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Host susceptibility to lipopolysaccharide (LPS) is correlated with the levels of circulating tumor necrosis
factor alpha (TNF-«) that develop in response to circulating LPS. Mice are resistant, relative to rabbits, to the
lethal effects of LPS. This study indicates that mice and rabbits are equally sensitive to the lethal effects of
circulating TNF-« but that mice are more resistant than rabbits to the induction of circulating TNF-a by LPS.

The susceptibility of different animal species to the toxicity
of lipopolysaccharide (LPS) is highly variable. Although the
mechanisms underlying this variability are not well understood,
host susceptibility to LPS appears to be correlated with levels
of circulating tumor necrosis factor alpha (TNF-«) that de-
velop in response to LPS. For example, humans are exquisitely
sensitive to LPS, with the lethal dose of LPS in humans being
as low as 1 to 2 g (18). Injection of 4 ng of Escherichia coli
LPS/kg into human volunteers caused a mean peak circulating
TNF-a concentration of 240 pg/ml (14). Though not as sus-
ceptible to LPS as humans, rabbits are more susceptible to LPS
than mice (15). Outbred New Zealand rabbits challenged with
a fatal dose of 10 wg of Salmonella enterica serovar Minnesota
Re595 LPS/kg developed a mean peak circulating TNF-a con-
centration of 25.2 ng/ml (13). In contrast, C57BL/6 mice chal-
lenged with a higher but nonlethal 50-p.g/kg dose of S. enterica
serovar Enteritidis LPS developed a peak circulating TNF-a
concentration of only 3 ng/ml (17). These data suggest that the
TNF-a-inducing potential of LPS is proportionally greater in
species with greater sensitivity to LPS. TNF-a is a critical
mediator of LPS-induced shock in experimental animals (2,
13), and administration of purified recombinant TNF-a to rats
or dogs reproduced much of the vascular instability caused by
injection of LPS (20, 21). Resistance to the TNF-a-inducing
effects of LPS may therefore explain species-specific respon-
siveness to LPS.

Alternatively, species resistant to LPS may express a relative
resistance to the lethal effects of TNF-« itself. It has even been
proposed that the vascular physiology of mice is fundamentally
different from that of humans (1). To address these possibili-
ties, we directly compared the LPS-induced levels of TNF-« in
serum associated with lethality in mice to those measured in
rabbits. The 50% lethal dose (LDs,) of S. enterica serovar
Typhimurium LPS in BALB/c-AnNCr mice (2 mg/kg) and
Dutch belted rabbits (500 pg/kg) have previously been re-
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ported (6, 11). To reduce the dose of LPS required for lethality
in each species, we induced LPS hypersensitivity in each spe-
cies by pretreating animals with the superantigen toxic shock
syndrome toxin 1 (TSST-1). TSST-1 greatly potentiates LPS-
induced serum TNF-a responses in mice (6, 9), and TNF-a was
shown to be a required mediator of lethality in mice with
superantigen-induced hypersensitivity to LPS (19).

TSST-1 and serovar Typhimurium LPS were prepared as
described elsewhere (4, 22) and administered intraperitoneally
(i.p.) to BALB/c-AnNCr mice (National Cancer Institute,
Frederick, Md.) or intravenously (i.v.) to Dutch belted rabbits
(Birchwood Farms, Redwing, Minn.). Serum samples were col-
lected from mice and rabbits, stored at —70°C, and later as-
sayed for cytolytic activity on WEHI clone 13 target cells (7)
according to a recently described protocol (6). By convention,
1 U of TNF activity per ml is defined as the concentration of
TNF that causes 50% lysis of target cells. The concentration of
purified murine recombinant TNF-a (R & D Systems, Minne-
apolis, Minn.) that typically caused 50% lysis of WEHI clone
13 cells was 1.0 pg/ml. Monoclonal antibodies to rabbit TNF-a
(Pharmingen, San Diego, Calif.) neutralized >90% of the cy-
tolytic activity in rabbit serum collected 1 h after injection of
LPS (10.0 pg/kg [i.v.]; data not shown). These antibodies were
equally effective in neutralizing the cytolytic activity in rabbit
serum collected 1 h after the sequential injection of LPS (10.0
pg/kg [iv.]) and TSST-1 (10 ng/kg [i.v.]), with the dose of
TSST-1 given 12 h prior to challenge with LPS (data not
shown). The serum cytolytic activity measured in the following
experiments was therefore attributed to TNF-a. The lower
limit of detection of TNF-a in serum was 20 U/ml. Statistical
analyses were performed on log,,-transformed scores of mea-
sured TNF-a values, and samples containing <20 U of TNF-
o/ml were arbitrarily assigned a value of 10 U/ml prior to log
transformation. Student’s ¢ test for samples with unequal vari-
ances was used to determine the significance of differences
between independent means. LD, statistics were calculated as
described elsewhere (16).

