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The motivation for this dissertation was to study so far unexplored facets of the remarkable 
ability of the endothelium to sense, translate and transmit exogenous forces and exert 
endogenous forces to adapt its structure, form and function in health and disease. In 
the presented work we dissected the spatio-temporal regulation of the RhoA controlled 
endogenous force-balance (Chapter III); as the first research group, investigated 
endothelial barrier function in response to gravitational forces and compared these to 
well-studied biomechanical forces (Chapter IV); identified an unknown endothelial 
cell mechanosensing defect in the human disease of Pulmonary Arterial Hypertension 
(Chapter V); and discussed our findings in the light of current disease paradigms and 
possible therapies (Chapter VI).

RhoA ACTIVITY IS SPATIALLY ASSOCIATED WITH BARRIER 
DISRUPTING DISTANT CONTRACTILE F-ACTIN FIBERS OR  
RE-ANNEALING MEMBRANE PROTRUSIONS DEPENDENT  
ON THE ACTIVATION STATUS OF THE ENDOTHELIUM
The Rho GTPase family comprises central regulators of endothelial barrier integrity 
that orchestrate adhesive and contractile forces through the actin cytoskeleton and 
the protruding activity of the cell membrane (Dudek & Garcia 2001). Classically, RhoA 
has a recognized role in control of tail retraction in migrating cells, and the induction of 
actin-myosin controlled cell contraction, which causes disruption of endothelial cell (EC) 
integrity upon vaso-activation (Vandenbroucke et al. 2008). Earlier reports, indicated that 
RhoA might have a dual function and also acts as a barrier maintaining factor (van Nieuw 
Amerongen et al. 2007). This dual function was to be dependent on localized intracellular 
activation of RhoA (Timpson et al. 2011). Yet, no spatio-temporal information was 
available on when, where and how the small GTPase exerts its functions under confluent 
culture conditions. As classical RhoA activity assays did not provide the necessary level of 
resolution to answer this question in living cells we used a sophisticated set of experiments 
to follow RhoA activation patterns. Amongst others, live fluorescence resonance energy 
transfer (FRET) microscopy based on fluorescent RhoA biosensors was performed to 
follow RhoA activation in time and space. 

The central finding of our study in Chapter III was that RhoA has distinct functions 
associated with specific cell structures and compartments that are dependent on 
the activation status of the endothelium (Szulcek et al. 2013). Neither under basal nor 
stimulated conditions RhoA activity was observed in areas were inter-cellular gaps formed 
but unprompted RhoA hotspots localized at membrane protrusions and correlated with 
the closure of spontaneously forming, small, inter-endothelial, minute gaps. When 
stimulating the endothelium with thrombin, however, sustained RhoA activity at distant 
contractile F-actin filaments contributed to disruption of junctional integrity and prolonged 
opening times of major inter-endothelial gaps in-vitro and in-vivo. We further showed 
that in case of thrombin stimulation, transient RhoA activity at finger-like membrane 
protrusions of remodeling cell-cell junctions was counterbalancing the contractile cell 
phenotype and coincided with the maintenance of these junctions and not disassembly.
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In conclusion, we added additional evidence to the emerging role of RhoA in endothelial 
barrier maintenance, which seems associated with its short-lived, acute activation at 
membrane protrusions, whereas sustained RhoA activity at distant contractile filaments 
contributes to thrombin induced disruption of junctional integrity. Our findings indicated 
that treatments aiming on pan-specific, long-term inhibition of RhoA or its downstream 
kinases might be detrimental in pathological conditions of hyper-permeability, because of 
its interference with normal EC mechanics and endogenous force-balance. RhoA blocker 
therapy should therefore be rather specific and applied for a short timespan only. 

ENDOTHELIAL GRAVITY RESPONSES ARE SPECIFIC TO  
THE APPLIED FORCE VECTOR, AND DISTINCT FROM RESPONSES 
TO CLASSICAL BIOMECHANICAL FORCES
It is well known that function and integrity of the endothelial barrier continuously 
adapt to exogenous biomechanical forces, such as exerted by blood flow and blood 
pressure, which get translated into a specific geno- and phenotype (Garcia-Cardeña et 
al. 2001). Gravitational forces (g-forces, a type of acceleration) might similarly effect 
EC integrity and are known to have detrimental effects on the cardiovascular system, 
when altered over an extended period of time (Antonutto & di Prampero 2003). 
However, their impact on endothelial barrier integrity has remained unexplored due 
to technological and experimental limitations. In an unique approach, in Chapter IV, 
we utilized a well-accepted electrical measurement system referred to as ECIS (Electric 
Cell-substrate Impedance Sensing) (Giaever & Keese 1993; Szulcek et al. 2014) and 
characterized endothelial barrier integrity in the gravity simulators at the European Space 
Agency (ESA) (Herranz et al. 2013). By doing so, we not only overcame the previously 
mentioned limitations by means of providing a measurement tool, which is compatible 
with the challenging space environment and sensitive enough to record the fast and 
subtle EC changes, but furthermore were able to compare the effects measured under 
altered conditions of gravity to effects of classical biomechanical forces. The primary 
finding of our study was that EC are capable to specifically adjust their structure and 
thereby modulate barrier integrity to changes in g-force magnitude and direction 
(Szulcek et al. 2015). We showed that a rapid and short-lived increase in gravity, force-
dependently triggered a sustained enhancement of the endothelial barrier. This active 
biological response was characterized by sequential improvement and remodeling of 
cell-cell contacts, enforcement of the F-actin cytoskeleton, and the enhancement of cell-
matrix interactions. A decrease in g-forces, on the contrary, induced opposite responses 
and weakened the endothelial barrier, which is in accordance with micro-gravity induced 
morphological and cytoskeletal changes reported in a vast body of published literature 
(Vorselen et al. 2014). In comparison, shear stress and hydrostatic pressure induced either 
short-lived or no changes in EC barrier integrity and were distinct processes with regard 
to nitric oxide signaling.

