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Treatment with D-galactosamine increases sensitivity of lipopolysaccharide (LPS)-responder mice to the
lethal effects of LPS, while nonresponder mice remain resistant (M. A. Freudenberg, D. Keppler, and C.
Galanos, Infect. Immun. 51:891-895, 1986). In the present study it is shown that, in contrast to LPS, killed
gram-negative bacteria (Salmonella abortus equi and S. typhimurium) were highly toxic for D-galactosamine-
treated LPS-responder (C57BL/10 ScSN and C3H/HeN) and -nonresponder (C57BL/10 ScCR and C3H/HeJ)
mice, although to a higher extent in the former strains. Also, killed gram-positive bacteria (Staphylococcus
aureus, Propionibacterium acnes, and Mycobacterium phlei) exhibited toxicity for D-galactosamine-treated mice,
LPS-responder and -nonresponder mice being equally susceptible. Evidently, bacterial components other than
LPS may exhibit lethal effects in sensitized animals. In all cases, the lethality of LPS and of bacteria was

inhibited by anti-tumor necrosis factor alpha (TNF-at) serum. While LPS induced TNF-a in vitro only in
macrophages from LPS-responder mice, gram-negative and gram-positive bacteria induced TNF-ot also in
macrophages from LPS-nonresponder mice. The data show that TNF-a is a common endogenous mediator of
the lethal activity of gram-negative and gram-positive bacteria.

The mechanisms of septic shock have been the subject of
intensive investigation for several decades. In gram-negative
microorganisms, endotoxins (lipopolysaccharides [LPS])
constitute the main pathogenetic factor. Purified LPS in-
duces a spectrum of pathophysiological activities, many of
which are strikingly similar to those seen in patients with
gram-negative infections. Gram-positive bacteria do not
synthesize endotoxin, yet the clinical manifestations of
shock induced by gram-negative and gram-positive bacteria
are in many respects indistinguishable (33), suggesting that
similar host-dependent mechanisms may underly their de-
velopment.
Today there exists general agreement that the lethal activ-

ity of LPS is induced via endogenous mediators formed on
interaction of LPS with cellular targets. Macrophages were
shown to mediate the lethal action of endotoxin (11, 26), and
tumor necrosis factor alpha (TNF-ct) was recognized as an
important mediator implicated in the development of endot-
oxicity (4, 25). TNF-a was originally discovered as an
LPS-induced macrophage product with tumor-necrotizing
(in vivo) and tumoricidal (in vitro) properties. The impor-
tance of TNF-ot in endotoxicity was first recognized by
Beutler et al. when they showed that passive immunization
of mice against TNF-ox afforded a significant protection
against subsequent challenge with LPS (5).
The lethal activity of endotoxin may be enhanced under

different experimental conditions. Infection of mice with
gram-negative microorganisms (Salmonella typhimurium
and Coxiella burnetii) leads to a dramatic increase of their
sensitivity to LPS (6, 12, 21, 27). Also, a number of gram-
positive bacteria (Mycobacterium bovis bacillus Calmette-
Gudrin and Propionibacterium acnes) enhance the sensitiv-
ity of the treated animals to LPS when administered to mice
(reviewed in reference 6). In all cases investigated so far, the
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sensitization to LPS induced by different bacteria was par-
alleled by a sensitization to the lethal activity of TNF-a (13,
21). Sensitization to endotoxin may also be induced by a
number of hepatotoxic agents such as lead acetate (28),
a-amanitin (29), or D-galactosamine (14). Mice treated with
D-galactosamine prove a useful model for studying the initial
events in the induction of endotoxin lethality. Mice thus
treated become approximately 100,000 times more sensitive
to the lethal effects of LPS (50% lethal dose [LD50], 1 to 10
ng). However, this is true only for mice which are genetically
responsive to LPS. LPS-nonresponder C3H/HeJ mice re-
main resistant to the lethal effects of LPS also after D-galac-
tosamine treatment (LD50, 1.8 mg) (11). The unresponsive-
ness of LPS-resistant mice was shown to be due to the
absence of LPS-responsive macrophages. D-Galactosamine-
treated LPS-nonresponder mice, transferred with LPS-re-
sponder macrophages, became sensitive to submicrogram
amounts of LPS (11). It was shown recently that D-galac-
tosamine sensitizes to LPS by increasing susceptibility to the
activity of the LPS-induced macrophage mediator(s) (10).
Recombinant TNF-aL was found to exhibit enhanced toxicity
in D-galactosamine-sensitized mice, suggesting that sensiti-
zation by D-galactosamine may be directed towards the
activity of this mediator. In contrast to LPS, TNF-a exhibits
lethal effects also in LPS-nonresponder mice (18).

