
Bone 97 (2017) 278–286

Contents lists available at ScienceDirect

Bone

j ourna l homepage: www.e lsev ie r .com/ locate /bone
Full Length Article
Role of the plasma cascade systems in ischemia/reperfusion injury
of bone
Shengye Zhang a,b, Carlos Wotzkow b, Anjan K. Bongoni c, Jane Shaw-Boden b, Mark Siegrist b,
Adriano Taddeo b,d, Fabian Blank b,e, Willy Hofstetter b, Robert Rieben b,⁎
a Graduate School for Cellular and Biomedical Sciences, University of Bern, Bern, Switzerland
b Department of Clinical Research, University of Bern, Bern, Switzerland
c Immunology Research Centre, St. Vincent's Hospital, Melbourne, Australia
d Division of Plastic and Hand Surgery, Inselspital, Bern, Switzerland
e Pulmonary Medicine, Bern University Hospital, Bern, Switzerland
⁎ Corresponding author at: Department of Clinical
Murtenstrasse 50, CH-3008 Bern, Switzerland.

E-mail address: robert.rieben@dkf.unibe.ch (R. Rieben

http://dx.doi.org/10.1016/j.bone.2016.12.007
8756-3282/© 2017 Elsevier Inc. All rights reserved.
a b s t r a c t
a r t i c l e i n f o
Article history:
Received 23 March 2016
Revised 8 December 2016
Accepted 12 December 2016
Available online 31 January 2017
Ischemia/reperfusion (I/R) injury has been extensively studied in organs such as heart, brain, liver, kidney, and
lung. As a vascularized organ, bone is known to be susceptible to I/R injury too, but the respective mechanisms
are not well understood to date. We therefore hypothesized that, similar to other organs, plasma cascade-in-
duced inflammation also plays a role in bone I/R injury. Reperfusion injury in rat tibia was induced by unilateral
clamping of the femoral artery and additional use of a tourniquet, while keeping the femoral vein patent to pre-
vent venous congestion. Rats were subjected to 4 h ischemia and 24 h reperfusion. Deposition of complement
fragment C3b/c and fibrin aswell as expression of tissue factor (TF), tissue plasminogen activator (tPA), plasmin-
ogen activator inhibitor-1 (PAI-1), and E-selectin was detected by immunohistochemistry. In plasma, the levels
of high mobility group box1 (HMGB1) were measured by ELISA. The total level of complement in serum was
assessed by the CH50 test. Our results show that deposition of C3b/c was significantly increased with respect
to healthy controls in cortical bone aswell as inmarrow of reperfused limbs. C3b/c depositionwas also increased
in cortical bone, but not in bonemarrow, of contralateral limbs. Deposition of fibrin, as well as expression of PAI-
1, was significantly increased in bone after ischemia and reperfusion, whereas expression of tPA was reduced.
These differences were most prominent in vessels of bone, both in marrow and cortical bone, and both in reper-
fused and contralateral limbs. However, PAI-1,was only increased in vessels of reperfused cortical bone and there
were no significant changes in expression of E-selectin.With respect to solid bone tissue, a significant increase of
C3b/c and fibrin deposition was shown in osteocytes, and for fibrin also in the bone matrix, in both contralateral
and reperfused cortical bone compared with normal healthy controls. A slight expression of TF was visible in os-
teocytes of the normal healthy control group, while TF was not present in the experimental groups. Moreover,
CH50 values in serum decreased over time and HMGB1 was significantly increased in plasma of animals at the
end of reperfusion. We conclude that ischemia and reperfusion of bone leads to activation of the complement
and coagulation systems and a downregulation of the fibrinolytic cascade. In the acute phase, a vascular inflam-
mation induced by activation of the plasma cascade systems also occurs in the bone. This is similar to I/R injury of
other vascularized organs and tissues.

© 2017 Elsevier Inc. All rights reserved.
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1. Introduction

As a vascularized organ, bone is known to be susceptible to ischemia/
reperfusion (I/R) injury [1–3]. This can be the case in traumatic or non-
traumatic conditions, for example in limb replantation, transplantation,
but also in surgery on the extremities in general. All cells including
Research, University of Bern,

).
osteoblasts, osteocytes, osteoclasts, chondrocytes, and bone marrow
cells can be affected and involved in sterile inflammation during reperfu-
sion injury, leading to bonedisorder [4,5].We thereforewanted to explore
the mechanisms involved in bone I/R injury, focusing on the activation of
the plasma cascade systems and the involvement of the bone vasculature.

