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The effect of a-galactosylceramide (a-GalCer) on lipopolysaccharide (LPS)-mediated lethality was examined.
Administration of LPS killed all mice pretreated with a-GalCer, but not untreated control mice. The lethal shock
in a-GalCer-sensitized mice was accompanied by severe pulmonary lesions with marked infiltration of
inflammatory cells and massive cell death. On the other hand, hepatic lesions were focal and mild. A number of
cells in pulmonary and hepatic lesions underwent apoptotic cell death. a-GalCer sensitization was ineffective
for the development of the systemic lethal shock in Va14-positive natural killer T cell-deficient mice.
Sensitization with a-GalCer led to the circulation of a high level of interferon (IFN)-c and further augmented the
production of tumor necrosis factor (TNF)-a in response to LPS. The lethal shock was abolished by the
administration of anti-IFN-c or TNF-a antibody. Further, the lethal shock did not occur in TNF-a-deficient mice.
Taken together, a-GalCer sensitization rendered mice very susceptible to LPS-mediated lethal shock, and IFN-c
and TNF-a were found to play a critical role in the preparation and execution of the systemic lethal shock,
respectively. The LPS-mediated lethal shock using a-GalCer sensitization might be useful for researchers
employing experimental models of sepsis and septic shock.
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A number of useful animal models for sepsis and
septic shock have been described, which substan-
tially facilitate sepsis-related research and provide
the powerful tools to resolve problems related to the
sepsis syndrome.1 Further, these models will be
invaluable in improving our understanding of
pathophysiology and in developing new and more
effective approaches toward therapy.1 Lipopoly-
saccharide (LPS) is known to cause the systemic
inflammatory response syndrome, endotoxic shock,
disseminated intravascular coagulation and multi-
organ failure. LPS-mediated lethality has been
characterized by a number of laboratory models

using sensitization with D-galactosamine,2 Propioni-
bacterium parvum,3 BCG4 and CpG DNA.5 General-
ized Shwartzman reaction is a potentially lethal
shock reaction, which can be induced by the
administration of LPS into LPS-primed animals
at an interval of 24 h.6 None of them presents
respiratory failure, a typical manifestation in severe
septic patients. Therefore, there is a need for
an animal model of severe sepsis characterized by
respiratory failure severe enough to require mecha-
nical ventilation.1

Recently, we have found that a-galactosylcera-
mide (a-GalCer) augments LPS-induced nitric oxide
(NO) production in mouse peritoneal cells through
the release of interferon (IFN)-g from Va14-positive
natural killer T (NKT) cells.7 Therefore, we studied
the in vivo action of a-GalCer on LPS-induced NO
production in mice. Surprisingly, pretreatment of
mice with a-GalCer caused systemic lethal shock
with severe lung injury after LPS challenge. In the
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present study, we examined the mechanism of how
a-GalCer sensitization rendered mice susceptible
to LPS-mediated lethal shock. Here, we discuss
clinical usefulness of the model using a-GalCer
sensitization in sepsis and septic shock-related
research.

Materials and methods

Mice

BALB/c and C57BL/6 mice of approximately 7
weeks of age were supplied by Japan SLC (Hama-
matsu, Japan). Ja281 T-cell receptor-deficient mice8

as NKT cell-deficient mice were kindly provided by
T Nakayama (Chiba University) and M Taniguchi
(RIKEN Research Center). Tumor necrosis factor
(TNF)-a-deficient mice were from K Sekikawa
(National Institute of Animal Health) and K Saito
(Gifu University). All animal experiments were
approved by the Animal Care Committee and
carried out under the guide for care and use of
laboratory animals (Aichi Medical University).

Reagents

a-GalCer (KRN7000) was synthesized and provided
by Kirin Brewery Company (Gunma, Japan). LPS
from Escherichia coli O55:B5 was obtained from
Sigma Chemicals (St Louis, MO, USA). A monoclonal
antibody to murine IFN-g or TNF-awas obtained from
R&D Systems (Minneapolis, MN, USA).

Induction of LPS-Mediated Lethal Shock

Mice were injected intravenously (i.v.) with a-
GalCer (1 mg) for sensitization and then challenged
i.v. with LPS (5 mg) 12h later, unless otherwise
stated. Approximately six mice were used in each
experimental group. The lethality was determined at
24 h after LPS administration.

