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CHAPTER 1. RATIONALE, HYPOTHESES AND BACKGROUND

1.1 RATIONALE

Lymphocyte movement from the blood to the tissue is a fundamental feature of 

many inflammatory reactions such as allograft rejection [1]. ECs play an active 

role in lymphocyte recruitment to the inflammatory site. For example, ECs 

regulate the display of adhesion molecules on their cell surface which allows 

differential recruitment of specific leukocyte subpopulations to the tissue. 

Moreover, previous work indicates that ECs remodel their actin cytoskeleton and 

matrix adhesion structures to facilitate leukocyte recruitment and tissue infiltration 

[2], Although in the recent years there have been considerable advances in 

deciphering the process of leukocyte TEM, the molecules which participate in 

TEM in ECs and leukocytes still remain poorly defined.

Evidence has accumulated to implicate leukocyte-stimulated reorganization of 

EC cytoskeletal structures in promoting leukocyte TEM. Adhesion of leukocytes 

to ECs stimulates calcium-dependent myosin light chain phosphorylation and 

increased endothelial contractility [3, 4], TEM may be prevented by inhibition of 

these events or by depolymerization of endothelial F-actin [5]. Furthermore,

1
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structures linked to the cytoskeleton, such as the interendothelial adherens 

junctions (AJs) are remodelled during leukocyte diapedesis [6-8]. Therefore, this 

thesis investigated the role of the EC cytoskeleton in mediating lymphocyte TEM 

under physiological shear-stress conditions.

1.2 HYPOTHESES

As mentioned in the rationale, the EC cytoskeleton plays an important role in 

lymphocyte trafficking and can mediate lymphocyte TEM. A limitation of previous 

work studying the final phase of lymphocyte TEM has been the use of non- 

physiologic conditions and timeframes to analyse the outcomes. The focus of the 

project is to characterize the endothelial remodelling event and some of the 

molecules required for efficient lymphocyte TEM under shear stress conditions in 

vitro. The general hypothesis is that endothelial cytoskeletal reorganization is 

required to support leukocyte transendothelial migration.

Specific hypothesis, aims and experimental approach are described below:

Specific hypothesis: EC reorganize F-actin structures at the interendothelial 

cell junctions.

2

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



This project has the following aims:

Aim 1: To develop an in vitro model system of lymphocyte-EC interactions under 

flow conditions suitable for real time video and fluorescence microscopy. 

Experimental approach 1: Previously published techniques in studying 

lymphocyte-EC interaction under a laminar flow system will be adapted to 

optimize for use in our system.

Aim 2: To characterize the dynamics of endothelial F-actin reorganization during 

lymphocyte TEM under shear stress conditions. Experimental approach 2: EC 

will be treated with inhibitors of F-actin remodelling and placed into the laminar 

flow system. Real time images will then be collected and analysed to determine 

changes in lymphocyte TEM. Second, ECs will be transduced with a YFP-Actin 

construct and then placed into the laminar flow system to visualize cytoskeletal 

changes.

Aim 3: To identify the regulatory molecules involved in endothelial F-actin 

reorganization during lymphocyte TEM under shear stress conditions. 

Experimental approach 3: Pharmacological inhibitors of various signalling 

pathways and regulatory molecules in EC will be implemented to assess their

3
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roles in lymphocyte TEM. Treated endothelial monolayers will again be subjected 

to the laminar flow system and analysed for changes in lymphocyte TEM.

1.3 LYMPHOCYTE TRAFFICKING

Lymphocyte movement from the blood into tissues is a key feature of 

inflammatory reactions such as allograft rejection [9]. Recruitment of leukocytes 

to the inflammatory site involves the active participation of EC. A series of 

discrete interaction between the leukocyte and the EC during leukocyte 

extravasation have been identified [9]. First the lymphocyte loosely adheres to 

adhesion molecules displayed by the venular endothelium to allow the leukocyte 

to sample the surface of the endothelium for a migration signal. Next, in response 

to a soluble chemoattractant, or solid-phase chemokine signal the lymphocyte p2 

and p i  integrins are ‘activated’ to mediate firm adhesion to the endothelium via 

their EC ligands, intercellular adhesion molecule-1 (ICAM-1) and vascular cell 

adhesion molecule-1 (VCAM-1). Finally, the adherent leukocyte moves to a 

nearby junction. This locomotion step is required before diapedesis can occur 

[10]. Although much is know about these early steps of leukocyte recruitment, the 

molecular mechanisms involved in the final TEM step, remain poorly 

characterized. Interactions between the leukocyte and endothelium, and the 

specific adhesion molecules involved in these events are summarised in Figure 

1 .1 .

4
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1.4 LEUKOCYTE ADHESION CASCADE

1.4.1 Selectins

The initial contact between a leukocyte and the endothelium is mediated by 

lymphocyte selectins and vascular endothelial addressins [11, 12]. Named for 

their cell-specific surface expression, selectins make up a family of carbohydrate- 

binding glycoproteins [13, 14]. Selectins are made up of an N-terminal 

extracellular domain followed by an epidermal growth factor like domain, and two 

to nine consensus repeats [15]. The selectins posses a short cytoplasmic tail and 

are inserted into the membrane via a hydrophobic transmembrane domain 

(Figure 1.2). The known selectin ligands are sulfated, fucosylated mucins 

containing clusters of sialic acid-rich-O-linked carbohydrate side chains [16]. 

Adhesion of the selectin to its ligand is independent of an activation signal [17].

There are three selectins, leukocyte (L-), endothelial (E-), and platelet (P-) 

selectin. The interaction of the selectins and their ligands are implicated in the 

trafficking specificity of various PBL subpopulations. L-selectin, present on 

lymphocytes, is involved with homing of naive cells [18], whereas endothelial 

selectins, E and P are involved in leukocyte trafficking to inflamed endothelium 

[19, 20].

5
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E-selectin is upregulated on inflamed ECs in response to treatment with 

inflammatory cytokines [21]. Cutaneous lymphocyte-associated antigen (CLA) is 

the ligand for E-selectin and is expressed by a subset of PBLs during naive to 

memory transition [22]. P-selectin is the largest of the selectins and is stored in 

Weibel-Palade bodies in EC [23-25] and in o-granules of activated platelets [23]. 

P-selectin is rapidly mobilized to the cell surface following stimulation with 

inflammatory mediators such as histamine, thrombin, or H2O2 [25, 26]. The ligand 

for P-selectin is P-selectin glycoprotein ligand 1 (PSGL-1). PSGL-1 is 

constitutively expressed on all lymphocytes, monocytes, eosinophils, and 

neutrophils [27]. P-selectin interacts with specific carbohydrate motifs on PSGL- 

1’s surface [28].

1.4.2 Rolling

The result of the initial attachment of a leukocyte to the endothelium is a slower 

downstream movement of the leukocyte along the endothelium via transient, 

reversible, adhesive interactions. This process is referred to as rolling. As stated 

above the initial attachment of leukocytes from the blood stream to the EC is 

mediated mainly by the selectin family. However this process is not exclusively 

mediated by selectins since VCAM and VLA-4 interactions have the ability to

6
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support both capture and rolling [29]. All of the selectins are able to mediate 

roiling given the appropriate conditions.

The rolling stage of the cascade can be broken down into the initial capture of the 

leukocyte and then the rolling event. The process known as capture describes 

the first contact of a leukocyte with the endothelium. Once a leukocyte moves 

away from the central blood stream and closer to the endothelium, capture of the 

leukocyte can occur. EC activation increases adhesion molecules on the surface 

of the endothelium that are required to initiate capture. The primary adhesion 

molecule and ligand required for capture and the initiation of rolling is P-selectin, 

on the EC, and PSGL-1, on the leukocyte [30]. Although, PSGL-1 not present in 

high amounts on leukocytes, its high-affinity for P-selectin expressed on ECs 

makes it essential for capture and rolling to occur [31]. P-selectin’s and PSGL-Ts 

orientation on the surface of the endothelium and leukocyte respectively is 

thought to be the key feature of the molecules that aids in their interaction. 

PSGL-1 is concentrated on microvillus tips [30] and the binding domains of P- 

selectin and PSGL-1 are highly extended and project above the EC surface 

glycocalyx [31, 32], thus allowing specific interactions between the molecules to 

occur. L-selectin has also been suggested to play an important role in leukocyte 

capture [33, 34]. Since L-selectin is expressed on the tips of PBL microvilli, rather 

than on the cell body [35], the PBL is able to interact with the endothelium 

without becoming tightly adherent.

7
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After leukocytes are captured they begin to roll. The velocity of rolling cells must 

be at or below that of the freely flowing cells, like erythrocytes, in the same 

vessel and the same radial position. The hydrodynamic force of the bloodstream 

acting on the adherent cell is the driving force for rolling [36]. Among the 

selectins, E- and P-selectin are the crucial selectins required for rolling. However, 

L-selectin is also involved in rolling. When E- and P-selectin is absent, trauma- 

induced rolling becomes L-selectin dependent, but the average leukocyte rolling 

velocity is three to five times faster in this case [34]. This increase in velocity 

implies that L-selectin is much less efficient than P-selectin in mediating rolling. 

Still, L-selectin is necessary for the normal capture and rolling functions.

In the absence of L-selectin, P-selectin can support both capture and rolling [37]. 

The critical role of P-selectin in the rolling phase of the adhesion cascade is 

supported in experiments done on gene-targeted mice. There is an absence of 

trauma-induced leukocyte rolling in mice lacking P-selectin [38]. These studies 

indicate that P-selectin is required to remove the leukocytes from the 

bloodstream and allow them to roll along the venular endothelium.

In contrast to L-selectin, E- and P-selectin appear to be functionally redundant in 

mediating leukocyte rolling on cytokine-activated endothelium [39]. E-selectin’s 

specific role is mediating slow rolling [40]. The slow rolling aids the contact time a 

leukocyte makes with the inflammatory microenvironment of the endothelium. E-

8
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selectin is thought to facilitate the conversion of rolling leukocytes to enter into 

the firm adhesion stage of the cascade. Studies show that in response to local 

chemoattractant [41] or cytokine stimulation [42], E-selectin deficient mice have a 

reduced number of firmly adherent leukocytes. The lack of firmly adherent 

leukocytes is most likely related to the increased rolling velocities in the absence 

of E-selectin [40]. Although the selectins are the primary molecules that support 

capture and rolling, the a4-integrins have also been shown, both in vitro and in 

vivo, to be able to support capture and rolling [29, 43-45]. The rolling step is 

crucial for the leukocyte to proceed to the next stage in the cascade where a 

leukocyte can come in contact with the chemoattractant signal required to 

activate and target the leukocyte to proper area.

1.4.3 Chemokines

The chemokines are a superfamily of chemoattractant small secreted proteins 

that bind to and signal through receptors expressed on leukocytes. The 

chemokine receptors contain seven transmembrane loops and signal through 

heterotrimeric G proteins [46, 47]. Chemokines are transported and become 

immobilized on the surface of vascular endothelial cells on the endothelial 

glycocalyx. The endothelial glycocalyx consists of membrane-bound 

proteoglycans and glycoproteins that will bind the chemokines, preventing them 

from being released into the blood stream [48]. The bound chemokines then

9
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activate the leukocyte via the specific receptors present on the various leukocyte 

subsets. Chemokines also possess a chemotactic property, that allows the 

chemokine to direct the movement of a leukocyte to areas of increasing 

concentration of the chemokine where the leukocyte would be able to 

transmigrate [49].

There are four main classes of chemokines: C, CC, CXC and CXXXC. 

Chemokine amino acid sequences contain 20 to 70 percent homology. The class 

divisions arise from the relative position of their cysteine residues. C chemokines 

have only two cysteines, CC chemokines have the first two cysteine residues 

adjacent to each other, CXC chemokines have the first two cysteine residues 

separated by a single amino acid and CXXXC chemokines have three amino 

acids separating the first two cysteines [49]. There are greater than 40 

chemokines classified based on their N-terminal cysteine residues [50-52].

The chemokine receptors are G-protein-coupled receptors that are expressed on 

the leukocyte. When a chemokine binds to its receptor, the receptor associates 

with a G-protein, allowing the exchange of guanine diphosphate (GDP) for 

guanine triphosphate (GTP) [47], The GTP bound active state results in the 

disassociation of the Got, G(3y protein subunits. Downstream effectors within the 

cell are then signalled by the disassociated Ga, GPy subunits. These effectors 

include various tyrosine kinases, second messengers and members of the Rho 

family of small GTPases [53]. Activation of the various signalling cascades can
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result in actin polymerisation [54], cell shape changes [55], and activation of 

integrin adhesivity [56, 57].

A potent chemokine that activates a broad spectrum of lymphocytes is CXCL12- 

a (stromal derived factor (SDF) 1-a) [58-60], SDF 1-a is widely expressed and 

was originally isolated in bone marrow stromal cells [61]. SDF 1-a is expressed in 

ECs from many different tissues including human bone marrow endothelium, skin 

endothelium and HUVECs [62-65], but is absent in leukocytes [66]. Tumor 

necrosis factor (TNF-a) is an inflammatory chemokines that can effect 

chemokine receptor expression. TNF-a can both down-regulate early expression 

[58, 59] and up-regulate late expression (24 h) of CXCR4, the receptor for SDF 

1-a [67]. SDF-1a increases VLA-4 avidity on TNF-a stimulated ECs [68]. The 

increase in avidity caused by SDF-1a leads to increased numbers of 

lymphocytes that roll and firmly adhere to the endothelium.

1.4.4 Activation

Chemokines mediate the activation step of the adhesion cascade. They are able 

to induce rapid but transient increases in adhesion of leukocytes to immobilized 

integrin ligands [56, 69, 70]. The change in adhesion strength can be regulated 

via two different mechanisms. One is by upregulation of integrin affinity through
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conformational changes and the other is changes in integrin avidity which occur 

through integrin clustering [71-73].

Changes in integrin affinity by soluble chemokines has been observed when 

measuring the binding of soluble ICAM-1 and VCAM-1 to activated cells, [56, 69, 

74] or the binding of antibodies that act as ligand mimetics [74]. The results found 

are not consistent in different cell types and with different integrins. SDF-1a is 

able to induce rapid binding of soluble ICAM-1 to lymphocytes [56], while binding 

to soluble VCAM-1 is minimal [69]. Whereas with regards to monocytes, SDF-1 is 

able to induce significant increases in the binding of soluble VCAM-1 [69, 74].

Chemokines are able to induce rapid clustering of integrins [56, 70]. An increase 

in integrin avidity is caused and thus the clustering of low affinity receptors 

strengthens adhesion to the ligands [75]. To achieve this increase in avidity, a 

protease-dependent release of integrins from cytoskeletal restraints is required 

[71, 74]. This will then allow the lateral mobility of integrins in the plasma 

membrane. It appears that changes in integrin affinity and avidity are regulated 

through different pathways. Inhibition of phosphoinositide-3 kinase (PI3K) or the 

Ca2+ dependent protease, calpain, can block chemokine induced clustering of 

LFA-1 (crL/?2). However these inhibitors have no affect on the ability of 

chemokine-stimulated lymphocytes to bind soluble ICAM-1 [69].
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The use of in vitro laminar flow chamber assays have been essentia! to studying 

the ability of chemokines to induce adhesion in the context of the adhesion 

cascade, since these flow chambers mimic blood flow. One major difference 

between the static adhesion assays and flow chamber assays is that the selectin- 

mediated rolling interactions become much more important under flow conditions. 

Leukocytes will not interact on surfaces coated only with ICAM-1 [74, 76, 77]. 

The chemokines that induce firm adhesion differ between the various leukocyte 

subsets. For example, in monocytes, monocyte chemoattractant protein 1 (MCP- 

1) will trigger the adhesion through CCR2 [78]; interleukin 8 (IL-8) signals 

neutrophils through CXCR1 and CXCR2 [79]; and eotaxin activates adhesion 

through CCR3 in eosinophils [80]. Common to all subset of leukocytes is that 

chemokine activation of integrins leads to the next stage of the adhesion 

cascade, firm adhesion.

1.4.5 integrins

Integrins are the adhesion molecules responsible for inciting firm adhesion of the 

leukocyte to the endothelium [81, 82]. They are large, heterodimeric, 

transmembrane glycoproteins consisting of noncovalently associated large a 

(~1,000 a.a.) and small p (-800 a.a.) subunits [83]. Each subunit contains a large 

extracellular domain, a transmembrane segment and a short cytoplasmic tail 

[84]. In mammals, eighteen a and eight p subunits non-covalently combine to
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form 24 integrins [85-87]. Integrins contain binding sites for divalent cations Mg2+ 

and Ca2+, which is a requirement for functional integrimligand binding [88]. The 

a-chains contain a metal ion-dependent adhesion site motif [84] and a (3-propeller 

structure, formed from 7 N-terminal consensus repeat sequences [83], which are 

also involved in integrin:ligand interactions.

Inside-out and/or outside-in signalling by association of specific molecules with 

the C-terminal tails is the main mechanism by which the regulation of integrin 

states is controlled [89]. Arising from the intracellular compartment, inside-out 

signalling results in a change in integrin conformation in response to an activation 

signal [83]. Whereas, via an external signal, outside-in signalling results in an 

intracellular response, as is the case with cytoskeletal reorganisation following 

integrin:iigand interaction.

1.4.6 Firm Adhesion and Locomotion

Firm adhesion of leukocytes to the EC must have two key features: The 

conversion to firm adhesion must occur rapidly and adhesive interactions must 

be strong to resist detachment by disruptive shear flow [9]. Rolling allows the 

leukocyte to enter into close proximity with EC chemokines and integrin ligands 

[90]. Chemokine interaction with the leukocyte integrins leads to a rapid increase
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in integrin avidity [91]. This increase in avidity takes place within fractions of 

seconds [68]. Arrest can then occur immediately when the integrin avidity 

become sufficiently strong [77].