In the present study, the toxic properties of LPS and of a
number of killed gram-negative and -positive bacteria were
investigated in D-galactosamine-treated mice. In contrast to
LPS, which was toxic only for LPS-responder mice, all
bacteria used (gram negative and gram positive) exhibited
lethal activity in responder as well as nonresponder mice.
Evidence will be presented that the lethal activity of LPS for
responder mice and that of the bacteria for responder and
nonresponder mice were mediated by TNF-oa. The results
suggest that induction of TNF-a may be a common mecha-
nism by which gram-negative and gram-positive bacteria
induce septic shock.
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MATERIALS AND METHODS

Mice. LPS-responder mouse strains C57BL/10 ScSN and
C3H/HeN of both sexes and their congenic LPS-nonre-
sponder counterparts, C57BL/10 ScCR and C3H/HeJ (1, 7,
24, 30), were obtained from the breeding stock of our

institute. For lethality tests, mice 10 to 20 weeks old were

used. Six-week-old mice served as donors of bone marrow

cells for macrophage cultures.
Lethality test. Lethal toxicity tests were carried out in

D-galactosamine-sensitized mice (14). Unless otherwise
stated, materials under test were injected intravenously into
the lateral tail vein as a mixture with D-galactosamine (20
mg/mouse) in 0.2 ml of pyrogen-free phosphate-buffered
saline (PBS). Deaths were recorded up to 24 h after injec-
tion.

Materials. Salmonella abortus equi, Salmonella typhimu-
rium (C5), and Staphylococcus aureus were obtained from
overnight cultures. They were washed twice with pyrogen-

free PBS, pH 7.2, and cells were killed by heating in PBS at
100'C for 30 min. Mycobacterium phlei was grown in casein-
peptone-yeast extract medium containing 1% glucose at 37°C
for 36 h. Propionibacterium acnes ATCC 12930 was grown
in cooked-meat medium (Difco Laboratories, Detroit,
Mich.) at 37°C for 4 days without aeration. Harvested
bacterial cells were washed as described above and killed at
65°C for 1 h. All heat-killed bacteria were centrifuged,
washed twice with pyrogen-free distilled water, and lyophi-
lized. For use, bacteria were suspended in pyrogen-free
PBS. Endotoxin contamination in the gram-positive bacte-
rial preparations was <0.1 pg/,Lg as determined by Limulus
amoebocyte lysate test (31).
LPS of S. abortus equi was obtained from parent bacteria

by the phenol-water method (34). It was purified further by
the phenol-chloroform-petroleum ether procedure and con-
verted to uniform triethylamine salt (15). It was stored as a

sterile aqueous stock solution (10 mg/ml) at 4°C.
D-Galactosamine hydrochloride (Hepasamine) was pur-

chased from C. Roth, Karlsruhe, Federal Republic of Ger-
many. Actinomycin D-mannitol was purchased from Sigma
Chemical Co., St. Louis, Mo. Rabbit anti-mouse TNF-ca was
purchased from Genzyme, Boston, Mass. Murine recombi-
nant TNF-a was a kind gift from G. R. Adolf, Bender and
Co., Vienna, Austria.
Macrophages. Macrophages were cultured from bone mar-

row precursors of the various mouse strains in the presence
of L-cell condition medium, as described earlier (11). Cells
obtained after 10 days of culture were centrifuged, washed
twice with serum-free culture medium (high-glucose formu-
lation of Dulbecco modified Eagle medium), and used imme-
diately. At least 96% of the cells thus obtained were macro-
phages as determined by adherence, staining with
a-naphthylbutyrate (nonspecific esterases), Pappenheim
staining (morphology), and uptake of colloidal carbon (11).

