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It is thought that lipopolysaccharide (LPS) from gram-negative bacteria contributes significantly to the
pathogenesis of septic shock. In vitro studies to address the mechanisms involved in this process have often
investigated human monocytes or mouse macrophages, since these cells produce many of the mediators found
in septic patients. Targeting of these mediators, especially tumor necrosis factor alpha (TNF-a), has been
pursued as a means of reducing mortality in sepsis. Two experimental approaches were designed to test the
assumption that in vitro studies with macrophages accurately predict in vivo mechanisms of LPS pathogenesis.
In the first approach, advantage was taken of the fact that on consecutive days after injection of thioglycolate
into mice, increased numbers of macrophages could be harvested from the peritoneum. These cells manifested
markedly enhanced levels of in vitro TNF-a, interleukin 6 (IL-6), and nitric oxide production in response to
LPS. In D-galactosamine-sensitized mice, however, thioglycolate treatment significantly decreased mortality
due to LPS, as well as levels of circulating TNF-a and IL-6. Anti-TNF-a treatment confirmed this cytokine’s
role in the observed lethality. In a second experimental approach, we compared the mouse macrophage-
stimulating potencies of different LPS preparations with their lethalities to mice. In these studies, the in vitro
macrophage-stimulating profiles presented by rough-LPS and smooth-LPS preparations were the reverse of
their relative lethal potencies in vivo. In conclusion, peritoneal macrophages appear not to be the major cells
responsible for the overall host response during endotoxic shock. These findings underscore the importance of
verifying the correlation of in vivo systems with in vitro systems when attributing specific functions to a cell type.

Infections caused by gram-negative bacteria constitute one
of the major causes of the sepsis syndrome, characterized by
hypotension, tachycardia, tachypnea, disseminated intravascu-
lar coagulation, and multiple organ system failure. The mor-
tality rate for septic shock patients continues to be unaccept-
ably high, in spite of therapeutic intervention and rigorous
supportive care (5, 23). In the last several years, many studies
have focused on efforts to define the pathogenic mechanisms
responsible for the inflammatory response that results in the
sepsis syndrome. Many laboratories have contributed to the
development of the concept that lipopolysaccharide (LPS), a
major constituent of the outer cell membrane in gram-negative
bacteria, is an important contributing factor to the pathogen-
esis of the sepsis syndrome. In this respect, it has been estab-
lished that the administration of LPS to experimental animals
or human volunteers will reproduce many of the proinflamma-
tory and pathophysiological responses seen in patients with
septic shock (7, 29).

Both human monocytes and mouse macrophages have been
extensively utilized as prototypic cells involved in the patho-
genesis of sepsis in vitro. Most studies have shown that the
interaction of LPS with these cells induces the release of sev-
eral cytokines, including tumor necrosis factor (TNF), inter-
leukin 1 (IL-1), IL-6, IL-8, and gamma interferon (IFN-g), as
well as other inflammatory mediators such as prostaglandins,
leukotrienes, platelet activation factor, and nitrogen and oxy-

gen intermediates. Most of these immunological mediators
present multiple biologic effects, play a critical role in inflam-
mation and immune responses, and have been recognized as
key mediators in the pathogenesis of infectious diseases and,
more particularly, the pathophysiologic alterations observed in
endotoxic shock (6, 26, 30, 37, 40, 41, 43). Potential roles for
TNF-a, IL-1, IL-4, IL-6, IL-8, IL-10, and IFN-g have been
suggested by the results of in vivo studies of bacteremia and
septic shock caused by both gram-positive and gram-negative
bacteria. Also, those studies have provided evidence that im-
munotherapeutic intervention strategies that abrogate the bi-
ological activities of many of these mediators can have a sig-
nificant protective effect against the lethal effects of LPS (4, 12,
16).

