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2. ABBREVIATIONS 
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3. INTRODUCTION 

Inflammation is a tissue reaction to microbial invasion or non-self substances and 

vital to the survival of all complex organisms but plays also a key role in 

numerous inflammatory diseases. The inflammatory reaction is characterized by 

classical signs of pain (dolor), heat (calor), redness (rubor), swelling (tumor), and 

loss of function (functio laesa). All these clinical signs of inflammation are 

reflections of a series of overlapping changes in the tissue microcirculation, 

including vasodilatation, plasma leakage and leukocyte recruitment into the 

inflammatory focus. Indeed, leukocyte recruitment is a central event in the 

pathogenesis of most types of inflammatory disease. Diseases characterized by 

exaggerated inflammation are an increasingly important cause of morbidity and 

mortality in human medicine. A more sophisticated understanding and capability 

to control these complex inflammatory mechanisms may offer an opportunity to 

improve the treatment of patients suffering from pathological inflammation. Mast 

cells are tissue resident cells capable of secreting numerous powerful mediators 

and their close proximity to external surfaces, such as the skin and mucosal 

epithelium in the respiratory and gastrointestinal tract as well as the tissue blood 

vessels make them suitable for regulating the inflammatory process and of key 

interest in pathophysiological research. However, the detailed role of mast cells in 

regulating complex interactions between tissue cells and leukocytes in the blood 

remain elusive. The purpose of this work was to better define the role of mast cells 

in initiating and mediating leukocyte recruitment in vivo.
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4. GENERAL BACKGROUND 

4.1. Leukocyte recruitment 

4.1.1 Leukocyte recruitment is a multistep process 

Tissue infiltration of leukocytes from the circulating blood into the extravascular 

space is a key feature of the inflammatory response. Leukocyte recruitment is 

mainly composed of leukocyte tethering, rolling, adhesion and transmigration 

(Blankenberg et al 2003). These leukocyte-endothelium interactions are supported 

by specific cell adhesion molecules expressed on different cells. Initially, 

leukocyte rolling is enabled by relatively weak and reversible adhesions and 

mediated by the selectin family of cell adhesion molecules. Firm adhesion of 

leukocytes to endothelial cells is mainly mediated by 2-integins (CD18) binding 

to members of the immunoglobulin supergene family. The last step named 

transmigration is largely supported by PECAM-1 (CD31) (Ebnet et al 1999).  

Figure 1. Leukocyte recruitment is composed of the leukocyte rolling, adhesion 

and transmigration 

Rolling 
(Selectin mediated)

Adhesion 
(CD18 mediated)

Transmigration 
(Chemokine gradient)
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4.1.2 Leukocyte rolling is a precondition in leukocyte recruitment 

Leukocyte rolling is the initial step and has been demonstrated to be a 

precondition for the subsequent firm adhesion and transmigration (Lindbom et al

1992, Mansson et al 2000). This rolling interaction is mediated by the selectin 

family of adhesion molecules. One investigation showed that inhibition of the 

selectins abolished not only leukocyte rolling but also firm adhesion and 

extravascular recruitment (Lindbom et al 1992). Another study reported that 

leukocyte adhesion and transmigration was reduced when leukocyte rolling was 

inhibited by enzymatic removal of L-selectin (von Andrian et al 1992). Notably, a 

key study demonstrated that leukocyte rolling abolished by an anti-P-selectin 

antibody can completely inhibit leukocyte adhesion and recruitment in TNF- -

activated tissue (Mansson et al 2000). One important aspect of leukocyte rolling is 

the velocity reduction, which facilitates detection of chemoattractant molecules 

either exposed on the endothelial cell lining or leaking between adjacent 

endothelial cells from the inflamed tissue (Jung et al 1999). Chemokines are 

chemoattractant cytokines, which directly activate a rolling leukocyte and convert 

it to a firmly adherent one. Although circulating leukocytes are main targets of 

most chemokines, an increasing literature has shown that also other cells, such as 

tissue resident macrophages and mast cells, express chemokine receptors and may 

mediate indirect effect of relevance to leukocyte recruitment in vivo. Nonetheless, 

it is pivotal to this work to note that leukocyte rolling is a prerequisite for 

leukocyte recruitment and that leukocyte rolling is dependent on endothelial cell 

activation and selectin expression. 

4.1.3 Endothelial cells and activation

The vascular endothelium is a single-cell layer that forms a continuous lining for 

the large container that holds the circulating blood. One main function of 

endothelial cells is to provide a homeostatic barrier between blood and tissues 

preventing thrombosis formation. However, as outlined herein, endothelial cell 
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activation plays a pivotal role in initiating and supporting leukocyte recruitment. 

Various agonists, including physical factors, invading microbes, complement 

factors and cytokines, such as TNF-  may activate endothelial cells. In leukocyte 

recruitment, the concept of endothelial cell activation must be considered with the 

following event, in which endothelial cells begin to express P- and E-selectin in 

order to initiate leukocyte rolling. Since leukocyte rolling is a critical precondition 

in leukocyte recruitment (Lindbom et al 1992, von Andrian et al 1992; Mansson 

et al 2000), it is obvious that endothelial cell activation is also of critical 

importance in the leukocyte recruitment process, i.e. without endothelial cell 

activation, no expression of selectins on endothelial cells and no rolling adhesive 

interaction. Thus, activation of endothelial cells exerts a key role in leukocyte 

recruitment by supporting leukocyte rolling. TNF-  is a powerful inducer of 

leukocyte recruitment and has the capacity to induce all steps in the extravasation 

process of leukocytes, including leukocyte rolling (endothelial cell activation 

including P-selectin expression) (Mansson et al 2000). As we know, activation 

and trafficking of leukocytes are regulated by chemokines (Zlotnik et al 1999). 

However, it is not known whether chemokines can induce all steps in the 

extravasation process of leukocytes in vivo. In particular, it is unknown whether 

chemokines can induce leukocyte rolling, which would require endothelial cell 

activation as mentioned above. The literature on the expression of chemokine 

receptors on endothelial cells is complex and contradictory. Several authors 

reported that endothelial cells do not express chemokine receptors and, thus 

chemokines should be unable to activate endothelial cells directly in vitro

(Schonbeck et al 1995, Petzelbauer et al 1995; Gupta et al 1998). But another 

author indicated endothelial cells do express CXC chemokines receptors mRNA 

but the endothelial cells didn’t respond to CXC chemokine, such as IL-8 and 

GRO-  (Murdoch et al 1999). As the activation of endothelial cells is a 

prerequisite in leukocytes rolling, it is necessary to known if chemokines can 



9 On the role of mast cells in chemokine-induced leukocyte recruitment

directly activate endothelial cells or not and how chemokines may contribute to 

leukocyte-endothelium reactions in vivo.

Considering this, one would not expect endothelial cells to express chemokine 

receptors, for example CXCR2, in the case of MIP-2- and KC-induced leukocyte 

recruitment. Alternatively, CXC chemokines may stimulate an intermediate tissue 

cell that both express CXCR2 and is capable of secreting pro-inflammatory 

mediators with the capacity to stimulate endothelial cell activation and P-selectin 

expression in order to initiate and support leukocyte rolling. Herein, we 

hypothesized that mast cells may fulfill these criteria in the inflammatory process. 

4.2 Cell adhesion molecules

According to the definition of the Gene Ontology Consortium, cell adhesion 

molecules are molecules expressed on the surface of a cell that mediate adhesion 

of the cell to other cells or to the extracellular matrix (Blankenberg et al 2003). 

These proteins are playing numerous crucial functions at the interface of a cell and 

its environment, whether this environment is another cell, from a similar or 

different origin or extracellular matrix or even sometimes soluble elements. 

Adhesion molecules are widely distributed and virtual every cell expresses cell 

adhesion molecules. Some adhesion molecules are the biochemical fundament in 

leukocyte recruitment and are listed in Table 1.

4.2.1 The selectins and leukocyte rolling 

The selectin family of adhesion molecules contains three members, L-, P- and E-

selectin. L- referes to leukocyte; P- to platelet and E- to endothelial cell (Carios et

al 1994, Vestweber et al 1999). All selectins have five common structures: (1) the 

selectin-like function of NH2-terminal domain; (2) an epidermal growth factor 

(EGF)-like part; (3) 2-9 fragments of short consensus repeat; (4) a transmembrane 

domain; (5) a cytoplasmic tail (Lasky 1995, Bevilacqua et al 1994, McEver 1994). 