Integrins involved in leukocyte trafficking include: CD18 ((32) family (leukocyte 

function associated antigen 1; LFA-1) and ot4pi (very late antigen 4; VLA-4) [43, 

81, 92], LFA-1 is ubiquitously expressed by lymphocytes and is able to bind to 

endothelial ICAM-1 and ICAM-2 [93, 94]. ICAM-1 is expressed at low levels on 

EC, but can be upregulated upon cytokine stimulation. ICAM-2 is constitutively 

expressed on EC, and is not regulated by cytokines. In many models of 

inflammation, interfering with [32 integrin function is a very efficient way to prevent 

leukocyte recruitment. When [32 is absent or non functional, responses to 

exogenous chemoattractant are drastically reduced [95]. However, cytokine 

treatment still yields a robust inflammatory response in p2 null mice [96], implying 

that p2 integrins are not always required to participate in leukocyte arrest. VLA-4 

is expressed on eosinophils, monocytes, and many lymphocytes [97], but only 

under special conditions is it seen on neutrophils [98]. Following PBL stimulation 

VLA-4 is induced and associates with EC VCAM-1 [81]. EC VCAM-1 is 

upregulated following cytokine stimulation, and has been show to support both 

rolling and firm adhesion [99, 100].
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Using monocytes, the locomotion step of the adhesion cascade was recently 

identified as a key step in the pathway. Locomotion occurs when a monocyte 

moves from a site of firm adhesion to the nearest junction between EC to begin 

diapedesis [10]. The interaction of LFA-1 and MAC-1 with ICAM-1 and ICAM-2 

mediated the locomotion. These results also implicate a greater function for the 

constitutive expressed molecule ICAM-2. Locomotion was also described 

previously with B lymphoblasts adhering and moving on planar lipid bilayers 

containing purified LFA-1 and ICAM-1 [101]. VLA-4-VCAM interactions have also 

been seen to support lateral migration of monocytes on the endothelium and 

again it was believed this occurred to allow the leukocyte to migrate to an 

interendothelial junction [102].

LFA-1 is not only involved in the firm adhesion stage. LFA-1 appears to make a 

contribution to neutrophil rolling by stabilizing the transient attachment or 

tethering phase of rolling [103], Also recently, it was shown that in response to 

LFA-1 engagement the endothelium forms cup like structures that are enriched in 

ICAM-1. These structures surround the adherent leukocytes but they did not 

appear to be important for firm adhesion [104]. This implicates the role of the 

LFA-1:ICAM-1 interaction in leukocyte transendothelial migration.
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1.5 TRANSENDOTHELIAL MIGRATION

1.5.1 Overview

After a leukocytes has become firmly adherent and locomotive it will travel to the 

EC borders where it will be able to transmigrate through the endothelial 

monolayer. This is the process referred to as leukocyte TEM or diapedesis 

(reviewed in [105]). There are two pathways that have been suggested for a 

leukocyte to travel across the endothelium. It is proposed that leukocyte TEM 

occurs either at EC borders [105] or by physically passing through the EC [106]. 

The more commonly followed method of TEM is thought to be that the EC 

borders are the location of migration. EC are linked laterally through tight 

junctions and AJs [107]. The junctional proteins, platelet endothelial cell adhesion 

molecule (PECAM), CD99 and junction adhesion molecule (JAM) -A and -C, 

have all been reported to play a role in leukocyte TEM.

PECAM-1 is known to be expressed leukocytes and at high levels at EC borders 

[108, 109]. The leukocyte PECAM interacts with EC PECAM during diapedesis. 

Interfering with the homophilic interaction in vitro and in vivo leads to a reduction 

of diapedesis of around 90% [110-112]. Interestingly, PECAM-1 deficient mice 

leukocyte recruitment varies only slightly from the wild-type animals [113]. These 

results along with the 10% of diapedesis that still occurs in the interaction

17

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



interfering experiments suggest that PECAM is not the only molecule required for 

diapedesis.

CD99 is another molecule suggested as being intimately involved with leukocyte 

TEM. It is similar in expression to PECAM in that it is expressed on the surface 

leukocytes and is concentrated in EC borders [114]. Another similarity to 

PECAM-1 is that CD99 on leukocytes interacts with CD99 on EC during TEM. 

Using anti-CD99 antibody to block this interaction lead to a decrease in TEM by 

greater than 90% in vitro [114]. An additive effect is seen when both PECAM-1 

and CD99 interactions where blocked, leading to a nearly complete prevention of 

TEM [114],

Both JAM-A and -C  are also though to be involved in diapedesis. JAM-A is 

found at EC borders [115] and on leukocytes [116]. JAM-C is known to be 

present in HUVECs, most monocytes, B and T cells [117]. JAM-A involvement in 

both memory T cells and neutrophils TEM in vitro was seen using a polyclonal 

antibody for JAM-A [118]. JAM-A is also involved in monocyte TEM [115]. JAM- 

C has been seen to play a role in lymphocyte TEM [117]. Migration of 

lymphocytes was prevented when either soluble JAM-C or antibodies against 

JAM-C were used.
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The number of cells located at a junction may also play a role in determining 

where a leukocyte is likely to transmigrate. Neutrophils preferentially migrate at 

tricellular junctions, a border where three ECs meet [119, 120]. Accordingly, in 

vitro adherens junctions appear discontinuous at tricellular junctions. However, it 

appears that the migration preference at tricellular borders is specific for 

neutrophils. Studies using a similar in vitro flow model show that monocytes 

commonly transmigrate between borders at two EC [6]. Also, at these sites AJs 

disorganize during monocyte migration [7]. The junctions undergo reversible 

changes and the entire junctional complex is able to reform itself in less than five 

minutes following diapedesis [6, 7].

1.5.2 Static Systems Used Studying TEM

Until recently, the use of transwell Boyden chamber assays has been the 

traditional method employed to study leukocyte TEM [121, 122]. In transwell 

boyden chamber assays, an EC monolayer is plated on a matrix over a filter that 

separates the surface EC from a well below. The EC would then be activated 

with inflammatory cytokines [102] and leukocytes would be placed on top. Then 

following a 1 -  4 h incubation, wells are analyzed to account for leukocytes that 

have migrated past the EC into the wells below [121, 122]. This method of 

studying TEM is effective but inefficient. One of the major concerns when using 

this assay is the inability to closely mimic physiological conditions. Chemokine
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gradients used to induce TEM are not similar to those found in vivo [65, 123, 

124]. Another discrepancy is the use of non-physiological time frames. Work both 

in vitro [125] and in vivo [126-128] has shown that leukocyte TEM is very rapid 

taking only a few minutes for a cell to dive under an EC monolayer.

The extended contact times of the leukocyte with the EC cannot be realistically 

compared to physiological conditions. Long term adhesion signaling and the time 

required for a leukocyte to sense chemokine gradients are both examples of non- 

physiological mechanisms that could be at work in these systems [129]. Also 

transwell assays cannot focus in on the TEM step of the adhesion cascade, since 

they take into account all of the steps and migration through the filter. If an agent 

is used and it interferes with any of the stages, it will ultimately effect TEM [105]. 

It has also been reported that antibodies that were able to inhibit leukocyte TEM 

in the transwell assay also able to inhibit leukocyte migration through the bare 

filter [130, 131]. Therefore, use of the transwell Boyden chamber assays does 

not give an accurate representation of the migratory profile of leukocytes.

1.5.3 Shear Dependence

A newly developed method is currently the new standard used in studying

lymphocyte TEM. This new methods differs from the transwell Boyden chamber

assays in that a new factor is now considered, shear forces. Studies have shown
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that shear forces play a significant role in lymphocyte and eosinophil TEM [125, 

132-134]. They are able create, in the presence of chemokines, promigratory 

signals that the lymphocyte and eosinophil use in order to transmigrate [134, 

135]. This new factor also decreased the TEM time to more physiological levels

[125],

The new assay will be discussed in greater detail in the Materials and Methods 

chapter. It is reviewed in [129]. Essentially, EC are plated to confluence on cell 

culture dishes and a parallel plate flow chamber apparatus is placed on top with 

a narrow gap to allow for leukocyte EC interaction. EC are treated with 

proinflammatory cytokines, to increase cell adhesion molecule expression, prior 

to the perfusion of leukocytes over the monolayer. The perfused leukocytes can 

be tightly regulated to control the shear forces at which they are applied. 

Interaction throughout the adhesion cascade can then be captured using video 

microscope in -20 min time frames. The collected videos can then be analyzed 

to check for leukocytes undergoing all of the stages from rolling to firm adhesion 

and TEM. This new flow chamber assay is now an essential technique utilized 

when studying leukocyte TEM since it incorporates shear forces and allows 

researchers to differentiate between effects on different steps in the adhesion 

cascade.

21

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



1.6 ENDOTHELIUM

The endothelium is a single layer of cells that line the lumen of the heart, all 

blood vessels and lymphatics vessels. ECs originate embryologically from the 

mesoderm [136]. The primary function of EC is maintenance of vessel wall 

permeability [137]. However, EC are involved in many different functions also 

such as blood vessel formation, coagulation and fibrinolysis, regulation of 

vascular tone and as seen above EC play a critical role in inflammatory reactions 

[138]. An important part of the endothelium is their tight and AJs. These junctions 

hold the ECs together laterally. At locations in the endothelium where a strict 

regulation of exchange between the blood and tissue is required, such as the 

blood-brain barrier, tight junctions are present [139]. The tight junctions’ main 

function at these areas is to rigorously regulate paracellular permeability. The 

AJs are involved with maintenance EC monolayer stability and also regulation of 

paracellular permeability [140]. AJs consist of cadherins and catenins. Cadherins 

are extracellular adhesion molecules that interact via their cytoplasmic tail, with a 

network of intracellular cytoplasmic proteins, catenins. The catenins then link the 

AJs to the EC cytoskeleton by interacting with the actin microfilaments [141]. 

Since the EC cytoskeleton is connected via this junction and transmigrating 

leukocytes must pass them, it seems likely that with regards to PBL TEM, the 

endothelium would play an active role.
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17 ENDOTHELIAL CYTOSKELETON

1.7.1 Composition

The endothelial cytoskeleton has many different functions. The cytoskeleton is 

known to play a significant role in cell motility, endothelial integrity and repair, cell 

adhesion and leukocyte TEM [142-144]. It is composed of three kinds of protein 

filaments, microtubules, intermediate filaments and microfilaments. The focus of 

the discussion will be on the microfilaments. Microtubules have many different 

activities in the cell including chromosome segregation during mitosis vesicle 

transport and directional cell migration [145, 146]. Microtubules are made up of 

ajff tubulin heterodimers that self form by adding onto the different ends of the 

microtubule [147]. The tubulin subunits a and /? are highly homologous and 

stable [146, 147]. Stability is lost when the cap of tubulin GTP at the ends is lost, 

and once unstabilized the microtubules can depolymerize [146]. The two ends on 

microtubules are differentiated by the speed at which the ends grow and shorten 

[148]. The faster end is referred to as the plus end and has a /J-tubulin unit 

exposed while the slower or minus end has an a-tubulin unit exposed [149]. The 

heterodimers arrange in a linear fashion to create protofilaments which can then 

form the microtubule wall [148, 150].
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Intermediate filaments are made up of many proteins. One of the largest families 

of genes in the human genome is where the intermediate filaments arise from

[151]. There are five different categories of intermediate filaments, types l-IV, 

which are localized in the cytoplasm and type V which is found in the nucleus

[152],

1.7.2 F-actin

The F-actin portion of the EC cytoskeleton is also known as the microfilaments. 

Microfilaments are made up of monomers of the protein actin (globular or G- 

actin) which polymerize to form long, thin fibres. F-actin cytoskeleton is has many 

roles in the cell, including force generation, wound repair, cell motility, signal 

transduction and maintenance of structural integrity [145, 153-155]. In ECs, F- 

actin normally forms central stress fibres that can be found centrally throughout 

the cell and a dense sheet directly under the plasma membrane known as 

cortical actin [156]. It is also found at the leading edge of motile cells in 

lamellipodia and filopodia [157, 158].

A key feature of F-actin microfilaments is that they are dynamic, constantly being

remodelled within a cell (Figure 1.3). Individual G-actin units form two chains that

wind around each other to form F-actin. Like the microtubules, F-actin has a fast

plus where assembly occurs quicker than the slower minus end, giving a defined
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polarity to each actin subunit. The two ends can also be described as the barbed 

and pointed ends. At the barbed end association of individual G-actin units 

occurs faster than the pointed end [159]. Polymerization and depolymerization of 

the filaments is controlled by adenosine triphosphate (ATP). When the actin 

monomers are bound to ATP, polymerization can occur and then when the ATP 

is hydrolysed to adenosine diphosphate (ADP) actin depolymerization occurs

[160].

F-actin filament formation and remodelling is tightly regulated by a variety of actin 

binding proteins, including ADF/cofilin, gelsolin, profilin, WASp/Scar and Arp2/3 

complex [161], There are many other proteins involved in the process, however 

this discussion will focus on the listed proteins. ADF/cofilin promotes phosphate 

dissociation from ATP-actin filaments and dissociation of ADP-actin form the 

microfilament ends [159]. It is also able to cap and sever ADP-actin 

microfilaments. Gelsolin possesses similar features as ADF/cofilin [161]. They 

both alter the conformation of the actin filament, and sever and cap F-actin. 

Binding affinities are higher for ADP-G-actin as opposed to ATP-G-actin. 

Although gelsolin severing action is greater than ADF/cofilin, the preferred 

regulatory mechanism of microfilament reorganization is ADF/cofilin [162]. 

Profilin catalyzes the exchange of ADP for ATP in released G-actin subunit [163]. 

WASp/Scar proteins and Arp2/3 complex function in the formation of new F-actin 

filaments branching out from the existing filament [159]. Actin monomers and 

Arp2/3 complex are brought together by activated WASp/Scar proteins. Arp2/3
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nucleates the assembly of new actin filaments on the existing F-actin filament

[161]. The F-actin cytoskeleton is a very dynamic and highly regulated 

component of the EC, and thus it is likely that EC F-actin remodelling would play 

a role in lymphocyte TEM.

1.8 ENDOTHELIAL INVOLVEMENT IN LEUKOCYTE TEM

1.8.1 Remodelling of Endothelial Adherens Junctions

Previous studies have implicated the involvement of the EC cytoskeleton in 

lymphocyte TEM. Interendothelial AJs, which are linked to the cytoskeleton, are 

remodelled during leukocyte TEM [6-8]. Vascular endothelial (VE) -cadherin, an 

integral member of the AJ, was visualized in EC using a VE-cadherin-GFP. 

During leukocyte adhesion and diapedesis transient gaps between adjacent EC 

formed. It appeared that VE-cadherin displaced around the transmigrating 

leukocyte and following diapedesis the AJ was restored [6], Monocyte TEM also 

shows a change in vascular EC cadherin complex of AJs. Under flow conditions, 

a loss in the staining of VE-cadherin and a-, p-catenin and plakoglobin was 

shown in areas of monocyte TEM. After diapedesis is complete the events were 

reversed again indicating that a remodelling of the AJ was occurring [7], In a 

more recent study with dual immunofluorescence staining and confocal
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microscopy, it was visualized that when a neutrophil undergoes TEM many AJ

components located at the site of diapedesis are lost. Staining of VE-cadherin, 

a-, (3-catenin and plakoglobin was discontinuous only at sites of neutrophil TEM

[164].

Proinflammatory mediators such as thrombin cause EC AJs to disassemble thus 

increasing EC permeability [165]. Signalling cascades in EC are activated by 

thrombin through protease-activated receptor-1 (PAR-1) [166]. The result of 

PAR-1 activation is an increase in intracellular Ca2+ and stimulation of protein 

kinase C and MLCK, thus activating EC actin-myosin contraction [167], EC Rho 

GTPases are also involved in increasing EC permeability by mediating MLC 

phosphorylation [168]. Thrombin activates Rho A which induces actin 

polymerization, stress fiber formation, and cell rounding to cause the increase in 

EC permeability [169]. VE-cadherin junctions regulate endothelial barrier 

function. Thrombin’s ability to increase EC permeability by disassembly of the 

AJs is thought to be through disruption of VE-cadherin [170]. The pathway of AJs 

remodelling may mimic the process of leukocyte TEM due to the similarities of 

MLCK phosphorylation and disruption of AJs.

The process of VE-cadherin displacement of during leukocyte TEM is currently 

under debate. One method suggested involves signalling events triggered by 

leukocyte adhesion causing VE-cadherin destabilization. The disrupted AJs
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would then form gaps allowing the leukocyte to transmigrate through the EC 

monolayer [171]. A second possible method of VE-cadherin displacement 

involves the migrating leukocytes pushing VE-cadherin out of the junction thus 

allowing their passage through the intercellular gaps [6]. As stated above during 

leukocyte adhesion and diapedesis transient gaps between adjacent EC formed. 

VE-cadherin displaced around the transmigrating leukocyte and following 

diapedesis the AJ was restored. Narrow contact between the leukocyte and EC 

is seen. The third possible role is that neutrophil elastase degrades components 

of the VE-cadherin complex [172]. Membrane-bound elastase localizes to the 

front of the migrating neutrophil and aids in TEM [173]. Also inhibition of elastase 

attenuates neutrophil TEM [174]. However elastase may not be required for 

leukocyte TEM since in neutrophil elastase-deficient mice transmigration of 

neutrophils is unchanged as compared to wild-type mice [175].

1.8.2 Remodelling of Endothelial Cytoskeletal Structures

EC matrix adhesion structures are linked to the EC cytoskeleton. The matrix 

adhesion of focal adhesion complex mediates association of the EC to the 

basement membrane. Paxillin, talin and vinculin are all proteins involved in 

linking the focal adhesion to the actin cytoskeleton [176]. EC focal adhesions are 

remodelled to facilitate leukocyte recruitment and TEM [2], Following lymphocyte 

adhesion to ECs, focal adhesion complexes in EC were seen to be remodelled.
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Preventing focal adhesion remodelling by ECs pretreatment with an antibody 

inhibited lymphocyte TEM. This data strengthens the role of the actin 

cytoskeleton in mediating leukocyte TEM.

