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SUMMARY 

 

Hydrostatic pressure is a mechanical force which influences vascular endothelial cells 

together with shear and tensile stress. Each of these stimuli is not only essential for normal 

vessel development and function, but also may lead to pathological conditions. The effects of 

shear and tensile stress have been investigated extensively on different types of the cells. 

Although there is evidence that the actin web of endothelial cells is organized in pressure-

dependent manner mechanisms of hydrostatic pressure influence still need to be completed.  

Surprisingly in a daily live physiological effects of the pressure depend not only on its 

amount, but also on the duration: acute pressure increase during exercising will be not 

harmful, while its chronic elevation often leads to the pathology.  Thus in this study we focus 

on investigation of acute transient pressure changes and the possible differences between 

acute and chronic pressure influence on the endothelial cells in terms of cortical acto-myosin 

dynamics and nanomechanical properties. 

 In current work we identified that depending on the duration of the pressure increase 

two possible mechanisms of cellular response could be involved. Short-term or acute pressure 

application (e.g. for 1h) will lead to reversible endothelial cortical stiffening due to an 

increase in expression and phosphorylation of non-muscle myosin II while the actin filaments 

remain “passive”.The pressure-induced rapid myosin activation is most likely mediated via a 

Ca2+-dependent diphosphorylation of the myosin light chain (Ser19/Thr18) and due to this 

signaling pathway, the cell is equipped with a fast mechanism to withstand the acutely 

increased mechanical stress. 

In contrast to the acute response to hydrostatic pressure, chronic pressurization of 

endothelial cells leads to global rearrangements of the actin network and an augmentation of 

actin filaments in the apical cell cortex. Such changes are not so easily reversible and could be 

an early stage of further pathological process.  

Overall, our data demonstrate that hydrostatic pressure per se is likely to be a stimulus 

that modulated vascular endothelial function and should be taken into account in 

cardiovascular research. 

The obtained in this project data will be published; working title for the manuscript is 

“Endothelial Cortical Acto-Myosin Dynamics under Hydrostatic Pressure”. 
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1 1.INTRODUCTION 

1. INTRODUCTION 

1.1. Forces acting on the endothelium 

Vascular endothelial cells form the inner layer of blood vessels and serve as a selective 

barrier between the blood and other tissues and organs. It is a metabolically active monolayer, 

which is constantly exposed to both biochemical and biomechanical stimuli. It is well 

established now that the transduction of these stimuli alone or in combination by the 

endothelium determines the physiology or pathology of the cardiovascular system (Chien et 

al., 1998;Davies et al., 1994;Malek et al., 1999;Resnick et al., 2003a;Resnick et al., 2003b). 

Vascular endothelial cells are exposed to three types of mechanical forces: shear stress due to 

blood flow, tensile stress due to the compliance of the blood vessel wall and hydrostatic 

pressure due to vertical transmural pressure (Figure1.1A). Each of these stimuli is essential 

for normal vessel development and function but they also may lead to life threatening 

pathological conditions when not properly controlled. Changes in blood flow, thus generating 

altered hemodynamic forces are responsible for acute vessel tone regulation, the development 

of blood vessel structure during embryogenesis and early growth, as well as chronic 

remodeling and generation of adult blood vessels.  

The effect of shear stress and circumferential strain on endothelia are well investigated, 

using different in vitro, in situ and in vivo models. These mechanical stresses stimulate 

endothelial cells to change their shape and stream-orientation to the blood flow and influence 

variety of signaling pathways (Ando and Yamamoto, 2009;Birukov et al., 2002;Johnson et al., 

2011;Nilius and Droogmans, 2001;Schnittler et al., 1997). However, the effects of pressure 

per se on the endothelium have been widely neglected in research, although altered pressure is 

the major character of cardiovascular diseases. 

At normal resting hearts mean arterial pressure (MAP) can be approximated by the 

following equation(Richard E.Klabunde, 2011): 

MAP = Pdias + 1/3 (Psys – Pdias), 

where Pdias -  diastolic pressure and Psys  - systolic pressure.  

In the healthy organism, aortal blood pressure varies between systolic 120 mmHg to 

diastolic 80 mmHg, hence MAP varies around 93 mmHg using this calculation. 
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A                                                                                         B 

 
Figure 1.1. Forces acting on endothelium 
(A) Physical forces, acting on the level of single endothelial cell: shear stress, wall tension and 

hydrostatic pressure. 

(B)Characteristic variations of systolic and diastolic blood pressure in the different types of blood 

vessels.  

 

MAP is determined by the cardiac output (CO), systemic vascular resistance (SVR), and 

central venous pressure (CVP) according to the following equation, which is based upon the 

relationship between flow, pressure and resistance(Richard E.Klabunde, 2011): 

MAP = (CO x SVR) + CVP 

As CVP is usually at or near 0 mmHg, this relationship can be simplified to: 

MAP = CO x SVR 

In general pulse pressure rises minimal from the aorta to the smaller arteries (to 

approximately 125/75 mmHg, Figure 1.1B). Concurrently to the branching into the arterioles, 

total peripheral resistance increases. This results into decrease in MAP to about 40 mmHg. 

During exercise or (patho-)physiological influence, aortal blood pressure may increase up to 

160/140 mmHg. The most important mechanism for changing systemic vascular resistance 

involves changes in vessel lumen diameter. According to Poiseuille relationship resistance is 

inversely related to the fourth power of the vessel radius: 

F∞ (∆P x r4) / ( n x L), 

where F – blood flow, ∆P – pressure gradient, r – radius of the blood vessel, L – it’s 

length, n – blood viscosity.  

At the capillaries, the amplitude decreases and finally reaches 20 mmHg due to increase 

in the total vessel diameter. On the way back to the heart, the blood flows through the low-

pressure vessels of the venous system. Hence, the vascular endothelium, depending on the 
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exact vessel, is exposed to wide range of pressures and pressure gradients, as well as short 

term transient changes in blood pressure, which could have a physiological effect on the level 

of the single cell. 

 

1.2. Effects of hydrostatic pressure 

Hydrostatic pressure is an important mechanical stimulus, directing cell behavior in a 

variety of tissues, including cartilage (Urban, 1994;Adrogué and Madias, 1981;Lammi et al., 

2004), bone (Zhang et al., 1997), airways (Kappagoda and Ravi, 2006) and the vasculature 

(Tokunaga et al., 1987). An increase in proliferation in response to variations in sustained 

hydrostatic pressure was detected for smooth muscle cells (Tokunaga et al., 1987), 

chondrocytes (Wright et al., 1992;Smith et al., 1996) and fibroblasts from a variety of tissues 

(Smith et al., 1996;Yousefian et al., 1995). 

Variations in blood pressure indicate changes in the condition (activity, stress, nutrition) 

of the whole body. Although there is evidence in the literature that the actin web of 

endothelial cells is organized in a pressure-dependent manner, the action of hydrostatic 

pressure ‘per se’ on endothelial structure and function are largely unknown. 

Chronic exposure of cultured endothelium to hydrostatic pressure has been investigated 

by several authors. Tokunaga and Watanabe reported that the behavior of human umbilical 

vein endothelial cells in culture was affected by pressure. Pressurization of human aortic 

endothelial cells (up to 200 mmHg) resulted in increased proliferation during the first 3days 

of exposure to pressure. Exposure of these cells to pressures in the range of 80 mmHg and 

higher up to 6 days resulted in decreases in cell proliferation and cell damage evidenced by 

the formation of cell islands of central confluence, rather than one confluent monolayer 

(Tokunaga et al., 1989). In contrast to this study, enhanced EC proliferation was noted by 

Sumpio and colleagues in sub-confluent  EC exposed to 40, 80 or 120 mmHg pressure, and 

these changes occurred at earlier time points with the higher pressure (Sumpio et al., 1994a). 

An increase in pressure also leads to an improved cell-cell and cell-matrix interactions 

(Muller-Marschhausen et al., 2008;Peters et al., 2012).  

Elevation of ambient pressure even increases the release of the key endothelial-derived 

relaxing factor nitric oxide (NO) which is likely to influence blood pressure and tissue 

perfusion(Jin et al., 2009).Authors described, that medullary interstitial NOx concentrations 

and urinary NOx excretion levels also increased as  renal perfusion pressure (RPP) was 

increased. This was mostly associated with the increases of RPP from the lowest (85 mmHg) 

to the intermediate pressure step (110 mmHg) (Figure 1.2 A). 
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Similar results on the effects of the renal arterial pressure were shown previously by 

Majid and colleagues (Majid et al., 1995;Majid et al., 2001). Their data suggests that changes 

in renal interstitial hydrostatic pressure (RIHP) in response to alterations in renal arterial 

pressure are associated with changes in intrarenal NO, indicating a direct effect of NO to 

regulate RIHP. 

Additionally, actin cytoskeleton dynamics of endothelial cells is influenced in a 

pressure-dependent manner, as the amount of actin filaments, their localization, and length is 

modified. In vitro exposure of bovine pulmonary artery endothelial cells to sustained 

pressures up to 65 mm Hg up to 9 days results in cell elongation without a predominant cell 

orientation (Acevedo et al., 1993a;Sumpio et al., 1994b;Salwen S.A., 1998;Schwartz E.A., 

2004). These changes in cell shape are accompanied by a concomitant reorganization of the 

cell cytoskeleton. Specifically, pressure-treated endothelial cells lose the characteristic 

peripheral actin band and reorganize the interior regions of the cytoskeleton from a web-like 

matrix to an aligned array of thick, parallel stress fibers (Figure 1.2 B) (Acevedo et al., 

1993a;Sumpio et al., 1994b;Schwartz E.A., 2004). Depending on the amount of pressure, the 

duration of pressure-exposure and the cell type, either actin polymerization or 

depolymerization has been described. 

Pressure-associated rebuilding of the cytoskeleton often leads to the changes in layer 

organization of the endothelial cells. It was shown, that bovine pulmonary endothelial cells 

exposed to sustained hydrostatic pressure formed multilayers which were evident in side view 

images of cell nuclei. In the cells cultured under control conditions, the nuclei images were 

located in a single distinct monolayer. In contrast, under 1.5 cm H2O pressure (1.1mm Hg), a 

bilayer formation was observed in isolated areas. Large regions of cellular bilayers were 

identified among cells exposed to 5 cm H2O pressure for 7 days. Exposure of endothelial cells 

to 10 cm H2O (7.3 mmHg) pressure for 7 days resulted in development of regional triple 

cellular layers(Salwen S.A., 1998). 
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A 

 
B 

 

Figure 1.2.Effects of hydrostatic pressure, indicated in previous studies. 
(A) Changes in renal perfusion pressure (RPP) modulate excretion of medullary interstitial NO in 

kidney with intact capsules (open circles) and after decapsulation (closed circles)(Jin et al., 2009). 

(B) Endothelial cells grown under elevated pressure conditions (80 mmHg) up to 9 days. Actin 

cytoskeleton was stained by rhodamine phalloidin. Pressurized cells developed more elongated cell 

shape with random orientation of long axis. Additionally, stress fibers in the cell bulk were noted 

(Sumpio et al., 1994a). 
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It is important to note, that physiological range of blood pressure in the human 

pulmonary artery is 8-25 mmHg(Guyton and Hall, 2006), so Salwen and colleagues in their 

study simulated in vitro normal and transmural stresses in the vasculature. Tendency of 

endothelial cells to form monolayers under some level of hydrostatic pressure also was 

previously described via two-dimensional analysis of endothelial cells by Gotlieb and Wong  

(Gotlieb A.I.and Wong M.K.K., 1988).According with experimental data of Ohashi and 

colleagues, hydrostatic pressure may downregulate the expression of VE-cadherin, resulting 

in loss of contact inhibition followed by increased proliferation and formation of a 

multilayered structure (Ohashi et al., 2007). Similarly Müller-Marschhausen and colleagues 

reported on the protective efficacy of physiological hydrostatic pressure for monolayer 

integrity, based on the VE-cadherin expression, in microvascular myocardial endothelial 

(MyEnd) cells and macrovascular pulmonary artery endothelial cells (PAECs). In both 

endothelial cell lines, extracellular Ca2+ depletion by EGTA was followed by a loss of VE-

cadherin at cell junctions. Hydrostatic pressure (15 cm H2O) blocked this effect of EGTA 

(Muller-Marschhausen et al., 2008). 