Each selectin may recognize and bind to a very restricted number of high-affinity 
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ligands individually in vivo (see Table 1.). P-selectin glycoprotein ligand (PSGL)- 

1 has been shown to be the dominant physiologic ligand for P-selectin. In fact, all

Table 1. The main cell adhesion molecules involved in leukocyte recruitment 

Adhesion molecules Ligands Functions Distribution 

Selectins    

L-selectin GlyCAM-1; CD34 Rolling Leukocyte 

E-selectin ESL-1; PSGL-1 Rolling Endothelial cell 

P-selectin PSGL-1 Rolling  Endothelial cell 

Selectin-ligands    

ESL-1 E-selectin Rolling Leukocyte 

PSGL-1 P-selectin Rolling Leukocyte 

Immunoglobulin 

superfamily

   

ICAM-1 L 2; M 2 Firm adhesion Endothelial cell 

ICAM-2 L 2 M 2 Firm adhesion Endothelial cell 

ICAM-3 D 2 Firm adhesion Endothelial cell 

PECAM-1 PECAM-1 Transmigration Endothelial cell 

Leukocyte 

Integrins    

L 2 (CD11a/CD18) ICAM-1; ICAM-2 Firm adhesion Leukocyte 

M 2 (CD11b/CD18) ICAM-1; ICAM-2 Firm adhesion Leukocyte 

D 2 (CD11c/CD18) ICAM-3 Firm adhesion Leukocyte 

P-selectin-dependent leukocyte rolling in vivo is mediated by PSGL-1. PSGL-1 

can also bind to E-selectin but with much lower affinity than to P-selectin and the 

physiologic role of PSGL-1/E-selectin interactions remains to be demonstrated. A 

specific E-selectin ligand (ESL-1) has also been identified but its function is not 

yet well known (Blankenberg et al 2003).  
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The molecular weight of L-selectin is dependent on the level of glycosylation 

from 74K (lymphocyte) to 110K (neutrophil). It is only expressed in 

hematopoietic cells as a constitutive component of the surface of the leukocyte. L-

selectin may mediate not only binding to an inducible vascular ligand(s) but also  

to yet undefined ligands at sites of inflammation but mainly is recognized for its 

important role in the recirculation of lymphocytes through peripheral lymphoid 

tissues (Baggiolini et al 1999). 

P-selectin is a 140K protein and stored in Weibel-Palade bodies in endothelial 

cells and in -granules of platelets (Hsu-Lin et al 1984, McEver et al 1989). 

Following activation by thrombogenic or inflammatory mediators, -granules or 

Weibel-Plalade bodies containing P-selectin fused with the plasma membrane, 

thereby rapidly exposing P-selectin on the cell surface within 2 min. P-selectin 

expression is generally short-lived reaching its peak after only 5-10 min, declining 

to baseline after 3h, which is consistent with its role in mediating early leukocyte-

endothelial cell interactions. However, besides the preformed P-selectin stored in 

Weibel-Palade bodies, additional synthesis and expression of P-selectin at the 

gene level may be mobilized within 2h by cytokine stimulation (IL-1, TNF- )

(Blann et al 2004). Indeed, in vivo studies of P-selectin function suggest that it 

may also be important at later time points as a cytokine-induced adhesion 

molecule (Weller et al 1992, Robinson et al 1999, Kanwar et al 1999, Mansson. 

2000).

The molecular weight of E-selectin is nearly 115K. Only endothelial cells can 

express E-selectin when stimulated with TNF- , IL-1 or lipopolysarccharide (LPS) 

(Bevilacqua et al 1987, 1989). In resting endothelial cells, there is no E-selectin 

expression. Generally, it takes one hour for initial expression of E-selectin in 

endothelial cells and after 4-6 hours maximum expression is reached. E-selectin 

expression may be sustained for 24-48 hours. It has been suggested that E-selectin 

plays a redundant role together with P-selectin in cytokine-activated tissues (Tang 

et al 1996), however, more recent data suggest that P-selectin is the dominant 
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rolling receptor in inflamed venules and that E-selectin may be more important for 

events downstream of leukocyte rolling, such as an intermediate signaling 

function in between rolling and firm adhesion. Nontheless, expression of E-

selectin may also be used as a marker of endothelial cell activation. 

Figure. 2. Selectin structure. The lectin domain, epidermal growth factor (EGF)-

like domain, short consensus repeat (SCR) fragment, Transmembrane (TM) 

domain, and cytoplasm tail  

4.2.2 Integrins and ICAM-1 in leukocyte firm adhesion 

When rolling leukocytes are activated by chemokines, integrins are activated and 

upregulated, resulting in firm adhesion between the leukocyte and endothelial 

cells. Integrins are heterodimeric transmembrane glycoproteins formed by the 

non-covalent association of one -subunit and one -subunit. The integrins are 
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expressed in a large variety of cells where they regulate many diverse functions, 

including growth, differentiation, motility and polarity (Kishimoto et al 1999) but 

only integrins relevant to the present work on leukocyte recruitment will be 

mentioned here. Integrins have exerted various states of activation, i.e. in resting 

cells they are usually in a non-adhesive conformation that provides low affinity 

for ligands. Changes in cell activity may trigger signals that modify their 

conformation to develop a high affinity. Activated integrins mediate firm adhesion 

by recognizing members of the immunoglobulin gene superfamily expressed on 

the endothelial cell surface, such as ICAM-1, ICAM-2 and VCAM-1 (Table 1). 2

(CD18) or “leukocyte” integrins are restricted to leukocytes and as adhesion 

receptors they are fundamental to both innate and adaptive immunity. Thus, the 

integrins involved in leukocyte firm adhesion to endothelial cells are mainly of the 

2-integrin (CD18) subfamily, such as L 2 (LFA-1 or CD11a/CD18); M 2

(Mac-1 or CD11b/CD18); D 2 (p150, 95 or CD11c/CD18). Moreover, 4 1

(VLA-4) expressed on lymphocytes and activated neutrophils (Blankenberg 2003) 

appear to play a role in the recruitment process by interacting with VCAM-1 on 

endothelial cells. Intercellular adhesion molecules (ICAMs) belong to the 

immunoglobin (Ig) superfamily, which are membrane glycoprotein receptors 

containing a variable number of extracellular Ig-like domains. ICAM-1 is widely 

expressed at a basal level and can be up-regulated by pro-inflammatory cytokines 

on endothelial cells while ICAM-2 is present in high levels in resting endothelial 

cell and not inducible.  

4.2.3 PECAM-1 and transmigration  

Transendothelial migration of leukocytes is the last step of recruitment process of 

leukocytes by which the leukocyte squeezes in an amoeboid fashion across the 

endothelial cell barrier and moves to the site of maximal inflammation guided by 

concentration gradients of chemoattractant molecules. This transendothelial 

passage is believed to occur along the junctions between tightly apposed 
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endothelial cells. Some authors believe that there is a transcellular pathway 

through which leukocytes may directly migrate through endothelial cells 

(Engelhardt et al 2004). Platelet endothelial cell adhesion molecule-1 (PECAM-1; 

CD31) belongs also to the Ig-like subfamily and exerts a unique role in the 

transmigration of leukocytes. It is expressed abundantly by endothelial cells and 

largely concentrated to the junctions between adjacent endothelial cells. PECAM-

1 is also distributed on the surface of most leukocytes as well as platelets. 

Blockade of PECAM-1 interferes with the infiltration of leukocytes without 

affecting adhesion of leukocytes to endothelial surface. During leukocyte 

transmigration, PECAM-1 on leukocytes and endothelial cells interacts in a 

homophilic manner (Muller et al 1999; 2003). 

4.3 Pro-inflammatory mediators

4.3.1. TNF-

TNF-  is a powerful regulator of acute inflammation and leukocyte recruitment in 

numerous diseases. It is mainly produced by macrophages activated by LPS in

vivo. But also epithelial cells and mast cells have ability to secrete TNF-  as well. 

TNF-  has two active forms including a secreted and membrane-bound form. 

TNF-  receptors are present on virtually all cell types of body implicating that 

TNF-  exerts widely different biological actions although it is mainly recognized 

for its potent pro-inflammatory and pro-apoptotic effects. Another well-known 

function is that TNF-  can induce necrosis in certain tumor cells for which it was 

once named tumor necrosis factor. In the context of leukocyte recruitment, one of 

the key effects of TNF-  major effect is to activate cells to express adhesion 

molecules and chemokines. Thus, TNF-  alone has the ability to induce the whole 

leukocyte recruitment process, including leukocyte rolling, adhesion and 

transmigration in vivo (Smart et al 1994, Tessier et al 1997, McColl et al 1999). 

Indeed, TNF-  plays a fundamental role in multiple inflammatory diseases 

including rheumatoid arthritis, Crohn´s disease, autoimmune disorders and 
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surgical injury (van Deventer 1997, Klinkert et 1997, Ksontini et al 1998, Moore 

et al 2000). It has been shown that TNF-  can promote leukocyte-endothelial cell 

interactions by increasing expression of adhesion molecules, including P- and E-

selectin as well as ICAM-1 and VCAM-1 on endothelial cells (Bevilacqua 1987, 

Ley et al 1995, Pober et al 1986, Haraldsen et al 1996).  

