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General introduction
Despite the medical need and an annual investment of billions of dollars, the identification of 
effective drugs targeting inflammatory syndromes has so far been disappointing. Most studies failed 
in delineating a common pathway controlling these heterogeneous diseases. One uniform mechanism 
which drives endothelial barrier disassembly in inflammatory diseases is the generation of internal, 
contractile forces in response to circulating vaso-active agents. Regarding these forces as key factors in 
the induction of vascular leakage, we studied the contribution of specific force-modulating proteins in 
the permeability response to inflammatory mediators. In this way, we improve our understanding of 
the fundamental molecular mechanisms that drive vascular leakage.
The first chapter of this thesis describes the organization of the endothelium in the context of its 
important role as vascular permeability regulator. Especially, the cell-cell and cell-matrix interactions 
and their function in the maintenance of the endothelial barrier will be discussed. Subsequently, the 
inflammation-associated endothelial barrier dysfunction and the accompanying clinical problems in 
syndromes such as acute lung injury and sepsis are mentioned. The molecular mechanisms behind the 
agonist-induced activation of the endothelium is highlighted using an in vitro model of permeability. 
Here, emphasis is put on the importance of tension in the disruption of endothelial integrity, in which 
particularly the more persistent forces play an important role. In the last part of this chapter we give 
an overview of the work performed in this thesis. 

Organization and barrier function of the endothelium 
The endothelium is a specialized monolayer that covers all blood- and lymphatic vessels in the human 
body (Figure 1). It consists of endothelial cells that, in almost all tissues, arrange into a continuous 
semi-permeable barrier between the vessel lumen and the surrounding tissues. The endothelium 
is characterized by its strong 2D orientation, which results from contact-dependent inhibition of 
cell spreading and cell cycle arrest upon the establishment of cell-cell contacts.1–3 This enables the 
formation of a tightly connected but still extremely thin monolayer, with a  thickness ranging between 
0.1 µm at the cellular periphery to 1 µm at the nucleus, which dynamically regulates the passage 
of fluids, proteins and cells. Under basal conditions, the endothelium restricts the passage of larger 
substances (>3 nm molecular radius), whereas the transport of smaller solutes (<3 nm molecular 
radius) is un-constrained, allowing passive diffusion via paracellular routes.4 This restriction is based 
both on the glycocalyx, a layer of proteoglycans that covers the luminal surface of the endothelial cells 
and on the dimension of the inter-endothelial clefts, in particular at the level of the cell-cell junctions.
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Figure 1: Represents a cross-section of an endothelium-covered blood vessel. Under normal conditions, most 
of the vasculature is perfused, providing transport of oxygen, nutrients and waste products. The most inner layer, 
also known as the tunica intima, is formed by the endothelium which lines the vessel lumen, preventing the blood 
from leaking into the subendothelial compartment. The organization of the rest of the vessel wall varies highly 
throughout the vasculature. In conduit and resistance vessels it consists of two surrounding tunica. The first 
layer underneath the intima is the tunica media, which is composed mainly of smooth muscle cells and is most 
prominent in the high pressure arterial system. Next, the tunica adventitia of arteries and veins primarily consists of 
supportive connective tissue.  In contrast, capillaries and postcapillary venules are covered by individual pericytes, 
of which the density decreases towards the postcapillary venule side of the vasculature.

The transport of macromolecules, such as albumin, is mediated through specialized trafficking 
vesicles which control transport without the extravasation of blood plasma. This process is known 
as transendothelial transport and is facilitated by caveolae, which can fuse into vesiculo-vacuolar 
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organelles (VVOs) after stimulation (Figure 2).5–8 The majority of these transport processes occurs in 
the capillary endothelium, where, due to reduced blood flow and limited distance between vessel 
lumen and underlying tissues, optimal circumstance are created for efficient exchange of oxygen, 
nutrients, and waste products. The level of permeability is dynamically controlled to meet the needs 
of the underlying tissues.

Figure 2: A more detailed overview of the endothelial monolayer represented in Figure 1. The endothelium 
is, under basal conditions, tightly connected to the extracellular matrix and neighboring cells. Under these 
circumstances, the exchange of larger molecules is mediated by transcellular transport via caveolae. When the 
endothelium is exposed to circulating inflammatory mediators, the cells becomes activated and start developing 
contractile force in combination with reorganizing the cytoskeleton. The circumferential actin rim is contracting by 
myosin II motor activity, additional pronounced actin stress fibers are formed and microtubules are destabilized. 
This coincides with the formation of inter-endothelial gaps, resulting in a substantially increased macromolecule 
flux of plasma proteins and cells into the interstitium. Moreover, immune cells are recruited to the site of infection 
by the locally increased expression of specific adhesion molecules. The panels A. and B. refer to cellular margins 
which are depicted in more detail in Figure 3A and 3B, respectively. 

On top of the described function as regulator of vascular permeability, the endothelium fulfills 
important roles in the control of vascular tone, angiogenesis, metabolism, prevention of thrombosis 
and in innate- and adaptive immunity.9–11 Despite the fact that all these functions are essential for 
proper homeostasis of the vasculature, the relative importance of each function and the involvement 
of regulating factors can differ between different types of blood vessels and specific vascular beds. 
This consequently leads to the existence of phenotypic heterogeneity amongst different populations 
of endothelial cells at various levels of the vascular tree, which results from adaptations to the local 
microenvironment superimposed on differences in genetic background.12–14 One example illustrating 
the differences in the endothelial microenvironment, is the presence of multiple layers of smooth 
muscle cells in larger vessels (arteries, arterioles, veins, and venules), whereas the enforcement of 
capillary and postcapillary venule endothelium only consists of supporting pericytes. These anatomical 
dissimilarities are highly related to specialized functions of different sections of the vasculature. For 
conducting vessels, this means maintaining blood pressure to ensure perfusion of underlying tissues by 
the pressure build-up of the smooth muscle layers and minimal endothelial leakage. For the capillaries 
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and postcapillary venules, the ability to exchange blood- and tissue components facilitated by their 
thin media, is of major importance. Especially in postcapillary venules, the less supported endothelial 
monolayer, in combination with a specific receptor expression profile and relative abundance of VVOs, 
shows pronounced leak-inducing responses to circulating inflammatory mediators.15–17 In summary, 
the vascular endothelium is a dynamic and heterogeneous cell layer capable of preforming multiple 
functions at once, of which the regulation of permeability is one of the most important ones. 

