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1. ABBREVIATIONS  
 

°C degree Celsius 

μ micro 

ATP adenosine triphosphate 

ADP adenosine diphosphate 

BAECs bovine aortic endothelial cells 

BSA bovine serum albumin 

D-PBS Dulbecco’s phosphate buffer saline 

EC endothelial cell 

eNOS endothelial nitric oxide synthase 

ERK1/2 extracellular-signal-regulated kinase-1/2 

FAK focal adhesion kinase 

FBS fetal bovine serum 

Gα G-protein α subunit 

Gβγ G-protein βγ subunit 

GAP GTPase-activating proteins 

GEF guanine nucleotide exchange factor 

GPCR G-protein coupled receptor 

H hour 

HBSS Hank’s buffered salt solution 

HEK human embryonic kidney 

HUVEC human umbilical vein endothelial cells 

HUAEC human umbilical arterial endothelial cells 

Ig immunoglobulin 
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KO knockout 

Kd knockdown 

KLF Kruppel-like factor  

M molar 

m milli 

MAPK mitogen-activated protein kinase 

Min minute 

NF-κB nuclear factor kappa B 

NO nitric oxide 

P2Y2 P2Y purinergic receptor 2 

PCR polymerase chain reaction 

PECAM-1 platelet endothelial cell adhesion molecule 1  

PFA paraformaldehyde 

pH potential hydrogenii 

PI3K phosphoinositol 3-kinase 

PKA protein kinase A 

PKC protein kinase C 

PLC phospholipase C 

PTX pertussis toxin 

Rac1 RAS-related C3 botulinum substrate-1 

RhoA Ras homolog gene family: member-A 

RTK receptor tyrosine kinase 

S1P sphinogosine-1-phosphate 

TIE-2 tunica internal endothelial cell kinase-2 

VEGF vascular endothelial growth factor 
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2. SUMMARY 
 

Hypertension is a primary risk factor for cardiovascular diseases including 

myocardial infarction and stroke. Major determinants of blood pressure are 

vasodilatory factors such as nitric oxide (NO) released from the endothelium 

under the influence of fluid shear stress exerted by the flowing blood. Defects in 

flow-induced NO formation go along with endothelial dysfunction, initiation and 

progression of atherosclerosis as well as with arterial hypertension. Previous 

work has identified several mechanotransducing signaling processes involved in 

fluid shear stress-induced endothelial effects. But how fluid shear stress initiates 

the response is poorly understood. Here, I show in human and bovine 

endothelial cells that the G-protein Gq/G11 and the purinergic receptor P2Y2 

mediate fluid shear stress-induced endothelial responses such as Ca2+ release, 

nitric oxide (NO) formation and the phosphorylation of platelet-endothelial-cell-

adhesion-molecule-1 (PECAM-1), vascular endothelial growth factor-2 (VEGFR-

2) and Akt kinase as well as activation of the endothelial NO synthase (eNOS). 

P2Y2 receptor is activated by adenosine triphosphate (ATP) which is released 

from endothelial cells under the influence of fluid shear stress. Arteries with 

P2Y2 or Gq/G11 deficiency have impaired flow-induced dilatation. Mice with 

induced endothelium-specific deficiency of P2Y2 or Gq/G11 develop 

hypertension which is accompanied by reduced eNOS activation. My data 

identify P2Y2 and Gq/G11 as a critical endothelial mechano-signaling pathway 

located upstream of mechanotransducing processes described so far. 

Moreover, I demonstrate that P2Y2 and Gq/G11 are required for basal endothelial 

NO formation, vascular tone and blood pressure. 
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3. ZUSAMMENFASSUNG 
 

Bluthochdruck ist ein Hauptrisikofaktor für Herz-Kreislauferkrankungen wie zum 

Beispiel Herzinfarkt oder Schlaganfall. Hauptkomponenten zur Regulierung von 

Blutdruck sind vasodilatorische Faktoren wie Stickstoffmonoxid (NO), welche 

aus dem Endothel unter dem Einfluss des Blutstromes und den daraus 

resultierenden Scherkräften freigesetzt werden. Defekte in Scher-induzierter 

NO-Bildung werden häufig mit endothelialer Fehlfunktion, der Entstehung und 

Entwicklung von Atherosklerose, sowie Bluthochdruck in Verbindung gebracht. 

Frühere Arbeiten haben zwar einige mechanotransduzierende Signalwege 

identifiziert, welche in der Regulierung von Scher-induzierten Effekten in 

Endothelzellen involviert sind. Wie Scherkräfte diese Signalwege jedoch 

induzieren, bleibt ungeklärt. In dieser Arbeit zeigen wir in menschlichen und 

bovinen Endothelzellen, dass der purinerge Gq/G11-gekoppelte P2Y2-Rezeptor 

eine Reihe von Scher-induzierten Signalwegen in Endothelzellen auslöst: 

Ausschüttung von Calcium, Bildung von NO, Phosphorylierung von PECAM-1, 

VEGFR-2 und Akt, sowie die Aktvierung der NO-Synthase eNOS. Dabei wird 

P2Y2 durch ATP aktiviert, welches von Endothelzellen nach Strömungs-

Stimulation und den dadurch entstehenden Scherkräften sezerniert wird. Des 

Weiteren weisen isolierte Arterien ohne P2Y2 oder Gq/G11 eine verminderte 

Strömungs-induzierte Gefäßweitung auf, und Mäuse mit endothelzell-

spezifischem Verlust von P2Y2 oder Gq/G11 weisen erhöhten Bluthochdruck und 

verminderte eNOS-Aktivität auf. Zusammenfassend kann man sagen, dass 

unsere Arbeit P2Y2 und Gq/G11 als wichtige „upstream“-Komponenten der 

Scher-induzierten Signaltransduktionskette in Endothelzellen identifiziert, und, 

darüber hinaus, dass P2Y2 und Gq/G11 für die basale NO-Bildung in 

Endothelzellen, sowie für die Regulierung des Gefäßtonus und des Blutdruckes 

erforderlich sind. 
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4. INTRODUCTION 
 

4.1 Endothelial cells are mechanosensitive  

All cells and organisms, from the embryonic state to the end of life, are 

physically subjected to mechanical forces and able to translate mechanical 

stimuli into biochemical signals, a cellular process known as 

mechanotransduction (DuFort et al., 2011). Extensive research in the field of 

mechanotransduction has expanded the initial focus from sensory cells to 

diverse cell types such as myocytes, endothelial cells and smooth muscle cells 

(Jaalouk and Lammerding, 2009). In the cardiovascular system, endothelial 

cells and smooth muscle cells are the major cell types of blood vessels and 

permanently subjected to mechanical forces due to the pulsatile nature of the 

blood flow caused by the beating heart. Vascular smooth muscle cells (VSMCs) 

are the major component of the vessel wall and they are primarily subjected to 

the circumferential stretch resulting from pulsatile changes in blood pressure 

(Fig. 4-1). Vascular endothelial cells, located between the circulating blood and 

the vessel wall, are constantly exposed to the frictional force often known as 

fluid shear stress due to flowing blood (Fig. 4-1).  

 

 

 

Figure 4-1: Flow and forces on the vessel wall.  

Endothelial cells are located in the innermost layer of blood vessel and align 

longitudinally, and vascular smooth muscle cells form the outer layers of vessel 

http://www.nature.com/nrm/journal/v10/n1/fig_tab/nrm2596_F1.html
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and align circumferentially. Hydrostatic pressure (p) is applied to the vessel wall, 

which results in the circumferential stretching of the vessel wall. Fluid shear 

stress (τ), the frictional force per unit area, is parallel to the vessel wall and is 

exerted longitudinally in the direction of the blood flow (Hahn and Schwartz, 

2009).  

 

The endothelial cells also are subjected to circumferential stretch and 

hydrostatic pressure, but it was well accepted in the scientific community that 

those two physical stimuli are much less important than shear stress (Hahn and 

Schwartz, 2009).   

 

The very first piece of evidence demonstrating that endothelial cells could sense 

and respond to fluid shear stress was found by the German pathologist Rudolf 

Carl Virchow about 150 years ago. In his pioneer study, Virchow observed that 

endothelial cells morphology in the artery was correlated to the blood flow 

pattern and that alterations in the blood flow resulted in vascular endothelial 

injury and thrombosis (Virchow, 1847). Since then, a considerable amount of 

information on endothelial mechanotransduction has been accumulated from 

both in vivo and in vitro studies, and there is now a general consensus that 

vascular endothelial cells are mechanosensitive (Hahn and Schwartz, 2009; 

Wozniak and Chen, 2009). The most direct evidence to support this notion is 

the fact that both under in vivo and in vitro conditions endothelial cells are 

elongated, spindle-shaped and uniformly orientated with the long axis parallel to 

the direction of the flow (Chiu and Chien, 2011; Li et al., 2005). For example, 

Flaherty et al. reported that endothelial cells from canine thoracic artery were 

oriented parallel to the direction of blood flow in vivo (Flaherty et al., 1972). In 

addition, they re-implanted a segment of canine thoracic aorta at 90°C to its 

original orientation and observed that within 10 days after surgery the nuclei of 

endothelial cells realigned with the direction of the flow (Flaherty et al., 1972). 

By contrast, when subjected to turbulent flow, the endothelial cells aligned to 

random directions and had much rounder shapes (Chiu and Chien, 2011; 

Conway et al., 2010).  

 

In addition to structural responses, endothelial cells also respond to fluid shear 

stress by changing their functions e.g. proliferation, migration, permeability, and 
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apoptosis (Ando and Yamamoto, 2009). It has been shown that laminar shear 

stress causes a reduction of the rate of endothelial cells proliferation (Levesque 

et al., 1990). In contrast, disturbed flow-induced a higher turnover rate in 

endothelial cells (Davies et al., 1986; Levesque et al., 1990). Studies by 

Sprague et al. have shown that endothelial cells migration in wound healing is 

significantly enhanced by laminar shear stress (Sprague et al., 1997). Hermann 

and coworkers have found that shear stress suppresses endothelial cells 

apoptosis induced by treatments such as with TNF-α and/or exogenous oxygen 

radicals (Hermann et al., 1997). Recently, a study by Satchell and colleagues 

showed that fluid shear stress reversibly increases endothelial cells permeability 

via activation of endothelial nitric oxide synthase (eNOS or NOS3) (Bevan et al., 

2011).  

 

In addition to behavioral and functional changes, shear stress has been found 

to regulate gene expression in endothelial cells. Using a DNA microarray 

technique, McCormick found 52 genes with significantly altered expression 

under shear stress (McCormick et al., 2001). A more recent study demonstrates 

that fluid shear stress-dependent epigenetic DNA methylation regulates 

endothelial gene expression and atherosclerosis (Dunn et al., 2014). All those 

data point towards the conclusion that endothelial cells are mechanosensitive; 

they respond to fluid shear stress by changing their morphology, function and 

gene expression. 

 

4.2 Mechanotransduction of fluid shear stress in endothelial cells 

Application of fluid shear stress to endothelial cells stimulates numerous 

receptors and molecules at both the luminal and abluminal membranes as well 

as at cell-cell junctions, followed by the activation of numerous signaling 

pathways within the cell cytosol, a process referred to as mechanotransduction 

(Fig. 4-2) (Ando and Yamamoto, 2009; Hahn and Schwartz, 2009; Zhou et al., 

2014a). 

 

Within seconds, shear stress activates several ion channels, e.g. the TRPV 

channels, whose activation is one of the earliest responses induced by shear 

http://www.pnas.org/search?author1=Krishnan+K.+Chittur&sortspec=date&submit=Submit
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stress (Kwan et al., 2007). It has been reported that TRPV1, TRPV3 and 

TRPV4 are expressed in the endothelium and that their activation by shear 

stress induces a Ca2+ influx into endothelial cells (Kwan et al., 2007). A study by 

Hoger et al. demonstrated that the onset of flow induces an increase of the K+ 

ion current in endothelial cells as a result of the activation of Kir2.1 channels 

(Hoger et al., 2002). Other ion channels like Cl- channels are also activated 

shortly after shear stress stimuli (Gautam et al., 2006). The importance of ion 

channels for shear stress signaling is emphasized by their ability to change the 

electrophysiological properties of endothelial cells, leading to an increase in 

[Ca2+]i, and thereby triggering multiple Ca2+ dependent signaling pathways. 

Another important event occurring with the onset of flow is the activation of Src 

family kinase. Chen and Tzima, for instance, report in several studies that they 

observed Src to be phosphorylated within a few seconds after the onset of flow, 

which in turn led to further phosphorylation of platelet endothelial cells adhesion 

molecule 1 (PECAM-1) and several other tyrosine kinases such as VEGFR-2 

and Tie2 (Chen et al., 1999; Takahashi et al., 1997; Tzima et al., 2005). 

 

Within minutes, fluid shear stress triggers the activation of many signaling 

molecules including integrins (Chen et al., 1999), Rho family GTPases (Tzima 

et al., 2001), scaffolding protein Gab1 (Dixit et al., 2005), the tyrosine 

phosphatase SHP2 (Dixit et al., 2005), Jun N-terminal kinase (JNK) (Tzima et 

al., 2002), extracellular-signal-regulated kinase (ERK) (Jo et al., 1997), protein 

kinase A (PKA) (Boo, 2006; Boo et al., 2002) and protein kinase B (Akt) 

(Dimmeler et al., 1999; Fulton et al., 1999). As a result, multiple pathways are 

activated in this phase, leading to alterations in endothelial cell morphology and 

function, and to the activation of various transcription factors. 

 

For quite a while now, it has been well accepted that fluid shear stress regulates 

a number of gene expressions in endothelial cells. Using DNA microarray 

technology, Benjamin and coworkers identified genes involved in endothelial 

cells survival and angiogenesis (Tie-2 and VEGFR-2) and vascular remodeling 

(matrix metalloproteinase 1) that were upregulated in human aortic endothelial 

cells after 24h of shear (Chen et al., 2001a). In contrast, tyrosine kinase 

receptor Tie1 expression was reduced by laminar flow. While at regions with 
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atherogenic disturbed flow, Tie1 expression was upregulated, which was 

accompanied by decreased IkBα expression but increased ICAM levels, 

indicating that atherogenic shear stress-induced Tie1 expression may play a 

novel pro-inflammatory role in atherosclerosis (Woo and Baldwin, 2011; Woo et 

al., 2011).  

 

 

 

Figure 4-2: Endothelial mechanotransduction induced by fluid shear stress.  

Fluid shear stress are capable of activating multiple factors including tyrosine 

kinase receptors (TKRs), G proteins and G-protein–coupled receptors (GPCRs), 

ion channels, that lead s to activation of various signaling pathways and many 

transcription factors. VE-cadherin, vascular endothelial cadherin; PECAM-1, 

platelet endothelial cell adhesion molecule 1; VEGFR2, vascular endothelial 

growth factor receptor-2; PI3K, phosphatidylinositol-3-kinase; MAPKs, mitogen-

activated protein kinases; eNOS, endothelial nitric oxide synthase; KLF2, 

Kruppel-like factor 2; NF-κB , Kruppel-like factor 2; VCAM-1, vascular cell 

adhesion protein 1; MCP-1, monocyte chemoattractant protein-1; AMPKs, AMP-

activated protein kinases; BMPR, bone morphogenetic protein receptor; ERK, 
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extracellular-signal-regulated kinase; FAK, focal adhesion kinase; HDAC, histone 

deacetylase; MEF2, myocyte enhancer factor-2; MPAKs, mitogen-activated 

protein kinases; mTOR, mammalian target of rapamycin; PYK2, proline-rich 

tyrosine kinase 2; SREBP2, sterol regulatory element binding protein 2 (Zhou et 

al., 2014b). 

 

Shear stress also regulates the expression of  various transcription factors, 

including AP-1, NF-κB, Egr-1, SP-1, GATA 6, and Kruppel-like factor 2 (KLF2). 

For example, KLF-2 mRNA expression from human umbilical vein endothelial 

cells (HUVECs) exposed to flow for 24h was increased 5-fold compared to 

static controls (SenBanerjee et al., 2004). The laminar flow-induced KLF-2 

upregulation is believed to be beneficial for endothelial cells due to its inhibiting 

effects on the expression of various pro-inflammatory genes such as vascular 

cell adhesion molecule-1 (VCAM-1) and endothelial adhesion molecule E-

selectin (Fledderus et al., 2007; van Thienen et al., 2006; Wang et al., 2010a). 

Thus, endothelial cells responses to shear stress consist of complex cascades 

of gene responses with different temporal profiles and shear stress regulates 

endothelial gene expression transcriptionally and post-transcriptionally (Ando 

and Yamamoto, 2009). 

 

4.3 Potential mechanosensors for fluid shear stress in endothelial cells 

The mechanisms governing the mechanosensation in endothelial cells have 

been an area of intensive investigation, but much about the subject remains 

obscure. Numerous signaling pathways have been identified to be activated by 

fluid shear stress. However, it still remains an open issue which of those are 

primary pathways and which are secondary pathways, and it is still poorly 

understood, exactly which primary sensor(s) or sensing mechanism(s) 

recognize(s) shear stress stimuli. At present, several membrane and junction 

molecules have been suggested to be sensors for fluid shear stress including 

ion channels, receptor tyrosine kinases, PECAM-1, VE-cadherin, G-proteins, G-

protein–coupled receptors (GPCRs), caveola, integrin (Ando and Yamamoto, 

2009; Hahn and Schwartz, 2009; Li et al., 2005) (Fig. 4-3). As shear stress acts 

at the apical surface of endothelial cells, a few local membrane structures like 
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primary cilia (Nauli et al., 2008), glycocalyx layer (VanTeeffelen et al., 2007) 

and membrane lipid bilayer (Yamamoto and Ando, 2013) have also been 

suggested to be primary fluid shear stress sensors (Fig. 4-3).  

 

 

 

Figure 4-3: Candidates for fluid shear stress sensors. 

Fluid shear stress is sensed by luminal endothelial mechanosensors, such as 

ion channels, tyrosine kinase (TK) receptor, GPCRs, G-proteins, caveolae, 

adhesion proteins, glycocalyx, primary cilia, integrin, plasma membrane 

(Yamamoto and Ando, 2013). 

 

4.3.1 Ion channels 

Several endothelial ion channels have been shown to be activated by fluid 

shear stress and been listed as flow sensor candidates. For instance, K+ and Cl- 

ion channels are found to be opened by fluid shear stress resulting in plasma 

membrane hyperpolarization (Gautam et al., 2006; Hoger et al., 2002). Fluid 

shear stress also triggers the opening of several TRP channels, which causes a 

Ca2+ influx into endothelial cells (Kohler et al., 2006; Patel et al., 2010). A series 

of studies from Jo’s lab demonstrated that shear stress-induced Ca2+ influx into 

endothelial cells is due to the opening of the Ca2+ permeable cation channel 

P2X4 (Yamamoto et al., 2000a; Yamamoto et al., 2006). Endothelial cells from 

P2X4-/- mice do not show any normal fluid shear stress-induced Ca2+ influx or 

production of nitric oxide (NO). The study also suggested that ATP is involved in 

endothelial mechanotransduction since fluid shear stress-induced P2X4 
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activation requires ATP (Yamamoto et al., 2006). However, the factors that 

govern fluid shear stress-induced ATP release have yet to be fully defined.  

 

Recently, transmembrane proteins Piezo1 and Piezo2 have been identified as 

novel mechanosensitive ion channels in many cell types including endothelial 

cells (Coste et al., 2010). Piezo1 is expressed in mouse endothelial cells of 

developing blood vessels and its activation by shear stress plays an essential 

role in embryonic vascular development (Ranade et al., 2014). The importance 

of Piezo1 channels as sensors of blood flow was also shown in Jing Li’s study, 

in which they found that Piezo1 is required for the shear-stress-evoked ionic 

current, calcium influx and polarity of endothelial cells (Li et al., 2014). 

Endothelial-specific disruption of mouse Piezo1 profoundly disturbed the 

developing vasculature and was lethal for the embryo; these findings suggest 

that Piezo1 channels function as pivotal integrators in vascular biology (Li et al., 

2014). 

 

4.3.2 Integrins 

Integrins are transmembrane receptors composed of α and β subunits. When 

the extracellular domains binding the specific ligands such as extracellular 

matrix (ECM), fribronectin and collagen, integrins trigger the activation of interior 

signaling pathways such as focal adhesion kinase, c-Src, and talin via their 

cytoplasmic domain. Studies have provided evidence that activation of integrins 

in endothelial cells is controlled by shear stress without a ligand (Bhullar et al., 

1998; Goldfinger et al., 2008). When subjected to shear stress, endothelial 

integrin was shown to bind to WOW-1 in association with  the adaptor protein 

Shc, leading to the rapid activation of FAK, paxillin, c-Src, Fyn and p130CAS 

(Shyy and Chien, 2002). The shear-induced integrin activation is transient, 

starts within 1 min after the onset of flow and becomes undetectable after 2 

hours (Chen et al., 1999). Integrin activation is directly associated with 

members of the Rho small GTPase family, including RhoA, Cdc42, and Rac, 

which have distinct functions in the regulation of actin-based cytoskeletal 

contractility, alignment and structure. Blocking integrin with antibodies 

completely abrogated shear stress-induced ERK, JNK and IκB activation, 
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indicating that integrin operates upstream of those kinases. Moreover, 

pretreatment of integrins with RGD peptide abrogated shear stress–induced 

cellular functions such as the secretion of basic fibroblast growth factor 

(Katsumi et al., 2004; Shyy and Chien, 2002; Tzima et al., 2001). By using a 

magnetic twisting device to apply shear stress directly to cell surface integrins, 

Wang et al. and Chen et al. demonstrated that integrins directly transmitted 

physical signals to the cytoskeleton (Chen et al., 2001b; Wang et al., 1993). 

Thus, it is well accepted that integrins are key sensing elements involved in 

endothelial mechanotransduction in vascular cells; however it remains unclear 

whether integrins are the primary shear stress sensor, since the activation of 

integrins is observed to happen at the basal side of endothelial cells, whereas 

shear stress is directly applied to the apical side of endothelial cells.   