4.3.2 Chemokines 

Chemokines are a kind of cytokines stimulating leukocyte chemotaxis, i.e.

chemoattractant cytokines. Chemokines are mainly involved in leukocyte 

recruitment although it is clear from a growing body of literature that chemokines 

are also important players in processes, such as angiogenesis, growth and adaptive 

immune functions (Rollins 1997). Tissue resident macrophages, mast cells, and 

recruited leukocytes as well as fibroblasts, endothelial cells or epithelial cells of 

the site of inflammation or infection can express and release large amounts of 

chemokines. Potent stimulators of chemokine formation include mainly pro-

inflammatory cytokines, such as IL-1, TNF- , interferon-  (IFN- ) and 

hematopoietic growth factors as well as bacterial toxins, including LPS 

(Baggiolini 1999). From a structural perspective, chemokines constitute a family 

of small peptides (8-12K) and according to their primary structure (amino acid 

residual sequence) and number of amino acid residuals between the last two N-

terminal cysteines, chemokines are divided into two large subfamilies, i.e. CC and 

CXC chemokines. CC and CXC chemokines can attract different kinds of 

leukocytes individually. In vitro, CC chemokine mainly attracts monocytes, 

lymphocytes but not neutrophils (Bonecchi et al 1999, McColl et al 1993, Cheng 

et al 2001). The CXC chemokines are also subdivided according to the presence 

of the ELR motif (glutamic acid-leucine-arginine) preceding CXC in the N-

terminus. The ELR-CXC chemokines predominantly act on the neutrophil while 

non-ELR-CXC chemokines are more specific for lymphocytes. The classic CXC 

chemokine is IL-8 which is secreted by various cells and acts as a main attractant 



Yusheng Wang 16

of neutrophils. In mice, MIP-2 (macrophage inflammatory protein-2) and KC 

(cytokine-induced neutrophil chemoattractant) are produced by macrophages 

activated by LPS and perform chemotactic functions on neutrophils similar to IL-

8. In lack of an identical match to IL-8 in mice as yet, both MIP-2 and KC are 

defined as homologues to human IL-8 (Huang et al 1992, Tekamp-Olson et al

1990). Chemokine receptors are seven-transmembrane-domain proteins that signal 

through GTP-binding proteins (Baggiolini et al 1999). There are mainly two CXC 

chemokine receptors expressed in neutrophils, those are CXCR1 and CXCR2. 

CXCR1 can bind IL-8 but has low affinity to other ELR-CXC chemokines. 

CXCR2 binds mainly to ELR-CXC chemokines. So, in mice, the function of CXC 

chemokines, such as MIP-2 and KC are mediated via binding to CXCR2 (Huber et

al 1991, Cacalano et al 1994, Jones et at 1997). Other CXC receptors such as 

CXCR3 are only expressed on activated T lymphocytes while CXCR4 appear 

widely on most hematopoietic cells and even some tissue cells (Baggiolini et al

1999). CC chemokine receptors are predominately expressed on monocytes and 

lymphocytes (Baggiolini et al 1999). It has been reported that mast cells can 

express different kinds of chemokine receptors (Table 2.) (Schramm and 

Thorlacius 2004, Juremalm et al 2005). 

Up to date, CXC chemokine-dependent leukocyte infiltration has been implicated 

as a fundamental part of the pathogenesis of several important clinical conditions, 

such as endotoxemia-induced lung injury (Schmal et al 1996), glomerulonephritis 

(Feng et al 1995) and bacteria meningitis (Diab et al 1999). However, the detailed 

mechanism of action of CXC chemokine-induced leukocyte-endothelial cell 

interactions remains elusive. To understand the molecular details of CXC 

chemokine-provoked tissue infiltration of leukocytes in vivo would not only 

deepen our understanding of the pathophysiology but may also provide 

mechanistic information that may form a basis for development of new and more 

Table 2. Chemokine receptors expressed in mast cells 



17 On the role of mast cells in chemokine-induced leukocyte recruitment

effective therapies directed against inflammatory diseases. On the other hand, CC 

chemokines, such as MIP-1  (macrophage inflammatory protein-1 ) and MCP-1 

(monocyte chemotactic protein-1) predominantly stimulate chemotaxis of 

lymphocytes and monocytes but not neutrophils. However, the majority of these 

studies on CC chemokines have been performed in vitro systems comprising only 

endothelial cells and subpopulations of leukocytes (Bonecchi et al 1999, McColl 

et al 1993, Cheng et al 2001). In fact, there is growing body of data supporting 

that CC chemokines may also be involved in neutrophil trafficking in vivo as well 

(Appelberg 1992, Shanley et al 1995, Matsukawa et al 1999, Diab et al 1999). It 

has been reported that treatment with antibodies to MIP-1  and MCP-1 may 

reduce extravascular neutrophil recruitment in pathological inflammatory models 

Receptors Ligands 

CCR1

CCR2

CCR3

CCR4

CCR5

CCR6

CCR7

CXCR1

CXCR2

CXCR3

CXCR4

CX3CR

MIP-1 , RANTES, MCP-2, HCC-1. HCC-2 

MCP-1, MCP-2, MCP-3, MCP-4, MCP-5 

MIP-1 , RANTES, MCP-2, MCP-3; Eotaxin, HCC-1, HCC-2 

RANTES, TARC, MDC 

MIP-1 , MIP-1 , RANTES 

MIP-3

ELC, SLC 

IL-8

GRO- , NAP-2, IL-8 

MIG, IP-10, I-TAC 

SDF-1

Fraktalkine
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(Shanley et al 1995, Matsukawa et al 1999). Moreover, MIP-1  deficient mice 

exhibit clear-cut defects in neutrophil responses in complex inflammatory 

reactions and experiment in CCR1 gene-targeted mice implicate a role of CCR1 in 

neutrophil trafficking (Domachowske et al 2000). Nonetheless, it is not known 

whether CC chemokines can activate endothelial cells in vivo and thereby support 

selectin expression and leukocyte rolling, which is a precondition for subsequent 

leukocyte recruitment (Lindbom et al 1992, von Andrian et al 1992, Mansson et al

2000).  

4.4 Mast cells

4.4.1 Role of mast cells in disease 

Mast cells are multifunctional and tissue residual cells. Mast cells are 

predominantly localized along the tissue microvasculature and have a unique 

capacity to coordinate several aspects of acute inflammation, such as vascular 

leakage, expression of adhesion molecules and leukocyte infiltration (Schramm 

and Thorlacius 2004), which is classically manifested as anaphylaxis, urticaria, 

angioedema, and acute exacerbations of asthma. The contribution of mast cells in 

allergic disease and many chronic inflammations, such as rheumatoid arthritis, 

multiple sclerosis is well known. Moreover, it has been reported that  mast cell-

deficient mice were more susceptible to experimentally induced lung bacterial 

infections than wild-type mice and provided evidence that mast cell-derived TNF-

 is an important cytokine in the clearance of bacteria by inducing the influx of 

neutrophils into the infected sites (Malaviya et al 1996). Thus, mast cells may be 

of key value in innate immune responses to bacteria and ischemia/reperfusion as 

well as in adaptive immunity to parasites. On top of that, mast cells have been 

implicated in wound healing, collagen turnover and fibrogenesis (Boyce 2004). 
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4.4.2 Distribution and subtypes of mast cells 

Mast cell development requires intact function of the membrane-bound growth 

factor termed stem cell factor (SCF) and its receptor, the tyrosine kinase Kit. Mice 

lacking function in either SCF or Kit are profoundly deficient in all subtypes of 

mast cells. WBB6F1 mice, which were used in the present work, lack mast cells 

due to a mutation in the Kit oncogene of SCF receptors. Mast cells originate from 

hematopoietic CD34+ c-kit+ progenitor cells in the bone marrow. When released 

and migrated into the extravascular space, mast cells develop in situ from these 

progenitors into two distinct mast cell subpopulations dependent on the 

microenvironments of tissues (Boyce 2004). Distribution of mast cells is 

diversified in different organs and tissues as well as in between different species. 

For instance, mast cells can not be found in the mouse liver but are abundant in 

the dog liver (Gersch et al 2002). Mature tissue mast cells or connective tissue 

mast cells (CT) are commonly found in connective tissues while mucosal mast 

cells or reactive mast cells are abundant in the gastrointestinal tract during 

helminthes infection (Boyce 2004).  

Alcian blue safranin staining may distinguish connective tissue type mast cells 

(CTMC) from mucosal tissue mast cells (MMC). The CTMC are stained in red 

and MMC turn blue. The mast cells of skeletal muscle shows red staining. (Gersch 

et al 2002). 

Some major characters of two mouse mast cells are listed as (Table 3) (Feger et al

2002; Shimizu et al 2001). 

