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una palabra no dice nada 
y al mismo tiempo lo esconde todo 

igual que el viento que esconde el agua 
como las flores que esconden lodo 

 
 



Introduction 

Endothelial cells (ECs) form the inner lining of all blood vessels. They form a 
physical barrier between the blood and the surrounding tissue and actively 
control the passage of blood components between these compartments. 
Extravasation of blood fluids, leukocytes and macromolecules into the 
surrounding tissue is necessary during inflammation and tissue repair.1 
However, prolonged vascular leakage may also lead to tissue damage and 
organ failure and is associated with many pathological conditions thus 
contributing to the severity of pulmonary diseases, diabetes, atherosclerosis, 
rheumatoid arthritis and cancer.2, 3  
The current pharmacological agents that aim at reducing vascular leakage 
are not sufficiently effective and therefore unable to rescue patients in life 
threatening conditions. Improvement of treatment is hampered by our 
incomplete understanding of the mechanisms underlying endothelial 
hyperpermeability. The studies described in this thesis are designed to 
further unravel the signaling pathways underlying endothelial permeability.  
In the current chapter a brief introduction is given of the key players involved 
in endothelial barrier regulation and dysfunction, as well as the aim and 
outline of the studies presented in this thesis. 
 
Several routes of endothelial passage for macromolecules 
 
With a few exceptions, all blood vessels are covered by a continuous 
endothelium, which controls the exchange of hormones and macromolecules 
from the blood into the surrounding tissue by different mechanisms. In 
healthy vessels macromolecules pass the endothelium via receptor-
mediated vesicle transport, which is known as transendothelial passage4 
(Fig. 1). This type of exchange includes clathrin-coated vesicles and 
caveola.5 Occasionally, organelle-like structures known as vesiculo-vacuolar 
organelles (VVOs) are created by the fusion of large, uncoated vesicles and 
vacuoles that may form pores through the ECs.6 Several vasoactive agents, 
including histamine and the angiogenesis-mediator vascular endothelial 
growth factor-A (VEGF) can induce VVO formation.7 However, under 
inflammatory conditions the formation of inter-endothelial gaps by disruption 
of endothelial junctions is the main contributor to enhanced leakage of 
macromolecules through the endothelial barrier. Interendothelial gap 
formation mediates paracellular passage4 (Fig.1). It results from activation of 
ECs with vasoactive agents and angiogenic factors, such as histamine, 
VEGF or thrombin. The paracellular pathway is the focus of our 
investigations.  
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Figure 1. Schematic representation of endothelial passage for macromolecules. 

 
 
For details see text. 
 
Intracellular signaling involved in inter-endothelial gap formation 
 
Several intracellular signaling pathways are involved in the formation of inter-
endothelial gaps. Studies with histamine, which induces a short permeability 
response (± 5 minutes), have shown that a transient influx of calcium (Ca2+) 
mediates the phosphorylation of the myosin light chain (MLC). This 
enhances acto-myosin-mediated cell contraction.8, 9 In combination with 
histamine-mediated phosphorylation of junctional proteins, which causes the 
disrupting of the junctional complex this subsequently leads to the formation 
of inter-endothelial gaps.10, 11 
Many studies have shown that thrombin induces a similar increase in 
cytoplasmic Ca2+ and also alters the phosphorylation of junctional proteins, 
thereby loosening the junctional complexes in vitro.12, 13 Unlike histamine 
however, thrombin has additional effects, which contribute to a prolongation 
of the endothelial hyperpermeability. In addition to stimulating Ca2+ influx, 
thrombin also activates the small GTPase RhoA.14, 15 Besides a RhoA-
mediated prolongation of the Ca2+ influx 8, 16 the downstream target of RhoA, 
Rho kinase, mediates a prolonged phosphorylation of MLC.17, 18 Rho kinase 
consists of two isoforms, ROCK-I and ROCK-II, of which it has been 
suggested that they differentially influence downstream signaling.19, 20 Via 
activation of the LIM kinases 1 and 221 as well as ezrin, radixin and moesin, 
collectively known as the ERM proteins, Rho kinase also induces the 
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formation of F-actin stress fibers (SFs).22 SFs are long bundles of F-actin 
and myosin II/non-muscle myosin filaments, that can contract and exert 

tension, so prolonging vascular leakage.23, 24 During the last decade it has 
been shown that the small GTPase RhoA indeed plays an important role in 
many vascular pathologies associated with vascular remodeling, altered cell 
contractility and cell migration.25-27 The related Rho-like GTPases Rac1 and 
Cdc42 were shown to enforce the endothelial barrier or stimulate barrier 
recovery, respectively, and to counteract the effects of RhoA.4, 28 
Paradoxically, activation of ECs by thrombin or VEGF also showed Rac1 to 
be involved in barrier dysfunction.29 Furthermore, a thrombin-mediated 
pathway has been described involving the activation of PKCξ, which 
independently of RhoA leads to endothelial permeability.30 Thrombin thus 
activates several intracellular pathways that cause prolonged cell contraction 
and paracellular vascular leakage.  
 
