperature or lethality. Versus wild-type mice, transgenic knockout
mice lacking the p55 receptor for tumor necrosis factor (TNF) or gamma interferon were protected against an
i.p. challenge of SEA plus LPS. The p75 receptor for TNF and intercellular adhesion molecule 1 have a
negligible role in this toxic shock model.

Staphylococcus aureus causes many diseases in humans (6),
and superantigens like the staphylococcal enterotoxins (SEs)
plus toxic shock syndrome toxin 1 (TSST-1) are considered
important virulence factors that induce immunosuppression in
a host, thus providing a distinctly advantageous scenario for a
pathogen (11, 25). Current in vivo investigations with the SEs
and TSST-1 have vigorously concentrated on murine models
(9, 20, 28, 32). Relative to the monkey emetic (36) or rabbit (7)
models, mice afford an inexpensive alternative for studying (i)
the in vivo effects of the SEs and TSST-1, (ii) neutralizing
antibodies and therapeutics used against the SEs and TSST-1,
and (iii) recombinantly attenuated SEs and TSST-1 used as
vaccine candidates (1, 32, 33, 39, 40).

Various groups have shown that bacterial endotoxin plays a
role in augmenting the biological activities of SEs, TSST-1, or
streptococcal pyrogenic exotoxins (3, 8, 15, 16, 18, 24, 26, 27,
30, 34, 35), possibly by preventing superantigen-induced death
of T cells (38) and thus sustaining a continued, potentially
lethal release of proinflammatory cytokines. Previous studies
with different SEs and TSST-1 in an LPS-potentiated murine
model reveal a strong correlation between toxicity and in-
creased serum levels of proinflammatory cytokines, like inter-
leukins 1 and 6 (IL-1 and IL-6, respectively), tumor necrosis
factor (TNF), and gamma interferon (IFN-g) (32, 33, 39), that
play a pivotal role in superantigen-mediated shock (21). Sub-
sequent vaccine efforts with SEA (1), SEB (39, 40), and
TSST-1 (33) have also been quite successful in this murine
model.

In this report, different SEs and TSST-1 were given orally or
injected intraperitoneally (i.p.) into LPS-potentiated mice to
determine if body temperature represented a quick and reli-
able indicator of intoxication. Additional work established the
effectiveness of passively administered antiserum in preventing
toxin-induced fluctuations of temperature. Finally, experi-
ments in transgenic knockout mice further defined the role of

individual cytokines and a lymphocyte adhesion molecule in
this model for staphylococcal superantigenic shock.

Purified staphylococcal toxins (Toxin Technology, Sarasota,
Fla.) and Escherichia coli LPS (O55:B5) (Difco Laboratories,
Detroit, Mich.) were reconstituted in sterile, pyrogen-free
phosphate-buffered saline (PBS [pH 7.4]) and stored at 250°C.
The endotoxin levels of all toxin preparations were determined
by a Limulus amebocyte lysate assay (BioWhittaker, Walkers-
ville, Md.) and contained ,1 ng of endotoxin/mg of protein.

Male BALB/c and C57BL/6 mice (18 to 20 g) were housed
in a specific-pathogen-free environment. Sterile temperature-
identification transponders (IPTT-100) were purchased from
Biomedic Data Systems (Maywood, N.J.) and implanted sub-
cutaneously. As previously described (32), mice (n 5 6 to 10
per group) were each injected i.p. at zero hour with a SE or
TSST-1, followed 4 h later with 80 or 170 mg of LPS for
BALB/c or C57BL/6 mice, respectively. Two different strains
were used for our studies, because C57BL/6 mice express a
different isotype (H-2b) of the class II major histocompatibility
complex versus the BALB/c strain (H-2d), and this can have a
profound effect upon the in vitro and in vivo properties of
these toxins (22, 31, 32, 33, 37). Temperatures were recorded
every hour, for a total of 12 h. Tables 1 and 2, respectively,
show the temperature results in BALB/c and C57BL/6 mice
following an i.p. injection of SEA, SEB, SEC3, or TSST-1. All
of these toxins produced significant hypothermic effects within
12 h, relative to uninjected controls or mice given bovine serum
albumin (BSA) plus LPS or PBS plus LPS. Although deaths
were recorded by 72 h for all toxins tested, there was no
lethality within the initial 12-h period of any experiment. The
temperature decreases in BALB/c mice were most dramatic
with SEB and TSST-1, whereas SEA was more effective in the
C57BL/6 strain.

