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Abstract
Background/Aims— Sepsis remains a leading cause of death in critically ill patients. Because
endotoxemia is viewed as a key mediator of sepsis-induced inflammation, administration of bacterial
endotoxin (LPS) is often used to simulate sepsis in experimental animals. This study tests the
hypothesis that LPS is a critical determinant of the hepatic microvascular dysfunction in mice made
septic by cecal ligation and puncture (CLP).

Methods—Intravital videomicroscopy was used to quantify sinusoidal perfusion, and platelet and
leukocyte adhesion in terminal hepatic venules (THV) and sinusoids in LPS-sensitive and LPS-
insensitive mice subjected to CLP or LPS (i.p.). mRNA expression of TLR-2, TLR-4, MyD-88 and
Ly-96 was also assessed.

Results—While LPS-sensitive mice responded to both CLP and LPS challenges with elevated
leukocyte and platelet adhesion in THV and sinusoids, and a reduced sinusoidal perfusion density,
LPS-insensitive mice exhibited comparable blood cell adhesion and sinusoidal malperfusion
following CLP, but not LPS. Hepatic mRNA of MyD-88 and TLR-2 were elevated in the CLP and
LPS groups. Endotoxin was not detectable in the blood of LPS-sensitive mice after CLP, but was
elevated after LPS administration.

Conclusion—These findings do not support a major role for LPS in the hepatic microvascular
disturbances associated with polymicrobial sepsis.
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Introduction
Sepsis remains a major clinical problem, with an incidence of about 3 cases per 1000 population
and a mortality rate of ~30%. (1) Multiple organ failure derived from sepsis is associated with
an even higher mortality that increases substantially with the number of organs involved. (2)
The liver is the second most commonly affected organ in sepsis/multiple organ failure and the
development of hepatic dysfunction during the multiple organ dysfunction syndrome is usually
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fatal. (3) Microcirculatory failure resulting from the recruitment and activation of neutrophils
is considered to be a critical event in the development of liver injury during sepsis. (4) Although
neutrophils make an important contribution to the elimination of invading microorganisms,
these phagocytic cells can also cause tissue damage that results from the overproduction of
reactive oxygen metabolites and inflammatory mediators. (5) There is also growing evidence
for the involvement of other blood cells, such as platelets in the development of the
microcirculatory dysfunction during sepsis. (6) However, the mechanisms that are responsible
for promoting the participation of leukocytes and platelets in the hepatic microcirculatory
failure and hepatocellular dysfunction during sepsis remain unclear.

Several methods have been used to induce and study sepsis in animal models. These include
soft tissue infection, intravascular infusion of live bacteria, administration of endotoxin/
lipopolysaccharide (LPS) and cecal ligation and puncture (CLP), with the latter two models
representing the most commonly used. (7) There are prominent similarities and differences
between the LPS and CLP models of experimental sepsis. In mice, the two models are
associated with similar behavioral deficits, mortality rates, and reductions in leukocyte counts.
(8) A major difference between the models is that LPS simulates gram-negative sepsis whereas
CLP simulates the clinical situation of polymicrobial sepsis. There are also significant
qualitative and quantitative differences in the cytokine profiles in serum and organ
homogenates between the two models. (9) While endotoxemia and CLP are sometimes used
interchangeably (10) and it is often assumed that LPS-mediated events contribute to the
pathogenesis of sepsis (11, (12), the differences between the models noted above, coupled to
reports describing the involvement of LPS-independent apoptotic pathways in thymus, spleen,
lung and gut (13), as well as LPS-independent mechanisms in the increased endothelial cell
adhesion molecules expression associated with CLP (14) place the validity of this assumption
in question.