4.4.3 Activation of mast cells 

The classical way of mast cell activation is immunological and IgE-mediated. The 

receptors named Fc RI on the mast cell surface are aggregated by the binding of 

IgE and multivalent antigen or allergens. Receptor cross-linking may activate 

intracellular signal transduction including activation of serine proteases, tyrosine 

phosphorylation of multiple cellular substrates, increase of c-AMP and Ca2+ levels.  
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Table 3. Major characteristics of the two mouse mast cell subtypes  

Mucosal tissue Connective tissue 

Morphology & biochemistry 

Alcian blue safranin staining 

Granules

Heparin

Tryptase

Chymase 

Histamine 

Serotonin

Degranulation

IgE

Compound 48/80

Blue

Small, variable 

No

No

Yes

Yes

No

+++

+

Red or mixed 

Large, uniform 

Yes

Yes

Yes

Yes

Yes

++

+++

+++ the maximal release of mediators 

++ sub-maximal release of mediators 

+ limited release of mediators 

It provokes cytoskeleton rearrangement and subsequent fusion of cytoplasm 

granules and the cell membrane, finally resulting in mast cell degranulation and 

the generation of various inflammatory mediators (Schramm and Thorlacius 2004). 

Mast cells can be activated by non-immunological ways as well, such as physical 

stress, trauma and cold, ischemia/reperfusion-induced oxidant production, 

complement split products, the neuropeptide substance P and compound 48/80. 

Compound 48/80 is another classic activator of mast cells. Activation of mast 

cells triggered by compound 48/80 is similar to that of IgE, and both cause a 

similar secretory response including histamine release (Paton 1951).  

Moreover, there are many other receptors expressed on the surface of mast cells, 

such as toll-like receptors and chemokine receptors (Table 2.). Mast cells have 
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capacity to respond to the ligands of these receptors. It has been reported that mast 

cells are activated by MCP-1, a CC chemokine (Alam et al 1994). Toll-like 

receptors on mast cell surface mediate the production of proinflammatory 

cytokines and chemokines (Takeda et al 2003, Matsushima et al 2004). As 

mentioned above, mast cells express several chemokine receptors, indicating that 

mast cells have the ability to response to chemokines. Such activation without 

overt degranulation may be associated with selective release of specific mediators 

from the mast cells (Matsushima et al 2004, Theoharides and Cochrane 2003). 

Therefore, mast cell activation is not only involved in allergic reactions but also to 

acute, chronic, nonspecific and innate inflammation as well as adaptive immunity. 

4.4.4 Mediators of mast cells 

Activated mast cells release many pro-inflammatory mediators stored in granules, 

including histamine, proteases, chemokines and TNF-  and newly synthesized 

lipid mediators, such as leukotrienes, prostaglandins and pro-inflammatory 

cytokines are synthesized and secreted as well. 

When mast cells are activated immunologically or by compound 48/80, histamine 

stored in granule is released.  Histamine has various effects in the inflammatory 

reaction including increased vascular permeability, vasodilatation, and contraction 

of respiratory and gastrointestinal smooth muscle and provoked mucus secretion. 

Histamine is the key mediator in IgE-dependent hypersensitivity (allergic) 

reaction. The histamine effects on the local vascular bed are mainly mediated by 

the H1-receptor. Histamine has ability to activate endothelial cells to express P-

selectin within minutes both in vitro and in vivo. Moreover, histamine was able to 

increase leukocyte rolling but this rolling can be abolished by H1-receptor 

antagonist (diphenhydramine) (Asako et al 1994, Yamaki et al 1998b). Thus, the 

H1-receptor mediates leukocyte rolling induced by histamine. Other important 

mediators are leukotrienes (LTB4, Cys-LT). Leukotrienes are synthesized from 

membrane-associated arachidonic acid mainly by 5-lipoxgenase. LTB4 is a potent 
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chemoattractant and induces neutrophil extravasation (Spada et al 1997). In 

addition, cysteinyl LTC4, LTD4 and LTE4 have been shown to augment 

microvascular permeability, thereby enhance extravasation of leukocytes from the 

circulatory system (Leng et al 1988).  Potent and specific leukotriene biosynthesis 

inhibitors such as MMK-886 or A-63162 can inhibit leukocytes adhesion in vivo

(Ramos et al 1991). 

Mast cells are the only cell type capable of storing pre-synthesized TNF- in vivo

(Gordon et al 1990). Thus mast cells provide the only ready available source of 

TNF-  within peripheral tissues during the early course of infection. Indeed, mast 

cells secreted TNF-  within minutes of bacterial challenge and induced neutrophil 

recruitment to mediate bacteria clearance (Zhang et al 1992; Malaviya et al 1996; 

Echtenacher et al 1996). Chronic synthesis and release of TNF-  derived from 

mast cells can be recognized as an important factor in promoting inflammatory 

chronicity (Gordon et al 1991). Indeed, chemokines including CC and CXC may 

be produced by activated mast cells as well (Schramm and Thorlacius 2004).  

4.5 Glucocorticoids

Glucocorticoids are steroid hormones. They became the most potent drugs for  

acute and chronic inflammation diseases in clinic medicine in the late 1940s. The 

glucocorticoids are used on the allergic, autoimmune disease and leukemia and 

lymphomas as well as in preventing graft rejection after organ transplantation. But 

glucocorticiods have many severe side effects such as osteoporosis, atrophy of the 

skin, disturbance of metabolism, possibility of bacterial infection due to depressed 

immune function. One result is that use of glucocorticoids is often limited 

although it may exert beneficial anti-inflammatory effects in patients. 

The clinical effect of glucocorticoids is dependent on two pharmacological 

properties. The first action is anti-inflammatory and involved the repression of 

inflammatory mediators and the synthesis of anti-inflammatory molecules. The 

second one is the induction of leukocyte apoptosis, predominantly T cell 
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(Tuckermann et al 2005). The molecular mechanism of glucocorticoids is similar 

to all steroid hormones. Specific binding of glucocorticoids with its receptor 

results in release of the chaperones and translocation into the nucleus, in which the 

complex binds as a homodimer to glucocorticoid response elements (GRE) on the 

DNA to regulate target gene expression. Besides, it can interact with other 

transcription factors such as nuclear factor- B (NF- B) and inhibit its 

translocation or function (Schramm and Thorlacius 2004). 

Glucocorticords, especially dexamethasone, play an anti-inflammatory role in 

mast cell-dependent reactions. The anti-inflammatory mechanism of 

glucocorticords is not completely understood yet. It was reported that 

dexamethasome can’t decrease the release of histamine, leukotrienes and 

prostaglandins in mast cells challenged by IgE (Cohan et al 1989). Moreover, 

glucocorticords seems not to alter P-selectin-mediated rolling of leukocytes 

following local challenge with compound 48/80, suggesting that selectin 

expression is not a target of dexamethasone in mast cells-dependent leukocyte 

recruitment (Schramm et al 2002). On the other hand, it was found that 

dexamethasone has ability to inhibit firm adhesion of leukocytes to endothelial 

cells (Zhang and Thorlacius 2000).  It has been shown that CXC chemokine 

formation and release is a key target of dexamethasone  in mast cell dependent 

leukocyte recruitment (Schramm et al 2002). It has been reported that neutrophil 

recruitment induced by MIP-2 may be decreased by dexamethasone as well but 

not when stimulated by KC. Dexamethasone may prevent the extravasation of 

neutrophils by reducing expression of cell adhesion molecules on endothelial cells 

and leukocytes (Mori et al 1999). Considering the importance of chemokine-

dependent leukocyte recruitment in pathological inflammation, it is necessary to 

clarifying the effect of glucocorticords on TNF- -induced chemokine production 

and function on endothelial cells.  
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5. AIMS OF THE THESIS

I. To examine the effect of TNF-  on the gene and protein expression of MIP-2 in 

endothelial cells and effect of dexamethasone on TNF- -induced expression of 

MIP-2 and adhesion of neutrophils to endothelial cells. 

II. Investigate the effect and mechanism of CC (MIP-1 , MCP-1) and CXC (MIP-2, 

KC) chemokines on the extravasation process of neutrophils in vivo and the 

potential role of endothelial selectins (P- and E-selectin) in leukocyte recruitment 

induced chemokines. 

III. Examine the role of mast cells in neutrophil recruitment induced by 

chemokines in vivo.
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6. MATERIALS AND METHODS 

6.1. Animals

Male C57/BL/6, TNF-  deficient, WBB6F1 (Jackson Laboratory, Bar Harbor, ME, 

USA) mice weighing 23-26 g were maintained on 12-h dark and 12-h light cycles 

and given food and water ad libitum. WBB6F1 mice are mast cell deficient due to 

a disruption in the Kit oncogene on chromosome 5, encoding the tyrosine kinase 

receptor for stem cell factor (SCF), which is essential for the development of mast 

cells. The animal experiments were approved by the regional Ethical Committee 

for Animal Experimentation. Mice were anaesthetized with 7.5 mg ketamine 

hydrochloride (Hoffman-La Roche, Basel, Switzerland) and 2.5 mg xylazine 

(Janssen Pharmaceutical, Beerse, Belgium) per 100 g body weight i.p. Blood 

samples were taken from the tail artery after the experiment for analysis of 

systemic and differential leukocyte counts using a hemocytometer. 