Stimulation of TNF-oa in vitro. Macrophages, 5 x 105,
suspended in 1 ml of Dulbecco modified Eagle medium
supplemented with 5% fetal calf serum (GIBCO Ltd., Pais-
ley, Scotland) were placed in culture wells (24-well multi-
dish, Nunclon; Nunc, Roskilde, Denmark). The substance
under test (20 ,ul) was added, and the cells were incubated at
37°C for different time periods (30 min to 24 h) in a humidi-
fied atmosphere containing 8% CO2. Cell-free supernatants
collected for TNF assay were stored frozen at -70°C until
use.
Measurement of TNF activity. TNF-a activity in macro-

phage supernatants was determined by a cytotoxicity assay,

TABLE 1. Lethal toxicity of LPS and whole heat-killed bacteria
in D-galactosamine-treated LPS-responder (C57BL/10 ScSN) and

LPS-nonresponder (C57BL/10 ScSR) micea

Lethality (%) in:
Agent Amt (kg) C57BL/10 C57BL/10

ScSN ScCR

LPS
S. abortus equi 0.0001 0 NTb

0.001 20 NT
0.01 100 0

500 NT 0

Bacteria
S. abortus equi 0.1 0 NT

1.0 100 0
10 100 20

100 NT 100

S. typhimurium 0.1 0 NT
1.0 100 0

10 100 30
100 30 100

Staphylococcus aureus 1 0 0
10 40 60

100 100 100

P. acnes 10 0 0
100 50 50

M. phlei 10 0 0
100 100 100

a Groups of 10 mice each received intravenously the agent under test and
D-galactosamine (20 mg) as a mixture in 0.2 ml of PBS. All controls, which
received D-galactosamine or bacteria (up to 1 mg) or LPS only, survived.
Lethality was scored up to 24 h after injection. Results comparable to the
above were obtained in a second experiment with groups of six mice.

b NT, Not tested.

using TNF-sensitive (2) and TNF-resistant L-929 cells kindly
provided by L. J. Old, Sloan-Kettering Institute, New York,
N.Y. TNF-ot activity is expressed as units per milliliter, 1 U
being the amount of TNF-a causing 50% lysis of L-929 cells.
This amount corresponds to 4.17 pg of a murine recombinant
TNF-a used as the standard.

RESULTS
Lethal activity of LPS and of killed bacteria in D-galac-

tosamine-treated mice. LPS of S. abortus equi and heat-killed
gram-negative (S. abortus equi and S. typhimurium) and
gram-positive (Staphylococcus aureus, P. acnes, and M.
phlei) bacteria were tested for their lethal effects in D-galac-
tosamine-treated mice. LPS-responder (C3H/HeN and
C57BL/10 ScSN) and the respective congenic LPS-nonre-
sponder (C3H/HeJ and C57BL/10 ScCR) mice were used.
Groups of animals received different amounts of LPS (0.001
to 500.0 ,ug) or bacteria (0.1 to 1,000.0 ,ug) administered
together with D-galactosamine (20 mg) intravenously. Table
1 summarizes the results obtained with C57BL/10 ScSN and
C57BL/10 ScCR mice. As expected, purified LPS was highly
toxic in the C57BL/10 ScSN mouse strain and nontoxic in
the C57BL/10 ScCR strain. In the former, it caused 100%
lethality at 0.01 ,ug and 20% lethality at 0.001 ,ug, while in the
latter it caused no lethality in amounts up to 500 ,ug per
animal. The parent S. abortus equi bacteria were toxic for
C57BL/10 ScSN mice, 1 ,ug of bacteria causing 100% lethal-