Histology

Various organs were removed from exanguinated
mice 8h after LPS administration, fixed with 10%
formalin or Carnoy’s fixative, and stained with
hematoxylin and eosin. Histological changes were
observed and photographs were taken by the Fujix
digital camera HC-2500 under an Olympus BX50
microscope. The digital images were processed by
the computer software.

Terminal Deoxynucleotidyl Transferase-Mediated
Nick-End Labeling (TUNEL) Specific for
Fragmented DNA

Mice were killed 8h after LPS treatment. Lungs and
livers were removed, fixed with formalin and cut

serially into 4–6 mm sections. The sections were
deparaffinized and was stained for the detection
of fragmented DNA by the TUNEL method as
described previously.9,10

Determination of IFN-c and TNF-a

The concentrations of circulating TNF-a and IFN-g
in the sera were determined by an enzyme-linked
absorbent assay kit for TNF-a or IFN-g (Biosource
International, Camarillo, CA, USA), respectively,
according to the manufacturer’s instruction. Experi-
mental results are expressed as the mean of
triplicates7s.d. in three independent experiments.

Determination of Alanine Aminotransferase (ALT)

Serum samples from individual mice were obtained
from the retro-orbital venous plexus, and the serum
ALT levels were determined using a Hitachi 7700
autoanalyzer.

Results

Induction of Lethal Shock by the Administration
of LPS into a-GalCer-Sensitized Mice

Development of lethal shock was examined by the
injection of various doses of LPS into a-GalCer-
sensitized mice. Mice were sensitized by an i.v.
injection of a-GalCer (1 mg) 12 h before LPS injection
and the dose-dependent effect of LPS on the
lethality of a-GalCer-sensitized mice was examined
(Table 1). All a-GalCer-sensitized C57BL/6 mice died
within 24h after an i.v. injection of 1 mg of LPS,
whereas a-GalCer-sensitized BALB/c mice required
5mg of LPS as the lethal dose. C57BL/6 mice seemed
more susceptible for LPS-mediated lethal shock
than BALB/c mice.

In order to determine the priming dose of a-GalCer
for sensitization, C57BL/6 mice were sensitized by
i.v. injections with various doses of a-GalCer and
challenged by LPS (1 and 5 mg). The lethality was

Table 1 Effect of various concentrations of LPS on lethality

Mouse a-GalCer (mg) Time (h)a LPS (mg) Lethality
(dead/total)

C57B6 1 12 0.1 0/6
C57B6 1 12 0.5 4/6
C57B6 1 12 1 6/6
C57B6 1 12 5 6/6
C57B6 1 12 10 6/6

BALB/c 1 12 0.5 0/6
BALB/c 1 12 1 0/6
BALB/c 1 12 5 6/6
BALB/c 1 12 10 6/6
BALB/c 1 12 100 6/6

a
Hours before LPS administration.
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determined 24h after LPS injection (Table 2).
Sensitization with 1 mg of a-GalCer killed all the
mice. However, priming with 0.1 mg of a-GalCer was
not effective for the development of LPS-mediated
lethal shock.

Effect of various time intervals between injections
of a-GalCer and LPS on the lethality was examined
(Table 3). Simultaneous administration of a-GalCer
and LPS was ineffective for the development of the
lethal shock. The minimal interval time between
injections of a-GalCer and LPS needed 3h for the
development. The administration of LPS 48h after a-
GalCer priming did not cause the lethal shock.
Successful sensitization with a-GalCer for the
development of the lethal shock required the

interval period from 3 to 24h between injections of
a-GalCer and LPS. In following experiments, the
priming with a-GalCer was carried out 12h before
LPS treatment.

Histological Changes in Various Organs of Mice
with Lethal Shock

Histological change in various organs of BALB/c
mice with the lethal shock (Figure 1) was examined
8h after LPS injection. In the lungs, there was
marked accumulation of a large number of infiltrates
consisting of polymorphonuclear leukocytes and

Table 2 Effect of various concentrations of a-GalCer on lethality

Mouse a-GalCer (mg) Time (h)a LPS (mg) Lethality
(dead/total)

C57B6 0.01 12 5 0/6
C57B6 0.1 12 5 0/6
C57B6 1 12 5 6/6
C57B6 1 12 1 6/6

a
Hours before LPS administration.