We have previously published the time course of TNF-a in
serum induced by a lethal dose of LPS (400 pg/kg) in BALB/
c-AnNCr mice primed for 12 h with 200 wg of TSST-1/kg (6).
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TABLE 1. Dose response of LPS-induced lethality and TNF-«
activity in serum in rabbits primed with TSST-1

Magnitude of

. o
Expt P f)lfmT”égsgf’fe Peak TNF-a aciviy in TNF-a t}‘“‘;hzﬁx }
(ng/kg)" serum (U/ml = SEM) enhanceme?t total no.)
by TSST-1

1 0.0 61,400 = 20,500 3/3

1.0 191,000 = 72,200 3 6/6

10.0 765,000 = 289,000 12+ 3/6

2 0.0 30,720 = 10,240 ND

100.0 710,000 = 332,000 23 0/3

500.0 4,370,000 = 8,74,000 1425 ND

1,000.0 7,440,000 = 3,060,000 242 ND

“TSST-1 or PBS was injected i.v. 12 h prior to injection of LPS (10 ng/kg
[iv.]).

® Mean TNF-« activity in serum collected 2 h after injection of LPS. Control
rabbits primed with 5 ug of TSST-1 per kg, followed 12 h later by injection of
PBS, did not develop detectable levels of TNF-a.

¢ Statistical analysis was performed on log,y-transformed scores of measured
TNF-a values. Samples with <20 U of TNF-a per ml were assigned a value of 10
U/ml prior to transformation. Significance was determined by a two-tailed, un-
paired ¢ test, assuming unequal sample variances. * = P < 0.05 and ** = P <
0.01.

4 ND, not determined.

Peak levels of TNF-a in serum were measured at 1 to 2 h
postinjection of LPS in this model, and the maximum enhance-
ment effect of TSST-1 on LPS-induced TNF-a was measured
at 2 h postinjection of LPS. At this time point, LPS-induced
TNF-a levels in serum were ca. 1,000-fold higher in mice
primed with TSST-1 compared to unprimed mice.

