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Preface

Purine and pyrimidine nucleotides and nucleosides function as components of DNA and RNA, are central in cellular energy metabolism, directly interact with mutliple proteins and participate in over 500 enzymatic reactions including phosphoryla-tions, glycosylations, and phospholipid biosynthesis. Perhaps because of these well studied functions of intracellular purine and pyrimidine compounds, the view of extracellular nucleotides as important signaling molecules that are secreted from both resting and activated cells and exert various autocrine/paracrine effects, was not accepted readily. 

The breakthrough in the purinergic signaling field was achieved by identification and cloning of the nucleotide targets, P2 purinergic receptors, followed by extensive characterization of two groups of these receptors, P2Y (metabotropic) and P2X

(ionotropic). These advances led to numerous studies that elucidated extracellular nucleotide-initiated signaling pathways and their outcomes in different cell types and tissues. Moreover, it is well accepted now that purinergic signaling is regulated by the levels/availability of their specific ligands, which, in turn, depend on the net balance between nucleotide release and their metabolism by nucleotide- and nucleoside- converting ecto-enzymes. 

One of the cell types frequently exposed to extracellular nucleotides is the endothelium. In addition, endothelial cells themselves release nucleotides, therefore they represent both the source and the target for adenine nucleotides. It is well established that the endothelium plays a central role in regulation of vascular tone and permeability, blood clotting, inflammation, interaction with blood cells and angiogenesis. However, despite the progress in our understanding of purinergic regulation of vascular function, the role of extracellular purines and pyrimidines in regulation of endothelial cell function remains incomplete. 

The editors recognize that covering all available data on purinergic regulation of endothelial function under various physiological and pathological conditions in one book would be a considerbale challenge. However, facing the lack of any com-pendium on this subject, we have chosen to compile topics that represent recent advances on the effects of extracellular nucleotides and adenosine in endothelial cells. These topics, presented in chapters written by experts in their respective fields, address roles of purinergic signaling in regulation of vascular tone, tissue perfusion and cell barrier, as well as in angiogenesis, hypoxia, wound healing, inflammation, v

vi

Preface

coagulation, diabetes, and pregnancy. Moreover, interactions of endothelial cells originating from different vascular beds, such as lung, skin, cornea, pancreas and uterus with host tissues are discussed. 

We believe that this book should be of broad interest to basic science researchers, clinicians and students interested in biology of the endothelium and thus curious about the mechanisms of purinergic signaling in endothelial cells. Finally, we would like to thank all contributors for their effort to launch this up to date book. 

Aurora, CO, USA

Evgenia Gerasimovskaya

Boston, MA, USA

Elzbieta Kaczmarek
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Chapter 1

Purinergic and Pyriminergic Activation

of the Endothelium in Regulation of Tissue

Perfusion

David Erlinge

Abstract The nucleotides ATP, ADP, UTP and UDP acting on P2 receptors stimulate endothelium dependent dilatation mediated via nitric oxide, endothelium derived hyperpolarising factors, and prostacyclins (to a lesser extent). They are crucial for shear stress-mediated increases in blood flow and for the increase of tissue perfusion during exercise and hypoxia. The endothelium can also release potent contractile tetraphosphate nucleotides (AP4A and UP4A). The purinergic signaling has been implicated in blood pressure regulation, development of myocardial infarction, heart failure, pulmonary hypertension, circulatory shock and regulation of blood flow in most organs of the body. Purinergic and pyriminergic endothelium-mediated effects are important for physiological and patophysiological regulation of tissue perfusion. 

Keywords Endothelium

· ATP · UTP · ADP · UDP · Nitric

oxide · EDHF · AP4A · UP4A · Red blood cell · Spreading dilatation · Vasodilatation · Vasoconstriction · Ectonucleotidase · Hypertension · Conge stive heart failure · Reactive hyperemia · Pulmonary hypertension · Hypoxia 1.1 Introduction

Effects purines on tissue perfusion were recognized already in 1929 by Drury and Szent-Györgyi [25]. Since then, it has become increasingly clear that, in addition to functioning as an intracellular energy source, as DNA or RNA, the purines and pyrimidines ATP, ADP, UTP and UDP can serve as important extracellular signaling molecules acting on fifteen P2 receptor subtypes [9, 11, 16, 19, 52]. To terminate signaling, ectonucleotidases present in the circulation and on cell surfaces, rapidly D. Erlinge (B)
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degrade extracellular ATP into ADP, AMP and adenosine [30,83]. Experimental studies on the vascular effects of purines have been of crucial importance for reveal-ing the complexities of this system and for the classification of the receptors [18, 20, 27, 49, 51]. Purines and pyrimidines stimulate vasoconstriction and vasodilatation, are involved in blood pressure regulation, development of myocardial infarction, heart failure, blood flow regulation during exercise and hypoxia, pulmonary hypertension and regulation of blood flow in most organs of the body. This chapter is an attempt to summarize the endothelium-mediated effects of purinergic and pyriminergic regulation on tissue perfusion. 

1.2 Regulation of Vascular Tone: Balance Between Contractile and Dilatory Effects

The net effect on tissue perfusion is a balance between contractile and dilatory responses. Vasoconstriction produced by ATP released as a cotransmitter with noradrenaline from perivascular sympathetic nerves was recognised early [10, 14]. 

However, following the seminal discovery of endothelium dependent vasodilatation by Furchgott in the early 1980s, it was shown that ATP acted on endothelial cells (EC) to cause endothelial dependent vasodilatation [12] and dual purinergic neural and endothelial control of vascular tone was established [13, 15]. Extracellular nucleotides (ATP, ADP, UTP and UDP) cause endothelial-dependent relaxation, while adenosine dilates blood vessels by direct action on vascular smooth muscle cells (VSMC), mainly via A2a receptors [51] (Fig. 1.1). 

In some situations, adenosine does not solely dilate via direct action on the VSMC, but may in part activate the endothelium and release nitric oxide (NO). 

Fig. 1.1 Purines and pyrimidines regulate vascular tone via endothelial cells. ATP, ADP, UTP and UDP dilate via release of NO and endothelium derived hyperpolarising factor (EDHF). Adenosine acts mainly via direct effect on the vascular smooth muscle cells (VSMC), but may also in some situations cause dilatation via NO-release. The endothelium can release the contractile nucleotides UP4A and AP4A, which cause contraction of the VSMC
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This is exemplified by the human forearm circulation where adenosine have been shown also to cause NO dependent increases in blood flow [61]. 

If the endothelium is damaged or if extracellular nucleotides are administered on the adventitial side, the vessel constricts as a result of activation of P2Y and P2X

receptors on the VSMC. 

1.3 Nucleotide Release in the Vasculature

 1.3.1 Endothelial Cells

Shear stress and hypoxia are an important stimuli of both ATP and UTP release from endothelial cells [17]. The nucleotides can be released from intracellular sources, but there is also evidence for cell surface ATP synthase involved in shear stress-induced ATP release [78]. Immunofluorescence staining of human pulmonary arterial ECs showed that cell surface ATP synthase is distributed in lipid rafts/caveole and critical for shear stress-induced ATP release. Interestingly, Planck et al., applied a mathematical model demonstrating that the area directly after a stenotic lesion with reduced shear stress will have lower levels of extracellular ATP and thereby reduced endothelium stimulation [50], indicating that lack of ATP mediated endothelial stimulation might contribute to atherosclerosis development. 

 1.3.2 Red Blood Cells

The matching of oxygen supply with demand requires a mechanism that increases blood flow in response to decreased tissue oxygen levels. There is a growing literature suggesting that the red blood cell (RBC) acts as a sensor for hypoxia and different mechanisms have been suggested by which the deoxygenated RBC stimulates vasodilatation [22, 26, 46, 82]. The intracellular levels of ATP in RBCs are at millimolar levels and on the inside of the membrane are abundant glycolytic enzymes generating new ATP from adenosine [2, 62, 64]. ATP is released in response to reductions in oxygen tension and pH [26, 82]. It has been shown in vitro that vessels dilate in response to low O2 levels only when blood vessels are perfused with RBCs [68]. ATP is released in working human skeletal muscle circulation depending on the number of unoccupied hemoglobin O2 binding sites

[26, 82]. The released ATP then binds to P2Y receptors on the endothelium and stimulates vasodilatation. Thus, the RBC may function as an O2 sensor, contributing to the regulation of blood flow and O2 delivery, by releasing ATP depending on the oxygenation state of hemoglobin (Fig. 1.2). 

When ATP is degraded to ADP it can activate P2Y13 receptors as a negative feedback pathway for ATP release from human RBCs [73]. Blood consists of approximately 40% RBCs, containing a 1000-fold higher ATP concentration than plasma (mmol/L vs. μmol/L). With this gradient, even a minor release of ATP from the high intracellular concentrations raises local extracellular ATP levels

[image: Image 3]
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Fig. 1.2 Regulation of tissue perfusion. Hypoxia, metabolic acidosis and increased CO2 cause release of intraluminal ATP from red blood cells (RBC) and endothelial cells (EC). ATP activates P2-receptors on endothelial cells and induces dilatation via NO and EDHF. This result in both a local dilatation and a retrograde spreading dilatation giving a conducted response resulting in increased blood flow to the tissue. The retrograde spreading dilation is important since the most pronounced hypoxia, metabolic acidosis and increase in CO2 is found on the venular side substantially and could have major circulatory effects. A negative feedback system may therefore be of great physiological importance to mitigate ATP release. 

1.4 Role of Ectonucleotidases in Regulation of Tissue Perfusion Extracellular ATP in the circulation is rapidly degraded into ADP, AMP and adenosine by ectonucleotidases. Vascular NTPDase1 (CD39) is an endothelial cell membrane protein with both ecto-ATPase and ecto-ADPase activities [38, 83]. 

Ectonucleotidases are released by shear stress from endothelial cells [81], and from sympathetic nerves together with its substrate ATP, as a termination mechanism for the signalling [66]. In exercising humans when skeletal muscle blood flow increases, ectonucleotidases are released and it may be speculated that this could contribute to the benefits of physical activity [82]. 

The importance of ectonucleotidases for tissue perfusion has been established in several other pathophysiological situations. Endothelial ADPase activity is lost following ischemia-reperfusion injury, xenograft rejection and inflammation resulting in increased levels of ATP and ADP [38, 54]. This can cause platelet aggregation and microvascular obstruction. Infusion of systemic apyrase inhibits platelet aggregation and prolongs xenograft survival [40]. This has also been shown with adenoviral transfer of NTPDase1 [36]. NTPDase1 is also lost in vascular cardiac grafts subjected to oxidant stress. 

1
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1.5 Receptor Subtypes Involved in Endothelial Relaxation The prototypical endothelial receptor, since the definition of the P2Y and P2X receptor subclasses, is the P2Y1 receptor, and still, even after cloning of eight different P2Y receptors, it seems to be of main importance in most vascular beds [51]. 

Pharmacology of vasodilatation and mRNA quantification in man indicates that P2Y1, P2Y2 and P2Y6 are the most important endothelial P2Y-receptors [72, 74]. 

Knockout mice experiments recently confirmed this picture and demonstrated that the P2Y4 receptor does not mediate dilatation [33]. Knockout of the P2Y2 and P2Y6 receptor reveals that a major part of the UTP mediated dilatation is in fact mediated by the UDP receptor P2Y6 [1, 33], after degradation of UTP to UDP by ectonucleotidases. 

The ATP receptor P2Y11 is one of the transcriptionally highest expressed P2Y

receptors in the endothelium, but it does not seem to be involved in dilatory mechanisms [72]. Instead, it could stimulate proinflammatory responses. 

The P2X1 receptor is not expressed on the human endothelium and the evidence for other P2X receptors have been scarce, except for the P2X4 receptor which is the highest expressed P2 receptor in endothelium [72, 77]. Using antisense oligonucleotides the P2X4 receptor was shown to be important for shear stress dependent Ca2+-influx via an ATP dependent mechanism [76]. This indicates that ATP and P2 receptors may be of importance for shear stress mediated effects which is in agreement with the well established release of ATP from endothelial cells during shear stress [3]. Vessel dilation induced by acute increases in blood flow is markedly suppressed in P2X4-/-mice. Thus, endothelial P2X4 channels are crucial to flow-sensitive mechanisms that regulate blood pressure and vascular remodeling [79]. 

The importance of the presence of ATP for flow-induced vasodilation has been confirmed rat mesenteric arteries [41]. If ATP was not present in the lumen, the flow-induced vasodilation was reduced by half. Interestingly, the effect of ATP could be mimicked by UTP, indicating that P2Y receptors could be of similar importance as the P2X4 receptor for shear induced vasodilatation. 

In summary, endothelium dependent dilatation is stimulated directly by ATP, ADP, UTP and UDP by activation of P2Y1, P2Y2 and P2Y6 receptors and shear stress mediated vasodilatation is dependent on ATP activation of P2X4 receptors, but also by UTP. 

1.6 Mediators of Endothelial Dependent Vasodilation: NO, EDHF and PGI2

ATP and ADP release prostacyclin (PGI2) from endothelial cells [6]. PGI2 is a dilator in some blood vessel but usually its contribution to endothelial dependent dilatation is small or absent. It may have a more important role as a potent platelet inhibitor, preventing thrombus formation in the microcirculation. 

6
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Vasodilatation and decreased blood pressure by release of NO has been demonstrated in several studies [24, 52]. NO is especially important in the regulation of medium to large arteries. In smaller arteries and vascular beds the dilatory response has not been possible to block with NO-inhibitors. This has led to the definition of a third endothelial dilatory factory called endothelium derived hyperpolarizing factor (EDHF). The exact chemical entity is not fully understood but EDHF is defined as resistant to NO and prostaglandin inhibitors, it hyperpolarises VSMC and it is blocked by potassium channel blockers. 

Extracellular nucleotides acting on P2Y receptors have been shown to mediate a major part of the dilatation via endothelium derived hyperpolarizing factor (EDHF)

[44, 45, 47]. This has been confirmed in human blood vessels examined in vitro

[74]. The importance of EDHF becomes even more pronounced in vivo, e.g. in the mesenteric vascular bed were NO played a minor role and EDHF was the dominat-ing factor mediating ATP, ADP and UTP induced dilatations [43]. This was even more pronounced in man where both UTP and ATP reduced forearm vascular resistance in a prostaglandin and NO independent way [35], indicating an important role for EDHF in P2 receptor mediated vasodilatation [35]. 

1.7 Mediators of Endothelial Dependent Vasoconstriction: AP4A, UP4A

The endothelial can also release substances that stimulate vasoconstriction, as exemplified by the peptide endothelin which play an important role in pulmonary hypertension. Recently, the two tetraphosphate nucleotides AP4A, UP4A have been shown to be released from the endothelium and to mediate potent contractile effects by activation of P2X1 and P2Y receptors [37, 67]. They seem to be especially important in the renal vascular regulation and infusion of AP4A results in nanomolar concentration results in mean arterial pressure. 

1.8 Extracellular Nucleotides in Physiological Vascular Regulation

 1.8.1 Retrograde Spreading Dilatation

Blood flow to a tissue is a complex process designed to provide adequate amounts of oxygen to meet the changing metabolic needs of the tissue. Hypoxia and acidosis that causes release of dilatory ATP, occurs on the venular side of the capillary bed, but to increase blood flow to the tissue the arterioles upstream need to be dilated. 

Ellsworth have demonstrated that addition of ATP to the venular side binds to purinergic receptors located on the vascular endothelium and induces a vasodilation that is conducted upstream increasing oxygen supply to the region of tissue supplied by the vessel [21]. 

1
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In an elegant experiment, Winter and Dora, used triple cannulation of isolated arteries to enable focal application of purine and pyrimidine nucleotides to the endothelium, avoiding potential complicating actions of these agents on the smooth muscle [75]. Nucleotides were locally infused through one branch of a bifurcation, causing near maximal local dilatation attributable to EDHF. Dilatation then spread rapidly backwards to the adjacent feed artery and upstream against the direction of luminal flow, and increases flow into the feed artery. The data demonstrate that direct luminal stimulation of P2Y receptor on the endothelium of rat mesenteric arteries leads to marked spreading retrograde dilatation and thus suggests that circulating purines and pyrimidines may act as important regulators of blood flow [75]. In summary, ATP and UTP are released by endothelial and red blood cells in tissues in need of increased blood flow and stimulate an EDHF-dependent dilatation that spreads in a retrograde direction to the supplying artery to increase blood flow (Fig. 1.2). 

 1.8.2 Sympathicolytic Effects Mediated Via Endothelial Activation

Sympathetic nerves express inhibitory P2Y and P1 (A1) receptors indicating a P2-receptor mediated negative feedback loop both directly by ATP and its degradation product adenosine [5, 23]. An important balancing mechanism is the endothelium dependent sympathicolytic effect seen in exercising skeletal muscle. This mechanism is mimicked by injection in the arterial lumen of ATP and UTP, inducing a vasodilatation that overrides sympathetic vasoconstrictor activity in human skeletal muscle, an effect not obtained by injection of adenosine, indicating involvement of P2Y2 receptors [55, 56]. Thus, endothelial P2 receptors mediate increases in skeletal blood flow during exercise both via direct dilatory effects, but also via a sympathicolytic effect. 

 1.8.3 Reactive Hyperemia

Reactive hyperemia is the massive increase in blood flow that starts when a blood vessel is opened after a period of ischemia. It is well known that ATP is released during ischemia [30, 70] and ADP has been shown to mediate the midportion and peak of hyperemia via endothelial P2Y1 receptors [48]. ADP is then degraded to adenosine mediating the late phase hyperemia via A2A receptors on SMC [57]. It is possible that ATP mediates dilatation during the first phase. 

 1.8.4 The Role of P2 Receptors in Circulatory Shock and Sepsis

It is possible that in extreme conditions such as circulatory or septic shock with acidosis and hypoxia, high ATP levels could be deleterious, leading to a drop in blood pressure [69]. At levels above 100 μM, ATP concentrations may exceed the
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catalytic capacity of ectonucleotidases and, could in fact, stimulate ATP release by increasing permeability of the RBC [69], probably via P2X7 receptors [60]. ATP

can also release ATP from endothelial cells [4]. At high concentrations of ATP, a self sustaining process may thus be instigated which may contribute to the irre-versible stage of circulatory shock that can develop rapidly in severely ill patients. 

Similar mechanisms may be of importance in malaria because induction of the osmolyte permeability in Plasmodium-infected erythrocytes involves purinoceptor signalling [65]. 

Recently, a role for P2X7 receptors in alpha-hemolysin induced hemolysis was suggested. The pore formation triggers purinergic receptor activation to mediate the full hemolytic action. These findings potentially have clinical perspectives as P2 antagonists may ameliorate symptoms during sepsis with hemolytic bacteria [59]. 

 1.8.5 Hypertension

Purinergic blood pressure regulation is the net result of the balancing contractile and dilatory effects described above. ATP and UTP released on the luminal side from endothelial cells and erythrocytes stimulates vasodilatation in contrast to release from nerves on the adventitial side which results in vasoconstriction. 

In spontaneously hypertensive rats (SHR), the importance of ATP as a sympathetic cotransmitter is increased [7, 71]. The renal vasculature shows an enhanced responsiveness to ab-meATP in perfused rat kidneys from SHR [28], while mesenteric vascular contractile reactivity to ATP via P2X1 and P2Y2 receptors is not altered in DOCA-salt hypertension [29], and in the aorta of SHR, the endothelium-dependent relaxation to ATP is impaired because of the simultaneous generation of an endothelium-derived contracting factor (EDCF). Vasoconstriction to ATP is potentiated in SHR aorta [80]. 

Diadenosine polyphosphates such as AP4A, AP5A and AP6A are combinations of two adenosine molecules connected with 4–6 phosphate groups. They have been identified as vasocontractile agents [58], via actions on P2X1 and P2Y2 receptors. 

AP5A and AP6A are stored at higher levels in platelets from patients with hypertension and may contribute to their increased peripheral vascular resistance [34]. UP4A is a novel endothelium derived vasoconstrictive factor more potent than endothelin in renal vasoconstriction [37]. It is released upon stimulation of the endothelium by acetylcholine, thrombin and mechanical stress and can be cleaved into either ATP or UTP to stimulate both P2X1 and P2Y2 receptors on VSMC resulting in increased blood pressure [37]. P2X4-/- mice demonstrated a higher blood pressure and excrete smaller amounts of NO products in their urine than do wild-type mice

[79]. P2X4 receptor protein is up-regulated in the placenta in preeclampsia [53]. 

Interestingly, some of the most commonly used medicines to lower blood pressure, beta-blockers, may in part mediate their dilatory effects via release of ATP from endothelial cells [39]. 
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 1.8.6 Pulmonary Hypertension

Erythrocyte release of ATP regulates pulmonary resistance [63], and patients with pulmonary hypertension has impaired release of ATP from red blood cells [64]. 

Endothelium-dependent relaxation to ATP has been demonstrated in human pulmonary arteries [31]. Infusions of ATP-MgCl2 have been claimed to be clinically useful in the treatment of children with pulmonary hypertension [8]. The endothelium derived vasoconstrictive factor UP4A is a potent vasoconstrictor in pulmonary arteries and may have a similar effect as endothelin in pulmonary hypertension [32]. 

 1.8.7 Congestive Heart Failure

Congestive heart failure is accompanied by impaired peripheral blood flow and endothelial dysfunction with decreased release of NO. In a model of non-atherosclerotic congestive heart failure there was a minor decrease in P2Y-mediated total dilatation and a marked down-regulation of the NO-mediated dilatation, while the EDHF-dilatation was up-regulated. Increased EDHF-activity in CHF may represent a compensatory response to decreased NO-activity to preserve endothelial function and tissue perfusion [42]. 

1.9 Conclusion

Purines and pyrimidines are released into the vascular lumen from red blood cells and endothelial cells in situations when there is a need for increased tissue perfusion. 

They activate several P2-receptors on endothelial cells stimulating vasodilatation through release of NO and EDHF. A mechanism has been demonstrated of retrograde spreading of the dilatation to the supplying artery, thereby enabling improved tissue perfusion. This system is ubiquitous and could be important for normal physiology and cardiovascular disease. 
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Chapter 2

Nucleotides and Novel Signaling Pathways

in Endothelial Cells: Possible Roles

in Angiogenesis, Endothelial Dysfunction

and Diabetes Mellitus

Elzbieta Kaczmarek

Abstract In this chapter, we will focus on the signal transduction pathways in endothelial cells (ECs) studied by us and other groups. We will present data showing nucleotide-mediated activation of focal adhesion kinase (FAK), AMP-activated protein kinase (AMPK) and endothelial nitric oxide synthase (eNOS), and document the role of Ca2+ in these pathways. Activation by extracellular nucleotides of mitogen-activated protein kinases (MAPK), such as extracellular signal-regulated kinase (ERK), p38, and JUN NH2-terminal kinase (JNK), phosphatidylinositol-3

kinase (PI3K), as well as the mammalian target of rapamycin (mTOR) pathway will be also discussed. Our data indicate that extracellular nucleotides activate FAK and eNOS, and modulate αv integrin expression, EC cytoskeletal rearrangements and migration, functions associated with angiogenesis. Activation of eNOS

and AMPK suggests that nucleotides acting through P2 receptors may exert anti-inflammatory, anti-oxidative, pro-proliferative, and anti-apoptotic effects in the endothelium. Sustaining of eNOS activation in ECs exposed to high glucose concentrations supports our hypothesis that extracellular nucleotides play a protective role against endothelial dysfunction observed in diabetes. We have also evidence that purine nucleotides increase intracellular energy levels, possibly protecting ECs from stress-related loss of intracellular ATP. Numerous nucleotide-mediated effects on the endothelium remain to be elucidated. 
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2.1 Introduction

For decades, the endothelium was recognized only as a barrier between blood and tissues located beneath it. Data collected during the last several years provided evidence that ECs actively participate in many physiological and pathological events. 

The endothelium comprises a continuous, stable and quiescent, single cell layer that lines the vasculature. A growing body of experimental data indicates a central role for the endothelium in the regulation of vascular homeostasis, local immune or inflammatory reactions associated with platelet deposition and responses to vascular injury [27]. 

Effects of extracellular nucleotides in the vasculature, e.g., modulation of blood vessel relaxation, have been recognized for many years. However, the molecular mechanisms underlying the endothelial responses have not been fully elucidated. 

Recent advances in the purinergic field were enabled by cloning of P2 receptors and their detailed pharmacological characterization, followed by identification of signal transduction pathways initiated by extracellular nucleotides in various tissues/cell types. The role of particular P2 receptors was further elucidated in studies with P2 receptor-knockout mice. Published results indicate that extracellular nucleotides activate several signaling pathways in ECs with outcomes similar to those caused by other regulatory molecules, such as VEGF or thrombin [16, 47, 79]. 

There are several mechanisms proposed whereby nucleotides are released from tissues into extracellular fluids in response to cell activation by various stimuli, including hypoxia and stress. These mechanisms include exocytosis from nucleotide-containing granules [11], efflux through a membrane transport systems (such as ATP-binding cassette transporters) [9, 83], release by connexin or pannexin hemichannels [48, 89, 93, 101, 103] (also discussed in Chapter 10) and by plasmalemmal voltage-dependent channels [73, 96]. In addition, nucleotides can be released as a consequence of cell death or tissue damage. Extracellular nucleotide levels are also regulated by ecto-enzymes (addressed in Chapter 5), such as ATP-synthase, nucleoside diphosphate kinase and adenylate kinase [80, 126, 127]

and ecto-NTPDases, which, in concert with CD73 (5-nucleotidase), metabolize extracellular nucleotides to adenosine [50, 63, 66, 129]. 

Extracellular nucleotides act as paracrine or autocrine mediators via activation of purinergic P2 receptors [15, 16, 39, 90]. Pharmacological, functional, and molecular cloning data have facilitated the classification of P2 receptors into two main groups: P2Y, G protein-coupled receptors and P2X, ligand-gated ion channels [17, 18]. Eight P2Y receptor subtypes (P2Y1, P2Y2, P2Y4, P2Y6, P2Y11-P2Y14) and seven P2X receptors subtypes (P2X1-P2X7) have been described to date. While activation of P2Y receptors results in Ca2+ release from intracellular stores, P2X

receptors facilitate the entry of extracellular Ca2+ [13]. P2X receptors are activated by ATP, whereas P2Y receptors respond to both purine (ATP, ADP) and pyrimidine (UTP, UDP, UDP-glucose) nucleotides. Specifically, in human tissues ATP is an agonist for P2Y2 and P2Y11 receptors, UTP for P2Y2 and P2Y4 receptors, ADP for P2Y1, P2Y12 and P2Y13 receptors, UDP for the P2Y6 receptor, and UDP-glucose for the P2Y14 receptor [17]. Activation of P2Y1, P2Y2, P2Y4, P2Y6, and P2Y11
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receptors (coupled directly to Gq protein) stimulates phospholipase C, followed by an increase in inositol 1,4,5 trisphosphate and release of Ca2+ from intracellular stores [120]. P2Y11 receptors additionally mediate a stimulation of adenylate cyclase to generate cAMP. In contrast, activation of the P2Y12, P2Y13, and P2Y14

receptors (coupled to Gi protein) causes an inhibition of adenylate cyclase activity and a decrease in intracellular cAMP levels [12]. 

It is clear now, that extracellular nucleotides, acting via P2 receptors and adenosine acting via P1/adenosine receptors (A1, A2a, A2b, A3), activate multiple signaling pathways in various cells, including ECs. 

2.2 P2 Receptors in ECs and Calcium Responses to Extracellular Nucleotides

Human umbilical vein endothelial cells (HUVECs) express multiple P2X and P2Y

receptor subtypes, including P2X1, P2X2, P2X4, P2X6, P2X7, P2Y1, P2Y2, P2Y4, P2Y6, and P2Y11 receptors, as determined by PCR and/or quantitative PCR and partially confirmed by Western blot analysis when reliable antibodies were available ([55, 94, 121] and our unpublished data). P2Y1, P2Y2 and P2X4 receptors are highly expressed in ECs, compared to other P2 receptor subtypes. 

Early cellular responses to extracellular nucleotides include elevation of [Ca2+]i due to calcium influx from the extracellular space or release from intracellular stores

[24]. Calcium ions function as second messengers, regulating numerous cellular processes. Brief spikes and waves in the intracellular free calcium ion concentration ([Ca2+]i) regulate the expression of selected genes [37, 71]. We analyzed calcium responses by confocal microscopy in HUVECs loaded with fluo-3, a fluorescent Ca2+ indicator. ATP, ADP, UTP and their slowly hydrolysable analogs (ATPγS and ADPβS) mediated significant increases in [Ca2+]i. However, UDP (P2Y6 receptor ligand), BzATP (P2X7 and P2Y11 receptor ligand) and α-β-meATP (a ligand for P2X receptors) in the concentration range studied (1–200 μM) did not induce increases in [Ca2+]i, suggesting that only P2Y1, P2Y2 and possibly P2Y4 receptors are functionally active in HUVECs [62]. Moreover, the nucleotide-induced increase in [Ca2+]i was inhibited by BAPTA (an intracellular Ca2+ chelator) and thapsigargin (which depletes Ca2+ from intracellular stores by inhibiting endoplasmic reticulum Ca2+ ATPase) but not by EGTA (a chelator of extracellular Ca2+) [62]. This indicates that ATP, ADP and UTP-induced changes in [Ca2+]i depend on Ca2+ release from intracellular stores and therefore P2Y rather than P2X receptors are responsible for nucleotide-mediated increases in [Ca2+]i, and most likely for Ca2+-related signaling events in HUVEC. This is confirmed by other studies suggesting that P2Y, and not P2X, receptors are functionally active in the endothelium [115]. 

In contrast to these results, the roles of some P2X receptor subtypes have been reported in ECs. This includes P2X4 receptors, whose involvement in the EC response to shear stress is recognized. In human pulmonary artery ECs, ATP

released in response to shear stress mediates Ca2+ influx, which was inhibited
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by calcium chelator or apyrase, an enzyme that hydrolyzes ATP and ADP to AMP [125]. Studies with P2X1- and P2X4-knockout mice, also suggest that these receptors are active in the endothelium [56, 57, 124]. 