Table 3 Time course of a-GalCer pretreatment on LPS-induced
lethality

Mouse a-GalCer (mg) Time (h)a LPS (mg) Lethality
(dead/total)

C57B6 1 0 5 0/6
C57B6 1 3 5 6/6
C57B6 1 6 5 6/6
C57B6 1 24 5 6/6
C57B6 1 48 5 0/6

a
Hours before LPS administration.

Figure 1 Histological changes in the lungs of mice with lethal shock. BALB/c mice were primed i.v. with a-GalCer (1mg), and 12h later,
injected i.v. with LPS (5 mg). The lungs were removed 8h after LPS injection. The sections were stained with hematoxylin–eosin. Low
magnification, � 200; high magnification, �1000.

Effect of a-GalCer on LPS-mediated lethality
H Ito et al

256

Laboratory Investigation (2006) 86, 254–261



mononuclear cells (Figure 1). Hemorrhage and cell
destruction were also seen. On the other hand, there
were no significant changes in the lungs of mice
receiving an injection of LPS alone. Hepatic lesions
in those mice were characterized by focal infiltration
of inflammatory cells, such as polymorphonuclear
leukocytes and mononuclear cells and slight hemor-
rhages (Figure 2a). Hepatic lesions were less severe
compared with pulmonary lesions. The serum ALT
was also elevated in the mice with lethal shock,
suggesting hepatic injuries (Figure 2b). In other
organs, there was no significant histological change,
except congestion.

Detection of Apoptotic Cells in the Lungs and Livers
from Mice with Lethal Shock

In order to clarify the mechanism of cell death in the
lethal shock, apoptotic cells in the lungs and livers
were stained by TUNEL specific for fragmented DNA
(Figure 3). A number of positively stained cells were
seen in the lungs of BALB/c mice treated with a-
GalCer and LPS, whereas few positive cells were seen
in the case of mice treated with a-GalCer or LPS alone.

Positive cells were also seen in the livers from the
mice and positively stained cells were hepatocytes.

No Induction of Lethal Shock in Va14-Positive
NKT-Deficient Mice

The LPS-mediated lethality with a-GalCer sensitiza-
tion was examined by using NKT-deficient BALB/c or
wild-type BALB/c mice (Table 4). Wild-type and
NKT-deficient BALB/c mice were sensitized with a-
GalCer (1mg), and 12h later, LPS (5mg) was injected
into the mice. The injection of LPS killed none of
NKT-deficient mice, although it killed all wild-type
BALB/c mice. Further, there was no significant
histological change in the lungs of NKT-deficient
mice receiving an injection of a-GalCer and LPS
(Figure 4). On the other hand, the lungs of wild-type
BALB/c mice were characterized by the accumulation
of a large number of infiltrates consisting of poly-
morphonuclear leukocytes and mononuclear cells.

The administration of a high dose (1mg) of LPS
killed both NKT-deficient and wild-type mice in the
case of no a-GalCer sensitization.

Figure 2 Hepatic injuries in the livers of mice with lethal shock. BALB/c mice were primed i.v. with a-GalCer (1mg), and 12h later,
injected i.v. with LPS (5mg). (a) Histology of the livers. The livers were removed 8h after LPS injection, The sections were stained with
hematoxylin–eosin. High magnification, �400. (b) Serum ALT activity . Blood was taken from the mice 8h after LPS treatment and the
serum ALT activities were determined. Each value represents the mean7s.d. of triplicate samples.
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High Level of Circulating IFN-c and TNF-a by the
Administration of LPS into a-GalCer-Sensitized Mice

Effect of a-GalCer sensitization on the levels
of circulating IFN-g and TNF-a was examined
(Figure 5). The levels of circulating IFN-g and
TNF-a were compared by the administration of
LPS into a-GalCer-sensitized BALB/c mice or un-
treated mice. High level of circulating IFN-g was
detected in mice sensitized with a-GalCer before

LPS treatment, suggesting that a-GalCer alone lead
to a high output of circulating IFN-g (Figure 5, top).
On the other hand, the injection of LPS alone
induced no significant amount of IFN-g. LPS did
not affect the level of circulating IFN-g, which was
induced by a-GalCer, and the same high level of
circulating IFN-g continued up to 24h (data not
shown). In addition, a-GalCer did not lead to IFN-g
production in Va14-positive NKT-deficient mice
(data not shown). As shown in Figure 5 (bottom),
TNF-a was not detected in a-GalCer-primed mice
before LPS treatment and a-GalCer alone did not
cause TNF-a production. LPS markedly augmented
TNF-a production in a-GalCer-pretreated mice 1h
after the injection and the level of TNF-a rapidly
decreased within 3h. On the other hand, LPS lead to
an only small amount of TNF-a in unsensitized mice.