Since the effect of TSST-1 on LPS-induced TNF-a has not
been examined in the rabbit, we determined the time course
and dose response of LPS-induced TNF-a activity in serum in
rabbits primed with TSST-1 for 12 h. When the challenge dose
of LPS was held constant at 10 pg/kg, the LD, for the priming
dose of TSST-1 was ca. 10 ng/kg (Table 1). Figure 1 shows the
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FIG. 1. Time course of LPS-induced TNF-a in serum in Dutch
belted rabbits primed with TSST-1. Groups of three rabbits were
injected with 10.0 ng (i.v.) of TSST-1 (primed)/kg or an equivalent
volume of PBS (unprimed). All rabbits were injected with LPS (10
we/kg [i.v.]) 12 h later. Control rabbits injected with 5 pg of TSST-1
and PBS/kg 12 h later did not develop detectable levels of TNF-a. (%,
P = 0.05).
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time course of TNF-a in serum that developed in rabbits
primed with 10 ng of TSST-1/kg and then challenged with 10
g of LPS/kg 12 h later. A significant difference between LPS-
induced TNF-a levels in serum in unprimed and TSST-1-
primed rabbits was measured at each of the time points tested
(P =0.05). As was observed in BALB/c-AnNCr mice (6), peak
LPS-induced levels of TNF-« in serum were measured at 1 to
2 h postinjection of LPS. However, in contrast to BALB/c-
AnNCr mice, the enhancement effect of TSST-1 on the LPS-
induced TNF-a response in serum was greatest at 4 h after
injection of LPS in rabbits. At this time point, LPS-induced
TNF-«a levels in serum were ca. 1,500-fold higher in rabbits
primed with TSST-1 compared to unprimed rabbits (Fig. 1).
Control rabbits injected with 5 pg/kg (i.v.) of TSST-1 alone,
followed by phosphate-buffered saline (PBS) 12 h later, did not
develop detectable TNF-« levels in serum.

As shown in Table 1, the peak level of TNF-a in serum
induced by LPS in rabbits given the LD, of TSST-1 and LPS
(10 ng of TSST-1/kg plus 10 g of LPS/kg) was 12-fold higher
than that measured in unprimed rabbits treated with LPS
alone. Higher priming doses of TSST-1 enhanced peak LPS-
induced TNF-« levels in serum by as much as 242-fold.

To determine if lethality was associated with equivalent peak
levels of LPS-induced TNF-a activity in serum in mice and
rabbits, we directly compared the peak TNF-a activity in serum
induced by TSST-1 and LPS in BALB/c-AnNCr mice to that
measured in Dutch belted rabbits. Peak TNF-a activity was
measured in serum specimens retained from previously con-
ducted time course experiments with BALB/c-AnNCr mice (6)
and Dutch belted rabbits (Fig. 1). Serum samples were col-
lected 2 h after injection of LPS from mice (n = 3) that
received 200 pg of TSST-1/kg, followed 12 h later by 400 g of
LPS/kg, or from rabbits (n = 3) that received 10 ng of TSST-
1/kg, followed 12 h later by 10 wg of LPS/kg. The combined
doses of TSST-1 and LPS injected were the minimum doses
that consistently caused 100 or 50% fatality rates in mice or
rabbits, respectively. Serum samples from each species were
tested for TNF-« activity in the same assay. When measured in
the bioassay for TNF-a, the specific activity of murine recom-
binant TNF-a (R & D systems) was 2.56 X 10® U/mg, while
that of rabbit TNF-a in conditioned medium (Pharmingen)
was 3.72 X 10® U/mg. These specific activities were used to
calculate corrected TNF-a scores from measured levels of
TNF-a activity in serum. Corrected TNF-a values are ex-
pressed as levels of circulating TNF-« protein (in nanograms/
milliliter).

Figure 2 shows the peak levels of circulating TNF-a activity
induced by the sequential injection of TSST-1 and LPS into
mice and rabbits. The peak levels of TNF-a activity (mean *
the standard error of the mean) in serum measured in mice
and rabbits were 874,000 = 218,000 and 546,000 = 109,000
U/ml, respectively. The difference between these uncorrected
means did not reach statistical significance (P = 0.23). How-
ever, when measured TNF-a levels were corrected based on
the specific activities of murine and rabbit TNF-a in the bio-
assay, the mean peak level of circulating TNF-a in mice (3,410
ng/ml) was nearly twice that measured in rabbits (1,470 ng/ml).
Although the difference between these corrected means ap-
proached statistical significance (P = 0.06), the biological rel-
evance of this difference must be interpreted with caution. If
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FIG. 2. Direct comparison of LPS-induced TNF-« in serum in mice
and rabbits primed with TSST-1. Groups of three BALB/c-AnNCr
mice and three Dutch belted rabbits were injected with TSST-1 at
doses of 200 pg/kg (i.p.) or 10.0 ng/kg (i.v.), respectively. After 12 h,
mice and rabbits were injected with LPS at doses of 400 pg/kg (i.p.) or
10 pg/kg (iv.), respectively. TNF-a activity in serum was measured at
2 h postinjection of LPS in both species. The levels of TNF-a due to
LPS alone were calculated from previous time course studies with the
same mice and rabbits. Injection of TSST-1 alone did not induce
detectable levels of TNF-« in serum in control animals. The mean
peak TNF-a level induced by TSST-1 plus LPS in mice did not signif-
icantly differ from that measured in rabbits.