Over the past years, a number of laboratories investigating
the events leading to endotoxic shock have pointed to TNF-a
as a main mediator of the sepsis syndrome, as evidenced by an
increase of this cytokine upon LPS administration to experi-
mental animals and human volunteers, as well as during clin-
ical sepsis (7, 20). In experimental animals, sensitization to the
lethal effects of LPS by D-galactosamine (D-GalN) also paral-
lels a marked sensitization to toxicity caused by TNF-a (14,
15), making this model particularly amenable to study of the
role of TNF-a in sepsis. Additionally, immunotherapeutic in-
tervention to abrogate the biological activity of TNF-a has
been established as a means to protect against the lethal effects
of endotoxin in animal models but has proven more problem-
atic in clinical trials for the treatment of sepsis (1, 10, 28). The
information provided by all these studies, however, remains
controversial, depending on the experimental approach being
utilized, and there are clearly a number of studies that suggest
strongly that TNF alone cannot fully explain the lethal effect of
LPS. In this regard, it has been reported that TNF serum levels
do not correlate with mortality (33, 36). Also, whereas treat-
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ment of mice with LPS to elicit TNF production, or with
exogenous TNF, confers protection against subsequent cecal
ligation and puncture (8) or against bacterial challenge in gran-
ulocytopenic mice (3), elimination of TNF has variable effects
on survival in cases of endotoxemia (9, 11, 32). Endotoxic LPS
can also stimulate inflammatory cells to produce other proin-
flammatory cytokines that are often detected in the sera of
patients with sepsis due to gram-negative bacteria. A number
of recent reports have suggested that it is not TNF-a alone, but
rather the balance of pro- versus anti-inflammatory cytokines,
that dictates the severity and lethality of murine sepsis (17, 42).

The purpose of the studies reported here was to test the
assumption that in vitro studies to evaluate the LPS-pheno-
typic response of mouse macrophages would accurately predict
in vivo mechanisms of LPS pathogenesis. Therefore, we have
carried out experiments in vitro to assess macrophage re-
sponses to LPS, and in parallel, we have used a mouse model
of hypersensitivity to LPS induced by D-GalN treatment to
assess in vivo lethality. Our experiments have demonstrated
that macrophages harvested from the peritoneum on consec-
utive days after the injection of thioglycolate manifested tem-
porally enhanced in vitro production of TNF-a, IL-6, and nitric
oxide in response to LPS. In the in vivo mouse model of
D-GalN-induced sensitization to LPS, however, thioglycolate
treatment induced a significant decrease in mortality due to
LPS, as well as in levels of circulating TNF-a and IL-6. The
central role of TNF-a in the observed lethality was, neverthe-
less, confirmed by treatment of mice with anti-TNF-a antibody
(Ab). As an alternative method to explore the question, we
have used normal and D-GalN-treated mice that have been
administered various doses of two LPS preparations known to
differ significantly in their capacities to induce TNF-a produc-
tion in mouse macrophages in vitro. Our results support the
idea that mouse peritoneal macrophages are not major con-
tributors to the host cytokine responses during endotoxin-in-
duced injury in vivo. These results underscore the importance
of verifying potential correlations of in vivo systems with in
vitro systems when attributing specific functions to a given cell
type.

MATERIALS AND METHODS

Animals. Female C3HeB/FeJ mice, 6 to 10 weeks of age, were purchased from
Jackson Laboratories (Bar Harbor, Maine), housed for at least 1 week in lami-
nar-flow isolation units in the Kansas University Medical Center vivarium (which
is accredited by the American Association for Accreditation of Laboratory An-
imal Use) under alternate dark-light cycles, and fed pellet chow ad libitum.

Reagents. R60 (Ra) rough LPS from Salmonella minnesota (R-LPS) or smooth
LPS from Escherichia coli 0111:B4 (S-LPS), containing less than 1.5% protein
(wt/wt), were purchased from List Biological Laboratories (Campbell, Calif.).
The LPS preparations were solubilized in pyrogen-free, sterile, distilled H2O to
make stock solutions of 1 mg/ml. The stock solutions were sonicated for 3 min
(W385 sonicator; Heat System Ultrasonic Inc., Farmingdale, N.Y.) and appro-
priately diluted immediately before use. D-GalN (Sigma Chemical Co., St. Louis,
Mo.) sodium salts were freshly prepared in phosphate-buffered saline (PBS) just
prior to use. Brewer thioglycolate, containing less than 0.1 endotoxin unit of LPS,
as determined by a Limulus amebocyte assay, was purchased from Difco Labo-
ratories, Detroit, Mich.

