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Abstract
Objective—Sepsis, a leading cause of mortality in critically ill patients, is closely linked to the
excessive activation of coagulation and inflammation. Protein Z (PZ), a cofactor for the protein Z-
dependent protease inhibitor (ZPI), enhances the inhibition of coagulation factor Xa and ZPI
inhibits factor XIa in a PZ-independent fashion. The functions of PZ and ZPI in the inflammatory
and coagulant responses to septic illness have not been evaluated.

Design—For induction of generalized Shwartzman reaction (GSR), dorsal skinfold chamber-
equipped mice were challenged twice with lipopolysaccharide (0.05 mg/kg bw on day −1 and 5
mg/kg bw 24 h later). Time-matched control animals received equal volumes of saline.

Setting—University research laboratory.

Subjects, Interventions and Measurements—Using intravital fluorescence microscopy in
ZPI-deficient (ZPI−/−) and PZ-deficient (PZ−/−) mice as well as their wild-type littermates (ZPI+/+,
PZ+/+), kinetics of light/dye-induced thrombus formation and microhemodynamics were assessed
in randomly chosen venules. Plasma concentrations of CXCL1, IL-6 and IL-10 were measured.
Liver and lung were harvested for quantitative analysis of leukocytic tissue infiltration and
thrombus formation.

Main Results—After induction of GSR, all mice showed significant impairment of
microhemodynamics, including blood flow velocity, volumetric blood flow and functional
capillary density as well as leukocytopenia and thrombocytopenia. Thrombus formation time was
markedly prolonged after induction of GSR in all mice, except of ZPI−/− mice, which also had a
significantly higher fraction of occluded vessels in liver sections. PZ−/− mice developed the
highest concentrations of IL-6 and IL-10 in response to GSR and showed greater leukocytic tissue
infiltration than their wild-type littermates.
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Conclusions—In this murine model of GSR, ZPI deficiency enhanced the thrombotic response
to vascular injury, whereas PZ deficiency increased inflammatory response.
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Introduction
The coagulation cascade plays an important role in sepsis by triggering a disseminated
intravascular coagulation with microvascular thrombosis, tissue hypoperfusion and multiple
organ failure (1). Therefore, therapeutic strategies directed at sepsis-related disordered
coagulation and inflammation through the administration of natural anticoagulants, such as
protein C and antithrombin, became a focus of interest (2-4). Protein Z (PZ) and protein Z-
dependent protease inhibitor (ZPI, SerpinA10) also regulate coagulation, but their influence
in sepsis has not been studied thus far.

PZ was initially identified by Prowse and Esnouf in bovine plasma in 1977 (5) and the
human homologue subsequently isolated in 1984 (6). Human PZ is a 62 kDa vitamin K-
dependent coagulation glycoprotein with a molecular structure similar to factors VII, IX, X
and protein C (7). In contrast to these serine protease zymogens, however, PZ lacks catalytic
activity (8). Instead, PZ serves as a cofactor for ZPI, a 72 kDa member of the serpin
superfamily of protease inhibitors (9, 10). PZ and ZPI circulate as a complex in plasma (11).
In the presence of Ca2+ and a phospholipid surface, PZ enhances ZPI inhibition of factor Xa
(FXa) >1000-fold. In addition, ZPI inhibits factor XIa (FXIa) independent of PZ, Ca2+, and
phospholipids (12, 13) and is the most potent FXIa inhibitor present in plasma (14).

PZ and ZPI deficiency have been shown to enhance thrombosis in mouse models (15, 16),
but whether PZ and ZPI are involved in clinical thrombotic disease is controversial, with
some, but not all, studies suggesting such a relationship (17-23). The aim of our study was to
investigate the potential role of PZ and ZPI in the sepsis-associated activation of the
inflammation and coagulation cascades. For this purpose, we studied inflammatory
parameters and thrombus formation in PZ and ZPI gene-disrupted mice following the
induction of the generalized Shwartzman reaction (GSR).