 

4.3.3 Receptor tyrosine kinase (RTK) 

The receptor tyrosine kinase VEGFR-2 is rapidly activated by shear stress in a 

ligand-independent manner (Jin et al., 2003). VEGFR-2 is predominantly 

expressed on endothelial cells and is critical for both normal vascular 

development and pathological angiogenesis (Sawamiphak et al., 2010). Studies 

done by Jin showed that fluid shear stress-induced tyrosine phosphorylation of 

VEGFR-2 within 5 min to 30 min, a phenomenon which did not affect by the 

specific VEGF-neutralizing antibody 577B11, indicating that fluid shear stress-

induced activation of VEGFR-2 is ligand-independent. In addition, Jin’s study 

also suggested that fluid shear stress-induced VEGFR-2 is associated with 

phosphoinositide 3-kinase (PI3K), which is upstream of Akt and the subsequent 

activation of eNOS (Jin et al., 2003). An independent study from Chen showed 

shear stress-induced a transient VEGFR-2 association with an adaptor protein 

called Shc within 1 min after onset of flow and the association disappeared after  

30 min. Interruption of the VEGFR-2 association with a specific Shc blocker 

inhibits ERK and JNK activation induced by shear stress (Chen et al., 1999). 

Recent work by Tizma shows that tyrosine Y801 and Y1175 in the VEGFR-2 

cytoplasmic tail are the major phosphorylation sites activated by shear stress, 

and that inhibition of the tyrosine phosphorylation sites of VEGFR-2 abrogates 

shear stress-induced actin polymerization and cell stiffness (Tzima et al., 2005). 
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Moreover, VEGFR2 expression was regulated by mechanical tension, as 

evidenced by VEGFR2 mRNA and protein levels to be higher in cells on the 

stiffer gels with increased extracellular matrix (ECM) stiffness (Mammoto et al., 

2009).  

 

Although it is clear that VEGFR-2 is involved in multiple shear stress signaling 

pathways, it has not been delineated yet how VEGFR-2 directly senses shear 

stress. A recent study argued that the autocrine VEGFR-2 activation may occur 

intracellular and therefore is not affected by treatment with VEGF-neutralizing 

antibody. The authors also proposed that fluid shear stress-induced VEGFR-2 

might be VEGF-dependent (dela Paz et al., 2013). In addition, several other 

studies report that shear stress-induced VEGFR-2 phosphorylation and its 

association with PI3K and Shc are blocked by Src or integrin inhibitors, 

indicating Src kinase and integrins to maybe be upstream of VEGFR-2 for shear 

stress sensation (Chen et al., 1999; Jin et al., 2003; Tzima et al., 2005). 

 

4.3.4 PECAM-1 

PECAM-1, also known as CD31, is a 130-kDa immunoglobulin transmembrane 

protein mainly localized in the cell-cell junction sites of endothelial cells and it 

plays a key role in leukocyte extravasation during the inflammatory response 

(Woodfin et al., 2007). A novel role for PECAM-1 in mechanosensation was first 

suggested by Fujiwara. In his studies, endothelial PECAM-1 tyrosine 

phosphorylation was observed within 1 min after application of flow (Osawa et 

al., 1997). Not only shear stress but also cyclic stretch induces PECAM-1 

phosphorylation in endothelial cells (Chiu et al., 2008). In addition, PECAM-1 

tyrosine phosphorylation was found by direction force application on PECAM-1 

by magnetic beads coated with PECAM-1 antibody (Osawa et al., 2002; Tzima 

et al., 2005), thus indicating a direct role of PECAM-1 in transmitting force to 

intracellular signals. PECAM-1 phosphorylation is reported to be essential for 

shear stress-induced ERK activation, SHP-2 phosphorylation, VEGFR-2 

transactivation and NO production (McCormick et al., 2011; Osawa et al., 

2002). Therefore it is not surprising that multiple vascular phenotypes were 

found in PECAM-1 knockout mice. For example, vessels from PECAM-1 
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knockout mice show reduced collateral artery growth and impaired flow-induced 

vasodilatation (Bagi et al., 2005). When crossed with the commonly used 

atherosclerosis model LDL-/- mouse, PECAM-1 influenced initiation and 

progression of atherosclerosis both positively and negatively in a site-specific 

manner (Goel et al., 2008). In accordance with this finding, the activation of 

ICAM-1and NF-κB at branch points of aorta, where flow is disturbed, are absent 

in the PECAM-1 knockout mouse (Tzima et al., 2005). Those results from in 

vitro and in vivo studies point to a crucial role for PECAM-1 in endothelial 

mechanosensation, and it might serve as a primary sensor in endothelial 

mechanotransduction.  

4.3.5 Primary cilia and Glycocalyx 

Primary cilia are small membrane-enclosed, hair-like structures that extend from 

the cell’s apical surface. Through the basal body primary cilia are connected to 

the center of cytoskeletal microtubules which enables the  cilia to transduce any 

mechanical stimuli throughout the cell (Freund et al., 2012). Primary cilia are 

expressed in various cell types including epithelial cells, endodermal cells and 

various endothelial cell types such as human aortic endothelial cells, HUVECs 

and embryonic endothelial cells (Abdul-Majeed et al., 2012; Iomini et al., 2004; 

Van der Heiden et al., 2008). Recently, Clapham et al. proposed that primary 

cilia are specialized calcium signaling organelles regulated by a heteromeric 

TRP channel, PKD1L1–PKD2L1, in mice and humans (Delling et al., 2013). It 

has been hypothesized that primary cilia function as fluid shear stress sensors 

(Nauli et al., 2008). Nauli’s study suggests that shear stress induces bending of 

cilia, thus resulting in a transient increase of intracellular Ca2+ concentration and 

nitric oxide production. In particular the ciliary Ca2+ channels polycystin-1 and 

polycystin-2 have been identified as key molecules mediating cilia 

mechanosensation (Nauli et al., 2003; Nauli et al., 2008). Endothelial cells with 

polycystin-1 deficiency are not able to translate fluid shear stress stimulation 

into signals like Ca2+ response and formation of NO. In addition, endothelial 

cells generated from autosomal dominant polycystic kidney disease (ADPKD) 

patients are unable to sense fluid shear stress due to the absent expression of 

polycystin-2 in the cilia (Nauli et al., 2003; Nauli et al., 2008). Primary cilia have 

also been proposed to be involved in atherogenesis, since its expression is 

http://www.nature.com/nature/journal/v504/n7479/full/nature12833.html#auth-5
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often restricted to the atherosclerotic predilection sites where flow is disturbed 

(Van der Heiden et al., 2008). By contrast, a recent study argues that primary 

cilia are disassembled by high fluid shear stress (Iomini et al., 2004) and that 

many endothelial cells still respond to flow normally without cilia, indicating 

there must be an alternative flow sensation mechanism.  

 

The apical surface of endothelial cells is coated with a thin, hydrated structure, 

the glycocalyx (GCX) layer. It is now well established that the endothelial GCX 

layer plays important roles in cell-cell communication and signaling. Degraded 

GCX promotes endothelial dysfunction which leads to atherosclerosis 

(Nieuwdorp et al., 2005). Especially due to its location on the most apical side of 

endothelial cells, GCX has been proposed as a flow sensor translating fluid 

shear stress stimuli into biochemical responses through the cytoskeleton (Ando 

and Yamamoto, 2009; Hahn and Schwartz, 2009). The heparin sulfate 

proteoglycan of GCX is present as a random coil under no-flow conditions; but 

with increasing flow it becomes unfolded into a filament structure. This 

conformational change may trigger many signaling pathways (Siegel et al., 

1996). By using the specific enzyme heparinase III, Florian et al. removed the 

heparan sulfate from endothelial cells and found that flow-induced NO formation 

was completely blocked (Florian et al., 2003). Using the same technology, Yao 

et al. observed that cultured bovine aortic endothelial cells (BAECs) without 

GCX layer no longer aligned to the flow direction and that expression of 

vascular endothelial cadherin was reduced in the cell-cell junctions (Yao et al., 

2007). Ex vivo studies showed that in arteries with degraded GCX flow-induced 

NO formation and vasodilatation were inhibited (VanTeeffelen et al., 2007). A 

more recent study provides evidence that glypican-1 from GCX mediates flow-

induced eNOS activation by its association with caveolae. The GCX core 

protein syndecan-1 is connected to the cytoskeleton and mediates flow-induced 

endothelial cells structural changes such as cytoskeleton reorganization, 

alignment and elongation. Therefore the authors proposed that glypican-1 acted 

as a centralized mechanotransmission agent and that syndecan-1 functioned in 

decentralized mechanotransmission (Ebong et al., 2014; Zeng et al., 2013).  
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4.4 In vivo significance of the actions of fluid shear stress  

In vivo, hemodynamic forces throughout each cardiac cycle have been 

suggested be crucial factors involved in the regulation of blood vessel 

development and structure, by influencing vascular pathology such as 

hypertension, atherosclerosis, aneurysms, postenotic dilation and arteriovenous 

malformations (Malek et al., 1999). Due to the geometry of blood vessels and 

the complexity of cardiac circulation, all flow in arteries and veins is unsteady. In 

regions spared by atherosclerosis, the blood surges during the cardiac cycle at 

an increasing then decreasing velocity as the contraction subsides, resulting in 

unsteady but unidirectional laminar flow (Fig. 4-4).  

 

The laminar flow is atheroprotective and has been proved to be the most 

important stimulus for relaxing vascular smooth muscles, a process known as 

flow-induced dilatation (Smiesko and Johnson, 1993). The vascular 

endothelium releases a variety of vasoactive factors in response to fluid shear 

stress (Feletou et al., 2010), such as nitric oxide (NO) produced by eNOS which 

plays a predominant role in flow-induced vasodilation (Fleming, 2010). The 

eNOS inhibitor L-NAME almost abrogated flow-induced dilation, thereby 

supporting the hypothesis that dilation is NO-dependent. Resistant vessels have 

been found to be particularly sensitive to flow-dependent dilation; however, this 

kind of dilation also occurs in many of the capillaries, larger arteries and even 

some conduit vessels.  
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Figure 4-4:  The heterogeneous endothelial responses to various shear stress 

patterns.  

In the straight regions of blood vessel, the blood flow always is the same 

direction with high shear and patterns are laminar (blue segments). Endothelial 

cells in regions of laminar flow have a quiescent, anti-inflammatory phenotypes 

such as alignment in the direction of flow, expression of anti-inflammatory genes 

and low levels of oxidative stress, cell turnover and permeability. These regions 

are protected from atherosclerosis. In regions where arteries divide or curve 

sharply, disturbed flow patterns develop (red segments). The disturbed flow is 

oscillatory, with low average shear stress and constantly changing gradients of 

shear stress. Endothelial cells in regions of disturbed shear have an activated, 

pro-inflammatory phenotype characterized by alterations in endothelial cells 

morphology and structure, increased turnover, increased oxidative stress, 

increased permeability and expression of inflammatory genes, thereby 

contributing to the development of atherosclerosis (Hahn and Schwartz, 2009). 

 

More important, impaired flow-dependent dilatation in arteries was found in 

spontaneously hypertensive rats (Izzard and Heagerty, 1999) as well as in 

eNOS knockout mice with a hypertensive phenotype (Huang et al., 2001). In the 

clinical context, flow-mediated dilation is widely perceived as a non-invasive 

index of endothelial function and vascular health (Gori et al., 2012). A recent 

study by Mari suggests that flow-induced dilation is impaired in human 

hypertensive subjects (Nishizaka et al., 2004).  Therefore, laminar flow-induced 

http://www.nature.com/nrm/journal/v10/n1/fig_tab/nrm2596_F1.html
http://www.nature.com/nrm/journal/v10/n1/fig_tab/nrm2596_F2.html
http://www.nature.com/nrm/journal/v10/n1/fig_tab/nrm2596_F2.html
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dilation is a fundamental autoregulatory function of the blood vessel that adapts 

the vessel diameter to blood flow and critically contributes to basal vascular 

tone and blood pressure (Davies, 1995).   

 

Compared to laminar flow, disturbed flow at vessel branches and curve sites is 

a significant local risk factor for atherosclerosis (Fig. 4-4). Flow in these regions 

is complicate, often reduced in gradients of shear stress and at times reverse 

direction during the cardiac cycle (Fig. 4-4). The endothelium lining of these 

regions has increased permeability to plasma macromolecules, increased 

turnover, proliferation, apoptosis and adhesiveness for monocytes that attach 

and migrate into the arterial wall, with subsequent alterations in endothelial cells 

morphology and structure (Zhou et al., 2014a). In addition, disturbed flow 

suppresses the expression of atheroprotective factors like eNOS, KLF2 and 

KLF4. It triggers the production of reactive oxygen species and activates 

inflammatory pathways like NF-κB. It also increases the endoplasmic reticulum 

(ER) stress, increases leukocyte adhesion and thereby initiates and maintains 

inflammation within the vessel wall. When additional systemic risk factors are 

present, atherosclerosis-promoting foam cells might develop (Hahn and 

Schwartz, 2009; Zhou et al., 2014a).  

 

The correlation between the location of atherosclerotic lesions and regions of 

disturbed flow is well documented throughout the arterial system, from carotid 

artery bifurcation to the coronary, intrarenal and femoral artery vasculatures 

(Chiu et al., 2009). The non-random local manifestation of atherosclerotic 

lesions holds true for various experimental atherosclerosis models (dietary 

and/or genetic models) across multiple animal species (monkeys, rabbits, pigs, 

and rodents) and also for the natural history of atherosclerosis processes in 

humans  (Chiu et al., 2009). Thus, shear stress is a critical determinant of 

regulating normal physiology functions like basal vascular tone as well as 

pathologic processes like inflammation and atherosclerosis. A major challenge 

in this field is the precise measuring of the complex arterial haemodynamics 

present in vivo, the identification of useful biomarkers for atherosclerosis, and 

the formulation of useful therapeutic interventions for atherosclerosis 

(Cunningham and Gotlieb, 2005; Davies et al., 2013). 
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4.5 GPCRs and G-protein mediated signaling in endothelial cells 

4.5.1 GPCRs 

G-protein coupled receptors (GPCRs) consist of more than 800 members and 

represent by far the largest family of transmembrane receptors which account 

for >2% of the total genes encoded by the human genome (Wettschureck and 

Offermanns, 2005). All GPCRs share a basic core structure consisting of seven 

transmembrane α-helical segments separated by alternating intracellular and 

extracellular loop regions. The majority of GPCRs in the mammalian organism 

belong to the group of olfactory, pheromone and taste receptors which respond 

to exogenous stimuli (Wettschureck and Offermanns, 2005). About 450 

receptors are nonsensory and are activated by ligands like hormones, 

neurotransmitters, or paracrine factors. For more than 200 of these GPCRs, the 

endogenous ligands are known. GPCRs for which no endogenous ligand has 

been found yet are called “orphan” GPCRs (Offermanns, 2003).  

 

Binding of an agonist to a GPCR results in a conformational change which 

allows the receptor to convey the signal to heterotrimeric G-proteins, which in 

turn regulate the activity of various effector molecules such as enzymes or ion 

channels. GPCRs are involved in many physiological and pathological 

processes, including neurotransmission, hormone and enzyme release from 

endocrine and exocrine glands, immune responses, cardiac- and smooth-

muscle contraction and blood pressure regulation (Offermanns, 2003; 

Wettschureck and Offermanns, 2005). Their dysfunction contributes to some of 

the most prevalent human diseases, as reflected by the fact that GPCRs are the 

target, directly or indirectly, of 50–60% of all current therapeutic agents (Dorsam 

and Gutkind, 2007). 
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Figure 4-5: Functional cycle of G-protein activity.  

The complex of a 7-transmembrane domain receptor and an agonist (A) 

promotes the release of GDP from the α-subunit of the heterotrimeric G protein 

resulting in the formation of GTP-bound Gα and Gβγ dissociation. GTP-Gα and 

dissociated Gβγ are able to modulate effector functions. The spontaneous 

hydrolysis of GTP to GDP can be accelerated by various effectors as well as by 

regulators of G protein signaling (RGS) proteins. GDP-bound Gα then 

reassociates with Gβγ, which in turn inactivates the βγ-complex. CTX, cholera 

toxin (Offermanns, 2003). 

 

4.5.2 G-proteins 

Heterotrimeric guanine nucleotide‐binding proteins (G‐proteins) are signal 

transducers that turn on intracellular signaling cascades in response to the 

activation GPCRs. Heterotrimeric G proteins are composed of a α subunit and a 

βγ complex.  To dynamically transduce signals from receptor to effectors, the 

heterotrimeric G‐protein undergoes an activation‐inactivation‐cycle 

(Offermanns, 2003) (Fig. 4-5). In the basal state, the βγ complex and the GDP-
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bound α subunit are associated so that they can be recognized by an 

appropriate activated receptor. Coupling of the activated receptor to the 

heterotrimer promotes the exchange of GDP for GTP on the α-subunit. Binding 

of GTP induces dissociation of the α-subunit from the activated receptor as well 

as from the βγ complex, and both the α-subunit and the βγ-complex are now 

free to modulate the activity of downstream effector proteins. The signal is 

terminated by the hydrolysis of GTP by GTPase activity, resulting in binding of 

the α-subunit to GDP and in its re-association with the βγ-complex to enter a 

new cycle (Offermanns, 2003). Based on the sequence homology of their α 

subunits, G-proteins can be grouped into four families, Gs, Gi, Gq/G11 and 

G12/G13 (Fig.4-6). The expression pattern of each family is often very specific. 

Members of same family are structurally similar and often share some of their 

functional properties.  

 

The G proteins of the Gs family are ubiquitously expressed and they couple to 

many receptors to activate adenylyl cyclase, a key enzyme which produces 

cyclic AMP (cAMP) (Fig.4-6) (Freissmuth et al., 1991; Sunahara et al., 1996). 

On the contrary, activation of Gi-type G-proteins has been shown to mediate 

receptor-dependent inhibition of various types of adenylyl cyclases (Sunahara 

et al., 1996). The G-proteins G12 and G13 are widely expressed and share 67% 

of their amino acid identity. The important cellular functions of G12/G13 are to 

regulate the formation of actomyosin-based structures and to modulate their 

contractility by increasing the activity of the small GTPase RhoA (Fig.4-6) 

(Strathmann and Simon, 1990). The guanine nucleotide exchange factors 

(GEFs) for Rho, p115RhoGEF, PDZ-RhoGEF, and LARG, have recently been 

shown to serve as direct effectors that interact with G12 and G13 (Suzuki et al., 

2003). Both G12 and G13 interact with the cytoplasmic domain of cadherins and 

cause the release of the transcriptional activator β-catenin (Meigs et al., 2002; 

Meigs et al., 2001).  
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Figure 4-6: Common patterns of receptor-G-protein coupling.  

Although there are many exceptions, three basic patterns of receptor-G protein 

coupling have been found which critically define the cellular response after 

ligand-dependent receptor activation. PLC-β; phospholipase C-β; PI-3-K, 

phosphoinositide 3-kinase; IP3, inositol 1,4,5 trisphosphate; DAG, diacylglycerol; 

GIRK, G-protein regulated inward rectifier potassium channel; PKC, protein 

kinase C; RhoGEF, Rho guanine nucleotide exchange factor (Offermanns, 2003).  

 

 

The G-protein family Gq/G11 consists of four members, Gq, G11, G14 and G15/G16. 

While Gq and G11 are widely expressed, G15/G16 is only expressed in the 

hematopoietic system and G14 is restricted to kidney, lung and spleen 

(Amatruda et al., 1991; Wilkie et al., 1991). The α subunits of the Gq/G11 family 

are known to regulate phospholipase C (PLCβ), which cleaves the phospholipid 

phosphatidylinositol 4,5-bisphosphate into diacylglycerol (DAG) and inositol 

1,4,5-trisphosphate (IP3). IP3 is released into cytosol to activate IP3 receptors, 

leading to an increase in calcium. Calcium and DAG work together to activate 

protein kinase C (PKC), which then phosphorylates other molecules, leading to 

altered cellular activity (Fig.4-6) (Offermanns, 2003).  

http://en.wikipedia.org/wiki/Phospholipid
http://en.wikipedia.org/wiki/Phosphatidylinositol_4,5-bisphosphate
http://en.wikipedia.org/wiki/Diacyl_glycerol
http://en.wikipedia.org/wiki/Inositol_1,4,5-trisphosphate
http://en.wikipedia.org/wiki/Inositol_1,4,5-trisphosphate
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Although the function of G14 and G15 is still largely unknown, the importance of 

Gq and G11 has been well established with knockout mice models. Gq-deficient 

mice have typical motor discoordination symptoms and suffer from cerebellar 

ataxia (Offermanns et al., 1997a). They show reduced platelet activation and a 

prolonged bleeding time (Offermanns et al., 1997b). In addition, Gq-deficient 

mice have a high risk of perinatal death in newborns (Offermanns et al., 1997b) 

and a reduced survival rate at postnatal day 30 (Gu et al., 2002) . By contrast, 

G11-deficient mice were shown to be viable and fertile, without any apparent 

morphological or functional defects (Offermanns et al., 1998).  

 

Mice deficient in both Gq and G11 die around embryonic day 10.5 due to 

myocardial hypoplasia (Offermanns et al., 1998). To circumvent double-

knockout embryonic lethality, Cre/LoxP-mediated recombination was used to 

conditionally inactivate the Gαq gene in a Gα11-deficient (gna11-/-) background 

(Wettschureck et al., 2001). Deletion of Gαq and Gα11 specifically in 

cardiomyocytes prevented the development of cardiac hypertrophy caused by 

pressure overload (Wettschureck et al., 2001). Β-cell-specific inactivation of Gαq 

and Gα11 resulted in impaired glucose tolerance and insulin secretion in mice 

(Sassmann et al., 2010). Thyrocyte-specific Gαq and Gα11 deficiency impairs 

thyroid function and prevents goiter development (Kero et al., 2007). In smooth 

muscle, Gαq and Gα11 have been shown to be fundamental for smooth muscle 

contraction; deletion of Gαq and Gα11 almost abrogates agonist-induced 

vasoconstriction. Mice lacking Gαq and Gα11 in vascular smooth muscle develop 

hypotension and are resistant to salt-induced hypertension (Wirth et al., 2008). 