There are also reports that P2X7 receptors are expressed in ECs [22, 91]. We confirmed P2X7 receptor expression in HUVECs at the mRNA [119] and protein levels (data not shown). Moreover, we localized these receptors not only to the plasma membrane but also to the nuclear envelope, as analyzed by immunocyto-chemistry and Western blot analysis using various cell fractions (data not shown). 

P2X7 receptor expression in the nuclear membrane was earlier shown in neurons, smooth muscle cells and epithelial cells of visceral organs of the guinea pig [6, 77]. 

The function of P2X7 receptors in the nuclear membrane could be to open ion channels that increase the nuclear Ca2+ concentration, thereby affecting intra-nuclear processes, such as the regulation of gene expression. Therefore, the discrepancy between detection of P2X7 receptors in ECs and the lack of a calcium response to BzATP (an agonist of this receptor) needs to be resolved. 

Multiple functions for P2Y1, P2Y2 and possibly P2Y4 receptors in the vasculature are well documented. These receptors have been implicated in the regulation of angiogenesis [99], vascular tone [53], cell migration [8, 62], and mitogenic responses [46, 117]. 

Although we were not able to demonstrate functional expression of P2Y6 receptors in HUVECs ( i.e. , no changes in [Ca2+]i were seen in response to UDP), there are data showing that this receptor is functional in ECs originating from other vascular beds. The endothelium-dependent relaxation of the aorta mediated by UDP was not apparent in P2Y6-knockout mice [10]. Accordingly, the contractile effect of UDP

on the aorta, observed when eNOS was blocked, was also abolished in P2Y6-null mice. 

Our unpublished data demonstrate that populations of HUVECs (passage 1–4) stimulated with extracellular nucleotides respond with increases in [Ca2+]i. 

Remarkably, nucleotide-induced changes in [Ca2+]i at the level of the single cell were heterogeneous. Single cells stimulated sequentially with ADP, UTP and ATP

respond either to all three nucleotides, or only to one or two of these ligands. The intensity of these responses, as well as the number and size of the calcium spikes were also different between individual cells. Interestingly, with increased passage number (from 1 to 4), HUVEC responses to ADP diminish, suggesting that either the expression of the P2Y1 receptor, its functionality or both are decreased with time in culture. This observation could be explained by the in vivo data showing a decrease in P2Y1 expression in aging (19-month) rat aortic and carotid arteries, as compared to younger (2-month) animals [78]. In contrast to HUVECs, single cells of the EC line, EAhy926, respond to selected extracellular nucleotides (ATP, UTP and ADP) in exactly the same way as the whole cell population. Immunocytochemical staining of HUVECs with available antibodies to P2 receptors indicate that different cells express varying levels of the same type of P2 receptor. We hypothesize that ECs may exhibit heterogeneity in the context of P2 receptor subtype expression and/or functionality. The physiological importance of this heterogeneity remains to be elucidated. Our hypothesis regarding P2 receptor heterogeneity in ECs is supported by
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Buvinic  et al.  who demonstrated that functional expression levels of P2Y receptors along the cord, superficial chorionic vessels and cotyledons of the human placenta differ [20]. P2Y1 and P2Y2 receptors were not only unevenly distributed along the human placental vascular tree but also were coupled to different signaling pathways in the cord/chorionic vessels versus the cotyledon leading to opposing vasomotor responses. 

2.3 Extracellular Nucleotide-Initiated Signaling Pathways

 2.3.1 Extracellular Nucleotides Activate FAK and Induce

 Cytoskeletal Changes and EC Migration

We have demonstrated that stimulation of HUVECs with ATP or UTP induces phosphorylation of FAK, paxillin and p130cas, molecules that were reported to regulate cell adhesion, spreading and migration [95, 97]. Indeed, we have further shown that exposure of HUVECs to extracellular UTP or ATP induces actin filament formation and cytoskeletal rearrangements resulting in the spreading of HUVECs, and enhances cell migration [62]. Since chelation of intracellular calcium with BAPTA inhibited UTP-induced FAK phosphorylation, as well as EC

migration, these responses are likely linked to Ca2+originating from intracellular stores, and therefore to activation of P2Y2 and possibly P2Y4 receptors. 

Migration of HUVECs in response to ADP, a ligand for P2Y1 receptors, was much less significant than that observed with ATP or UTP. However, in another study, involvement of P2Y1 receptors (via MAPK activation) in EC migration has been documented [109]. Moreover, we showed that the mechanism of nucleotide-induced migration of HUVECs depends upon PI3K activation, as inhibitors of PI3K, wortmannin and LY294002, attenuate migration of HUVEC in response to ATP or UTP [62]. 

It has been reported that αvβ3 integrin promotes cell adhesion to the extracellular matrix, cell migration and angiogenesis [67]. Integrins are also involved in activation of the FAK signaling pathway [108], and an increase in [Ca2+]i is necessary to induce the interaction of integrins with the cytoskeleton [84]. Moreover, the integrin-binding motif RGD has been identified in P2Y2 receptors and shown to promote co-localization of this receptor with αvβ3 integrin, enabling nucleotides to activate integrin signaling pathways, cytoskeletal rearrangements and cell migration [8, 43, 72]. All these data prompted us to investigate effects of extracellular nucleotides on integrin expression. Indeed, we have observed an increase in the expression of αv integrin in HUVECs stimulated with UTP or ATP. The mechanism of this up-regulation of αv integrin expression by extracellular nucleotides still needs to be elucidated. A scheme of extracellular nucleotide effects on FAK, PI3K

and integrin activation is presented in Fig. 2.1. 

Phosphorylation of FAK and paxillin has been observed previously in ECs treated with VEGF [1, 7], and P2Y2 receptors have been recently reported to transactivate
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Fig. 2.1 A scheme of the P2

receptor-initiated effects

(activation of FAK and PI3K, 

and interaction with integrin)

leading to EC migration and

cytoskeletal changes

VEGF receptor-2 (VEGFR-2) [99, 100, 107] (discussed in Chapter 4 of this

book). Whether described here nucleotide-mediated effects observed in HUVECs are VEGFR-2-dependent or not, remain to be determined. 

 2.3.2 Extracellular Nucleotides and Adenosine Activate AMPK

 in HUVECs

AMPK is a heterotrimeric Ser/Thr kinase consisting of a catalytic α subunit and regulatory β and γ subunits. AMPK is activated in response to various stimuli that induce an increase in the intracellular AMP:ATP ratio caused by intracellular ATP

depletion. This decrease in intracellular ATP levels can originate from pathological cellular stresses, such as heat shock, hypoxia or ischemia, and from physiological exercise-induced skeletal muscle contraction [54]. AMPK can also be phosphorylated and activated by the mechanism independent of changes in the intracellular AMP:ATP ratio [32]. AMPK is activated up to 5-fold by allosteric modification by AMP, and 50–100-fold by phosphorylation of Thr-172 on the α subunit by upstream kinases, including the tumor suppressor kinase, LKB1 and calcium/calmodulin-dependent protein kinase kinase (CaMKK) [58, 113]. AMPK has been localized to skeletal muscle, brain, liver, pancreas, as well as ECs [30]. However, mechanisms of AMPK activation, and the function of this kinase in the endothelium still are not fully characterized. We aimed to determine whether extracellular nucleotides are involved in the activation of AMPK. 

Studies from our laboratory indicate that the extracellular nucleotides, ATP, UTP and ADP, as well as adenosine, induce phosphorylation of AMPK and its downstream target, acetyl-CoA carboxylase (ACC), in time- and nucleotide concentration-dependent manners. Further, by pharmacological analysis, we showed that P2Y1, P2Y2 and possibly P2Y4 receptors are involved in the activation
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of AMPK, while we excluded participation of P2Y6, P2Y11, P2X7, and other P2X

receptors [28]. 

Additionally, we confirmed that Ca2+ released from the endoplasmic reticulum plays an important role in ATP/UTP-induced phosphorylation of AMPK, as a chelator of intracellular free calcium ions, BAPTA, almost completely attenuated AMPK

phosphorylation. Moreover, we identified CaMKK as the kinase responsible for nucleotide-induced AMPK activation in ECs, whereas we excluded contributions from LKB1, PI3K, protein kinase C (PKC) and CaMK II [28]. 

As mentioned earlier in this chapter, ECs express CD39 (NTPDase I), an NTPDase that hydrolyzes nucleoside tri- and diphosphates to mono-phosphates, as well as 5-nucleotidase (CD73), which can further hydrolyze AMP to adenosine [63, 129]. Therefore, we investigated whether phosphorylation of AMPK

induced by nucleotides was related to generation of extracellular adenosine. 

Inhibition of 5-nucleotidase with α,β-methylene ADP (AOPCP) had no effect on ATP/UTP/ADP-induced AMPK phosphorylation, indicating that adenosine generation is not involved in AMPK activation induced by extracellular nucleotides. 

Extracellular adenosine can exert cellular responses by two mechanisms, either through activation of cell surface P1 receptors or via uptake by nucleoside transporters whereupon intracellular conversion to adenine nucleotides can affect cellular functions. We demonstrated that adenosine but not its metabolites, inosine or hypox-anthine, can activate AMPK. Furthermore, we established that the effect of adenosine was not mediated by P1 receptors, but by adenosine uptake facilitated by nucleoside transporters. Finally, we clarified that the intracellular conversion of adenosine to AMP is important for AMPK activation. We hypothesize that intracellular AMP

generated from adenosine by adenosine kinase, allosterically activates AMPK so that it is more sensitive to further activation by upstream kinases. While search-ing for the upstream kinases, we excluded CaMKK, as well as PI3K, and showed that adenosine-induced phosphorylation of AMPK was dependent on activation of LKB1. Therefore, we conclude that the pathway of adenosine-induced activation of AMPK differs from the one identified for extracellular nucleotides [28]. 

We expected that AMPK activation induced by adenosine, which is converted to AMP within the cell, would be sensitive to changes in the AMP:ATP ratio. 

We observed an increase in intracellular AMP levels in response to extracellular adenosine, however, this increase was accompanied by a corresponding increase in ATP levels. Therefore, the ratio of AMP to ATP did not change significantly in response to extracellular adenosine, as compared to other studies showing 6 to 25-fold increases in the AMP:ATP ratio in adenosine treated cells [26, Hardie, 1998

#734]. We assume that the actual level of AMP is more important for activation of AMPK than the AMP:ATP ratio [122]. Therefore, we conclude that adenosine-induced activation of AMPK is linked to LKB1 activation and is enhanced by increases in the intracellular AMP level. 

In summary, our findings demonstrate two distinct, but converging pathways for AMPK activation in HUVECs. One pathway induced by extracellular nucleotides is linked to activation of P2Y1, P2Y2 and possibly P2Y4 receptors, and is dependent on [Ca2+]i and CaMKK. The second pathway induced by extracellular adenosine is
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Fig. 2.2 A scheme of two

signaling pathways initiated

by extracellular nucleotides

and adenosine, leading to

AMPK activation in EC

dependent upon adenosine uptake followed by the generation of intracellular AMP

that promotes activation of AMPK via LKB1. A scheme of these two pathways is presented in Fig. 2.2. Extracellular nucleotides and adenosine whose local concentrations under pathophysiological conditions can be significantly increased, could play an important role in maintaining cellular energy homeostasis by AMPK activation that modulates glucose uptake and fatty acid metabolism. We propose that P2Y

receptors and nucleoside transporters could be novel targets for a pharmacological intervention to regulate AMPK and hence EC metabolism under pathological conditions. 

 2.3.3 eNOS Activation by Extracellular Nucleotides

NO is an important signaling molecule regulating inflammation, angiogenesis and thrombosis [74]. NO generated in the endothelium promotes vasorelaxation, protects ECs from apoptosis, inhibits vascular smooth muscle cell proliferation, blocks platelet activation and enhances vascular growth. As such, NO maintains vascular homeostasis. A decrease in NO production is implicated in endothelial dysfunction. 

In ECs, NO synthesis requires the activation of eNOS. The expression and function of eNOS is regulated at multiple levels: transcriptional, post-transcriptional (mRNA stability) and post-translational (O-glycosylation, myristoylation, palmitoylation and phosphorylation). Additional regulation occurs through eNOS dimerization and interaction with regulatory proteins, such as calmodulin (CaM), caveolin-1 and heat-shock protein 90 (HSP90), as well as eNOS subcellular targeting to caveolae, other cellular membranes or the cytoplasm [40, 45]. 

Basal production of NO is maintained through allosteric activation of eNOS by Ca2+/CaM, secondary to activation of phospholipase C gamma (PLCγ), an increase in [Ca2+]i and activation of CaM. However, to reach high activity, eNOS has to be phosphorylated at Ser-1177 [36]. Several kinases, including CaMKII, PI3K/Akt, AMPK, ERK, p38 MAPK, PKCα, and protein kinase A (PKA), have been reported to phosphorylate Ser-1177 and thus activate eNOS [5, 14, 36, 81, 85, 102, 104, 116, 128]. 
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Regulation of vessel contraction/relaxation by extracellular nucleotides has been well known for many years and is associated with NO generation [19] in response to a conformational activation of eNOS by Ca2+/CaM [64, 75]. However, until recently the impact of extracellular nucleotides on eNOS phosphorylation at Ser-1177 had not been fully elucidated. We showed that ADP, ATP, and UTP induce Ser-1177-eNOS phosphorylation, indicating that P2Y1, P2Y2 and possibly P2Y4 receptors are the main receptors involved in purinergic activation of eNOS in ECs [29]. We excluded P2Y6 and P2Y11 receptors, as their respective ligands, UDP and BzATP, did not induce eNOS phosphorylation. 

Our results also demonstrate that nucleotide-induced eNOS phosphorylation is Ca2+-dependent, as chelation of intracellular Ca2+ with BAPTA completely inhibited Ser-1177 phosphorylation. However, activation of Ca2+-dependent kinases upstream of eNOS activation, including CaMKII and CaMKK [102] is not involved in nucleotide-induced eNOS phosphorylation on Ser-1177, even though extracellular nucleotides can activate CaMKK in ECs [28]. 

We also excluded AMPK, a reported upstream activator of eNOS [116]

that is activated by extracellular nucleotides in ECs [28]. Inhibition of AMPK

with a pharmacological inhibitor, Compound C, or by expression of dominant-negative AMPKα2 did not decrease eNOS phosphorylation induced by extracellular nucleotides [29]. 

Likewise, pharmacological inhibitors of PI3K/Akt, ERK, p38, PKA, PKG, and PKCα did not affect nucleotide-induced eNOS phosphorylation. In contrast, pharmacological inhibitors of PKCδ or suppression of PKCδ expression with siRNA decreased nucleotide-induced eNOS activation in ECs. Additionally, we confirmed that nucleotide-induced eNOS phosphorylation correlates with increases in cGMP

levels, likely caused by NO generation. Accordingly, we propose that extracellular nucleotides induce eNOS activation, through Ca2+-dependent conformational changes and PKCδ–dependent phosphorylation of eNOS (Fig. 2.3). 

In contrast to our results, Brown et al. showed that eNOS is activated by P2Y

receptors via the PKCα isoform [14]. Results from Ian Bird’s group suggest roles for Ca2+ and ERK1/2 in pregnancy-related eNOS activation in uterine arteries [35]. 

In other studies, P2X1 [56] and P2X4 [124] receptor activation has been implicated in NO-dependent vasodilation. 

Fig. 2.3 A scheme of the proposed signaling pathway of the extracellular nucleotide-induced phosphorylation of eNOS in EC
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 2.3.4 Effects of Extracellular Nucleotides on ECs Exposed to High

 Glucose

Maintenance of eNOS activity and NO bioavailability in the endothelium has been proved to be of great importance. In certain diseases, including atherosclerosis and diabetes mellitus, NO production is impaired as a result of attenuation of eNOS

expression and activity [105]. Reduced NO production, resulting from high glucose-induced inactivation of eNOS, is one of the key pathophysiological causes of EC

dysfunction and vascular complications in diabetic patients. 

It is documented that NO exerts anti-inflammatory effects in ECs through inhibition of nuclear factor kappa B (NF-κB) activation by various mechanisms, including stabilization of inhibitor κBα (IκBα), nitrosylation of p50, and quenching of reactive oxygen species (ROS) [25]. NO also protects ECs from apoptosis by reducing oxidative damage [60], promotes angiogenesis by increasing VEGF production [41]

and inhibits platelet aggregation leading to homeostasis of thrombotic events [92]. 

Relevant to decreased NO bioavailability in diabetes, high glucose/ROS decrease eNOS activity by activation of PKCβII (which negatively regulates eNOS activity through its phosphorylation at Thr-495 [23, 76]), post-translational O-glycosylation of the Ser-1177 residue (which decreases phosphorylation of this residue that is required for eNOS activity [38, 44]), and inhibition of the PI3K/Akt pathway upstream of eNOS [42]. 

We hypothesized that the Akt-independent activation of eNOS by PKCδ in ECs treated with extracellular nucleotides [29] may be resistant to the damaging effects of high glucose. Indeed, we verified this hypothesis by showing that, in contrast to PI3K/Akt-dependent eNOS activation by VEGF that is inhibited by high glucose, 20–30 mM D-glucose did not affect nucleotide-induced phosphorylation and activation of eNOS (data not shown). 

 2.3.5 Effects of ATP in Diabetic ApoE-Knockout Mice

To evaluate the in vivo effects of extracellular nucleotides, we carried out pharmacokinetic studies in C57BL/6 mice. First, we verified the bioavailability of ATP

in mouse blood after a single intraperitoneal (i.p.) injection of this nucleotide (1 mmol/kg body weight). ATP levels in the serum showed a 7-fold increase (from 0.7±0.13 to 5.3±1.1 μM) 4 hours after the ATP injection, in agreement with previously published data [69]. 

Then, we investigated the effects of ATP administration in atherosclerosis-prone apolipoprotein E (ApoE)-deficient mice (ApoE-KO) rendered diabetic with streptozotocin. ApoE-KO mice, control and diabetic, were injected daily with saline or ATP (1 mmol/kg) i.p. from 12 to 20 weeks of age. Twenty-week old mice were sacrificed and their aortic arches and hearts were stained with hematoxilin/eosin (H/E) or analyzed by immunohistochemistry (IHC). Our preliminary data for a small animal group (n = 3) show greater atherosclerotic lesion areas in aortic arches of
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saline-treated diabetic ApoE-KO mice than ATP-treated animals. Atherosclerotic lesions in ATP-treated diabetic ApoE-KO mice exhibited a decrease in immunostaining for the pro-inflammatory proteins, p65/NF-κB, VCAM-1, and P-selectin, as compared to saline-treated ApoE-KO mice. Administration of ATP also attenuated expression of the NADPH oxidase subunit p22phox, which should result in decreased NADPH oxidase activity and reduced ROS formation (data not shown). These data need further confirmation in a larger animal group of experimental animals, however they are very promising, and suggest that administration of P2 receptor agonists could represent a novel therapeutic approach to protect vascular endothelium from accelerated atherosclerosis in diabetes. 

In a similar, but not diabetic in vivo model, atherosclerotic lesions were analyzed in ApoE-KO mice and mice deficient in both ApoE and the P2Y1 receptor

[59]. Atherosclerotic lesions in the aortic sinus and entire aorta were smaller in ApoE/P2Y1-KO mice, compared with ApoE-KO mice. Moreover, in ApoE/P2Y1-KO mouse aorta, pro-inflammatory VCAM-1 expression and macrophage infiltration were reduced, compared with ApoE-KO mice. However, detailed experiments with bone marrow transplantation into ApoE-KO and ApoE/P2Y1-KO mice indicated that non-hematopoietic-derived P2Y1 receptors, most likely originating from the endothelial or smooth muscle cells, contribute to development of atherosclerotic lesions. These data are contradictory to our results, showing rather anti-atherosclerotic and anti-inflammatory effects of administered ATP in diabetic ApoE-KO mice. However, as these two animal systems differ, direct comparisons of the data are difficult. 

 2.3.6 Other Signaling Pathways Activated by Extracellular

 Nucleotides in ECs

We have characterized in detail signaling pathways activated by extracellular nucleotides, leading to activation of FAK, AMPK and eNOS. However, published and unpublished results indicate that extracellular nucleotides also activate other signaling pathways in ECs. These include ERK1/2 [4, 86, 109], p38 MAPK [68, 107, 109] and JNK [109], a family of Ser/Thr protein kinases that transduces signals from the cell membrane to the nucleus in response to various stimuli and are implicated in the expression of genes that regulate EC proliferation and apoptosis. In one study, P2Y receptors were shown to activate ERK in HUVECs, independent of calcium, through a pathway involving PI3K, 3-phosphoinositide-dependent protein kinase-1 (PDK1), and PKCζ [79]. In another study, PKCα was shown to be responsible for ERK activation in response to ATP and UTP in the EAhy926 endothelial cell line [51]. 

It was also reported that ATP released by oxidative stress induces P2Y receptor-dependent activation of cell survival proteins, PI3K and ERK1/2 in human lung microvascular endothelial cells (HLMVECs), a prime target of hyperoxic injury. 

Moreover, under hypoxia, ATP activates mTOR-dependent pathways and increases
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mTOR-mediated uptake of glucose, in keeping with the importance of glucose metabolism in protection from hyperoxia [2, 3]. 

Our preliminary data indicate that adenine nucleotides and adenosine induce a significant increase (∼1.8-fold) in the levels of intracellular ATP (ATPi; manuscript under preparation). This increase in ATPi levels occurred independently of AMPK

activation. Overexpression in ECs of a dominant-negative form of AMPK α2 using a recombinant adenovirus or incubation of ECs with Compound C, a pharmacological inhibitor of AMPK, did not inhibit the rise in ATPi levels following treatment with adenosine. We assume that a significant increase in ATPi could be highly relevant for the protection of the endothelium from stress signals. This includes oxidative stress observed when ECs are exposed to high glucose levels, which has a strong negative impact on ATPi levels [61, 118]. This “surplus” of ATPi induced by extracellular adenine nucleotides or adenosine could be useful in cell protection from apoptosis or could serve to regulate cellular functions, such as cell growth or migration. Further studies should elucidate the importance of this observation. Presently, we can only speculate about possible effects of increased ATPi levels on the regulation of intracellular proteins that utilize ATPi. These include heat shock proteins (HSP; including HSP70 and HSP90), mTOR, as well as P2X7 receptors expressed in the nuclear membrane, to name a few. 

One of the signaling pathways of potential importance for cell growth and proliferation, and therefore angiogenesis, is the mTOR pathway. It was reported that in ECs isolated from the pulmonary artery vasa vasorum (VVECs) ATP, ADP

and MeSADP, acting via P2Y receptors, induced activation of several kinases, including ERK1/2, PI3K/Akt, mTOR and its downstream effector p70S6K. P2Y

receptor activation was associated with increased DNA synthesis, cell migration and tube formation in Matrigel. Further analysis showed that the PI3K/Akt and mTOR/p70S6K pathways were not involved in extracellular ATP-induced tube formation. Interestingly, these effects were cell-specific, as they were observed only in pulmonary artery vasa vasorum EC (VVECs), but not in pulmonary artery ECs (MPAECs) or aortic ECs (AOECs) obtained from the same animals [47]. Moreover, ATP potentiated the effect of the angiogenic factors, VEGF and bFGF, on the stimulation of DNA synthesis in VVECs, but not in MPAECs and AOECs. These data suggest a mechanistic explanation for the role of extracellular ATP in the expansion of the vasa vasorum that can be observed in hypoxic conditions. At the same time, this study demonstrates cell specificity in the response to extracellular nucleotides, as well as interplay between P2 receptor signaling and other pathways. 

 2.3.7 Cross-talk Between Purinergic and Other Signaling

 Pathways

Several recent papers have reported cross-talk between purinergic and other signaling pathways. Some of these pathways seem to have great importance for EC

functions. 
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In the EAhy926 EC line, UTP, ATP, but not UDP, inhibited TNFα-induced stimulation of the stress-activated protein kinases, JNK, p38, and its downstream target, MAPKAP kinase-2, which was mediated by Ca2+-independent isoforms of PKC. These results reveal a novel cross-talk between P2Y receptors and the TNFα-stimulated p38 pathway in ECs [87]. 

Interaction between P2Y receptors and VEGF signaling pathways has been also documented [107]. Activation of the P2Y2 receptor with its ligand, UTP, upregulated the expression of pro-inflammatory vascular cell adhesion molecule-1

(VCAM-1) in human coronary artery ECs (HCAECs). This effect of UTP was mediated via P2Y2 receptor-dependent phosphorylation of VEGF receptor-2 (VEGFR-2) and activation of its signaling pathway with involvement of Src homology-3-binding sites in the C-terminus of the P2Y2 receptor. The small GTPases Rho (RhoA) were implicated in this pathway, as a dominant negative form of RhoA inhibited P2Y2 receptor-mediated VCAM-1 expression. Moreover, it was established that VEGFR-2 and the P2Y2 receptor co-localize upon UTP stimulation. 

In another study, Rumjahn et al. demonstrated that activation of P2Y receptors promotes EC angiogenesis. Activated P2Y1 receptors transactivate VEGFR-2 in the absence of VEGF, which stimulates EC tubulogenesis. This P2Y1 receptor-VEGFR2 interaction and resulting signal transduction may affect vascular homoeostasis and tumor-mediated angiogenesis [100]. 

Interplay between P2Y receptor-induced signaling and growth factor receptor has been reported to modulate activity of MAPK. Specifically, it was documented that UTP transiently activated ERK in PC12 cells via P2Y2 receptor-mediated transactivation of the epidermal growth factor receptor, downstream at the level of the related adhesion focal tyrosine kinase (RAFTK) [111]. It remains to be determined if similar cross-talk between tyrosine kinases and purinergic receptors signaling exists in ECs. 

There is also evidence of cross-talk between P2Y2 receptors and integrins [8, 43, 62]. This interaction affects cell chemotaxis and migration and therefore might be associated with regulation of angiogenesis by nucleotide-induced signaling. 

On the basis of established data, we hypothesize that purinergic signaling may influence other signaling pathways. One of the novel roles of AMPK is to prevent the activation of NF-κB in ECs exposed to the fatty acid palmitate or the cytokine TNFα. The increases in NFκB activation and VCAM-1 expression induced by palmitate were markedly inhibited by AICAR, the AMPK activator, and by expression of a constitutively active AMPK [21]. The mechanism responsible for this observation remains to be elucidated, however it is possible that interplay between extracellular nucleotide-induced activation of AMPK and the TNF/NF-κB signaling pathway could play a role in the anti-inflammatory effects of purines in the endothelium. 

Likewise, NO exerts anti-inflammatory effects in cytokine-stimulated human saphenous vein endothelial cells, by inhibiting NFκB-mediated up-regulation of VCAM, E-selectin and to some extent, ICAM-1 [34, 88]. Therefore, we predict that extracellular nucleotides by activation of eNOS and induction of NO generation may negatively affect the NFκB signaling pathway. 
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2.4 Conclusions, Hypotheses, and Controversies

We have described three extracellular nucleotide-initiated signaling pathways, leading to activation of FAK, AMPK and eNOS. Moreover, we showed that purine nucleotides and adenosine increase levels of ATPi in EC. Therefore we hypothesize that extracellular nucleotides may regulate various EC functions, including cell migration, proliferation and apoptosis (Fig. 2.4). 

Fig. 2.4 A scheme of the extracellular nucleotide/adenosine-induced signaling pathways leading to activation of AMPK and eNOS, and an increase in the intracellular ATP (ATPi) concentration, which may regulate EC proliferation and apoptosis

These three signaling pathways are linked by their dependence on [Ca2+]i. 

Indeed, chelation of intracellular Ca2+ inhibits nucleotide-induced activation of FAK, AMPK, and eNOS. However, these signaling pathways diverge downstream, possibly due to compartmentalization of purinergic signaling. Otherwise, AMPK, which has been shown by other studies to be an upstream kinase that activates eNOS, would also phosphorylate eNOS on Ser-1177 in our experimental system. 

Our results obtained with pharmacological ligands and antagonists indicate that P2Y1 and P2Y2 receptors are the main functional P2 receptors in HUVECs, however, these data need to be validated by additional experiments with genetic effectors,  i.e. , specific siRNA to suppress expression of individual P2 receptor subtypes. Our studies have been restricted to HUVECs and HCAECs, however, as suggested by other reports, ECs originating from other vascular beds may express different repertoires of P2 receptor subtypes and thus respond to extracellular nucleotides differently. This intriguing aspect of purinergic signaling awaits further investigations as well. 

Currently available data on the signaling effects of extracellular nucleotides were obtained from studies of ECs from different species, such as human, bovine, 
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pig, rat, mouse, rabbit and sheep, originating from different vascular beds, i.e., umbilical vein [28], coronary artery [106], aorta [117], pulmonary artery [112], pulmonary artery VVEC [47], corneal vessels [49], uterine artery [123], brain capillary [110], renal artery [65], retinal microvasculature [114], and saphenous vein

[34]. However, in these ECs, different purinergic effects and signaling pathways were studied, making comparisons of the results difficult. Therefore, effects of extracellular nucleotides in these different ECs should be systematically evaluated. 

The outcomes of purinergic signaling in the endothelium also need further evaluation. We demonstrated that nucleotide-induced activation of FAK/Pax/p130

and up-regulation and transactivation of integrin αv were followed by cytoskeletal changes and PI3K-dependent EC migration, indicating that P2 receptors may be involved in the regulation of angiogenesis. Some other data demonstrating purinergic activation of mTOR, PI3K/Akt and ERK, pathways implicated in cell growth, survival, migration and proliferation, support this hypothesis [47]. However, contrary to numerous in vitro and in vivo data showing that nucleotides increase SMC

proliferation, similar data for ECs are missing. Our own (unpublished) data indicate that depending on the EC type and experimental conditions, nucleotides can stimulate, inhibit or have no effect on EC proliferation. 

