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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 gapmediated 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

General introduction & Outline of the thesis - 13

1

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 cellmatrix 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 Il8), 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. VEcadherin 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 (Cai2+)
and activation of the small GTPase RhoA.61–63 The release of Cai2+ 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 DAGdependent 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
Cai2+ 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
Cai2+ 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 RhoAspecific 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 interendothelial 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.
2.
3.
4.

To establish a technique to measure contractile forces within the endothelial monolayer at
high spatiotemporal resolution.
To evaluate the basal distribution and dynamics of contractility within the endothelium.
To study the role of self-generated forces in the activated endothelium and the formation
of intercellular gaps.
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.
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