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Fever improves survival in acute infections, but the effects of increased core temperature on host defenses
are poorly understood. Tumor necrosis factor alpha (TNF-e) is an early activator of host defenses and a major
endogenous pyrogen. TNF-a expression is essential for survival in bacterial infections but, if disregulated, can
cause tissue injury. In this study, we show that passively increasing core temperature in mice from the basal
(36.5 to 37.5°C) to the febrile (39.5 to 40°C) range modifies systemic TNF-« expression in response to bacterial
endotoxin (lipopolysaccharide). The early TNF-a secretion rate is enhanced, but the duration of maximal
TNF-«a production is shortened. We identified Kupffer cells as the predominant source of the excess TNF-«
production in the warmer animals. The enhanced early TNF-« production observed at the higher temperature
in vivo could not be demonstrated in isolated Kupffer cells or in precision-cut liver slices in vitro, indicating
the participation of indirect pathways. Therefore, expression of the endogenous pyrogen TNF-« is regulated by
increments in core temperature during fever, generating an enhanced early, self-limited TNF-« pulse.

The beneficial effects of fever in bacterial, fungal, and viral
infections have been widely reported (reviewed in reference
22). Fever accelerates the resolution of human viral infections
(12, 39) and shigellosis (28) and is positively correlated with
survival in patients with gram-negative bacteremia (7, 39).
Studies of induced hyperthermia in infected animals have pro-
vided evidence that an increase in body temperature may en-
hance host defenses. For example, housing herpesvirus-infect-
ed mice in a 38°C ambient environment increased their core
temperature by approximately 2°C and increased survival to
100% compared with 0% survival in mice maintained at a nor-
mal laboratory temperature (1). Bell and Moore (2) reported
similar protection by passive warming of rabies virus-infected
mice. However, the mechanisms through which an increase in
core temperature can improve survival in the infected host are
incompletely understood.

Tumor necrosis factor alpha (TNF-a) is an early and essen-
tial activator of host defenses (9, 10, 30); however, inappropri-
ate TNF-a expression can cause multiorgan failure, shock, and
death (41). This apparent paradox has led to the evolution of
redundant regulation of TNF-a expression. We previously re-
ported that raising incubation temperature from basal (37°C)
to febrile (38.5 to 40°C) levels reduced the duration of lipo-
polysaccharide (LPS)-induced TNF-a secretion in macrophages
in vitro (13, 14). However, the ability of fever to regulate
TNF-a expression in vivo has not been clearly determined. To
address this question, we developed a mouse model in which
endogenous thermoregulation was suspended with anesthesia
and core temperature was rigorously controlled by immersion
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in a constant-temperature water bath. Based on our in vitro
observations, we predicted that raising core temperature to fe-
brile levels would attenuate systemic TNF-a production in
vivo. We found that increasing core temperature from basal
(36.5 to 37.5°C) to febrile (39.5 to 40°C) ranges immediately
before or coincident with LPS challenge reduced the duration
of TNF-a production but surprisingly enhanced the rate of
early TNF-a production by Kupffer cells, leading to a self-
limited TNF-« pulse in the warmer animals.

MATERIALS AND METHODS

Temperature control. LPS purified from Escherichia coli 0111:B4 prepared
according to the Boivin method was obtained from Difco (Detroit, Mich.).
Preparation of LPS by this method preserves more of the associated proteins
than does preparation by methods that make use of phenol (11, 35). Six- to
eight-week-old male CD-1 mice weighing 25 to 30 g were purchased from
Harlan-Sprague Co. (Indianapolis, Ind.), housed in the University of Maryland,
Baltimore, animal facility under the supervision of a full-time veterinarian, and
used within 4 weeks. All animal protocols were approved by the Institutional
Animal Care and Use Committee of the University of Maryland, Baltimore.
Mice were anesthetized subcutaneously with tribromoethanol (Sigma). The anes-
thetized animals were suspended in water baths (VWR; temperature variation,
<0.2°C) to the level of the axillac. Body temperature was continuously moni-
tored with rectal thermistors. When body temperature reached bath tempera-
ture, 0.25 ml of either LPS or vehicle (pyrogen-free saline) was administered as
an intraperitoneal (i.p.) injection. To control for the effects of anesthesia and
water immersion, we also studied a group of conscious, unrestrained mice at
normal laboratory temperatures (22 to 24°C). To model endotoxemia or bacte-
remia in the setting of established infection in febrile hosts, we increased core
temperature to febrile levels before administering LPS. The basal core temper-
ature range in conscious mice was 36.5 to 37.5°C but fell to ambient levels within
30 min of induction of anesthesia. In the temperature-controlled mice, core
temperature reached water bath temperature in less than 10 min and varied by
<0.2°C during the experiments. To avoid the influence of diurnal cycling, all
experiments were started at approximately the same time each day (between 8:00
am. and 10:00 a.m.).