The presented experiments were performed as part of the international research 
program JUNCTION (ILSRA-2009-1067) that is embedded in the ELIPS ISS biology research 
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program managed by ESA. The aim of this program is to prepare for space mission and 
investigate the role of endothelial barrier integrity and specifically the regulation of inter-
endothelial junctions in cardiovascular deconditioning under real weightlessness, a major 
health challenge faced by astronauts (Antonutto & di Prampero 2003). For this mission 
a miniaturized version of the ECIS measurement device is under development, which 
will be available to the scientific community, at the International Space Station (ISS), 
after the JUNCTION experiments have been concluded. With our study, we delivered 
direct proof, for the ability of EC to respond to gravitational cues by force vector specific 
modulation of its barrier. Incidentally, the ECIS system has been shown sufficient to study 
these fast, subtle, and often transient changes.

CASPASE-MEDIATED POST-TRANSLATIONAL PLATELET 
ENDOTHELIAL CELL ADHESION MOLECULE-1 MODIFICATION 
CAUSES DYSFUNCTIONAL MICROVASCULAR ENDOTHELIAL 
SHEAR RESPONSE
Pulmonary Arterial Hypertension (PAH) comprises an extremely heterogeneous group of 
deadly lung diseases that exerts a high physical and psychological burden on patients and 
has an enormous financial impact on society (Sutendra & Michelakis 2013). In the field 
of PAH research, a long-standing debate is going on defining either vasoconstriction and 
subsequent increased pulmonary blood flow (PBF) or cancer-like alterations in pulmonary 
EC as the root-cause for the lung vascular changes (Rai et al. 2008). However, single 
vasodilator or anti-cancer therapies have had limited success or were accompanied by 
severe side effects (Godinas et al. 2013). This limits treatment options to a few classes 
of drugs and mortality remains high (Humbert et al. 2010; Sitbon Olivier et al. 2004). In 
our study we linked several etiological concepts of PAH and investigated the effect of 
high fluid flow induced shear stress on the abnormal pulmonary endothelial phenotype 
of PAH patients. 

Although high PBF is long-since associated with the vascular changes in PAH, it is 
easily compensated by the healthy lung vasculature (Dickinson et al. 2013; van Albada 
et al. 2005). High laminar shear stress was even shown to be athero-protective, anti-
inflammatory, anti-thrombotic, has anti-adhesive effects, and induces a quiescent 
EC phenotype by initiating anti-proliferative and anti-apoptotic signaling (Abe & Berk 
2014; Conway & Schwartz 2013; Davies 1995). Professional and hobby athletes may 
even spend hours with more than twice the normal PBF performing endurance activities  
(Kulik 2012). However, this has no obvious consequences, as increased cardiac output 
and increased PBF are usually counterbalanced by a decrease in pulmonary vascular 
resistance (PVR). So, why is increased PBF in PAH so closely linked to the pathogenesis? 
Why can’t the lung compensate for alterations in PBF and what are the molecular 
consequences of this high pulmonary flow? Furthermore, is high PBF the direct inducer 
of the endothelial dysfunction and thereby the underlying cause of PAH, an acute trigger 
starting the vascular remodeling, or rather a maintenance factor for the already changed 
vasculature? These are the questions we tried to answer in Chapter V.
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One possible explanation is of course, that chronic vasoconstriction cannot be 
released, the pulmonary vascular bed stiffens and PVR is highly increased in patients with 
PAH, wherefore the diseased lung cannot compensate for the increased PBF (Schäfer et al. 
2016; Wagenvoort 1972). However, that only seems to be true for advanced or end-stage 
disease. In addition to those long-known disease features, we identified a novel intrinsic 
component of the endothelial dysfunction in PAH that only becomes obvious under high 
shear stress (Szulcek et al. 2016). We were able to show that specifically the microvascular 
endothelium isolated from lungs of patients with diverse etiologies of PAH exerts 
a delayed morphological adaptation to shear, when cultured under conditions of supra-
physiological shear rates. Functionally, this delay facilitated susceptibility to loss of cells 
from vascular branches characterized by non-uniform shear profiles, when shear was 
suddenly increased. Mechanistically, we found that the defective shear responsiveness 
is caused by caspase-mediated cytosolic cleavage of the shear-sensor protein platelet 
endothelial cell adhesion molecule-1 (PECAM-1). We were able to pharmacologically 
targeted and prevent PECAM-1 cleavage. Suppression of the pro-apoptotic caspase 
activity stabilized PECAM-1 levels, restored shear responses in-vitro and reversed 
established occlusive intimal remodeling in animals with experimental PAH. Hence, 
the newly described EC dysfunction is amenable to treatment. Remarkably, the ongoing 
pro-apoptotic signaling led to the functional alteration of EC mechanosensing but did 
not cause cell death making the cells susceptible to shear induced EC injury. The fact 
that the etiology of the disease did not influence the cell responses makes EC shear 
responsiveness an unifying determinant in all forms of PAH and an interesting potential 
treatment target. 

