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Abstract
Background—We reported recently that endotoxemia promotes microvascular thrombosis in
cremaster venules of wild type mice, but not in mice deficient in toll-like receptor-4 (TLR4) or
von Willebrand factor (VWF).

Objective—To determine whether the clinically relevant model of polymicrobial sepsis induced
by cecal ligation/perforation (CLP) induces similar responses via the same mechanisms as
endotoxemia.

Methods—We used a light/dye injury model of thrombosis in the cremaster microcirculation of
wild type mice and mice deficient in toll-like receptor-4 (C57BL/10ScNJ), toll-like receptor-2
(TLR-2), or VWF. Mice underwent CLP or sham surgery, or an intraperitoneal injection of
endotoxin (LPS) or saline. In the CLP model, we assessed the influence of fluid replacement on
thrombotic responses.

Results—Both CLP and LPS enhanced thrombotic occlusion in wild type mice. In contrast to
LPS, CLP enhanced thrombosis in TLR4- and VWF-deficient strains. While TLR-2-deficient mice
did not demonstrate enhanced thrombosis following CLP, LPS enhanced thrombosis in these
mice. LPS, but not CLP, increased plasma VWF antigen relative to controls. Septic mice,
particularly those undergoing CLP, developed significant hemoconcentration. Intravenous fluid
replacement with isotonic saline prevented the hemoconcentration and prothrombotic responses to
CLP, though fluids did not prevent the prothrombotic response to LPS.

Conclusions—Polymicrobial sepsis induced by CLP and endotoxemia promote microvascular
thrombosis via distinct mechanisms; enhanced thrombosis induced by CLP requires TLR-2 but not
TLR4 or VWF. The salutary effects of intravenous fluid replacement on microvascular thrombosis
in polymicrobial sepsis remain to be characterized.
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INTRODUCTION
Sepsis is a significant contributor to mortality in intensive care units[1] associated with
endothelial dysfunction and a prothrombotic state[2]. Microvascular thrombosis has been
documented in human sepsis and in animal models[3–7], and is suggested to contribute to
sepsis-associated organ dysfunction[8]. One commonly used model of experimental sepsis
involves systemic administration of endotoxin (lipopolysaccharide, LPS), a cell wall
component of gram-negative bacteria. Endotoxemia results in platelet adhesion to
microvessels in vivo, and promotes microvascular thrombosis in a photochemical injury
model[9–11]. We reported previously that the enhanced microvascular thrombosis induced
by endotoxemia required the endotoxin signaling receptor toll-like receptor 4 (TLR4)[11],
and von Willebrand factor (VWF)[12]. Whether these mechanisms promote microvascular
thrombosis in other experimental sepsis models is unclear.

While studies in endotoxemic animals have generated significant knowledge, the clinical
relevance of this model has been questioned since a bolus of endotoxin does not reflect the
complex pathophysiology of most cases of human sepsis[13]. Alternative sepsis models
have been proposed[14], including the well-characterized model of polymicrobial sepsis
induced by cecal ligation and perforation (CLP), which involves different signaling
mechanisms and cytokine profiles than endotoxemia[15–17]. The main objective of this
study was to determine whether polymicrobial sepsis induced by CLP promotes
microvascular thrombosis, via similar mechanisms as those reported previously in
endotoxemic mice. Specifically, we assessed the role of TLR4 and VWF on microvascular
thrombosis in CLP, and compared hemodynamic, hematologic and cytokine profiles
between the models. Since TLR-2 mediates certain inflammatory responses to CLP in some
models[18, 19], we assessed the role of TLR-2 on microvascular thrombosis in CLP and
LPS. The data demonstrate that both polymicrobial sepsis and endotoxemia promote
microvascular thrombosis, with distinct contributions of TLR4, VWF, and TLR-2, and with
a differential response to intravenous fluid replacement.