Plasma TNF-a and LPS levels. Mouse TNF-a was measured by a standard
two-antibody enzyme-linked immunosorbent assay (ELISA) with a commercial
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antibody pair and a recombinant standard (Endogen, Boston, Mass.), a biotin-
streptavidin-peroxidase detection system (Research Diagnostics Inc., Flanders,
N.J.), and a commercial substrate preparation (Dako, Carpinteria, Calif.). The
mouse TNF-a ELISA had a lower detection limit of 3 pg/ml and measured
predominantly free, biologically active TNF-o.. The results of the TNF-a ELISA
correlated with the measurement of TNF-a activity by an 1.929 cell bioassay. In
preliminary experiments, ELISA results were confirmed by the 1.929 cell bioas-
say. LPS was analyzed by a commercial colorimetric Limulus amebocyte lysate
assay (Associates of Cape Cod, Falmouth, Mass.) with a minimal detection limit
of 10 pg/ml. Clearance of circulating TNF-a was determined by measuring the
clearance of exogenous human TNF-a levels in temperature-controlled, LPS-
challenged mice. Mice received 1 ng of recombinant human TNF-a (Endogen)
via the tail vein, heparinized blood was sequentially collected from the retro-
orbital plexus, and the concentration of human TNF-« in plasma was measured
by an ELISA with a monoclonal antibody pair specific for human TNF-«a (En-
dogen). This ELISA had a lower detection limit of 1 pg/ml for human TNF-« and
showed no cross-reactivity with 10 ng of mouse TNF-a per ml. The half-life of
circulating human TNF-a was calculated with an iterative exponential curve-
fitting algorithm (Deltagraph; Deltapoint).

Organ-specific TNF-a expression. Organs were collected and snap frozen
after the circulatory system was flushed with 10 ml of 4°C phosphate-buffered
saline containing protease inhibitors (4 mM EDTA, 1 mM phenylmethylsulfonyl
fluoride, and leupeptin at 1 pg/ml), injected through the left ventricle and
drained from the left atrium. Organs were powdered under liquid nitrogen,
homogenized in 1 ml of lysing buffer (150 mM NaCl, 25 mM Tris [pH 7.4], 1%
Nonidet P-40, 4 mM EDTA, protease inhibitors), and cleared by centrifugation.
Total protein concentrations in organ homogenates were measured with a com-
mercial reagent (Bio-Rad, Mountain View, Calif.) and with bovine serum albu-
min (Sigma) as a standard. To minimize the background signal from endogenous
biotin-containing proteins, 50 pl of a 3-mg/ml avidin solution (Sigma) was added
to 470 pl of homogenate, and an ELISA was performed as described above
except for a 20-min incubation with 20 ug of free biotin (Sigma) per ml added
between the sample incubation and the addition of the detecting antibody. This
method reduced background noise by >99% without affecting the specific cyto-
kine signal. Cytokine concentrations in organ homogenates were standardized to
total protein concentrations.

Immunostaining for TNF-a. Formalin-fixed, paraffin-embedded, 8-pm-thick
liver sections were incubated overnight with a 1:400 dilution of rabbit anti-mouse
TNF-a antiserum (Genzyme, Cambridge, Mass.). TNF-a was detected with
biotinylated goat anti-rabbit immunoglobulin G (Dako) and an avidin-biotin
complex detection system (Vector, Burlingame, Calif.) in accordance with the
manufacturer’s protocol. Groups of three animals were studied.

In vivo Kupffer cell depletion. Liposome-encapsulated clodronate (0.1 ml)
prepared as previously described (42) was injected via the tail vein 2 days prior
to temperature controlling and LPS challenge. Control mice received 0.1 ml of
pyrogen-free, sterile saline via tail vein injection. This method has been shown by
rigorous histochemical analysis to deplete predominantly Kupffer cells and less
predominantly splenic macrophages and to spare circulating monocytes and
pulmonary and peritoneal macrophages (42).