The role of the complement system in I/R injury was documented
and discussed before [6–8]. With respect to limb and bone I/R injury
in particular, Austen et al. demonstrated complement activation initiat-
ed by natural antibody in amurine hind limb I/R injurymodel [9]. It was
also described that complement activation is triggered and plays an
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important role in patients with major trauma [10]. Anaphylatoxins C3a
and C5a can recruit macrophages and neutrophils to the damaged cell
surface, and they are also involved in activation of osteoblasts and oste-
oclasts on broken surfaces after trauma [11,12].

In addition to complement activation, the coagulation cascade plays
a role in I/R injury [13–15]. Fibrin, the final product of coagulation acti-
vation, aswell as thromboticmarkers like thrombin-antithrombin com-
plexes (TAT) and D-dimers, was shown to be increased in hind limb I/R
injury models [16,17]. Coagulation disorders were also manifested fol-
lowing trauma, which may lead to end-organ failure due to irreversible
ischemia [18]. Factor VII-activating protease was activated by damaged
cells in multiple trauma patients [19]. Tissue factor was released in
lower extremity trauma patients and led to increased thrombin genera-
tion that was maintained for at least 5 weeks [20]. A hypercoagulant
state was also shown in ischemic legs in patients with arterial diseases
[21]. The enhanced procoagulant activity was also indicated by higher
levels of plasminogen activator inhibitor 1 (PAI-1) and lower levels of
tissue plasminogen activator (tPA) in the lower extremities requiring
microsurgical reconstructions and in forearm I/R injury in patients [22,
23], respectively. An increase of PAI-1, combined with a decrease of
tPA expression shifts healthy, anti-inflammatory and anti-coagulant en-
dothelium into a pro-coagulant and anti-fibrinolytic phenotype.

Generally, the above studies were associated with I/R injury of ex-
tremities, but little or no attention was paid to the effect of I/R injury
on the bone itself. In the present study, therefore, I/R injury of the
bonewas studied specifically, and the underlyingmechanisms were in-
vestigatedwith focus on the plasma cascades. The duration of the ische-
mic time was set according to a critical limb I/R injury model in rabbits
reported by Hsieh et al. [4]. These authors claimed that bone I/R injury
was initiated within 2–4 h of ischemia by clamping the femoral artery
and tourniquet application around the thigh of rabbit limbs. Therefore,
we hypothesized that rat tibia bone responds to 4 h ischemia induced
by occlusion of the femoral artery and additional use of a tourniquet,
followed by 24 h reperfusion. Furthermore, we hypothesized that, sim-
ilar to I/R injury of other vascularized organs or tissues, activation of the
plasma cascade systems, including complement, coagulation, and fibri-
nolysis, is involved in I/R injury of the bone [24–26]. Our hypothesismay
be limited in scope due to differences in techniques between this study
and previous studies [4,27,28]. However, we were not attempting to
create a “pure”model of bone I/R injury but examinewhether I/R injury
to a rat hind limb similar to crush injury (Hsieh et al. [4]) may also, ei-
ther directly or indirectly, affect bone specific mechanisms.

2. Materials and methods

2.1. Animals

Male Wistar rats (wild type, bred at the central animal facility, Uni-
versity of Bern), weighing between 280 g and 320 g, were used in this
study. All animals were housed under standard conditions with water
and food ad lib. All animal experiments were performed in accordance
with the U.K. Animals Act (scientific procedures) and the NIH Guide
for the Care and Use of Laboratory Animals, as well as the Swiss animal
protection law. All animal studies compliedwith the ARRIVE guidelines.
The animal experimentation committee of the cantonal veterinary ser-
vice (Canton of Bern, Switzerland) approved all animal procedures, per-
mission no. BE70/14. Experimental protocols were refined according to
the 3R principles and state-of-the-art anesthesia and painmanagement
were used tominimize the number of animals and reduce the exposure
of the animals to stress and pain during the experiments.