Adherens junction components and their involvement in permeability 
 
The junctional complexes that contribute to the endothelial barrier are the 
adherens junctions (AJs) and tight junctions (TJs). Data indicates that TJs 
are most prominent in the very tight endothelium of the blood-brain-barrier, in 
which they form a sealing belt around the cell margin. In the ECs of other 
tissues TJs are present in mosaic structures. At these sites TJ can 
intermingle with AJs, in contrast to AJs and belt-like TJs at the apex of 
epithelial cells, which are clearly separated.31-34 The AJ complexes are 
actively controlled networks of adhesion proteins, in particular vascular 
endothelial (VE)-cadherin, anchored via other proteins to the F-actin 
cytoskeleton. AJs form intercellular bridges between adjacent ECs by 
homotypic interactions of the transmembrane protein VE-cadherin (Fig. 2). 
The connection of VE-cadherin to the F-actin cytoskeleton occurs by β-
catenin, an interaction that also involves α-catenin. Further stabilization of 
the AJs occurs due to binding of a third catenin, p120catenin (p120ctn), to 
VE-cadherin in the junctional complex. P120ctn binding was also shown to 
inhibit RhoA activity. This suggests that thrombin-activated RhoA not only 
causes the formation of SFs, but that it may also directly induce the 
disruption of the AJs.  
Interestingly, β-catenin is a well-known transcription factor involved in 
developmental biology and cancer.35, 36 It is possible that p120ctn also plays 
a role in β-catenin-mediated gene transcription. In addition, first evidence 
has been provided in the last few years that β-catenin drives vasculogenesis 
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and angiogenesis, which may be further regulated through its interaction with 
several other transcription factors like TCF, HIF-1, FOXO and c-Jun.37, 38 
Activation of ECs by thrombin is also associated with enhanced expression 
of genes for which many different transcription factors have been 
described.39-41 In 1996 Rabiet et al.42 showed that thrombin-mediated AJ 
disruption involves the dissociation of VE-cadherin and β-catenin. This 
thrombin-liberated β-catenin might be involved in gene transcription.  
 
Hypothesis and aims of the studies 
 
The RhoA/Rho kinase activation plays a major role in the prolongation of the 
hyperpermeability response by sustaining endothelial contraction and may 
also directly induce the disruption of the AJ complexes. These data lead us 
to propose that as a consequence of VE-cadherin/β-catenin dissociation, 
liberated β-catenin may translocate to the nucleus resulting in gene 
expression favoring long term vascular adaptations.  

 
Figure 2. Schematic representation of endothelial barrier assembly and disassembly in 
vascular endothelial cells. 
 

 
 
In non-stimulated ECs the AJ complex forms a physical barrier that actively regulates the 
passage of blood components into the surrounding tissue. In thrombin-stimulated endothelial 
cells F-actin SFs are formed and AJ complexes are disrupted. This results in the formation of 
inter-endothelial gaps. We hypothesize that β-catenin serves as a transcription factor thereby 
linking prolonged permeability to pro-angiogenic gene expression and vascular adaptations.  
 
The aims of the studies in this thesis were: 1) to unravel how the mutual 
interactions between the AJs and RhoA activity contribute to endothelial 
barrier function. Specific emphasis is given to clarify the localization of the 
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action of RhoA/Rho kinase related to its role in regulating endothelial 
permeability. 2) To determine whether thrombin induces β-catenin-mediated 
gene expression. If so, this might link inflammation-mediated prolonged 
vascular permeability to angiogenesis-mediated vascular adaptations. 
 
Outline of the thesis 
 
It is now generally accepted that the induction of endothelial permeability by 
thrombin involves the activation of RhoA and suppression of Rac1 and 
Cdc42,43, 44 whereas p120ctn binding to newly formed AJs activates Rac1, 
which inactivates RhoA.45, 46 Gap formation induced by VEGF furthermore 
transiently activates RhoA, Rac1 and Cdc42.47-49 These data do not only 
indicate that the regulation of the Rho GTPases is ligand-dependent but also 
that the formation of inter-endothelial gaps by thrombin and VEGF is 
differentially regulated. Understanding the precise spatial-temporal 
regulation of the Rho GTPase and their role in permeability may thus lead to 
the identification of a better therapeutic target aimed at antagonizing 
vascular leakage. 
GTPases cycle between an active, GTP-bound state and an inactive, GDP-
bound state (Fig. 3). The activation of GTPases is thought to occur at the 
membrane, where guanine nucleotide exchange factors (GEFs) catalyze the 
exchange of GDP for GTP. Inactivation of GTPases is mediated by GTPase 
activating proteins (GAPs). Guanine dissociation inhibitors (GDIs) 
subsequently keep GTPases in their inactive state and by shielding of the 
membrane tag, inactive GTPases are kept in the cytosol. To date, at least 
150 of these regulatory proteins are known. Since they may make interesting 
therapeutic targets the thrombin- as well as VEGF-mediated regulation of 
Rho GTPases by their activating and inactivating proteins is described in 
detail in chapter 2. 
In chapter 3 we investigate the role of Rho kinase in maintaining endothelial 
barrier integrity. Most data on the role of RhoA and Rho kinase in endothelial 
permeability originates from in vitro studies that mainly focus on the role of 
RhoA and Rho kinase in endothelial barrier disruption. Since measuring 
active RhoA in vessels is technically still not possible, we investigated the 
role of Rho kinase in isolated rat arterioles. In this chapter we further 
transfect ECs with small interfering (si) RNA against the 2 Rho kinase 
isoforms, ROCK-I and ROCK- II, to investigate the role of Rho kinase in AJ 
formation.  
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Figure 3. Schematic representation of RhoA regulation by activating and inactivating 
proteins. 
 