6.2. Cells

6.2.1. Bone marrow mast cell (BMMC) 

Mice were sacrificed and intact femurs and tibias were removed. Sterile medium 

without FCS was repeatedly flushed through the bone shaft using a needle and 1 

ml syringe, and the bone marrow cells were passed through a sterile wire screen to 

remove any bone fragments. 

The cell suspension was centrifuged at 800 rpm for 20 min at 4º C and then 

cultured at a concentration of 0.5-1 X 106 cells/ml in RPMI 1640 with 10% FCS, 

50 μM 2-mercaptoethanol and 25% (V/V) WEHI cell conditional medium as a 

source of IL-3, (BMMC medium). After 3 weeks, the SCF 40 ng/ml was added in 

the above culture medium.  
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The BMMC medium was replaced 3 times a week with fresh BMMC medium. 

Bone marrow mast cells were monitored for purity after 4 weeks by 1% Toluidine 

blue staining of fixed cytocentrifuge preparations. Once the BMMC population 

reached purity > 99% (5-10 weeks), they were used in subsequent experiments. 

6.2.2. Neutrophil isolation 

Neutrophils were freshly isolated from C57/BL/6 mice. The bone marrow was 

flushed aseptically out of the femurs and humeri bones with ice-cold PBS and 

then neutrophils were isolated by using Ficoll-PaqueTM Research Grade/ 

Amersham Pharmacia Biotech, Uppsala, Sweden). The purity of bone marrow 

neutrophils was higher than 70% as assessed by Turk stain in a hemocytometer. 

Neutrophils were resuspended in culture medium until use in the adhesion assay. 

6.2.3. Endothelial cells 

The polyoma transformed murine endothelioma cell line eEnd.2 was cultured in 

DMEM supplemented with 10% fetal calf serum, L-glutamine, penicillin and 

streptomycin and subcultures twice weekly as described previously (Williams et

al 1989). 

6.3. Intravital microscopy

The cremaster muscle was prepared for intravital microscopy. In brief, a midline 

incision of the skin and fascia was made over the ventral aspect of the left scrotum 

and the incised tissues were retracted to expose the cremaster muscle sack. The 

cremaster muscle was then separated from the epididymis and the testis was 

pushed back to the side of the preparation. The preparation was performed on a 

transparent pedestal to allow transillumination and a microscopic observation of 

the cremaster muscle microcirculation was undertaken after a 15-min equilibration 

time. Intra-scrotal injection of chemokines (R & D Systems Europe, Ltd., 

Abingdon, Oxon, U.K.) or other drugs (fMLP, TNF- ) at indicated doses, diluted 
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in 0.15 ml phosphate-buffered saline (PBS) was perform at 3 hr prior to 

microscopic observation. In order to delineate the role of the selectins in 

chemokine-induced neutrophil recruitment, monoclonal antibodies to P-selectin or 

to E-selectin or control antibody (Pharmingen, San Diego, CA, U.S.A.) were 

given i.v. immediately and individually prior to intra-scrotal administration of 

chemokines. In separate experiments, the role of histamine and leukotrienes in 

chemokines-induced leukocyte recruitment was evaluated in mice pretreated 

individually with the H1-receptor antagonist diphenhydramine hydrochloride 10 

mg/kg (a dose that abolishes histamine-induced leukocyte rolling) and the 

leukotriene biosynthesis inhibitor MK-886 by oral administration with 1.0 mg/kg 

twice a day for 2 days with a final dose 10 min before surgery (Sigma Chemical 

Co., St. Louis, MO, U.S.A.). Observations of the cremaster microcirculation were 

made using an Olympus microscope (BX50WI, Olympus Optical Co. GmbH, 

Hamburg, Germany) equipped with water immersion lenses (x40/NA 0.75 and x 

63/NA 0.90). The microscopic image was televised (Sony Triniton) using a 

charge-coupled device video camera (FK 6990 Cohu, Pieper GmbH, Berlin, 

Germany) and recorded on videotape (Panasonic SVT-S3000 s VHS recorder) for 

subsequent off-line analysis. Analyses of leukocyte flux and leukocyte-

endothelium interactions (rolling and adhesion) were made in venules (inner 

diameter 30-38 μM) with stable resting blood flow.  

Rolling leukocyte flux was determined at indicated time points by counting the 

number of rolling leukocytes per 30 s passing a reference point in the 

microvesssel and expressed as cells per min. Leukocyte adhesion in venules 

(stationary for 30 s) was counted along 680 μM long segments of the endothelial 

lining on one side of the vessel lumen and expressed as number of adherent cells 

per mm. Red blood cell velocity was measured on-line by the use of an optical 

Doppler velocimeter (Microcirculation Research Institute, Texas A & M 

University, College Station TX, U.S.A.). Venular wall shear rate was determined 

based on the Newtonian definition: wall shear rate = 8 (red blood cell velocity 
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/1.6)/venular diameter) as described previously (House and Lipowsky 1987). 

6.4. Histology

Samples of intact cremaster muscle microvascular networks were fixed in 4% 

formaldehyde over night and then stained with Giemsa stain for 1h. After 

differentiation in acetic acid (0.01%) for 10 min, the samples were mounted on 

gelatin pre-coated glass slides and covered with a cover glass as described in 

detail previously for the rat mesentery (Yamaki et al 1998a). Leukocyte 

emigration was quantified by counting the number of extravascular 

polymorphonuclear (PMNL) and mononuclear (MNL) leukocytes per high power 

field observed along a randomly selected venous in each preparation and 

expressed as the number of cells per mm². 

6.5. Cell adhesion assay

Endothelial cells were plated at a density of 2 X 104 cells per well in 96-well 

plates. When confluent, the cells were stimulated with wild type or TNF-

deficient BMMC incubated with or without MIP-2 or compound 48/80 for 4 hours, 

and then 2 X 104 neutrophils were added into each well and incubated for 30 min. 

Subsequently, the wells were washed with PBS three times in order to remove 

nonadherent cells. Next 50 μl 0.005 M phosphate buffer (pH 6.0) containing 0.5% 

hexadecyltrimethylammonium bromide (HTAB) was added into each well 

followed by 150 μl of 3,3’,5,5’,- tetramethylbenzidine liquid substrate system and 

incubated for 10 min at 25 °C for color development. At the end, 100 μl of 0.5 M 

of H2SO4 was added in order to stop the oxidation reaction. The enzyme activity 

was determined spectrophotometrically as the myeloperoxi-dase-catalyzed change 

in absorbance occurring in the redox reaction of H2O2-tetramethylbenzididne (450 

nm, 25 °C). A standard curve was constructed using defined quantities of 

neutrophils in the same plate. 



29 On the role of mast cells in chemokine-induced leukocyte recruitment

6.6. Flow cytometry

Endothelial cells were subcultured in 12-well plates (2 x 105 cells per well) for 48 

h subsequently incubated with 100 ng/ml of TNF-  (R&D system Europe), MIP-

1  and MCP-1 for 3 h at 37º C. Endothelial cells were isolated by trypsination 

(0.1%) and washed with PBS (centrifuge 150 x g) for 5 min. Then endothelial cell 

samples were stained with a FITC-labeled rat anti-mouse P-selectin (RB40.34, 1 

μg per 106 cells) or a FITC-labeled isotype-match control antibody for 20 min at 

room temperature. The cell pellet was re-suspended with 0.5 ml PBS and put on 

ice until analysis, which was performed within 30 min. The intensity of P-selectin 

expression is given as the mean fluorescence intensity of endothelial cells 

incubated with the anti-P-selectin antibody divided by the mean fluorescence 

intensity of cells incubated with the control antibody. 

6.7. RT-PCR

Total RNA was extracted from samples using an acid guanidinium-phenol-

chloroform method (TRIzol Reagent; GIBCO-BRL, Life Technologies, Grand 

Island, NY, U.S.A.) and treated with RNase-free DNase (DNase I; Amersham 

Pharmacia Biotech Sollentuna Sweden) in order to remove potential genomic 

DNA contaminants according to manufacturer’s protocol. RNA concentrations 

were determined by measuring in the absorbance at 260 nm spectrophoto-

mertrically. RT-PCR was performed with SuperScrip One-Step RT-PCR system 

(GIBCO-BRL Life Technolgies, Grand Island, NY. U.S.A.). Each reaction 

contained 500 ng of cellular total RNA as a template and 0.2 μM of each primer a 

final volume of 50 μl. Mouse -actin served as an internal control gene. The RT-

PCR profile was one cycle of cDNA synthesis at 50º C for 30 min, followed by 35 

cycles of denaturation at 94º C for 30 s, annealing at 55º C for 30 s and extension 

at 72º C for 1 min. one cycle of final extension at 72º C for 10 min. After RT-PCR, 
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aliquots of the RT-PCR products were separated using electrophoresis on a 2% 

agarose gel containing ethidium bromide and photographed. The primers 

sequences of MIP-2, P-selectin, E-selectin and -actin were as shown in the 

following Table 4. 