Furthermore, smooth muscle-specific Gαq and Gα11 deficiency blocks the 

activation of extracellular signal-regulated kinase 1/2, resulting in a reduced 

VSMC dedifferentiation in response to flow cessation or vascular injury (Althoff 

et al., 2012).  

 

The endothelial specific Gαq/Gα11 double knockout mouse recently generated 

by our lab showed impaired endothelial barrier function and reduced nitric oxide 

formation brought about by various inflammatory mediators as well as by local 

anaphylaxis. Mice with endothelium-specific Gαq/Gα11 deficiency are protected 
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from the fatal consequences of passive and active systemic anaphylaxis 

(Korhonen et al., 2009).  

 

Most lately, it has been shown that approximately 80% of unveal melanoma 

harbor somatic-activating mutations in Gαq/Gα11 genes (Yu et al., 2014). Feng 

et al. and Yu et al. proposed that YAP mediates the oncogenic activity of mutant 

Gαq/Gα11 in unveal melanoma development, and that the YAP inhibitor 

verteporfin blocks tumor growth of unveal melanoma cells containing Gαq/Gα11 

mutations, providing evidence for an essential role of the Hippo-YAP pathway in 

Gq/G11-induced tumorigenesis (Feng et al., 2014; Yu et al., 2014). A major 

implication of these findings is that traditional GPCR signaling through PLCβ 

may not be the only, or even the most important, mechanism for propagating 

Gαq/Gα11 activity (Field and Harbour, 2014). 

 

4.5.3 GPCRs and G-proteins in endothelial mechanotransduction 

Given the importance of GPCRs and G-proteins in the regulation of the 

endothelium, it is not surprising that GPCRs and G-proteins participate in the 

transduction of mechanical forces in the endothelium. Several GPCRs and G-

proteins have been suggested to be primary mechanosensors (Ando and 

Yamamoto, 2009; White and Frangos, 2007; Wozniak and Chen, 2009). 

However, since shear stress-induced activation of GPCRs does not involve a 

traditional receptor–ligand interaction; the identification of the molecule(s) 

responsible for fluid shear stress sensing proved tricky (Dai et al., 2004).  

 

G-proteins were shown to be activated by shear stress as quickly as 1s after the 

onset of flow (Gudi et al., 1998). Blockage of G-proteins by GDPβs abrogates 

the shear stress-induced NO as well as cGMP production in a dose-dependent 

manner (Kuchan et al., 1994). Transient transfection with antisense into Gαq 

blocks shear stress-induced Ras-GTPase activation, while transfection of Gβγ 

enhances shear stress-induced Ras-GTPase activation (Gudi et al., 2003). In 

addition, pre-treatment with the Gi inhibitor pertussis toxin blocks shear stress-

induced ERK1/2 phosphorylation (Jo et al., 1997). More recently, the G-proteins 

Gq/G11 have been shown to interact with PECAM-1 and to mediate fluid shear 
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stress-induced Akt phosphorylation (Melchior and Frangos, 2014; Otte et al., 

2009).  

 

Up to now, several GPCRs have been shown to be activated by mechanical 

stimuli in a ligand independent manner. Studies from Komuro’s lab have 

demonstrated the activation of the angiotensin (AT1) receptor by mechanical 

stretch through an ligand-independent mechanism, as a neutralizing antibody 

directed against angiotensin II did not attenuate AT1R-dependent stretch-

induced signaling (Zou et al., 2004). Later studies reported that mechanical 

stretch induces an anticlockwise rotation of the AT1 receptor and a shift of 

transmembrane (TM) 7 into the ligand-binding pocket (Yasuda et al., 2008), 

leading to the opening of TRP channels, as well as to (PLC) activation and 

production of inositol phosphates (Mederos y Schnitzler et al., 2011; Mederos y 

Schnitzler et al., 2008; Storch et al., 2012).  

 

GPCRs can also be activated by fluid shear stress stimuli. By employing time-

resolved fluorescence microscopy and GPCR conformation-sensitive Förster 

resonance energy transfer (FRET), Chachisvilis and coworkers found that fluid 

shear stress-induced a conformational switch of bradykinin B2 receptor in the 

absence of its ligand bradykinin, and that this response can be blocked by a B2-

selective antagonist (Chachisvilis et al., 2006). In a more recent study, the 

sphingosine 1-phosphate (S1P) receptor-1 has be suggested to be involved in 

shear stress-induced ERK, Akt phosphorylation as well as in the cell alignment 

towards the direction of flow (Jung et al., 2012). However, in most cases these 

mechanotransducing processes have been studied in vitro only, and in  isolated 

endothelial cells, leaving in the dark their in vivo role as well as potential 

upstream regulatory mechanisms. 
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5. AIM OF THE STUDY 

 

The vascular endothelium is constantly exposed to mechanical forces including 

fluid shear stress exerted by the flowing blood. The ability of the endothelium to 

sense fluid shear stress and to translate this information into an intracellular 

signal is a fundamental function of the endothelial cell layer of blood vessels. 

Shear stress sensing and transduction controls vascular tone and 

morphogenesis and affects the susceptibility to diseases, such as 

atherosclerosis and arterial hypertension. Previous work has identified several 

mechanotransducing signaling processes in endothelial cells (Hahn and 

Schwartz, 2009; Tarbell et al., 2014a). But how fluid shear stress initiates these 

mechanotransducing responses and their in vivo roles as well as the upstream 

regulatory mechanisms remains largely mysterious. The aim of this study was 

to... 

 

1. ...investigate the role of the G-protein Gq/G11 in fluid shear stress 

mechanotransduction in endothelial cells and its in vivo roles. 

2. ...identify the potential GPCRs operating upstream of Gq/G11 in endothelial 

mechanotransduction. 

3. ...dissect the molecular mechanisms underlying impaired flow sensation and 

elevated blood pressure in mice with endothelial Gq/G11 deficiency. 
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6. RESULTS 

6.1 Gq/G11 is required for shear stress-induced Ca2+ release 

To test the role of Gq/G11 in fluid shear stress-induced endothelial responses, I 

determined the effect of siRNA-mediated knock-down of the α-subunits of Gq 

and G11, namely Gq and G11, on shear stress-induced [Ca2+]i response. 

Transfection of HUVECs and BAECs with siRNA directed against Gq and G11 

significantly suppressed Gq/G11 protein expression (Fig. 6-1A) as well as 

Gq/G11 mRNA expression (Fig. 6-1B).  

 

As soon as endothelial cells were exposed to fluid shear stress, [Ca2+]i 

increased in correlation with the intensity of applied shear stress (Fig. 6-1C, 6-

1D, 6-1E), suggesting that endothelial cells have the ability to accurately 

convert information on shear stress intensity into changes in intracellular Ca2+ 

concentrations. However, after knock-down of Gq/G11, shear stress-induced 

increases in [Ca2+]i were almost abolished (Fig. 6-1C, 6-1D). This finding is 

consistent with the loss of shear stress-induced [Ca2+]i response in primary 

mouse lung endothelial cells (MLECs) isolated from endothelium-specific 

Gq/G11-deficient mice (EC-q/11-KO)  (Fig. 6-1E).  

 

Of note, knock-down of Gq/G11 also reduced thrombin, which activates 

Gq/G11-coupled protease receptors (PARs), induced effects but had no effect on 

ionomycin-induced increases in [Ca2+]i (Fig. 6-1F), indicating that the [Ca2+]i 

response in Gq/G11-deficient cells per se was not affected. Together, these 

experiments suggest that Gq/G11 is likely an important link for shear stress and 

Ca2+ response in endothelial cells.  
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Figure 6-1: Gq/G11 is required for shear stress-induced Ca2+ response 

Indicated cells were transfected with scrambled (control) siRNA or siRNA 

directed against Gq and G11. Knock-down of Gq/G11 was verified by 

immunoblotting (A) or qRT-PCR (B) (n=3). Fluo-4-loaded HUVECs (C), BAECs (D) 

and MLECs (E) were exposed to the indicated shear forces, and [Ca2+]i was 

determined as fluorescence intensity (RFU, relative fluorescence units). F, 

ionomycin- and thrombin-induced [Ca2+]i response in HUVECs. Bar diagrams 

show areas under the curve (AUC); n=16-25 cells in 3 independent experiments. 

Shown are means -/+ s.e.m.; ***, P≤0.001. 
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6.2 Gq/G11 is required for shear stress-induced NO formation 

Fluid shear stress-induced formation of nitric oxide (NO) is a key signaling 

molecule for endothelial cells (Dimmeler et al., 1999). When BAECs are 

exposed to shear stress, a considerable amount of NO is released into the 

flowing medium, as indicated by the NO metabolite nitrate accumulation (Fig. 6-

2A). Interestingly, I found Gq/G11 knock-downed BAECs failed to generate 

NO during fluid shear stress stimulation (Fig. 6-2A). Consistent with this finding, 

fluid shear stress-induced phosphorylation of eNOS at serine1179, a major 

pathway for NO synthesis is inhibited by the suppression of Gq/G11 

expression (Fig. 6-2B).  

 

It has been shown that Akt is the major upstream regulator for shear stress-

induced eNOS phosphorylation (Dimmeler et al., 1999), thus I next studied the 

Akt response. As with eNOS, while in control BAECs, Akt was activated by 

shear stress, but in Gq/G11-knock-downed BAECs Akt was not 

phosphorylated by shear stress (Fig. 6-2B). Moreover, our studies on a different 

cell line, HUVECs, showed the same loss of shear stress-induced eNOS and 

Akt activation upon suppression of Gq/G11 expression (Fig. 6-2C).  

 

Furthermore, to circumvent the loss of endothelial cell properties during static 

cell culture and to mimic in vivo constant flow conditions, I cultured BAECs 

under low shear (5 dyne/cm2) for 15 hours. Applied high shear (35 dyne/cm2) for 

30 min (Fig. 6-2D) to BAECs cultured under low shear also induced strong 

phosphorylation of Akt and eNOS. Interestingly, loss of Gq/G11 strongly 

inhibited both eNOS and Akt activation induced by high shear (Fig. 6-2D). 

Those experiments demonstrated that Gq/G11 is essential for fluid shear 

stress-induced activation of Akt-eNOS pathway and required for fluid shear 

stress-induced NO formation.  
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Figure 6-2: Gq/G11 is required for shear stress-induced NO release.  

Transfected HUVECs and BAECs were exposed to fluid shear (12 and 20 

dynes/cm2, respectively) for the indicated time. A, Shear stress-induced nitrate 

formation in BAECs medium (n=3). B,C, Shear stress-induced Akt, eNOS 

phosphorylation in BAECs (B) and HUVECs (C) cultured under static conditions. 

D, High shear (35 dynes/cm2) induced Akt, eNOS phosphorylation in BAECs 

cultured under low-shear (5 dynes/cm2) for 15 hours.  Knockdown of Gq/G11 

was verified by anti-Gq/G11 immunoblotting. Bar diagrams show the 
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densitometric evaluation; n=3-5. Shown are means -/+ s.e.m.; n=5-8; **, P≤0.01; 

***, P≤0.001 

 

6.3 Gq/G11 is required for VEGFR-2 complex activation 

Previous work has shown a role of Src, VEGFR-2 and PECAM-1 in endothelial 

mechanosensation and that this complex seems critical for shear stress-

induced Akt, eNOS phosphorylation (Tzima et al., 2005).  Therefore, it is 

important to know whether Gq/G11 regulate the Akt-eNOS pathway through 

this complex. 

 

Consistent with previous findings, I observed the tyrosine phosphorylation of 

VEGFR-2 and PECAM-1 within 5 minutes after exposure to fluid shear stress 

(Fig.6-3A). Also I found the maximum activation of Src kinase within 15 seconds 

after the onset of flow (Fig. 6-3B). Moreover, blockade of Src and VEGFR-2 

kinase activity with PP2 and Ki8751, respectively, abrogated both shear stress-

induced eNOS and Akt phosphorylation in BAECs (Fig. 6-3A), which further 

support the idea that the Src kinase and VEGFR-2 complex is the upstream of 

Akt-eNOS pathway in response to fluid shear stress. 

 

Surprisingly, the fluid shear stress-induced tyrosine phosphorylation of Src, 

PECAM-1 as well as VEGFR-2 was markedly reduced after knock-down of 

Gq/G11 (Fig. 6-3B), indicating that Gq/G11 operates upstream of these 

signaling molecules in endothelial mechanotransduction. Of note, eNOS and 

Akt phosphorylation induced by carbachol, which activates Gq/G11-coupled 

muscarinic receptors, was prevented after knock-down of Gq/G11 expression 

(Fig. 6-3C). However, the phosphorylation of eNOS and Akt induced by insulin, 

which acts independently of Gq/G11, was unaffected, indicating that the cells had 

not lost the ability to respond to all stimuli (Fig. 6-3C).   
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Figure 6-3: Gq/G11 is required for shear stress-induced Src, PECAM, VEGFR-2 

activation 

A, Shear stress-induced eNOS, Akt phosphorylation in the absence (-) or 

presence of 10 mM PP2 or 500 nM Ki8751. B, Src, PECAM-1 and VEGFR-2 

activation by shear stress in transfected BAECs. Src activation was determined 

by Western blotting for phosphorylated Src tyrosine 416. PECAM-1 and VEGFR-2 

activation was determined by immunoprecipitation and Western blotting for 

tyrosine-phosphorylated PECAM-1 and VEGFR-2. C, Insulin and carbachol 

induced eNOS, Akt phosphorylation. Knock-down of Gq/G11 was verified by 

anti-Gq/G11 immunoblotting. Bar diagrams show the densitometric evaluation; 

n=3-5. Shown are means -/+ s.e.m.; *, P≤0.05; **, P≤0.01; ***, P≤0.001. 
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6.4 Gq/G11 is involved in endothelial cell alignment under flow 

It is well known that endothelial cells adapt to chronic laminar shear stress by 

aligning to the direction of flow and elongating the cell shape (Tzima et al., 

2005). To understand whether Gq/G11 is required for this long term flow-induced 

endothelial response, I compared the morphology of endothelial cells with or 

without Gq/G11 knock-down cultured under long term flow. Human umbilical 

artery endothelial cells (HUAECs) were subjected to laminar flow up to 36 

hours. The control siRNA treated HUAECs showed dominant orientation in 

parallel to the flow direction (Fig. 6-4A left, Fig. 6-4B). By contrast, loss of 

Gq/G11 expression leads to defect in endothelial cells alignment and 

elongation in response to long term flow (Fig. 6-4A right, Fig. 6-4B). 

 

Figure 6-4: Gq/G11 is involved in endothelial cell alignment under flow  

A, HUAECs were transfected with scrambled (control) siRNA or siRNA directed 

against Gq and G11 and were exposed to fluid shear (20 dynes/cm2) for 36 h as 

indicated by white arrow. CD31 (green), nuclei (blue). B, quantification of cell 

orientation (angle measurements), 0° is parallel to the flow chamber and -90° and 
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90° are perpendicular. Bar diagrams show percentage of orientations in each 10° 

(n=205, control; n=209, Gq/11; 3 independent experiments). B right, percentage of 

cells which oriented between -30° to 30° to the direction of flow (n=201, control; 

n=198, Gq/11; 3 independent experiments). Shown are means -/+ s.e.m.; ****, 

P≤0.001. 

 
 
 

6.5 Gq/G11 is required for flow-induced vasodilatation 

To test the physiological relevance of Gq/G11 in endothelial flow sensing, we 

generated a inducible endothelium-specific Gq/G11-deficient mice (EC-q/11-

KO) by crossing Gnaqflox/flox ; Gna11-/- mice with Tie2-CreERT2 mice (Korhonen 

et al., 2009).  

 

 In order to mimic the vivo blood perfusion along the endothelium layer, I 

mounted the isolated artery in a perfusion myograph chamber,  then perfused 

the vessel intraluminally under a constant pressure. The U46619 precontracted 

mesenteric arteries prepared from WT mouse developed a step wisely 

relaxation during the increased flow perfusion (Fig. 6-5A, 6-5B). By contrast, in 

vessels isolated from EC-q/11-KO mice the flow-induced dilation was almost 

completely lost (Fig. 6-5A, 6-5B).  

 

Also acetylcholine, an agonist activates Gq/G11-coupled muscarinic receptors, 

induced vasodilation was strongly inhibited in EC-q/11-KO mice (Fig. 6-5D), 

functionally confirmed the loss of Gq/G11. However, vessels from EC-q/11-KO 

mice developed normal myogenic tone like the WT mice (Fig. 6-5C). They are 

also fully responsive to the endothelium-independent vasodilator sodium 

nitroprusside (Fig. 6-5E) and the vasoconstrictor phenylephrine (Fig. 6-5F), 

indicating that contractile and vasodilator function per se were not affected in 

the knockout mice.  
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Figure 6-5:  Gq/G11 is required for flow induce vasodilatation 

Mesenteric arteries from tamoxifen-treated wild-type mice (WT) or EC-q/11-KO 

mice were exposed to flow and various agents (A to F). A, Effect of a stepwise 

increase in perfusion flow on the diameter of vessels precontracted with 100 nM 

of the thromboxane A2 analogue U46619. After flow was stopped, 10 mM 

acetylcholine (ACh) and 100 mM sodium nitroprusside (SNP) were added. B, 

Shown is the evaluation of the area under the curve (AUC) and the time course of 

flow-induced vasorelaxation as percent of the passive vessel diameter. C, 

Myogenic tone induced by increased pressure. D,E,F, Effect of acetylcholine (D), 

SNP (E) and phenylephrine (F) on vascular diameter. Shown are means -/+ s.e.m.; 

n=5-8; ***, P≤0.001.  
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To further confirm those phenotypes were due to endothelium-specific 

Gq/G11 deletion, I first verify the endothelial Tie2 Cre activity with a mT/mG 

reporter mouse line (Muzumdar et al., 2007). After 5 days of tamoxifen 

induction, a high efficiency of Cre-mediated recombination of endothelial cells 

was observed only in the endothelium layer indicated by GFP fluorescence (Fig. 

6-6A). Furthermore, the freshly isolated endothelial cells from EC-q/11-KO mice 

after induction did not express Gq/G11, indicated by anti-Gq/G11 

immunoblotting (Fig. 6-6B). These results strongly suggest that the specificity 

and efficiency of the tamoxifen- induced endothelial Gq/G11 deletion in our 

EC-q/11-KO mice. 

 

 

Figure 6-6: Efficiency of tamoxifen-induced Cre recombination 

 A, Cre recombination in the mouse mesenteric arteries was determined in 

mT/mG; Tie2CreERT2 double positive mice, tomato red indicate non-recobined 

cells while GFP fluorescence indicates recombined cells. Whole mounted vessel, 

A upper panel; cryosection of vessel, A lower panel.  B, Loss of Gq/G11 

expression in primary MLECs was verified by anti-Gq/G11 immunoblotting after 

5-day tamoxifen induction. 
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6.6 Induction of endothelial Gq/G11 deficiency results in hypertension  

Flow-induced vasodilation is regarded as a basic mechanism critically 

contributing to blood pressure regulation (Hahn & Schwartz, 2009). Therefore I 

next investigated whether blood pressure is affected by endothelial Gq/G11 

deletion. While treatment of wild-type mice with tamoxifen had only a small and 

transient effect on mean arterial blood pressure, the induction of endothelial 

Gq/G11 deficiency in EC-q/11-KO mice by tamoxifen resulted in a significant 

increase of approximately 20 mmHg within a few days (Fig. 6-7A). Although, the 

heart rate in the EC-q/11-KO mice is not different from the wild-type mice (data 

not shown). 

 

Having shown in vitro situations Gq/G11 is required for fluid shear stress induced 

NO formation, it is important to know whether the vivo blood pressure 

phenotype is due to the reduced NO formation. Remarkably, I found induction of 

endothelial Gq/G11 deficiency in EC-q/11-KO mice by tamoxifen resulted in a 

significant reduction of plasma nitrate levels, which is parallel to the 

development of hypertension (Fig. 6-7B).   

 

Accordingly, I found the murine mesenteric artery from the EC-q/11-KO mice 

showed attenuated phosphorylation of eNOS on serine 1176, indicated by 

immunoblotting (Fig. 6-7C). In consistent with this finding, the enface staining of 

endothelium from isolated mesenteric arteries revealed the phosphorylation of 

eNOS is strongly reduced in the EC-q/11-KO mice after tamoxifen induction (Fig 

6-7D). 

 

Taken together, these results indicate that acute loss of endothelial Gq/G11-

mediated signaling strongly reduces eNOS activity in vivo resulting in reduced 

NO formation, increased vascular tone and arterial blood pressure. Thus, the 

Gq/G11-mediated signaling pathway in endothelial cells is constantly activated to 

sustain endothelial NO formation and to mediate fluid shear stress-induced 

vasodilation.  
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Figure 6-7: Induction of endothelial Gq/G11 deficiency results in reduced eNOS 

activation, hypertension 

A, Telemetrically recorded blood pressure of wild-type and EC-q/11-KO mice.. 

Average blood pressure 5 days before induction was set to 100%. Bar diagram 

shows mean arterial blood pressure 4 days before tamoxifen treatment and in 

the 2nd week after induction (n=8-9). B, Plasma nitrate levels in wild-type (WT) 

and EC-q/11-KO mice. C, Phosphorylation of eNOS at S1176 in lysates of 

mesenteric arteries prepared before (tamoxifen-) or 3 days after induction 

(tamoxifen+). Bar diagram shows the densitometric evaluation (n=4). D, Enface 

staining of phospho-eNOS (serine 1176, green), PECAM (red), DAPI (blue) in 

mesenteric arteries prepared after 5 days tamoxifen induction.  Shown are 

means -/+ s.e.m.; *, P≤0.05; **, P≤0.01. 
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6.7 Identification of P2Y2 as a receptor mediating shear stress signaling  

To identify potential G-protein coupled receptors operating upstream of Gq/G11, 

the systemic expression of GPCRs in HUVECs and HUAECs was investigated. 

A customized qPCR primer and probe library which targeting 418 GPCR genes 

was built for the expression profiling. 102 receptors were found to be expressed 

in HUVECs and 113 receptors were found to be expressed in HUAECs. 

Moreover, 42 receptors were expressed in both cell types (Fig. 6-9A).  