Vascular leakage as clinical problem in inflammatory diseases
The inflammation-associated reduction of endothelial barrier integrity forms a direct threat for the 
homeostasis of the vasculature and gives rise to increased vascular leakage.18,19 Intercellular gap-
mediated transendothelial permeability is often associated with excessive extravasation of blood 
plasma which drives the formation of edema in the surrounding tissues causing additional damage and 
ultimately organ failure.4,5,20 This monolayer hyperpermeability is a hallmark of many life-threatening 
inflammatory diseases like sepsis and acute lung injury: 

Sepsis
Sepsis is a non-specific systemic inflammatory syndrome, which can lead to hypo-perfusion, organ 
failure, shock. Sepsis is the most frequent cause of death in hospitalized patients.21 This life-threatening 
condition has a varying incidence of 300 up to 1000 cases per 100,000 per year, and a mortality rate 
between the 15 - 50%.22–26  The high variation in these numbers arise from the heterogeneity of the 
patient population, which is for example due to the diversity of the microbial infections. This is also 
one of the main reasons why no specifically approved drugs are currently marketed to treat sepsis 
and recent clinical trials have failed to establish novel therapies.27,28 For this reason this field is now 
considered to be the graveyard of pharmaceutical industry.21,27 Most septic patients can only be 
admitted to the intensive care unit, were as soon as possible the appropriate antibiotic treatment 
is started, in addition to volume-resuscitation and when needed, administration of vasoactive drugs 
to stabilize the hemodynamics.29 Comparable to the situation in ALI, the pathogenesis of sepsis is 
primarily based on barrier dysfunction of the endothelium which is caused by circulating pro- and 
anti-inflammatory cytokines. 

Acute lung injury
The clinical syndrome of acute lung injury (ALI) results from the onset of an initially systemic, 
inflammatory response which can be caused by sepsis, pneumonia, shock or major trauma. This 
triggers the activation and disruption of the lung endothelium in combination with the alveolar 
epithelial integrity leading to the formation of edema, alveolar collapse and subsequently impaired 
gas exchange. Here, especially the integrity of the endothelial microvasculature plays a critical role.30,31 
Clinical symptoms of patients with ALI are shortness of breath and hypoxemia, and in conditions of 
major disturbed lung injury, also known as acute respiratory distress syndrome (ARDS), patients are 
admitted to intensive care units and depend on mechanical ventilation. Depending on the severity 
of the respiratory failure, the mortality rates range between 25% up to 50%.32,33 Within the Dutch 
population, the incidence of ALI is 53 per 100,000 per year of which 24 patients are diagnosed with 
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ARDS.34 Moreover, it is estimated that each year in the US 200,000 new ALI cases are diagnosed, 
indicating the substantial impact on the public health sector.33 Despite the intense research and the 
medical need to treat ALI, currently no effective intervention is established to improve the clinical 
outcome of these patients.31,35–37 Therefore, it is important to think in new concepts about ALI and 
sepsis and apply innovative approaches to improve understanding of the underlying molecular 
mechanisms.

Adhesive forces contributing to endothelial barrier function
Cellular contacts between neighboring endothelial cells are mediated via junctional complexes 
consisting of adherens junctions and tight junctions.38,39 Both cell-cell interaction structures comprise 
specialized transmembrane proteins which, in the case of tight junctions, are occludins, claudins 
and junction adhesion molecules (JAMs), whereas the adherens junctions are formed primarily by 
homodimers of the cadherin family. Within this last group, especially the vascular endothelial cadherin 
(VE-cadherin) is well-studied, since it is essential for junction assembly and maintenance.11,40,41 
Particularly the intracellular connection of VE-cadherin, via different adaptor proteins, to the 
filamentous actin (F-actin) cytoskeleton is essential for the stability of endothelial cell contacts 
(Figure 3A).42–45 In cell models, Huveneers et al. showed, using a laser-ablation technique, that 
radial F-actin fibers exert tension on the endothelial junctions.46 In this way, the junction-associated 
F-actin enables quick remodeling of cadherin adhesions and provides a mechanical connection to 
the more circumferential F-actin rim which is dominant in resting endothelium. Moreover, to balance 
such forces, the endothelial cytoskeleton is also directly linked to the endothelial substrate via cell-
matrix adhesion complexes, called focal adhesions. These adhesions are formed by heterodimers of 
matrix-bound integrins, which, via their transmembrane domain and several interaction partners, 
allow bi-directional signaling between the extracellular environment and the cell’s interior (Figure 
3B).47,48 Together, this interplay between cell-cell and cell-matrix interactions in combination with 
the endothelial cytoskeleton determines the capacity to form a functional endothelial barrier.4,49 To 
illustrate this, genetic deletion of the β1 integrin subunit from the endothelium was recently shown 
to induce altered VE-cadherin localization and reduced barrier integrity.50 A more detailed description 
of the matrix adhesions, adherens- and tight junctions, can be found within Chapter 2 of this thesis. 

In contrast to the situation in healthy vessels, the endothelium in inflamed vessels can 
become activated resulting in enhanced endothelial permeability and subsequent vascular leakage. 
This process is triggered by the release of vaso-active agents such as interleukins (Il-1β, Il-6 and Il-
8), histamine, vascular endothelial growth factor (VEGF) and reactive oxygen species (ROS).4 These 
substances are produced and locally secreted by neutrophils, macrophages and mast cells within the 
inflamed tissue. Endothelial cells themselves also are capable to generate agonistic molecules and 
form at the same time the major targets. By interacting with specialized receptors on the luminal side 
of the endothelial cell, inflammatory mediators are able to induce intracellular signaling events. Via the 
activation of various down-stream pathways, the cell reacts by the generation of contractile forces and 
destabilization of adherens junctions, leading to the disassembly of cell-cell junctions and the retraction 
of adhesive cell margins (Figure 2).11,51 Ultimately, this leads to the widening of the intercellular gaps, 
increasing transendothelial permeability of water, solutes and macromolecules. In severe cases in vivo, 
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this can be accompanied by hemorrhages and the exposure of the subendothelium which can induce 
the adhesion and aggregation of thrombocytes and fibrin deposition clots (thrombi),39,52 contributing 
additionally to the pathogenesis of many diseases within the human setting. 