VOL. 59, 1991



2112 FREUDENBERG AND GALANOS

ity and 0.1 p.g having no lethal effect. A similar toxicity was
obtained also by S. typhimurium-killed cells. This was not
surprising since gram-negative bacteria contain LPS. How-
ever, in contrast to purified LPS, both gram-negative bacte-
ria used were lethal also in C57BL/10 ScCR mice, 10 jig
causing 20 to 30% lethality and 100 ,ug causing 100% lethality
(Table 1). A 1-mg amount of the same bacteria administered
in normal (not treated with D-galactosamine) mice of both
strains caused no lethality.
Comparable results were obtained when the lethality tests

with LPS and whole bacteria were carried out in C3H/HeN
and C3H/HeJ mice.
The unexpected toxicity of whole bacterial cells for LPS-

nonresponder mice prompted the extension of the study to
gram-positive bacteria. D-Galactosamine-treated C57BL/10
ScSN and C57BL/10 ScCR mice, regardless of their sensi-
tivity to LPS, exhibited a similar sensitivity to each of the
gram-positive microorganisms used (Table 1). With 100 ,ug of
Staphylococcus aureus, 100% lethality was obtained; with
10 [Lg, lethality was between 40 and 60%, while 1 p.g was
without lethal effect. P. acnes induced 50% lethality at 100
pLg and 0% lethality at 10 pLg. M. phlei induced 100% lethality
at 100 p.g and 0% at 10 p.g. A 1-mg portion of the same

bacteria caused no lethality in mice which had not received
D-galactosamine.

Results very similar to those given above were obtained
when the lethal effects of the gram-positive microorganisms
were investigated in the congenic pair of mice, C3H/HeN
and C3H/HeJ. Mice of both strains also exhibited equal
sensitivity to each microorganism regardless of their sensi-
tivity to LPS (data not shown).

Induction of TNF-ot in C57BL/10 ScSN and C57BL/10 ScCR
macrophages by LPS and by heat-killed bacteria in vitro. The
ability of LPS and heat-killed bacteria (S. abortus equi, S.
typhimurium, Staphylococcus aureus, P. acnes, and M.
phlei) to induce TNF-ot formation in macrophages of mouse
strains C57BL/10 ScSN and C57BL/10 ScCR was investi-
gated in vitro. Macrophages were obtained from bone mar-

row precursors (11). To stimulate TNF-ot formation, 5 x 105
macrophages per ml were incubated with each agent for up
to 24 h. Cell-free supernatants were tested for TNF-cx
activity in the L-929 cytotoxicity assay.

All agents tested induced the highest levels of TNF-ot in
culture supernatants within 2 to 4 h of incubation. Table 2
summarizes the data on TNF-ot levels in 4-h supernatants.
LPS induced a dose-dependent TNF-ot only in C57BL/10
ScSN macrophages. Highest levels were obtained with the
highest amount of LPS (0.2 jig) used for stimulation. No
detectable TNF-ot activity was present in supernatants of
C57BL/10 ScCR macrophages (tested with up to 20 ,ug of
LPS). S. abortus equi and S. typhimurium were, on a weight
basis, as active as isolated LPS in their ability to induce
formation of TNF in C57BL/10 ScSN macrophages. Bacteria
at 0.002 ,ug sufficed to induce detectable amounts of TNF. In
contrast to LPS, the gram-negative bacteria stimulated
TNF-ao also in C57BL/10 ScCR macrophages, although at a

lesser efficacy; 0.2 ,ug was required to obtain detectable TNF
levels. Staphylococcus aureus induced comparable levels of
TNF-ox in both C57BL/10 ScSN and C57BL/10 ScCR mac-

rophages: 2 ,ug had to be added to obtain detectable TNF
amounts. Very similar results were obtained in cultures of
macrophages treated with P. acnes and M. phlei.
Like C57BL/10 ScCR macrophages, the C3H/HeJ macro-

phages were not stimulated by LPS to produce TNF. They
could be stimulated, however, by the heat-killed gram-