In vivo lethality studies. Groups of mice were injected via the intraperitoneal
route with various doses of LPS. For the D-GalN sensitization model, mice were
injected with 0.4 ml of a solution of 20 mg of D-GalN in PBS/25 g of body weight,
or with an equivalent volume of vehicle, containing increasing amounts of LPS.
Some mice were injected with thioglycolate 5 days prior to the LPS challenge, as
previously described. Mortality was assessed after 14 h of LPS administration in
the D-GalN model, or after 48 h in the normal mouse model, as described
previously (38). For the analysis of cytokines in serum, mice were bled via
retro-orbital sinus puncture at 1 and 4 h after LPS injection. When mice were
passively immunized against TNF-a, 6.75 3 104 neutralizing units of anti-TNF-a
Ab (the kind gift of Roderick McCallum) per mouse was injected via the intra-
peritoneal route 4 h prior to endotoxin challenge, as described previously (21).

Macrophage isolation and stimulation. Exudate macrophages were obtained
by peritoneal lavage with 10 ml of sterile culture medium on consecutive days

after intraperitoneal injection of 1.5 ml of 4% Brewer thioglycolate. Viability and
total cell counts were assessed by staining with trypan blue. Differential counts
were performed on cytospins stained with Diff-Quick solution. Total cells were
suspended in RPMI 1640 medium containing 0.3% NaHCO3 (Sigma Chemical
Co.), 2 mM glutamine, 100 U of penicillin/ml, and 100 mg of streptomycin/ml
(JRH Biosciences, Lenexa, Kans.) and seeded at 0.5 3 106 to 2 3 106 macro-
phages/well (in 24- or 6-well culture plates; Costar, Cambridge, Mass.). After 2
to 3 h of incubation at 37°C and 5% CO2, nonadherent cells were removed by two
washes with culture medium, and adherent cells were stimulated with the indi-
cated concentrations of LPS. Following incubation at 37°C in 5% CO2 for 18 h,
culture supernatants were collected and assayed for TNF-a and IL-6 as described
below (2). Cell attachment was assessed by staining of total versus adherent cells
with 3-(4,5-dimethylthiazol-2-yl)-2,5 diphenyl-tetrazolium bromide (MTT; Sig-
ma). Absorbance at 570 nm (A570) was measured with an MR5000 microplate
reader (Dynatech Laboratories, Chantilly, Va.). Alternatively, total numbers of
cells previous to and after adhesion were quantitated with a cell counter (2M;
Coulter Electronics, Ltd., Hialeah, Fla.) after cell lysis and nuclear release.

TNF-a bioassay. The amount of TNF-a present in culture supernatants was
quantified by assessing the extent of killing of the murine cell line L929 (2, 45).
Briefly, cells were seeded into 96-well plates at 4 3 105/well in RPMI 1640
complete medium supplemented with a 10% fetal bovine serum-derived product
(FCS; HyClone Laboratories, Logan, Utah). After overnight incubation at 37°C
in 5% CO2, new medium containing 5 mg of actinomycin D (Merck & Co., West
Point, Pa.)/ml was used to replace the original medium. After an additional 2 h
of incubation, macrophage culture supernatants were added to triplicate wells
and serially diluted. The viability of L929 cells at 18 h was determined by the
MTT incorporation assay as described above. TNF-a amounts were calculated by
comparison with a recombinant mouse TNF-a (Genzyme, Cambridge, Mass.)
standard assayed in each plate. TNF-a levels in plasma were also determined, by
an enzyme-linked immunosorbent assay (ELISA) protocol described below for
IL-6, by using anti-TNF-a Abs from Pharmingen (San Diego, Calif.).

IL-6 determination. The presence of IL-6 amounts in macrophage culture
supernatants was determined by ELISA (2, 45). Briefly, 96-well Immulon 1
microtiter plates (Dynatech) were coated overnight at 4°C with 100 ml of a
1-mg/ml solution of rat anti-mouse IL-6 monoclonal Ab (MAb; Pharmingen)/
well. After the plates were washed and blocked for 2 h with 200 ml of PBS–10%
FCS/well, samples or standard (recombinant mouse IL-6, 5 mg/ml; Genzyme) in
PBS–10% FCS was added in triplicate and diluted into the plates, which were
further incubated for 2 h at 37°C. After being washed again, plates were incu-
bated for 45 min with 100 ml of biotinylated anti-IL-6 MAb (1 mg/ml in PBS–10%
FCS)/well. Plates were washed, and 100 ml of avidin-peroxidase conjugate (Pierce,
Rockford, Ill.)/well was added. After 30 min of incubation and a wash, 100 ml of
3,39,5,59-tetramethylbenzidine (TMB)-peroxidase substrate system (1:1; Kirkeg-
aard & Perry Laboratories, Gaithersburg, Md.) was added. The reaction was
terminated by the addition of 100 ml of 1 M phosphoric acid/well, and A450 was
determined with a Dynatech MR5000 reader.