 However, despite the presence of complicated mechanical environment, endothelial 

cells do not exhibit multilayered structures in our body. Therefore, endothelial cell responses 

are likely dependent on not only the types of mechanical stimuli but also their combination to 

which cells are exposed. Inhibition of VE-cadherin expression induced by application of 

hydrostatic pressure may be modulated in vivo by a simultaneous application of either shear 

stress or tensile stress (Ohashi et al., 2007).   

It could be summarized that all the previous studies were focused on the possible effects 

of chronic pressure application, when short-term transient changes in the blood pressure are 

way less investigated and were almost completely neglected. Recently a new mechanistic 

approach for characterization of physiological processes on the cellular level was developed.   

 

1.3. Basic principles of mechanobiology 

Mechanobiology is an emerging field of science, based on combination of biology and 

physics, which aims to understand how mechanical force and cellular geometry interplay with 

biochemical activities to drive cellular functions. 

In any organism there is a structural hierarchy of cells, tissues and organs, connected 

througha force-sensing network on the macroscale (organs, tissues) to the microscale (cells, 

protein complexes), to the nanoscale (individual proteins). These hierarchical structures 

constantly adapt to their micro-environmental changes by mechanically stabilizing themselves 



•

•

•
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Figure 1.3. Overview of mechanotransduction pathways in the cell. 
Mechanotransduction and response are often mediated by several overlapping signaling pathways. A 

variety of cellular components that are suggested to acts as mechanosensors and force transducers are 

depicted in a representative cell. Some of the features are specific to cell types.  (adapted from In 

MBInfo Wiki, Retrieved 10/21/2014 from http://www.mechanobio.info) 

 

 

1.4.Vascular endothelium nanomechanics 

Recent development of the endothelium mechanobiology was stimulated by the rapid 

improvement over the last years of such biophysical techniques, as atomic force microscopy, 

laser tweezers and optical trap (Lee and Lim, 2007), that made possible detailed recordering 

and analysis of the nanomechanical structures. Globally, endothelium mechanobiology could 

be divided into two major fields - the cell mechanics and investigation of 

mechanotransduction. 

 In the case of mechanotransduction a transmission of fluid shear stress, wall tension of 

the vessel, cell-cell contacts and hydrostatic pressure determines the mechanical stimulation 

in the cardiovascular system and affect endothelial function (Johnson et al., 2011;Ando and 

Yamamoto, 2009;Shyu, 2009). The complete list of corresponding mechanosensors has not 

been completely identified yet and on the current stage of knowledge includes 
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mechanosensitive ion channels, adhesion proteins, tyrosine kinase receptors, and caveolae(Liu 

et al., 2013;Fels et al., 2014). Understanding of the exact mechanisms, involved in 

mechanosensing of the endothelium will also help to target a variety of mechanotransduction-

related diseases, such as hypertension and atherosclerosis(Varela et al., 2015;Zaragoza et al., 

2012). 

Cell mechanics is focused on the dynamics of cellular elasticity, which could be 

determined as mechanical stiffness, and its impact on endothelial function. In more detail, 

nanomechanicsdescribes mechanical properties of the single subcellular compartments, such 

as the glycocalyx, the cell cortex, the cytoplasm and the nucleus(Gaboriaud et al., 2008;Kasas 

et al., 2005a;Oberleithner et al., 2009). During last years nanomechanics attracted attention of 

researches as stiffness of certain cellular compartments could be directly related to the 

physiological and pathological processes in the cells (Fels et al., 2014).  

 

 

1.5. Cell cortex: structure, nanodynamics, and physiological role  

The cell cortex could be defined as a thin, crosslinked actin network lying immediately 

beneath the plasma membrane of most eukaryotic cells, including animal cells and amoebae. 

Besides a layer of actin filaments, cell cortex includes some myosin motor-proteins, exerting 

contractile forces in the meshwork, and actin-binding proteins. Electron microscopy in 

cultured mammalian cells and in Dictyostelium discoideum strongly indicates that cortex 

thickness is in the 50–100-nm range (Charras et al., 2006;Charras, 2008;Hanakam et al., 

1996), however more recent monitoring of cortical thickness in live cells by Paul et al. 

extended its value to around 190-200 nm(Clark et al., 2013). Actin filaments could be 

positioned differently and some of them are oriented perpendicularly to the membrane, as was 

observed by Morone and colleagues(Morone et al., 2006). It is still unknown, whether each 

filament overlap is crosslinked by an actin-binding protein or not, and the exact three-

dimensional organization and polarity of filaments in the network  have been not identified 

yet (Salbreux et al., 2012).  

Mechanically the cortex in cellsis organized as a polygonal double-component mesh: a 

coarse mesh with element areas approximately 0.5-10 µm2, and a finer mesh with areas <0.5 

µm2. These meshes appear to interplay, which may lead to significant changes of mechanical 

properties of the cell (Kronlage et al., 2015;Pesen and Hoh, 2005) Moreover, the cortical actin 

mesh is the main determinants of stiffness of the cell surface, resists external mechanical 

stresses (Bray and White, 1988), and is thought to oppose intracellular osmotic pressure 
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(Stewart et al., 2011a). However, in contrast to cell walls, the cortex can undergo dynamic 

remodeling on timescales of seconds, because of turnover of its protein constituents and 

network rearrangement through myosin-mediated contractions. Time-lapse atomic-force 

microscopy imaging of bovine pulmonary artery endothelial cells shows that the overall 

position or shape of the cells does not change significantly over several hours, as would be 

expected for a mature monolayer. However, the cortical cytoskeleton reorganizes itself in a 

highly dynamic fashion (Figure 1.5) (Kronlage et al., 2015;Pesen and Hoh, 2005). 

Cortex plays a central role in cell shape control, because it is attached to the cell 

membrane. The protein components of the cortex undergo rapid changes, making the cortex 

both mechanically rigid and highly plastic, two properties essential to its function. The cortex 

has recently attracted attention of researchers, because his functioning is related to such 

cellular processes as cytokinesis, cell migration, and embryogenesis (Salbreux et al., 2012). 

For non-pressurized cells it has been shown that cortical nanodynamics affect 

mechanisms including cell cycle, proliferation and aging (Laurent et al., 2005;Pesen and Hoh, 

2005;Stewart et al., 2011a;Rotsch et al., 1999). 

For example, Laurent and colleagues with the help of atomic force microscopy 

determined the rigidity of fish keratocyte lamellipodia as a function of time/distance from the 

leading edge. The rigidity profile was similar to the actin density profile, suggesting that the 

dynamics of rigidity are due to actin depolymerization changes. The decrease of rigidity in 

this case  may lead to the contraction of the actin-myosin network at the lamellipodium/cell 

body transition zone (Laurent et al., 2005). 

Stewart and colleagues have demonstrated that by locally modulating acto-myosin-

cortex-dependent surface tension and globally regulating osmotic pressure, cells can control 

their volume, shape and mechanical properties (Stewart et al., 2011b).  
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A 

 
B 

 
 

Figure 1.5.AFM imaging of cortical remodeling. 

(A) AFM deflection images of BPAECs show high dynamics of cytoskeleton network under 

physiological conditions. Scale bar 10 µm (Pesen and Hoh, 2005). 

(B)AFM visualization of coarse and finer meshes in the cell cortex of endothelial cell. Height data and 

processed image (Kronlage et al., 2015). 
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1.6. Cortical nanodynamics and endothelial function 

Importantly, endothelial function is regulated by cortical nanodynamics, too. 

Endothelium sodium channel (EnNaC) was recently identified as one of the major elements 

for control of the endothelium nanomechanics, which is a critical parameter in differentiating 

between vascular function and dysfunction(Korte et al., 2014).  

In in vitro experiments it was demonstrated that rise of sodium concentrations in the 

absence of aldosterone increases EnNaC abundance in the plasma membrane up to 90% and is 

followed by significant cortical stiffening of the endothelial cells by 18%  (Kusche-Vihrog et 

al., 2014). A study on aldosterone-synthase knock-out mice confirmed that high sodium per se 

determines EnNaC expression and thus is likely contributing to endothelial dysfunction 

(Jeggle et al., 2016). Paar and et. showed  EnNaC-mediated increased salt sensitivity in the 

aging, that might contribute to the development and progressing of the age-related 

cardiovascular diseases and requests spironolactone and amiloride application specifically for 

older patients (Paar et al., 2014).  

Such significant influence of EnNaC on endothelial cortical stiffness is possible due to a 

direct and non-direct interactions of the channel with cortical F-actin beneath plasma 

membrane (Mazzochi et al., 2006). Although, most of the experiments were done on the 

relative to EnNaC, epithelial sodium channel (ENaC), the data could be applicable to EnNaC, 

because of big physiological and molecular similarity between these two channels. Previous 

studies of Rotin and co-workers have identified an interaction between the α-subunit of ENaC 

and α-spectrin, an actin-binding protein (Rotin et al., 1994). Zuckerman and et. confirmed 

relationship between endogenous α-ENaC and α-spectrin reconstituting interaction in vivoin 

Xenopus laevis A6 renal epithelial cells(Zuckerman et al., 1999). 

 First confirmation of direct interaction between ENaC and actin was done by Cantiello 

and colleagues(Cantiello et al., 1991)using patch-clamp analysis  of Xenopus laevis A6 

cells.Authors detected an increase in amiloride-sensitive sodium channel activity within 2–5 

min of application of cytochalasin D that is known to disassemble actin network. Using 

cloned into planar lipid bilayers α-, β-, and γ-subunits of ENaC  Berdiev et al. confirmed 

previously obtained data and found that recombinant  αβγ-ENaC is activated by PKA in the 

presence, but not in the absence, of actin(Berdiev et al., 1996;Mazzochi et al., 2006).Based on 

the previous studies C.Mazzochi and colleagues generated a hypotheticalmodel, presenting 

the current stage of knowledge about ENaC-actin interactions (Figure 1.6.1).  

Changing endothelial cortical stiffness EnNaC directly affects vascular physiology, 

because recently it was shown that depolymerization of the submembranous actin web leads 
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to cortical softening, directly increases the activity of the endothelial NO synthase (eNOS) 

(Fels et al., 2010;Fels et al., 2012a), and thereby is likely to cause vasodilation followed by an 

increase in tissue perfusion and decrease of blood pressure(Oberleithner et al., 

2009;Oberleithner et al., 2007;Szczygiel et al., 2012).  

There are two possible mechanisms under discussion, explaining how exactly cortical 

softening of endothelial cells induces eNOS activity. First is based on the finding of 

Kondrikov and colleagues that eNOS activity depends on the type of actin, with whom it 

binds: G-actin is stimulating enzyme activity, F-actin association is partly blocking eNOS 

(Kondrikov et al., 2006;Kondrikov et al., 2010). F-actin cortical depolymerization will soften 

cell cortex and directly stimulate NO release (Figure 1.6.2) via increase in G-actin-eNOS 

interaction (Fels et al., 2012b). 