TABLE 2. Induction of TNF-ot by LPS and different heat-killed
bacteria in LPS-responder (C57BL/10 ScSN) and LPS-

nonresponder (C57BL/10 ScCR) macrophagesa

TNF-a (U/ml)
produced by

Agent Amt (.Lg/5 x 105 macrophages of:Agent ~~~~~cells)
C57BL/10 ScCR

LPS
S. abortus equi 20 NT <4

0.2 924 <4
0.02 339 NT
0.002 20 NT

Bacteria
S. abortus equi 20 820 443

2 1,000 151
0.2 813 4
0.02 227 <4
0.002 9 NT

S. typhimurium 20 1,250 263
2 1,140 131
0.2 1,222 11
0.002 20 NT

Staphylococcus aureus 20 439 1,694
2 4 16
0.2 <4 <4

Macrophages at 5 x 105 per ml of culture medium were incubated with
different amounts of the agents under test for 4 h at 37°C in a humidified
atmosphere containing 8% CO2. TNF activity in culture supernatants was
estimated by the L-929 cell cytotoxicity assay with murine recombinant
TNF-a as the standard. The results are representative of four different
experiments carried out independently.

b NT, Not tested.

negative and gram-positive bacteria used in this study (data
not shown).

Neither LPS nor whole bacteria exhibited direct toxicity
for the TNF-sensitive L-929 cell line. The TNF-a-positive
macrophage supernatants did not show toxic effects on a
TNF-a-resistant L-929 cell line.

Neutralization of cytotoxic activity in macrophage superna-
tants by anti-TNF-ft serum. TNF-positive supernatants ob-
tained after incubation of macrophages with the highest
amount of the respective agent were incubated with the same
volume of different dilutions of the anti-murine TNF-ot
serum or with normal rabbit serum (control) for 30 min at
room temperature. Thereafter, each mixture was tested for
TNF activity in the L-929 cell cytotoxicity assay. Under
these conditions the cytotoxicity (200 U of TNF-a per ml) of
the supernatants was completely inhibited by anti-TNF
serum in a final dilution of 1:500, whereas the control rabbit
serum was without effect. This shows that TNF-a is respon-
sible for the cytotoxic activity of the supernatants.

Inhibition of the lethality induced by LPS and bacteria by
anti-TNF-a serum. C57BL/10 ScSN mice received different
amounts of rabbit anti-murine TNF-a serum. After 10 min
the animals were challenged with lethal amounts of LPS (0.1
[ig) or S. abortus equi (30 R,g), S. typhimurium (30 ,ug),
Staphylococcus aureus (100 ,ug), P. acnes (200 pug), and M.
phlei (200 Rg) administered intravenously together with
D-galactosamine. Table 3 shows the results obtained with 10
and 100 >1. of the antiserum. Whereas 10 Rl of antiserum had
no effect, 100 11 afforded complete protection in all cases.
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TABLE 3. Inhibition of LPS- and bacterium-induced lethality by
anti-TNF-a serum in C57BL/10 ScSN micea

Challenge Amt Antiserum Lethality

LPS
S. abortus equi 0.1 None 100

10 100
100 0

Bacteria
S. abortus equi 30 None 100

10 100
100 1

S. typhimurium 30 None 100
10 100

100 0

Staphylococcus aureus 100 None 100
10 100

100 0

P. acnes 200 None 100
10 100

100 0

M. phlei 200 None 100
10 100

100 0
a Groups of five mice received, intravenously, the anti-TNF-a serum

diluted in PBS (0.1 ml) and, 10 min thereafter, a mixture of the agent under
test and D-galactosamine (20 mg) in 0.2 ml of PBS. Complete protection from
the lethal activity of all bacteria was obtained in two further experiments with
100 R1I of antiserum in groups of four mice.