Based on our findings, we propose a new concept defining ongoing, exuberant 
pro-apoptotic signaling in the microvascular EC of patients with PAH and consequent 
post-translational protein modification as a cause for their functional alterations and 
abnormal phenotype. A vast body of literature adds evidence that both pro-proliferative 
and pro-apoptotic signals are highly increased in EC of PAH patients (Jurasz et al. 2010; 
Tu & Guignabert 2013). Our data, and others, further indicate that despite the increased 
pro-apoptotic signaling the dysfunctional cells do not undergo cell death, as it seems 
counterbalanced by excessive pro-proliferative signaling characterized by an overactive 
mitogen-activated protein kinase (MAPK) pathway and growth factor signaling  
(Tu et al. 2011; Upton & Morrell 2009; Voelkel & Gomez-Arroyo 2014). Taken together, 
we hypothesizes that the ongoing pro-apoptotic signaling acts as an initiator and 
maintenance factor for the pro-proliferative signaling in PAH keeping functionally altered 
EC from entering apoptosis. This hypothesis will be the central conundrum of our future 
work (Figure 1).

If our hypothesis can be proven, the remaining question will be, if blockade of one 
of the two pathways is sufficient to restore the EC phenotype? Or if interference with 
this abnormal apoptosis-proliferation balance in PAH, which prevents functionally altered 
cells from dying, shifts the spectrum and thereby induces secondary pathological effects? 
Hence, it logically follows that aiming to prevent post-translational modifications of 
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Figure 1: Ongoing pro-apoptotic signaling initiates and maintains pro-proliferative 
signaling in the pulmonary endothelium of patients with PAH. This abnormal balance 
between the two signals keeps functionally altered cells form dying. Cell proliferation and apoptosis 
can individually have an impact on protein expression, structure, function, and degradation. Both 
pathways are individually amendable to drug treatment. However, is it recommendable to shift this 
compensatory mechanism to one side of the spectrum, or rather target the subsequently activated 
pathways that cause post-translational protein modification? This question will be the focus of our 
future studies.
Abbreviations: MAPK = mitogen-activated protein kinase; GF = growth factor; MMP = matrix 
metalloprotease, ADAM = zinc-dependent transmembrane disintegrin metalloproteinase

proteins instead of restoring proliferative and apoptotic signaling would be a promising 
alternative. This treatment would target common integrative abnormalities instead of 
the diverse and multi-factorial causes for PAH.

GENERAL CONCLUSIONS
This dissertation took a broad look on several aspects of endothelial force perception 
and management converging into two fundamental and generally applicable conclusions. 

First, the tissue specific mechanical and physical cues experienced by the endothelium 
in health and disease do not only alter endothelial genotype, phenotype and function 
but can also help to uncover intrinsic defects that are mitigated under static culture 
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conditions. Thereby, modelling of these exogenous forces in-vitro, in close approximation 
to the in-vivo situation, provides a whole new level of translatability. 

Second, tissue specific differences exist between endothelial responses to the previously 
introduced multiple types of exogenous stimuli. These are the consequence of their 
environmental and epigenetic programming enabling EC to perform their specialized 
functions. Therefore, in an optimal experimental set-up, disease, organ, or tissue specific 
questions should be answered with primary cells derived from the target tissues and from 
patients as findings often cannot be interpolated from one EC type to the other. 

These two general remarks are of course not entirely new. However, they are still very 
difficult to apply in daily research praxis and very few publications follow these demands 
compared to the majority of published literature. This is mostly due to practical reasons, 
such as tissue accessibility, difficulties in cell isolation, and cell maintenance. However, 
with the presented work we made yet another case for their importance.
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