Figure 3A: Illustration of an adherens junction consisting of a VE-cadherin mediated cell-cell interaction. VE-
cadherin is the most dominant transmembrane adherens junction protein in endothelial cells and is able to connect 
Cell1 with Cell2 via its homotypic interaction. Due to the interaction with F-actin, mediated by linker proteins of 
the catenin family, these connections are able to relay tethering forces between neighboring cells. The stability 
of adherens junctions is regulated by specific phosphorylation VE-cadherin and its interaction partners, and the 
application of force. 
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Figure 3B: Illustration of an integrin-mediated cell-matrix interaction. Integrins are dimeric transmembrane 
proteins which form the anchorage to the basement membrane. Via different linker proteins associated to the 
alpha and beta integrin subunits the extracellular matrix is connected to the F-actin cytoskeleton. By the application 
of force small focal integrin complexes cluster and organize into more mature focal adhesions by the additional 
recruitment of integrins, F-actin and linker proteins. This tension-induced reinforcement can result from externally 
applied forces leading to outside-in signaling, but can also originate form internally generated acto-myosin-based 
contractility. The exertion of internal cellular forces to the filamentous proteins of the extracellular matrix are 
known as traction forces.  

In vitro model for agonist-induced permeability  
To gain knowledge about particular components in the pathophysiology of complex inflammatory 
syndromes, scientists have developed multiple in vitro models. A widely used method to obtain 
more insight in barrier disruptive mechanics of the endothelium is the stimulation of an endothelial 
monolayer with the permeability-inducing agent thrombin (Factor IIa). Under normal conditions, 
this factor is hardly detectable within in the circulation. However, thrombin can be formed from its 
liver-produced precursor - prothrombin - upon the activation of the intrinsic or extrinsic coagulation 
pathways and the subsequent serine endopeptidase activity of Factor Xa. Active thrombin locally 
initiates its effect by the conversion of fibrinogen to fibrin and the proteolytic cleavage of extracellular 
proteins on platelets, leukocytes and endothelial cells. On the endothelium, the N-terminus of the 
high-affinity signaling receptor proteinase-activated receptor 1 (PAR1) is predominantly cleaved by 
thrombin.53–55 This results in a new amino acid terminus which acts as a tethered ligand causing the 
activation of multiple signaling cascades upon its internal binding to the PAR1 receptor region.53,56  
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Thrombin stimulation leads to acute influx of calcium and the build-up of tension 
The thrombin-mediated activation of the PAR1 receptor causes signaling through the α subunits of 
intracellularly associated heterotrimeric G proteins; Gαi/o Gαq and the Gα12/13.

54,57,58 Activation of the 
first G-proteins leads to the activation of phospholipase C–β (PLC-β) and PKCα,59,60 which via inositol 
1,4,5-trisphosphate (IP3) and diacylglycerol (DAG) gives rise to increased intracellular calcium (Cai

2+) 
and activation of the small GTPase RhoA.61–63 The release of Cai

2+ is primarily mediated via binding of IP3 
to its receptor on the endoplasmic reticulum which acts as a channel and releases the stored Ca2+.63–65 
Another mechanism contributing to the increased intracellular concentration of Ca2+ is via the DAG-
dependent transient receptor potential channels (TRPC). Predominantly TRPC3 and TRPC6 are known 
to function as receptor-operated channels for the extracellular influx of calcium.62,66 The last pathway 
acts more in an indirect fashion since it is responsible for the replenishment of emptied endoplasmic 
reticulum storages. Here, the absence of Ca2+

 triggers the activation of the sensor protein, stromal 
interacting molecule 1 (STIM1) which signals the store-operated channels Orai162,67,68 and eventually 
opens TRPC 1, 4 and 5 channels.69,70 Together, these signaling routes result in markedly elevated 
Cai

2+ which in combination with the cytosolic protein calmodulin can result in phosphorylation and 
thereby activation of myosin light chain kinase (MLCK). The subsequent light chain phosphorylation 
of non-muscle myosin II induces ATP hydrolysis by the myosin motor and consequently tension 
development on F-actin.71–74 Already within minutes after the administration of thrombin, maximal 
Cai

2+ and phosphorylated MLC levels are detected, after which the response progressively decreases to 
more basal levels.74,75 Surprisingly, most reports studying the endothelial contraction and permeability 
response to thrombin describe a maximal effect that extends far beyond these initial changes.76–80 This 
strongly indicates that the signaling of the more long-lasting effects runs via a different pathway, which 
was recently supported by the bi-phasic response of myosin mono-phosphorylation by Hirano et al.. 81

The more prolonged response of endothelial cells to thrombin is known to result from adaptations 
which can be observed beyond the time-range of a few minutes. In this effect, especially members of 
the family of Rho-GTPases play an important role as the second arm of the signaling cascade induced 
by the PAR1 receptor.82,83 Rho-GTPases form a group of molecular switches controlling different cellular 
functions, which are described in more detail in Chapter 2. For the endothelial adaptations after 
thrombin stimulation, particularly the activation of and signaling by RhoA are well-studied.84,85 This 
GTP-binding regulatory protein is known to be activated by Gα12/13 via phosphorylation of the RhoA-
specific guanine nucleotide exchange factor  (GEF), p115RhoGEF86–88 and the leukemia-associated 
Rho-GEF (LARG).89 Additional RhoA activation is mediated via the phosphorylation of Rho guanosine 
diphosphate (GDP) dissociation inhibitor GDI-1 at Ser96, which reduces the affinity for RhoA and 
thereby hampers RhoA inactivation.90–92 Downstream signaling of the GTP-bound, active, RhoA results 
in the activation of Rho-associated coiled-coil forming kinase (ROCK),93,94 of which two isoforms exist: 
ROCK1 and ROCK2.95 Active ROCK leads via the inhibition of myosin light chain phosphatase (MLCP),96–

98 to increased myosin light chain (MLC) phosphorylation.76,99,100 This pathway is responsible for the 
second wave of MLC phosphorylation, after 10 minutes,81 which causes a more sustained increase of 
actomyosin-based contractile forces. 