Macrophage isolation and preparation of precision-cut liver slices. Raw 264.7
macrophages were obtained from the American Type Culture Collection (Rock-
ville, Md.) and maintained in RPMI 1640 supplemented with 10 mM HEPES
(pH 7.3), 1 mM sodium pyruvate, 2 mM L-glutamine, 50 p.g of streptomycin per
ml, 50 U of penicillin per ml, and 10% heat-inactivated fetal calf serum (FCS;
Hyclone, Logan, Utah) (CRPMI). Peritoneal macrophages were elicited by in-
jecting mice with 1 ml of thioglycolate broth (Sigma) i.p. 4 days prior to sacrifice.
Following sacrifice by anesthesia and cervical dislocation, cells were harvested by
peritoneal lavage with 5 ml of 4°C FCS-free CRPMI and collected by centrifu-
gation at 600 X g for 10 min. The macrophages were purified by adherence to
plastic. The macrophages were preincubated with CRPMI-10% FCS at 37 or
40°C for 30 min and stimulated with 100 ng of LPS per ml, and culture super-
natants were sequentially analyzed for TNF-a concentrations by an ELISA.
Kupffer cells were isolated from livers by collagenase digestion and Nycodenz
gradient centrifugation as previously described by ten Hagen et al. (40), except
that Kupffer cells were purified by differential adherence in FCS-free CRPMI for
30 min (36) rather than by elutriation. Based on the morphologic appearance of
Diff-Quik (Baxter Scientific Products, Miami, Fla.)-stained cells, the monolay-
ers comprised >90% Kupffer cells. The monolayers were preincubated with
CRPMI-10% FCS at 37 or 40°C for 30 min and stimulated with 5 g of LPS per
ml, and TNF-a concentrations in culture supernatants were sequentially ana-
lyzed by an ELISA. The viability of all macrophage cultures was determined to
be >95% by trypan blue dye exclusion.

Precision-cut liver slices were prepared by cutting 175-um-thick slices from
8-mm cores of liver tissue with a Krumdieck tissue slicer (Alabama Research and
Development, Munford, Ala.) as previously described (24). The slices were
cultured in CRPMI-10% FCS with continuous shaking (27, 37), preincubated at
37 or 40°C for 30 min, and stimulated with 50 wg of LPS per ml, and supernatants
were sequentially analyzed for TNF-a concentrations. All solutions used for the
isolation and culturing of Kupffer cells and liver slices contained 2 pg of poly-
myxin B (Sigma) per ml to prevent inadvertent activation by contaminating LPS.
Evaporation was minimized by filling the outer wells of each culture plate with
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sterile water and sealing them with Parafilm. Volume loss was <5% over 24 h
and was not different in the 37 and 40°C culture wells.

Data analysis. All data are presented as means * standard errors (SE).
Differences among groups were tested by a Fisher protected least-squares dif-
ference test applied to a one-way analysis of variance. Survival was analyzed with
a Gehan-Wilcoxon test of a Kaplan-Meier plot.

RESULTS

Influence of core temperature on circulating levels of TNF-
o. We initially compared LPS-induced TNF-a expression in
mice temperature controlled at 37 and 40°C. Treatment i.p.
with 50 pg of LPS induced the appearance of circulating TNF-
a in both groups of mice. As we anticipated, based on our in
vitro studies (13, 34a), plasma TNF-« levels peaked and began
to decline earlier in the 40°C mice (Fig. 1A), indicating a
shorter duration of TNF-a expression in the warmer mice.
However, plasma TNF-«a peaked at 2.2-fold-higher levels in the
40°C mice. The clearance of circulating TNF-q, as estimated by
the half-life of an intravenous bolus of exogenous human TNF-
a, was comparable in the 37 and 40°C mice (data not shown).
Taken together, these data suggest that the early TNF-a pro-
duction rate was greater but that the duration of maximal
TNF-a expression was shorter in the warmer mice. The net
result of these two temperature-dependent effects is an accel-
erated and enhanced but self-limited pulse of systemic TNF-a
expression in the 40°C mice.

The temperature-dependent enhancement of TNF-a expres-
sion was greater as the LPS dose was increased (Fig. 1B).
While the LPS dose-response curve for plasma TNF-a expres-
sion was flat between 50- and 250-pg doses in the 37°C mice, as
previously described (27), the LPS dose-response curve re-
mained steeply positive over this range in the 40°C mice. While
TNF-a is protective in the infected host (10, 30), it is also a
central mediator of LPS-induced shock and death (3). In mice
treated with 250 pg of LPS, survival time tended to be shorter
in the 40°C than in the 37°C animals, but the difference did not
reach statistical significance (P, 0.198) (Fig. 1C).

