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Chapter * 1J[

1 INTRODUCTION ss Ä

The major function of white blood cells (leukocytes) is to protect the body against
'foreign' invaders, like infectious bacteria, viruses, and toxic agents. To be able to
exert this function leukocytes have to be available throughout the body. To this
purpose leukocytes move from their site of formation (bone marrow and lymph tissue)
into the vascular system. When passing an inflamed area, the leukocytes have to
move through the vessel wall into the surrounding tissue. This process, called
diapedesis or extravasation can be observed with the use of intravital microscopy
and has been described as one of the first by Cohnheim (1839-1884) in fascinating
detail:

"{In the veins of the frog mesentery} a very characteristic condition immediately
begins to develop, slowly, under the eye of the observer. The peripheral zone of
the blood stream, the original plasma layer, becomes filled with innumerable
colorless blood corpuscles. {...} At the outer border of the wall of the vein there
arise a few small colorless button-shaped elevations {...}. These excrescences
slowly and very gradually become larger. {...} Finally {it} becomes separated from
the point on the wall where it had been attached and we now have before us a
colorless somewhat shiny contractile corpuscle {...}. The size of the corpuscle
corresponds completely with that of a white blood corpuscle. {...} Consequently it
is in no way distinguishable from a colorless blood corpuscle." (Cohnheim cited in
Jarcho, 1972)

In the next decades the different steps between leukocytes freely flowing in the blood
stream and leukocyte migration into the tissue have been unravelled. It appears to be
a sequence of steps, in which each step has to be completed for the next step to
occur (Butcher, 1991; von Andrian ef a/., 1991; Springer, 1994). First, leukocytes
move in the venular blood stream towards the vessel wall (margination). When the
endothelial cells of the vessel wall are stimulated to express adhesion molecules,
leukocytes are able to start to roll along the endothelial cell layer at a significantly
lower rate than the velocity of the free flowing blood cells. Due to their presence near
the vessel wall they can become activated by substances released by vascular cells.
Subsequently, activated leukocytes can adhere to the endothelial cells and move
through the vessel wall into the surrounding inflamed tissue. Various adhesion
molecules on leukocytes and on endothelial cells that mediate different steps in the
cascade have been identified (Springer, 1994; Gahmberg ef a/., 1997; Vestweber
and Blanks, 1999). It is highly probable that more adhesion molecules as well as their
ligands are still to be discovered.

In the last decades, it became clear that the basis for diseases such as arthritis,
asthma, or psoriasis is an overactivity of leukocytes which may lead to an attack
against the host itself (Lasky, 1992; Brown, 1997). Inhibition of leukocyte-
endothelium interactions might have therapeutic potential in such diseases.
Therefore, many studies have focussed on the mechanisms behind the normal
induction of adhesion molecule expression and, hence, leukocyte-endothelium
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interactions or on ways to modulate these. Most of these studies have been
performed //? wfro, with the aim to control the experimental conditions, and to test
effects of changes in one variable. However, data obtained /n wfro are not
necessarily representative of the /n wvo situation, in which factors like fluid dynamic
conditions, blood contents, and various agents, originating from the inflamed tissue,
the leukocytes, or the vessel wall, influence the process under study.

The studies described in the present thesis aim to provide more insight into the
effect(s) of agents from cells of the vessel wall and/or the surrounding tissue on
leukocyte-endothelium interactions ;n wVo. To this purpose, leukocyte-endothelium
interactions, in particular leukocyte rolling and adhesion, were studied with the help
of intravital videomicroscopy. The effects of various interventions were quantified. In
this way, we investigated the involvement of several agents in the induction and the
inhibition of leukocyte-endothelium interactions.

The thesis is structured as follows. The first part of the thesis is a general
introduction. In chapter 2 a brief overview is given of literature on leukocyte-
endothelium interactions and of present knowledge of the way these interactions can
be induced or inhibited by environmental factors. Emphasis will be on studies
performed ;n wVo. Chapter 3 provides information about the animals and the
experimental setups used in the various studies. Furthermore, in this chapter an
explanation of and motivation for the experimental parameters used in the studies is
given as well as an evaluation of the way data are presented and statistically
evaluated. One of the aims of the present thesis is to investigate local effects of
agents on leukocyte-endothelium interactions. Therefore, we studied with the use of
a frequently used vehicle, i.e., saline, the best route of administration of various
agents (chapter 4). To this purpose we compared the effects of local intravascular
administration of saline with those of topical application.

The second part of the thesis consists of two studies on the induction of
leukocvte-endothelium interactions, more in particular on the involvement of mast
cells in the induction of leukocyte rolling in rabbits (chapter 5) and four different rat
strains (chapter 6). Mast cells are present in the direct environment of blood vessels
and can also be found disseminated throughout tissues.

The third part of the thesis focusses on the inhibition of leukocyte-endothelium
interactions. Previous studies in our laboratory have shown that a thromboembolic
reaction, i.e., the interaction between platelets and the vessel wall, decreases the
level of leukocyte rolling downstream of the thrombus (oude Egbrink ef a/., 1992). In
chapter 7 the influence of a thromboembolic reaction on leukocyte rolling is further
elaborated with emphasis on the involvement of selectins, i.e., adhesion molecules
necessary for the rolling of leukocytes along the endothelium. Since prostaglandins
were suggested to be involved in the inhibition of leukocyte rolling (oude Egbrink ef
a/., 1992), we investigated the effects of the prostaglandins E,, Ej, I2, and a cocktail
of these three prostaglandins on leukocyte rolling and adhesion (chapter 8). In
malignant tumors leukocyte-endothelium interactions are only infrequently found.
Therefore, we investigated the effect of tumor derived angiogenic factors on
leukocyte rolling and adhesion in the last experimental chapter (chapter 9).
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The concluding part of the thesis consists of a general discussion (chapter 10) in
which the findings of the various chapters are discussed in an integral way, followed
by a summary of the main conclusions.
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2 LEUKOCYTE-ENDOTHELIUM INTERACTIONS; A LITERATURE SURVEY

In the following chapter a literature survey will be presented about the development,
differentiation and functions of leukocytes, about the functions of endothelial cells and
about the interaction between leukocytes and the endothelium. Emphasis will be on the
adhesion molecules involved in leukocyte-endothelium interactions and on the way
these interactions can be modulated.

2.1 Leukocytes

When asking anyone about the function of white blood cells, the answer will have great
resemblance to "they have something to do with defending our body against invading
agents such as bacteria, viruses, and tumor cells." Cancer patients that are given the
instruction to draw their leukocytes being at work in their body, make drawings of, for
instance, little 'pacmans' eating their tumor, brushes cleaning a stain in a washbowl, or
small police agents taking thiefs and burglers out of the body (Siegel, 1989). In fact,
many kinds of white cells are morphologically and functionally distinguishable,
cooperating with each other very cleverly and effectively in order to perform their
various deeds or misdeeds (Van Arman, 1974). In the following paragraphs the various
subtypes of leukocytes and their functions are summarized.

2.1.1 Development and differentiation

Leukocytes found in the blood can be morphologically divided into two groups: a)
polymorphonuclear cells (PMNs), also called granulocytes, with as subtypes
neutrophils, eosinophils and basophils, and b) monomorphonuclear cells (MMNs), with
as subtypes lymphocytes and monocytes. Leukocytes as well as the red blood cells and
blood platelets differentiate from pluripotent hematopoietic stem cells (see Figure 2.1).

Pluripotent
hematopoietic

stem cell

myeloid progenitor

1
erythrocytes
platelets
neutrophilic granulocytes
eosinophilic granulocytes
basophilic granulocytes
monocytes

lymphoid progenitor

I
T-lymphocytes
B-lymphocytes

Figure 2.1. Differentiation of pluripotent stem cells
into various leukocytes and other blood cells.
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These cells may give rise to restricted progenitor cells, among which those committed
to the formation of myeloid cells and lymphoid cells. Myeloid stem cells give rise to red
blood cells, platelets, PMNs as well as monocytes; lymphoid stem cells differentiate into
various types of lymphocytes (see Figure 2.1). PMNs and monocytes are formed only
in bone marrow, whereas lymphocytes are also produced in lymph glands, spleen,
thymus and other lymphoid tissues (Haynes and Fauci, 1991; Guyton and Hall, 1996).

During maturation of PMNs specific cytoplasmic granules appear. Their neutrophilic,
eosinophilic or basophilic characteristics allow histological identification of the three
subtypes of granulocytes (Haynes and Fauci, 1991).

The total number of leukocytes per volume of blood as well as the percentages of the
various subtypes vary per species. Table 2.1 shows the normal ranges found in humans
and in the species used in this thesis. It is clear that a higher total number of leukocytes
is found in the rat versus the other species and that in rodents a larger percentage of
lymphocytes can be found as compared to humans. Within a few hours after the onset
of acute inflammation, the number of leukocytes circulating in the blood will increase.
In particular the relative proportion of neutrophils increases substantially, due to
mobilization of stored neutrophils from the bone marrow into the circulation (Guyton and
Hall, 1996).

Tab/e 2. f. Ranges of tote/ number of c/rcu/af/ngi /eu/cocytes and percentages of /eufcocyfe
stvb/ypes /n severe/ spec/es.

Human Rabbit Rat Mouse

total number (x10<7ml blood) 3.5-11 3-12 6-18 5-12

neutrophils (%)
eosinophils (%)
basophils (%)
monocytes (%)
lymphocytes (%)
References. Kozma ef a/., 1974; R/ng/erand Dab/ch, 7979, Rt/gh, 7997, van Zutonen era/..
7995, den Otto/ander, 7997.

2.1.2 Functions

Each type of leukocyte described above is responsible for the mediation of a specific
part of the host defence. In short, granulocytes and monocytes are involved in non-
specific destroying of invading agents by phagocytosis, the so-called innate immunity.
Their reaction is not affected by prior contact with the infectious agent. Lymphocytes,
on the other hand, are involved in the production of antibodies against specific invaders,
the so-called acquired or adaptive immunity (Roitt, 1997).

Po/ymorpnonivc/ear /eutocytes
The most important function of neutrophilic granulocytes is phagocytosis of non-specific
invaders. To this purpose, the cells have to leave the blood stream and move toward
an inflamed area. There they can bind to receptors on the cells or particles to be

40-70
0-5
0-1
1-10
20-50

12-55
0-2.6
0-6.4
0-5.4
40-85

14-20
1-4
0-0.5
1-6
69-90

23-28
3-4
0
4-6
61-67
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destroyed and form pseudopodia in all directions around them. When the pseudopodia
meet each other on the opposite side of the particle they fuse and create an enclosed
vesicle containing the phagocytized particle. The vesicle eventually fuses with
lysosomes, i.e., granules containing proteolytic enzymes, leading to digestion of the
phagocytized particle. In addition, granulocytes can produce oxidizing agents such as
Superoxide (Gy) and hydroxyl (OH) radicals, which are lethal to most bacteria. After
having phagocytized 5 to 25 bacteria the granulocyte is killed by its own enzymes The
mixture of dead neutrophils and necrotic tissue is known as pus. Neutrophils usually
circulate in the blood for 4 to 8 hours after recruitment from the bone marrow. They can
live another 4 to 5 days in the tissue. During serious infections, however, their life span
can be reduced to only a few hours (Guyton and Hall, 1996; Roitt, 1997).

Eosinophils are weak phagocytes; one of their main functions is to destroy various
parasitic targets by releasing several enzymes. They are also found in large numbers
in case of allergic reactions (Haynes and Fauci, 1991).

Basophils are able to release mediators like histamine, leukotrienes, platelet
activating factor (PAF), and eosinophil chemotactic factor. Some of these mediators are
released from granules, others are newly synthesized upon activation. Basophils and
their related tissue mast cells are important in some types of allergic reactions, when
they are stimulated to release their granule contents, causing local vascular and tissue
reactions (Clark ef a/., 1977).

Monomorp/ionL/c/ear feutocytes
Monocytes are immature cells with little capability to destroy invading agents. However,
especially in cases of inflammation, they enter the tissue after a short time within the
circulation, begin to swell and develop into macrophages, which are extremely
defensive. In this form these cells can live for months or even years. Macrophages can
phagocytize as many as 100 bacteria. The antigens of the bacteria are then presented
to lymphocytes, activating those lymphocytes that recognize the antigen. Furthermore,
macrophages secrete substances leading to the activation and proliferation of
lymphocytes (Guyton and Hall, 1996; Roitt, 1997).

Lymphocytes can be divided into two major groups: T-lymphocytes and B-
lymphocytes. These subpopulations are thus classified, since T-lymphocytes mainly
differentiate within the Jhymus gland, whereas B-lymphocytes differentiate in the Bone
marrow. Both are involved in the specific acquired immunity. T-lymphocytes can
differentiate into various effector cells, among which T-helper and T-suppressor cells
that are responsible for the regulation of the immune system. Cytotoxic T-cells, also
called natural killer cells, directly attack cells that present specific foreign antigens; this
is done through the release of cytotoxic substances. B-lymphocytes become activated
through the presentation of antigens by macrophages. With the support of cytokines
released by T-helper cells a B-lymphocyte can enlarge and proliferate into a plasma
cell, which produces numerous antibodies against one specific agent (Roitt, 1997).

Lymphocytes are released into the circulation by drainage of lymph from lymph
nodes. Lymphocytes are present in the blood stream for only a few hours. However,
after they have migrated from the blood into tissues they will re-enter the blood stream
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through the lymph vessels. This process is called recirculation. Life spans of
lymphocytes range from 100 days to years (Roitt, 1997).

2.2 Endothelium

The endothelium is the thin layer of single cells covering the luminal side of the wall of
all blood vessels throughout the body. In an adult human being the endothelial cell
surface is composed of approximately 1 to 6x10^ cells, weighs approximately 1 kg and
covers a vessel surface area of approximately 1 to 7 m̂  (Cines ef a/., 1998). The
various physiological functions of endothelial cells as well as their role in the
pathophysiology of vascular disorders have been thoroughly reviewed (see for example
Kirkpatrick ef a/., 1997; Cines ef a/., 1998). In short, endothelial cells are of utmost
importance in the regulation of vascular permeability, vasoactivity (vasodilation as well
as vasoconstriction), angiogenesis, coagulation (antithrombotic as well as prothrombotic
properties have been described), and the interaction with blood cells (Kirkpatrick ef a/.,
1997; Cines ef a/., 1998). One should realize, however, that the endothelium comprises
a heterogeneous population of cells (Gerritsen, 1987; Bicknell, 1993; Cines ef a/.,
1998). Morphological and/or functional differences have been described between
macrovascular and microvascular endothelium, between arterial and venous
endothelium, between arteriolar and venular endothelium, and between endothelium in
different vascular beds. Therefore, data obtained from only one type of endothelium
should not be generalized.

2.3 Leukocyte-endothelium interactions

For granulocytes to exert their phagocytic function in inflamed tissue, for monocytes to
become tissue macrophages, and for lymphocytes to recirculate, these cells have to
move via the blood to the area in the body where they are needed and, subsequently,
they have to leave the circulation. The process of leukocyte-endothelium interactions
that underlies this migration appears to be a multistep cascade: each step has to be
completed for the next step to occur (Butcher, 1991; von Andrian and Arfors, 1993:
Springer, 1994). The general process with its various steps is illustrated in Figure 2.2.
First, substances released at the site of inflammation activate the local endothelial cells
to express adhesion molecules. The release is rather instantaneous, but the expression
may take some time. In case leukocytes marginate from the (center of the) blood stream
in the direction of the vessel wall, they weakly bind to the activated endothelium and
start to roll along the vessel wall. Due to their longer transit time in the inflamed area,
the leukocytes have the time to become activated if necessary, which marks the next
step: they stop rolling and firmly adhere to the endothelium. Thereupon they may
change shape, and migrate through the vessel wall into the inflamed tissue. This
cascade of leukocyte-endothelium interactions normally occurs in the microcirculation,
and more specifically in the postcapillary venules.

In the following paragraphs the various steps and the adhesion molecules involved
in the processes from leukocyte margination to diapedesis will be described more
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endothelium
intravascular | extravascular

Margination

Rolling

Adhesion

Diapedesis

Migration

Figure 2.2. The various steps leading to leukocyte infiltration into inflamed tissue.
Leukocytes marginating from the blood stream toward the vessel wall may weakly bind to
activated endothelium and start rolling along the vessel wall. When the leukocytes become
activated they can firmly adhere to the endothelium, change shape, and migrate through the
vessel wall (diapedesis) into the surrounding tissue.

extensively. Focus will be on the adhesion molecules involved in the interaction
between granulocytes and endothelium, because in the mesentery, i.e., the tissue most
frequently used in this thesis, 98-100% of the leukocytes rolling in postcapillary venules
are granulocytes (Tangelder era/., 1995).

2.3.1 Leukocyte margination

Margination of leukocytes in venules is supposed to be based on a hydrodynamic
interaction between red and white cells (Schmid-Schönbein ef a/., 1980). In capillaries
leukocytes tend to flow at a slower rate than erythrocytes, among others due to their
larger mass. Erythrocytes accumulate behind a leukocyte, leaving a cell depleted region
in front of it. When this leukocyte then enters a wider venule, the red blood cells will
pass and drive the slower leukocyte away from the central blood stream toward the wall.
These collisions may bring leukocytes in close proximity to the vascular lining (Schmid-
Schönbein ef a/., 1980). Another mechanism could be that leukocytes that inevitably
interact with the endothelium of the small capillaries, stay in touch with the endothelium
from the moment they enter the larger postcapillary venules due to adhesion molecule
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binding. On the other hand, various forces tend to displace the leukocytes back to the
central blood stream: a) larger particles flowing in the blood tend to stream where the
shear forces are low, i.e., in the center of the vessel, and b) leukocytes and endothelial
cells both have negatively charged surfaces, resulting in a repulsive force between
them (von Andrian and Arfors, 1993). Of all leukocytes passing a postcapillary venule
a substantial number actually rolls along the endothelium after endothelial activation by,
for example, exteriorization of the tissue for microscopic observation {Ley ef a/., 1991 a).
This indicates the strength of adhesion molecule binding.

2.3.2 Leukocyte rolling

The rotational movement of leukocytes along the vascular wall that is called rolling, is
the result of a weak adhesive force between leukocytes and endothelial cells on the one
hand and the propulsive force exerted by the flowing blood on the other. Leukocytes roll
on vascular endothelium at a significantly lower rate than the free flowing blood cells.
It seems that they explore the vessel wall for inflammatory signs. The weak binding of
leukocytes with the endothelium is reversible and, therefore, cells can be observed
rolling as well as jumping or saltating, or they can detach and return into the main blood
stream.

Leukocyte rolling is mediated by adhesion molecules of the selectin family
(extensively reviewed in McEver, 1991; Lasky, 1992; Crockett-Torabi, 1998; Vestweber
and Blanks, 1999). Up till now, three selectins are known: L-selectin on Leukocytes, E-
selectin on Endothelial cells, and P-selectin on Platelets and endothelial cells. The
structure of these three selectins is roughly similar (Figure 2.3): they contain an N-

intracellular

P-selectin

COOH-O

E-selectin

COOH-O

L-selectin

COOH-O

m
em

br
an

e extracellular

000000000 EGF

O O O O O O M lectin

00 EGFJ lectin -NH2

| lectin -NH2

-NH2

Figure 2.3. Structure of the three human selectins. All selectins have a short carboxyl
terminal cytoplasmic sequence, a transmembrane domain, a variable number of
complement regulatory-like modules, an epidermal growth factor (EGF)-like domain, and an
amino terminal domain which is homologous to C-type lectins.
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terminal Ca^-dependent lectin domain, an epidermal growth factor (EGF)-like domain,
a series of complement-like repeat domains (in humans: 2 repeats in L-selectin, 6 in E-
selectin, and 9 in P-selectin), and a transmembrane region followed by a short
cytoplasmic tail (Vestweber and Blanks, 1999). Cell-cell interactions are mediated by
the N-terminal lectin domain in a calcium dependent manner (Geng ef a/., 1991;
Anostario and Huang, 1995).

In addition to their involvement in leukocyte rolling, recently selectins and their
ligands have been found to function as signaling receptors as well (see for review
Crockett-Torabi, 1998). Binding to selectins can initiate intracellular signals leading to
enhanced adhesiveness of the particular cell involved. For instance, binding of
antibodies to L-selectin has been shown to upregulate in leukocytes the surface
expression of the integrin Mac-1 (Crockett-Torabi ef a/., 1995); this also holds for the
binding of L-selectin to its ligand GlyCAM-1. The biochemical signal transduction
pathways that play a role in selectin-mediated leukocyte activation have not yet been
elucidated, although recent studies have demonstrated that an increase in intracellular
calcium concentration in leukocytes is involved (Crockett-Torabi, 1998).

In the following paragraphs the way of expression of the three selectins, and the
ligands to which they can bind are described.

L-se/ecf/n
L-selectin (CD62L), also formerly known as lymphocyte homing receptor, leukocyte
adhesion molecule-1 (LAM-1), or lectin-likecell adhesion molecule-1 (LECAM-1 orLEC-
CAM-1), is constitutively expressed on the cell surface of myeloid cells and a large
subset of lymphocytes (Lewinsohn ef a/., 1987). It was first reported to mediate the
binding of lymphocytes to high endothelial venules (HEV) of peripheral lymph nodes
(Gallatin ef a/., 1983), but soon it was shown to mediate neutrophil-endothelium
interactions /n v/fro (Spertini ef a/., 1991) and /n wVo (Ley ef a/., 1991b; von Andrian ef
a/., 1991) as well. L-selectin appears to mediate leukocyte rolling independent of E- and
P-selectin (Ley ef a/., 1993), but it also presents oligosaccharide ligands to E- and P-
selectin (Picker ef a/., 1991). This has led to the concept that L-selectin acts as an
adhesion molecule in two ways: by recognizing endothelial ligands and at the same time
by presenting ligands to endothelial selectins (von Andrian ef a/., 1993b).

On human neutrophils, on average 78% of L-selectin is clustered on the microvilli
(Bruehl ef a/., 1996). This topography is necessary for the ability of a cell to interact with
other cells under flow conditions (von Andrian ef a/., 1995).

Upon activation of leukocytes L-selectin is shed from the cell surface by proteolytic
cleavage within 4 minutes (Kishimoto ef a/., 1989). At the same time adhesion
molecules involved in firm adhesion of leukocytes are upregulated, promoting adhesion
and subsequent migration into tissues (Kishimoto ef a/., 1989; McEver, 1991; Neeley
ef a/., 1993). It has been shown that shedding of L-selectin is not required for leukocyte
migration across endothelial monolayers (Allport ef a/., 1997).

P-se/ecf/n
P-selectin (CD62P), also known as granule membrane protein of molecular weight 140
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kD (GMP140), or platelet activation-dependent granule external membrane protein
(PADGEM), is stored in alpha-granules in platelets (Stenberg ef a/., 1985) and in
Weibel-Palade bodies in endothelial cells (Hattori ef a/., 1989). Upon activation these
storage granules fuse with the plasma membrane, thus redistributing P-selectin to the
cell surface (Stenberg ef a/., 1985). This can occur very rapidly: /n v/fro, maximal
expression was found at 3 minutes after stimulation. Expression declines to baseline
levels in 20 minutes (Hattori ef a/., 1989). The reduction is most likely the result of
endocytosis. Due to this so-called internalization P-selectin returns to the storage
granules from where it can be reused (Subramaniam ef a/., 1993).

Several endogenous and exogenous mediators have been shown to stimulate
endothelial cells to express P-selectin, among which are histamine (Hattori ef a/., 1989;
Jones ef a/., 1993), thrombin (Hattori ef a/., 1989; Zimmerman ef a/., 1994), plasmin
(Montrucchio ef a/., 1996), oxidized low-density lipoprotein (ox-LDL) (Gebuhrer ef a/.,
1995), oxygen radicals (Patelef a/., 1991), phorbol esters (Hattori ef a/., 1989), calcium
ionophores (Hattori ef a/., 1989), and leukotriene C4 and D< (Datta ef a/., 1995). Some
mediators have been shown to regulate P-selectin expression at the transcriptional
level. For instance, nitric oxide (NO) has been suggested to diminish endothelial P-
selectin expression, since NO-synthase inhibitors increase P-selectin mRNA with a
peak effect after 2 to 4 h (Davenpeckef a/., 1994; Armstead ef a/., 1997) Evenso, the
cytokine IL-3, produced by T-lymphocytes, has been shown to stimulate long-term
expression of P-selectin that is accompanied by an increase in P-selectin mRNA (Khew-
Goodallefa/., 1996).

The role of P-selectin in leukocyte rolling has been demonstrated first /n wfro on
activated human endothelial monolayers (Geng ef a/., 1990; Jones ef a/., 1993) and
later /n w'vo in the dog mesentery (Dore ef a/., 1993). Important support for its role was
given by the observation that leukocyte rolling was severely reduced in mesenteric
venules of P-selectin deficient mice (Mayadas ef a/., 1993). In these same mice,
recruitment of neutrophils to the peritoneal cavity upon inflammation was delayed,
demonstrating the importance of rolling as a prerequisite for subsequent extravasation
(Mayadas ef a/., 1993). The role of P-selectin has been shown to be greatest in initial
leukocyte rolling, while at later time points L-selectin is involved more prominently (Ley
efa/., 1995).

E-se/ecf/n
E-selectin (CD62E) was identified as inducible endothelial-leukocyte adhesion
molecule-1 (ELAM-1) (Bevilacqua ef a/., 1987). In contrast to P-selectin, E-selectin is
not stored in granules, but requires de novo mRNA and protein synthesis to be
expressed on the cell surface. Expression of E-selectin requires stimulation of the
endothelial cells with such cytokines as interleukin-1 (IL-1), tumor necrosis factor-alpha
(TNFa), and lipopolysaccharide (LPS) (Bevilacqua ef a/., 1987). /n wfro, the expression
reaches its maximum between 2 and 6 hours and it declines within 24 hours (Bevilacqua
ef a/., 1989). The decline is due to the release of E-selectin, as indicated by the
presence of soluble E-selectin upon activation of the endothelial cells (Leeuwenberg
ef a/., 1992), or to internalization after which E-selectin is degraded in lysosomes
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(Subramaniam ef a/., 1993). E-selectin expression can also be upregulated /n wVo by
for example interleukin-1 (IL-1)(Olofssonefa/., 1994). In some tissues it appears to be
constitutively present (Keelan ef a/., 1994; Janssen, 1999).

Involvement of E-selectin in leukocyte rolling has been established /n v/fra underflow
conditions (Abbassief a/., 1993; Lawrence and Springer, 1993), as well as/n wVoin IL-1
stimulated rabbit mesenteric venules (Olofsson ef a/., 1994). Rolling on E-selectin
appears to be slower than rolling on P-selectin, indicating a stronger interaction
between leukocytes and endothelium in case of involvement of the former selectin The
slower rolling results in longer leukocyte transit times, a prerequisite for efficient
leukocyte adhesion (Kunkel and Ley, 1996; Ley ef a/., 1998).

Se/ecf/n //gands
Selectins bind to ligands, i.e., counterreceptors (Table 2.2), on opposing cells which
contain sialylated oligosaccharides, these oligosaccharides are recognized by the
lectin-like domains of the selectins (McEver, 1991). The first ligands discovered were
sialyl Lewis X (sLe*) (Phillips ef a/., 1990) and its related sialyl Lewis a (sLe*). Both
sialic acid and Le* are components of all selectin ligands. For each selectin high affinity
ligands have been identified with distinct structures, but overlapping specificities
(Larsen ef a/., 1992; Crockett-Torabi, 1998). Binding of oligosaccharides to selectins
appears to be Ca**- and pH-dependent (Anostario ef a/., 1994).

Tab/e 2.2. yWftes/on mo/ecu/es /nvo/ved /n /eufcocyfe-endof/?e//um /nferacf/ons. se/ecf/ns and
ffte/r counfemscepfors

Selectin Distribution Counterreceptors
L-selectin granulocytes, monocytes, GlyCAM-1, CD34, MadCAM-1, Sgp™,

subset of lymphocytes P-selectin, E-selectin
P-selectin activated endothelial cells, L-selectin, PSGL-1, CD24

activated platelets
E-selectin activated endothelial cells L-selectin, PSGL-1, ESL-1, CD66,

ß,-integrins

As mentioned above, L-selectin can bind to the two endothelial selectins, P- and E-
selectin. In addition, four specific ligands for L-selectin have been described. Two of
them were first discovered as the sulfated glycoproteins Sgp*° and Sgp®° (Rosen, 1993),
and are now designated glycosylation-dependent cell adhesion molecule-1 (GlyCAM-1)
and CD34, respectively (Rosen, 1993; Crockett-Torabi, 1998). GlyCAM-1 is
constitutively expressed on the endothelium of high endothelial venules (HEV) in
peripheral lymph nodes, but can also be released into the circulation where it may
inhibit L-selectin mediated leukocyte rolling (Tedder ef a/., 1995). CD34 is present on
most endothelial cells as well as on hematopoietic stem cells (Young ef a/., 1995). A
third L-selectin ligand is the mucosal addressin cell adhesion molecule-1 (MadCAM-1),
which also serves as a ligand for specific integrin molecules (Berg ef a/., 1993); this
adhesion molecule is expressed on HEV in mucosal lymph nodes. Recently, a fourth L-
selectin binding sulfated glycoprotein, designated as Sgp*°°, has been discovered, but
this molecule has not been cloned yet (Kawashima ef a/., 1998; Vestweber and Blanks,
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1999). Potential ligands for L-selectin have been demonstrated on other than
endothelial cells as well. An example are the myelin sheaths in the central nervous
system. This may explain the targeting of leukocytes to certain tissues in
immunopathological reactions such as multiple sclerosis (Rosen, 1993; Kawashima ef
a/., 1998).

P-selectin binds to oligosaccharides, as presented by L-selectin (Picker ef a/., 1991),
and to a high affinity ligand, called P-selectin glycoprotein ligand-1 (PSGL-1 or CD162)
(Crockett-Torabi, 1998; Vestweber and Blanks, 1999). PSGL-1 is constitutively
expressed by neutrophils (where it is localized on the microvilli; Moore ef a/., 1995),
lymphocytes and monocytes. However, a structural modification is required for ligand
function (see for review Moore, 1998). The importance of PSGL-1 /n v/Vo has been
demonstrated by the fact that administration of an antibody against PSGL-1 reduces the
rolling of human PMNs in rat mesenteric venules (Norman ef a/., 1995). PSGL-1 also
functions as a ligand for E-selectin. Recently, CD24 on myeloid cells has also been
described as a ligand for P-selectin (Vestweber and Blanks, 1999).

Beside its affinity for L-selectin and PSGL-1, E-selectin binds to a specific ligand on
myeloid cells, termed E-selectin ligand-1 (ESL-1), which has a large homology with a
receptor for fibroblast growth factor (Steegmaier ef a/., 1995). Other glycoproteins on
leukocytes, that bind to E-selectin, have been identified, but as yet not cloned
(Vestweber and Blanks, 1999). E-selectin has also been shown to bind to CD66
(Kuijpers ef a/., 1992b) and to a subpopulation of ß2-integrins which carry sLe*
(Kotovuoriefa/., 1993).

2.3.3 Leukocyte activation

The initial rolling of leukocytes is transient, unless the leukocytes are activated by
chemoattractants or cell contact-mediated signals capable of triggering secondary
adhesion molecules (Butcher, 1991). Substances that can activate leukocytes are,
among others, phorbol myristate acetate (PMA), complement factor C5a, TNFa,
leukotriene B« (LTB„), LPS, IL-1, and PAF (Kishimoto ef a/., 1989). A study of Lorant
and coworkers shows that P-selectin and PAF, which are coexpressed by activated
endothelial cells, work together: P-selectin captures a leukocyte, thus facilitating
interaction between receptors on the leukocyte and the signaling molecule PAF. This
leads to an elevation of intracellular Ca *̂ and activation of the leukocyte (Lorant ef a/.,
1993). Subsequently, the leukocytes change shape within seconds and become
flattened (Adams and Shaw, 1994). In this way they interact with a larger surface of the
vessel wall. Upon activation the affinity and the expression of adhesion molecules of the
integrin family on the leukocytes are greatly increased (Kishimoto ef a/., 1989; see also
paragraph 2.3.4). In contrast, L-selectin is shed from the cell surface upon activation.
This explains why leukocytes derived from, for example, bronchoalveolar lavage or
inflamed tissue, i.e., leukocytes that have migrated through the vessel wall and
therefore must have been activated, show only little L-selectin expression (Kishimoto
efa/., 1989; Mengelers ef a/., 1993).
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2.3.4 Leukocyte adhesion

Firm adhesion of leukocytes to the endothelium of post-capillary venules is mediated
by adhesion molecules of two families: the integrins, and the immunoglobulin gene
superfamily (see Table 2.3).