It has also been shown that disruption of EC microfilaments decreases leukocyte 

TEM [5]. Using a static system of leukocyte EC interactions, ECs were pretreated 

with CD to destabilize their F-actin cytoskeleton. Microfilament disruption leads to 

a significant decrease in monocyte TEM. Another recent study has shown a 

possible role of ICAM-1 :LFA-1 interactions in TEM [104]. ECs actively formed 

ICAM-1 microvilli-like membrane projections that were enriched in actin when 

ICAM-1 :LFA-1 binding occurred. These projections where shown to have no 

effect on firm adhesion. Interestingly, treatments that prevented the projections 

included CD, colchicine and BAPTA-AM, all of which can also prevent leukocyte 

TEM in static systems [3, 104, 177, 178]. Also the time frames shown for their 

formation correspond to those needed for efficient TEM. Taken together, all of 

these studies show that the EC cytoskeleton is definitely involved in leukocyte 

TEM.

1.8.3 Calcium Signalling Events

Leukocyte TEM has also been linked with Ca2+ events. Within EC a transient

increase in intracellular free Ca2+ required to allow a leukocyte to transmigrate
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[3]. Maintaining Ca2+ levels at resting levels prevented neutrophil TEM but had no 

effect on adhesion. The increase in calcium concentrations is limited to those 

ECs that are next to the transmigrating cell [179]. Also, adhesion of leukocytes to 

the endothelium stimulates a Ca2+-dependent myosin light chain phosphorylation 

and increased endothelial contractility [3, 4]. Myosin light chain kinase is 

activated when there is an increase in the intracellular free Ca2+ levels. This 

leads to myosin II unfolding which increases tension on actin filaments near EC 

borders and thus causing EC retraction from EC borders [4, 105]. When EC 

myosin light chain kinase is inhibited, in vitro, neutrophil TEM and EC actin 

cytoskeletal changes are prevented [180]. An increase in EC intracellular Ca2+ as 

a prerequisite for TEM is also seen with monocytes TEM [181]. Monocyte 

adhesion leads to the increase. When EC are pretreated with BAPTA-AM to 

chelate intracellular Ca2+, monocyte TEM is reduced. Similar results have also 

been reported in brain ECs. Chelating intracellular calcium diminishes T 

lymphocyte TEM again without affecting adhesion [178]. Taken together these 

results indicate a significant role for Ca2+ in mediating leukocyte TEM by 

cytoskeletal reorganization through myosin light chain dependent contraction.
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1.9 ENDOTHELIAL RESPONSES TO SHEAR STRESS

1.9.1 Shear Stress Sensors in EC

ECs are able to respond to shear stress. They accomplish this through putative 

shear stress receptors present on various regions of the EC. Cell-cell junction 

molecules, cell-extracellular matrix molecules, membranal structures and the 

endothelial cytoskeleton all have been implicated in the ability to sense shear 

stress forces [182]. Some of the molecules thought to play a role in supporting 

leukocyte TEM have also been identified as shear-stress sensors. For example, 

PECAM-1 becomes tyrosine phosphorylated rapidly in response to shear stress 

on the endothelium [183]. Phosphorylated PECAM-1 binds to the cytoplasmic tail 

of SHP-2. This leads to a signalling cascade that causes ERK 1/2 activation. 

When inhibiting expression of PECAM-1 or SHP-2, shear stress induced ERK 1/2 

activation is blocked. The rapid changes that occur to PECAM-1 in response to 

fluid shear stress suggest that PECAM-1 can act as a mechanoreceptor [182, 

183],

Molecules present in the adherens junctions can sense fluid shear stress. VE- 

cadherin is able to transfer information intracellularly through interaction with the 

EC cytoskeleton via linking molecules, such as (3-catenin [184, 185]. Following
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EC exposure to laminar shear stress, VE-cadherin, (3-catenin, and vascular 

endothelial growth factor receptor 2 (VEGFR-2) form a complex that is linked to 

the EC cytoskeleton. When VE-cadherin is absent in EC, as in VE-cadherin null 

ECs, shear stress mediated events, including phosphorylation of Akt and p38, do 

not occur [186]. These results imply a significant role for VE-cadherin in shear 

stress transduction.

Integrins are capable of being mechanoreceptors. Previous studies have shown 

that integrins are able to convert mechanical stimuli into biochemical signals 

[187], In coronary arteries, flow induced vasodilatation can be prevented when 

blocking antibodies to the integrin p3 chain are present [188], The av(33 integrin 

is involved in the shear stress pathways of IkB kinase activation and 

phosphorylation of the VEGF receptor Flk-1 [189, 190]. The (32 integrin is 

suggested to play a role in the shear stress activation of ERK 1/2 [191]. Taken 

together these results implicate a strong role for the integrins in sensing fluid 

shear stress.

G proteins are another mechanoreceptor present in ECs. Interfering with G 

protein function can significantly affect shear stress induced events. Shear stress 

activation of ERK 1/2 is inhibited when ECs are treated with pertussis toxin [192]. 

Also, ras-GTPase shear stress induced activity is prevented when ECs are 

treated with anti-sense oligonucleotides to Gaq [193].
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The endothelial cytoskeleton’s role in sensing shear flow is thought to be as a 

common structure that integrates signals or information from all of the shear 

stress receptors [182, 183]. The EC cytoskeleton is able to bind directly, or 

indirectly, to all the mechanoreceptors stated above and it can also respond to 

fluid shear stress. When the actin cytoskeleton is disrupted, shear stress 

mediated signalling is inhibited [194]. These data imply that the EC actin 

cytoskeleton is intimately involved with shear stress responses.

1.9.2 Shear Stress Effect on Endothelial F-actin and Shape

EC are able to adapt to shear stress if present for a sustained period of time. 

ECs change their morphology and align in the direction of flow. This is 

accomplished by changes in the EC cytoskeleton [182, 183, 195, 196]. Confluent 

endothelial monolayers exposed to prolonged laminar shear stress causes 

cortical actin stress fibres to reform in the direction of flow. Actin assembly is 

virtually absent in static situations. Following flow conditions of 15 dyne/cm2, at 8 

h actin stress fibres extend in random directions. At 16 h, the majority of actin 

stress fibres extend parallel and are aligned with the direction of shear stress. 

This causes the cell to extend in the direction of the shear vector. At 48 h the 

majority of cells are now aligned with the shear vector and actin assembly
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continues to proceed [197]. The intermediate filaments and microtubules

demonstrate similar features in response to shear stress [198].

Along with changes in the actin cytoskeleton, the actin cytoskeleton also has 

decreased interaction with VE-cadherin and p-catenin, members of the adherens 

junction [196, 199]. Increased tyrosine phosphorylation of p-catenin, in response 

to shear stress, causes a disassociation of both VE-cadherin and p-catenin from 

SHP-2 and a-catenin, the actin anchoring molecule [182, 196]. Thus, in response 

to shear stress, the EC actin cytoskeleton reorganizes in the direction of the 

shear vector and separates from the adherens junction.

1.9.3 Shear Stress Effect on New Gene Synthesis

Shear stress at arterial levels can influence gene expression within the EC. 

There are three patterns of gene expression. The first are genes that are 

transiently upregulated. Genes in this group include c-Fos [200], platelet derived 

growth factor A and B [201, 202], early growth response factor 1 [201], ICAM-1 

[203] and MCP-1 [204]. Second are genes that have sustained expression in 

response to flow. Genes in this group include endothelial isoform of nitric oxide 

synthase, cyclooxygenase 2, superoxide dismutase, and transforming growth
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factor (3 [205, 206]. Thirdly are those genes that are down regulated in response 

to flow. The genes in this group include endothelin and VCAM-1 [207, 208].

Duration of shear stress can also play a role on gene expression in the 

endothelium. Experiments were run using acute shear application for 2 or 6 h or 

chronic shear application for 24 h [209, 210]. Three conclusions were drawn from 

these experiments. First, physiological levels of laminar shear stress regulate 

perhaps hundreds of EC genes. Second, under the chronic shear application the 

majority of genes are suppressed. Thirdly, genes that regulate activation of the 

endothelium are regulated by acute shear application and appear to be affect by 

the conversion of static to flow states [182]. Under chronic conditions it is 

reported that many pro-inflammatory genes including MCP-1, I CAM-2 VCAM-1 

and PECAM-1, and signalling genes including integrins and VE-cadherin are 

down regulated. The data here indicates that ECs are greatly influenced by shear 

stress and that changes in the shear stress expression pattern on the 

endothelium may play a significant role in vascular inflammation.
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1.10 CALPAIN

1.10.1 Calpain’s Structure and Regulation

Calpain, a family of Ca2+ dependent thiol protease, has been show to play a role 

in cytoskeletal remodelling, proliferation, motility and apoptosis [211-213]. 

Calpain is critical for development as shown by calpain regulatory subunit null 

mice that die with defects in vascular development during embryonic 

development [214]. There are many forms of calpain that are widely expressed 

with both ubiquitous and tissue specific isoforms in humans. Calpain consist of 

two subunits that exist as heterodimers. The small subunit (28 kDa) is a common 

regulatory subunit (Calpain 4). The large subunit (80 kDa) expresses different 

isoforms. The two ubiquitously expressed isoforms are p-calpain (Calpain 1) and 

m-calpain (Calpain 2). Calpains contain six domains, l-IV in the large subunit and 

V-VI in the small subunit (Figure 1.4). Domain I and II contain the protease 

function, domain III is involved with calcium binding, membrane targeting and 

phospholipid binding [215] and domain IV and VI contains putative Ca2+-binding 

EF hands [214],

The two ubiquitous isoforms are similar in structure but differ by the calcium

concentrations in vitro required for activation, p-calpain needing micromolar

concentrations between 5 and 50 pM and m-calpain requiring millimolar
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concentration between 0.2 and 1.0 mM [216]. Calpain activation in vivo remains 

a mystery since calcium concentrations are only around 50 -  400 nM [211, 217- 

221]. There are many proposed models of calpain regulation, including 

interaction with phospholipids, membrane localization, autolytic self-activation 

and binding activator proteins [216, 222]. Phosphatidylinositols (PI) are also 

thought to be involved in the activation calpain. Phosphatidylinositol 4,5- 

bisphosphate (PIP2) has been shown to promote calpain action in physiological 

calcium ranges [223]. For p-calpain the Ca2+ requirement for activation is 

reduced to the upper limits of in vivo Ca2+, therefore in response to localized Ca2+ 

spikes calpain could become activated. Calpain exist in ceils with its endogenous 

inhibitor calpastatin. In response to specific stimuli including a rise in intracellular 

calcium, activation of the v-Src oncoprotein, or ischemic injury, calpain is able to 

degrade calpastatin, thus disassociating from it and enhance its own activity 

[224].

Phosphorylation sites for serine, threonine and tyrosine are present on many 

areas of calpain [211], Growth factor signaling pathway activation of calpain has 

shown the physiological relevance of calpain phosphorylation. Epidermal growth 

factor (EGF) stimulation of cells via the ERK/MAP kinase signaling pathway 

activates calpain [225, 226]. However, phosphorylation events may also inhibit 

calpain activation. The chemokine IP-10 inhibits m-calpain through a PKA- 

dependent phosphorylation pathway [227]. It would appear that regulation by
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phosphorylation functions cooperatively by having the ability to both activate and 

inhibit calpain.

Calpain localization is another method of regulation. Active calpain is 

predominately found at the plasma membrane. In activated T-cells, active calpain 

was found to localize to the membrane fraction and associate in a complex with 

membrane associated proteins such as talin and p1-integrin [228, 229]. It is 

thought that calpain could localized in the area of a Ca2+ channel in the plasma 

membrane thus aiding in the Ca2+ requirement for autolysis [211], Localization to 

the plasma membrane would also bring calpain into contact with PIP2 , which is 

located on the plasma membrane [230, 231]. As a whole, the data shown here 

with regards to calpain activation indicates that tight regulations are in place to 

guide proper calpain activity.

1.10.2 Calpain’s Biological Functions

Calpain has been identified to play a significant role many biological pathways. 

Generation of calpain knock out animals has been one of the methods used to 

gain greater understanding into calpain’s biological functions. One pathway 

identified is the ERK/mitogen-activatied protein kinase pathway. Calpain 

activation is required downstream of the pathway for EGF receptor-mediated 

fibroblast motility [225, 226]. Fibroblast activation was seen to be specific for m-
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calpain only. In this pathway, calpain becomes phosphorylated, increasing

calpain activity, which then leads to increased cell motility [225].

Calpain is also thought to act in signal transduction at a site upstream of the Rho 

family [232]. Inhibiting calpain in bovine aortic endothelial cells (BAEC) alters 

BAEC’s ability to form actin filament networks, stress fibres and focal adhesions. 

By inhibiting calpain, BAEC expressing constitutively active Rho A but not those 

constitutively expressing Rac1, could still form focal adhesions and stress fibres 

[232]. BAEC expressing active Rac1 could, form networks of subcutaneous actin 

fibres and focal complexes [233]. Calpain’s involvement in the formation of Rho- 

mediated stress fibres in calpain 4'1' embryonic fibroblasts is contradictive of 

these results. The embryonic fibroblasts have enhanced formation of filopodia 

and lamellipodia [213, 214]. The results demonstrate that calpain is involved in 

Rho family activation but the pathway of activation is still unknown.

Calpain 4"/_ embryonic fibroblasts are viable, proliferate and have no calpain 

activity [211]. These fibroblasts are not able to undergo normal remodelling of 

cytoskeletal/membrane attachments [213]. The calpain 4~'~ embryonic fibroblast 

have a loss of central stress fibres, decreased migration rates, enhanced 

formation of filopodia and lamellipodia and have a decreased number of focal 

adhesions. They also do not degrade talin, a component of the focal adhesion 

complex which is degraded in vitro by calpain [211].
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One of the most documented roles for calpain is in remodelling 

cytoskeletal/membrane attachments. Calpain action on the cytoskeleton is 

thought to be involved with cell spreading, migration, focal adhesion remodelling 

and rear detachment [212, 225, 228, 232, 234]. Calpain degradation of focal 

adhesions at both the leading and the rear edges of cells is required for cell 

spreading and motility [214, 235]. Intergrin-linked focal adhesions are the main 

links from the actin cytoskeleton to the extracellular matrix [236]. In cell migration 

calpain is thought to act at the rear of the cell in weakening the intracellular links 

to integrin. Studies of migrating cells on varying matrix adhesion strengths 

demonstrate this. Cells that are plated on high adhesive strength matrix are 

unable to detach the rear of their cell when calpain is inhibited and will leave 

behind integrin on the surface of the matrix [212, 237]. Ezrin, radixin and moesin 

(ERM) proteins are known to be putative calpain targets. ERM proteins function 

in linking the cortical actin cytoskeleton to the membrane [238]. Ezrin is cleaved 

by calpain during cell motility to allow cytoskeletal reorganization to occur [239]. 

Taken together, these results suggest that calpain activity functions in altering 

cytoskeletal structures. It seems likely that calpain would also be involved in 

other cellular processes that require cytoskeletal remodelling, namely leukocyte 

TEM.
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1.11 SUMMARY

The leukocyte adhesion cascade in inflammation is critical to the understanding 

of many diseases throughout the body, from allograft rejection to arthritis to 

periodontal disease. Much work has been done on studying and regulating 

rolling, activation and firm adhesion, the early steps in the cascade. However, 

recently research on the final stage, leukocyte TEM, has only recently been 

increasing. Much of this is due to the recent development of a flow system that 

incorporates an additional factor, shear stress. The endothelium is emerging as 

an active part of diapedesis. Cytoskeletal remodelling events and signalling 

pathways appear to be vital in deciphering the process of TEM.
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Figure 1.1 The leukocyte adhesion cascade. The sequence of events 

culminating in Leukocyte TEM is outline. Initially, leukocytes in the blood stream 

approach the vessel wall and (1) engage in transient interactions with the EC via 

selectin:addressin interactions. (2) Activation of the leukocyte occurs once the 

leukocyte comes into contact with a chemokine signal and this facilitates the (3) 

firm adhesion and locomotion step via integrin:lg interactions. (4) The final stage, 

TEM, is the focus of my project. Adapted from [125]
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Figure 1.2 Structure of the seiectins. Selectins consist of a lectin N-terminal 

domain (dark blue) followed by an epidermal growth factor like domain (cyan), 

and two to nine consensus repeats (CR) (red), L-selectin is shown. The selectins 

posses a short cytoplasmic tail (black) and are inserted into the membrane (grey) 

via a hydrophobic transmembrane domain (green). Adapted from [240].
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Figure 1.3 F-actin formation. G-actin units bind ATP and become able to 

polymerize into the two chains that wind around each other to form F-actin. When 

ATP is hydrolyzed to ADP on the actin monomers in the chain depolymerization 

can occur. F-actin assembly occurs faster at the plus end. Slower assembly 

occurs at minus end, defining a polarity to each actin subunit. Adapted from [241]
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Figure 1.4 Calpain structure, m- or p-calpain (80 kDa) are shown also with 

the regulatory subunit (28 kDa). Domains I and II posses the protease function, 

domain III is involved with calcium binding, membrane targeting and phospholipid 

binding and domain IV and VI contains EF hands. Adapted from [214]
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CHAPTER 2. MATERIALS AND METHODS

2.1 GROWTH MEDIA AND ANTIBIOTICS

M199, RPMI, fetal bovine serum (FBS), bovine serum albumin (BSA), Hank's 

balanced salt solution (HBSS), Opti-MEM I, penicillin/streptomycin (P/S; 50 U/ml 

penicillin, 50 pg/ml streptomycin sulfate), glutamine (gin; 2 mM) and trypsin- 

ethylenediaminetetraacetic acid (0.125% trypsin, 0.5 mM EDTA in HBSS) were 

purchased from Invitrogen. FBS was heat inactivated and decomplemented by 

30 min incubation at 56°C. Cell dissociation solution was from Sigma (St. Louis, 

MO). EC growth supplement (5 mg/ml ECGS, 10 mg/ml heparin in HBSS) was 

purchased from Becton Dickinson (Franklin Lakes, NJ).