To define the threshold temperature required to amplify
early TNF-a expression, we measured plasma TNF-a levels 1 h
after LPS treatment in 37 and 40°C mice (Fig. 1D). The thresh-
old for increasing plasma TNF-a levels consistently occurred
between 39 and 39.5°C, a temperature that is within the normal
murine febrile range (19). The effect of temperature control-
ling on TNF-a expression was critically dependent on the
timing of the core temperature increase relative to the LPS
challenge. While increasing the core temperature to 40°C co-
incident with LPS treatment modified TNF-a expression, de-
laying the temperature increase until 30 min after LPS chal-
lenge completely abrogated this effect (data not shown). To
determine if anesthesia influenced the temperature-dependent,
LPS-induced TNF-a expression, plasma TNF-a levels were
measured 1 h after treatment with 250 pg of LPS in conscious
mice maintained in 38 or 24°C cages. Core temperatures were
39.7 and 37.1°C in the two groups of animals, and plasma TNF-
a levels were 5.6-fold higher in the warmer mice than in the
mice housed in 24°C cages.

Major tissue site of temperature-dependent TNF-« expres-
sion. To determine if the excess plasma TNF-a in the 40°C
mice was generated by circulating leukocytes, we measured
TNF-a expression in blood in vitro. Heparinized blood was
collected from 37 and 40°C mice 30 min after LPS challenge
and incubated at 37 or 40°C (Fig. 2A). The peak TNF-a con-
centrations generated in blood samples in vitro were <1% of
the peak plasma TNF-a levels attained in the mice in vivo (Fig.
2A) and were not affected by changes in either in vivo core
temperature or in vitro incubation temperature, excluding cir-
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FIG. 1. Effects of temperature controlling on plasma TNF-a expression. (A) Kinetics of TNF-a expression. Male CD-1 mice were temperature controlled by
anesthesia with subcutaneous tribromoethanol and immersion in 37 or 40°C constant-temperature water baths. When the core temperature measured by a rectal
thermistor probe reached the bath temperature (5 to 10 min), mice were injected i.p. with 50 wg of LPS. Control mice (not temperature controlled) were injected with
LPS but remained conscious at a normal ambient temperature (22 to 24°C). Groups of six mice were sacrificed just before and 1, 2, or 3 h after LPS injection, and plasma
TNF-a concentrations (conc.) were measured by an ELISA. Data are means * SE. The asterisk indicates that the P value for 40°C mice versus 37°C mice or control
mice was <0.02. (B) LPS dose response. Groups of five mice were temperature controlled at 37 or 40°C, injected i.p. with the indicated doses of LPS, and sacrificed
1 h later for quantitation of plasma TNF-a concentrations. An asterisk indicates that the P value for 40°C mice versus 37°C mice was <0.01. (C) Effects of core
temperature on LPS-induced mortality. Groups of 16 mice were temperature controlled at 37 or 40°C and injected i.p. with 250 pg of LPS, and temperature controlling
was continued for 3 h. The mice were allowed to recover, and survival was assessed over the next 5 days. Survival was analyzed with a Gehan-Wilcoxon test of a
Kaplan-Meier plot (P, 0.198). (D) Effects of intermediate temperatures on TNF-a expression. Groups of five mice were temperature controlled at the indicated
temperatures, injected i.p. with 50 ug of LPS, and sacrificed 1 h later for quantitation of plasma TNF-«a concentrations. An asterisk indicates that the P value for mice
at the indicated temperature versus 37°C mice at the same time point was <0.01.

culating blood leukocytes as the predominant source of circu-
lating TNF-« in either group of mice.

TNF-a is not uniformly expressed during endotoxemia (18).
To determine if fever alters the tissue distribution of TNF-a
and to identify the potential tissue sources of the excess circu-
lating TNF-a in the 40°C mice, we measured TNF-a in peri-
toneal lavage fluid and homogenates of liver, spleen, lung, and
kidney tissues obtained from LPS-challenged, temperature-
controlled animals (Fig. 2B). These organs were selected for
study because they either are important sources of systemic
TNF-a expression (15) or are frequently injured in sepsis (6).
As previously reported (15), the liver appeared to be the pre-
dominant source of TNF-a after LPS challenge. The peak total
TNF-a content of the liver (93 * 21 ng) was 2 to 3 orders of
magnitude higher than the total TNF-a content of the spleen
(0.10 = 0.02 ng), lungs (0.06 = 0.04 ng), kidneys (1.1 = 0.1 ng),
or peritoneal lavage fluid (0.98 = 0.28 ng). Furthermore, of the

organs analyzed, the liver was the only organ in which TNF-«
accumulated more rapidly in the 40°C than in the 37°C mice,
parallelling the changes in plasma TNF-« levels and suggesting
that the liver was the predominant source of the excess circu-
lating TNF-« in the 40°C mice.