/nfegrins
Integrins are composed of an a- and a ß-subunit, which are non-covalently linked. The
integrins with the ßj subunit (CD18) are solely expressed on leukocytes. At present, four
ßs integrins have been described (for reviews see (Albelda and Buck, 1990; Arnaout,
1990; Gahmberg era/., 1997; Gahmberg ef a/., 1998): CD11a/CD18 (also known as
lymphocyte function-related antigen-1, LFA-1, or a j y , CD11b/CD18 (membrane attack
complex-1, Mac-1, or o^ßj), CD11C/CD18 (p150,95 or c^ßj), and CD11 d/CD18 ( o ^ ) .
These integrins are present on the cell surface of several types of leukocytes, but also
in intracellular granules, from which they can be translocated to the cell membrane upon
stimulation (Gahmberg ef a/., 1997). The integrins are not constitutively active, but can
be upregulated through an increase in the number of molecules expressed on the cell
surface. Their activity can also be enhanced through conformational changes increasing
their binding affinity. Under physiological circumstances the trigger for this comes from
outside the cell, through binding of an agonist to the integrins or to other receptors on
the cell surface, followed by intracellular signal transduction (Crockett-Torabi ef a/.,
1995; Gahmberg ef a/., 1997; Crockett-Torabi, 1998; Gahmberg ef a/., 1998).

Other integrins, such as very late activation antigen-4 (VLA-4; o^ß,) and lymphocyte
Peyer's patch adhesion molecule-1 (LPAM-1; o^ßy), are involved in the homing of
lymphocytes, but are not expressed on neutrophils (Springer, 1994).

7afa/e 2.3. Adhes/o/i mo/ecu/es /nvo/ved /n feu/cocyte adnes/on and d/apedes/s w/'tf?
coonte/recepfore. fne /ntegrin faro/Vy and /mmunog/obo/;n gene stvperfamz/y.
Name Distribution Counterreceptors
Integrin family:
LFA-1 all leukocytes ICAM-1, ICAM-2, ICAM-3
Mac-1 granulocytes, monocytes ICAM-1, ICAM-2, ICAM-3
p150,95 granulocytes, monocytes ICAM-1
VLA-4 monocytes, lymphocytes, eosinophils VCAM-1, fibronectin
LPAM-1 subset of lymphocytes MadCAM-1 , VCAM-1
fibronectin

Immunoglobulin gene superfamily:
ICAM-1 activated endothelial cells and leukocytes LFA-1, Mac-1, p150,95
ICAM-2 endothelial cells, leukocytes LFA-1, Mac-1
ICAM-3 resting leukocytes LFA-1, Mac-1
VCAM-1 activated endothelial cells, macrophages VLA-4, LPAM-1
MadCAM-1 endothelial cells of mucosal HEV L-selectin, LPAM-1
PECAM-1 endothelial cells, leukocytes, platelets PECAM-1
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/mmunog/oöu//n gene superfam/7y
Counterreceptors for the integrins are members of the immunoglobulin gene
superfamily, a family of glycoproteins with multiple immunoglobulin-like domains (the
structure and function of this family of adhesion molecules is reviewed in Huang ef a/.,
1997). For leukocyte adhesion to the endothelium the following members of this group
are of importance (Gahmberg ef a/., 1997): the intercellular cell adhesion molecules
(ICAM-1, ICAM-2, and ICAM-3), vascular cell adhesion molecule-1 (VCAM-1),
MadCAM-1 (one of the ligands for L-selectin, see paragraph 2.3.2), and platelet-
endothelial cell adhesion molecule-1 (PECAM-1). ICAM-1 is present at low levels on
unstimulated endothelial cells, but VCAM-1 is not. The expression of these molecules
is rapidly induced after activation of the endothelial cells by cytokines (Imhof and
Dunon, 1997). ICAM-2 is constitutively expressed on the endothelium at high levels and
is not upregulated through activation (Imhof and Dunon, 1997). ICAM-3 is absent on
normal endothelial cells, but highly present on, for example, lymphoma cells (Gahmberg
ef a/., 1997). The ICAMs serve as counterreceptors for the ßj-integrins; VCAM-1 for the
a,,-integrins. Apart from binding to L-selectin, MadCAM-1 also functions as a counter-
receptor for the integrin a4p7 (Vestweber and Blanks, 1999). PECAM-1 is constitutively
expressed on endothelial cells, leukocytes and platelets and is among others involved
in diapedesis of leukocytes (Imhof and Dunon, 1997; see paragraph 2.3.5).

2.3.5 Diapedesis and migration

D/apectes/s
Chemoattractants are required for transendothelial migration of leukocytes (Springer,
1994). Several chemoattractants have been studied in ;n w'fro assays as well as ;n v/Vo
(see for example: Kuijpersefa/., 1992a; Bienvenuefa/., 1994; Noursharghefa/., 1995).
Members of both the integrin and the immunoglobulin family involved in leukocyte
adhesion are also involved in leukocyte transmigration (Collins, 1995). An example is
PECAM-1, which is present at the intercellular junctions between endothelial cells and
is also expressed by leukocytes. One of the characteristics of PECAM-1 is that
homophilic interaction can take place: PECAM-1 on the leukocytes can bind to PECAM-
1 on the endothelial cells (Collins, 1995), thereby facilitating leukocyte transmigration.

M/graf/bn
Once migrated from the blood stream into the tissue, leukocytes have to migrate
through the tissue in the direction of the offending agents, such as bacteria or (injected)
chemoattractants. It has been proposed that in their movement through the interstitial
matrix proteolysis plays a role: enzymes such as elastase that are released by the
leukocytes degrade matrix components, thereby facilitating passage through the tissue
(Bienvenu ef a/., 1994). The oriented locomotion, i.e., chemotaxis, is due to sensing of
a chemical gradient. The leukocyte senses the concentration of a chemotactic
substance at two or more locations on its cell surface at the same time and moves in the
direction of the highest concentration (Zigmond, 1974). After arrival at this site the cells
can start to exert their function of phagocytosis.
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2.3.6 Sequential contribution of adhesion molecules

Figure 2.4 presents a summarizing, schematic view of the most likely sequential
contribution of adhesion molecules to leukocyte-endothelium interactions. In short, after
activation of endothelial cells, they release P-selectin (within minutes) and express E-
selectin (within 2 to 4 hours), and leukocytes can start rolling. Rolling can also be
supported by adhesion molecules other than selectins, such as ICAM-1 (Kunkel er a/.,
1996; Steeber ef a/., 1998). The close proximity of the rolling leukocytes to the
endothelium facilitates their activation by endothelial cytokines, which is followed by an
increase in the number of integrins and a conformational change of these adhesion
molecules. Subsequently, the integrins bind tightly to adhesion molecules of the
immunoglobulin gene superfamily, which are abundantly present on activated
endothelial cells. This is followed by transmigration of leukocytes through intercellular
junctions between endothelial cells.
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Figure 2.4. Schematic representation of the sequential contribution of selectins, integrins, and
adhesion molecules of the immunoglobulin gene superfamily in the various steps leading to
rolling, adhesion, activation and diapedesis of leukocytes.

2.3.7 //? w'fro versus in wVo

A considerable number of studies on leukocyte-endothelium interactions has been
performed in ;/7 w'fro models using cultured endothelial cells of various origin and
isolated leukocytes of various subtypes. Beside the possibility to control experimental
conditions, one of the advantages of /n w'fro systems is that it allows the use of human
tissues or cells. Most ;n w'fro studies use endothelial cells derived from large vessels,
such as human umbilical vein endothelial cells (HUVECs). It has been shown, however,
that endothelial cells derived from small vessels are phenotypically different from
endothelial cells derived from large vessels (Swerlick and Lawley, 1993). Therefore,
techniques have been developed for isolation and culture of microvascular endothelial
cells. However, a high level of heterogeneity exists among endothelial cells from various
vessels (as described in paragraph 2.2). This appears to be mainly due to signals from
the environment (Gerritsen, 1987). Functions and activities are modified according to
the quantity and/or quality of these signals (Pober and Cotran, 1990). In /'n w'fro systems
signals from the environment are rather different as compared to the /'n wVo situation
Therefore, cells will behave differently under these circumstances. In addition, culturing
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of endothelial cells over several passages will affect their phenotype; long term culturing
may induce dedifferentiation. This is illustrated by the fact that on human umbilical
artery endothelial cells of early passage the expression of E-selectin, VCAM-1 and
ICAM-1 can be induced by cytokines, while on cells of late passage expression of these
adhesion molecules could not be induced by cytokines (Bartlett and Parish, 1995).

One of the advantages of using isolated leukocytes in ;n vrfra models is that studies
can be performed with several subtypes of leukocytes. However, the procedures used
to isolate the cells may induce functional changes themselves. To study the effect of
isolation procedures, neutrophil function and adhesion molecule expression was
determined in whole blood and in cell suspensions isolated by two different procedures
(Watson ef a/., 1992). Neutrophils isolated by either method showed, among others,
increased expression of CD11b compared with those in whole blood, suggesting that
the cells were activated by the isolation procedures, possibly by processes analogous
to those induced by cytokines (Watson ef a/., 1992). /n wVo research allows us to study
the behavior of leukocytes in their natural environment and in their relatively normal'
activation state.

The possibilities to culture endothelial cells and to isolate leukocytes have led to the
development of leukocyte adhesion assays /n v/fro. These adhesion assays can be
performed under static conditions or underflow conditions mimicking the hemodynamic
conditions /n v/Vo. In many of these studies, however, leukocytes are perfused through
flow chambers with an endothelial cell monolayer at wall shear stresses of about 2
dynes/cm* (see for example: Abbassi ef a/., 1993; Jones ef a/., 1994), since a higher
wall shear stress (of about 4 dynes/cm^) reduces leukocyte-endothelium interactions to
virtually zero (Lawrence ef a/., 1987). /n wVo, however, wall shear stresses are
estimated to be about 18 dyn/cm* in arterioles (Reneman ef a/., 1992) and 7.2 dyn/cm*
in venules (Reneman, unpublished observations) of 15-40 urn diameter. In these
venules leukocyte-endothelium interactions do occur. This indicates that the balance
between adhesive and propulsive forces is different in the //? wfro situation as compared
to //? wVo situation; /n wfro adhesion forces appear to be weaker.

Studies concerning the movement of leukocytes toward a chemotactic gradient are
mainly based on ;n wfro models. In some studies two-dimensional systems were used,
but models to study three-dimensional movements have been developed as well
(Bienvenu ef a/., 1994). Endothelial cell monolayers are grown confluently on a filter and
leukocytes applied to the 'luminal' side of the layer are observed migrating into the
lower component of the chamber, which contains a chemotactic cytokine (Smith, 1993).
Although in this manner the movement of leukocytes through a layer of endothelial cells
and through physiologically relevant matrices can be studied, these kind of systems do
not provide direct assessment of leukocyte kinetics within a true interstitial matrix /n wVo
(Bienvenu ef a/., 1994).

Menger and Lehr state that "the petri dish can never adequately model the full
dimensions of integrated local and systemic positive and negative feedback loops in the
control and regulation of complex physiological or pathophysiological processes"
(Menger and Lehr, 1993). The development of intravital microscopic techniques has
provided us with means to study leukocyte-endothelium interactions /n wVo, where
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leukocytes as well as endothelial cells are in their natural environment and where their
interaction can be influenced by environmental factors. In the present thesis these
techniques have been used and leukocyte-endothelium interactions were studied ;'n
wVo.

2.3.8 Venules versus arterioles

Leukocyte rolling and adhesion is normally observed in venules, and almost never in
arterioles. Different hemodynamic conditions in venules and arterioles could account
for the absence of leukocyte-endothelium interactions in arterioles under normal
circumstances. From our observations (Tangelder ef a/., 1993) and those of others (Ley
and Gaehtgens, 1991), however, it may be concluded that in the mesentery this marked
difference between venules and arterioles persists even at similar RBC velocities and
shear rates. Therefore, hemodynamic differences between arterioles and venules can
be ruled out as a major explanation for the absence of leukocyte-endothelium
interactions in arterioles. Instead, it has been proposed that a distinct distribution of
endothelial adhesion molecules may account for the preferential interaction of
leukocytes with venular endothelium (Ley and Gaehtgens, 1991). Indeed, /n wfro as well
as ex wvo it has been shown that venular and arteriolar endothelial cells differ in their
expression of adhesion molecules (Bartlett and Parish, 1995; Jung and Ley, 1997). For
example, histological evaluation of the mouse cremaster muscle reveales that P-selectin
is present on venular endothelium within 10 minutes after exteriorization and ICAM-1
is constitutively expressed, whereas none of the two adhesion molecules is expressed
on the arteriolar endothelium in this tissue. E-selectin is expressed to a limited extent
on venules but not on arterioles in mouse cremaster muscle. After cytokine treatment
all three adhesion molecules are upregulated on venular endothelial cells. By contrast,
after treatment of tissue with TNFa, arterioles only express P-selectin, but not E-
selectin or ICAM-1 (Jung and Ley, 1997). The latter observation is in accordance with
observations ;n wVo in the same tissue: P-selectin dependent leukocyte rolling in
arterioles is only observed following exposure of the tissue to TNFa (Thorlacius ef a/.,
1997).

2.3.9 Leukocyte adhesion deficiency

The functional importance of interactions between leukocytes and the vessel wall is
demonstrated in patients with a disease called leukocyte adhesion deficiency (LAD).
Untill now several subtypes of LAD have been described. LAD-1 is an autosomal-
recessive trait characterized by a congenital defect in the adhesion molecules LFA-1
and Mac-1: the subunit CD18 that is shared by these two integrin molecules on
leukocytes is deficient (Anderson and Springer, 1987). A mild variant with normal
expression of CD11/CD18 but impaired activation of this adhesion molecule has also
been described (Kuijpers ef a/., 1997). In LAD-2 sialyl Lewis X (sLe*), the ligand for
selectins, appears to be absent due to a glycosylation defect (Etzioni ef a/., 1992). The
clinical symptoms of patients with LAD-1 or LAD-2 are similar: patients suffer from
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recurrent episodes of severe bacterial infections. Characteristically, these infections
lack the formation of pus despite markedly elevated systemic leukocyte counts (Etzioni
ef a/., 1992; von Andrian ef a/., 1993a). Patients with severe deficiencies have a high
chance to die in infancy, and those surviving the early years demonstrate a
susceptibility to severe, life-threatening systemic infections (Anderson and Springer,
1987). The />? v/vo behavior of neutrophils from LAD-1 and LAD-2 patients has been
studied by von Andrian and coworkers (von Andrian ef a/., 1993a). The CD18-deficient
leukocytes appeared to roll normally, but failed to adhere to the vessel wall upon
activation, or to migrate in the surrounding tissues when challenged with a chemotactic
stimulus. The leukocytes without sLe* were severely affected in both their ability to roll
and to adhere to the vessel wall. In conclusion, leukocyte adhesion deficiency
syndromes provide tools to study the impaired interactive functions of leukocytes and
demonstrate the clinical importance of the ability of leukocytes to roll along and adhere
to the vascular endothelium.

2.4 Modulation of leukocyte-endothelium interactions

In the following paragraphs cells, substances and/or processes that have been
described to modulate (induce or inhibit) leukocyte-endothelium interactions and that
are studied in this thesis are presented.

Masf ce//s
Mast cells (reviewed in Raud, 1989; Bernstein and Lawrence, 1990; Galli, 1993) were
first identified in the frog mesentery by von Recklinghausen in 1863, but they received
their name from Ehrlich (1878), who thought they were well-fed cells and assigned them
a nutritional role. In fact, mast cells more closely resemble land mines (Levy, 1996). The
cells are present throughout the body, especially in loose connective tissue and skin,
and can be found predominantly in the neighbourhood of blood vessels. Their granules
contain such mediators as histamine and enzymes, that can be released upon activation
of the cells. Biologically active factors newly synthesized and released by mast cells
include such lipid mediators as prostaglandins, leukotrienes and PAF, and such
cytokines as TNFa (Galli, 1993).

Figure 2.5 illustrates the way in which mast cells may contribute to the sequential
steps in leukocyte-endothelium interactions. Firstly, leukocyte rolling is supposed to be
induced by the release of histamine from activated, degranulated mast cells which may
cause redistribution of P-selectin to the endothelial cell surface (see paragraph 2.3.2)
(Hattori, et al., 1989). Regarding the histamine receptor that is involved in the induction
of leukocyte rolling //? v/vo, contradictory data have been published. Some studies state
that the effect is H,-receptor mediated (Asako ef a/., 1994; Kubes and Kanwar, 1994;
Gaboury ef a/., 1995), while in another study the Hs-receptor was thought to be involved
(Ley, 1994). Leukocyte rolling may also be induced by expression of E-selectin on
endothelial cells upon stimulation by mast cell derived TNFa (Bevilacqua ef a/., 1987).
Indeed, shortly after surgical preparation of the mouse cremaster muscle, E-selectin can
only be immunohistochemically demonstrated in the direct neighbourhood of
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Figure 2.5. Suggested involvement of agents released from mast cells in the various steps
leading to leukocyte migration into inflamed tissue. The released agents may stimulate the
endothelial cells to express adhesion molecules which may subsequently lead to rolling,
activation, adhesion, and, finally, migration of leukocytes.

degranulated mast cells (Jung and Ley, 1997). Secondly, mediators released from mast
cells, like PAF, can activate rolling leukocytes (see paragraph 2.3.3). Thirdly, leukocyte
adhesion may be increased by various mast cell derived cytokines, like interleukins and
TNFa, that can stimulate the endothelial cells to express or increase the expression of
adhesion molecules. Indeed, it has been shown that degranulation of mast cells induces
VCAM-1 and ICAM-1 expression on cultured endothelial cells (Meng era/., 1995; van
Haaster ef a/., 1997). /n wVo, leukocyte adhesion induced by a mast cell degranulator
could be reduced by a PAF-receptor antagonist (Gaboury ef a/., 1995). Finally, for the
movement of leukocytes into the surrounding tissue chemotactic agents are needed;
mast cells are able to release such agents (Springer, 1994). In hamster cheek pouch,
for example, induction of degranulation of mast cells with compound 48/80 results in
migration of leukocytes from the venules in the direction of the degranulated mast cells,
which are mainly situated around the arterioles (Raud ef a/., 1989b). In summary, mast
cells appear to be important cells in the regulation of several steps of the inflammatory
reaction of leukocytes and endothelium.

777romboembo//'s/77
Leukocyte-endothelium interactions can also be modulated by platelet-vessel wall
interactions: previous experiments in our laboratory indicate that in the exteriorized
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mesentery of the rabbit leukocyte rolling in venules is influenced by a thromboembolic
reaction induced in these vessels (oude Egbrinkef a/., 1992). The results of this study
are summarized in Figure 2.6. Figure 2.6.1 schematically shows a venule with rolling
leukocytes. At the site of the arrow the vessel wall was punctured with a glass
micropipet to induce a mechanical vessel wall injury. Immediately after puncture the
formation of a thrombus started in all vessels. The mere formation of a thrombus by
activated blood platelets did not influence leukocyte rolling (Figure 2.6.2). In venules
in which adhesion of circulating platelets to the thrombus and subsequent embolization
occurred (Figure 2.6.3), the level of leukocyte rolling decreased significantly from the
upstream to the downstream vessel segment (median decrease 45%; p<0.001).
Inhibition of prostaglandin formation with aspirin (100 mg/kg) almost completely
abolished the influence of the thromboembolic reaction on leukocyte rolling (Figure
2.6.4), but blockade of thromboxane Aj receptors with sulotroban (30 mg/kg) had no
such effect. These findings suggest that substances produced by activated platelets
and/or damaged vascular cells diminish leukocyte rolling. The identity of these
substances is not yet clear, but prostaglandins other than thromboxane Aj seem to be
involved.
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Figure 2.6. Influence of vessel wall injury on leukocyte rolling (oude Egbrink ef a/., 1992) 1:
Venule with rolling leukocytes. At the site of the arrow the vessel wall will be punctured with
a glass micropipette to induce an injury. 2: The mere formation of a thrombus following
vessel wall injury does not influence leukocyte rolling. 3: If a thromboembolic reaction
occurs, the level of leukocyte rolling decreases from the upstream to the downstream vessel
segment. 4: Administration of aspirin attenuates the influence of the thromboembolic
reaction on leukocyte rolling.
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Other interactions between platelets, endothelium and leukocytes can be divided
into two types: adhesion between platelets and leukocytes in flowing blood (a form of
aggregation or satellitism, with platelets attached to the surface of leukocytes), and
adhesion between platelets and the endothelium, with leukocytes binding to or rolling
over the platelets (Nash ef a/., 1996). These interactions and their possible role in
various pathophysiological situations are more and more recognized (Faint, 1992; Nash
era/., 1996; Celiefa/., 1997).

Prosfag/and/ns
Prostaglandins (PGs) derive their name from the fact that they were first identified as
lipid factors in seminal fluid (thought to be secreted by the prostate gland), which could
contract uterine smooth muscle (Gerritsen, 1996). PGs are metabolites of arachidonic
acid which, upon activation of a cell, is freed from phospholipid in the plasma membrane
by phospholipase Aj or indirectly via phospholipase C. Subsequently, arachidonic acid
can be oxygenated by the enzymes cyclooxygenase or lipoxygenase (see Figure 2.7).
The cyclooxygenase pathway leads to the production of the following PGs: PGDj, PGE2,
PGFja, and PGIj Thromboxane A2 (TXAj) is a product of the cyclooxygenase pathway
as well. A fatty acid other than arachidonic acid can be converted to metabolites closely
related to PGs such as PGE,. PGs are not stored, but synthesized when they are
needed. In the (micro)circulation vascular cells (endothelium, smooth muscle), blood
cells (leukocytes, platelets) as well as interstitial cells (mast cells) possess the ability
to produce PGs (Gerritsen, 1996).

Two paradoxal theories about the overall role of PGs in inflammation have been
proposed: a) PGs are proinflammatory, since inhibition of PG production by aspirin or
other non-steroidal antiinflammatory drugs (NSAIDs) diminishes features of
inflammation, and b) PGs are antiinflammatory, since their administration in various

ARACHIDONIC ACID

lipoxygenase / \ cyclooxygenase

leukotrienes PGG2
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I
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PGE2
PGI2
TXA2

Figure 2.7. Formation of prostaglandins from arachidonic acid via the cyclooxygenase
pathway, which is inhibited by aspirin (acetyl salicylic acid). The lipoxygenase pathway lead,
among others, to the production of leukotrienes.
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diseases decreases inflammation (Goodwin, 1991; Kitsis ef a/., 1991). The
proinflammatory properties of certain PGs that have been identified, however, are
modest and cannot explain the substantial effects of NSAIDs (Goodwin, 1991). In many
clinical investigations PGs have been reported to be antiinflammatory and beneficial in
many diseases, such as severe chronic heart failure, myocardial ischaemia, and
peripheral vascular diseases (see for example Grant and Goa, 1992; Altstaedt ef a/.,
1993; Wigley ef a/., 1994; Belch ef a/., 1995; Pacher ef a/., 1997; Scheeren and
Radermacher, 1997). Because PGs have several functions, the exact mechanism
behind the beneficial effects is not always clear. j

The most important functions of PGs in the microcirculation are regulation of blood
flow and permeability, control of hemostasis, and modulation of leukocyte functions
(Kaley ef a/., 1985; Bates, 1995; Gerritsen, 1996). The influences of PGs on leukocyte
functions have been extensively studied both /n w'fro and /n v/Vo; table 2.4 summarizes
some of the ;n v/Vo studies. It is clear that the effect on leukocyte-endothelium
interactions is dependent on the type of PG used and possibly also on the specific
situation and tissue under study. In the majority of these studies, however, PGE, and
PGIj seem to inhibit leukocyte-endothelium interactions and leukocyte infiltration into
tissues, whereas the PGEj effect is less clear.

I

7sb/e 2.4. /n v/Vo e/fecfs of various prosteg/and/ns on /eu/cocyte-endotoe/Zum /'nteracf/'ons or
/ei/frocyfe /nff/fraf/on into fosue.
PG effect reference
PGE, i rolling/adhesion induced in rat mesentery Müller ef a/., 1988
PGE, I adhesion following I/R in rat liver Natori ef a/., 1997 ^
PGE, I infiltration following I/R in dog myocardium/skin lesions Simpson ef a/., 1988 '
PGE, 1 infiltration into rabbit tear fluid Srinivasan and Kulkami, 1980

PGEj 1 infiltration in rabbit cervix El Maradny ef a/., 1996
PGE, = rolling in hamster cheek pouch Higgs ef a/., 1978
PGEj l infiltration into rabbit tear fluid Srinivasan and Kulkami, 1980
PGEj = rolling/adhesion in rat mesentery Yamaki ef a/., 1998

PGI2 1 rolling in hamster cheek pouch Higgs ef a/., 1978
PGIj l infiltration following I/R in pig myocardium Hohlfeld ef a/., 1993
PGi; I adhesion induced in rat mesentery Jones and Hurley, 1984
PGIj 1 infiltration following I/R in rat myocardium Kanayama ef a/., 1993
PGI2 = infiltration following I/R in dog muscle Mohan ef a/. ,1992
PGI2 1 rolling/adhesion induced in rat mesentery Müller ef a/., 1988
PGIj 1 infiltration following I/R in dog myocardium Simpson ef a/., 1987
PGIj i infiltration into rabbit tear fluid Srinivasan and Kulkami, 1980
PGI2 1 infiltration in damaged spinal cord in rat Taoka ef a/., 1997
PGI? I rolling/adhesion following I/R in rat muscle Thomson ef a/.. 1994
/ decreas/ng effecf, / /ncreas/ng effecf, = no effecf of prosfag/and/n on teu/cocyfe ro///ng,
adhes/on or /M/fraf/on, //R /schem/a/reperfus/on
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fetors
Another group of factors or substances with the ability to modulate leukocyte-
endothelium interactions, is produced in tumors. In animal models it has been observed
that, in general, leukocyte rolling as well as adhesion are diminished in tumor
microvessels (see Table 2.5). The mechanism behind this observation is not yet
elucidated. Two possible causes for diminished leukocyte-endothelium interactions in
tumor microvessels have been described. Firstly, it has been shown that less leukocytes
are delivered to the newly formed tumor vessels, probably due to a decrease in blood
flow in the more tortuous angiogenic vessels (Dellian ef a/., 1996; Jain ef a/., 1996).
Secondly, the endothelial expression of adhesion molecules appears to be much lower
in tumor vessels than in normal vessels (Piali ef a/., 1995; Griffioen, 1997).

Two important angiogenic factors able to influence leukocyte-endothelium
interactions are produced in tumors: basic fibroblast growth factor (bFGF) and vascular
endothelial cell growth factor (VEGF) (reviewed in Mason, 1994; Amoroso ef a/., 1997).
/r? wfro, it has been shown that bFGF reduces the expression of ICAM-1, ICAM-2 and
CD34 on HUVECs (Griffioen ef a/., 1996b). Furthermore, it was demonstrated that the
upregulation of ICAM-1, VCAM-1 and E-selectin upon stimulation with inflammatory
cytokines, such as TNFa or IL-1, was suppressed by bFGF. In these experiments
vascular endothelial cell growth factor (VEGF) had similar, but less pronounced effects
(Griffioen ef a/., 1996a; Griffioen ef a/., 1996b). The /n wVo effects of bFGF and VEGF
on leukocyte endothelial interactions are less clear. BFGF has been shown to inhibit
leukocyte adhesion (Melder ef a/., 1996), whereas stimulating (Detmaret al., 1998) as
well as inhibiting (Scalia ef a/., 1999) effects of VEGF on leukocyte adhesion have been
reported.
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fab/e 2.5. Leukocyte ro///ng and adnes/on /n yenu/es /n norma/ fosi/e and /'n rumor fosue (Gn'ff/oen er a/., 7998).
Leukocyte rolling Leukocyte adhesion

Tissue normal tumor normal tumor
dorsal skinfold chamber in Fischer rats:
rat mammary adenocarcinoma^ (Wuera/., 1992)

dorsal skinfold chamber in Fischer rats:
rat mammary adenocarcinoma^ (Wu ef a/., 1994)

dorsal skinfold chamber in Syrian Golden ham-
sters: amelanotic melanoma (Dellian era/., 1995)

dorsal skinfold chamber in C3H mice^/
dorsal skinfold chamber in SCID mice^:
murine mammary adenocarcinoma;
cranial window in C3H mice^:
murine mammary adenocarcinoma;
cranial window in SCID mice:
murine mammary adenocarcinomaV
human glioblastoma^ (Fukumura ef a/., 1995)

dorsal skinfold chamber in nude mice:
Lewis lung carcinoma (Borgström era/., 1997)

5.8±1.8/min

16.0±3.0/min

1.6±1.0/mm

0.6±0.2/min

100±30/mm"

35±12/mm=

50±20/mm^

7±1/mm* *

63.3±9.9%
62.2±6.4%

43±24%

29±16%
29±16%

23±12/min

14±4% *
28±21%*

9±7% *

34±40%
11 ±14%

1.04±0.2/min*

136.7±110.9/mm=
42.2±4.8/mm=

103±72/mm*

82±92/mm*
82±92/mm*

186±176/mm=

O/mm^

Means and S£M are presented; * stef/sf/ca//y s/gn/ffcanf d/fference of fumor venu/es versus norma/ venu/es reported;
' date exfracted from figure; * date extracted part/y from texf, part/y from figure; /eu/focyfe ro///ng /s expressed as number of ce//s per
m/nute, or as fne ro///ng fracton of a// pass/ng /eu/cocyfes; /eu/cocyte adnes/on ;s expressed as number of adnerenf ce//s per surface area
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3 METHODOLOGICAL SURVEY

In this chapter an overview is presented of the materials and methods used in the
studies described in this thesis. Emphasis is given to the basis underlying the choices
we have made for quantitation and presentation of leukocyte-endothelium interactions.

3.1 Animals and experimental setup

Animal handling was performed according to the Dutch Law on Animal Experimentation
(WOD) and The European Directive for the Protection of Vertebrate Animals used for
Experimental and other Scientific Purposes (86/609/EU). The protocols were approved
by the Animal Experimental Committee of Maastricht University, The Netherlands.

Än/ma/s
Experiments were performed on 3 different species. New Zealand white rabbits of either
sex were used in the chapters 4, 5, 7, and 8, since most of these chapters were based
on studies previously performed on the same species. Male rats of various strains were
used in chapter 6 to study the involvement of mast cells; this could not be done in rabbit
mesentery in which hardly any mast cells are present. Male Swiss mice were used in
chapter 9, because in our institution experience existed with regard to the effects of
angiogenic factors in this species.

All animals were housed in the central animal facilities and had ad libitum access to
water and food. For detailed information about the animals, the anesthetic and surgical
procedures followed and the setup of the different experiments, the reader is referred
to the various chapters.

m/croscopy
In rabbits and rats the mesentery was used for microscopic observation; this tissue can
be exposed without the need of extensive surgery, it is thin and transparent and,
therefore, well suited to study leukocyte-endothelium interactions. In mice the cremaster
muscle was employed, since the scrotum in which the cremaster muscle is situated, is
very suitable for the local insertion of pellets or injection of agents. In this way, small
amounts of expensive agents can be locally applied in the direct environment of the
vessels under investigation. Microvessels in these tissues were visualized /n s/fu using
a Leitz intravital microscope, adapted for telescopic imaging (Slaaf era/., 1982), and a
Leitz water-immersion objective (25x). Transillumination was performed with a tungsten
lamp. Images were recorded on videotape through either a TV camera or a CCD
camera. Final magnification at the front plane of the camera was 52x. For inspection of
the preparation and mapping of the microvasculature, a low magnification objective (4x)
was employed.