MATERIAL AND METHODS
Male mice, ~25–30 g of weight, were studied; all protocols were approved by the Animal
Care and Use Committee of Baylor College of Medicine. We studied C57BL/6 mice(wild
type), VWF-deficient mice[20] and their littermate controls, TLR4-deficient mice (C57BL/
10ScNJ)[21] and their controls, C57Bl/10J, and TLR-2 deficient mice. VWF-deficient mice
and their littermate controls (backcrossed onto C57BL/6 for >8 generations) were generated
by heterozygous breeding; TLR-2 deficient mice (backcrossed onto C57BL/6 for >9
generations) were generated by homozygous breeding. All strains originated from the
Jackson Laboratories; VWF strains were genotyped by PCR analysis of tail clippings, and
the phenotype of TLR-4 deficient mice was demonstrated by evaluating their response to
endotoxin.

Animal preparation
Mice were anesthetized with an intraperitoneal (IP) injection of pentobarbital (50 mg/kg),
with additional doses (12.5–25 mg/kg) as needed. They were placed on a custom Plexiglas
tray and maintained at 37 °C with a homeothermic blanket, monitored with a rectal
temperature probe (F.H.C., MA). A tracheotomy was performed to facilitate breathing, a
jugular vein was cannulated for intravenous drug administration, and a carotid artery was
cannulated for heart rate and blood pressure measurement. The cremaster muscle was
exteriorized and prepared for intravital microscopy as described[11, 22].
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Intravital microscopy
The preparation was placed under an upright microscope (BX-50, Olympus, NY), observed
with a 40X water-immersion objective (N.A. 0.8) and allowed to equilibrate for 30 minutes.
After equilibration, FITC-dextran (150 kD, 10 ml/kg of a 5% solution) was injected via the
venous catheter and allowed to circulate for ~10 minutes. Thereafter, venular diameter was
measured (image 1.6, NIH, public domain software) as well as mean blood cell velocity
(Vdoppler, using an optical Doppler velocimeter, Cardiovascular Research Institute, Texas
A&M University). Venular wall shear rate (γ) was calculated as 8(Vdoppler/1.34)/
diameter[23].

Following those measurements, light/dye-induced injury was begun by exposing ~100 µm
of vessel length to epi-illumination, with a 175W xenon lamp (Lambda LS, Sutter, CA) and
a fluorescein filter cube (HQ-FITC, Chroma, VT). Excitation light was monitored daily (IL
1700 Radiometer, SED-033 detector, International Light, MA) and maintained at 0.6 W/cm2

as described[11]. Epi-illumination was applied continuously and the following times were
recorded: 1) Time of onset of platelet aggregates and 2) Time of flow cessation, for at least
60 seconds.

Cecal ligation/perforation protocol
Cecal ligation and perforation (CLP) was performed using techniques comparable to those
described by others[15, 16]. Briefly, animals were anesthetized as described above, a
midline laparotomy was performed to expose the cecum, which was then ligated at its base
with 2-0 silk suture and perforated three times with a 20-gauge needle. A small amount of
feces were gently squeezed and spread on the cecum with a cotton swab. The incision was
closed and the animals received subcutaneous buprenorphine (1.0 mg/kg) for post-operative
analgesia and isotonic saline (1 ml) for fluid replacement. Sham-operated CLP mice
underwent laparotomy and cecal exposure but no ligation or perforation; they received
buprenorphine and isotonic saline as above. Mice were allowed to recover from anesthesia
under a heating lamp with continuous monitoring. They were re-anesthetized ~4.5 hours
later to prepare them for thrombosis experiments as described above. An additional group of
mice underwent CLP or sham surgery for blood collection at 24 hours. These mice received
additional doses of buprenorphine (1.0 mg/kg subcutaneously every 6 hours) and isotonic
saline (1.0 ml subcutaneously 12 hours after surgery).

Experimental groups
To determine the influence of CLP on thrombosis, photochemical-induced thrombosis was
assessed in CLP and sham-operated mice 6 hours following surgery. For endotoxemia
experiments, mice were injected intraperitoneally with either endotoxin (lipopolysaccharide,
LPS) from Escherichia coli serotype 0111:B4 (Sigma, endotoxin content 1 × 106 EU/mg) at
5 mg/kg in 0.5 ml of sterile, pyrogen-free isotonic saline or 0.5 ml saline, 4 hours prior to
photochemical injury. This dose and preparation of LPS is shown to be sublethal in C57BL/
6 mice; the reported LD50 is more than one order of magnitude higher[24].