Protection was also seen when the antiserum was adminis-
tered up to 8 h before challenge, but it was absent when
administered 1 h after challenge.
The anti-TNF-a serum also inhibited the lethal activity Qf

S. abortus equi (300 p,g), S. typhimurium (300 ,ug), Staphy-
lococcus aureus (100 ,ug), P. acnes (200 ,ug), and M. phlei
(200 ,ug) for D-galactosamine-treated C57BL/10 ScCR mice.
Again, 100 p,l of anti-TNF-a afforded complete protection,
while 10 ,ul had no protective effect. A similar protective
effect of anti-TNF serum towards the above bacteria was
obtained in D-galactosamine-treated C3H/HeN and C3H/
HeJ mice (data not shown).

Control mice receiving 100 p,1 of a normal rabbit serum
before the lethal challenge were not protected.

DISCUSSION
Heat-killed gram-negative (S. abortus equi and S. typhi-

murium) and gram-positive (Staphylococcus aureus, P. ac-
nes, and M. phlei) bacteria induced enhanced toxicity in
D-galactosamine-treated mice. In addition, a number of
other bacteria (Bordetella pertussis, Brucella abortus, Esch-
erichia coli, Streptococcus sp. group A) were tested and
found to exhibit lethal effects in this lethal toxicity model. As
in earlier findings, in the present study, the lethal activity of
purified LPS was expressed only in LPS-responder mouse
strains (C57BL/10 ScSN and C3H/HeN). In contrast, all
bacteria used, gram negative and positive, expressed lethal
activity in LPS-responder and -nonresponder (C57BL/10
ScCR and C3H/HeJ) mice. The high toxicity of gram-
negative bacteria for LPS-responder mice was to be ex-
pected since these bacteria contain LPS. LPS is generally

believed to be the main biologically active component in
gram-negative bacteria. Thus, in a recent study (19), it was
shown that the property of gram-negative bacteria to induce
macrophage Ia expression is due to their LPS content. The
toxicity of gram-negative bacteria for LPS nonresponders is
therefore surprising. It implies that gram-negative bacteria
contain additional toxic components different from LPS,
whose toxicity is expressed also in LPS-nonresponder mice.
Since neither the identity nor the concentration of these
components in the bacterial cell is known at present, a
statement regarding their activity or a comparison with LPS
cannot be made. The toxic component(s) appears to be heat
stable since its activity survived the inactivation procedure
(100°C/30 mmn) to which the bacterial cells had been sub-
jected. The bacteria were significantly more toxic for LPS-
responder than -nonresponder mice. This is explained by the
predominant contribution of LPS to the lethal activity of the
bacteria, which is expressed only in the responder animals.
The toxic principle in gram-positive bacteria is also not

known. It seems to be heat stable, however, since it endured
heat inactivation of the parent bacterial cells (100°C/30 min).
Unlike gram-negative bacteria, gram-positive bacteria were
equally toxic for all mouse strains regardless of their sensi-
tivity to LPS. This is understandable because gram-positive
bacteria do not synthesize LPS, which would express addi-
tional toxicity in the LPS-responder mice.
The use of D-galactosamine-treated mice for lethality tests

