Inflammatory activation after experimental limb ischemia-reperfusion.
The possibilities of therapy

Renáta Varga

Ph. D. Thesis

Institute of Surgical Research, University of Szeged
Szeged, Hungary

2009
Szeged

CONTENTS
List of papers related to the subject of the thesis …........................................................... 5
1.

INTRODUCTION….................................................................................................. 6

1.1.

Free radicals and reperfusion injury…......................................................................... 6

1.2.

Microcirculatory inflammatory reactions during ischemia-reperfusion (I-R) injury... 7

1.3.

The roles of different adhesion molecule expression and endothelial dysfunction
in the ischemia-induced microcirculatory inflammatory changes…………………... 8

1.4.

Periosteal damage in the clinical practice….............................................................. 11

1.5.

The effects of ischemic preconditioning on I-R injury….......................................... 12

1.6.

Biological and anti-inflammatory effects of endogenous phosphatidyl choline…… 12

1.7.

Treatments of macro- and microcirculatory injury by fluid therapy……………….. 14

2.

AIMS…............................................................…..................................................... 15

3.

MATERIALS AND METHODS............................................................................ 16

3.1.

Experimental protocol.…............................................................….......................... 16

3.2.

Surgical procedures, preparation of the tibial periosteum in rats………………….. 19

3.3.

Intravital videomicroscopy…............................................................….................... 19

3.4.

Video analysis…........................................................................................................ 19

3.5.

Flow cytometric analysis of CD11b expression changes…………………………... 20

3.6.

Measurements of soluble ICAM-1 levels…………………………………………... 21

3.7.

Immunohistochemical analysis of tissue ICAM-1 expression…………………...… 21

3.8.

Myeloperoxidase measurements…............................................................................ 22

3.9.

Histological assessment of mast cell degranulation………………………………... 22

3.10. Statistical analysis…............................................................….................................. 22
4.

RESULTS................................................................................................................. 23

4.1.1. Local anti-inflammatory effects of IPC in the postischemic periosteum………….. 23
4.1.2. Ameliorated systemic inflammatory reactions in response to IPC after limb
ischemia…............................................................…................................................. 24
4.2.1. Local anti-inflammatory effect of PC in the postischemic periosteum……………. 27
4.2.2. Other signs of ameliorated inflammatory reactions in response to PC……………. 28
4.3.1. Local anti-inflammatory effects of colloid solutions in the postischemic
periosteum…………………………………………………………………………. 30
4.3.2. Signs of ameliorated systemic inflammatory reactions in response to different
colloid solution therapy after limb ischemia………………………………………. 33

2

5.

DISCUSSION……………………………………………………………………... 36

5.1.

Effects of different therapeutic interventions on PMN-endothelial interactions…… 36

5.2.

Effects of different therapeutic interventions on adhesion molecule expressions…. 40

6.

SUMMARY OF NEW FINDINGS…..................................................................... 47

7.

ACKNOWLEDGMENTS…................................................................................... 48

8.

REFERENCES…..................................................................................................... 49

9.

ANNEX….................................................................................................................. 64

3

LIST OF ABBREVIATIONS
DEX

dextran

GEL

gelatine

HES

hydroxyethyl-starch 130/0.4

ICAM-1

intercellular adhesion molecule-1

IPC

ischemic preconditioning

I-R

ischemia-reperfusion

IVM

intravital videomicroscopy

MAP

mean arterial pressure

MPO

myeloperoxidase

PC

phosphatidylcholine

PMN

polymorphonuclear leukocyte

ROI

reactive oxygen intermediate

TNF-α

tumor necrosis factor-alpha

4

LIST OF FULL PAPERS RELATING TO THE SUBJECT OF THE THESIS

Varga R, Gera L, Török L, Kaszaki J, Szabó A, Nagy K, Boros M: Effects of
phosphatidylcholine therapy after hindlimb ischemia and reperfusion. Magyar Sebészet
59(6):429-36, 2006.
Gera L, Varga R, Török L, Kaszaki J, Szabó A, Nagy K, Boros M: Beneficial effects of
phosphatidylcholine during hindlimb reperfusion. Journal of Surgical Research 139(1):45-50,
2007. IF (2007): 1.836
Varga R, Török L*, Szabó A, Kovács F, Keresztes M, Varga G, Kaszaki J, Boros M: Effects
of colloid solutions on ischemia-reperfusion-induced periosteal microcirculatory and
inflammatory reactions: comparison of dextran, gelatin, and hydroxyethyl starch. Critical
Care Medicine 36(10):2828-2837, 2008. IF (2007): 6.283

* = Equal contribution

Szabó A, Varga R, Keresztes M, Vízler C, Németh I, Rázga Z, Boros M: Ischemic limb
preconditioning downregulates systemic inflammatory activation. Journal of Orthopedic
Research (2009, accepted for publication) IF (2007): 2.437

Abstracts relating to the subject of the thesis
Varga R, Gera L, Kaszaki J, Szabó A, Ghyczy M, Boros M: Phosphatidylcholin treatment
improves the periosteal microcirculation following hindlimb ischemia and reperfusion.
European Surgical Research 36:S14, 2004.
Kaszaki J, Varga R, Török L, Szabó A, Boros M: Effects of colloids on the periosteal
microcirculation after ischemia-reperfusion. European Surgical Research 37:S1, 2005.
Varga R, Szabó A, Keresztes M, Kaszaki J, Németh I, Rázga Zs, Boros M: Inflammatory
changes after short-term ischemic preconditioning of the rat hindlimb. European Surgical
Research 39:S57, 2007.

5

1.

INTRODUCTION

1.1.

Free radicals and reperfusion injury
Local transient limb ischemia occurs in different traumatological cases (fractures) and

during therapeutic interventions (e.g. tourniquet method or flap-surgery). In general,
ischemia-reperfusion (I-R) initiates a cascade of pathophysiological events which in turn
enhance local and remote tissue injury. Ischemia is a state of tissue oxygen deprivation
accompanied by an anoxic injury and a decrease in mitochondrial energy production (ATP
synthesis, oxidative phosphorylation) and thus a fall in cellular energy (ATP) content. Despite
the unequivocal benefit of reperfusion of blood to an ischemic tissue, reperfusion itself can
elicit a cascade of adverse reactions that paradoxically injure tissue. Reperfusion of the
ischemic tissues with oxygen-rich blood induces a cascade of chemical reactions and cellular
events (Parks DA et al. 1986). Cell injury upon reperfusion, especially in the early reperfusion
phase, may be a direct consequence of intracellular alterations that occurred in the ischemic
phase. For instance, in the ischemic phase electron-transferring enzymes, such as those of the
mitochondrial respiratory chain, may be damaged. Upon reperfusion of the still viable cells,
the reduction of molecular oxygen to form toxic metabolites (superoxide, hydrogen peroxide
and hydroxyl radical) appears to be a key chemical event (Granger DN et al. 1981). Once
formed in postischemic tissues, the reactive oxygen intermediates (ROI) cause oxidation of
nucleic acids, enzymes, receptors and membrane lipids (Dizdaroglu M et al. 1993, Cochrane
CG et al. 1991). Indeed, ROI have been implicated in several toxic pathways, including
damage to cellular lipids, proteins, and DNA (Freeman BA et al. 1982, Jones DP 2008).
Furthermore, due to the impaired oxygen consumption, oxidative phosphorylation and
metabolic functions are deranged (Martin GP et al. 1987). The two potential sources of ROI
that have received most attention are xanthine oxidase (Granger DN et al. 1986) (found in
endothelial and different epithelial cells) and NADPH oxidase (Grisham MB et al. 1986)
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(found in phagocytic cells such as neutrophils). Xanthine oxidase, a rate-limiting enzyme in
nucleic acid degradation, possesses the ability to generate both hydrogen peroxide and
superoxide when converted from its xanthine dehydrogenase form in ischemic tissue.
Reperfusion phase also initiates an inflammatory response which is triggered by
constituents of the damaged cells (cell debris) or by the disrupted tissue matrix via the
activation of the complement cascade or of macrophages, endothelial, dendritic, and other
cells. A major characteristic of these reactions is the recruitment of various inflammatory
cells, including polymorphonuclear leukocytes (PMNs) into the formerly ischemic tissues.
Once adhering to the endothelial surface, PMNs become activated and release a variety of
enzymes (NADPH oxidase, myeloperoxidase; MPO), elastase and collagenase that injure
these cells and neighboring parenchymal cells.
1.2.