Prevention of Lethal Shock with Anti-IFN-c Antibody
and Anti-TNF-a Antibody

It is known that a-GalCer activates NKT cells and
causes the release of INF-g.11,12 In order to clarify the

Figure 3 In situ nick-end labeling specific for fragmented DNA. BALB/c mice were primed i.v. with a-GalCer (1mg), and 12h later,
injected i.v. with LPS (5 mg). The lungs and livers were removed 8h after LPS injection and stained by TUNEL �400.

Table 4 Effect of a-GalCer on LPS-induced lethality in
NKT-deficient BALB/c mice

Mouse a-GalCer (mg) Time (h)a LPS (mg) Lethality
(dead/total)

Wild (BALB/c) 1 12 5 6/6
NKT deficient 1 12 5 0/6

Wild (BALB/c) 0 — 1000 4/4
NKT deficient 0 — 1000 4/4

a
Hours before LPS administration.
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involvement of IFN-g in the development of the
lethal shock, the preventive effect of anti-IFN-g
antibody or anti-TNF-a antibody on the lethal shock
was examined (Table 5). Anti-IFN-g or TNF-a anti-
body was injected i.v. in a-GalCer-sensitized BALB/c

mice, and 12h later, the mice were challenged by
LPS. The lethality was determined 24h after LPS
treatment. Anti-IFN-g antibody completely pre-
vented a-GalCer-sensitized mice from the develop-
ment of LPS-mediated lethality, although all mice
not receiving anti-IFN-g antibody were killed by LPS
challenge. The development of pulmonary lesions
was completely prevented by anti-IFN-g antibody.
Anti-TNF-a antibody rescued four out of six mice
from LPS-mediated lethal shock.

No Induction of Systemic Lethal Shock
in TNF-a-Deficient Mice

The inhibitory effect of anti-TNF-a antibody was
partial (Table 5) and an excess of anti-TNF-a
antibody did not appear to neutralize in vivo TNF-
a production completely, even though TNF-a is
known as one of the main factor causing LPS-
mediated lethality.13,14 Therefore, the participation
of TNF-a in the development of lethal shock was
examined by using TNF-a-deficient mice (Table 6).
The administration of LPS killed a-GalCer-sensi-
tized wild-type B10.D2 mice, whereas it did not kill

Figure 4 No development of the lethal shock in NKT-deficient mice. NKT-deficient and wild-type BALB/c mice were primed i.v. with
a-GalCer (1mg), and 12h later, injected i.v. with LPS (5 mg). The lungs were removed 8h after LPS injection �400.

Figure 5 Circulating IFN-g and TNF-a by the administration of
LPS into a-GalCer-sensitized mice. The level of circulating IFN-g
and TNF-a was determined before and after the administration of
LPS into a-GalCer-sensitized mice or untreated mice. Each value
represents the mean7s.d. of triplicate samples.

Table 5 Prevention of LPS-mediated lethal shock by anti-IFN-g or
TNF-a antibody in BALB/c mice

a-GalCer (mg) Antibodya to LPS (mg) Lethality (dead/total)

IFN-g TNF-a

1 + � 5 0/6
1 � + 5 2/6
1 � � 5 6/6

a
Anti-IFN-g antibody (150 mg) and anti-TNF-a antibody (50 mg) were
injected i.v. 12 h before LPS injection.
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a-GalCer-sensitized TNF-a-deficient B10.D2 mice.
Based on the finding that TNF-a-deficient mice
produced IFN-g normally in response to a-GalCer
(data not shown), the experimental result more
clearly confirmed the involvement of TNF-a than
that with anti-TNF-a antibody.