Kupffer cells are the predominant source of liver-associated
and circulating TNF-a. Among hepatic cells, Kupffer cells
have the greatest capacity to secrete TNF-o, but marginated
intravascular leukocytes and hepatocytes are also capable of
TNF-a expression (27). To identify the cellular source of the
excess hepatic TNF-a expression in the 40°C mice, we per-
formed an immunohistochemical analysis for TNF-a in livers
from 37 and 40°C mice 1 h after LPS challenge. Not only was
TNF-« staining limited almost exclusively to Kupffer cells, but
also the proportion of TNF-a-staining Kupffer cells was three-
fold higher in the 40°C than in the 37°C mice (Fig. 3A).

To confirm that Kupffer cells were the predominant source
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FIG. 2. Source of excess TNF-a production in mice at 40°C. (A) Effect of temperature on TNF-« generation in blood ex vivo. Groups of five mice were temperature
controlled at either 37 or 40°C and given a single 50-pg dose of LPS i.p., and temperature controlling was continued for 30 min. Heparinized (10 U/ml) blood was
collected and incubated at the indicated in vitro temperature. At the indicated times, samples were diluted with 3 volumes of 4°C CRPMI, cells were removed by
centrifugation, and TNF-a concentrations in the diluted plasma were measured by an ELISA. The broken line indicates the peak plasma TNF-a levels reached 1 h after
LPS treatment in vivo in 40°C mice. (B) Effects of core temperature on organ-associated and peritoneal fluid TNF-a concentrations (conc.). Male CD-1 mice were
anesthetized, temperature controlled at 37 or 40°C, and injected i.p. with 50 pg of LPS, and groups of five animals were sacrificed just before (0 h) or 1 or 3 h after
LPS injection. Control (not temperature controlled) animals received LPS but remained conscious at a normal ambient temperature (22 to 24°C). After sacrifice, the
circulation was flushed with 0.9% NaCl containing protease inhibitors, and the lungs, kidneys, liver, and spleen were snap frozen in liquid nitrogen. The frozen organs
were powdered under liquid nitrogen, homogenized, and cleared by centrifugation, and TNF-a concentrations in the supernatants were measured by an ELISA. Levels
were standardized to total protein concentrations. For quantitation of TNF-« in peritoneal fluid, groups of five mice were temperature controlled at either 37 or 40°C
and injected i.p. with 250 wg of LPS, and temperature controlling was continued until sacrifice. Peritoneal lavage was done with 5 ml of FCS-free CRPMI, the cells
were removed by centrifugation, and TNF-a concentrations were measured by an ELISA. Data are means + SE. The asterisk indicates that the P value for 40°C mice
versus 37°C and control mice was <0.05.

of the excess hepatic and circulating TNF-a present in 40°C levels by 87 and 91%, respectively, in the 37°C mice compared

animals, we analyzed LPS-induced TNF-a expression in tem- with the sham-depleted 37°C control mice and reduced excess
perature-controlled animals after depleting their Kupffer cells hepatic and plasma TNF-a levels by 99 and 81%, respectively,
with intravenous liposome-encapsulated clodronate (42). This in the 40°C mice compared with the sham-depleted mice (Fig.

treatment reduced LPS-induced hepatic and plasma TNF-a 3B). These data indicate that Kupffer cells are virtually the sole
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FIG. 3. Source of excess hepatic TNF-a production in mice at 40°C. (A) TNF-a immunostaining. Mice were temperature controlled at 37 or 40°C, treated i.p. with
50 g of LPS, and sacrificed 1 h later. Livers were analyzed for TNF-a by immunostaining with a rabbit anti-mouse TNF-a antibody and a streptavidin-biotin detection
system. Representative micrographs from a total of three experiments are shown. Kupffer cells staining positively for TNF-« are indicated by arrowheads. (B) Kupffer
cell depletion in vivo. Kupffer cells were depleted in groups of four mice by administration of a single 0.1-ml dose of liposome-encapsulated clodronate intravenously
2 days prior to LPS challenge. Control mice received 0.1 ml of saline. Mice were temperature controlled at 37 or 40°C, injected i.p. with 50 pg of LPS, and sacrificed
1 h later. TNF-a concentrations in plasma and liver homogenates were quantified by an ELISA. TNF-a concentrations in liver homogenates were standardized to total
protein concentrations. Data are means + SE. An asterisk indicates that the P value for 40°C versus 37°C mice was <0.05; a double dagger indicates that the P value

for mice with depletion of Kupffer cells versus control mice was <0.01.

source of the excess hepatic TNF-a and the major source of
the excess circulating TNF-a in the 40°C mice.