2.2 SOLUTIONS AND BUFFERS

Solutions were prepared using assured or tissue grade reagents in double

distilled deionized water (ddH20). Dulbecco’s phosphate buffered saline (PBS) 

was purchased from Invitrogen. Where PBS containing CaCI2 was used, the
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solutions were prepared separately in ddb^O and combined prior to use to 

prevent precipitation of Ca3(P0 4 ) 2  crystals. A unique binding media was used in 

parallel plate laminar flow experiments consisting of cation-free HBSS containing 

10 mM HEPES at pH 7.4 and 2 mg/ml of BSA supplemented with Ca2+ and Mg2+ 

at 1 mM each as described previously [125].

2.3 REAGENTS AND ANTIBODIES

Matrigel was purchased from Becton Dickinson. Monoclonal Ab mouse anti

human actin and Rho A were purchased from Santa Cruz Biotechnologies (Santa 

Cruz, CA). JAS, CellTracker green (CMFDA), CellTracker orange (CMTMR), tert- 

butoxycarbonyl-L- leucyl-L-methionineamide-7- amino-4- chloromethyl- coumarin 

(BOC) and Alexa fluor 546 monoclonal antibody labelling kit were obtained from 

Molecular Probes (Eugenem, OR). Donkey serum was obtained from Invitrogen. 

PD 150606, PD 145305, LY 294002 Wortmannin, BAPTA-AM, U 73122 and U 

73343 were from Calbiochem-Cedarlane (Hornby, ON). SDF-1a was from 

Perprotech (Rocky Hill, NJ). TNF-1ct and anti-ICAM antibody were from 

Biosource International Inc. (Camarillo, CA). Monoclonal Ab rabbit anti-human 

actin and F:G actin Kit were from Cytoskeleton Inc. (Denver, CO) FITC-CD4, - 

CDS, -CD19 and -lgG2a and PE-CD8, -CD49d, -HLA-DR, -CD 14 and -lgG2a and 

anti-CD54 and anti-CD 106 were from eBioscience (San Diego, CA). FITC- and 

Texas Red-conjugated AffiniPure F(Ab’ )2  fragment goat anti-mouse IgG, FITC-
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conjugated AffiniPure F(Ab’)2 fragment goat anti-rabbit IgG (H+L), horseradish 

peroxidase (HRP)- AffiniPure goat anti-mouse IgG and goat anti-rabbit (H+L) 

secondaries were obtained from Jackson Immunoresearch (West Grove, PA). 

CD31 was from Dako Diagnostics (Glostrup Denmark). Y27632 was a gift from 

Wilfide Corporation (Japan). CD, ALLN, Nocodazole, 2,5-di-tert-butyI-1,4-benzo- 

hydroquinone (BHQ), 2,3-bis (2-methoxy-2-nitro-5-sulfophenyl)-2H-tetrazolium-5- 

carboxanilide (XTT), phenazine methosulfate (PMS), aprotinin, leupepetin, 

phenylmethylsulfonyl floride (PMSF), FITC-Phalloidin and monoclonal mouse anti 

human p- and m-calpain antibodies were from Sigma.

2.4 CELL CULTURE

2.4.1 Lymphocytes

Human PBL were isolated from healthy donors under a protocol approved by the

University of Alberta Health Research Ethics Board. Mononuclear leukocytes

were isolated by density separation over a ficol gradient (Lymphoprep, Axis-

Shield, Oslo, Norway). Whole blood was diluted 1:2 with HBSS and then

Lymphoprep solution was underlayered as per the manufacturer’s instructions.

The diluted whole blood and ficol solution was then centrifuged in a Beckman

GS-6R centrifuge equipped with a GH-3.8 rotor at 1800 rpm for 20 min at 24°C

without braking. The peripheral blood mononuclear cells were then removed and
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resuspended in 30 ml HBSS, and centrifuged for 15 minutes at 1600 rmp. The 

cells were washed once more by resuspension in 30 ml HBSS and centrifugation 

at 1200 rpm for 15 min. Contaminating monocyte/macrophages were depleted by 

incubation in 150 mm x 15 mm plastic petri dishes (Fisher Brand) for 60 min at 

37°C in RPMI supplemented with 10% FBS, P/S and gin. The non adherent 

mononuclear cells were washed off and resuspended in binding media and 

adjusted to ~1 x 107 cells/ml.

In experiments using fluorescently labelled lymphocytes, isolated PBLs were 

stained with a fluorescent cell tracker (cell tracker red 1 pM, CMTMR or cell 

tracker green 1 pM, CMFDA) in RPMI supplemented with 10% FBS, P/S and gin 

by incubation at 37°C for 30 min with frequent agitation. Following staining, PBLs 

were thoroughly rinsed and then resuspended in binding media for use in 

experiments.

2.4.2 Endothelial Cell Culture

HUVECs were isolated from several umbilical cords, pooled, and cultured in

complete media (M199 with 10% FBS, penicillin, streptomycin, and glutamine) as

described previously [242], The umbilical veins were rinsed with PBS until

perfusate was clear. Cord veins were air-purged, distally clamped, and rinsed

with PBS. Veins were then injected with collagenase (1 mg/ml) and incubated for
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20 min. The ECs were then released by washing with PBS. The collected cells 

were then centrifuged, resuspended in complete medium (M199 supplemented 

with 20% FBS, P/S, gin and ECGS). Storage of cells was maintained in a 

humidified incubator at 37°C, with 5% CO2 .

HUVECs were cultured on a 2 mg gelatin matrix coated 75 cm2 flasks. The EC 

were harvested by washing twice with HBSS and then incubation with a 

nonenzymatic Cell Dissociation Solution until the ECs were seen to lift off the 

plate. For use in an experiment, the harvested cells were then replated onto 

matrigel (1 mg/ml) coated 35 mm dishes and incubated at 37°C in complete 

medium for 24 to 48 h until confluent. EC at passage 2 to 4 were used in 

experiments.

In select confocal experiments, HUVECs were stained with a cytoplasmic dye 

(cell tracker green, CMFDA). HUVECs were passaged and split into untreated 

and treated groups. The treated group was incubated for 30 min with frequent 

agitation in 5 pM CMFDA that was diluted in complete media. Following staining, 

HUVECs were thoroughly rinsed and then resuspended in complete media. The 

untreated group was then mixed with the treated cells and plated onto 35 mm 

tissue culture dishes coated with 1 mg/ml matrigel.
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Where indicated, CD (1 pM) and JAS (300 nM) were diluted in complete medium 

and added to the HUVECs. After a 1 h incubation at 37°C, the media was 

removed and discarded. HUVECs were then rinsed three times with fresh binding 

media. After the final rinse, fresh binding media was applied to the HUVECs.

To chelate intracellular Ca2+, HUVECs were incubated with 20 pM BAPTA-AM for 

30 min in Ca2+ and Mg2+ free binding media, then rinsed and incubated for 1 h in 

complete media. HUVECs were then rinsed three times and left in binding media 

for use in an experiment. To collapse the superficial endoplasmic reticulum 

(sER), HUVECs were pretreated for 16 h with nocodazole (10 pM) diluted in 

complete medium and added to existing media. To inhibit the sarco/endoplasmic 

reticulum Ca2+-ATPase (SERCA) HUVECs were pretreated for 30 min with BHQ 

(15 pM) diluted in complete media. To inhibit phospholipase C (PLC) HUVECs 

were pretreated for 30 min with U 73122 (5 pM). The inactive enantiomer of U 

73122, U 73343 (5 pM; 30 min) was used as a control. After incubation at 37°C, 

nocodazole, BHQ and U 73122 were removed and discarded. HUVECs were 

rinsed three times with fresh binding media and then left in fresh binding media 

for use in an experiment.

To inhibit PIK, HUVECs were pretreated with wortmannin (100 nM; 1h or 10 pM; 

30 min) and LY 294002 (30 pM; 1 h) diluted in complete media. After incubation 

at 37°C, the media was removed and discarded. HUVECs were rinsed three
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times with fresh binding media and left in fresh binding media for use in an 

experiment.

To inhibit calpain, HUVECs were pretreated with ALLN (100 pM or 30 pM) or PD 

150606 (100 pM) diluted in complete media. The inactive enantiomer of PD 

150606, PD 145305 (100 pM) was used as a control. After a 1 h incubation at 

37°C, the inhibitors or inactive enantiomer in complete media was removed and 

discarded. HUVECs were rinsed three times with fresh binding media and left in 

fresh binding media for use in an experiment.

Inhibition of the serine/threonine kinase effector of Rho A, ROCK, was 

accomplished by pre-treatment of HUVECs with Y 27632 at 10 pM, 30 pM and 

100 pM for 30 min at 37°C. After incubation, the media was removed HUVECs 

were rinsed three times with fresh binding media and left in fresh binding media 

for use in an experiment.

2.4.3 Cell Viability Assay

Chemical inhibitors were used at concentrations that maintained HUVEC viability 

>75% of mock-treated controls as assessed by the XTT assay of mitochondrial 

activity as described [243]. HUVECs were grown to confluence on C-24 well 

plates (Falcon) and then in triplicate left untreated or treated with various
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inhibitors and incubated at 37°C for their desired times. Solutions of XTT (1 

mg/ml) and PMS (1.5 mg/ml) were made in DMSO. 5 [jL of PMS was added to 

each ml of XTT solution required. After the desired incubation time, cells were 

rinsed of the inhibitor three times and 300 pi of the XTT:PMS solution was added 

to the HUVECs. The HUVECs were then incubated for 2 -  4 h in darkness to 

allow for significant colour change to occur. The media from each well was then 

transferred to a 96-well plate (Falcon) in duplicate and the absorbance of each 

well was read at 450 nm using an UVmax kinetic microplate reader (Molecular 

Devices, Sunnyvale, CA).

2.5 ANALYSIS OF LYMPHOCYTE MIGRATION UNDER SHEAR FLOW

2.5.1 Parallel Plate Laminar Flow Apparatus Setup

Parallel plate laminar flow adhesion assays were done as described previously

[129] with 35 x 15 mm tissue-culture plates (Corning Inc., Corning, NY, USA) as

the lower stage of a parallel plate laminar flow chamber (127 pm gap)

(Glycotech, Rockville, Maryland, USA). Primary HUVECs (passage 2 to 4) or

primary transduced HUVECs were plated at confluence on tissue culture dishes.

HUVEC monolayers were stimulated for 20 -  24 h with TNF-a (5 ng/ml, 200

U/ml) diluted in complete media in order to mimic an inflamed vessel. Prior to

assembly of the parallel plate flow chamber apparatus, HUVECs were rinsed
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three times with binding media and incubated with SDF-1o diluted in binding 

media at 100 ng/ml for 5 min. Following incubation HUVECs were extensively 

washed with binding media to remove any unbound chemokines from the surface 

of the monolayer.

The parallel plate flow chamber was then primed with binding media in the 

outflow line and PBLs in binding media in the inflow line and then the lines were 

clamped. PBLs were stored in a 37°C water bath and the inflow line originated 

from a tube of fresh binding media also in the 37°C water bath. The outflow line 

was attached to a 10 cc. syringe (BD, Franklin Lakes, NJ) contained on a flow 

pump (GENEQ, Montreal, QC). The primed parallel plate flow chamber was then 

applied to the surface of the HUVEC monolayer and vacuum sealed to ensure 

firm contact and a definite flow area.

In experiments testing for various agents affect on the PBLs, a modified 2 

chamber system was set up. A second chamber was added into the line 

downstream of the first chamber. HUVECs were used on two 35 mm dishes in 

the same flow stream. The two primed parallel plate flow chambers were then 

applied to the surface of the HUVEC monolayers and vacuum sealed to ensure 

firm contact and a definite flow area. The dish closest to the PBLs was defined as 

dish A and the dish closest to the flow pump was defined as dish B.
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The constructed apparatus was mounted on the stage of an inverted phase- 

contrast microscope (Leica DM IRB, Leica Microsystems). In the two chamber 

system dish B was mounted on the stage of the inverted phase-contrast 

microscope. The clamps were then released from the flow lines and the 

appropriate shear rates were established by the flow pump pulling the PBLs 

through the system. PBLs were perfused over the EC monolayer at low 

physiological shear flow (0.5 dyne/cm2) and allowed to accumulate on the ECs 

for 4 min (accumulation phase). The flow rate was then increased to 1 dyne/cm2 

and was kept constant throughout analysis by perfusion of fresh binding medium 

(shear application phase). PBL:EC interaction were observed through a 20x 

objective and captured using a CCD camera (Pixelink, Vitana Corporation) and 

Pixelink software that record images at 12 frames/sec for a 20 min period (shear 

application phase).

2.5.2 Lymphocyte Motion Analysis

Motion analysis was done manually on all accumulated cells (60-120 cells per 

high power field, magnification: x20) that were initially attached after the 

accumulation phase using Quicktime Pro (Apple Computer Inc., Cupertino, CA). 

Lymphocytes rolling or locomoting into the field of view from upstream fields were 

not included in the analysis. Throughout the analysis period >90% of cells 

recruited remained in the field of view. The adherent lymphocytes were 

categorized into 3 specific groups: (1) Arrested Lymphocytes; remained
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stationary (moving less than one cell body in length) throughout the shear 

application phase. (2) Motile Lymphocytes; both locomotive and transmigrating 

lymphocytes. Locomotive lymphocytes were described as those cells during the 

shear application phase that spread and migrated over the EC surface (moving 

greater than one cell body in length) without detaching or crossing the EC 

monolayer. (3) Transmigrating Lymphocytes; lymphocytes that underwent a 

phenotypic change from phase light to phase dark. Cell that reappeared on the 

cell surface after undergoing this change and cell that transmigrated at regions 

where there was no intact monolayer were not included as Transmigrating 

Lymphocytes. The three different groups were recorded as a percentage of the 

originally accumulated lymphocytes.

2.6 RETROVIRAL INFECTION OF ENDOTHELIAL CELLS

The following procedure was performed by our laboratory technician. The 

peYFP-Actin (Clontech) was digested with restriction enzymes Nhel and BamH I, 

then the eYFP-Actin fragment was blunted at the BamH 1 end using T4 DMA 

polymerase (Qiagen), and subcloned into the LZRSpBMN-Z oncovirus vector 

(generously provided by Gary Nolan, Stanford Univ) using standard molecular 

biology techniques. The insert was sequenced before use in these experiments. 

Replication-deficient retrovirus was generated in the Phoenix cell line and then 

used to infect sub-confluent HUVEC on two consecutive days. The transduced 

HUVEC were then harvested, mixed with uninfected HUVEC and plated at
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confluence onto 35 mm dishes. The cells were typically used 48 -  72 h after 

infection for the experiments described.

2.7 CONFOCAL FLUORESCENCE IMAGING

Lymphocytes were stained with a fluorescent cytosolic dye (1 pM CMTMR) for 30 

min with frequent agitation and then perfused over the TNF-a and SDF-1 en

treated YFP-actin expressing or CMFDA stained HUVEC monolayer on glass 

coverslips as described above. YFP-actin cells were imaged in binding medium 

with a Zeiss LSM 510 confocal inverted microscope system using a Plan- 

Neofluor 40x objective (NA 1.3) at a Zoom 2.0. The YFP and rhodamine signal of 

each optical section was acquired sequentially. A z-stack of 10 optical sections 

was taken at 0.5 pm interval every 2 min over the 20 min period. YFP was 

excited at 514 nm and the signal was collected with a LP 530 filter. Rhodamine 

was excited with 543 nm and signal collected with a LP 560 filter. The images 

acquired were compiled and the various time points were fused together using 

Quicktime Pro to make videos of the 20 min time interval. Each time point was 

analysed and a slice about midway through the EC was used to visualize F-actin 

remodelling events.
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2.8 ANALYSIS OF CALPAIN ACTIVITY

2.8.1 Static Gaipain Activity Assay

HUVECs grown to confluence on 35 mm glass coverslips were left untreated or 

pretreated with the calpain inhibitors ALLN (100 pM; 1 h) or PD 150606 (100 pM; 

1 h). HUVECs were washed extensively three times with binding buffer and then 

the BOC (10 pM) was added to the HUVECs and images were immediately 

recorded. After internalization, BOC is conjugated to thiols. When calpain cleaves 

the conjugated BOC the thiol-conjugated 7-amino-4-methylcoumarin is released 

and fluorescence is increased [244]. BOC treated HUVECs were imaged in 

complete medium with a Zeiss LSM 510 confocal inverted microscope system 

using a Plan-Neofluor 40x objective (NA 1.3) at a Zoom 2.0. BOC was excited at 

351 nm and the signal was collected with a LP 385 filter. For all images, the gain 

and offset values were set so that no pixel in the images was at saturation or at 

zero level. Time lapse images were recorded at a time interval of 1 min/image for 

a total of 20 min. Each time point was analysed using Laser Scanning 

Microscope 5 Image Browser (Zeiss). Time lapse images were analysed with 

Zeiss time function where a Region-Of-lnterest (ROI) was drawn over the cells of
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interests. Average pixel intensity of the ROIs was then plotted against time. 

Intensity levels for 8 cells per field were recorded at the 1 min intervals.