 

Next, an siRNA mediated loss of function assay was performed. By using shear 

stress-induced Akt phosphorylation at serine 473 as readout, I did an siRNA-

mediated screen on those 42 receptors found to be expressed in both HUVECs 

and HUAECs. While most receptor knock-down did not affect shear stress-

induced Akt phosphorylation, knock-down of the purinergic P2Y2 receptor had 

by far the strongest inhibition effect on fluid shear stress-induced Akt 

phosphorylation (Fig. 6-9B). Of note, the effect of P2Y2 siRNA is close to the 

effect of positive control with Gq/G11 knock-down (Fig. 6-9B).    

 

To rule out the off-target effect, 2 alternative siRNAs were used. Similar to the 

screening results, both alternative siRNAs strongly inhibited the Akt 

phosphorylation induced by shear stress (Fig. 6-9C).  Interestingly, we also 

found P2Y2 is abundant expressed in both HUVECs and HUAECs (Fig. 6-9A). 

These results pointed to an important role of the purinergic P2Y2 receptor in 

fluid stress signaling. 
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Figure 6-8: Identification of P2Y2 as a receptor mediating fluid shear stress-

induced Akt phosphorylation in HUVECs.  

A, Expression of non-olfactory GPCRs found both in HUVECs and human 

umbilical artery endothelial cells (HUAECs). Expression was determined by 

quantitative RT-PCR. B, SiRNA screen to identify GPCRs mediating fluid shear 

stress-induced increases in Akt phosphorylation in HUVECs. Shown is the ratio 

of the fluid shear stress effect on Akt phosphorylation in cells transfected with 

an siRNA pool against a particular human GPCR and cells transfected with 

control siRNA. siRNAs directed against Gq and G11 served as a positive 

control. C, Representative western blot showed inhibition of shear stress 

induced Akt phosphorylation by P2Y2 siRNAs.  
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Consistent with the Akt screening results, suppression of P2Y2 also attenuated 

shear stress-induced [Ca2+]i response in BAECs (Fig. 6-10A) and HUVECs (Fig. 

6-10B), suggesting P2Y2 is required for the acute Ca2+elevation evoked by 

shear stress. Moreover, the P2Y2 agonists ATP and UTP-induced [Ca2+]i 

release was reduced (Fig.6-10C) after knockdown of P2Y2 (Fig. 6-10D). These 

results indicating P2Y2 is the major purinergic receptor in human endothelial 

cells which mediates ATP and UTP response. 

 

Figure 6-9: P2Y2 mediates endothelial Ca2+ response 

 

A, B. the indicated cells were transfected with scrambled (control) siRNA or 

siRNA directed against P2Y2. Fluo-4-loaded BAECs (A) and HUVECs (B) were 

exposed to the indicated shear forces, and [Ca2+]i was determined as 

fluorescence intensity (RFU, relative fluorescence units). C, 10μM ATP or UTP 

induced [Ca2+]i response. Bar diagrams show areas under the curve (AUC); n=16-

25 cells in 3 independent experiments. D. Efficiency of siRNA-mediated knock-

down of P2Y2 compared to control treated cells (control was set as 1) (n=3). 

Shown are means -/+ s.e.m.; *, P≤0.05; **, P≤0.01; ***, P≤0.001. 
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6.8 P2Y2 is require for endothelial mechanotransduction 

I next investigated the role of P2Y2 in fluid shear stress-induced NO formation in 

cultured endothelial cells. As expected, in control siRNA treated cells fluid shear 

stress increased NO formation by time. By contract, knock-down of P2Y2 

significantly inhibited shear stress-induced NO formation (Fig. 6-10A).  

 

To further understand the role of P2Y2 in fluid shear stress activated signaling, I 

block P2Y2 activation by its antagonist AR-C118925. Inhibition of P2Y2 by AR-

C118925 strongly reduced the phosphorylation of Akt and eNOS in response to 

shear stress (Fig. 6-10B). In consistent with this finding, knock-down of P2Y2 by 

siRNA also significantly inhibited shear stress-induced Akt and eNOS activation 

(Fig. 6-10C). 

 

Having shown that shear stress-induced Src and VEGFR-2 activation is 

upstream of Akt-eNOS pathway, I next determined the role of P2Y2 in Src and 

VEGFR-2 activation in response to shear stress. Knock-down of P2Y2 greatly 

attenuated the phosphorylation of Src and VEGFR-2 as well as the activation of 

PECAM-1 (Fig. 6-10C). Those results point to a crucial role for P2Y2 in 

endothelial mechanotransduction and indicate that P2Y2 is operating on the 

upstream of those mechanotransducing pathways. 
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Figure 6-10: P2Y2 is require for shear stress-induced signaling 

 

A, Decreased flow induced nitrate formation in P2Y2 knock-downed BAECs. B, 

Effect of P2Y2 antagonist AR-C 118925 on flow induced Akt, eNOS activation. C, 

P2Y2 knock-downed BAECs showed decreased Akt, eNOS, Src, PECAM-1 and 

VEGFR-2 activation. Bar diagrams show the densitometric evaluation; KD, 

knock-down; n=3-5. Shown are means -/+ s.e.m.; *, P≤0.05; **, P≤0.01; ***, 

P≤0.001. 
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Also ionotropic purinergic receptors have been shown to involve in flow-

dependent endothelial effects, and in particular P2X4 is suggested to mediate 

ATP-induced Ca2+-influx in endothelial cells as well as flow-dependent control of 

vascular tone ((Yamamoto et al., 2006). Therefore it is important to know 

whether P2X4 is involved in fluid shear stress induced Akt-eNOS signaling. 

Unlike P2Y2, knock-down of the main endothelial ionotropic purinergic receptor 

P2X4 had no effect on fluid shear stress induced phosphorylation of eNOS and 

Akt (Fig. 6-11A). To further confirm the specificity of the siRNA and rule out the 

off-target effects, the P2Y2 dependent and independent responses was 

compared. While the P2Y2 full agonist ATP-induce eNOS and Akt activation is 

blocked by P2Y2 knock-down (Fig.6-11B), but insulin-induced Akt and eNOS 

phosphorylation is not affected by P2Y2 knock-down (Fig.6-11C), suggesting 

P2Y2 is the major purinergic receptor mediates ATP response and there is no 

general defect with P2Y2 deficiency. 

 

Figure 6-11: P2Y2 is the major purinergic receptor mediates ATP response 

A, P2X4 knock-down did not affect flow-induced Akt and eNOS activation. B, 

Efficiency of siRNA-mediated knock-down of P2Y2 and P2X4 compared to control 

treated cells (control was set as 1). C, ATP and insulin-induced Akt and eNOS 

activation in control or P2Y2 siRNAs transfected BAECs. Bar diagrams show the 

densitometric evaluation; KD, knock-down; n=3-5. Shown are means -/+ s.e.m.; *, 

P≤0.05; **, P≤0.01; ***, P≤0.001. 
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Consistent with previous data, we found that fluid shear stress-induced the 

release of considerable amounts of ATP from endothelial cells (Fig. 6-12A). To 

further understand whether the fluid shear stress-induced ATP release is the 

mechanism of P2Y2 activation in response to fluid shear stress, the ATP 

degrading enzyme apyrase effect was determined. Interestingly I found the fluid 

shear stress -induced NO formation was strongly reduced by apyrase treatment 

in BAECs (Fig. 6-12B). Apyrase also significantly inhibited the activation of Akt 

and eNOS in response to fluid shear stress (Fig. 6-12C), while in insulin-

induced Akt and eNOS phosphorylation was not affected in the presence of 

apyrase (Fig. 6-12D). Based on those results, it is very likely that the fluid shear 

stress-induced ATP release is the primary mechanism of P2Y2 activation in 

response to fluid shear stress. 

 

Figure 6-12: Fluid shear stress induced ATP release.  

A, Amount of ATP in the supernatant of BAECs kept under static conditions or 

under flow (20 dynes/m2) for the indicated time (n=4). B, Flow-induced nitrite 

formation in the supernatant (n=4). C-D, BAECs (n=4) were exposed to fluid 

shear (C) or to insulin for 10 min (D) in the absence or presence of 10 U/ml 

apyrase. Akt and eNOS activation was determined by Western blotting for 
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phosphorylated and total Akt and eNOS . Bar diagrams show the densitometric 

evaluation. Shown are means -/+ s.e.m.; *, P≤0.05; **, P≤0.01; ***, P≤0.001 

 

6.9 Inducible endothelial P2Y2 KO mice generation 

To investigate the physiological role of P2Y2 in endothelial 

mechanotransduction, I then generated inducible endothelium-specific P2Y2 

knock out mice (EC-P2Y2-KO) by crossing the P2Y2flox/flox mice with Tie2-

CreERT2 mice. The targeting was verified by PCR (Fig. 6-13A-D) and the Cre-

mediated loss of P2Y2 was confirmed by no detection of P2Y2 mRNA in primary 

endothelial cells from EC-P2Y2-KO (Fig. 6-13E) 

 



6.Results 

52 
 

 

 

Figure 6-13: Inducible endothelial P2Y2 mice generation  

 

A, Shown are exon 2 and 3 of the P2ry2 gene (E2 and E3) with the coding region 

in exon 3 shaded. Blue arrows indicate position of primers used to verify the 

alleles and to genotype mice. B, Verification of ES cell clone HEPD0557 7 B07. C, 

Verification of Flp-mediated recombination. D, Genotyping of mice without or 

with one or two floxed P2Y2 alleles. E, Expression of P2Y2 in endothelial cells 

isolated from skeletal muscle derived from wild-type and induced EC-P2Y2-KO 

mice as analyzed by qPCR. 
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6.10 P2Y2 deficient mice developed hypertension  

Interestingly, U46619-precontracted mesenteric arteries from EC-P2Y2-KO 

mice only have mild relaxation response to increases in flow while they fully 

responded to acetylcholine (Fig. 6-14A, 6-14B). Of note, intraluminal addition of 

the P2Y2 receptor agonist, ATP, induced vasodilation in the WT mesenteric 

arteries in a dose-dependent manner, but the relaxation curve is right shifted in 

arteries from EC-P2Y2-KO mice (Fig. 6-14C), suggesting the involvement of 

endothelial P2Y2 receptor in ATP-induced relaxation.  

 

 

Figure 6-14: P2Y2 deficient mice had impaired flow-induced dilatation 

A, Flow-induced dilation in mesenteric arteries isolated from WT or EC-P2Y2-KO 

mice. B, Acetylcholine induced vasorelaxation. C, ATP induced vasorelaxation.  

n=8-10. from wild-type and EC-P2Y2-KO mice. Shown are means -/+ s.e.m.; *, 

P≤0.05; **, P≤0.01; ***, P≤0.001 
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To investigate whether the endothelium-specific P2Y2 knock-out mice 

recapitulate the hypertension phenotype of the EC-Gq/11-KO mice, I measured 

the blood pressure of EC-P2Y2-KO mice via telemetry system. 

 

EC-P2Y2-KO mice similar basal blood pressure compared to wild-type mice 

before the tamoxifen induction (Fig. 6-15A). However, after the application of 

tamoxifen, the EC-P2Y2-KO mice showed a 20 mmHg increase in the arterial 

blood pressure (Fig. 6-15A), while the wild-type control mice had change of 

arterial blood pressure after induction (Fig. 6-15A).  

 

Similar to EC-Gq/11-KO mice, after the tamoxifen induction the mesenteric 

artery from the EC-P2Y2-KO mice showed decrease phosphorylation of eNOS 

on serine 1176, indicated by immunoblotting (Fig. 6-15B). 

 

In addition to the hypertension phenotype, 10 weeks after the tamoxifen 

induction, the EC-P2Y2-KO mice developed heart hypertrophy as indicated by 

significant increased heart to body weight ratio (Fig. 6-15C). It is likely that the 

hypertrophy phenotype is the long term consequence of the elevated blood 

pressure.  

 

Thus, tamoxifen induction of endothelium-specific P2Y2 deficiency in vivo 

recapitulated the phenotype of induced endothelial Gq/G11-deficiency 

resulted in defect in eNOS activation, loss of flow-induced vasodilatation and 

elevated blood pressure. Those data strongly indicate P2Y2 is the upstream 

receptor of Gq/G11 in the flow dependent regulation of NO-formation, vascular 

tone and blood pressure. 
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Figure 6-15: P2Y2 deficient mice developed hypertension 

A, Blood pressure in wild-type and EC-P2Y2-KO mice before, during and after 

induction. Average blood pressure 5 days before induction was set to 100%. Bar 

diagram shows mean arterial blood pressure 4 days before tamoxifen treatment 

and in the 2nd week after induction (n=8-12). B, Phosphorylation of eNOS at 

S1176 in lysates of mesenteric arteries prepared 3 days after induction from wild-

type and EC-P2Y2-KO mice. Bar diagram shows a densitometric evaluation (n=4). 

C, Representative images of whole heart prepared 5 weeks after induction from 

wild-type and EC-P2Y2-KO mice. Bar diagram shows heart weight to body weight 

ratio (n=6-10). Shown are means -/+ s.e.m.; **, P≤0.01; ***, P≤0.001
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7. DISCUSSION 

One of the fundamental functions of blood vessels is their ability to sense the 

mechanical forces of the blood stream on their inner surface, which is covered 

with endothelial cells. The fluid shear stress exerted by the blood flow on the 

surface of endothelial cells activates eNOS to produce NO, which is a central 

determinant of vascular tone (Corson et al., 1996; Fisslthaler et al., 2000; Nauli 

et al., 2008). Defects in flow-induced NO formation go along with endothelial 

dysfunction, initiation and progression of atherosclerosis as well as with arterial 

hypertension (Chiu et al., 2009; Davies et al., 2013). Despite the key role fluid 

shear stress plays in the physiology and pathophysiology of the vascular 

system, it is still unclear how endothelial cells sense fluid shear stress.  

 

Several intermediary signaling components linking fluid shear stress to eNOS 

activation have been described in the last two decades, but their upstream 

regulation has remained elusive. Although the molecular identity of the primary 

mechanosensor has yet to be fully defined, a protein complex composed of 

VEGFR-2, PECAM-1 and VE-cadherin was shown to be critical for fluid shear 

stress responses in endothelial cells (Tzima et al., 2005). PECAM-1 formed a 

complex with vascular endothelial cadherin (VE-cadherin), which, following the 

shear stress-induced tyrosine phosphorylation of PECAM-1, recruits VEGFR-2. 

VEGFR-2 in turn becomes tyrosine phosphorylated and activates downstream 

signaling events including the activation of Akt kinase (Conway and Schwartz, 

2012; Tzima et al., 2005). Furthermore, this complex is also required for Src 

phosphorylation and endothelial cells alignment. Biophysical evidence indicate 

that VEGFR-2, PECAM-1 and VE-cadherin are not a primary mechanosensors, 

but that are controlled by upstream mechanisms which have remained elusive 

(Conway et al., 2013; Hur et al., 2012). Other mechanotransducers suggested 

so far include mechanosensitive ion channels (Barakat et al., 2006), the 

endothelial glycocalyx layer (Tarbell et al., 2014b; Weinbaum et al., 2007) and 

the primary cilium (Egorova et al., 2012).  
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Figure 7: Schematic summary of P2Y2 and Gq/G11 controlling blood pressure via 

endothelial mechanotransduction. 

 

In this manuscript, I report on the identification of the G-protein Gq/G11 and its 

coupled purinergic P2Y2 receptor as upstream regulators of mechanosensitive 

signaling pathways in endothelial cells (Fig. 7). P2Y2 is activated by ATP shown 

to be released from endothelial cells under the influence of fluid shear stress. 

By studying human and bovine endothelial cells in flow chambers, I 

demonstrate that P2Y2 and Gq/G11 mediate fluid shear stress-induced 

phosphorylation of PECAM-1, VEGFR-2, Src and Akt kinases as well as 

activation of eNOS and the subsequent NO formation (Fig. 7). In mice, I show 

that the induced and endothelium-selective deletion of the genes encoding 
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P2Y2 or Gq/G11 abrogates the ability of flow to activate eNOS and to produce 

NO, resulting in loss of flow-induced vasodilation and in the development of 

arterial hypertension. I believe that we have discovered the long-sought 

upstream mechanism linking fluid shear stress to downstream signaling 

resulting in eNOS activation, vascular tone regulation and blood pressure 

control. 

 

Previous studies have shown that shear stress-induced, ligand-independent 

VEGFR-2 activation is the key step for endothelial mechanotransduction, as it 

triggers the activation of many downstream proteins, such as PI3K, Akt, eNOS 

and MAP kinases (Jin et al., 2003). Indeed, I observed tyrosine phosphorylation 

of VEGFR-2 after 5min flow and, more importantly, the VEGFR-2 inhibitor 

Ki8751 almost blocked flow-induced eNOS and Akt phosphorylation. My data 

show that P2Y2 and Gq/G11 are the upstream regulators for shear stress-

induced tyrosine phosphorylation of VEGFR-2. Data from another group 

suggest that activation of P2Y2 by UTP induces a rapid tyrosine phosphorylation 

of VEGFR-2, which results in the activation of Rho family GTPases like Vav2, 

RhoA and Rac1 (Seye et al., 2004). Moreover, deletion or mutation of two Src 

homology-3-binding sites in the C-terminal tail of P2Y2 or inhibition of Src kinase 

activity abolished the P2Y2-mediated transactivation of VEGFR-2 (Weisman et 

al., 2005). Thus, it is likely that the crosstalk between the P2Y2 and VEGFR-2 

signaling pathways is mediated by Src kinase. Two recent studies by Hla and 

Betscholz suggest that VEGFR-2 signaling is controlled by another GPCR, the 

SIP1 receptor, and possibly mediated by VE-cadherin (Gaengel et al., 2012; 

Jung et al., 2012). Alternatively, GPCRs or G-proteins may directly interact with 

VEGFR-2. Indeed, Zeng and colleagues have proposed that Gq/G11 proteins are 

required for VEGFR-2-mediated RhoA activation as well as HUVEC migration 

and proliferation. More importantly, they demonstrate that Gq/G11 proteins 

directly interact with VEGFR-2 in vivo and that VEGF-induced VEGFR-2 

tyrosine phosphorylation requires Gq/G11 (Zeng et al., 2002; Zeng et al., 2003).  

 

Secondly, I also found shear stress-induced PECAM-1 phosphorylation to be 

regulated by P2Y2 and Gq/G11. PECAM-1 is by far the most likely candidate as a 
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primary flow sensor, as it is essential for many shear stress signaling events, 

such as Akt, eNOS, Erk , SHP-2 phosphorylation, VEGFR-2 transactivation and 

NO production (Bagi et al., 2005; Conway et al., 2013; Fleming et al., 2005; 

Tzima et al., 2005). Also, multiple vascular phenotypes were found in PECAM-1 

knockout mice; for instance, vessels from PECAM-1-deficient mice have 

impaired dilation in response to flow (Bagi et al., 2005). Yeh and coworkers 

found Gq/G11 formed a complex with PECAM-1 in HEK293 cells. Therefore the 

authors proposed that endogenous Gq/G11-coupled GPCRs expressed by 

HEK293 cells bridge the interaction between PECAM-1 and Gq/G11 (Yeh et al., 

2008). In addition, Otte et al. observed a co-localization of Gq/G11 and PECAM-

1 at the cell–cell junction in the atheroprotected section of mouse aortae. In 

contrast, Gq/G11 was absent from junctions in atheroprone areas as well as in all 

arterial sections from PECAM-1 knockout mice (Otte et al., 2009). Furthermore, 

in primary human endothelial cells, temporal gradients in shear stress led to a 

rapid dissociation of the Gq/G11–PECAM-1 complex within 30 seconds, whereas 

fluid flow devoid of temporal gradients did not disrupt the complex, suggesting 

that Gq/G11 PECAM-1 might form a mechanosensitive complex (Otte et al., 

2009). To date there is no direct evidence showing the crosstalk between 

PECAM-1 and P2Y2; however, both stretch- and flow-induced PECAM-1 

phosphorylation require ATP, which is a full P2Y2 agonist (Chiu et al., 2008). 

 

During the onset of flow, Src phosphorylation was observed in many studies 

(Chen et al., 1999; Tzima et al., 2005). In my study, I observed maximum Src 

phosphorylation within 15 seconds after application of flow. In agreement with 

previous findings, I found that blockage of the activity of Src kinase with PP2 

abolished flow-induced eNOS and Akt activation, suggesting Src is upstream of 

them. In addition, studies from Tizma, Cheng and Fleming, respectively, 

suggest that Src kinase is even upstream of VEGFR-2 and PECAM-1, since 

their activation by flow is later than that of Src and, in addition, prevented by 

PP2 (Chen et al., 1999; Fleming et al., 2005; Tzima et al., 2005). Even though 

there is now a general consensus that Src kinase activation is the earliest and 

perhaps most important event in responses to shear stress, it is not clear, how 

Src kinase is activated. My studies indicate that P2Y2 and Gq/G11 are required 
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for flow-induced Src activation, as demonstrated by the fact that both in 

HUVECs and BAECs flow-induced Src phosphorylation is prevented by 

knockdown of either P2Y2 or Gq/G11. Recent studies have identified two 

proline-rich SH3 binding sites in the carboxyl-terminal tail of the human P2Y2 

receptor that directly associate with the tyrosine kinase Src in protein-binding 

assays (Liu et al., 2004). Furthermore, Src co-precipitated with the 

P2Y2 receptor in 1321N1 astrocytoma cells stimulated with the P2Y2 receptor 

agonist UTP (Liu et al., 2004). Of note, whether the crosstalk between P2Y2 and 

Src kinase is G-protein-independent or -dependent remains to be investigated. 

Also, several studies indicate that Src kinase can be regulated by Gq/G11 via 

direct or indirect mechanisms (Luttrell and Luttrell, 2004). For example, in 

neuronal and hematopoietic cells, Pyk2, a FAK family nonreceptor tyrosine 

kinase, is activated in response to the rise in intracellular calcium and to PKC 

activity upon Gq/G11 activation. Activated Pyk2 then binds and activates Src 

(Giannotta et al., 2012; Luttrell and Luttrell, 2004; Xiang et al., 2012). Although 

Pyk2 has been shown to be activated by shear stress in BAECs (Tai et al., 

2002), it is not clear whether Pyk2 provides a link between Gq/G11 and Src 

activation during shear stress.   