Within each group, the investigator performing intravital microscopy was blinded to
genotype and intervention (saline vs. LPS, or CLP vs. sham). Blinding was not feasible
between the sepsis models since an abdominal incision was evident on CLP/sham mice but
not LPS/saline mice.

In some experiments, mice received intravenous (I.V.) fluid replacement (isotonic saline, 16
ml/kg, via slow intravenous injection over a period of 10–15 minutes). I.V. fluids were
administered prior to exteriorization of the cremaster muscle (~ 3 hours following LPS or
saline injection, and ~5 hours following CLP or sham surgery).
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Hematologic and cytokine measures
In separate wild-type mice in each sepsis model, blood was collected via a vascular catheter
into EDTA-coated tubes for platelet counts and hematocrit, performed with a Coulter
counter in a reference laboratory (Center for Comparative Medicine, Baylor College of
Medicine, TX). These mice did not undergo intravital microscopy or photochemical injury.
Platelet-poor plasma from such mice was collected by centrifugation, stored at −80°C, and
later analyzed for tumor necrosis factor-α (TNF-α), interleukin-6 (IL-6), VWF antigen, and
thrombin-antithrombin complexes (TAT). We used commercially available ELISA kits for
TNF-α and IL-6 (BD Biosciences, CA), VWF (Ramco Laboratory, TX), and TAT
(Enzygnost, Siemens), according to the manufacturer’s instructions. The TAT assay uses
anti-human antibodies but has cross-reactivity with murine specimens. The investigator
performing ELISA assays was blinded to the experimental conditions.

Statistics
All data are expressed as mean±SE; comparisons by genotype within test groups (i.e. LPS
vs. saline, or CLP vs. sham) were done with one-way analysis of variance with Fisher’s
post-hoc test, using Statview 5.01 statistical software (SAS Institute, NC). A p<0.05 was
considered statistically significant. Comparisons between more than 2 groups used a
Bonferroni correction, and the p value was adjusted accordingly.

RESULTS
Intravital microscopy was performed on 211 mice; average weight was 28.6±0.2 g, average
venule diameter was 45±0.2 µm. There were no statistical differences in weight, microvessel
diameters, and shear rates within each comparison group (data not shown).

Polymicrobial sepsis and endotoxemia promote microvascular thrombosis
Figure 1 depicts the influence of CLP and endotoxemia on kinetics of light/dye-induced
thrombosis in venules of wild-type (WT) mice. Both CLP and endotoxin enhanced
microvascular thrombosis, manifest as a significant reduction in the time to flow cessation
relative to their respective controls. The time of onset of thrombosis was significantly
reduced in LPS-treated mice, but not in mice undergoing CLP. The magnitude of the
prothrombotic response to LPS was comparable to that reported previously by us[11, 12].

Role of TLR4 and VWF in the prothrombotic responses to polymicrobial sepsis
Figure 2 depicts the influence of CLP and endotoxemia on kinetics of light/dye-induced
thrombosis in venules of TLR4-deficient mice. As in the case of WT mice, CLP enhanced
thrombosis in TLR4-deficient mice, manifest by a reduction in the time to thrombotic
occlusion, with no change in time to onset of thrombosis. Similarly, CLP resulted in 25%
reduction in time to flow cessation in the control strain for TLR4-deficient mice (C57BL/
10J, n=8–9 per group, p<0.05). In contrast, endotoxin had no effect on the kinetics of
thrombosis in TLR4-deficient mice, as anticipated by their lack of sensitivity to LPS[21],
demonstrated previously in this model[11]. Based on our recent report that VWF was
required for LPS-enhanced thrombosis[12], we determined whether VWF was required for
enhanced thrombosis induced by CLP. As shown in Figure 3, CLP promoted thrombosis in
both VWF-deficient mice (VWF−/−) and their littermate controls (VWF+/+) with a similar
pattern: reduced time to thrombotic occlusion without effect on onset of thrombosis. As
shown previously in this model[12], VWF−/− mice had prolonged times to thrombotic
occlusion under control conditions (sham) as compared to littermates.
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Role of TLR-2 in Microvascular Thrombosis in Experimental Sepsis
Figure 4 illustrates the influence of CLP and endotoxemia on light/dye-induced thrombosis
in venules of TLR-2 deficient mice. In these mice, CLP did not alter either onset of
thrombosis or thrombotic occlusion relative to sham-operated controls. In contrast, LPS
enhanced thrombosis in TLR-2 deficient mice, reducing both the times to onset and to flow
cessation.