Analysis of NO. NO production in culture supernatants was assessed by mea-
suring the amount of nitrite, a metabolic product of NO (2, 45). Briefly, super-
natants in triplicate were mixed 1:1 with Griess reagent [0.1% N-(1-naphthyl)
ethylenediamine dihydrochloride–1% sulfanilamide in 5% H2PO4 (1:1, vol/vol);
Sigma] in 96-well microtiter plates, and A570 was measured with a Dynatech
MR5000 microplate reader.

Statistical analysis. Data from in vitro experiments are expressed as means
and compared statistically by Student’s t test. Mortality data were analyzed by
Fisher’s exact test. Cumulative data and 50% lethal doses (LD50) were deter-
mined according to the method of Reed and Muench (31). Levels of significance
were determined by using the Epistat statistical package (T. Gustafson, Round
Rock, Tex.) or Sigmaplot software (Jandel Co., San Rafael, Calif.) with a per-
sonal computer. P values less than 0.05 were considered statistically significant.

RESULTS

Differential activation of macrophages at different days af-
ter thioglycolate injection. Mouse macrophages exposed to
LPS in vitro demonstrate differential functional responses. In
order to evaluate the in vitro response of host cells to LPS, we
compared the production of TNF-a, nitric oxide, and IL-6 by
mouse macrophages isolated from the peritoneal cavities of
mice at different times following the injection of the inflam-
matory stimulus thioglycolate. As expected, the number of
macrophages that could be harvested from the peritoneum
increased with the number of days after thioglycolate injection.
As shown by the data in Table 1, after 5 days of exposure to
thioglycolate, the yield of total cells, as well as that of total
macrophages, from the mouse peritoneum had increased by
almost 1 order of magnitude. Also, as revealed by differential
staining, the macrophages presented more characteristics of
activation, such as increased volume, shape changes, and
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“foaming,” at increasing days after thioglycolate injection
(data not shown). In addition to the increase in cell number,
those macrophages harvested from the peritoneum on consec-
utive days after thioglycolate injection showed markedly in-
creased levels of in vitro TNF-a production upon activation
with R-LPS (Fig. 1). As can readily be observed from the data
presented in Fig. 2, the same degree of significant enhance-
ment by thioglycolate of activation with R-LPS at day 5 post-
treatment was observed when IL-6 and nitric oxide were ana-
lyzed in the same cell culture supernatants.

LPS-induced mortality in thioglycolate-pretreated mice. In
order to determine if there was a correlation between the in
vitro observations of R-LPS-induced TNF-a production by
peritoneal macrophages and in vivo induction of circulating
levels of TNF-a, we used the model of D-GalN sensitization to
LPS. This experimental model has been extensively investi-
gated as a sensitive means by which to assess the toxic effects
of TNF-a (14, 15). Therefore, the extent of contribution to
lethality of an increase in TNF-a production by peritoneal cells
from mice pretreated with thioglycolate might then be re-

flected in a differential increment of sensitivity to LPS in this
D-GalN model. For these studies, therefore, either thioglyco-
late or sterile saline was administered to mice via the intra-
peritoneal route. Five days later, all mice were given D-GalN
and increasing doses of R-LPS. The mortality of the animals
was then recorded after LPS challenge, and the results are
depicted in Fig. 3. As previously demonstrated by Galanos et
al. (14, 15), the administration of otherwise nonlethal nano-
gram quantities of LPS together with D-GalN induced high
mortality rates after 12 to 14 h of challenge in both groups of

FIG. 1. LPS-stimulated TNF-a production by mouse macrophages harvested
at different days after thioglycolate (TG) injection. Peritoneal exudate was har-
vested at various times following thioglycolate administration and treated in vitro
with increasing concentrations of R-LPS. Supernatants were assessed for the
presence of TNF-a after 18 h. TNF-a was quantitated as the extent of cytotox-
icity for the fibroblast cell line L929 as described in Materials and Methods.
Results represent averages of triplicate determinations 6 standard errors of the
means (SEM) from one representative experiment, repeated four times under
equivalent conditions. p, P , 0.05 (by Student’s t test) with respect to the group
treated with LPS alone.