A role for purinergic signaling in EC apoptosis, postulated to contribute to vascular injury or the regulation of angiogenesis, also awaits additional study, as not much data are available on this subject. Adenosine, but not ATP or ADP, has been shown to induce apoptosis in pulmonary artery ECs by increasing intracellular S-adenosylhomocysteine levels and impairing methylation of some proteins or nucleic acids [33, 98]. In another study suggesting that ATP and ADP induce EC apoptosis, very high levels of ATP were used (10 mM) to induce cell death, whereas 100

μM and 1 mM ATP had no effect on EC apoptosis [119]. Moreover, in this report, high concentrations of ATP and ADP activated NFκB, whereas in ECs this pathway exerts anti-apoptotic effects [52]. Again, the role of nucleotides in EC apoptosis has to be further investigated. 

Our data indicate that extracellular nucleotides induce rapid and transient activation of eNOS, AMPK, and mTOR/p70S6k and a delayed increase in ATPi. However, some of these data are not consistent,  i.e. , activation of AMPK should turn-off the mTOR pathway, which is energy-dependent. 

EC activation and damage are associated with blood coagulation, inflammatory responses (e.g., up-regulation of adhesion molecules), endothelial dysfunction (e.g., reduced NO generation), and atherosclerotic lesion development (e.g., neointima formation). Hyperglycemia/diabetes mellitus and hypertension are conditions that negatively affect vascular function. Therefore, nucleotide-induced activation of eNOS and AMPK may exert protective effects in some vascular-related diseases. 

This hypothesis needs further validation. 

Although the multiple functions of eNOS/NO in ECs are well established, and we showed that extracellular nucleotides activate eNOS, outcomes associated with NO

generation induced by extracellular nucleotides should be confirmed. We expect to verify that P2 receptor signaling via NO may protect ECs from high glucose-induced apoptosis, attenuate cytokine-mediated up-regulation of pro-inflammatory proteins or reduce oxidative stress. 
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Much less is known about AMPK function in ECs. Contrary to other reports, we have not confirmed AMPK participation in eNOS activation. AMPK regulates not only cellular energy metabolism, but can protect the endothelium from various stresses, including high levels of glucose and fatty acids, such as observed in obesity and type 2 diabetes [31]. AMPK also modulates signaling pathways that control cell growth, differentiation, and survival and therefore affects angiogenesis [82]. Other studies indicate that AMPK activated under hypoxia is involved in up-regulation of hypoxia induced factor-1 (HIF-1), a transcription factor that is critical for hypoxic induction of physiologically important genes, as well as secretion of VEGF and stimulation of glucose uptake [70]. Other evidence suggests that AMPK inhibits the activation of NFκB in HUVECs induced by both palmitate and TNFα [21]. Further studies on the physiological and pathophysiological roles of AMPK in endothelium are necessary. Again, whether extracellular nucleotides regulate EC metabolism or angiogenesis via AMPK needs to be verified. 

We have also shown that not only nucleotides, but also adenosine activates AMPK and increases levels of ATPi. Interestingly, these effects of adenosine are not mediated by P1 receptors but are related to intracellular effects of adenosine after uptake via adenosine transporters. 

Finally, from a translational point of view, activation of eNOS and AMPK seems to be relevant to endothelial dysfunction linked to metabolic syndrome and diabetes. 

We propose that P2 receptor-mediated signaling “rescues” eNOS activation and NO

generation under high glucose conditions, even when the PI3K-Akt pathway is dis-abled, whereas VEGF-induced activation of eNOS is significantly attenuated by high glucose concentrations. This is a novel observation suggesting that P2 receptors may represent viable targets for pharmacological intervention to regulate eNOS

activity and hence protect the endothelium from the deleterious effects of high levels of glucose. 

We expect that in a few years many of the unknown functions of P2 receptors in the endothelium will have been elucidated. 
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Extracellular Purines in Endothelial Cell

Barrier Regulation
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Kolosova, Rudolf Lucas, John D. Catravas, and Alexander D. Verin Abstract The vascular endothelium is a semi-selective diffusion barrier that regulates a variety of functions including controlling of the passage of macromolecules and fluid between the blood and interstitial fluid. It is well known that loss of this barrier (permeability increase) results in tissue inflammation, the hall mark of inflammatory diseases such as acute lung injury (ALI) and a severe form of it, acute respiratory distress syndrome (ARDS). Apart from ventilation strategies, no standard treatment exists for ALI and ARDS, making the search for novel regulators of endothelial hyperpermeability and dysfunction important. Accumulating data suggest that extracellular purines are promising and physiologically relevant barrier-protective agents. Purines decrease transendothelial permeability by interacting with cell surface P1 and P2Y purinoceptors belonging to the superfamily of G-protein-coupled receptors (GPCR). Selective activation of endothelial purinoreceptors responsible for barrier protection might form a basis for the treatment of various disorders. The therapeutic potential of purinoreceptors is rapidly expanding field in pharmacology and some selective agonists became recently available. In this review, we demonstrate the comprehensive overview of the purinoceptors expression in the endothelium, their interaction with G-proteins and activation of various signal transduction pathways, which lead to an endothelial barrier enhancement and protection. 
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3.1 Introduction

The vascular endothelium is a semi-selective diffusion barrier between the plasma and interstitial fluid and is critical for normal vessel wall homeostasis. Endothelial permeability is known to be regulated by the balance between centripetal and cen-trifugal intracellular forces, provided by the contractile machinery and the elements opposing contraction, respectively. The latter include tethering complexes, responsible for cell-cell and cell-substrate contacts, and systems granting cell rigidity and preventing cell collapse, such as actin filaments, microtubules and intermediate filaments [28]. Some naturally occurring substances such as sphingosine-1-phosphate

[27] and the second messenger cAMP [39] are known to enhance the endothelial cells (EC) barrier. Recently, much attention has been given to the therapeutic potential of purinergic agonists and antagonists for the treatment of cardiovascular and pulmonary diseases [4, 14, 75, 97]. Purines (ATP, ADP and adenosine) function as intercellular signaling molecules, which are released to extracellular compartments from different sources in the body and subsequently reach the target organs

[15]. Accumulating experimental data suggest that ATP [54, 55] and other purines are promising physiologically relevant barrier-protective agents as they are readily present in the EC microenvironment in vivo, and they decrease transendothelial permeability in vitro. ATP can be released into the bloodstream from platelets [6] and red blood cells [7, 16] and its concentrations may temporarily exceed 100 μM in blood [19]. Furthermore, the endothelium is a source of ATP locally within the vascular bed, and ATP is released constitutively across the apical membrane of EC

under basal conditions [91]. Enhanced release of ATP is observed from ECs in response to various stimuli, including hypotonic challenge [91], calcium agonists

[91], shear stress [71], thrombin [71], ATP itself [11], and LPS [12]. Extracellular ATP can either signal directly [34, 107] or is rapidly degraded into adenosine leading to additional vascular nucleoside signaling [31–33, 59]. Purine action is mediated by cell surface P1 and P2Y purinergic receptors (purinoceptors) [76, 102]. 

Both P1 and P2Y purinoceptors belong to the superfamily of G-protein-coupled receptors (GPCR). GPCRs consist of seven transmembrane domains, three extracellular and three intracellular loops, extracellular N- and intracellular C-termini. The receptors are coupled to heterotrimeric G-proteins serving for them as guanidine exchange factors (GEFs). Heterotrimeric G-proteins, immediate targets for activated purinoceptors, exist as αβγ trimers. Gβγ is a non-dissociated dimer, whereas Gα-subunit is dissociated from the complex after GTP binding. There are 39 different G-protein subunits identified in mammalian cells: 21 α-subunits, 6 β-subunits and 12 γ-subunits. Such number of the subunits means a remarkable variety of the heterotrimers, although, likely, not all of them may be formed in vivo due to tissue-specific expression of some subunits and other factors [69]. 

Purinoceptors

are

activated

upon

extracellular

adenosine

(P1)

and

ATP/ADP/UTP/UDP-glucose (P2Y) stimulation. To date, twelve G-protein-coupled purinoceptors were identified in mammalian cells: four P1 receptors (A1, A2A, A2B, A3) and eight P2Y receptors (P2Y1, P2Y2, P2Y4, P2Y6, P2Y11, P2Y12, P2Y13, P2Y14) [90, 103] (Table 3.1). In EC of different origin, expressions

[image: Image 8]
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Table 3.1 The family of purinoceptors

of A1, A2A, A2B, A3, P2Y1, P2Y2, P2Y4, P2Y6, and P2Y11 purinoceptors had been demonstrated [2, 77, 85, 103, 106]. Our recent study (data not shown) indicates the expression of P2Y13 in human pulmonary artery EC (HPAEC). 

Heterotrimeric G-proteins activated by P1 and P2Y receptors in EC belong to four functionally distinct subfamilies: Gαs, Gαq/11, Gαi and Gα12/13. Activation of these particular G-proteins determines a cell response upon agonist stimulation. In this review, we are mainly focused on the effects of purine-induced P1 and P2Y

receptors on modulation of endothelial monolayer integrity, respective signaling pathways leading to an enhancement or to a loss of endothelial barrier function will be discussed. Several studies demonstrated that P2X receptors are abundant in EC

[106, 108, 112]. However, the P2X specific agonist, AMP-CCP, was completely inactive on the HPAEC monolayer [54] suggesting that P2X receptors are unlikely to be involved in ATP-mediated EC barrier enhancement. 

3.2 Purinoceptor-Mediated Regulation of Endothelial Barrier Function

 3.2.1 Cell Signaling Pathways Activated Upon Purinoceptor

 Stimulation

Integrity of endothelium is determined by cell-cell and cell-matrix contacts, as well as by organization of cytoskeleton of EC. Signaling cascades are activated by ligand-bound purinoceptors. Dynamic changes in cytoskeleton organization and proteins link cytoskeletal structures to adherens junctions (AJ), tight junctions (TJ), and focal adhesion (FA) contacts. These are key targets of purinoceptor-mediated signaling pathways affecting endothelial barrier function. A major role in endothelial cell-cell contacts belong to the AJ and its transmembrane protein, vascular
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endothelial cadherin (VE-cadherin) involved in Ca2+-dependent homotypic contacts with adjacent cells. Cytoplasmic domain of VE-cadherin is linked to the cortical actin ring via β/α-catenins which stabilizes AJ, as well as determines a mechanism for dynamic reorganization of cell-cell contacts. Actin-mediated disassembly/stabilization of AJ is determined mainly by phosphorylation/dephosphorylation equilibrium of actin-associated 20-kDa myosin light chain protein (MLC20). 

Phosphorylation status of MLC20 plays an important role in cytoskeleton organization in EC and, therefore, is crucial for endothelium integrity [40, 101]. 

Phosphorylation of MLC20 by Ca2+/calmodulin-dependent MLC kinase leads to an actin-myosin contraction and centripetal force-driven AJ results in a loss of endothelial integrity and hyperpermeability. In contrast, cell signaling pathways leading to deposphorylation of MLC20 by MLC phosphatase, protein phosphatase 1 (PP1), results in the formation of a thick cortical actin ring, cell relaxation and spreading. 

Agonist-mediated activation of purinoceptors on the surface of EC may enhance as well as decrease a barrier function of the endothelium (Fig. 3.1). Stimulation of A2A, A2B, or P2Y11 receptors coupled to Gαs proteins [21, 22, 51, 73] leads to direct interaction of dissociated Gαs with plasma membrane adenylyl cyclase and activation of the cAMP synthesis [111]. The cAMP is a classical activator of protein kinase A (PKA), although it may be involved in modulation of other pathways. As it was recently shown for 5-N-ethylcarboxamidoadenosine (NECA)-stimulated A2B

receptors in human umbilical vein EC (HUVEC), generation of cAMP may lead to alternative, PKA-independent Epac1/Rap1/B-Raf pathway resulting in ERK1/2

activation [35]. The cAMP-dependent activation of PKA has indispensible consequences as a potent positive regulator of endothelial monolayer integrity. Indeed, activated PKA shifts EC to relaxed status by prevention of MLC20 phosphorylation and, therefore, formation of stress fibers. Purinoceptors A1, A3, and P2Y14

are involved in Gi protein-mediated signaling [35, 51]. Activation of these receptors leads to an inhibition of adenylyl cyclase via its direct association with free Gαi

[70]. Gi protein-derived free Gβγ dimers interact with PI3-kinase (PI3-K) or phospholipase Cβ (PLCβ) and initiate respective signaling pathways [44, 78, 90]. PI3-K

activates PKB/Akt (via phosphatidyl-3,4,5-triphosphate (PIP3) generation and activation of PDK1) [42] and ERK1/2 (via Ras/Raf-1/MEK1/2) [44]. PLC activation (and, therefore, generation of inositol 1,4,5-triphosphate (IP3) and diacylglycerol (DAG)) may follow by Ca2+ influx due to stimulation of plasma membrane and endoplasmic reticulum Ca2+-channels [78]. Elevation of [Ca2+]i and DAG levels routinely follows by membrane translocation and activation of conventional (α, βI, βII, γ) and novel (δ, , η, θ) PKC isoforms [66]. PKCα isoform has been shown to activate the RhoA/Rho kinase (ROK) pathway by direct phosphorylation of the upstream effectors, RhoGDI and RhoGEF [52], which leads to phosphorylation of MLC20, as well as to regulation of TJ disassembly via phosphorylation of p120

and β-catenin [82]. Adenosine-mediated activation of Gαi proteins has also been shown to promote an upregulation of p38 MAPK [44] and may possibly activate JNK by ROK-dependent phosphorylation [62]. The p38 MAPK can initiate stress fiber formation via phosphorylation of actin-capping protein hsp27 and its further dissociation from actin filaments [45, 86]. Another important event related

[image: Image 9]
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Fig. 3.1 Purinoceptor-activated cell signaling pathways, which affect barrier function of endothelial monolayers (see also explanations in the text). Pathways leading to enhancement of endothelial integrity are shown in red. Barrier-disruptive pathways are shown in  black to Gαi protein-mediated signaling is activation of Src kinase [61, 93]. In EC, Src kinase positively regulates caveolae-mediated transcytosis of albumin by phosphorylation of caveolin-1, gp60 and dynamin-2 [92, 96]. Phosphorylation of dynamin-2

can also stimulate clathrin- and caveolin-dependent endocytosis, and, therefore, enhance internalization of transmembrane proteins involved in cell-cell contacts. 

Activated Src may initiate transactivation of receptor tyrosine kinases (RTK) and RTK-mediated signaling. 

Gq/11 protein-mediated signaling is activated by agonist stimulation of A2B, P2Y1, P2Y2, P2Y4, P2Y6 and P2Y11 receptors [21, 22, 36, 37, 65, 81, 105]. 

Dissociated Gαq or Gα11 subunits directly interact with PLCβ and positively modulate production of IP3 and DAG [78]. This, in turn, leads to [Ca2+]i influx and activation of PKC isoforms [73]. Extensive studies performed in EC have
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demonstrated Ca2+-dependent activation of endothelial nitric oxide (NO) synthase (eNOS) via direct interaction with Ca2+/calmodulin and/or via phosphorylation by Ca2+/calmodulin-dependent protein kinase II (CaMKII)) [38, 87]. NO production leads to activation of guanylyl cyclase (GA), cGMP synthesis and stimulation of cGMP-dependent protein kinase (PKG) [53, 68]. While this pathway provides a negative feedback control of Ca2+ influx through down-regulation of endoplasmic reticulum (ER) IP3-sensitive channels and plasma membrane Ca2+-influx channels

[25, 113], it can also increase Ca2+ uptake by ER via activation of ER Ca2+ ATPases

[25]. Therefore, eNOS/GA/PKG cascade can down-regulate Ca2+-mediated signaling leading to endothelial barrier dysfunction. In HUVEC, stimulatory phosphorylation of eNOS at Ser-1177 was shown to be adenosine-independent, but mediated by several nucleotides (ATP, UTP and ADP). Inhibitory analysis demonstrated an involvement of P2Y1, P2Y2, and possibly P2Y4 purinoceptors in the activation of eNOS via [Ca2+]i elevation and DAG-dependent PKCδ [24]. Another protein target of activated PKG is vasodilator-stimulated phosphoprotein (VASP), a protein regulating actin polymerization and assembly [57]. Phosphorylated by PKG/PKA, VASP has been shown to localize to endothelial cell-cell junctions: in association with TJs and AJs [20, 79]. Although an entire role of the VASP phosphorylation in endothelial contraction/relaxation remains unclear, its modification correlates with enhancement of endothelial barrier function in purinoceptor agonist-stimulated cells [20, 54]. 

The P2Y2 receptor was also shown to activate Gα12 protein signaling. This activation requires an interaction of the receptor with αvβ3-integrin and can be inhibited either by αv-integrin antisense oligonucleotides or by point mutation in an integrin-binding sequence of the P2Y2 receptor [58]. Activation of Gα12 protein positively modulate Rho-guanine nucleotide exchange factor (p115Rho-GEF) via its interaction with Gα12 subunit [56] as well as via phosphorylation by activated PKCα [47]. 

This, in turn, promotes RhoA/ROK activation and phosphorylation of MLC20 and MLC phosphatase. 

Elevation of cytosolic Ca2+ may be, apparently, attributed to any P1 or P2Y

purinoceptor-mediated pathway in EC. Indeed, beside IP3-mediated Ca2+ release stimulated by Gαq/11 and Gαi, Ca2+ influx from extracellular space may be stimulated by Gαs via cAMP-activated Ca2+-channel, While [Ca2+]i is essential for activation of eNOS and stimulation of endothelium-derived release of vasorelaxant, NO [29, 43], elevation of cytosolic Ca2+ is certainly a negative factor for endothelial integrity. Nevertheless, as was shown in purine-activated EC, Ca2+ influx is rather transient and does not interfere with barrier-enhancing effects [54, 67]. 

 3.2.2 Adenosine-Activated Signaling and Endothelial

 Monolayer Integrity

Extracellular adenosine or ATP may have a positive, as well as a negative effect on the integrity of endothelium, depending on a prevalence of particular P1 and P2Y

purinoceptors. Although extracellular ATP itself should have a positive effect on
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endothelial integrity (via specific P2Y receptors coupled to heterotrimeric Gαs and Gαq/11 proteins), a quick degradation of ATP by cell-surface ectonucleotidases to ADP and adenosine [80, 95] may be followed by activation of ADP-specific P2Y

and adenosine-specific P1 receptors. Therefore, the resulting effect may reflect an interference of opposite signaling cascades. The response mediated by A1 and A3

receptors can definitively be a cause of the integrity loss. First, signaling pathways activated by these purinoceptors shift MLC20 to its phosphorylated form. Elevation of [Ca2+]i activate Ca2+/calmodulin-dependent phosphorylation of MLC20 along with RhoA/ROK-dependent inhibitory phosphorylation of regulatory myosin phosphatase target subunit (MYPT1) of MLC phosphatase, PP1, which, in turn, causes stress fiber formation with following polarization of EC. Second, an activation of Src-family kinases can increase clathrin- and caveolin-dependent endocytosis of adhesive proteins via phosphorylation of caveolin-1 and dynamin-2 [63], stimulate disassembly of AJs via tyrosine phosphorylation of p120-catenin and SHP-2

[3, 50, 99] and, therefore, may enhance a loss of cell-cell adhesion and formation of intercellular gaps. 

On the other hand, signaling cascades activated by A2 receptors can decrease endothelial permeability by shifting MLC20 to its dephosphorylated form via PKA-dependent inhibition of RhoA/ROK pathway. As was recently demonstrated, PKA phosphorylation of RhoGDI at Ser-174 prevents RhoA activation by thrombin [74]. 

Activation of ERK1/2 is a common event in purinoceptor-mediated signaling. 

As has been shown in model experiments (Chinese hamster ovary cells stably transfected with human P1 receptors), all four adenosine receptors may activate ERK1/2 phosphorylation when stimulated by the non-P1 receptor agonist, NECA, although intensities of the activation were not equal. The most potent ERK1/2

activator was the A2B receptor, whereas the highest level of ERK1/2 phosphorylation was obtained in A1 and A3 receptor-transfected cells [88, 89]. However, the activation of ERK1/2 is, likely, cell/tissue-specific, and was not detected in some types of cells expressed endogenous P1 receptors upon agonist stimulation [60]. Although ERK1/2 may be responsible for Ca2+-independent NO release by endothelium [110], its functions in EC may have a dual role, because of an involvement in barrier-protective and barrier-disruptive mechanisms. In cultured EC stimulated by extracellular ATP, ERK1/2 activity has been shown to be dispensable as an enhancement of endothelial barrier function under normal conditions [54], but it was important for ATP-mediated survival of hyperoxia-challenged EC [1]. 

 3.2.3 Purinoceptor-Mediated Signaling as a Regulator

 of Endothelial Integrity at Various Pathological States

A number of agents which negatively affect endothelial integrity have been shown to activate mechanisms interfering with purinoceptor-mediated signaling. Activation of the RhoA/ROK signaling pathway followed by actin stress fiber formation and a
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loss of cell-cell contacts is a general cause of endothelial dysfunction upon various pathological stimuli. Thrombin, a protease produced from inactive prothrombin by proteolytic cleavage on the surface of injured endothelium, is an inflammation response mediator. Thrombin is responsible for specific cleavage and activation of protease-activated receptors (PARs), members of the GPCR superfamily [104]. In EC, PAR-1, which can couple to Gα12/13, Gαq/11 and Gαi heterotrimeric proteins, stimulates, in turn, PLCβ, PKCα and RhoA pathways and inhibits adenylyl cyclase

[23, 41, 94]. These pathways can essentially lead to an activation of MLC kinase and inhibition of MLC phosphatase, stress fiber formation and disassembly of cell-cell junctions in EC [40, 84, 101]. Another agent compromising endothelial integrity is bacterial lipopolysaccharide (LPS), a component of gram-negative bacteria cell wall. LPS is a potent inflammatory agent involved in cell response in bacterial infections. Bovine pulmonary artery EC (BPAEC) exposed to LPS exhibited a concentration-dependent decrease in transendothelial electrical resistance, activation of Src, phosphorylation of the focal adhesion protein paxillin, and reduced expression of the AJ proteins, VE-cadherin and β-catenin [17]. LPS treatment, as well as stimulation of EC with TGF-β1, TNF-α and VEGF, increased endothelial permeability via phosphorylation of MLC20 and hsp27 and formation of stress fibers [5, 9, 64]. 

A number of microtubule (MT)-destabilizing agents were also shown to promote a loss of endothelial integrity via activation of RhoA/ROK pathway and MLC20

phosphorylation [10, 100]. In cultured HPAEC, RhoA activation was promoted by Rho-specific GEF-H1 released from disrupted MT upon nocodazole treatment [8]. Another MT-destabilizer, cytostatic anti-tumor agent, 2-methoxyestradiol, was also able to activate Rho kinase and p38 MAPK followed by hsp27 and MLC20 phosphorylation [13]. These studies done in our laboratory clearly demonstrated a link between MT disruption and following actin stress fiber formation. 

Moreover, the molecular mechanisms of endothelial dysfunction and a critical role of actin-mediated cytoskeleton rearrangement regulated by RhoA/ROK signaling suggest that purinoceptor-mediated pathways are potential therapeutical approaches to restore a barrier function of endothelium. Indeed, data obtained from our laboratory and by others using cellular and animal models of acute endothelial injuries have confirmed an ability of purinergic agonists to protect endothelial integrity from various disruptive stimuli. In particular, protective effects of ATP and NECA have been demonstrated in cellular and mouse models of LPS-induced endothelial injury

[55] and our unpublished observation, Fig. 3.2), in thrombin-treated EC [83] and in cultured EC under oxidative stress conditions [1]. 

The protective function is mainly associated with PKA activation and decreased dephosphorylation of MLC20. Under normal conditions, extracellular ATP added to the cultured HPAEC, enhanced the integrity rapidly increasing transendothelial electrical resistance [54]. Similar effect was also obtained upon stimulation by other P2Y purinoceptor agonists: ADP and 2MeSATP [54]. ATP-induced transendothelial electrical resistance increase was significantly attenuated by PKA inhibitors, H89

and KT5720A, and correlated with VASP phosphorylation, dephosphorylation of
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Fig. 3.2 P1 receptor agonist, 

NECA, attenuates the

LPS-induced EC barrier

permeability increase. 

HPAEC were challenged with

LPS (100 ng/ml) for 1 h and

then exposed to NECA

(100 nM). Transendothelial

electrical resistance (TER) of

the cell monolayers was

registered and presented after

normalization

Fig. 3.3 Immunostaining for the VE-cadherin (adherent junctional protein) demonstrates that appreciably more VE-cadherin is recruited to the cell junctions ( arrows) after treating HPAEC

with purines

MLC20 and transient dephosphorylation of MLC phosphatase. Immunofluorescence staining of Purines-stimulated HPAEC revealed dramatic increase in VE-cadherin expression at the cellular periphery (Fig. 3.3) [54]. 
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 3.2.4 Down-Regulation (Desensitization)

 of Purinoceptor-Mediated Signaling

P1 and P2Y receptor-mediated signaling can be down-regulated at different levels of the signaling cascades. Activated PKA has inhibitory effect on some adenylyl cyclase isoforms (AC5 and AC6) via its direct phosphorylation. PKA phosphorylation of AC5 directly inhibits its activity, whereas phosphorylation of AC6 at Ser674

disrupts Gαs-binding [18, 49]. 

Moreover, PKA phosphorylation enhances activities of cAMP-specific phosphodiesterases (PDEs), particularly, PDE4 isoforms [26, 114], diminishing intracellular levels of cAMP more efficiently. 

Activated GPCRs are phosphorylated by specific GPCR kinases (GRKs) docked to the receptors by membrane-bound free Gβγ dimers [72]. This phosphorylation serves as a signal for receptor internalization. Phosphorylated receptors are able to form complexes with adaptor proteins of clathrin-coated pits (such as β-arrestin) and are internalized by clathrin-dependent endocytosis followed by either recycling back to the cell surface or lysosomal degradation [46]. Interestingly, β-arrestin associated with purinoceptors may also serve as a scaffold for a signaling complex Raf-1/MEK1/2/ERK1/2 on the surface of endosomes [46]. In this case, activated ERK1/2 is not translocated to the cell nucleus but switched to phosphorylation of cytoplasmic protein substrates. Ubiquitous GRK2 is one of cytoplasmic ERK1/2

substrates. ERK1/2-dependent phosphorylation stimulates GRK2 activity and hence positively regulates purinoceptor internalization and desensitization [98]. ERK2

can also phosphorylate PDE4 with either positive or negative effect on activities of different PDE4 isoforms providing a fine modulation of intracellular cAMP

levels [48]. 

A variety in presentation and expression levels of purinoceptors in EC of different origin determines a complexity of agonist-mediated cell response due to a possible cross-talk among several pathways with opposed effects on endothelial functions. 

Because of that, a usage of selective agonists/antagonists, either natural or synthetic, has been considered as a very attractive way for pharmacological manipulation of endothelial barrier function. Extensive research in this field already has provided several highly-specific P1 and P2Y receptor agonists and antagonists. 

3.3 Barrier-Protective Potency of Receptor-Specific Purinergic Agonists

Selective activation of endothelial purinoreceptor(s) responsible for barrier protection might form a basis for the treatment of various disorders. The therapeutic potential of purinoreceptors is rapidly expanding field in pharmacology and some selective agonists became recently available. One recent study demonstrates that the human bronchial epithelia express P2Y6 receptors on both apical and basolateral membranes and that the cAMP/PKA pathway regulates apical but not basolateral

[image: Image 12]
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P2Y6 receptor-coupled ion transport [109]. We speculate that extracellular purines released from the blood cells (for example, platelets), ECs or alveolar epithelial cells (basal side of EC) stimulate purinergic receptors based on their expression pattern (apical or basal) as schematically presented (Fig. 3.4). A recent study indicated the hetero-oligomerization between two metabotrofic purinoceptors, P2Y1

and P2Y11, co-expressed in HEK293 cells, promotes agonist-induced internalization of the P2Y11 receptor, which itself is unable to undergo endocytosis [30]. 

Moreover, the agonist profile for the co-expressed P2Y1 and P2Y11 was different from the agonist profile established for cells expressing the P2Y11 receptor only. The hetero-oligomerization of the P2Y1 and P2Y11 receptors modifies the functions of the P2Y11 receptor in response to extracellular nucleotides. More studies are needed to characterize the agonist profile of expressed purinoceptors, the expression profile of multiple purinoceptors on the apical or basal side of EC and the pathophysiological agonist concentrations that activate various purinoceptors. 

Obtained data will help to establish conditions for possible purine therapies. 

Fig. 3.4 Possible interaction between extracellular purines and purinoceptors in the endothelium. 
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Chapter 4

The P2Y2 Nucleotide Receptor in Vascular

Inflammation and Angiogenesis

Cheikh I. Seye and Gary A. Weisman

Abstract There is compelling evidence for increased neovascularization of blood vessel walls at sites of intimal hyperplasia in models of arterial stenting, angioplasty, and venous bypass graft failure. We have shown that activation of the P2Y2 nucleotide receptor (P2Y2R) in vascular endothelial cells in vitro induces VCAM-1 (vascular cell adhesion molecule-1) expression and promotes the adherence of monocytes. VEGF, a pleiotropic factor that regulates endothelial cell survival, proliferation, and migration through its interaction with two receptor tyrosine kinases, Flt-1 or VEGF receptor-1 and Flk-1/KDR or VEGF receptor-2 also stimulates the expression of VCAM-1 in endothelial cells. Interestingly, our studies indicate that P2Y2R activation promotes the VEGF-independent activation of Flk-1/KDR via Src binding to Src homology (SH3) binding domains in the C-terminal tail of the P2Y2R leading to the up-regulation of VCAM-1. The P2Y2R

also contains an arginine-glycine-aspartate domain that mediates interactions with αvβ3/β5 integrins that enable nucleotides to increase cell migration, an important event in inflammation and tumor angiogenesis. Taken together, these findings indicate that P2Y2Rs can stimulate multiple signaling pathways to promote a variety of pathological responses underlying chronic inflammation, angiogenesis in tumors and atherosclerosis. 
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4.1 Role of P2Y2 Receptors in Vascular Inflammation

 4.1.1 Introduction

Extracellular nucleotides cause a wide range of cellular responses and appear to play a role in the regulation of many vascular functions [63]. Vascular cells release nucleotides in response to ischemia, hypoxia, and chemical or mechanical stress

[2, 10, 15, 58]. Other sources of extracellular nucleotides include aggregating platelets, degranulating macrophages, and excitatory neurons [12, 61]. Release of nucleotides has been proposed to occur by exocytosis of ATP/UTP-containing vesicles, facilitated diffusion by putative ABC transporters, cytoplasmic leakage, and electrodiffusional movements through ATP/nucleotide channels [92]. It is becoming apparent that extracellular nucleotides can promote the development of a variety of pathologies including disorders of the immune system and neurodegenerative and vascular diseases [88]. Indeed, ATP or UTP induces proliferation and migration of vascular smooth muscle cells, two processes involved in the development of intimal lesions found in atherosclerosis and post-angioplasty restenosis. The biological effects of extracellular nucleotides are mediated through activation of P1 and P2

purinergic receptors. P2 receptors are subdivided into two distinct categories, the metabotropic G protein-coupled (P2Y) receptors and ionotropic ligand-gated channel (P2X) receptors [57]. Vascular cells have been shown to express metabotropic P2Y and ionotropic P2X receptors [63]. 