Second possibility is based on the activation of eNOS via calcium-calmoduline 

signaling. Softening of the cell cortex will make plasma membrane of the cell more flexible 

and under such conditions calcium mechanoreceptors in it will be more sensible to shear 

stress, so their activation will lead to an increase in intracellular calcium concentration and 

calmoduline-eNOS activation (Knudsen and Frangos, 1997;Kuchan and Frangos, 

1994;Kuchan et al., 1994;Kuchan and Frangos, 1994;Fels et al., 2014). Furthermore, blood 

pressure decrease could be detected on response to systemic softening of the cell cortex (Fels 

et al., 2014). 

Jeggle et al. have reported about direct link between EnNaC expression, endothelial 

cortical stiffness and NO release on example of Liddle syndrome, suggesting the functional 

role of sodium channel in the vascular endothelium (Jeggle et al., 2013). Their finding 

confirms observation by Perez at al, namely EnNaC as a key-player in the negative 

modulation of eNOS and NO production in resistant arteries (Perez et al., 2009).  

Interestingly, actin nanodynamics and changes in eNOS activity are specific only for 

cortical region and are independent of the bulk nanomechanics of the endothelial cells(Fels et 

al., 2014;Fels et al., 2012b). Oberleithner at al investigated effects of low and high potassium 

concentrations on the endothelial physiology and reported change of cortical actin 

cytoskeleton from gel to sol independent from cell bulk. Such mechanism could be involved 

on control of endothelial deformability and NO release and thus has impact on systemic blood 

pressure (Oberleithner et al., 2009).  

Although, dynamic variations in the cortical nanomechanics represent a marker, which 

allow further evaluation of physiological status of an endothelial cell, the interpretation of 

processes is highly tissue-specific. For example, in ventricular myocytes correlation between 
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cortical elasticity and NO release appears to be opposite to that in endothelium: an inhibition 

of myosin softens the cell and also leads to decrease of eNOS activity (Dedkova et al., 2007). 

 

 

 

 

Figure 1.6.1Hypothetical model of interactions between ENaC, protein kinase A (PKA) and 

cortical actin.  

 (A) Inactivated ENaC is not associated with the actin. 

 (B) Activation of PKA via hormonal pathways leads to actin phosphorylation in a direct or non-direct 

(with the involvement of Rho family GTPase) way. Formation of short actin filaments initiates actin 

interaction with α-ENaC and Na+ entry into the cell (Modified after Mazzochi et al., 2006). 
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Figure 1.6.2.Physiological role of cortical actin dynamics. 

Depolymerization of submembranous actin leads to cortical softening and increase in eNOS activity. 

(Fels et al., 2012c). 

 

1.7. Nuclear mechanics. Role of nuclear stiffness in endothelial cells 

The nucleus is the largest organelle in most cells. In addition to keeping genetic 

information it also plays a crucial role in coordinating intracellular architecture(Lee et al., 

2007). In differentiated cells the nucleus is approximately 10 times stiffer than the 

cytoskeleton, so nucleus mechanical properties will often dominate the overall behavior of the 

cells during different physiological deformations. The changes in nuclear stiffness often 

reflect structural changes in chromatin organization as well asthe nuclear 

envelope(Lammerding, 2011a).Maniotisand colleagues have identified a mechanical 

connection of cytoskeleton filaments to the nuclear envelope via integrins, which supports 

possibility of direct nucleus involvement in the processes of mechanosensing and 

mechanotransduction(Maniotis et al., 1997). Additionally, the morphological observations of 

Deguchi S. and colleagues suggested a possibility, that nuclei of endothelial cells are directly 

involved in the mechanosensing of extracellular stimulus, like shear stress. In their 
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experiments cells were exposed to 2 Pa of fluid shear stress and these results into elongated 

and more compressed form of the cell nuclei and increase in their Young’s modulus (Deguchi 

et al., 2005). 

Lamins A and C provide structural support to the nuclear envelope and play a critical 

role for correct spacing of nuclear pore complexes, and moreover are known to interact with 

chromatin and a variety of inner nuclear membrane proteins, for example, emerin, SUN1, and 

some shorter nesprin isoforms(Zastrow et al., 2004).Also it was shown, that Lamin A/C–

deficient cells have abnormal cytoskeletal organization and decreased cytoskeletal stiffness, 

resulting in disturbed nuclear orientation and migration.So, pressure related increase in 

nuclear stiffness is very likely to be connected with changes in lamins A/C 

expression(Lammerding, 2011b). 
Recently it was demonstrated that matrix stiffness is directly influences on the level of 

lamin A expression and this is a possible mechanism of nuclear plasticity regulation (Swift et 

al., 2013). However, it is still unknown, whether there is a relationship between expression of 

lamin A and mechanosensing of the nuclei.  

 

1.8. Extracellular matrix stiffness: possible influence on endothelial cellular physiology 

The adhesion of the cells to the extracellular matrix (ECM) and its chemical and 

biophysical properties play an important role in regulating of such key-processes as cell 

spreading, migration and differentiation (Rozario and DeSimone, 2010).Natural ECM 

represents very complex fibrillar structure, followed by nonlinear mechanical properties, that 

are very challenging to mimic during culturing of the cells (Bruekers et al., 2016). 

Changes in substrate stiffness due to differences in the ECM has also been shown to 

affect single cell migration, although  Peyton and Putnam speculate that effect is modulated 

by the properties of substrate ligands or different soluble factors (Peyton and Putnam, 2005). 

Ng at el in their experiments with epithelial cells demonstrated involvement of acto-myosin 

contractility into collective cell migration, induced by changes in substrate stiffness (Ng et al., 

2012): on stiffer substrates cells migrated faster. Similar effects, but on macrovascular 

endothelial cells were observed by Canver et al.  

Such relationship between ECM stiffness and single cell migration could be explained 

via changes in cellular adhesion and cytoskeleton dynamics. Discher et al cultivated cells on 

the polyacrylamide gels of different mechanical properties and demonstrated that on the soft, 

lightly-cross-linked gels (around 1 kPa) cells form diffused and highly dynamic adhesion 
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complexes. In contrast, stiff and highly structured gels (with elasticity varies between30 to 

100 kPa) stimulated cells to develop stable focal adhesions like during attachment to the glass 

surface (Figure 1.8) (Discher et al., 2005). 

 

Figure 1.8. Effects of different substrate stiffness on cellular adhesion and cytoskeleton 

dynamics (Discher et al., 2005) 

Molecular mechanisms involved in cellular responses to differentECM mechanical 

properties are still open to investigation and discussion, however, Discher et al attract 

attention to the close cross-talk between mechanosensing of extracellular and intracellular 

factors (Discher et al., 2005).  
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3. MATERIALS AND METHODS 

3.1. Materials 

For full description of materials, chemicals and devices, used in this study, please, look 
Appendix 1.  

3.2. Cell culture 

Bovine aortic endothelial cells (GM7373, delivered by DMSZ (Grinspan et al., 

1983)) were cultured in T25 culture flasks, incubated at 37 o, 5% CO2, and humidity. Cells 

from passages 5-18 were used for the trials.  Minimal essential medium was supplemented 

with 20% fetal calf serum, 1% non-essential amino acids, 1% MEM vitamins, and antibiotics: 

penicillin G (100 µg/ml) and streptomycin (100 µg/ml). Cells were seeded on 24 mm glass 

coverslips and after reaching confluence were used for experiments.   

Umbilical cords were obtained from full-term, natural delivery case with an 

agreement from patients, placed in a sterile containers and held at 4°C until further 

processing.  Human umbilical vein endothelial cells were prepared from human umbilical 

cords veins according to the method described before (Jaffe et al., 1973) with some minor 

modifications. The umbilical vein was cannulated and perfused with 100 ml of PBS to wash 

out blood. The other end of the umbilical vein was then closed with clamps. Umbilical vein 

was filled with 0,1% collagenase solution and incubated in the PBS buffer for 10 min under 

37 °C.  After incubation the collagenase solution was flashed out of the vein and centrifuged 

for 5 min under 470 g for cell sedimentation. Cells were grown to confluence on 0.2% 

gelatin-coated T25 culture flasks in a medium composed of Earle’s M199, 10% fetal calf 

serum,1% growth supplement (self-prepared from bovine retina tissue) and 50 U/ml heparin. 

Cells between passages 1-3 were seeded on fibronectin-coated 24 mm coverslips and used for 

experiments. All experiments were performed at 37 o C in HEPES buffer (in mM: HEPES 10, 

glucose 5, CaCl2 1, MgCl2 1, KCl 5, NaCl 140; pH = 7.4). 

3.3. Basal matrix preparation 

For 6 24 mm glasses 801 µl of final solution were used (in µl: RPMI 5X 208, Hepes 

5X 208, 1M NaOH 15, laminin 25, fibronectin 25, mouse collagen IV 320). Glasses were 

covered with basal matrix 24h before cells seeding. 
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3.4. Atomic force microscopy 

The elasticity of the cortical network of actin filaments was measured using 

nanoindentation spectroscopy (Kasas and Dietler, 2008;Carl and Schillers, 2008). Using this 

technique, the cell is indented by a spherical probe, and the penetration depth is measured 

together with the restoring force acting on the indenter(Figure 3.1 A).  Sneddon’s theory 

predicts a nonomial dependence of the force  on the indentation  (Sneddon I.N., 1965): 

 
  

where  is the elasticity parameter of the cell cortex, R is the radius of the spherical 

probe, and  is the Poisson ratio of the sample (assumed to be 0.5, meaning perfect 

incompressibility).  Fitting this formula to a force-indentation curve gives the numerical value 

of the elasticity parameter of the sample. Different parts of force-distance curve belong to 

different position of the probe: extracellular, cell cortex, cell bulk (Figure 3.4.1B), so we can 

distinguish between mechanical parameters of different cellular compartments.  Additionally, 

basing on the shape of the acquired force-distance curves, we determined the vertical position 

of the point of contact between the cell and the indenter, i.e. the height of the pressurized area. 

Cells after chronic pressure incubation were first fixed with 1% glutaraldehyde for 

15 min and subsequently AFM measurements were done. It was verified previously, that fixed 

endothelial cells memorize cortical actin-based nanomechanics (Grimm et al., 2014a). 

AFM measurements were performed using a Nanowizard III microscope. The 

SmallCellTM closed liquid was used for all experiments. In acute pressure experiments in 

living endothelial cells a targeted field of 100x100 µm was scanned before and after elasticity 

measurements (256x256 pixels per image, setpoint 1nN) for the determination of the cell’s 

surface topography(Figure 3.4.2). 

We used silicon nitrite gold coated cantilevers with 10µm polystyrene spherical 

probes (nominal spring constant 0.01N/m).  Force-distance curves were obtained every 5 min 

with the tip velocity of 1 µm/s and a setpoint of 0.3 nN. Force-distance curves were processed 

using JRobust software by P. Hermanowicz (http://www.softpedia.com/get/Science-

CAD/JRobust.shtml). We analyzed the first 100 nmof the force curve, as this part is known to 

correspond to the cortical actin cytoskeleton (Kasas et al., 2005b;Oberleithner et al., 

2009;Fels et al., 2012b). 
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Figure 3.4.1. Basic principles of atomic force spectroscopy in cells. 

(A) Block diagram of atomic force spectroscopy: the displacement of the cantilever is followed by 

displacement of the laser beam deflection on the photodiode detector.  

(B) Different parts of the force-distance curve represent different regimes of cell-probe interaction, for 

example, cell cortex indentation or cell bulk. 
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Figure 3.4.2.Double visualization of the region of interest during force spectroscopy 

experiment with the help of light microscopy and atomic force microscopy topographic 

imaging. 
 Cells for nanomechanical measurements are labeled with numbers. Red circle – spherical 10 µm probe. 

 

 

Additional verification of the accuracy of automatized data analysis using JRobust 

software was done. A batch of force-distance curves (n=100) was processed with both routine 

Punias software and JRobust. A correlation analysis was done afterwards (Figure 3.4.3) and 

demonstrated that obtained results are comparable. 