Material and Methods
Mice

The experiments were conducted in accordance with the guidelines for the Care and Use of
Laboratory Animals and the Institutional Animal Care and Use Committee (University of
Rostock, Medical Faculty, Rostock, Germany). ZPI-deficient mice (ZPI−/−) and PZ-deficient
mice (PZ−/−) in a C57Bl/6×129 genetic background, as described by Yin et al. and Zhang et
al. (15, 16), were compared to their respective wild-type littermates (ZPI+/+ or PZ+/+). Male
mice were used at an age of 3-6 months and a body weight of 25-35 g.

Genotyping of ZPI and PZ mice
All animals were genotyped for presence or absence of PZ and ZPI by PCR, as described by
Yin et al. (15) and Zhang et al. (16) using genomic DNA isolated from the tail tip.

Implantation of the dorsal skinfold chamber
For the study of microvascular thrombus formation, we used the dorsal skinfold chamber, as
originally described by Lehr et al. (24) in mice. On day −3 the dorsal skinfold chamber was
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prepared. The mice were anesthetized by an intraperitoneal injection of ketamine (90 mg/kg
bw) and xylazine (25 mg/kg bw). Before the preparation, animals were placed on a 37°C
heating pad. Briefly, a double skin layer on the back of the animal was implanted between
two symmetric titanium frames. One skin layer was then completely removed in a circular
area of 15 mm in diameter, and the remaining layers (consisting of striated skin muscle,
subcutaneous tissue and skin) were covered with a glass coverslip incorporated into one of
the titanium frames. Animals tolerated the chamber well and showed no signs of discomfort
or changes of sleeping and feeding habits. In order to reduce surgical trauma-associated
deterioration of the chamber microcirculation, the mice were allowed a recovery period of 3
days after implantation of the chamber.

Induction of GSR and tissue sampling
For induction of GSR, simulating the sepsis-associated disseminated intravascular
coagulopathy (25), the mice were challenged by subcutaneous injection of 0.05 mg/kg bw of
E. coli lipopolysaccharide (E. coli LPS; serotype O128:B12, Sigma, St Louis, MO, USA) at
day −1 followed by intravenous injection of 5 mg/kg bw of LPS 24 hours later (Figure 1).
Control animals were time-matched and exposed to equivalent volumes of physiological
saline. Hemodynamic parameters and induction of thrombus formation were studied 4 hours
after GSR induction (Figure 1A). In an additional set of mice, blood and tissue samples were
taken after 8 hours of GSR to assess later symptoms during progression of GSR (Figure 1B).
All animals survived the experimental time period of GSR. After collecting blood and tissue
samples the mice were sacrificed by deep anesthesia.

In vivo thrombosis model
After injection of 0.1 mL fluorescein isothiocyanate (FITC)-labeled dextran (2%; MW 150
kDa, Sigmal-Aldrich, Munich, Germany) into the retro-orbital venous plexus and
subsequent circulation for 30 s, microcirculation of the striated muscle tissue was visualized
by intravital fluorescence microscopy using a Zeiss microscope (Axiotech vario, Zeiss, Jena,
Germany). The microscopic procedure was performed at a constant room temperature of
21-23°C. The epi-illumination setup included a 100-W HBO mercury lamp and a blue filter
system (450-490/>520 nm excitation/emission wavelength). Microscopic images were
recorded by a charge-coupled device video camera (FK 6990 IQ-S, Piper) and stored on
videotapes for off-line evaluation (FUJIFILM Video Cassette, FUJI Magnetics GmbH).
Prior to photochemical thrombus induction, capillary perfusion and microhemodynamics in
randomly chosen venules (diameter range: 30-70 μm) were assessed by means of a ×20
objective (LUCPlanFL ×20/0.45 W, Olympus). Subsequently, photochemical thrombus
formation was induced by continuous local exposure of filtered light (450-490/>520 nm
excitation/emission wavelength) using a ×63 water immersion objective (Achroplanx63/0.95
W, Zeiss), as described previously by our group (26, 27). The light/dye thrombus model
used is based on endothelial injury upon phototoxicity induced by exposure of FITC-dextran
to excitation light. The phenomenon is mediated by reactive oxygen species, in particular
singlet oxygen, generated by excitation of the fluorochrome. Light exposure was
discontinued after blood flow in the vessel ceased for at least 60 s due to the complete vessel
occlusion.