Microcirculatory inflammatory reactions during ischemia-reperfusion injury
PMN adhesion to the endothelium is significantly enhanced within minutes after the

onset of reperfusion and remains elevated for hours (Harris AG et al. 1996). Several adhesion
molecules present on the surface of PMNs and/or endothelial cells, such as immunoglobinlike adhesion receptors (ICAM-1, PECAM-1, VCAM-1), integrins (CD11/CD18), and
selectins (E-, P-, L-selectin), are involved in the multistep process of PMN accumulation and
emigration (Eppihimer MJ et al. 1997, Springer TA 1990). Soluble mediators released during
I-R exert chemotactic actions and direct PMN accumulation to the site of injury. These
chemotactic substances include proinflammatory cytokines/chemokines such as interleukins,
tumor necrosis factor-alpha (TNF-α), platelet-activating factor, and leukotrienes released by
the postischemic endothelium but also by resident leukocytes and non-leukocyte cells
(Wanner GA et al. 1996, Serrick A et al. 1994, Kurose I et al. 1997). In addition, radicals
generated during reperfusion and the reintroduction of molecular oxygen are believed to
contribute significantly to I-R-induced microvascular dysfunction. Both cytokines and ROI
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increase the expression of adhesion molecules by initiating surface mobilization of preformed
adhesion proteins from intracellular stores (see later). In addition, oxidants and cytokines
induce gene transcription and de novo synthesis of adhesion molecules by activating the
nuclear transcription factor AP-1 or NFκB, (Roebuck KA et al. 1995, Ichikawa H et al. 1997,
Kacimi R et al. 1998, Sawa Y et al. 1997) altogether leading to PMN accumulation. Upon
adhesion/activation, recruited PMNs in turn release ROI and proinflammatory mediators (e.g.
PAF, interleukins, leukotrienes), thus initiating a vicious circle at the level of the
microcirculation. PMNs are thought to be important players in the manifestation of
microvascular and tissue injury. The degree of tissue damage during I-R strongly correlates
with the number of recruited PMNs (Harris AG et al. 1996). At the same time, prevention of
PMN accumulation in postischemic tissues by depletion with anti-neutrophil serum or
leukocyte filters results in a marked attenuation of reperfusion injury (Korthuis RJ et al.
1988). The mechanism of PMN-caused tissue injury is less clear. The impairment of reflow
by capillary plugging, the production of oxidants, increased permeability of the vascular
endothelial barrier as a result of PMN adhesion and emigration and in particular, the release
of proinflammatory mediators and proteolytic enzymes by PMNs favoring leakage of
macromolecules are thought to play predominant roles (Harris AG et al. 1997, Kurose I et al.
1994a).
1.3.

The roles of different adhesion molecule expression and endothelial dysfunction

in the ischemia-induced microcirculatory inflammatory changes
The inflammatory aspect of I-R injury relies on the role of PMNs and leukocyte
adhesion molecules in the I-R-related events (see Figure 1). The initial step during reperfusion
is characterized by a loss of endothelium-derived nitric oxide, rapidly leading (i.e. within 2–5
min) to endothelial dysfunction (Tsao PS et al. 1990). The next step in the reperfusion process
is up-regulation of the expression of adhesion P-selectin on the endothelial surface of the
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affected area 10–20 min following reperfusion (Weyrich AS et al. 1995). This leads to
increased number of PMNs to the dysfunctional and selectin up-regulated endothelium (Ma
XL et al. 1993). The selectin family of leukocyte adhesion molecules consists of three known
members: L, P, and E-selectins, respectively, each type plays key role in the cell adhesion
cascade of inflammation. Basically, the selectins initiate PMN rolling along the endothelium,
the first step in PMN recruitment to activated endothelium at a site of tissue injury. L-selectin
is a cell surface glycoprotein expressed constitutively on a wide variety of leukocytes. Lselectin plays a role in the emigration of lymphocytes into peripheral lymph nodes and sites of
chronic inflammation and of PMNs into acute inflammatory sites. P-selectin is cell surface
glycoprotein that also plays a critical role in the emigration of PMNs into tissues. P-selectin is
constitutively stored in the Weibel-Palade bodies of endothelial cells and in the alpha granules
of platelets (Lorant DE et al. 1991). It is expressed on the cell surface within minutes after
exposure to stimuli such as thrombin. E-selectin expression is largely restricted to endothelial
cells activated by different stimuli such as endotoxin and the pro-inflammatory cytokines
interleukin-1 (IL-1) and tumor necrosis factor (TNF) (Chamoun F et al. 2000).
In areas of inflamed or injured tissue, PMN adhesion and transendothelial migration
are observed in the postcapillary venules rather than in the precapillary arterioles (Atherton A
et al. 1973, Ley K et al. 1991). To emigrate into tissue, PMNs initially tether to and roll on
the vascular endothelium. This relatively loose adhesion is followed by firmer adhesion
mediated through integrin adhesion molecules (e.g., CD18) and their receptors (e.g.,
intercellular adhesion molecule-1, ICAM-1). The primary sequences of ICAM-1, ICAM-2,
VCAM-1, and PECAM-1 revealed that these molecules belong to the immunoglobulin (Ig)
supergene family of cell surface molecules (Beekhuizen H et al. 1993, Springer TA 1990,
Williams AF et al. 1988). All Ig superfamily members have a variable number of repetitive
extracellular Ig-like domains, followed by a transmembrane domain and a short cytoplasmic
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sequence. The Ig-like domains specifically recognize heterodimeric glycoproteins, designated
as integrins. PMN-specific integrins - are composed of specific α chains (CD11) and a
common β2 chain which exclusively expressed on the PMNs - are required for neutrophil
adhesion and transmigration across the activated endothelium. ICAM-1 is abundantly
expressed on the endothelium, where it interacts with neutrophils via CD11a/CD18 (LFA-1)
or CD11b/CD18 (Mac-1), respectively (Springer TA 1990). CD11a/CD18 is expressed on the
PMNs constitutively, while the expression of the latter one is induced by ischemia-reperfusion
injury (Table 1).
Although the microcirculatory inflammatory consequences of many locations of I-R
are well characterized, periosteal changes in response to I-R are not nearly so well
characterized. For this reason, we set out to characterize the postischemic periosteal
microcirculatory reactions in order to create a model of clinically applied interventions, such
as bone autotransplantation and tourniquet-induced circulatory reactions.

ROLLING
selectins
shear forces

STICKING

TRANSMIGRATION

immunoglobulins and integrins
chemokines
BLOOD

ENDOTHELIUM
intercellular junction

Figure 1.

TISSUE

Scheme of PMN-endothelial interactions.
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Table 1.

Major ligands of primary (rolling) and secondary (firm adhesion) PMN-

endothelial interactions.
Phases
Rolling

Adhesion
(sticking)

Endothelial ligand
Selectins/ligands
E-selectin (endothelium)
P-selectin (endothelium and platelets)
GlyCAM-1
Immunoglobulin family
VCAM-1 (vascular adhesion molecule 1)
ICAM-1 (intercellular adhesion molecule 1)
ICAM-1

Endothelial PECAM-1
Transmigration (“platelet-endothelial
molecule” = CD31)
1.4.

cell

Leukocyte ligand
Selectins/ligands
+ ESL-1
+ PSGL-1
+ L-selectin
Integrins
+ VLA-4 = β1 integrin
+ LFA1 (CD11a/CD18)
+ MAC1 (CD11b/CD18) =
β2 integrin
Leukocyte PECAM-1 =
adhesion CD31

Periosteal damage in the clinical practice
As dark side of civilization, widespread motorization has led to increasing frequency

of severe traumatological injuries in the last decades. Since many traumatological
interventions are performed under reduced blood flow conditions (elicited by the tourniquet),
limb hypoperfusion-reperfusion is a frequent consequence of these operations too. Apart from
the bones, the periosteum is also involved in this process which can lead to different degrees
of bone healing disorders (delayed bone healing, pseudoarthrosis or sequester formation).
Apart from fractures, the radical resection of tumors can also lead to bone defects.
During such reconstructions, autotransplantation via vessel anastomoses is often used since
the survival and incorporation degree of the transferred bone can be greatly enhanced by these
interventions. During these procedures, the bone is subjected of iatrogenic I-R injury.
Bone healing following fractures with severe soft tissue is critically affected by
impaired periosteal perfusion. The importance of periosteum is highlighted by the clinical
observation where extensive soft tissue injury and periosteal stripping typically precedes
delayed fracture repair. This scenario is frequently characterized by non-union or manifest
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pseudarthrosis (Gustilo RB et al. 1984, 1990, Esterhai JL et al. 1991, Kowalski MJ et al.
1996, Utvag SE et al. 1998).
1.5.

The effects of ischemic preconditioning on I-R injury
Ischemic preconditioning (IPC), i.e. repeated brief periods of ischemia have been

shown to significantly increase the resistance to the harmful consequences of a subsequent
severe ischemic insult (Murry CE et al. 1986). Apart from the local effects, the protection of
remote tissues can also be achieved through brief periods of arterial occlusions of the
intestine, kidneys and many other organs (Gho BC et al. 1996, Cheung MM et al. 2006).
Although the remote effects of intra-abdominal IPC may be notable, the extremities provide
better opportunities for clinical purposes. IPC of the limbs in humans can be easily performed,
the risk of surgical complications is low, and moreover, the large tissue mass may
theoretically provide strong defense-triggering IPC signals. Hence, we hypothesized that IPC
is associated with potential therapeutic benefits against the local and distant effects of limb
ischemia.
Transient limb ischemia has been shown to cause microvascular disturbances in the
periosteum (Wolfárd A et al. 2002). Although several lines of evidence have suggested that
IPC can effectively influence the perfusion of different organs (Wang WZ et al. 1999, Mallick
IH et al. 2005), the periosteal microcirculatory response in this condition is as yet largely
undefined.
1.6.