 
 
Inactive, GDP bound RhoA is activated at the membrane by guanine nucleotide exchange 
factors (GEFs) that replace GDP by GTP. Active RhoA subsequently targets Rho kinase, 
leading to increased myosin light chain phosphorylation (p-MLC), cell contraction and 
permeability. Inactivation of RhoA occurs by binding to GTPase activating proteins. These 
enhance the intrinsic Rho GTPase activity, thereby causing GTP hydrolysis. Guanine 
dissociation inhibitors subsequently maintain GTPases in their inactive state in the cytosol. 
 
To further investigate the suggested differential role of ROCK-I and ROCK-II 
new pharmacological inhibitors were provided by Surface Logix (Brighton, 
USA). The drug Slx-2119 is ROCK-II specific,50 whereas Slx-3242 inhibits 
both ROCK-I and ROCK-II. The effect of the Slx-inhibitors on endothelial 
permeability is compared to the effect of Y-27632, a well-known Rho kinase 
inhibitor that is currently used.51, 52 In chapter 4 we present our preliminary 
data on these new agents and the differential role of ROCK-I and ROCK-II.  
We further hypothesize that RhoA-mediated endothelial permeability occurs 
not only via Rho kinase induced SF formation and cell contraction, but that 
activated RhoA also has a direct effect on the disassembly of AJ complexes. 
Furthermore, RhoA activation is thought to occur at the plasma membrane. 
But inconsistent with this, RhoA activity as measured by phosphorylation of 
MLC occurs at the SFs. Additionally it is known that RhoA is active at 
membrane ruffles and the leading edge of migrating cells, as well as at the 
cleavage furrow prior to cell separation. So where does RhoA activation take 
place? Is RhoA indeed activated at the plasma membrane? And if so, does 
RhoA relocate upon activation in order to stimulate SF formation and cell 
contraction? To answer these questions in chapter 5 we investigate the sub-
cellular localization of active RhoA in non-stimulated and thrombin-
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stimulated EC monolayers. To this purpose ECs are transfected with several 
Raichu-FRET constructs (example in Fig. 4).  
 
Finally, in 1996 Rabiet et al.42 showed that thrombin-mediated gap formation 
involved the disassembly of the VE-cadherin and β-catenin complex. β-
Catenin is mainly known from the Wnt signaling pathway, which is activated 
during the vascular development of many organs as well as in vascular 
diseases. In ECs of healthy vessels, cytosolic β-catenin is constitutively 
bound to a destruction complex, which targets it for ubiquitination and 
degradation. Due to this rapid degradation, there are very low levels of β-
catenin in the cytosol of non-stimulated ECs. Activation of the Wnt signaling 
pathway however, is known to inhibit the degradation of cytosolic β-catenin 
thereby causing its nuclear translocation. Interestingly, accumulating 
evidence suggest that p120ctn is involved in β-catenin-mediated gene 
expression by inhibiting the gene suppresser Kaiso. β-Catenin and p120ctn 
may thus form the intracellular signal that links the disruption of the AJs 
during prolonged vascular permeability with increased gene expression 
needed for angiogenesis and tissue repair. We have investigated this 
hypothesis in chapter 6.  
The consequences of our findings on RhoA, Rho kinase and β-catenin 
signaling for endothelial permeability and vascular rearrangements are 
discussed in chapter 7. Finally, in chapter 8 we give a short summary of the 
work performed in this thesis.   
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Figure 4. Fluorescence resonance energy transfer with the Raichu-RhoA construct. 

 

 

Em 
 475nm

Em 
 530nm

 
Upper panel: RhoA in the Raichu-FRET construct is bound to GDP. In this inactive state no 
binding to the Rho binding domain (RBD) is possible. Activation/excitation (Ex) of the yellow and 
cyan fluorescent proteins (YFP and CFP respectively) results in emission (Em) of their own 
respective wavelength. Lower panel: Active RhoA binds the RBD, which causes a 
conformational change in the Raichu-FRET construct. Activated CFP now transfers its radiation 
free energy to YFP thereby causing YFP activation as well as YFP emission. 
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