VWF antigen and TAT levels in experimental sepsis
To determine the influence of experimental sepsis on plasma VWF, we measured plasma
VWF antigen levels in sham- and CLP-operated mice, as well as in mice treated with saline
or LPS. As shown in Table 1, plasma VWF antigen levels did not differ between sham- and
CLP-operated mice. However, LPS enhanced VWF antigen, comparable to our prior
findings[12]. Similarly, the LPS and CLP models also differed in their activation of systemic
coagulation, as determined by plasma TAT complexes; LPS, but not CLP, resulted in a
statistically significant increase in TAT (Table 1). To determine whether our CLP model
increases plasma VWF at later time points, as reported by others[25], we measured VWF
antigen levels 24 hours after sham or CLP surgery. However, VWF did not differ between
sham and CLP mice at 24 hours (10.1±1.1% vs. 10.1±0.6%, respectively, n=14–16 per
group, N.S.).

Hematologic and cytokine responses to endotoxemia and polymicrobial sepsis
To compare the systemic responses in each of the two sepsis models, we assessed various
hematologic and plasma cytokine parameters in WT mice undergoing CLP or LPS injection.
As illustrated in Table 1, both models induced significant increases in plasma interleukin-6
and hematocrit. The hemoconcentration was particularly pronounced in the CLP model. In
contrast, endotoxemia but not polymicrobial sepsis, was associated with significant
thrombocytopenia and increased plasma levels of tumor necrosis factor-α (TNF-α).

Effects of intravenous fluid replacement on thrombotic responses
Although CLP mice received 1.0 ml of saline subcutaneously at the time of surgery, used
commonly in this model, Table 1 demonstrates that these mice developed significant
hemoconcentration, consistent with intravascular volume depletion. Thus, we assessed the
influence of intravenous fluid replacement on the thrombotic responses. First, we
demonstrated that isotonic saline, at a dose used by others in rodent models of experimental
sepsis (16 ml/kg)[26] prevented hemoconcentration in these mice (Table 1). Subsequently,
we assessed the effects of CLP and LPS on microvascular thrombosis in mice receiving
intravenous saline at that dose. As shown in Figure 5, I.V. fluid replacement prevented the
enhanced microvascular thrombosis induced by CLP, but did not prevent the prothrombotic
manifestations in LPS-treated mice (reduced time to onset of thrombosis and flow
cessation). The effects of I.V. fluids on microvascular thrombosis in the CLP model were
not accompanied by changes in systemic hemodynamics (mean arterial pressure, heart rate)
or wall shear rate of the venules we studied (Table 2).

DISCUSSION
The primary finding of this study is that polymicrobial sepsis and endotoxemia promote
light/dye-induced microvascular thrombosis in mouse cremaster venules by distinct
mechanisms. Our data suggest a mechanistic role for TLR-2 in the enhanced thrombosis in
polymicrobial sepsis, though TLR4 and VWF were not required in our model. In contrast,
TLR4 and VWF (but not TLR2), mediate enhanced thrombosis in endotoxemia, as shown in
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this manuscript and our recent reports [11, 12]. Further, the enhanced thrombosis induced by
CLP, but not by LPS, was prevented by intravenous fluid replacement.

Polymicrobial sepsis and endotoxemia have been reported to have differing temporal
cytokine responses, innate defense mechanisms, and signaling molecules involved[15–17].
Intraperitoneal administration of endotoxin to mice induces peak cytokine responses of
TNF-α, interleukin-1β and interleukin-6 as early as 1.5–2 hours after injection, decreasing
by 4 hours[27], in contrast to a delayed profile in CLP, continuing to increase 8 hours
following surgery[17]. The plasma cytokine data shown in Table 1 exemplify these
differences. Although we studied CLP mice at a later time point than LPS (6 vs. 4 hours),
both models represent early stages of the inflammatory process and demonstrate that
prothrombotic manifestations occur early in experimental sepsis.