2.8.2 Calpain Activity Under Shear Flow Conditions

HUVECs were grown to confluence on 35 mm glass coverslips and were TNF-a 

treated as described above. HUVECs were then pretreated with BOC (10 pM) for 

20 min. Lymphocytes were stained with a fluorescent cytosolic dye (1 pM 

CMTMR) for 30 min with frequent agitation and then perfused over the TNF-a, 

SDF-1a and BOC-treated HUVEC monolayer on glass coverslips as described in 

Materials and Methods 2.5.1. HUVECs were imaged in binding medium with a 

Zeiss LSM 510 confocal inverted microscope using a 40x objective (NA 1.3, F- 

fluar). The BOC compound was excited at 351 nm and the emission signal was 

collected using a LP 385 filter. For all images, the gain and offset values were set 

so that no pixel in the images was at saturation or at zero level. Time lapse 

images were recorded at a time interval of 2 min/image for a total of 20 min. 

Each time point was analysed using Laser Scanning Microscope 5 Image 

Browser (Zeiss). Data was analysed at three different time points: (1) t  = 0. (2) 

Start TEM; when a PBL begins the transmigration process by entering between 

ECs in the monolayer. (3) During TEM; near the middle to end of the 

transmigration process. Control HUVECs were those that had no lymphocytes 

undergo TEM and were assigned a start TEM time (240 sec) and a During TEM
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time (720 sec). These time points equalled the average start and during times of 

HUVECs with PBL TEM occurring. Time lapse images were analysed with Zeiss 

time function where a ROI was drawn over the cells of interests. Average pixel 

intensity of the ROIs was then plotted against time. Intensity levels for 8 cells per 

field were recorded at the 2 min intervals.

2.9 ICAM-1 LABELLING EXPERIMENTS

2.9.1 ICAM-1 Antibody Labelling

The non function blocking anti-ICAM-1 antibody (clone # 6.5B5) was directly 

conjugated to Alexa Fluor 546 as directed by the manufacture at 1 mg/ml. The 

antibody was diluted 1:10 in 1 M sodium bicarbonate buffer. The protein solution 

was mixed gently with the Alexa Fluor 546 reactive dye until the dye was fully 

dissolved and then incubated for 1 h at RT. The mixture was gently inverted 

every 15 min to increase labelling efficiency. Purification resin was added to a 

spin column and allowed to settle. The column was centrifuged for 3 min at 1100 

x g using a swinging bucket rotor. The mixture was then loaded onto the centre 

of the spin column and the column was placed in a collecting tube and 

centrifuged for 5 min at 1100 x g. The labelled ICAM-1 antibody was then 

collected from the collecting tube.
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2.9.2 Adhesion Cup Assay System

HUVECs were grown to confluence on 35 mm glass coverslips and were TNF-a 

treated as described above. HUVECs were then left untreated or pretreated with 

the calpain inhibitor ALLN (100 pM; 1 h) or the F-actin stabilizer JAS (300 nM; 1 

h). During the last 30 min of incubation with the inhibitors, the Alexa 546 labelled 

ICAM-1 antibody (1 pg/ml) was added to the surface of the HUVECs. HUVECs 

were then rinsed extensively and SDF-1a treated as described above. 

Lymphocytes were stained with a fluorescent cytosolic dye (1 pM CMFDA) for 30 

min with frequent agitation and then perfused over the TNF-a and SDF-1a- 

treated HUVEC monolayer on glass coverslips as described in Materials and 

Methods 2.5.1. ICAM-1 labelled HUVECs were imaged in binding medium with a 

Zeiss LSM 510 confocal inverted microscope system using a Plan-Neofluor 40x 

objective (NA 1.3) at a Zoom 2.0. The Alexa 546 and CMFDA signal of each 

optical section was acquired sequentially. A z-stack of 10 optical sections was 

taken at 0.5 pm interval every 2 min over the 20 min period. Alexa 546 was 

excited at 543 nm and the signal was collected with a LP 560 filter. CMFDA was 

excited with 488 nm and signal collected with a BP 500-530 filter.
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2.9.3 Analysis of ICAM-1 Cup Formation

I CAM cup projection analysis was done manually on all accumulated cells that 

were attached to the HUVEC monolayer using Laser Scanning Microscope 5 

Image Browser (Zeiss). The adherent lymphocytes were categorized into 3 

specific groups: (1) Complete Cup Formation; high intensity of I CAM staining 

surrounding the lymphocyte (comparable to the control condition). (2) Partial 

Cup Formation; medium to low intensity of I CAM staining surrounding the 

lymphocyte. (3) No Cup Formation; virtually no to completely no intensity of 

I CAM staining surrounding the lymphocyte. Cells that had transmigrated were not 

included in the analysis. The three different groups were recorded as a 

percentage of the originally accumulated lymphocytes. Statistics was performed 

by assigning scores of 1 for complete cup, 2 for partial cup and 3 for no cup 

formation. The difference between cup formation among all cells for each 

treatment in two experiments were calculated and tested for statistical 

significance (p < 0.05) by analysis of variance (ANOVA) using SPSS software 

(SPSS, Chicago, IL).
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2.10 IMMUNOCYTOCHEMISTRY

2.10.1 F-actin Staining

In some experiments, PBLs were stained with CMTMR and then perfused over 

the TNF-a and SDF-1a stimulated HUVEC monolayer on glass coverslips as 

described above in Materials and Methods. Shear application phase was limited 

to 10 min to capture lymphocytes in the process of diapedesis. At 10 min cells 

were fixed by perfusion with PBS/2% paraformaldehyde (PFA) for 5 min and 

washed by perfusion with PBS with 1 mM CaCh for 5 min, both at 2 dyne/cm2. 

The flow chamber was removed and cells were permeabilized with a 0.5% Triton 

X-100 buffer (20 mM Hepes, 50 mM NaCI, 3 mM MgCh and 300 mM sucrose, pH 

7.4). The cells were then stained for F-actin by incubation with FITC-phalloidin (2 

pg/ml) in PBS and 1 % donkey serum for 20 min at room temperature, and then 

washed three times with PBS with 1 mM CaCh. Coverslips where washed and 

then placed on top using Vectashield fluorescence mounting media (4 pi, Vector 

Labs, Burlingame, CA) and Permount mounting solutions (Fisher Scientific, 

Pittsburgh, PA). The cells were then analysed using a confocal microscope that 

fluorescence microscopy (FITC excitation: 488 nm, Rhodamine excitation: 543 

nm).
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2.10.2 Calpain Staining

PBLs were perfused over the TNF-a and SDF-1a stimulated HUVEC monolayer 

on glass coverslips as described above in Materials and Methods. Shear 

application phase was limited to 10 min to capture lymphocytes in the process of 

diapedesis. At 10 min cells were fixed by perfusion with PBS/2% 

paraformaldehyde (PFA) for 5 min and washed by perfusion with PBS with 1 mM 

CaCb for 5 min, both at 2 dyne/cm2. The flow chamber was removed and cells 

were permeabilized with a 0.5% Triton X-100 buffer (20 mM Hepes, 50 mM NaCI, 

3 mM MgCI2 and 300 mM sucrose, pH 7.4). The cells were stained for p-calpain 

by incubation with monoclonal human anti-p-calpain antibody (1 pg/ml) in PBS 

and 1% donkey serum for 20 min at room temperature, and then washed three 

times with PBS with 1 mM CaCh. The cells were labelled with Texas Red- 

conjugated affinipure F(Ab’ )2  fragment secondary and stained for F-actin by 

incubation with FITC-phalloidin (2 pg/ml) in PBS and 1% donkey serum for 20 

min at room temperature, and then washed three times with PBS with 1 mM 

CaCb. Coverslips where washed and then placed on top using Vectashield 

fluorescence mounting media (4 pi, Vector Labs, Burlingame, CA) and Permount 

mounting solutions (Fisher Scientific, Pittsburgh, PA). The cells were then 

analysed using a confocal microscope with fluorescence microscopy (FITC 

excitation: 488 nm, Texas Red excitation: 543 nm).
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2.11 FLOW CYTOMETRY

Expression of EC surface adhesion molecules and PBL cell types were 

determined by flow cytometry. ECs were harvested and washed in PBS and 

suspended in primary antibody or control IgG (5 pg/ml) in 10% donkey serum, for 

20 min at 4°C. After the incubation any unbound antibody was wash off the ECs. 

ECs were then resuspended in FITC-conjugated secondary antibody (15 pg/ml) 

for 20 min at 4°C. The cells were washed again and fixed with PBS/2% PFA. 

PBLs were washed in PBS and suspended in FITC- or PE-tagged primary 

antibody or control IgG (5 pg/ml) in 10% goat serum for 20 min at 4°C. Data was 

collected with a Becton Dickinson FACScan (San Jose, CA) and analysis was 

performed using CellQuest software.

2.12 WESTERN BLOT ANALYSIS

2.12.1 F-actin/G-actin in vivo Assay

The ratio of F-actin versus G-actin in cells was analysed using an F-actin/G-actin 

assay kit (Cytoskeleton Inc., Denver, CO) according to the manufacturer's 

protocol. HUVECs were either left alone or pretreated with JAS (300 nM) for 1 h 

and then lysed with a cell lysis and F-actin stabilization (LAS) buffer with or
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without 7 fjM CD and homogenized using 26.5 G syringes. The cell lysates were 

centrifuged using a Beckman TL-100 Ultracentrifuge with a TLA 100.2 rotor at 

100,000xg for 60 min at 37°C. The supernatants (G-actin) were separated from 

the pellets (F-actin) and were immediately placed on ice. The pellets were 

resuspended to the same volume as the supernatants using ice cold dhhO 

containing 2 jjM CD and were incubated on ice for 60 min.

2.12.2 Cells Lysis

In experiments to determine protein expression by western blotting, HUVECs 

were grown to confluence on 1 mg/ml gelatin-coated dishes. For CNF-1 

experiments, HUVECs were pretreated with CNF-1 diluted to various 

concentrations in complete media for 16 h. Following the incubation, cells were 

rinsed with HBSS and then lysis buffer (1 M Tris pH=7.5, 10% Triton X-100, 10% 

sodium dodecyl sulfate (SDS), 10% sodium diethyldthiocarbamate (SDC), 2 M 

NaCI, 50 mM MgCh, 2 pg/ml leupeptin, 25 U/ml aprotinin and 1 mM PMSF) was 

applied to the surface and cells were scraped off using a cell scraper. The cell 

lysate was collected and centrifuged immediately at 13 000 rpm for 2 min at 4°C. 

After centrifugation, the supernate was immediately collected and placed on ice.

For calpain level experiments, cells were rinsed with HBSS and then incubated

for 10 -  20 min with warm cell disassociation solution at 37°C. EC in suspension
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were then collected and centrifuged at 1000 rpm for 10 min at 4°C. HUVECs 

were rinsed with PBS/CaCb and centrifuged at 1000 rpm for 10 min at 4°C. The 

collected cells were resuspended and incubated with lysis buffer for 5 min on ice 

with vigorous pipetting. The lysate was then centrifuged at 13 000 rpm for 4 min 

at 4°C. After centrifugation, the supernate was immediately collected and placed 

on ice.

2.12.3 Immunoblotting

Total protein concentrations were determined with a colormetric modified Lowery, 

Bio-Rad DC protein assay (Bio-Rad, Hercules, CA). Equal amount of total protein 

of the samples (400 ng of the G-actin and F-actin fractions, 10 pg of CNF-1 

treated HUVECs, 20 -  30 pg of HUVEC lysate) were loaded in each lane and 

resolved by 7.5% sodium dodecyl sulfate-polyacrylamide gel electrophoresis 

(SDS-PAGE) in running buffer (0.025 M Tris, 0.192 M glycine, 0.1% sodium 

dodecyl sulfate, pH=8.3). Kaleidoscope or all blue precision plus protein 

standards (BioRad) were also loaded onto the gel and used as protein ladders. 

Protein was blotted onto a polyvinylidene difluoride (PVDF) membrane 

(Amersham Pharmacia Biotech, Buckinghamshire, England) overnight at 4°C 

using a Bio-Rad TransBlot with transfer buffer (25 mM Tris, 0.2 M glycine and 

20% Ethanol). Following the transfer, the membranes were removed and rinsed 

with TBS-Tween (TBS-T; 100 mM Tris, 0.9% NaCI, 0.1% Tween 20, pH=7.5) and
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then incubated with blocking solution (5% BSA in TBS-T) for 4 h at room 

temperature (RT). The membranes were then rinsed three times with TBS-T for 5 

min and various primary mAbs (described in Results) in 2% BSA TBS-T were 

applied to the membranes. The membranes were incubated for either 1 h at RT 

or overnight at 4°C. Membranes were washed three times (20 min then two 10 

min washes) with TBS-T and then incubated with horseradish peroxidase-(HRP-) 

secondary in 2% BSA TBS-T for 1 h at RT. Following incubation with the 

secondary Ab, membranes were washed with TBS-T four times (20 min wash 

then three 10 min washes). The membranes were developed with 

chemiluminescence substrate (ECL western blotting detection analysis system, 

Amersham Pharmacia Biotech, Buckinghamshire, England) and then exposed 

from 10 -20  min to Biomax MR X-ray film (Eastman Kodak, Rochester, NY).

2.13 STATISTICS

All experiments were performed at least three times using different pairs of donor 

lymphocyte and endothelial cells. Data are expressed as mean ± the standard 

error of the mean (SEM). The difference of the means between treatment and 

controls among several experiments was calculated and tested for statistical 

significance (p < 0.05) by analysis of variance (ANOVA) using SPSS software 

(SPSS, Chicago, IL).
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CHAPTER 3. RESULTS

3.1 PILOT STUDIES - OPTIMAZTION OF EXPERIMENTAL CONDITIONS

3.1.1 TNF-a is Required for Leukocyte Adhesion

Initially, before specifically studying the role of the EC in lymphocyte TEM, 

experimental protocols and variables were optimized. Well documented is the 

need for treatment of HUVECs with an inflammatory cytokine, such as TNF-a, to 

promote leukocyte adhesion to the EC monolayer under static conditions [144, 

245]. The use of TNF-a to mimic an inflamed vascular endothelium is mainly due 

to its ability to upregulate I CAM, VCAM and E-Selectin, the major adhesive 

ligands [246]. We first confirmed the need for TNF-a in adhesion of PBLs to 

HUVECs under shear stress. HUVECs were left untreated or treated with TNF-a 

for 20 h (Figure 3.1). With no TNF-a treatment virtually no cells interacted with 

the monolayer, however with TNF-a treatment the desired result was obtained 

and interaction with the EC monolayer occurred with a significant number of cells 

interacting that gave us the opportunity to evaluate.
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Next we tested for both the upregulation of adhesion molecules (ICAM-1; CD54, 

VCAM-1; CD106) and the optimal TNF-a treatment time required to induce 

significant effects in our parallel plate flow adhesion assay. HUVECs were 

treated with TNF-a from 0 -  24 h and then flow cytometry was performed to 

assess levels of the various adhesion molecules. PECAM-1 (CD31) was used as 

a positive control since it is seen to be constitutively and uniformly expressed on 

ECs [247, 248]. CD31 levels stayed relatively similar through the various time 

points (Figure 3.2 A). CD54 and CD106 were both upregulated after the first 

TNF-a time treatment at 8  h and then levels appeared optimal at between 20 -  

24 h (Figure 3.2 A). Therefore the 20 -  24 h range was selected as optimal 

conditions for our flow system. HUVECs were routinely checked for expression of 

CD54 and CD106, a representative data set is shown at a 20 h treatment (Figure 

3.2B)

3.1.2 Lymphocyte Cell Populations

The next step in evaluating our system was to determine the phenotypes of the 

PBLs that would be interacting with the HUVECs and what concentration of PBLs 

would be optimal for use in the flow system. Flow cytometry was performed on 

isolated PBL from whole blood to monitor determine the subpopulations present 

in each experiment. The data is summarized in Figure 3.3. Both CD8 + and CD4+ 

T cells were present. The majority of T cells (CDS) expressed the counter
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receptor for VCAM-1, aA (CD49d) integrin. CD19, a B-celi-specific 

transmembrane glycoprotein [249] was used along with CD14, the receptor for 

bacterial lipopolysaccharide (IPS) expressed on monocytes and macrophages 

[250] and human leukocyte antigen (HLA-) DR, an mAb specific for major 

histocompatibility complex (MHC) class II and recognizes B ceils, monocytes, 

macrophages, dendritic cells, and activated T cells [251, 252]. Our FBI 

populations show only a minimal presence of these markers.

Isolated PBLs were next tested for the correct concentration that would give us a 

significant number of cells interacting with the EC monolayer. Previous studies 

using a similar system report using 30 -  60 cells per field at 20x magnification 

[125]. PBLs were diluted to concentrations in the range of 1 x 106 -  1 x 107 

cells/ml. At 1 x 106 cells/ml the cell numbers interacting reached an upper range 

of -35 cells. We chose to use approximately 1 x 107 cells/ml since this gave us 

between 60 -  120 PBLs interacting with the HUVEC monolayer at 20x 

magnification. The average number of PBLs interacting with HUVEC monolayer 

is shown (Figure 3.4).
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3.1.3 Determination of Appropriate Shear Conditions

Another variable that needed to be adjusted was the shear rates applied and 

length of the application phase. Cinamon et. al. reported an accumulation phase 

of 40 sec at 0.75 dyne/cm2, and then a shear application phase of 5 dyne/cm2 

[125]. We selected shear rates of 0.5 dyne/cm2 for the accumulation phase and 1 

dyne/cm2 for the shear application phase since the typical range in the 

microcirculation of an inflamed vessel is approximately 0.2 -  1.5 dyne/cm2 [253, 

254]. We found that an accumulation phase of 40 s at 0.5 dyne/cm2 was not 

efficient for studying PBL TEM due to the lack of adherent PBLs. We chose to 

increase the accumulation phase to 4 min at 0.5 dyne/cm2 to obtain an adequate 

number of events to analyse. Primary studies indicated at least 10% of PBL 

migrated under optimized conditions. Therefore to observe at least 5 lymphocyte 

TEM events in the control condition, 20x fields that contained 60 -  120 PBLs 

were evaluated.