Mesentery
In rabbits and rats the mesentery is a thin and transparent layer of peritoneum (see
Figure 3.1). It connects the small intestine to the posterior abdominal wall and is



38 Metftodo/og/ca/ si/rvey

Figure 3.1. Exposed rabbit mesentery (thanks to B. Woldhuis).

composed of loose connective tissue containing vessels and nerves passing to and
from the bowel. For microscopic observation a segment of the distal ileum was
exteriorized through a small abdominal incision. The mesentery was then carefully
spread over a siliconized glass plate mounted in an electrically heated table of an
intravital microscope. The tissue was continuously superfused with a buffered Tyrode s
solution (composition: 11 mM glucose, 13 mM sucrose, 130 mM NaCI, 5.6 mM KCI, 2.9
mM CaClz, 1.2 mM MgClj, 25 mM NaHCOa, and 1.4 mM Na^PO,) at 37°C, saturated
with a mixture of Nj (95%) and CO2 (5%). The bowels were kept moist with overlying wet
gauze.

After handling the mesentery, the tissue was allowed to stabilize. To determine the
optimal length for a stabilization period, levels of leukocyte rolling were determined in
three rabbits (11 venules) during a period of 80 minutes in which no intervention had
taken place. The results are shown in Figure 3.2. It is clear that in the first 30 minutes
following exteriorization the level of leukocyte rolling decreased in most venules. In the
venules in which more than 50 leukocytes were rolling 30 minutes following
exteriorization, levels of leukocyte rolling continued to decrease or strongly fluctuated.
In the other vessels levels remained rather stable. Therefore, we decided to allow the
tissue to stabilize for 30 minutes before baseline recordings were made. In those
studies in which no experimental intervention was applied before baseline recordings,
only venules with a baseline level of 50 or less rolling leukocytes per minute at 30
minutes following exteriorization were included.

In order to be able to accurately detect decreases in the level of leukocyte rolling
over time or as induced by the substances of interest, only venules with a minimal level
of 5 to 10 rolling leukocytes per minute were included in the studies. Hardly any
mesenteric venule had to be excluded.
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Figure 3.2. Levels of leukocyte rolling in 11 venules at different periods following mesentery
exteriorization in 3 rabbits.

Cremaster musc/e
The cremaster muscle is a sack of striated muscle, the contraction of which causes the
testis and epididymis to be pulled towards the abdomen. For intravital microscopy the
right cremaster muscle sack was opened and the testis and epididymis were advanced
into the abdominal cavity. The muscle was spread out with the help of sutures at its
periphery and continuously superfused with Krebs' solution (composition: 25 mM
NaHCOj, 1.2 mM KĤ PCX,, 118.4 mM NaCI, 4.8 mM KCI, 2.5 mM CaClj, 1.2 mM MgSOJ
at 34-36°C, saturated with a mixture of Oj (95%) and COj (5%). The muscle was
covered with clear plastic wrap to prevent dehydration and effects of Oj in the air on
fluid dynamic parameters. After handling the cremaster muscle the tissue was allowed
to stabilize for 30 minutes, before the experiments started.

Sysfem/c /eu/cocyfe cour/fs
To elucidate a possible influence of the experimental procedure on circulating
leukocytes, the systemic number of leukocytes was determined at the beginning and at
the end of each experiment. In some studies an additional count was performed at some
instant during the experiment. Leukocytes were counted and differentiated as
polymorphonuclear (PMN) or monomorphonuclear (MMN) in a counting chamber Of
these two leukocyte subclasses, the PMNs are the ones that are predominantly rolling
in venules of the rabbit mesentery (Tangelder ef a/., 1995).

3.2 Assessment of microvascular hemodynamic parameters

Red £>/ood ce// ve/oc/fy
For on-line measurement of red blood cell (RBC) velocity in microvessels a bidirectional
optical (BDO) three-stage prism grating system was used (Slaaf ef a/., 1981; Slaaf ef
a/., 1984). The microscopic image of the red blood cells is projected onto a grating
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placed transversely to the direction of flow. The light modulated by the moving red blood
cells is split by the prism grating into three directions, resulting in three signals detected
by three photosensors (spatial filtering). The velocity of the red blood cells can be
computed from the frequency of the signal (inversely related to the time between two
successive appearances on one and the same photosensor), the optical magnification
and the grating constant (Slaaf ef a/., 1981; Slaaf ef a/., 1993). For each vessel the
sensor width was adjusted to cover the full width of the vessel in order to assess a
measure for mean RBC velocity (v^„) over the cross-sectional area; care was taken to
ensure that the vessels remained within the sampling area during lateral tissue
movements. To obtain actual mean RBC velocities, the measured velocity values were
divided by a conversion factor of 1.1 (Tangelder ef a/., 1986).

D/amefer
Diameters of the venules and arterioles under investigation were measured off-line, with
the use of a home-built video image shearing device (according to Intaglietta and
Tompkins, 1973). Care was taken to measure the diameter with focus on the widest part
of the vessel and to measure the same vessel site when a vessel was to be measured
repeatedly.

Reduced ve/oc/fy
The wear and tear exerted on endothelial cells by the blood is related to the shear rate
at the vessel wall. In Figure 3.3 the concept of shear rate is elucidated. Two adjacent
layers of fluid are depicted schematically. They differ in velocity by Av. The velocity
gradient (dv/ dx), expressed in s'\ is called shear rate. The shear rate varies across a
microvessel (it is zero in the center and highest at the wall) and depends on the actual
velocity profile (Slaaf era/., 1993).

— >AX
•V2

Figure 3.3. Schematic presentation of the concept of shear rate, i.e., the velocity gradient
between two adjacent fluid layers. Longitudinal section of a cylindrical tube showing a velocity
profile and two adjacent layers of a fluid.
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In case of a Newtonian fluid, the velocity profile is parabolic; the shear rate increases
linearly from the center towards the wall. In this case shear rate at the wall of a vessel,
called wall shear rate (WSRp„, for a parabolic velocity profile), is given by:

However, since blood is a non-Newtonian fluid, velocity profiles in microvessels are not
parabolic. In arterioles, the velocity profile was shown to be flattened as compared to
a parabola (Tangelder ef a/., 1986). As a consequence, wall shear rates in these
microvessels appeared to be about 2.1 times higher than expected on the basis of a
parabolic velocity distribution with the same volume flow (Tangelder ef a/., 1988). In
venules, velocity profiles are also blunted as compared to a parabola (Tangelder and
colleagues, unpublished observations). Therefore, also in venules l̂ VSR^ has to be
multiplied by a certain correction factor (a) to obtain estimates of the actual wall shear
rate WSR„„. Assuming that the velocity profile is invariant under various conditions in
one vessel, WSR„„ can be expressed as:

In this thesis, reduced velocity, which is defined as v„^,„/2r, is used as a measure of
wall shear rate.

3.3 Evaluation of leukocyte-endothelium interactions

A number of parameters can be used to evaluate leukocyte-endothelium interactions.
First, we will describe the parameters employed to assess leukocyte rolling and
adhesion as described in the literature; subsequently, we will elaborate on the
parameters used in this thesis.

Leu/cocyte ro///nsr and adries/on: //ferafure
Leukocyte rolling is mostly presented as the number of rolling leukocytes passing a
venular segment per unit of time, often called rolling leukocyte flux and expressed as
number of rolling cells per minute (see for example: von Andrian ef a/., 1991; oude
Egbrink ef a/., 1992; Ley, 1994), per 30 seconds (Wu ef a/., 1992) or per second (Asako
era/., 1994).

Some studies present the leukocyte rolling fraction, defined as the percentage of the
total number of passing leukocytes that is rolling. To this purpose, all leukocytes are
fluorescently stained with, for example, acridine red (Ley and Gaehtgens, 1991; von
Andrian ef a/., 1991)orrhodamine6(Nolteefa/., 1994). Both freely flowing and rolling
leukocytes are observed with (stroboscopic) epi-illumination. The total number of
fluorescent cells passing a venular segment is counted and, subsequently, the number
of rolling cells in the same segment is determined. The rolling fraction is then calculated
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as the number of rolling leukocytes per 100 leukocytes passing the segment (Ley and
Gaehtgens, 1991; von Andrian ef a/., 1993b). The disadvantage of this method is that
a fluorescent dye has to be used to visualize the free flowing leukocytes; such a dye
may influence cell functioning. Although it has been demonstrated that the fluorescent
dyes used in these studies do not influence systemic leukocyte counts, the interactions
of leukocytes with the vessel wall, and microvascular hemodynamics (Ley and
Gaehtgens, 1991; von Andrian ef a/., 1991; Janssen ef a/., 1994), we prefer not to use
such dyes when transparent tissues like mesentery and cremaster muscle are used in
which rolling cells can be observed clearly.

An approximation of the leukocyte rolling fraction may be obtained without the use
of fluorescent dyes, by estimating the flow in a microvessel and assuming that the
systemic concentration of leukocytes is maintained throughout the circulation. Flow in
a microvessel is calculated from the mean RBC velocity and the vessel radius frj:
m̂oan™/" *• The systemic number of leukocytes per ml blood is measured in blood

obtained from a central ear artery (see paragraph 3.1). Using these two parameters the
total number of leukocytes passing the venular segment of observation can be
estimated. Combined with the number of rolling cells per minute this information
provides an estimate of the rolling fraction.

Taking into account that in mesentery nearly all rolling leukocytes are
polymorphonuclear cells (PMNs; Tangelder ef a/., 1995), the rate of supply of PMNs by
the blood stream can be obtained when the total number of leukocytes passing the
venular segment is multiplied by the systemic PMN fraction. Then the rolling fraction of
PMNs can be calculated. If the rolling fraction of PMNs is high, i.e., almost all passing
PMNs are rolling, a possible influence of an agent may be masked by the fact that no
more PMNs can be recruited to start rolling.

Leukocyte rolling velocity can be determined from the time required for individual
leukocytes to roll along a given distance of the venule (von Andrian ef a/., 1991; Asako
ef a/., 1994; Janssen ef a/., 1994; Kubes and Kanwar, 1994), or by measuring the
distance that was covered between two or more successive video frames (Ley and
Gaehtgens, 1991).

In some studies the number of rolling leukocytes per 100 urn vessel length was
calculated by dividing leukocyte flux by leukocyte rolling velocity (Asako ef a/., 1994;
Kubes and Kanwar, 1994). This parameter can be considered as a measure of the
rolling leukocyte density; this implicates that not only the number of rolling cells but also
their transittime is taken into account. A similar parameter is the relative rolling index
(Thorlacius ef a/., 1994), calculated as the leukocyte rolling fraction divided by the
rolling velocity. This parameter has also been used to reveal the influence of an
intervention on rolling fraction and rolling velocity together.

Leukocytes are considered to be adherent (sticking) when they remain stationary for
a period equal to or greater than 30 seconds (von Andrian ef a/., 1992; Kubes ef a/.,
1993; Beuk ef a/., 1997). Leukocyte adhesion can be expressed as the number of
adherent cells per vessel length or per endothelial surface area.

An overall parameter that includes the number of rolling leukocytes and their velocity,
and the number of adherent leukocytes is the total number of leukocytes interacting with
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the wall in a certain vessel segment at a particular moment (Raud ef a/., 1988; Beuk ef
a/., 1997). In transparent tissues, without the use of a fluorescent dye, this parameter
can be determined by counting the number of visible (i.e., interacting with the
endothelium) leukocytes within a 100 urn vessel segment in a frozen video frame.

For the studies described in the present thesis, we determined the level of leukocyte
rolling (identical to leukocyte rolling flux, see above), the leukocyte rolling velocity, as
well as the number of adherent leukocytes. Details about the way these parameters
were assessed are given below.

/Jssessmenf of ffte /eve/ of /eu/cocyte ro///ng
The level of leukocyte rolling is quantitated off-line by counting the cells that roll or
saltate through an unbranched segment of a venule; the length of the segment is
approximately equal to the diameter of the venule. The level of leukocyte rolling is
expressed as the number of rolling and saltating leukocytes per minute.

To get more insight into the relative number of saltating and rolling leukocytes, we
counted in a sample of venules the number of leukocytes passing the predefined
segment of the venule: those leukocytes that stayed in contact with the vessel wall in
the whole segment were defined to be rolling, and those that were not in contact with
the vessel wall in the whole segment were called saltating. It appeared that of all these
passing cells the percentage of rolling cells was 96% (median; range 81-100%) A
median of only 1 saltating cell per minute was found (range 0-5/min).

Figure 3.4 shows the cumulative number of rolling leukocytes counted in a vessel
segment during 10 minutes, i.e., the total number of rolling leukocytes counted between
the start of the experiment and the moment indicated on the x-axis. The slope of the
curve is a measure of the level of leukocyte rolling. It is clear that the level of leukocyte
rolling varies with time and that the mean level of leukocyte rolling depends on the
period of averaging. The shorter the period of averaging is, the larger the variations
over the 10 minutes period will be. By inspecting the curve, one notes that for instance
a counting period of 30 seconds will lead to a high variability in the levels of leukocyte
rolling; compare a start at 0 with one at 100 seconds. An average over the whole period
of 10 minutes provides the best measure of the mean level of leukocyte rolling.
However, the protocols of the studies described in this thesis do not allow the recording
of periods of more than 2 minutes. We used 3 recordings of 10 minutes to study the
variability of leukocyte rolling. In each cumulative distribution, we divided the sequence
into 2, 4, 6, 8, 12, and 24 equal periods (300, 150, 100, 75, 50, and 25 seconds,
respectively) and determined during each recording the relative dispersion (also called
coefficient of variation: standard deviation/mean of the counts). In all three recordings
of 10 minutes the relative dispersion of averaging over a period of at least 100 seconds
was less than 20%; the higher the level of leukocyte rolling was, the lower the relative
dispersion. Since the relative dispersion of the level of leukocyte rolling of groups of
vessels is 50-100%, the variability within measurements is much lower and, therefore,
negligible. In our experiments counting periods range from 100 to 120 seconds.
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100

Figure 3.4. Cumulative number of rolling leukocytes counted in one venule during 10 minutes,
with average slopes over 30 second periods starting at 0 and at 100 seconds indicated. See
text for explanation.

To evaluate the accuracy of the counting technique, five investigators were asked to
count rolling leukocytes in taped sequences of the same four venules with levels of
leukocyte rolling varying from about 30 to 190 cells per minute. Each investigator
performed counts in duplicate with a mean counting period of 110 seconds. If duplicate
counts differed by more than 10%, a third count was performed. The average deviation
of duplicate counts from their mean average value in the four venules ranged from 4 to
6% for the various investigators. No relationship between the deviation and the number
of rolling leukocytes was found.

Table 3.1 presents the mean levels of rolling leukocytes assessed by the various
observers. The variation between the various observers was only 3 to 10%. Therefore,
it can be concluded that counting could be performed in an accurate manner. For this
thesis, counts were performed mainly by one observer (D), while a control was
performed by a second observer (E), who performed a sample of randomly chosen
counts.
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fato/e 3.1. Means from dup//cate counts of/eve/s
arb/frary venu/es Jby ffve observers.

venule
Observer 1 2

of/eufcocyte n

3

a///ng C*/m;n^

4

45

counted /n four

A 31.5 82.5 113 180
B 37.5 94 109.5 180.5
C 29.5 87 117.5 192.5
D 29 86 122 184
E 32 87 131 193.5

Leu/cocyte ro///ngt ve/oc/ry
Median leukocyte rolling velocity per vessel was determined off-line by measuring the
time needed for 10 randomly chosen rolling leukocytes to travel a certain distance along
the vessel wall. This distance was about one to three times the diameter of the vessel.

Leu/cocyte acfnes/on
Leukocytes were considered to be adherent when they remained stationary for at least
30 s. The number of adherent leukocytes was determined in a 100 urn segment of a
venule. The mean number present at any instant was assessed over a period of 2
minutes. In chapter 9 the level of leukocyte adhesion was expressed as the number of
adherent cells per endothelial surface area (per mm'), since the diameters in the
various experimental groups were not similar.

3.4 Statistics and data presentation

Sfafef/cs
Because of the nonsymmetrical distribution of the majority of the collected data,
nonparametric statistic tests were used to compare data groups (Siegel and Castellan,
1988). Paired data groups were compared using the Wilcoxon signed ranks test; for
more than two related samples the Friedman two-way analysis of variance was used.
Differences between two independent data groups were tested with the Mann-Whitney
U test; to compare more than two dependent data groups the Kruskal-Wallis test was
used. To find correlations between data groups, the Spearman rank-order correlation
coefficient was determined. In all tests, the level of significance was set at 0.05.

A large variation was found in the various parameters between venules within each
animal; this intervenular variation appeared to be similar to the interanimal variation.
This may be partly due to the fact that within one animal only venules were selected that
were independent of each other for their blood supply or drainage. Furthermore,
endothelial functioning may be heterogeneous in different venules, even within one
tissue. It is known that vessels exhibit a high level of heterogeneity within the
mesenteric microvascular bed (Pries ef a/., 1995), which may contribute to the
heterogeneous effects of interventions. Therefore, we considered it appropriate to
perform the statistic tests on parameters measured per venule, rather than per animal.
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Date presenfaton: med/ans and />?terc7uart/7e range
Several methods can be used to present data. In most papers in which leukocyte-
endothelium interactions are studied values are reported as means with standard errors
(SE; see for example Kubes ef a/., 1993; Ley, 1994). Such a representation requires a
normal distribution of the data. If mean and SE are used on not normally distributed
data, one should realize that they are considerably influenced by outlying observations.
For ordinal data and/or data with outliers the median is a better measure of central
tendency because it uses ranking information. Data concerning leukocyte-endothelium
interactions /n v/Vo are usually distributed nonsymmetrically, and, hence, presentation
as medians with interquartile ranges (i.e., the spread from 25th to 75th percentile) is
more appropriate. In this way 50% of the data set is represented within bars, and the
skewness of the data distribution is preserved. To illustrate differences in the way of
presentation two data sets (extracted from chapter 6, Figure 6.2B) are presented in
three ways in figure 3.5: (A) as individual measurements, (B) as medians with
interquartile ranges, and (C) as means with standard errors. Comparison of these three
ways of presentation makes it clear that medians with interquartile ranges reflect more
accurately the distribution of the original data set as compared to means with standard
errors. In this thesis data are presented as medians with interquartile ranges, unless
indicated otherwise. One has to be aware that this way of data handling entails the
presentation of large variation bars, and, therefore, data seem to be more variable as
compared to data described in literature where means and standard errors are used.
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Figure 3.5. Presentation of one data set on the velocity of rolling leukocytes in rabbit
mesenteric venules as (A) individual measurements, (B) medians with interquartile ranges, and
(C) means with standard errors.
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Dafa presentef/on. norma/Zzaf/on
In the studies presented in this thesis, we were interested in changes which occurred
in leukocyte-endothelium interactions due to an intervention. Variability in data can be
reduced by computing the relative change in, for example, the level of leukocyte rolling.
To this purpose, data are normalized to their individual baseline values. In Figure 3.6
this normalization procedure is elucidated. Figure 3.6.A shows for several venules the
absolute level of leukocyte rolling at two instants (t1 and t2). In Figure 3.6.B changes
occuring over time are visualized after normalizing for each individual venule the levels
observed at t2 to those observed at t1.

If levels of leukocyte rolling decrease with time, the normalized values will be
between 1 and 0, whereas increases in the levels will lead to values from 1 to infinity.
This asymmetry implicates that normalization of the levels of leukocyte rolling observed
at t1 to those observed at t2 (i.e., the reverse procedure as described for Figure 3.6.B)
results in a different distribution, shown in Figure 3.6.C. In the non-symmetrical tests
used in this thesis and described above, not only the sign of the differences but also
their relative magnitude is considered. The Wilcoxon signed ranks test, for example,
gives more weight to a pair which exhibits a large difference between the two instants
than to a pair which exhibits a small difference (Siegel and Castellan, 1988). Therefore,
p-values obtained by testing the values of Figures 3.6.B and C are not similar. This
asymmetry can be avoided by computing the logarithm of each value. In this way the
normalized values will be negative if the level of leukocyte rolling decreases with time,
whereas increases in the levels will lead to positive values (Figure 3.6.D). It is clear
from Figure 3.6.E that computing the logarithm of the values of Figure 3.6.C yields a
mirror image of Figure 3.6.D (only the signs have changed). Therefore, p-values
obtained by testing the values of Figures 3.6.D and E are similar. In this thesis
logarithms of normalized values are presented unless otherwise indicated.
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4 HOW TO ADMINISTER AGENTS TO STUDY THEIR LOCAL EFFECT ON
LEUKOCYTE-ENDOTHELIUM INTERACTIONS IN MESENTERIC VENULES

Abstract

To study local effects, agents are often infused into a small feeding artery or
administered topically. Saline is commonly used as the vehicle, and, hence, its
infusion or superfusion is employed as control assuming no influence of this
procedure itself. When infusing saline into a distal small side-branch of the rabbit
cranial mesenteric artery, however, leukocyte-endothelium interactions in mesenteric
venules were found to be affected; the number of rolling leukocytes was decreased
and leukocyte rolling velocity was significantly increased as compared to superfused
saline. This is an unexpected and undesirable finding, that should be kept in mind
when planning experiments in which effects of locally administered agents are to be
studied.
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4.1 Introduction

Methods of local administration are preferably used to study the effects of
substances which are scarce and/or expensive, or which might have detrimental or
toxic effects when administered systemically. In our laboratory, methods of local
administration are applied to investigate the influence of certain water-soluble
agents on leukocyte-vessel wall interactions in rabbit mesenteric venules. To assess
whether the route of administration (from the luminal or the abluminal side of the
microvasculature) has an influence on the effects of the drugs, substances are either
infused through a small distal side-branch of the cranial mesenteric artery, feeding
the mesenteric segment under observation, or superfused on the mesentery. In such
experiments saline, which serves as vehicle, is infused or superfused as control;
effects of the agents under study, if any, are compared to that of saline. This is
considered a standard procedure; in general no major effects of the vehicle are
expected. To our surprise, however, we observed that local infusion of saline
decreased leukocyte-endothelium interactions considerably: the level of leukocyte
rolling decreased and leukocyte rolling velocity increased.

Therefore, in the present methodological study the two methods of local
administration are compared. To this purpose, the effects of local infusion and of
topical administration of saline on leukocyte rolling and on hemodynamic parameters
in rabbit mesenteric venules were studied.

4.2 Materials and methods

/Imma/ preparaf/bn
All experiments were approved by the local ethical committee on the use of
laboratory animals. New Zealand white rabbits of either sex were used (n=11; weight
1.6 to 2.5 kg). Anesthesia was induced by intramuscular injection of 40 mg/kg body
wt ketamine hydrochloride (Nimatek, Ad Usern Veterinarium, Cuijk, The Netherlands)
and 4 mg/kg body wt xylazine hydrochloride (Sedamun, Ad Usern Veterinarium,
Cuijk, The Netherlands). It was maintained by continuous infusion of ketamine (40
mg/kg/h) and xylazine (5 mg/kg/h) dissolved in a Lactetrol solution (Aesculaap,
Boxtel, The Netherlands; 15 ml/h) through a catheter in the femoral vein.

The experimental setup has been described in detail before (oude Egbrink ef a/.,
1992). In short, rabbits were ventilated to maintain systemic arterial pH, pCOj, and
pOj at normal values. Mean values (± s.d.) were: pH 7.48 ± 0.05, pCOs 39 ± 4
mmHg, and pOj 99 ± 15 mmHg. Arterial blood pressure was measured through a
catheter in the femoral artery and heart rate was determined from the instantaneous
pressure signal. Body temperature was kept between 37 and 38°C by means of a
servo-controlled infrared heating lamp.

Through an abdominal midline incision, the terminal ileum was exteriorized and
carefully spread over a siliconized glass plate on the microscope table. The bowels
were kept moist with overlying wet gauze. The mesentery was continuously
superfused with buffered Tyrode's solution (37°C; pH 7.35-7.40). With a Leitz
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intravital microscope and a Leitz water-immersion objective (SW25, nummerical
aperture 0.60) the mesenteric microcirculation was visualized. Transillumination was
performed with a tungsten lamp. Video recordings were made through a TV camera
(Bosch, Ultricon 4532, 1 inch).

In 4 rabbits (the infusion group) a side-branch of the small artery feeding the
microvessels within the mesenteric segment under observation was retrogradely
cannulated with a pulled PE-10 catheter filled with sterile physiological saline
(according to von Andrian, 1992). The blood flow in the feeding artery was not
obstructed. The location and patency of the cannula was verified by the infusion of
5% FITC-dextran (MW 150,000; Pharmacia Fine Chemicals AB, Uppsala, Sweden)
at the end of each experiment. Fluorescence microscopy with an incident illuminator
(Leitz Ploemopak 2.2, tube factor 1.6x, interchangeable filter set Ij) in combination
with a Xenon arc (150 W) and a high-sensitivity TV camera (Bosch, TYC 9 A, 1 inch
SIT tube) showed that the infusion solution had reached all venules under study.

In 7 rabbits no local cannulation was performed. In these rabbits, superfusion of
the mesentery with Tyrode's solution was stopped and sterile, pyrogen free saline
was superfused. This group is referred to as the superfusion group.

Experimente/ profoco/
After exteriorization of the mesentery and after cannulation in the infusion group, the
tissue was allowed to stabilize for 30 minutes before the experiment started. Then 2
baseline video recordings of 2 minutes each were made.

In the infusion group, the infusion rate was set at a minimal level (0.1 ul/min)
during the stabilization period to prevent plugging of the tip of the cannula. At the
end of the baseline recordings a total volume of only 4 ul saline had been infused.
Taking into account the place of the tip of the cannula and the size of the cannulated
vessel, the infused fluid had not yet reached the circulation under observation After
the baseline recordings, sterile pyrogen free saline was infused at two successive
rates of 5 and 10 ul/min, for on the average 25 minutes, each followed by a period of
15 minutes during which the infusion rate was again minimal (0.1 ul/min); a
negligible amount of saline was delivered to the venules under observation during
these periods.

In the superfusion group, superfusion with Tyrode's solution was stopped after the
baseline recordings were made. Subsequently, superfusion with sterile pyrogen free
physiological saline was started for two periods of 25 and 5 minutes, alternated with
superfusion with Tyrode's solution for 15 minutes.

In each experiment 2 to 4 venules were selected, within the diameter range of 18
to 39 urn. In these microvessels, leukocyte-endothelium interactions were evaluated
by determining the level of leukocyte rolling and leukocyte rolling velocity. The level
of leukocyte rolling was quantitated off-line by counting in duplicate during 1 to 3
minutes the number of cells that rolled through a predefined venule segment of
about 50 urn length, and was expressed as the number of rolling cells passing per
minute. Leukocyte rolling velocity was determined from the time periods that 10
randomly chosen rolling leukocytes needed to travel a certain distance along the
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vessel wall. "
In all selected venules red blood cell (RBC) velocity was determined on-line

before and during each experimental step using a prism grating system with the slit
covering the whole vessel width (Slaaf ef a/., 1981). The measured values were
divided by a conversion factor of 1.1 (Slaaf ef a/., 1986; Tangelder ef a/., 1986) to
obtain actual mean RBC velocities. Vascular diameters (range: 18-39 urn) were
measured off-line with an image shearing device (Intaglietta and Tompkins, 1973).
Reduced velocity, which is a measure of wall shear rate, was calculated from these
parameters (mean RBC velocity/vessel diameter).

Sfaf/sf/cs
Because of their nonsymmetrical distribution, data are presented as medians with
interquartile ranges. Because the data suffer from a large degree of variability, they
are normalized to baseline values. The normalized data in the figures represent
results obtained during the last 5 minutes of each period indicated. Data from both
corresponding time periods and corresponding interventions were compared. Paired
data groups were compared using the Wilcoxon signed-rank test. Differences
between two independent data groups were tested with the Mann-Whitney U test. In
all tests, the level of significance was set at 0.05.

4.3 Results

Leutocyfe ro///ng /eve/
In the infusion group, a median number of 45 leukocytes per minute rolled along the
wall of the selected venules after 30 minutes of stabilization (n=10; interquartile
range: 20-67/min). In the superfusion group, the baseline level of leukocyte rolling
did not differ from that of the infusion group (n=22; median 33/min, interquartile
range: 23-46/min). The effect of local administration of saline, either by infusion or
superfusion, on the level of leukocyte rolling is presented in Figure 4.1. Superfusion
with saline did not induce significant changes in the number of rolling leukocytes. No
significant differences existed between both groups. However, infusion of saline (5
ul/min) resulted in a significant decrease in the level of leukocyte rolling of
approximately 45% (upper panel; p<0.05 vs. baseline); the high infusion rate (10
ul/min) did not have an additional effect as compared to the low infusion rate. During
the periods in which the infusion rate was minimal (0.1 ul/min), the level of leukocyte
rolling did not return to baseline values.

Leu/cocyfe ro///ng ve/oc/fy
Median leukocyte rolling velocity in the baseline situation was 47 um/s in the infusion
group (interquartile range: 38-58 um/s) and 51 um/s in the superfusion group
(interquartile range: 34-59 um/s) with no difference between the two groups. The
effect of local administration of saline, either by infusion or superfusion, on leukocyte
rolling velocity is shown in Figure 4.2. Superfusion with saline did not consistently
influence leukocyte rolling velocity. Local infusion of saline resulted in a significant
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Figure 4.1. Effect of local infusion (top) or superfusion (bottom) of saline on the level of
leukocyte rolling in rabbit mesenteric venules. All data are normalized to the baseline
values. Medians and interquartile ranges are shown.
* ps0.05 as compared to baseline; b=baseline value; s=saline; T=Tyrode's solution; (1)=
consecutive number of intervention

and persistent increase in leukocyte rolling velocity of about 40% (psO.05 vs.
baseline), even during the periods in which the infusion rate was minimal and a
negligible amount of saline was infused. As a result, leukocyte rolling velocity in the
infusion group was significantly higher as compared to the velocity in the superfusion
group (p<0.05).

F/u/d cfy/7am;cs
The selected venules in the infusion and superfusion groups had a median diameter



54 Route of adm/n/sfraf/ön

1
I

X4-.

x2-

x1/2-

X1/4-

Infusion

0

•

(1)
' 1 1

*

i

(2)
—I

#
0
*

(3)

*

1

(4)
— I —

t x4-i

5
£ x2-

x1/2-

x1/4

Superfusion

5 0.1 10 0.1
infusion rate (^l/min)

(1) (2)(3) (4)

b(T) T s
solution

.0 20 40 60 80
time (min)

Figure 4.2. Effect of local infusion (top) or superfusion (bottom) of saline on leukocyte
rolling velocity in rabbit mesenteric venules. All data are normalized to the baseline values.
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of 25 and 26 urn, respectively. In both groups the diameter did not change during the
interventions. Baseline median RBC velocity was 1.6 mm/s and 1.4 mm/s in the
infusion and superfusion group, respectively, and reduced velocity, a measure of
wall shear rate, was 61/s and 52/s. These values were not significantly different
between both groups. Although significant but small (10-20%) increases in RBC
velocity and reduced velocity were found during the first infusion as well as during
superfusion with saline, no differences were found between both groups.
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Baseline mean arterial pressure was 52 mmHg and 63 mmHg in the infusion and
the superfusion group, respectively, and baseline heart rate was 120 and 144 beats
per minute. In both groups, these parameters did not change in the course of the
experiments.