Moreover we analyzed a possible influence of differences in cell height on the 

amount of indentation and the cortical Young’s modulus values under conditions of constant 

force measurements. For correlation analysis data from 40 cells were used. Under the constant 

force 0.3 nN values of cortical Young’s modulus and cellular indentation are independent of  

the cell height (Figure 3.4.4).  
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Figure 3.4.3. Comparison of JRobust automatized analysis with routine curve 

processing in Punias software. . 
Correlation analysis of the force-distance curves processing using Punias and JRobust software 

demonstrated high correlation between values. N=3, n=100. 
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Figure 3.4.4. Possible influence of differences in the cell height on measured indentation 
and cortical Young’s modulus under condition of constant force of 0.3nN and spherical 
tip 10 µm.  
(A) Correlation analysis of cell height vs. cortical Young’s modulus showed no correlation,               
R-Square= -0.025, n=40. 
(B) Correlation analysis of cell height vs. indentation showed no correlation, R-Square = -0.063. Full 
indentation was calculated, n=40. 
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3.5. Pressure chambers 

Two different approaches for acute and chronic hydrostatic pressure incubation were 
used. 

 Acute pressurization of endothelial cells was performed in a tightly sealed fluid 

chamber, placed on the base of the dual-probe setup (Figure 3.5.1 A). We used a small-

volume, closed liquid cell (The SmallCellTM). A rubber seal was glued to the fluid cell and 

pressed onto the coverslip, forming a tight fluid chamber. After filling the chamber with 

buffer via perfusion tubes, one of the tubes was closed, and a reservoir connected to the other 

tube (variable height reservoir) was raised to an altitude of 136 cm which corresponds to a 

hydrostatic pressure of 100 mm Hg.  Designed in this way, the pressure chamber allowed us 

to exclude shear stress and wall tension. The AFM laser wavelength of 880 nm did not 

interfere with fluorescence microscopy. 

 

A                                                     B 

 

Figure 3.5.1.Approaches for experimental modulation of hydrostatic pressure. 
(A) AFM-based acute pressure chamber combined with the confocal microscope. 

(B) Pressure chamber for chronic pressure incubation. 

 

Measurements on long-term pressurized cells were performed by using a pressure 

chamber specifically designed for this purpose. A 0.75 cm thick plexiglass chamber was used 

fitting into a standard cell culture incubator (Figure 3.5.1B).An inlet hose controlled by a 

stopcock supplied a 5% CO2 / air mixture. Constant pressure ranging from 0 to 180 mm Hg 
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could be achieved by opening the valve and allowing gas to fill the chamber to the appropriate 

level. Chamber pressure was continuously monitored with a digital barometer.  Atmospheric 

pressure (760 mm Hg) was used as a reference value (zero mmHg when no exogenous 

hydrostatic pressure was applied). 

Additional tests for both pressure chambers were done, to verify that except of pressure 

application, the entire cell culturing parameters remain on the physiological level.  

To proof that acute pressure chamber does not influence nanomechanical properties of 

the cells, control stiffness measurements were done in it without pressure increase (Figure 

3.5.2). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.5.2. Acute pressure chamber doesn’t affect cellular nanomechanics without 

pressure increase. 
Control measurements were done on AFM-based acute pressure chamber without pressure increase. 

No change in cortical nanomechanics was detected for HUVEC and GM7373. N=3, n≥23. 

 

Additionally, control and pressurized cellular samples were tested for reactive oxygen 

and nitrogen species (ROS/RNS) using Cellular ROS/RNS Detection Assay Kit. ROS/RNS 

are often produced in response to stress and lead to cell damage, causing nitrosative stress and 

affecting variety of cellular processes, including cell signaling. The stained cells were 

analyzed using a Leica TCS SP8 confocal laser scanning microscope equipped with standard 

green (490/525 nm), orange (550/620 nm), and red (650/670 nm) fluorescent cubes. No 

significant increase of ROS/RNS was detected (Figure 3.5.3). 
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Figure 3.5.3. Control of acute pressure chamber for reactive oxygen (ROS) and nitrogen 

species (RNS) formation. 
(A) RNS and ROS staining of the cells after 2 h acute pressurization. Scale bar 5 µm.  

(B) No significant increase in RNS was detected in comparison with control group. N=2, n≥29. 

(C) No significant increase in ROS formation was detected in comparison with control group. N=2, 

n≥29.  

 

To exclude any effects due to possible hypoxia control series were done in both pressure 

chambers.  Samples of the culture medium were obtained from experimental dishes and 

immediately analyzed for pH, pCO2 and pO2. Media taken from both chambers showed no 

significant variations in these parameters compared to those taken from non-pressurized 

control experiments (Table 3.5). 
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Table 3.5. Hypoxia test of medium samples, obtained after acute and chronic pressure 

application 
To test for hypoxiathe gas concentrations in the samples were detected with the help of Radiometer 

ABL800 FLEX analyzer. No significant differences in pH, HCO3- and CO2 were detected. Increase is 

O2 concentration after pressure incubation occurred due to applied pressure itself. 

Sample pH HCO3
- CO2 O2 

Acute control, Hepes buffer (2h) 7.34 2 mM/L 3 mm Hg 185 mm Hg 

Acute pressure chamber, Hepes 
buffer (2h) 

7.34 2 mM/L 3 mm Hg 193 mm Hg 

Chronic control, medium 
(24h, cell culture incubator, 5% CO2) 

7.45 12 mM/L 27 mm Hg 187 mm Hg 

Chronic pressure chamber, medium 
(24h, cell culture incubator, 5% CO2) 

7.46 12 mM/L 22 mm Hg 190 mm Hg 

 

3.6.Fluorescence microscopy 

Confocal fluorescence microscopy was used for the visualization of pressure 

dependent effects on the cytoskeletal structures in the cortex of endothelial cells.  

The reorganization of the cortical actin web was monitored during application of 

acute pressure, using fluorescent-labeled eGFP ligated Lifeact.  Lifeact is a 17- amino acid 

peptide which binds to filamentous actin and does not interfere in actin dynamics, i.e. its 

expression and polymerization in living cells (Riedl et al., 2008).  Cells were transfected 3 

days before the trials with lipofection using Fugene 6. 

For long-term pressure experiments cells were fixed with 1% glutaraldehyde or 3% 

paraformaldehyde  in PBS for 15 min immediately after chronic pressure exposure, and 

permeabilized at room temperature with 0.1% Triton X-100. To prevent nonspecific antibody 

binding  endothelial cells were pretreated with 10% bovine serum albumin (BSA) at room 

temperature for 30 min and then incubated for 60 min with rhodamine phalloidin (actin 

staining), anti-phospho-myosin antibody or anti-myosin antibody (Table 3.6).  A secondary 

goat anti-rabbit Alexa 568 or goat anti-mouse Alexa 488 was then added for 60 min. Finally, 

coverslips were mounted in mounting medium. Staining of the nuclei with DAPI enabled us 

to identify the location of the cortical actin web (the space between cell nucleus and apical 

plasma membrane).  

Fluorescence images were acquired using a Leica TCS SP8 confocal laser scanning 

microscope, equipped with an 63x HC PL APO CS2 oil immersion objective (NA = 1.4). The 
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eGFP and fluorescein fluorophores were excited at 488 nm, rhodamine at 561nm and DAPI at 

405nm.  Sequential scanning was applied to avoid concurrent fluorescence signals from two 

fluorophores. 

To verify specificity of phospho-myosin staining additional control with ionomycin 

activation of the cells was done. Cells were incubated in 1 µM ionomycin for 40 s that lead to 

increase in intracellular calcium concentration and resulted in phosphor-myosin increase 

(Figure3.6). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.6. Verification of specificity of phosphor-myosin staining. 
Increase in phosphor-myosin was induced by 1µM ionomycin application, n=50. 

 

3.7.   F/G actin ratio quantification 

The ratio of G-actin versus F-actin was determined with the G-actin/F-actin In Vivo 

Assay Kit based on the manufacturer’s protocol. Briefly, cells were lysed in F-actin 

stabilization buffer and cell lysates centrifuged at 100,000 × g to separate the F-actin from G-

actin pool. G-actin fraction was 10 times diluted and requantified during analysis. Equal 

amount of samples were loaded to each lane of the gels and analyzed by Western blotting 

using a pan-actin antibody. For the control of proper F- and G-actin separation nuclear pore 

complex protein NUP 62 (62 kDa) was used as a reference protein. Due to centrifugation step 

it normally appears mostly in the F-actin fraction. 
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3.8.Protein isolation 

Cell culture vessel was put on ice. The media was removed and cells were washed 

twice with PBS before 200 µl of freshly made lysis buffer were added (Table 3.8).Cells were 

collected with the cell scrapper and cell solution was then transferred into 1.5 ml Eppendorf 

tube and boiled 5 min at 95°C. The solution was then centrifuged at 14.000 g for 15 min at 

room temperature to pellet cell debris and the supernatant was transferred to a new 1.5 ml 

Eppendorf tube and freezed at -20 °C.  

For lamin A/C detection protein isolation protocol, described above, was modified. 

The media was removed and cells were washed three times with PBS and loaded with 750 µl 

of freshly made lysis buffer per 35 mm culture dish. Cells were scrapped off and cell solution 

was then transferred into 1.5 ml Eppendorf tube and sonicated on ice for 15min until white 

precipitate was detected. Samples were heated 7 min at 95 °C and centrifuged afterwards at 

14.000 g for 10 min at room temperature. Supernatant was collected and transferred to the 

new 1.5 ml Eppendorf tube and freezed at -20°C. Before loading 2.5 µl of 6x DNA loading 

dye per 100 µl of sample was added. 

 

3.9. Western blots 

Whole cells extracts (myosin, phospho-myosin) or pre-prepared cell fractions (F- and 

G- actin) were fractionated by SDS-PAGE and transferred to a polyvinylidene difluoride 

membrane using a transfer apparatus according to the manufacturer’s protocol (Bio-Rad, 

München, Germany). After incubation with 5% non-fat milk in TBST (10mM Tris, 150mM 

NaCl, 0.5% Tween 20, pH 8.0) for 60 min the membrane was incubated with antibodies 

against myosin, phospho-myosin, NUP 62 or actin at room temperature for 1h. Membranes 

were washed 4 times for 7 minutes and incubated with anti-rabbit or anti-mouse peroxidase-

conjugated antibodies for 1h, respectively. Blots were washed 5 times with TBST and 

developed with the ECL system according to the manufacturer’s protocol.  

Nup62 protein was used as a loading control. Its advantage in comparison with 

standard loading controls like GAPDH protein is a possibility of immunochemical staining 

and direct visualization with the help of confocal microscopy. So we were able to prove that 

Nup62 expression was not affected by acute or chronical pressure incubation (Figure 3.9) and 

can be used as a loading control during protein quantification. 

 



3. MATERIALS AND METHODS 
31 

 
 

Figure 3.9.Expression of Nup 62 protein is not affected by pressurization of the cells. 
 

3.10. Determination of the cytosolic free Ca2+ concentration  

The free cytosolic Ca2+ concentration [Ca2+]i was determined employing the 

combination of fluorescent Ca2+ indicators Calcium Green and Fura Red. The use of two 

single wavelength Ca2+ indicators (i.e. Calcium Green/Fura Red) can be used to achieve 

ratiometric Ca2+ imaging (Lipp and Niggli, 1993;Lipp, 1996), and thus effectively improve 

the signal-to-noise and dynamic range. For dye-loading GM 7373 cells were incubated in 2 

mM Ca2+ Hepes buffer containing 4 µM Calcium Green AM and 2 µM Fura Red AM for 30 

min, washed and left for a further 30 min to allow de-esterification. These concentrations 

were determined empirically and provided sufficient loading for visualization of Ca2+ signals 

(Thomas, 2000).  