3.1.4 SDF-1o and Binding Media are Required

The model of inflamed vascular EC consisted of TNF-a stimulated HUVECs,

however, TNF-a activation of HUVECs does not allow the HUVECs to display

functional chemokines to resting PBLs [6 8 ]. It was reported that following TNF-a

activation, PBLs are able to undergo rolling and arrest, but virtually no PBLs
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undergo TEM, indicating that although TNF-a produced subendothelial 

chemokines that are able to allow some PBLs to transmigrate, their levels are too 

low to be considered significantly chemotactic [125]. This was resolved by the 

addition of apical chemokines, which have the ability to induce PBL TEM in flow 

systems [125]. SDF-1a was the chemokine shown previously to induce TEM and 

also the one we selected to use. Our data confirms these previous results that 

indicate pretreatment of HUVEC monolayers for 5 min with SDF-1cr (200 U/ml) 

can induce PBL TEM under shear conditions (Figure 3.5 Binding Media vs. 

Binding Media + SDF-1o) (Appendix Videos B.1, B.2).

Early experiments produced virtually no PBL TEM. In these experiments all cells 

were treated and maintained in complete media (M199 with 10% FBS, penicillin, 

streptomycin, and glutamine). HUVECs pre-treatment with SDF-1a and PBLs re

suspension following isolation was done with complete media. Priming of the flow 

system and the perfusion media consisted of the complete media. These 

conditions allowed the lymphocytes to adhere to the surface of the endothelium 

but TEM was rarely observed in contrast to reported levels (Figure 3.5) [125]. 

Media conditions from similar studies [125] were then mimicked to test for 

effectiveness of experimental conditions. Perfusion media, priming, SDF-1a pre

treatment of HUVECs and resuspension of PBLs was now performed using 

binding media (HBSS, 10 mM HEPES at pH 7.4, 2 mg/ml BSA, 1 mM Ca2+ and 1 

mM Mg2+). Using the new conditions we were now able to reproduce similar 

effects seen previously. TEM was increased significantly when using binding
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media as compared to conditions using complete media (Figure 3.5). With our 

system now optimised we were able to begin studying in EC events in PBL TEM.

3.2 EC F-ACTIN CYTOSKELETAL INVOLVEMENT IN LYMPHOCYTE TEM

3.2.1 Endothelial F-actin Remodelling is Required for Lymphocyte TEM

To determine if EC cytoskeletal reorganization is involved in TEM, HUVECs were

pretreated with CD, to depolymerize F-actin, or JAS, to stabilize endothelial F-

actin. The flow chamber apparatus was mounted on the confluent monolayer of

HUVECs, and the PBL suspension was perfused through the system. We

monitored the PBL population in each experiment as described in Materials and

Methods. Both CD and JAS pretreatment of EC were found to decrease the

amount of lymphocytes that underwent TEM to 12% ± 5% and 24% ± 11%

versus the control respectively, but did not change motility of the surface-

adherent PBL (Figure 3.6 A). Sample videos of control (Appendix video B.3 A)

and JAS pretreatment of HUVECs (Appendix video B.3 B) demonstrate the

decreased TEM in response to endothelial F-actin stabilization. JAS treatment

does not completely inhibit PBL TEM; lymphocytes appeared to either arrest on

the luminal surface or complete TEM fully. However, even among PBL

transmigrating through the JAS-pretreated EC monolayer, the time required for a

PBL to complete the migration was significantly increased (Figure 3.6 B).
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To confirm that JAS pretreatment of the HUVEC stabilized the F-actin

cytoskeleton, control or JAS-pretreated HUVEC were lysed, and then treated

with CD in vitro to depolymerize F-actin. Western blots were used to analyze the 

ratio of F to G-actin levels in the cell lysate. Figure 3.7 demonstrates that JAS 

protects the EC F-actin from CD-mediated deplomerization. These results

indicate that EC require both polymerized F-actin structures and F-actin

remodeling to support efficient lymphocyte TEM.

3.2.2 EC F-actin Condenses Around the Migration Pore

Next we sought to visualize the F-actin remodelling event in living ECs. HUVECs 

were transduced with a YFP-actin construct using a retroviral vector. Confocal 

fluorescence microscopy was used in the laminar flow system to visualize the 

incorporation of YFP-actin into organized F-actin structures in transduced 

HUVECs. First, analysis of the sequential confocal images confirmed that PBLs 

transmigrate from the luminal to the basal surface of the EC monolayer (Figure 

3.8, Appendix Video B.4 A). Second, we observed that YFP-actin condenses 

around the migration pore as the PBL extends pseudopodia between and under 

EC (Figure 3.8) (Appendix Video B.4 A, B).
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A control experiment was also performed to assess if this apparent YFP-actin 

polymerization was just simply cytoplasmic dumping around the migration pore. 

CMFDA stained HUVECs were combined with unstained HUVECs and CMTMR 

stained PBLs were perfused over the monolayer in our laminar flow system 

described in Materials and Methods. There was no evidence in any images of 

cytoplasmic condensation around a migration pore among CMFDA-stained 

HUVECs (Appendix Video B.5).

This observation was confirmed using immunofluorescence microscopy. The 

laminar flow system was again used to allow lymphocytes to interact with the 

HUVEC monolayer. Lymphocytes were fixed as they were in the process of TEM. 

Cells were then labelled with FITC-phalloidin and visualized using fluorescence 

microscopy. F-actin again appears to condense around the migration pore of a 

lymphocyte undergoing TEM (Figure 3.9). These observations support the model 

that EC cortical and subplasmalemmal F-actin remodelling is associated with 

TEM.

3.3 EC CALCIUM FLUXIS REQUIRED FOR LYMPHOCYTE TEM

Earlier studies have suggested that lymphocyte adhesion stimulates a Ca2+ flux 

in EC, but only natural killer cell adhesion could be shown to directly induce a
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Ca2+ signal under static adhesion conditions [255]. We therefore examined the 

role of an EC Ca2+ flux in regulating lymphocyte TEM under shear stress 

conditions. First, HUVECs were pre-treated with the intercellular Ca2+ chelator 

BAPTA-AM. We observed that PBL TEM was significantly reduced with BAPTA- 

AM treatment as compared to the control (Figure 3.10 A). BAPTA-AM treatment 

of the EC decreased PBL TEM to 24% ± 6 % of the control condition, thus 

indicating a role for EC Ca2+ signalling during TEM.

Next Ca2+ stores, release pathways and transport proteins were targeted. We 

tested the hypothesis that activation of the IP3 receptor causes Ca2+ release from 

the ER. HUVECs were treated with either nocodazole, which collapses the sER, 

BHQ, which inhibits SERCA, to attenuate Ca2+ flux from the ER stores or U 

73122, which inhibits PLC and prevents inositol 1-4-5 trisphosphate (IP3) 

generation.

We observed that nocodazole and BHQ like the BAPTA-AM treatment, 

significantly inhibited lymphocyte TEM (Figure 3.10 A). Nocodazole decreased 

the amount of PBLs that underwent TEM to 32% ± 16% and BHQ decreased the 

amount of PBL TEM to 53% ± 8 %. These results indicate Ca2+ release from the 

EC ER facilitates PBL TEM. Furthermore, U 73122 decreased the amount of 

PBLs that underwent TEM to 60% ± 6 %, while U 73122’s inactive analogue, U 

73343, had no effect on PBL TEM (110% ± 11% of the control condition) (Figure
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3.10 B). Cell viability was unaffected by 30 min BHQ (15 pM) treatment (Figure

3.10 C). These data taken together implicate Ca2+ signalling as a requirement for 

efficient PBL TEM.

3.4 EC PI KINASES PARTICIPA TE IN LYMPHOCYTE TEM

3.4.1 Optimization of Experimental Conditions

Prior to addressing the effect of EC PIK on PBL TEM, inhibitor concentrations 

and exposure times needed to be optimized. Wortmannin is a competitive 

irreversible inhibitor of both PI3 and PI4K, but it is not very stable in solution 

[256]. Wortmannin’s inhibition of PI4K is specific for the different types, since it 

can prevent the activation type III PI4K at an IC 5 0  of 150 nM [256], but not the 

type II PI4K [257]. Using previously reported concentrations and exposure times 

we attempted to inhibit PBL TEM. At 30 min incubation time and varying the 

concentration at 100 nM, 300 nM and 1 pM we saw no change in PBL TEM as 

compared to the control (Figure 3.11 A). However at 1 h incubation time PBL 

TEM decreased at 100 nM treatment of wortmannin and the viability of HUVECs 

was also maintained (Figure 3.11 A, B).
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3.4.2 PIK’s Role in Lymphocyte TEM

The observation that Ca2+ and SERCA inhibition impairs efficient lymphocyte 

TEM, suggests that ER calcium release is necessary for the EC to enact a 

structural change during TEM. One stimulus for ER Ca2+ release involves the 

activation of the IP3 receptor. IP3 is generated by the action of PLC on PIP2 , 

which in turn is generated by the activity of PI4K. However, PIP2 may also be 

involved in regulation F-actin polymerization through activity on gelsolin or other 

actin associated proteins. Moreover, PIP2 or PIP3 generated by PI3K may act as 

docking sites for PH-domain proteins such as RhoGEFs, and hence influence F- 

actin assembly. To inhibit the PIK, HUVECs were pretreated with wortmannin for 

1 hr at 100 nM to inhibit PI3K or with wortmannin for 30 min at 10 pM to inhibit 

both PI3K and PI4K or with the selective PI3K competitive inhibitor LY 294002. 

We observed that both inhibitors significantly decreased lymphocyte TEM (Figure 

3.12). At concentrations inhibiting PI3K, Wortmannin decreased PBL TEM to 

44% ± 10% and LY 294002 decreased to PBL TEM to 44% + 10% of the control 

condition. To specifically study PI4K we looked at a shorter incubation time with a 

higher concentration of wortmannin (10 pM). Wortmannin become less specific 

for PI3K at concentrations above 1 pM and can broadly inhibit PI4K [258, 259], 

These higher concentrations of wortmannin, inhibiting both PI3K and PI4K, 

decreased PBL TEM to 32% ± 4% of the control. This observation suggests that 

endothelial PI4K, in addition to PI3K activity, is involved in lymphocyte TEM. 

Comparing the % decrease in PBL TEM it appears that there is a general trend
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that the decrease in PBL TEM increases with greater P14K inhibition, however it 

was not statistically significant (wortmannin 1 h 100 nM and the 30 min 10 pM 

treatment) (Figure 3.13 A). Cell viability decreased due to the increased levels of 

dimethylsulfoxide (DMSO) present in 10 pM wortmannin treatment (Figure 3.13 

B). However, the equivalent amount of DMSO in binding media had no effect on 

PBL TEM, implying that the effect on PBL TEM was due to wortmannin.

3.5 EC CALPAIN’S ROLE IN LYMPHOCYTE TEM

3.5.1 Levels of p- and m-Calpain in HUVECs

Next we tested the hypothesis that calpain proteolytic activity of F-actin- 

associated targets acts as a downstream effector of the Ca2+ signal. We first 

attempted to determine which form is present in higher levels in HUVECs. 

Protein determination of whole cell lysates was performed using a modified 

colormetric Lowry assay. Then equivalent amounts of HUVEC lysates were 

resolved using SDS-PAGE and transferred to a PVDF membrane. Membranes 

were blocked and then rinsed. Membranes were incubated overnight with either 

primary anti-p- or m-calpain. HRP-conjugated AffiniPure goat anti-mouse IgG 

(H+L) secondary was then applied for 1 h at RT. The Westerns demonstrate 

robust expression of p-calpain in HUVEC lysates (Figure 3.14). Actin (42 kDa) 

levels in the HUVECs were checked to ensure equivalent loading.

80

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



3.5.2 EC Calpain is Inhibited by Pretreatment with Calpain Inhibitors

First we determined if HUVECs exhibited calpain activity in intact cells. ECs were 

incubated with the membrane-soluble calpain substrate BOC, and then the 

generation of the specific fluorescent signal was observed, demonstrating that 

HUVECs exhibit constitutive calpain activity (Figure 3.15).

Second, to ensure that calpain activity would be inhibited by the calpain inhibitors 

ALLN (100 pM; 1 h) and PD 150606 (100 pM; 1 h), HUVECs were treated with 

the BOC compound alone or along with either inhibitor as described in Materials 

and Methods. We observed that both ALLN and PD 150606 inhibited calpain 

activity levels at 300, 600, 900 and 1200 sec as compared to the control (Figure 

3.15). All data is shown as compared to its corresponding treatment at t = 0. At 

300 sec control intensity was 149% ± 4%, ALLN intensity was 106% ± 1% (p 

value = 0.000 vs. control) and PD 150606 intensity was 100% ± 1% (p value = 

0.000 vs. control). At 600 sec control intensity was 208% ± 9%, ALLN intensity 

was 129% ± 1% (p value = 0.000 vs. control) and PD 150606 intensity was 107% 

± 2% (p value = 0.000 vs. control). At 900 sec control intensity was 294% ± 15%, 

ALLN intensity was 155% ± 2% (p value = 0.000 vs. control) and PD 150606 

intensity was 120% ± 4% (p value = 0.000 vs. control). AT 1200 sec control 

intensity was 378% ± 18%, ALLN intensity was 176% ± 3% (p value = 0.000 vs. 

control) and PD 150606 intensity was 125% ± 5% (p value = 0.000 vs. control).
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We were unable to increase calpain activity by treatment with the calcium 

ionophore, ionomycin 1 pM (data not shown). These observations demonstrate 

that calpain is constitutively active in confluent HUVEC cultures and that the 

calpain inhibitors ALLN and PD 150606 inhibit calpain activity.

3.5.3 EC Calpain is Required for Lymphocyte TEM

Calpain is a thiol protease and has been show to play a role in cytoskeletal 

remodelling [2 1 2 , 259], and is regulated by Ca2+ and PIP2 [213], and therefore we 

hypothesized it to would also play a role in PBL TEM. We tested the effect of two 

inhibitors of calpain activity to determine its role in lymphocyte TEM. HUVECs 

were pretreated for 1 h with ALLN, PD 150606, or PD 150606’s inactive analog 

PD 145305. We observed that both ALLN and PD 150606 significantly inhibited 

PBL TEM, while the inactive analog PD 145305 had no effect on PBL TEM. 

ALLN (Figure 3.16 A) at both 100 pM and 30 pM decreased PBL TEM to 0% ± 

0% or 35% ± 9% of the control, respectively. The selective calpain inhibitor, PD 

150606 (Figure 3.16 B), treatment of HUVECs at 100 pM showed a significant 

decrease in the fraction of PBLs that underwent TEM (41% ± 9% of the control 

condition). The inactive analog showed no significant change in PBL TEM (98% 

± 23% of the control condition). Sample videos of control (Appendix video B. 6  A) 

and PD 150606 pretreatment of HUVECs (Appendix video B. 6  B) demonstrate 

the decrease TEM in response to endothelial calpain inhibition. The fraction of
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adherent lymphocytes that moved on the surface of the endothelial monolayer 

was not different between PD 150606-treated and PD 145305-treated control 

groups (Figure 3.16 B). Lymphocytes could be seen moving on PD 150606- 

treated HUVECs to interendothelial cell junctions, but did not appear to extend 

pseudopodia between the junctions (Appendix Video B. 6  B). This appearance is 

similar to that of PBL moving on JAS-treated HUVEC monolayers (Appendix 

Video B.3 B), and indicates that the requirement for both endothelial cytoskeletal 

reorganization and calpain activity occurs early in the diapedesis step.

3.5.4 Calpain Activity is Increased in ECs Involved in TEM

To determine if EC calpain activity is increased during lymphocyte TEM, 

HUVECs were pre-incubated with the membrane soluble calpain substrate, BOC 

(10 pM; 20 min). In a single field of view ECs adjacent to transmigrating PBLs 

(TEM cells) or nearby ECs that were not involved in TEM (control cells) were 

analysed as described above. Calpain activity is increased in HUVECs that 

participate in lymphocyte TEM (Figure 3.17). Control ECs had intensity levels of 

99% ± 2% at both the start of TEM and during TEM. In ECs participating in TEM 

intensity levels were significantly increased at both the start of TEM and during 

TEM to 115% ± 2% (p value = 0.000 vs. control) and 125% ± 3% (p value = 

0.000 vs. control) respectively. Data is shown as compared to t = 0 intensity 

levels. These results show directly in living ECs that calpain activity is increased
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in those ECs where PBL TEM is occurring and thus strengthen the hypothesis 

that calpain activity is required for lymphocyte TEM.

3.5.5 p-Caipain is Increased Around Areas of TEM

Next we sought to determine if EC p-calpain localizes to the migration pore of a 

PBL undergoing TEM. The laminar flow system was used to allow lymphocytes 

to interact with the HUVEC monolayer. Lymphocytes were fixed as they were in 

the process of TEM. Cells were then labelled with Texas Red labelled anti-p- 

calpain and FITC-phalloidin and visualized using fluorescence microscopy. There 

appears to be an enhanced calpain signal around the transmigrating PBL (Figure 

3.18). However it is difficult to distinguish between EC and PBL calpain. Calpain 

does appear to be localized up at the cortical membrane and not at the level of 

focal adhesions or at intercellular junctions. These observations are consistent 

with the model that calpain is acting in the EC at the same level as cortical and 

subplasmalemmal F-actin remodelling.