2.2. Surgical procedure

Anesthesia was induced with 3% isoflurane in 50% oxygen/air and
then maintained at 2% isoflurane using a standard rat nose mask
(Provet, Lyssach, Switzerland). Analgesia was administered with
0.05mg/kg of buprenorphine (Temgesic, Reckitt Benckiser, Switzerland
AG), subcutaneously injected 30 min before induction of the surgical
procedure. Our rat model was established according to our previous
work [29–32] and rat vascular anatomy [33]. Rats were placed on a
heating pad and the rectal temperature kept at 37± 1 °C. Oxygen satu-
ration, heart and breath rate, breath distention (for depths of anesthe-
sia) and body temperature were monitored throughout the anesthesia
using a Mouse-Ox plus System (Starr Life Sciences, Oakmont, PA,
USA). The used rat model of crush I/R injury was established based on
our previouswork [29–32] and a study published by Hsieh et al. [4]. Fol-
lowing incision in the left groin, femoral artery, vein, and nerve were
isolated from the surrounding tissue. The femoral artery was then
clampedwith twomicrovascular clamps (B1-V, S&T, Neuhausen, Switzer-
land) proximal to the deep femoral artery branch. Meanwhile, a tourni-
quet, connected to a weight of 450 g, was placed underneath the
femoral vessels around the thigh as high as possible to block collateral
blood supply,while keeping the femoral vein open. The animalswere sub-
jected to 4 h ischemia and 24 h reperfusion (by releasing the clamps and
the tourniquet). The operation and the use of tourniquet are shown in
Fig. 1. Upon reperfusion, the rats were allowed to wake up and another
dose of buprenorphine was given to provide adequate analgesia. At the
end of the 24 h reperfusion period, the rats were anesthetized again and
sacrificed by exsanguination during organ removal in deep anesthesia.
Blood and tibia bone samples were taken for further analysis.

Two groupswere included in this study, the I/R injury group (n=6)
and normal, healthy rats as a controls (n = 5). The number of animals
per group was calculated based on the NIH ‘guidelines for the design
and statistical analysis of experiments using laboratory animals’ and
the ARRIVE guidelines [34,35]. Expected differences between groups
were based on data on edema formation (wet/dry ratio) of a previous,
as yet unpublished study using the same crush I/R injury model. In
this study, wet/dry ratios differed by 1.2 ± 0.4 between the control an-
imals and the group undergoing I/R injury. Sample size calculations
based on these data resulted in five animals per group.

2.3. Sample preparation

Tibia bones from normal control rats and reperfused as well as con-
tralateral hind limbs from the experimental group were dissected free
from the surrounding soft tissue, rinsed with phosphate-buffered saline
(PBS), blotted dry, and immediately fixed in 4% paraformaldehyde for
24 h at room temperature. After that they were washed in tap water
overnight and transferred into 70% ethanol until further use. When all
bones were available, decalcification was performed in 15% EDTA/0.5%
paraformaldehyde and checked byX-ray. After complete decalcification,
bone tissuewas rinsed under tapwater overnight and then dehydrated.
Samples including transverse sections from themiddle of the shaft were
then embedded in paraffin and 4 μm sections were cut. Blood was
drawn at baseline, end of ischemia and end of reperfusion to collect
EDTA- and citrate-plasma as well as serum. Plasma and serum samples
were aliquoted and stored at−80 °C until analysis.

2.4. Immunohistochemistry

To assess the involvement of the complement, coagulation, and fibri-
nolytic cascades after 24 h reperfusion, immunohistochemistry (IHC)
staining was performed. Briefly, sections were deparaffinized in xylene,
rehydrated through graded alcohols, and washed in distilled H2O. Then
antigen retrieval was performed in 15 μg/ml of Proteinase K (Ref. 03115
879001, Roche Diagnostics, Indianapolis, IN, USA) in a water bath at
37 °C for 5 min. Endogenous peroxidase activity was blocked with 3%
H2O2 for 10 min. Primary antibodies were then applied to the sections
in a humid chamber at 4 °C overnight. The following primary antibodies
were used: rabbit anti-humanC3b/c (A0062, Dako, Glostrup, Denmark),
goat anti-rat tissue factor (TF) (sc-23596, Santa Cruz Biotechnology, Inc.,
Texas, USA), rabbit anti-human fibrinogen (A0080, Dako), rabbit anti-