The temperature effects of orally administered SEA and
SEB were also tested in C57BL/6 and BALB/c mice, respec-
tively. Recent work by Blank et al. (5) reveals that mice in-
jected intravenously with SEB (25 mg) plus LPS (50 mg) de-
velop apoptotic epithelial cells lining the colon and jejunum
crypts within 16 h. In our model, mice injected i.p. with a
sufficient dose of any SE plus LPS develop diarrhea. The oral
effects (via gavage) of SEA or SEB at 50 mg/mouse were tested
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TABLE 1. Temperature effects of staphylococcal toxins on BALB/c mice

Toxin (mg/animal)a
Temp reading (°C) atb: Total no. of

dead/alive micec
0 h 3 h 6 h 9 h 12 h

SEA
10 37.6 6 0.5 36.8 6 0.4 35.9 6 0.5 29.4 6 1.5* 29.6 6 1.6* 8/2

0.5 36.5 6 1.2 35.9 6 0.8 35.5 6 0.6 31.5 6 1.8* 31.2 6 1.9* 5/5
10 1 PBS 36.9 6 0.6 36.9 6 0.5 36.9 6 0.5 37.2 6 0.5 37.4 6 0.7 0/10

SEB
10 38.0 6 1.1 37.2 6 0.3 35.6 6 0.7 30.6 6 0.8* 29.7 6 0.7* 8/0

0.5 37.4 6 0.8 37.0 6 0.6 35.8 6 0.8 29.9 6 1.8* 30.5 6 1.4* 7/3
0.1 36.2 6 0.7 36.5 6 0.5 36.0 6 0.4 34.9 6 1.7 36.0 6 1.0* 0/9

10 1 PBS 37.6 6 0.2 37.0 6 0.3 36.3 6 0.4 36.1 6 0.3 37.2 6 0.6 0/6

SEC3
10 36.1 6 0.6 35.6 6 0.4 34.4 6 0.6* 30.5 6 1.5* 31.1 6 1.7* 4/6

2 36.0 6 1.4 36.3 6 1.5 34.9 6 1.5 35.6 6 0.9 36.1 6 1.0 0/10
10 1 PBS 37.0 6 0.2 36.4 6 0.5 36.0 6 0.3 35.8 6 0.3 37.2 6 0.3 0/10

TSST-1
8 36.9 6 0.3 36.4 6 0.5 35.5 6 0.4* 30.3 6 2.2* 28.2 6 1.2* 7/0
0.5 37.6 6 1.1 37.0 6 0.4 36.1 6 0.8 32.7 6 1.8* 29.7 6 1.8* 3/3
0.1 38.2 6 0.6 37.3 6 0.5 36.2 6 0.5 34.6 6 1.3* 35.2 6 1.8* 0/9
8 1 PBS 37.0 6 0.5 36.2 6 0.6 36.1 6 0.5 35.9 6 0.3 37.0 6 0.3 0/9

PBS 1 LPS (80) 38.7 6 0.4 37.4 6 0.2 36.9 6 0.5 36.5 6 0.7 36.8 6 1.0 0/7

BSA (10) 1 LPS (80) 36.6 6 0.3 36.3 6 0.3 36.2 6 0.5 36.0 6 1.2 37.0 6 0.8 0/10

a Toxin dose per animal, followed 4 h later with an i.p. injection of LPS (80 mg). Toxin controls were given PBS, not LPS. The LPS controls were given PBS plus
LPS or BSA plus LPS.

b Mean temperature reading 6 standard deviation of group designated at time points after the toxin injection (zero hour). *, statistically different (P , 0.05) from
the BSA plus LPS controls as determined by a two-tailed t test with SPSS/PC1 (Chicago, Ill.).

c Recorded at 72 h.