4.4 Discussion

Saline is commonly used as the vehicle for water-soluble agents with presumed
effects on the microcirculation. Such agents are often administered locally through
infusion via a small feeding artery or by topical superfusion. In this kind of studies, it
is a standard procedure to perform control experiments with saline alone, and in
general no major effects are to be expected. In the present study, however, local
infusion of saline appeared to have a clear influence on leukocyte-endothelium
interactions, despite a large variability of the data: leukocyte rolling velocity
increased significantly and the number of rolling leukocytes decreased. These
effects were not found after topical application of saline. This is an unexpected and
undesirable finding, that should be kept in mind when planning experiments in which
effects of locally administered agents are to be studied.

Thirty minutes after manipulation of the exteriorized mesentery leukocyte-
endothelium interactions in the infusion and superfusion group were similar
Differences in leukocyte-endothelium interactions between the infusion and the
superfusion group were found only after the infusion rate was increased to 5 ul/min,
a rate at which saline was, for the first time, actually delivered to the circulation, and,
henceforth, to the venules under observation. This indicates that the mere presence
of a local cannula in a distal small mesenteric artery, for instance for blood pressure
measurements (Fenger-Gron ef a/., 1995), does not influence leukocyte-endothelium
interactions in downstream venules. However, when the cannula is used for infusion
of fluids one should be aware that leukocyte-endothelium interactions may be
affected. Furthermore, we observed that changes in the level of leukocyte rolling and
in rolling velocity persisted, between the two infusion steps of 5 and 10 ul/min, when
the infusion rate was minimal; a situation in which leukocytes in the venular blood
stream were only very minimally exposed to the infused fluid. This suggests that the
findings of the present study are mainly due to a long lasting effect on the venular
endothelium.

Since blood flow in the arteries feeding the mesenteric segments under
observation was in the order of 0.30-0.35 ml/min (unpublished data), the infusion
rates used in the present study (5 and 10 ul/min) will have caused an increase in
blood flow and a reduction in hematocrit in the downstream blood vessels of only
2-3%. This explains why local infusion of saline did not induce any changes in
venular hemodynamics, such as diameter, RBC velocity or reduced velocity as
compared to superfusion of saline. Von Andrian and coworkers (von Andrian ef a/..
1992) who used the same model, infused on the average 560 ul phosphate-buffered
saline during 1 minute and found that venular hemodynamics transiently increased
(with on the average 13%) during injection. In experiments performed by Ley and
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coworkers (Ley ef a/., 1991a) in which substances were infused into mesenteric
venules themselves via glass micropipettes, wall shear rate during microinfusion was
increased to 2 times preinfusion values; the changes observed in leukocyte rolling
had to be corrected for local dilution of the blood and the accompanying decrease in
leukocyte concentration. In our experiments no hemodynamic changes occurreq'
therefore, the effects of saline cannot be explained by hemodynamic factors, whilfe
no correction for leukocyte concentration is required.

In summary, this study indicates that saline, locally infused into a small
mesenteric artery, reduces leukocyte-endothelium interactions in downstream
venules, whereas superfused saline has no effect. Such an undesired effect of ar-|
infused vehicle like saline may conceal effects of water-soluble agents, if any, on
microvascular parameters. Since superfusion of saline did not influence leukocyte-.
endothelium interactions, topical administration of agents should be the method of
choice. When local infusion techniques are to be used, a vehicle control must b§
performed, preferably within the same experiment.
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5 ARE MAST CELLS INVOLVED IN REGULATION OF LEUKOCYTE ROLLING
IN RABBIT MESENTERIC VENULES?

Based on: S.C. Tromp, D.W. Slaaf, E. van Breda, G.J. Tangelder, R.S. Reneman, E.V.
Rouwet, and M.G.A. oude Egbrink. Are mast cells involved in regulation of leukocyte
rolling in mesenteric venules of anesthetized rabbits? In: Proceedings of the sixth world
congress for microcirculation. Eds: K.Messmer and W.M. Kuebler. Monduzzi Editore,
Bologna, 1996, pp 649-653

Abstract

Mast cell degranulation and the consequent release of histamine has been shown to
induce leukocyte rolling in mesenteric venules of Sprague-Dawley rats. Since it is
unknown whether this also applies to rabbits, we investigated in this species the effects
of mast cell stabilization, mast cell degranulation, and histamine receptor blockade on
leukocyte rolling in mesenteric venules: no effects were found. In an additional
histological study, no mast cells appeared to be present in the mesentery of rabbits. It
is concluded that mast cells are not involved in induction and regulation of leukocyte
rolling in mesenteric venules of the rabbit.
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5.1 Introduction s v > ^ - • , . :

Rolling of leukocytes along the endothelium of postcapillary venules appears to be a
necessary first step, preceding adhesion and diapedesis, in the reaction of leukocytes
to inflammatory stimuli (von Andrian ef a/., 1991; Springer, 1994). Intravital
videomicroscopic studies on leukocyte rolling are often performed in the mesentery
(Atherton and Born, 1972; House and Lipowsky, 1987; Tangelder and Arfors, 1991;
oude Egbrink ef a/., 1992; Beuk ef a/., 1996). After surgical exposure of the mesentery
in such studies, leukocyte rolling can always be observed.

Recently, it has been shown that in rats degranulation of mast cells due to
exteriorization of the mesentery is responsible for the induction of leukocyte rolling in
mesenteric venules (Kubes and Kanwar, 1994; Ley, 1994). Pretreatment of rats with the
connective tissue mast cell stabilizer cromoglycate resulted in a profound reduction in
baseline leukocyte rolling; subsequent histamine supervision increased leukocyte
rolling via a P-selectin-dependent mechanism (Kubes and Kanwar, 1994).

It is unknown whether mast cell degranulation and consequent histamine release are
also responsible for the induction of leukocyte rolling in mesenteric venules in rabbits.
Therefore, we investigated in this species the effect on leukocyte rolling in mesenteric
venules of (1) mast cell stabilization prior to mesentery preparation and (2) subsequent
mast cell degranulation with or without histamine receptor blockade. Furthermore,
histological whole mount preparations of the mesentery were stained to study the
presence and degree of degranulation of mast cells.

5.2 Materials and methods

Using intravital video microscopy, venules (diameters: 19 to 37 urn) were studied in the
mesentery of 12 anesthetized New Zealand white rabbits (40 mg/kg/hr ketamine and 5
mg/kg/hr xylazine i.V.). The mast cell stabilizer cromoglycate (20 mg/kg i.v.) was
administered to all rabbits prior to surgical preparation of the mesentery. After
exteriorization, the mesentery was allowed to stabilize for 30 minutes. Subsequently,
two recordings of two minutes each were made to determine baseline leukocyte rolling.
After these recordings, the mast cell degranulator compound 48/80 was added to the
superfusate of 9 rabbits in subsequent concentrations of 3 and 10 ug/ml. Each dose
was given for 5 minutes, followed by 25 minutes washout. The level of leukocyte rolling
was determined in the last 15 minutes of each washout period. In addition, 6 of these
rabbits received chlorpheniramine as well as cimetidine (H,- and hVreceptor
antagonists, respectively), before mesenteric preparation (both 5 mg/kg i.v), and also
in the superfusate (both 10"*M) during the whole experiment. Three rabbits, of which the
mesentery was not superfused with compound 48/80, served as control.

The level of leukocyte rolling was determined by counting the number of rolling
leukocytes passing through a segment of the vessel during 2 minutes. Leukocyte rolling
velocity was determined by measuring the time needed for 10 randomly chosen rolling
leukocytes to travel a distance of 50 to 100 urn. Mean blood cell velocity, vascular
diameter, and mean arterial pressure were also measured (see for details chapter 8).
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Reduced velocity, i.e., a measure for wall shear rate, was calculated (mean blood cell
velocity divided by vascular diameter). Systemic leukocyte counts were determined
before administration of cromoglycate and at the end of each experiment.

After each experiment, whole mount preparations of the mesentery were made and
stained with Toluidine Blue 0 in concentrations ranging from 0.05 to 1% with pH
ranging from 2.1 to 6.8. Furthermore, several other techniques for fixation of the
preparation (formaldehyde 4-10%, ethanol 70%, aceton, glutaaraldehyde 1%) and
staining of mast cells (Safranine red, Bismarck brown) in various species and tissues
were applied (Tas and Geenen, 1975; Mendonca ef a/., 1986; RaudefaA, 1989; Fiebig
efa/., 1991; Kubes, 1993; Ley, 1994).

Paired data groups were compared with the Wilcoxon signed-rank test. Differences
between two or more independent data groups were tested with the Mann-Whitney U
test and the Kruskal-Wallis test, respectively.

5.3 Results and discussion

Baseline levels of leukocyte rolling following administration of cromoglycate alone
(median: 46/min, interquartile range: 30-79/min) or in combination with histamine
receptor antagonists (44/min, 30-64/min) were within ranges that are normally found in
untreated rabbits. In Figure 5.1 these values are compared to baseline levels of
leukocyte rolling in a group of rabbits in which no cromoglycate was administered (see
chapter 7, infusion control group). No significant differences existed between the three
groups. Therefore, mast cell stabilization before exteriorization of the mesentery does
not prevent the induction of leukocyte rolling in rabbits.
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Figure 5.1. Baseline levels of leukocyte rolling in mesenteric venules in control rabbits (see
chapter 7), rabbits pretreated with cromoglycate, or with cromoglycate and histamine receptor
antagonists. Medians and interquartile ranges are presented.
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The effects of t ime (control group) and compound 48/80 on the level of leukocyte

rol l ing in mesenter ic venules of mast cel l-stabi l ized rabbits is shown in Figure 5.2A. In

the contro l group, the level of leukocyte roll ing signif icantly decreased in t ime to

approximately 50%. A similar decrease over the same period of t ime has been observed

previously in untreated rabbits (unpubl ished data). Administrat ion of compound 48/80

to the superfusate did not alter this decrease in level of leukocyte rol l ing. Figure 5.2B

shows the effects of t ime and compound 48/80 on leukocyte rol l ing velocity in

mesenter ic venules of rabbits treated with cromoglycate. No changes in leukocyte

rol l ing velocity were found in t ime in the control group. In the groups receiving

compound 48/80, leukocyte roll ing velocity showed small but signif icant increases.

However, no dif ferences were found between the three groups.

The median basel ine diameters of the venules of the control group and of the groups

without and with histamine receptor blockade, were 25, 25, and 27 urn, respect ively. In

neither of these groups the diameter changed during the experiments. Median b lood cell
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Figure 5.2. Effect of time and compound 48/80 on (A) level of leukocyte rolling and (B)
leukocyte rolling velocity in mesenteric venules of mast cell-stabilized rabbits. Medians and
interquartile ranges (bars) are shown. Data are normalized to baseline values.
* p<0.05 and ** p<0.01 as compared to baseline values (0 ug/ml compound 48/80);
CR=pretreated with cromoglycate; HA=pretreated with histamine receptor antagonists
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velocities were 1.3,1.4, and 1.7 mm/s and median reduced velocities were 59, 61, and
63/s, respectively; no changes occurred during the experiments and no differences
between the groups were found. Mean arterial pressures were within normal ranges in
all rabbits and did not change in the course of the experiments. Basic systemic
leukocyte counts were normal (median: 6.4x1 O'Vml blood) and no changes occurred
during the experiments. These results lead to the conclusion that neither hemodynamic
parameters nor systemic leukocyte counts have influenced leukocyte rolling in the
rabbits under investigation.

The results of the present study indicate that mast cell stabilization before
exteriorization of the mesentery and subsequent administration of the mast cell
degranulator compound 48/80 with or without histamine receptor blockade does not
influence leukocyte rolling in rabbit mesenteric venules. Therefore, in contrast to
Sprague-Dawley rats, mast cells and their contents do not seem to be involved in the
induction of leukocyte rolling in mesenteric venules in rabbits. This finding is not
surprising in view of our histological data. Although several techniques for preparation
and staining of the tissue were used, no mast cells could be found in the rabbit
mesentery. Mast cells can be found in other tissues of the rabbit with the use of similar
techniques (Abelson ef a/., 1983; Ennis ef a/., 1987; Chole and Kodama, 1989).

In conclusion, degranulation of mast cells due to surgical exteriorization of the
mesentery cannot be held responsible for the rapid induction of leukocyte rolling in
mesenteric venules of rabbits. It has been shown in this species that rolling is absent
in mesenteric venules before exteriorization of the tissue (Fiebig ef a/., 1991).
Therefore, another, presently unknown mechanism is responsible for the induction of
leukocyte rolling in the mesentery of rabbits. The present study also indicates that the
induction of leukocyte rolling in tissues like the mesentery is species-dependent.
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6 THE ROLE OF MAST CELLS AND HISTAMINE IN LEUKOCYTE-
ENDOTHELIUM INTERACTIONS IN FOUR RAT STRAINS

Published as: S.C. Tromp, G.J. Tangelder, D.W. Slaaf, R.S. Reneman, J.S. van
Velzen, W. Engels, E. van Breda, and M.G.A. oude Egbrink. The role of mast eels
and histamine in leukocyte-endothelium interactions in four rat strains. Pflügers
Archives - European Journal of Physiology (1998) 436:255-261

Abstract

The objective of the present study was to determine the role of mast cells and
histamine in leukocyte-endothelium interactions in mesenteric venules of four rat
strains: Brown Norway, Lewis, Sprague-Dawley, and Wistar rats. Intravital
microscopy showed that the mast cell stabilizer cromoglycate (5 mg/kg i.v. just
before exteriorization of the mesentery) did not affect the baseline level and velocity
of leukocyte rolling in any of the four rat strains. This finding is in agreement with the
observation that cromoglycate pretreatment only slightly influenced mast cell
degranulation in all rat strains except the Brown Norway rats. After mast cell
stabilization, only in Sprague-Dawley rats topical administration of histamine (10"M)
resulted in a significant increase in the level of leukocyte rolling and a decrease in
the rolling velocity as compared to time control. Histamine induced leukocyte
adhesion only in Brown Norway rats. In conclusion, the hypothesis presented in
other studies that degranulation of mast cells, and more specifically the release of
histamine, is of major importance for the induction of leukocyte-endothelium
interactions in rat mesenteric venules is not generally applicable; the present study
clearly shows strain-dependency.
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j
6.1 Introduction 1

Rolling along the endothelium of postcapillary venules appears to be the first step in ]
the response of leukocytes to inflammatory stimuli. This initial weak interaction of j
leukocytes with the endothelium is a prerequisite for subsequent firm adhesion, i
diapedesis, and migration into the tissue (von Andrian ef a/., 1992; Springer, 1994). j
There are indications that inflammatory mediators released by mast cells, such as j
histamine, may stimulate certain steps in the cascade from free flowing leukocytes to j
the accumulation of these cells in tissues. The involvement of mast cells in this |
cascade has, for example, been demonstrated in IgE-dependent inflammatory ;
reactions (Raud ef a/., 1989; Wershil ef a/., 1991) and in ischemia-reperfusion injury j
(Kanwar and Kubes, 1994). In Sprague-Dawley rats degranulation of mast cells, due j
to exteriorization of the mesentery, has been suggested to be responsible for i
induction of the initial contact of leukocytes with the vessel wall, i.e., leukocyte I
rolling (Kubes and Kanwar, 1994). Pretreatment of these rats with the connective j
tissue mast cell stabilizer sodium cromoglycate resulted in a profound reduction in '
baseline leukocyte rolling in mesenteric venules, while subsequent histamine :
superfusion increased leukocyte rolling via a P-selectin-dependent mechanism j
(Kubes and Kanwar, 1994). Experiments performed /n vrfro have demonstrated that i
histamine can directly activate endothelial cells to redistribute P-selectin to the cell I
surface (Hattori ef a/., 1989), inducing leukocyte rolling on endothelial monolayers
(Jones ef a/., 1993).

Recent experiments in our laboratory, however, indicated that in rabbits mast cells
play little or no role in the induction of leukocyte rolling in mesenteric venules ;
(Tromp ef a/., 1996). Unlike in rat mesentery, histological evaluation of whole mount |
preparations of rabbit mesentery showed hardly any mast cells. Moreover, in rabbits i
mast cell stabilization as well as anti-histamine treatment did not affect leukocyte •
rolling (Tromp ef a/., 1996). Additional preliminary studies in our laboratory indicated .
that, beside species differences, there may also be differences in this respect
between various strains within one species, because we could not find any effect of
mast cell stabilization on baseline leukocyte rolling in Lewis rats either.

Therefore, the objective of the present study was to determine /n v/Vo the role of
mast cells and of histamine in leukocyte-endothelium interactions in mesenteric
venules of four rat strains, that is Brown Norway, Lewis, Sprague-Dawley, and
Wistar rats. Two specific issues were addressed: (a) to what extent does the mast
cell stabilizer sodium cromoglycate affect degranulation of mast cells and leukocyte
rolling; and (b) what is the effect of exogenously administered histamine on
leukocyte rolling and adhesion after mast cell stabilization.

6.2 Materials and methods

An/mate and /nfrawfa/ wdeom/croscopy
The experiments were approved by the local ethical committee on the use of
laboratory animals. They were performed on 14 Brown Norway rats (BN), 21 Lewis
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rats (LE), 19 Sprague-Dawley rats (SD), and 20 Wistar rats (Wl). BN (official name
BN/m) and LE (Lewis/m) were obtained from the animal facilities of Maastricht
University, the Netherlands, while SD and Wl were purchased from Charles River
Laboratories, Germany. The male rats were 10-12 weeks of age and body weights
ranged from 200 to 280 g in BN, from 200 to 370 g in LE, from 210 to 370 g in SD,
and from 230 to 330 g in Wl.

Anesthesia was induced with an intraperitoneal injection of sodium pentobarbital
(6.6 mg/100 g body weight), given under a short (<20 s) CO, sedation (40% CO, in
air), and was maintained by continuous intravenous infusion of sodium pentobarbital
(24 mg/kg/h) through a catheter (PE-10) in the right femoral vein. This anesthetic
procedure does not influence leukocyte rolling (Janssen ef a/., 1997). Arterial blood
pressure was measured continuously through a catheter (PE-10) in the femoral
artery (Uniflow external pressure transducer, Baxter, Santa Ana, CA, U.S.A.). To
keep the arterial catheter patent it was continuously perfused with physiological
saline (1 ml/h; Uniflow system). Heart rate was assessed from the instantaneous
pressure signal. Mean arterial pressure and heart rate were continuously recorded
on a computer harddisk using a data acquisition system. Throughout the
experiments body temperature was kept at 37°C by means of an infrared heating
lamp controlled by a thermo-analyzer system connected to a rectal probe, and by
placing the rats on a heating pad (37°C).

Through a right flank incision a segment of the distal ileum was exteriorized and
the mesentery was carefully spread over a siliconized glass plate mounted in an
electrically heated microscope table (37°C). The preparation was continuously
superfused with buffered Tyrode's solution (37°C; pH 7.35-7.40) bubbled with a
mixture of N, (95%) and CO, (5%). The bowels were kept moist with overlying wet
gauze and covered with clear plastic wrap to minimize tissue dehydration On the
average 3 mesenteric venules per rat were visualized using a Leitz intravital
microscope, adapted for telescopic imaging (Slaaf ef a/., 1982) and equipped with a
water-immersion objective (SW25, numerical aperture 0.60). Transillumination was
performed with a tungsten lamp. Images were recorded on videotape (Sony.
Betamax) through a TV camera (Bosch, Ultricon 4532, 1 inch). Final optical
magnification at the front plane of the camera was x52.

Venular diameters (range: 17-39 urn) were measured off-line with an image
shearing device (Intaglietta and Tompkins, 1973), while red blood cell (RBC) velocity
was determined on-line using a prism grating system with the slit covering the whole
vessel width (Slaaf er a/., 1981). To obtain actual mean RBC velocities, the
measured velocity values were divided by a conversion factor of 1.1 (Slaaf ef a/.,
1986; Tangelder ef a/., 1986). Reduced velocity (mean RBC velocity/vessel
diameter), which is a measure of wall shear rate, was calculated from these
parameters.

Leukocytes were considered as rolling if by eye they could be seen moving along
the vessel wall, either at a rather constant velocity or saltating at a significantly lower
rate than the blood was flowing. To assure that all rolling leukocytes could be
distinguished, the midplane of a venule was kept in focus in all experiments (oude
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Egbrink ef a/., 1992). To describe leukocyte rolling the level of leukocyte rolling as
well as the rolling velocity was determined. Leukocyte rolling level was quantitated
off-line by counting in duplicate the number of cells that rolled along a predefined
segment of the venule during a period of 100 to 120 seconds. The level of leukocyte
rolling was expressed as the number of rolling cells passing per minute. The velocity
of the rolling leukocytes was determined off-line by measuring the time needed for
10 randomly chosen rolling leukocytes to travel a certain distance along the vessel
wall. Leukocytes were considered to be adherent when they remained stationary for
at least 30 s. The number of adherent leukocytes was determined in a 100 urn
segment of the venule. The mean number present at any instant was assessed over
a period of 2 minutes.

Experimente/ prafoco/
To evaluate the extent to which mast cell stabilization influences the induction of
leukocyte rolling by the surgery and tissue exteriorization, all rats from each strain
were assigned at random to one of two groups. One of these groups was pretreated
with the connective tissue mast cell stabilizer cromoglycate (Cr+ group) according to
the protocol used by Kubes and colleagues (Kubes and Kanwar, 1994), while the
other group was not (Cr- group). Cromoglycate (cromolyn sodium salt, Sigma
Chemical, St. Louis, MO, U.S.A.) was dissolved in sterile saline and administered (5
mg/kg i.v.) to the rats of the Cr+ group 2 minutes before surgical exteriorization of
the mesentery. After exteriorization the tissue was allowed to stabilize for 30 minutes
in both groups. Subsequently RBC velocity was measured and video recordings
were made to assess baseline leukocyte rolling.

To evaluate the effect of exogenously administered histamine on leukocyte rolling
and adhesion, the cromoglycate treated animals were divided into two subgroups.
Following baseline measurements, in one of these two subgroups histamine
dihydrochloride (Sigma Chemical, St. Louis, MO, U.S.A.) was added to the Tyrode's
solution in subsequent concentrations of 10"*M and 10"*M, for 25 minutes each
(Cr+Hi+ group). In the other subgroup no histamine was added to the superfusate
(Cr+Hi- group). This group served as time control. Data obtained with 10^M and
10"*M histamine in the Cr+Hi+ group are compared to those obtained at t=25 minutes
and t=50 minutes following baseline, respectively, in the Cr+Hi- group. The effect of
histamine was also investigated in animals that were not pretreated with
cromoglycate following the same protocol as used in the cromoglycate treated rats.
All fluids were superfused at a rate of 150-250 ml/h. Temperature of the superfusion
fluid was kept at 37°C. Throughout the experiments RBC velocities were measured
and video recordings were made for off-line analysis.

System/c teu/cocyte counte
Systemic leukocyte counts were performed at the beginning of the stabilization
period and at the end of each experiment (t=75 minutes following baseline). To this
purpose, 20 ul blood was collected through the arterial catheter and administered to
Turks solution (0.2 mg gentian violet in 1 ml glacial acetic acid, 6.25% vol/vol) in a
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1:10 dilution; leukocytes were counted and differentiated as polymorphonuclear
(PMN) or monomorphonuclear (MMN) in a counting chamber (Clay Adams,
Parsippany, N.J., U.S.A.).

H/sto/ogy : ' ^ ? v - . > t ^ M
At the end of each experiment (duration in all cases approximately 2 hours) the
mesenteric segment of observation was carefully excised and dried at room
temperature on a glass slide as whole mount. Tissues were stained with Toluidine
Blue 0 (Sigma Chemical, St. Louis, MO, U.S.A.; 0.1% in 50 mM citric acid, pH 2.2)
for 1 minute, briefly rinsed in water, dehydrated through graded alcohols, cleared in
xylene, and embedded in Entellan (Merck, Darmstadt, Germany). Mast cells were
counted in microscopic fields of approximately 1.6 mm*. Mast cell density was
determined by averaging the numbers of 2 to 9 microscopic fields per whole mount
and expressed per mm* tissue area. The perivenular number of mast cells was
determined by counting over a vessel length of 200 urn the mast cells located within
50 urn distance from the venules that had been observed /n v/Vo. Perivenular mast
cell density was also expressed per mm* tissue area. All mast cells were classified
morphologically (Wershil ef a/., 1991) as not degranulated, moderately degranulated
(10-50% of the granules expelled from the cell), or extensively degranulated (50-
100% of the granules expelled).

Stefef/cs
Because of their nonsymmetrical distribution, data are presented as medians with
interquartile ranges (i.e., the spread from 25th to 75th percentile). The data shown in
the figures 2 to 4 represent results obtained during the last 5-10 minutes of each
experimental period indicated. To enable comparisons between groups, the relative
change in the level of leukocyte rolling was computed: data are presented
normalized to (i.e., divided by) their individual baseline values. Effects of histamine,
if any, are compared to the effects of time. Paired data groups were compared using
the Wilcoxon signed-rank test. Differences between two independent data groups
were tested with the Mann-Whitney U test; to compare more than two independent
data groups the Kruskal-Wallis test was used. In all tests, the level of significance
was set at 0.05.

6.3 Results

System/c paramefers
Baseline mean arterial pressure was lowest in Brown Norway (BN; median 107
mmHg; psO.01) and higher in Lewis (LE; 113 mmHg), Sprague-Dawley (SD; 110
mmHg), and Wistar rats (Wl; 120 mmHg). Median baseline heart rate was 359, 380,
392, and 384 beats per minute in BN, LE, SD, and Wl, respectively, being highest in
SD (p<0.01). Superfusion with 10'̂ M histamine had no effect on mean arterial
pressure, whereas a concentration of 10"*M histamine caused a decrease by 13% in
LE, 12% in SD, and 7% in Wl and had no effect in BN. Heart rate remained constant
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during the experiments in all groups.
In all groups peristalsis of the small bowel, with an increasing intensity towards

the end of the experiment, was observed in some rats. No relation was found
between bowel movements and leukocyte rolling or adhesion.

Median systemic number of leukocytes at the beginning of the experiments were
within the normal range (Ringler and Dabich, 1979): 10.0x10*7ml blood in BN, 8.8-
x10<Vml in LE, 9.6x10®/ml in SD, and 10.6x1 O'Vml in Wl rats. In the course of the
experiments the systemic number of leukocytes did not change and no differences
between the strains were found. The percentage of polymorphonuclear cells (PMNs)
increased substantially during the experiments in all four rat strains: from a median
of 5% (before exteriorization of the mesentery) to 51% (at t=75 minutes following
baseline) in BN, from 10% to 55% in LE, from 15% to 48% in SD, and from 10% to
55% in Wl. The increases were similar in all experimental groups.

Effecf of cromog/ycafe on degramv/afon of masf ce//s
The mesenteric mast cell density differed significantly between the rat strains, being
lower in BN (median 34/mrn )̂ and LE (42/mm^) and higher in SD (60/mrn^) and Wl
(57/mm*). Figure 6.1 shows the effect of the mast cell stabilizer cromoglycate on
mast cell degranulation in the four rat strains. Without cromoglycate 10% (Wl) to
47% (BN) of the mast cells degranulated moderately or extensively upon
exteriorization; the difference between all strains being significant (p<0.005)
Cromoglycate pretreatment did not stabilize all mast cells: the percentage of
degranulated mast cells in pretreated animals varied from 9% (Wl) to 27% (BN); the
difference between all strains was still highly significant. The effect of cromoglycate
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Figure 6.1. Effect of cromoglycate treatment on the degranulation of mesenteric mast cells
in four rat strains. Y-axis shows the percentage of cells with the indicated level of
degranulation.
- = not pretreated with cromoglycate (Cr- group); + = pretreated (Cr+ group)
* psO.05 as compared to the Cr- group; indicates significant differences between
percentages of mast cells that are (moderately and extensively) degranulated
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was most profound in BN, where the percentage of (moderately and extensively)
degranulated cells was significantly decreased. In the other rat strains the effect of
cromoglycate was relatively small, though significant in SD (p<0.05); cromoglycate
reduced the percentage of extensively degranulated mast cells significantly in BN
(p=0.02) and almost significantly in LE rats (p=0.06).

Perivenular mast cell density differed between the rat strains (p<0.01), being
lowest in LE (median 100/mm* tissue area) and higher in BN (150/mm^), SD
(200/mm*) and Wl (2007mm*). No relationship could be found between vessel
diameter and perivenular mast cells density. Following exteriorization, in untreated
rats (Cr- group) the perivenular mast cells did not degranulate in SD and Wl, while
33% and 11% of the cells degranulated in BN and LE, respectively (all medians).
After treatment with cromoglycate (Cr+ group), no perivenular mast cell
degranulation could be found in any of the strains.

Effecf of cromog/ycate on rhe /nducfen of/et//cocyte ro///ng
Mast cell stabilization by cromoglycate pretreatment did not significantly affect the
level of leukocyte rolling nor the leukocyte rolling velocity in any of the rat strains, as
shown in Figure 6.2A and B, respectively.
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Figure 6.2. Effect of treatment with cromoglycate before surgical exteriorization of the
mesentery on the baseline level of leukocyte rolling (A) and on leukocyte rolling velocity (B)
in four different strains of rats. Medians and interquartile ranges are presented.
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Figure 6.3. Effect of time (Cr+Hi- group) and administration of 10"*M histamine (Cr+Hi+
group) on the level of leukocyte rolling in cromoglycate pretreated animals. Medians and
interquartile ranges are presented. Data are normalized to baseline values.
Hi- = no histamine administration; Hi+ = administration of 10"M histamine
* p<0.05 as compared to time control

To enable comparison with data of Kubes and Kanwar (1994) the ratio of the
number of rolling leukocytes per minute and the rolling velocity was calculated and
expressed in number per 100 urn vessel. Baseline values of this parameter without
cromoglycate pretreatment were high in BN (median 1.85/100um; p<0.05) as
compared to LE (0.80/100um), SD (1.36/100um), and Wl (1.10/100um). No effect of
cromoglycate on this parameter was found.

Effecf ofn/sfam/ne on /eu/cocyfe ro///ng and adnes/bn /n cromog/ycate freafed rafs
Administration of 10"*M histamine after mast cell stabilization did not significantly
influence the level and velocity of leukocyte rolling as compared to the time control
group. The effect of 10""M histamine on the level of leukocyte rolling after mast cell
stabilization by cromoglycate (Cr+Hi+ group) as compared to the effect of time
(Cr+Hi- group) is shown in Figure 6.3. Superfusion with the highest concentration of
histamine resulted in a significant increase in the level of leukocyte rolling as
compared to time control only in SD. In addition, only in SD 10""M histamine induced
a significant decrease in leukocyte rolling velocity as compared to time control.

Asako and colleagues (Asako ef a/., 1994) found in Sprague-Dawley rats that
histamine induced leukocyte rolling only in venules with a baseline level of less than
20 rolling cells per minute. To analyze whether the observed increase in leukocyte
rolling induced by 10" M histamine in SD rats was equally present in all venules, we
plotted a cumulative frequency distribution of the level of leukocyte rolling in all
venules of SD rats (Figure 6.4). Each point in the figure represents the number of
venules (y-axis) with a level of leukocyte rolling equal to or higher than that indicated
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on the x-axis. Figure 6.4A (Cr+Hi- group) clearly shows that the level of leukocyte
rolling hardly changed with time (no significant differences between curves). Figure
6.4B (Cr+Hi+ group) indicates that with histamine the curve is shifted to the right
over a distance that equals a factor of 1.3 for the lowest and 1.9 for the highest
concentration, indicating that KT'M histamine increases the level of leukocyte rolling
by a factor of on the average 1.9. This increase is independent of the baseline level
of leukocyte rolling, since the shift is similar over the whole range of rolling.