 

Another key finding of my studies is that P2Y2 and Gq/G11 are essential for 

eNOS activation and the subsequent NO formation. In cultured cells, I found 

knockdown of P2Y2 and Gq/G11 prevented flow induced eNOS phosphorylation. 

In addition, I also found that P2Y2 and Gq/G11 are required for ATP but not for 

insulin-induced eNOS activation. Since there is no supporting evidence for a 

direct interaction of P2Y2 or Gq/G11 with eNOS, it is likely that P2Y2 and Gq/G11 

control eNOS signaling through its upstream regulator. Consistent with this 

hypothesis, I found P2Y2- or Gq/G11-deficient cells to lack flow-induced 

activation of Akt, a well-known kinase responsible for shear-induced eNOS 

activation in endothelial cells. Of note, blockage of Gi by PTX and knockdown of 

G12/G13 did not affect flow-induced Akt phosphorylation (unpublished data), 

indicating that the involvement of the G-proteins Gi and/or G12/G13 in shear 

stress signaling is rather unlikely. In addition, acute flow induces a transient 

increase in [Ca2+]i, which then leads to Ca2+/calmodulin-dependent eNOS 
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activation (Fleming and Busse, 1999).In cells lacking P2Y2 and Gq/G11, the flow-

induced Ca2+ response is diminished, thus further explaining the loss of eNOS 

activation in P2Y2- and Gq/G11-deficient cells.  

Moreover, the reduced flow-induced eNOS phosphorylation seemed 

accompanied by a loss of flow-induced production of nitrate, a major metabolite 

for NO. Given the importance of NO in the vasculature, I further studied the 

vascular tone of vessels from P2Y2 or Gq/G11 KO mice. I observed the arteries 

from P2Y2 or Gq/G11 KO mice have normal structure and basal diameter and 

they fully responded to phenylephrine, KCl induced contraction like the WT 

vessel. They also preserved a normal myogenic response as well as a complete 

relaxation to SNP, indicating that contractile and vasodilatory functions per se 

were not affected. Interestingly, a stepwise increase of flow in WT mesenteric 

artery induced a significant relaxation of said artery; however, the artery from 

the P2Y2 or Gq/G11 KO mice did not respond to flow anymore. Consistent with 

the fact that P2Y2- or Gq/G11-deficient BAECs are not able to generate NO 

during flow stimuli, it is likely that the endothelial cells in the arteries from KO 

mice have the similar defect. Even though there is no appropriate technique for 

measuring NO release from blood vessels, I took an indirect approach by 

measuring eNOS phosphorylation to verify my hypothesis. Indeed, the small 

mesenteric arteries freshly isolated from P2Y2 or Gq/G11 KO mice showed 

significantly reduced eNOS phosphorylation compared to the WT controls. 

Thus, the P2Y2- and Gq/G11-mediated signaling pathway in endothelial cells is 

constantly activated to sustain endothelial NO formation and to mediate fluid 

shear stress-induced vasodilation. However, I cannot exclude the possibility that 

P2Y2 and/or Gq/G11 regulate endothelial NO formation and flow-induced 

vasodilation via other pathways such as PKA or PKC.  

 

It is well known that increased shear stress on endothelial cells induces the 

release of the P2Y2 agonist ATP and that ATP can activate P2Y2 in isolated 

endothelial cells (Bodin et al., 1991; Burnstock and Ralevic, 2014; John and 

Barakat, 2001; Yamamoto et al., 2011). Thus, flow-induced endothelial release 

of ATP through so far poorly understood mechanisms is the most likely flow-

dependent activation mechanism of P2Y2. Vascular endothelial cells have been 
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proposed to release ATP via vesicular exocytosis (Bodin and Burnstock, 2001), 

ABC-transporters (Schwiebert, 1999), connexin hemichannels (Stout et al., 

2002), pannexin channels (Godecke et al., 2012), and by direct synthesis at the 

extracellular plasma membrane from a cell surface F1/F0-ATP synthase 

(Yamamoto et al., 2007). Extensive work has demonstrated that shear stress 

can induce ATP release from several types of cells including endothelial cells 

(Lohman et al., 2012a). Our current study adds to that by showing significant 

accumulation of ATP in BAECs medium after flow application and degrading 

ATP by apyrase inhibited shear stress responses. However, it remains unclear, 

by which mechanism shear stress triggers endothelial ATP release. Recently, 

Yamamoto et al. developed a novel chemiluminescence imaging method to 

visualize the ATP release dynamics by using cell-surface-attached firefly 

luciferase (Yamamoto et al., 2011). They observed that shear stress stimulated 

a localized ATP release and Ca2+ wave mainly at caveolin-1-rich regions of the 

cell membrane and that this could be blocked by caveolin-1 knockdown. The 

authors proposed that localized ATP release at caveolae triggers shear stress-

dependent Ca2+ signaling in endothelial cells, but  were unable to clarify why the 

localized ATP release occurs preferentially at caveolin-1-rich regions 

(Yamamoto et al., 2011). In another study from the same group, they found that 

cell surface ATP synthase is distributed in lipid rafts and that it co-localizes and 

physically associate with caveolin-1. The cell surface ATP synthase is activated 

by shear stress and pretreatment with its inhibitor or antibody blocks shear 

stress-induced ATP release. Moreover, disrupting the association between ATP 

synthase and caveolin-1 resulted in a marked reduction in shear stress-induced 

ATP release (Yamamoto et al., 2007). Thus, it is likely that the caveolae 

localized ATP synthase activation is the primary mechanism for shear stress-

induced ATP release. Yet, a considerable amount of ATP was also released 

outside of the caveolae region (Yamamoto et al., 2011), indicating that other 

ATP releasing pathways cannot be excluded. A very interesting alternative 

candidate would be the Panx1 channels.  

 

It has recently been demonstrated that PAR-1 receptor stimulation via thrombin 

induces ATP release from HUVECs, which is mediated by Panx1 channels 
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(Godecke et al., 2012). Given the fact that Panx1 and multiple isoforms of 

purinergic receptors are highly expressed in endothelial cells (Lohman et al., 

2012b; Lohman and Isakson, 2014), it is very likely that Panx1 could participate 

in the endothelial-specific vascular response to flow. In addition, our 

unpublished data suggested the known pannexin channels inhibitor 

carbenoxolone to reduce flow-induced Ca2+ response in HUVEC. Therefore, 

one scenario meriting further investigation would be that endothelial shear 

stress mechanotransducing signaling processes are initiated by ATP. 

 

Purinergic receptors are classified into P1 and P2 receptors families. P1 

receptors are G-protein-coupled receptors and further subclassified as A1, A2A, 

A2B, or A3 receptors. They signal through either Gs or Gi and selectively bind the 

nucleoside adenosine to modulate cellular levels of cAMP (Burnstock and 

Ralevic, 2014). The P2 receptors are subclassified as either ionotropic P2X 

receptors, of which seven isoforms have been characterized to date (P2X1–7), 

or metabotropic P2Y receptors, which contain eight isoforms (P2Y1, 2, 4, 6, 11 

– 14) (Burnstock and Ralevic, 2014). The P2X receptors are ligand-gated ion 

channels activated by ATP and control the influx of extracellular cations, 

including Na+ and Ca2+, leading to cellular depolarization. The P2Y family 

receptors are G-protein-coupled receptors that differentially bind to ATP, ADP, 

UTP and UDP, and their activation changes with the concentration of 

intracellular cAMP or Ca2+. While numerous purinergic receptor isoforms have 

been identified in vascular cells, it has been shown that binding of ATP to P2X1 

receptors localized on VSMCs causes an influx of Ca2+  resulting in the 

constriction of the blood vessel (Lamont et al., 2006). The dominant purine 

receptors on both animal and human endothelial cells are P2Y1, P2Y2, and 

P2X4 nucleotide receptors and A2A and A2B adenosine receptors (Burnstock, 

2009; Gourine et al., 2009), but there are vessel- and species-specific 

differences in receptor subtype expression (Burnstock and Ralevic, 2014). 

Vascular endothelial cells also weakly express other types of metabotropic P2Y 

receptors, P2Y4, P2Y6 and P2Y11, although their functions are not clear.  
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ATP in the blood vessel lumen has been shown to activate P2Y1 and P2Y2 

receptors. This triggers the production of inositol triphosphate (IP3) and the 

release of Ca2+, which then results in the activation of eNOS and subsequent 

production of NO and, ultimately, induces vascular smooth muscle relaxation 

(Filippi et al., 1999; Shalev et al., 1999). By contrast, studies by Yamamoto et 

al. suggest that P2X4 mediates an ATP-induced Ca2+-influx in endothelial cells 

as well as a NO-dependent control of the vascular tone (Yamamoto et al., 

2000b; Yamamoto et al., 2006). However, a more recent study indicates that 

ATP-induced Ca2+ mobilization and NO production in vitro involve P2Y2 rather 

than P2X receptors (Raqeeb et al., 2011). My studies showed that both P2X4 

and P2Y2 were abundantly expressed in primary mouse endothelial cells as well 

as in HUVECs. However, P2X4 was not required for ATP-induced Akt and 

eNOS phosphorylation, while knockdown of P2Y2 abrogated ATP-induced Akt 

and eNOS phosphorylation. Furthermore, knockdown of P2X4 did not affect 

flow-induced Akt or eNOS phosphorylation, while blockade of P2Y2 with the 

specific antagonist AR-C118925 or knockdown of P2Y2 expression inhibited 

flow-induced Akt and eNOS phosphorylation. These data indicate that both 

P2X4 and P2Y2 are involved in acute fluid shear stress-induced Ca2+ release, 

but only P2Y2 seems responsible for sustaining shear stress signaling through 

Akt and eNOS activation. Furthermore, the globally P2X4-deficient mice are 

hypertensive and flow-induced dilation impaired and less NO was found in the 

urine from those mice (Yamamoto et al., 2006). However, it remains unclear 

whether the elevated blood pressure and defective adaptive vascular 

remodeling seen in a global, non-conditional knock-out of the P2X4 gene in 

mice can be attributed to the loss of P2X4 in endothelial cells or other cells.  

 

Previous work has attempted to define the molecular details of the shear stress 

sensor in endothelial cells, especially the molecular identity of the primary 

sensor. Performing in vitro and in vivo experiments, firstly I identified Gq/G11 to 

be essential for endothelial fluid shear stress mechanotransduction, as it links 

fluid shear stress to downstream signaling processes to maintain eNOS 

activation, vascular tone and blood pressure. To identify potential G-protein-

coupled receptors operating upstream of Gq/G11, I performed an siRNA-
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mediated GPCR screen and determined the P2Y2 receptor to be the most 

promising hit. However, due to the scale of our screen, I cannot exclude the 

possibility that other GPCRs upstream of Gq/G11 are involved in shear stress 

response. It is also possible that Gq/G11 directly senses the flow without other 

GPCRs involved. Alternatively, since P2Y2 and Gq/G11 are both likely to be 

expressed in the apical side of endothelial cells, where the shear force is 

initiated, P2Y2 or Gq/G11 might have a force-sensing structure which can convert 

biomechanical forces into biochemical signal without any ligand. It is therefore 

of interest and merits further investigation to understand whether and how fluid 

shear stress affects the conformational dynamics of P2Y2 and/or Gq/G11.  

 

The ability of the endothelium to sense fluid shear stress and to transmit this 

information into an intracellular signal is a fundamental function of the 

endothelial cell layer of blood vessels. Shear stress sensing and transduction 

controls vascular tone and morphogenesis and affects the susceptibility to 

diseases, such as atherosclerosis and hypertension. I have identified a critical 

mechanosensing pathway consisting of P2Y2 and Gq/G11, which is required for 

flow-dependent NO-formation and the regulation of vascular tone in vitro and in 

vivo. This pathway appears to be upstream of all the mechanotransducing 

pathways described so far, and it may be interesting to investigate its function in 

other responses of endothelial cells to fluid shear stress as well as in vascular 

diseases such as hypertension. Given the fact that the human P2Y2 gene is 

shown to associate with essential hypertension (Wang et al., 2010b), a more 

targeted strategy for the treatment of hypertension could involve the 

development of compounds that selectively interfere with P2Y2 and Gq/G11. 
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8. MATEIRAL AND METHOD 

8.1 Reagents  

 

Acetylcholine Sigma, Deisenhofen 

Apyrase NEB biolabs 

ATP Sigma, Deisenhofen 

ATPγS Sigma, Deisenhofen 

AR-C118925  Christa Müller (Bonn) 

BSA, bovine serum albumin Sigma, Deisenhofen 

Carbachol Sigma, Deisenhofen 

Collagenase Type II (Worthington) CELLSYSTEM 

Dispase BD Biosciences, Heidelberg 

Dynabeads Invitrogen, Karlsruhe 

EDTA, disodium 
ethylenediaminetetraacetate Merck, Darmstadt 

EGTA, ethylenedioxy‐bis‐
(ethylenenitrilo) Merck, Darmstadt 

Elastase, Type III Sigma, Deisenhofen 

Ethanol absolute AppliChem, Darmstad 

Fibronectin, human BD Pharmingen, Heidelberg 

Fluo-4 Invitrogen, Karlsruhe 

Foetal bovine serum Invitrogen, Karlsruhe 

HBSS, Hank’s balanced salt solution Invitrogen, Karlsruhe 

Insuline Invitrogen, Karlsruhe 

Ionomycin Sigma, Deisenhofen 

Ki8751 Tocris 

LY294002 Sigma, Deisenhofen 

Magnesium chloride Merck, Darmstadt 

β‐2‐mercaptoethanol Merck, Darmstadt 

Methanol Merck, Darmstadt 

Milk, nonfat dry AppliChem, Darmstad 

Mineral oil Sigma, Deisenhofen 

O.C.T. freezing medium Leica Microsystems, Nussloch 

PBS Invitrogen, Karlsruhe 

Potassium chloride Sigma, Deisenhofen 

Proteinase K from Tritirachium album AppliChem, Darmstad 

Protein A/G PLUS-Agarose Santa Cruz 

SDS, sodium dodecyl sulfate Fluka, Deisenhofen 

Sodium chloride AppliChem, Darmstad 

Sodium nitroprusside (SNP) Alexis 

Tamoxifen Sigma, Deisenhofen 

TEMED AppliChem, Darmstad 
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Thrombin Sigma, Deisenhofen 

Tris, tris‐(hydroxymethyl)‐aminomethan Carl Roth, Karlsruhe 

Triton X‐100 Sigma, Deisenhofen 

Trypsin‐EDTA Invitrogen, Karlsruhe 

Tween‐20 AppliChem, Darmstad 

SmartLadder Eurogentec, Köln 

PageRuler Prestained Protein Ladder Thermo Scientific, USA 

PP2 Sigma, Deisenhofen 

Phenylephrine (PE) Sigma, Deisenhofen 

UTP Sigma, Deisenhofen 

U46619 Cayman Chemical 

 

8.2 Antibodies 

 

Primary antibodies 

Mouse Anti-Alpha tubulin Sigma T9020 

Rabbit anti-Akt Cell signalling #9272 

Rabbit Anti-CD31 (PECAM-1) Cell signalling #3528 

Rat Anti-CD31 (PECAM-1) BD Bioscience 550274 

Rat Anti-CD144 (VEcad) eBioscience 12-1441-80 

Rabbit Anti-c-Src Santa Cruz sc-18 

Mouse Anti-eNOS  BD Biosciences 610296 

Rabbit Anti-Flk-1 Santa Cruz sc-505 

Rabbit Anti-GAPDH Cell signalling #2118 

Rabbit Anti-Gαq/Gα11 Santa Cruz sc-392 

Anti-Factin/Phalloidin Invitrogen A12379 

Rabbit Anti-Phospho Src 416 Cell signalling #2113 

Rabbit Anti-phospho-eNOS S1177 Cell signalling #9571 

Rabbit Anti-phospho-Akt (S473) Cell signalling #4060 

Mouse Anti-phospho-tyrosine (4G10) Millipore #05-1050X 

Rabbit Anti-VEGFR-2 Cell signalling #2479 

Secondary antibodies 

Doncky anti- rat lgG Alexa Fluor-488 A-21208 

Doncky anti- rat lgG Alexa Fluor-594 A-21209 

anti- rabbit IgG Alexa Fluor-488 A-11034 

anti- rabbit IgG Alexa Fluor-594 A-11012 

Anti-mouse IgG Alexa Fluor-488 A-11029 
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8.3 Cell culture 

Human umbilical venous endothelial cells (HUVECs), Human umbilical arterial 

endothelial cells (HUAECs) and bovine aortic endothelial cells (BAECs) were 

obtained from Lonza. HUVECs and HUAECs were cultured on collagen-I 

coated dishes and supplied with endothelial growth medium EGM-2 (Lonza). 

BAECs were cultured on gelatin coated dishes and grown with EGM-2-MV 

medium (Lonza). Confluent cells at passages < P4 were used for all 

experiments.   

 

8.4 Mouse primary endothelial cell isolation and culture 

Mouse lung or skeletal muscle were minced into small pieces and washed in 

PBS then filtered with a 70 μm mesh cell sieve (BD Falcon). The tissues were 

digested with collagenase II, elastase, dispase and DNAse in 37°C with gentle 

shaking for 1 hour. ECs were isolated using CD31-labelled dynabeads and 

further purified by CD144-PE labelled FACS sorting. Cells were recovered and 

seeded on fibronectin coated dishes supplied with mouse endothelial grown 

medium from PromoCell. Purity of endothelial cells was determined by CD31 

staining and qPCR analysis of CD31 and VE-Cadherin expression. 

 

8.5 Flow experiments 

For live cell imaging and alignment studies, cells were placed in a microfluidic 

plate (Fluxion). The BioFlux Pressure Interface (BioFlux200, Fluxion) connects 

a highly precise and accurate electropneumatic pump to the well plates to 

initiate controlled laminar shear stress. For biochemical experiments, cells were 

seeded in a parallel-plate flow chamber µ-Slide I Luer0.4 from ibidi (Germany).  

Unidirectional laminar flow was generated by a computer-controlled setup 

containing an air-pressure pump and a two-way switching valve (Ibidi pump 

system). To prepare large amount protein for immunoprecipitation experiments, 

a cone-plate viscosimeter (BTF, Germany) was used. During the application of 

a fluid shear stress, paired static controls were cultured under the same 

environmental conditions as the stimulated samples.  

 

http://ibidi.com/xtproducts/en/ibidi-Labware/Flow-Chambers/m-Slide-I-Luer-Family
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8.6 Ca2+ measurements 

Changes in intracellular Ca2+ levels were determined by fluorescent Ca2+-

sensitive dye Fluo-4 AM (Molecular Probes, Invitrogen).  Confluent cells were 

incubated with 3 µM Fluo-4-AM (Molecular Probes) in HBSS-HEPEs buffer for 

20 min at 37°C. Cells were then washed 3 times with HBSS-HEPEs buffer. 

Living fluorescent images were acquired every 500 ms by Olympus IX81 

microscope. Excitation wavelength was set to 488 nm, and emission was 

recorded at 535 ± 15 nm. The fluorescence intensity per cell was calculated 

using Olympus Cell^M software. 

 

8.7 NOx measurements  

Nitrate and nitrite (NOx) levels in plasma were measured with a highly sensitive 

HPLC system (ENO-20 Eicom, Japan) as described previously (Jansson et al., 

2008). Blood was collected from retro-orbital sinus and immediately centrifuged 

at 6800 g for 5 minutes at 4° C.  Five days before the experiments commenced 

and then throughout the observation period, all animals were put on a standard 

chow specifically selected for its low NOx content (Lantmännen, Sweden). 

Flow-induced NOx release from endothelial cells was measured by using the 

Nitrate/Nitrite fluorometric assay kit from Cayman as per the manufacturer’s 

instructions. Briefly, the cell supernatant was diluted with assay buffer and 

incubated with cofactor and nitrate reductase at room temperature for 3 hours to 

convert nitrate to nitrite. The samples were run in triplicate and the total nitrite 

fluorescence was read using an automated fluorescent plate reader 

(Flexstation-3; Molecular Devices) (excitation = 360 nm; emission = 430 nm). 

 

8.8 Determination of ATP concentration 

Cells were kept under static conditions or were exposed to fluid shear stress, 

and the ATP concentration in the supernatant was determined at the indicated 

time points using a bioluminescence assay (Molecular Probes, A22066) 

according to the manufacturer’s instructions. Luminescence intensity was 

measured with a Flexstation-3 (Molecular Devices). ATP amounts were 

calculated using a calibration curve constructed using ATP standards. Parallel 



8. Method 

70 
 

determination of lactatdehydrogenase (LDH) activity (LDH Cytotoxicity Assay 

Kit, Cayman, 10008882) showed no LDH activity excluding that cell damage 

contributed to the increased ATP release under fluid shear stress.  

 

 8.9 Immunostaining 

Cells or freshly isolated mouse mesenteric arteries were fixed with 1% PFA for 

15 min and blocked with 5% fetal bovine serum (FBS)plus 0.3% Triton™ X-100 

in PBS for 1 hour. Samples were incubated with blocking buffer containing the 

following primary antibodies at 4°C overnight: anti-eNOS (1:200), anti-phospho-

eNOS (S1176, 1:100), anti-PECAM-1 (1:200), Alexa Fluor 594 conjugated anti-

phalloidin (1:500) antibodies. After washing with PBS for 5 times, samples were 

labelled with DAPI and specific florescent conjugated secondary antibodies 

(Alex fluor 488, Alex Fluor 594 and Alex Fluor Cy5). Images were acquired 

using a confocal laser scanning microscope (Leica SP5). 

 

8.10 Western blot and immunoprecipitation 

Cells were lysed in Triton X-100 buffer supplemented with protease and 

phosphatase inhibitors. Isolated mesenteric arteries were lysed by RIPA buffer. 