Moreover, ROCK is known to induce cytoskeleton  contractility by its activation of LIM-kinase, 
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which phosphorylates cofilin, leading to reduced actin-severing activity101–104 and by phosphorylation 
of tubulin polymerization promoting protein (TPPP) which causes microtubule destabilization (Figure 
2).105,106 Next to ROCK, also the diaphanous related formins (DRFs) are controlled through Rho-GTPase 
signaling.107,108 Activation of the DRFs leads to a conformational change exposing  their functional FH1–
FH2 (Formin Homology) domains. This enables the interaction of FH-2 with monomeric globular actin 
and FH-1 with profilin which is required for the nucleation and elongation of actin filaments.107,109–111 
Both processes contribute to the formation of densely branched actin networks and the development 
of strong contractile structures - actin stress fibers - upon endothelial cell activation (Figure 2).112 The 
rearrangement of  the cytoskeleton in combination with the distinct spatiotemporal pattern of MLC 
activation forms the basis of the prolonged response to thrombin.

Hypothesis 
Overall, these data point to an essential role of the endothelium in the regulation of permeability 
and proper functioning of the vascular bed. In pathological conditions, the endothelial cells become 
activated which can result in sustained disassembly of cell-cell interactions causing prolonged vascular 
leakage and tissue damage. Considering the connections of endothelial junctions with the F-actin 
cytoskeleton and the importance of endothelial contractility in this process we hypothesize that:  1.) 
Time- and location-dependent contractile forces can predict vulnerable loci within the endothelium; 
and 2.) manipulation of specific force-modulating proteins can reduce the formation of inter-
endothelial gaps and vascular leakage.

Aims of the study
Therefore, we have set up a study to evaluate the contribution of contractile forces within the 
endothelial monolayer to the formation of gaps between endothelial cells and the factors that 
modulate this process. To that end we have addressed the following objectives, which are described 
in this thesis:

1. To establish a technique to measure contractile forces within the endothelial monolayer at 
high spatiotemporal resolution.

2. To evaluate the basal distribution and dynamics of contractility within the endothelium.
3. To study the role of self-generated forces in the activated endothelium and the formation 

of intercellular gaps.
4. Specially, to address the specific contribution of important modulators of contractility to 

vascular permeability.

General outline of the thesis
Chapter 2 provides a detailed overview of the family of Rho-GTPases and describes their regulatory 
function in the interplay between biomechanical forces, microenvironmental input and endothelial 
intercellular junctions. Furthermore, we elaborate on how contractile forces relate to barrier function 
and present different methods to measure these forces. In the next chapter, Chapter 3, we introduce 
the implicated technology to quantify traction forces and describe the spatiotemporal distribution 
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underneath the endothelium related to the cytoskeleton. Moreover, we evaluate whether baseline 
force hotspots are the specific sites prone to form inter-endothelial gaps upon inflammatory challenge.   

The usefulness of measuring traction forces was demonstrated in a study on the contribution of Rho 
kinase (ROCK) isoforms on endothelial hyperpermeability. ROCK is a well-known and prominent inducer 
of actomyosin-generated forces which leads to destabilization of intracellular junctions and increased 
vascular leakage. ROCK-mediated signaling is triggered upon endothelial exposure to inflammatory 
mediators, however, ROCK activity is also involved in basal maintenance of barrier integrity. To 
delineate these distinct and sometimes even opposing activities, we examine the contributions of 
the highly homologous isoforms of Rho kinase - ROCK1 and ROCK2 - to vascular hyperpermeability 
responses in Chapter 4. 

Subsequently, we studied a new mechanism that contributes to the regulation of endothelial 
permeability. A previous study from our group has identified the tyrosine kinase Abl-related gene 
(Arg) as moderator of endothelial barrier disruption. Surprisingly, this effect was primarily mediated 
via altered cell-matrix interactions, however, the underlying mechanism has been largely unknown. 
In Chapter 5 we examine Arg-driven changes in integrin-mediated cell adhesion and explore the 
relevance for these mechanisms in vivo. 

In Chapters 6 and 7 we addressed two physical parameters that can influence endothelial barrier 
function: blood flow and impaired oxygenation. In Chapter 6, we present our data on the cytoskeletal 
organization in relation to the ability of endothelial cells to resist biomechanical forces of blood flow 
in order to maintain integrity. Here, we identify diaphanous related formin 2 as a key player in the 
formation of so-called F-actin shear fibers, which highlights the importance of specific actin-binding 
proteins in the nucleation and elongation of microfilaments.

Different groups have demonstrated a link between hypoxia and endothelial barrier function, however, 
conflicting data exist about the consequence - strengthening or destabilizing - of this effect. Using an 
isolated in vitro model and a single permeability-inducing agent, we explore whether hypoxia and 
subsequent HIF (Hypoxia Inducible Factor) stabilization affects VE-cadherin expression and localization, 
and thereby the stability of the adherens junctions. The results of this study are presented in Chapter 
7.  

Finally, Chapter 8 provides a general discussion of our findings and is followed by Chapter 9, which 
gives a summary. 



20 - Chapter 1

References
1.  Dejana E, Giampietro C. Vascular endothelial-cadherin and vascular stability. Current Opinion in 

Hematology. 2012;19(3):218–223.
2.  Lampugnani MG, Zanetti A, Corada M, Takahashi T, Balconi G, Breviario F, Orsenigo F, Cattelino A, Kemler 

R, Daniel TO, Dejana E. Contact inhibition of VEGF-induced proliferation requires vascular endothelial 
cadherin, β-catenin, and the phosphatase DEP-1/CD148. Journal of Cell Biology. 2003;161(4):793–804.

3.  Viñals F, Pouysségur J. Confluence of vascular endothelial cells induces cell cycle exit by inhibiting p42/
p44 mitogen-activated protein kinase activity. Molecular and cellular biology. 1999;19(4):2763–2772.

4.  Mehta D, Malik AB. Signaling mechanisms regulating endothelial permeability. Physiological reviews. 
2006;86(4):279–367.

5.  Komarova Y, Malik AB. Regulation of endothelial permeability via paracellular and transcellular transport 
pathways. Annual review of physiology. 2010;72:463–493.

6.  Williams JJL, Palmer TM. Cavin-1: caveolae-dependent signalling and cardiovascular disease: Figure 1. 
Biochemical Society Transactions. 2014;42(2):284–288.

7.  Stevens T, Garcia JG, Shasby DM, Bhattacharya J, Malik AB. Mechanisms regulating endothelial cell barrier 
function. American journal of physiology. Lung cellular and molecular physiology. 2000;279(3):L419–
L422.