In cromoglycate treated rats without histamine (Cr+Hi- group), leukocyte adhesion
did not change with time in BN and SD, but increased significantly in LE (x1 8) and
Wl (x3; Figure 6.5A). Only in BN lO^M histamine induced a significant increase in
leukocyte adhesion when corrected for the median change in the time control group
(Figure 6.5B). In SD this increase was near the level of significance (p=0.07)
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Figure 6.4. Cumulative frequency distribution of the level of leukocyte rolling in all
investigated mesenteric venules of Sprague-Dawley rats. A: as a function of time (Cr+Hi-
group), B: as a function of increasing concentrations of histamine (Cr+Hi+ group). Each
point in the figure represents the number of venules (y-axis) with a level of leukocyte rolling
equal to or higher than that indicated on the x-axis
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Figure 6.5. Effect of time (A: Cr+Hi- group) or superfusion with 10"M histamine (B: Cr+Hi+
group) on leukocyte adhesion in cromoglycate pretreated animals. Medians and interquartile
ranges are presented.
" psO.01 as compared to effect of time (Cr+Hi- group)

F/u/d dynam/cs
Baseline fluid dynamic parameters as measured in the selected venules of the Cr-
and Cr+ groups are presented in Table 6.1. Median venular diameter did not differ
between the experimental groups. No change in venular diameter was seen during
histamine superfusion, except for a small increase (8%) in SD during superfusion
with 10""M histamine. Baseline RBC velocity and reduced velocity were low in
cromoglycate treated BN rats; reduced velocity was high in cromoglycate treated Wl
rats (ps0.05 as compared to Cr- group). In some groups small changes in these
parameters occurred during histamine superfusion, but no differences were found
when compared to time control (Cr+Hi- group), indicating that the changes observed
following topical administration of histamine are not caused by hemodynamic
changes.



Tab/e 6.1 Sase//ne flu/d dynam/c parameters /n mesenteric venu/es ;n various raf s'ra/ns.
Med/an va/ues are presented w/fh /nte/gua/t/'te ranges befween parentheses.

Diameter
(pm)

RBC vel
(mm/s)

U

Brown

Cr-(n=13)

29
(23-32)

1.7
(1.0-2.0)

61
(43-73)

Norway

Cr+(n=31)

24
(22-29)

0.8*
(0.6-0.9)

29*
(25-35)

Lewis

Cr-(n=15)

27
(23-29)

1.1
(1.0-2.1)

44
(33-82)

Cr+(n=34).

26
(23-30)

1.4
(1.0-1.6)

55
(39-64)

Sprague-Dawley

Cr-(n=20)

24
(22-25)

1.6
(1.0-2.0)

61
(42-88)

Cr+(n=47)

24
(22-27)

1.2
(0.9-1.9)

52
(38-72)

Wistar

Cr-(n=21)

28
(25-31)

1.3
(0.9-1.9)

50
(29-63)

Cr+(n=47)

26
(23-30)

1.6
(1.1-2.5)

67*
(44-92)

O- = an/ma/s nof prefreated w/fh cromog/ycate; Cr+ = an/ma/s prefreated wrfh cromog/ycate; n=nt/möer
of venu/es, RSC ve/ = mean red b/ood ce// ve/oc/fy; U = reduced ve/oc/fy; * p <r0.05 as compared to Cr- group
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6.4 Discussion

Inflammatory mediators released by mast cells, such as histamine, have been
suggested to be involved in the induction of leukocyte-endothelium interactions
(Asako ef a/., 1994; Kanwar and Kubes, 1994; Kubes and Kanwar, 1994; Ley, 1994;
Thorlacius ef a/., 1994; Gaboury ef a/., 1995). The majority of these studies was
performed in one rat strain, namely Sprague-Dawley rats. To investigate whether
strain-specific differences exist in this respect, the role of mast cells and of histamine
in leukocyte-endothelium interactions was studied in four rat strains. The mast cell
stabilizer cromoglycate had no significant effect on baseline level or the velocity of
leukocyte rolling in any of the strains. Following mast cell stabilization, exogenously
administered histamine increased the level of leukocyte rolling and decreased
leukocyte rolling velocity in Sprague-Dawley rats, but not in the other strains;
leukocyte adhesion was only significantly increased in Brown Norway rats.

The mast cell stabilizer cromoglycate did not affect the baseline level and velocity
of leukocyte rolling in any of the four rat strains, even in Brown Norway rats in which
mast cell degranulation was most clearly decreased. In addition, no overall
correlation between the percentage of degranulated mast cells around a venule or
within the whole mesenteric segment on the one hand and the number of rolling cells
on the other could be detected in any of the rat strains (data not shown). Therefore,
degranulation of mast cells is not the only factor involved in the induction of
leukocyte rolling in rat mesenteric venules. This is in accordance with findings in the
rabbit mesentery: in this species leukocyte-endothelium interactions are rapidly
induced by exteriorization of the mesentery (Fiebig ef a/., 1991), although hardly any
mast cells are present, and cromoglycate and histamine receptor antagonists do not
influence leukocyte-endothelium interactions (Tromp ef a/., 1996). Apparently,
mesenteric mast cell densities differ significantly between various strains and
species; human mesentery stained following the same protocol showed a mast cell
density of approximately 10/mm* tissue area (personal observation; data not shown).
Therefore, the role of mast cells in the induction of leukocyte rolling, if any, is likely
strain- and species-dependent.

The strain-specific role of mast cells in the induction of leukocyte-endothelium
interactions is supported by our findings with respect to the effect of exogenously
administered histamine. After mast cell stabilization, topical administration of
histamine resulted in an increase in the level of leukocyte rolling and a decrease in
rolling velocity as compared to time control only in Sprague-Dawley rats. Unlike
findings of Asako and colleagues (1994), the increase in leukocyte rolling in Sprague
Dawley rats was found in all venules and not only in those with a baseline of less
than 20 rolling cells per minute (see Figure 4). Also the influence of histamine on
leukocyte adhesion was strain-specific. Only in Brown Norway rats a significant
increase in leukocyte adhesion, as compared to the effect of time, was observed.

In our study histamine influenced leukocyte rolling in Sprague-Dawley rats, as
reported by Kubes and Kanwar (1994), but not in the other rat strains. The absence
of an effect of cromoglycate on leukocyte rolling in Sprague-Dawley rats, however, is
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at variance with their finding that baseline leukocyte rolling is inhibited by 80%
following mast cell stabilization, using the same dose of cromoglycate and the same
instant of administration in the protocol. Because the baseline level of leukocyte
rolling is comparable in their and our study (about 20 and 30 rolling cells/min,
respectively), it is unlikely that the difference is caused by differences in tissue
handling. Unfortunately, Kubes and Kanwar did not provide histological data on
actual mast cell stabilization, hampering a more detailed comparison between the
two studies. Other possible explanations for the difference between the studies
might be nutrition, environmental factors and/or genetic factors. Sprague-Dawley,
after all, is an outbred strain, and the rats may differ significantly between different
colonies.

Our findings indicate that in some strains or species other factors than mast cell
degranulation must be involved in the induction of leukocyte-endothelium
interactions. Considering the rate of onset of leukocyte rolling, it might be a P-
selectin mediated event (Geng ef a/., 1990). Not only histamine may be involved in
the redistribution of P-selectin on the endothelial cell surface, but also other
mediators, like thrombin (Hattori ef a/., 1989), plasmin (Montrucchio ef a/., 1996),
oxygen radicals (Patel ef a/., 1991), and leukotrienes C4and D^Datta ef a/., 1995). It
is conceivable that any of these mediators is released during the surgical procedure,
inducing P-selectin mobilization. So far, it is unknown whether mechanical
manipulation per se upregulates P-selectin. It has recently been shown that surgical
trauma induces P-selectin expression in the mouse cremaster muscle (Jung and
Ley, 1997), but since mast cells were observed in this tissue, it is unknown whether
this upregulation of P-selectin was caused by mast cell degranulation or by
mechanical manipulation of the tissue.

Although the systemic number of leukocytes did not change in the course of the
experiments, the percentage of polymorphonuclear cells (PMNs), the rolling cells in
the exteriorized rabbit mesentery (Tangelder e/ a/., 1995), increased substantially,
suggesting recruitment of neutrophils. Because the increase in percentage of PMNs
was similar in the histamine treated and time control rats of all strains excludes the
possibility that changes in the level of leukocyte rolling in the histamine treated rats
were caused by an increased delivery of PMNs to the venules under observation.

In conclusion, our study shows that the hypothesis presented in other studies that
degranulation of mast cells, and more specifically the release of histamine, is of
major importance for the induction of leukocyte-endothelium interactions in rat
mesenteric venules may not be generally applicable. The pathway of onset of
leukocyte rolling is strain and species dependent.
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7 THE ROLE OF SELECTINS IN THE THROMBOEMBOLISM INDUCED
REDUCTION IN LEUKOCYTE ROLLING

To be submitted as: S.C. Tromp, K.J.M. Maaijwee, G.J. Tangelder, D.W. Slaaf, R.S
Reneman, J.S. van Velzen, and M.G.A. oude Egbrink. The role of selectins in the
thromboembolism induced reduction in leukocyte rolling.

Abstract

A thromboembolic reaction is known to cause a reduction in leukocyte rolling
downstream of the thrombus in rabbit mesenteric venules. The objective of the
present study was to explore the possible involvement of selectins in this
phenomenon. To this purpose, monoclonal antibodies against L-selectin, P-selectin,
or E-selectin, or an isotype control antibody (2 mg/kg i.v.) were administered to
anesthetized rabbits in the first hour and in the second hour after exteriorization of
the mesentery (n=40; 8 groups). Leukocyte rolling was reduced by anti-P-selectin in
the first hour and by anti-E- and anti-L-selectin in the second hour. A
thromboembolic reaction was induced by vessel wall puncture and leukocyte rolling
was assessed upstream and downstream of the thrombus. The thromboembolism
induced reduction in leukocyte rolling was more pronounced about one hour (early
time phase) than about two hours (late time phase) after tissue exteriorization. In the
early time phase half of the reduction disappears in the presence of anti-P-selectm;
in the late phase the reduction becomes more pronounced in the presence of anti-L-
or anti-E-selectin. We conclude that about one hour after exteriorization of the rabbit
mesentery the thromboembolism induced reduction in leukocyte rolling downstream
of a thrombus is due to inhibition of P-selectin and adhesion molecules other than
the selectins. In the second hour this reduction results from inhibition of other
adhesion molecules than the selectins studied, although inhibition of E- and L-
selectin cannot be excluded.
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7.1 Introduction

Platelet-vessel wall interactions have been shown to influence leukocyte-
endothelium interactions /n v/vo. In venules of the rabbit mesentery a
thromboembolic reaction as induced by vessel wall injury causes a reduction in
leukocyte rolling of about 45% downstream of the thrombus (oude Egbrink ef a/.,
1992). It was shown that the reduction of leukocyte rolling is not due to the high
velocities in the stenosis caused by the thrombus or to capturing of leukocytes within
the emboli. The mechanism underlying the thromboembolism induced reduction in
leukocyte rolling is as yet unknown.

In the past few years increasing evidence has shown that selectins play an
important role in the rolling of leukocytes along the endothelium of post-capillary
venules (Tedder ef a/., 1995; Vestweber and Blanks, 1999). Three of these adhesion
molecules have been identified. L-selectin is constitutively present on leukocytes,
and can be shed from these cells upon activation (Kansas, 1992). P-selectin is
stored in alpha-granules of platelets and in Weibel-Palade bodies of endothelial
cells. Within minutes after stimulation of the cell by such mediators as histamine and
thrombin, P-selectin can be redistributed to the cell surface (Geng ef a/., 1990). E-
selectin is synthesized and expressed on endothelial cells after stimulation with
cytokines; /n v/fro its maximal expression is found 2 to 4 hours after stimulation
(Bevilacqua ef a/., 1989).

It was the aim of the present study to explore the possible involvement of these
selectins in the reduction in leukocyte rolling following a thromboembolic reaction.
To this purpose, a thromboembolic reaction was induced in rabbit mesenteric
venules in the presence of a monoclonal antibody against each of the three selectins
and the level of leukocyte rolling downstream of the thrombus was compared to that
upstream. Since the involvement of the three selectins in leukocyte rolling is likely to
be time dependent (Ley ef a/., 1995), we studied the effect of each antibody on
leukocyte rolling about one hour (early time phase) and about two hours (late time
phase) after exteriorization of the mesentery, both before and after the induction of
the thromboembolic reaction. An isotype control antibody was used as control.

7.2 Materials and methods

Experimenfa/ seftvp and /nfrawfe/ wdeo m/croscopy
The experiments were performed on 40 New Zealand white rabbits (on the average
5 per group) of either sex were used (weight 1.3 to 2.0 kg). Anesthesia was induced
by intramuscular injection of 40 mg/kg body wt ketamine hydrochloride (Nimatek, Ad
Usern Veterinarium, Cuijk, The Netherlands) and 4 mg/kg body wt xylazine hy-
drochloride (Sedamun, Ad Usern Veterinarium, Cuijk, The Netherlands) and was
maintained by continuous intravenous infusion of ketamine (40 mg/kg/h) and
xylazine (5 mg/kg/h) dissolved in a Lactetrol solution (Aesculaap, Boxtel, The
Netherlands; 15 ml/h). The drugs were administered through a catheter (PE-50) in
the femoral vein. All experimenal protocols were approved by the local ethical
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committee on the use of laboratory animals.
Throughout the experiments body temperature was kept between 37 and 38°C by

means of an infrared heating lamp controlled by a thermo-analyzer system (Hugo
Sachs Elektronik, Hugstetten, Germany) connected to a rectal probe. Arterial blood
pressure was measured continuously through a catheter (PE-50) in the femoral
artery (Uniflow external pressure transducer, Baxter, Santa Ana, CA, U.S.A.). Heart
rate was assessed from the instantaneous pressure signal. To keep the arterial
catheter patent, it was continuously perfused with physiological saline (3 ml/h) via
the Uniflow system; no heparin was used. To maintain systemic arterial pH, pCOj,
and pOj at normal values, the rabbits were ventilated throughout the experiments.
Ventilation with a positive end-expiratory pressure of 2 cm HjO was performed
through a tracheal tube (3.5 or 4.5 mm id., Mallinckrodt GmbH, Hennef, Germany)
connected to an infant ventilator (Loosco, model mk 2, Hoek Loos, Amsterdam, The
Netherlands). The rabbits were ventilated with a mixture of oxygen (25%), nitrogen
(74%) and carbon dioxide (1%). Respiration frequency was 60/minute and,
depending on the weight of the rabbit, tidal volume varied between 9 and 14 ml.
Blood gas and pH values were measured in blood collected from a central ear artery,
using an acid-base analyzer (ABL 3, Radiometer, Copenhagen, Denmark). Mean
values (± s.d.) were: pH 7.38 ± 0.49, pCOj 40.6 ± 4.9 mmHg, and pOj 95.7 ± 16.1
mmHg.

Through a small abdominal midline incision a segment of the distal ileum was
exteriorized. The mesentery was carefully spread over a siliconized glass plate
mounted in an electrically heated microscope table (37°C). The preparation was
continuously superfused with buffered Tyrode's solution (37°C; pH 7.35-7.40). The
bowels were kept moist with overlying wet gauze. Mesenteric venules were
visualized with a Leitz intravital microscope, adapted for telescopic imaging (Slaaf ef
a/., 1982), and a Leitz water-immersion objective (SW25, numerical aperture 0.60).
Transillumination was performed with a tungsten lamp. Images were recorded on
videotape (Sony Betamax or Panasonic SVHS) through a CCD camera (Hamamatsu,
C2400) or a Grundig TV camera (model FA 32). Final magnification at the front
plane of the camera was x52.

Experimente/ profoco/s
After exteriorization of the mesentery the tissue was allowed to stabilize.
Stabilization lasted 30 minutes in the early groups and 75 minutes in the late groups
(see Figure 7.1). After selection of the venules (total n=150), each venule (1 to 5 per
animal) was recorded on video for at least 2 minutes and red blood cell (RBC)
velocities were measured on-line (see below). Subsequently, one of the antibodies
against P-, L-, or E-selectin or the isotype control antibody (2 mg/kg) was injected
into the marginal ear vein in 1-2 minutes. Within 2-15 minutes following injection of
the antibody each selected venule was recorded again for 2 minutes to evaluate the
effect of the antibody on leukocyte rolling and on the local fluid dynamic conditions.
To allow adequate detection of changes in leukocyte rolling induced by the
monoclonal antibodies, if any, only venules with 5 or more rolling leukocytes per
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minute after 30 minutes of stabilization were used. Hardly any vessels had to be
excluded.

Subsequently, 15 to 90 minutes after antibody administration a thromboembolic
reaction was induced in 23 of the 40 rabbits in a total of 54 venules. To induce a
thromboembolic reaction, the vessel wall was punctured with a glass micropipette
(tip diameter 6-8 urn), as previously described (oude Egbrink ef a/., 1988). Puncture
was considered to be successful only if red blood cells could be seen leaving the
vessel; the duration of this bleeding was short (median: 7 seconds). After puncture
the thromboembolic reaction started at once: a thrombus was formed within a second
and, subsequently, emboli were produced on the downstream side of the thrombus
in most vessels. Leukocyte rolling was assessed in the first 2 minutes following
puncture at 3 sites: immediately upstream of the thrombus, immediately downstream
(0-40 urn), and further downstream (60-100 um) of the thrombus. All three sites were
visible on the monitor at the same time.

Exper/menfa/ parameters
Vascular diameters (range: 15-36 urn) were measured off-line with an image
shearing device (Intaglietta and Tompkins, 1973), while red blood cell (RBC) velocity
was determined on-line using a prism grating system with the slit covering the whole
vessel width (Slaaf ef a/., 1981). To obtain actual mean RBC velocities, the
measured velocity values were divided by a conversion factor of 1.1 (Slaaf ef a/.,
1986; Tangelder ef a/., 1986). Reduced velocity (mean RBC velocity/vessel
diameter), which is a measure of wall shear rate, was calculated from these
parameters.

Leukocytes were considered to be rolling if they could be seen moving along the
vessel wall by eye, either at a rather constant velocity or saltating at a significantly
lower rate than the blood was flowing. To assure that all rolling leukocytes could be
distinguished, the midplane of a venule was kept in focus (oude Egbrink ef a/.,
1992). Both the level of leukocyte rolling and the rolling velocity were determined.
Leukocyte rolling level was quantitated off-line by counting in duplicate the number
of cells that rolled through a segment of the venule during a period of 100 to 120 s; it
was expressed as the number of rolling cells passing per minute. The length of the
segment was approximately equal to the diameter of the vessel. The velocity of the
rolling leukocytes was determined off-line by measuring the time it took 10 randomly
chosen rolling leukocytes to travel a certain distance along the vessel wall.

I injection antibody

EARLY c stabilization baseline r leukocyte
early rolling

vessel wall leukocyte
puncture * rolling

time
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.Si 10 20 30 40 50 60 70 80 90 100 110 120 min
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puncture * rolling
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Figure 7.1. Experimental protocol
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To evaluate the effects of the antibodies on embolization, if any, the total duration
of embolization, i.e., the time between puncture and the production of the last
embolus, and the number of emboli produced were determined off-line from
videotape. To evaluate effects on thrombus stability, the rebleeding frequency was
determined. The observation time per vessel was 600 s from the moment of
puncture.

Systemic leukocyte counts were determined at the beginning of the stabilization
period, and in the middle and at the end of each experiment. To this purpose, 20 ul
blood was collected from a central ear artery and added to Turks solution (0.2 mg
gentian violet in 1 ml glacial acetic acid, 6.25% vol/vol) in a 1:10 dilution; leukocytes
were counted and differentiated as polymorphonuclear (PMN) or
monomorphonuclear (MMN) in a counting chamber (Clay Adams, Parsippany, N.J.,
U.S.A.). Of these two leukocyte subclasses the PMNs are the ones that are rolling in
rabbit mesenteric venules (Tangelder ef a/., 1995).

/Wonoc/ona/ anfi'öocfes
The monoclonal antibodies used were anti-rabbit L-selectin (DREG-200; see
(Kishimoto ef a/., 1990; von Andrian ef a/., 1991)), anti-rabbit P-selectin (PRAB),
anti-rabbit E-selectin (ERAB), and an isotype mouse lgG1 as control (EP5C7) All
monoclonal antibodies were kindly provided by Dr. E.L. Berg, Protein Design Labs,
Inc. (Mountain view, CA, U.S.A.) and stored at 4°C. On the day of the experiment
they were diluted in sterile saline to concentrations of 2 mg/ml for injection.

Date ana/ys/s and stef/sf/cs
Because of their nonsymmetrical distribution, data are presented as medians with
interquartile ranges (i.e., the spread from 25th to 75th percentile). To enable
comparisons between groups, some data are presented normalized to their baseline
values. Paired data groups were compared using the Wilcoxon signed-rank test.
Differences between two independent data groups were tested with the Mann-
Whitney U test; to compare more than two independent data groups the Kruskal-
Wallis test was used. Correlations were performed by using the Spearman test. In all
tests, the level of significance was set at 0.05.

Tab/e 7.1 base//ne teve/s of feu/cocyte ro///ng /n number of ce//s per rn/nute /n tf?e various
groups before anftbody adm/n/sfraf/on. /Wed/ans are presented w/Yh /nte/rjuarMe ranges
befween parentheses.

early:

late:

confro/ = /sofype monoc/ona/ anf/body; n = number of venu/es

isotype
24 (17-40)
n=21

19(13-23)
n=18

anti-L-selectin
30 (25-36)
n=24

11 (6-20)
n=17

anti-P-selectm
33 (21-43)
n=24

13(10-24)
n=13

anti-E-selectin
20 (14-32)
n=14

19(14-22)
n=19
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7.3 Results

Ro/e of se/ecf/ns /n /eutocyfe ro////7g over f/me
Table 7.1 shows the median baseline number of rolling leukocytes per minute, i.e.,
before antibody administration, in all groups and the number of venules studied in
the various groups. There were no significant differences between the baseline
values in the four early and in the four late groups, but the baseline values were
lower in the late than in the early groups (pO.001).

In the early time phase (Figure 7.2A) anti-P-selectin was the only monoclonal
antibody with a nearly significant influence (p=0.1) on leukocyte rolling as compared
to the reduction in leukocyte rolling as induced by the isotype control antibody (37%
versus 20%). Anti-L-selectin and anti-E-selectin had no effect on baseline leukocyte
rolling. In the second hour after exteriorization, however, (Figure 7.2B), anti-P-
selectin had no effect, but anti-L-selectin and anti-E-selectin reduced leukocyte
rolling significantly, by 55% (p=0.001) and 27% (p=0.02), respectively, as compared
to the reduction in the control situation (3%).
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Figure 7.2. Effect of (A) early (about one hour after exteriorization of the rabbit mesentery)
or (B) late (about two hours after exteriorization of the rabbit mesentery) administration of
antibodies (2 mg/kg) on the level of leukocyte rolling as normalized to baseline values (see
Table 7.1). Medians and interquartile ranges are shown.
° ps0.1, * ps0.05, *** psO.001 as compared to control; control = isotype control antibody
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Figure 7.3. Change in level of leukocyte rolling immediately downstream of a thrombus
normalized to the level upstream (=1) in the two control groups (• early and • late
administration of the isotype control antibody), as related to the time after exteriorization of
the mesentery.

Median baseline leukocyte rolling velocity ranged from 26 to 38 um/s in the early
groups and from 41 to 51 um/s in the late groups. The values were higher in the late
than in the early groups (pO.001), but there were no significant differences between
the baseline values within the four early or within the four late groups. None of the
anti-selectin antibodies had a significant effect on rolling velocity as compared to the
effect of the isotype control antibody, neither in the early nor in the late groups.

Se/ecf/ns ancf fhe e/fecf of fnromboemtoo//sm on /et/tocyfe ro///ng
Figure 7.3 shows the level of leukocyte rolling immediately downstream (0-40 urn) of
a thrombus as normalized to upstream values in the two control groups (early and
late administration of the isotype control antibody). The figure clearly shows that the
effect of a thromboembolic reaction on leukocyte rolling changes with time: early
after exteriorization of the mesentery the reduction of leukocyte rolling downstream
of the thrombus is greater than in the late phase (correlation coefficient between the
time after exteriorization on the one hand and the reduction in leukocyte rolling on
the other: 0.67; p=0.02).

In the early time phase (Figure 7.4A), anti-P-selectin significantly attenuated the
reduction in leukocyte rolling immediately behind a thrombus (p=0.02 vs. control);
the anti-P-selectin effect was still present further downstream of the thrombus
(p=0.05). Anti-L-selectin and anti-E-selectin did not significantly alter the control
reduction (data not shown). In the late time phase (Figure 7.4B), anti-E-selectin
significantly increased the normal thromboembolism induced reduction in leukocyte
rolling (p=0.05 vs. control), leaving a median value of only 2 rolling leukocytes per
minute. Anti-L-selectin had a similar effect, but this did not reach the level of
significance (p=0.09). Anti-P-selectin did not affect the reduction immediately
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downstream of the thrombus (data not shown).
In all groups, the reduction in leukocyte rolling diminished with increasing

distance from the thrombus: the reduction was greater between 0-40 urn than
between 60-100 urn downstream of the thrombus (p<0.001).

—o—control antibody
• • • - -anti-P-selectin
- - • - -an t i -L -se lec t in
— •- -anti-E-selectin

upstream downstream downstream

n i r
upstream downstream downstream

(0-40 /vm) (60-100^m)

Figure 7.4. Change in level of leukocyte rolling at two sites downstream of a thrombus
normalized to the level upstream, in the presence of an antibody against those selectins
that are involved in leukocyte rolling in the early (A) or late (B) time phase after
exteriorization of the mesentery. Medians and interquartile ranges are presented.
* ps0.05 as compared to corresponding control group
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Effecf of anfr-se/ecf/n anf/ftod/es on fhe f/?romöoemöo//c reacfen
Embolization in the presence of the isotype control antibody was comparable to
embolization in the absence of antibodies (Broeders ef a/., 1998): a median number
of 2 emboli was produced per venule in a period of 48 s (medians). Anti-L-selectin
and anti-P-selectin had no significant effect on the embolization parameters as
compared to the isotype control antibody, in both the early and the late time phase
(Figure 7.5). Anti-E-selectin, however, increased the number of emboli produced
(p=0.06) and the duration of embolization (p=0.09) in the late time phase (closed
squares); it had no effect in the first hour after stabilization (open squares).

Whereas anti-P-selectin did not influence embolization, it decreased the stability
of the thrombus: rebleeding frequency increased almost 4-fold as compared to
control (29% vs. 8% of the vessels). Anti-L-selectin and anti-E-selectin had no such
effect.

F/iv/d dynam/cs and sysfem/c teufocyte counfs
The overall median diameter in the venules under investigation was 22 urn
(interquartile range: 20-25 urn), the median RBC velocity was 1.1 mm/s (0.8-1.6
mm/s), and the median reduced velocity 54 s"' (37-73 s"'). No differences in these
parameters existed between the groups before administration of the antibodies.
None of the antibodies induced changes in these fluid dynamic parameters, except
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Figure 7.5. The effect of antibodies against selectins on embolization in venules. The total
duration of embolization and the number of emboli produced per vessel are shown Data
obtained in the 'early' and 'late' time phase are pooled, since no differences with the
corresponding control groups were found. In contrast, results from the animals receiving
anti-E-selectin are presented separately (• early and • late administration of anti-E-
selectin). Data are presented as medians with interquartile ranges, except for the early'
anti-E-selectin group, in which only 2 vessels could be measured
C = isotype control antibody; L = anti-L-selectin antibody; P = anti-P-selectin antibody; E =
anti-E-selectin antibody



90 Ro/e of se/ecf/ns //? effecf of f/iromboembo//sm

for a small significant increase in RBC velocity when anti-L-selectin was
administered in the late phase (median 1.5 mm/s versus 1.1 mm/s in the control
group). However, no significant relations were found between RBC velocities and
changes in leukocyte rolling, indicating that the observed changes in leukocyte
rolling are not caused by hemodynamic changes.

Baseline mean arterial pressure and heart rate were 70 mmHg (interquartile
range: 61-75 mmHg) and 151 beats per minute (138-165 bpm), respectively. No
changes in these parameters were observed during the experiments.

In all rabbits, both the systemic number of leukocytes (median 6.5x10^/ml;
interquartile range 5.5-7.9x1 0®/ml) and the percentage of polymorphonuclear (PMN)
cells (40%; 36-45%) were within normal ranges before the experiments started
(Kozma ef a/., 1974). In each group the systemic number of leukocytes decreased
slightly during the experiments, but increased again towards the end, as did the
percentage of PMNs. No significant differences were found between the groups, i.e.,
administration of antibodies did not influence the changes in systemic number of
leukocytes nor the percentage of PMNs.

7.4 Discussion

The findings of the present study show that the thromboembolism induced reduction
in leukocyte rolling is more pronounced about one hour (early time phase) than
about two hours (late time phase) after exteriorization of the rabbit mesentery. In the
early time phase about half of this reduction disappears in the presence of a
monoclonal antibody against P-selectin, but not in the presence of monoclonal
antibodies against E- and L-selectin. In the late time phase the reduction becomes
more pronounced in the presence of anti-E-selectin or anti-L-selectin. The
embolization is not influenced by antibodies against P- or L-selectin, but in the late
time phase the duration of embolization and the number of emboli produced are
increased in the presence of anti-E-selectin. The stability of the thrombus is reduced
in the presence of anti-P-selectin.

About one hour after exteriorization of the rabbit mesentery P-selectin, but not L-
and E-selectin, appears to be involved in leukocyte rolling (figure 7.2). In this early
time phase the thromboembolism induced reduction in leukocyte rolling is very
pronounced (±90%). This reduction is almost halved, to 48%, in the presence of anti-
P-selectin (figure 7.4A), which had no effect on the embolization process itself. The
relative increase in leukocyte rolling downstream of the thrombus in the presence of
anti-P-selectin as compared to the control situation has to be explained by a
decrease in leukocyte rolling upstream of the thrombus and a low contribution of P-
selectin to leukocyte rolling downstream of the thrombus. Together, these findings
suggest that in this early time phase the thromboembolism induced reduction in
leukocyte rolling downstream of the thrombus is partly due to inhibition of P-selectin
and partly due to inhibition of adhesion molecules other than the selectins
investigated.

In the late time phase L- and E-selectin mediate leukocyte rolling, while P-selectin
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is not involved anymore (figure 7.2). The thromboembolism induced reduction in
leukocyte rolling during this period becomes more pronounced in the presence of
anti-E- or anti-L-selectin, with E-selectin blockade causing an almost maximal
reduction (Figure 7.4B). This indicates that during this late time phase the
leukocytes that still roll downstream of a thrombus depend on L-selectin and, more
predominantly, on E-selectin. In this light the thromboembolism induced reduction in
leukocyte rolling in the late phase could be explained by downregulation of adhesion
molecules other than these selectins or their ligands, although a partial
downregulation of L- or E-selectin cannot be excluded. One should realize, however,
that in the presence of anti-E-selectin the increased embolization may have
contributed to the enhanced reduction in leukocyte rolling. •

Following a thromboembolic reaction leukocyte rolling is most prominently
reduced immediately behind the thrombus; the effect declines further downstream.
This reversibility suggests a local effect of the thromboembolic reaction on the
endothelium rather than on the leukocytes. Therefore, the adhesion molecules of
other families than selectins, possibly involved in the thromboembolism induced
reduction of leukocyte rolling, are likely to be localized on the endothelium.
Intercellular adhesion molecule-1 (ICAM-1), which is known to support leukocyte
rolling as well (Kunkel ef a/., 1996; Steeber ef a/., 1998), may be such a molecule.

The mechanism behind the thromboembolism induced, quick reduction in bio-
availability of P-selectin and adhesion molecules other than selectins for leukocyte
rolling is unknown. From /n wfro studies it is known that P-selectin cannot only be
rapidly released, but also be rapidly cleared from the cell surface by endocytosis
(Subramaniam ef a/., 1993; Vestweber and Blanks, 1999). Another mechanism for
rapid reduction of bio-availability of adhesion molecules is shedding from the cell
surface. Either mechanism may have been induced by substances released during
the thromboembolic reaction.