Toll-like receptors (TLRs) are receptors of the innate immune system recognizing pathogen
associated molecular patterns. TLR-2 is the major signaling receptor for peptidoglycan, a major
part of the cell wall of gram-positive bacteria, whereas the major signaling receptor of LPS/
endotoxin (part of the cell wall of gram-negative bacteria) is TLR-4. (15) Stimulation of the
extracellular domain of a TLR triggers the intracellular association of myeloid differentiation
factor 88 (MyD-88) with its cytosolic domain. (16) MyD-88 therefore serves as a key adaptor
protein for both TLR-2 and TLR-4, linking the receptors to downstream kinases. (15) Another
protein required for functional TLR-4 signaling is the lymphocyte antigen 96 (Ly96) also called
myeloid differentiation-2 (MD-2). (17) This protein is associated with the extracellular domain
of TLR-4 and is required for LPS signaling through TLR-4, which is confirmed by studies
showing that Ly96 null mice do not respond to LPS. (18)

The overall objective of this study was to determine whether LPS contributes to the hepatic
microvascular dysfunction induced by CLP. This objective was achieved by comparing the
responses of blood cell-endothelial interactions and perfused sinusoidal density following CLP
or LPS challenge in LPS-sensitive (C3HeB/FeJ) and LPS-insensitive (C3H/HeJ) mice. To
further elucidate the role of LPS in CLP-induced hepatic microvascular dysfunction, we
monitored expression of TLR-2, TLR-4 (the main receptor for LPS signaling), MyD88 and
Ly96 using RT-PCR in livers of LPS-sensitive mice following CLP and compared the results
to values obtained from sham-operated animals and mice injected with 50 and 500 μg/kg LPS,
respectively. LPS concentrations were also measured in the portal vein and the inferior vena
cava of LPS-sensitive mice after sham operation, CLP or LPS administration.
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Material and Methods
Animals

Male C3H/HeJ (LPS-insensitive) or C3HeB/FeJ (LPS-sensitive) mice (6–8 weeks; 26.0g ±
0.5g) were obtained from Jackson Laboratory (Bar Harbor, ME). Animal handling procedures
were approved by the LSU Health Sciences Center Institutional Animal Care and Use
Committee and were in accordance with the guidelines of the American Physiological Society.

Experimental protocols
In the first set of experiments, the hepatic microcirculatory responses to CLP or 50 or 500 μg/
kg LPS were compared between LPS-sensitive or LPS-insensitive animals. At the end of each
experiment, blood was taken from the heart for blood cell counts and measurement of ALT.
In a second set of experiments, liver was harvested at 6 hours following CLP or LPS, and RT-
PCR was performed for measurement of hepatic expression of TLR-2, TLR-4, My-D88 and
Ly96. Additionally blood was taken from the portal vein and the inferior vena cava for
assessment of endotoxin concentration.

Cecal ligation and perforation (CLP)
To induce sepsis, the CLP procedure was used as described previously. (19) Briefly, animals
were anesthetized with ketamine hydrochloride (150 mg/kg i.m.) and xylazine (7.5 mg/kg i.m.).
A midline laparatomy was performed, the cecum was exteriorized and ligated distal of the
ileocecal valve without causing intestinal obstruction. Then, the cecum was perforated three
times using a 20-gauge needle (top, middle and bottom third) and squeezed to extrude fecal
contents that were spread around the cecum using a cotton swab. The incision was closed and
each mouse received 1 ml of normal saline subcutaneously for fluid resuscitation. The animals
were allowed free access to standard chow and water after induction of sepsis. In sham animals,
the cecum was exteriorized without ligation and puncture, whereas control mice did not
undergo any surgery at all. These groups yielded comparable results and therefore were
combined as the control group for the CLP data in Figures 1–3.

LPS-administration
LPS-sensitive or LPS-insensitive mice were anesthetized as above and injected with 50 or 500
μg/kg LPS from E. coli 0111:B4 (Sigma, St. Louis, MO) i.p. After the injection, each mouse
received 1 ml of normal saline subcutaneously for fluid resuscitation.

Isolation of platelets
Platelets were obtained from the blood of corresponding donor mice and labeled with the
fluorchrome carboxyfluorescein diacetate succinimudyl ester (CFDASE; Molecular Probes,
Eugene, OR) as previously described. This isolation process does not cause activation of
platelets as determined by P-selectin expression. (20)

Intravital microscopy
The animals were re-anesthetized 6 hours after the induction of CLP or LPS administration,
and intravital videomicrosopy was performed as described in detail elsewhere (21). The liver
surface was scanned for 3 – 5 venules, each of which was recorded for 1 minute. 100 μm
segments of terminal hepatic venules (THV) (diameter=15–45 μm) were observed. Leukocytes
and platelets were classified as firmly adherent cells if they remained stationary on the vessel
wall for >10 seconds and were quantified as #/mm2 venular wall (calculated assuming
cylindrical vessel geometry). (22) Within sinusoids, blood cells were considered stationary if
they did not move for the entire one minute observation period and expressed as #/mm2 liver
surface. Sinusoidal perfusion failure was quantified by the number of nonperfused sinusoids
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(expressed as nonperfused:total sinusoids per field of view). A sinusoid was considered
nonperfused if no white blood cells were observed flowing through it.