3.5.6 EC Calpain Inhibition Limits EC ICAM-1 Distribution

Next we tested the hypothesis that calpain inhibition affected the assembly of 

I CAM rich “docking” structures discussed by Sanchez-Madrid and Springer [104,
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260]. We fluorescently labelled surface ICAM-1, then the ECs were left untreated 

or treated the ECs with the calpain inhibitor ALLN (100 pM; 1 h) or the F-actin 

stabilizing agent JAS (300 nM; 1 h) before the assembly of the laminar flow 

chamber as described in Materials and Methods. F-actin stabilization treatment 

was used as a positive control since it would prevent ICAM distribution. Serial 

confocal fluorescent images were collected of EC ICAM-1 distribution using 

confocal microscopy. Calpain inhibition significantly decreased the number of 

ICAM cup projection present on the HUVEC monolayers at the start of the shear 

application phase and 6  min following the start of the shear application phase 

(Table 3.1, Figure 3.19). At t = 0 min in the control condition, the percentage of 

ICAM cup formations associated with adherent PBLs were: 57% complete cup, 

20% partial cup and 23% no cup. In response to ALLN treatment at t = 0 min, the 

percentage of ICAM cup formations associated with adherent PBLs were: 18% 

complete cup, 46% partial cup and 36% no cup (p value = 0.005 vs. control). In 

response to JAS treatment at t = 0 min, the percentage of ICAM cup formations 

associated with adherent PBLs were: 18% complete cup, 39% partial cup and 

43% no cup (p value = 0.002 vs. control). At t = 6  min in the control condition, the 

percentage of ICAM cup formations associated with adherent PBLs were: 59% 

complete cup, 16% partial cup and 25% no cup. In response to ALLN treatment 

at t = 6  min, the percentage of ICAM cup formations associated with adherent 

PBLs were: 21% complete cup, 32% partial cup and 47% no cup (p value = 

0.003 vs. control). In response to JAS treatment at t = 6  min, the percentage of 

ICAM cup formations associated with adherent PBLs were: 24% complete cup,
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34% partial cup and 42% no cup (p value = 0.009 vs. control). These results 

indicate a mechanistic role for calpain in lymphocyte TEM in prevent ICAM cup 

formation around the adherent lymphocyte.

3.6 AGENTS USED HA VE NO EFFECT ON L YMPHOCYTES

As stated above, the various agents used in studying PBL TEM were all applied 

to the ECs. However there still was the possibility that the agents could be 

affecting the PBLs. To study the effect of the various agents on the PBLs a two 

chamber flow system was set up as described in Materials and Methods. PBLs 

were perfused through the flow system first encountering dish A and then 

reaching dish B where PBL:EC interaction were recorded. PBLs were treated to 

confirm the three major conclusions in our study; actin stabilization with JAS (300 

nM; 1 h), Ca2+ dependence with BAPTA-AM (20 pM; 30 min) and calpain 

dependence with ALLN (100 pM; 1 h). A control was also run to check for effects 

of new increased distance that the PBLs would have to travel to interact with the 

ECs. Experimental conditions were for the control dish A and dish B no 

treatments. There were two experimental conditions for the inhibitor studies. The 

first was dish A no treatment and dish B various agent to check for the previous 

result of the agent on the ECs. The second was dish A various agent and dish B 

no treatment to check for the effect of the various agents on the PBLs. PBLs 

would pass through dish A and be exposed to the various agent and then the
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effect would be seen in dish B. We found that there was no affect on the PBLs by 

the various agents and the control no treatment/no treatment (dish B/dish A) 

condition was no different than the standard control single dish flow system 

(Figure 3.20 A-C).
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Figure 3.1 TNF-or is required to allow lymphocyte interaction with 

HUVECs. HUVECs were left untreated or pretreated with TNF-a (200 U/ml; 20 h) 

before the assembly of the laminar flow chamber as described in Materials and 

Methods. Endothelial-adherent lymphocytes were evaluated over the course of 

20 min under shear stress of 1 dyne/cm2. The fraction of arrested, locomotive 

and transmigrating lymphocytes was determined. Data are representative of 

three experiments.
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Figure 3.2 HUVECs surface adhesion molecule expression in response to 

TNF-o treatment. (A) TNF-cr time course experiment. HUVECs were untreated 

or pretreated with 200 U/ml TNF-cr for 8 , 12, 20 and 24 h. Cells were harvested 

using trypsin-EDTA and stained for CD31 (black), CD54 (red), CD106 (blue) or 

isotype control lgG2a (green) with a FITC-conjugated secondary. Analysis was 

performed as described in Materials and Methods. % Expression was determined 

by setting M1 marker gates as 1% of isotype control cells. (B) Representative 

data set of TNF-a treatment at 20 h or untreated control. Isotype control (purple), 

CD54 (red) and CD106 (blue) expression levels on HUVECs are displayed. Data 

are representative of three experiments.
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Figure 3.4 Higher concentrations of lymphocytes create increased 

interactive events between the endothelium and lymphocytes. PBLs were 

freshly isolated and resuspended in binding media to a concentration of either 1 

million cells/ml or 10 million cells/ml. PBLs were then perfused over the TNF-a 

stimulated HUVEC monolayer and the total number of PBLs interacting with the 

endothelium was recorded. Interacting PBLs included arrested, locomotive and 

transmigrating cells. Data are representative of three experiments.
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Figure 3.5 SDF-1 or and complete media affect PBL TEM. HUVEC 

monolayers were left untreated or pretreated with SDF-1 a (100 U/ml) for 5 min 

before the assembly of the laminar flow chamber as described in Materials and 

Methods. Treatments and perfusion of PBLs was also either performed using 

binding or complete media as indicated. Endothelial-adherent lymphocytes were 

evaluated over the course of 20 min under shear stress of 1 dyne/cm2. The 

fraction of arrested, locomotive and transmigrating lymphocytes was determined. 

Data are representative of three experiments.
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Figure 3.6 Disruption of the endothelial F-actin cytoskeleton inhibits 

lymphocyte TEM. (A) HUVEC monolayers were left untreated or pretreated with 

CD (1 pM; 1 h) or JAS (300nM; 1 h) before the assembly of the laminar flow 

chamber as described in Materials and Methods. Endothelial-adherent 

lymphocytes were evaluated over the course of 20 min under shear stress of 1 

dyne/cm2. The fraction of motile and transmigrating lymphocytes was 

determined. Data are mean ± SEM of at least four experiments. *P < 0.05. (B) 
The time taken by a lymphocyte to completely travel under the EC monolayer. 

Data are mean ± SEM of at least four experiments. *P < 0.05.
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Figure 3.7 JAS stabilizes the endothelial F-actin cytoskeleton. The relative 

amounts of F-actin versus G-actin in endothelial cell lysates was analyzed as 

described in Materials and Methods. Untreated EC G-actin (lanes 1 and 3) and 

F-actin (lanes 2 and 4) or JAS pre-treated EC G-actin (lanes 5 and 7) and F-actin 

(lanes 6 and 8) levels are shown in response to incubation with (lanes 3, 4, 7 and

8) or without (lanes 1, 2, 5 and 6) CD for 10 min. Immunoblots are representative 

of three independent experiments.
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Figure 3.10 Lymphocyte TEM is dependent on endothelial Ca2+. (A-B) 
HUVEC monolayers were left untreated or pretreated with either BAPTA-AM (20 

pM; 30 min), BHQ (15 pM; 30 min), nocodazole (10 pM; 16 h), U 73122 (5 pM; 

30 min) or U 73343 (5 pM; 30 min) before the assembly of the laminar flow 

chamber as described in Materials and Methods. The fraction of transmigrating 

lymphocytes was determined as in Figure 3.6. Data are the mean ± SEM of at 

least three experiments. *P < 0.05 (C) XTT cell viability assay was performed as 

described in Materials and Methods. Control (no treatment) values were adjusted 

to equal 100%. % viability is measured as absorbance values of treatment 

compared to the control. Data are expressed as mean ± SEM of three 

experiments.
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Figure 3.11 Effect of various wortmannin concentrations and incubation 

times in treated HUVECs on lymphocyte TEM and HUVEC viability. (A)
HUVECs were left untreated or pretreated with PIK inhibitor wortmannin with the 

indicated concentrations and times before the assembly of the laminar flow 

chamber as described in Materials and Methods. Endothelial-adherent 

lymphocytes were evaluated over the course of 20 min under shear stress of 1 

dyne/cm2. The fraction of arrested, locomotive and transmigrating lymphocytes 

was determined. Data is representative of three experiments. (B) XTT cell 

viability assay was performed as described in Materials and Methods. Control (no 

treatment) values were adjusted to equal 100%. % viability is measured as 

absorbance values of treatment compared to the control. Data are expressed as 

mean ± SEM of three experiments.
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Figure 3.12 Endothelial PIK inhibition decreases lymphocyte TEM. HUVECs 

were left untreated or pretreated with PIK inhibitors, wortmannin (100 nM; 1 h or

10 pM; 30 min) or LY 294002 (30 pM; 1 h) before the assembly of the laminar 

flow chamber as described in Materials and Methods. The fraction of 

transmigrating lymphocytes was determined as in Figure 3.6. Data are mean ± 

SEM of three experiments. *P < 0.05
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Figure 3.13 Endothelial PI4K inhibits lymphocyte TEM. (A) HUVECs were 

then left untreated or pretreated with PIK inhibitors, wortmannin (100nM; 1 h and 

10pM; 30 min) and LY 294002 (30pM; 1 h) before the assembly of the laminar 

flow chamber. % decrease was determined by expressing the difference between 

control and treatment TEM values compared to the control value. Data are mean 

± SEM of three experiments. *P < 0.05 (B) XTT cell viability assay was 

performed as described in Materials and Methods. Control (no treatment) values 

were adjusted to equal 100%. % viability is measured as absorbance values of 

treatment compared to the control. Data are expressed as mean ± SEM of three 

experiments.
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Figure 3.14 Robust expression of p-calpain in HUVEC lysates. HLJVEC

lysate were run on 7.5% SDS-Page and transferred to a PVDF membrane. 

Lysates were then stained for either p- (-80 kDa) or m-calpain (-80 kDa) and 

anti-actin loading control (-42 kDa). Immunoblots are representative of three 

independent experiments.
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Figure 3.15 HUVECs possess constitutive calpain activity which is 

inhibited by ALLN and PD 150606. HUVECs were left untreated or pretreated 

with calpain inhibitors, ALLN (100 pM; 1 h) or PD 150606 (100 pM; 1 h) and BOC 

(10 pM) was added at t = 0 as described in Materials and Methods. Data are 

shown as relative to its corresponding treatment at t = 0. Data are mean ± SEM 

of eight cells. Data are representative of three experiments. *P < 0.05.
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Figure 3.16 Endothelial calpain activity is required for efficient PBL TEM.
(A) HUVECs were left untreated or pretreated with calpain inhibitors, ALLN (30 

pM or 100 pM; 1 h) before the assembly of the laminar flow chamber as 

described in Materials and Methods. The fraction of transmigrating lymphocytes 

was determined as in Figure 3.6. Data are mean ± SEM of three experiments. *P 

< 0.05 (B) HUVEC monolayers were left untreated or pretreated with PD 

1506060 or inactive analog PD 145305 (each 100 pM; 1h) before the assembly 

of the laminar flow chamber as described in Materials and Methods. The fraction 

of motile and transmigrating lymphocytes was determined as in Figure 3.6. Data 

are mean ± SEM of at five experiments. *P < 0.05.
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Figure 3.17 Calpain activity is increased in HUVECs that participated in 

TEM. HUVECs were pretreated with BOC (10 pM; 20 min) before the assembly 

of the laminar flow chamber as described in Materials and Methods. HUVEC 

intensity was evaluated at t = 0, the start of PBL TEM and during the 

transmigration process under shear stress of 1 dyne/cm2. Data are shown 

relative to their corresponding zero time point. Data are mean ± SEM of at least 

twelve ECs. *P < 0.05
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Figure 3.18 Endothelial p-Calpain appears to localize around 

transmigrating lymphocytes. Serial confocal fluorescence image of a fixed and 

permeabilized HUVEC monolayer through which PBLs are seen to transmigrate 

under laminar shear stress is shown, p-calpain (red) is visualized using Texas 

Red secondary conjugated to anti p-calpain primary antibody. F-actin is 

visualized using FITC-phalloidin (green). Z plane of the Y-axis (red line) is shown 

on the right of the figure and the Z plane of the X-axis (green line) is shown on 

the top of the figure. Top panel shows p-calpain staining alone and the bottom 

panel shows combined p-calpain/FITC-phalloidin staining. Arrows indicate areas 

with an enhanced p-calpain signal around a transmigrating PBL. Data are 

representative of three experiments.
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I Control ALLN JAS

t = 0 min No Cup I 23% 36% 43%

Partial Cup I 20% 46% 39%

Complete Cup I 57% 18% 18%

p value | 0.005 vs. 
control

0.002 vs. 
control

No Cup 25% 47% 42%

t = 6 min Partial Cup 16% 32% 34%

Complete Cup 59% 21% 24%

p value 0.003 vs. 
control

0.009 vs. 
control

Table 3.1 Calpain inhibitions decreases ICAM cup formation around 

adherent lymphocytes. HUVEC monolayers were left untreated of pretreated 

with calpain inhibitor ALLN (100 mM; 1 h) or F-actin stabilizing agent JAS (300 

nM; 1 h) before the assembly of the laminar flow chamber as described in 

Materials and Methods. ICAM cup formation on HUVECs surrounding PBLs at t = 

0 min and t = 6 min was determined as described in Materials and Methods. Data 

are representative of two experiments.
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Contro ALLN

JAS

Figure 3.19 Calpain inhibitions decreases ICAM cup formation around 

adherent lymphocytes. Serial confocal live-cell fluorescence images of ICAM-1 

(red) stained HUVECs on which CM FDA-stained PBLs (green) adhere under 

laminar shear stress conditions as described in Materials and Methods are 

shown. Z slices of 0.5 pm were collected every 2 min over a 20 min period. 

Compressed Z plane images are shown for the 6 min time point. Arrows 

represent areas in which ICAM cup formation is complete. Data are 

representative of two experiments.
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Figure 3.20 Various agents have no affect on PBLs. (A-C) HUVECs were left 

untreated or pretreated with various agents, JAS (300 nM; 1 h), BAPTA-AM (20 

pM; 30 min) or ALLN (100 pM; 1 h) before the assembly of the 2 chamber 

laminar flow chamber as described in Materials and Methods. Data is show as 

dish B/dish A. The fraction of transmigrating lymphocytes was determined as in 

Figure 3.6. Data are mean ± SEM of three experiments. *P < 0.05
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CHAPTER 4. GENERAL DISCUSSION.

The work presented in this thesis demonstrates that the active participation of the 

EC is crucial for the process of lymphocyte TEM. Using an experimental model of 

lymphocyte-EC interaction under shear stress conditions, we found that EC 

actively remodel their F-actin cytoskeleton to allow PBL TEM to proceed. 

Inhibition of F-actin remodelling in EC with JAS pretreatment both decreased the 

fraction of lymphocytes that underwent TEM, and markedly increased the transit 

time of those lymphocytes that successfully migrated across the endothelium. 

Furthermore, EC F-actin was seen to condense around the migration pore using 

living cell fluorescence microscopy. EC pretreated with BAPTA-AM, nocodazole 

and BHQ also showed a decrease in lymphocyte TEM, confirming previous 

observations of the involvement of EC Ca2+ signalling in neutrophil TEM. Further, 

pretreatment of EC with calpain inhibitors, ALLN and PD 150606, and PIK 

inhibitors, wortmannin and LY 294002, showed a significant decrease in the 

proportion of lymphocytes that underwent TEM. These data, taken together, 

provide strong evidence that the process of lymphocyte TEM is dependent upon 

the active remodelling of the EC F-actin cytoskeleton.

In the course of optimizing the experimental conditions we were able to validate

previous observation of PBL TEM. First we confirm the need for apical bound

chemokines in inducing PBL TEM under shear stress [125]. PBL stimulatory
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chemokines are normally apically presented on inflamed endothelia in vivo [63]. 

Pretreatment of HUVEC monolayers with S D F - 1er was sufficient in inducing PBL 

TEM. When S D F -1 or treatment is absent from the laminar flow assay system, 

PBL TEM is significantly reduced (Figure 3.5). Second, we were also to confirm 

physiological time frames of PBL TEM in this in vitro system. We found on 

average that the course of PBL TEM took 175 sec ± 9 sec which was near the 

values that have been reported in intravital microscopy studies and within 

physiological ranges [125, 261, 262]. This was one of the clear drawbacks from 

the transwell method of studying TEM, which has now been solved.

Another interesting result found from optimization studies was the differences 

between binding and complete media on PBL TEM. Originally we used complete 

media which was comprised of M199 with 10% FBS, penicillin, streptomycin, and 

glutamine. Binding media (HBSS, 10 mM HEPES at pH 7.4, 2 mg/ml BSA, 1 mM 

Ca2+ and 1 mM Mg2+) was the media used in previous studies [125] differs 

essentially from complete media in the absence of FBS. The presence of 

complete media could essentially prevent any PBL from undergoing TEM. It has 

been previously reported that fetal calf serum decreased transendothelial 

permeability to macromolecules [263]. It is possible that FBS could also be acting 

in the same way in our flow assay to decrease PBL TEM. Serum is also known to 

posses significant levels of sphingosine-1-phosphate (S1P) [264], S1P has been 

reported to promote EC barrier integrity by cytoskeletal rearrangement [265, 

266]. S1P produced rapid, sustained, and dose-dependent increases in
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transmonolayer electrical resistance. This effect may have also been one of the 

factors that was preventing PBL TEM, since we have also seen that certain 

cytoskeletal rearrangements are required for PBL TEM. However, the 

involvement of S1P in our system may also be contradictive of what has been 

seen. FTY720, an immunosuppressant, activates S1P receptors (S1PRs) and 

leads to increased lymphocyte homing to secondary lymphoid organs [267]. But 

still, S1PRs are able to both support and inhibit cell migration [268]. Thus, S1P 

may be the agent that is causing the decrease in PBL TEM. More studies will 

have to be done to fully understand what is happening. There are likely to be 

other factors in the complete media that are causing the decrease, therefore 

future studies isolating these factors will be essential in understanding the 

complete media’s effect.