Vascular diseases such as atherosclerosis and post-angioplasty restenosis are initiated by vascular injury. Previous reports demonstrate that large amounts of nucleotides are released into the extracellular milieu in response to vascular stress conditions, including ischemia/oxidative stress, flow, and mechanical stretch [32, 60]. In addition, high concentrations of extracellular ATP and UTP generated in vivo by platelet aggregation or cell damage that occurs during transluminal angioplasty likely increase the concentration of nucleotides in the vessel wall. 

Although the metabolism of extracellular nucleotides by ecto-nucleotidases plays a role in the regulation of purinergic signaling, recent studies indicate that chronic hypoxic exposure of pulmonary artery endothelial cells can decrease the rate of ecto-nucleotidase activity [28]. In addition, it has been reported that endothelial cell activation can decrease ATP-diphosphohydrolase activity [66], suggesting that pathological conditions affecting blood vessels contribute to local elevations in nucleotide concentrations in the vessel wall. 

 4.1.2 P2Y2 Receptor Up-Regulation and Endothelial Expression

 of Adhesion Molecules: Role in Endothelial Inflammation

P2Y2R up-regulation occurs in various models of vascular injury including bal-loon denudation of the rat aorta [72], placement of a silicone collar around a rabbit carotid artery [73] and stenting of the pig coronary artery [77]. In the collared rabbit
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carotid artery, we showed that activation of the P2Y2R by UTP stimulates intimal hyperplasia and induces monocyte/macrophage infiltration into the vessel wall [73], suggesting a potential role for this receptor in monocyte recruitment by vascular endothelium. We have demonstrated that exogenous ATP or UTP stimulates vascular cell adhesion molecule-1 (VCAM-1) expression via P2Y2 receptor activation in human coronary artery endothelial cells (HCAECs) [75]. Our studies also indicate that the P2Y2R-mediated increase in VCAM-1 expression promotes the adherence of U937 monocytes and Jurkat lymphocytes to HCAECs and human submandibular gland cells, respectively [6, 75]. These data, for the first time, link P2Y purinergic receptor signaling to mechanisms controlling the expression of a cell adhesion molecule involved in monocyte/lymphocyte recruitment. In these studies, the relative equipotency and equiefficacy of UTP and ATP for induction of VCAM-1

expression strongly suggests the involvement of P2Y2 receptors. Nonetheless, the ability of antisense, but not sense, P2Y2R oligonucleotides to inhibit UTP-induced VCAM-1 expression [75] unambiguously demonstrates the role of P2Y2Rs. 

Furthermore, UTP increased the expression of VCAM-1 in human 1321N1 astro-cytoma cells expressing recombinant P2Y2Rs, but not in control 1321N1 cells [75]

that lack endogenous P2 receptors [74]. Moreover, the inability of 2MeS-ATP and UDP to induce VCAM-1 expression in HCAECs [75] suggests that activation of P2Y1, P2Y4, and P2Y6 receptors is not involved. 

Stimulation of the P2Y2R in endothelial cells is known to activate a variety of signaling molecules including the mitogen- and stress-activated protein kinases ERK1/2, p38, and c-Jun NH2-terminal kinase, the small GTPase RhoA, and the release of the second messenger Ca2+ from intracellular stores into the cytoplasm

[11, 14, 70]. UTP-induced VCAM-1 expression in HCAECs was prevented by the calcium chelator BAPTA or by depletion of intracellular calcium stores with thapsigargin [75], indicating a role for P2Y2R-mediated increases in [Ca2+]i in VCAM-1

expression. UTP-induced VCAM-1 expression also was suppressed by inhibitors of p38 and Rho kinase, but not by inhibition of ERK1/2 [75], suggesting that p38 and RhoA activation are involved in the increased expression of VCAM-1 mediated by P2Y2Rs. 

Vascular endothelial growth factor (VEGF) induces VCAM-1,  i ntra c ellular a dhesion  m olecule- 1 (ICAM-1), and E-selectin expression in endothelial cells through a pathway involving the MEK/ERK-independent activation of NF-kB

[44]. Activation of the P2Y2R has been reported to increase prostacyclin and nitric oxide release from endothelial cells [51, 76]. Studies have shown that nitric oxide decreases the level of VCAM-1 protein expression in endothelial cells [17]. 

Although nitric oxide does not play a role in VEGF-induced adhesion molecule expression [44], it could potentially modulate the effects of UTP on VCAM-1

expression in endothelial cells. Further studies are needed to identify the factors involved in nucleotide-induced VCAM-1 expression both at the transcriptional and translational levels. 

Consistent with earlier reports showing that ATP and UTP stimulate cell-cell adhesion in a monocyte/macrophage lineage and enhance neutrophil adherence to endothelial cell monolayers [58, 85], our data demonstrate that ATP and UTP
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stimulate U937 monocyte and Jurkat lymphocyte adherence to HCAECs and human submandibular gland cells, respectively [6, 75]. The P2Y2R contains the integrin binding domain arginine-glycine-aspartic acid (RGD) in its first extracellular loop

[21]. The RGD motif has been shown to be the core recognition sequence for many integrins including αvβ3 and αvβ5 [39]. Recent studies have indicated that the RGD sequence in the P2Y2R mediates its interaction with αvβ3/β5 integrins, and is required for Go- and G12/13-mediated signal transduction [5, 21, 47]. It has been reported previously that the αvβ3 integrin on monocytes mediates their adherence to endothelial and epithelial cells, an early event in the acute inflammatory response

[8]. Thus, protein complex formation between αvβ3/β5 integrins and P2Y2Rs also may be involved in the regulation of monocyte binding to endothelial cells mediated by P2Y2Rs. 

Our studies also have focused on the mechanisms whereby P2Y2R activation increases the expression of VCAM-1 [74]. VEGF, a pleiotropic factor that regulates multiple biological phenomena, including endothelial cell survival, proliferation, and migration, also stimulates endothelial cell expression of adhesion molecules, including VCAM-1, ICAM-1, and selectins [44]. These multiple responses are mediated through the interaction of VEGF with two receptor tyrosine kinases, Flt-1

or VEGF receptor-1 and Flk-1/KDR or VEGF receptor-2 [44]. It is widely accepted that VEGFR-2 mediates the growth and migration of endothelial cells, the permeability of blood cells to ions and small molecules, and the expression of VCAM-1

in human umbilical vein endothelial cells [91]. It is increasingly apparent that VEGFR-2 serves as a point of convergence for multiple signals arising from diverse stimuli. VEGFR-2 transactivation follows activation of G protein-coupled receptors, including the endothelial differentiation gene product and the bradykinin receptor

[81, 83]. We hypothesized that transactivation of VEGFR-2 may be involved in P2Y2R-mediated VCAM-1 expression in endothelial cells. 

We demonstrated for the first time that activation of the P2Y2R in human coronary artery endothelial cells induces the rapid tyrosine phosphorylation of VEGFR-2 and the activation of Vav2, a Rho guanine nucleotide exchange factor, leading to increased expression of VCAM-1 [74]. Two lines of evidence demonstrate the involvement of VEGFR-2 in this process. First, SU1498, a specific VEGFR-2 tyrosine kinase inhibitor, diminished UTP-induced VCAM-1 expression [74]. Second, selective inhibition of VEGFR-2 expression by siRNA inhibited UTP-induced VCAM-1 expression [74]. Ligand-independent activation of receptor tyrosine kinases is involved in many biological responses initiated by G

protein-coupled receptors. It has been reported that activation of the endothelial differentiation gene product in response to sphingosine 1-phosphate stimulates endothelial nitric oxide synthase through activation of Flk-1/KDR [81]. EGF receptor transactivation by G protein-coupled receptor ligands may involve activation of matrix metalloproteinases, release of membrane heparin-bound EGF, and binding of heparin to the EGF receptor [83]. At the structural level, we have identified two SH3-binding sites (PXXP motifs) in the intracellular C terminus of the P2Y2R that enable P2Y2R interaction with Src and the regulation of EGF and PDGF receptor activity [50]. We demonstrated that PP2, the Src kinase inhibitor, decreased
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P2Y2R-mediated VEGFR-2 tyrosine phosphorylation, consistent with the involvement of Src in EGF and PDGF receptor transactivation by P2Y2Rs [50]. We also found that the P2Y2R and VEGFR-2 co-localize in cells upon UTP stimulation and demonstrated for the first time a direct interaction between these receptors in a UTP-dependent manner [74]. Deletion or mutation of the SH3-binding domains prevented UTP-induced expression of VCAM-1 [74]. Because expression of dominant negative Src inhibited the P2Y2R/VEGFR-2 interaction, we concluded that Src binding to the SH3-binding domains in the P2Y2R mediates both the UTP-induced P2Y2R and VEGFR-2 interaction and the transactivation of VEGFR-2 by UTP that regulates VCAM-1 expression. 

Since leukocyte infiltration and migration are key processes involved in atherosclerosis, these findings suggest that P2Y2 receptors represent a novel target for reducing arterial inflammation associated with cardiovascular disease. Recent advances in the field of cell migration have identified many cellular events linking a motility signal to remodeling of the actin cytoskeleton that enables a cell to move [54]. Briefly, these events include receptor-mediated activation of Rac GTPase that, in turn, activates WASP protein binding to allow a complex of proteins called Arp2/3 to nucleate actin and facilitate formation of lamellipodia or branched actin filaments at the leading edge of a cell. A capping protein terminates actin polymerization while another protein (cofilin), a downstream target of RhoA GTPase, begins severing actin filaments so that the cell can continue to move. We found that actin stress fiber formation induced by UTP occurred in 1321N1 cells expressing the RGD-containing wild type P2Y2R but not in cells expressing an RGE mutant P2Y2R [47]. Furthermore, stress fiber formation and cytoskeletal rearrangements mediated by P2Y2R/αVβ3/5 interactions required the activation of Gi/o and G12 proteins, and not the activation of phospholipase C, intracellular calcium mobilization or protein kinase C (PKC) that occurs concomitantly due to the coupling of the P2Y2R to Gq protein [88]. Our data indicate that mutation of the RGD domain in the P2Y2R to RGE (arginine-glycine-glutamate), which does not bind integrins, inhibits RhoA GTPase and cofilin activities [5, 47], consistent with the involvement of αVβ3/5 integrins in these responses. Figure 4.1 summarizes the signaling pathways that are coupled to P2Y2 receptor activation. 

 4.1.3 Potential Role of Nucleotides and P2Y2 Receptors

 in Neuroinflammation

ATP and UTP induce cytokine-like effects in astrocytes that promote neuroinflam-matory responses [55, 56, 87]. These nucleotides also induce cell-cell adhesion in the monocyte/macrophage lineage and neutrophil adherence to endothelial cell monolayers [58, 85], supporting the notion that released ATP and UTP lead to endothelial cell activation by autocrine/paracrine mechanisms. It also has been found that ATP and UTP induce cell migration [14, 31, 41, 62] and chemotaxis of microglial cells [38] and primary rat cortical astrocytes [87]. 

[image: Image 13]
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Fig. 4.1 Protein:protein interactions and signaling pathways linked to the P2Y2 receptor. 

Activation of the Gq-coupled P2Y2 receptor (P2Y2R) stimulates phospholipase C-dependent formation of the second messengers IP3 and diacylglycerol, which stimulate release of calcium from intracellular stores and activation of protein kinase C, respectively. The P2Y2R also contains an RGD integrin-binding domain that interacts with integrins (αVβ3 and αVβ5) and enables activation by nucleotides of Go and G12 proteins. The RGD domain is necessary for P2Y2R-mediated chemotaxis, actin stress fiber formation, and coupling to signaling pathways involving RhoA and Rac GTPases. Two consensus SH3 binding sites (PXXP) in the C-terminal tail of the P2Y2

receptor bind directly to Src upon receptor activation and mediate Src-dependent co-localization and transactivation of growth factor receptors that are required for up-regulation of cell adhesion/chemotactic proteins (e.g., VCAM-1). The P2Y2R also can stimulate metalloprotease activity leading to the cleavage of membrane associated proteins. Abbreviations used: AA, arachidonic acid; ADAM, a disintegrin and metalloprotease family; ADAM10, the Kuz enzyme; ADAM 17 or TACE, tumor necrosis factor-α converting enzyme; AP-1, activator protein-1; APP, amyloid precursor protein; ATP, adenosine 5-triphosphate; Ca2+, calcium ion; c-fos, the cellular counterpart of oncogene v- fos;  cPLA2, cytosolic phospholipase A2; DAG, diacylglycerol; ELK, nuclear transcription factor E-26-like protein; ERK, extracellular-signal regulated kinase; Grb2, growth factor receptor binding protein 2; IP3,inositol-1,4,5-trisphosphate; JNK, Jun kinase; MCP-1, monocyte chemoattractant protein-1; MEK, MAP/ERK kinase; MEKK1, MAP kinase kinase kinase 1; NF-kB, nuclear factor kB; p90RSK, 90 kDa ribosomal S6 kinase; PGE2, prostaglandin E2; PKC, protein kinase C; Pyk2, Proline-rich tyrosine kinase; PLC, phospholipase C; PXXP, Src homology 3 binding sites; Raf, rapidly accelerated fibrosarcoma; Ras, superfamily of small GTPases; RGD, arginine-glycine-aspartic acid; sAPPα, a soluble, non-amyloidogenic N-terminal fragment of APP; Shc, an adaptor protein; SOS, Ras-specific nucleotide exchange factor Son of sevenless; Src, a tyrosine kinase; UTP, uridine 5-triphosphate; VCAM-1, vascular cell adhesion molecule-1

Recent studies suggest that inflammation associated with atherosclerotic lesion development in brain microvessels can contribute to Alzheimer’s disease [3, 84], and may be a factor in the failure to eliminate amyloidogenic Aβ peptide from aging human brain [89]. Moreover, Aβ accumulation promotes cerebrovascular inflammation [84], most likely due to increased adherence of blood monocytes
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to cytokine-activated microvascular endothelium that facilitates pro-inflammatory monocyte migration across the blood-brain barrier. Indeed, increased monocyte migration across human brain endothelium is augmented by Aβ, and monocyte adherence and transendothelial migration are inhibited by antibodies to the putative Aβ receptor for advanced glycated endproducts (RAGE) or the platelet endothelial cell adhesion molecule (PECAM-1) [29, 30]. Under normal conditions, the vascular endothelium maintains blood fluidity and provides a barrier separating blood cells and plasma factors from highly reactive elements in the underlying tissue [53, 67]. 

Quiescent endothelial cells produce substances to maintain vascular homeostasis

[24, 35, 48, 53]. However, injury or stress in surrounding tissue can shift endothelial cells from a quiescent to a pro-inflammatory status, largely due to the increased release of cytokines. Besides Aβ, other factors that can induce a pro-inflammatory status in endothelium include obesity, hypertension, diabetes, cigarette smoking, high serum LDL or homocysteine levels, chronic viral or bacterial infections, endo-toxaemia, and an unfavorable genetic background [18]. Thus, stress-induced injury to the vasculature and underlying tissue would be expected to contribute similarly to the development of chronic inflammation under pathological conditions, including Alzheimer’s disease, atherosclerosis and cancer. Interestingly, recent results indicate that cytokine-induced P2Y2R up-regulation and activation in primary rat cortical neurons promotes metalloprotease-dependent non-amyloidogenic peptide release (see Fig. 4.1), rather than Aβ formation [45], suggesting that modulation of P2Y2R

activity in Alzheimer’s disease may be a useful therapeutic approach for limiting chronic inflammatory and neurodegenerative responses. 

 4.1.4 Development of Transgenic Rats Overexpressing the P2Y2

 Receptor: A Model to Study Inflammatory Diseases

Recently, we developed a transgenic (Tg) rat model overexpressing the P2Y2R

[1]. We demonstrated that incorporation of the P2Y2R transgene into a lentivi-ral vector enabled stable P2Y2R mRNA expression through 6 generations and the expressed P2Y2R was functionally active, as indicated by increased P2Y2R agonist-induced intracellular calcium mobilization in single smooth muscle cells (SMCs) from P2Y2R overexpressing Tg rats, as compared to wild type (WT) rats. In addition, there was a significant increase in the percentage of responsive aortic SMCs from P2Y2R overexpressing Tg rats, versus WT rats. We found that P2Y2R overexpressing Tg rats express increased levels of P2Y2R mRNA in major organs and tissues, including aorta, brain, heart, kidney, liver, lung, lacrimal gland and leg muscle. Comparisons of WT and P2Y2R overexpressing Tg rats showed that expression levels of the P2Y2R transgene in tissues did not change between the third and sixth generations. The endogenous P2Y2R in WT rats is expressed in liver, lung and muscle and to a lesser extent in heart, kidney, and brain, but was undetectable in lacrimal and salivary glands. Expression of the P2Y2R transgene in lacrimal and salivary glands of P2Y2R overexpressing Tg rats was elevated as compared to WT
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rats, but was lower than in the other tissues analyzed. Overall, these results indicate that functional P2Y2R expression is significantly higher in P2Y2R overexpressing Tg rat tissue, as compared to WT controls. 

In the P2Y2R overexpressing rat, P2Y2R-mediated increases in [Ca2+]i in aortic SMCs were 18 times greater than in WT rat aortic SMCs [1]. Similarly, P2Y2R

mRNA expression in aorta was 27 times greater in P2Y2R overexpressing Tg rats as compared to WT rats, indicating a close correlation between increased P2Y2R

mRNA expression and functional activity, which suggests that these Tg rats will be ideal for investigations on the role of P2Y2R overexpression in vascular lesion development. 

4.2 P2Y2 Receptors in Angiogenesis

Vascular endothelial cells are involved in a variety of physiological processes, including vasoregulation, repair of the vascular intima, blood clotting, and development of new blood vessels (i.e., angiogenesis). Vascular tone and blood flow can be regulated by release from endothelium of compounds such as nitric oxide (NO), prostacyclin (PGI2), ATP, and endothelin, whereas endothelial cell proliferation and migration are important processes required for the continual repair of established blood vessels [33]. During the formation of new blood vessels, endothelial cells release enzymes that degrade the basement membrane, enabling some endothelial cells to migrate through the vascular wall and proliferate to create capillaries that extend perpendicular to the original blood vessel [25]. Angiogenesis occurs in many physiological and pathophysiological conditions, including development, wound healing, ovarian and menstrual cycling, rheumatoid arthritis, and tumor growth. 

 4.2.1 P2Y2 Receptors and Neovascularization of Atherosclerotic

 Plaques

Neovascularization in atherosclerotic plaques was first noted by Koster [46] more than 100 years ago. Barger also documented the existence of neovascularization in atherosclerosis using cineangiography at autopsy [7]. Neovascularization has been postulated to play a role in atherosclerosis by providing growth factors and cytokines to regions of plaque growth [42]. The clinical significance of neovascularization in atherosclerosis is unknown. Accumulating histopathological data associate plaque angiogenesis with rapid progression of unstable angina [82]. These studies confirm that intimal neovascularization is a ubiquitous feature of atherosclerosis, correlat-ing with both histological grade and disease symptoms [82]. Vasa vasorum-derived microvessels do not extend to the intima of normal arteries, penetrating only the adventitia and outer media [27]. Diffusion of oxygen and other nutrients is limited to 100 μm from the lumen of the blood vessel, which in normal arteries is
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adequate to nourish the inner media and intimal layers. As vessel wall thickness increases in the setting of vascular disease, proliferation of the vasa vasorum and intimal neovascularization is observed. 

The recruitment of pericytes and vascular smooth muscle cells (VSMCs) to endothelial tubes plays a key role in angiogenesis. These mural cells stabilize nascent endothelial tubes and therefore are essential for the formation of functional vessels [4]. 

Many growth factors have been suggested to play pivotal roles in different aspects of neovascularization. For instance, platelet-derived growth factor (PDGF) induces differentiation of mesenchymal cells into pericytes and VSMCs and stimulates the migration of these cells to the newly formed vessels [34, 36, 49, 80]. However, little is known about the contribution of extracellular nucleotides and their receptors to neovascularization. 

 4.2.2 Chemotactic Effects Mediated by P2Y2 Receptors

In cultured endothelial cells (CECs) from guinea pig cardiac vasculature, both UTP and vascular endothelial growth factor (VEGF) are significant mitogenic and chemotactic factors [69]. In chick chorioallantoic membranes (CAMs), UTP and VEGF produced statistically significant increases in CAM vascularity [69]. Given the lack of selective ligands for receptors that bind UTP, these authors were unable to definitively identify the receptors mediating mitogenic or chemotactic responses to UTP in cultured endothelial cells or the receptor(s) that are responding to UTP

by promoting angiogenesis in chick CAMs. However, the existence in CECs of two receptors capable of responding to UTP (P2Y2R and a UTP-selective receptor) has been previously reported [90]. Recent studies indicate that the extracellular nucleotides ATP, ADP, UTP and UDP serve as directional cues for the migration of rat aortic SMCs [14]. Nucleotide-induced migration of SMCs is the consequence of both chemotaxis and chemokinesis and may result from the activation of one or more P2 nucleotide receptor subtypes. The ability of UTP at submicromolar levels to stimulate migration of SMCs supports the hypothesis that this response could have physiological consequences and is mediated by P2Y2 receptor activation without excluding participation of other P2Y receptor subtypes. The increased migration of SMCs in response to extracellular nucleotides could be related to increases in extracellular matrix (ECM) protein expression. Indeed, previous studies have shown that UTP induces osteopontin expression in rat and rabbit aortic SMCs [26, 73]. Increased expression of osteopontin, an arginine-glycine-aspartate (RGD)-containing ECM protein, is associated with the activation of rat arterial SMCs in vitro and in vivo [26, 52, 73]. The increase in osteopontin expression plays a key role in UTP-induced migration of rat aortic SMCs, since a monoclonal antibody against osteopontin fully abolished UTP-induced migration [62], whereas an antibody against vitronectin, another ECM protein also involved in migration of human SMCs [19], had no effect on the migration of rat aortic SMCs [62]. UTP
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induces increases in osteopontin mRNA expression by increasing both osteopontin mRNA stabilization and  osteopontin  promoter activity [64]. Recent studies have shown that activation of an AP-1 binding site located 76 bp upstream of the transcription start site in the rat  osteopontin  promoter is involved in UTP-induced osteopontin expression [65]. 

The ability of extracellular nucleotides to act as chemoattractants for rat arterial SMCs in a concentration range potentially found in vessels under pathological conditions [16] and the findings of previous studies demonstrating the mitogenic activity of extracellular nucleotides for these cells [22, 23, 52, 86] suggest that nucleotides released from mechanically-stretched or damaged vascular cells during angioplasty therapy for occluded arteries may promote angiogenesis. 

 4.2.3 P2Y2 Receptors in Tumor Angiogenesis

Purinergic regulation of angiogenesis by human breast carcinoma-secreted nucleoside diphosphate kinase (NDPK) has been recently described [68]. These authors showed that MDA-MB-435S human breast cancer cell-secreted NDPK-B supports tumor formation by modulating the local ATP concentration thereby activating endothelial cell P2Y receptor-mediated angiogenesis. Their model suggests an NDPK-dependent recycling of ADP back to ATP in both arteries and capillaries. 

NDPK in the arteries may elevate local ATP concentrations to produce P2YR-mediated vasodilation and inhibit ADP-dependent platelet aggregation, mechanisms advantageous to the transit of cancer cells to secondary sites. NDPK secretion in capillaries may elevate local nucleotide concentrations and produce P2Y nucleotide receptor-mediated angiogenesis. We have previously shown that the P2Y2R can mediate transactivation of VEGFR-2 [74] and directly link nucleotide receptor activation to an established tumor angiogenesis signaling pathway (VEGF-VEGFR

signaling). P2Y receptor potentiation of VEGFR-2 signaling, therefore, may be essential for manifestation of the angiogenic properties of nucleotides such as ATP. 

P2Y and VEGF receptors are colocalized to caveolar domains in the cell membrane, which could propagate a substantial pro-angiogenic signal in response to small amounts of receptor agonist [43]. 

Jackson et al. have reported that disordered purinergic signaling inhibits pathological angiogenesis in Cd39/Entpd1-null mice [40]. CD39/ecto-nucleoside triphosphate diphosphohydrolase-type-1 (ENTPD1) is the dominant vascular ectonucleotidase that catalyzes the phosphohydrolysis of extracellular nucleotides in the blood and extracellular space. This ecto-enzymatic process modulates endothelial cell, leukocyte, and platelet purinergic receptor-mediated responses to extracellular nucleotides. These authors reported that deletion of Cd39/Entpd1 results in abrogation of angiogenesis, causing decreased growth of implanted tumors and inhibition of pulmonary metastases. These changes were associated with decreased activation of focal adhesion kinase (FAK) and extracellular signal-regulated kinase-1 and -2
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in endothelial cells. The authors also reported markedly abnormal angiogenesis in Cd39-null mice characterized by poor recruitment of surrounding pericytes and SMCs to new blood vessels. Because embryonic vascular development is normal in Cd39-null mice [20], the data suggest that purinergic signaling plays differential roles in physiological blood vessel development as opposed to pathological angiogenesis. Indeed, in vitro analyses indicated that cell migration in Cd39-null mice is likely to be secondary to abnormal adhesion and vitronectin receptor function in Cd39-null endothelial cells. Several members of the integrin family have been implicated in angiogenesis, although the largest body of data has linked the vitronectin receptor αvβ3 with the promotion of neovascularization [37]. The P2Y2R contains an integrin-binding RGD domain in its first extracellular loop that is required for P2Y2R interactions with αvβ3 integrin [21]. Mutation of the RGD sequence to RGE decreased the co-localization of αvβ3 integrin with the P2Y2R by 10-fold and greatly impaired UTP-induced phosphorylation of FAK [21]. Direct association between the P2Y2R and αv integrins is necessary for UTP-induced endothelial cell migration [41], implying an important link between purinergic signaling, integrin function, and pro-angiogenic cellular behaviors. As discussed above, P2Y2R activation increases osteopontin expression in vascular SMCs. Osteopontin (OPN), one of the cytokines produced by various tumor cells, is suggested to be involved in angiogenesis by up-regulating endothelial cell migration in coordination with vascular endothelial growth factor (VEGF). OPN is secreted from various cancer cell lines and is postulated to promote malignant transformation [71]. When ras-transformed fibroblasts were transfected with OPN antisense RNA, their tumorigenic and malignant growth were suppressed significantly [9]. OPN also is overexpressed in human cancers [13] and serum levels of OPN are substantially elevated in patients with metastatic cancer [78]. Thus, OPN is postulated to be related with cancer progression. 

Takahashi et al. generated a stable transfectant of murine neuroblastoma C1300

cells that constitutively secretes high levels of murine OPN [79]. To demonstrate the effect of OPN on tumor-induced angiogenesis in vivo, Millipore chambers containing OPN-transfected or control cells were implanted in the dorsal air sac of mice. 

The OPN-transfected cells significantly induced neovascularization in comparison to the control cells in mice, thus providing direct evidence for OPN involvement in tumor angiogenesis. 

Our data link P2Y purinergic receptor signaling to mechanisms controlling the expression of a cell adhesion molecule involved in monocyte/lymphocyte recruitment. Therefore, up-regulation of P2Y receptors may be a potential diagnostic indicator for the early stages of atherosclerosis. We also demonstrated for the first time that the P2Y2R can mediate activation of VEGFR-2 and directly link nucleotide receptor activation to an established tumor angiogenesis signaling pathway. Thus, particular effort must be made to understand the consequences of nucleotide release from cells in the cardiovascular system and the subsequent effects of P2 nucleotide receptor activation in blood vessels, which may reveal novel therapeutic strategies for atherosclerosis, restenosis after angioplasty and angiogenesis. 
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Chapter 5

Role of Purine-Converting Ecto-Enzymes

in Angiogenic Phenotype of Pulmonary Artery

Adventitial Vasa Vasorum Endothelial Cells

of Chronically Hypoxic Calves

Evgenia V. Gerasimovskaya, Kurt R. Stenmark, and Gennady G. Yegutkin Abstract Our previous studies demonstrated that angiogenic expansion of the vasa vasorum network can be observed in the pulmonary artery adventitia of chronically hypoxic calves. Because extracellular ATP and ADP are important regulators of vascular cell function, we hypothesized that these nucleotides may contribute to vasa vasorum neovascularization induced by chronic hypoxia. Treatment of pulmonary artery adventitial vasa vasorum endothelial cells (VVEC) with exogenous ATP or non-hydrolysable nucleotide analogs dramatically increased DNA synthesis and migration. Similar mitogenic responses have been observed in lung microvascular endothelial cells (MVEC), but not in endothelial cell isolated from large blood vessels of the same animals, such as aorta (AOEC) and main pulmonary artery (MPAEC). By using thin-layer chromatography assay, we also found that cultured VVEC displayed substantially lower ecto-ADPase/NTPDase and ecto-5-nucleotidase activities compared to MPAEC and MVEC. In addition, VVEC are characterized by higher activities of ATP-regenerating ecto-enzymes, adenylate kinase and nucleotide diphosphokinase, consistent with a potent mitogenic effect of exogenous nucleotides in VVEC versus MPA and MVEC. Together, these studies indicate that VVEC, isolated from the sites of active neovascularization, may represent a unique pro-angiogenic phenotype with an augmented reliance to extracellular ATP and ADP. Our studies also demonstrated important role of endothelial purine-converting ecto-enzymes in the control of angiogenesis via directional regulation of local nucleotide levels. 