Confocal imaging was achieved using a Leica TCS SP8 confocal laser scanning 

microscope, equipped with an 63x HC PL APO CS2 oil immersion objective (NA = 1.4) and 

hybrid detection system for photon counting (Leica HD™). The 488 nm line of an argon laser 

was used for excitation, while fluorescence light was longpass filtered at 510 nm and 
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separated by a beam splitter into two wavelength bands: 520 through 600 nm (=Calcium 

Green channel) and λ ˃ 610 nm (=Fura Red channel), before being detected by two 

photomultipliers. The cross-talk between the two channels was negligible (data not shown). 

Optical sections of 0.4 µm were taken through the cell and frames of 1024 x 1024 pixels were 

made. Acute pressure chamber was used on top of the confocal, which allowed determination 

of [Ca2+]i of the cells during hydrostatic pressure increase.  

[Ca2+]i was calculated according to the equation (Grynkiewicz, 1985):  

 [Ca2+]i =  

where Kd is the dissociation constant of 3.18 µM, Rminand Rmax are fluorescence 

ratios at zero and saturation Ca2+. β is a factor obtained by dividing fluorescence intensity of 

Fura Red obtained at 0 Ca2+ by the Calcium Green value measured at saturation Ca2+. Ca2+ 

measurements were calibrated at the end of each experiment. Rmin, Rmax and β were 

determined by the application of 2µM ionomycin-containing Hepes buffer with either 5 mM 

Ca2+ or 5 mM EGTA.  

 

3.11. Statistical analysis 

Statistically significant differences were obtained using a t-test in cases of parametric 

data and Mann-Whitney signed rank test in cases where data were not normally distributed. 

Compared groups were considered as significantly different if p≤ 0.05. 
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4. RESULTS 

 

4.1. Endothelial cells stiffen in response to acute hydrostatic pressure 

To check whether endothelial cells respond to an acute rise in hydrostatic pressure, 

confluent cells were transiently exposed to ∆P = 100 mmHg while cortical elasticity was 

monitored.   We used ∆P= 100 mm Hg, that mimics the normotensive value for mean arterial 

pressure in human. Serving as a control period, cells were exposed to ambient pressure during 

the first 30 min of each experiment. Physiological oscillations in cortical nanomechanics were 

detected under these control conditions (Figure 6A) ((Schillers, 2010a)).The subsequent 

hydrostatic pressure increase over 60 min led to significant stiffening of the cell cortex, which 

appeared to be reversible after returning to ambient (atmospheric) pressure. (Figure 4.1A) 

In order to test whether the observed effects are cell line specific or can be looked at in a 

more generalized way the same experimental protocol was applied to primary human 

umbilical vein endothelial cells (HUVEC). Under physiological conditions, these veins exert 

mean arterial pressures in the range of 20 mmHg. Both cell models, the GM7373 cell line and 

HUVEC primary cultures, significantly increase cortical stiffness by 55 ± 7% and 49 ± 9%, 

respectively, in response to acute pressure (Figure 4.1 B), indicating that the pressure-induced 

changes of cortical nanomechanics is likely to be a general phenomenon in endothelia. 
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Figure 4.1. Acute response of endothelial cells to elevated hydrostatic pressure. 
(A) Individual hydrostatic pressure experiment using an acute pressure chamber. Significant increase 

of cortical Young’s modulus was detected in response to elevated hydrostatic pressure which was 

reversible after decreasing the pressure back to atmospheric pressure.  

(B) Acute effects of hydrostatic pressure on cortical stiffness. Cells were measured in paired 

experiments under atmospheric conditions and during elevated pressure of +100 mmHg. * p ≤ 0.05, 

N=3, n ≥ 23. 

 

4.2.Pressure causes time-dependent stiffening of the cell cortex  

After verifying an acute pressure-dependent effect on cortical elasticity, we addressed 

the question whether endothelial cells adapt to long-term exposure of elevated pressure. 

Therefore, cells were cultured, in a self-made cell culture compatible pressure chamber (long-

term pressure chamber), under elevated pressure of ∆P = 100 mmHg for up to 24h. 

Subsequently, the cells were fixed and the cortical nanomechanics was measured. As 

described previously, differences in mechanical properties of cells are preserved even after 

mild fixation (Grimm et al., 2014b).Using this method, any side effects that might be induced 

during the transfer from the long-term pressure chamber to the life cell imaging pressure 

chamber can be excluded (e.g. recovery during transport in ambient pressure). 

To verify that fixation indeed preserves mechanical properties of cells, we exposed the 

cells again for 1 h to 100 mmHg (within the long term pressure chamber). After fixation these 
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cells exhibited an increased cortical stiffness of 152 ± 2.4% in comparison to fixed non-

pressurized cells (Figure 4.2.1).Yes, both pressure chambers lead to comparable results, and, 

both methods (fix and unfixed cells) lead to the same results. 

As the long term pressure chamber allows the cultivation of cells under elevated 

pressure, GM7373 cells were grown for 24 h at ∆P = 100 mmHg. Surprisingly, the chronical 

pressurization stiffens the endothelial cells even more (210 ± 3.1% compared to respective 

control cells, Figure 4.2.1).  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.2.1. Time-dependent effects of hydrostatic pressure on cortical stiffening. 

Experiments were done on GM7373 cells, incubated under ∆P=100 mmHg for up to 24h and fixed 

before AFM measurements were done.* p ≤ 0.05 . N=3, n≥ 50 

In contrast to short-term pressurization, the effect of 24h pressure exposure was not 

reversible within the first 2 h after reduction of pressure to ambient levels (Figure 4.2.2). 

Hence, we detected a time-dependent effect of hydrostatic pressure on the mechanical 

properties of the cell cortex, which indicates a direct impact of pressure on cortical actin web 

dynamics. 
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Figure4.2.2. Reversibility of acute and chronic pressure effects. 
In contrast to full reversibility of acute pressure-induced stiffening, the effect of chronicaly elevated 

hydrostatic pressure (∆P=100 mmHg, 24h) was not reversible within 2 h under ambient conditions. 

GM 7373, N=3, n≥18, * p ≤ 0.05. 

 

 

4.3. Nuclear mechanics is not affected by elevated pressure 

 

It was important to determine any nuclear involvement during cellular pressure 

response, as we wanted to separate changes in nuclear mechanics from cortical stiffening, 

observed previously. To check this western blot quantification for A/C lamins was done. 

No significant increase in lamin A/C expression was detected after acute or chronic 

pressure application (Figure 4.3). Results of western blot analysis indicated that cortical 

stiffening on response to pressure was completely independent from changes in the nuclear 

mechanics. 
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Figure 4.4. Expression of A/C lamins is not affected by pressure application. 
(A) Western blot analysis of lamins A/C expression.  

(B)No significant changes in lamin A/C expression levels were detected after acute or chronic pressure 

application. N = 6. 
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4.4. Influence of extracellular matrix on the cellular response to pressure 

 

Endothelial morphogenesis and physiological processes depend on a large number of 

chemical and mechanical factors, including the compliancy of the extracellular matrix, the 

available growth factors, the adhesion of cells to the extracellular matrix, cell-cell signaling, 

etc. (van Oers et al., 2014). The extracellular matrix (ECM), the jelly or hard materials that 

cells secrete, provides the micro-environment the cells live in. Apart from its supportive 

function, the ECM mediates molecular (Hynes, 2009)  and biomechanical (Reinhart-King et 

al., 2008a) signals between cells. Mechanical signals, in the form of tissue strains and stresses 

to which cells respond (Mammoto et al., 2009), can act over long distances and integrate 

mechanical information over the whole tissue(Nelson et al., 2005), and also mediate short-

range, mechanical cell-cell communication(Reinhart-King et al., 2008b). 

As ECM could highly affect physiology of endothelial cells and their stress behavior, 

we wanted to check its possible influence on the cellular response to hydrostatic pressure. 

Especially this was important because there were differences in culturing conditions for 

HUVEC and GM7373 cells: HUVEC could be grown only on the ECM and for GM7373 both 

options are possible. 

Therefore GM 7373 cells were cultured under two types of conditions: on the glasses 

with and without ECM, which contained collagen 4, laminin and fibronectin. Endothelial 

cells, grown on ECM had a pressure-related increase of cortical stiffness by 27 ± 3,1 % in 

comparison to atmospheric control period, when glass-cultured population stiffens by 61 ± 

8,1% on response to acute pressure elevation (Figure 4.3). Although cortical stiffening shows 

a tendency to be higher for the cells on the glass surface, statistically there is no difference in 

presence of ECM or without it. 
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Figure 4.4. Role of extracellular matrix in cellular pressure response 
Hydrostatic pressure experiment using an acute pressure chamber for the GM7373 cells cultured in the 

presence of ECM (red line) or without it (black line). Significant increase of cortical Young’s modulus 

was detected in response to elevated hydrostatic pressure in both cases and was reversible after 

decreasing the pressure back to atmospheric pressure. N≥3,  n≥23. 

 

4.5. Pressure-inducedcontractions of the endothelial cells 

Before and after acute pressure application, topography scans of the surface of 

pressurized cells were performed (Figure 4.5). This allows to test whether the changes in 

mechanical stiffness were caused by any lateral movements of the cells and also to check for 

any changes in cell morphology. It turned out that elevation of hydrostatic pressure for 100 

mmHg induces slight changes of cell height and cell shape. After pressure application cells 

have increased in height by 30 ± 5.6 % (n=14). Cell contraction due to activation of motor-

proteins (myosin) could be one possible explanation for this effect (see results on myosin-

activity later on). 
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Figure 4.5. Changes in the cell height after acute pressure application. 
(A) AFM-based 3-D topographic reconstructions of GM 7373 cells under atmospheric pressure and 

after 1h of pressure application (∆P=100 mmHg). The plot profiles (green line) indicate that after 

expose to pressure cells increase in height and became more prominent in comparison to cells under 

atmospheric pressure.  
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(B) Single-cell pair measurements of the cell height before and after 1h of pressure application 

(∆P=100 mmHg). N=3, n=14. 

 

4.6. Cortical actin polymerization is involved in the adaptation to chronic hydrostatic 

pressure exposure  

The results shown so far indicate a direct pressure-induced effect on the 

nanomechanical properties of the endothelial cortex. As cortical mechanics is closely linked 

to submembranous actin dynamics (Kasas et al., 2005b;Fels et al., 2012b), we quantified the 

time-dependent effects of pressure on cortical acto-myosin organization. Rearrangements of 

the actin web can be directly quantified by an increase in the F-actin fraction (polymerized 

actin). Quantitative analysis (Western blots) of G- and F-actin fractions, obtained after 1h and 

24h of 100 mmHg, show a substantial increase of the F/G actin ratio, dependent on the time of 

pressure incubation (Figure 4.6.1A). It increased by 210 ± 2.2% after 1h and by 430 ±4.1 % 

after 24h of chronic incubation respectively (Figure 4.6.1B).  

However, it is important to note, that with the Western blot analysis we quantified a 

whole cell lysate. In case of any specific changes in the cortical area of the cell total F/G-actin 

ratio would be not informative, as cortex represents very small percent of total cell lysate and 

will not change the general values for F- and G- actin fractions. For more detail analysis of 

the pressure-dependent actin rebuilding and quantification of the F-actin dynamics we stained 

the cells after 1h and 24 h of pressure application. With the help of confocal laser scanning 

microscopy we quantified the actin (TRITC-phalloidin) fluorescence intensity in the cortical 

region, i.e. between nucleus and the apical membrane (Figure 4.6.2 A, B). 