Biological and anti-inflammatory effects of endogenous phosphatidylcholine
Phosphatidylcholine (PC) is the most common and essential membrane forming of the

body. It has been shown however, that I-R is associated with physical membrane defects
which results in PC degradation and the exhaustion of endogenous PC sources (Bruhl A et al.
2004, Jones RL et al. 1989, Gross RW 1992). This observation suggests that PC
supplementation can be beneficial is various diseases. This is further supported by the notion
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that ischemic preconditioning restores the membrane stability with the simultaneous
prevention of phospholipid degradation (Bruhl A et al. 2004).
Stress induces the phospolipase D-catalyzed hydrolysis of membrane PC. This
reaction leads to the endogenous production of phosphatidic acid and choline. Choline is a
potent anti-inflammatory agent and is actively transported into the epithelial cells (Kuehl FA
et al. 1957). Choline could also form part of a defense mechanism which may operate in
biological systems against oxido-reductive stress (Ghyczy M et al. 2003). Furthermore, PC is
taken up by phagocytic cells and accumulates in inflamed tissue (Cleland LG et al. 1979). In
vitro studies have demonstrated that PC may protect against the membrane damage caused by
bile salts (Martin GP et al. 1981, el-Hariri LM et al. 1992). Further, in vivo studies have
revealed that choline is an essential nutrient for humans and a choline deficiency may result in
hepatic steatosis (Zeisel SH et al. 1991, Buchman AL et al. 1995). PC provides protection
against many chemical toxin-induced pathological conditions, and especially liver damage
(Kidd PM 1996).
It has been shown that PC metabolites might relieve a potentially dangerous increase
in the ratio of NADH / NAD+ (reductive stress), a predisposing cause of oxidative damage
(Ghyczy M et al. 2003). This reaction sequence could explain the still incompletely
understood essential role of choline in diet, and its preventive efficacy in a number of
experimentally induced pathologies associated with a redox imbalance. It may be assumed
that the endogenous pool of these metabolites may become exhausted during exogenous
provocation and that an exogenous supply might help to replenish and strengthen the
endogenous protective mechanism.
Endogenous PC influences several pathways of the bone physiology, including the
induction of bone formation (Han B et al. 2003), the modulation of resorption (Kwak HB et
al. 2004) and calcification (Bonucci E et al. 1997). Exogenous PC likewise exerts beneficial
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effects during ischemia (Duan JM et al. 1990), but its role in I-R-related microvascular
changes is yet undefined. For this reason we aimed at modulating the limb I-R-induced
microcirculatory alteration by PC supplementation.
1.7.

Treatments of macro- and microcirculatory injury by fluid therapy
The main purpose of fluid resuscitation is effective and sustained restoration of the

tissue perfusion. Attempts to achieve this goal are currently made by the administration of a
variety of crystalloid and colloid solutions or an infusion of their combinations. The added
benefits of colloids as compared with crystalloids include prolongation of the circulatory
improvement (Hoffmann JN et al. 2002, Marx G et al. 2004) and various anti-inflammatory
actions (Lang K et al. 2003, Tian J et al. 2004, Gombocz K et al. 2007). Although the fields
of indication for the use of natural or synthetic colloids are well-established (Hoffmann JN et
al. 2002, Boldt J 2006), the therapeutic power of different fluid replacement strategies is still
a subject of debate. The volume-restoring potential of colloids is often regarded as a most
important clinical feature; nevertheless, the net efficacy of ”plasma expanders” is determined
by many other factors. Specifically, the various experimental and clinical data demonstrate
significant differences not only in the characteristics of the macrohemodynamic responses
(Boldt J 2006), but also in the potential to restore tissue oxygenation (Marx G et al. 2004,
Rittoo D et al. 2004) and additionally the potential to modulate inflammatory activation at the
microcirculatory level (Menger MD et al. 1993, Kaplan SS et al. 2000, Jaeger K et al. 2001,
Feng X et al. 2007). Anti-inflammatory actions and microcirculatory consequences are in fact
interrelated events. Interruption of the adhesion between PMN leukocytes and endothelial
cells ameliorates or prevents microcirculatory dysfunctions (Kurose I et al. 1994b), and these
reactions have been implicated as critical pathogenic factors in a variety of low flow-induced
tissue injuries (Granger DN et al. 1994). In this respect, it has been shown that artificial
colloids indeed moderate hypoxia-induced endothelial dysfunctions (Kaplan SS et al. 2000,
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Steinbauer M et al. 1998), and interfere with the expression of adhesion molecules that
mediate PMN-endothelial cell interactions (Tian J et al. 2004, Gombocz K et al. 2007, Akgur
FM et al. 1999, Pascual JL et al. 2001, Nohé B et al. 2005). Our understanding of the pivotal
position of inflammation in the pathogenesis of a microvascular dysfunction raises questions
concerning the opportunities for fluid therapy in the prevention or treatment of this syndrome.
To date, however, there have been only very few in vivo studies where the microcirculatory
effects of the clinically most important artificial colloid classes, including dextran (DEX),
low-molecular-weight hydroxyethyl starch (HES) and gelatine (GEL), have been
characterized and compared in the same setup.

2.

AIMS
Our main aim was to examine the local, periosteal microcirculatory inflammatory

consequences of I-R in animal models of transient limb ischemia. During these studies, the
estimation of the efficacy of different therapeutic implications was achieved by quantifying
the changes of local periosteal PMN-endothelial interactions and the expression of adhesion
molecules known to play a role in this process.
Study I. Our primary aim was to assess the degree of local microcirculatory protection
that can be achieved by IPC in a rat model of experimental limb I-R using intravital IVM
examination of the periosteum. We additionally aimed to examine the possibility of systemic
inflammatory activation caused by a local ischemic trigger, and the extent of IPC-induced
protection.
Study II. Our second aim was to modulate the outcome of an I-R-induced
inflammatory reaction through the administration of exogenous PC. In addition to the
intravital microscopic examination of the effects of PC, we investigated the nature and the
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time course of PMN accumulation in the periosteum and skeletal muscle in relation to the
magnitude of mast cell degranulation.
Study III. Thirdly, our aim was a comprehensive characterization of the pleiotropic
efficacies of DEX (6%; 60 kDa MW), low molecular weight HES (6%; 130 kDa/0.4) and
GEL (4%; 35 kDa) on PMN reactions at the periosteal microciculatory level by using
standardized in vivo microscopic methods.

3.

MATERIALS AND METHODS
The experiments were performed on rats (average weight 300±20 g) in accordance

with the NIH Guidelines (Guide for the Care and Use of Laboratory Animals) and the study
was approved by the Animal Welfare Committee of the University of Szeged.
3.1.

Experimental protocol

Study I.
These experiments were performed to assess the effects of IPC in the limb ischemiainduced microcirculatory inflammatory reactions in two experimental series of SpragueDawley rats. The first experiments were used to determine the extent of I-R-induced
microcirculatory changes in the rat tibial periosteum, using IVM. As the fluorescence
technique interferes with measurements of CD11b expression changes, blood samples for the
assessment of adhesion molecule expression (sICAM-1 and CD11b, see later) were taken in a
second series with an identical protocol (see below).
In the first series, the first group (Sham) (n=8) served as sham-operated control; the
microcirculatory variables were recorded for 280 min to exclude changes relating solely to the
anesthesia and surgery. In a second group (IPC+Sham; n=6), sham-operation was combined
with IPC (2 cycles of 10 min of complete hindlimb ischemia and 10 min of reperfusion). The
complete hindlimb ischemia was induced by placing a tourniquet around the proximal femur,
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with simultaneous occlusion of the femoral artery with a miniclip. In groups 3 (I-R; n=11) and
4 (IPC combined with I-R, n=9), complete hindlimb ischemia was induced for 60 min. The
occlusions were then released (time=0 min), and the periosteal microcirculation was observed
after reperfusion for 60, 120 or 180 min. At the end of the experiments, tissue biopsies from
tibias together with the surrounding muscles were taken for the immunohistochemical
localization of ICAM-1.
In the second experimental series, identical experimental groups were used and blood
samples were taken into EDTA-coated tubes (BD Microtainer K2E, Plymouth, UK) at
baseline, and at 120 and 180 min of reperfusion, for sICAM-1 and CD11b measurements
(n=6-14; see later).
Study II.
In this study, the effect of PC supplementation was examined after limb ischemia. In
these experiments, two groups of Wistar rats were subjected to complete hindlimb ischemia
by placing a tourniquet around the proximal femur, and the femoral artery was occluded with
a miniclip for 60 min. The occlusions were then released (time=0 min), and the periosteal
microcirculation was observed after reperfusion for 0, 30, 60, 120 and 180 min. Group 1
(n=7) was treated with the vehicle for PC, while group 2 (n=6) received PC in a dose of 50
mg/kg iv for 10 min, starting 10 min after the beginning of reperfusion. The 5.0% PC solution
(soybean lecithin, MW: 785, Phospholipon 90, Phospholipid GmbH, Cologne, Germany) was
freshly prepared according to the description of the manufacturer. Further two groups served
as sham-operated, vehicle- or PC-treated controls (n=7 and n=6, respectively); the
microcirculatory variables were recorded for 240 min to exclude changes relating solely to the
anesthesia and surgery. At the end of the experiments, muscle biopsies (m. gracilis anterior)
for biochemical (MPO) and histological examinations (mast cells degranulation assessment)
were taken from the operated and contralateral hindlimbs.
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Study III.
There experiments were conducted to assess the effects of different clinically applied
volume expanders on the limb I-R-induced inflammatory reactions. The experiments were
performed in two series of Wistar rats. In the first part of the protocol I-R-induced
microcirculatory changes in the tibial periosteum were analyzed with the aid of fluorescence
intravital microscopy. In the first series, the first group (n=10) served as lactated Ringertreated, sham-operated controls, where the microcirculatory variables were recorded for 240
min to exclude changes relating solely to anesthesia and surgery. In the next four groups,
complete hindlimb ischemia was induced by placing a tourniquet around the proximal femur,
with simultaneous occlusion of the femoral artery with a miniclip for 60 min. The occlusions
were then released (t = 0 min), and the periosteal microcirculation was observed after
reperfusion for 180 min. Animals in groups 2-4 were treated with LR (n=10), GEL
(Gelofusine 4%; 35 kDa; B.Braun Melsungen AG, Melsungen, Germany; n=6), DEX
(Macrodex 6%; 60 kDa; Baxter Deutschland GmbH, Germany; n=9) or HES (Voluven 6%;
130 kDa/0.4; Fresenius Kabi Deutschland GmbH, Homburg, Germany; n=8), respectively, in
a dose of 15 ml kg-1 h-1 iv, starting during the last 10 min of ischemia. The concentrations
used were based on previously reported clinical investigations of the agents (Wolfárd A
2002). In pilot studies, typical, comparable hemodynamic reactions were attained in vivo
(data not shown). The infusions were maintained during the first hour of reperfusion and the
doses were then decreased to 5 ml kg-1 h-1 iv in the second and third hours of reperfusion. To
exclude any possibility of anaphylactic reactions, the DEX-treated group was treated with
hapten (Promit; Fresenius Kabi Inc., Norge AS, Norway) in a dose of 1 ml kg-1 30 min prior
to the initiation of the DEX infusion, the other groups receiving saline in the corresponding
volume. In the second series, identical experimental groups were used and blood samples
were taken into EDTA-coated tubes (BD Microtainer K2E, Plymouth, UK) at baseline and at
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120 min and 180 min of reperfusion for sICAM-1 and CD11b measurements (n=6-12).
3.2.