Fig. 1. Experimental induction of hind limb crush I/R injury in the rat. A photo of themicrosurgery operation is shown on the left panel and a diagram of the rat vascular andmicrosurgery
procedure is drawn on the right panel. In brief, after incision in the left groin, femoral artery, vein, and nerve were isolated. The femoral artery was then clampedwith twomicrovascular
clamps proximal to the deep femoral artery branch as shown on the photo and indicated by ‘XX’ on the drawing. A tourniquet, connected to a weight of 450 g, was placed underneath the
femoral vessels around the thigh as high as possible to block collateral blood supply, while keeping the femoral vein open. Drawing is not to scale.
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rat tPA (ab14198, Abcam, Cambridge, UK), goat anti-rat PAI-1 (SC-6644,
Santa Cruz), and rabbit anti-human E-selectin (bs-1273, Bioss Inc., Wo-
burn, Massachusetts, USA). Then affinity-purified, biotin-conjugated
rabbit anti-goat (E0466, Dako) and goat anti-rabbit (E0432, Dako) sec-
ondary antibodies were applied to all sections for 90 min at room tem-
perature. Afterwards, sections were incubated with avidin-biotin-
peroxidase complex (PK6100, Vectastain, Burlingame CA, USA) for
45 min. Bound peroxidase was detected by 3,3′-diaminobenzidine
(DAB) substrate for 1–3 min in the dark. Finally, sections were counter-
stained with hematoxylin (GHS232, Sigma-Aldrich, St. Louis, MO, USA)
and mounted in Aquatex (108562, Darmstadt, Germany). For visualiza-
tion and acquisition, images were taken with a bright field microscope
(Leica DMI 4000B, Leica Microsystems Schweiz, Heerbrugg, Switzer-
land) equipped with an HCX PL APO 63× 1.40-0.6 lens and a color cam-
era (DFC425). For each marker, 3–5 representative images were taken
per slide and used for quantification or scoring of staining intensity.

The intensity of chromogen stain in IHC was quantified within the
vessels by Fiji software (ImageJ) (http://fiji.sc/Fiji). Vessels were identi-
fied visually and delineated by hand. The intensity of the staining was
then calculated by Fiji software using the color deconvolution feature
for HDAB staining. The stronger the staining visually, theweaker the in-
tensity. This leads to an inverse correlation between the staining signal
and the measured intensity. We followed the protocol published by
Nguyen et al. using reciprocal intensity (subtract themeasured intensity
from themaximum intensity value of 255), which is proportional to the
actual staining intensity [36]. Staining intensity of osteocytes and bone
matrix was scored from 0–3 (0 = negative, 1 = weak, 2 = medium,
3= strong) by eye based on thewhole tissue section. The same sections
were assigned grades from 1–5 (grade 1: 0–20% of surface stained, –
grade 5: 80–100% of surface or number of cells stained). Each section
was then given an arbitrary value calculated as intensity × grading
and these values were used for statistical evaluation.

2.5. Hemolytic complement (CH50) assay

Activity of the classical pathway in serumwas analyzed using a stan-
dard hemolytic complement (CH50) assay. Packed sheep erythrocytes
were washed in veronal buffered saline (VBS++) at 1:30 dilution until
the supernatant was clear. The erythrocytes were then diluted to
achieve 109 cells/ml and incubated with rabbit anti-sheep erythrocyte
antibody (S1389, Sigma-Aldrich) for 20 min at 37 °C. After centrifuga-
tion, the antibody-sensitized erythrocytes were resuspended in
Alsever's solution (A3551, Sigma-Aldrich) and kept at 4 °C overnight.
On the second day, the cells were washed again and adjusted to 108/
ml. Serum sampleswere then added to a transparent 96wellmicroplate
(Nunc, Roskilde, Denmark) and incubated with the above adjusted cells
at 37 °C for 60 min, then stopped with PBS. For the controls, erythro-
cytes were incubated in a veronal buffer (DGVB++) and the reaction
stoppedwithwater (T100, 100% lysis) or PBS (T0, 0% lysis, background).
At the end, optical density of free hemoglobin wasmeasured at 412 nm
(Infinite M1000 spectrophotometer, Tecan, Männedorf, Switzerland). A

lysis percentage was calculated as: OD sample−OD T0
OD T100−OD T0 � 100.

2.6. Measurement of plasma HMGB1 by ELISA

High-mobility group box 1 protein (HMGB1) is a nuclear protein
present in almost all eukaryotic cells. It can be secreted by activated
macrophages,mature dendritic cells and natural killer cells and released
into circulation as a proinflammatory mediator [37,38]. To determine
HMGB1 in plasma, a homemade sandwich-ELISA was performed. In
brief, a capture antibody, rabbit anti-rat HMGB1 (H9539; Sigma) and
HRP-conjugated detection antibody, HRP conjugated rabbit anti-rat
HMGB1 (ab128129; Abcam) were added, followed by SureBlue TMB
Microwell Peroxidase Substrate (52-00-01, KPL, Gaithersburg, MD,
USA) for color development and stopped by 1 mol/l H2SO4. At the end,
optical density was measured at 450/540 nm using a FLUOstar Omega
microplate reader (BMG LABTECH GmbH, Ortenberg, Germany).