Although the z-resolution of confocal microscopy is limited, this method allows 

specifically detecting apical cortical actin expression level. Peripheral actin, at the borders of 

the cells, cannot be used to quantify cortical actin, because artefacts from junctional actin ring 

cannot be excluded. Additionally, we quantified the central actin fluorescence intensity (bulk 

actin), using nuclear to basal membrane focal planes (Figure 4.6.2 A,C). 

Visualization and quantification of the cytoplasmic (bulk) actin confirm data from 

Western blot assays (Figure 4.6.2). The control (not pressurized) cells exhibit prominent, 

dense actin microfilament bundles, encompassing the periphery of the cell. Endothelial cells 

exposed to hydrostatic pressure exhibit extra-long, extra-straight microfilaments that traverse 

the cytoplasm. Modification of the bulk cortical cytoskeleton appears to be a function of the 
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extent of pressure exposure. However, analysis of cortical region surprisingly shows pressure-

dependent changes in F-actin only after 24h of 100 mmHg. They appear as prominent stress 

fibers running across the entire cortical region (Figure 4.6.2 A). 
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Figure 4.6.1.Time-dependent effects of hydrostatic pressure on the F/G actin ratio. 
(A) Western blot of F- and G-actin used for quantification of the F/G actin ratio. G-actin samples were 

10 times diluted. NUP 62 appears in F-fractions as a control of proper separation.  

(B) A significant increase in F-actin fraction intensity was observed after 1 and 24h of pressure 

application, ∆P=100 mmHg, n≥5, * p≤ 0.05. 
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Figure 4.6.2.Time-dependent effects of hydrostatic pressure on corticaland bulk 

actin.(A) Immunofluorescence staining with rhodamine phalloidin after hydrostatic pressure 

application (∆P = 100 mmHg) for 24h (scale bar: 5µm).  

(B) Actin polymerization is detected after 24h in the cortical region. N=3, n≥ 35, * p ≤ 0.05. 

(C) In the bulk region of the cell increased actin polymerization occurs already after 1h. N=3, n≥ 35,* 

p ≤ 0.05. 
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Short term pressure exposure does not seem to influence the expression of F-actin in 

the apical cell cortex, as no qualitative or quantitative modulation of cortical F-actin can be 

detected. 

To verify actin-independent cortical stiffening during acute pressure application we 

prepared simultaneous actin quantification during stiffness measurements on Lifeact-EGFP 

transfected cells with the help of AFM-confocal microscope coupled set up. Although we 

detected a pressure-related increase in the bulk actin fluorescence intensity, there were no 

changes in the cortical F-actin, which could explain stiffening of apical cortex on response to 

acute pressure application (Figure 4.6.3). Similar data were obtained from paired AFM-

confocal measurements on actin-mKate permanent transfected endothelial cell line. These 

data indicate that cortical actin web is involved only as a passive component in the acute 

cellular response to hydrostatic pressure, although significant mechanical stiffening of the cell 

cortex was observed after the first hour of pressure application. 

Figure 4.6.3. Individual acute hydrostatic pressure experiment using an AFM-confocal 

microscope coupled set up. 
Significant increase of cortical Young’s modulus was detected in response to elevated hydrostatic 

pressure which was reversible after decreasing the pressure back to atmospheric pressure. Bulk actin, 

simultaneously monitored by fluorescence, showed novel stress fibers formation (indicated with 

arrows). Scale bar: 5µm  
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4.7. Myosin is the key-player of the response to acute hydrostatic pressure 

As was mentioned before, the endothelial cells cortex stiffens in response to acute 

increase in hydrostatic pressure. This stiffening, however, cannot be explained by an increase 

in actin filament density and change in F/G-actin ratio. Actin polymerization is, certainly, not 

the only determinant of cortical stiffness. An activation of motor proteins (e.g. non-muscle 

myosin II) can cause an elevation in stiffness as well (Schillers, 2010b). 

Hence it is likely that motor proteins mediate the acute response to elevated 

hydrostatic pressure in endothelial cells. The contractile properties of such a motor protein 

would also explain the increase in cell height (see Figure 4.5above). Therefore we quantified 

myosin (myosin light chain) expression with the western blot analysis. Furthermore, we 

screened for MLC double phosphorylation (Thr18, Ser19), as it has been shown that this leads 

to myosin activation due to increased myosin ATPase activity. Moreover, double 

phosphorylated MLC (p-MLC) is located preferentially within acto-myosin filaments and 

sufficient to induce the assembly of stress fibers and focal adhesion (Sakurada et al., 1998). 

As shown in Figure 4.7.1, western blot analysis revealed an increased expression of 

MLC in response to 1 h and 24 h pressure application by 135.0 ± 52.8 and 98.9 ± 30.0 %, 

respectively. In contrast, no change in p-MLC could be detected, neither to acute nor upon 

chronic pressure application. The detected increase in p-MLC during 1h pressurization is not 

significant (p = 0.118) (Figure 4.7.1 B). However, as already mentioned above, western blots 

cannot be used to quantify local protein distribution within the cell. Therefore we stained 

(non-)-pressurized endothelial cells for MLC and p-MLC (Figure 4.7.2). 

After 1h of pressure incubation a significant increase in MLC expression by 115 ± 

3.2% in comparison to atmospheric pressure was detected in the cell cortex. This increase of 

MLC seems to be persistent as pressure application for 24 h did not lead to further changes 

(Figure4.7.2 A, B).Similar results were obtained in the analysis of cortical MLC 

phosphorylation. Acute pressure application (1h) raised cortical p-MLC intensity by 48 ± 4.1 

% in comparison with atmospheric pressure control, while an elevation by 46 ± 6.9 % was 

detected subsequent to long term pressure application (Figure 4.7.2 A, C). 

Investigating the bulk phase of the cell shows an increase in MLC for 46 ± 3.2 % after 

acute pressure application, however no time-dependent change was observed in the long-term 

experiment (Figure 4.7.2 D, E). In contrast to the observations in the cell cortex, pressure 

application did not influence the intensity of bulk p-MLC which remained at the initial control 

level (Figure 4.7.2 D, E). 

 



4. RESULTS 
46 

A 

 

 

 

 

 

B 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.7.1. Effects of hydrostatic pressure on myosin light chain (MLC) and 

phosphorylated MLC (p-MLC) expression 

(A) Western blot of MLC and p-MLC after acute and chronic pressure application. 
(B) Quantification of MLC and p-MLC. While MLC is increased in both pressurized groups (1 h, 24 

h,), an increased MLC phosphorylation can only be detected after 1 h of 100 mmHg pressure 

application. N≥ 6. 
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Figure 4.7.2.Immunostaining and quantification of myosin light chain (MLC) and 

phosphorylated MLC (p-MLC) under elevated pressure conditions. 

(A) Fluorescent labeling MLC and p-MLC in the apical cell cortex of endothelial cells exposed to 

ambient pressure (0h control) or ∆ P = 100 mmHg for 1h and 24hs. Scale bar 5 µm. 

 (B, C) Quantified fluorescence intensity of cortical MLC and p-MLC relative to respective control 

values. Acute as well as chronic application of hydrostatic pressure induces significant increases in 

MLC expression and phosphorylation. N=3, n≥30, * p ≤ 0.5.  

(D) According fluorescent labeling of MLC and p-MLC in the bulk phase of the cell. Scale bar 5 µm. 

 (E, F) Statistical analysis of MLC and p-MLC fluorescence intensities. While MLC expression in 

increased in response to hydrostatic pressure, MLC phosphorylation is not increased in the centre of 

the cell. N=3, n≥30, * p ≤ 0.5. 

 

From the quantification of the immunofluorescence images it can be derived, that 

myosin plays a prominent role in the acute pressure response of endothelial cells. The increase 

in myosin abundance and, in particular, the increase of active myosin in the cortical web 

could explain cortical stiffening but also the changes in the cell height and cell shape, 

observed with AFM topographic imaging. 

To determine the fraction of acute pressure-mediated stiffening that is dependent on 

myosin activation we performed cortical Young’s modulus measurements under the acute 

pressure application in the presence of 5µM blebbistatin. Blebbistatin is a well-known 

inhibitor for non-muscle myosin II and exerts its inhibitory effect by binding to the myosin-

ADP-Pi complex with high affinity and interfering with the phosphate release process. Thus, 

the inhibitor blocks myosin in an actin-detached state, and therefore it prevents rigid acto-
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myosin cross-linking(Kovacs et al., 2004). Under ambient conditions blebbistatin application 

resulted in a cortical softening from 0.3 ± 0.02 kPa down to 0.2 ± 0.01 kPa (Figure 4.7.3). 

Surprisingly, the pressure-dependent stiffening was completely reversed upon 

blebbistatin administration from 0.55 ± 0.06 kPa after 1 h at 100 mmHg to 0.19 ± 0.02 kPa 

(Figure 4.7.3). Taken together, we demonstrated that endothelial cells react to an increase in 

pressure in a time dependent manner. While long-term adaptation to elevated hydrostatic 

pressure is associated with an increase in actin filament density, the acute response is 

mediated via an activation of myosin motor proteins. However, possible pressure influence on 

other cellular compartments, for example, nuclei, still remains unknown. 
 

 

Figure 4.7.3. Stiffness measurements of endothelial cell in presence of blebbistatin. 
Control measurements with blebbistatin under ambient conditions (upper panel).The myosin inhibitor 

completely blocked the pressure-induced stiffening (lower panel). N ≥ 4, n = 54. 

 

4.8. Increase in intracellular Ca2+ triggers acute response to hydrostatic pressure 

Myosin light chain kinase is regulated by Ca2+/calmodulin and is responsible for myosin 

activation processes in both smooth muscle and non-smooth-muscle cells (Totsukawa et al., 

2000;Totsukawa et al., 2004). The described detected increase in p-MLC intensity by 48 ± 4.1 

% during acute pressure application (Figure 4.7.2) could be explained via Ca2+up-
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regulation.Tocheck this hypothesis live-cell ratiometric calcium imaging during acute 

pressure application was performed. 

Intracellular calcium levels ([Ca2+]i) rise within the first 20 minutes of pressure 

application from 0.2 ± 0.04 µM to 0.8 ± 0.1 µM (Figure 4.8.1). The elevated [Ca2+]i was 

detected throughout the complete pressurization period. In comparison to pressurized cells, 

cells measured under atmospheric pressure conditions did not show any changes of [Ca2+]i 

(Figure 4.8.1).  

Obtained results indicate that increase in intracellular Ca2+ during acute hydrostatic 

pressure application leads to activation of myosin light chain kinase and thus triggers myosin-

based acute cellular response.  
Additional experiments on calcium measurements under elevated pressure were done by 

Johannes Fels and Caroline Simon, and confirmed involvement of intracellular Ca2+increase 

into acute response to hydrostatic pressure, shown previously. Using the fluorescent 

Ca2+marker Fluoforte they detected two populations with distinct patterns of basal 

intracellular Ca2+.  Calcium peaks with a relative increase by 15% were considered as calcium 

peaks. Subsequently these peak-oscillations were quantified over a period of 10 minutes. 

While most cells exhibit a rather steady [Ca2+]i, about 34% showed significant Ca2+ 

oscillation (Figure 4.8.2).  

Interestingly, the fraction of oscillating cells increased up to 51 % under acute elevation 

of hydrostatic pressure by 100mmHg .Furthermore, the oscillation frequency increased on the 

single cell level directly after pressure elevation to an average Ca2+ spark distance of 80.7 ± 

4.6 sec (Figure 4.8.2).  

Hence, a rise in hydrostatic pressure modulates affects Ca2+ signaling via modulation of 

the spark frequency as well as the total amount of responding cells. 