8.  Dvorak  a M, Feng D. The vesiculo-vacuolar organelle (VVO). A new endothelial cell permeability 
organelle. The journal of histochemistry and cytochemistry : official journal of the Histochemistry Society. 
2001;49(4):419–432.

9.  Aird WC. Phenotypic heterogeneity of the endothelium: I. Structure, function, and mechanisms. 
Circulation Research. 2007;100(2):158–173.

10.  Dejana E, Orsenigo F, Lampugnani MG. The role of adherens junctions and VE-cadherin in the control of 
vascular permeability. Journal of cell science. 2008;121:2115–2122.

11.  Vestweber D, Winderlich M, Cagna G, Nottebaum AF. Cell adhesion dynamics at endothelial junctions: 
VE-cadherin as a major player. Trends in cell biology. 2009;19(1):8–15.

12.  Aird WC. Endothelial cell heterogeneity. Cold Spring Harbor perspectives in medicine. 2012;2(1):a006429.
13.  Simionescu M, Simionescu N, Palade G. Segmental differentiations of cell junctions in vascular 

endothelium - Arteries and Veins. The Journal of cell biology. 1976;68:705–723.
14.  Simionescu M, Simionescu N, Palade GE. Segmental differentiations of cell junctions in vascular 

endothelium - The Microvasculature. The Journal of cell biology. 1975;67:863–885.
15.  Aird WC. Phenotypic heterogeneity of the endothelium: II. Representative vascular beds. Circulation 

Research. 2007;100(2):174–190.
16.  Dejana E. Endothelial cell-cell junctions: happy together. Nature reviews. Molecular cell biology. 

2004;5(4):261–270.
17.  Vestweber D. Adhesion and signaling molecules controlling the transmigration of leukocytes through 

endothelium. Immunological Reviews. 2007;218(1):178–196.
18.  Baluk P, Hashizume H, M DM. Cellular abnormalities of blood vessels as targets in cancer. Current Opinion 

in Genetics and Development. 2005;15(1):102–111.
19.  Weis SM, Cheresh D a. Pathophysiological consequences of VEGF-induced vascular permeability. Nature. 

2005;437(7058):497–504.
20.  Chistiakov DA, Orekhov AN, Bobryshev Y V. Endothelial barrier and its abnormalities in cardiovascular 

disease. Frontiers in Physiology. 2015;6(DEC):1–11.
21.  Deutschman CS, Tracey KJ. Sepsis: Current dogma and new perspectives. Immunity. 2014;40(4):463–475.
22.  Gaieski DF, Edwards JM, Kallan MJ, Carr BG. Benchmarking the incidence and mortality of severe sepsis 

in the United States. Critical care medicine. 2013;41(5):1167–1174.
23.  Dombrovskiy VY, Martin AA, Sunderram J, Paz HL. Rapid increase in hospitalization and mortality rates for 

severe sepsis in the United States: a trend analysis from 1993 to 2003. Crit Care Med. 2007;35(0090-3493 
(Print)):1244–1250.

24.  Goldenberg NM, Steinberg BE, Slutsky AS, Lee WL. Broken barriers: a new take on sepsis pathogenesis. 
Science translational medicine. 2011;3(88):1–6.

25.  Investigators TP. A Randomized Trial of Protocol-Based Care for Early Septic Shock. Process trial. The New 
England journal of medicine. 2014;370(18):1–11.

26.  Vincent JL, Marshall JC, Namendys-Silva SA, François B, Martin-Loeches I, Lipman J, Reinhart K, 
Antonelli M, Pickkers P, Njimi H, Jimenez E SY. Assessment of the worldwide burden of critical 
illness: the intensive care over nations (ICON) audit. Lancet Respir Med. 2014;2(5):380–386.

27.  Angus DC. The Search for Effective Therapy for Sepsis. JAMA. 2011;306(23):2614–2615.



General introduction & Outline of the thesis - 21

1

28.  Fink MP, Warren HS. Strategies to improve drug development for sepsis. Nature reviews. Drug discovery. 
2014;13(10):741–758.

29.  Cohen J, Vincent JL, Adhikari NKJ, Machado FR, Angus DC, Calandra T, Jaton K, Giulieri S, Delaloye J, 
Opal S, Tracey K, van der Poll T, Pelfrene E. Sepsis: A roadmap for future research. The Lancet Infectious 
Diseases. 2015;15(5):581–614.

30.  Groeneveld AB, Raijmakers PG. The 67gallium-transferrin pulmonary leak index in pneumonia and 
associated adult respiratory distress syndrome. Clin Sci (Lond). 1997;93(5):463–470.

31.  Millar FR, Summers C, Griffiths MJ, Toshner MR, Proudfoot AG. The pulmonary endothelium in acute 
respiratory distress syndrome: insights and therapeutic opportunities. Thorax. 2016;71(5):462–473.

32.  Erickson SE, Martin GS, Davis JL, Matthay M a., Eisner MD. Recent trends in acute lung injury mortality: 
1996-2005. Critical care medicine. 2009;37(5):1574–1579.

33.  Rubenfeld GD, Caldwell E, Peabody E, Weaver J, Martin DP, Ph D, Neff M, Stern EJ, Hudson LD. Incidence 
and Outcomes of Acute Lung Injury. The New England journal of medicine. 2005;353:1685–1693.

34.  Wind J, Versteegt J, Twisk J, van der Werf TS, Bindels AJGH, Spijkstra JJ, Girbes ARJ, Groeneveld ABJ. 
Epidemiology of acute lung injury and acute respiratory distress syndrome in The Netherlands: A survey. 
Respiratory Medicine. 2007;101(10):2091–2098.

35.  Groeneveld ABJ. Vascular pharmacology of acute lung injury and acute respiratory distress syndrome. 
Vascular Pharmacology. 2002;39(4-5):247–256.

36.  Fanelli V, Ranieri VM. Mechanisms and clinical consequences of acute lung injury. Annals of the American 
Thoracic Society. 2015;12:S3–S8.

37.  Sharp C, Millar AB, Medford ARL. Advances in Understanding of the Pathogenesis of Acute Respiratory 
Distress Syndrome. Respiration. 2015:420–434.