The fact that about one hour after exteriorization the reduction in leukocyte rolling
downstream of the thrombus is more pronounced than after about two hours, may be
explained by a higher sensitivity of P-selectin as compared to L- and E-selectin to
(substances released during) the thromboembolic reaction. The fact that in the
control situation the reduction in leukocyte rolling in the late time phase is similar to
that in the early time phase in the presence of anti-P-selectin supports this notion.

The finding in the present study that in the rabbit mesentery P-selectin is involved
in leukocyte rolling early after exteriorization of the tissue, whereas L-selectin plays
a role in leukocyte rolling in a later time phase is consistent with similar findings in
the mouse cremaster muscle (Ley ef a/., 1995). The early involvement of P-selectin
in leukocyte rolling in rabbit mesentery supports our view that P-selectin can be
upregulated independent of mast cell degranulation (Tromp ef a/., 1998), since
hardly any mast cells are present in the rabbit mesentery (Tromp ef a/., 1996).
Interestingly, E-selectin appears to be involved in leukocyte rolling already in the
second hour after tissue exteriorization. Up till now expression of E-selectin in rabbit
mesenteric venules has only been demonstrated 4 hours after intraperitoneal
injection of interleukin-1 (Olofsson ef a/., 1994). The expression of E-selectin early
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after tissue handling is not necessarily in contradiction with /n v/fro data suggesting
maximal expression of E-selectin 2 to 4 hours after stimulation (Bevilacqua er a/.,
1989).

A surprising finding in the present study is the nearly significant effect of the E-
selectin antibody on embolization in the late time phase. No such effect is apparent
in the early time phase, suggesting that the effect of this antibody depends on the
expression of E-selectin on the endothelium. In the last few years it has become
evident that selectins not only function as binding molecules but also have signaling
functions (Crockett-Torabi, 1998; Vestweber and Blanks, 1999). It is possible that
binding of structures to E-selectin alters, for example, the endothelial production of
anti- and/or prothrombotic substances.

The observation that P-selectin blockade does not influence embolization but
decreases thrombus stability, suggests that P-selectin expression on activated
platelets does play a role during thrombus formation, but not during embolization
This may be explained by platelet stimulation through strong agonists in thrombus
formation and through weak agonists in embolization, because //? wfro studies have
shown that P-selectin blockade inhibits platelet aggregation induced by a strong
platelet agonist, such as collagen (Parmentier ef a/., 1991), which induces P-selectin
redistribution to the cell surface (Isenberg ef a/., 1986), whereas it does not affect
platelet aggregation induced by a weak agonist, such as adenosine diphosphate
(ADP) (Boukerche ef a/., 1996). This view fits with our previous electron microscopic
observation that a thrombus consists of tightly packed platelets, which have lost their
discoid shape and most of their contents, whereas platelets forming emboli have not
lost their shape, and are not degranuiated (oude Egbrink, 1989).

In conclusion, about one hour after exteriorization of the rabbit mesentery the
thromboembolism induced reduction in leukocyte rolling is due to a decreased bio-
availability of P-selectin and of endothelial adhesion molecules for leukocyte rolling
other than selectins. Two hours after tissue exteriorization, when P-selectin is not
involved any longer endothelial adhesion molecules other than P-selectin are
affected by the thromboembolic reaction, although a partial reduction of E- and L-
selectin cannot be excluded.
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8 THE INFLUENCE OF PROSTAGLANDINS ON LEUKOCYTE-ENDOTHELIUM
INTERACTIONS

In press as: S.C. Tromp, G.J. Tangelder, D.W. Slaaf, R.S. Reneman, J.S. van
Velzen, and M.G.A. oude Egbrink. The influence of prostaglandins on leukocyte-
endothelium interactions in rabbit mesenteric venules. Prostaglandins and other lipid
mediators (1999)

Abstract

Contradictory results have been reported concerning the effects of prostaglandins
(PGs) on leukocyte-endothelium interactions. Therefore, we investigated the /n wVo
effects of PGE,, PGEj, lloprost (a stable PG^-analogue), and also of a combination
of these PGs on leukocyte rolling and FMLP-induced leukocyte adhesion in venules
of rabbit mesentery. This preparation was used because of its low level of
vasoactivity, eliminating hemodynamic effects on leukocyte-endothelium
interactions. The mesentery was superfused with PGs or vehicle. After 30 minutes
FMLP was added to the PG-solution for 15 minutes, whereupon the tissue was
superfused with the PG-solution alone for another 30 minutes. Neither the PGs nor
the cocktail influenced leukocyte rolling. During FMLP administration leukocyte
adhesion increased and leukocyte rolling decreased; adhesion was highest in the
presence of PGEj. The FMLP-induced decrease in leukocyte rolling was similar in all
groups. After FMLP administration had been stopped the number of adherent cells
almost returned to baseline and the level of leukocyte rolling increased, the baseline
level being reached only in the presence of PGEj. In conclusion, these findings
indicate that the effects of PGs on leukocyte-endothelium interactions are limited.
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8.1 Introduction -

Prostaglandins (PGs) or their chemical analogues have been shown to be beneficial
to patients with diseases such as peripheral arterial occlusive disease (U.K., 1991;
Altstaedt ef a/., 1993; Stäben and Albring, 1996), chronic heart failure (Pacher ef a/.,
1997), and Raynaud's syndrome (Wigley ef a/., 1994; Belch ef a/., 1995). In addition,
PGs are effective in limiting the injury following experimentally induced ischemia and
reperfusion (Simpson ef a/., 1987; Simpson ef a/., 1988; Thomson ef a/., 1994;
Bengisun ef a/., 1997; Natori ef a/., 1997). The PGs are thought to exert their overall
influence through several effects: vasodilation, reduction of platelet aggregation and
inhibition of leukocyte function (Schrör, 1985; Gerritsen, 1996). The reported effects
of PGs on leukocyte functions are, however, variable. Contradictory results have
been reported on their influence on the interaction of leukocytes with endothelial
cells: inhibiting as well as stimulating effects of different PGs on the various steps
from leukocyte rolling to leukocyte migration into the tissue have been demonstrated.
Most of these studies have been performed /n wfro on macrovascular endothelial
cells.

/n wVo experiments previously performed in our laboratory indicate that PGs other
than thromboxane Aj may be involved in the reduction of leukocyte rolling as
observed following a thromboembolic reaction in venules of the rabbit mesentery
(oude Egbrink ef a/., 1992). This tissue can be easily used to investigate ;n wVo
leukocyte rolling and leukocyte adhesion to the wall of post-capillary venules, which
are both prerequisite steps for subsequent diapedesis and migration into inflamed or
injured tissue (von Andrian ef a/., 1992; Springer, 1994). The mesentery is especially
suited to study leukocyte-endothelium interaction because of its low level of
vasoactivity (Broeders ef a/., 1998), allowing the assessment of the influence of
agents on these interactions without interference of changes in fluid dynamic
conditions. We investigated in venules of the rabbit mesentery /n v/Vo whether
different prostaglandins, alone or in combination, are able to affect (1) leukocyte
rolling and (2) chemo-attractant induced leukocyte adhesion. As chemo-attractant
the peptide A/-formyl-methionyl-leucyl-phenylalanine (FMLP) was used. To prevent
systemic hemodynamic changes (i.e., blood pressure effects), the PGs were
administered locally through topical superfusion of the mesenteric segment under
observation. The PGs used were PGE,, PGEj, and the stable PGIj analogue
lloprost. PGE, and PGEj were included, because microvascular endothelial cells
mainly produce PGs of the E-series (Gerritsen and Cheli, 1983; Linssen ef a/.,
1993). Since PGI2 is more commonly applied in vascular diseases, this PG was
included as well. Since microvascular endothelial cells can produce more than one
PG at a time (Gerritsen and Cheli, 1983; Linssen ef a/., 1993), the effect of a
combination of PGE,, PGEj and lloprost on leukocyte-endothelium interactions was
also examined in this study.
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8.2 Materials and methods

Experimente/ seft/p and /nfrawia/ wcfeo m/croscopy
All experiments were approved by the local ethical committee on the use of
laboratory animals. Twenty-nine New Zealand white rabbits of either sex were used
(weight 1.6 to 2.5 kg). Anesthesia was induced by intramuscular injection of 40
mg/kg body wt ketamine hydrochloride (Nimatek, Ad Usern Veterinarium, Cuijk, The
Netherlands) and 4 mg/kg body wt xylazine hydrochloride (Sedamun, Ad Usern
Veterinarium, Cuijk, The Netherlands) and maintained by continuous intravenous
infusion of ketamine (40 mg/kg/h) and xylazine (5 mg/kg/h) dissolved in a Lactetrol
solution (Aesculaap, Boxtel, The Netherlands; 15 ml/h). The drugs were
administered through a catheter (PE-50) in the femoral vein.

Throughout the experiments body temperature was kept between 37 and 38°C by
means of an infrared heating lamp controlled by a thermo-analyzer system (Hugo
Sachs Elektronik, Hugstetten, Germany) connected to a rectal probe. Arterial blood
pressure was measured continuously through a catheter (PE-50) in the femoral
artery (Uniflow external pressure transducer, Baxter, Santa Ana, CA, U.S.A.). Heart
rate was assessed from the instantaneous pressure signal. To keep the arterial
catheter patent it was continuously perfused with physiological saline (3 ml/h) via the
Uniflow system; no heparin was used. To maintain systemic arterial pH, pCC^, and
pOj at normal values, the rabbits were ventilated throughout the experiments.
Ventilation with a positive end-expiratory pressure of 2 cm HjO was performed
through a tracheal tube (3.5 or 4.5 mm i.d., Mallinckrodt GmbH, Hennef, Germany)
connected to an infant ventilator (Loosco, model mk 2, Hoek Loos, Amsterdam, The
Netherlands). The rabbits were ventilated with a mixture of oxygen (25%), nitrogen
(74%) and carbon dioxide (1%). Respiration frequency was 60/minute and,
depending on the weight of the rabbit, tidal volume was between 11 and 17 ml.
Blood gas and pH values were measured in blood collected from a central ear artery,
using an acid-base analyzer (ABL 3, Radiometer, Copenhagen, Denmark). Mean
values (± s.d.) were: pH 7.42 ± 0.07, pCO? 41 ± 4 mmHg, and pOj 102 ± 14 mmHg.

Through a small abdominal midline incision, a segment of the distal ileum was
exteriorized. The mesentery was carefully spread over a siliconized glass plate
mounted in an electrically heated microscope table (37°C). The preparation was
continuously superfused with buffered Tyrode's solution (37°C; pH 7.35-7.40). The
bowels were kept moist with overlying wet gauze. Mesenteric venules were
visualized with a Leitz intravital microscope, adapted for telescopic imaging (Slaaf ef
a/., 1982), and a Leitz water-immersion objective (SW25, numerical aperture 0.60).
Transillumination was performed with a tungsten lamp. Images were recorded on
videotape (Sony, Betamax) through a CCD camera (Hamamatsu, C2400). Final
magnification at the front plane of the camera was x52.

Venular diameters (range: 17-32 urn) were measured off-line with an image
shearing device (Intaglietta and Tompkins, 1973), while red blood cell (RBC) velocity
was determined on-line using a prism grating system with the slit covering the whole
vessel width (Slaaf ef a/., 1981). To obtain actual mean RBC velocities, the
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measured velocity values were divided by a conversion factor of 1.1 (Slaaf ef a/..
1986; Tangelder ef a/., 1986). Reduced velocity U (mean RBC velocity/vessel
diameter), which is a measure of wall shear rate, was calculated from these
parameters.

Leukocytes were considered to be rolling if they could be seen moving along the
vessel wall by eye, either at a rather constant velocity or saltating at a significantly
lower rate than the blood was flowing. The ratio of saltating to rolling cells was about
1:20; this ratio was not affected by the various test solutions. Therefore, leukocyte
rolling was quantitated off-line by counting in duplicate the number of cells that were
rolling and saltating along a predefined segment of the venule during a period of
100-120 s. The length of the segment was approximately similar to the diameter of
the vessel. The level of leukocyte rolling was expressed as the number of rolling
cells passing per minute. Leukocytes were considered to be adherent when they
remained stationary for at least 30 s. Adherence of leukocytes was determined in a
100 urn segment of the venule. The mean number present at any instant was
assessed over a period of 2 minutes. To assure that all rolling leukocytes could be
distinguished, the midplane of a venule was kept in focus in all experiments (oude
Egbrinkefa/., 1992).

To allow adequate detection of changes in leukocyte rolling induced by the agents
under study, only venules were selected with a baseline level between 10 and 50
rolling leukocytes per minute. Hardly any vessel had to be excluded.

Exper/menfa/ profoco/
After selection of a mesenteric module, the remaining part of the exposed tissue was
covered with clear plastic wrap to prevent quick leakage of the superfusion fluid to
the surrounding tissue and the gauze covering the bowels. Subsequently, the tissue
was allowed to stabilize for 30 minutes. Video recordings of at least 2 minutes were
made per vessel to assess its diameter, and baseline leukocyte rolling and adhesion
levels; baseline RBC velocity was measured on-line. Subsequently, superfusion with
normal Tyrode's solution was stopped and the test solution (see below) or the
vehicle dissolved in Tyrode's solution was superfused for a period of 30 minutes,
after which FMLP was added to the test solution for 15 minutes. When FMLP
superfusion was stopped, the test solution was superfused for another 30 minutes
All fluids were superfused at a rate of 150-250 ml/h. Temperature of the superfusion
fluid was kept at 37°C. During each step of the experiments video recordings were
made and RBC velocity measurements were performed.

Five groups were used in this study: (1) a vehicle group (n=7 rabbits), (2) a PGE,
group (n=5), (3) a PGEj group (n=6), (4) a group receiving the stable prostacyclin
(PGIj) analogue lloprost (n=5), and (5) a group receiving a combination of PGE,,
PGEj, and lloprost (referred to as cocktail group; n=6). PGE, (Sigma Chemical, St.
Louis, MO, U.S.A.) and PGEj (ICN Biomedicals, Aurora, OH, U.S.A.) were stored at
a concentration of 10*M in absolute ethanol at -20°C until diluted in Tyrode's
solution to a final concentration of 10""M. lloprost (kindly provided by Schering AG,
Berlin, Germany) was diluted in Tyrode's solution to a final concentration of 101/1.
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The tenfold lower concentration of 10~'M was used because lloprost is known to be
10 times more potent than prostacyclin as an inhibitor of, among others, platelet
aggregation (Fisher ef a/., 1987). A concentration of 10"®-10"̂ M appears to be
biologically relevant. Estimations of human systemic plasma PGI2 concentrations
range form approximately 3x10~^M to 0.4x10'M (Masotti ef a/., 1981; Coker ef a/.,
1982; Ritter ef a/., 1983; FitzGerald ef a/., 1987). When endothelial cells are
stimulated PGI2 production may increase several fold (Revtyak ef a/., 1987). In the
vehicle group absolute ethanol was added to the Tyrode's solution (0.01%). This
ethanol concentration is not expected to influence leukocyte behavior (MacGregor ef
a/., 1988). A/-Formyl-methionyl-leucyl-phenylalanine (FMLP; Sigma Chemical, St.
Louis, MO, U.S.A.) was dissolved in dimethyl sulfoxide (DMSO) at a concentration of
10 mg/ml and further diluted to 10"M in Tyrode's solution, containing PG(s) or
vehicle. All solutions were freshly prepared on each experimental day.

Sysfem/c /eu/cocyfe coivnfs
Systemic leukocyte counts were performed at the beginning of the stabilization
period, at the end of the FMLP administration, and at the end of each experiment. To
this purpose 20 ul blood was collected from a central ear artery and added to Turks
solution (0.2 mg gentian violet in 1 ml glacial acetic acid, 6.25% vol/vol) in a 1:10
dilution; leukocytes were counted and differentiated as polymorphonuclear (PMN) or
monomorphonuclear (MMN) in a counting chamber (Clay Adams, Parsippany, N.J.,
U.S.A.). Of these two leukocyte subclasses the PMNs are the ones that are rolling in
rabbit mesenteric venules (Tangelder ef a/., 1995).

Dafa ana/ys/s and sfaf/sf/cs
Because of their nonsymmetrical distribution, data are presented as medians with
interquartile ranges (i.e., the spread from 25th to 75th percentile). The data shown in
the figures represent results obtained during the last 5-10 minutes of each
experimental period. To enable comparisons between groups, some data are
presented normalized to their baseline values. Paired data groups were compared
using the Wilcoxon signed-rank test. Differences between two independent data
groups were tested with the Mann-Whitney U test; to compare more than two
independent data groups the Kruskal-Wallis test was used. In all tests, the level of
significance was set at 0.05.

8.3 Results

Effecf ofprosfag/anoVns on /eutocyfe ro////7g
Before superfusion of the PG(s) or the vehicle, the median baseline number of
rolling leukocytes per minute in the selected venules was 33 (n=64; interquartile
range: 25-38/min). No difference in baseline levels of rolling leukocytes could be
detected between the groups receiving vehicle (n=18; median 34/min), PGE, (n=13;
30/min), PGE2 (n=18; 36/min), PGI2 (n=16; 34/min), or the cocktail (n=15; 33/min).
The effect of local superfusion with PGs or vehicle on the level of leukocyte rolling
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Figure 8.1. Effect of superfusion with vehicle, PGE,, PGE2, PGU, or a cocktail of these
prostaglandins on the level of leukocyte rolling in rabbit mesenteric venules before, during,
and after adding FMLP. Medians and interquartile ranges are shown. Data are normalized
to baseline values (1-line).
** PÄO.01 as compared to the vehicle

before, during and after adding FMLP is presented in Figure 8.1. The figure presents
results obtained during the last 5-10 minutes of each experimental period, but no
differences were found with the results obtained within the first 3 minutes of each
period. In the vehicle group leukocyte rolling decreased in time. As compared to the
vehicle none of the PGs influenced the level of leukocyte rolling significantly. After
administration of PGEj the level of leukocyte rolling tended to be higher (p=0.15)
than in the vehicle group. A higher concentration of lloprost 10"̂ M also had no effect
on an already stabilized level of leukocyte rolling (data not shown). When FMLP was
added to the superfusion fluid the overall median level of leukocyte rolling decreased
significantly from 23 to 3 rolling leukocytes per minute; no differences between the
groups were found. When superfusion with FMLP was stopped, the level of
leukocyte rolling returned to the baseline value only in the PGE2 group. As a result,
the level of leukocyte rolling was significantly higher in this group than in the vehicle
group.

E/fecf of prosfag/and/ns on /eu/cocyte adhes/bn
Figure 8.2 shows the changes in leukocyte adhesion in the course of the
experiments. The median baseline number of adherent leukocytes was 1/100 um
(interquartile range: 0-2/100 urn), with no differences between the groups.
Superfusion with vehicle or PGs without FMLP did not influence the number of
adherent leukocytes. Addition of FMLP to the superfusate induced a significant
increase in leukocyte adhesion in all groups; only in the PGEj treated animals this
effect was significantly greater than in the ones receiving vehicle. The effect of
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Figure 8.2. Effect of superfusion with vehicle, PGE,, PGE2, PGIj, or a cocktail of these
prostaglandins on leukocyte adhesion in rabbit mesenteric venules before, during, and after
adding FMLP. Medians and interquartile ranges are shown.
* p<0.05 as compared to the vehicle

FMLP superfusion occurred within seconds and did not change during the whole
superfusion period. After FMLP had been washed out, the number of adherent cells
almost returned to baseline values, indicating that the effect of FMLP is reversible

F/u/d dynam/cs
The fluid dynamic parameters, as measured in the selected venules before
administration of the PGs, are presented in Table 8.1. No differences in baseline
diameter existed between the groups. RBC velocity was higher in the cocktail group
as compared to the vehicle group throughout the experimental periods; the relative
changes, however, were not significantly different. The baseline values of reduced
velocity U were not different between the groups. Reduced velocity was higher
following superfusion with the cocktail as compared to the vehicle group, but again
the relative changes were not significantly different. The fact that no major
differences between the groups were found indicates that the changes in leukocyte
rolling and adhesion observed following administration of prostaglandins and/or
FMLP cannot be explained by hemodynamic changes. This is supported by the
observation that no correlations were found between flow and the (changes in) level
of leukocyte rolling or adhesion.

Baseline mean arterial pressure and heart rate were 75 mmHg (interquartile
range: 70-85 mmHg) and 116 beats per minute (112-120 bpm), respectively, with no
differences between the groups. During local administration of FMLP mean arterial
pressure fluctuated temporarily in most groups and was in all groups except the
cocktail group found to be increased at the end of the 15 minute superfusion period;
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heart rate fluctuated as well and was found to be in these groups decreased at the
end of the FMLP administration. On the contrary, in the cocktail group mean arterial
pressure was decreased and heart rate increased following superfusion with FMLP
(63 mmHg and 122 bpm in the cocktail group versus 88 mmHg and 103 bpm in the
vehicle group; both psO.01).

Sysfe/77/c /eutocyte counte
Before the experiments started, in all rabbits both the systemic number of leukocytes
(median 6.6x10^/ml; interquartile range 4.8-7.9x10"/ml) and the percentage of
polymorphonuclear cells (36%; 30-41%) were within normal ranges (Kozma ef a/.,
1974). Following superfusion with FMLP, the systemic number of leukocytes
decreased significantly in all groups; at the end of the experiments the number had
returned to baseline values. No significant differences existed between the groups.
The percentage of polymorphonuclear cells increased slightly (with an average of
12%), but significantly during the experiments in all groups; the differences between
the groups were not significant.

7ab/e 8.1. Sase//ne flu/d dynam/c parameters /'n venu/es of (he various groups before
superfus/on of (he rabtorf mesentery w/fh ven/c/e or prosrag/and/ns. /Wed/an va/ues w/tri
/nterguarWe ranges /n parentheses are presented.

Diameter, pm

RBC vel, mm/s

U, s '

vehicle

22
(19-25)

1.2
(0.8-1.6)

50
(42-66)

PGE,

24
(22-26)

1.1
(0.9-1.1)

44
(38-50)

PGEj

24
(21-26)

1.1
(0.7-1.3)

38
(29-62)

PGI2

23
(21-25)

1.6
(1.1-2.1)

67
(43-88)

cocktail

25
(21-26)

1.4*
(1.2-2.2)

67
(53-91)

RSC ve/ /nd/cates mean red b/ood ce// ve/ocrfy and 17, reduced ve/oc/ry (mean red
b/oodce// ve/oc/typerd/ameterj. *p<0.05 versus veh/c/e

8.4 Discussion

In the present study we show that the prostaglandins E,, E2, and Ij, and also a
combination of the three, do not influence the rolling of leukocytes along the
endothelium of postcapillary venules in the exteriorized rabbit mesentery. Leukocyte
adhesion induced by the chemo-attractant FMLP was highest in the presence of
PGEj, whereas in all groups a similar decrease in the level of leukocyte rolling was
found following administration of FMLP. When FMLP superfusion was stopped the
number of adherent cells almost returned to baseline, whereas the level of leukocyte
rolling increased. Only in the presence of PGEj the number of rolling leukocytes
returned to baseline levels, resulting in a significantly higher level of leukocyte
rolling after FMLP administration in the PGEj treated rabbits as compared to the
vehicle.
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The fact that the employed PGs did not reduce an already stabilized level of
leukocyte rolling or FMLP-induced leukocyte adhesion suggests that a possible
beneficial effect of PGs on leukocyte function in various vascular diseases is
probably not based on inhibition of the two initial steps leading to diapedesis and
migration of leukocytes. The reported beneficial effects of PGs in vascular diseases
/n wVo may, as far as they are related to leukocytes, be based on the inhibition of the
production of Superoxide anions and degradative enzymes by PMNs after these cells
have infiltrated into the tissue. These inhibiting effects of PGs have been
demonstrated in //? wfro and ex wVo studies (Fantone ef a/., 1984; Kanamori ef a/.,
1997).

Our present findings seem to be in contrast to those of one of the few other /n v/vo
studies in which the effect of PGs on leukocyte-endothelium interactions was studied
(Müller ef a/., 1988). In that study, lloprost and PGE, attenuated leukocyte
margination (i.e., leukocyte rolling and adhesion) in rat mesentery. However,
leukocyte-endothelium interactions in that study were induced by electrical
stimulation of the vessel wall, which may have been severely damaged, causing
endothelial cell dysfunction. Exogenously administered PGs may have been
protective under these circumstances.

Instead of an inhibiting effect on leukocyte-vessel wall interactions, PGE;
appeared to have an extra stimulating effect on FMLP-induced leukocyte adhesion.
The higher level of leukocyte adhesion observed in the presence of PGE; may
eventually lead to increased leukocyte infiltration into the tissue, as found in rabbit
cervices after vaginal application of this PG (El Maradny ef a/., 1996). Comparable
results were obtained ex wVo, showing that the adherence of human lymphocytes to
virus-infected cells was increased after ingestion of PGE; (Dore-Duffy ef a/., 1984).
The observed increased adhesion may have been due to PGE;-stimulated
expression of the intercellular adhesion molecule-1 (ICAM-1) which has been
observed in cultured umbilical vein endothelial cells (Winkler ef a/., 1997).
Unfortunately, in these studies no comparison with other PGs has been made A
second, and plausible explanation for the observed PGE; effect is that the larger
number of adherent cells in the PGE; group was the result of the larger number of
rolling cells in this group before administration of FMLP (38/min as compared to 21,
26, 30, and 23/min in the vehicle, PGE,, lloprost, and cocktail groups, respectively),
because a close relationship has been demonstrated between initial leukocyte
rolling and subsequent chemoattractant-induced firm adhesion (Lindbom ef a/.,
1992). The fact that the ratio of the level of leukocyte rolling before administration of
FMLP and the number of adherent leukocytes during superfusion with FMLP is
independent of the presence of PGs, supports this hypothesis.

The effect of FMLP on leukocyte adhesion appeared to be almost completely
reversible, with no influence of the PGs. After FMLP administration was stopped, the
level of leukocyte rolling increased, but, except for the PGE; group, did not return to
baseline. Because FMLP induced fluctuations in mean arterial pressure and heart
rate and a decrease in the systemic number of leukocytes, it is plausible that in our
experiments FMLP did enter the systemic circulation. This implicates that circulating
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leukocytes may have been activated by FMLP and, subsequently, may have shed
their L-selectin (Neeley ef a/., 1993). This could explain why the level of leukocyte
rolling did not return to baseline in most groups. PGEj is known to inhibit L-selectin
shedding as induced by platelet-activating factor (PAF) (Berends ef a/., 1997). It is
possible that PGEj inhibits FMLP-induced L-selectin shedding as well, which may
have contributed to the complete return of leukocyte rolling to the baseline level
during the administration of this PG.

One could argue that the superfused PGs might not have entered the lumen of the
venules under investigation. Our first argument that they do is that our data show
that PGE2 does affect leukocyte rolling, indicating that it has reached the venular
endothelium. Secondly, with fluorescence microscopy we were able to show that
superfusion of the rabbit mesentery with the fluorescent dye acridine red results in
the appearance of fluorescence in the lumen of venules within a few seconds
(S.C.T., unpublished observation). Likewise, FMLP influenced leukocyte-
endothelium interactions within seconds following topical application. Because the
molecular weights of the PGs are between those of acridine red and FMLP (acridine
red: 275.7, PGE2: 352.5, PGE,: 354.5, lloprost: 360.5 and FMLP: 437.6), and PGE2
is able to reach the endothelium (see above), it is very likely that the other
superfused PGs entered the lumen of the venules, too. The continuous
administration of the test solutions precludes complete disappearance from the
tissue due to metabolization of the prostaglandins before they reach the vessels.

One may argue that the absence of a significant influence of the employed PGs
on leukocyte rolling and FMLP-induced adhesion may be due to an absence of PG-
receptors or a low affinity of such receptors in rabbit mesenteric microvessels, which
would also explain our finding that the PGs used had no effect on vascular
diameters. Several other studies, however, showed that in the same tissue PGs do
play a role in the interactions between vessel wall and blood platelets (Bergqvist and
Arfors, 1976; Arfors and Bergqvist, 1978; oude Egbrink ef a/., 1993): inhibition or
administration of PGs significantly influences hemostatic plug formation and
thromboembolism. An important point in this repect is that in all these studies the
PG-effects differ in arterioles and venules, which clearly indicates that these effects
cannot be explained solely by an influence of PGs on blood platelets: the vessel
walls have to be involved in the changes induced. Hence, these studies show that
PGs are produced in rabbit mesenteric microvessels and that they influence vascular
functions, strongly suggesting the presence of functional PG-receptors in
microvessels in the rabbit mesentery.

It is not surprising that the applied PGs did not have any effect on the diameter of
the venules under study, although PGE2 and PGI2 are known to be potent
vasodilator agents (Kaley ef a/., 1985). This is due to the fact that microvessels in
the rabbit mesentery have a low level of vasoactivity: local fluid dynamic conditions
do not change after superfusion with such vasodilators as adenosine or a nitric oxide
donor, or with such vasoconstrictors as a nitric oxide synthesis inhibitor,
noradrenaline or potassium chloride (Broeders ef a/., 1998). Furthermore, no
alterations in diameter and blood flow velocity were found in arterioles and venules
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of the rabbit mesentery after 10 minutes of tissue hypoxia by occlusion of the
superior mesenteric artery (Olofsson ef a/., 1994). In addition, local intraluminal
administration of a corresponding concentration of lloprost did not alter diameter and
red blood cell velocity either, indicating that the absence of a vasodilating effect is
not due to the route of administration (S.C.T. unpublished results). Even infusion of
lloprost in a concentration that was 100 to 1000 times higher did not alter local
diameter, but decreased mean arterial pressure, demonstrating that lloprost
administered in this way has systemic dilating effects. Fluctuations in blood pressure
and heart rate during administration of FMLP have been described before (Saito ef
a/., 1983; Jonsson ef a/., 1997) and are thought to be caused by a direct effect on
the vascular tone or an indirect effect through the release of products by FMLP-
stimulated granulocytes.

The present findings indicate that the PGs under investigation are probably not
the endogenous agents responsible for the reduction of leukocyte rolling as
observed in mesenteric venules during a thromboembolic process (oude Egbrink ef
a/., 1992). Even a combination of these PGs (the cocktail) did not influence
leukocyte rolling, suggesting that these PGs, which can be released by
microvascular endothelial cells simultaneously (Gerritsen and Cheli, 1983; Linssen
ef a/., 1993), do not act synergistically in inhibiting leukocyte rolling.

In conclusion, PGE,, PGE2, PGIj, or a cocktail of these PGs do not affect a
stabilized level of leukocyte rolling or FMLP-induced leukocyte adhesion. This
suggests that leukocyte related beneficial effects of PGs in various vascular
diseases are due to other effects than inhibition of leukocyte rolling and adhesion.
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9 TUMOR ANGIOGENESIS FACTORS REDUCE LEUKOCYTE ADHESION IN VIVO

Submitted as: S.C. Tromp, M.G.A. oude Egbrink, J.S. van Velzen, D.W. Slaaf, H.F.P.
Hillen, G.J. Tangelder, R.S. Reneman, and AW. Griffioen. Tumor angiogenesis factors
reduce leukocyte adhesion in vivo.