Keywords Angiogenesis · Vasa-vasorum · Vascular remodeling · Hypoxia ·

Pulmonary hypertension · Pulmonary circulation · Pulmonary artery ·

Aorta · Adventitia · Cell migration · Cell proliferation · Purinergic receptors ·

Intracellular signaling · Adenine nucleotides · Adenosine · ecto-NTPDase ·

ecto-5-nucleotidase · Adenylate kinase · Nucleotide diphosphokinase E.V. Gerasimovskaya (B)

Department of Pediatrics Critical Care Medicine, University of Colorado Denver, Aurora, CO 80045, USA

e-mail: evgenia.gerasimovskaya@ucdenver.edu

E. Gerasimovskaya, E. Kaczmarek (eds.),  Extracellular ATP and Adenosine 73

 as Regulators of Endothelial Cell Function, DOI 10.1007/978-90-481-3435-9_5, C

Springer Science+Business Media B.V. 2010

74

E.V. Gerasimovskaya et al. 

5.1 Introduction

Extracellular adenine nucleotides have long been known as regulators of vascular tone, permeability, and homeostasis. However, the ability of extracellular nucleotides to control cell growth and proliferation remains poorly investigated. The variety of studies that have been performed on endothelial cells isolated from large systemic and pulmonary vessels that would presume the endothelial cells from these sources/tissues exhibit quiescent or differentiated phenotype with a limited angiogenic capacity. Keeping this in mind, we have developed an animal model system that allows investigation of phenotypical and functional properties of microvascular endothelial cells derived from the sites of active angiogenesis. These cells are vasa vasorum endothelial cells (VVEC) isolated from microvascular network that grow extensively within the pulmonary artery adventitial compartment of chronically hypoxic calves. This chapter summarizes our recent findings on the role of extracellular nucleotides as potent angiogenic activators of VVEC as well as on the role of purine-converting enzymes potentially contributing to angiogenic properties of VVEC under chronic hypoxic condition. 

5.2 Hypoxia-Induced Vascular Remodeling and Vasa Vasorum Angiogenesis

Pathologic vascular remodeling plays a pivotal role in the progression of a variety of diseases and conditions where hypoxia, ischemia, or inflammation are prominent features [7, 13]. Using a neonatal model of pulmonary hypertension, we previously demonstrated that significant changes in the structure of pulmonary vessels accompany the hypertensive process and include marked thickening of both the media and adventitia with particularly striking fibroproliferative changes observed in adventitia of chronically hypoxic calves [17, 78]. Angiogenesis, a process of blood vessel expansion, can be observed in response to various stress conditions of microvascular beds such inflammation and fibrosis. In this context, it is important to note that the adventitial compartment of at least elastic and large muscular arteries, includes within its borders, a microcirculatory network, the vasa vasorum. The vasa vasorum network has traditionally been assigned a passive role in maintaining vessel integrity through the supply of oxygen and nutrients to the outer part of the vessel wall. However, recent studies have demonstrated that extensive neovascularization of the vasa vasorum may contribute to the progression of vascular diseases in the systemic circulation including atherosclerosis, restenosis, vasculitis type II diabetes and metabolic syndrome [34, 35, 43, 60, 71] Our group has demonstrated that marked neovascularization of the vasa vasorum of the pulmonary circulation has been observed in neonatal calves exposed to chronic hypoxia (Fig. 5.1). It has also been shown that angiogenesis of the pulmonary circulation can be observed in a form of plexiform lesions in the lung of patients with primary pulmonary hypertension, CREST and HIV infections [15, 56, 82]. In severe pulmonary hypertension

[image: Image 14]
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Fig. 5.1 Hypoxia induces vasa vasorum neovascularization in the PA adventitia of chronically hypoxic calves. H&E staining of lung sections of control and hypoxic and calves demonstrates that thickening of the pulmonary artery vessel wall is associated with an apparent increase in the density of vasa vasorum ( red arrows) in vessels from hypoxic animals (b), compared with vessels from normoxic animals (a).  Scale bar  represents 100 μM; (AW = airways; PA = pulmonary artery)

excessively proliferating lung microvascular endothelial cells obliterate the vascular lumen and contribute to the disruption of the pulmonary blood flow [16]. 

Vasa vasorum endothelial cells observed in the adventitia of the large pulmonary arteries (PA) are though to be derived from bronchial circulation. Expansion of the bronchial vessels in the ischemic lung parenchyma and the pulmonary arteries has been demonstrated in patients with chronic thromboembolic disease that suggests a unique proliferative and invasive capacity of endothelial cells of the these systemic vessels [61]. Together, these observations imply that angiogenic vasa vasorum expansion may be a common feature of specific pulmonary and systemic vascular diseases and that hypoxic microenvironment may facilitate the angiogenic process

[17, 26, 58, 60, 64]. 

5.3 Hypoxia-Induced Vasa Vasorum Neovascularization Represents an Angiogenesis of Systemic Vessels

in the Pulmonary Circulation

In fact, the observed pulmonary artery adventitial thickening supported by an increased systemic blood flow (vasa vasorum), represents a unique angiogenesis model system. This involves a direct interaction between cells of pulmonary and systemic blood vessels, explicitly, angiogenesis of the systemic (bronchial) microcirculation in the pulmonary artery vascular wall. Moreover, we have demonstrated the recruitment of circulating progenitor and inflammatory cells to the PA adventitia of chronically hypoxic calves, suggesting that the expanding vasa vasorum appears to function as a port and conduit for entry and delivery of circulating inflammatory cells in the vessel wall [78]. Therefore, in many aspects hypoxia-induced adventitial inflammation and vasa vasorum neovascularization observed in neonatal calves, 

[image: Image 15]
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resembles the vascularization of tumors, as well as, the neovascularization of the vessel wall during atherosclerotic plague development [58, 60]. These observations raise questions as to how hypoxic conditions contribute to this neovascularization and the process of structural remodeling of the pulmonary circulation. While many factors with angiogenic potential have been identified, endogenous molecular factors specifically involved in hypoxia-induced expansion of the vasa vasorum, as well as the precise cellular and molecular mechanisms contributing to this process, are not completely understood. 

5.4 Cultured PA Adventitial Vasa Vasorum Endothelial Cells is a Novel In Vitro Angiogenic Model System

The in vitro studies of angiogenic responses in microvascular endothelial cells are limited due to the difficulties of isolation and maintenance these cells in in vitro conditions. We have successfully established a culture of vasa vasorum endothelial cells (VVEC) from the adventitia of PA of neonatal calves, thereby presenting a physiologically relevant cell system to evaluate angiogenic effects of extracellular ATP and another nucleotides. To our knowledge, the use of this specific microvascular endothelial cell population has not been previously documented. VVEC cultures demonstrate two distinct advantages of using the hypoxic calf model: first, after two weeks under hypoxic conditions these animals develop pulmonary hypertension accompanied by remarkable pulmonary vascular remodeling, (similar to those observed in human) and second, large amounts of adventitial tissues are available, which allows large scale cell isolation. Using explant techniques followed by cloning ring differential trypsinization, VVECs can be successfully isolated from PA adventitial compartment. These cells express CD31, Flk-1, Tie-1, vWf and eNOS, as do pulmonary artery (Fig. 5.1) endothelial cells, cultured from the same vessel. 

Fig. 5.2 Vasa vasorum endothelial cells (VVEC) can be isolated from the pulmonary artery adventitia and perpetuated in culture. (a) PA adventitial regions that develop massive neovascularization are used for VVEC isolation; (b) Co-culture of VVEC and adventitial fibroblasts. Pure endothelial cell culture can be obtained as a result of trypsinization by using cloning rings. VVEC exhibit a

“cobblestone” morphology, a characteristics of endothelial phenotype
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Table 5.1 Phenotypical characteristics of pulmonary artery adventitial VVEC

CD31/PECAM

+++

vWf

+

Flt-1

+

Flk-1


++

eNOS

+

Tie-2

++

Tie-1

+

Ephrin B2

+

CD133

++

CD34

+

c-kit

+

binding of lectin  Lycopersicon esculentum

+++

uptake of acetylated low density lipoproteins (Dil-Ac-LDL)

+++

Data were obtained by immunofluorescence analysis: +++ indicates very high expression level; ++ indicates high expression level; + indicates variable expression level

In addition, VVEC express Flt-1, Tie-2, Ephrin B2, CD133 and c-kit. Our data also demonstrate the ability of VVEC to bind the lectin  Licopercsicon Esculentum; and uptake acetylated low density lipoproteins labeled with 1,1-dioctadecyl-3,3,3,3-tetramethylindo-carbocyanine perchlorate (DiI-Ac-LDL) (Table 5.1). Our data also demonstrates the ability of VVEC to form interconnecting networks on polymerized Matrigel and in co-cultures with adventitial fibroblasts suggesting an angiogenic capability of VVEC in vitro. Therefore, the cultured adventitial VVEC

can be used as a physiologically relevant model cell system to study endothelial angiogenesis. 

5.5 Extracellular Nucleotides as Important Regulators of Vascular Functions

Endogenous autocrine and paracrine soluble factors, released under hypoxic conditions from the cells of vasculature and blood circulation are important contributors to angiogenesis [27, 32, 50, 52, 74]. An autocrine mechanism for the regulation of vascular cell growth has been demonstrated for several vasoactive compounds, including TGF-β, VEGF, prostaglandin E2, and adrenomedulin [41, 44, 54, 93]. 

However, quite often the efforts to prevent pathologic angiogenesis and vascular remodeling by using tyrosine kinase or cytokine receptor antagonists have not resulted in a intended clinical outcome, suggesting that additional signaling mechanisms may contribute to the angiogenic process. 

Extracellular purines and pyrimidines (ATP, ADP, AMP, adenosine, UTP and UDP) have been proposed as important regulators of vascular cell proliferation, migration, chemotaxis and secretory responses [2–4, 11, 19, 23, 24, 28, 72, 73, 83]. 

The effects of extracellular nucleotides are mediated through P2Y (metabotropic), 
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P2X (ionotropic) purinergic receptors, whereas the effects of adenosine are mediated through A1, A2A, A2B and A3 receptors [2, 11, 20]. The wide tissue distribution of purinergic receptors together with the expression of multiple receptor subtypes in vascular cells point to the physiological importance of purinergic signaling system for the regulation of vascular cell function. It is also becoming evident that alterations in the physiology of purinergic signaling may result in the development of a variety of neurogenerative, immune, and vascular pathologies

[12, 19]. Considering this, by targeting purinergic receptors with specific ligands (either agonists or antagonists) would provide a useful tool for directional manipulation of pathway-specific intravascular responses associated with various pathologic conditions. 

5.6 Sources and Potential Mechanisms of ATP Release into the Extracellular Milieu

Extracellular ATP concentrations are thought to be elevated in the local tissue microenvironment at various physiological and pathological conditions including hypoxia, inflammation, fluid shear stress, low osmolarity, thrombosis, and sympathetic stimulation (when ATP is co-released with noradrenalin), [8, 9, 10, 28, 39, 47]. It is also known that extracellular nucleotides are released in response to mechanical forces and other environmental stresses such as osmotic shock, acidosis, hyperoxia and hypoxia by cells of the vasculature, airways, and gut and play a key role in transducing cellular responses via activation of purinergic receptors in these organs [11, 50, 63]. Furthermore, along with transient release of nanomolar or sub-micromolar ATP concentrations in response to various stimuli, the cells can also constitutively release ATP at certain basal rates and maintain pericellular ATP levels in their vicinity within a high micromolar range

[2, 91]. 

5.7 Implication of Extracellular ATP for Vascular Diseases A number of studies support the idea that extracellular nucleotides could contribute to the development of vascular disease. Extracellular ATP has been implicated in the hyperplasia and hypertrophy of arterial walls in spontaneously hypertensive rats

[66], the regulation of vascular permeability [40, 45, 62] and the control of proliferation and migration of vascular smooth muscle cells and hematopoietic stem cells [42, 51, 70, 72]. Purinergic antithrombotic drugs have been shown to reduce the risk of recurrent strokes and heart attacks [12]. Extracellular ATP and UTP

have been demonstrated to stimulate DNA synthesis in vascular endothelial cells, smooth muscle cells (SMC), and adventitial fibroblasts [23, 28, 83]. In addition, extracellular nucleotides appear to directly affect migration of vascular as well as
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non-vascular cells including monocytes. Recent work demonstrates that in endothelial cells ATP- and UTP-induced stimulation of P2Y2 receptors is associated with co-activation of VEGF receptor-2, expression of Vascular Cell Adhesion Molecule-1 (VCAM-1), and monocyte recruitment, implying a link between purinergic signaling, angiogenesis and inflammatory responses [75, 76]. The product of ATP

hydrolysis, adenosine, has also been shown to induce proliferative responses in various types of endothelial cells [24, 25, 30, 34]. Importantly, ATP acts synergistically with cytokines (e.g. platelet-derived growth factor, epidermal growth factor, and insulin-like growth factor) and integrins to stimulate vascular cell proliferation and migration, thereby supporting the physiological relevance of extracellular ATP

under hypoxic and stress-related conditions [23, 28, 37, 42]. Recent findings also demonstrate a role of extracellular ATP and UTP in the stimulation and migration of human hematopoietic stem cells in vitro and in vivo [51, 70]. Together, these studies emphasize the angiogenic potency of extracellular adenine and pyrimidine nucleotides and their role in the regulation and modulation of vascular cell function during disease processes. However, despite the considerable progress in the understanding of the molecular and cellular mechanisms involved in the control of neovascularization as well as the continued interest in pro-angiogenic factors in various pathologic and physiologic states, including hypoxia and inflammation, the role of extracellular nucleotides in hypoxia-induced endothelial angiogenesis and the concomitant changes in microvascular phenotype is recently gaining appreciation. 

5.8 Extracellular ATP and Pulmonary Artery Adventitia Previously, we demonstrated that hypoxia stimulates release of ATP from adventitial fibroblasts and that this exogenous ATP acts in an autocrine manner to stimulate cell proliferation, a response critical in the vascular remodeling process observed in response to hypoxic conditions [28, 79]. These observations support the idea that in addition to nerve and circulating blood cells, vascular cells themselves appear to be potent sources of ATP and other adenine nucleotides [12, 29]. These observations prompted us to evaluate endothelium of newly formed adventitial vasa vasorum as a potential, yet unidentified, source of extracellular ATP in the pulmonary artery vessel wall. Indeed, our studies demonstrated that PA adventitial VVEC release ATP in response to hypoxia and low osmolarity, suggesting these cells may represent a potent source of extracellular ATP within the pulmonary artery vascular wall and that extracellular ATP could contribute to vasa vasorum neovascularization [79]. These observations support the notion that local purinergic signaling networks can be initiated by hypoxic stress, which in turn alter endothelial cell phenotype and function. In addition, since vascular cells express multiple purinergic receptors, extracellular nucleotides may play as an intercellular signaling molecule, providing cell-to-cell communication by an autocrine/paracrine mechanism. 

[image: Image 16]
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5.9 Effects of Extracellular Nucleotides on Angiogenic Responses in Endothelial Cells

Although extracellular nucleotide-mediated signaling has been implicated in various physiological and pathologic conditions, there is limited information regarding the role of extracellular nucleotides in modulating endothelial cell proliferation. It has been postulated that endothelial cells from various vascular beds exhibit tremendous functional and morphological heterogeneity [5]. In particular, endothelial cells of large blood vessels such as pulmonary artery and aorta possess phenotypical characteristics different from those of endothelial cells of microvascular beds. In this regard, it was expected that the proliferative and angiogenic capacities of endothelial cells of large vessels and microvessels should also differ. To test this hypothesis, we measured the rate of DNA synthesis in endothelial cells isolated from aorta (AOEC), main pulmonary artery (MPAEC), lung microvessels (MVEC) and PA adventitial vasa vasorum (VVEC) (Fig. 5.3). It was found that extracellular ATP

at concentrations of 10−6−10−3 M, stimulated dramatic increases in DNA synthesis in VVEC and DPAEC (up to 12-fold), but has very little effect on AOEC and Fig. 5.3 Extracellular ATP exerts different proliferative responses in microvascular and macrovas-cular endothelial cells. Growth arrested (72 h, serum-free DMEM) vasa vasorum endothelial cells (VVEC), aorta endothelial cells (AOEC), main pulmonary artery endothelial cells (MPAEC) and lung microvascular endothelial cells (MVEC) were stimulated with extracellular ATP from 10−9

to 10−3 M in the presence of 0.125 μCi [3H]-thymidine for 24 h, and incorporated radioactivity was determined in total cell lysates. The results are expressed as means ± S.E; ( n = 3). Shown are the data representative for each endothelial cell type
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MPAEC (1.37 and 1.32 fold increases respectively). In addition, under the same experimental conditions, extracellular ATP induced dramatic increases in DNA synthesis in pulmonary artery microvascular endothelial cells (3.76 fold) and vasa vasorum endothelial cells from aorta (6.16 fold, not shown). Therefore, our studies revealed that extracellular ATP is a more potent mitogen for microvascular endothelial (of both lung and systemic origin), than for endothelial cells of main pulmonary artery and aorta large vessels. Interestingly, microvascular endothelial cells of systemic origin (PA and aortic vasa vasorum) are slightly more “responsive” to ATP, than lung microvascular endothelial cells. The exceptional sensitivity of microvascular endothelial cells to stimulation with ATP and ADP is supported by other studies showing a mitogenic effect of extracellular ATP, UTP and 2MeSATP

on brain capillary and corneal endothelial cells [6, 14] Previous studies on endothelial cells derived from large vessels also demonstrated that stimulation of purinergic receptors result in the increase of intracellular Ca2+, and the release of nitric oxide, endothelium-dependent hyperpolarizing factor (EDHF), prostacyclin and t-PA [59, 86]. Similar to our observations, it was found that ATP and the other P2Y receptor agonists exerted only weak increases in DNA synthesis in bovine aortic endothelial cells [36, 83, 88], supporting the idea that differentiated endothelial cells possess a little proliferative capacity in response to extracellular nucleotides. 

Since ATP hydrolysis products might be expected to contribute to DNA synthesis, we examined the effects of various adenine nucleotides, their non-hydrolyzable synthetic analogs, as well as UTP and UDP on DNA synthesis in VVEC, MPAEC, and AOEC. As shown in Fig. 5.4, ATP, ADP, MeSADP, significantly increased

[methyl-3H] thymidine incorporation in VVEC more than 5-fold. AMP, Ado, ATPγS, ADPβS, and MeSATP, also had significant effects on [methyl-3H] thymidine incorporation with variable potency (2–5 fold) (Fig. 5.4a) BZ-ATP, and Ap4A (not shown) were not effective in stimulating DNA synthesis. Surprisingly, no significant changes in DNA synthesis were observed in response to pyrimidine nucleotides, UTP and UDP, though a previous report demonstrated both of these pyrimidines stimulate guinea pig cardiac endothelial cell proliferation [72]. 

Importantly, not only are extracellular ATP and ADP potent mitogens for VVEC, but also extracellular adenosine and AMP (most likely, as a result of it’s hydrolysis to adenosine by ecto-5-nucleotidase/CD73). These observations suggest that stepwise hydrolysis of extracellular ATP to adenosine by ecto-NTDPase/CD39 and ecto-5-NT/CD73 occurs in VVEC and that these enzymatic reactions can modulate the amplitude of ATP-induced mitogenic responses. Our data also demonstrates that all tested nucleotides and their non-hydrolysable synthetic analogs had significant effects on VVEC migration (Fig. 5.4b). The exaggerated mitogenic responses to extracellular nucleotides suggest that VVEC might be abundantly equipped with multiple purinergic receptors, coupled to mitogenic and angiogenic signaling pathways. Thus, purinergic receptors can also be considered as molecular determinants of such activated angiogenic phenotype of VVEC. The efficacy and the profile of extracellular nucleotides in increasing DNA synthesis and migration may suggest that the P2Y1 family of G protein-coupled purinergic receptors (P2Y1, P2Y11, P2Y12, P2Y13) is likely involved in mediating the effect of extracellular adenine

[image: Image 17]
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Fig. 5.4 The effects of purine and pyrimidine nucleotides and non-hydrolysable nucleotide analogs on VVEC DNA synthesis and migration. (a) Growth arrested VVEC (72 h, serum-free DMEM) were stimulated with indicated nucleotides (100 μM) in the presence of 0.125 μCi

[methyl-3H] thymidine for 24 h. Incorporated radioactivity was determined in total cell lysates. 

(b) Growth arrested VVEC (72 h, serum-free DMEM) were plated in permeable inserts (Costar, 8.0 μ pore size) in serum-free DMEM. The lower transwell compartment contained indicated nucleotides (100 μM). After 24 h, the amount of cells migrated through the filter was determined as described in [29]. Data represents means S.E. (as % of nonstimulated control) from three to five independent experiments, conducted on distinct VVEC populations; ∗  p<0.05, ∗∗ p<0.01 vs. 

nonstimulated control

nucleotides in VVEC. Determining the purinergic receptor profile in VVEC will be an important step in further understanding the angiogenic characteristics of these cells. 

5.10 Intracellular Signaling Pathways Associated

with Extracellular ATP-Induced Vasa Vasorum

Angiogenesis

Based on findings in other cell types possessing high proliferative potential, emphasis was placed on the Phosphoinositide 3-kinase (PI3K), mTOR ( m ammalian  T arget o f  R apamycin), and ERK1/2. These pathways play key role in the regulation of metastatic cell growth, tumor progression and angiogenesis [31, 37, 84, 87]. 

However, there is a lack of evidence demonstrating the activation of these pathways in response to extracellular ATP, as well as evidence linking ATP-dependent activation of these pathways and angiogenic responses in endothelial cells. It was found that extracellular ATP mediates its angiogenic effects in VVEC through dramatic and prolonged activation of PI3K/mTOR and ERK1/2 pathways. The responses to extracellular ATP might be particularly important in the hypoxic and inflammed adventitial microenvironment where increased extracellular ATP level can be expected. In our recent studies we demonstrated that in contrast to VVEC, extracellular ATP had much lesser effect on mTOR, Akt, and ERK1/2 signaling
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in endothelial cells isolated from PA and aorta, along with a negligible angiogenic effects by ATP in these cells [29]. Together, these observations further support the idea that VVEC are distinct in their ability to proliferate in response to extracellular ATP. Therefore it can be speculated that VVEC isolated from the sites of hypoxic PA adventitia, may therefore have unique phenotypical characteristics, with a particular reliance on extracellular nucleotides as an environmental stimuli. In conjunction with other reports, our data suggest that there must be tremendous heterogeneity in endothelial phenotypes, with regard to extracellular nucleotide-induced functional responses and the signaling pathways through which these effects are mediated. 

5.11 Purine-Converting Ecto-Enzymes and Their Role in the Regulation of Vascular Homeostasis

Subsequent to signal transduction, extracellular nucleotides need to be rapidly inactivated. The duration and magnitude of purinergic signaling in target cells is governed by a network of membrane-bound and soluble enzymes. General schemes of purine metabolism have included a role for the purine-inactivating enzymes of ecto-nucleoside triphosphate diphosphohydrolase (NTPDase) family, ecto-nucleotide pyrophosphatase/phosphodiesterase (E-NPP) family, ecto-5-nucleotidase/CD73 and adenosine deaminase [91, 92]. The initial steps of ATP and ADP hydrolysis in the vasculature are primarily mediated by the enzymes known as ecto-ATPase, ATPDase, apyrase etc., which, according to the current nomenclature, should be termed as NTPDase family members and classified in order of discovery and classification [69]. Namely, eight different ENTPD genes encode members of the NTPDase protein family, with four of them (NTPDase1,2,3,8) being expressed as cell surface-located enzymes. NTPDases 5 and 6 exhibit intracellular localization and undergo secretion after heterologous expression, while NTPDases 4 and 7 are entirely intracellularly located, facing the lumen of cytoplasmic organelles. Subsequent breakdown of ATP/ADP-derived AMP into adenosine is mediated by another nucleotide-inactivating enzyme, ecto-5-nucleotidase/CD73, which is anchored to the plasma membrane by glycosyl-phosphatidylinositol and expressed to a variable extent in vascular and other tissues [38, 69, 91, 92, 94]. 

In terms of the vascular system, endothelial E-NTPDase1/CD39 in conjunction with ecto-5-nucleotidase/CD73, have been implicated in playing a critical role through the termination of prothrombotic and proinflammatory effects of circulating ATP and ADP and their conversion into adenosine. This keeps the haemostatic process tightly regulated by preventing excessive clot formation and vessel occlusion [53, 55, 69]. In addition, selective up-regulation of the CD39-CD73

axis on the surfaces of activated CD4+CD25+Foxp3+ T-regulatory cells comprises an important constituent of their immunosuppressive machinery via sequential breakdown of lymphotoxic and proinflammatory ATP into anti-inflammatory adenosine, thus inhibiting T cell proliferation and secretion of cytokines [18, 33, 77]. 

Studies with mice lacking E-NTPDase-1/CD39 [57] or ecto-5-nucleotidase/CD73
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[80, 81] further confirmed the importance of coordinated nucleotide-inactivating cascade for proper immune and cardiovascular functions at various inflammatory, prothrombotic, and hypoxic states [48, 53, 65, 67]. 

Strikingly, along with the common view of extracellular ATP as a ligand for P2 receptors, substrate for ecto-nucleotidases and source of adenosine, this nucleotide was shown to concurrently serve as a phosphoryl donor for counteracting ecto-adenylate kinase and NDP kinase reactions [49, 92]. This backward ATP-regenerating pathway may represent a principally distinct route for the appearance of extracellular ATP and other purinergic agonists on the cell surface. However, the implication of these phosphorylating ecto-enzymes in regulation of purinergic signaling cascade is only beginning to be elucidated. Moreover, the identification of a complex mixture of soluble purine-converting enzymes freely circulating in the bloodstream adds another level of complexity to our understanding the regulatory mechanisms of purine homeostasis in the vasculature [90, 92]. Additionally, this may open up further research to assess the potential therapeutic and diagnostic applications of purinergic enzymes. 

5.12 Potential Role of Purine-Converting Enzymes

in Modulating Angiogenic Potential of VVEC

While studies from several laboratories clearly demonstrated the involvement of exogenous nucleotides in the regulation of vascular angiogenesis and haemosta-sis, there is a need to further elucidate a signalling role of individual nucleotides and nucleosides in these responses. In this context, the complexity is created by co-expression of different receptor subtypes on vascular cells, the respective redundancy of intracellular signalling pathways, as well as the ability of ATP and its metabolite adenosine to trigger divergent, often opposite, effects on the immune and mitogenic vascular functions. Moreover, direct quantification of extracellular ATP

is always complicated firstly, due to high turnover sequence: “release-signaling-inactivation” and secondly, since physiologically relevant levels of this nucleotide in local tissue environment can substantially differ from bulk concentrations in the interstitial milieu [91]. Since several enzymatic activities are simultaneously involved in the active cycling between extracellular ATP and other purinergic agonists, we hypothesized that vascular remodelling and angiogenesis could be determined via regulated control of a unique purine-converting enzymatic network localized to the plasma membrane of vascular cells. 

Despite the important regulatory role of extracellular nucleotides on angiogenesis, the contribution of ecto-enzymes to endothelial pro-angiogenic phenotype remains poorly understood. It was demonstrated that significant down-regulation of ecto-nucleotidase activities on vascular endothelium and other cell types during chronic hypoxia and oxidative stress was accompanied by triggering nucleotide-mediated signaling pathways, increased endothelial activation, and concomitant
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development of vascular disorders [28, 67, 68]. On the other hand, other investigators have shown endothelial nucleotide-inactivating ectoenzymes NTPDase1/CD39

and ecto-5-nucleotidase/CD73 can be upregulated during acute hypoxia and inflammation. This increases the intravascular adenosine concentrations and dampens excessive inflammatory responses by affecting endothelial barrier function, adhesion and transmigration of lymphoid cells, and expression of other molecules involved in the adhesion cascade [22, 46, 85]. 

Specific purine-converting activities were quantified by thin-layer chromatography (TLC) using cultured endothelial cells as enzyme sources and saturating concentrations of 3H-labeled and non-labelled nucleotides as appropriate substrates, as described previously [89]. In these studies, ATPase/NTPDase was evaluated as the rate of 500 μM [3H]ATP dephosphorylation into 3H-metabolites, that were quantified as pooled ADP, AMP and nucleoside fractions (Fig. 5.5a). Likewise, ADPase/NTPDase (Fig. 5.5b) and ecto-5-nucleotidase (Fig. 5.5c) activities of the cells were determined by their ability to hydrolyse 500 μM [3H]ADP and 300 μM

[3H]AMP, respectively. Backward adenylate kinase (Fig. 5.5d) and NDP kinase (Fig. 5.5e) activities were also determined by extent of ATP-induced phosphorylation of 500 μM [3H]AMP or [3H]ADP into high-energy 3H-phosphoryls. Incubation times in these assays varied between 20 and 40 min, and were chosen so that the amount of metabolites did not exceed 10–15% of initially introduced substrate. 

Consistent with our previous findings on human umbilical vein endothelial cells (HUVEC) [89], current studies using various cultured bovine endothelial cells also demonstrated the co-existence of extensive network of purine-converting endothelial ectoenzymes that regulate nucleotide levels via two counteracting, ATP-consuming and ATP-regenerating, pathways (Fig. 5.5f). Though, further comparative analysis of major exchange activities revealed substantial differences among the studied endothelial cells. Specifically, cultured VVEC hydrolyze various 3H-labelled nucleotides with relative ATPase/ADPase/AMPase ratios of ∼4.4/9.3/1

and in addition, were able to sequentially phosphorylate exogenous AMP via ADP

to ATP in the presence of γ-phosphate-donating ATP. Compared to VVEC, cultured MPAEC and especially MVEC (all isolated from chronically hypoxic calves) were characterized by substantially higher ATP- and ADP-inactivating capability, and at the same time, displayed relatively low activities of ecto-5-nucleotidase as well as nucleotide-phosphorylating enzymes adenylate kinase and NDP kinase (Fig. 5.5a–e). 