Blood cell counts and Alanine aminotransferase (ALT) activity
Blood was collected via cardiac puncture at the end of the experiments. Leukocyte and platelet
counts were performed with a hemocytometer, and serum ALT was measured using a kit from
ThermoDMA (Louisville, CO). ALT data are presented as units per liter at 37°C.

TLR-4 expression
Real-time PCR using standard protocols was employed to measure the expression of TLR-2,
TLR-4, MyD-88 and Ly96 in liver samples from LPS-sensitive mice following either CLP or
LPS-administration. Gene expression was determined using a comparative critical threshold
(CT) method. The content of the relevant gene in livers of mice exposed to CLP or LPS was
normalized to 18s content and expressed relative to the sham-operated group.

Endotoxin measurement
At the end of each experiment, a heparinized blood sample was collected directly from the
portal vein and the inferior vena cava. The platelet-rich plasma was prepared as described
previously. (23) Endotoxin was determined using a kinetic chromogenic assay with a
sensitivity range=0.005–50 EU/ml (Cambrex; Cottonwood, Az).

Statistical analysis
The Mann Whitney non-parametric test was used to compare two groups, and the Kruskal
Wallis test with Dunns post-hoc test was used to compare three or more groups, as appropriate.
The values are expressed as means ± standard deviation.

Results
CLP reduced platelet counts in both LPS-sensitive and –insensitive mouse strains (not
significant) (Table 1). In contrast, either 50 or 500 μg/kg LPS significantly reduced blood
leukocyte, but not platelet, count in LPS-sensitive mice, while neither blood cell was affected
by LPS in LPS-insensitive mice.

CLP experiments
Compared to their respective control mice, both LPS-sensitive and LPS-insensitive mice
exhibited significantly elevated yet comparable levels of leukocyte (panel A) and platelet
(panel B) adhesion in terminal hepatic venules (THV) at 6 hrs following induction of sepsis
by CLP (Figure 1). A similar pattern of leukocyte and platelet recruitment responses was noted
in hepatic sinusoids (Figure 2) of the two mouse strains after CLP. The blood cell recruitment
responses in liver sinusoids were accompanied by a significant reduction in the density of
perfused sinusoids (Figure 3) in both LPS-sensitive and LPS-insensitive mice. Hence, for all
measured variables related to blood cell recruitment and sinusoidal perfusion, no significant
differences were noted in the liver microcirculations of LPS-sensitive and LPS-insensitive mice
in response to CLP.

Serum-ALT levels (an indicator of hepatocellular injury) were not altered 6 hours following
the CLP-procedure in both strains of mice when compared with control or sham-operated mice
(Table 1).
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LPS experiments
Treatment of LPS-sensitive mice with LPS resulted in significant increases in both leukocyte
and platelet adhesion in THV of LPS-sensitive mice at 500 μg/kg, but not at 50 μg/kg LPS
(Figure 4). In LPS-insensitive mice neither dose of LPS affected leukocyte or platelet adhesion
in THV.

Injection of LPS in LPS-sensitive mice resulted in the recruitment of both leukocytes and
platelets in hepatic sinusoids (Figure 5). However, these blood cell adhesion responses were
not elicited by LPS in the liver sinusoids of LPS-insensitive mice. LPS administration also
caused an impairment of the sinusoidal perfusion, as reflected by the nearly 3-fold increase in
the number of nonperfused sinusoids observed in livers of LPS-sensitive mice receiving 500
μg/kg LPS (Figure 6). No changes in the density of perfused sinusoids were noted after either
dose of LPS in LPS-insensitive mice.

LPS administration (at both doses) in LPS-insensitive mice did not alter the serum ALT levels.
However, ALT levels were significantly increased by 500 μg/kg in LPS-sensitive mice (Table
1).