2.7. Statistical analysis

All data are presented asmean± standard deviation (SD). Statistical
analyses were performed by one-way analysis of variance (ANOVA)
followed by Fisher's LSD post hoc test with GraphPad Prism 6 software
(GraphPad, San Diego, CA, USA). p values b0.05 were considered statis-
tically significant.

http://fiji.sc/Fiji


Fig. 2. Deposition of C3b/c in bone tissue. A, quantitative comparison of C3b/c deposition in vessels of cortical bone. B, representative images for C3b/c staining in reperfused and normal
cortical bones from healthy, unmanipulated animals. C, quantitative comparison of C3b/c deposition in vessels of marrow. D, representative images for C3b/c staining in reperfused and
normal marrow from healthy, unmanipulated animals. Data of individual experiments are represented by dots with indication of mean ± SD by lines. Scale bar represents 100 μm. C -
contralateral; R - reperfused; N - normal. *p b 0.05; **p b 0.01.
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3. Results

3.1. Deposition of C3b/c

To assess activation of the complement cascade in reperfusion injury
of bone, deposition of the central component fragment C3b/c was
Fig. 3. Expression of tissue factor in bone tissue. A, quantitative comparison of TF expression in
cortical bones from healthy, unmanipulated animals. C, quantitative comparison of TF express
normal marrow from healthy, unmanipulated animals. Data of individual experiments are rep
contralateral; R - reperfused; N - normal. *p b 0.05.
analyzed. In vessels of cortical bone, C3b/c deposition was significantly
increased in both reperfused and contralateral limbs compared with
normal, healthy controls (p = 0.0055 and p = 0.0254, respectively).
In vessels of bone marrow, a significant increase of C3b/c was shown
in the reperfused, but not in the contralateral marrow (p = 0.0037 re-
perfused vs. contralateral and p= 0.0077 reperfused vs. normal, Fig. 2).
vessels of cortical bone. B, representative images for TF staining in reperfused and normal
ion in vessels of bone marrow. D, representative images for TF staining in reperfused and
resented by dots with indication of mean ± SD by lines. Scale bar represents 100 μm. C -



Fig. 4. Deposition of fibrin in bone tissue. A, quantitative comparison of fibrin deposition in vessels of cortical bone. B, representative images for fibrin staining in reperfused and normal
cortical bones from healthy, unmanipulated animals. C, quantitative comparison of fibrin deposition in vessels of marrow. D, representative images for fibrin staining in reperfused and
normal marrow from healthy, unmanipulated animals. Data of individual experiments are shown by dots with indication of mean ± SD by lines. Scale bar represents 100 μm. C -
contralateral; R - reperfused; N - normal. **p b 0.01; ****p b 0.0001.
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3.2. Expression of tissue factor and deposition of fibrin

To study the role of the coagulation cascade in bone I/R injury, IHC
staining was performed for expression of TF and deposition of fibrin.
TF expression was significantly raised in vessels of the contralateral
bone marrow compared with normal controls without any forms of
Fig. 5. Expression of tPA in bone tissue. A, quantitative comparison of tPA expression in vessels o
bones from healthy, unmanipulated animals. C, quantitative comparison of tPA expression in
marrow from healthy, unmanipulated animals. Data of individual experiments are represe
contralateral; R - reperfused; N - normal. **p b 0.01; ****p b 0.0001.
intervention (p = 0.0422), but the increase in staining intensity was
not statistically significant in reperfused bones. In the cortical bone, no
significant differences were detected for expression of TF between
groups (Fig. 3).

Deposition of fibrin was significantly increased in vessels of both re-
perfused and contralateral cortical bones compared to normal ones
f cortical bone. B, representative images for tPA staining in reperfused and normal cortical
vessels of marrow. D, representative images for tPA staining in reperfused and normal
nted by dots with indication of mean ± SD by lines. Scale bar represents 100 μm. C -



Fig. 6. Expression of PAI-1 in bone tissue. A, quantitative comparison of PAI-1 expression in vessels of cortical bone. B, representative images for PAI-1 staining in reperfused and normal
cortical bones from healthy, unmanipulated animals. Data of individual experiments are represented by dots with indication of mean ± SD by lines. Scale bar represents 100 μm. C -
contralateral; R - reperfused; N - normal. *p b 0.05; **p b 0.01.
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without manipulation (both p b 0.0001), as well as in the respective
bonemarrow sections (p=0.0024 and p=0.0011, respectively, Fig. 4).