38.  Hirase T, Node K. Endothelial dysfunction as a cellular mechanism for vascular failure. AJP: Heart and 
Circulatory Physiology. 2012;302(3):H499–H505.

39.  Dejana E, Tournier-Lasserve E, Weinstein BM. The control of vascular integrity by endothelial cell 
junctions: molecular basis and pathological implications. Developmental cell. 2009;16(2):209–221.

40.  Corada M, Mariotti M, Thurston G, Smith K, Kunkel R, Brockhaus M, Lampugnani MG, Martin-Padura I, 
Stoppacciaro  a, Ruco L, McDonald DM, Ward P a, Dejana E. Vascular endothelial-cadherin is an important 
determinant of microvascular integrity in vivo. Proceedings of the National Academy of Sciences of the 
United States of America. 1999;96(17):9815–9820.

41.  Giannotta M, Trani M, Dejana E. VE-cadherin and endothelial adherens junctions: active guardians of 
vascular integrity. Developmental cell. 2013;26(5):441–454.

42.  Brieher WM, Yap AS. Cadherin junctions and their cytoskeleton(s). Current Opinion in Cell Biology. 
2013;25(1):39–46.

43.  Huveneers S, de Rooij J. Mechanosensitive systems at the cadherin-F-actin interface. Journal of cell 
science. 2013;126(2):403–413.

44.  Abu Taha A, Taha M, Seebach J, Schnittler H-J. ARP2/3-mediated junction-associated lamellipodia control 
VE-cadherin-based cell junction dynamics and maintain monolayer integrity. Molecular biology of the 
cell. 2013;25(2):245–256.

45.  Abu Taha A, Schnittler H-J. Dynamics between actin and the VE-cadherin/catenin complex: Novel aspects 
of the ARP2/3 complex in regulation of endothelial junctions. Cell adhesion & migration. 2014;8(2):125–
135.

46.  Huveneers S, Oldenburg J, Spanjaard E, van der Krogt G, Grigoriev I, Akhmanova A, Rehmann H, de Rooij 
J. Vinculin associates with endothelial VE-cadherin junctions to control force-dependent remodeling. The 
Journal of cell biology. 2012;196(5):641–652.

47.  Schwartz M a, DeSimone DW. Cell adhesion receptors in mechanotransduction. Current opinion in cell 
biology. 2008;20(5):551–556.

48.  Parsons JT, Horwitz AR, Schwartz M a. Cell adhesion: integrating cytoskeletal dynamics and cellular 
tension. Nature reviews. Molecular cell biology. 2010;11(9):633–643.

49.  Dudek S, Garcia J. Cytoskeletal regulation of pulmonary vascular permeability. Journal of Applied 
Physiology. 2001;91:1487–1500.

50.  Yamamoto H, Ehling M, Kato K, Kanai K, van Lessen M, Frye M, Zeuschner D, Nakayama M, Vestweber 
D, Adams RH. Integrin β1 controls VE-cadherin localization and blood vessel stability. Nature 
Communications. 2015;6:6429.

51.  Bogatcheva N V., Verin AD. The role of cytoskeleton in the regulation of vascular endothelial barrier 
function. Microvascular Research. 2008;76(3):202–207.

52.  Vestweber D. Relevance of endothelial junctions in leukocyte extravasation and vascular 
permeability. Annals of the New York Academy of Sciences. 2012;1257(1):184–192.



22 - Chapter 1

53.  Vu T-KH, Hung DT, Wheaton VI, Coughlin SR. Molecular cloning of a functional thrombin receptor 
reveals a novel proteolytic mechanism of receptor activation. Cell. 1991;64(6):1057–1068.

54.  McLaughlin JN, Shen L, Holinstat M, Brooks JD, DiBenedetto E, Hamm HE. Functional selectivity of G 
protein signaling by agonist peptides and thrombin for the protease-activated receptor-1. Journal of 
Biological Chemistry. 2005;280(26):25048–25059.

55.  Coughlin SR. Thrombin signalling and protease-activated receptors. Nature. 2000;407(6801):258–264.
56.  Chen J, Ishii M, Wang L, Ishii K, Coughlin SR. Thrombin receptor activation: Confirmation of the 

intramolecular tethered liganding hypothesis and discovery of an alternative intermolecular liganding 
mode. Journal of Biological Chemistry. 1994;269(23):16041–16045.

57.  Barr AJ, Brass LF, Manning DR. Reconstitution of receptors and GTP-binding regulatory proteins (G 
proteins) in Sf9 cells. A direct evaluation of selectivity in receptor-G protein coupling. Journal of Biological 
Chemistry. 1997;272(4):2223–2229.

58.  Vanhauwe JF, Thomas TO, Minshall RD, Tiruppathi C, Li A, Gilchrist A, Yoon EJ, Malik AB, Hamm HE. 
Thrombin receptors activate Go proteins in endothelial cells to regulate intracellular calcium and cell 
shape changes. Journal of Biological Chemistry. 2002;277(37):34143–34149.

59.  Buchan KW, Martin W. Modulation of barrier function of bovine aortic and pulmonary artery endothelial 
cells: dissociation from cytosolic calcium content. British Journal of Pharmacology. 1992;107:932–938.

60.  Lynch JJ, Ferro TJ, Blumenstock FA, Brockenauer AM, Malik AB. Increased endothelial albumin permeability 
mediated by protein kinase C activation. Journal of Clinical Investigation. 1990;85(6):1991–1998.

61.  Lum H, Del Vecchio P, Schneider A, Goligorsky M, Malik A. Calcium dependence of the thrombin-induced 
increase in endothelial albumin permeability. Journal of Applied Physiology. 1989;66:1471–1476.

62.  Chakrabarti R, Chakrabarti R. Calcium signaling in non-excitable cells: Ca2+ release and influx are 
independent events linked to two plasma membrane Ca2+ entry channels. Journal of Cellular 
Biochemistry. 2006;99(6):1503–1516.

63.  Tiruppathi C, Minshall RD, Paria BC, Vogel SM, Malik AB. Role of Ca2+ signaling in the regulation of 
endothelial permeability. Vascular Pharmacology. 2003;39(4-5):173–185.