Table 4 

Primers                     Sequence

-actin      (f)             5’-ATG TTT GAG ACC TTC AAC ACC-3’ 

                 (r)             5’-TCT CCA GGG AGG AAG AGG AT-3’ 

MIP-2       (f)             5’-GCT TCC GGC ACT CCA GAC-3’ 

                 (r)             5’-TTA GCC TTG CCT TTG TTC AGT AT-3’ 

P-selectin (f)              5’-ACG AGC TGG ACG GAC CCG -3’ 

                 (r)              5’-GGC TGG CAC TCA AAT TTA CAG-3’ 

E-selectin (f)              5’-GGT AGT TGC ACT TTC TGC GG-3’ 

                 (r)              5’-CCT TCT GTG GCA GCA TGT TC-3’ 

CXCR2    (f)              5’-TGT TCT TTG CCC TGA CCT TGC-3’ 

                 (r)              5’-ACG CAG TAC GAC CCT CAA ACG-3’.  

6.8. ELISA

Culture medium from the endothelial cells or endothelial cells with BMMC 

stimulated individually by reagents was collected, the level of TNF- , MIP-2 in 

cell culture supernatant was determined using a double-antibody-specific 

Quantikine ELISA kit (R&D Systems Europe. Ltd., Abingdon. Oxon, UK). The 

standard curve was constructed using recombinant murine TNF-  or MIP-2 (R&D 
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Systems Europe). The minimum detectable concentration of TNF-  is in this 

assay less than 5.1 pg/ml and MIP-2 is 20 pg/ml. 

6.9. Statistic analysis

Data are given as mean values ±SEM and n represents the number of samples or 

animals per experimental group. Statistical evaluations were performed using 

Kruskal-Wallis one-way ANOVA on Ranks (Dunnetts method) for unpaired 

samples. Differences between different treatments and/or groups were considered 

significant at values of probability less than 0.05. 
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7. RESULTS AND DISCUSSION 

MIP-2 expression in endothelial cells activated by TNF-

TNF-  plays a key role in leukocyte recruitment in vivo and in adhesion of 

endothelial cells to neutrophils in vitro as well. Firm adhesion to endothelium is a 

critical step in the extravasation process of neutrophils and may result from the 

mediators, such as chemokines, released from these activated cells. CXC 

chemokines (MIP-2 and KC) have the ability to attract and activate neutrophils. 

The objective of this study was to examine the effect of TNF-  on gene and 

protein expression of MIP-2 in endothelial cells. Total RNA was isolated from 

endothelial cells, reverse transcribed into cDNA and PCR amplificated with 

specific primers for MIP-2. It was found that TNF-  (100 ng/ml) with 1 h 

stimulation induced clear-cut expression of MIP-2 mRNA in endothelial cells. In 

contrast, the MIP-2 mRNA signal was not detectable in untreated control cells. By 

ELISA, it was also observed that challenge with TNF-  increased MIP-2 

expression in the endothelial cells in a dose- and time-dependent fashion. 

Previous studies on the cellular source of MIP-2 in TNF- -induced inflammation 

have implicated that macrophages, fibroblasts and epithelial cells are capable of 

expressing MIP-2 (Driscoll et al 1993). Thus, our novel data expand on previous 

findings by demonstrating that endothelial cells also express MIP-2 at the gene 

and protein level in response to stimulation of TNF- . Moreover, in the assay of 

adhesion between neutrophils and endothelial cells, baseline adhesion of 

neutrophils was 16±2 cells/mm2, and after 2 h exposure of endothelial cells to 100 

ng/ml of TNF- , neutrophil adhesion increased more than three times to 51 ± 6 

cells/mm2. Interestingly, addition of a monoclonal antibody against MIP-2 (2.5 

μg/ml) reduced TNF-  induced neutrophil adhesion to almost baseline (17 ± 2 

cells/mm2). It suggests that MIP-2 secreted by endothelial cells is an important 

mediator of neutrophil adhesion in response to TNF-  stimlation. This notion is in 
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line with a recent in vivo study showing that dermal accumulation of neutrophils 

provoked by TNF-  is markedly reduced by passive immunization against MIP-2 

(Tessier et al 1997). We demonstrated that TNF-  can activate directly endothelial 

cells and produce MIP-2, which is an important mediator of adhesion to 

neutrophils in vitro.

Glucocorticoids constitute a common therapy against inflammatory disease. These 

potent anti-inflammatory agents, including dexamethasone, have been shown to 

effectively inhibit the inflammatory cell response (Schleimer et al 1993). In spite 

of the fact that dexamethasone have been demonstrated to attenuate TNF- -

induced leukocyte adhesion and extravascular recruitment, the detailed 

mechanisms by which dexamethasone inhibits tissue accumulation of leukocytes 

remain elusive. Interestingly, previous studies have shown that dexamethasone 

inhibits gene and protein expression of KC (Deng et al 1994). However, the 

literature on the effect of dexamethasone on MIP-2 expression is rather complex 

and partly contradictory. For example, it has been shown that in vivo treatment 

with dexamethasone has no effect on MIP-2 production while others have 

reported that MIP-2 expression is reduced by dexamethasone (O’Leary et al 1997; 

Yi et al 1996). 

We wanted to determine the effect of dexamethasone on TNF- -induced 

expression of MIP-2 and adhesion of neutrophils to endothelial cells. Pretreatment 

of endothelial cells with 0.01 and 1 μM of dexamethasone for 2 h decreased MIP-

2 protein expression in response to TNF-  (1–100 ng/ml). This reduction in MIP-2 

expression exerted by dexamethasone (1 μM) corresponded to an 84% and 37% 

decrease in the case of 1 and 100 ng/ml of TNF-  challenge, respectively.  

The literature on the impact of dexamethasone on the regulation of MIP-2 is 

complex and partly contradictory. For example, one group has reported that 

dexamethasone treatment has no effect on LPS-induced expression of MIP-2 in 

the lung (O’Leary et al 1997) whereas others can not confirm such findings (Yi et 

al 1996). Moreover, another study has shown that dexamethasone inhibits MIP-2 
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expression provoked by ozone (Haddad et al 1995). Our observations support the 

concept that MIP-2 belongs to the list of chemokines that is negatively regulated 

by dexamethasone, including KC, MIP-1a and MCP-1 (O’Leary et al 1997, Tailor 

et al 1999, Kawahara et al 1999). In the present study, we could also confirm that 

dexamethasone almost completely inhibited neutrophil adhesion to endothelial 

cells stimulated with TNF- . The detailed mechanisms by which glucocorticoids 

inhibit tissue accumulation of leukocytes remain complex and incompletely 

understood. A study has shown that glucocorticoids downregulates mediator-

induced expression of endothelial adhesion molecules, such as E-selectin and 

ICAM-1 (Cronstein et al 1992). On the other hand, some investigations have 

reported that dexamethasone primarily attenuates the expression of CD18 on the 

surface of leukocytes. Our data expand on these findings and suggest that 

inhibition of MIP-2 expression in endothelial cells may be a fundamental 

mechanism of action explaining the attenuated inflammatory cell response exerted 

by dexamethasone. Such a mechanism could also explain the reduced CD18 

expression on leukocytes observed following administration of glucocorticoids 

(Davenpeck et al 1998; Burton et al 1995), considering the fact that one of the 

main functions of CXC chemokines is to activate neutrophils in which increased 

expression of CD18 is a key feature. Thus, our data suggest that dexamethasone is 

a negative regulator of MIP-2 expression in TNF-  activated endothelial cells and 

that this mechanism of action may help explain, at least partly, the inhibitory 

effect of glucocorticoids on neutrophil recruitment in inflammatory reactions. 

Chemokines can induce all steps of the neutrophil recruitment process (rolling, 

adhesion, and migration) in vivo.  

It was found that challenge with both CC chemokines (MIP-1  and MCP-1) and 

CXC chemokines (MIP-2 and KC) induced all steps in the leukocyte extravasation 

process, including rolling, adhesion and extravascular accumulation in a dose-

dependent manner. At 300 ng of CC chemokines, rolling leukocytes flux was 



35 On the role of mast cells in chemokine-induced leukocyte recruitment

increased by more than 2-fold and adherent and extravascular neutrophils by more 

than 6-fold compared with normal control. This suggests that CC chemokines are 

capable of inducing clear-cut neutrophil recruitment in vivo. However, the CXC 

chemokine MIP-2 was found to be much more effective in stimulating infiltration 

of neutrophils. For example, 30 ng of MIP-2 caused similar neutrophil response as 

300 ng of MIP-1  and MCP-1. Both extravascular and venular leukocytes in the 

cremaster muscle microcirculation are almost exclusively neutrophils. On the 

other hand, it was found that fMLP, a typical chemoattractant has no ability to 

induce leukocyte recruitment in the undisturbed cremaster muscle tissue in vivo. 