Quantitative microcirculation analysis
Microcirculatory parameters (red blood cell center line velocity, vessel diameter) were
quantified off-line by analysis of the videotaped images using a computer-assisted image
analysis system (CapImage, Zeintl Software, Heidelberg, Germany). Functional capillary
density [cm/cm2] served as a parameter of microcirculatory perfusion and is defined by the
length of all red blood cell perfused capillaries per region of interest. Analysis further
included the determination of vascular wall shear rates based on the Newtonian definition
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γ=8*v/d given in [s−1], where d represents the individual inner vessel diameter and v
represents the red blood cell centerline velocity divided by 1.6 according to the Baker-
Wayland factor to correct the parabolic velocity profile in microvessels with diameters >20
μm (28) . Volumetric blood flow (vbf) was calculated by vbf=π*(d/2)2*v/1.6 and given in
[pL/s].

Blood sampling
Systemic blood was obtained from the orbital sinus using capillary tubes transferred into
EDTA tubes to assess blood parameters by means of a Sysmex KX-21 cell counter (Sysmex,
Norderstedt, Germany). Subsequently blood samples were centrifuged at 3500 rpm for 10
minutes and the supernatant plasma was stored at −20°C.

Assays
Plasma concentrations of IL-6 and IL-10 were measured with commercially available
ELISA kits from Thermo Fisher Scientific (Rockford, IL 61101, USA) following the
manufacturer’s instructions. Plasma concentrations of chemokine (C-X-C motif) ligand 1
(CXCL1), representing the functional homologue of human IL-8 (29), were measured with a
commercially available ELISA kit from R&D Systems (Abingdon OX14 3NB, UK).

Histology
Liver and lung tissues were fixed in 4% phosphate-buffered formalin for 1-2 days and
embedded in paraffin. The paraffin-embedded tissue blocks were serially cut in 5 μm
sections and stained with Naphthol AS-D Chloroacetate Esterase (CAE) and
hematoxylineosin (HE). CAE-positive cells (CAE+-cells) were counted in 25 high-power
fields (HPF) per section by using a light microscope (Olympus BX51, Plan N 40×/0.65
objective) and given as [n/HPF]. In liver tissues, the numbers of occluded vessels were
analyzed and are given in percent of all vessels counted in each section by using a light
microscope (Olympus BX51, Plan N 10×/0.25 objective). Vessels were defined as occluded
if the vascular lumen was filled by densely packed erythrocytes.

Statistical analysis
All data are given as median and interquartile range (IQR; the 25% and 75% percentiles).
Differences between groups were calculated using Mann-Whitney rank-sum test, followed
by Bonferroni correction. Overall statistical significance was set at p<0.05 divided by the
number of meaningful comparisons. The statistical power was calculated for each
significance at α=0.05 with a level of 80%. Statistics, power calculation and graphics were
performed using the software packages SigmaStat software version 3.5 and SigmaPlot
software version 10.0 (Jandel Corporation, San Rafael, CA, USA).

Results
Microhemodynamics in mice upon induction of GSR

Systemic infections with circulating bacteria or LPS, as studied in the current model of
GSR, are often associated with hemodynamic disorders. Microhemodynamics in both ZPI−/−

and PZ−/− mice did not differ significantly to their wildtype littermates upon saline exposure
(Table 1). At 4 hours after induction of GSR all mice revealed a marked reduction of blood
flow velocity, volumetric blood flow and wall shear rate in both arterioles and venules
(Table 1). There were no significant differences in the severity of microcirculatory
dysfunction upon GSR in ZPI−/− or PZ−/− mice when compared to their littermates (Table
1). In addition, functional capillary density was found to be significantly reduced upon GSR
induction in all experimental groups when compared to saline-treated controls (Figure 2)
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and no difference was observed in the extent of hypoperfusion between ZPI−/− and PZ−/−

mice and their wild-type littermates.