Soluble supernatants were incubated with appropriate antibodies and protein 

A/G PLUS-agarose (Santa Cruz) overnight at 4°C. The beads were washed 5 

times with lysis buffer. Immunoprecipitates or total cell lysates were subjected to 

SDS-PAGE and transferred to nitrocellulose membranes. Nitrocellulose 

membranes were probed with primary and horseradish peroxidase conjugated 

secondary antibodies (Cell Signaling) and then developed using the ECL 

detection system (Pierce).Protein band intensity was analyzed by imageJ 

software (NIH). If subsequent detection of another protein was necessary the 

membrane was washed with stripping buffer from Pierce and re-blotted as 

described above. 

 

8.11 Animal models 

All procedures of animal care and use in this study were approved by the local 

animal ethics committees (Regierungspräsidia Karlsruhe and Darmstadt, 
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Germany). Inducible endothelial-specific Gαq/Gα11-deficient mice (Tie2-

CreERT2; Gnaqfl/fl; Gna11-/-) was generated by intercrossing Tie2-CreERT2 with 

Gnaqfl/fl and Gna11-/- (7th generation backcross toC57BL/6) as described 

previously (Korhonen et al.2009). In order to induce Cre-mediated 

recombination, 6-10 weeks littermate were injected intraperitoneally with 1 

mg/day tamoxifen dissolved in 50 μl Miglyol oil on five consecutive days. Cre 

activity was verified by crossing Tie2-CreERT2 with  mT/mG reporter mouse line 

(Muzumdar et al., 2007) and Cre recombination was confirmed by western blot 

analysis Gq/G11 expression in primary isolated mouse lung endothelial cells. 

JM8A1.N3 mouse embryonic stem (ES) cells generated from the strain 

C57BL/6N carrying the shown targeted allele of the gene encoding P2Y2 

(P2ry2) were obtained from EUCOMM (ES cell clone number: HEPD0557 7 

B07). ES cells were used to generate chimeric mice, and germ-line 

transmission was verified after crossing high-percentage chimeras with a Flp 

deleter mouse line (Rodríguez et al., 2000). Mice carrying the indicated floxed 

allele were then used to generate inducible endothelium-specific P2Y2-deficient 

mice (Tie2-CreERT2;P2ry2flox/flox). Deletion of P2Y2 in endothelium was 

confirmed by qRT-PCR analysis of P2Y2 expression in freshly isolated 

endothelial cells.  

 

8.12 Pressure myography 

Animals were sacrificed by cervical dislocation, and the mesenteric arterial bed 

was removed and placed in ice-cold Krebs buffer (118.1 mM NaCl, 4.8 mM KCl, 

2.5 mM CaCl2, 1.2 mM MgSO4, 1.2 mM KH2PO4, 25 mM NaHCO3, 9.3 mM 

glucose, and 0.026 mM EDTA, pH 7.4 supplemented with 1% BSA). Arteries of 

the third or fourth branch were removed from the mesentery by gently peeling 

away the adventitia and were mounted in the proper proximal-distal orientation 

between two glass micropipettes seated in a chamber (Danish Myo Technology, 

Denmark). The inflow cannula was fixed, while the outflow cannula allowed for 

length adjustment along the longitudinal axis. The artery was secured on both 

ends by a 10.0 nylon suture and perfused with low flow (5 µl*min-1) to remove 

any blood from the vessel lumen. The external diameter of the artery was 

visualized and recorded with a CCD camera using MyoView software. 
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Temperature of the chamber was kept a constant 37 °C. The mounted artery 

was initially pressurized to 20 mmHg under no flow conditions and incubated for 

30-40 min. Pressure was then increased to 70 mmHg and incubated for 10 min 

to allow the vessel to reach a steady-state diameter. Vessels were contracted 

with 50-150 nM U46619 to 40-50% of the passive diameter. After reaching a 

stable baseline, flow was increased in a stepwise manner by changing the 

pressure of the inflow- and outflow side inversely, thereby creating a pressure 

difference across the arteriole without altering the intraluminal pressure. The 

viability of the vessel was verified at the end of the experiment by dilating the 

vessel with acetylcholine (10 µM) or sodium nitroprusside (10 µM). Arteries 

showing less than 60% relaxation were considered damaged and were omitted 

from further analysis. Vasodilatation to flow was calculated as a percentage of 

the U46619-induced contraction by the following equation: % relaxation = 100 x 

(DF –DU46619)/(DPD–DU46619) where D represents the external diameter of 

vessels; DF is the vessel diameter during flow; DU46619 is the diameter after 

U46619 contraction; DPD is the passive diameter without any treatment. 

 

8.13 Telemetric blood pressure measurements 

A radiotelemetry system (PA-C10; Data Sciences International) was used to 

monitor blood pressure in conscious, unrestrained mice as described previously 

(Wirth et al., 2008). Briefly, mice were anesthetized with ketamine (i.p. 100 

mg/kg) and xylazine (i.p. 10 mg/kg), and the neck was shaved and disinfecte. 

The left common carotid artery was isolated carefully from connecting tissue 

and the vagal nerve parallel to the artery. Position the first ligation suture (6/0 

FST) just proximal to the bifurcation of the interior and exterior carotid arteries 

and tie a secure knot around the artery to ligate the carotid artery. Another 

temporary occlusion ligation was made by placing a metal clip (Beimer 

Gefässclip) as close to the clavicle as possible thus isolating at least 6 mm of 

the artery. A tiny incision was made in the carotid artery next to anterior suture 

and the pressure-sensing catheters were inserted into carotid artery until its tip 

sensing region was place in the aorta arch. The loose ends of the occlusion 

suture around the artery were tied to seal the artery wall around the catheter 

stem, and the transducer unit was inserted into a subcutaneous pouch along 
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the right flank. The incision in the neck was closed with surgical thread (5/0, 

Marlin Violet, Catgut GmbH). After a recovery period of at least one week, 

pressure recordings were collected, stored and analyzed with Dataquest A.R.T. 

software version 4.0 (Data Sciences International). We collected data for basal 

blood pressure and heart rate measurements with a ten second scheduled 

sampling every five minutes and used a 24-hour mean value for analysis. 

 

8.14 GPCR expression and siRNA screening 

We designed a Human GPCR qRT-PCR library which contained 936 primers 

and probes for 418 non-olfactory GPCRs. The library was synthesized in ten 

96-well plates by Sigma for high-throughput analysis. Expression of GPCRs in 

HUVECs and HUAECs were determined by quantitative RT-PCR. Gpr133 intron 

spanning primers were used for genomic contamination control and GAPDH 

primers were used as loading control in all plates.    

 

Cells were transfected with siRNAs using Opti-MEM and Lipofectamine 

RNAiMAX (Invitrogen). Diluted siRNA and RNAiMAX were mixed gently and 

incubated for 30 mints at room temperature. The mixture was added to cells 

and medium was changed after 6 hrs. A repeated knockdown was performed 

next day and assays were started at 48 hours after second knockdown. SiRNAs 

against Gq, G11, P2Y2 and P2X4 were from Qiagen. siRNAs used for screen 

were pools of siRNAs of an siRNA library directed against 514 genes including 

407 non-olfactory human GPCRs and 86 olfactory human GPCRs (Qiagen) 

targeting the same RNA.  

 

8.15 Expression analysis  

RNA isolation was performed using Qiagen RNeasy min or micro kit. Reverse 

transcription was done by using the Transcriptor high fidelity cDNA synthesis kit 

from Roche. Primers (Table below) were designed with the online tool provided 

by Roche and quantification was performed using the LightCycler 480 Probe 

Master System (Roche).  Genomic DNA was used as a universal standard to 

calculate gene copy number per nanogram of RNA. Relative expression levels 

were obtained by normalisation with GAPDH or 18S values. 
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qPCR primer sequences 

 

Gene Forward 5' → 3' Reverse 5' → 3' 

Gnaq (human, bovine, mouse) tgggtcgggctactctgat taggggatcttgagcgtgtc 

Gna11 (human, bovine, mouse) gagcacgttcatcaagcaga gatgttctggtacaccagtttgg 

GAPDH (bovine) tcaccagggctgcttttaat gaaggtcaatgaaggggtca 

GAPDH (human) gcatcctgggctacactga ccagcgtcaaaggtggag 

P2Y2 (human) taacctgccacgacacctc ctgagctgtaggccacgaa 

P2Y2 (mouse) tggtactggccgtcttcg agtagagggtgcgcgtga 

P2Y2 (bovine) agaactccagggggacaga  cagccagatgtccttagtgtca  

P2X4 (human) agccccatcaaagaacagag tctctggggtgatgtggtg 

18S (mouse) gcaattattccccatga gggacttaatcaacgcaagc 

VE-Cadherin (mouse) ccatgatcgacgtgaagaaa gatgtgcagtgtgtcgtatgg 

β-actin (mouse) aaatcgtgcgtgacatcaaa tctccagggaggaagaggat 

 

8.16 Statistics  

Data are presented as means ± s.e.m.. Comparisons between two groups were 

performed with unpaired Student’s t test, and multiple group comparisons were 

performed by ANOVA followed by Bonferroni post hoc test. Comparisons 

between multiple groups at different time points were performed by repeated 

ANOVA followed by Bonferroni post hoc test. P≤0.05 was considered to be 

statistically significant. 

 

8.17 Buffer and stock solutions 

 

Phosphate- buffered saline (PBS) per liter 

NACl (137 mM) 8 g 

KCl (2.7 mM) 0.2 g 

Na2HPO4 (10mM) 1.44 g 
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KH2PO4 (2nM) 0 .24 g 

Dissolved in 800 ml of distilled H2O. Adjest the pH to 7.4 with HCl. Add H2O to 

1 liter and sterilization in autoclaving. 

 

Tris EDTA (TE) 10X 

Tris-Cl (pH 7.6) 100 mM 

EDTA (pH 8.0) 10 mM 

 

TAE Buffer (1X) 

Tris-acetate 40 mM 

EDTA 1 mM 

 

 

Tail digestion buffer: 

EDTA (pH 8.0) 0.1M 

SDS 0.5 % 

Tris pH (8.0) 50mM 

Proteinas K 0.5 mg/ml 

 

Polymerase chain reaction (PCR) 

PCR buffer 10X: 200mM Tris, 500mM KCl. Set pH 8.4 with HCl 

dNTPS :dATP+ dGTP+dCTP+dTTP (25 μmol) 

MgCl2: 50 mM 

Target DNA amplifications & mutation PCR -Invitrogen PCR kits (cat no. 11708-

013). 

PCR reactions (50μl): Buffer 10x: 5 μl, MgCl2: 1.5 μl, dNTPs: 0.5 μl, Taq 

polymerases: 1 μl, primer (Forward & reverse): 2 μl, DNA: 1-2 μl 

and makeup with PCR grade water. 

DNA purification - (Qiagen: 28106) 

 

DNA precipitation buffer: 

Ammonium acetate (7.5M) 100 μl 

Ethanol (99-100%) 600 μl 
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Cell culture Medium 

 

Medium for cell line: 

DMEM+NAA +4.5 mg/l D-glucose (450 ml) 1X (Gibco:10938-025 ) 

L-Glutamine(100X) (Gibco: 25030-081) 5 ml 

Pyruvate (100X) (Gibco: 11360088) 5 ml 

Penicillin-streptomycin(100X) (Gibco: 15140-122) 5 ml 

Fetal bovine serum (10%) (Gibco: 16000044) 50 ml 

PBS (CaCl2-, MgCl2 -) (Gibco: 14190-094) 

 

Medium for HUVECs and HUAECs 

EGM2 medium (Lonza: CC-3156) 

EGM2 supplements (Lonza: CC-4176) 

 

Medium for BAECs 

EGM2-MV medium (Lonza: CC-3156) 

EGM2 supplements (Lonza: CC-4147) 

 

Primary lung Endothelial cells medium (500 ml) 

DMEM/F12 (Gibco cat: 21041-025) 400ml 

FCS (20%) 100 ml 

Penicillin-streptomycin (100X) 5 ml 

ECGS-H (Promocell cat: C30120) 8μl/ml- 4ml 

 

Western blot Buffers 

RIPA lysis buffer (RIPA 4X) 

NaCl (5M) 12ml 

Tris pH 7.4 (2M) 10ml 

EDTA pH 8 (0.5 M) 4ml 

SDS (20%) 2 ml 

Na-DOC (10%) 20ml 

Triton X-100 4 ml 

Distilled water was added to final volume 100 ml. Solution was stored at 4°C. 
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Prepared 1X RIPA buffer for 50 ml. Added freshly Protease inhibitor cocktail 

AEBSF (100 mM) 50μl 

Leupeptin (10 mg/ml) 50μl 

Aprotinin (10 mg/ml) 50μl 

Pepstatin A (10 mg/ml) 50μl 

 

Triton X-100 lysis buffer 

(Need final concentration of 0.25% Triton X-100, 10mM EDTA, 10mM 

Tris.HCl[pH8.1], 10mM NaCl, 1X protease inhibitor) 

Triton X-100 (10%) 2.5 ml 

EDTA (0.5 M) 2.0 ml 

Tris HCl (p.H 8.1) 1M 1.0 ml 

NaCl (1M) 1.0 ml 

Distilled water was added to final volume 100 ml. Added freshly Protease 

inhibitor 

cocktail. 

 

SDS PAGE separating gel 7.5% (10 ml) 

H2O 4.85 ml 

Tris pH 8.8 (1.5M) 0.4% 

SDS 2.6 ml 

Acrylamind/bisacrylamid30% w/v 2.5 ml 

APS (10%) 50 μl 

TEMED 5 μl 

 

SDS PAGE stacking gel 4% (5 ml) 

H2O 3.05 ml 

Tris pH 6.8, 0.4% 1.5M 

SDS 1.3 ml 

30% w/v Acrylamind/bisacrylamid 65 ml 

10% APS 50 μl 

TEMED 5 μl 

 

Sample buffer for reducing conditions (6x) 
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SDS (12%) 3.6 g 

Tris-HCl, pH 6.8 300 mM 

Tris(1.5M) 6 ml 

DTT (600 mM) 2.77 g 

BPB (0.6%) 0.18 g 

Glycerol (60%) 18 ml 

Distilled water was added to 30 ml. Buffer was stored in 0.5 ml aliquots at -20°C. 

Add 50 μl β-mercaptoethanol in 1 ml of 4x buffer. 

 

Electrophoresis buffer (5x) Stock 

Tris base 154.5 g 

Glycine 721 g 

SDS 50 g 

Distilled water was added to 10 l. Buffer was stored at RT. 

 

Protein transfer buffer (1x) 

Tris base 25 mM 

Glycine 192 mM 

Methanol 20% 

 

PBS-Tween (PBST) 

1x PBS 

0.1% Tween®20 

Solution was kept at RT. 

 

Blocking solution 

Skim milk (5%) 5 g 

PBST 100 ml 

Solution was prepared freshly just before use. 

 

Stripping buffer 

Sodium Phosphate buffer (pH 7-7.4) 5 mM 

SDS 2% 

Freshly before use, 10 μl of β-Mercaptoethanol was added to 50 ml of the buffer. 
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For mild stripping, Restore Western Blot Stripping Buffer (46428) from Thermo 

was used 

 

Buffer III 

(Final concentration of 0.25M LiCl, 1% NP-40, 1% deoxycholate, 1mM EDTA, 

10mM Tris.HCl [pH8.1]) 

LiCl (4M) 6.25ml 

NP-40 (10 %) 10 ml 

Deoxycholate (10 %) 10 ml 

EDTA (0.5 M) 200 μl 

Tris.HCl[pH8.1] 1M 1.0 ml 

Distilled water was added to final volume 100 ml. 

 

TE buffer for washing beads 

(Need final concentration of 2mM EDTA, 10mM Tris.HCl [pH8.0]) 

EDTA (0.5 M) 400μl 

Tris.HCl[pH8.0] 1M 1 ml 

Distilled water was added to final volume 100 ml. 

 

TE buffer for dissolving DNA 

(Need final concentration of 1mM EDTA, 10mM Tris.HCl[pH8.0]) 

EDTA (0.5M) 200μl 

Tris.HCl [pH8.0] 1M 1 ml 

Distilled water was added to final volume 100 ml. 

 

Elution buffer 

(Final concentration of 1% SDS, 10mM EDTA, 50mM Tris.HCl[pH8.1]) 

To prepare 100ml, need 

SDS (10%) 10 ml 

EDTA0.5M 2.0 ml 

Tris.HCl[pH8.1] 1M 5ml 

Distilled water was added to final volume 100 ml 
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Immunofluorescence staining 

Fixation: 4% PFA 

Wash buffer I: 50mM Glycine in PBS (RT) 

Wash buffer II: PBST (1X) 

 

 

 

 

 

 

 



9. Reference 

81 
 

9. REFERENCE 

 

Abdul-Majeed, S., Moloney, B.C., and Nauli, S.M. (2012). Mechanisms 

regulating cilia growth and cilia function in endothelial cells. Cellular and 

molecular life sciences : CMLS 69, 165-173. 

Althoff, T.F., Albarran Juarez, J., Troidl, K., Tang, C., Wang, S., Wirth, A., 

Takefuji, M., Wettschureck, N., and Offermanns, S. (2012). Procontractile G 

protein-mediated signaling pathways antagonistically regulate smooth muscle 

differentiation in vascular remodeling. The Journal of experimental medicine 

209, 2277-2290. 

Amatruda, T.T., 3rd, Steele, D.A., Slepak, V.Z., and Simon, M.I. (1991). G alpha 

16, a G protein alpha subunit specifically expressed in hematopoietic cells. 

Proceedings of the National Academy of Sciences of the United States of 

America 88, 5587-5591. 

Ando, J., and Yamamoto, K. (2009). Vascular mechanobiology: endothelial cell 

responses to fluid shear stress. Circulation journal : official journal of the 

Japanese Circulation Society 73, 1983-1992. 

Bagi, Z., Frangos, J.A., Yeh, J.C., White, C.R., Kaley, G., and Koller, A. (2005). 

PECAM-1 mediates NO-dependent dilation of arterioles to high temporal 

gradients of shear stress. Arteriosclerosis, thrombosis, and vascular biology 25, 

1590-1595. 

Barakat, A.I., Lieu, D.K., and Gojova, A. (2006). Secrets of the code: do 

vascular endothelial cells use ion channels to decipher complex flow signals? 

Biomaterials 27, 671-678. 

Bevan, H.S., Slater, S.C., Clarke, H., Cahill, P.A., Mathieson, P.W., Welsh, G.I., 

and Satchell, S.C. (2011). Acute laminar shear stress reversibly increases 

human glomerular endothelial cell permeability via activation of endothelial nitric 

oxide synthase. American journal of physiology Renal physiology 301, F733-

742. 

Bhullar, I.S., Li, Y.S., Miao, H., Zandi, E., Kim, M., Shyy, J.Y., and Chien, S. 

(1998). Fluid shear stress activation of IkappaB kinase is integrin-dependent. 

The Journal of biological chemistry 273, 30544-30549. 

Bodin, P., Bailey, D., and Burnstock, G. (1991). Increased flow-induced ATP 

release from isolated vascular endothelial cells but not smooth muscle cells. Br 

J Pharmacol 103, 1203-1205. 



9. Reference 

82 
 

Bodin, P., and Burnstock, G. (2001). Evidence that release of adenosine 

triphosphate from endothelial cells during increased shear stress is vesicular. 

Journal of cardiovascular pharmacology 38, 900-908. 

Boo, Y.C. (2006). Shear stress stimulates phosphorylation of protein kinase A 

substrate proteins including endothelial nitric oxide synthase in endothelial cells. 

Experimental & molecular medicine 38, 63-71. 

Boo, Y.C., Hwang, J., Sykes, M., Michell, B.J., Kemp, B.E., Lum, H., and Jo, H. 

(2002). Shear stress stimulates phosphorylation of eNOS at Ser(635) by a 

protein kinase A-dependent mechanism. American journal of physiology Heart 

and circulatory physiology 283, H1819-1828. 

Burnstock, G. (2009). Purinergic regulation of vascular tone and remodelling. 

Autonomic & autacoid pharmacology 29, 63-72. 

Burnstock, G., and Ralevic, V. (2014). Purinergic signaling and blood vessels in 

health and disease. Pharmacological reviews 66, 102-192. 

Chachisvilis, M., Zhang, Y.L., and Frangos, J.A. (2006). G protein-coupled 

receptors sense fluid shear stress in endothelial cells. Proceedings of the 

National Academy of Sciences of the United States of America 103, 15463-

15468. 

Chen, B.P., Li, Y.S., Zhao, Y., Chen, K.D., Li, S., Lao, J., Yuan, S., Shyy, J.Y., 

and Chien, S. (2001a). DNA microarray analysis of gene expression in 

endothelial cells in response to 24-h shear stress. Physiological genomics 7, 

55-63. 

Chen, J., Fabry, B., Schiffrin, E.L., and Wang, N. (2001b). Twisting integrin 

receptors increases endothelin-1 gene expression in endothelial cells. American 

journal of physiology Cell physiology 280, C1475-1484. 

Chen, K.D., Li, Y.S., Kim, M., Li, S., Yuan, S., Chien, S., and Shyy, J.Y. (1999). 

Mechanotransduction in response to shear stress. Roles of receptor tyrosine 

kinases, integrins, and Shc. The Journal of biological chemistry 274, 18393-

18400. 

Chiu, J.J., and Chien, S. (2011). Effects of disturbed flow on vascular 

endothelium: pathophysiological basis and clinical perspectives. Physiological 

reviews 91, 327-387. 

Chiu, J.J., Usami, S., and Chien, S. (2009). Vascular endothelial responses to 

altered shear stress: pathologic implications for atherosclerosis. Annals of 

medicine 41, 19-28. 



9. Reference 

83 
 

Chiu, Y.J., McBeath, E., and Fujiwara, K. (2008). Mechanotransduction in an 

extracted cell model: Fyn drives stretch- and flow-elicited PECAM-1 

phosphorylation. The Journal of cell biology 182, 753-763. 

Conway, D., and Schwartz, M.A. (2012). Lessons from the endothelial junctional 

mechanosensory complex. F1000 Biol Rep 4, 1. 

Conway, D.E., Breckenridge, M.T., Hinde, E., Gratton, E., Chen, C.S., and 

Schwartz, M.A. (2013). Fluid shear stress on endothelial cells modulates 

mechanical tension across VE-cadherin and PECAM-1. Current biology : CB 

23, 1024-1030. 