Discussion

In the present study, we demonstrate that the
sensitization of mice with a-GalCer causes lethal
shock in response to LPS. The lethal shock is
characterized by severe pulmonary failure with
marked infiltration of inflammatory cells and mas-
sive cell death. Further, it was accompanied by mild
hepatic injuries and systemic congestion. Therefore,
it could be diagnosed as LPS-mediated systemic
lethal shock. An animal model of severe sepsis
should be characterized by these features: persistent
hypermetabolism, low systemic vascular resistance,
respiratory failure severe enough to require mecha-
nical ventilation, late (nonpulmonary) organ system
failure and death.1 In fact, all severely septic
patients clinically manifest respiratory failure and
ventilator dependence, and failure of organs other
than the lungs typically occurs days to weeks after
the onset of the septic process.1 Therefore, our
model using a-GalCer sensitization clearly presents
respiratory failure and is consistent with clinical
features of severely septic shock. Our model might
be very useful for a laboratory model of severe sepsis
and septic shock.

a-GalCer is a glycolipid that has been identified as
a ligand recognized by a special group of immune
T cells, known as Va14 NKT cells.12,15–17 a-GalCer is
a powerful activator of invariant Va14 NKT cells,
causing them to produce immunoregulatory cyto-
kines, especially IFN-g11,12 and interleukin-4.18,19

Therefore, NKT cells are strongly suspected to be
involved in the development of systemic lethal
shock in the model using a-GalCer. This hypothesis
is also supported by the analysis with NKT-deficient
mice. There is controversy on the requirement of NK
cells and NKT cells for LPS-induced lethal shock.
Heremans et al20 reported an essential role of IFN-g-
producing NK cells. Moreover, Emoto et al21 re-
ported a critical role of NK cells, rather than Va14
NKT cells. On the other hand, Dieli et al22 reported a
mandatory role of NKT cells by using NKT-deficient
mice. The present study supports a critical role of

a-GalCer-reactive Va14 NKT cells for LPS-mediated
lethal shock. Va14 NKT cells are very possible to be
involved in sepsis and septic shock in clinical
setting.

The analysis using anti-IFN-g or TNF-a antibody
and TNF-a-deficient mice suggests a critical role of
IFN-g and TNF-a in the development of LPS-
mediated lethal shock. The systemic lethal shock
requires pretreatment with a-GalCer, suggesting that
IFN-g may play a pivotal role on preparation or
sensitization for the lethal shock. On the other hand,
TNF-a is suggested to be an execution factor for
lethal shock. Probably, a-GalCer activates Va14 NKT
cells and leads to IFN-g production. Released IFN-g
renders mice susceptible for the shock and also
induces augmented production of TNF-a. An excess
of TNF-a damages various organs, especially lungs
and finally cause multiple organ failure due to
systemic lethal shock. This hypothetical idea is
consistent with the pathogenesis of generalized
Shwartzman reaction. The respective role of IFN-g
and TNF-a in the development of generalized
Shwartzman reaction has been reported by several
groups.23–27 IFN-g renders the mice more sensitive to
the reaction and plays a regulatory role. On the other
hand, TNF-a functions as an execution factor and
causes systemic lethal shock in mice. Our model
corresponds to the pathophysiology of generalized
Shwartzman reaction. Once again, IFN-g is most
likely to be essential for sensitization and priming of
the lethal shock.

Interestingly, our model features respiratory fail-
ure with severe pulmonary inflammation and is
characterized by few hepatic lesions and endothelial
injuries, compared to other lethal shock models
with D-galactosamine,2 P. parvum3 and BCG.4 As far
as we know, this is the first report on systemic lethal
shock characterized by respiratory failure. The
severity of lesions does not necessarily correspond
to the tissue distribution of NKT cells. It is still
unknown how a-GalCer-sensitized mice causes
severe pulmonary lesions in response to LPS.
Additionally, the lethal shock with a-GalCer sensi-
tization can be produced much more easily than
other models for lethal shock.

The systemic lethal shock in the present study
appears to be an endotoxic shock, since LPS is
administered to a-GalCer-sensitized mice. However,
it appears that other microbial products, such as
CpG DNA and peptideglycan, which are able to
cause TNF-a production, can also trigger the lethal
shock. Our model using a-GalCer might be applied
to systemic lethal shock with various microbial
products.
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