3.3. Expression of tPA and PAI-1

To assess the involvement of the fibrinolytic system in bone I/R inju-
ry, expression of tPA and PAI-1 was evaluated by IHC. Expression of tPA
was significantly down regulated in vessels of both reperfused and con-
tralateral cortical bones as compared to healthy controls without inter-
vention (p = 0.0063 and p = 0.0023, respectively). Also in vessels of
bone marrow, a significant downregulation of tPA expression was
found both in the reperfused and contralateral limbs (both p b 0.0001,
respectively, Fig. 5).

PAI-1 expression was only visible in the vessels of cortical bone, not
in bone marrow. Expression of PAI-1 was significantly up regulated in
vessels of the reperfused cortical bones rather than the contralateral
and normal, healthy controls (p= 0.0117 and p= 0.0029, respectively,
Fig. 6).

3.4. Expression of E-selectin

To evaluate expression of the adhesionmolecule E-selectin on endo-
thelial cells (ECs), IHC staining was performed. In a similar manner to
PAI-1, E-selectin expression was only found in vessels of cortical
bones, but not in bone marrow. No significant differences were ob-
served for E-selectin expression between the reperfused cortical bones
and unmanipulated, healthy bones (p = 0.2354, Fig. 7).

3.5. Overall effects of I/R injury on bone vessels, osteocytes and bone matrix

To see the effects of I/R injury on bones including vasculature, oste-
ocytes, and matrix, immunostaining of the above markers was evaluat-
ed. In Table 1 a summary of the effect of I/R injury on the deposition or
Fig. 7. Expression of E-selectin in bone tissue. A, quantitative comparison of E-selectin expressio
and normal cortical bones from healthy, unmanipulated animals. Data of individual experime
100 μm. C - contralateral; R – reperfused; N - normal.
expression of plasma cascade proteins as well as E-selectin in bone ves-
sels is shown.

A specific analysis of immunohistochemistry staining of osteocytes
and bone matrix was performed. Deposition of C3b/c was significantly
increased on osteocytes of the contralateral and reperfused bones, and
fibrin was increased both on osteocytes and matrix of the contralateral
and reperfused bones as compared with normal controls. A weak ex-
pression of TF was observed on osteocytes of the normal healthy rat tib-
ias, while it was completely absent in the experimental groups. No
significant differenceswere obtained for the other analyzed parameters.
An overview of the presence of plasma cascade proteins on osteocytes
and bone matrix is given in Table 2 and details are available in Supple-
mental Fig. 1.
3.6. Serum complement activity

In animals undergoing 4 h ischemia and 24 h reperfusion, serum
complement activitywas reduced over time. At baseline, the percentage
of erythrocyte lysis was 96±3.6%. After 2 h ischemia, values dropped to
89.3 ± 2.8%, which was significantly lower than baseline (p= 0.0183).
At the end of reperfusion, 85.9 ± 6.0% erythrocyte lysis was measured
(p = 0.0012 vs. baseline, Fig. 8), suggesting complement consumption
during the course of I/R injury.
3.7. HMGB1 in plasma

As an inflammatory marker, concentrations of HMGB1 in plasma
were measured by ELISA. A significantly higher level of HMGB1 in plas-
ma was found in animals subjected to hind limb I/R injury (27.8 ±
6.3 ng/ml) compared with normal, healthy animals (7.5 ± 1.2 ng/ml,
p b 0.0001, Fig. 9).
n in vessels of cortical bone. B, representative images for E-selectin staining in reperfused
nts are represented by dots with indication of mean ± SD by lines. Scale bar represents



Table 1
Effects of hind limb I/R injury on bone vasculature.