FIG. 2. Effects of thioglycolate on mediator secretion by LPS-stimulated
mouse macrophages. Cells were harvested at 0 (resident) or 5 (TG) days after
thioglycolate injection. TNF-a (A), IL-6 (B), and nitric oxide (C) production
after 18 h of R-LPS stimulation was analyzed in supernatants as described in
Materials and Methods. p, P , 0.05 (by Student’s t test) in comparison to the day
0 group.

TABLE 1. Time course of the effects of intraperitoneal treatment with thioglycolate on the numbers of
cells harvested from the peritoneal cavity in micea

No. of days after
thioglycolate

treatment

106 Cells (avg 6 SEM)b harvested/mouse
Level of cell

adhesionc
Totald Lymphocytese Monocytes/

macrophages Neutrophils Eosinophils Mast cells

0 1.62 6 0.04 0.55 6 0.01 0.91 6 0.02 0.04 6 0.00 0.00 6 0.00 0.12 6 0.00 46.7
1 10.12 6 1.01 0.71 6 0.08 0.78 6 0.09 7.81 6 1.00 0.81 6 0.09 0.04 6 0.01 55.5
2 11.64 6 1.00 0.14 6 0.01 9.15 6 0.68 2.28 6 0.30 1.34 6 0.10 0.06 6 0.00 67.28
3 11.59 6 0.10 0.60 6 0.01 9.27 6 0.10 1.5 6 0.02 1.19 6 0.02 0.07 6 0.00 94.37
4 10.71 6 0.09 0.83 6 0.01 8.33 6 0.07 0.46 6 0.00 1.03 6 0.01 0.05 6 0.00 93.98
5 12.93 6 0.50 0.46 6 0.02 11.71 6 0.49 0.36 6 0.03 0.33 6 0.01 0.07 6 0.00 93.40

a Cells were harvested from the peritoneum by lavage at increasing days after thioglycolate injection.
b From four mice.
c Estimated by incorporation of MTT in adherent cells versus total number of cells.
d Total cells were counted after staining with trypan blue.
e Differential counts were performed on cytospins stained with Diff-Quick.
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animals. No further mortality was detected over a period of
48 h. In contrast to the expected results, however, the admin-
istration of thioglycolate 5 days earlier actually diminished,
rather than enhanced, the rate of mortality induced by R-LPS
in the same model of D-GalN sensitization.

Circulating cytokines induced by LPS in thioglycolate-pre-
treated animals. By using the same mouse model of sensitiza-
tion to LPS and TNF-a, the next series of experiments was
performed in order to determine the actual level of production
of TNF-a in vivo. The presence of this cytokine was therefore
assessed in serum collected 1.5 or 4 h after R-LPS challenge
from mice treated with thioglycolate or with saline as a control
5 days previously. As can be seen from the data depicted in Fig.
4A, the administration of R-LPS induced readily detectable
circulating levels of TNF-a above background at 1.5 h post-
LPS administration. The levels of TNF-a were significantly
decreased in all animals at 4 h compared to the 1.5-h levels
(data not shown). In contrast to what might be expected from
the in vitro data, however, but in accordance with the data
presented in Fig. 3, mice pretreated with thioglycolate mani-
fested lower levels of TNF-a in circulation in response to
R-LPS challenge than mice pretreated with sterile saline. Ad-
ditionally, the levels of IL-6 in circulation showed patterns
similar to those observed for TNF-a (Fig. 4B).

These data would indicate that there is a correlation be-
tween the ability of LPS to induce TNF-a in vivo and lethality.
In fact, when circulating levels of TNF-a and IL-6 at 1.5 h
induced by R-LPS (Fig. 4) were analyzed as functions of le-
thality (Fig. 3), high degrees of correlation were obtained (r 5
0.79 and r 5 0.68, respectively), both in animals treated with
thioglycolate and in those given saline. However, this correla-
tion does not extend to the ability of peritoneal macrophages
to respond in vitro to LPS stimulation by producing this cyto-
kine (compare with Fig. 2).