Surgical procedures, preparation of the tibial periosteum in rats
Rats were anesthetized with sodium pentobarbital (45 mg kg-1 ip), the trachea was

cannulated to facilitate respiration, and the right jugular vein and carotid artery were
cannulated for fluid and drug administration and for the measurement of arterial pressure (a
Statham P23Db transducer with a computerized data acquisition system; Experimetria Ltd.,
Budapest, Hungary), respectively. The animals were placed in a supine position on a heating
pad to maintain the body temperature between 36 and 37 oC, and Ringer's lactate was infused
at a rate of 10 ml kg-1 h-1 during the experiments, together with small supplementary doses of
pentobarbital iv when necessary. The trachea was cannulated to facilitate respiration, the right
femoral artery was dissected free, and the periosteum of the medial surface of the right tibia
was exposed under a Zeiss 6x magnification operating microscope. By means of an
atraumatic surgical technique (developed by our research group), the skin above the anterior
tibia was dissected and the gracilis posterior muscle was cut through. This simple, novel,
easily reproducible procedure provides a tissue window with good exposure of the proximal
and medial microvascular architecture of the anterior tibial periosteum without using local
microcirculatory disturbances or inflammatory reactions.
3.3.

Intravital videomicroscopy
The microcirculation of the distal tibia was visualized by IVM (Zeiss Axiotech Vario

100HD microscope), using fluorescein isothiocyanate (Sigma Chemicals, USA)-labeled
erythrocytes (Ruh J et al. 1998) 7 (0.2 ml), and rhodamine-6G staining (Sigma, St. Louis,
MO, 0.2%, 0.1 ml iv) for the leukocytes. The IVM images were recorded with a chargecoupled device videocamera (Teli CS8320Bi, Toshiba Teli Corporation, Japan) attached to an
S-VHS videorecorder (Panasonic AG-MD 830) and a personal computer.
3.4.

Video analysis
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Quantitative assessment of the microcirculatory parameters was performed off-line by
frame-to-frame analysis of the videotaped images, using image analysis software (IVM,
Pictron Ltd., Budapest, Hungary). Leukocyte-endothelial cell interactions were analyzed
within 5 postcapillary venules (diameter between 11 and 20 µm) per animal. Adherent
leukocytes (stickers) were defined in each vessel segment as cells that did not move or detach
from the endothelial lining within an observation period of 30 s, and are given as the number
of cells per mm2 of endothelial surface. The rolling leukocytes were defined as cells moving
at a velocity less than 40% of that of the erythrocytes in the centerline of the microvessel, and
are given as the number of cells per second per vessel circumference (Study I) or as a
percentage of the number of nonadherent leukocytes passing through the observed vessel
segment within 30 s (Studies II-II).
3.5.

Flow-cytometric analysis of CD11b expression changes
Surface expression of CD11b on peripheral blood granulocyte was determined with

whole blood flow-cytometric analysis by a modified method of Keresztes et al. (Keresztes M
et al. 2007) in duplicates. 100 µl of whole blood was incubated with 20 µl of (50 µg/ml)
mouse anti-rat monoclonal antibody (BD Pharmingen, BD Biosciences, San Jose, CA) for 20
min. Negative controls were obtained by omitting the monoclonal antibody. The cells were
than washed twice in Hank’s buffer, and centrifuged at 13,000 rpm for 5 min and the
resuspended pellet was incubated with fluorescein isothiocyanate-conjugated polyclonal
rabbit anti-mouse immunoglobulin (10 µg/ml; DAKO Cytomation, Glostrup, Denmark; 20µl
aliquots of reagents to 180µl aliquots of blood cells). Cells were again washed twice, the
erythrocytes were lysed using a Lysing kit (Biodesign, Saco, ME), then the cells washed twice
again (6.000 rpm, 5 min) and resuspended in 200 µl Hank’s buffer. A computer-assisted
FACStar Plus Becton-Dickinson equipment was used for cytometry, the granulocytes were
gated on the basis of their characteristic forward and side-scatter features (forward scatter: to
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differentiate from the lymphocytes and monocytes based on the average cell size; side scatter:
based on the granular surface). Generally, 10.000 events per sample were collected, recorded,
the percentage of the labelled (activated) granulocytes (% of marker-bearing cells) and the
mean fluorescence intensity (average marker density) were presented.
3.6.

Measurements of soluble ICAM-1 levels
Plasma sICAM-1 levels were determined with the Quantikine sICAM-1-ELISA Kit

(R&D Systems Inc., Minneapolis, MN), according to the manufacturer's instructions.
3.7.

Immunohistochemical analysis of tissue ICAM-1 expression
Tibias with the surrounding muscle tissues were taken at the end of the experiments

and fixed in formalin for a minimum of 48 h. Histological specimen were decalcified with an
electrophoretic apparatus (decalcifying solution: Sakura TDE30; Sakura Finetek Corp.; USA),
embedded in paraffin, and sections stained with mouse monoclonal anti-rat ICAM-1 antibody
(BD Pharmingen, BD Biosciences, San Jose, CA) as primary antibody (1:200; 30 min),
followed by a biotinylated goat anti-mouse antibody conjugated to horseradish peroxidase
polymer (Envision® system; Dako, Denmark) for 30 min, with 3,3’-diaminobenzidine as
chromogen. Semiquantitative analysis was based on the calculation of percentage of ICAM-1positive vessels in the periosteal and intramuscular vessels (Table 2).
Score
1
2
3
4
5
6
7
8

% of positive vessels

Staining
local

< 5%

diffuse
local

5-25%

diffuse
local

25-50%

diffuse
local

> 50%

diffuse

Table 2.
Semiquantitative categories (1-8) to calculate the percentage of ICAM-1positive vessels.
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3.8.

Myeloperoxidase measurements
The tissue myeloperoxidase (MPO) activity, as a marker of tissue PMN infiltration,

was measured in muscle biopsies by the method of Kuebler et al. (Kuebler WM et al. 1996).
Briefly, the tissue was homogenized with Tris-HCl buffer (0.1 M, pH 7.4) containing 0.1 mM
polymethylsulfonyl fluoride to block tissue proteases, and then centrifuged at 4°C for 20 min
at 24,000 g. The MPO activities of the samples were measured at 450 nm (UV-1601
spectrophotometer, Shimadzu, Japan), and the data were referred to the protein content.
3.9.