Although, both calcium measurements indicated involvement of Ca2+ signaling in the 

acute response of endothelial cells on hydrostatic pressure, different patterns were recorded by 

me and Johannes Fels: a total intracellular calcium increase during all pressure period and 

increase in the oscillation cells in the population. Quantification of the calcium oscillations by 

Johannes Fels and Caroline Simon was done with an imaging frequency of 4 seconds, and this 

enabled them to quantify the oscillations whereas I have measured previously in the scale of 

minutes. Such difference could be explained by differences in time-scale for image 

recordering – seconds vs. minutes. 
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Figure 4.8.1.Measurements of intracellular Ca2+ concentration. 

(A) Measurements of [Ca2+]I under control conditions (ambient pressure). N = 3, n≥18 

(B) Significant increase of [Ca2+]i was detected within the first 20 min of elevated pressure and 

remained increased until the end of pressure incubation. N = 3, n≥18, * p ≤ 0.5 
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Figure 4.8.2.Data on calcium, obtained by Johannes Felsand Caroline Simon. 
(A) Ca2+ measurements under elevated pressure (100 mmHg) detect increase in oscillation cell 

population. 

(B)Oscillatory peak quantification shows the increased calcium spark frequency upon pressure 

application. 
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4.9. ENaC/DEG family of mechanosensitive channels mediates pressure-related calcium entry 

and cortical stiffening 

Previously it was published, that the MEC-4 ion channel complex is responsible for 

converting external force into ionic currents in touch receptor neurons in C. elegans. Indirect 

evidence has implicated other DEG/ENaC proteins in sensory mechanotransduction (O'Hagan 

et al., 2005a).Physiological data from sensory cells in different preparationsare consistent 

with DEG/ENaCs functioning as sensory mechanotransduction channels. For example, 

mechanoreceptor currents in spider slit-sense neurons can be blocked by amiloride and are 

eliminated by Na+-free solutions(Juusola et al., 1994). Immunostaining analysis indicates that 

βand γENaCs are present in cell bodies in dorsal root ganglion neurons that may innervate 

Pacinian corpuscles(Drummond et al., 2000). All these similarities indicate that DEG/ENaCs 

may form the center of a mechanotransduction complex in nonciliated mechanoreceptor cells 

in nematodes and mammals alike (O'Hagan et al., 2005b). 

To test whether DEG/ENaC family (Tavernarakis and Driscoll, 2001) may play a role in 

pressure sensing of endothelial cells, we applied the blocker amiloride. Remarkably, 

inhibition of amiloride-sensitive channels, i.e. the endothelial sodium channel ENaC, 

completely blocked pressure-related increase in intracellular Ca2+ , that stayed on the control 

level during all pressurized period (Figure 4.9.1 A). Additionally, involvement of DEG/ENaC 

channels in acute pressure cellular response was tested via stiffness measurements under 

elevated pressure in the presence of benzamil, analogue of amiloride. Surprisingly, 1 µM 

benzamil application completely blocked development of cortical stiffening in response to 

acute hydrostatic pressure (Figure 4.9.1 B).  
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Figure 4.9.1. Pressure-related increase in intracellular Ca2+ and cortical Young’s 

modulus was completely blocked by 1 µM amiloride. 
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(A)Changes in intracellular Ca 2+ in response to acute pressure application: black line – amiloride 

application, red line – typical response of the cells to elevated pressure (described previously in figure 

4.8.1 B). GM 7373 cells,  N=3, n ≥18, * p ≤ 0.5. 

(B)1µM benzamil application prevents cortical stiffening of GM 7373 cells under elevated pressure. 

Red line - 1µM benzamil influence, black line – typical pressure response. N=3, n=35. 
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5. DISCUSSION 

 

Although blood pressure is the first parameter used to give information on the 

physiological status  of  the  vascular  system,  surprisingly  little  is  known  of  the  pressure  

dependent mechanisms in endothelial cells(Ezzati et al., 2002).The overall aims of this study 

were: 

1. To distinguish between effects of hydrostatic pressure and other mechanical 

forces, acting on endothelium; 

2. Analyze the impact of hydrostatic pressure on corticalnanomechanicsand acto-

myosin organization; 

3. Identify a possible mechanism of pressure-sensing of endothelial cells. 

The main observations, found in this study, are: 

1.  Hydrostatic pressure influence cortical nanomechanics of endothelial cells; 

2.  The effect of hydrostatic pressure is time-dependent and can be divided into 

acute and chronic phases; 

3. Acute and chronic pressure application activates different cellular 

mechanisms of response – actin-dependent and actin-independent; 

4. ENaC is involved in the pressure-sensoring cascade of endothelial cells. 

 

5.1. Two-phase cellular response on hydrostatic pressure application 

We were able to identify the direct influence of hydrostatic pressure on the endothelial 

cortical nanomechanics. Surprisingly, depending on the time of pressure application, cellular 

mechanisms of pressure response were different, so we highlighted a two phases of time-

dependent pressure effect: acute phase (1h) and chronic (24h). Time-dependent effects of 

pressure were evaluated by nanomechanical measurements of the cell cortex. Significant 

stiffening up to 50%, dependent on time of pressure incubation, was detected (Figure 4.2.1). 

During chronic pressure influence changes in cortical nanomechanics were based on the 

cortical actin remodeling and polymerization (Figure 4.6.2). Our resultsof chronic pressure 

application confirmed a model, proposed previously by Fels et al, describing actin 

polymerization process as a possible mechanism of cortical stiffening(Fels et al., 

2012c).Cortical actin remodeling, detected after 24 h of pressure incubation, is also in one line 

with results, obtained by Acevedo et al on global actin cytoskeleton rearrangements after 9 

days pressurization under 80 mmHg (Acevedo et al., 1993b) and by Salwen et al, after 7 days 
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of pressure exposure, although a low pressure of 12 mmHg was used (Salwen S.A., 1998). 

Moreover, Sugaya et al reported that endothelial cells show long and thick F-actin stress 

fibers after application of hydrostatic pressure in the range 50-150 mmHg for 24 h. Despite 

the fact, that nothing was mentioned by Sugada et al concerning changes in the cortical areaof 

the cells, our data confirmed, that global F-actin rearrangement occurs in cell cortex, as well, 

as in the bulk.  

Physiologically, (arterial) endothelial cells are exposed not only to chronic pressure 

increase, but frequently undergo transient pressure alterations. Many of these variations 

include significant increases in hydrostatic pressure (e.g. physical exercise). Those short term 

changes are less likely  to  initiate  any  pathological  consequences for  the  vascular system,  

but  to  have  even beneficial effects. Nothing is known about such short term effects of 

pressure on endothelium physiology  and  the  transaction  mechanisms  between  acute  and  

chronic  pressure responses. 

In this study we described for the first time that the first stage of pressure response 

(acute pressure increase) leads to actin-independent cortical stiffening that was not reported 

previously. Our data on non-muscle myosin II quantification and blocking (Figure 4.7.2, 

4.7.3) indicates that the pressure-induced rapid myosin activation is most likely mediated via 

a Ca2+-dependent diphosphorylation of the myosin light chain (Ser19/Thr18). Due to this 

signaling pathway, the cell is equipped with a fast mechanism that enables the cell to 

withstand the acutely increased mechanical stress. 

A few years ago Ohashi and colleagues identified time-dependent VE-cadherin 

expression and morphological alterations of pressurized endothelial cells. Authors reported 

that after 3 hours of 100 mmHg pressure application endothelial cells looked contracted 

without any tendency to elongation, while after 6 hours an increase in the cell area was 

detected, and at 24 h endothelial cells were elongated and randomly organized (Ohashi et al., 

2007).In our study after 1h of 100 mmHg pressure exposure, were identified cellular 

contractions, followed by significant increase in the cell height (Figure 4.5), that are very 

similar to ones, described by Ohashi et al. So, cellular contractions, first described by Ohashi 

et al. during first hours of pressure response could be used as first indications of global 

differences between acute and chronic pressure application, described in the current study. 

There are different studies, investigated down-stream effects of hydrostatic pressure on 

the variety of cell types, however, little is known about possible mechanisms of cellular 

pressure sensation. The question how exactly endothelial cells “feel” hydrostatic pressure, as 

well, as other mechanical stimuli, could be approached from two different positions:  



•

•
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of the actin filaments (Ingber, 1993b). During cellular response to acute pressure application 

expression of myosin was increased as well as its phosphorylation (activation) that resulted in 

more myosin molecules cross-linked actin network and increased cortical tension, although 

there was no visible actin reorganization. Presented in this way our data on myosin-based 

cortical tension partly supports the content of tensegrity model, however, absence of actin 

rearrangements makes the explanation incomplete. Moreover, our data is in agreement with 

publication of Albrecht-Buehler, confirming the key-role of cortical tension in the shape of 

cell (Albrecht-Buehler, 1987). 

 

 
 

 

 

 

 

 

 

 

 

 

 

Figure 5.2.1.Tensegrity model, describing changes in the actin cytoskeleton during stress 

fibers formation. 
(A) Increase in the basal tension causes instability of the isotropic lattice. 

(B) Alignments of struts along the lines of tension application.  

(C) Further formation of bundles of parallel filaments under sustained tension application. (D) Bundle 

elongation and thickening, formation of the stress fibers along the lines of force application that leads 

to the stretching of the cell(Ingber, 1993b).  

Semiflexible chain model was originally developed for explanation of biological 

phenomena, when the mechanical stiffness of the cell can vary by several decades with minor 

changes detected in the actin cytoskeleton and can increase rapidly and significantly upon 

external force application (Figure 5.2.2).It is based on the assumption that actin 

microfilaments are uniformly distributed inside the cell and form a homogeneous network, 

which could strain evenly(Gardel et al., 2004).  
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The key-role in cellular stiffness regulation in semiflexible chain model belongs to 

actin-binding proteins, which can align actin filaments into bundles or cross-talk them into 

network, that is why even very small changes in the concentration of cross-linked actin-

binding proteins dramatically affect elasticity of F-actin network(Gardel et al., 

2004;Koenderink et al., 2009).   

 

Figure5.2.2.Modeling of F-actin network, demonstrating variations in their elasticity. 

Varying actin concentration (Ca), or density of cross-linking (R=Cs/Ca), elastic modulus (Go) can be 

modified by more than three orders from 0.1 Pa to 300 Pa. Non-linear increase of elastic modulus, 

dependent on a strain under very low deformations, was detected for too high values of Ca and R 

(marked in red color)(Gardel et al., 2004).  

Acute phase of myosin-based hydrostatic pressure response, described in our study, 

subjects to the biological and mathematical description of elastic modulus changes under 

force application. Contrary to cellular reaction on the chronic pressure application, where 

global rearrangements of the F-actin network were detected in cell cortex, short-term pressure 

increase leaded to elevated myosin expression and activation, followed by significant 

stiffening of the cortical area up to 50% in comparison to control. Such rise in Young’s 

modulus without any changes in actin filaments density could be explained over increase in 

density of cross-links due to changes in myosin, detected in during our experiments.  

Dipole polarization model is used for prediction of acto-myosin-based cell shape 

changes and the direction of stress fibers formation mostly on response to different cellular 

matrix rigidity (Zemel et al., 2010).  According to this model acto-myosin fibers are 

distributed uniformly inside the cell and on response to external force (mechanical properties 

of matrix) form dipoles, which then transduce the force through cytoskeleton (Figure 5.2.3) 

(Zemel et al., 2006). 
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Figure 5.2.3.Dipole polarization model. 

Arrow pairs represent formation of the acto-myosin dipoles in the cell, which are moving in 

response to external force application from extracellular matrix (http://www.mechanobio.info) 

 

As was shown in our data (Figure 4.4), cellular pressure response was not dependent on 

the presence or absence of extracellular matrix, so in our case this model is not applicable for 

description of pressure-related changes in the cell shape and cortical tension (acute response) 

or further stress fibers formation (chronic application). However, we can’t exclude a 

possibility of differences in pressure response for cells, cultured on the very soft and elastic 

extracellular matrix.  