White blood cell, platelet and lymphocyte count in mice upon induction of GSR
After induction of GSR all mice showed significantly reduced white blood cell, platelet and
lymphocyte counts compared to the saline-treated controls, indicating a marked
leukocytopenia, thrombocytopenia and lymphocytopenia in mice with GSR (Table 2).

Thrombosis in mice upon induction of GSR
The induction of thrombus formation in the dorsal skinfold chamber preparation caused a
complete vessel occlusion in all venules studied (Figure 3A and 3B). Median values of time
for thrombus formation were found in the range of 360-638 s in all mice exposed to saline
(Figure 3C and 3D). Following the induction of GSR, the thrombus formation time was
significantly prolonged in ZPI+/+ mice (median 1165 s) compared to saline-treated animals.
Importantly, occlusion times in ZPI−/− mice after induction of GSR were significantly lower
(median 590 s) compared to their wild-type littermates (Figure 3C). Both, PZ+/+ and PZ−/−

mice showed somewhat slightly prolonged thrombus formation times upon GSR induction
when compared to the saline-treated controls with no significant differences between the PZ
genotypes (Figure 3D).

Thrombus formation was also assessed in HE-stained liver tissue sections 8 hours following
the induction of GSR (Figure 4A). The fraction of vessels with apparent thrombi was
significantly greater in ZPI−/− (median 46.0%) compared to ZPI+/+ (median 26.5%) mice,
whereas PZ+/+ (median 35.5%) and PZ−/− (median 22.0%) mice did not significantly differ
with respect to intrahepatic microvascular thrombosis (Figure 4B). This result confirms the
prothrombotic phenotype of ZPI deficiency seen with light/dye stimulation in the dorsal
skinfold chamber preparations (Figure 3C).

Inflammatory response in mice upon induction of GSR
Due to the known interaction of coagulation and inflammation in septic illness, we assessed
pro-inflammatory and anti-inflammatory cytokines. The pro-inflammatory cytokine CXCL1,
a functional homologue of human IL-8, was barely detectable in saline-treated mice, and
was significantly higher in all mice following the induction of GSR (Figure 5A and 5B).
IL-6 as a classic pro-inflammatory cytokine was elevated upon GSR induction (Figure 5C
and 5D) and the loss of ZPI function did not significantly influence the IL-6 plasma
concentration (Figure 5C). In contrast, median plasma IL-6 concentrations were almost 5-
fold higher in PZ−/− (median 15952 pg/mL) than in PZ+/+ (median 2800 pg/mL) mice
(Figure 5D). At 8 hours after GSR induction, IL-6 levels increased further and were similar
in mice of each genotype (ZPI+/+ mice: 79 (74-87) ng/mL, n=5; ZPI−/− mice: 66 (52-88) ng/
mL, n=6; PZ+/+ mice: 72 (63-80) ng/mL, n=4; PZ−/− mice: 75 (69-85) ng/mL, n=8). Upon
progression of septic illness, the initial pro-inflammatory reaction is followed by an anti-
inflammatory response, termed compensatory anti-inflammatory response syndrome
(CARS) (30). Therefore, we analyzed plasma concentrations of IL-10, one of the major anti-
inflammatory cytokines (31), and observed that GSR induced significantly higher plasma
concentrations of IL-10 within 4 hours in all mice compared to saline controls (Figure 6A
and 6C). Median IL-10 concentrations were about 2-fold higher in PZ−/− (4992 pg/mL) than
in PZ+/+ (2742 pg/mL) and ZPI−/− (2057 pg/mL) mice. At 8 hours of GSR the IL-10
concentrations were found to be further elevated in PZ−/− mice compared to PZ+/+ mice
(Figure 6D). The plasma levels of IL-10 did not differ between ZPI−/− and ZPI+/+ mice at
either the 4 or 8 hour time points (Figure 6A and 6B). These findings indicate a more
pronounced compensatory anti-inflammatory response in GSR-exposed PZ−/− mice (Figure
6D).
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Leukocyte-endothelial cell interaction is crucial for defense of the organism against the
pathogenic invasion (32). Upon activation, leukocytes attach to the endothelium and
subsequently emigrate to the septic focus (33). Tissue infiltrating CAE+-leukocytes were
detected in liver and lung after the induction of GSR (Figure 7A and 7B). In comparison to
saline-treated controls (<5 CAE+-cells/HPF; data not shown), GSR induction increased the
number of CAE+-leukocytes at 8 hours of GSR in the liver. Interestingly, a significantly
higher number of liver tissue-infiltrating leukocytes were observed in PZ−/− mice after GSR
induction when compared to wild-type littermates (Figure 7C). Analysis of lung tissue also
revealed almost 2-fold higher numbers of infiltrating CAE+-leukocytes in PZ−/− mice when
compared to PZ+/+ mice (Figure 7D). ZPI deficiency, however, had no influence on the
number of CAE+-leukocytes both in liver and lung tissue (Figure 7C and 7D).