Conway, D.E., Williams, M.R., Eskin, S.G., and McIntire, L.V. (2010). 

Endothelial cell responses to atheroprone flow are driven by two separate flow 

components: low time-average shear stress and fluid flow reversal. American 

journal of physiology Heart and circulatory physiology 298, H367-374. 

Corson, M.A., James, N.L., Latta, S.E., Nerem, R.M., Berk, B.C., and Harrison, 

D.G. (1996). Phosphorylation of endothelial nitric oxide synthase in response to 

fluid shear stress. Circulation research 79, 984-991. 

Coste, B., Mathur, J., Schmidt, M., Earley, T.J., Ranade, S., Petrus, M.J., 

Dubin, A.E., and Patapoutian, A. (2010). Piezo1 and Piezo2 are essential 

components of distinct mechanically activated cation channels. Science 330, 

55-60. 

Cunningham, K.S., and Gotlieb, A.I. (2005). The role of shear stress in the 

pathogenesis of atherosclerosis. Laboratory investigation; a journal of technical 

methods and pathology 85, 9-23. 

Dai, G., Kaazempur-Mofrad, M.R., Natarajan, S., Zhang, Y., Vaughn, S., 

Blackman, B.R., Kamm, R.D., Garcia-Cardena, G., and Gimbrone, M.A., Jr. 

(2004). Distinct endothelial phenotypes evoked by arterial waveforms derived 

from atherosclerosis-susceptible and -resistant regions of human vasculature. 

Proceedings of the National Academy of Sciences of the United States of 

America 101, 14871-14876. 

Dai, X., and Faber, J.E. (2010). Endothelial nitric oxide synthase deficiency 

causes collateral vessel rarefaction and impairs activation of a cell cycle gene 

network during arteriogenesis. Circulation research 106, 1870-1881. 

Davies, P.F. (1995). Flow-mediated endothelial mechanotransduction. Physiol 

Rev 75, 519-560. 

Davies, P.F., Civelek, M., Fang, Y., and Fleming, I. (2013). The 

atherosusceptible endothelium: endothelial phenotypes in complex 



9. Reference 

84 
 

haemodynamic shear stress regions in vivo. Cardiovascular research 99, 315-

327. 

Davies, P.F., Remuzzi, A., Gordon, E.J., Dewey, C.F., Jr., and Gimbrone, M.A., 

Jr. (1986). Turbulent fluid shear stress induces vascular endothelial cell 

turnover in vitro. Proceedings of the National Academy of Sciences of the 

United States of America 83, 2114-2117. 

dela Paz, N.G., Melchior, B., and Frangos, J.A. (2013). Early VEGFR2 

activation in response to flow is VEGF-dependent and mediated by MMP 

activity. Biochemical and biophysical research communications 434, 641-646. 

Delling, M., DeCaen, P.G., Doerner, J.F., Febvay, S., and Clapham, D.E. 

(2013). Primary cilia are specialized calcium signalling organelles. Nature 504, 

311-314. 

Dimmeler, S., Fleming, I., Fisslthaler, B., Hermann, C., Busse, R., and Zeiher, 

A.M. (1999). Activation of nitric oxide synthase in endothelial cells by Akt-

dependent phosphorylation. Nature 399, 601-605. 

Dixit, M., Loot, A.E., Mohamed, A., Fisslthaler, B., Boulanger, C.M., 

Ceacareanu, B., Hassid, A., Busse, R., and Fleming, I. (2005). Gab1, SHP2, 

and protein kinase A are crucial for the activation of the endothelial NO 

synthase by fluid shear stress. Circulation research 97, 1236-1244. 

Dorsam, R.T., and Gutkind, J.S. (2007). G-protein-coupled receptors and 

cancer. Nature reviews Cancer 7, 79-94. 

DuFort, C.C., Paszek, M.J., and Weaver, V.M. (2011). Balancing forces: 

architectural control of mechanotransduction. Nature reviews Molecular cell 

biology 12, 308-319. 

Dunn, J., Qiu, H., Kim, S., Jjingo, D., Hoffman, R., Kim, C.W., Jang, I., Son, 

D.J., Kim, D., Pan, C., et al. (2014). Flow-dependent epigenetic DNA 

methylation regulates endothelial gene expression and atherosclerosis. The 

Journal of clinical investigation 124, 3187-3199. 

Ebong, E.E., Lopez-Quintero, S.V., Rizzo, V., Spray, D.C., and Tarbell, J.M. 

(2014). Shear-induced endothelial NOS activation and remodeling via heparan 

sulfate, glypican-1, and syndecan-1. Integrative biology : quantitative 

biosciences from nano to macro 6, 338-347. 

Egorova, A.D., van der Heiden, K., Poelmann, R.E., and Hierck, B.P. (2012). 

Primary cilia as biomechanical sensors in regulating endothelial function. 

Differentiation; research in biological diversity 83, S56-61. 



9. Reference 

85 
 

Feletou, M., Kohler, R., and Vanhoutte, P.M. (2010). Endothelium-derived 

vasoactive factors and hypertension: possible roles in pathogenesis and as 

treatment targets. Curr Hypertens Rep 12, 267-275. 

Feng, X., Degese, M.S., Iglesias-Bartolome, R., Vaque, J.P., Molinolo, A.A., 

Rodrigues, M., Zaidi, M.R., Ksander, B.R., Merlino, G., Sodhi, A., et al. (2014). 

Hippo-independent activation of YAP by the GNAQ uveal melanoma oncogene 

through a trio-regulated rho GTPase signaling circuitry. Cancer cell 25, 831-

845. 

Field, M.G., and Harbour, J.W. (2014). GNAQ/11 mutations in uveal melanoma: 

is YAP the key to targeted therapy? Cancer cell 25, 714-715. 

Filippi, S., Amerini, S., Maggi, M., Natali, A., and Ledda, F. (1999). Studies on 

the mechanisms involved in the ATP-induced relaxation in human and rabbit 

corpus cavernosum. The Journal of urology 161, 326-331. 

Fisslthaler, B., Dimmeler, S., Hermann, C., Busse, R., and Fleming, I. (2000). 

Phosphorylation and activation of the endothelial nitric oxide synthase by fluid 

shear stress. Acta physiologica Scandinavica 168, 81-88. 

Flaherty, J.T., Pierce, J.E., Ferrans, V.J., Patel, D.J., Tucker, W.K., and Fry, 

D.L. (1972). Endothelial nuclear patterns in the canine arterial tree with 

particular reference to hemodynamic events. Circulation research 30, 23-33. 

Fledderus, J.O., van Thienen, J.V., Boon, R.A., Dekker, R.J., Rohlena, J., 

Volger, O.L., Bijnens, A.P., Daemen, M.J., Kuiper, J., van Berkel, T.J., et al. 

(2007). Prolonged shear stress and KLF2 suppress constitutive proinflammatory 

transcription through inhibition of ATF2. Blood 109, 4249-4257. 

Fleming, I. (2010). Molecular mechanisms underlying the activation of eNOS. 

Pflugers Arch 459, 793-806. 

Fleming, I., and Busse, R. (1999). Signal transduction of eNOS activation. 

Cardiovascular research 43, 532-541. 

Fleming, I., Fisslthaler, B., Dixit, M., and Busse, R. (2005). Role of PECAM-1 in 

the shear-stress-induced activation of Akt and the endothelial nitric oxide 

synthase (eNOS) in endothelial cells. Journal of cell science 118, 4103-4111. 

Florian, J.A., Kosky, J.R., Ainslie, K., Pang, Z., Dull, R.O., and Tarbell, J.M. 

(2003). Heparan sulfate proteoglycan is a mechanosensor on endothelial cells. 

Circulation research 93, e136-142. 

Freissmuth, M., Selzer, E., Marullo, S., Schutz, W., and Strosberg, A.D. (1991). 

Expression of two human beta-adrenergic receptors in Escherichia coli: 

functional interaction with two forms of the stimulatory G protein. Proceedings of 



9. Reference 

86 
 

the National Academy of Sciences of the United States of America 88, 8548-

8552. 

Freund, J.B., Goetz, J.G., Hill, K.L., and Vermot, J. (2012). Fluid flows and 

forces in development: functions, features and biophysical principles. 

Development 139, 1229-1245. 

Fulton, D., Gratton, J.P., McCabe, T.J., Fontana, J., Fujio, Y., Walsh, K., 

Franke, T.F., Papapetropoulos, A., and Sessa, W.C. (1999). Regulation of 

endothelium-derived nitric oxide production by the protein kinase Akt. Nature 

399, 597-601. 

Gaengel, K., Niaudet, C., Hagikura, K., Lavina, B., Muhl, L., Hofmann, J.J., 

Ebarasi, L., Nystrom, S., Rymo, S., Chen, L.L., et al. (2012). The sphingosine-1-

phosphate receptor S1PR1 restricts sprouting angiogenesis by regulating the 

interplay between VE-cadherin and VEGFR2. Developmental cell 23, 587-599. 

Gautam, M., Shen, Y., Thirkill, T.L., Douglas, G.C., and Barakat, A.I. (2006). 

Flow-activated chloride channels in vascular endothelium. Shear stress 

sensitivity, desensitization dynamics, and physiological implications. The 

Journal of biological chemistry 281, 36492-36500. 

Giannotta, M., Ruggiero, C., Grossi, M., Cancino, J., Capitani, M., Pulvirenti, T., 

Consoli, G.M., Geraci, C., Fanelli, F., Luini, A., et al. (2012). The KDEL receptor 

couples to Galphaq/11 to activate Src kinases and regulate transport through 

the Golgi. The EMBO journal 31, 2869-2881. 

Godecke, S., Roderigo, C., Rose, C.R., Rauch, B.H., Godecke, A., and 

Schrader, J. (2012). Thrombin-induced ATP release from human umbilical vein 

endothelial cells. American journal of physiology Cell physiology 302, C915-

923. 

Goel, R., Schrank, B.R., Arora, S., Boylan, B., Fleming, B., Miura, H., Newman, 

P.J., Molthen, R.C., and Newman, D.K. (2008). Site-specific effects of PECAM-

1 on atherosclerosis in LDL receptor-deficient mice. Arteriosclerosis, 

thrombosis, and vascular biology 28, 1996-2002. 

Goldfinger, L.E., Tzima, E., Stockton, R., Kiosses, W.B., Kinbara, K., 

Tkachenko, E., Gutierrez, E., Groisman, A., Nguyen, P., Chien, S., et al. (2008). 

Localized alpha4 integrin phosphorylation directs shear stress-induced 

endothelial cell alignment. Circulation research 103, 177-185. 

Gori, T., Muxel, S., Damaske, A., Radmacher, M.C., Fasola, F., Schaefer, S., 

Schulz, A., Jabs, A., Parker, J.D., and Munzel, T. (2012). Endothelial function 

assessment: flow-mediated dilation and constriction provide different and 

complementary information on the presence of coronary artery disease. 

European heart journal 33, 363-371. 



9. Reference 

87 
 

Gourine, A.V., Wood, J.D., and Burnstock, G. (2009). Purinergic signalling in 

autonomic control. Trends in neurosciences 32, 241-248. 

Gu, J.L., Muller, S., Mancino, V., Offermanns, S., and Simon, M.I. (2002). 

Interaction of G alpha(12) with G alpha(13) and G alpha(q) signaling pathways. 

Proceedings of the National Academy of Sciences of the United States of 

America 99, 9352-9357. 

Gudi, S., Huvar, I., White, C.R., McKnight, N.L., Dusserre, N., Boss, G.R., and 

Frangos, J.A. (2003). Rapid activation of Ras by fluid flow is mediated by 

Galpha(q) and Gbetagamma subunits of heterotrimeric G proteins in human 

endothelial cells. Arteriosclerosis, thrombosis, and vascular biology 23, 994-

1000. 

Gudi, S., Nolan, J.P., and Frangos, J.A. (1998). Modulation of GTPase activity 

of G proteins by fluid shear stress and phospholipid composition. Proceedings 

of the National Academy of Sciences of the United States of America 95, 2515-

2519. 

Hahn, C., and Schwartz, M.A. (2009). Mechanotransduction in vascular 

physiology and atherogenesis. Nature reviews Molecular cell biology 10, 53-62. 

Hermann, C., Zeiher, A.M., and Dimmeler, S. (1997). Shear stress inhibits 

H2O2-induced apoptosis of human endothelial cells by modulation of the 

glutathione redox cycle and nitric oxide synthase. Arteriosclerosis, thrombosis, 

and vascular biology 17, 3588-3592. 

Hoger, J.H., Ilyin, V.I., Forsyth, S., and Hoger, A. (2002). Shear stress regulates 

the endothelial Kir2.1 ion channel. Proceedings of the National Academy of 

Sciences of the United States of America 99, 7780-7785. 

Huang, A., Sun, D., Carroll, M.A., Jiang, H., Smith, C.J., Connetta, J.A., Falck, 

J.R., Shesely, E.G., Koller, A., and Kaley, G. (2001). EDHF mediates flow-

induced dilation in skeletal muscle arterioles of female eNOS-KO mice. 

American journal of physiology Heart and circulatory physiology 280, H2462-

2469. 

Hur, S.S., del Alamo, J.C., Park, J.S., Li, Y.S., Nguyen, H.A., Teng, D., Wang, 

K.C., Flores, L., Alonso-Latorre, B., Lasheras, J.C., et al. (2012). Roles of cell 

confluency and fluid shear in 3-dimensional intracellular forces in endothelial 

cells. Proc Natl Acad Sci U S A 109, 11110-11115. 

Iomini, C., Tejada, K., Mo, W., Vaananen, H., and Piperno, G. (2004). Primary 

cilia of human endothelial cells disassemble under laminar shear stress. The 

Journal of cell biology 164, 811-817. 



9. Reference 

88 
 

Izzard, A.S., and Heagerty, A.M. (1999). Impaired flow-dependent dilatation in 

distal mesenteric arteries from the spontaneously hypertensive rat. The Journal 

of physiology 518 ( Pt 1), 239-245. 

Jaalouk, D.E., and Lammerding, J. (2009). Mechanotransduction gone awry. 

Nature reviews Molecular cell biology 10, 63-73. 

Jansson, E.A., Huang, L., Malkey, R., Govoni, M., Nihlen, C., Olsson, A., 

Stensdotter, M., Petersson, J., Holm, L., Weitzberg, E., et al. (2008). A 

mammalian functional nitrate reductase that regulates nitrite and nitric oxide 

homeostasis. Nat Chem Biol 4, 411-417. 

Jin, Z.G., Ueba, H., Tanimoto, T., Lungu, A.O., Frame, M.D., and Berk, B.C. 

(2003). Ligand-independent activation of vascular endothelial growth factor 

receptor 2 by fluid shear stress regulates activation of endothelial nitric oxide 

synthase. Circulation research 93, 354-363. 

Jo, H., Sipos, K., Go, Y.M., Law, R., Rong, J., and McDonald, J.M. (1997). 

Differential effect of shear stress on extracellular signal-regulated kinase and N-

terminal Jun kinase in endothelial cells. Gi2- and Gbeta/gamma-dependent 

signaling pathways. The Journal of biological chemistry 272, 1395-1401. 

John, K., and Barakat, A.I. (2001). Modulation of ATP/ADP concentration at the 

endothelial surface by shear stress: effect of flow-induced ATP release. Ann 

Biomed Eng 29, 740-751. 

Jung, B., Obinata, H., Galvani, S., Mendelson, K., Ding, B.S., Skoura, A., 

Kinzel, B., Brinkmann, V., Rafii, S., Evans, T., et al. (2012). Flow-regulated 

endothelial S1P receptor-1 signaling sustains vascular development. 

Developmental cell 23, 600-610. 

Katsumi, A., Orr, A.W., Tzima, E., and Schwartz, M.A. (2004). Integrins in 

mechanotransduction. The Journal of biological chemistry 279, 12001-12004. 

Kero, J., Ahmed, K., Wettschureck, N., Tunaru, S., Wintermantel, T., Greiner, 

E., Schutz, G., and Offermanns, S. (2007). Thyrocyte-specific Gq/G11 

deficiency impairs thyroid function and prevents goiter development. The 

Journal of clinical investigation 117, 2399-2407. 

Kohler, R., Heyken, W.T., Heinau, P., Schubert, R., Si, H., Kacik, M., Busch, C., 

Grgic, I., Maier, T., and Hoyer, J. (2006). Evidence for a functional role of 

endothelial transient receptor potential V4 in shear stress-induced 

vasodilatation. Arteriosclerosis, thrombosis, and vascular biology 26, 1495-

1502. 

Korhonen, H., Fisslthaler, B., Moers, A., Wirth, A., Habermehl, D., Wieland, T., 

Schutz, G., Wettschureck, N., Fleming, I., and Offermanns, S. (2009). 



9. Reference 

89 
 

Anaphylactic shock depends on endothelial Gq/G11. The Journal of 

experimental medicine 206, 411-420. 

Kuchan, M.J., Jo, H., and Frangos, J.A. (1994). Role of G proteins in shear 

stress-mediated nitric oxide production by endothelial cells. The American 

journal of physiology 267, C753-758. 

Kwan, H.Y., Huang, Y., and Yao, X. (2007). TRP channels in endothelial 

function and dysfunction. Biochimica et biophysica acta 1772, 907-914. 

Lamont, C., Vial, C., Evans, R.J., and Wier, W.G. (2006). P2X1 receptors 

mediate sympathetic postjunctional Ca2+ transients in mesenteric small 

arteries. American journal of physiology Heart and circulatory physiology 291, 

H3106-3113. 

Levesque, M.J., Nerem, R.M., and Sprague, E.A. (1990). Vascular endothelial 

cell proliferation in culture and the influence of flow. Biomaterials 11, 702-707. 

Li, J., Hou, B., Tumova, S., Muraki, K., Bruns, A., Ludlow, M.J., Sedo, A., 

Hyman, A.J., McKeown, L., Young, R.S., et al. (2014). Piezo1 integration of 

vascular architecture with physiological force. Nature. 

Li, Y.S., Haga, J.H., and Chien, S. (2005). Molecular basis of the effects of 

shear stress on vascular endothelial cells. Journal of biomechanics 38, 1949-

1971. 

Liu, J., Liao, Z., Camden, J., Griffin, K.D., Garrad, R.C., Santiago-Perez, L.I., 

Gonzalez, F.A., Seye, C.I., Weisman, G.A., and Erb, L. (2004). Src homology 3 

binding sites in the P2Y2 nucleotide receptor interact with Src and regulate 

activities of Src, proline-rich tyrosine kinase 2, and growth factor receptors. The 

Journal of biological chemistry 279, 8212-8218. 

Lohman, A.W., Billaud, M., and Isakson, B.E. (2012a). Mechanisms of ATP 

release and signalling in the blood vessel wall. Cardiovascular research 95, 

269-280. 

Lohman, A.W., Billaud, M., Straub, A.C., Johnstone, S.R., Best, A.K., Lee, M., 

Barr, K., Penuela, S., Laird, D.W., and Isakson, B.E. (2012b). Expression of 

pannexin isoforms in the systemic murine arterial network. Journal of vascular 

research 49, 405-416. 

Lohman, A.W., and Isakson, B.E. (2014). Differentiating connexin hemichannels 

and pannexin channels in cellular ATP release. FEBS letters 588, 1379-1388. 

Luttrell, D.K., and Luttrell, L.M. (2004). Not so strange bedfellows: G-protein-

coupled receptors and Src family kinases. Oncogene 23, 7969-7978. 



9. Reference 

90 
 

Malek, A.M., Alper, S.L., and Izumo, S. (1999). Hemodynamic shear stress and 

its role in atherosclerosis. JAMA : the journal of the American Medical 

Association 282, 2035-2042. 

Mammoto, A., Connor, K.M., Mammoto, T., Yung, C.W., Huh, D., Aderman, 

C.M., Mostoslavsky, G., Smith, L.E., and Ingber, D.E. (2009). A 

mechanosensitive transcriptional mechanism that controls angiogenesis. Nature 

457, 1103-1108. 

McCormick, M.E., Goel, R., Fulton, D., Oess, S., Newman, D., and Tzima, E. 

(2011). Platelet-endothelial cell adhesion molecule-1 regulates endothelial NO 

synthase activity and localization through signal transducers and activators of 

transcription 3-dependent NOSTRIN expression. Arteriosclerosis, thrombosis, 

and vascular biology 31, 643-649. 

McCormick, S.M., Eskin, S.G., McIntire, L.V., Teng, C.L., Lu, C.M., Russell, 

C.G., and Chittur, K.K. (2001). DNA microarray reveals changes in gene 

expression of shear stressed human umbilical vein endothelial cells. 

Proceedings of the National Academy of Sciences of the United States of 

America 98, 8955-8960. 

Mederos y Schnitzler, M., Storch, U., and Gudermann, T. (2011). AT1 receptors 

as mechanosensors. Current opinion in pharmacology 11, 112-116. 

Mederos y Schnitzler, M., Storch, U., Meibers, S., Nurwakagari, P., Breit, A., 

Essin, K., Gollasch, M., and Gudermann, T. (2008). Gq-coupled receptors as 

mechanosensors mediating myogenic vasoconstriction. The EMBO journal 27, 

3092-3103. 

Meigs, T.E., Fedor-Chaiken, M., Kaplan, D.D., Brackenbury, R., and Casey, 

P.J. (2002). Galpha12 and Galpha13 negatively regulate the adhesive functions 

of cadherin. The Journal of biological chemistry 277, 24594-24600. 

Meigs, T.E., Fields, T.A., McKee, D.D., and Casey, P.J. (2001). Interaction of 

Galpha 12 and Galpha 13 with the cytoplasmic domain of cadherin provides a 

mechanism for beta -catenin release. Proceedings of the National Academy of 

Sciences of the United States of America 98, 519-524. 

Melchior, B., and Frangos, J.A. (2014). Distinctive subcellular akt-1 responses 

to shear stress in endothelial cells. J Cell Biochem 115, 121-129. 

Muzumdar, M.D., Tasic, B., Miyamichi, K., Li, L., and Luo, L. (2007). A global 

double-fluorescent Cre reporter mouse. Genesis 45, 593-605. 