Histological assessment of mast cell degranulation
Samples of muscle biopsies were fixed in ice-cold Carnoy’s fixative, embedded in

paraffin, sectioned (6 µm) and stained with hematoxylin and eosin, acidic toluidine blue (pH
0.5) or alcian blue-safranin O (pH 0.4) (Szabó A et al. 1997). Mast cells were counted by one
investigator (RV) in coded sections in 10 fields at an optical magnification of 400. Loss of
intracellular granules, and stained material dispersed diffusely within the lamina propria, were
taken as evidence of mast cell degranulation.
3.10. Statistical analysis
In all studies, the statistical software package SigmaStat version 2.03 (Jandel
Corporation, San Rafael, CA, USA) was used. In Study I, changes in variables within and
between groups were analyzed by one-way ANOVA followed by the Bonferroni test. Data
were expressed as means±standard error of the mean (SEM), p values < 0.05 were considered
statistically significant. In Studies II-III, Friedman repeated measures analysis of variance on
ranks was applied within the groups. Time-dependent differences from the baseline were
assessed by Dunn's method. Differences between groups were analyzed with Kruskal-Wallis
one-way analysis of variance on ranks, followed by Dunn's method for pairwise multiple
comparison. In these studies median values and 75th and 25th percentiles were given. P
values <0.05 were considered significant.
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4.

RESULTS

4.1.1. Local anti-inflammatory effects of IPC in the postischemic periosteum
In the sham group, the numbers of rolling or adherent leukocytes did not change
significantly throughout the experiments. As compared with the baseline values, however,
significantly increased numbers of rolling PMNs were observed throughout the entire
reperfusion period, whereas increased adherent PMN counts were found at 120 and 180 min
of reperfusion in the I-R group (Figure 2A and 2B).
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Figure 2.
Primary (rolling, 2A) and secondary (sticking, 2B) leukocyte-endothelial cell
interactions in postcapillary venules of the tibial periosteum after ischemia-reperfusion (I-R),
sham-operation (Sham) or IPC which was followed by 60 min of ischemia/180 min of
reperfusion (IPC+I-R) or sham-operation (IPC+Sham). Values are means and standard
errors.* P < 0.05 vs the baseline; x P < 0.05 vs the Sham group; # P < 0.05 vs the I-R group.
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IPC alone did not induce PMN rolling or sticking. The I-R-induced elevations in both
parameters, however, were completely prevented by IPC during the whole of the reperfusion
phase.
4.1.2. Ameliorated systemic inflammatory reactions in response to IPC after limb
ischemia
The activation of PMN leukocytes, as evidenced by the surface expression of CD11b,
did not change significantly in response to the sham-operation (Figure 3). Hence, we included
only these time points in further evaluations. I-R caused ~1.8 and 1.72-fold elevations in this
parameter (P < 0.05) at 120 min and 180 min of reperfusion, respectively. IPC, however,
significantly prevented the I-R-induced increases of CD11b expression by the end of
reperfusion (an ~1.2-fold change was noted). In the event of IPC combined with sham-

Mean fluorescence intensity (%)

operation, IPC per se did not affect the CD11b expression.

250

200

Sham
IPC + Sham
I-R
IPC + I-R

*x

*

150
#
100

50

0

Baseline

R 120'

R 180'

Figure 3.
Changes in the expression of CD11b adhesion molecule on the surface
appearance of neutrophil leukocytes in response to ischemia-reperfusion (I-R), shamoperation (Sham) or IPC (2 cycles of 10 min of complete limb ischemia and 10 min of
reperfusion), which was followed by 60 min of ischemia/180 min of reperfusion (IPC+I-R) or
sham-operation (IPC+Sham). Data are presented as means and standard error. * P < 0.05 vs
the baseline, x P < 0.05 vs the Sham group; # P < 0.05 vs the I-R group. ANOVA followed by
the Bonferroni test.
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Figure 4.
Changes in levels of soluble (A) and tissue (B) ICAM-1 expression induced
after ischemia-reperfusion (I-R), sham-operation (Sham) or IPC (2 cycles of 10 min of
complete limb ischemia and 10 min of reperfusion), which was followed by 60 min of
ischemia/180 min of reperfusion (IPC+I-R) or sham-operation (IPC+Sham). Data are
presented as means and standard error. x P < 0.05 vs the Sham group.
The levels of sICAM-1 (Figure 4A) increased, albeit not significantly at time points
matching those for CD11b. Even though we used a sufficiently large number of animals, these
parameters displayed considerable dispersion and not even the effect of I-R vs the sham
reached the level of statistical significance.
As assessed by immunohistochemical analysis in the periosteum, however, tissue
ICAM-1 density, exhibited significantly higher values in the I-R group as compared with the

25

Sham group, and IPC did not influence this parameter (Figures 4B and 5). There was only a
moderate increase in ICAM-1 positivity in the muscle tissue (from 0.75±0.49 in the Sham
group and to 1.57±0.29 in the I-R group), and IPC did not appear to influence these changes
in this structure either (data not shown).

Figure 5.
Representative longitudinal section of the rat tibia surrounded by soft tissues
(stained with ICAM-1 antibody plus hematoxylin). Upper panel: tibial epiphysis (E), cortical
bone (CB), bone marrow (BM), knee-joint synovia (S), muscle (M) and tibial periosteum (P)
are indicated. Lower panel: positive staining for ICAM-1 was found in the veins (V), but not
in the arteries (A). A significantly higher positivity was found in response to I-R in the
periosteum (a) than in the muscle (c), whereas in the Sham groups, the staining was weak in
the periosteum (b) and the muscle (d). Bar represents 50 µm.
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4.2.1. Local anti-inflammatory effect of PC in the postischemic periosteum
In the sham-operated groups, the numbers of rolling and adherent leukocytes did not
change significantly throughout the experiments (Figures 6A and 6B).
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Figure 6.
Primary (rolling, A) and secondary (sticking, B) leukocyte-endothelial cell
interactions (rolling) in postcapillary venules of the tibial periosteum in the sham-operated
vehicle (black rectangles)- and PC-treated (black circles) controls and after 60-min ischemia
and 180-min reperfusion in the animals receiving vehicle (open rectangles) or an iv PC
infusion (open circles) in the second 10 min of reperfusion, respectively. Values are median
values, and 25th and 75th percentiles. *P < 0.05 vs the baseline values, # P < 0.05 between
the I-R groups.
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In the vehicle-treated group, the proportion of rolling leukocytes increased from 20.8%
at baseline to 34.4% and 40.0% after 120 min and 180 min of reperfusion, respectively, and
significant increases were observed in the number of firmly adherent leukocytes at 120 min
and 180 min of reperfusion. In the PC-treated animals, the elevations in the numbers of rolling
and firmly adherent PMNs were significantly lower than those in the control I-R group
throughout the 180-min reperfusion period.
4.2.2. Other signs of ameliorated inflammatory reactions in response to PC
In the vehicle-treated I-R group, the tissue MPO level was significantly increased as
compared with that of the sham-operated animals (approx. 3-fold) and the contralateral nonischemic limb. In the PC-treated group, the MPO activity was significantly lower than in the
vehicle-treated I-R group (Figure 7).

120

*X

Sham+vehicle
Sham+PC
I-R+vehicle
I-R+PC

MPO activity (mU/mg)

100

80

60

40

#
20

0
ischemic limb

contralateral limb

Figure 7. Muscle myeloperoxidase (MPO) activity was assessed at the end of the 240-min
observation period in limbs subjected to sham operation (Sham) in the presence of vehicle
(open box) or PC treatment (gray box) or to 60-min complete ischemia followed by 180-min
reperfusion in the presence of vehicle (I-R + vehicle; black box) or 50 mg kg-1 PC treatment
(I-R + PC; hatched box). Data are compared with those for the intact contralateral limbs. *P <
0.05 vs the contralateral limb, x P < 0.05 vs the corresponding sham-operated group, # P <
0.05 between the I-R groups.
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In the sham-operated groups or in the contralateral, non-ischemic hindlimb, no
significant increase in mast degranulation was observed in the muscle by the end of the
observation period (Figure 8). I-R, however, caused a significant extent of mast cell
degranulation. In these biopsies, the degree of mast cell degranulation was approximately
82.5%, whereas 7.6% degranulation was found in the contralateral limb. The PC pretreatment
prevented the I-R-induced increase in mast cell degranulation (M=20%, p25=18; p75=24),
and the values were not significantly different from those for the sham-operated groups or the
samples from the contralateral limb.
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Figure 8.
Changes in muscle mast cell degranulation (%) were assessed at the end of the
240-min observation period in limbs subjected to sham operation (Sham) in the presence of
vehicle (open box) or PC treatment (gray box) or to 60-min complete ischemia followed by
180-min reperfusion in the presence of vehicle (I-R + vehicle; black box) or 50 mg kg-1 PC
treatment (I-R + PC; hatched box). Data are compared with those for the intact contralateral
limbs. Median (thick line in the box), 25th percentile (bottom of the box), 75th percentile (top
of the box), 5th and 95th percentiles. * P < 0.05 vs the contralateral limb, x P < 0.05 vs the
corresponding sham-operated group.
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4.3.1. Local anti-inflammatory effects of colloid solutions in the postischemic
periosteum
In the I-R group, the proportion of rolling PMNs increased from a baseline level of
approximately 16.4% to around 37.1% and 42.6% after 120 min and 180 min of reperfusion,
respectively (Figures 9 and 10). Significant increases were observed in the number of sticking
leukocytes at 120 min of reperfusion (from approximately 140 mm-2 to 1000 mm-2). The
postischemic increases in the proportion of rolling leukocytes were not influenced by any of
the colloid treatments, though the HES infusion caused a moderate improvement in the later
stages of reperfusion. However, the I-R-induced firm leukocyte adherence was completely
prevented by HES during the entire reperfusion period. In contrast, significant deteriorations
in this parameter were observed in the first hour of reperfusion in the GEL- and DEX-treated
groups, similar to that seen after I-R with LR treatment. In the case of GEL treatment, this
was followed by a moderate improvement in the later experimental phase.