Discussion
Methodological considerations

Several experimental models of sepsis have been developed, including the procedure of
cecal ligation and puncture, colon ascendens stent peritonitis, the local inoculation of
bacteria, as well as the induction of systemic endotoxemia (34, 35). Although there are
shortcomings and limitations associated with the use of LPS (34, 35), LPS administration
has clear advantages in terms of reproducibility and definition of the septic insult. Though
not validly reflecting sepsis, LPS simulates the pathophysiology of endotoxemia (34).
Moreover, the double-hit endotoxin-induced Shwartzman reaction, as used and termed GSR
in the current study, has been considered to be a well-suited model to study sepsis-induced
disseminated intravascular coagulopathy (24). The combination of GSR with the dorsal
skinfold chamber model allows the assessment of microcirculatory dysfunction and
microvascular thrombosis as key events driving the progression of endotoxin-induced
critical illness (36, 37). In line with several studies showing the alteration of the
microcirculation upon LPS exposure (38, 39), mice undergoing GSR show the reduced
microhemodynamics, thrombocytopenia and leukocytopenia, and the triggering of
coagulation and inflammatory responses that can be seen in septic patients (40, 41). Gene-
targeted PZ- and ZPI-deficient mice provide a powerful tool to study the specific roles of PZ
and ZPI in this scenario (42, 43).

Effect of PZ and ZPI deficiency in GSR
The action profile of PZ and ZPI suggests their potential contribution in the pathogenesis of
haemostatic disorders. However, except of clinical trials solely describing the occurrence of
altered PZ and ZPI levels in vascular diseases without providing the proof of a causal
relationship (18-23), basic research studies are barely available. In the present study we
demonstrate that (i) ZPI deficiency reverts the GSR-associated coagulopathy, while (ii) PZ
deficiency modulates inflammation without major effect on thrombotic disorders during
GSR.

ZPI is a potent direct inhibitor of FXIa and inhibits FXa in a process that is dramatically
enhanced by its cofactor, PZ, in the presence of Ca2+ and a phospholipid surface.
Unchallenged PZ- and ZPI-deficient mice appear normal. A pro-thrombotic phenotype that
is greater with ZPI deficiency than PZ deficiency, however, has been demonstrated with a
concomitant factor VLeiden genotype and in the murine models of FeCl3-induced carotid
artery occlusion and collagen/epinephrine-induced pulmonary embolism (15, 16). In contrast
to the previously reported results in the carotid artery FeCl3-induced thrombosis model (16),
we did not detect a significant effect of PZ or ZPI deficiency on light/dye-induced
thrombosis in saline-treated mice, using the dorsal skinfold chamber model (Figure 3).
Whether this disparity is related to the different vasculature being tested (macrovascular
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versus microvascular) or the different methods used to provoke thrombosis (FeCl3 versus
light/dye) is not clear.

After the induction of GSR, ZPI−/− mice had significantly shorter light/dye-induced vascular
occlusion times and a greater fraction of thrombotic occluded hepatic vessels than their
ZPI+/+ littermates (Figures 3 and 4). On the other hand, PZ−/− and PZ+/+ had similar
vascular occlusion times and the difference in hepatic vascular thrombosis did not reach
statistical significance. The effect of ZPI deficiency, but not PZ deficiency, on thrombosis
suggests that FXIa plays a dominant role in this GSR murine model and that PZ-independent
inhibition of FXa by ZPI (14) or the inhibition of FXa by other protease inhibitors may
compensate for the loss of PZ cofactor action.