represents a highly sensitive model, originally designed for
measuring the toxicity of very low amounts of LPS (14).
Meanwhile, it was shown that D-galactosamine does not
increase sensitivity of mice towards the action of the LPS
molecule itself, but rather towards the lethal activity of its
endogenous mediator, most probably TNF-a (10, 18). This
implies that, in principle, D-galactosamine-treated animals
would be highly sensitive to the lethal action of any agent
capable of inducing TNF-a formation. In the present study,
the ability of the different agents to induce TNF-oa formation
was demonstrated in vitro in macrophages from LPS-re-
sponder and -nonresponder mice. In this way non-LPS-
dependent responses to gram-negative bacteria may be dif-
ferentiated, and the possibility that responses to gram-
positive bacteria might be due to LPS contamination could
be excluded. All gram-positive bacteria induced comparable
levels of TNF-a in responder and nonresponder macro-
phages. Gram-negative bacteria induced more TNF-a in
responder macrophages, evidently because of the additional
activity of LPS they contain. Purified LPS, as expected,
induced TNF-a formation only in LPS-responder macro-
phages. The results show that the absence ofTNF formation
in nonresponder macrophages treated with LPS does not
reflect a general inability of the cells to synthesize this
mediator. Responder and nonresponder macrophages are
capable of producing TNF-a when stimulated with the
appropriate agent. The ability of the agents (LPS and bacte-
ria) to induce TNF-ax in vitro correlates with their lethal
activity in vivo.
The lethal activity of LPS for responder mice and that of

gram-negative and -positive bacteria for responder or non-
responder mice could be completely inhibited by anti-murine
TNF-a serum. In all cases 100 p.l of the serum administered
8 h before, together with, or up to 30 min after a lethal
challenge afforded complete protection. This result is evi-
dence for the important role of TNF-a in mediating the
lethality of LPS and of other toxic components present in
gram-negative and gram-positive bacteria.

In addition to D-galactosamine, several other agents are
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known to induce hypersensitivity to TNF-at (3, 21, 32). We
have found that treatment with P. acnes also sensitizes mice
to the lethal activity of gram-negative and -positive bacteria.
Further, the lethal activity of all bacteria for P. acnes-
infected mice could also be inhibited completely by anti-
mouse TNF-ot antiserum (results not shown). Thus, the
property of the different bacteria to induce TNF-dependent
lethal effects is not confined to D-galactosamine-sensitized
mice.
The ability of some gram-positive bacteria to induce

TNF-a formation in vitro has been reported (8, 9, 16, 17, 20,
35). Also, the presence of non-LPS components in gram-
negative bacteria that are capable of stimulating cells from
C3H/HeJ mice has been demonstrated. Thus, in an earlier
study, Melchers et al. showed that the lipoprotein compo-
nent and a number of other bacterial proteins induced
stimulatory effects for B cells of LPS-nonresponder (C3H/
HeJ) mice (22). These results were confirmed later by
Morrison et al. (23), who used protein-containing LPS ex-
tracts. The property to exert stimulatory effects for B cells,
however, is in no way a measure of the property of a
preparation to induce shock. Consequently, the presence in
gram-negative bacteria of a principle other than LPS that is
capable of inducing TNF-o-dependent lethal shock has not
been demonstrated.
The amount of TNF-a induced in D-galactosamine-treated

mice by a lethal amount of LPS or killed bacteria is ex-
tremely low, being barely detectable by the usual assay
methods. In nonsensitized animals, this amount would not
be sufficient to induce lethality or to cause any ill effects
whatsoever. Such small amounts of TNF-a, however, be-
come extremely dangerous in hypersensitized animals, as
shown in the present study. Sensitization to LPS or TNF-ot
may be established under different experimental conditions.
A number of chemical agents and hepatotoxic substances as
well as a number of growing tumors were shown to sensitize
mice to the lethal action of TNF-ao. Perhaps the most
relevant sensitizing model is infection itself. Infection with
different gram-negative bacteria was shown to sensitize mice
to the lethal action of LPS and TNF-a (6, 12, 13, 21, 29).
Also, a number of gram-positive bacteria (P. acnes and
BCG) are known to exert similar sensitizing effects. Induc-
tion of hypersensitivity to TNF is therefore an important
feature of bacterial infections because these not only possess
the mechanism of TNF induction, but also can presensitize
the host to its toxic activity. The present results suggest
strongly that induction of TNF-a may be a common pathway
in the development of lethal shock induced by gram-negative
and gram-positive bacteria.
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