Effect of targeting TNF-a as a means to decrease LPS-
induced mortality in thioglycolate-pretreated mice. Efforts to
decrease the mortality induced by LPS by targeting some of the
mediators thought to be involved in shock, such as TNF-a,
have been attempted in a number of published studies. There-
fore, in the next series of experiments, we administered TNF-
a-neutralizing Abs in the D-GalN model of sensitization to

LPS. We anticipated that if, in fact, less total TNF-a was being
generated in the thioglycolate-pretreated animals, then less
anti-TNF-a Ab should be required to provide protection. As
shown by the data in Fig. 5, the administration of increasing
doses of anti-TNF-a Ab significantly decreased the mortality
rates induced by 5 mg of R-LPS/kg in both saline- and thiogly-
colate-pretreated D-GalN-sensitized mice. Of interest, and as
predicted, animals pretreated with thioglycolate required sig-
nificantly less TNF-a-neutralizing Ab to decrease mortality
rates than did control, saline-treated mice.

Using the same protocol, we further investigated the effects
of administering anti-TNF-a Ab on cytokine production in-
duced by LPS in vivo (Fig. 6). As has been previously demon-
strated, the administration of 5 mg of R-LPS/kg induced the

FIG. 3. LPS-induced mortality in thioglycolate (TG)-pretreated mice. Mice
were pretreated either with thioglycolate or with saline. Five days later, all
animals received graded doses of R-LPS and 20 mg of D-GalN/g of body weight.
Lethality was recorded 14 h after R-LPS challenge in D-GalN-sensitized mice.
Cumulative data were depicted according to Reed and Muench’s method (31). p,
statistically significant (P , 0.05 by Fisher’s exact test) compared with the
respective R-LPS dose in thioglycolate-treated animals. The number of mice in
each group is given in parentheses.

FIG. 4. Effects of thioglycolate (TG) pretreatment on circulating TNF-a (A)
or IL-6 (B) levels induced by LPS in D-GalN-sensitized mice. Mice were treated
as described in the text, and cytokine levels in serum collected 1.5 h after R-LPS
challenge were determined by ELISA. Cytokine levels in sera collected 4 h after
stimulation were below the detection limit. Results from one representative
experiment, repeated five times, are depicted.

FIG. 5. Effects of anti-TNF-a Ab treatment on LPS-induced mortality in
thioglycolate (TG)- versus saline-pretreated, D-GalN-sensitized mice (n 5 8 per
group). Various amounts of anti-TNF-a neutralizing Abs were administered to
mice 3 h before the administration of D-GalN plus R-LPS (5 mg/kg). Mortality
was recorded after 14 h, and cumulative data were depicted according to the
method described by Reed and Muench (31). p, P , 0.05 (by Fisher’s exact test).
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synthesis of levels of both TNF-a and IL-6 that were readily
detectable in circulation at 1.5 h. Also as previously shown
(Fig. 4), treatment of the animals with thioglycolate 5 days
previously diminished their abilities to produce IL-6 and
TNF-a in response to LPS. The administration of anti-TNF-a
neutralizing Ab prior to the LPS challenge abrogated the de-
tection of TNF-a in circulation and significantly diminished the
production of IL-6 in vivo. The latter finding should not be
totally surprising, given the enhancing role that TNF-a plays in
secretion (34). As was found earlier in the mortality studies,
the doses of anti-TNF-a neutralizing Ab required to diminish
the production of both cytokines were lower in animals previ-
ously treated with thioglycolate than in control mice.

Differential mortality induced by different preparations of
LPS in normal versus D-GalN-sensitized mice. Published re-
ports from a number of laboratories, including studies from
our own laboratory, have clearly shown that different prepara-
tions of LPS can induce different cytokine responses in mac-
rophages in vitro. In this respect, for example, results from our
laboratory have shown that S-LPS from E. coli was significantly
less active in stimulating macrophages to produce TNF-a than
R-LPS from S. minnesota (Fig. 7A, partially reproduced from
reference 45). This observation, therefore, provides an alter-
native approach to testing whether the differences observed in
assays of the in vitro response of peritoneal macrophages to
LPS can accurately reflect in vivo LPS-mediated mortality.
Therefore, we compared the mortality rates induced in mice by
these two preparations of R- and S-chemotype LPS in order to
test directly the concept that an increased level of TNF-a
production in vitro induced by R-LPS in comparison to S-LPS
should be reflected by higher sensitivity to R-LPS than to
S-LPS in the D-GalN sensitization model in vivo. The lethal
effects of both LPS chemotypes were then analyzed, and the
mortality results after challenge are depicted in Fig. 7B. Con-
trary to what might be expected from the in vitro data pre-
sented in Fig. 7A, the LD50 of S-LPS was approximately sixfold
lower than that of R-LPS (Fig. 7B, left panel). In normal mice,
however, the two chemotypes of LPS induced virtually indis-
tinguishable levels of mortality as functions of the LPS dose