Nauli, S.M., Alenghat, F.J., Luo, Y., Williams, E., Vassilev, P., Li, X., Elia, A.E., 

Lu, W., Brown, E.M., Quinn, S.J., et al. (2003). Polycystins 1 and 2 mediate 



9. Reference 

91 
 

mechanosensation in the primary cilium of kidney cells. Nature genetics 33, 

129-137. 

Nauli, S.M., Kawanabe, Y., Kaminski, J.J., Pearce, W.J., Ingber, D.E., and 

Zhou, J. (2008). Endothelial cilia are fluid shear sensors that regulate calcium 

signaling and nitric oxide production through polycystin-1. Circulation 117, 

1161-1171. 

Nieuwdorp, M., Meuwese, M.C., Vink, H., Hoekstra, J.B., Kastelein, J.J., and 

Stroes, E.S. (2005). The endothelial glycocalyx: a potential barrier between 

health and vascular disease. Current opinion in lipidology 16, 507-511. 

Nishizaka, M.K., Zaman, M.A., Green, S.A., Renfroe, K.Y., and Calhoun, D.A. 

(2004). Impaired endothelium-dependent flow-mediated vasodilation in 

hypertensive subjects with hyperaldosteronism. Circulation 109, 2857-2861. 

Offermanns, S. (2003). G-proteins as transducers in transmembrane signalling. 

Progress in biophysics and molecular biology 83, 101-130. 

Offermanns, S., Hashimoto, K., Watanabe, M., Sun, W., Kurihara, H., 

Thompson, R.F., Inoue, Y., Kano, M., and Simon, M.I. (1997a). Impaired motor 

coordination and persistent multiple climbing fiber innervation of cerebellar 

Purkinje cells in mice lacking Galphaq. Proceedings of the National Academy of 

Sciences of the United States of America 94, 14089-14094. 

Offermanns, S., Toombs, C.F., Hu, Y.H., and Simon, M.I. (1997b). Defective 

platelet activation in G alpha(q)-deficient mice. Nature 389, 183-186. 

Offermanns, S., Zhao, L.P., Gohla, A., Sarosi, I., Simon, M.I., and Wilkie, T.M. 

(1998). Embryonic cardiomyocyte hypoplasia and craniofacial defects in G 

alpha q/G alpha 11-mutant mice. The EMBO journal 17, 4304-4312. 

Osawa, M., Masuda, M., Harada, N., Lopes, R.B., and Fujiwara, K. (1997). 

Tyrosine phosphorylation of platelet endothelial cell adhesion molecule-1 

(PECAM-1, CD31) in mechanically stimulated vascular endothelial cells. 

European journal of cell biology 72, 229-237. 

Osawa, M., Masuda, M., Kusano, K., and Fujiwara, K. (2002). Evidence for a 

role of platelet endothelial cell adhesion molecule-1 in endothelial cell 

mechanosignal transduction: is it a mechanoresponsive molecule? The Journal 

of cell biology 158, 773-785. 

Otte, L.A., Bell, K.S., Loufrani, L., Yeh, J.C., Melchior, B., Dao, D.N., Stevens, 

H.Y., White, C.R., and Frangos, J.A. (2009). Rapid changes in shear stress 

induce dissociation of a G alpha(q/11)-platelet endothelial cell adhesion 

molecule-1 complex. The Journal of physiology 587, 2365-2373. 



9. Reference 

92 
 

Patel, A., Sharif-Naeini, R., Folgering, J.R., Bichet, D., Duprat, F., and Honore, 

E. (2010). Canonical TRP channels and mechanotransduction: from physiology 

to disease states. Pflugers Archiv : European journal of physiology 460, 571-

581. 

Ranade, S.S., Qiu, Z., Woo, S.H., Hur, S.S., Murthy, S.E., Cahalan, S.M., Xu, 

J., Mathur, J., Bandell, M., Coste, B., et al. (2014). Piezo1, a mechanically 

activated ion channel, is required for vascular development in mice. 

Proceedings of the National Academy of Sciences of the United States of 

America 111, 10347-10352. 

Raqeeb, A., Sheng, J., Ao, N., and Braun, A.P. (2011). Purinergic P2Y2 

receptors mediate rapid Ca(2+) mobilization, membrane hyperpolarization and 

nitric oxide production in human vascular endothelial cells. Cell calcium 49, 240-

248. 

Sassmann, A., Gier, B., Grone, H.J., Drews, G., Offermanns, S., and 

Wettschureck, N. (2010). The Gq/G11-mediated signaling pathway is critical for 

autocrine potentiation of insulin secretion in mice. The Journal of clinical 

investigation 120, 2184-2193. 

Sawamiphak, S., Seidel, S., Essmann, C.L., Wilkinson, G.A., Pitulescu, M.E., 

Acker, T., and Acker-Palmer, A. (2010). Ephrin-B2 regulates VEGFR2 function 

in developmental and tumour angiogenesis. Nature 465, 487-491. 

Schwiebert, E.M. (1999). ABC transporter-facilitated ATP conductive transport. 

The American journal of physiology 276, C1-8. 

SenBanerjee, S., Lin, Z., Atkins, G.B., Greif, D.M., Rao, R.M., Kumar, A., 

Feinberg, M.W., Chen, Z., Simon, D.I., Luscinskas, F.W., et al. (2004). KLF2 Is 

a novel transcriptional regulator of endothelial proinflammatory activation. The 

Journal of experimental medicine 199, 1305-1315. 

Seye, C.I., Yu, N., Gonzalez, F.A., Erb, L., and Weisman, G.A. (2004). The 

P2Y2 nucleotide receptor mediates vascular cell adhesion molecule-1 

expression through interaction with VEGF receptor-2 (KDR/Flk-1). The Journal 

of biological chemistry 279, 35679-35686. 

Shalev, M., Staerman, F., Allain, H., Lobel, B., and Saiag, B. (1999). Stimulation 

of P2y purinoceptors induces, via nitric oxide production, endothelium-

dependent relaxation of human isolated corpus cavernosum. The Journal of 

urology 161, 955-959. 

Shyy, J.Y., and Chien, S. (2002). Role of integrins in endothelial 

mechanosensing of shear stress. Circulation research 91, 769-775. 



9. Reference 

93 
 

Siegel, G., Walter, A., Kauschmann, A., Malmsten, M., and Buddecke, E. 

(1996). Anionic biopolymers as blood flow sensors. Biosensors & bioelectronics 

11, 281-294. 

Sivaraj, K.K., Takefuji, M., Schmidt, I., Adams, R.H., Offermanns, S., and 

Wettschureck, N. (2013). G13 controls angiogenesis through regulation of 

VEGFR-2 expression. Dev Cell 25, 427-434. 

Smiesko, V., and Johnson, P.C. (1993). The Arterial Lumen Is Controlled by 

Flow-Related Shear-Stress. News in Physiological Sciences 8, 34-38. 

Sprague, E.A., Luo, J., and Palmaz, J.C. (1997). Human aortic endothelial cell 

migration onto stent surfaces under static and flow conditions. Journal of 

vascular and interventional radiology : JVIR 8, 83-92. 

Storch, U., Mederos y Schnitzler, M., and Gudermann, T. (2012). G protein-

mediated stretch reception. American journal of physiology Heart and 

circulatory physiology 302, H1241-1249. 

Stout, C.E., Costantin, J.L., Naus, C.C., and Charles, A.C. (2002). Intercellular 

calcium signaling in astrocytes via ATP release through connexin 

hemichannels. The Journal of biological chemistry 277, 10482-10488. 

Strathmann, M., and Simon, M.I. (1990). G protein diversity: a distinct class of 

alpha subunits is present in vertebrates and invertebrates. Proceedings of the 

National Academy of Sciences of the United States of America 87, 9113-9117. 

Sunahara, R.K., Dessauer, C.W., and Gilman, A.G. (1996). Complexity and 

diversity of mammalian adenylyl cyclases. Annual review of pharmacology and 

toxicology 36, 461-480. 

Suzuki, N., Nakamura, S., Mano, H., and Kozasa, T. (2003). Galpha 12 

activates Rho GTPase through tyrosine-phosphorylated leukemia-associated 

RhoGEF. Proceedings of the National Academy of Sciences of the United 

States of America 100, 733-738. 

Tai, L.K., Okuda, M., Abe, J., Yan, C., and Berk, B.C. (2002). Fluid shear stress 

activates proline-rich tyrosine kinase via reactive oxygen species-dependent 

pathway. Arteriosclerosis, thrombosis, and vascular biology 22, 1790-1796. 

Takahashi, M., Ishida, T., Traub, O., Corson, M.A., and Berk, B.C. (1997). 

Mechanotransduction in endothelial cells: temporal signaling events in response 

to shear stress. Journal of vascular research 34, 212-219. 

Tarbell, J.M., Shi, D.F., Dunn, J., and Jo, H. (2014a). Fluid Mechanics, Arterial 

Disease and Gene Expression. Annu Rev Fluid Mech 46, 591-614. 



9. Reference 

94 
 

Tarbell, J.M., Simon, S.I., and Curry, F.R. (2014b). Mechanosensing at the 

vascular interface. Annu Rev Biomed Eng 16, 505-532. 

Tzima, E., Del Pozo, M.A., Kiosses, W.B., Mohamed, S.A., Li, S., Chien, S., and 

Schwartz, M.A. (2002). Activation of Rac1 by shear stress in endothelial cells 

mediates both cytoskeletal reorganization and effects on gene expression. The 

EMBO journal 21, 6791-6800. 

Tzima, E., del Pozo, M.A., Shattil, S.J., Chien, S., and Schwartz, M.A. (2001). 

Activation of integrins in endothelial cells by fluid shear stress mediates Rho-

dependent cytoskeletal alignment. The EMBO journal 20, 4639-4647. 

Tzima, E., Irani-Tehrani, M., Kiosses, W.B., Dejana, E., Schultz, D.A., 

Engelhardt, B., Cao, G., DeLisser, H., and Schwartz, M.A. (2005). A 

mechanosensory complex that mediates the endothelial cell response to fluid 

shear stress. Nature 437, 426-431. 

Van der Heiden, K., Hierck, B.P., Krams, R., de Crom, R., Cheng, C., Baiker, 

M., Pourquie, M.J., Alkemade, F.E., DeRuiter, M.C., Gittenberger-de Groot, 

A.C., et al. (2008). Endothelial primary cilia in areas of disturbed flow are at the 

base of atherosclerosis. Atherosclerosis 196, 542-550. 

van Thienen, J.V., Fledderus, J.O., Dekker, R.J., Rohlena, J., van Ijzendoorn, 

G.A., Kootstra, N.A., Pannekoek, H., and Horrevoets, A.J. (2006). Shear stress 

sustains atheroprotective endothelial KLF2 expression more potently than 

statins through mRNA stabilization. Cardiovascular research 72, 231-240. 

VanTeeffelen, J.W., Brands, J., Jansen, C., Spaan, J.A., and Vink, H. (2007). 

Heparin impairs glycocalyx barrier properties and attenuates shear dependent 

vasodilation in mice. Hypertension 50, 261-267. 

Virchow, R. (1847). Ueber die akute Entzündung der Arterien. Arch Pathol Anat 

Ph 1, 272-378. 

Wang, N., Butler, J.P., and Ingber, D.E. (1993). Mechanotransduction across 

the cell surface and through the cytoskeleton. Science 260, 1124-1127. 

Wang, W., Ha, C.H., Jhun, B.S., Wong, C., Jain, M.K., and Jin, Z.G. (2010a). 

Fluid shear stress stimulates phosphorylation-dependent nuclear export of 

HDAC5 and mediates expression of KLF2 and eNOS. Blood 115, 2971-2979. 

Wang, Z., Nakayama, T., Sato, N., Izumi, Y., Kasamaki, Y., Ohta, M., Soma, M., 

Aoi, N., Ozawa, Y., and Ma, Y. (2010b). The purinergic receptor P2Y, G-protein 

coupled, 2 (P2RY2) gene associated with essential hypertension in Japanese 

men. Journal of human hypertension 24, 327-335. 

Weinbaum, S., Tarbell, J.M., and Damiano, E.R. (2007). The structure and 

function of the endothelial glycocalyx layer. Annu Rev Biomed Eng 9, 121-167. 



9. Reference 

95 
 

Weisman, G.A., Wang, M., Kong, Q., Chorna, N.E., Neary, J.T., Sun, G.Y., 

Gonzalez, F.A., Seye, C.I., and Erb, L. (2005). Molecular determinants of P2Y2 

nucleotide receptor function: implications for proliferative and inflammatory 

pathways in astrocytes. Molecular neurobiology 31, 169-183. 

Wettschureck, N., and Offermanns, S. (2005). Mammalian G proteins and their 

cell type specific functions. Physiological reviews 85, 1159-1204. 

Wettschureck, N., Rutten, H., Zywietz, A., Gehring, D., Wilkie, T.M., Chen, J., 

Chien, K.R., and Offermanns, S. (2001). Absence of pressure overload induced 

myocardial hypertrophy after conditional inactivation of Galphaq/Galpha11 in 

cardiomyocytes. Nature medicine 7, 1236-1240. 

White, C.R., and Frangos, J.A. (2007). The shear stress of it all: the cell 

membrane and mechanochemical transduction. Philos T R Soc B 362, 1459-

1467. 

Wilkie, T.M., Scherle, P.A., Strathmann, M.P., Slepak, V.Z., and Simon, M.I. 

(1991). Characterization of G-protein alpha subunits in the Gq class: expression 

in murine tissues and in stromal and hematopoietic cell lines. Proceedings of 

the National Academy of Sciences of the United States of America 88, 10049-

10053. 

Wirth, A., Benyo, Z., Lukasova, M., Leutgeb, B., Wettschureck, N., Gorbey, S., 

Orsy, P., Horvath, B., Maser-Gluth, C., Greiner, E., et al. (2008). G12-G13-

LARG-mediated signaling in vascular smooth muscle is required for salt-

induced hypertension. Nature medicine 14, 64-68. 

Woo, K.V., and Baldwin, H.S. (2011). Role of Tie1 in shear stress and 

atherosclerosis. Trends in cardiovascular medicine 21, 118-123. 

Woo, K.V., Qu, X., Babaev, V.R., Linton, M.F., Guzman, R.J., Fazio, S., and 

Baldwin, H.S. (2011). Tie1 attenuation reduces murine atherosclerosis in a 

dose-dependent and shear stress-specific manner. The Journal of clinical 

investigation 121, 1624-1635. 

Woodfin, A., Voisin, M.B., and Nourshargh, S. (2007). PECAM-1: a multi-

functional molecule in inflammation and vascular biology. Arteriosclerosis, 

thrombosis, and vascular biology 27, 2514-2523. 

Wozniak, M.A., and Chen, C.S. (2009). Mechanotransduction in development: a 

growing role for contractility. Nature reviews Molecular cell biology 10, 34-43. 

Xiang, B., Zhang, G., Stefanini, L., Bergmeier, W., Gartner, T.K., Whiteheart, 

S.W., and Li, Z. (2012). The Src family kinases and protein kinase C synergize 

to mediate Gq-dependent platelet activation. The Journal of biological chemistry 

287, 41277-41287. 



9. Reference 

96 
 

Yamamoto, K., and Ando, J. (2013). Endothelial cell and model membranes 

respond to shear stress by rapidly decreasing the order of their lipid phases. 

Journal of cell science 126, 1227-1234. 

Yamamoto, K., Furuya, K., Nakamura, M., Kobatake, E., Sokabe, M., and Ando, 

J. (2011). Visualization of flow-induced ATP release and triggering of Ca2+ 

waves at caveolae in vascular endothelial cells. Journal of cell science 124, 

3477-3483. 

Yamamoto, K., Korenaga, R., Kamiya, A., and Ando, J. (2000a). Fluid shear 

stress activates Ca(2+) influx into human endothelial cells via P2X4 

purinoceptors. Circulation research 87, 385-391. 

Yamamoto, K., Korenaga, R., Kamiya, A., Qi, Z., Sokabe, M., and Ando, J. 

(2000b). P2X(4) receptors mediate ATP-induced calcium influx in human 

vascular endothelial cells. Am J Physiol Heart Circ Physiol 279, H285-292. 

Yamamoto, K., Shimizu, N., Obi, S., Kumagaya, S., Taketani, Y., Kamiya, A., 

and Ando, J. (2007). Involvement of cell surface ATP synthase in flow-induced 

ATP release by vascular endothelial cells. American journal of physiology Heart 

and circulatory physiology 293, H1646-1653. 

 

Yamamoto, K., Sokabe, T., Matsumoto, T., Yoshimura, K., Shibata, M., Ohura, 

N., Fukuda, T., Sato, T., Sekine, K., Kato, S., et al. (2006). Impaired flow-

dependent control of vascular tone and remodeling in P2X4-deficient mice. 

Nature medicine 12, 133-137. 

Yao, Y., Rabodzey, A., and Dewey, C.F., Jr. (2007). Glycocalyx modulates the 

motility and proliferative response of vascular endothelium to fluid shear stress. 

American journal of physiology Heart and circulatory physiology 293, H1023-

1030. 

Yasuda, N., Miura, S., Akazawa, H., Tanaka, T., Qin, Y., Kiya, Y., Imaizumi, S., 

Fujino, M., Ito, K., Zou, Y., et al. (2008). Conformational switch of angiotensin II 

type 1 receptor underlying mechanical stress-induced activation. EMBO reports 

9, 179-186. 

Yeh, J.C., Otte, L.A., and Frangos, J.A. (2008). Regulation of G protein-coupled 

receptor activities by the platelet-endothelial cell adhesion molecule, PECAM-1. 

Biochemistry 47, 9029-9039. 

Yu, F.X., Luo, J., Mo, J.S., Liu, G., Kim, Y.C., Meng, Z., Zhao, L., Peyman, G., 

Ouyang, H., Jiang, W., et al. (2014). Mutant Gq/11 promote uveal melanoma 

tumorigenesis by activating YAP. Cancer cell 25, 822-830. 



9. Reference 

97 
 

Zeng, H., Zhao, D., and Mukhopadhyay, D. (2002). KDR stimulates endothelial 

cell migration through heterotrimeric G protein Gq/11-mediated activation of a 

small GTPase RhoA. The Journal of biological chemistry 277, 46791-46798. 

Zeng, H., Zhao, D., Yang, S., Datta, K., and Mukhopadhyay, D. (2003). 

Heterotrimeric G alpha q/G alpha 11 proteins function upstream of vascular 

endothelial growth factor (VEGF) receptor-2 (KDR) phosphorylation in vascular 

permeability factor/VEGF signaling. The Journal of biological chemistry 278, 

20738-20745. 

Zeng, Y., Waters, M., Andrews, A., Honarmandi, P., Ebong, E.E., Rizzo, V., and 

Tarbell, J.M. (2013). Fluid shear stress induces the clustering of heparan sulfate 

via mobility of glypican-1 in lipid rafts. American journal of physiology Heart and 

circulatory physiology 305, H811-820. 

Zhou, J., Li, Y.S., and Chien, S. (2014a). Shear Stress-Initiated Signaling and 

Its Regulation of Endothelial Function. Arteriosclerosis, thrombosis, and 

vascular biology. 

Zhou, J., Li, Y.S., and Chien, S. (2014b). Shear stress-initiated signaling and its 

regulation of endothelial function. Arteriosclerosis, thrombosis, and vascular 

biology 34, 2191-2198. 

 

Zou, Y., Akazawa, H., Qin, Y., Sano, M., Takano, H., Minamino, T., Makita, N., 

Iwanaga, K., Zhu, W., Kudoh, S., et al. (2004). Mechanical stress activates 

angiotensin II type 1 receptor without the involvement of angiotensin II. Nature 

cell biology 6, 499-506. 

 



 

 

CV 

 

Shengpeng Wang 
  

Department of Pharmacology 

Max‐Planck‐Institute for Heart and Lung Research 

Ludwigstraße 43 

61231 Bad Nauheim 

Tel.: +49(6032)705‐1292 

Fax: +49(6032)705‐1204 

E‐mail: shengpeng.wang@mpi‐bn.mpg.de 

 

 

EDUCATION 

Since 2009     PhD                    Dept. of Pharmacology 

                                                  Max-Planck-Institute  

                                                  for Heart and Lung Research 

                                                  Bad Nauheim. Germany 

 

2006 – 2009   Master                Division of Cardiovascular Physiology &      

                                                  Pharmacology 

                                                  School of Medicine, Xi'an Jiaotong University 

  

2002 – 2006   Bachelor             School of Medicine, Xi'an Jiaotong University 

 

    

 

 

 

 

mailto:shengpeng.wang@mpi‐bn.mpg.de


 

 

 

Schriftliche Erklärung 

 

Ich erkläre ehrenwörtlich, dass ich die dem Fachbereich Medizin der Johann 

Wolfgang Goethe-Universität Frankfurt am Main zur Promotionsprüfung 

eingereichte Dissertation mit dem Titel  

 

P2Y2 and Gq/G11 control blood pressure by mediating endothelial 

mechanotransduction 

 
Am Max-Planck-Institut für Herz- und Lungenforschung unter Betreuung und 

Anleitung von Prof. Dr. Stefan Offermanns ohne sonstige Hilfe selbst 

durchgeführt und bei der Abfassung der Arbeit keine anderen als die in der 

Dissertation angeführten Hilfsmittel benutzt habe. Darüber hinaus versichere 

ich, nicht die Hilfe einer kommerziellen Promotionsvermittlung in Anspruch 

genommen zu haben. 

 

Ich habe bisher an keiner in- oder ausländischen Universität ein Gesuch um 

Zulassung zur Promotion eingereicht. Die vorliegende Arbeit wurde bisher nicht 

als Dissertation eingereicht. 

 

Vorliegende Ergebnisse der Arbeit werden in folgendem Publikationsorgan 

veröffentlicht: 

 

Wang, S., Iring, A., Strilic, B., Kaur, H., Burbiel, J., Müller, C., Fleming, I.,  

Lundberg, J., Wettschureck, N., Offermanns, S. 

P2Y2 and Gq/G11 control blood pressure by mediating endothelial 

mechanotransduction (manuscript in revision).   

 

 

 
_____________________             __________________________ 
            (Ort, Datum)      (Unterschrift) 
 



 

 

 

 