The inflammatory response plays an important role in septic illness. Just a few studies
investigated by in vivo (44, 45) and in vitro (46, 47) experiments PZ and ZPI in the context
of inflammatory processes. A striking result in our studies was the different effects of PZ
and ZPI deficiency on cytokine generation following GSR induction. The levels of IL-6 and
IL-10 were substantially and significantly increased in PZ−/− mice compared to their wild-
type littermates, whereas cytokine levels were not significantly different between ZPI−/− and
ZPI+/+ mice (Figures 5 and 6). Furthermore, PZ−/− mice showed higher numbers of tissue
infiltrating leukocytes in liver and lung, whereas the presence or absence of ZPI had no
influence on the extent of leukocytic tissue infiltration. The mechanism underlying this
phenomenon is unknown, but the data suggest that PZ may affect the inflammatory response
in a manner that is unrelated to its interaction with ZPI. Further investigation into a potential
ZPI-independent function of PZ would appear warranted. Thus, several studies and our data
suggest complex interactions between ZPI, PZ and inflammation.

Conclusion
In our murine GSR model, ZPI deficiency increased microvascular thrombosis, while PZ
deficiency modified the inflammatory response. In conclusion, PZ and ZPI might not only
regulate thrombosis, but might also be important regulators of inflammation. Future research
should focus in a disease specific manner on the question how these interactions can be
exploited for the treatment of critically ill patients.
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Figure 1. Flow chart displaying the experimental protocol
On day −3 the dorsal skinfold chamber was prepared. For induction of a generalized
Shwartzman reaction (GSR), mice (ZPI+/+, ZPI−/−, PZ+/+, and PZ−/−) were challenged with
a low dose (0.05 mg/kg bw) of LPS at day -1 and 24 h later with a higher dose of LPS (5
mg/kg bw). Control animals were exposed to equivalent volumes of physiological saline.
After injection of FITC-labeled dextran, intravital fluorescence microscopy and induction of
thrombosis was performed 4 hours later in the dorsal skinfold chamber preparation (A). In
an additional set of mice, 8 hours after induction of GSR blood and tissue samples were
harvested (B). Abbreviations: LPS, lipopolysaccharide; bw, body weight; IVM, intravital
microscopy.
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Figure 2. Analysis of functional capillary density
(A, B) Representative intravital fluorescence microscopic images (original magnification
×200) of regular perfused striated muscle capillaries after administration of saline (upper
panel) and of GSR-induced perfusion failure of individual capillaries (arrows indicate non-
perfused capillaries; lower panel). (C, D) Quantification of functional capillary density
dependent on ZPI (C) or PZ (D) genotype. Data are given as box plots indicating the median
with the 25th and 75th percentiles. Mann-Whitney rank-sum test, followed by Bonferroni
correction; * p<0.05 vs. saline-treated mice within the same genetic background.
Abbreviations: PZ, protein Z; ZPI, protein Z-dependent protease-inhibitor; GSR, generalized
Shwartzman reaction. (GSR 4 hours: ZPI+/+ n=11, ZPI−/− n=14, PZ+/+ n=11, PZ−/− n=14;
saline: ZPI+/+ n=11, ZPI−/− n=13, PZ+/+ n=12, PZ−/− n=12).
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Figure 3. Analysis of thrombus formation in the dorsal skinfold chamber
(A, B) Images (original magnification ×200) display patency of postcapillary venules prior
to thrombus formation (upper panel) and standstill of perfusion upon light/dye-induced
thrombus formation due to complete vessel occlusion (lower panel) in ZPI+/+ (A) or PZ+/+