(Fig. 7B, right panel). Of interest, however, even though the
LD50 were superimposable in normal mice (Fig. 7B, right pan-
el), the temporal profile of lethality response induced by R-
LPS was significantly delayed with respect to that induced by
S-LPS (data not shown).

DISCUSSION

Over the last several decades, many laboratories have car-
ried out experiments designed to elucidate the mechanisms
involved in the activation of host cells induced by LPS during
inflammatory processes. A number of these studies have con-
tributed to the identification of a series of proinflammatory
mediators that have been proposed as key effector molecules in
the pathogenesis of septic shock. TNF-a is now thought to play
a major role in several, but not all, experimental models of
sepsis, including LPS lethality in mice. Here we report several
experimental approaches that have been designed to evaluate
the participation of LPS-induced TNF-a produced by macro-
phages in the development and pathogenesis of septic shock.

Surprisingly, our results have demonstrated a potential lack
of correlation between results obtained from in vitro experi-
ments and those obtained from in vivo experiments. We ini-
tially observed that exudate macrophages isolated from the
peritoneums of thioglycolate-treated mice showed a signifi-
cantly increased capacity to produce TNF-a, IL-6, and nitric
oxide in response to LPS in comparison to resident macro-
phages. It has been observed previously that thioglycolate-
elicited macrophages could produce larger amounts of lym-
phocyte-activating factor than resident cells (34). It could be
hypothesized that the difference observed between elicited and
resident macrophages could be due to different cell composi-

FIG. 6. Effect of anti TNF-a Ab on TNF-a and IL-6 production induced by
LPS in D-GalN-sensitized mice pretreated with thioglycolate (TG) or saline
(control). Mice were treated as described in the text, and cytokine levels in serum
were evaluated by ELISA. Results from one representative experiment, repeated
five times with similar results, are depicted. FIG. 7. (A) In vitro TNF-a response induced by S-LPS or R-LPS (Ra-LPS)

in peritoneal-exudate macrophages. TNF-a was quantitated by cytotoxicity to-
ward L929 cells, as described above. Results are averages of triplicate determi-
nations 6 SEM from one representative experiment (partially reproduced from
reference 45) with permission of the publisher). (B) (Left) Mortality rates in-
duced by different preparations of LPS (S-LPS and Ra-LPS) in D-GalN-sensi-
tized mice. Animal mortality was recorded 14 h after challenge, and cumulative
data were depicted according to the method described by Reed and Muench
(31). p, P , 0.05 by Fisher’s exact test. (Right) Mortality rates induced by S-LPS
and Ra-LPS in normal mice, 24 h after LPS challenge.
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tions. Even when an increased proportion of macrophages
could be obtained at increasing days after thioglycolate injec-
tion, this difference could not account for the differences ob-
served in cell response. This observation that resident macro-
phages are not as responsive to LPS for the production of these
inflammatory mediators as thioglycolate-elicited macrophages
could be confirmed by a recent report showing that resident
macrophage responsiveness is, in part, induced by adherence
to plastic (22). In this respect, the fact that resident exudate
cells showed a lower level of adherence to the plastic, due to a
higher proportion of lymphocytes, could not account for the
decrease of several orders of magnitude in the response to LPS
in comparison with elicited macrophages. Opposite results,
however, were observed in our D-GalN sensitization model, in
which animals became markedly more sensitive to the lethal
effect of LPS due to a higher degree of sensitivity to TNF
toxicity. The results of the in vivo experiments showed a de-
creased mortality rate in D-GalN-sensitized animals pretreated
with thioglycolate, correlating with a decreased amount of
TNF in circulation. These results, therefore, could lead to the
idea that macrophage-derived TNF-a might not be the crucial
factor contributing to death in septic shock. The participation
of TNF-a, however, would appear to be significant, since our
experiments for which results are shown in Fig. 2 demon-
strated, in accordance with several other reports, that the ad-
ministration of Abs neutralizing TNF-a significantly dimin-
ished the rate of mortality induced by LPS in these animals.
Moreover, this effect seems not to be specific for LPS, since it
has been reported that anti-TNF Ab also protects GalN-sen-
sitized mice from shock induced by staphylococcal enterotoxin
B or toxic shock syndrome toxin 1 (24, 27). Thus, these data
would contribute information on the precise role of LPS-mac-
rophage interactions as pivotal events in the generation of
TNF-a, leading to the development of the systemic inflamma-
tory response syndrome and septic shock.