The finding that intravenous fluid replacement prevented the prothrombotic responses
induced by CLP but not by endotoxemia is intriguing. As shown in Table 2, I.V. fluid
replacement did not change mean arterial pressure, heart rate or venular wall shear rate.
However, since fluid resuscitation of mice undergoing CLP improves cardiac output[28], we
cannot exclude changes in microvascular hemodynamics in other regions of the
microcirculation. In addition, hemodilution induced by fluid replacement, and its associated
rheologic effects, may improve tissue perfusion[29]. Conceivably, enhanced microvascular
perfusion may result in shear-dependent release of agonists such as nitric oxide or
prostacyclin, known to impact platelet-microvessel interactions[30]. Further, reversal of
hemoconcentration may account for the beneficial effects of I.V. fluids on microvascular
thrombosis, since increased hematocrit promotes hemostasis ex vivo[31, 32], and
hemoconcentration associated with water deprivation enhances photochemical injury-
induced thrombosis in mice[33]. Intravenous fluids have also been shown to improve
microvascular dysfunction and survival in rodent sepsis[26, 28], and they represent the
mainstay of initial resuscitation in patients with severe sepsis and septic shock[34]. The
mechanisms by which fluid replacement prevented the prothrombotic manifestations of
polymicrobial sepsis in our study remain to be clarified.

Our data support a differential role of toll-like receptors in microvascular thrombosis in CLP
and LPS models. Toll-like receptors are components of the innate immune response
responsible for recognizing pathogen-associated molecular patterns and initiating
intracellular signaling, ultimately enhancing expression of a variety of inflammatory
genes[35, 36]. Enhanced TLR-2 expression has been shown in monocytes of septic
humans[37, 38] and has been implicated in the pathogenesis of various mouse models of
inflammation, including CLP-induced sepsis[39, 40], procoagulant responses to
antiphospholipid antibodies[35], and atherosclerosis[41, 42]. To our knowledge, the role of
TLR-2 in thrombosis in experimental sepsis has not been described previously. Our findings
in TLR-2-deficient mice shown in Figure 4 support the notion that TLR-2 mediates
enhanced thrombosis in polymicrobial sepsis, but not endotoxemia. Although Figures 1 and
4 seem to suggest that thrombosis kinetics may differ between TLR-2-deficient and wild-
type mice under control conditions (e.g., lower values for saline and sham groups in TLR-2
deficient mice), future studies using littermate controls will be required to address this
question.

As shown in Figure 2, TLR4-deficiency did not influence the prothrombotic manifestations
induced by CLP. While the pathogenic role of TLR4 in endotoxemia is well established, its
role in polymicrobial sepsis is less clear, as conflicting data exist. For example, mice with
defective TLR4 were reported to have either similar[16] or reduced[43] mortality following
CLP as compared to controls. In addition, while TLR4 was not required for CLP-induced
microvascular recruitment of inflammatory cells in some studies[15, 18], others reported
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TLR4-dependent neutrophil and renal inflammatory responses following CLP[43, 44]. Thus,
we investigated the role of TLR4 in microvascular thrombosis induced by polymicrobial
sepsis, demonstrating that TLR4 was not required for the CLP-enhanced thrombosis.