A common held view in chemokine biology is that CXC chemokines typically 

regulate neutrophil trafficking and that CC chemokines predominantly coordinate 

movement of mononuclear leukocytes. Our present studies challenge that concept 

and provides evidence demonstrating that CC chemokines, MIP-1  and MCP-1, 

have the capacity to provoke neutrophil recruitment in vivo. Moreover, the present 

investigation demonstrates that both CXC and CC chemokines possess the ability 

to induce all steps in the extravasation process, including rolling, adhesion as well 

as recruitment of neutrophils in vivo. In contrast, most studies on chemotaxis in

vitro have show that CC chemokines do not have the capacity to provoke 

neutrophil migration (Bonecchi et al 1999, McColl et al 1993, Cheng et al 2001). 

However, these artificial in vitro systems comprise only neutrophils with or 

without endothelial cells and neglect indirect effects mediated by other cells in 

vivo. Moreover, this is in contrast to our findings on fMLP, which is a prototype 

of classical chemoattractants, which had no effect on neutrophil infiltration in vivo.

Thus, on the basis of these results, it is suggested that these chemokines act in a 

principally distinct manner from classical chemoattractants by which chemokines 

are capable of activating endothelial cells in tissues in vivo, but is very effective 

chemo-attractant for neutrophils in vitro. Our findings expand on previous studies 

by elucidating the detailed mechanisms of action of chemokines on leukocyte-

endothelium interactions and may help clarify the complex mechanisms of action 
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of chemokines in acute inflammation, which apparently is not restricted to direct 

activation of neutrophils but also posses other unknown effects in vivo.

Chemokine-induced leukocyte recruitment  is P-selectin-dependent. 

It has been demonstrated that TNF- -induced neutrophil accumulation is critically 

dependent on P-selectin-mediated rolling (Månsson et al 2000). This observation 

indicated that leukocyte rolling supported by P-selectin on the vascular 

endothelium is a fundamental and common pathway for neutrophils. 

To evaluate the role of the P-selectin in the neutrophil response to chemokine 

challenge, we pretreated animals with monoclonal antibodies directed against 

mouse P-selectin and E-selectin. Pretreatment with the P-selectin antibodies 

significantly reduced leukocyte rolling in CC chemokine treated venules by more 

than 95% and in CXC chemokine by more than 96%. Thus, chemokine-induced 

rolling of leukocytes was extremely dependent on P-selectin expression on the 

surface of endothelial cell. On the other hand, administration of the antibody 

against E-selectin had no effect on leukocyte-endothelium interactions (rolling, 

adhesion and recruitment) in response to stimulation with chemokines. The 

observation that E-selectin is not involved in the rolling adhesive process is in line 

with previous studies showing that blocking E-selectin has no effect on TNF- -

induced leukocyte rolling (Wan et al 2002) and that leukocyte rolling is intact in 

E-selectin-deficient mice (Milstone et al 1998). The role of E-selectin in the 

extravasation process of neutrophils remains elusive but may be involved in 

events downstream of rolling, such as activation and adhesion of rolling 

leukocytes (Milstone et al 1998,  Ley et al 1998, Simon et al 2000). Interestingly, 

we observed that, in parallel to the reduction in rolling, inhibition of P-selectin 

function abolished the number of firmly adhesion and extravascular neutrophils in 

response to chemokines challenge. This may suggest that P-selectin-dependent 

rolling is a prerequisite in chemokine-induced neutrophil adhesion and 

extravasation as well as indicating that chemokines have the ability to activate 
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vascular endothelial cells in vivo. In contrast, fMLP, a classical chemoattractant, 

had no effect on neutrophil infiltration in undisturbed tissues. It is suggested that 

chemokines act in a principally distinct manner different from classical 

chemoattractants in that these chemokines are capable of activating endothelial 

cells in vivo.

Chemokine-induced neutrophil recruitment is mediated by mast celsl in vivo.

A key feature in the extravasation process of inflammatory cells is activation of 

endothelial cells. Activated endothelium expresses P-selectin, which has been 

documented to be of paramount importance in supporting neutrophil rolling and 

recruitment (Mansson et al 2000, Ley et al 1995, Robinson et al 1999). As 

previously described (Weller et al 1992), we observed that TNF-  was a potent 

inducer of P-selectin expression on the surface of isolated endothelial cells in vitro.

In contrast, challenge with CC chemokines had no effect on the expression of P-

selectin on endothelial cells. Moreover CXCR2 mRNA could not be detected in 

endothelial cells, meaning that endothelial cells can not directly respond to 

chemokines. On the other hand, our findings showing that chemokines trigger 

influx of neutrophils into the extravascular compartment, which was completely 

abolished by injection of the anti-P-selectin antibody, suggest that chemokines 

indirectly activate the vascular endothelial cells in vivo. Moreover, our data on 

gene expression in the cremaster muscle demonstrates that chemokines increase  

E-selectin mRNA levels, indicating that endothelial cells are indeed activated in 

response to chemokine challenge by some mediator or mechanism in vivo.

We used mutant mice to define the role of tissue mast cells in chemokine-induced 

neutrophil extravasation induced by MIP-1  and MIP-2. It was found that the 

neutrophil extravasation provoked by MIP-1  was significantly reduced in mast 

cell-deficient mice, i.e. the numbers of rolling, adherent and transmigrated 

neutrophil were markedly decreased 52%, 84% and 58% respectively. Similarly, 
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we found that MIP-2 provoked leukocyte rolling, adhesion and recruitment was 

reduced by 86%, 82% and 71%, respectively.

It is interesting that chemokine-induced neutrophil recruitment was greatly 

reduced in mice lacking mast cells, suggesting that chemokine-mediated 

endothelial cell activation and neutrophil responses are mediated via mast cells.  

Activated mast cells can release a number of substances including histamine, 

leukotrienes and TNF-  with the ability to increase P-selectin expression on 

endothelial cells and in turn promote neutrophil rolling and extravascular 

recruitment (Ley et al 1995, Yamaki et al 1998a, Kanwar et al 1995). In this study, 

we found that MIP-2-induced neutrophil recruitment was reduced in mast cell-

deficient mice by more than 71% in cremaster muscle. Taken together, it may be 

forwarded that mast cells activation may constitute a common feature in both CC 

and CXC chemokine-induced infiltration of neutrophils in vivo. Moreover, we 

found clear-cut expression of CXCR2 mRNA in both PMNL and BMMC but not 

in endothelial cells using RT-PCR. These results support that CXC chemokine-

induced PMNL recruitment in vivo could be mediated by mast cells acting as an 

intermediary cell in the extravascular tissue. In fact, this expression of CXCR2 on 

murine mast cells is in line with previous observations showing that human mast 

cells also express CXCR2 (Lippert et al 1998, Nilsson et al 1999).  

Endothelial cell activation 

Endothelial cell activation is a critical step in the extravasation process of 

neutrophil in vivo due to the important role of endothelial P-selectin expression in 

supporting leukocyte rolling (Weller et al 1992, Mansson et al 2000). In order to 

better understand the mechanisms of chemokine-induced leukocyte recruitment, 

we studied P-selectin expressed on the surface of endothelial cells stimulated by 

chemokines (MIP-1  and MCP-1) and TNF- in vitro using flow cytometry. It 

was found that that challenge with TNF-  (100 ng/ml) for 3 hr markedly increased 

the expression of P-selectin on the surface of endothelial cells but challenge with 
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CC chemokines (10-1000 ng/ml) failed to stimulate P-selectin expression on 

endothelial cells. Since P-selectin is expressed at baseline in Weibel-Palade bodies 

in endothelial cells (van Mourik et al 2002), mRNA expression of P-selectin is not 

an ideal indicator of endothelial cell activation in vivo. Moreover, P-selectin is not 

limited to endothelial cells as it is also expressed in platelets. In contrast to P-

selectin, E-selectin is not expressed at baseline and the stimulated expression of E-

selectin is limited to endothelial cells. Thus, E-selectin mRNA expression makes 

up an ideal indicator of endothelial cell activation in tissues in vivo. Indeed, we 

observed no expression of E-selectin mRNA in the cremaster muscle of negative 

control mice. However, challenge with TNF-  (positive control) and CC 

chemokines, MIP-1  and MCP-1, significantly increased gene expression of E-

selectin. As expected, P-selectin mRNA was detected at baseline and treatment 

with TNF- , MIP-1  and MCP-1 further enhanced levels of P-selectin mRNA in 

the cremaster muscle. Herein, we found that challenge with both CC chemokines 

(MIP-1  and MCP-1) and CXC chemokine (MIP-2) increased gene expression of 

E-selectin (a marker of endothelial cell activation) in wild-type mice. Interestingly, 

this chemokine-induced expression of E-selectin was absent in mast cell-deficient 

mice, suggesting that endothelial cells could not be activated by chemokines in 

tissues lacking mast cells. Thus, these novel findings indicate that chemokine-

induced activation of endothelial cells is mediated via mast cells in vivo. In 

contrast, TNF-  induced gene expression of E-selectin was intact in mast cell-

deficient mice. This lead to the hypothesis that TNF-  derived from mast cells 

may be the intermediary mediator of chemokine-induced activation of endothelial 

cells in vivo.