The lower rates of [3H]ADP (Fig. 5.6b) hydrolysis in VVEC compared to MPAEC and MVEC is in agreement with previous reports demonstrating that decreases of ATP diphosphohydrolase activity/CD39 can be observed during oxidative stress-induced endothelial cell activation [1, 48, 67]. No significant hypoxia-dependent shifts were determined in studies with other purinergic enzymes, ecto-ATPase (Fig. 5.6a), adenylate kinase (Fig. 5.6d) and NDP kinase (Fig. 5.6e). 

Along with evidence for selectively diminished ADP- and AMP-inactivating capacity of the hypoxic VVEC, the unchanged activities of other ectoenzymes may additionally serve as suitable “internal controls” for comparable assay conditions among the endothelial cell types. Furthermore, it could be even more relevant to

[image: Image 18]
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Fig. 5.5 Metabolism and inter-conversion of extracellular nucleotides on endothelial cell surfaces. 

Vascular endothelial cells were cultured overnight in 96-well plates followed by radio-TLC determination of ATPase (a), ADPase (b), ecto-5-nucleotidase (c), adenylate kinase (d) and NDP kinase (e) activities. Enzymatic activities are represented as mean ± SEM ( n=4−6). For experimental details, see [90]. (f) Scheme of major exchange pathways of extracellular nucleotides on endothelial cells. The elements of inactivating cascade comprise ATP/ADP-hydrolyzing enzyme NTPDase (1,2) and ecto-5-nucleotidase (3), while the backward ATP-generating pathway is represented by adenylate kinase (4) and NDP kinase (5). (g) Comparative analysis of nucleotide catabolism in control and hypoxic VVEC.  Arrows  show the average enzyme activities relative to ecto-ATPase activity in control cells.  Numbers in shadowed circles  correspond to particular catalytic reaction within the larger network of purine-converting ectoenzymes, as specified in panel f examine the differences in the ratio of key enzymes of nucleotide catabolism on endothelial cell surface. Comparative analysis of relative nucleotide-inactivating activities demonstrated the prevalence of ATPase and ADPase activities in MPAEC

[image: Image 19]
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Fig. 5.6 Schematic view of the role of extracellular nucleotides in angiogenic phenotype of endothelial cells. Stress conditions such as hypoxia, inflammation and oxidative stress result in endogenous release of ATP (from both circulating cells and vascular wall) and in subsequent activation of endothelial cells towards pro-angiogenic phenotype characterized by decreased ATP/ADP-hydrolyzing and increased ATP-regenerating activities. Elevated levels of extracellular nucleotides (ATP and ADP) induce mitogenic, migratory and morphogenetic responses in EC. The effects of hypoxia on angiogenic activation of endothelial cells can be reversed by upregulation (down-regulation) of ecto-nicleotidase activities (ecto-ATPase/ADPase (CD39) and ecto-5-nucleotidase (CD73) resulting in accumulation of extracellular adenosine and MVEC over the activities in VVEC. However, ecto-5-nucleotidase activity in MPAEC was almost equivalent, and in MVEC it was slightly lower than ecto-5-nucleotidase activity observed in VVEC. In turn, VVEC exhibited significantly higher levels of AK and NDPK activities compared to MPAEC and MVEC. Interestingly, recent findings on the co- expression of counteracting ATP-regenerating ectoenzymes in the lymphoid cells suggest that regulation of purine metabolism might extend beyond the inactivating pathways. Specifically, along with low ecto-nucleotidase and high ADA activities, the lymphoid cells are characterized by relatively high ecto-AK and NDP kinase activities [90] and in addition, are capable of maintaining micromolar “ATP halo” in their immediate vicinity [91]. It is speculative that “ATP-regenerating” phenotype of hypoxic VVEC may resemble a phenotype of some circulating blood cells and could represent a novel mechanism of hypoxia-induced endothelial angiogenesis. 

5.13 Conclusion and Perspectives

We demonstrated that extracellular nucleotides are both important angiogenic signaling molecules, and play an important physiological role in controlling angiogenic properties of vasa vasorum endothelial cells. Pathological conditions
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such as chronic hypoxia and inflammation can modulate extracellular nucleotide concentrations in the vessel wall through regulating the activity and expression levels of purine-converting ecto-enzymes, thereby providing their integration into purinergic signalling networks [21, 67, 68]. In view of the recent data on the important role of purinergic signaling in endothelial responses under various pathologic conditions, it remains necessary to explore the extent chronic and acute hypoxia might affect the extracellular nucleotide metabolism. Since exogenous ATP

and ADP contribute to angiogenic activation of VVEC, the above peculiarities in endothelial nucleotide metabolism could be especially relevant to hypoxia-induced angiogenic expansion of the PA adventitial vasa vasorum and possibly microvascular networks in different tissues. Keeping in mind endothelial phenotypical and functional heterogeneity, a role of individual purine-converting ecto-enzymes in the regulation of extracellular nucleotide profile should be precisely evaluated in cellular and animal model systems allowing genetic alteration in the expression of purine-converting ecto-enzymes. Another fascinating question remains as to whether regulation of the expression and the activity of purine-converting enzymes under various pathological conditions occur in a coordinated manner, or they can be regulated independently in a cell-type and stimulus-dependent manner. 
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Chapter 6

Stimulation of Wound Revascularization

by Adenosine Receptor Activation

M. Carmen Montesinos and María D. Valls

Abstract Adenosine is an endogenous mediator implicated in wound healing. 

The exact mechanisms and receptors involved are still under evaluation. We have observed that topical application of a selective adenosine A2A receptor agonist promotes wound healing in experimental animals, both healthy and with impaired healing. Histological analysis revealed that adenosine promoted granulation tissue formation, with increased cellularity, matrix deposition, and vessel density. 

Adenosine may exert effects on many different cell types that finally result in promotion of angiogenesis and, furthermore, homing of endothelial precursor cells into sites of injury. We will review the effect of adenosine receptor activation on microvascular endothelial cell function and on wound revascularization. 

Keywords Adenosine receptors · Wound healing · Angiogenesis · Vasculogenesis cell

migration

· Cell proliferation · Dermal microvascular endothe-

lial cell · Endothelial precursor cells · Inflammation · Cytokines · Hypoxia · Hypoxia-inducible factor (HIF) · Vascular endothelial growth factor · Thrombospondin-1 ·

Murine air pouch model · Bone marrow transplantation · Fibrinolytic system · Plasminogen activation · Extracellular matrix · Annexin II 6.1 Introduction

Wound healing is a dynamic and complex process that involves a well coordinated, highly regulated series of events including inflammation, tissue formation, revascularization and tissue remodeling [13]. However, this orderly progression of M.C. Montesinos (B)
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events is impaired in chronic wounds, including those due to diabetes. Loss of auto-nomic function and small fiber neuropathy is a characteristic feature of diabetic patients and can result in impaired neurogenic control of local microcirculatory blood flow and fluid homeostasis, diminished energy metabolism, oxygen delivery, and inflammatory responses. These altered processes could render diabetic patients more susceptible to tissue damage and infection [51]. Although many different interventions have been proposed to accelerate the healing process, very few have translated into positive clinical experience, and research is ongoing to provide better therapeutic alternatives to promote impaired wound healing. 

The metabolic messenger adenosine is an endogenous regulator of inflammation that is generated as a result of ATP catabolism in ischemic or inflamed tissues. 

Adenosine mediates a wide variety of physiological effects through the activation of cell-surface receptors of which there are four subtypes, A1, A2A, A2B and A3, all of which belong to the superfamily of seven transmembrane-spanning G-protein coupled receptors [17, 22, 26]. All cell subtypes involved in wound healing, macrophages, epidermal cells, fibroblasts and microvascular endothelial cells, differentially express functional adenosine receptors, although the receptor expression patterns vary between cellular types. Adenosine A2A and A2B receptors, in particular, are expressed on all cell types involved in wound healing, while A1 and A3

receptors were not found in microvascular endothelial cells [6, 7, 14, 27]. Several studies indicate that adenosine agonists promote healing of cutaneous wounds through activation of surface receptors (reviewed in [62]). We and others have shown that selective agonists of the A2A receptor subtype of adenosine promote tissue repair in mice, both healthy and with impaired healing, and one such agonist, Sonedenoson, is currently being evaluated as a prospective new therapy of diabetic foot ulcers. The examination of the mechanisms underlying this phenomenon showed that adenosine facilitates the formation of the granulation tissue and the blood vessels network that nourishes it [37, 38, 43, 63]. 

New vessel formation in the adult is the result of subtle and often complex interactions between regulatory and effector molecules and occurs through the cooperation of two distinct mechanisms: angiogenesis, the sprouting or partitioning of already existing vessels; and vasculogenesis, the differentiation and assembly of circulating bone marrow-derived endothelial cell precursors (angioblasts) [4]. During the sprouting phase, endothelial cells become activated and coordinately involved in the processes of proliferation, migration, and tube formation. Once a provi-sional vessel network is formed, the phase of resolution takes place by cessation of endothelial cell proliferation and migration, followed by recruitment and differentiation of smooth muscle cells and pericytes providing full functionality to the vessel [41]. This multistep process is tightly regulated by soluble growth factors and inhibitors, and a close interaction between adhesive extracellular matrix proteins and their integrin receptors. 

Several vasoactive metabolites produced during tissue hypoxia have been implicated in the angiogenesis process [10]. Adenosine is also a vasodilating metabolite whose extracellular concentration dramatically increases in injured and oxygen deprived sites as consequence of ATP catabolism [52]. In addition, the
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pharmacological vasodilator dipyridamole that inhibits the activity of adenosine deaminase and adenosine re-uptake, elicits a neovascular response in rat cardiac and skeletal muscle, strongly supporting a role for adenosine in promoting angiogenesis

[10]. We will review the mechanisms by which adenosine receptor activation affects the function of microvascular endothelial cells implicated in wound revascularization and will discuss the contribution of the adenosine receptors to blood vessel formation. 

6.2 Adenosine Receptor Expression and Function on Dermal Microvascular Endothelial Cells

Most of our knowledge of the effects of adenosine receptors activation on endothelial cells: down-regulation of cytokine-induced adhesion molecules expression; increased vascular barrier; promotion of migration and proliferation; signal transduction mechanisms . . .  comes from experiments carried out using endothelial cells from multiple origins, and mainly human umbilical vein (HUVEC). However, it should be taken in consideration that endothelial cells are exposed to particular physico-chemical and immunological condition depending on the vascular bed of origin, therefore phenotypical differences are expected [1, 49]. 

In most blood vessels, adenosine is a potent vasodilator via activation of A2A and/or A2B receptors, expressed in both the endothelium and smooth muscle. 

Conversely, adenosine is a potent vasoconstrictor in some branches of the pulmonary arteries and in renal afferent arterioles, through smooth muscle A1 receptor activation [56]. Several expression profiling and functional studies have revealed that endothelial cells from multiple origins do not express A1 and A3 receptors [5, 14, 42]. Microvascular endothelial cells, in particular, play a central role in inflammation by recruiting circulating leukocytes to tissues, in part through cytokine-regulated expression of endothelial-leukocyte adhesion molecules that differ from large vessel endothelial cells [32, 45, 57]. 

The expression pattern of A2A and A2B receptors differs between endothelial cells from large vessels such as umbilical vein, which express higher levels of A2A than A2B, and dermal microvasculature, which preferentially express A2B. This appears to have profound functional implications, as A2BAR activation strongly induces the expression of angiogenic factors, such as interleukin-8 (IL-8), basic fibroblast growth factor (bFGF), and vascular endothelial growth factor (VEGF) via coupling to G(q), and possibly via G12/13, instead of the classical Gs pathway in a dermal microvascular endothelial cell line [14]. More importantly, the expression of both, A2A and A2B, subtypes in dermal microvascular endothelial cells is subject to dynamic regulation by pathophysiological conditions, such as hypoxia and cytokine exposure [12, 16, 42]. During episodes of hypoxia/ischemia, polymor-phonuclear leukocytes are mobilized from the intravascular space to the interstitium, and such responses may contribute significantly to tissue damage during subsequent reperfusion. Acute increases in adenosine are important to counterbalance excessive
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inflammation or vascular leakage, and furthermore, to promote revascularization of the ischemic tissue [11, 56]. 

Hypoxia altered the expression of adenosine receptors by decreasing A2A and increasing A2B levels by a mechanism dependent on hypoxia-inducible factor (HIF)

[16, 28]. Consistent with changes in receptor expression, adenosine acts in a cooperative fashion with hypoxia to stimulate VEGF and induce IL-8 secretion not stimulated by hypoxia alone [16, 47]. Further studies revealed that adenosine deaminase (ADA) and its complexing protein CD26 are coordinately induced by chronic hypoxia, effectively localizing ADA activity at the endothelial cell surface, as an innate metabolic adaptation to chronically elevated adenosine levels during hypoxia. 

In contrast, during acute hypoxia associated with vascular leakage and excessive inflammation, ADA inhibition may serve as therapeutic strategy [11]. 

Pro-inflammatory cytokines, such as IL-1 and TNF-α can increase both A2A and A2B adenosine receptor expression and function in primary dermal microvascular endothelial cells [42]. Interestingly, while A2B receptor expression is also potentiated by IFN-γ in these cells, A2A receptor levels are markedly decreased. 

Consequently, an A2A-selective agonist stimulated cAMP accumulation in TNF-α

treated, but not IFN-γ treated cells, whereas the non selective agonist NECA stimulated cAMP accumulation in cells treated with either cytokine. Thus, both receptors contribute to adenosine-induced cAMP accumulation in TNF-α stimulated cells, but only A2B receptors caused cAMP elevation in IFN-γ treated cells. 

Another interesting observation in this study is that, under basal conditions, both receptors are poorly coupled to adenylyl cyclase, but they are more actively and functionally coupled following cytokine treatment (Fig. 6.1). This finding could be explained by cytokine-enhanced expression and/or recruitment of selective Gβ4

proteins (Fig. 6.2), or other signalling elements in the cell membrane, promoting receptor-G protein coupling [42]. In fact, Gβ4 subunit provides a high affinity agonist binding to the A2A receptor-G protein complex that contains the subunit [40]. 

We further evaluated the contribution of adenosine A2A receptors to VEGF

secretion by dermal microvascular endothelial cells. The adenosine A2A receptor agonist CGS21680 stimulated a marked increase in VEGF mRNA expression at a pharmacologically selective concentration (1 μM), which was reversed by an A2A receptor antagonist. Moreover, pretreatment with TNF-α enhanced VEGF mRNA by the adenosine receptor agonist, whereas pretreatment with IFN-γ abrogated the CGS21680-mediated stimulation of VEGF mRNA (Fig. 6.3) [42]. These data further confirm a role of adenosine A2A receptors in stimulating VEGF production in addition to the established role for A2B receptors in these cells [14]. Therefore, it is likely then that at injured sites, where cytokines such as TNF-α are secreted by Fig. 6.1 (Continued) (e) HMVECs with overnight cytokine pretreatment were stimulated for 15 min with the indicated concentrations of NECA. (f) ZM-241385 (10 μM) was added to the culture before NECA stimulation. Values are expressed as the mean (±SEM) of four (a and c), three (b) or two (e and f) independent experiments. Reproduced from [42] with permission

[image: Image 20]
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Fig. 6.1 cAMP accumulation in cytokine-treated dermal human microvascular endothelial cells (HMVEC). HMVECs were treated overnight with TNF-α or IFN-γ and thereafter stimulated with the A2A adenosine receptor agonist MRE0094. The cellular cAMP content of treated HMVEC was measured by ELISA. (a) Basal cAMP levels in cytokine-treated HMVEC (without agonist stimulation). (b) Cytokine-pretreated HMVECs were stimulated with 1 μM MRE0094 for various times as indicated. (c) Cytokine-treated HMVECs were stimulated for 10 min with the indicated concentrations of MRE0094. (d) Enhanced cAMP accumulation in TNF-α-treated HMVEC

by the agonist MRE0094 was attenuated in the presence of antagonist ZM-241385 (10 μM). 

[image: Image 21]
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Fig. 6.2 Effect of inflammatory cytokines on the expression of Gβ1 and Gβ4 proteins in HMVEC. 

Cells were treated overnight with IL-1, TNF-α, or IFN-γ, followed by mRNA and protein analyses. 

Quantitative real-time PCR was performed to estimate the copy number of cDNA for Gβ1 and Gβ4

proteins, and data are expressed as the percentage of GAPDH cDNA. Data shown are the mean (±SEM) of four independent experiments. ∗ p < 0.05; ∗∗ p < 0.01. Reproduced from [42] with permission. 

Fig. 6.3 TNF-α and IFN-γ differential modulation of the stimulatory effect of the adenosine receptor agonist CGS-2168 on VEGF mRNA expression. HMVECs were pretreated overnight with TNF-α or IFN-γ, then stimulated with CGS-21680 (1 μM) for 4 h in the absence (CGS) or the presence of 1 μM ZM-241385 (CGS + ZM). The expression of VEGF message was quantitated by real-time PCR and is presented as a percentage of the control (none). The basal levels of VEGF in unstimulated cells (without agonist or antagonist) were 1.55 ± 0.30, 2.02 ± 0.59, and 1.62 ± 0.12% of GAPDH mRNA for control, TNF-α-treated, and IFN-γ-treated cells, respectively ( n = 3). Reproduced from [42] with permission
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recruited inflammatory cells, the subsequent up-regulation of A2A and A2B receptors on endothelial cells and other inflammatory cells along with endogenous adenosine release constitutes a feedback loop to suppress further inflammation and to promote angiogenesis. 

6.3 Adenosine Receptor Activation Promotes Angiogenesis In Vitro

Since the early studies demonstrating the angiogenic effect of adenosine in heart and skeletal muscle in rabbits [64] and the chick chorioallantoic membrane model

[10], much effort has been addressed to elucidate the mechanisms and the receptors implicated in the adenosine-induced increase in vascularity. For instance, adenosine is known to stimulate endothelial cell migration and tube formation in vitro regardless the vascular origin [18, 33, 59]. On the other hand, the effect of adenosine on endothelial cell proliferation is more controversial and seems to depend on the vascular bed of origin. Thus, adenosine is mitogenic for microvascular and venular coronary and umbilical endothelial cells [35, 54], but not for aortic endothelial cells [59]. Similarly, the adenosine receptor subtypes and the intracellular mediators involved in promoting angiogenesis are still being explored. 

Former studies, using venular coronary microvascular endothelial cells and adenosine analogues, suggested that the proliferative response to adenosine involves a pertussis toxin-sensitive substrate as well as an increase in cAMP, indicating that both Gi or Gs protein were involved [35]. However, as previously mentioned, most endothelial cells express mainly adenosine A2A and/or A2B receptors, and both receptors seem to participate of the effect of adenosine on endothelial cell proliferation, migration and release of regulatory agents such as VEGF. Studies carried out in retinal endothelial cells clearly demonstrated the participation of A2B adenosine receptors on cell proliferation and migration, ERK activation, and, moreover, capillary tube formation by a mechanism involving increased angiogenic growth factor expression [18, 19]. In addition, analysis of the cloned human A2B receptor identified a functional binding site for hypoxia-inducible factor (HIF) within the promoter. 

Additional studies in dermal endothelial cells overexpressing full-length A2B receptors revealed functional phenotypes of increased barrier function and enhanced tube formation amplified during hypoxia [28]. 

Activation of A2A receptor in human umbilical vein endothelial cells promotes endothelial cell migration and proliferation, and synthesis of the potent angiogenic factor VEGF. The mitogenic action of the A2A-adenosine receptor activation is independent of protein Gs coupling, since direct activation of downstream effectors in the cyclic AMP-signalling cascade not only failed to mimic the action of receptor-activation, but even reduced cell proliferation. In contrast, activation of the A2A-adenosine receptor is associated with increased levels of GTP-bound p21(ras) and MAP kinase activation, which is neither impaired following pretreatment of the cells with pertussis toxin nor affected by inhibitors of typical protein kinase C

isoforms [53–55]. 

[image: Image 23]
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We have further studied the contribution of the A2A receptor activation to the angiogenic effect of adenosine using a matrix of Matrigel R

 . We found that treat-

ment with a selective A2A receptor agonist, CGS21680, promotes an intricate tridimensional cellular network of human dermal microvasculature endothelial cells, and sprouting of aortic ring explants, both murine and from rat (Fig. 6.4). This assay was performed using fully supplemented endothelial growth media, containing different growth factors, including VEGF; therefore we thought that the promoting effect of CGS-21680 might be due to other mechanisms besides the release of angiogenic factors. When culturing the microvascular endothelial cells in presence of either a selective A2A antagonist or a selective A2B antagonist alone, we observed a decrease in tube formation, suggesting that endogenous released adenosine could play a role through activation of both receptors [9]. 

Fig. 6.4 CGS-21680 stimulated tube formation of HMVEC and from aortic ring explants: HMEC

suspension (5 × 104 cells/ml) was loaded onto a Matrigel (50 μl) coated well, incubated for 16 h (37◦C and 5% CO2) in presence or absence of CGS-21680 (1 μM). Aortas were isolated from either CD31 mice or Wistar rats, cleaned, cut in 1–2 mm segments and seeded in non-polymerized Matrigel (50 μl) and incubated 30 min at 37◦C and 5% CO2 before adding fully supplemented EGM-2MV media. Aortic explants were incubated with or without CGS-21680 (1 μM) for 5 days (37◦C and 5% CO2, media was changed on day 2). Fluorophore/calcein AM (Molecular Probes) was used to stain the tubes and image was acquired with a fluorescent microscope. Representative fields of vascular tube formation examined at an ×40 magnification are shown In order to determine the effect of adenosine A2A receptor activation on endothelial cells, we generated a subtraction library by representational Display Analysis in HUVEC. We cloned several genes associated with angiogenesis, one of which was Thrombospondin-1, a glycoprotein that is a naturally occurring inhibitor of angiogenesis [23]. Thrombospondin-1 mRNA expression and protein secretion was down-regulated after treatment of human microvascular endothelial cells with the A2A agonists in a dose-dependent manner, and this effect was completely abrogated by addition of a selective A2A receptor antagonist, but not A1 and A2B receptor
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antagonists. Moreover, in the presence of antibodies to thrombospondin-1 and its receptor CD36, adenosine A2A receptor agonists failed to promote tube formation by endothelial cell in Matrigel R

 , indicating that the angiogenic effects of

adenosine A2A receptor activation are, at least in part, caused by the suppression of thrombospondin-1 secretion [9]. Thus, although elevated expression of VEGF

might account for the angiogenic effects of adenosine, it is more likely that adenosine also stimulates angiogenesis via other secondary angiogenic and antiangiogenic mediators or by way of an intracellular action [2]. 

6.4 Adenosine A2A Receptor Activation Stimulates both Angiogenesis and Vasculogenesis In Vivo

Different experimental in vivo models confirmed the role of adenosine in blood vessel formation, where other cells, besides endothelial cells, are implicated in tissue neovascularization by releasing a variety of soluble regulatory cytokines, chemokines, growth factors, proteolytic enzymes and extracellulr matrix proteins, which activate local endothelial cells and facilitate endothelial progenitor cell homing [41, 44] .  Thus, adenosine A2A receptors activation stimulates macrophage production of VEGF synergistically with the Toll-like receptor 4 (TLR4) pathway

[29] and in human mast cells, A2B receptors mediate IL-8 and bFGF expression and A3 receptors may mediate the expression of angiopoietin-2 [15]. 

Adenosine levels are elevated during normal retinal vascular development in neonatal dog by the activity of the ecto-5-nucleotidase. In the canine model of oxygen-induced retinopathy, exposure of the developing retina to high oxygen haults vascular development, process known as vaso-obliteration. During this stage, 5-nucleotidase is dramatically reduced, resulting in a sharp decline in adenosine. 

When animals are returned to room air, systemic levels of oxygen return to normal but the retina is hypoxic because of the lack of blood vessels. At this time, 5-nucleotidase activity and adenosine levels are elevated well beyond normal levels. 

This stage is the vasoproliferative stage and A2A receptor immunoreactivity was significantly elevated at the edge of forming vasculature [58]. In a similar model using mice, daily intraperitoneal injections for 5 days of pharmacologically relevant doses of a non selective adenosine receptor antagonist or the A2B selective antagonists 3-N-propylxanthine (enprofylline) and 3-isobutyl-8-pyrrolidinoxanthine (IPDX) significantly reduced retinal neovascularization. By contrast, neither A1 nor A2A selective antagonists had an effect on neovascularization [36]. Further proof of the relevance of adenosine A2B receptors in angiogenesis has been demonstrated by the intra-ocular injection of ribozymes designed to specifically cleave A2B receptor mRNA, which significantly inhibited pre-retinal neovascularisation [3]. 

We have also demonstrated that adenosine A2A receptor activation stimulates neovascularization in vivo. Topical application of agonists for adenosine A2A receptors increased the rate of wound closure and the number of microvessels in the granulation tissue of wounds in wild-type but not A2A deficient mice. Moreover, A2A receptor deficient mice manifest fewer vessels in their wound granulation

[image: Image 24]
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tissue (Fig. 6.5) [37]. Similarly to A2A deficient mice, mice lacking the adapter protein in the pathway of Toll-like receptors MyD88 heal at a markedly slower rate than wounds in wild-type mice, showing delayed contraction, decreased and delayed granulation tissue formation, and reduced new blood vessel density. The A2A receptor agonist CGS21680 promoted wound closure and angiogenesis in wild Fig. 6.5 Histological examination of representative sections of untreated and CGS-21680-treated excisional wounds in wild-type mice and air pouch wall in wild-type and A2A receptor deficient mice. (a) On day 3 after wounding, mice were killed and the wounds dissected out, embedded in paraffin, and stained with H&E using standard techniques. Original magnifications ×400 1: Wild-type mouse treated with vehicle 2: Wild-type mouse treated with CGS-21680, arrows indicate blood vessels containing erythrocytes. (b) Subcutaneous vesicles were formed on the backs of wild-type and knockout mice by injecting 3 ml of steril air and were reinflated later with 1.5 ml of steril air two days. After 6 days, the mice were killed and the pouches dissected out. 

The dissected pouches were fixed, embedded in paraffin, and stained with H&E using standard techniques (1 and 2) or stained immunohistologically with a goat anti-Factor VIII antibody, visualized by immunoperoxidase-mediated conversion of diaminobenzidine, and counterstained with hematoxylin (3 and 4). 1: Shown is a representative section from a pouch wall from a female wild-type mouse (original magnification, ×100). 2: Shown is a representative section from a pouch wall from a female A2A receptor knockout mouse (original magnification, ×100). 3: Shown is a representative section from a pouch wall from a female wild-type mouse (same block as in 1; original magnification, ×400). 4: Shown is a representative section from a pouch wall from a female knockout mouse (same block as in 2; original magnification ×400). Reprinted from [37] with permission
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type mice, but had no significant effect on healing of MyD88(–/–) mice [34]. These results are in agreement with the synergistic interaction between Toll-like receptor and adenosine A2A receptor signaling found in macrophages towards an angiogenic phenotype [29, 46]. 

We confirmed the role of A2A receptor activation in neovascularization in vivo using a model of internal trauma and repair (air pouch model). There were fewer microvessels in the walls of healing air pouches of A2A receptor deficient mice compared to wild-type controls and consequently, inflammatory vascular leakage and leukocyte accumulation in the air pouch were similarly reduced in A2A knockout mice. Since there was no change in the number of circulating leukocytes and the inflammatory peritoneal exudates in the A2A deficient mice did not differ from those in the wild-type mice, it is unlikely that the induced deficiency in A2A receptors is associated with a defect in the acute inflammatory response or with a difference in the number or functional capacity of the A2A receptor-deficient leukocytes. Thus, the reduction in the number of microvessels in the air pouch walls of the A2A knockout mice is the most likely factor leading to reduced leukocyte accumulation in the inflamed air pouch, a finding that correlates with the diminished extravasation of Evans blue dye [37]. Pharmacological blockade of A2A receptors confirmed the reduced angiogenesis in air pouch walls but, surprisingly, blockade of A1 receptors increased the number of Factor VIII-positive cells in the healing tissue, and an A2B receptor antagonist had no effect (Fig. 6.6), consistent with the role of A2A Fig. 6.6 Number of Factor VIII positive endothelial cells in the walls of air pouches of mice treated with adenosine A1, A2A and A2B receptor antagonists. Osmotic pumps containing either DMSO

(control), 8-Cyclopentyl-1,3-dipropylxanthine (DPCPX, an adenosine A1 receptor selective antagonist, 15 mg/kg/d), ZM 241385 (an adenosine A2A receptor selective antagonist, 50 mg/kg/d) or enprofylline (an adenosine A2B receptor selective antagonist, 50 mg/kg/d) were implanted in the peritoneum of BALB/C mice. Air pouches were induced and harvested on BALB/C mice, as described for Fig. 6.5, and the number of Factor VIII positive endothelial cells were enumerated in the immunohistologically-labeled sections, as described. Shown are the means (±SEM) of 5

different fields counted on 5 mice in each group. ∗ p<0.005 vs. Wild-type mice, 1-Way ANOVA (Tukey Test)
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receptors in promoting angiogenesis. The reduction in vascularity by paharmaclog-ical blockade of A2A receptors corresponded as well with a reduction in Evans blue extravasation and in leukocyte accumulation after injection of carrageenan into the airpouch (unpublished results). 

In the mouse ischemic hind limb model, antagonism of adenosine receptors with the non selective antagonist caffeine abrogated VEGF up-regulation induced by local injection of the non selective agonist NECA into the hind limb and produced a 46% reduction of neovascularization. Stimulation of adenosine receptors not only contributed to the overall effect of hypoxia but also had additional actions in the regulation of angiogenic factors. Thus, adenosine actions appear to be complementary to the direct effects of hypoxia rather than redundant [47]. 