Mechanisms of temperature-dependent regulation of TNF-
o expression. While the earlier peak and decline in Kupffer
cell TNF-a production in the warmer mice was consistent with
our previous in vitro studies (13), enhancement of the early
TNF-«a secretion rate was novel for in vivo studies. To deter-
mine if the enhanced TNF-a expression in the 40°C mice in
vivo was caused by a unique response of Kupffer cells to higher
temperatures, we analyzed the effects of 37 versus 40°C incu-
bation temperatures on TNF-a secretion in freshly isolated
Kupffer cell cultures (Fig. 4A), in thioglycolate-elicited perito-
neal macrophages (Fig. 4B), and in the Raw 264.7 macrophage
cell line (Fig. 4C). The TNF-a secretion patterns of all three
macrophage types were similar. TNF-a expression peaked and
declined earlier in the 40°C than in the 37°C cells, but there
were no detectable differences in the initial TNF-a secretion
rate between the 37 and the 40°C cells. These data suggest that

raising core temperature directly limits the duration of Kupffer
cell TNF-a production but that the increase in early Kupffer
cell TNF-a production in vivo involves indirect mechanisms
and is probably dependent on the in vivo environment.

We evaluated three possible mechanisms for the Kupffer cell-
specific increase in TNF-a expression in the 40°C mice, including:
(i) enhanced absorption of LPS from the peritoneum, (ii) modi-
fication of interactions among Kupffer cells and other cell types in
the hepatic microenvironment, and (iii) release of a circulating
factor that enhances Kupffer cell TNF-a expression. The plasma
LPS concentrations 1 h after i.p. injection of 250 g of LPS were
virtually identical in the 37 and 40°C mice (2.34 = 0.43 versus
2.29 *+ 0.45 pg/ml; P, 0.89), suggesting that systemic LPS absorp-
tion was not increased in the 40°C mice. However, the possibility
that both absorption and blood clearance of LPS were enhanced
proportionately at 40°C remains to be excluded.

To determine if the enhanced TNF-a expression was medi-
ated through complex interactions among Kupffer cells and
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FIG. 4. Direct effect of increased incubation temperature on TNF-a expression in vitro. (A to C) Effects of febrile-level incubation temperature on TNF-«
expression by macrophages in vitro. Kupffer cells (10° per well containing 1 ml of CRPMI-10% FCS) were isolated from the liver by collagenase digestion and plastic
adherence and then preincubated at 37 or 40°C for 30 min, and 5 pg of LPS per ml was added. Peritoneal macrophages were obtained 4 days after i.p. injection of
1 ml of thioglycolate broth and purified by plastic adherence. Raw 264.7 macrophages and peritoneal macrophages (0.5 X 10° per well containing 1 ml of medium)
were preincubated at 37 or 40°C for 30 min, and 100 ng of LPS per ml was added. Cell supernatants were sequentially collected, and TNF-a concentrations (conc.)
were measured by an ELISA. Data are means + SE. An asterisk indicates that the P value for 40°C versus 37°C cells was <0.05. (D) Effects of febrile-level incubation
temperature on TNF-a expression in precision-cut liver slices in vitro. Liver slices (175 wm thick) were cut from 8-mm tissue cores with a Krumdieck tissue slicer. The
slices were preincubated at 37 or 40°C for 30 min with continuous shaking. LPS (50 pg/ml) was added, and supernatants were sequentially collected for analysis of TNF-

a concentrations by an ELISA. The asterisk is as defined for panel A.

neighboring cells, we analyzed TNF-a expression in freshly
isolated precision-cut liver slices, in which the local micro-
environment of the Kupffer cells is preserved (Fig. 4D). The
temperature dependence of LPS-induced TNF-a expression in
the liver slices and the isolated Kupffer cells (Fig. 4A) was
similar. In both systems, Kupffer cells failed to demonstrate
enhanced TNF-«a expression during a 40°C incubation, suggest-
ing that a factor(s) beyond the local hepatic microenvironment
is required for this effect.