TABLE 2. Temperature effects of staphylococcal toxins on C57BL/6 mice

Toxin (mg/animal)a
Temp reading (°C) atb: Total no. of

dead/alive micec
0 h 3 h 6 h 9 h 12 h

SEA
10 36.8 6 0.7 36.5 6 0.7 35.3 6 0.7* 30.8 6 1.5* 28.9 6 1.3* 10/0

0.5 37.8 6 0.5 37.0 6 0.5 35.8 6 0.8* 31.1 6 1.2* 28.4 6 1.4* 9/1
0.1 38.2 6 0.4 36.7 6 0.6 35.9 6 0.9* 30.2 6 1.7* 28.8 6 1.4* 5/4

10 1 PBS 37.8 6 0.8 36.9 6 0.5 36.0 6 0.6 35.8 6 0.6 36.6 6 0.6 0/10

SEB
10 37.9 6 0.4 36.3 6 0.4 36.1 6 0.4* 35.4 6 1.2 34.0 6 1.6* 1/8

2 37.3 6 0.7 36.5 6 0.7 36.8 6 0.5 36.6 6 0.8 34.8 6 1.5 0/10
10 1 PBS 37.8 6 0.7 36.6 6 0.6 35.7 6 0.8 35.6 6 0.6 36.6 6 0.8 0/10

SEC3
10 36.8 6 0.9 36.9 6 0.6 36.4 6 0.5* 34.6 6 1.9 32.6 6 1.2* 3/7

2 36.9 6 0.3 36.5 6 0.8 36.1 6 0.9* 35.2 6 1.6 33.1 6 0.9* 0/10
10 1 PBS 37.0 6 0.6 36.9 6 0.6 35.9 6 0.6 35.7 6 0.5 37.0 6 0.4 0/10

TSST-1
10 37.2 6 0.8 37.0 6 0.6 36.5 6 0.8 35.0 6 1.6* 32.3 6 1.5* 5/5

2 37.6 6 1.0 36.9 6 0.6 36.7 6 1.0 36.0 6 1.3 35.2 6 0.8 3/7
10 1 PBS 38.1 6 0.3 36.8 6 0.4 36.3 6 0.4 35.9 6 0.4 37.0 6 0.4 0/10

PBS LPS (170) 38.0 6 0.8 36.9 6 0.3 36.4 6 0.2 36.3 6 0.4 36.1 6 0.5 0/8

BSA (10) 1 LPS (170) 37.7 6 0.5 36.7 6 0.6 37.2 6 0.8 36.3 6 0.9 35.4 6 0.7 0/9

a Toxin dose per animal, followed 4 h later with an i.p. injection of LPS (170 mg). Toxin controls were given PBS, not LPS. The LPS controls were given PBS plus
LPS or BSA plus LPS.

b Mean temperature reading 6 standard deviation of group designated at time points after the toxin injection (zero hour). *, statistically different (P , 0.05) from
the BSA plus LPS controls as determined by a two-tailed t test.

c Recorded at 72 h.
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5 to 10 min after the stomach acidity was neutralized with 0.2
M NaHCO3. The potentiated effects of LPS (80 and 170 mg
administered to BALB/c and C57BL/6 mice, respectively) were
tested orally and by an i.p. injection at 4 h after the toxin dose.
No temperature fluctuations, diarrhea, or death was attributed
to orally administered SEA or SEB, with or without LPS.