30

A.
60

Sham + LR
I-R + LR
I-R + GEL

x

*x

Rolling (%)

*x
40

*x

*x

x

*

20

0
Baseline

B.
60

0

60

x
Rolling (%)

180

*x

Sham + LR
I-R + LR
I-R + DEX

40

120

*x
*x

*x

*

20

0
Baseline

C.

Rolling (%)

60

0

60

120

180

*
*x

*

120

180

Sham + LR
I-R + LR
I-R + HES

*
*x

40

20

0
Baseline

0

60

Time (min)

Figure 9.
Primary leukocyte-endothelial cell interactions (rolling) in postcapillary
venules of the tibial periosteum in the sham-operated controls (open circles), after 60-min
ischemia and 180-min reperfusion in the animals receiving lactated Ringer’s solution (LR,
black rectangles), gelatine (GEL, A), dextran 60 (DEX, B) or hydroxyethyl starch 130/0.4
(HES, C) (open triangles). Observations were made at baseline and after reperfusion for 30,
60, 120 and 180 min. Values are median values, and 25p and 75p = 25th and 75th percentiles.
* P < 0.05 vs baseline; x P < 0.05 vs sham-operated group.
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Figure 10.
Secondary leukocyte-endothelial cell interactions (sticking) in postcapillary
venules of the tibial periosteum in the sham-operated controls (open circles), after 60-min
ischemia and 180-min reperfusion in the animals receiving lactated Ringer’s solution (LR,
black rectangles), gelatine (GEL, A), dextran 60 (DEX, B) or hydroxyethyl starch 130/0.4
(HES, C) (open triangles). Observations were made at baseline and after reperfusion for 30,
60, 120 and 180 min. Values are median values; 25p and 75p = 25th and 75th percentiles. * P
< 0.05 vs baseline; x P < 0.05 vs sham-operated group; # P < 0.05 vs I-R + LR group; § P <
0.05 I-R + HES vs I-R + DEX group.
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4.3.2. Signs of ameliorated systemic inflammatory reactions in response to different
colloid solution therapy after limb ischemia
As evidenced by the surface expression of adhesion molecule CD11b, the activation of
the PMNs was not changed significantly after the sham operation (Figure 11). In a pilot study,
the dynamics of the changes in CD11b expression was characterized in response to I-R; and
significant elevations were found not earlier than 120 and 180 min of reperfusion. Hence, we
included only these time points in further evaluations. I-R with LR treatment caused
approximately 1.8-1.9-fold elevations in this parameter (p < 0.05) at 120 min and 180 min of
reperfusion. Similar increases were observed in the GEL- and DEX-treated groups. HES
treatment, however, significantly depressed the I-R-induced increase in CD11b expression.
The levels of sICAM-1 were also evaluated at time points matching those for CD11b.
This parameter displayed a rather great dispersion, and not even the effect of I-R vs the sham
reached statistical significance. However, GEL treatment caused a significant elevation in the
level of sICAM-1 at 180 min of reperfusion relative to the baseline (Table 3) and at 120 min
of reperfusion resulted in a significantly higher level than those achieved following DEX or
HES treatment.
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Figure 11.
Changes in the expression of the CD11b adhesion molecule on the surface of
PMNs in response to sham operation (white column) or 60 min of total hindlimb ischemia
followed by 180 min of reperfusion in rats treated with lactated Ringer’s solution (LR, black
column), gelatine (GEL, A), dextran 60 (DEX, B) or hydroxyethyl starch 130/0.4 (HES, C)
(crossed column). Measurements were made at baseline and after reperfusion for 120 and 180
min. Data are presented as median values, and 25th and 75th percentiles. x P < 0.05 vs shamoperated group.
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Table 3.
Effects of lactated Ringer’s solution (LR), gelatine (GEL), dextran 60 (DEX)
and hydroxyethyl starch 130/0.4 (HES) solutions on limb ischemia-reperfusion-induced
systemic soluble ICAM-1 release (ng ml-1) during 120 and 180 min of reperfusion.
Groups
Sham + LR
I-R + LR
I-R + GEL
I-R + DEX
I-R + HES

Parameters

Baseline

R 120 min

R 180 min

Median

17.97

22.45

21.76

25p, 75p

15.70; 19.83

14.91; 25.45

16.29; 24.79

Median

17.27

20.35

23.93

25p, 75p

15.87; 18.24

18.64; 24.74

20.83; 26.17

Median

16.81

30.07†$

32.43*x

25p, 75p

15.45; 17.77

25.78; 31.26

28.94; 34.22

Median

19.87

17.86

24.54

25p, 75p

17.88; 21.72

15.38; 19.76

23.44; 25.91

Median

17.35

17.69

20.83

25p, 75p

15.75; 18.67

14.80; 19.66

19.32; 26.33

* P < 0.05 vs the baseline; x P < 0.05 I-R + GEL vs Sham + LR; † P < 0.05 I-R + GEL vs I-R
+ DEX; $ P < 0.05 I-R + GEL vs I-R + HES groups.

35

5.

DISCUSSION

5.1.

Effect of different therapeutic interventions on PMN-endothelial interactions
Open fractures of the extremities are often associated with delayed unions or non-