Abstract

Leukocyte-endothelium interactions are diminished in tumors. It is reported here that
this phenomenon is due to endothelial cell exposure to growth factors involved in tumor
angiogenesis. To demonstrate this, independently from tumor cell associated
processes, we used a tumor free model. Slow releasing pellets were loaded with either
basic fibroblast growth factor (bFGF), vascular endothelial cell growth factor (VEGF),
or vehicle alone and placed in the scrotum of mice. After 3 days, a single intrascrotal
injection of 1 ug/kg IL-1 ß was given 4 hours before vessels of the cremaster muscle
were investigated for leukocyte rolling and adhesion by means of intravital microscopy.
Exposure of normal tissue to either bFGF or VEGF resulted in markedly decreased
levels of cytokine induced leukocyte adhesion. Suppression of leukocyte rolling was not
observed. Instead a moderate enhancement of rolling by VEGF was found. The
observed differences could not be explained by differences in fluid dynamic parameters
or systemic leukocyte counts. In conclusion, evidence is presented that, ;n wVo,
proangiogenic factors significantly reduce leukocyte adhesion, the final step preceding
leukocyte infiltration. This observation may explain why tumors escape from immune
surveillance.
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9.1 Introduction -• f'• •

Leukocyte infiltration in tumors has been reported to be associated with improved
prognosis (Underwood, 1974; Dvorak and Dvorak, 1982). Furthermore, inflammation
(Area ef a/., 1996) and immunotherapy (Chang and Shu, 1996) have been shown to be
effective in tumor regression. For infiltration from the blood stream into surrounding
tissue, leukocytes have to interact with microvascular endothelium. The first interactive
step is the slow rolling of leukocytes along the endothelial lining, which subsequently
may result in firm adhesion, diapedesis and emigration into the surrounding tissue (von
Andrian ef a/., 1992; Springer, 1994). Since leukocyte infiltration may be detrimental to
a tumor, escape mechanisms may have evolved to avoid the infiltration of leukocytes
into the tumor. Prevention of leukocyte rolling along or adhesion to endothelium may
be such a mechanism. Indeed, in several studies leukocyte-endothelium interactions,
i.e., leukocyte rolling and adhesion, were found to be reduced in tumor microvessels
(Wu ef a/., 1992; Dellian ef a/., 1996; Borgström ef a/., 1997). The mechanism behind
this reduction has not yet been fully elucidated, although several hypotheses exist. A
low delivery of leukocytes to the angiogenic microvessels in tumors has been described
(Dellian ef a/., 1996; Jain ef a/., 1996) as well as a diminished expression of adhesion
molecules involved in leukocyte-endothelium interactions in these vessels (Kuzu of a/.,
1993; Piali ef a/., 1995; Griffioen, 1997).

Tumor outgrowth and metastasis are dependent on the formation of new vasculature.
To achieve this, tumor cells produce high levels of angiogenic factors, such as basic
fibroblast growth factor (bFGF) and vascular endothelial cell growth factor (VEGF). /n
wfro these factors have been shown to reduce the expression of endothelial adhesion
molecules such as intercellular adhesion molecule-1 (ICAM-1) (Kitayama ef a/., 1994;
Griffioen ef a/., 1996b; Melder ef a/., 1996), ICAM-2, and CD34 (Griffioen ef a/., 1996a;
Hellwig ef a/., 1997). In addition, the cytokine induced expression of vascular cell
adhesion molecule-1 (VCAM-1), and E-selectin on cultured endothelial cells is markedly
inhibited by these pro-angiogenic factors (Griffioen ef a/., 1996b). To investigate the
regulatory function of angiogenic factors on leukocyte-endothelium interactions /n v/Vo.
we used a tumor free model to avoid complex tumor associated processes. Pellets
slowly releasing angiogenic factors were placed in the mouse cremaster muscle and
after three days cytokine induced leukocyte-endothelium interactions were analyzed.
We provide the first evidence that both bFGF and VEGF reduce leukocyte adhesion /n
wVo.

9.2 Materials and methods

Preparaf/ön of growfr) factor pe//efs
Heparin-alginate pellets were prepared as previously described (Edelman ef a/.. 1993;
Lopez ef a/., 1997) with slight modifications. In short, heparin-Sepharose beads
(Pharmacia, Roosendaal, the Netherlands) were mixed with sodium alginate (Orffa.
Drammen, Norway). The slurry was then allowed to polymerize in a matrix. Pellets were
incubated in CaClj for hardening. The pellets were then sterilized in 70% ethanol,
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washed with sterile water and stored in physiological saline containing 1 mM CaC^ at
4°C. Each pellet had a volume of 8 ul. For loading with growth factors, pellets were
incubated for 2 days at 4°C in 300 ng of human recombinant basic fibroblast growth
factor (bFGF) or human recombinant vascular endothelial cell growth factor (VEGF;
both from Pepro Tech, London, U.K.) in a volume of 20 ul. /n v/Vo activity of these
pellets in mice was demonstrated by the formation of new vasculature in the dorsal
skinfold chamber after 4 to 5 days (Griffioen; unpublished observations).

dn/ma/s and experiment/ protoco/
The experiments were approved by the local ethical committee on the use of laboratory
animals. They were performed on male Swiss mice (Iffa credo, Someren, the
Netherlands), with body weights varying from 32 to 39 g.

One pellet, filled with either 300 ng bFGF (6 mice), 300 ng VEGF (6 mice), or
phosphate buffered saline (PBS; 4 mice) as control, was placed in the scrotum of a
halothane (1.5-2.0% in 80% oxygen) anesthetized mouse on day 0. On day 1 and 2
extra bolus injections of bFGF (30 ng). VEGF (30 ng) or PBS in a volume of about 0.2
ml were given intrascrotally under halothane sedation (4% halothane in 50% oxygen for
1 minute). Each cremaster muscle was exposed to either bFGF, VEGF or PBS for 3
days, because maximal adhesion molecule regulation was observed after this period
//? v/'fro. In all animals murine recombinant interleukin-1ß (IL-1ß; 1 ug/kg jn 0.2 ml
isotonic saline) was injected intrascrotally under sedation on day 3, 2VS hours before
preparation of the cremaster muscle was started. This was performed because
leukocyte adhesion is hardly present in the absence of cytokines, which would preclude
the assessment of a reduction in leukocyte adhesion, if any.

/nfrawfa/ m/croscopy experiments
Anesthesia was induced with an intraperitoneal injection of sodium pentobarbital (60
mg/kg body weight in a volume of 10 ml/kg), given under a short halothane sedation
(see above), and was maintained by continuous intravenous infusion of sodium
pentobarbital (60 mg/kg/h) through a catheter (pulled PE-10) in the right jugular vein.
Arterial blood pressure was measured continuously through a catheter in the carotid
artery (pulled PE-10; Uniflow external pressure transducer, Baxter, Santa Ana, CA,
U.S.A.). To keep the arterial catheter patent it was continuously perfused with
physiological saline (0.5-1 ml/h; Uniflow system). Mean arterial pressure was
continuously recorded on a computer harddisk using a data acquisition system.
Throughout the experiments body temperature was kept at 37°C by means of an
infrared heating lamp controlled by a thermo-analyzer system connected to a
subcutaneously placed temperature probe.

The cremaster muscle was prepared for intravital microscopy as described previously
(Baez, 1973). In short, a longitudinal incision of the skin and fascia was made in the
midline of the scrotum. The right testis was exposed and the connective tissue carefully
stripped away. A ventral incision was made along the entire length of the cremaster
muscle before it was unwrapped from the testis. The vessels connecting the epididymis
to the cremaster were cauterized and the testis and epididymis were gently pushed
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back into the peritoneal cavity. The muscle was spread with the help of sutures at its
periphery. The tissue was continuously superfused with Krebs solution (34-35°C; pH
7.35-7.40) bubbled with a mixture of Oj (95%) and COj (5%).

At the end of the preparation, the muscle was covered with clear plastic wrap to
minimize tissue dehydration, and it was allowed to stabilize for 30 minutes. After
stabilization, 4 hours after IL-1 ß injection venules were visualized using a Leitz intravital
microscope, adapted for telescopic imaging (Slaaf ef a/., 1982) and equipped with a
water-immersion objective (Leitz SW25, numerical aperture 0.60). Transillumination was
performed with a tungsten lamp. Images were recorded on videotape (Sony, Betamax)
through a CCD camera (Hamamatsu, C2400). Final optical magnification at the front
plane of the camera was x52. On the average we observed 10 venules per mouse; in
10 mice an average of 3 arterioles was additionally observed. '

Experimenfa/ paramefers
Venular diameters (range: 18-42 urn) were measured off-line with an image shearing
device (Intaglietta and Tompkins, 1973), while red blood cell (RBC) velocity was
determined on-line using a prism grating system with the slit covering the whole vessel
width (Slaaf ef a/., 1981). To obtain actual mean RBC velocities, the measured velocity
values were divided by a conversion factor of 1.1 (Slaaf ef a/., 1986; Tangelder ef a/.,
1986). Reduced velocity U (mean RBC velocity/vessel diameter), which is a measure
of wall shear rate, was calculated from these parameters.

Leukocytes were considered to be rolling if they could be seen moving along the
vessel wall by eye at a significantly lower rate than the blood was flowing. To assure
that all rolling leukocytes could be distinguished, the midplane of a vessel was kept in
focus in all experiments (oude Egbrink ef a/., 1992). Leukocyte rolling was quantified
by determining the level of leukocyte rolling as well as the rolling velocity. The level of
leukocyte rolling was measured off-line by counting in duplicate the number of cells that
rolled through a predefined segment of the vessel during a period of 100 seconds. It
was expressed as the number of rolling cells passing per minute. The velocity of the
rolling leukocytes was determined off-line by measuring the median time taken by 10
randomly chosen rolling leukocytes to travel a certain distance along the vessel wall.
Leukocytes were considered to be adherent when they remained stationary for at least
30 s. The number of adherent leukocytes present at any instant in a 100 urn segment
of the vessel was assessed and averaged over a period of 2 minutes. This parameter
was expressed as number of cells per endothelial surface area. Values of these
parameters were randomly checked by a second observer.

The experiments and analyses were performed blindly: the researcher did not know
to which group a mouse belonged.

Sysfem/c teutocyfe counfs
To perform systemic leukocyte counts, samples of 20 ul blood were collected through
the arterial catheter during the surgical procedure and in some animals also at the end
of the experiment. Each blood sample was administered to Turks solution (0.2 mg
gentian violet in 1 ml glacial acetic acid, 6.25% vol/vol) in a 1:10 dilution; leukocytes
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were counted and differentiated as polymorphonuclear (PMN) or monomorphonuclear
(MMN) in a counting chamber (Clay Adams, Parsippany, N.J., U.S.A.).

Stef/sf/cs
Because of their nonsymmetrical distribution, data are presented as medians with
interquartile ranges (i.e., the spread from 25th to 75th percentile). Differences between
two independent data groups were tested with the Mann-Whitney U test; to compare
more than two independent data groups the Kruskal-Wallis test was used. In all tests,
the level of significance was set at 0.05.

9.3 Results

Leu/cocyte adftes/ön öitf nof ro///ng /s /nft/Meo* öy öotf? bFGF and l/EGF
After preparation of the cremaster muscle, leukocyte-endothelium interactions were
studied in the PBS, bFGF, and VEGF groups, 4 hours after local IL-1 ß administration.
The most remarkable result was that leukocyte adhesion was significantly (p<0.01)
lower than control (i.e., the PBS group) in both the bFGF and the VEGF group (Figure
9.1; control: 1068 cells/mm* surface area, bFGF: 658/mm*, and VEGF: 663/mm^.

The level of leukocyte rolling was significantly higher in the presence of VEGF
(10/min), while bFGF (7/min) had no effect as compared to control (6 cells/min; see
Figure 9.2). Leukocyte rolling velocity was slightly higher in the presence of bFGF
(median: 5 um/s versus 4 um/s in the control mice), while VEGF had no effect (4 um/s;
data not shown).
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Figure 9.1. Effects of three days pretreatment with bFGF or VEGF on leukocyte adhesion in
venules as evoked by local administration of IL-1 ß four hours prior to observation. Medians and
interquartile ranges are presented. "psO.01 versus control (PBS)
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Figure 9.2. Effects of three days pretreatment with bFGF or VEGF on the level of leukocyte
rolling in venules after local administration of IL-1 ß four hours prior to observation. Medians and
interquartile ranges are presented. *p<0.05 versus control (PBS)

Rolling leukocytes were also present in most of the arterioles (in 5 of the 6 arterioles
observed in the PBS group, 4/4 in the bFGF group and 17/22 in the VEGF group). The
level of leukocyte rolling was clearly decreased in the bFGF (median: 3/min) and VEGF
(6.5/min) groups as compared to the PBS group (29/min). Leukocyte rolling velocity was
higher in arterioles than in venules: median velocity of 28, 44, and 33 um/s in the PBS.
bFGF, and VEGF group, respectively. Hardly any adherent leukocytes were observed
in the arterioles of all groups.

F/u/d c/ynam/c parameters
No major differences in the fluid dynamic parameters could be detected between the
various groups (Table 9.1), except for a small difference in diameter between the control
and VEGF groups. Therefore, it can be excluded that the differences in leukocyte-
endothelium interactions between the groups were caused by differences in fluid
dynamics.

In all animals mean arterial blood pressure ranged between 80 and 120 mmHg, which
is in the normal range for anesthetized mice (Desai ef a/., 1997).

Sysfem/c feutocyfe counfs
Median systemic number of leukocytes during the surgical procedure at about 3 hours
after IL-1 ß injection were 4.2x10*7ml blood in the PBS group, 5.4x10<7ml in the bFGF
group, and 5.9x10^/ml in the VEGF group. These differences were not statistically
significant. In the course of the experiments the systemic number of leukocytes
decreased in all animals by about 50%; still no differences between the groups were
found, indicating that the differences in leukocyte-endothelium interactions between the
groups are not caused by differences in systemic leukocyte counts. The percentage of
PMNs was 60, 62, and 63% in the PBS, bFGF, and VEGF group, respectively; these
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values did not change during the experiments. The high percentage of PMNs may be
attributed to systemic effects of the locally injected IL-1ß. ,

Macroscop/c observaf/ons • . •
After the pellets with bFGF, VEGF, or PBS had been in the scrotum for 3 days, the
scrotum was opened and a number of features were macroscopically observed. In 5
mice the connective tissue around the cremaster muscle was more abundant and less
gelatinous than in others. It could, however, easily be separated from the muscle and
did not hamper microscopic observation. Three of these mice were treated with bFGF.
In 8 mice the vessels in the connective tissue surrounding the cremaster muscle and
in the muscle itself had a high tendency to bleed easily; 5 of these mice had been
treated with VEGF. r, . ,,; ,; .,,,, .,;•,,,

TaWe 9.1. F/u/d cfynam/c parameters /n venu/es oftte cremaster musc/e of m/ce treated w/f/7
PßS, bFGF, or VEGF for 3 days. Date are med/an va/ues w/'fh /ntert/uarf/Ve ranges /n
parenMeses.

PBS bFGF VEGF
n
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RBC vel (mm/s)
U ( Q
n = nt/mber of venu/es, RSC ve/ = mean red b/ood ce// ve/oc/ry, C = reduced ve/oc/ry

9.4 Discussion

It has been demonstrated previously that in tumor endothelial cells the expression of
adhesion molecules, involved in leukocyte-endothelium interactions, is suppressed
(Kuzu ef a/., 1993; Piali ef a/., 1995; Griffioen, 1997). In addition, the upregulation of
endothelial adhesion molecules in response to inflammatory cytokines in tumors was
shown to be markedly hampered (Griffioen era/., 1996a). Exposure of the endothelial
cells to tumor derived factors appeared to be responsible for these phenomena
(Kitayama ef a/., 1994; Griffioen ef a/., 1996b). Since this knowledge is exclusively
based on studies that were performed /n wfro, we developed a model to selectively
study the effects of single tumor derived factors on leukocyte-endothelium /n v/Vo. With
the use of intravital videomicroscopy we demonstrated a reduction of IL-1 ß induced
leukocyte adhesion by the tumor derived angiogenesis factors bFGF and VEGF in the
mouse cremaster muscle. Hence, we provide evidence for a tumor mediated escape
from the immune system.

In a number of earlier studies it has been demonstrated that leukocyte-endothelium
interactions are diminished in tumor vessels ;>? v/Vo (Wu ef a/., 1992; Wu ef a/., 1994;
Dellianefa/., 1995; Fukumuraefa/., 1995; Borgström ef a/., 1997). In these studies, the
mechanism behind this low level of interaction was not elucidated. Beside angiogenic
products of tumor cells, excreted cytokines but also deviating local interstitial and/or
blood pressures may have been involved. The same holds true for a study of Brown and
colleagues (1997), which showed increased leukocyte adhesion in the mouse cremaster
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muscle that was superfused with tumor conditioned medium: other than angiogenic
factors may have had an effect. The present study is the first in which only the effects
of tumor derived angiogenesis factors are investigated /n wVo. We demonstrated in a
tumor free system that neither fluid dynamic parameters nor the number of circulating
leukocytes can account for the observed reduction in leukocyte adhesion by bFGF and
VEGF. Similarly, Wu and colleagues found decreased leukocyte-endothelium
interactions in normal venules surrounding an implanted tumor compared with normal
vessels in the same tissue without a tumor (Wu ef a/., 1994).

The present study demonstrates for the first time that a local release of either bFGF
or VEGF reduces leukocyte adhesion //? v/Vo. One of the possible mechanisms
underlying this phenomenon, is the downregulation of endothelial adhesion molecules.
We were not able to demonstrate this mechanism in the present model because
immunohistochemistry is not sensitive enough to exactly quantify a change in ICAM-1
expression on endothelial cells, and the mouse cremaster muscle is too small to provide
a sufficient number of endothelial cells to perform flowcytometric analysis. However, our
findings are compatible with earlier findings of studies on /n w'fro adhesion and on
expression of endothelial adhesion molecules (Griffioen ef a/., 1996a; Griffioen ef a/.,
1996b), which show that endothelial adhesion molecules such as ICAM-1 and VCAM-1
are downregulated in the presence of angiogenic factors resulting in diminished
leukocyte adhesion. Our findings seem to be in contrast with an earlier study by Melder
ef a/. (1996), which suggested that bFGF and VEGF have opposite functions with
regard to leukocyte adhesion. While bFGF inhibited adhesion both /n wfro and /n wVo,
the effect of VEGF was only investigated //? wfro with HUVEC that were cultured without
serum. In this setting VEGF promoted adhesion. A stimulating effect of VEGF on
leukocyte adhesion was also observed by Detmar and colleagues (1998). However, the
experimental approach in their study in which the effects of a systemic overexpression
of VEGF in transgenic mice were investigated, is completely different from the situation
in tumors where VEGF is produced locally. A recent study, however, is more consistent
with our present findings and identifies VEGF as a potent inhibitor of leukocyte-
endothelium interactions (Scalia ef a/., 1999).

In our study we also addressed leukocyte rolling and we demonstrated that bFGF did
not affect this, while VEGF showed a small, but significant increase. The increased
rolling in the VEGF group might be explained by an upregulation of E-selectin by VEGF
(Melder ef a/., 1996). It may also be an epiphenomenon of the reduced leukocyte
adhesion, although it is not clear why we do not find this epiphenomenon in the bFGF
treated animals. Nonetheless, increased leukocyte rolling is meaningless with respect
to leukocyte infiltration, if it is not followed by firm adhesion.

In our cremaster preparations, leukocyte rolling was also observed in arterioles. This
phenomenon is absent in mouse cremaster muscles not pretreated with cytokines
(Thorlacius ef a/., 1997 and Tromp ef a/., unpublished observations), but has been
reported before in IL-1 ß and/or tumor necrosis factor (TNF)a stimulated mouse
cremaster muscle (Thorlacius ef a/., 1997). It is supposed to be a P-selectin mediated
event, since it can be abolished by administration of an anti-P-selectin antibody. The
reduced number of rolling cells in arterioles after treatment with bFGF or VEGF
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suggests that these angiogenic factors are able to diminish the expression of P-selectin
at the endothelial surface in these microvessels.

The observed increased amount of connective tissue in a large number of bFGF
treated animals was to be expected, because the primary function of bFGF is to
stimulate fibroblasts to proliferate (Sprugel ef a/., 1987). The relatively high tendency
of vessels to bleed easily in the presence of VEGF is probably due to its ability to
increase microvascular permeability; VEGF was originally described as vascular
permeability factor. In rat cremaster muscle and mouse skin, electron microscopy
revealed, among others, leakage of red blood cells from endothelial intercellular gaps
after topical VEGF application (Roberts and Palade, 1995).

In conclusion, the mouse cremaster muscle is a practical and suitable model to
selectively study the effects of single tumor derived factors on leukocyte-endothelium
interactions in a tumor free environment. In this tissue we demonstrated that the tumor
derived angiogenesis factors bFGF and VEGF inhibit IL-1 ß induced leukocyte adhesion,
the final step preceding leukocyte infiltration. This may provide an explanation for the
escape of tumors from immune surveillance.
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10 GENERAL DISCUSSION

Leukocyte-endothelium interactions in postcapillary venules and the subsequent
infiltration of leukocytes into inflamed tissue are important features in the defence
reaction of our body against, for example, bacteria and viruses. Next to this
defending role, leukocytes can be involved in the pathogenesis of diseases. For
example, in cystic fibrosis and arthritis, and in chronic sequelae of acute infections,
such as meningitis, leukocytes are in fact overzealous and their infiltration into
tissues plays an important role in the course of these diseases (Lasky, 1992; Brown,
1997). Better insight into the mechanism(s) underlying leukocyte-endothelium
interactions and the way in which these interactions can be modulated is of interest
for understanding disease processes and for the possible development of new drugs.
Induction of leukocyte-endothelium interactions is desired when the normal defence
reaction is inadequate; inhibition of leukocyte-endothelium interactions may be
beneficial if leukocyte infiltration has to be prevented.

In the present thesis the ability of various substances or cells to modulate
leukocyte-endothelium interactions was investigated /n v/Vo. Up till now a substantial
number of the studies dealing with this aspect has been performed only /n wfro. /n
wVo leukocyte-endothelium interactions can be observed spontaneously in, for
example, skin venules (Janssen ef a/., 1994), but the interactions have to be induced
in other tissues. In most of the studies performed in this thesis we observed
leukocyte-endothelium interactions in postcapillary venules in the mesentery. In this
tissue leukocyte-endothelium interactions are induced by surgical exteriorization of
the tissue. The mesentery is well suited for intravital microscopic observation of
blood cell-vessel wall interactions. Firstly, it is thin and translucent, allowing
observation under transillumination, providing microscopic images with high contrast.
Secondly, although abdominal surgery is needed, the mesentery can be exposed
with minimal handling of the tissue itself. Thirdly, it has a low level of vasoactivity: in
rabbits no changes in diameter or red blood cell velocity are found after topical
application of vasoactive substances such as adenosine, noradrenaline, potassium
chloride, a nitric oxide (NO) donor, or a NO synthesis inhibitor (Broeders ef a/.,
1998). This allowed us to specifically study the modulating effect of substances on
leukocyte-endothelium interactions, without the interference of changes in fluid
dynamics.

The results described in chapter 5 and 6 of the present thesis do not support the
observation of Kubes and colleagues (Kubes and Kanwar, 1994) that induction of
leukocyte rolling is dependent on mast cell degranulation and the subsequent
release of histamine, which induces redistribution of P-selectin to the endothelial cell
surface. We show that in the rabbit mesentery leukocyte rolling can be induced,
despite the fact that no mast cells are present in this tissue. Moreover, the fact that in
rabbits histamine receptor antagonists do not influence leukocyte rolling indicates
that histamine originating from cells other than mast cells, such as basophilic
granulocytes, is not responsible for the induction of leukocyte rolling in the mesentery
of this species either (chapter 5). In rats, the mast cell stabilizer cromoglycate did not
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reduce leukocyte rolling in any of the four strains studied, whereas the subsequent
superfusion of the mesentery with histamine resulted in an increase in leukocyte
rolling in Sprague-Dawley rats only (chapter 6). Our findings are in agreement with
the observation of Kosaka (1997) that the induction of leukocyte-endothelium
interactions by inhibitors of nitric oxide synthase, which is supposed to be a mast cell
mediated event (Kubes ef a/., 1993; Gaboury ef a/., 1996), also occurs in mast cell
deficient rats (Kosaka ef a/., 1997). Therefore, the role of mast cells in the induction
of leukocyte-endothelium interactions is questionable. Mast cells, however, may be
involved in the chemotaxis of leukocytes (Raud ef a/., 1989).

P-selectin is the only selectin involved in leukocyte rolling in the first hour after
exteriorization of the rabbit mesentery (chapter 7). This initial role of P-selectin in
leukocyte rolling has also been observed in the mouse cremaster muscle (Ley ef a/.,
1995). /n s/fu, leukocytes do not interact with the vessel wall in rabbit mesentery, as
histologically determined (Fiebig ef a/., 1991). However, within 5 minutes after gentle
exteriorization of the tissue the concentration of leukocytes in postcapillary venules is
increased, probably due to the interaction of leukocytes with the endothelium;
leukocyte rolling accounts for the major part of this leukocyte accumulation (Fiebig ef
a/., 1991). Therefore, handling of the rabbit mesentery rapidly induces leukocyte
rolling. This also seems to hold for rat mesentery (Ley, 1994) and other tissues like
the hamster cheek pouch (Atherton and Born, 1972). Considering the rate of onset of
leukocyte rolling, it might predominantly be a P-selectin mediated process, since P-
selectin can be redistributed to the endothelial cell surface within a few minutes
(Hattori ef a/., 1989; Geng ef a/., 1990). The mechanisms responsible for this quick
redistribution of P-selectin to the endothelial cell surface remain to be established. As
stated above, mast cell degranulation and histamine release are not involved in the
induction of leukocyte-endothelium interactions due to tissue handling, /n v/'fro such
substances as thrombin, plasmin and oxygen radicals have been shown to induce P-
selectin redistribution (see references in chapter 2 and 6). It cannot be excluded that
P-selectin can be induced by mechanical stimuli such as tissue manipulation or
changes in shear stress, as has been described for ICAM-1 (Malek and Izumo, 1994;
Morigi efa/., 1995).

In contrast to P-selectin, L-selectin is mainly involved in leukocyte rolling in the
second hour after exteriorization of the rabbit mesentery (chapter 7). This finding is
comparable to that in the mouse cremaster muscle in which rolling is also largely L-
selectin dependent in the second and not in the first hour after surgery (Ley ef a/.,
1995). Von Andrian and colleagues demonstrated that L-selectin plays an important
role in leukocyte rolling in the rabbit mesentery not only in the second hour, but also
in the first hour after exteriorization of the tissue (von Andrian ef a/., 1991). One
should realize, however, that they based their conclusions on the observation of only
6 venules that showed an enormous variability in baseline level of leukocyte rolling
(14-170 cells/min), whereas in our study 41 vessels with baseline levels between 5
and 50 rolling leukocytes/min were studied. It is conceivable that the relative
contribution of different adhesion molecules changes with the absolute level of
leukocyte rolling.
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An interesting finding described in this thesis is the involvement of E-selectin in
leukocyte rolling in the second hour after extehorization of the rabbit mesentery In
the mouse cremaster muscle Ley and colleagues did not find evidence for
involvement of E-selectin in the first two hours after tissue handling (Ley ef a/., 1995).
Expression of E-selectin requires protein synthesis; /n v/fro, maximal cytokine
induced expression of E-selectin on endothelial cells is reached between 2 and 4
hours (Bevilacqua ef a/., 1989). Up till now expression of E-selectin in rabbit
mesenteric venules has only been demonstrated 4 hours after intraperitoneal
injection of interleukin-1 (Olofsson ef a/., 1994). However, our findings show that
gentle handling of the mesentery appears to be sufficient to activate endothelial cells
to express E-selectin within 2 hours without the need to add cytokines. This reaction
may be tissue dependent. In fact, in skin E-selectin may be constitutively present on
endothelial cells (Keelan ef a/., 1994; Janssen, 1999).

In this thesis it was investigated whether the involvement of selectins in leukocyte
rolling can be modulated. The findings of chapter 7 show that about one hour after
exteriorization of the mesentery a thromboembolic reaction reduces leukocyte rolling,
probably due to inhibition of P-selectin and adhesion molecules other than selectins
downstream of the thrombus. In the second hour adhesion molecules other than P-
selectin are involved in the reduction in leukocyte rolling downstream of the
thrombus. It is possible that partial inhibition of E- and L-selectin is involved in this
process, but the involvement of other adhesion molecules than the ones studied is
more likely. The mechanism behind the reduced bio-availability of P-selectin for
leukocyte rolling downstream of a thrombus in the first hour after tissue
exteriorization is as yet unclear. Substances could be released that induce rapid
intemalization of P-selectin (Subramaniam ef a/., 1993; Vestweber and Blanks, 1999)
or shedding of P-selectin. Although shedding has not been described for endothelial
P-selectin, soluble P-selectin in plasma has been demonstrated to be increased in
several diseases (for review see (Gearing and Newman, 1993)), indicating that this
adhesion molecule can be released into the circulation. Although it has been shown
that platelets are the major source of soluble P-selectin, endothelial cell activation
can also increase its concentration (Fijnheer ef a/., 1997). Another hypothetical
mechanism by which the bio-availability of P-selectin for leukocyte rolling could have
been diminished is coverage of endothelial cells by activated platelets immediately
downstream of a thrombus, provided that the platelets do not express P-selectin,
because in that case leukocytes are able to roll on these platelets (Buttrum ef a/.,
1993; Yeo ef a/., 1994; Kuijper ef a/., 1996). However, since P-selectin does not
seem to be expressed by platelets participating in the embolization phase of a
thromboembolic reaction (chapter 7), adhesion of these platelets to the endothelium
may have contributed to the thromboembolism induced reduction in leukocyte rolling.
Another implication of the absence of P-selectin expression on 'embolizing' platelets
is that it precludes the binding of such platelets to P-selectin ligands on leukocytes
(Hamburger and McEver, 1990; Nash ef a/., 1996) as a possible mechanism for the
observed reduction in leukocyte rolling. One can speculate that the clinical
importance of the thromboembolism induced reduction in leukocyte rolling is
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prevention of the formation of atheromatous plaques, which contain monocytes and
neutrophils (Nash ef a/., 1996), although this phenomenon has only been described
in large vessels and not in the microcirculation.

A thromboembolism induced reduction in leukocyte rolling might also be the origin
of the decrease in leukocyte rolling following infusion of sterile saline through a local
cannula in a side branch of the mesenteric artery feeding the rabbit mesenteric
segment under observation (chapter 4). At the tip of the cannula thrombotic
processes may occur due to endothelial damage and/or platelet activation. When
infusion starts substances released by cells involved in such thrombotic processes
may be advanced into the circulation and influence the downstream endothelium in
such a way that leukocyte rolling is reduced. Since leukocyte rolling is, among
others, dependent on local pH and the extracellular calcium concentration (Geng ef
a/., 1991; Anostario ef a/., 1994), one could argue that local infusion of fluids dilutes
the blood and, hence, changes such parameters, thereby influencing leukocyte
rolling. In our experiments, however, the dilution of the blood downstream of the local
cannula was only 2-3%. Therefore, it seems unlikely that changes in pH or calcium
concentration do account for the reduction in leukocyte rolling as induced by local
saline infusion.