The transmigration of leukocytes including monocytes, neutrophils, and 

lymphocytes has been previously examined under laminar flow conditions [7, 

269, 270]. However, the majority of these studies emphasized the leukocytes’ 

role in TEM. Looking specifically at the endothelium in our study, we have shown 

that ECs are an active participant in the diapedesis step of lymphocyte 

recruitment to the tissue compartment. Depolymerization of endothelial F-actin 

prevents TEM [5], indicating that endothelial F-actin structures are used to 

support leukocyte TEM. Moreover, previous work has indicated that ECs remodel 

their actin cytoskeleton and matrix adhesion structures after lymphocyte 

adhesion [2, 104]. We have confirmed these results and extended them to
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demonstrate that the inhibition of remodelling of EC F-actin was sufficient to 

inhibit TEM under physiological shear stress conditions. We were also able to 

visualize one feature of F-actin remodelling with the use of the YFP-actin 

chimeric protein, namely an increase in F-actin around the migration pore. Our 

data also shows F-actin forming around the leukocyte (Appendix Video B.4). This 

condensation of F-actin at the margins of the transmigration passage has also 

been previously seen in monocyte TEM [271]. However, F-actin was only shown 

to be present in high levels around the migration pore. Our observations extend 

these results to show the importance of the EC F-actin cytoskeleton in PBL TEM 

and that EC F-actin is actively remodelled. These data suggest a significant role 

for F-actin in TEM.

Several models for the role of EC F-actin polymerization in lymphocyte TEM may 

be considered. First, subplasmalemmal F-actin remodelling may be required to 

strengthen a “tunnel” at the EC border to allow the lymphocyte to diapedese 

through the intercellular junction. Alternatively, remodelling of cortical F-actin may 

be involved in the recruitment of new membrane to the surface of the endothelial 

cell at the migration pore as recently suggested by Muller [104]. They report that 

ICAM-1 microvilli-like membrane projections formed around a leukocyte, and 

were enriched in actin. These structures had no effect on firm adhesion, occur 

within physiological time frames of TEM, are inhibited by inhibitors that also block 

TEM, and are associated with leukocytes throughout TEM. These observations 

indicate a strong link of these structures to TEM, which would also be in
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agreement with our data. Near the end stages of PBL TEM F-actin condenses 

around the top of the lymphocyte helping possible to either push the final bit of 

the PBL through or seal of the rear end so that nothing would be able to leak 

through. Along with strengthening a “tunnel” for the PBL to pass through, F-actin 

may also play a more active role in TEM by helping to guide the cell through the 

endothelium.

The specific mechanism that leads to EC F-actin remodelling is likely governed in 

part, by a Ca2+ flux. The block in lymphocyte TEM appears at an early stage 

since lymphocytes move across the surface of either JAS-treated or calpain- 

inhibitor-treated EC monolayers normally, but do not appear to extend processes 

between EC. In EC a transient increase in the intracellular free calcium is 

required for TEM of neutrophils [3] and has been linked to endothelial calcium- 

dependent myosin light chain kinase (MLCK) activity [180]. Our data agree with 

these findings with regards to lymphocyte TEM. We confirm that intracellular 

calcium is required in EC and further extend these observations to show that that 

the sER and SERCA are an integral part of the calcium flux pathway in 

lymphocyte TEM. PLC is also involved in the generation of the Ca2+ signal 

required by the endothelium to allow PBL TEM to proceed. PLC converts PIP2 

into DAG and IP3 . IP 3  activates the IP 3  receptor on the ER to elicit a Ca2+ 

response. These results indicate that the Ca2+ source required in ECs for PBL 

TEM arises from the sER. Although we have not identified the membrane- 

proximal event that initiates this signal, others have implicated G-protein coupled
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receptor stimulation [272], or ligation of adhesion molecules such as CD54 or 

CD31 [273, 274], In our model Ca2+ stores in the sER are released and would 

signal downstream effectors that would ultimately be able to produce EC 

cytoskeletal F-actin remodelling and leukocyte diapedesis. Calcium’s role in PBL 

TEM is as an intermediate in the signalling pathway.

Calpain is a likely target of this signalling pathway in addition to MLCK. It is 

proposed that an increase in intracellular Ca2+ can lead to calpain mediated, 

localized cytoskeletal reorganization [275]. Calpains are involved in remodelling 

of the actin cytoskeleton during EC monolayer wound healing and are also found 

to be active during cell migration [234]. In the migrating cell, calpain proteolytic 

activity appears to cleave integrin-F-actin linkages at the rear of the cell and this 

leads to the disruption of cell-matrix interactions [212]. Calpain activity in 

leukocytes governs integrin-mediated adhesion by disrupting cytoskeletal 

linkages [71]. Our observations indicate that endothelial calpain activity is 

required for efficient lymphocyte TEM (Figure 3.16 A, B) and likely participates in 

F-actin remodelling. EC calpain activity was also increased in the ECs that 

participated in lymphocyte TEM (Figure 3.17). The increase in intensity was seen 

globally over the entire HUVEC and was not seen to localize to either the focal 

adhesion complex or interendothelial junctions. These results are consistent with 

a role for calpain in acting on F-actin associated molecules during PBL TEM at 

the surface of the endothelium.
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Calpain was also seen to be localized around the migration pore of a 

transmigrating PBL. The enhanced calpain signal is seen near the surface of the 

EC and is overlapped by F-actin staining (Figure 3.18 A, B). There is no evidence 

of increased calpain staining at the focal adhesion complex or at the 

interendothelial junction. However it is difficult to determine whether EC or PBL 

calpain is enhanced at the migration pore. These results are consistent with the 

hypothesis that calpain is functioning at the same level as cortical F-actin 

remodelling.

There are many possible specific targets of calpain proteolytic activity in ECs that 

may be involved in supporting lymphocyte TEM. Candidates include adaptor 

molecules involved in linking F-actin to the interendothelial cell plasma 

membrane such as ERM family members, vinculin and ezrin [234, 276], VE- 

cadherin [277], or regulatory molecules such as the Rho GTPases [278]. Our 

data indicate that it is probable that calpain is actin on ERM proteins to liberate 

surface ICAM-1 (Figure 3.19 A, B). The ERM proteins function in allowing the 

cortical cytoskeleton to regulate the membrane localization ICAMs [260, 279, 

280]. We speculate that once the ERM proteins are cleaved by calpain, ICAM 

becomes able to be aggregated on the surface of the endothelium underneath an 

adherent PBL in the docking structure. ICAM-1 then forms cup like projections 

that are thought to aid in the TEM step of the leukocyte adhesion cascade [104]. 

Calpain inhibition significantly decreased the amount the ICAM-1 cup projections 

around adherent PBLs on the surface of the endothelium. Data showing calpain’s
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involvement with cytoskeletal remodelling and our data indicating the need for 

both calpain and F-actin remodelling, strongly suggest that calpain does function 

by altering the EC F-actin cytoskeleton in TEM. More specifically it appears that 

one of calpain’s definite roles may be in creating the ICAM cup projection.

We also looked at which form of calpain in HUVECs is likely to mediate TEM. 

Previous reports indicate that HUVECs contain low expression of p-calpain [281], 

Also, a report of the mode of cytoskeletal reorganization in migrating HUVECs 

indicated that m-calpain is the active form. It was seen that in migrating HUVECs 

activated m-calpain was present mainly in the edges of the cell and there was a 

decrease in the amounts of cytoskeletal associated proteins [282].

Our data differs from these results. Using Western blot analysis of total cell 

lysates from HUVECs we found robust expression of p-calpain (Figure 3.11A). A 

significant difference in our study as compared to Fujitani et al. [281], was the 

method used to determine calpain levels. HUVECs were separated on the 

column and then each fraction was run on SDS-Page. The majority of p-calpain 

appeared in only one fraction whereas m-calpain was distributed in four fractions 

and appeared darker on the blot. However, it is hard to judge which form is 

present in greater levels since a greater amount of the m-calpain could be 

present in one fraction so when resolving the fractions unequal amounts of the 

calpains would have been loaded. Interestingly, they also show using Northern
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biot analysis that p-calpain mRNA is present in higher levels than m-calpain 

mRNA. We believe HUVECs express high levels of p-calpain (Figure 3.14) and 

that p-calpain is the form active in lymphocyte TEM. It seems likely that this is 

true due to the fact that Ca2+ concentrations required to activate p-calpain are 

closer to physiological levels than m-calpain [216].

Consistent with a role for a calpain-dependent pathway involved in lymphocyte 

TEM, we show that EC pretreated with PIK inhibitors do not support efficient 

lymphocyte TEM. PIP2 is required for calpain activation in cells [223]. PI4K and 

phosphatidylinositol phosphate kinases phosphorylate the 4- and 5-hydroxyl 

groups of phosphatidylinositol respectively to generate PIP2 [283, 284]. PIP2 is a 

substrate for PI3K and when phosphorylated by PI3K PIP2 is converted to PI 

3,4,5-trisphosphate (PIP3). Accordingly, there appears to be a trend that shows 

combined PI4K and PI3K inhibition has a greater inhibitory effect on PBL TEM 

than PI3K inhibition alone, however it is not statistically significant. The 

pronounced effect of PI4K-inhibitory concentrations of wortmannin is consistent 

with a critical role for PIP2 generation in EC. PIP2 has a regulatory role in the 

function of a number of proteins, including calpain, involved in the reorganization 

of F-actin structures [223]. PIP2 is also a substrate for PLC to elicit a Ca2+ signal 

through IP3 . PI4K inhibition functions to decrease PIP2 levels produced thus 

causing decreased calpain activation and Ca2+ signalling which then prevents 

cytoskeletal remodelling and ultimately ends in decreased in PBL TEM.
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PI3K also significantly decreased PBL TEM (Figure 3.13). The method of action 

may not include calpain activation however it is likely that it will result in F-actin 

remodelling. Previous studies report that F-actin induced by Ras [285, 286], G 

protein-coupled receptor [287], and integrin [288] required PI3K to be 

remodelled. Also recently it has been reported that in fibroblast cell migration, 

PI3K activity alone could lead to remodelling of F-actin [289]. The PI3K inhibitor 

wortmannin did not inhibit lymphocyte TEM when the lymphocytes were pre

treated with the compound [125]. Therefore the effect of these inhibitors on PI 

generation appears to be a unique feature of EC signalling in TEM. Nevertheless, 

overall our data support a model of calcium-dependent calpain-activity involved 

in the remodelling of EC cortical actin structures at the migration pore.

In summary, the experiments described in this thesis describe an endothelial 

phenomenon, which facilitates PBL TEM in vitro. The active participation of the 

EC is critical in the processes of lymphocyte TEM. EC F-actin was observed to 

condense around the migration pore, perhaps indicating a structural role for the 

remodelled F-actin structures. Moreover endothelial Ca2+, calpain-, PI3K- and 

PI4K-dependent events are involved in supporting lymphocyte diapedesis. The 

simplest interpretation of the data suggest a model in which the endothelial 

cortical actin cytoskeleton is dynamically remodelled to participate in the 

formation of the migration pore, in a process involving calpain proteolytic activity 

of actin-associated molecules.
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CONCLUSIONS

I. The endothelium actively participates in lymphocyte TEM.

II. An intact endothelial F-actin cytoskeleton is required for lymphocyte TEM 

to occur.

III. The intact endothelial F-actin cytoskeleton needs to be remodelled for 

lymphocyte TEM to occur.

IV. F-actin condenses around the migration pore, possibly strengthening of a 

“tunnel” for the lymphocyte to transmigrate through.

V. Endothelial Ca2+ signalling is a prerequisite in the pathway of lymphocyte 

TEM, and is generated through PLC activity and sER Ca2+ release.

VI. Lymphocyte TEM requires endothelial calpain activity.

VII. Endothelial calpain is required for aggregation of EC ICAM-1 into 

adhesion cup formation.

VIII. Endothelial PI3K- and PI4K-dependent PI generation aids in lymphocyte 

TEM.
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APPENDIX

APPENDIX A: FUTURE EXPERIMENTS 

A.1 RATIONALE

The data presented answers many questions about the role of the EC 

cytoskeleton in mediating PBL TEM however, many new questions arise. 

Importantly, what other molecules are involved in the signalling pathways to F- 

actin remodelling in guiding PBL TEM? One candidate pathway we have 

considered is the Rho GTPase signalling pathway. Calpain has been implicated 

in cell spreading upstream of Rho-mediated signalling [213], and therefore Rho 

GTPases are an excellent candidate for further investigation. In pilot studies we 

have looked at ROCK; a serine/threonine kinase effecter of Rho A. ROCK 

becomes activated when it selectively binds to the active Rho. Activated ROCK 

interacts with the actin cytoskeleton to promote stress-fibre formation and 

assembly of focal contacts [290]. It appears that the Rho family will be the next 

logical target to explore in deciphering the pathway of EC F-actin remodelling 

required for efficient PBL TEM.

141

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



A.2 PRELIMINARY RESULTS

A.2.1 EC ROCK’s Involvement in Lymphocyte TEM

The Rho signaling pathway was attacked to see its involvement in PBL TEM. We 

used Y27632, a selective inhibitor of ROCK; a serine/threonine kinase effecter of 

Rho A, in our parallel plate laminar flow adhesion assay. HUVECs pretreated 

with Y27632 show a modest decrease in PBL TEM (Figure A.1). Error bars are 

significantly large but the trend shown appears to be a dose dependent decrease 

in PBL TEM.

A.2.2 CNF-1 Rho Mobility Shift Assay

To further our study of the Rho pathway in PBL TEM, we plan on testing the 

effect of CNF-1 on HUVECs. CNF-1 permanent locks Rho GTP-binding proteins 

in their active state by the deamidation of Rho Glu63 residue [291]. The 

deamidation of Rho Glu63 by CNF-1 is accompanied by a decrease in the 

electrophoretic mobility of the protein during SDS PAGE [292]. Various 

concentrations of CNF-1 were used to treat HUVECs for 16 h. This was 

attempted to discover which concentrations would be optimal for use in our flow 

assay. CNF-1 treatments from 0.1 -  5.0 nM all lead to the decrease in
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electrophoretic mobility or an upward shift on the western blot (Figure A.2). 

However, HUVEC monolayers were increasingly less confluent with higher 

concentrations of CNF-1 treatment.
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Figure A.1 Endothelial ROCK inhibition decreases lymphocyte TEM.
HUVECs were then left untreated or pretreated with Y 27632, a selective inhibitor 

of the serine/threonine kinase effecter of Rho A, ROCK. HUVECs were treated 

for 30 min prior to the assembly of the laminar flow chamber as described in 

Materials and Methods. The fraction of transmigrating lymphocytes was 

determined as in Figure 3.6. Data are mean ± SEM of three experiments.
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Figure A.2 CNF-1 stimulated Rho A activation. HUVECs were left untreated 

of pretreated for 16 h with the indicated concentrations of CNF-1. HUVEC cells 

were lysed and the lysate was run on 7.5% SDS-Page and transferred to a PVDF 

membrane. Lysates were then stained with anti-Rho A (24 kDa). Immunoblots 

are representative of three independent experiments.
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APPENDIXB: ANALYSIS VIDEOS (CD -  QUICKTIME REQUIRED)

Video B.1 Lymphocyte are able adhere to the HUVEC monolayer but 
efficient TEM is absent. HUVECs were TNF-a stimulated as described in 

Materials and Methods. Lymphocytes attach to the surface and remain 

stationary. Very few lymphocytes transmigrate through the HUVEC monolayer. 

Lymphocytes that turn from phase bright to phase dark are considered 

transmigrating.

Video B.2 Efficient PBL TEM requires SDF-1 cr pretreatment of HUVECs.
HUVECs were TNF-a and SDF-1 a stimulated as described in Materials and 

Methods. Lymphocytes become locomotive and migrate in all directions on the 

HUVEC monolayer. Lymphocytes that turn from phase bright to phase dark are 

considered transmigrating.

Video B.3 Stabilization of the endothelial F-actin cytoskeleton inhibits 

lymphocyte TEM. (A) HUVECs were TNF-a and SDF-1 a stimulated as 

described in Materials and Methods. Lymphocytes become locomotive and 

migrate in all directions on the HUVEC monolayer. Lymphocytes that turn from 

phase bright to phase dark are considered transmigrating. (B) HUVECs were 

pretreated with JAS (300 nM; 1 h) before the assembly of the laminar flow 

chamber as described in Materials and Methods. Lymphocytes are able to 

become locomotive and migrate on the HUVEC monolayer, however lymphocyte 

TEM is inhibited.
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Video B.4 EC F-Actin localizes to areas of lymphocyte TEM. Confocal 

fluorescence imaging was used to acquire images of YFP-Actin (green) 

expressing HUVECs through which CMTMR stained PBLs (red) are 

transmigrating. Z slices of 0.2 pm were collected every 2 min over a 40 min 

period. Actin condenses to the migration pore. Video show a slice midway 

through the cell. Data are representative of three experiments.

Video B.5 Cytoplasmic clumping around the migration pore is absent.
Confocal fluorescence imaging was used to acquire images of CM FDA stained 

HUVECs (green) through which CMTMR stained PBLs (red) are transmigrating. 

Z slices of 0.2 pm were collected every 2 min over a 40 min period. There is no 

increase in fluorescence around the migration pore. Video show a slice midway 

through the cell. Data are representative of three experiments.

Video B.6 Endothelial calpain activity is required for efficient lymphocyte 

TEM. (A) HUVECs were TNF-a and SDF-1 a stimulated as described in Materials 

and Methods. Lymphocytes become locomotive and migrate in all directions on 

the HUVEC monolayer. Lymphocytes that turn from phase bright to phase dark 

are considered transmigrating. (B) HUVECs were pretreated with PD 1506060 

(100 pM; 1h) before the assembly of the laminar flow chamber as described in 

Materials and Methods. Lymphocytes are able to become locomotive and 

migrate on the HUVEC monolayer, however lymphocyte TEM is inhibited.
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