unions, and the accompanying periosteal stripping may contribute significantly to the
morbidity. Restoration of a compromised periosteal microcirculation is essential for infection
prevention and the incorporation of microvascular bone grafts (Berggren A et al. 1982). In
our experimental studies, complete limb I-R was followed by a periosteal microcirculatory
dysfunction and significant mast cell degranulation in the adjacent muscle. On the other hand,
complete vascular occlusion disturbs the perfusion of all tissues of the exposed limb,
microcirculatory deterioration predominated in the periosteum, while the surrounding muscle
layers exhibited much lower ischemic sensitivity (Rucker M et al. 1998). In our model, the
local injury was manifested in significant increases in the primary and secondary forms of
PMN-endothelial interactions (rolling and firm adherence) in the periosteal postcapillary
venules during reperfusion. These reactions can be quantitatively assessed by IVM and the
efficacy of various therapeutic interventions could also objectively be judged.
First, we examined the effect of limb IPC which is a relatively easily accessible
treatment modality with a low risk during the surgical interventions. On the other hand, the
large tissue mass involved provides a strong signal. The low microcirculatory risk of IPC
alone could be traced in these studies. Moreover, IPC has been shown to exert alleviating
effects on the endothelial site of the periosteal inflammatory reactions (rolling, sticking). In
other studies, IPC alleviated direct endothelial cell injury (Kaeffer N et al. 1996), exerted
nitric oxide-dependent microvascular protection (Wang WZ et al. 2004) and to restored
endothelium-dependent vasorelaxation in humans (Kharbanda RK et al. 2001). As I-R injury
is a primarily intracellular sequence of oxido-reductive events, some of the protective effects
of IPC are related to the modulation of this process targeting the endothelium directly or
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indirectly through PMNs (Hernandez LA et al. 1987). As such, it has been demonstrated that
the protection provided by IPC is also mediated by oxidants, low concentrations of which are
necessary for this adaptation (Oldenburg O et al. 2002). The endothelium regulates this latter
reaction, since it produces adhesion molecules which enhance PMN attachment and
consequent PMN-derived oxidative damage. In our study, IPC effectively reduced the local
manifestations of I-R injury in the tibial microvasculature. Our results show that IPC also
exerts protection at the other component of these PMN-endothelial interactions by also
affecting the PMN activation process (see later).
Major components of this complex inflammatory reaction, including leukocyteendothelial cell interactions in the periosteum, were also effectively ameliorated by systemic
PC supplementation, but these benefits were provided through potentially different
mechanisms from that provided by IPC. PC is one of the most abundant compounds of the
body hence the need for PC supplementation should be clarified first. It has been shown that
I-R is associated with physical membrane defects, PC degradation and the exhaustion of
endogenous PC sources (Bruhl A et al. 2004, Jones RL et al. 1989, Gross RW 1992), whereas
ischemic preconditioning restores the membrane stability with the simultaneous prevention of
phospholipid degradation (Bruhl A et al. 2004). These findings suggest that this ubiquitous
membrane-forming entity may become depleted in response to noxious stimuli, and
replenishment of the endogenous PC pool could be of importance under critical circumstances
(Bruhl A et al. 2004). In line with this, it has been shown that PC supplementation could
ameliorate the harmful consequences of myocardial I-R (Duan JM et al. 1990). Although
exogenous PC exerts protection in various experimental scenarios, such as ethanol-induced
liver injury, gastric damage (Lieber CS et al. 1997, Dunjic BS et al. 1993), esophageal
inflammation (Demirbilek S et al. 2002), doxorubicin toxicity (Gabizon A et al. 1986), and
sepsis (Yan JJ et al. 2004), its mechanism of action is not fully understood. PC is taken up by
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phagocytic cells, and thus it accumulates in inflamed tissues (Cleland LG et al. 1979) and
restores the mitochondrial function (Duan JM et al. 1990). It is widely believed that the
biological efficacy of PC depends on the fatty acid moiety (Lieber CS et al. 1997).
Nonetheless, some recent studies revealed that the protective role of PC may be independent
of the fatty acids and the active principle is choline. Phospholipase-D is activated by nearly all
stress factors, which results in the release of phospholipid metabolites, several of which could
be of importance in stress-induced defense reactions (Exton JH 1999, Hansen HS et al. 2000).
Choline is actively transported by a choline carrier described in epithelial and endothelial cells
(Friedrich A et al. 2001). Indeed, it has been shown that PC metabolites may relieve a
potentially dangerous increase in the NADH/NAD-ratio (reductive stress), a situation
predisposing to oxidative damage (Ghyczy M et al. 2001). In this study, reperfusion of the
previously ischemic hindlimb triggered an acute inflammatory reaction, with PMN
accumulation and a microcirculatory dysfunction in the tibial periosteum. It is recognized that
neutrophils contribute significantly to I-R injury in many organs (Chanavaz M 1995,
Hernandez LA et al. 1987). We have recently demonstrated that PC reduces PMN
accumulation in experimental esophagitis (Erős G et al. 2006), and similar effects were
observed here in the post-ischemic periosteum and skeletal muscle. Moreover, these changes
were accompanied by a reduced degree of mast cell degranulation in the muscle. Although a
wide range of protective functions have been attributed to mast cells in the bone (mostly
related to the mediation of early and late stages of bone healing) (Lindholm RV et al. 1970,
Saffar JL et al. 1990, Lindholm RV et al. 1967), these cells play an additional, effector role in
I-R-related tissue injuries. Mast cells undergo degranulation upon reperfusion (Szabó A et al.
1997, Boros M et al. 1989), and it has been shown that granulocyte recruitment is closely
related to mast cell activation, even after remote ischemia (Kanwar S et al. 1997, Schmeling
DJ et al. 1989). Our data demonstrate that decreased degranulation of mast cells in response
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to PC may, at least in part, account for the reduced local inflammatory reactions seen after
this treatment. Furthermore, a reduced PMN accumulation can also achieved by PC treatment
after limb ischemia.
We also set out to investigate whether application of different volume expanders
(DEX, HES or GEL) can beneficially influence the local microcirculatory disturbances that
occur in response to tourniquet ischemia. These treatment modalities are easily accessible at
the bedside, hence can routinely be applied. The volume-expanding properties of the three
colloid solutions might differ due to their differing molecular weight and vascular retention,
but the macrohemodynamic changes suggested quite similar volume-related effects for the
examined solutions. The matching macrocirculatory endpoints indicated that other
parameters, including microcirculatory changes, could be accurately compared in this setup.
The macrovascular perfusion enhancement after colloid administration is usually attributed to
a rheological improvement, particularly when these fluids are given together with other
solutions. In our study, these compounds were tested alone, after crystalloid (lactated Ringer)
infusion, somewhat differently from in the clinical situation. By this approach, perfusion
reactions and possible anti-inflammatory consequences could be examined unambiguously,
without contributions from other, potentially modifying factors. Crystalloid solutions could
induce inflammatory activation by affecting cell-cell interactions (Akgur FM et al. 1999) and
cause a hypercoagulable state, probably due to hyperchloremia (Roche AM et al. 2006). The
quantification of the impact of various forms of colloid therapy on the I-R-induced endothelial
dysfunction demonstrated conclusive protective effects only after the HES infusion. This is
consistent with other reports on improved microvascular permeability (Rittoo D et al. 2004,
Kaplan SS et al. 2000, Pascual JL et al. 2001) and other indirect parameters of a
microcirculatory improvement, such as the restored tissue oxygenation after HES treatment
(Marx G et al. 2004, Rittoo D et al. 2004). Information is also available concerning the better
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efficacy of HES in comparison with GEL or DEX in influencing these parameters (Allison
KP et al. 1999, McGrath AM et al. 1996). Our data provides similar evidence on the marked
therapeutic benefit of HES in ameliorating the local inflammatory consequences of tourniquet
ischemia.
5.2.

Effects of different therapeutic interventions on adhesion molecule expressions
One of the major messages of our studies is that limb I-R was also associated with an