the fatality rates observed for each species were equivalent,
then the finding of a greater peak TNF-a response in mice
compared to rabbits would lend support to the notion that
mice are less sensitive than rabbits to the lethal effects of
circulating TNF-a. However, the doses of TSST-1 and LPS
injected were the minimum required to cause fatality rates of
100 and 50% in mice and rabbits, respectively. If both the mice
and the rabbits had been injected with an LD, of TSST-1 and
LPS, the peak levels of TNF-a measured in the sera of each of
the species would probably have been even more equivalent. In
view of the observed fatality rates and statistically equivalent
peak TNF-a levels in serum in mice and rabbits, we concluded
that lethality developed at approximately the same peak circu-
lating level of TNF-a in both species.

Also shown in Fig. 2 are the fractions of circulating TNF-a
attributable to LPS alone, which were determined in our pre-
vious time course studies with the same animals. These frac-
tions reveal that LPS is a much more potent inducer of serum
TNF-a in rabbits compared to mice. Fortyfold less LPS was
given to rabbits compared to mice, but this dose induced ca.
fiftyfold more serum TNF-« in rabbits relative to mice. A much
greater priming dose of TSST-1 was therefore required to raise
peak levels of TNF-« in serum in mice to levels associated with
lethality. Finally, since the half-life of circulating TNF-« is
short in both mice (¢,,, = 6 min [3]) and rabbits (biphasic ¢, ,
= 0.5, 11 min [13]), the greater TNF-a-inducing potency of
LPS in rabbits probably reflects greater production rather than
slower clearance of TNF-a.

Of particular relevance to this study are previous experi-
ments in which purified human TNF-a was administered to
mice, rats, or dogs (5, 20, 21). These experiments not only
demonstrated that TNF-a was a lethal cytokine but also re-
vealed that mice were relatively resistant to the lethal effects of
human TNF-a. Whereas the lethal dose of human TNF-a in
mice was in excess of 1 mg/kg, doses of as low as 10 pg of
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murine TNF-a/kg caused death in mice (5). The resistance of
mice to human TNF-a has been attributed to the failure of
human TNF-a to engage the murine p75 receptor for TNF (10,
12), and this limited cross-reactivity of TNF-a in vivo has
undoubtedly complicated assessments of TNF-a sensitivity
across species. By showing that lethality develops in mice and
rabbits at comparable circulating levels of homologous TNF-a,
our data predict that the lethal dose of homologous TNF-a in
rabbits would be close to that measured in mice (ca. 10 pg/kg).
In conclusion, this evidence challenges the notion that the
vascular responses of mice to TNF-a or LPS are fundamentally
different from species more susceptible to LPS (1). Instead, it
favors a theory for murine resistance to LPS that is centered on
species differences in the molecules required for potent cyto-
kine induction by LPS. Murine resistance to shock induced by
staphylococcal or streptococcal superantigens may likewise be
due to a relative impairment in the ability of these toxins to
induce cytokine release from murine immune cells. Transgenic
mice expressing human CD14 or HLA-DQG6 exhibited signifi-
cant increases in susceptibility to LPS or staphylococcal en-
terotoxin B (8, 23), respectively, thereby linking species vari-
ability in LPS or superantigen sensitivity to minor species
differences in the cellular receptors for these toxins.

This work was supported by USPHS research grant AI22159 from
the National Institute of Allergy and Infectious Diseases.
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