Mast cell-derived TNF-  mediates CXC chemokine-induced leukocyte recruitment. 

As mentioned and shown above, TNF-  is a very strong activator of endothelial 

cells with the capacity to up-regulate P- and E-selectin on the surface and produce 

chemokines in endothelial cells. It has been demonstrated that mast cells are an 
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important source of TNF-  due to a rapid and sustained release manner (Gordon et 

al 1991). In order to investigate a role of TNF-  in chemokine-induced neutrophil 

recruitment, we designed the following experiment. The classic chemoattractant 

fMLP alone does not induce leukocyte rolling (Lindbom et al, 1992) nor 

neutrophil recruitment in cremaster in vivo. Different doses of TNF-  (0.3-300 ng) 

were evaluated and it was found that 1.0 ng of TNF-  did not increase neutrophil 

recruitment but a higher dose (3.0 ng) provoked clear-cut neutrophil extra-

vasation. Thus, based on these findings it was concluded that 1 ng of TNF-  act as 

a threshold dose of TNF-  with respect to triggering tissue accumulation of 

neutrophils. Interestingly, this threshold dose of TNF-  (1 ng) markedly 

potentiated fMLP-induced neutrophil recruitment in a dose-dependent manner. 

These findings indicate that fMLP indeed can induce neutrophil migration in vivo 

(when acting together with other mediators), but fMLP is dependent on the 

activation endothelial cells exerted by the threshold dose of TNF- . These data 

indicate that TNF-  plays a critical role in terms of activating the endothelial cells 

resulting in P-selectin expression and leukocyte rolling, which chemokines and 

other chemoattractants such as fMLP are not able to do in a direct fashion. Thus, 

there is a complex interplay in tissues in vivo where endothelial cell activating 

factors, such as TNF-  constitute a critical precondition for subsequent firm 

adhesion and transmigration. In order to study the role of TNF-  in chemokine-

induced neutrophil recruitment, the neutrophil recruitment induced by MIP-2 was 

performed both in mast cell and TNF- -deficient mice group. Neutrophil 

extravasation induced by MIP-2 was significantly reduced by 97% in mast cell- 

deficient mice. Notably, we observed that neutrophil recruitment induced by MIP-

2 was significantly reduced by 78% in TNF- -deficient mice. In contrast, TNF- -

induced neutrophil recruitment was still intact in mast cell-deficient mice. It was 

found that WT and TNF- -deficient mice contained similar levels of mast cells in 

cremaster muscle. It means that chemokine-provoked accumulation of neutrophils 

is dependent on or mediated by the presence of mast cells and TNF- .
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In order to determine whether CXC chemokine-induced neutrophil recruitment 

was mediated by TNF-  derived from mast cells or not, we adopted an in vitro

adhesion assay as well. It was observed that MIP-2 increased the number of 

adherent neutrophils by more than 3-fold when co-incubation with wild-type mast 

cells. Interestingly, MIP-2-induced neutrophil adhesion was significantly 

decreased by 58% using TNF- -deficient mast cells. Compound 48/80, a positive 

control, provoked neutrophil adhesion which was reduced by more than 60% 

using mast cells from TNF-  gene-targeted mice. These findings strongly suggest 

that chemokine-regulated neutrophil recruitment is mediated by mast cell-derived 

TNF- . In separate experiments, mast cells stimulated with MIP-2 and compound 

48/80 significantly increased TNF-  secretion by 71% and 225% respectively, 

showing that MIP-2 challenge, indeed, increase TNF-  secretion from mast cells. 

This finding helps explain the mechanism behind chemokine-induced neutrophil 

recruitment in vivo and elucidate an important part of the complex interactions 

between chemokines, tissue resident cells and circulating leukocytes. 

No role of histamine and leukotrienes in chemokine-provoked neutrophil 

recruitment. 

There are numerous different mediators, such as histamine, leukotrienes and 

cytokines, which may be released from mast cells upon stimulation. Histamine is 

known to provoke P-selectin expression and leukocyte rolling (Asako et al 1994, 

Yamaki et al 1998b). To evaluate the role of histamine in chemokine-induced 

leukocyte recruitment, animals were pretreated with the H1-receptor antagonist 

diphenhydramine (10 mg/kg), which effectively blocks histamine-provoked 

leukocyte rolling. However, inhibition of H1-receptors had no effect on 

chemokine (MIP-1  and MIP-2)-induced neutrophil rolling, adhesion and 

recruitment, suggesting that histamine is not a likely candidate for mediating 

endothelial cell activation in chemokine-regulated accumulation of leukocytes. 

Leukotrienes can act as leukocyte chemoattractants as well. It has been reported 
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that MCP-1 indirectly provokes neutrophil recruitment peritoneal via production 

of leukotriene B4 (Matsukawa et al 1999). In this experiment, MK-886, a 

leukotriene biosynthesis inhibitor, given 2 days prior (1 mg/kg p.o.) had no effect 

on MIP-2-induced neutrophil recruitment, suggesting that leukotrienes are neither 

critical in CXC chemokine-induced neutrophil recruitment.   
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8. Summary (Swedish) 
Inflammation är vävnadens svar på yttre störning och syftar till att eliminera 

främmade ämnen såsom bakterier men under vissa omständigheter initieras den 

inflammatoriska reaktionen av ofarliga substanser eller för starkt mot patogener 

och kan därmed orsaka vävnadsskada och är en underliggande mekanism vid 

många vanliga sjukdomar inkluderande allergier, blodförgiftning och 

inflammatorisk tarmsjukdom. Den viktigaste komponenten i den inflammatoriska 

reaktionen är vävnadsinfiltrationen av leukocyter. Rekryteringen av leukocyter är 

en flerstegsprocess som medieras av specifika adhesionsmolekyler som är 

uttryckta på kärlväggen och leukocyterna i samband med inflammation.  En 

relativt ny grupp av kemotaktiska cytokiner, s.k. kemokiner stimulerar 

vävnadsmigration av leukocyter.  Avhandlingen har studerat mekanismerna 

bakom kemokin-inducerad leukocytrekrytering. En central del i rekryteringen av 

leukocyter är aktivering av endotelceller som i sin tur uppreglerar P-selectin som 

medierar leukocytrullning i blodkärlen vilket är nödvändigt för den senare 

adhesionen och vävnadsackumulationen av leukocyter. Avhandlingen har visat att 

kemokiner kan aktivera endotelceller in vivo (men inte in vitro eftersom 

receptorerna saknas på endotelceller) via aktivering av mast celler i vävnaden, 

vilka uttrycker kemokin receptorerna. Avhandlingen har också kunnat visa att det 

är mast cell deriverat TNF-  som medierar kemokin-inducerad endotelcells 

aktivering och P-selektin uttryck in vivo. Tidigare har man ansett, baserat på in 

vitro försök med endast endotelceller och leukocyter, att CC kemokiner stimulerar 

rekrytering av mononukleära leukocyter men inte neutrofiler. På samma sett har 

man ansett att CXC kemokiner huvudsakligen stimulerar neutrofiler men inte 

mononukleära celler. Dessa slutsatser har baserats på in vitro metoder som 

uteslutit andra vävnadsceller som bidrar till komplexiteten in vivo. Den här 

avhandlingen har visat att det inte är så enkelt och polariserat in vivo utan att både 

CC och CXC kemokiner effektivt stimulerar rekryteringen av neutrofiler. 
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Anledningen är att mast celler i vävnaden uttrycker receptor för både CC och 

CXC kemokiner vilket leder till endotelcells aktivering och därmed 

leukocytrekrytering. Dessa fynd bidrar inte bara till en fördjupad förståelse för 

inflammatoriska processer utan kan också vara viktiga för framtagandet av mer 

specifika och effektiva substanser riktade mot patologisk inflammation där 

kemokiner spelar en roll i patofysiologin. 

 Figure 3. The possible mechanism of chemokine-induced leukocyte recruitment 

in vivo 
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9. CONCLUSIONS 

1. TNF-  is able to activate endothelial cells to express CXC chemokines and 

induce adhesion of neutrophil to endothelial cells. The pharmacological role of 

dexamethasone may be partly due to the inhibition of the chemokine secretion. 

2. Chemokines, both CC (MIP-1 , MCP-1) and CXC (MIP-2, KC), can induce all 

steps of the leukocyte recruitment process (rolling, adhesion, and transmigration) 

in vivo.

3. Leukocyte recruitment induced by chemokines is dependent on P-selectin- 

mediated leukocyte rolling. 

4. Chemokine-induced endothelial cell activation and leukocyte recruitment are 

mediated by mast cell in vivo.

5. Mast cell-derived TNF-  plays a key role in chemokine–induced leukocyte 

recruitment via endothelial cell activation in vivo.
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