Cortical bone Bone marrow

Contralateral Reperfused Contralateral Reperfused

C3b/c ↑ ↑ ↑ –

TF – – – ↑
Fibrin ↑ ↑ ↑ ↑
tPA ↓ ↓ ↓ ↓
PAI-1 ↑ – Not detectable Not detectable
E-selectin – – Not detectable Not detectable

TF: tissue factor; tPA: tissue plasminogen activator; PAI-1: plasminogen activator inhibitor
1; ↑: significantly increased compared with the normal healthy controls; ↓: significantly
decreased compared with the normal healthy controls;−: no significant differences be-
tween groups.
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4. Discussion

The model of bone-related I/R crush injury induced in rat tibia was
established on the basis of previous studies on I/R injury of rat hind
limbs [31]. In a rat hind limb allotransplantation model routinely per-
formed in our laboratory [32], the femoral arteries of both the donor
and recipient rats are clamped at the same site as done in the present
study. Bleeding of the femoral bone – which is cut during amputation
– was never observed. Based on this experience and the anatomy of
the rat vascular system [39], we can exclude the existence of functional
collateral vessels nourishing the femoral bone of the contralateral limb
upon unilateral clamping and tourniquet application. We therefore as-
sume that our model leads to a complete, 4 h ischemia of the tibial
bone. It was reported by others [4] using a bone chamber and intravital
microscopy in rabbits, that an ischemia time of 2 to 4 h leads to a critical
ischemia and reperfusion injury of cortical bone. From our own above
mentioned studies [31] we also know that the limb is well reperfused
as assessed by Laser Doppler, but a quantitative, specific analysis of
bone reperfusion as performed in the rabbit bone chamber study [4]
was not possible in our model.

Our results show that activation of the plasma cascades, including
complement, coagulation and fibrinolysis, may also play a role in I/R in-
jury of bone. This is supported by increased deposition of C3b/c and fi-
brin and increased expression of PAI-1, as well as reduced expression
of tPA in bone vasculature from ischemic and reperfused rat hind
limbs. A significant increase of C3b/c and fibrin deposition was also
shown on osteocytes (as well as matrix for fibrin) of both contralateral
and reperfused hind limbs compared with normal, healthy controls.

The presence of fibrin deposits in the vasculature of contralateral
bones suggests activation of the respective EC due to the systemic pres-
ence of pro-inflammatorymediators. Positive staining for fibrin of oste-
ocytes and matrix in cortical bone was also observed in reperfused as
well as contralateral limbs. This is most likely due to increased fibrino-
gen levels in plasma as described earlier for example in critical limb is-
chemia in patients [40]. One might speculate that osteocytes could also
Table 2
Presence of plasma cascade proteins on osteocytes and matrix in cortical bone after hind limb

Osteocytes

Contralateral Reperfused Normal

C3b/c 9.3 ± 3.6⁎ 11.0 ± 4.1⁎⁎ 3.6 ± 0.5
TF – – 1.4 ± 0.9
Fibrin 12.0 ± 2.5⁎⁎⁎⁎ 12.8 ± 2.8 ⁎⁎⁎⁎ –
tPA 2.5 ± 1.4 1.7 ± 1.2 1.2 ± 1.3
PAI-1 1.0 ± 1.5 0.5 ± 1.2 0.6 ± 1.3

Data are arbitrary values (0–15) calculated as intensity × grading. For intensity, nothing= 0; w
3; 61–80% = 4 and 81–100% = 5. TF: tissue factor; tPA: tissue plasminogen activator; PAI-1: p

⁎ p b 0.05 versus normal.
⁎⁎ p b 0.01 versus normal.

⁎⁎⁎⁎ p b 0.0001 versus normal.
### p b 0.001 versus contralateral and reperfused groups.
become activated due to I/R injury and produce fibrinogen, but this re-
mains to be analyzed in more detail. Deposition of fibrin in the contra-
lateral limb was also found in an earlier study by our group, in which
I/R injury of the gastrocnemius muscle was investigated in the same
rat model [31]. In fact, remote organ damage caused by limb I/R injury
has been shown by us [31] and others [27,28,41] in experimental
models as well as clinical studies [42,43].

Transition of bone vascular EC to a pro-coagulant and anti-fibrinolyt-
ic phenotype was further evidenced by downregulation of tPA, which
activates plasmin to break down emerging fibrin clots. Downregulation
of tPA expression, measured as impaired release of tPA into the circula-
tion, was also reported in an extremity I/R injury study in humans [23].
PAI-1, a pro-coagulant marker, plays a role in I/R injury and it was re-
ported previously that PAI-1 deficientmice show reduced fibrin deposi-
tion and a lower degree of inflammation in a lung I/R injury model [44].
Our data that tPA and PAI-1 expression are elevated in the bone tissue
are consistent with results on blood levels of tPA and PAI-1 in patients
requiring lower extremity microsurgical vascular reconstructions [22,
23].