To determine if increasing the core temperature induces the
release of a circulating factor that enhances Kupffer cell TNF-
a expression, we stimulated liver slices with 50 pg of LPS per
ml in the presence of 20% (vol/vol) plasma obtained from 37 or
40°C temperature-controlled mice 30 min after they were chal-
lenged with LPS (Table 1). This time point was chosen because
amplification of TNF-a expression in vivo required that the
core temperature be increased within 30 min of LPS challenge.
The addition of plasma from the 40°C mice did not enhance
TNF-a secretion in the liver slices, suggesting that the en-
hanced TNF-a production which occurred in the 40°C mice
could not be ascribed to a stable circulating factor.

DISCUSSION

We (13, 14) and others (16, 38) have reported that TNF-«
expression by mononuclear phagocytes is inhibited upon expo-

sure to febrile-range temperatures in vitro. The temperature-
dependent inhibition of TNF-a expression, which is caused by
the reduced stability of TNF-o mRNA (13) and the premature
deactivation of TNF-a transcription (34a), occurs in the ab-
sence of heat shock protein 70 expression (13). In this study,
we have extended these observations by analyzing the effects of
febrile-range temperature on TNF-a expression in vivo. We

TABLE 1. Increased core temperature does not induce a
circulating enhancer of TNF-a expression

TNF-a concn (pg/ml) in culture supernatants at the
following time after LPS treatment and

Culture temp with the indicated plasma“:

O 1h 2h

37°C 40°C 37°C 40°C
37 52+28 44 + 3.1 157 = 4.4 13.0 +23
40 7.7 +4.8 47 23 22.5 = 10.6 152 2.4

“ Mice were temperature controlled at 37 or 40°C, challenged i.p. with 250 pg
of LPS, and sacrificed 30 min later, and heparinized plasma was collected.
Precision-cut liver slices were incubated in CRPMI-10% FCS, 50 pg of LPS per
ml, and 20% (vol/vol) plasma from either 37 or 40°C mice. Culturing was
performed at either 37 or 40°C, culture supernatants were collected after 1 and
2 h, and TNF-a was quantified by an ELISA. Results are means * SE of three
experiments.
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found that increasing the core temperature from basal to fe-
brile (40°C) levels preceding LPS challenge caused TNF-a
production to be accelerated and enhanced but also to peak
and decline earlier. This schedule models recurrent endotox-
emia and bacteremia during fever, which often occur during
serious bacterial infections (34). Three previous studies re-
ported that increasing the core temperature in rodents either
reduced (8, 21) or had no effect (4) on circulating TNF-a ex-
pression. However, in these studies the animals were warmed
to temperatures above the normal febrile range and within the
heat shock range (=41°C). Furthermore, the core temperature
increase in these studies either preceded LPS challenge by 6 to
7 h (4) or 24 h (21) or followed LPS challenge (8). In our
model, delaying the increase in the core temperature for 30
min after the injection of LPS abrogated the enhancement
of TNF-a expression. These data suggest that the effect of
increasing the core temperature on TNF-a expression may be
determined by the magnitude of the temperature increase and
the timing of the LPS challenge relative to the core tempera-
ture change.

Our temperature-controlled mouse model was designed to
isolate the effects of febrile temperature itself from the pro-
cesses that generate fever. The use of anesthetized animals
avoided the effects of physical stress (23) and provided more
rapid and precise control of the core temperature. While an-
esthetic agents may potentially influence the acute-phase re-
sponse, two lines of evidence suggested that the anesthetic
agents used in this study did not interfere with the evaluation
of temperature-dependent TNF-a expression in the tempera-
ture-controlled mice. First, circulating and organ-associated
TNF-a levels were comparable in the 37°C temperature-con-
trolled mice and in the conscious control animals with similar
core temperatures. Second, the effects of passive warming on
TNF-a expression were similar in anesthetized and conscious
mice. Furthermore, all temperature-controlled mice were treat-
ed with the same anesthesia protocol.

The enhanced early TNF-a pulse reflects an increased initial
rate of TNF-a generation but a decreased duration of maximal
TNF-a expression in the warmer animals. The decreased du-
ration of TNF-a expression appears to be a direct response of
Kupffer cells to the higher temperature and is similar to tem-
perature-dependent responses in other mononuclear phago-
cytes (13, 14, 16, 38). In contrast, the enhanced early rate of
TNF-a generation by Kupffer cells at febrile core temperatures
could not be reconstituted in vitro with freshly isolated Kupffer
cells or with liver slices, in which local cell-cell interactions are
preserved. We failed to detect a circulating enhancer of he-
patic TNF-a expression in the warmer animals but have not
excluded a labile circulating or intrahepatic enhancer of TNF-
a expression. While circulating levels of LPS in mice at the two
temperatures were comparable, modification of LPS bioactiv-
ity or distribution within the liver may account for the temper-
ature-dependent modification of TNF-a expression. Within
the liver, endothelial cells, hepatocytes, and Kupffer cells can
each bind LPS via scavenger receptors (31). While TNF-a
expression is predominantly limited to Kupffer cells, endothe-
lial cells and hepatocytes contribute to LPS clearance. The
intrahepatic distribution of LPS is influenced by its modifica-
tion, primarily by binding to soluble proteins. For example, when
complexed with ApoE, LPS is redirected from Kupffer cells to
hepatocytes in vivo (31). On the other hand, when complexed
with LPS-binding protein, LPS efficiently binds to CD14 (43),
the membrane-bound LPS receptor on Kupffer cells. The in-
fluence of changes in temperature on the modification and
intrahepatic distribution of LPS has not been reported.