Upon establishing that hypothermia was a reliable parame-
ter of SE or TSST-1 intoxication in mice following an i.p.
injection, the next series of experiments determined if this
effect was neutralized by toxin-specific antiserum. Goat anti-
SEA, anti-SEB, or normal sera (200 ml/mouse) were premixed
with SEA or SEB (2 mg/mouse) for 1 h at room temperature
before an i.p. injection. Figure 1 shows that the temperature
decrease was effectively neutralized in LPS-potentiated mice

given hyperimmune serum, relative to that in controls admin-
istered toxin plus normal serum. Statistically significant differ-
ences in temperature were detected within 6 h and extended to
12 h, thus confirming the utility of temperature as a reliable
and quick parameter for antibody neutralization studies.

Previous experiments with BALB/c or C57BL/6 mice suggest
that levels of particular cytokines (IL-1, IL-6, TNF, and IFN-g)
in serum are elevated after an injection of SE or TSST-1 and
a potentiating dose of LPS (32, 33, 39). To determine the role
of individual cytokines or lymphocyte adhesion molecules like
intercellular adhesion molecule 1 (ICAM-1) in temperature-
based experiments, transgenic knockout C57BL/6 mice (Jack-
son Laboratories, Bar Harbor, Maine) were injected with SEA
(10 mg) plus 170 mg of LPS (Table 3). Based on temperature

FIG. 1. Neutralization of SEA- or SEB-induced temperature decreases among BALB/c mice with anti-SEA or anti-SEB sera. N.S., normal sera. The numbers of
dead (D) versus alive (A) mice were recorded at the 72-h time point and appear in parentheses.

TABLE 3. Temperature effects of SEA plus LPS on transgenic knockout mice

Mousea
Temp reading (°C) at b

Total no. of
dead/alive micec

0 h 3 h 6 h 9 h 12 h

Wild type 38.0 6 0.3 37.9 6 0.2* 34.7 6 1.3* 29.7 6 1.7* 28.8 6 1.0* 10/0
IL-10 knockout 38.1 6 0.7 37.1 6 0.5 33.8 6 1.7* 29.4 6 0.8* 28.7 6 0.8* 10/0
ICAM-1 knockout 37.5 6 0.4 37.3 6 0.9* 36.1 6 1.2 31.4 6 2.0* 30.3 6 1.6* 9/1
p75 TNF receptor knockout 37.3 6 0.7 36.7 6 1.0 34.7 6 1.9 31.3 6 1.8* 30.9 6 1.2* 7/3
IFN-g knockout 36.9 6 0.8 37.2 6 0.5 34.9 6 2.3 31.5 6 2.2* 33.2 6 2.7 1/9
p55 TNF receptor knockout 38.5 6 0.4* 36.5 6 0.5 37.3 6 0.6 37.6 6 0.5* 36.1 6 0.8 0/9
Wild type (BSA 1 LPS control) 37.7 6 0.5 36.7 6 0.6 37.2 6 0.8 36.3 6 0.9 35.4 6 0.7 0/9

a Mice were each injected i.p. with SEA (10 mg) plus LPS (170 mg). Wild-type controls were injected with BSA (10 mg) plus LPS (170 mg).
b Mean temperature reading 6 standard deviation of group designated at time points after the toxin injection (zero hour). *, statistically different (P , 0.01) from

the wild-type controls given BSA plus LPS as determined by a two-tailed t test.
c Recorded at 72 h.
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and lethality, the molecules that had the most profound effect
(i.e., protection) in this model when deleted were p55 TNF
receptor . IFN-g . p75 TNF receptor . ICAM-1 . IL-10.
Although there was no difference in lethality or temperature
among mice lacking IL-10 versus those of the wild type, all of
the IL-10 knockout mice died within 24 h, which was quicker
than the time frame of 24 to 58 h for the wild type. The SEA
and LPS were necessary for an effect in IL-10 knockout mice,
because PBS plus LPS (170 mg/animal) or SEA alone (100
mg/animal) did not elicit a temperature drop or lethality. These
results correspond to previous studies suggesting that IL-10
has a protective role in SEB-induced shock, probably via down
regulation of IL-1, IL-2, IL-6, TNF-a, and IFN-g (2, 12, 13,
17).