EC activation is often associated with expression of adhesion mole-
cules like E-selectin. In our study E-selectin expression was not signifi-
cantly upregulated after I/R injury. This finding is in line with a clinical
study on elective limb surgery, inwhichno increase of soluble E-selectin
was found in the blood of the patients [45]. However, an increased sys-
temic release of endothelial adhesionmolecules was reported in an am-
putation study with patients suffering from critical limb ischemia [46].

As an initiator of the coagulation pathway, TF is normally located in
the sub-endothelium but can be induced on the surface of ECs due to
vascular injury. Therewere no significant differences for vascular TF ex-
pression except a slight increase in the contralateral bonemarrow. This
couldmean two things: Either fibrin formationmay occur independent-
ly of TF expression,mainly via contact activation, orwemiss a peak of TF
expression that might occur earlier than 24 h after reperfusion.

In addition to coagulation, the complement systemwas also activat-
ed in our rat hind limb I/R injurymodel. This was shown by a significant
increase of C3b/c deposits in vessels of cortical bone and bone marrow
of reperfused limbs, aswell as vessels of cortical bone of the contralater-
al limbs. C3b/c deposition was also increased on osteocytes of reper-
fused and contralateral bones as compared to normal controls. In line
with these findings, we observed a significant reduction of functional
complement in serumas reflected by CH50 values. This complement ac-
tivation is consistent with clinical studies of critical limb ischemia [47,
48]. However, damage to skeletal muscle tissue is also occurring in our
model (Supplemental Figs. 1 and 2), which may also contribute to sys-
temic complement activation and –consumption.

In some models of I/R injury, complement activation was shown to
be linked to recognition of ischemia-induced neoepitopes by natural an-
tibodies [49,50]. However, in contrast tomyocardial I/R injury [51], skel-
etal muscle reperfusion injury was not attenuated in the rat hind limb
model by complement inhibition alone [31]. It remains to be
I/R injury.

Matrix

Contralateral Reperfused Normal

5.0 ± 0.0 5.2 ± 0.4 5.0 ± 1.0
### 2.3 ± 1.5 3.3 ± 2.7 5.6 ± 3.0

7.2 ± 1.3 ⁎⁎⁎⁎ 7.0 ± 2.5 ⁎⁎⁎⁎ –
5.2 ± 0.8 6.5 ± 1.2 6.2 ± 1.8
4.5 ± 1.0 5.5 ± 0.8 4.4 ± 2.3

eak= 1;mediate= 2; strong=3. For field grading, 1–20%=1; 21–40%=2; N41–60%=
lasminogen activator inhibitor-1; –: absence of staining.



Fig. 8. Hemolytic complement activity by CH50 assay in serum at baseline, end of
ischemia, and end of reperfusion. Data of individual experiments are represented by
dots with indication of mean ± SD by lines. B - baseline; I - end of ischemia; R - end of
reperfusion. *p b 0.05; **p b 0.01.
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determined whether in case of bone I/R injury EC activation relies on
complement activation or not. In fact, EC can be activated byHMGB1, in-
dependent of complement activation, as shown recently by our group
[52]. We found highly increased levels of HMGB1 in circulation after
24 h of reperfusion, in linewith a porcine poly-traumamodel (including
tibia fracture, lung contusion, and liver laceration) [53]. We might
therefore speculate that EC activation in the bone vasculature ismediat-
ed – at least in part – by HMGB1. Yet, higher levels of HMGB1 are prob-
ably caused by extensive injury to the skeletal muscle tissue in our
model (Supplemental Figs. 2–3). This makes our experiments tentative
due to the complexity of our animalmodel, i.e. ligating of the femoral ar-
tery and all the muscle tissue with associated veins and muscle tissue.

Another limitation of our study is the relatively short – 24 h – dura-
tion of reperfusion. I/R injury of bonemay lead to healing and remodel-
ing processes, which could not be studied in the current model. Due to
technical difficulties with the bone sections we were also unable to re-
liably assess the staining of osteoblasts for the different markers of I/R
injury and we had to limit the analysis of solid bone to osteocytes and
bone matrix.

In conclusion, our results show that I/R injury of bone induced by ar-
terial clamping and additional tourniquet application leads to activation
of the coagulation and complement cascades and a downregulation of
the fibrinolytic system. In the acute phase, a vascular inflammation in-
duced by activation of the plasma cascade systems seems to occur in
bone. This is similar to events following I/R injury of other vascularized
organs and tissues. However, our conclusions are limited by the fact that
crush injury effects may also be present, which make interpretation
more complicated.
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