We also found that VWF was not required for the enhanced microvascular thrombosis
induced by CLP, in contrast with our recent report that endotoxemia failed to enhance
microvascular thrombosis in the same strain of VWF-deficient mice[12]. In the present
manuscript (Figure 3) and in our prior report, VWF-deficient mice demonstrated delayed
microvascular thrombosis under control conditions, consistent with data obtained in a ferric
chloride model of thrombosis with this strain[20], and those obtained with mice deficient in
the VWF receptor GPIbα[45]. We anticipated a role for VWF in microvascular thrombosis
in polymicrobial sepsis, based not only on our prior findings in endotoxemia, but also on
clinical data. Administration of endotoxin to healthy humans enhances plasma VWF and its
more adhesive/pro-thrombotic ultra-large (UL) multimeric form (ULVWF)[46]. Similarly,
septic patients with organ failure demonstrate enhanced levels of ULVWF[47, 48],
suggesting a possible role for this molecule in clinical sepsis. Our data demonstrate that
enhanced microvascular thrombosis induced by CLP at an early time point is independent of
VWF. Interestingly, we did not detect elevation of VWF at a later time point (24 hours after
surgery); these findings contrast with those reported by Lerolle et al., that VWF antigen
increased significantly in mice 16 hours following CLP[25]. The reasons for the different
results are not entirely clear, though several methodologic differences between the studies
(CLP technique, postoperative analgesia, fluid replacement, VWF assays, etc.) tend to limit
direct comparisons of these findings. Although we could not detect an increase in VWF
antigen at 6 or 24 hours following CLP, we cannot exclude a possible role of this molecule
in microvascular thrombosis at later time points in polymicrobial sepsis.

In summary, we report that polymicrobial sepsis and endotoxemia promote microvascular
thrombosis in mouse cremaster venules, assessed with a light/dye-injury model, via distinct
mechanisms. In the case of CLP, enhanced thrombosis required TLR-2, but not VWF or
TLR4; these two molecules mediate endotoxin-enhanced microvascular thrombosis. The
salutary effects of intravenous fluid replacement on microvascular thrombosis in
polymicrobial sepsis remain to be characterized.
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FIGURE 1.
Thrombotic responses in wild type mice in both sepsis models: cecal ligation/perforation
(CLP) and sham-operated controls (left), and saline- and LPS-treated mice (right). Data
shown as mean±SE, n=8–12 per group. *: p<0.05, †: p<0.005, for comparison with the
respective control group.
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FIGURE 2.
Thrombotic responses in TLR-4 deficient mice in both sepsis models: CLP and sham-
operated (left), and saline- and LPS-treated mice (right). Data shown as mean±SE, n=9–11
per group. *: p<0.05, for comparison between sham-operated and CLP groups.
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FIGURE 3.
Thrombotic responses in CLP and sham-operated VWF-deficient mice (VWF−/−) and their
littermate controls (VWF+/+). Data shown as mean±SE, n=8–12 per group. †: p<0.005 for
comparison between sham-operated and CLP groups, #: p<0.05 for comparison between
sham-operated VWF+/+ and VWF−/− mice; †: p<0.005, for comparison between sham-
operated and CLP groups. Note different ordinate scale as compared to all other figures.
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FIGURE 4.
Thrombotic responses in TLR-2 deficient mice in both sepsis models: CLP and sham-
operated (left), and saline- and LPS-treated mice (right). Data shown as mean±SE, n=9–12
per group. *:p<0.05, for comparison between LPS- and saline-treated mice.
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FIGURE 5.
Thrombotic responses in wild type mice following intravenous (I.V.) fluid replacement with
isotonic saline (16 ml/kg) in both sepsis models: CLP and sham-operated (left), and saline-
and LPS-treated (right). Data shown as mean±SE, n=6 per group. *: p<0.05, for comparison
between LPS- and saline-treated mice.
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Table 2

Hemodynamic parameters in C57BL/6 mice.

Wall shear rate
(s−1)

MAP
(mmHg)

Heart Rate
(beats/min)

CONTROL

Sham 507.8±29.6 70.1±3.8 496.2±25.7

CLP 479.7±30.7 61.6±5.6 536.0±22.6

Saline 483.6±26.5 80.3±2.7 434.0±7.9

LPS 397.8±30.2 83.9±3.4 599.8±11.8 (†)

+ I.V. FLUIDS

Sham 520.8±25.3 70.7±4.4 431.2±25.8

CLP 477.8±41.1 71.2±4.8 492.2±26.1

Saline 497.7±37.2 82.2±3.4 441.7±9.4

LPS 470.8±25.5 105.4±8.7 (*) 651.0±20.9 (†)

Values represent mean ± standard error.

*
p<0.05,

†
p<0.005
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