(B) mice. (C, D) The occlusion times in venules upon induction of GSR or exposure to
physiological saline are quantified for ZPI (C) or PZ (D) mouse strains. Data are given as
box plots indicating the median with the 25th and 75th percentiles. Mann-Whitney rank-sum
test, followed by Bonferroni correction; * p<0.05 vs. saline-treated mice with the same
genetic background, # p<0.05 vs. wild-type GSR mice. Abbreviations: PZ, protein Z; ZPI,
protein Z-dependent protease-inhibitor; GSR, generalized Shwartzman reaction; TI,
thrombus induction. (GSR 4 hours: ZPI+/+ n=11, ZPI−/− n=14, PZ+/+ n=11, PZ−/− n=14;
saline: ZPI+/+ n=11, ZPI−/− n=13, PZ+/+ n=12, PZ−/− n=12).
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Figure 4. Analysis of thrombus formation in HE-stained liver tissue
Representative images (A; original magnification ×100) display the magnitude of thrombus
formation in liver tissue upon 8 hours of GSR (arrows). Thrombus formation is quantified as
the fraction of occluded vessels in [%] of all vessels observed (B). Data are given as box
plots indicating the median with the 25th and 75th percentiles. Mann-Whitney rank-sum test,
followed by Bonferroni correction; # p<0.05 vs. wild-type GSR mice. Abbreviations: PZ,
protein Z; ZPI, protein Z-dependent protease-inhibitor; GSR, generalized Shwartzman
reaction; (GSR 8 hours: ZPI+/+ n=6, ZPI−/− n=7, PZ+/+ n=5, PZ−/− n=9).
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Figure 5. Analysis of pro-inflammatory cytokines
Plasma CXCL1 (A, B) and IL-6 concentrations (C, D) are quantified for ZPI or PZ mouse
strains upon induction of GSR or exposure to physiological saline. Data are given as box
plots indicating the median with the 25th and 75th percentiles. Mann-Whitney rank-sum test,
followed by Bonferroni correction; * p<0.05 vs. saline-treated mice with the same genetic
background. Abbreviations: PZ, protein Z; ZPI, protein Z-dependent protease-inhibitor;
GSR, generalized Shwartzman reaction; IL-6, terleukin-6; CXCL1, chemokine (C-X-C
motif) ligand 1. (GSR 4 hours: ZPI+/+ n=11, ZPI−/− n=14, PZ+/+ n=11, PZ−/− n=14; saline:
ZPI+/+ n=11, ZPI−/− n=13, PZ+/+ n=12, PZ−/− n=12).
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Figure 6. Analysis of IL-10 plasma concentrations
IL-10 concentrations are quantified for ZPI (A, B) or PZ (C, D) mouse strains 4 (A, C) as
well as 8 hours (B, D) after induction of GSR or exposure to physiological saline. Data are
given as box plots indicating the median with the 25th and 75th percentiles. Mann-Whitney
rank-sum test, followed by Bonferroni correction; * p<0.05 vs. saline-treated mice with the
same genetic background, # p<0.05 vs. wild-type GSR mice. Abbreviations: PZ, protein Z;
ZPI, protein Z-dependent protease-inhibitor; GSR, generalized Shwartzman reaction; IL-10,
interleukin-10. (GSR 4 hours: ZPI+/+ n=11, ZPI−/− n=14, PZ+/+ n=11, PZ−/− n=14; saline:
ZPI+/+ n=11, ZPI−/− n=13, PZ+/+ n=12, PZ−/− n=12; GSR 8 hours: ZPI+/+ n=5, ZPI−/− n=6,
PZ+/+ n=4, PZ−/− n=8).

Butschkau et al. Page 16

Crit Care Med. Author manuscript; available in PMC 2014 December 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 7. Tissue infiltration of leukocytes
Representative images (original magnification ×1000) display the hepatic (A) und
pulmonary (B) infiltration of CAE+-leukocytes (arrows) upon GSR. Infiltration of CAE+-
cells is quantified in liver (C) and lung tissue (D) after 8 hours of GSR. Data are given as
box plots indicating the median with the 25th and 75th percentiles. Mann-Whitney rank-sum
test, followed by Bonferroni correction; # p<0.05 vs. wild-type GSR mice. Abbreviations:
PZ, protein Z; ZPI, protein Z-dependent protease-inhibitor; GSR, generalized Shwartzman
reaction. (GSR 8 hours: ZPI+/+ n=6, ZPI−/− n=7, PZ+/+ n=5, PZ−/− n=9).
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Table 1