64.  Putney JW. Capacitative calcium entry revisited. Review article. Cell Calcium. 1990;11(10):611–624.
65.  Tiruppathi C, Ahmmed GU, Vogel SM, Malik AB. Ca 2+ Signaling, TRP Channels, and Endothelial 

Permeability. Microcirculation. 2006;13(8):693–708.
66.  Singh I, Knezevic N, Ahmmed GU, Kini V, Malik AB, Mehta D. Gαq-TRPC6-mediated Ca2+ entry induces 

RhoA activation and resultant endothelial cell shape change in response to thrombin. Journal of Biological 
Chemistry. 2007;282(11):7833–7843.

67.  Ahmmed GU, Mehta D, Vogel S, Holinstat M, Paria BC, Tiruppathi C, Malik AB. Protein kinase Cα 
phosphorylates the TRPC1 channel and regulates store-operated Ca2+ entry in endothelial cells. Journal 
of Biological Chemistry. 2004;279(20):20941–20949.

68.  Shinde A, Motiani R, Zhang X, Abdullaev I, Adam A, González-Cobos J, Zhang W, Matrougui K, Vincent P, 
Trebak M. STIM1 Controls Endothelial Barrier Function Independently of Orai1 and Ca2+ Entry. Science 
Signaling. 2013;6(267):ra18.

69.  Rowell J, Koitabashi N, Kass DA. TRP-ing up Heart and Vessels: Canonical Transient Receptor Potential 
Channels and Cardiovascular Disease. Journal of Cardiovascular Translational Research. 2008;141(4):520–
529.

70.  Yuan JP, Zeng W, Huang GN, Worley PF. STIM1 heteromultimerizes TRPC channels to 
determine their function as store-operated channels. Nature Cell Biology. 2007;9(6):636–645.

71.  Schnittler HJ, Wilke A, Gress T, Suttorp N, Drenckhahn D. Role of actin and myosin in the control 
of paracellular permeability in pig, rat and human vascular endothelium. Journal of Physiology. 
1990;431:379–401.

72.  Wysolmerski RB, Lagunoff D. Involvement of myosin light-chain kinase in endothelial cell retraction. 
Proceedings of the National Academy of Sciences of the United States of America. 1990;87(1):16–20.

73.  Goeckeler ZM, Wysolmerski RB. Myosin light chain kinase-regulated endothelial cell contraction: the 
relationship between isometric tension, actin polymerization, and myosin phosphorylation. The Journal 
of cell biology. 1995;130(3):613–627.

74.  Garcia JG, Davis HW, Patterson CE. Regulation of endothelial cell gap formation and barrier dysfunction: 
role of myosin light chain phosphorylation. Journal of cellular physiology. 1995;163(3):510–522.

75.  Lum H, Aschner JL, Phillips PG, Fletcher PW, Malik AB. Time course of thrombin-induced increase in 
endothelial permeability: relationship to Ca2+i and inositol polyphosphates. The American journal of 
physiology. 1992;263:L219–L225.

76.  Amerongen GPVN, Delft S Van, Vermeer MA, Collard JG, Hinsbergh VWM Van, Hyperpermeability E. 
Activation of RhoA by Thrombin in Endothelial Hyperpermeability. Circulation Research. 2000;87:335–
340.



General introduction & Outline of the thesis - 23

1

77.  Mehta D, Tiruppathi C, Sandoval R, Minshall RD, Holinstat M, Malik AB. Modulatory role of focal adhesion 
kinase in regulating human pulmonary arterial endothelial barrier function. Journal of Physiology. 
2013;(2002):779–789.

78.  Moy AB, Van Engelenhoven J, Bodmer J, Kamath J, Keese C, Giaever I, Shasby S, Shasby DM. Histamine 
and thrombin modulate endothelial focal adhesion through centripetal and centrifugal forces. Journal of 
Clinical Investigation. 1996;97(4):1020–1027.

79.  Moy AB, Blackwell K, Kamath A. Differential effects of histamine and thrombin on endothelial barrier 
function through actin-myosin tension. American journal of physiology. Heart and circulatory physiology. 
2002;282(1):H21–29.

80.  Tiruppathi C, Malik  a B, Del Vecchio PJ, Keese CR, Giaever I. Electrical method for detection of 
endothelial cell shape change in real time: assessment of endothelial barrier function. Proceedings 
of the National Academy of Sciences of the United States of America. 1992;89(17):7919–7923.

81.  Hirano M, Hirano K. Myosin di-phosphorylation and peripheral actin bundle formation as 
initial events during endothelial barrier disruption. Scientific reports. 2016;Feb 11(6):20989.

82.  Beckers CML, van Hinsbergh VWM, van Nieuw Amerongen GP. Driving Rho GTPase activity in 
endothelial cells regulates barrier integrity. Thrombosis and haemostasis. 2010;103(1):40–55.

83.  Spindler V, Schlegel N, Waschke J. Role of GTPases in control of microvascular permeability. Cardiovascular 
research. 2010;87(2):243–253.

84.  Wojciak-Stothard B, Ridley AJ. Rho GTPases and the regulation of endothelial permeability. Vascular 
Pharmacology. 2002;39(4-5):187–199.

85.  Etienne-Manneville S, Hall A. Rho GTPases in cell biology. Nature. 2002;420(6916):629–635.
86.  Kozasa T, Jiang X, Hart MJ, Sternweis PM, Singer WD, Gilman AG, Bollag G, Sternweis PC. p115 RhoGEF, 

a GTPase activating protein for Galpha12 and Galpha13. Science. 1998;280(5372):2109–2111.
87.  Buhl AM, Johnson NL, Dhanasekaran N, Johnson GL. G alpha12 and G alpha13 Stimulate Rho-

dependent Stress Fiber Formation and Focal Adhesion Assembly. The Journal of biological chemistry. 
1995;270(42):24631–24634.

88.  Holinstat M, Mehta D, Kozasa T, Minshall RD, Malik AB. Protein kinase Cα-induced p115RhoGEF 
phosphorylation signals endothelial cytoskeletal rearrangement. Journal of Biological Chemistry. 
2003;278(31):28793–28798.

89.  Fukuhara S, Chikumi H, Gutkind JS. Leukemia-associated Rho guanine nucleotide exchange factor 
( LARG ) links heterotrimeric G proteins of the G 12 family to Rho. Building. 2000;485:183–188.

90.  Mehta D, Rahman A, Malik AB. Protein Kinase C-α Signals Rho-Guanine Nucleotide Dissociation Inhibitor 
Phosphorylation and Rho Activation and Regulates the Endothelial Cell Barrier Function. Journal of 
Biological Chemistry. 2001;276(25):22614–22620.