This is not to say, however, that macrophage-derived TNF-a
cannot contribute to TNF-a-mediated lethality in the D-GalN
mouse model. In this respect, one need only consider the
seminal studies of Galanos and coworkers showing that high
sensitivity to the lethal effects of LPS was achieved for D-GalN-
treated mice of the C3H/HeJ (nonresponder to LPS) strain by
transfer of macrophages from the C3H/HeN (LPS responder)
strain (13). Nevertheless, the more global concept that perito-
neal macrophages might serve as the primary source of cells
producing TNF-a in the LPS-challenged experimental animals
does not appear to be fully validated, and other organs, such as
the liver, with a high proportion of Kupffer cells, could readily
serve as likely sources of TNF-a observed in circulation after
the injection of LPS into mice (18). Recent studies by Kumins
et al. (23) showing that partial hepatectomy reduces the level
of LPS-induced circulating TNF would certainly be supportive
of such views, although some previous studies suggested that
splenic macrophages would not constitute the main source of
TNF (35).

It has been described that preexposure of cells or animal to
low doses of endotoxin induces an altered pattern of mediator
production in response to a subsequent LPS challenge, a phe-
nomenon known as endotoxin tolerance (46). In this context, a
possible explanation for our in vivo results would be that ani-
mals exposed for several days to the irritant stimulus thiogly-
colate manifested a “desensitization”-like state when chal-
lenged with LPS, thus showing lower levels of TNF-a secretion
into the bloodstream than nonstimulated control mice. While
the total levels of circulating mediators such as TNF-a partic-
ipating in vivo might not necessarily be reflected by results
obtained in vitro, this phenomenon would not explain the fact

that exudate macrophages did not manifest a tolerant pheno-
type when examined for LPS responses in vitro. Rather, these
cells were activated towards higher in vitro responses to LPS by
the thioglycolate treatment. Also, in a completely different
system evaluated in parallel, R-LPS and S-LPS preparations
manifested stimulating activities in vitro that were not reflec-
tive of their lethal potencies in vivo. Similar differences in the
potencies of R-LPS and S-LPS to induce TNF in vitro have
been reported by us and others (19, 45). However, this second
example of a lack of correlation between in vitro and in vivo
activities of LPS, in which no preliminary treatment was ad-
ministered to the mice prior to LPS challenge, would also
argue against a desensitization hypothesis as fully explaining
these findings. Another possible explanation of our findings
would be that the inflammatory response elicited by the thio-
glycolate contributes to an intraperitoneal accumulation of
inhibitory molecules such as soluble CD14 (sCD14) that could
neutralize LPS toxicity. It has been reported that the pread-
ministration of sCD14 partially reduced mortality due to LPS,
but it did not prevent the shock symptoms and liver injury, nor
did it affect the secretion of proinflammatory cytokines in nor-
mal or galactosamine-sensitized mice (39). This would be in
opposition to our results, where we have observed a decrease
in levels of LPS-induced circulatory TNF-a and IL-6 in thio-
glycolate-pretreated mice.

In conclusion, our results suggest that peritoneal macro-
phages appear not to be the major contributing cells in overall
host response during endotoxic shock. Even when this obser-
vation could be due to the systems under evaluation, the data
reported here confirm several contradictions between the re-
sults obtained from in vitro and in vivo systems of evaluation of
LPS activation. Similarly, evidence showing that circulating
cytokine levels participating in in vivo lethality might not nec-
essarily parallel in vitro results has been reported recently (44).
Our findings might, therefore, allow the paradigm of TNF-a
production by peritoneal macrophages as the main event in-
volved in the pathogenesis of septic shock to be challenged.
Finally, these results underscore the importance of verifying
the correlation of in vivo and in vitro systems when attributing
specific functions to a specific cell type(s) and/or to a given
inflammatory mediator(s).
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