 6.4.1 Adenosine Receptor Activation Promotes Wound

 Vasculogenesis

In addition to the classic mechanisms of angiogenesis, bone marrow derived endothelial precursor cells, also referred to as angioblasts, have the ability to incorporate into sites of active neovascularization in vivo, contributing to the development of new vessels in the adult [8]. Adenosine A2A receptors have been detected in forming blood vessels and endothelial progenitor cells in the nerve fiber layer of peripheral retina, both in neonatal dogs and during the vasoproliferative stage of canine oxygen induced retinopathy [58]. We have shown that topical application of an adenosine A2A receptor agonist promotes endothelial precursor cells homing to newly forming vessels in wound granulation tissue. We inflicted two full thickness wounds in mice that had undergone bone marrow transplantation with whole non-fractionated bone marrow cells from transgenic mice that express the marker gene green fluorescent protein (GFP) under the endothelial specific Tie2

promoter. Tie2 is a specific receptor only found in vascular endothelial cells therefore the recipient mice express GFP only in those vascular endothelial cells that were originated in the bone marrow. Topical treatment with the selective adenosine A2A agonist CGS-21680 induced a three-fold increase in CD-31 positive, GFP negative endothelial cells and a higher than 10-fold increase in GFP cells in the granulation tissue of 3-day wounds [39]. Adenosine A2A receptor activation also increases dermal recruitment of other bone marrow originated and peripheral blood circulating cells, fibrocytes, which migrate into injured tissue where they display fibroblast-like properties. In a bleomycin-induced model of dermal fibrosis, increased fibrocytes recruitment to the dermis of bleomycin-treated mice was abrogated by genetic deletion or pharmacological blockade of adenosine A2A receptors, suggesting that this receptor subtype is implicated in bone marrow derived fibrocyte recruitment [24]. 

Bone marrow-derived mesenchymal stem cells are characterized by their ability to form colonies comprising spindle-shaped cells deriving from a single cell, 
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and they express all four adenosine receptors and the enzyme ecto-5 nucleotidase (CD73) that catalyzes the extracellular conversion of AMP to adenosine [25]. 

Mesenchymal stem cells isolated from bone marrow of either A2A deficient or ecto-5 nucleotidase (CD73)-deficient mice formed significantly fewer colonies, and this effect was mimic by culture with the adenosine A2A receptor antagonist ZM241385, although culture of wild type cells with the A2A agonist CGS21680

did not enhance colony formation. Interestingly, there was a significant decrease in CD73 expression in cells from A2A receptor deficient mice and a marked reduction in A2A receptor expression in CD73 deficient mice, confirming a reciprocal regulation of CD73 by A2A receptors and vice versa. Moreover, adenosine A2A receptors regulate the expression of differentiation antigens on the mesenchymal stem cells, such as CD90, CD105, and procollagen alpha2 type I. 

These findings indicate that adenosine via A2A receptor plays a critical role in promoting the proliferation and differentiation of mouse bone marrow mesenchymal stem cell [25]. 

A recent study also demonstrates a role of adenosine in vasculogenesis of the myocardium, although in this territory the adenosine receptors involved appear to differ. Stimulation of adenosine receptors increased the adhesion of murine embryonic endothelial progenitor cells to cardiac endothelial cells rapidly, within minutes. 

Furthermore, adenosine increased cell retention in isolated mouse hearts perfused with embryonic endothelial precursor cells. Similarly, adhesion of human adult culture-expanded endothelial progenitor cells to human cardiac endothelial cells was increased by stimulation of adenosine receptors. These investigators showed that murine embryonic endothelial precursor cells preferentially express functional A1 adenosine receptors, while the A2B receptor subtype is preferentially expressed by cardiac endothelial cells, and both subtypes are involved in the regulation of progenitor cell adhesion to the endothelium by the interaction between P-selectin and its ligand [48]. 

6.5 Contribution of the Fibrinolytic System to the Angiogenic Effect of Adenosine

Besides of degrading the fibrin clot, the fibrinolytic system is an essential constituent of the proteolytic machinery involved in the breakdown of extracellular matrix, which enables migration of fibroblasts and endothelial cells at sites of injury. The serine proteases urokinase (uPA) and tissue (tPA) plasminogen activators degrade plasminogen to plasmin, which in turn degrades components of the wound matrix, fibrinogen and fibrin, and activate several matrix metalloproteinases. Plasminogen activation is tightly regulated by the balance between plasminogen activators tPA and uPA and their principal inhibitors, plasminogen activator inhibitor-1 (PAI-1) and PAI-2 [30, 50]. Since adenosine receptor agonists increase plasminogen activator release from rabbit alveolar macrophages [21], we are currently studying the effect of a selective adenosine A2A receptor agonist on wound closure in

[image: Image 26]
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wild type, tPA deficient and uPA deficient mice, and the effect of adenosine A2A receptor activation on the production and secretion of t-PA, u-PA, and PAI-1 by dermal microvascular endothelial cells and the monocytic cell line THP-1 [60, 61]. 

Annexin II is a proposed endothelial cell co-receptor for plasminogen and t-PA [20]

and in vitro studies have suggested that this endothelial cell surface protein can stimulate t-PA–mediated plasminogen activation in the complete absence of fibrin

[31]. We have found that promotion of wound healing by topical application of a selective adenosine A2A receptor agonist requires the expression of tissue (tPA) but not urokinase plasminogen activator (uPA). Our preliminary results in human dermal microvascular endothelial cells point to a new hypothesis, that tPA participates of the proangiogenic effect of A2A receptor activation through a complex mechanism that involves its main inhibitor PAI-1 and its cell receptor annexin II (Fig. 6.7). 

Fig. 6.7 Proposed mechanism for adenosine A2A receptor stimulation of plasmin generation on the surface of endothelial cells and its implication in angiogenesis. Adenosine A2A receptor activation in endothelial cells diminishes the release of the plasminogen activator inhibitor-1 (PAI-1) and promotes the production of annexin II, which acts as a co-receptor for plasminogen and its activator tPA

6.6 Conclusion

Adenosine, through interaction with specific membrane receptors, promotes the formation of new vessels by increasing both local vessel sprouting and recruitment of endothelial progenitor cells from the bone marrow. The contribution of the different receptor subtypes to the angiogenic effect of adenosine depends mainly on the pathophysiological conditions of the organ affected. While endothelial cell A2B

receptor activation appears to prevail in revascularization of hypoxic tissue and in retinopathy, A2A receptors play a relevant role in physiological revascularization of damaged tissues. In addition, all the adenosine receptors subtypes expressed by resident and migrating cells modulate the release of regulatory molecules that provide a proper environment for neovascularization. 
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Chapter 7

Hypoxia-Inducible Factors and Adenosine

Signaling in Vascular Growth

Aftab Ahmad, Carl W. White, and Shama Ahmad

Abstract Low oxygen environment or hypoxia is conducive towards vascular growth and endothelial proliferation. Therefore it is an essential element in both disease and development. Hypoxia stabilizes the hypoxia-inducible transcription factors -1α and -2α and also increases adenosine levels thereby activating the adenosine receptor signaling pathways. While these pathways have been described independently to a greater extent, increasing evidence suggests that there is significant crosstalk. Here we will summarize the contributions and interdependence of hypoxia-inducible transcription factors and the adenosine receptor pathways in vascular growth. 

Keywords Angiogenesis · adenosine · A2A receptor · A2B receptor · Adenosine deaminase · ATP · CD73 · CD39 · Hypoxia-inducible transcription factors · HIF-1α · HIF-2α · Prolyl 4-hydroxylases · Endothelial cells · Vascular growth · VEGF · VEGFR-1 · VEGFR-2 · DMOG (dimethyloxalylglycine) · DFO

(desferrioxamine) · VHL (von Hippel-Lindau tumor suppressor gene product) 7.1 Introduction

Low oxygen environment or hypoxia plays a central role in complex processes such as fetal development and diseases like cancer, sepsis and ischemic heart disease. 

Physiological and pathological responses to acute and chronic hypoxia are mediated primarily through the hypoxia-inducible transcription factors HIF-1α and HIF-2α. 

Such conditions also often cause an increase in both intracellular and extracellular levels of adenosine, and its receptors. Accumulation of extracellular adenosine following hypoxia and/or ischemia causes activation of signaling cascades that are geared towards maintaining homeostasis and limiting cellular damage [29]. In recent A. Ahmad (B)
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years, the role of adenosine as a potential stimulator of tissue oxygenation and vessel growth has emerged [1]. In this chapter we will discuss the angiogenic potential of adenosine receptors as driven by hypoxia in endothelial cells. 

7.2 Endothelial Cells in Vascular Growth and Development Endothelium constitutes a highly specialized organ that lines the vascular system and lymphatic channels. Endothelial cells exhibit a great degree of heterogeneity that arises from their location as well as their specialization in response to environmental cues (autocrine and paracrine factors, shear stress and pressure) and pathophysiological stresses [5, 41]. Characterization of this heterogeneity and study of associated functional changes is key to the development of therapeutic approaches, such as those targeting angiogenesis. This point is well illustrated by one such study that describes the gene expression profile of 53 cultured human endothelial cell lines from arteries, veins and microvessels from 14 different tissues

[12]. In this study the patterns of gene expression that could distinguish between endothelial cells of large and small vessels, and between those of veins and arteries, were evaluated. Expression patterns of gene products from specialized endothelia were related to functional roles such as transport of molecules, migration of immune cells, neurogenesis, tracheal branching, and the establishment of the left/right asym-metry of the body. Thus the transcriptional programs of endothelial cells from different tissues and organs are specifically adapted during development to assume distinct roles at each site. The pulmonary circulation represents a unique vascular bed that receives 100% of the cardiac output. Although endothelial cells of pulmonary artery and those of capillaries express classical endothelial cell markers, they differ in critical roles such as barrier function and angiogenic potential [68]. 

Endothelial cell populations also contain significant numbers of proliferating progenitor cells. Although each endothelial population may have a distinct number of progenitor cells, they are phenotypically related to their vascular origin. Thus it is also important to consider the contents and molecular programming of the endothelial progenitor cells as they could play an essential role in vascular development, homeostasis and repair after injury. With an improved understanding of signaling in normal diverse endothelia one could develop strategies to target altered responses in diseased or abnormal vessels. 

Vascular growth and proliferation requires an early phase of vasculogenesis followed by angiogenesis. Vasculogenesis involves the de novo formation of vessels from progenitor cells. On the other hand, angiogenesis is a complex multistep process involving endothelial cell invasion, migration and cell proliferation resulting in formation of new blood vessels from pre-existing ones. Under physiological conditions, angiogenesis is required for normal growth and development during fetal life and also in tissue repair during adult life. Fetal lung develops in a hypoxic environment (3–5% O2). Such hypoxic environments activate signaling pathways that increase vascular cell proliferation. 
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7.3 Hypoxia and Hypoxia-Inducible Transcription Factors Hypoxia stabilizes hypoxia-inducible transcription factors (HIFs) HIF-1α and HIF-2α. Active HIFs are heterodimeric proteins that dimerize with HIF-1β (ARNT), translocate to the nucleus and bind to specific, hypoxia response element or HRE

DNA sequences of target genes, promoting their transcription. Under room air conditions, HIFs are hydroxylated by prolyl 4-hydoxylases (PHDs) using molecular oxygen, iron (Fe2+), α-ketoglutarate and ascorbate as substrates or cofactors (Fig. 7.1). Thus absence of oxygen (hypoxia), iron chelation, use of analogs of α-ketoglutarate or siRNA mediated knockdown of prolyl 4-hydroxylases can each inhibit hydroxylation of HIFs (Fig. 7.1) [6, 39, 65]. Hydroxylation of proline residues P402 and P562 of human HIF-1α (P405 and P531 of HIF-2α) tags it for pVHL (von Hippel-Lindau tumor suppressor gene product) binding, ubiq-Fe 2+, Ascorbate , O , 
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Fig. 7.1 Schematic model of hypoxia-induced pathways leading to angiogenic responses in endothelial cells. Under normal physiological conditions, hypoxia-inducible transcription factors, HIF-1α and HIF-2α are degraded through a series of steps, starting with hydroxylation of the transcription factor by prolyl 4-hydroxylases (PHDs). This degradation pathway leading to destabilization of HIFs has a negative effect on angiogenesis. On the other hand, inhibiting PHD activity using DFO, DMOG, hypoxia or siRNA-mediated knockdown of the enzyme can stabilize HIFs. 

Inhibiting the binding of pVHL to the hydroxylated HIFs using CoCl2 or siRNA-mediated knockdown of VHL can also stabilize HIFs. Both HIF-1α and HIF-2α regulate vascular growth by common as well as unique pathways. VEGF-VEGFR2 pathway is a known inducer of angiogenesis and is regulated both by HIF-1α and HIF-2α in endothelial cells. Adenosine A2A and A2B

receptors are also known to promote angiogenesis (or new blood vessel formation). While HIF-1α regulates expression of A2B receptor in human dermal microvascular endothelial cells, HIF-2α

regulates expression of A2A receptor in human lung microvascular endothelial cells. DFO: desferrioxamine (Iron chelator); DMOG: dimethyloxalylglycine (analog of α-ketoglutarate); pVHL (von Hippel-Lindau tumor suppressor gene product)
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uitination and subsequent degradation through the proteasomal pathway. Thus siRNA-mediated knockdown of VHL or absence of functional VHL as in naturally occurring mutations, can also prevent degradation of HIFs [13, 58]. In addition, CoCl2 mediated inhibition of pVHL binding to the hydroxylated HIFs can also prevent degradation [74]. HIFs also can be hydroxylated by FIHs (Factor Inhibiting HIFs) at specific asparagine residues (N803 of HIF-1α and N847

of HIF-2α) located in the C-terminal transactivation domain. Hydroxylation of asparagine residues under non-hypoxic conditions inhibits transactivation function of HIFs by preventing interaction of HIFs with CBP/p300. Thus both stabilization and functional activity of HIFs are maintained under hypoxic conditions. 

Hypoxia-inducible transcription factors HIF-1α and HIF-2α bind the same consensus DNA binding element and can upregulate a common set of genes involved in cell growth, proliferation and angiogenesis. These include among others the vascular endothelial growth factor (VEGF), its receptors including VEGFR-1 (Flt-1) and VEGFR-2 (KDR or flk-1) (Fig. 7.1). While both HIF-1α and HIF-2α are important in vascular growth and proliferation, HIF-2α is perceived to have a greater role because of its abundance in endothelial cells. 

7.4 HIFs in Vascular Growth and Development

Endothelial cells are essential in embryonic vascular growth and development. A number of receptors on endothelial cells regulate endothelial cell function. Mitogens that act on these receptors are either secreted by endothelial cells themselves or contributed by other cell types. Further, most of these receptors and their ligands are regulated by the HIFs. Thus, altering the HIF pathway can profoundly affect vascular growth in a number of models. For example, a HIF-1α knockout mouse shows severely reduced vascular growth that results in embryonic lethality by E11

[37]. A HIF-2α null mouse, in 129 SV/ICR background, exhibited severe vascular defects that died by E12.5 [60]. Similar observations were obtained in other HIF-2α

knockout or knockdown models [14, 17, 50]. Interestingly, HIF-2α null mouse in some backgrounds did not show vascular defects [66, 72]. 

Several genes downstream of the HIFs can influence vascular growth. The most common among these targets is the vascular endothelial growth factor (VEGF), a known inducer of angiogenesis. Loss of even a single allele of VEGF, caused abnormal vascular growth and embryonic lethality by E12 [9, 27]. Receptors for VEGF are also regulated by HIFs in endothelial cells. VEGF has a higher affinity for VEGFR-1 than for VEGFR-2. Disruption of VEGFR-1 (Flt-1) and VEGFR-2 (flk-1 or KDR) in mice leads to embryonic lethality due to vascular overgrowth in the former [28] and reduced vascular growth in the latter [67]. 

Therefore multiple parallel pathways operate to fine tune vascular growth and development during embryonic life. Importantly, HIFs appear to be central regulators of angiogenesis. 
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7.5 Hypoxia and Adenosine

Hypoxia, in addition to stabilization of HIF-1α and HIF-2α, also increases intracellular and extracellular levels of adenosine (Fig. 7.2). Extracellularly, adenosine is produced by degradation of ATP by ectonucleotidases like CD39 (ATPDase) and CD73 (ecto-5-nucleotidase). Hypoxia, through an SP1 dependent mechanism, can increase expression of CD39, which catalyzes hydrolysis of ATP and ADP [20]. 

HIF-1α increases the expression of CD73 that catalyzes the conversion of AMP

to adenosine [70]. Intracellular adenosine, under normoxic resting conditions, is either converted to AMP by adenosine kinase or degraded to inosine by adenosine deaminase. Hypoxia can inhibits both adenosine kinase and adenosine deaminase

[51] resulting in intracellular adenosine accumulation. Additionally, hypoxia also regulates expression of adenosine transporters ENT1 and ENT2, through a HIF-1α dependent mechanism [21]. Therefore multiple parallel pathways contribute to increased adenosine concentrations in hypoxia. 

Biological activity of adenosine is mediated through its binding to four different adenosine receptors, A1, A2A, A2B and A3 [4]. While A1 and A3 receptors inhibit HYPOXIA
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Fig. 7.2 Hypoxic regulation of adenosinergic signaling in a typical cell. Hypoxia causes both intracellular and extracellular levels of adenosine to increase. Extracellularly, adenosine is formed by the hydrolysis of ATP to adenosine. Two enzymes in this pathway, CD39 and CD73 are transcriptionally upregulated by hypoxia. While CD39 is regulated by hypoxia through an Sp1
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Table 7.1 Characterization of adenosine receptor subtypes. Adenosine receptors are characterized into four subtypes based on its affinity towards adenosine and coupling to G-proteins, which activate or inhibit adenylyl cyclase

Adenosine

Effect on adenyly

Effect on cAMP

Affinity for

receptors

cyclase activity

production

adenosine

References

A1

Inhibitory

Decreases

High

[15, 52]

(∼10−8M)

A2A

Stimulatory

Increases

High

[15, 52]

(∼10−7M)

A2B

Stimulatory

Increases

Low

[8]

(∼10−5M)

A3

Inhibitory

Decreases

Low

[15]

(∼10−5M)

adenylyl cyclase and are Gi (inhibitory G-protein)-coupled, the A2A and A2B receptors are Gs (stimulatory G protein)-coupled (Table 7.1). Both the high affinity A2A and the low affinity A2B receptors activate adenylyl cyclase, resulting in increases in intracellular cAMP. Among the adenosine receptors, both adenosine A2A and the related A2B receptors have unique properties, and are distinctly regulated in endothelial as well as other cell types. The activated adenosine A2A receptor exhibits anti-inflammatory properties [54] and can protect against tissue injury in a number of organ systems [10, 42, 46, 55, 59, 62]. On the other hand adenosine A2B receptor can exhibit both pro- and anti-inflammatory properties depending on the cell type

[11, 19, 34, 53]. 

HIFs also regulate expression of adenosine receptors A2A and A2B in endothelial cells (Fig. 7.1). Endothelial cells can express either A2A receptor or A2B receptor or both [25, 56]. Adenosine A2B receptor expression is regulated by HIF-1α

in microvascular endothelial cells of the dermis [40]. By contrast, A2B receptor expression was shown to be unresponsive to hypoxia and HIFs in microvascular endothelial cells derived from the pulmonary circulation [3]. In addition, adenosine A2A receptor expression can be regulated by HIF-2α but not HIF-1α in these lung microvascular cells. It is interesting that adenosine receptors are regulated so differently even in microvascular endothelial cells of different tissue origins. 

This indicates fundamental differences in growth regulation of the microvasculature in the pulmonary versus the systemic circulation, similar to differences in micro-versus macrovessels [38]. Adenosine A2A receptor also promotes proliferation of lung microvascular endothelial cells upon its activation [3, 45]. This is in contrast to studies in other cell types, including PC12 (pheochromocytoma) and smooth muscle cells, where activation of adenosine A2A receptor caused decreased proliferation [45, 67, 69]. Similarly other studies with PC12 cells showed that there was a decrease in cell viability upon activation of the receptor in one investigation [73], whereas inhibition of apoptosis was observed in another [36]. Taken together, these studies point to a differential regulation and function of the receptor in cells and tissues. These studies show that either adenosine A2A receptor or the related adenosine
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A2B receptor can be regulated by hypoxia in specific cell types. Cells expressing either of these receptors may have differential sensitivities based, in part, on local adenosine concentrations. Specifically, (a) adenosine A2B receptor has a much lower affinity for adenosine relative to the adenosine A2A receptor and would likely be activated in areas where adenosine concentrations are high, and (b) higher adenosine concentrations, while activating A2B receptor, can simultaneously desensitize the high affinity A2A receptor [57]. Thus, adenosine A2A receptors would likely be more important and active at lower adenosine concentrations. Consistent with this hypothesis, constitutively high levels of adenosine were found to have an adverse effect on lung growth and maturation. In a study using ADA−/− mice (adenosine deaminase; ADA), global increases in adenosine levels were linked to abnormal alveolar development [7]. Interestingly there were decreased A2A receptor mRNA levels in the ADA−/− mice compared to the control mice suggesting a likely role for the A2A receptor. Thus, optimal levels of adenosine, together with activation of specific receptors like A2A, are likely to be critical in supporting lung growth and development . 

7.6 Adenosine and Adenosine Receptors in Vascular Growth and Development

Several studies have shown that adenosine and its analogs can promote endothelial cell proliferation and migration [18, 22, 23, 30, 44, 47]. Adenosine and its analogues can also promote angiogenesis in a number of models through upregulation of proangiogenic cytokines. Adenosine can induce expression of VEGF in a number of cell types including aortic smooth muscle cells [61], coronary artery smooth muscle cells [32] and myocardial myoblasts [33]. Adenosine has also been shown to increase expression of VEGF in chick embryo heart and skeletal muscle and also in humans (reviewed in [2]). NECA, an adenosine analog and activator of adenosine A2A and A2B receptor increased levels of VEGF in human retinal endothelial cells

[31], umbilical vein endothelial cells [26], skin microvascular endothelial cells [25]

mast cells [24], macrophages [35, 43] and retinal pericytes [71]. These effects are predominantly mediated through the A2B receptor and in some cases through the A2A receptor as well. Additionally, activation of A3 receptor also increased expression of VEGF through a HIF-1α–dependent mechanism [48, 49]. Other than VEGF, adenosine and its analogues have also been shown to increase expression of insulin-like growth factor-1 (IGF-1), basic fibroblast growth factor (bFGF), interleukin-8

(IL-8) and angiopoietin-2 (Ang-2) [31, 63, 64]. Thus multiple angiogenic pathways are regulated by adenosine and its analogues through activation of its receptors. 

In human dermal microvascular endothelial cells, activation of A2B, but not A2A, receptor promotes angiogenesis [25]. By contrast, activation of A2A, but not A2B, receptor promotes angiogenesis in human umbilical vein endothelial cells and human lung microvascular endothelial cells (HLMVEC) [3, 16]. Therefore
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differential expression and function of adenosine receptor subtypes could contribute to functional heterogeneity in different types of endothelia. 

Our understanding on the role of adenosine and its receptors during embryonic development is still not clear. Adenosine A1, A2A, A2B and A3 receptor knockouts are not embryonically lethal and have normal survival. Among the adenosine receptors the adenosine A2B receptor is present largely in the vasculature. While both A2A and A2B knockout mice exhibit increased proinflammatory responses, the A2B knockout mouse also exhibits increased leukocyte adhesion to the vasculature. 

Interestingly, these receptors are regulated differently in mouse and humans. Unlike in mice where adenosine A2A receptor is not regulated by hypoxia and HIFs, this receptor is regulated by hypoxia in rat derived PC12 cells and human pulmonary endothelial cells [3]. It appears that these receptors may play a more important role in postnatal vascular growth and vascular diseases during adult life. Additionally, species-specific differences can also be important and relevant in understanding vascular growth processes in disease and development. 

7.7 Conclusions

In summary, hypoxia promotes vascular growth and proliferation, in part through hypoxia-inducible transcription factors, adenosine and adenosine receptors. Furthermore, part of the HIF-mediated vascular growth is mediated through the adenosine signaling pathway where HIFs can modulate adenosine related receptors and enzymes at multiple locations. These can have important implications in tumor growth and other diseases involving vascular growth. Understanding of these pathways will help us target them for therapeutic benefits in diseases. 
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Chapter 8

Regulated Extracellular Nucleotide Metabolism

and Function at the Mucosa

Christopher F. MacManus, Holger K. Eltzschig, and Sean P. Colgan Abstract Within mucosal tissues, regulation of nucleotide metabolism may be directed at various physiological/pathophysiological levels by myriad cell types. 

Adenosine (Ado) can regulate a number of processes at the mucosa, e.g. dampening of the inflammatory response and resultant tissue protection. Ado receptors are widely expressed on a variety of organs and cell types and have been demonstrated to be central to the modulation of inflammation. In many instances, local Ado levels are dictated by extracellular sources of adenine nucleotides. Activated neutrophils and platelet degranulation are two such important sources of ATP and ADP. 

Sequential phosphohydrolysis of adenine nucleotides by CD39 and CD73 results in the conversion of ATP and ADP to AMP, and the subsequent conversion of AMP to Ado, whereby signaling through Ado receptors can elicit effects such as increase in endothelial barrier function, increase in epithelial electrogenic Cl- secretion and water transport. Further regulation of Ado signaling has been observed under hypoxic conditions, due to hypoxia-inducible factor-1 (HIF-1)-regulated expression of A2BR and CD73, whereby additional SP-1 transcription factor activity has been identified as being required for hypoxic induction of CD39 expression in endothelial cells. Here we describe the different levels of regulation of adenine nucleotide metabolism and the resultant functional cell-cell signaling at the mucosa. 

8.1 Nucleotide Metabolism at the Mucosa

The mucosal surfaces (tissues or organs lined by an epithelium) represent a complex environment wherein a diverse array of cell types may interact, including endothelia, epithelia, hematological cells and stromal cells. It is therefore important to understand the complexity of signaling networks that exist to orchestrate physiological and pathophysiological events within these tissues. Nucleotides and C.F. MacManus (B)
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their metabolites have been long identified as playing a crucial role in cell-cell signaling in a number of different tissues, ranging from early observations in the context of neurotransmission [53] to more recent observations in mucosal tissues

[20, 40, 49]. Circulating nucleotides and nucleosides may be metabolized under the control of a variety of cell types and the end products of these metabolic processes may signal in an autocrine or paracrine manner. Nucleotide regulation takes place via a cascade of hydrolyzing enzymes that serve to sequentially cleave phosphate groups from adenine nucleotides (adenosine triphosphate [ATP], adenosine diphosphate [ADP] and adenosine monophosphate [AMP]), ultimately producing nucleoside molecules such as adenosine. The nucleotide intermediates themselves may signal through a subset of purinergic receptors of the P2 family (further subdivided into P2Y and P2X receptors). The end product of these hydrolysis reactions, adenosine may then elicit its functions by binding one of its cognate G-protein coupled receptor (GPCR), namely the A1, A2A, A2B and A3 receptors. It is at this level that adenine nucleotides and adenosine may act to modulate cellular processes such as enhancing barrier function, inducing chloride secretion and dampening of the immune response, to name but a few. 

8.2 Role of NTPDases (CD39 and CD39-Like)/

5-Ectonucleotidase (CD73) Enzymes

One of the levels at which extracellular nucleotides may be regulated is under the control of a number of cell-surface molecules called ectonucleotidases, whose enzymatic activity is to cleave phosphate groups from circulating nucleotides with varying degrees of specificity for their substrates. CD39 is one such ectonucleotidase initially observed as an activation marker in paracortical lymphocytes, macrophages, and dendritic cells resident within lymphoid tissue. Cloning of CD39

revealed the presence of apyrase conserved regions (ACR) and striking sequence homology with yeast guanosine diphosphatase, an enzyme involved in catalyzing the removal of a phosphate from GDP after sugar transfer within the Golgi apparatus [43]. Further evidence for the ATP-hydrolyzing capabilities of CD39 came with the cloning and sequencing of a potato tuber ATP apyrase, which shared sequence homology with both mouse and human CD39 [24]. The ecto-pyrase activity of CD39 was demonstrated in EBV transformed B-cells and CD39 overexpressing COS-7 cells, assessed by the ability of CD39 to liberate free [32P]Pi from [γ32P]ATP [70]. 

Further identification of a number of CD39-like nucleoside triphosphate diphosphohydrolases (NTPDases) have since revealed a family of 8 related proteins, denoted NTPdase1-8 (NTPDase1 representing CD39 under this nomenclature). 

NTPDase1,2,3 and 8 are transmembrane proteins with 5 ACRs situated on the extracellular region, conferring nucleotidase activity to the enzyme and allowing for hydrolysis of extracellular nucleotides [60]. Differential regulation of hydrolysis is evident between each NTPDase subtype, with NTPDase1 having similar hydrolyzing activity on both ATP and ADP, and NTPDases3 & 8 preferentially hydrolyzing
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ATP over ADP. NTPDase2 has been identified for acting almost exclusively to hydrolyze ATP [51, 62]. Together, these NTPDases act in a concerted manner to regulate the production of extracellular adenosine monophosphate (AMP). 

The final step in generation of extracellular adenosine is conferred by the glycosyl phosphatidylinositol (GPI)-anchored membrane protein, ecto-5 nucleotidase (CD73). CD73 is the predominant source for accumulation of extracellular adenosine from released adenine nucleotides [75]. CD73 metabolizes AMP to adenosine, which is then either free to act as a ligand to one of four adenosine receptors (A1, A2A, A2B, A3), or transported into the cell by dipyridamole-sensetive channels and degraded by the purine salvage pathway. As with the NTPDases, CD73 is a widely distributed cell surface enzyme, whose expression has been shown across a variety of tissues. It has been demonstrated that the AMP hydrolyzing activity of CD73 varies widely from tissue to tissue, with the rank order of tissue activity as follows: colon > kidney = brain > liver > lung > heart >> muscle [69]. As high levels of activity are reported at a number of mucosal sites, it is important to understand the physiological role played at this terminal step of the nucleotide hydrolysis pathway. 