 

 

5.3. Molecular mechanism of pressure sensing 

 

Although some studies have reported about pressure effects on multiple cellular 

processes, for instance, increase in intracellular calcium in neurons (Tarnok and Ulrich, 2001) 

or ATP release (Wang et al., 2005), the exact nature of the pressure-sensitive element still 

remains undetected. There is a hypothesis, that hydrostatic pressure affects certain ion 

channels in the cellular plasma membrane (Duwel et al., 2003), however, the mechanism by 

which pressure could alter membrane channel sensitivity, as well, as exact channels, are still 

unknown. Also, in described studies rather unphysiological values (at least for vascular cells) 

have been used. 

Mechanical stimulation by variety of stimulus still often leads to very similar 

physiological tissues-independent outcomes. This phenomenon confirms existence of 

common signaling mechanisms of mechanotransduction in different cell types and for 
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different stimulus(Iqbal and Zaidi, 2005). Current model of mechanotransduction molecular 

signaling was developed by Iqbal et al on example of bone tissue, however, according to 

author’s remarks, it could be applicable to gastro-intestinal and cardiac tissues with minor 

modifications (Figure 4) (Iqbal and Zaidi, 2005).  

Surface receptors of osteocytes are able to detect changes from solid matrix, together 

with shear stress and hydrostatic pressure from fluid in lacuno-canicular system.  Mechanical 

stress, applied to osteocytes, leads to activation of two parallel molecular cascades: via 

stretch-dependent ion channel and via interaction between integrin receptor with bone matrix.  

Stretch-activated ion channels are believed to play a role of primary mechanosensors, which 

allow extracellular calcium and non-directly sodium influx to the cell with further activation 

of protein kinase C (PKC), CAM kinase and calcineurin. Later follow increase in cAMP and 

activation of protein kinase A (PKA) signaling.  Integrin signaling finally leads to Rho-

dependent stress fibers formation and release of intracellular calcium from mitochondria 

(Figure 5.3).  

 It is very likely that pressure response of endothelial cells, investigated in our study, is 

based on similar molecular mechanisms, described above for osteocytes, or identical 

components of molecular mechanotransduction, such as a stretch-activation ion channel, are 

involved. 

Due to the experiments with the mechanosensitive channel blocker amiloride and calcium 

measurements under elevated pressure, it is evident, that mechanosensitive ion channels 

mediate pressure-dependent increase in [Ca2+]i, described in this study (Figure 4.9.1), and 

therefore act as endothelial pressure sensors. This idea was supported by preliminary results 

of Fels J., who was able to detect full deprivation of pressure-related calcium effect in 

endothelial cells after GsmTx-4 application (preliminary data). 

One may speculate that the Ca2+ permeable channels of the GsmTx-4-sensitive TRP 

super-family represent the actual pressure sensor in case of endothelial cells. Some members 

of this large family are already known to be involved in mechanosensing. For example, 

TRPC6, TRPM4 and TRPV4 channels in smooth muscle cells were detected to response on 

flow and transduce mechanical stimuli into a change in vascular tone (Hill-Eubanks et al., 

2014). Also Bagher et al reported about TRPV4 channel pressure activation in 

endothelialcells. Remarkably, activation of the ion channel was via presence in the cells of 

spontaneous calcium events and further leaded to reduced arterial tone (Bagher et al., 2012).  
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Figure 5.3. Mechanisms of osteocyte mechanosensing.  
Osteocytes response on extracellular mechanical stimulation due to presence of two major molecular 

mechanisms: 1) transmission of the signal via stretch-activated ion channel; and 2) activation of 

integrin signaling (Iqbal and Zaidi, 2005). 

 

However, the inhibitory effect of amiloride on the pressure response indicates that TRP 

channels may not be the primary pressure sensor but downstream of an amiloride-sensitive 

event.Here, ENaC, which is expressed in endothelial as well (Kusche-Vihrog et al., 2008), is 

the most promising candidate. Although amiloride potentially inhibits other 

transporters/channels, such as the Na+/Ca2+ exchanger, the applied concentration of amiloride 

(1µM) is known to block specifically ENaC. The IC50 of amiloride for ENaC is 0.1µM 

(Canessa et al., 1994), while it is 1.76 mM for the it is Na+/Ca2+ exchanger (Antolini et al., 

1993).  

There are two possibilities to explain how ENaC / sodium can induce an increase in 

[Ca2+]i .First of all, amiloride may block a pressure-induced depolarization of the plasma 

membrane, as it has been shown that ENaC blockade prevents increases in membrane 

potential of corneal endothelial cells (Chifflet et al., 2005). The induced depolarization may 

result in a calcium entry via voltage-gated Ca2+-channels, leading to TRP-dependent 

(GsmTx4-sensitive) calcium entry (Spassova et al., 2004).Secondly, the pressure induced 

sodium entry via amiloride-sensitive ENaC is likely to counteract the driving force for the 
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sodium/calcium exchanger. By this, calcium export from the cytosol to the extracellular space 

is reduced and subsequently intracellular Ca2+ concentration increases. The resulting increase 

in intracellular calcium may induce storage operated calcium entry via TRP channels (Nielsen 

et al., 2014). Although it is not exactly known which process represents the initial pressure 

sensing, the signaling pathway subsequent to calcium entry is rather obvious and in this point 

cross-talking with Iqbal mechanosensing model (Iqbal and Zaidi, 2005). 
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6. CONCLUSIONS 

In the current study we were able to identify a pressure-induced reorganization of the 

acto-myosin network, followed by cellular nanomechanical changes, in dependence on the 

duration of pressure. Especially the apical cortical acto-myosin web was proven to be 

sensitive for pressure changes. Based on the obtained results we propose a model, describing 

the response of endothelial cells to hydrostatic (vertical) pressure (Figure 6). 

Short-term or acute pressure application (e.g. for 1h) will cause reversible endothelial 

cortical stiffening due to an increase in expression and phosphorylation of non-muscle myosin 

II while the actin filaments remain “passive”. The pressure-induced rapid myosin activation is 

most likely mediated via a Ca2+-dependent diphosphorylation of the myosin light chain 

(Ser19/Thr18) and due to this signaling pathway, the cell is equipped with a fast mechanism 

to withstand the acutely increased mechanical stress. 

In contrast to the acute response to hydrostatic pressure, chronic pressurization of 

endothelial cells leads to an augmentation of actin filaments in the apical cell cortex. 

The presented data clearly indicate a time-dependent adaptation of the apical endothelial 

cell cortex to alteration in hydrostatic pressure. These time-dependent differential mechanisms 

evoked by hydrostatic pressure could elucidate the morphological and functional differences 

known to exist between endothelia in veins (low pressure) and arteries (high pressure). 

Takentogether, hydrostatic pressure “as such” is likely to be a stimulus that modulated 

vascular endothelial function and should be taken into account in cardiovascular research. 

 

 

Figure 6. Model of acute and chronic effects of hydrostatic pressure on endothelial cells. 
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Acute pressure increase for 1h causes Ca2+ entry via mechanosensitive ion channel and further 

endothelial cortical stiffening due to increase myosin expression and activation, while actin 

polymerization is not affected. However, in the cell bulk more stress fibers are being formed. Chronic 

pressure incubation (24h) leads to cortical actin polymerization, while myosin remains active. At this 

stage the cytoskeleton is now completely remodeled ready to face the ambient increased pressure. 
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APPENDIX  

Table 3.1. Basic media. 

Media Producer/Manufacturer 

Earle’s M199 Gibco 

Fetal calf serum PAA Clone 

MEM Sigma 

PBS Dulbecco with Mg2+ and Ca2+ Biochrom 

PBS Dulbecco w/o Mg2+ and Ca2+ Biochrom 

Penicillin/Streptomycin Biochrom 

RPMI 1640 Sigma 

 

Table 3.2. Chemicals and kits. 

Chemical or Kit Producer/Manufacturer 

Amiloride Sigma 

Benzamil-hydrochloride Sigma 

Blebbistatin Sigma 

Bovine serum albumin Sigma-Aldrich 

Calcium Green- AM Invitrogen 

Cellular ROS/RNS Detection Assay Kit Abcam 

Collagenase Roche 

Collagen IV, mouse BD Bioscience 

Dimetyl Sulfoxide (DMSO) Sigma 

EDTA SERVA 

Fibronectin Roche 

Formaldehyde 37% Sigma 

Fura Red -AM Invitrogen 
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Fugene 6 Promega 

G-actin/F-actin In Vivo Assay Kit Cytoskeleton 

Gelatin Type A from porcine skin Sigma 

Glutaraldehyde 25% SERVA 

Heparin Biochrom 

Ionomycin Calcium Salt Sigma 

Laminin Sigma- Aldrich 

Mounting medium DAKO 

PVDF-membrane Millipore 

Rhodamine phalloidin Sigma-Aldrich 

Super Signal West Femto Luminol Kit Thermo Scientific 

Triton X-100 Sigma-Aldrich 

Trypsin Sigma 

 

Table 3.3.Instruments 

Instruments Producer/Manufacturer 

 ChemiDocTM XRS Gel documentation 
system 

Bio-Rad 

 Cell culture dish, plastic, 35 mm Corning 

Cell culture dish, glass bottom, 35 mm, 
CellviewTM 

Greiner bio-one 

 HERA Cell 150 incubator Heraeus 

 Incubator 100 Heidolph 

Leica TCS SP8 confocal laser scanning 
microscope 

Leica 

 Microscope Axiovert 25C Zeiss 

 Milliex-GF Filter unit, 0.22 µm, PVDF 
membrane 

Millipore 
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 Nanowizard III microscope JPK Instruments 

Radiometer ABL800 FLEX analyzer Radiometer 

SmallCellTM closed liquid cell JPK Instruments 

Silicon nitrite gold coated cantilevers Novascan Technologies 

 Thermo mixer Eppendorf 

 Tissue culture flask, T25, 12,5 cm2 Becton Dickinson 

 

Table 3.6. Antibodies and Ladders 

Antibody/Ladder Dilution 
Protein 

size 
Origin Manufacturer Cat. Nr. 

Anti-Phospho-

Myosin Light 

Chain 2  

WB –1:1000; 

IF – 1:200 
19 kDa Rabbit 

Cell Signaling 

Technologies 
3674 

Anti-Myosin 

Light Chain  

[MY-21] 

WB –1:1000; 

IF – 1:200; 
20 kDa Mouse Abcam Ab11082 

Anti-rabbit Alexa 

568 
1:5.000  Goat Invitrogen A-11011 

Anti-mouse Alexa 

488 
1:5.000  Goat Invitrogen A-11001 

Anti-rabbit, HRP-

linked 
1:1000  Goat Cell Signaling 7074 

Anti-Lamin A/C 1:500 70kDa Rabbit Cell Signaling 2032 

Anti-Nuclear Pore 

Complex Proteins 

[Mab414] 

WB- 1:5.000; 

IF – 1:1000 
62kDa Mouse Abcam Ab24609 

Anti-mouse, 1:5.000  Goat Abcam Ab97235 
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HRP-linked 

MagicMarkTM XP 

Western Standard 
   Invitrogen P/N LC5602 

 

 

Table 3.8.Lämmli lysis buffer. 

 

 

 

 

 

 

 

 

 

 

Reagent Final concentration 

Tris-HCl, pH 6.8 50mM 

SDS 2% 

Glycerol 10% 

Beta-mercaptoethanol 1% 

EDTA 12.5mM 

Bromophenol blue 0.02% 
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