91.  Knezevic N, Roy A, Timblin B, Konstantoulaki M, Sharma T, Malik AB, Mehta D. GDI-1 phosphorylation 
switch at serine 96 induces RhoA activation and increased endothelial permeability. Molecular and 
cellular biology. 2007;27(18):6323–6333.

92.  Gorovoy M, Neamu R, Niu J, Vogel S, Predescu D, Miyoshi J, Takai Y, Kini V, Mehta D, Malik AB, 
Voyno-Yasenetskaya T. RhoGDI-1 modulation of the activity of monomeric RhoGTPase RhoA 
regulates endothelial barrier function in mouse lungs. Circulation research. 2007;101(1):50–58.

93.  Matsui T, Amano M, Yamamoto T, Chihara K, Nakafuku M, Ito M, Nakano T, Okawa K, Iwamatsu A, 
Kaibuchi K. Rho-associated kinase, a novel serine/threonine kinase, as a putative target for small GTP 
binding protein Rho. The EMBO journal. 1996;15(9):2208–2216.

94.  Leung T, Manser E, Tan L, Lim L. A Novel Serine / Threonine Kinase Binding the Ras-related RhoA 
GTPase Which Translocates the Kinase to Peripheral Membranes. Journal of biological chemistry. 
1995;270(49):29051–29054.

95.  Riento K, Ridley AJ. Rocks: multifunctional kinases in cell behaviour. Nature reviews. Molecular cell 
biology. 2003;4(6):446–456.

96.  Kimura K, Ito M, Amano M, Chihara K, Fukata Y, Nakafuku M, Yamamori B, Feng J, Nakano T, Okawa 
K, Iwamatsu A, Kaibuchi K. Regulation of myosin phosphatase by Rho and Rho-associated kinase (Rho-
kinase). Science. 1996;273(5272):245–248.

97.  Birukova AA, Smurova K, Birukov KG, Kaibuchi K, Garcia JGN, Verin AD. Role of Rho GTPases in thrombin-
induced lung vascular endothelial cells barrier dysfunction. Microvascular Research. 2004;67:64–77.

98.  Härtel F V., Rodewald CW, Aslam M, Gündüz D, Hafer L, Neumann J, Piper HM, Noll T. Extracellular ATP 
induces assembly and activation of the myosin light chain phosphatase complex in endothelial cells. 
Cardiovascular Research. 2007;74(3):487–496.

99.  Shasby MD, Stevens T, Ries D, Moy AB, Kamath JM, Kamath AM, Shasby SS. Thrombin inhibits 
dephosphorylation myosin light chain in endothelial cells. Am J Physiol. 1997;272(2 Pt 1):L311–L319.



24 - Chapter 1

100.  Verin AD, Gilbert-McClain LI, Patterson CE, Garcia JG. Biochemical regulation of the nonmuscle myosin 
light chain kinase isoform in bovine endothelium. American journal of respiratory cell and molecular 
biology. 1998;19(5):767–776.

101.  Maekawa M. Signaling from Rho to the Actin Cytoskeleton Through Protein Kinases ROCK and LIM-
kinase. Science. 1999;285(5429):895–898.

102.  Arber S, Barbayannis FA, Hanser H, Schneider C, Stanyon CA, Bernard O, Caroni P. Regulation of 
actin dynamics through phosphorylation of cofilin by LIM-kinase. Nature. 1998;393(6687):805–809.

103.  Sumi T, Matsumoto K, Nakamura T. Specific activation of LIM kinase 2 via phosphorylation of threonine 
505, by ROCK, a Rho-dependent protein kinase. Journal of Biological Chemistry. 2001;276(1):670–676.

104.  Ohashi K, Nagata K, Maekawa M, Ishizaki T, Narumiya S, Mizuno K. Rho-associated kinase ROCK activates 
LIM-kinase 1 by phosphorylation at threonine 508 within the activation loop. Journal of Biological 
Chemistry. 2000;275(5):3577–3582.

105.  Gorovoy M, Niu J, Bernard O, Profirovic J, Minshall R, Neamu R, Voyno-Yasenetskaya T. LIM kinase 1 
coordinates microtubule stability and actin polymerization in human endothelial cells. Journal of 
Biological Chemistry. 2005;280(28):26533–26542.

106.  Acevedo K, Li R, Soo P, Suryadinata R, Sarcevic B, Valova VA, Graham ME, Robinson PJ, Bernard O. The 
phosphorylation of p25/TPPP by LIM kinase 1 inhibits its ability to assemble microtubules. Experimental 
Cell Research. 2007;313(20):4091–4106.

107.  Watanabe N, Madaule P, Reid T, Ishizaki T, Watanabe G, Kakizuka A, Saito Y, Nakao K, Jockusch 
BM, Narumiya S. p140mDia, a mammalian homolog of Drosophila diaphanous, is a target 
protein for Rho small GTPase and is a ligand for profilin. EMBO Journal. 1997;16(11):3044–3056.

108.  Kühn S, Geyer M. Formins as effector proteins of Rho GTPases. Small GTPases. 2014;5(June):e29513.
109.  Watanabe N, Kato T, Fujita A, Ishizaki T, Narumiya S. Cooperation between mDia1 and ROCK in Rho-

induced actin reorganization. Nature cell biology. 1999;1(3):136–143.
110.  Kursula P, Kursula I, Massimi M, Song YH, Downer J, Stanley WA, Witke W, Wilmanns M. High-resolution 

Structural Analysis of Mammalian Profilin 2a Complex Formation with Two Physiological Ligands: The 
Formin Homology 1 Domain of mDia1 and the Proline-rich Domain of VASP. Journal of Molecular Biology. 
2008;375(1):270–290.

111.  Li F, Higgs HN. The Mouse Formin mDia1 Is a Potent Actin Nucleation Factor Regulated by Autoinhibition. 
Current Biology. 2003;13:1335–1340.

112.  Schnittler H, Taha M, Schnittler MO, Taha AA, Lindemann N, Seebach J. Actin filament dynamics and 
endothelial cell junctions: The Ying and Yang between stabilization and motion. Cell and Tissue Research. 
2014;355(3):529–543.



General introduction & Outline of the thesis - 25

1