In contrast to IL-10 knockout mice, the p55 TNF receptor
and IFN-g knockout mice were highly protected against the
temperature and lethal effects of SEA plus LPS, thus suggest-
ing that these molecules play an important role in toxicity.
Previous studies with SEB or TSST-1 (19, 20) show that a
neutralizing monoclonal antibody against TNF-a affords pro-
tection in a D-galactosamine-potentiated murine model. The
p55 receptor for TNF also plays a major role in another LPS-
potentiated murine model for SEB (5). Earlier studies report
substantially increased amounts of TNF in mouse serum after
an injection of SEA, SEB, or TSST-1 plus LPS (32, 33, 40),
relative to those in controls given LPS alone, and this elevated
level of TNF correlates well with lethality. Additionally, the
experiments with IFN-g knockout mice agree with previous
studies showing that neutralizing antibodies against IFN-g pre-
vent superantigen-induced lethality (5, 12, 17). The role of
IFN-g in the superantigen-LPS synergy may lie in upregulation
of the class II major histocompatibility complex and activation
of STAT1 molecules that bind to promoter regions of various
cytokine genes (5).

The final experiments were done with fas antigen-defective
mice that hyperproduce the murine Vb8.2 T-cell receptor (23).
The T lymphocytes from these animals do not undergo super-
antigen-induced apoptosis and therefore continually produce
potentially lethal concentrations of proinflammatory cytokines.
It was hypothesized that a temperature deflection would be
detected in these mice without a potentiating component like
LPS. However, a 100-mg dose of SEB (i.p.) did not have any
effect on temperature or lethality in our studies.

Temperature studies seem appropriate for these pyrogenic
exotoxins, because they induce fever and in severe cases elicit
a subsequent hypothermia, shock, and possibly death (4, 7).
Besides abdominal cramps, vomiting, and diarrhea, victims of
staphylococcal food poisoning often have a concomitant de-
crease in temperature (4). A previous report shows that rabbits
given TSST-1 plus endotoxin (29), or TSST-1 alone (7), de-
velop hypothermia following a transient fever. A recent study
with rabbits injected with SEA alone reveals that the fever
response is linked to increased levels of IFN-g, TNF, IL-1,
IL-2, and IL-6 in serum (14). In our murine studies, we did not
see a temperature increase with the SEs or TSST-1, with or
without LPS. However, proinflammatory cytokines like IFN-g,
TNF, IL-1, and IL-6 are maximally produced in the sera of
LPS-potentiated mice within 6 to 8 h after a toxin injection (32,
33, 39, 40).

The hypothermic effects of endotoxin in rats (10), and prob-
ably mice (13), are linked to TNF concentrations which are
greatly elevated in the LPS-potentiated mouse model for var-
ious staphylococcal superantigens (32, 33, 39). However, our
current study clearly revealed that the LPS alone had negligi-
ble effects on temperature or lethality. There was an obvious
synergistic effect between SEs or TSST-1 with LPS, which was

easily detected by decreased temperatures. Additionally, the
temperature fluctuations due to SEA or SEB were neutralized
with toxin-specific antiserum, thus providing a quick in vivo
method for determining antibody efficacy. The utility of a tem-
perature-based murine model for testing vaccines against bac-
terial superantigens is currently being investigated by this lab-
oratory.

The use of computer facilities at Shippensburg University was es-
sential and much appreciated for timely statistical analysis of data. The
fas antigen-defective mice were a kind gift of Carl Edwards. Goat
anti-SEA and anti-SEB sera were generously provided by Mark Poli.
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