Endotoxin concentrations
While LPS/endotoxin was not detected in either sham or CLP mice, i.p. injection of LPS
increased the values of LPS in both LPS treated groups reaching statistical significance at a
dose of 500 μg/kg LPS (Table 2).

Hepatic mRNA expression
CLP and both LPS doses caused an approximate 8-fold increase of MyD-88 expression when
compared to sham animals while Ly96 expression did not change in all three experimental
groups (Figure 7). Hepatic TLR-2 expression increased more than 30-fold in all mice after CLP
and LPS-treatment compared to sham animals, whereas TLR-4 expression was only slightly
elevated in the LPS groups. Hepatic TLR-4 expression did not change in the CLP group when
compared to sham-operated mice. The observed changes in MyD-88 and TLR2 were not
significant, most likely due to small numbers/group.

Discussion
A recent study performed in our laboratory indicates that the liver microvasculature of C57Bl/
6 mice is profoundly affected by experimental sepsis induced by CLP. The hepatic
microvascular responses to CLP include l) the accumulation of leukocytes and platelets in THV
and hepatic sinusoids, and 2) an increase in the number of nonperfused sinusoids. (21) In the
present study, similar responses of the hepatic microvasculature to CLP were observed in
C3HeB/FeJ (LPS-sensitive) mice. Furthermore, we observed that administration of exogenous
LPS to C3HeB/FeJ mice elicits qualitatively and quantitatively (at 500 μg/kg) similar responses
to CLP in the hepatic microvasculature. While these similarities between LPS- and CLP-
induced sepsis suggest that LPS mediates this response, a comparison of the hepatic
microvascular responses to CLP between LPS-sensitive and LPS-insensitive mice does not
support this possibility.

A comparison of the responses in the hepatic microvasculature to different doses of LPS in
sensitive and insensitive mice confirms the view that these mice can distinguish between LPS-
dependent and LPS-independent pathways. The mechanism underlying the LPS-insensitivity
in C3H/HeJ mice involves a defect in the TLR-4 receptor. (24) This receptor is known to engage
LPS produced by Gram-negative bacteria by forming a molecular protein complex with CD14
and the secreted protein Ly96. (25) Our data indicate that the LPS-induced blood cell/

Singer et al. Page 5

J Hepatol. Author manuscript; available in PMC 2008 December 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



endothelial cell interactions and sinusoidal malperfusion in the liver are not manifested in the
absence of a functional TLR-4. This observation with exogenous LPS is consistent with a
previous report demonstrating a more profound E-selectin upregulation on endothelial cells in
LPS-sensitive mice exposed to LPS, compared to the largely absent response observed in LPS-
insensitive mice. (14) Other cell types are also likely to participate in the blunted responses
observed in C3H/HeJ mice since macrophages derived from these mice fail to induce
inflammatory cytokines such as TNF, IL-1 and IL-6 in response to LPS challenge and their
splenic B-cells do not proliferate after LPS-exposure. (26)

In order to optimize our comparison of the CLP and LPS models of experimental sepsis, both
experimental procedures were kept as similar as possible, e.g., both groups were anesthetized,
and the animals received the same fluid resuscitation. There are several lines of evidence
derived from our work that support the view that LPS (and consequentially TLR-4) is not
important in eliciting the hepatic microvascular responses to the CLP model of polymicrobial
sepsis. First, induction of sepsis using CLP caused similar alterations of the hepatic
microvasculature, i.e. leukocyte and platelet adhesion in venules, blood cell recruitment in
sinusoids and number of nonperfused sinusoids, in both LPS-insensitive and LPS-sensitive
mice. Second, a dose of 500 μg/kg LPS was required to produce quantitatively similar responses
of the hepatic microcirculation to CLP in LPS-sensitive mice. Even at this high dose of LPS,
we were unable to elicit any of the hepatic microvascular alterations in LPS-insensitive mice,
which is consistent to previous reports that describe a hyporesponsiveness of the hepatic
microcirculation (leukocyte adhesion to sinusoids and central venules and sinusoidal
perfusion) in LPS-insensitive mice challenged with LPS. (27) Third, injection of both doses
of LPS tended to reduce blood leukocyte count in LPS-sensitive mice, while CLP had no effect
on this variable in the same mouse strain (see Table 1). Fourth, injection of LPS at a dose of
500 μg/kg caused a significant elevation in ALT levels in LPS-sensitive mice, while CLP did
not alter serum ALT at the same time (6 hrs) after induction of the inflammatory state.