Previous experiments have shown that the thromboembolism induced reduction in
leukocyte rolling was attenuated when the rabbits were pretreated with aspirin, but
not when pretreated with a thromboxane Aj receptor antagonist (oude Egbrink ef a/.,
1992). These findings suggest that prostaglandins other than thromboxane A2
produced by activated platelets and/or damaged vascular cells are involved in the
thromboembolism induced reduction in leukocyte rolling. To evaluate the ability of
prostaglandins to inhibit leukocyte rolling we studied the effects of PGE,, PGE2, and
PGIj on leukocyte rolling in the absence of a thromboembolic reaction (chapter 8).
The concentrations used were based on literature data on prostaglandin production
by activated endothelial cells /n wfro. In these concentrations the three
prostaglandins did not influence leukocyte rolling when tested separately or together
in a cocktail. It cannot be excluded, however, that these prostaglandins play a role in
the thromboembolism induced reduction in leukocyte rolling, because in the presence
of activated platelets and/or damaged endothelial cells their concentrations /'n v/Vo
may be higher than those tested. The prostaglandins may also act differently in
cooperation with other prostaglandins or mediators released by the damaged
vascular wall. •'

The fact that neither PGE,, PGEj, PGIj alone, nor in combination influences
leukocyte rolling (chapter 8) is in accordance with our own unpublished observation
that aspirin, in a concentration inhibiting the production of all vascular
prostaglandins, does not influence leukocyte rolling (Figure 10.1). However, our
finding that the prostaglandins tested do not inhibit leukocyte rolling and adhesion,
does not preclude the possibility that prostaglandins influence subsequent steps in
the response of leukocytes to an activating stimulus, including diapedesis and
leukocyte infiltration into the tissue, as well as oxygen radical production and enzyme
release. It has been shown in several /n wfro and ex v/Vo experiments that these



C/iapfer 121

4-1

• 2H

H
E
c

1/2-

"iö
E
o 1/4-

vehicle aspirin

-5 20 50 80 I
-5 20 50 80

time (min)

Figure 10.1. Effect of aspirin on leukocyte rolling in rabbit mesenteric venules. After
baseline recordings (t=-5) aspirin (100 mg/kg) or vehicle were intravenously injected (t=0)
and recordings were made at t=20, 50, and 80 minutes following injection. Medians and
interquartile ranges are presented. No differences were observed between the aspirin and
the vehicle group.

latter leukocyte functions can be inhibited by prostaglandins (Fantone ef a/., 1984;
Gryglewski ef a/., 1987). In addition, since we investigated the effect of
prostaglandins on leukocyte rolling as induced by handling of the tissue only, i.e., a
relatively moderate stimulus, it cannot be excluded that different results would have
been obtained when leukocyte rolling had been induced by such other stimuli as
ischemia/reperfusion. Furthermore, the beneficial effects of prostaglandins in such
clinical situations as peripheral vascular diseases (Altstaedt ef a/., 1993; Wigley ef
a/., 1994; Veale ef a/., 1995) or ischemia/reperfusion (Simpson ef a/., 1987; Simpson
ef a/., 1988; Hohlfeld ef a/., 1993; Thomson ef a/., 1994; Natori ef a/., 1997), may also
be partly due to vasodilating effects or to inhibition of platelet aggregation, instead of
inhibiting effects on leukocytes.

Another way of modulation of leukocyte-endothelium interactions can be found in
tumor microvessels: the tumor derived angiogenic factors bFGF and VEGF inhibit
leukocyte adhesion (chapter 9). This is considered to be a favorable situation for
tumor cells: the same substances that induce the production of new vessels and,
therefore, provide the tumor cells with nutritional substances, reduce leukocyte
adhesion and most probably the subsequent leukocyte infiltration. This process may
explain how tumors escape from immune surveillance. Therefore, inhibition of
angiogenesis may not only be capable of inhibiting the formation of new vessels, but
also of preventing the escape from immune surveillance. This is indicative of a new
anti-cancer modality. In fact, ;n wfro it has been shown that the angiogenesis
inhibiting agent platelet factor-4 is able to prevent or even to restore the bFGF
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induced reduction of leukocyte adhesion (Griffioen ef a/., 1999). In future research
the effects of such angiogenesis inhibitors on leukocyte-endothelium interactions
have to be investigated /n v/vo.

In conclusion, the present thesis shows that leukocyte-endothelium interactions
can be modulated /n wVo by several cells and substances. We demonstrated that a
thromboembolic reaction reduces leukocyte rolling by inhibition of the bio-availability
of P-selectin and/or adhesion molecules other than selectins, dependent on the time
after tissue exteriorization, and that angiogenic factors inhibit leukocyte adhesion /n
wvo, probably also due to reduced expression of adhesion molecules. By contrast,
mast cells and prostaglandins, which have been suggested in literature to be able to
modulate leukocyte-endothelium interactions, have no effect on leukocyte rolling or
adhesion in rabbit mesenteric venules /n v/Vo. Knowledge of the modulating effects of
substances on leukocyte-endothelium interactions ;n v/Vo is of importance for the
development of new anti- and proinflammatory drugs.
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SUMMARY

Leukocytes play a pivotal role in host defence reactions. To this purpose, they have
to travel via the blood to the area in the body where they are needed and,
subsequently, they have to leave the circulation. The process of leukocyte-
endothelium interactions that precedes this extravasation is a multistep cascade; the
rolling of leukocytes along the vessel wall and the adhesion of leukocytes to the
endothelial cells are the first steps. It was the aim of the present study to investigate
ways in which these leukocyte-endothelium interactions can be modulated /n wVo,
more specifically how they can be induced or inhibited. Induction of leukocyte-
endothelium interactions is desired when the defence reaction of the body against
invading microorganisms or substances is inadequate. Inhibition of leukocyte rolling
and/or adhesion may be beneficial when leukocyte infiltration into tissue has to be
prevented, for instance in diseases in which leukocytes are pathogenic.

Methods of local administration are used to study the effects of substances
that are scarce and/or expensive, or which might have detrimental or toxic effects
when administered systemically. To this purpose, substances can be either infused
into the local circulation or topically superfused on the tissue of observation. We
determined which of these two routes of administration is preferable in studies
focussing on leukocyte rolling in rabbit mesenteric venules (chapter 4). A commonly
used vehicle, saline, was either infused through a small side-branch of a feeding
artery of the mesenteric segment under observation, or superfused on the segment,
and the effects of both ways of administration on leukocyte rolling was studied To
our surprise, we observed that local infusion of saline decreased the level of
leukocyte rolling and increased leukocyte rolling velocity, whereas superfusion of
saline had no such effects. Therefore, in the studies presented in this thesis local
superfusion of substances on the mesentery was the preferred route of
administration.

In the experimental studies described in the chapters 5 and 6 the role of mast
cells in the induction of leukocyte rolling in mesenteric venules was investigated
Mast cells are packed with granules that contain mediators like histamine, which are
rapidly released upon cell activation and degranulation. In addition, mast cell release
a variety of other, newly synthesized and biologically active mediators upon
activation. The cells are present throughout the body, especially in loose connective
tissue and skin. Mast cell degranulation and the consequent release of histamine
has been suggested to induce leukocyte rolling in mesenteric venules of Sprague-
Dawley rats. We investigated whether this applies to rabbits and four different rat
strains. In rabbits, the influences of mast cell stabilization by cromoglycate. of mast
cell degranulation by compound 48/80, and of histamine receptor blockade on
leukocyte rolling were studied: no effects were found. These findings were not
surprising in view of our histological data: hardly any mast cells are present in the
rabbit mesentery (chapter 5). Although mast cells are abundantly present in the
mesentery of Brown Norway, Lewis, Sprague-Dawley, and Wistar rats, the mast cell
stabilizer cromoglycate did not affect leukocyte rolling in any of these strains, either.
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After mast cell stabilization, topical administration of histamine increased leukocyte
rolling in Sprague-Dawley rats only, while leukocyte adhesion was only increased in
Brown Norway rats (chapter 6). We conclude, therefore, that the role of mast cells in
the induction of leukocyte-endothelium interactions, if any, is strain and species
dependent.

Reduction of leukocyte rolling has been observed downstream of a
thromboembolic reaction in rabbit mesenteric venules. The mechanism behind this
reduction is at present unknown. Chapter 7 describes the possible involvement of
selectins, i.e., adhesion molecules involved in leukocyte rolling, in this phenomenon.
Thus far, 3 selectins have been identified: L-selectins on leukocytes, and P- and E-
selectin on endothelial cells. A thromboembolic reaction was induced in rabbit
mesenteric venules in the presence of a monoclonal antibody against each of the 3
selectins and the level of leukocyte rolling downstream of the thrombus was
compared to that upstream. We showed that P-selectin appears to be the only
selectin involved in leukocyte rolling in the first hour after exteriorization of the
mesentery (the early time phase), while E- and L-selectin mediate leukocyte rolling
about two hours after exteriorization (the late time phase). In the early time phase
the thromboembolism induced reduction in leukocyte rolling downstream of a
thrombus appears to be partly due to inhibition of P-selectin and partly due to
diminished involvement in leukocyte rolling of adhesion molecules other than
selectins. In the later phase the reduction results from inhibition of other adhesion
molecules than the selectins studied, although partial downregulation of E- and L-
selectin cannot be excluded (chapter 7).

Prostaglandins (PGs) or their chemical analogues have been shown to be
beneficial in several vascular diseases. They are thought to exert their influence
through several effects: vasodilation, reduction of platelet aggregation and inhibition
of leukocyte functions. The reported effects of prostaglandins on leukocyte functions,
however, are variable and most of the studies were performed ;n v/fro. In chapter 8
we investigated the /n v/Vo effects of PGE,, PGEj, PGIj, and a combination of these
prostaglandins on leukocyte rolling and FMLP induced leukocyte adhesion in rabbit
mesenteric venules. Neither PGE,, PGE?, or PGI2, nor the combination of the three
reduced leukocyte rolling or FMLP induced leukocyte adhesion. Instead of an
inhibiting effect on leukocyte-endothelium interactions, PGEj appeared to have a
stimulating effect on FMLP induced leukocyte adhesion. Overall, these findings
suggest that leukocyte related beneficial effects of prostaglandins in various
vascular diseases are due to other effects than inhibition of leukocyte rolling and
adhesion.

It has been demonstrated previously that in tumor endothelial cells the
expression of adhesion molecules, involved in leukocyte-endothelium interactions, is
suppressed. In addition, the upregulation of endothelial adhesion molecules in
response to inflammatory cytokines in tumors appears to be markedly hampered.
Exposure of endothelial cells to tumor derived angiogenic factors may be
responsible for these phenomena. Since this knowledge is primarily based on
studies performed /n wfro we developed a model to selectively study the effects of
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single tumor derived factors on leukocyte-endothelium interactions ;n v/Vo (chapter
9). Slow releasing pellets containing either basic fibroblast growth factor (bFGF),
vascular endothelial cell growth factor (VEGF), or vehicle were placed in the scrotum
of mice. After 3 days, an intrascrotal injection of the cytokine interleukin-1ß was
given 4 hours before vessels of the cremaster muscle were observed with intravital
microscopy. Exposure to either bFGF or VEGF resulted in markedly decreased
levels of cytokines leukocyte adhesion. Suppression of leukocyte rolling was not
observed. Hence, in vivo angiogenic factors significantly reduce leukocyte adhesion,
the final step preceding leukocyte infiltration. This observation may explain how
tumors escape from immune surveillance, and may be helpful in the development of
new anti-cancer modalities.

In conclusion, the present thesis shows that leukocyte-endothelium
interactions can be modulated //? wVo by several cells and substances. Knowledge of
these modulating effects is of importance for the development of new anti- and
proinflammatory drugs.
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SÄMENVATTtNQ

Witte bloedcetien (ieukocyten) speien ©en belangrijke föl bt] de afweerreadie van
ons iichaam legen bijvoorbeefd baeterien, virussen, of tumorcellen. Om des©
organisms^ of eetfen te attaqueren moeten de leukoeyten sich via het bioed
verpiaatsen naar de gebieden waar ze nodig sijn. Vervolgens moeten ge de
btoedbaan vertaten fdtapedese) om in het qmliggende weefsel hun taken utt te
kunnen oefenen. Äan het proces van diapedese gaat ean aantal stappen vooraf
Äitereerst körnen er bij een ontstekingsreactie Stoffen vrij die de binnenste laag
vaatwandcelten (endotheelceüen) kunnen stimuleren tot de e^resste van
btndingseswrtten, de zogenaamde adhesie-molekulen. Ais leukocyten in aanraking
komen met die adhesie-moiekulen kunnen er zwakke bindingen onstaan. Omdat de
teukocyten echter door de bioedstroom ook een voorwaartse kracht ervaren, gaan
ze rollen: de cellen bewegen zieh al rollend voort längs de vaatwand met een
snetheid die beduidend lager is dan de snelheid van de bioedstroom zetf Op deze
wijze verblfjven de leukocyten gedurende relatief lange tijd in het ontstekingsgebied;
zij kunnen daardoor zeif ook geactiveerd worden door Stoffen die in dit gebied zijn
vrijgekomen. Geactiveerde leukocyten gaan zieh vervolgens stevig hechten aan de
endotheeicetlen en bewegen zieh niet meer voort; dit wordt adhesie genoemd. Na de
adhesie voigt de diapedese: de leukocyten bewegen zieh door de vaatwand heen en
verplaatsen zieh in het omliggende weefsel naar de piek met de hoogste
concentratie van onstekingsfactoren, waar ze hun uiteindelijke taak gaan vervullen.

De adhesie-molekulen die het rollen van leukocyten medieren, zijn de selectines.
We onderscheiden drie selectines: L-, P- en E-selectine. L-selectine is aanwezig op
de Leukocyten, maar kan worden losgelaten als de cellen geactiveerd worden. P-
selectine zit normaliter in bloedPlaatjes en endotheelcellen opgeslagen in granules.
Na activatie van een cel kunnen deze granules binnen minuten fuseren met de
celwand, waardoor het P-selectine op het buitenoppervlak van de cel tot expressie
komt. E-selectine wordt aangemaakt door geactiveerde Endotheelcellen. De
maximale expressie van E-selectine wordt pas 2 tot 6 uur na activatie bereikt.

De adhesie-molekulen die een rol speien bij de adhesie van leukocyten aan de
vaatwand zijn enerzijds integrines op de leukocyten en anderzijds leden van de
immunoglobuline superfamilie op het endotheel. Alhoewel de integrines (zoals LFA-
1 en Mac-1) op ongeactiveerde leukocyten aanwezig zijn, neemt hun
bindingscapaciteit sterk toe na activatie van de cel. De integrines kunnen dan met
hoge affiniteit binden aan leden van de immunoglobuline superfamilie, bijvoorbeeld
ICAM-1 en ICAM-2, op het endotheel. De concentratie van deze adhesie-molekulen
neemt sterk toe na activatie van het endotheel.

Leukocyt-vaatwand interacties vinden voornamelijk plaats in de afvoerende,
kleine bloedvaten (venulen). Het rollen en de adhesie van leukocyten in venulen kan
geobserveerd worden in levende Organismen (/n v/Vo) door middel van een
intravitaal microscoop. In dit proefschrift worden studies beschreven, waarm
leukocyt-vaatwand interacties worden bestudeerd in het darmvlies (mesenterium)
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van verdoofde konijnen en ratten en in de balzakspier (cremasterspier) van
verdoofde muizen. Deze weefsels zijn dun en doorzichtig en zijn daardoor zeer
geschikt om processen, die zieh afspelen in bloedvaten, microscopisch te
bestuderen.

Doe/ van nef proefsenriff
Het doel van dit proefschrift was te bestuderen hoe leukocyt-vaatwand interacties /n
v/Vo gemoduleerd kunnen worden, en meer specifiek hoe ze kunnen worden
geinduceerd of geinhibeerd. Inductie van leukocyt-vaatwand interacties is namelijk
gewenst als de afweerreactie van het lichaam niet adequaat verloopt. Inhibitie van
het rollen of de adhesie van leukocyten is gewenst als de infiltratie van leukocyten in
weefsel voorkomen moet worden, bijvoorbeeld in ziektes waarbij leukocyten een
belangrijke pathogenetische rol spelen.

MeMocten van foed/en/ng Stoffen
Als de effecten bestudeerd worden van Stoffen die duur of zeldzaam zijn, of die
schadelijk zijn als ze in het hele lichaam terecht komen, worden die Stoffen vaak
lokaal toegediend. Hiertoe kunnen dergelijke Stoffen geinfundeerd worden in
bloedvaten in of in de buurt van het geobserveerde weefsel of kunnen ze direct op
het weefsel gedruppeld worden (superfusie). Wij hebben bestudeerd welke van deze
twee lokale toedieningsmethodes te prefereren is tijdens studies naar leukocyt-
vaatwand interacties (hoofdstuk 4). Een vaak gebruikt oplosmiddel, fysiologisch
zout, werd of geinfundeerd door een kleine zijtak van een arterie die het te
observeren weefsel van bloed voorzag, of op het weefsel gesuperfundeerd; de
effecten van beide toedieningsvormen op het rollen van leukocyten werd
bestudeerd. Tot onze verrassing vonden we dat het aantal rollende leukocyten
verminderde na infusie van fysiologisch zout en dat de snelheid van de rollende
leukocyten toenam, terwijl superfusie van fysiologisch zout geen effect had
Vanwege deze resultaten hebben we besloten om in de rest van de studies in dit
proefschrift Stoffen lokaal toe te dienen via superfusie op het te bestuderen weefsel.

/Wesfce//en
In de experimented studies die beschreven zijn in de hoofdstukken 5 en 6 is de rol
van mestcellen in de inductie van het rollen van leukocyten in venulen van het
mesenterium bestudeerd. Mestcellen zitten vol met granules die verschillende
mediatoren bevatten, zoals bijvoorbeeld histamine. Activatie van mestcellen kan
leiden tot het vrijkomen van de inhoud van de granules (degranulatie). Mestcellen
zijn in het hele lichaam aanwezig, vooral in losmazig bindweefsel en in de huid. Er is
gesuggereerd dat de degranulatie van mestcellen, en met name het daardoor
vrijkomende histamine, het rollen van leukocyten in mesentehale venulen stimuleert
in Sprague-Dawley ratten. We hebben onderzocht of dit ook zo werkt in konijnen en
vier verschillende rattenstammen. In konijnen werden de effecten van mestcel
stabilisatie door cromoglycaat, van mestcel degranulatie door compound 48/80, en
van histamine receptor blokkade bestudeerd: het rollen van de leukocyten werd niet
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beinvioed. Deze bevindingen waren echter niet verwonderlijk in het licht van de
histologische data: er zijn nauwelijks mestcellen aanwezig in het mesenterium van
konijnen (hoofdstuk 5). Hoewel er wel veel mestcellen aanwezig zijn in het
mesenterium van Brown Norway, Lewis, Sprague-Dawley en Wistar ratten, werd het
rollen van leukocyten in deze dieren ook niet beinvioed door de mestcel Stabilisator
cromoglycaat. Daarop volgende superfusie van het weefsel met histamine
stimuleerde het rollen van leukocyten alleen maar in Sprague-Dawley ratten, terwijl
de adhesie van leukocyten alleen in Brown Norway ratten werd gestimuleerd
(hoofdstuk 6). Deze resultaten betekenen dat, als het al aanwezig is, de rol van
mestcellen in het induceren van leukocyt-vaatwand interacties afhankelijk is van de
diersoort en de stam die bestudeerd worden.

reacfre
Een interactie tussen geactiveerde bloedplaatjes en een beschadigde vaatwand,
een zogenaamde thrombo-embolische reactie, blijkt van invloed te zijn op leukocyt-
vaatwand interacties: stroomafwaarts van een venulaire thrombus is er sprake van
een reductie in het rollen van leukocyten. In hoofdstuk 7 wordt de mogelijke
betrokkenheid van de verschillende selectines, adhesie molekulen betrokken bij het
rollen van leukocyten (zie boven), bij dit fenomeen bestudeerd. In venulen van het
mesenterium van het konijn werd een thrombo-embolische reactie geinduceerd door
de vaatwand aan te prikken met een glazen micropipet met een tipdiameter van circa
6 um. Op de piek van de beschadiging werd snel een prop van bloedplaatjes
gevormd (thrombus), die vervolgens meestal langzaam doorgroeide aan
stroomafwaartse zijde; van tijd tot tijd brak zo'n nieuw gevormd stuk van de thrombus
af (embolisatie). Deze thrombo-embolische reactie werd geinduceerd in
aanwezigheid van monoclonale antilichamen tegen elk van de drie selectines.
Vervolgens werd het aantal rollende leukocyten stroomafwaarts van de thrombus
vergeleken met het aantal stroomopwaarts. Uit ons onderzoek bleek dat P-selectine
de enige selectine is die betrokken is bij het rollen van leukocyten in het eerste uur
van observatie (vroege fase), terwijl E- en L-selectine het rollen van leukocyten
medieren in het tweede uur (late fase). De daling in het rollen van leukocyten,
stroomafwaarts van de thrombus, bleek in de vroege fase deels het gevolg te zijn
van een verminderde beschikbaarheid en/of functie van P-selectine en deels van
een verminderde betrokkenheid van adhesie-molekulen die niet tot de selectine
familie behoren. In de late fase bleek de daling voornamelijk voort te komen uit
inhibitie van andere adhesie molekulen dan P-, E- en L-selectin, alhoewel een
gedeeltelijke remming van E- en L-selectine niet uitgesloten kan worden.

Prosfag/and/nes
Prostaglandines (PGs) zijn metabolieten van arachidonzuur, een stof die na activatie
van een cel kan worden vrijgemaakt uit de celmembraan. In de (micro)circulatie
kunnen een groot aantal cellen prostaglandines produceren na stimulatie:
vaatwandcellen (endotheelcellen, spiercellen), bloedcellen (leukocyten en
bloedplaatjes) en cellen in het weefsel rondom de vaten (mestcellen). Er is
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aangetoond dat prostaglandines en nun chemische analogen een gunstig effect
hebben in verschillende vaatziekten. Dit positieve effect zou het gevolg kunnen zijn
van verschillende activiteiten: inductie van vaatverwijding, remming van aggregatie
van bloedplaatjes en remming van de functies van leukocyten. De beschreven
effecten van prostaglandines op de functies van leukocyten zijn echter niet
eenduidig en de meeste studies op dit gebied zijn /n vrfro uitgevoerd. In hoofdstuk 8
hebben we de /n v/Vo effecten van 3 verschillende prostaglandines (PGE,, PGE2, en
PGI2) afzonderlijk en van een combinatie van deze prostaglandines op leukocyt-
vaatwand interacties bestudeerd in venulen van het mesenterium van het konijn;
daarbij lag de nadruk op het rollen van leukocyten en op de door het eiwit FMLP
geinduceerde adhesie van leukocyten. PGE,, PGEj, PGIj, noch de combinatie van
de drie verminderde het rollen of de FMLP geinduceerde adhesie van leukocyten.
PGEj bleek zelfs een stimulerend effect op FMLP geinduceerde leukocyt adhesie te
hebben. Deze bevindingen suggereren dat leukocyt gerelateerde, gunstige effecten
van prostaglandines in verschillende vaatziekten het gevolg zijn van andere effecten
dan het remmen van leukocyt rollen en adhesie.

/Ang/ogene /acforen
Endotheelcellen in bloedvaten in tumoren hebben een lager expressie niveau van
adhesie-molekulen, die een rol spelen bij leukocyt-vaatwand interacties, dan niet-
tumor gerelateerde endotheelcellen. Bovendien blijkt de stijging in expressie van
endothefiaie adhesie-moiekuien als reactie op ontstekingsfactoren verminderd te zijn
in tumoren. Dit fenomeen zou het gevolg kunnen zijn van blootstelling van deze
endotheelcellen aan groeifactoren geproduceerd door tumorcellen. Van
groeifactoren die de bloedvat nieuwgroei stimuleren, de zogenaamde angiogene
factoren, is inderdaad aangetoond dat ze /n v/'fro de expressie van adhesie
molekulen remmen. Wij hebben een model ontwikkeld om de effecten van uit
tumoren afkomstige, angiogene factoren op leukocyt-vaatwand interacties te
bestuderen ;'n wVo (hoofdstuk 9). Pellets die heel langzaam Stoffen uitscheiden
werden gevuld met basic fibroblast growth factor (bFGF), vascular endothelial cell
growth factor (VEGF), of met het oplosmiddel. Vervolgens werden deze pellets
geplaatst in de balzak van muizen. Drie dagen later werd in het scrotum het cytokine
interleukine-1 ß geinjecteerd, ongeveer 4 uur voordat de vaten van de cremasterspier
onder de intravitaal microscoop geobserveerd werden. Blootstelling van het weefsel
aan bFGF of VEGF resulteerde in een sterk gedaald niveau van cytokine-
geinduceerde leukocyt adhesie. Het rollen van leukocyten was niet verminderd.
Samenvattend tonen deze resultaten aan dat angiogene factoren ;n v/Vo een
remmend effect hebben op de adhesie van leukocyten, de laatste stap die vooraf
gaat aan de infiltratie van leukocyten in het omliggende weefsel. Deze bevinding kan
verklaren hoe tumoren als het ware ontsnappen aan het immuunsysteem. Tevens
geeft deze bevinding een goed aanknopingspunt voor de ontwikkeling van nieuwe
anti-kanker therapieen.
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Conc/us/e
Concluderend toont dit proefschrift duidelijk aan dat leukocyt-vaatwand interacties /n
v/Vo gemoduleerd kunnen worden door verschwende cellen en substanties. We
hebben aangetoond dat een thrombo-embolische reactie het rollen van leukocyten
remt door een verminderde beschikbaarheid van P-selectine en/of andere adhesie-
molekulen. Daarnaast hebben we laten zien dat angiogene factoren /n v/Vo de
adhesie van leukocyten remmen, waarschijnlijk ook door verminderde
beschikbaarheid of expressie van adhesie molekulen. Daarentegen hebben
mestcellen en prostaglandines, waarvan in de literatuur wordt verondersteld dat ze
leukocyt-vaatwand interacties kunnen moduleren, geen effect op het rollen of de
adhesie van leukocyten ;n wVo, in venulen van het mesenterium. Kennis van
modulerende effecten van factoren op leukocyt-vaatwand interacties is van belang
voor de ontwikkeling van nieuwe ontstekingsremmende of -stimulerende medicijnen
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LIST OF ABBREVIATIONS

BDO
bFGF
BN
Cr
DMSO
EGF
ESL
FITC
FMLP
GlyCAM
GMP140
HEV
Hi
HUVEC
ICAM
IL
i.V.
LAD
LAM
LE
LECAM/LECCAM
LFA
LPAM
LPS
LTB4
Mac
MadCAM
MMN
MW
NO
NSAID
ox-LDL
PADGEM
PAF
PBS
PECAM
PG
PMN
PSGL
RBC
SD
Sgp
sLe*
sLe*
TNF
TXAj
VEGF
VCAM
VLA
Wl
WSR

bidirectional optical
basic fibroblast growth factor
brown Norway
cromoglycate
dimethyl sulfoxide
epidermal growth factor
E-selectin ligand
fluorescein isothiocyanate
/V-formyl-methionyl-leucyl-phenylalanine
glycosylation-dependent cell adhesion molecule
granule membrane protein of molecular weight 140 kD
high endothelial venules
histamine
human umbilical vein endothelial cells
intercellular cell adhesion molecule
interleukin
intravenous
leukocyte adhesion deficiency
leukocyte adhesion molecule
Lewis
lectin-like cell adhesion molecule
lymphocyte function-related antigen
lymphocyte Peyer's patch adhesion molecule
lipopolysaccharide
leukotriene B4
membrane attack complex
mucosal addressin cell adhesion molecule
monomorphonuclear cells
molecular weight
nitric oxide
non-steroid anti-inflammatory drugs
oxidized low-density lipoprotein
platelet activation-dependent granule external membrane protein
platelet activating factor
phosphate buffered saline
platelet-endothelial cell adhesion molecule
prostaglandin
polymorphonuclear cells
P-selectin glycoprotein ligand
red blood cell
Sprague-Dawley
sulfated glycoprotein
sialyl Lewis x
sialyl Lewis a
tumor necrosis factor
thromboxane Aj
vascular endothelial cell growth factor
vascular cell adhesion molecule
very late activation antigen
Wistar
wall shear rate
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DANKWOORD

...wften /'m o/d and w/se...peop/e as/( me /// /cnewyou
/'// sm/7e and say you were a friend of m/'ne...

Het schrijven van een proefschrift is een heel karwei, maar gelukkig heb ik die klus
niet in m'n eentje hoeven klaren. Er is daarom een aantal mensen dat ik wil
bedanken voor de praktische, inhoudelijke en morele steun bij het onderzoek, dat tot
het voorliggende proefschrift heeft geleid. Om mijn reputatie een beetje hoog te
houden, heb ik een aantal van die bedankjes maar in dichtvorm gegoten.

Rob Reneman
De man van het overzicht, hooggeleerd
Met vaart als hij iets corrigeert
En wil je een praatje
Dan maakt hij een gaatje
En, Rob, dat wordt ontzettend gewaardeerd

Geerf-Jan 7ange/der
Een hoogleraar fysiologie uit Amsterdam
Ziet overal het interessante van
Als je het even niet
Meer zo zitten ziet
Bespreek dan je data gewoon met Geert-Jan

D/'c/c S/aaf
Het lab is ook een fysicus rijk
Recht voor z'n raap, geen gezeik
Zeer zorgvuldig
Niet altijd geduldig
En het ergste is: hij heeft altijd gelijk

M/r/am oude Egbrinfc
Bij Mirjam kon ik altijd terecht
En was het schrijven een gevecht
Dan gaf ik het haar
Zij was vaak snel klaar
En had precies de vinger op de zere plek gelegd

Sabrina van i/e/zen
Het meisje met de rode haren
Kan ieder dierenklusje klaren
Er is aan haar
Slechts een bezwaar
Haar mond komt nooit eens tot bedaren
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Naast deze belangrijke mensen zijn er een heleboel anderen geweest die ervoor
gezorgd hebben dat ik een leuke tijd heb gehad op het lab. Martijn en ik begonnen
tegelijk aan onze AIO-Co-constructie, en hebben zodoende veel cursussen,
congressen en dergelijke tegelijkertijd gevolgd. Hij was getuige van een van mijn
eerste 'verre' autotochten (helemaal naar Papendal), maar laten we het daar maar
niet meer over hebben. Sterkte met de afronding van jouw boekje! Met hem en Berry
en Frans heb ik jarenlang met veel plezier de werkkamer gedeeld. Vooral als ik aan
het schrijven was, was het prettig een ingewikkelde zinsconstructie met iemand te
kunnen delen.

Op het lab was het een komen en gaan van techneuten, AlO's en Studenten. In mijn
beginperiode op het lab was het vooral Rinus die door maar even ergens naar te
wijzen, tegenwerkende apparaten weer op dreef hielp. Eric heeft me regelmatig
geholpen door me te laten brainstormen, en Arjan wist me helemaal mee te slepen in
zijn enthousiasme over angiogenese. Bij Christine heb ik af en toe mijn hart gelucht,
en andersom (het gaat jou ook lukken!). Ellen en Roland (de beukocyten en
trompocyten houden we erin) waren er om de boel af en toe op stelten te zetten
Kristel heeft me met name in het laatste jaar veel werk uit handen genomen en ze
vond het nog leuk ook. Wat ben ik jaloers geweest op jouw bezoek aan Boston.
Miriam en Marijke zorgden er in de laatste maanden voor dat de werkkamer opeens
een meidenkamer was geworden, met zeer productieve pieken tussen de belangrijke
tennistoemooien en spelletjes in. En dan waren er natuurlijk nog al die mensen van
de vakgroep Fysiologie en aanverwanten, die regelmatig even vroegen hoe het
ermee was. Bedankt allemaal!

Mijn ouders wil ik bedanken voor hun onvoorwaardelijke steun. Ik kan me wel wat
leukers bedenken dan een dochter die een uithoek van Nederland kiest om te gaan
studeren en er dan ook nog blijft hangen. Jullie weten, dat ik zelf ook regelmatig
even längs zou willen wippen voor een praatje. Gelukkig is de telefoon geduldig. Die
heb ik met name ter hand genomen in diepe momenten en tijdens juichstemmingen.
Fijn dat jullie er voor me zijn.

De rest van mijn familie en vrienden hebben me regelmatig moe, bleek of hyper
aangetroffen. Of dat ooit zal veranderen....?
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Als paranimfen wilde ik graag twee lieve mensen naast me. Een ontzettend lieve
meid is Marieke. Tijdens onze vele wandelingen heb je heel wat lief en leed over het
onderzoek aangehoord. Het heeft je er gelukkig niet van weerhouden nu ook zelf
met een onderzoek bezig te zijn. Ik hoop nog heel wat kilometers met je af te leggen
en heel veel koppen thee met je te drinken.

En onbetwist is Woody mijn grote lief. Ons leventje is de laatste tijd wet in een
stevige stroomversnelling terecht gekomen. Het spreekwoord 'huisje, boompje,
beestje' zou voor ons herschreven moeten worden in 'huisje, bootje, boekjes'. Ik
hoop dat de rust nu een beetje terug gaat keren.

Om nog even bij de termen van het onderzoek te blijven: je kwam als het ware
mijn leven binnen ro//en en bent gelukkig overgegaan tot adftes/e. Laat alsjeblieft
maar niet meer los.