While our results obtained with LPS-challenged mice pro-
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vide proof of the principle that increases in core temperature
to the usual febrile range can modify an early inflammatory
response, caution must be exercised in applying these obser-
vations to actual bacterial infections. While LPS is clearly the
predominant gram-negative bacterial activation signal for mac-
rophages (11, 26), there are important differences in the bio-
logical behaviors of the purified LPS used in the present study
and bacterium-associated LPS, including tissue distribution
(17), specific activity (26), and sensitivity to inhibition by poly-
myxin B (26). The method used to purify LPS also affects its
biological activity (11, 35). In the rat, purified LPS and LPS
associated with viable E. coli localizes exclusively to hepatic
Kupffer cells 1 h after intravenous injection, but the purified
LPS is partially redistributed to hepatocytes by 8 h after ad-
ministration. Since TNF-a generation peaked within 1 to 2 h
after LPS challenge in the present study, the difference in the
late intrahepatic distribution of different forms of LPS is not
likely to be relevant to our results. Antibiotic treatment causes
the release from gram-negative bacteria of soluble LPS (26),
which may be an important inducer of sepsis during gram-
negative bacterial infections. While LPS is the predominant
macrophage activator in the supernatants of antibiotic-treated
gram-negative bacteria (26), this form of LPS may be function-
ally distinct from chemically purified LPS. Experiments com-
paring the temperature dependence of cytokine expression
induced by purified, native, and bacterium-associated forms of
LPS are in progress.

While fever is generally considered to be beneficial in the
infected host, we found that survival after LPS challenge was
not improved and tended to be shorter in the 40°C mice than
in the 37°C mice. Plasma TNF-« levels were 13-fold higher in
the warmer animals. Increases in core temperature are associ-
ated with increases in metabolic rate and cardiac index (29,
33). While TNF-« is essential for survival in the infected host
(10, 30), the mice were challenged with LPS, a nonreplicating
agonist, rather than with viable pathogens. Thus, enhanced
antimicrobial defenses would not be beneficial, and the in-
creased risk of tissue injury might reduce survival in the 40°C
mice after LPS challenge. Furthermore, while pretreating an-
imals with heat shock has been reported to improve survival
after LPS challenge (8, 20), the effects of heat shock and febrile
temperatures are distinct (13, 14).

The enhanced TNF-a expression in the warmer mice was
novel and raised the question of what survival advantage could
possibly be provided by enhancing TNF-a generation during
elevations of core temperature. We believe that this tempera-
ture-dependent response may have evolved as part of a host
strategy to refine the regulation of systemic innate defenses.
While the entry of LPS into the circulation from sites of gram-
negative infection signals the host to enhance the innate de-
fenses which protect against microbial dissemination (25, 32),
LPS also continuously enters the circulation from the gut lu-
men under normal physiological conditions (5). Furthermore,
LPS entry from the gut can increase during benign conditions
(5). Thus, the context in which LPS is presented to the host
may be as important as the LPS signal itself in directing an
appropriate host response. We showed that core temperature
may serve this function by modifying the stimulus-response
relationship for LPS and TNF-« in hepatic Kupffer cells. Vari-
ations in core temperature within a narrow range may coregu-
late TNF-a expression, increasing the amplitude of the TNF-a
response to bacterial pathogens when the risk of bacterial dis-
semination is high (e.g., during an acute infection) and de-
creasing the magnitude of the TNF-a response when the risk of
bacterial dissemination is low. The early deactivation of TNF-
o expression in febrile hosts may be an important counterregu-
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latory mechanism that prevents prolonged exposure to high
TNF-a levels. We conclude that the protective effects of fever
in the infected host (1, 2, 28, 39) may be mediated in part by
appropriate modification of the TNF-a response to circulating
bacterial products.
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