Microhemodynamics in mice 4 hours after induction of GSR or exposure to physiological saline

ZPI-mice saline GSR

ZPI+/+ ZPI−/− ZPI+/+ ZPI−/−

n=11 n=13 n=11 n=14

median (IQR) median (IQR) median (IQR) median (IQR)

arterioles velocity
[μm/s] 948 (893-1011) 943 (729-1047) 642* (352-774) 629* (475-696)

vbf [pL/s] 898 (748-1112) 829 (511-1025) 580 (339-909) 549 (253-694)

γ [s−1] 104 (85-122) 115 (77-134) 72 (40-100) 74 (55-89)

venules velocity
[μm/s] 489 (249-628) 546 (377-638) 215 (76-337) 202* (121-331)

vbf [pL/s] 611 (285-876) 550 (307-755) 186 (58-401) 227* (75-295)

γ [s−1] 61 (39-94) 57 (41-78) 25* (9-35) 21* (16-30)

PZ-mice saline GSR

PZ+/+ PZ−/− PZ+/+ PZ−/−

n=12 n=12 n=11 n=14

median (IQR) median (IQR) median (IQR) median (IQR)

arterioles velocity
[μm/s] 858 (824-1025) 1043 (720-1352) 664 (437-788) 597* (478-738)

vbf [pL/s] 1088 (800-1290) 1243 (1200-
1682) 563* (431-649) 743* (672-849)

γ [s−1] 86 (71-101) 113 (66-121) 73 (46-90) 70 (45-78)

venules velocity
[μm/s] 617 (573-682) 528 (492-613) 149* (125-268) 294* (172-337)

vbf [pL/s] 954 (615-1273) 670 (452-865) 187* (109-362) 310* (218-419)

γ [s−1] 62 (50-80) 56 (49-68) 22* (12-28) 27* (14-36)

Data are given as median and IQR. Mann-Whitney rank-sum test, followed by Bonferroni correction;

*
p<0.05 vs. saline-treated mice with the same genetic background.

Abbreviations: ZPI, protein Z-dependent protease-inhibitor; PZ, protein Z; GSR, generalized Shwartzman reaction; velocity, blood flow velocity;
vbf, volumetric blood flow; γ, wall shear rate; IQR, interquartile range.
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Table 2

Systemic blood cell count in mice 4 hours after induction of GSR or exposure to physiological saline

ZPI-mice saline GSR

ZPI+/+ ZPI−/− ZPI+/+ ZPI−/−

n=11 n=13 n=11 n=14

median (IQR) median (IQR) median (IQR) median (IQR)

WBC [×109/l] 6.3 (4.8-8.4) 6.7 (5.5-9.3) 1.6* (1.2-2.9) 2.5* (1.3-4.0)

PLT [×109/l] 530 (480-943) 595 (529-821) 371 (183-522) 439* (298-540)

LYM [×109/l] 3.9 (2.9-5.5) 4.2 (3.5-5.5) 0.7* (0.6-1.5) 1.7* (0.8-2.8)

PZ-mice saline GSR

PZ+/+ PZ−/− PZ+/+ PZ−/−

n=12 n=12 n=11 n=14

median (IQR) median (IQR) median median (IQR)

WBC [×109/l] 6.4 (4.7-7.1) 7.6 (6.2-8.3) 2.2* (1.4-3.8) 1.8* (1.5-3.3)

PLT [×109/l] 964 (741-1225) 806 (488-1035) 385*(326-408) 401* (307-565)

LYM [×109/l] 3.4 (2.4-4.8) 4.9 (3.5-5.8) 1.3* (0.8-2.1) 0.9* (0.7-1.9)

Data are given as median and IQR. Mann-Whitney rank-sum test, followed by Bonferroni correction;

*
p<0.05 vs. saline-treated mice with the same genetic background.

Abbreviations: ZPI, protein Z-dependent protease-inhibitor; PZ, protein Z; GSR, generalized Shwartzman reaction; WBC, white blood cells; PLT,
platelets; LYM, lymphocytes; IQR, interquartile range.
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