increased CD11b expression, as a sign of systemic activation of the PMNs (Jones DH et al.
1988), suggesting a potential systemic risk of traumatological interventions which are
accompanied by temporary ischemia to the limbs. Since the second phase of adherence is
critically mediated by the integrins, we examined the effects of IPC on the surface expression
of the PMN-derived CD11b (the αM part of the CD11b-CD18 complex), and its endothelial
ligand, ICAM-1. CD11b is an important determinant of I-R-induced, PMN-mediated injury
(Welbourn R et al. 1991), and it has been suggested that it plays a somewhat lesser role in the
process of sticking than CD11a (Andreka G et al. 1993). However, it has subsequently been
clarified that, although PMN adhesion to ICAM-1 is primarily CD11a-dependent, it is
stabilized and promoted by CD11b (Park KM et al. 2001). CD11b is transferred to the cell
surface from preformed intracellular pools; and its expression on circulating PMNs is
increased several-fold in response to different stimuli, including local I-R injury (Addison PD
et al. 2003, Kanoria S et al. 2006). Although the causal link between local and systemic
inflammatory events usually remains uncertain, changes in CD11b expression level could also
relate to the global status of PMN activation (Addison PD et al. 2003).
The results show that some of the above changes were significantly ameliorated by
IPC. Similar over-expression of CD11b on the PMNs was observed in humans after the
release of forearm occlusion in the systemic circulation and not in the veins draining the
formerly ischemic tissues suggesting an enhanced local microcirculatory sequestration of the
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PMNs (Kharbanda RK et al. 2001). From a clinical aspect, these observations suggest that
tourniquet ischemia not only induces local inflammatory reactions, but may also result in the
initiation of a systemic inflammatory reaction. The IPC protocol here and in former studies
ameliorated systemic PMN activation after a local postischemic challenge (Kharbanda RK et
al. 2001). The background of this finding is incompletely understood, but it has been shown
that several intracellular and signal transduction pathways (e.g. NF-κB and TNF-α) are
influenced by IPC (Welbourn R et al. 1991). Similarly, it has been suggested that plasma
factors released from ischemic body compartments can induce CD11b activation in naive
leukocytes (Barry MC et al. 1997). In this sense, the TNF-α released from an ischemic region
can comprise a potential plasma factor which mediates remote injury (Welbourn R et al.
1991). Indeed, the extent of TNF-α release is reduced in response to IPC in the heart
(Meldrum DR et al. 1994). It is also noteworthy, that IPC attenuated NF-κB activation and
subsequently reduced TNF-α expression, which resulted in the amelioration of
microcirculatory disturbances and PMN sequestration in the I-R-injured muscle (Akimitsu T
et al. 1996). Moreover, reduced PMN priming by IPC can explain some of the beneficial
remote preconditioning effects of limb IPC. As a result, ameliorated lung injury, together with
a reduced tissue accumulation of PMNs in the lung tissue, was demonstrated after limb
ischemia (Harkin DW et al. 2002).
In the other study, we have presented evidence that also HES interferes significantly
with CD11b expression during reperfusion after limb ischemia, whereas the other colloids did
not affect this parameter. This study did not let us examine the exact pathophysiological
background of these observations, but others have shown that various doses of HES inhibit
the tissue NF-κB activation and systemic TNF-α elevation after local and systemic
inflammatory insults (Tian J et al. 2004, Feng X et al. 2007). Hence, an influence on signal
transduction pathways provided by HES may potentially account for the reduced PMN-
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endothelial interactions also locally.
The enhanced adhesion of leukocytes is also attributable to a triggering role of mast
cell-derived mediators on the expression of several adhesion molecules (e.g., P-selectin, β2
integrin, and ICAM-1) (Gaboury JP et al. 1995, Kubes P et al. 1994). Similarly, it has been
demonstrated that both PMNs and endothelial cells possess receptors for mast cell-derived
proteases that directly modulate adhesion molecule expression and PMN-endothelial
interactions (Meyer MC et al. 2005, Shpacovitch VM et al. 2004). Nevertheless, the exact
mode of action of PC is still unclear. A direct effect of PC on the expression of surface
adhesion molecules is also possible, as it has been shown that choline deficiency may lead to
an increased ICAM-1 expression on endothelial cells (Lundberg AH et al. 2001). The present
research protocol did not allow an assessment of mast cell degranulation in the periosteum
itself, but only in the surrounding skeletal muscle. Systemic PC administration decreased both
the leukocyte recruitment and the mast cell degranulation in this compartment, which strongly
suggests that PC-induced mast cell stabilization was at least partially involved in the
beneficial microcirculatory responses in the post-ischemic periosteum, too. This result is in
line with our previous observation that PC pretreatment inhibited mast cell degranulation in a
canine model of experimental esophagitis (Erős G et al. 2006). However, the inhibition of
PMN adherence, together with the improved microvascular flow, could also contribute to the
overall tissue protection in the affected area during reperfusion. The exact mechanism of
action of PC on mast cell degranulation remains to be established: more direct (e.g., in vitro)
approaches are needed to define the effects of PC on mast cell reactions. We did not examine
the expression changes in CD11b in our studies where the effects of exogenous PC were
examined, but based on mast cell stabilizing effect of PC, we can hypothesize that a mast celldependent reduction in adhesion molecule experessions (Kubes P et al. 1994, Gaboury JP et
al. 1995) may account for these local anti-inflammatory effects of PC.
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The endothelial ligand ICAM-1 is a counterpart of CD11b as an inducible
transmembrane protein of the PMN migration process. The level of its soluble form (sICAM1) is proportional to the expression of ICAM-1 on the cell membranes, and particularly on the
endothelial cells (Cowley HC et al. 1994), and this parameter can therefore be used to assess
endothelial activation. Nevertheless, the result was unhelpful in that the plasma concentration
of this protein displayed a very large dispersion. Clinical studies have also indicated rather
controversial changes in sICAM-1 expression. Specifically, not only pronounced increases
(Hambsch J et al. 2002) but also decreases in sICAM-1 expression were reported after human
surgical procedures (Spark JI et al. 1997). In other studies, high sICAM-1 levels could be
traced locally, whereas the systemic concentration even changed in the opposite direction
(Huda R et al. 2004). In our model, I-R affected a considerable tissue mass and induced an
endothelial dysfunction (as seen by PMN-endothelial interactions) and systemic PMN
activation. Hence, it is unlikely that the noxa would not cause injury to the affected
vasculature. Even though we could not observe a significant increase in the soluble form of
the ICAM-1, we could trace a marked increase in the tissue form (shown by
immunohistochemistry in the periosteum). It is noteworthy, however, that the highest degree
of positive staining was found in the periosteal vessels, and not in the muscle. This
phenomenon can be explained by the greater sensitivity of the periosteum than that of the
muscle (Rucker M et al. 1998). It is reasonable to assume that the signal of locally released
ICAM-1 is blunted in the systemic circulation. None of the applied interventions influence
this parameter significantly. Nonetheless, we believe that our negative ICAM-1 data do not
exclude that for instance IPC preserved endothelial integrity. Although in vitro studies have
pointed to reduced ICAM-1 signaling after IPC following an ischemic trigger (Beauchamp P
et al. 1999), and kidney IPC reduced the expressions of ICAM-1 and TNF-α and NFkappaB/DNA-binding activity (Jiang SH et al. 2007), we could not prove similar effects in
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our model. As ICAM-1 expression can be initiated by proinflammatory cytokines and TNF-α
(Zahler S et al. 2000), similarly to what was seen with CD11b, reduced TNF release by IPC
can make an important contribution to this protection. Clarification of the details of the
adhesion process requires further in-depth investigations.
Interestingly, GEL caused not a decrease, but rather an increase in postischemic
sICAM-1 values. It should be noted that, in human studies where an elevated sICAM-1 has
been reported, this reaction was effectively reduced by HES (but not by lactated Ringer) 4 h
after abdominal surgery (Lang K et al. 2003). Even though the influence of colloids on the
PMN-endothelial interaction components (i.e. endothelial cells vs PMN activation) can not be
separated or judged unequivocally, our observations tend to support the in vitro findings that
these resuscitation fluids target the leukocyte part without significantly influencing
endothelial ICAM-1 release (Nohé B et al. 2005). They are also in agreement with the results
of a recent clinical trial, where PMN activation was reduced by HES, but not by GEL therapy
(Rittoo D et al. 2004). Similar data were reported on the oxidative burst of PMNs (Jaeger K et
al. 2001) and ICAM-1 expression; low-molecular-weight HES reduced these changes, while
GEL was ineffective (Feng X et al. 2007). Moreover, GEL has been shown to increase PMNlinked oxidative processes and CD11b expression (Welters ID et al. 2000). As concerns DEX,
little is known regarding its effects on PMN activation, because the majority of studies
involved a combination with hypertonic salt solutions. In such cases, hypertonic salinedextran reduced CD11b expression in human settings (Rizoli SB et al. 2006), but the reduced
oxidative burst of PMNs has been attributed to the hypertonic component of the solution
(Fahrner SL et al. 2002). We did not find DEX to be more effective than HES, (Menger MD
et al. 1993) and we could not demonstrate any benefits on the FCD and/or RBCV changes, as
demonstrated by Steinbauer et al. (Steinbauer M et al. 1998). However, it is recognized that,
while the size and molecular weight are major determinants of the effects of DEX and GEL,
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different subtypes of HES solutions are characterized further by their degree of molar
substitution and C2:C6 substitution ratio. Here, we used a low- molecular-weight HES
solution which has been shown to possess more effective antiinflammatory properties than
those of medium or high-molecular-weight HES (Jaeger K et al. 2001). It has also been
suggested that colloid solutions affect PMN adherence directly, by influencing the adhesion
molecule expression independently of microhemodynamic changes (Pascual JL et al. 2001).
However, microhemodynamics and PMN adhesion are interrelated phenomena. Not only
endothelium-derived vasoactive substances (typically nitric oxide and endothelin-1), but also
perfusion changes and secondary shear stress per se influence PMN activation and adhesive
interactions by changing the levels of expressions of adhesion molecules (CD11b/CD18, 38)
or the dynamics and half-lives of molecular bonds (Marshall BT et al. 2003). It has been
shown that the reduced velocity of PMNs near the vessel wall increases the probability of
PMN adhesion (Abbitt KB et al. 2003) and, likewise, an increased shear rate can reduce the
number of adherent cells (Kubes P 1997). Specifically, a force below the shear optimum can
induce an increase in PMN rolling, while an increased wall shear stress enhances the velocity
of rolling leukocytes and consequently decreases adhesion (Marshall BT et al. 2003). These
observations might be indicative of an indirect, flow- or volume-dependent anti-inflammatory
effect, as this improvement could affect the perfusion of the postcapillary venules and thereby
also contribute to the reduction of PMN-endothelial interactions. Although the intravital
microscopic observations together with the in vitro data cover a sufficiently wide field to
suggest a direct anti-inflammatory effect for HES, it would be of importance to compare the
effects of these colloids in shear stress-induced integrin activation in vitro.
Our findings have several clinical implications. Firstly, our observations suggest that
periosteal microcirculation is particularly affected by limb ischemia and also that the systemic
inflammatory consequences of tourniquet ischemia have to be taken into consideration during
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surgical interventions. Limb IPC may exert potential therapeutic benefit not only by providing
local protection for the periosteal microcirculation after tourniquet ischemia, but additionally
by influencing potentially beneficial, remote processes linked to PMN activation and
modulation of inflammatory cell recruitment. The use of limbs is one of the most promising
possibilities of evolving both pre- and postconditioning ischemic tolerance (Loukogeorgakis
SP et al. 2007, Andreka G et al. 2007). The major beneficiary of these approaches is the heart
(Andreka G et al. 2007), but the kidney (Park KM et al. 2001), distant muscle (Addison PD et
al. 2003), liver (Kanoria S et al. 2006), lung (Akimitsu T et al. 1996) or CNS (Gurcun U et al.
2006) can also be targeted. With respect to remote preconditioning, the present study has two
messages. Firstly, even though vascular occlusion is associated with marked local and
systemic inflammatory reactions, brief, repeated periods of limb ischemia did not have similar
effects. Secondly, reduced PMN priming presented an important anti-inflammatory
consequence of limb IPC both locally and during the remote protection in this animal model.
Nonetheless, other potential mechanisms of IPC can also be involved in this protection
(Murphy E et al. 2007).
PC supplementation also efficiently decreased the harmful consequences of limb I-Rinduced microcirculatory perfusion failure and inflammatory reactions in the rat, and the
reduced PMN sequestration in the post-ischemic tissues could be partly mediated by mast cell
stabilization. Further studies may be warranted to clarify, whether dietary supplementation or
infusion therapy with PC would beneficially influence the outcome of traumatological
intervention.
Among the colloid solutions, only HES exerted marked beneficial effects of HES at
the prevention of systemic PMN activation, whereas other colloid solutions did not influence
these parameters. Although any extrapolation to clinical applications should be attempted
only with cautions, it is reasonable to propose that isovolemic hemodilution with HES
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provides an easily accessible therapeutic advantage in various postoperative settings.

6.
1.

SUMMARY OF NEW FINDINGS
We have shown that complete limb I-R induces not only local, but also systemic
inflammatory consequences. These observations should be taken into consideration
when tourniquet ischemia is used in the traumatological practice.

2.

IPC of the limb may exert potential therapeutic benefit by exerting simultaneous
protection against the local inflammatory consequences and systemic inflammatory cell
recruitment caused by limb ischemia. Hence IPC may provide a simple and easily
accessible treatment modality at the surgical site.

3.

PC supplementation efficiently ameliorated the limb I-R-induced inflammatory
reactions, as manifested by the reduced PMN adhesion and sequestration in the postischemic tissues. This effect of PC could partly be mediated by mast cell stabilization.
PC administration may reduce the risk of traumatological interventions also in the
clinical practice.

4.

The different colloid solutions have diverse microcirculatory effects after limb ischemia.
Only HES had significant alleviating effect locally and at the prevention of systemic
PMN activation, whereas other colloid solutions (DEX and GEL) did not exert similar
protection. This underlines the advantages of the use of HES in the postoperative care
after trauma surgery.
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