Another finding that argues against a role for LPS as a mediator of the responses elicited by
CLP is the absence of detectable LPS in portal and vena caval blood after CLP, while the
bacterial product was detected in blood after LPS administration. Our results contrast others
that show a significant increase of LPS in blood samples obtained from the hearts of mice after
CLP. (28) However, the levels of LPS detected by these authors in mice following CLP were
about one-tenth the values detected in our experimental group treated with 50 μg/kg LPS and
about 380-fold lower than the values detected in our 500 μg/kg LPS group.

The increase in hepatic gene expression of TLR-2 and the unchanged expression of TLR-4
mRNA in LPS-sensitive animals following two doses of LPS in our study are consistent with
previous reports. Murine splenic macrophages respond to treatment with LPS with an increased
TLR-2 mRNA while TLR-4 gene expression remains constant. (29) Similarly, it has been
shown in mice that LPS treatment upregulates hepatic TLR-2 mRNA and does not affect TLR-4
gene expression in the liver. (27) Our results in the CLP group (upregulation of TLR-2 and
unchanged TLR-4) are in contrast to a report showing increases of both TLR-2 and TLR-4 in
the livers of CLP treated ICR/HSD mice. (30) This difference may relate to the different mouse
strains studied.

Ly96 is a binding protein that is required for the function of TLR-4 and several reports have
identified the TLR-4/Ly96 complex as the major signaling receptor for LPS in mammals. (26,
(31) Therefore, it is not unexpected that Ly96 mRNA levels in mouse liver do not change after
either CLP or LPS treatment, showing the same pattern as TLR-4 mRNA expression. MyD-88
has been identified as a cytosolic adaptor protein for several TLRs including both TLR-2 and
TLR-4. (32) Thus, the upregulation of TLR-2 noted in all of our experimental groups may be
closely linked to the increased expression of MyD-88. It has been shown that a deficiency of
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MyD-88, but not TLR-2 or TLR-4, renders mice more resistant to the lethal effects of
polymicrobial sepsis. (32) Our results, coupled to the findings of the latter report, argue against
a role of TLR-4 in mediating the hepatic responses to polymicrobial sepsis.

While our results argue against a role for LPS as a mediator of the hepatic microvascular
responses to CLP, a contribution of other bacterial products cannot be discounted, as supported
by studies showing a significantly improved survival of CLP-mice treated with antibiotics.
(33) Furthermore, the phagocytic function of neutrophils appears to be important in the control
of sepsis. Depletion of neutrophils before the induction of CLP greatly enhanced the bacteremic
response to this insult (34) and a recent study from our laboratory strongly implicates
neutrophils in the hepatic microvascular alterations induced by CLP. (21) However, it remains
unclear whether the presence of whole bacteria per se and/or immune responses related to the
presence of bacteria in the blood stream (eg. complement activation) contributes to the blood
cell recruitment and sinusoidal malperfusion that result from CLP-induced sepsis.
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Figure 1.
Firm adhesion of leukocytes (panel A) and platelets (panel B) in terminal hepatic venules
following cecal ligation and puncture (CLP) in LPS-sensitive and LPS-insensitive mice. * p <
0.005 versus LPS sens Ctrl; # p < 0.0005 versus LPS insens Ctrl. n=8 for LPS sens Ctrl, n=6
for LPS sens CLP, n=9 for LPS insens Ctrl, n=6 for LPS insens CLP.
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Figure 2.
Leukocyte (panel A) and platelet (panel B) recruitment in hepatic sinusoids of LPS-sensitive
and LPS-insensitive mice after cecal ligation and puncture (CLP). * p < 0.001 versus LPS sens
Ctrl; # p < 0.0005 versus LPS insens Ctrl. n=8 for LPS sens Ctrl, n=6 for LPS sens CLP, n=9
for LPS insens Ctrl, n=6 for LPS insens CLP.
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Figure 3.
Number of nonperfused sinusoids (NPS) in LPS-sensitive and LPS-insensitive mice after cecal
ligation and puncture (CLP). * p < 0.001 versus LPS sens Ctrl; # p < 0.0005 versus LPS insens
Ctrl. n=8 for LPS sens Ctrl, n=6 for LPS sens CLP, n=9 for LPS insens Ctrl, n=6 for LPS insens
CLP.
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Figure 4.
Leukocyte (panel A) and platelet adhesion (panel B) in terminal hepatic venules of LPS-
sensitive and LPS-insensitive mice after graded doses of LPS (50 and 500 μg/kg, respectively)
and controls. * p < 0.05 versus corresponding Ctrl; # p < 0.05 versus corresponding LPS.insens
group. n=4 for LPS sens Ctrl, n=3 for LPS sens 50g/kg, n=6 for LPS sens 500 g/kg, n=5 for
LPS insens Ctrl, n=3 for LPS insens 50g/kg, n=3 for LPS insens 500 g/kg.
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Figure 5.
Leukocyte (panel A) and platelet (panel B) recruitment in hepatic sinusoids following injection
of 50 and 500 μg/kg LPS in LPS-sensitive and LPS-insensitive mice. * p < 0.01 versus
corresponding Ctrl; # p < 0.05 versus corresponding LPS insens group. n=4 for LPS sens Ctrl,
n=3 for LPS sens 50g/kg, n=6 for LPS sens 500 g/kg, n=5 for LPS insens Ctrl, n=3 for LPS
insens 50g/kg, n=3 for LPS insens 500 g/kg.
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Figure 6.
Sinusoidal perfusion failure (number of nonperfused sinusoids) in LPS-sensitive and LPS-
insensitive animals after treatment with 50 and 500 μg/kg LPS. * p < 0.05 versus corresponding
Ctrl; # p < 0.05 versus corresponding LPS insens group. n=4 for LPS sens Ctrl, n=3 for LPS
sens 50g/kg, n=6 for LPS sens 500 g/kg, n=5 for LPS insens Ctrl, n=3 for LPS insens 50g/kg,
n=3 for LPS insens 500 g/kg.
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Figure 7.
Fold changes in hepatic mRNA expression of MyD-88, Ly96, TLR-2 and TLR-4, measured
using RT-PCR in LPS-sensitive mice following sham-surgery, CLP, or administration of either
50 or 500 μg/kg LPS.
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Table 1
Changes in blood cell counts following CLP or LPS treatment in LPS-sensitive and LPS-insensitive mice.

Leukocytes (/μl)# Platelets (# x 103/μl) ALT (IU/l)

LPS-sensitive
Control 2680 ± 460 1100 ± 83 32 ± 5
Sham 3340 ± 860 1089 ± 114 62 ± 6
CLP 2910 ± 360 841 ± 56 54 ± 4
50 μg/kg LPS 1520 ± 180 * # 621 ± 73 * # 44 ± 6
500 μg/kg LPS 1060 ± 120 * # 784 ± 65 * 81 ± 10 *

LPS-insensitive
Control 4330 ± 740 1145 ± 70 35 ± 9
Sham 4900 ± 570 985 ± 55 56 ± 7
CLP 2970 ± 340 794 ± 67 64 ± 5
50 μg/kg LPS 5450 ± 980 998 ± 104 65 ± 10
500 μg/kg LPS 4180 ± 1140 1017 ± 19 56 ± 7

*
p < 0.05 versus corresponding controls

#
p < 0.05 versus corresponding dose in LPS-insensitive mice.
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Table 2
Endotoxin-Concentrations in Portal Vein and V. cava inferior in LPS-sensitive mice after sham operation, CLP
and graded doses of LPS-injection (50 and 500 μg/kg, respectively).

LPS in Portal Vein (EU/ml) LPS in V. cava inferior (EU/ml)

Sham n.d. (n=3) n.d. (n=3)
CLP n.d. (n=3) n.d. (n=3)
LPS 50 μg/kg 18.9 ± 4.8(n=4) 49.3 ± 26.1 (n=4)
LPS 500 μg/kg 653.7 ± 175.7 * (n=5) 561.4 ± 139.1 * (n=5)

n.d. not detectable

*
p < 0.05 versus sham, CLP, LPS 50 μg/kg
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