8.3 Physiological and Pathophysiologic Influences of Nucleotide Metabolites

Mucosal tissues such as the kidney, lung and intestine are lined with an epithelial layer that serves as both a barrier to the external environment and a conduit for nutrients, ions and gas exchange. During mucosal inflammation, the major sources of extracellular nucleotides are considered to be platelet- and leukocyte-derived [44]. 

Of particular interest is the regulated release of adenine nucleotides by polymor-phonuclear cells (PMN, neutrophils) as they cross the endothelium and epithelium to a site of infection and/or inflammation. A number of years ago, it was appreciated that when interacting with endothelia and epithelia, PMN actively release adenine nucleotides. Original studies by Madara et al. examining biological properties of soluble mediators derived from activated inflammatory cells (e.g. neutrophils and eosinophils) identified a small, protease-resistant fraction termed neutrophil-derived secretagogue (NDS), which when incubated on epithelia, activated electrogenic chloride secretion and fluid transport (responsible for the hydration of mucosal surfaces). Subsequent biophysical analysis of NDS identified this molecule to be AMP [42]. With no known AMP receptor, studies turned toward defining potential metabolic pathways for adenosine generation. Biochemical and pharmacologic studies demonstrated the polarized expression of CD73 on the apical surface of cultured and primary intestinal epithelial cells [63]. Further biochemical and morphological studies revealed that CD73 exists in both a GPI-linked surface fraction as well as in a sub-apical caveolin-rich domain within the epithelium. Such expression patterns have subsequently been shown in a variety of mucosal epithelial cell types. 

Subsequent studies have addressed the role of adenine nucleotides in the regulation of tissue barrier function. Indeed, as PMN cross both epithelial and endothelial
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barriers, they must effectively deform a tightly sealed cellular barrier. Since the active paracellular movement of PMN can cause disruptions to epithelial/endothelial cell layers, intrinsic pathways must exist to “reseal” the disrupted cells in order to prevent further tissue damage. Original studies revealed that PMN migrating across an endothelial barrier secreted 5 AMP which resulted in increased barrier function as demonstrated by a decrease in paracellular permeability [39]. Furthermore, blockade of CD73 activity using a neutralizing antibody (1E9), or pharmacological blockade of CD73 using α,β-methylene ADP (APCP) resulted in an impaired ability for the migrating neutrophils to reseal both epithelial and endothelial barriers

[39]. This observation strongly suggested the necessity for extracellular nucleotide metabolism in the regulation of cell barrier function .  In addition to the regulation of barrier function from neutrophil-derived AMP, autocrine ATP signaling has been shown to induce leukocyte sequestration in ischemic cerebral tissue through P2X7-mediated upregulation of αMβ2 integrin. Interestingly, this phenomenon of leukosequestration is inhibited by CD39 directed catalysis of ATP [28]. Once neutrophils have tethered to the endothelium, they respond to inflammatory damage by flowing a chemical gradient set up by a number of chemoattractants secreted at sites of tissue injury or inflammation. One important mediator of neutrophil chemotaxis has been identified as interleukin-8 (IL-8). ATP has been shown to stimulate production of IL-8 by astrocytes and eosinophils [29, 32]. Furthermore, ATP, through P2Y activation has been demonstrated to synergistically induce IL-8 mediated chemotaxis in human neutrophils in vitro [37]. Recent studies have identified the importance of ATP metabolism in regulating the rate of IL-8, C5a and formyl-methionyl-leucyl-phenylalanine (fMLP)-mediated PMN chemotaxis. Corriden et al demonstrated the ability for NTPDase1 at the leading edge of migrating neutrophils to hydrolyze PMN-derived ATP to AMP, where further metabolism to adenosine, potentially by alkaline phosphatase controls the rate of PMN migration [9]. 

Additionally, PMN from NTPDase knockout mice exhibited ablation of migration towards IP injected murine fMLP receptor ligand (W-peptide) and a reduced migration rate in vitro towards an fMLP gradient [9]. 

More recent studies have revealed that the active fraction originally defined as PMN-derived 5 AMP may actually be ATP. Indeed, studies directed at understanding vascular barrier function during conditions of inflammation or hypoxia identified the existence of a soluble fraction derived from activated PMN which amplified the resealing of vascular barrier function following subjection of cultured endothelial cells to periods of hypoxia. A screen of HPLC purified fractions identified this activity as PMN-derived ATP [15]. Like 5-AMP, this activity was functionally linked to CD73 and to Ado receptors. This was puzzling, since CD73 was not known to utilize ATP as a substrate. Subsequent studies directed at understanding mechanisms of ATP release by activated PMN considered several potential mechanisms, including exocytosis of ATP containing vesicles, transport via connexin hemichannels, transport through nucleoside transporters, or direct transport through ATP-binding cassette (ABC) proteins [46]. Initially, it was determined that ATP does not localize with known granule markers in PMN. While isolated granules from resting PMNs contained greater than 95% of proteolytic enzyme activity markers, ATP levels
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within the isolated granules were nearly undetectable. Moreover, PMN cytosolic fractions contained ATP concentrations that were higher than 5 mM, thereby suggesting that activation-dependent ATP release likely occurs independent of classical PMN degranulation. Based on these findings, a pharmacologic approach was employed to examine potential mechanisms. Brefeldin A (BFA), a general vesicular secretion inhibitor did not influence activated PMN ATP secretion. Likewise, neither the nucleoside transport inhibitor dipyridamole nor the general ABC transport inhibitor verapamil significantly influenced PMN ATP secretion [14]. 

Based on previous reports suggesting that connexin hemichannels may serve as ATP release channels [23] and the observation that PMN express surface connexins [74], the non-specific gap junction inhibitor 18-α-glycyrrhetinic acid (18αGA) was examined. These studies revealed that 18αGA inhibited ATP release in a concentration-dependent manner. Likewise, connexin-mimetic peptides specifically directed against Cx43 [23], but not Cx40, significantly blocked ATP liberation from activated PMN. Cx43 molecules can assemble as hexadimers (so called “connexons”) that form junctional connections between different cell types. In addition to their role as gap-junction proteins, recent studies indicate that Cx43 connexons are also active in single plasma membranes and can function in intercellular signaling as ATP release channels [23]. The conductance and permeability of such Cx43 hemichannels is regulated by modification of their cytoplasm domain, with phosphorylation of Ser-368 causing a conformational change resulting in decreased connexon permeability [5]. Studies addressing Cx43 Ser-368 phosphorylation in intact PMN showed prominent phosphorylation in resting PMN and protein phosphatase 2A-dependent dephosphorylation within minutes of PMN activation. As a proof of principle, PMN were isolated from tamoxifen-inducible Cx43 conditionally deleted mice [12] and examined for ATP release. These studies revealed that ATP release correlated with the degree of Cx43 expression. In total, these studies provide strong evidence that ATP release occurs through a conformational opening of membrane Cx43 hemichannels in response to PMN activation [14]. 

In addition to neutrophil-derived extracellular nucleotides, there is increasing evidence to suggest that epithelial cells hydrolyze platelet-derived ATP as platelets migrate alongside neutrophils across an epithelial barrier. In a recent study by Weissmuller et al., it was revealed that platelets “piggyback” on the surface of PMN during transmigration in vitro and in biopsies from patients with inflammatory bowel disease [71]. Together, these cells represent a rich source of ATP at the luminal aspect of the epithelium. Indeed, translocated platelets were observed to release large quantities of ATP, which is metabolized to adenosine via a 2-step enzymatic reaction mediated by ectonucleotideases, including CD73 and NTPDases expressed on the luminal membrane of the epithelium. Measurement of electrogenic Cl secretion in human epithelial cells demonstrated the ability for platelet/PMN

derived ATP to induce copious amounts of fluid transport, which was blocked by the pan-NTPDase inhibitor POM-1. Futhermore, blockade of CD73 using APCP

also abrogated ATP-mediated Cl- secretion, as did inhibition of the adenosine A2B

receptor using a specific antagonist, MRS1754. Further studies using a Cd73−/−

knockout mouse model, it was demonstrated that ATP induced water transport

[image: Image 27]
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(along an osmotic gradient driven by the active secretion of Cl− ions ) was dependent upon the 5 ectonucleotidase [71]. Thus, it was concluded that luminal ATP-derived adenosine represents a tissue-adaptive response during inflammation which may represent a mechanism for flushing of potentially harmful pathogens at from the surface of the mucosa (Fig. 8.1). 

Fig. 8.1 Model of facilitated platelet translocation and activation of epithelial electrogenic Cl secretion during PMN transmigration :  During active inflammation, platelets are caught in the flow of PMN transmigration, resulting in platelet translocation across the apical side of mucosal epithelial cells (1). PMN and platelet-derived ATP (2) is selectively metabolized to adenosine by a two-step enzymatic reaction involving ecto-apyrase and ecto-nucleotidase (CD73) (3). Adenosine binding to apical adenosine A2B receptors (4) results in activation of electrogenic Cl secretion and the paracellular movement of water (6). Such platelet/PMN – epithelial crosstalk pathway may serve as a defensive response by which mucosal surfaces are flushed from bacteria and bacterial products under inflammatory conditions. Figure adapted from Weissmuller et al. [71]

8.4 Transcriptional Regulation of CD39, CD73 and Adenosine Receptors

It is well appreciated that under levels of low oxygen tension ( pO2), extracellular adenosine levels are increased [17, 59]. It is in this hypoxic microenvironment that a wide range of genes is upregulated under the control of the transcription factor hypoxia-inducible factor (HIF) [55, 56]. HIF-mediated signaling represents a relatively rapid adaptive mechanism to low oxygen conditions within the ischemic
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or inflamed tissue [58, 68]. Classical HIF-regulated pathways have been identified in developmental pathways where gene activation may be required as cell mass and number increase in the developing organism [57]. This may be coupled with an increased requirement for regulation of glycolytic genes to meet the energy requirements of the cells, and an increase in oxygen delivery in tissues through erythropoietin (EPO) induction and an increase in vascular networks through the induction of vascular endothelial growth factor (VEGF). HIF activation may contribute to inappropriate adaptation to hypoxic areas such as in the core of solid tumors whereby HIF signaling permits evasion from apoptosis, increased cell proliferation and increased angiogenesis [57]. Conversely, HIF-1 activation may serve to resolve potentially injurious levels of either physiological tissue hypoxia, or the high oxygen demand that is associated with pathologies such as inflammation [33, 67, 68]. Accordingly, it has been demonstrated that adenosine signaling is protective in inflammatory diseases such as glomerulonephritis [21] colitis [20, 41] and during ischaemic preconditioning models of intestinal, hepatic and lung injury [13, 25, 26]. This protective phenotype afforded by increased levels of adenosine is achieved through an upregulation of the ecto-nucleotideases and their subsequent activity on extracellular ATP, ADP and AMP. Both CD39 and CD73 have been shown to be upregulated in intestinal epithelial cells incubated under hypoxic conditions (pO2 20 torr) and the functional activity of both ecto-enzymes was shown to increase under hypoxic conditions as demonstrated by increased conversion of etheno-ATP (E-ATP) to etheno-AMP (E-AMP), and increased E-AMP conversion to etheno-adenosine (E-Ado) for CD39 and CD73 activity, respectively. Furthermore, mice subjected to ambient hypoxia (8% O2, 92% N2) demonstrated an increase in CD73 expression in intestinal mucosal scrapings [65]. Further analysis demonstrated the ability for HIF-1 to associate with a HIF consensus site within the CD73 gene promoter region, whose deletion resulted in a loss of luciferase reporter activity [65]. 

Although CD39 appears to be functionally upregulated under hypoxic conditions, there is no current evidence that it is directly regulated by interactions between the HIF-1 transcription factor and the promoter region of CD39. There is evidence, however, that other transcription factors may be involved in the regulation of genes under hypoxic conditions, such as Sp1, early growth response-1 (Egr-1), activating transcription factor-4 (ATF-4) and erythroblastosis virus E26 oncogene homolog 1

(Ets-1) [4, 48, 66, 73]. Truncation analysis of the promoter region of CD39 has revealed the presence of a Sp1 binding site, which when deleted or mutated, results in loss of promoter reporter activity using a firefly luciferase based assay [16]. 

Studies have identified HIF-1 dependent induction of Sp1, leading to indirect activation of hypoxic target genes. Mutation of either Egr1 or Sp1 binding sites, but not the HIF-1 response element (HRE) in the promoter region of the gene encoding the epinephrine-synthesizing enzyme, phenylethanolamine N-methyltransferase (PNMT) results in an abrogation of HIF induction of PNMT [66]. More direct evidence of HIF-1/Sp1 coactivation has been demonstrated with hypoxic regulation of the stress response protein Redd1. In this model, both Sp1 and HIF-1 are required for maximal activity of the Redd1 promoter, suggesting a coordinated response of
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HIF-1 and Sp1 under hypoxic conditions [31]. It remains unclear whether hypoxia-mediated increases in CD39 are due to HIF-induced Sp1 or through a more complex transcriptional coordination. 

While metabolic control of adenosine generation at sites of tissue hypoxia /

inflammation is now well established, it is only recently appreciated that subsequent signaling through adenosine receptors can also be influenced by low pO2

environments. A number of studies have strongly implicated enhanced adenosine A2B receptor (A2BR) signaling by hypoxia and inflammation within the mucosa

[15, 25, 26, 34–36, 64]. As an interesting caveat, it was recently shown that the neuronal guidance molecule netrin-1 binds to and activates A2BR as a mechanism of attenuating inflammation within the mucosa [52]. With regard to adenosine receptor regulation, analysis of the cloned human A2BR promoter identified a functional hypoxia-responsive region, including a functional binding site for hypoxia-inducible factor (HIF) within the A2BR promoter [36]. Further studies examining HIF-1alpha DNA binding and HIF-1alpha gain and loss of function confirmed strong dependence of A2BR induction by HIF-1alpha in vitro and in vivo mouse models. Additional studies in endothelia over-expressing full-length A2BR revealed functional phenotypes of increased endothelial barrier function and enhanced angiogenesis [36]. More recently, studies in pulmonary endothelial cells revealed that the A2AR is induced selectively through HIF-2-dependent mechanisms. Adenoviral vector over-expression and siRNA-mediated repression of HIF-2alpha demonstrated prominent upregulation of A2AR that correlated with increased angiogenesis and increased A2AR in lung tumor samples [1]. Together, these studies indicate the central role of hypoxia in mediating a heightened capacity for extracellular nucleotide metabolism, coupled with an adaptive physiological response through the regulation of adenosine receptors. 

8.5 Therapeutic Considerations for Targeting Nucleotide Metabolism

The design and implementation of adenosine receptor agonists and antagonists is currently an area of intense investigation [8, 11]. While drugs targeting adenosine receptors hold great promise in a variety of diseases, specificity and pharmacody-namics have been significant challenges. An alternative to modulating adenosine receptor signaling may be pharmacologically regulate extracellular nucleotide metabolism. 

One strategy may be to enhance the rate of extracellular adenosine formation using soluble nucleotidases. Some work has been done in animal models using soluble 5 nucleotidase and apyrase. Administration of 5-nucleotidase has been shown to be beneficial in a number of experimental scenarios. For example, enzyme administration promotes vascular barrier function and decreases neutrophil accumulation in inflammatory models [18, 69]. A significant limitation for this line of work has been the identification of a reliable source of purified protein. Indeed, one of the
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major sources of 5-nucleotidase may be snake venoms, particularly those from rat-tlesnakes (genera  Crotalus  and others) [3]. It is thought that snakes utilize purines as an effective, multifunctional means of envenomation [2]. 

CD73 directed therapies have not been well-developed. In our own experience, we have documented use of the CD73 inhibitor APCP in various murine models [18, 65, 69]. APCP is well tolerated, biologically available through the oral route, and non-toxic in mice up to 60 mg/kg/day. Interestingly, we have noticed that APCP

treatment of mice appears to promote subtle increases in aggressive behavior and anxiety (unpublished observation). It is possible that this behavior is related to previous findings of increased aggression in adenosine A1R -  and A2AR-deficient mice

[22, 38], and may suggest that APCP is biologically available across the central nervous system. While many studies have suggested that adenosine is beneficial for most host responses, there may be examples where inhibition of adenosine generation (e.g. by inhibition of CD39 or CD73) is warranted. As alluded to above, during enteric pathogen infection, adenosine may promote water transport across intestinal epithelia and the symptoms of secretory diarrhea. For these purposes, CD39 and CD73 inhibitors such as POM-1 and APCP, respectively, could prove effective as anti-diarrheals. In this same context, it is possible that pulmonary edema related to infectious pneumonia or inflammation may benefit from the use of these inhibitors. 

Studies directed at defining these principles are currently underway. 

Given the established association between angiogenesis and adenosine A2 receptor activation, the controlled regulation of CD39 / CD73 activity could influence angiogenesis. It is possible, for example, that systemic administration and/or targeting of inhibitors could prove beneficial for inhibition of tumor angiogenesis, currently an area of intense interest in cancer research. This is particularly compelling given the known association between hypoxia and the tumor microenvironment [57], wherein hypoxia and HIF-1 activation are potent transcriptional stimuli for CD73 expression[65] (also see above). Under such circumstances, it is reasonable that many tumors might over-express CD73. Thus, inhibition of adenosine production by CD39 / CD73 could be a therapeutic target for the prevention of tumor angiogenesis and metastasis [6, 61, 72]. 

Finally, given the strong association between hypoxia/HIF and extracellular adenosine generation, it may be possible to mimic hypoxia through pharmacologic means. Of great interest in this regard are agents which active HIF, primarily through the inhibition of HIF prolyl hydroxylases. These enzymes were identified on the principle that other mammalian prolyl-hydroxylases such as those which target extracellular collagen were 2-oxoglutarate-dependent [7], and it was predicted that the HIF prolyl hydroxylases would also belong to this family of enzymes. Based on conserved structural features [7], a candidate molecular approach was used to define HIF-modifying enzymes. This approach identified the HIF prolyl hydroxylases as the products of genes related to  C. elegans  egl-9, a gene that was first described in the context of an EGg-Laying abnormal (EGL) phenotype [19]. In mammalian cells, three PHD isoforms were identified (PHD 1-3), and shown to hydroxylate HIF-α in vitro [27, 30]. These enzymes have an absolute requirement for oxygen as substrate. The overall reaction results in insertion of one oxygen atom into the HIF-α

134

C.F. MacManus et al. 

peptide substrate at the prolyl residue, with the other oxygen molecule generating succinate from 2-OG with the release of CO2. A number of PHD inhibitors have been described, including direct inhibitors of the prolyl-hydroxylases [47], analogs of naturally occurring cyclic hydroxamates [54], as well as antagonists of alpha-keto-glutarate [45]. We and others have hypothesized that pharmacologic activation of HIF would provide a protective adaptation to murine mucosal disease [68]. For these purposes, we have used prolyl hydroxylase inhibitors which stabilize HIF and subsequently drive the expression of downstream HIF target genes (such as CD73

and adenosine A2BR). Our results show that the PHD inhibition-mediated induction of HIF-1α provides an overall beneficial influence on clinical symptoms (weight loss, colon length, tissue TNF α/IFNγ) in murine TNBS or DSS colitis models, most likely due to their barrier protective function and wound healing during severe tissue hypoxia at the site of inflammation [10, 50]. These findings emphasize the role of HIF during mucosal inflammatory diseases may provide the basis for a therapeutic use of PHD inhibitors in the regulation of nucleotide metabolism. 

8.6 Conclusion

The dynamic interplay of leukocytes and endothelial/epithelial cells defines a complex and elegant lesson in biology. Studies of model systems incorporating cultured cells and purified PMN, for example, have allowed for the identification of functional determinants now well accepted in the scientific literature. The identification of soluble metabolites, such as adenine nucleotides, which in turn are metabolized to active nucleosides, will continue to contribute important information regarding the regulation of cell-cell interactions. Such information will provide previously unappreciated insight into the pathogenesis of inflammatory diseases. Targeting the mechanisms by which PMN liberate adenine nucleotides may permit insights into new approaches to influence inflammatory cascades. 
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Chapter 9

Cell Surface ATP Synthase: A Potential Target

for Anti-Angiogenic Therapy

Yvonne M. Mowery and Salvatore V. Pizzo

Abstract Since the presence of F1F0 adenosine triphosphate (ATP) synthase was discovered on the surface of human cells, numerous studies have elucidated new functions for this molecule that classically functions as part of the electron transport chain in mitochondria. Like mitochondrial ATP synthase, the cell surface form of this molecule functions as an energy-producing proton pump, coupling the production of extracellular ATP with the transport of protons outside the cell. ATP synthase also acts as an endothelial cell surface receptor for angiostatin, which has led several groups to examine this molecule as a target for inhibiting angiogenesis. Given its involvement in proton transport and the pH-dependent activity of angiostatin and antibodies directed against it, ATP synthase likely functions in part to regulate pH

for endothelial cells existing in an acidic microenvironment. In addition, it catalyzes the synthesis and hydrolysis of ATP in the extracellular milieu, potentially affecting purinergic signaling. ATP synthase also plays a role in endothelial cell signaling in response to flow-induced shear stress. Recently, ATP synthase on the surface of endothelial cells has been identified as the receptor for two additional proteins: coupling factor 6 and endothelial monocyte-activating polypeptide II. This chapter will focus on the role of endothelial cell surface ATP synthase in angiogenesis, shear stress response, and as a receptor. 

Keywords Cell surface ATP synthase · Alpha subunit of ATP synthase · Beta subunit of ATP synthase · Endothelial cell · Angiostatin · Angiogenesis · Antiangiogenic treatment · ATP synthesis · ATP hydrolysis · Purinergic signaling · pH

regulation · Coupling factor 6 · Shear stress · Endothelial monocyte-activating polypeptide II · Heparan sulfate · Caveolae · Sangivamycin · Monoclonal antibody therapy

Y.M. Mowery (B)

Department of Pathology, Duke University, DUMC Box 3712, Durham, NC 27710, USA e-mail: ymm3@duke.edu

E. Gerasimovskaya, E. Kaczmarek (eds.),  Extracellular ATP and Adenosine 139

 as Regulators of Endothelial Cell Function, DOI 10.1007/978-90-481-3435-9_9, C

Springer Science+Business Media B.V. 2010

140

Y.M. Mowery and S.V. Pizzo

9.1 Introduction

 9.1.1 F1F0 ATP Synthase Structure and Mechanism

F1F0 ATP synthase is a multi-subunit enzyme complex that is best known for its ATP-synthesizing role as Complex V in the electron transport chain in mitochondria. 

The F0 portion of the protein acts as a proton channel situated within the inner mitochondrial membrane. The soluble F1 portion is composed of five subunits (α3β3γδε) and oriented toward the mitochondrial matrix. The α and β subunits are arranged in an alternating hexameric pattern that is attached to F0 by a central and peripheral stalk. The γ and ε subunits form the rotating central stalk that extends into the mid-dle of the α3β3 ring, while the δ subunit combines with the b subunit of F0 to form the static peripheral stalk (Fig. 9.1a) [8, 10]. 

ATP synthase couples the energy generated by protons translocating down their gradient through F0 with the formation of a high-energy phosphoanhydride bond. 

The movement of protons through the channel induces an internal rotation of a ring of c subunits in F0, leading to rotation of the attached γ subunit in the central stalk of F1. This in turn triggers a series of conformational changes of the catalytic β

subunits, which synthesize ATP from adenosine diphosphate (ADP) and inorganic phosphate (Pi). This “binding change mechanism” proposed by Paul Boyer drives the generation of ATP by each of the three β subunits in succession. The β subunits can also catalyze ATP hydrolysis, which engenders conformational changes that drive rotation of the central stalk of F1 in the opposite direction. Rotation in this direction is associated with proton translocation against the proton gradient, utilizing the energy provided by hydrolyzing ATP to ADP and Pi [9]. 

 9.1.2 Cell Surface F1F0 ATP Synthase

In 1994 Das et al. discovered the presence of the β subunit of ATP synthase on the cell surface of three human tumor cell lines [16]. ATP synthase had previously been known to exist in the plasma membrane of bacteria, inner mitochondrial membrane, and the thylakoid membrane of chloroplasts; however, this report marked the first identification of a component of ATP synthase in the cell membrane of a eukaryotic cell (Fig. 9.1b). Five years later, our laboratory identified cell surface F1F0 ATP

synthase as a receptor for angiostatin on human endothelial cells [26]. Confocal microscopy of nonpermeabilized endothelial cells demonstrated colocalization of the α and β subunits, distributed in a punctate pattern on the cell surface, consistent with arrangement in caveolae (Fig. 9.2) [25]. These findings were initially controversial due to the long-held belief that this protein existed only as an intracellular enzyme in eukaryotes; however, ATP synthase has since then been detected on the surface of several other normal cell types, including hepatocytes, adipocytes, and keratinocytes, as well as additional cancer cell lines. In hepatocytes, it functions as a receptor for apolipoprotein A-I, which upon binding stimulates ATP hydrolysis

[image: Image 28]
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Fig. 9.1 Basic structure and cellular locations of F1F0 ATP synthase. (a) F1F0 ATP synthase consists of a membrane-embedded component (F0) and a soluble portion (F1). Flow of protons down their concentration gradient through F0 causes rotation of the central stalk, leading to conformational changes of the β subunits and catalysis of ATP synthesis. The complex can also function in reverse, coupling ATP hydrolysis with proton flow against the electrochemical gradient. (b) ATP

synthase is oriented in opposing directions in the plasma membrane of bacteria versus eukaryotic cells. Cell surface ATP synthase in eukaryotes catalyzes ATP synthesis and hydrolysis in the extracellular milieu. The resulting ATP can trigger cation influx into the cell through ATP-gated ion channels (P2X purinoreceptors). ADP or ATP can bind to G-protein coupled receptors (P2Y

purinoreceptors) that can activate a variety of downstream signaling pathways. In mitochondria, the electron transport chain generates a proton gradient across the inner mitochondrial membrane. 

ATP synthase located within this membrane couples proton translocation with ATP synthesis in the mitochondrial matrix. (Modified from Chi and Pizzo [14]) and high-density lipoprotein (HDL) endocytosis [24]. Other researchers have also demonstrated colocalization of ATP synthase with caveolin-1 on the plasma membrane of endothelial cells, supporting the theory proposed by Moser et al. that the α

[image: Image 29]
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Fig. 9.2 Confocal images of α and β subunits of ATP synthase on HUVEC surface. 

(a) Nonpermeabilized HUVEC were immunostained with a murine monoclonal antibody directed against the α subunit of ATP synthase ( green). (b) The same field of HUVEC were immunostained with a rabbit polyclonal antibody directed against the β subunit of ATP synthase ( red). (c) A digital overlay of panels a and b demonstrates colocalization ( yellow) of α and βsubunits in punctate pattern on surface of HUVEC. (d) HUVEC were permeabilized with 100% ethanol prior to immunostaining with antibodies against the α and β subunits of ATP synthase. The staining pattern is characteristic of mitochondrial ATP synthase staining. (Reprinted by permission of Proceedings of the National Academy of Sciences, Copyright 2001 National Academy of Sciences, USA [25])
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and β subunits are localized to caveolae [46, 47]. Furthermore, several other research groups have confirmed the presence of enzymatically active F1F0 ATP synthase on the surface of endothelial cells [2, 47, 54]. It is worth noting that the orientation of ATP synthase in the plasma membrane of eukaryotic cells is opposite to the orientation in bacteria. Thus, ATP hydrolysis and synthesis occurs in the extracellular milieu of endothelial cells, potentially influencing extracellular ADP/ATP levels and affecting signaling via purinergic receptors (Fig. 9.1b). 

9.2 ATP Synthase and Angiogenesis

 9.2.1 Receptor for Angiostatin

Angiostatin is an endogenous anti-angiogenic molecule formed by the proteolytic cleavage of plasminogen. Its structure consists of the first three or four disulfide-linked loops (kringles 1–3 or 1–4) of plasminogen. In 1994, Judah Folkman and his group reported the isolation of this circulating 38 kDa proteolytic fragment from the serum and urine of mice bearing Lewis lung carcinoma tumors [28]. They demonstrated that angiostatin specifically inhibits endothelial cell proliferation in vitro and prevents angiogenesis inthe chicken chorioallantoic membrane (CAM) model. 

Additionally, they found that angiostatin inhibits growth of tumor metastases. Later studies also showed that systemic treatment of immunodeficient mice with angiostatin induces a dramatic size reduction in primary human tumors, followed by the onset of dormancy [27]. These findings generated interest in the use of angiostatin as a cancer therapeutic; however, the encouraging effects of angiostatin in animal tumor models did not translate into success in human clinical trials. The lack of efficacy in these trials was largely due to the short serum half-life of angiostatin (∼20

minutes), which necessitates the use of high doses and frequent administration to achieve a therapeutic effect [4, 43]. 

The discovery of ATP synthase as one of the receptors of angiostatin shed light on at least one component of the mechanism of action of angiostatin. Our laboratory utilized affinity chromatography to identify proteins located in the plasma membrane of human umbilical vein endothelial cells (HUVEC) that bound to angiostatin. A single ∼55-kDa protein was eluted from the angiostatin-Sepharose column. 

This protein was identified as either the α or β subunit of ATP synthase based on amino-terminal sequencing, mass spectrometry, and peptide mass fingerprinting. 

Incubation of HUVEC with a polyclonal antibody against the α subunit inhibited binding of angiostatin to the cells by ∼56% [26]. The lack of complete binding inhibition could in part be due to the presence of other receptors for angiostatin on endothelial cells. Additionally, angiostatin also binds to the β subunit of ATP

synthase, which is 23% homologous and 57% similar to the α subunit [26]. The activity of angiostatin actually depends upon this β subunit interaction, as the use of a polyclonal antibody against the β subunit inhibits endothelial proliferation like angiostatin, whereas an antibody against the α subunit does not [25, 26]. Similarly, 
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a monoclonal antibody against the β subunit inhibits endothelial cell tube formation, while six monoclonal antibodies against the α subunit tested by our laboratory do not induce inhibition in this in vitro assay predictive of anti-angiogenic activity

[15]. Thus, use of the anti-α subunit polyclonal antibody may have only partially inhibited the interaction of angiostatin with the adjacent β subunit via steric hin-drance and/or binding of the polyclonal antibody to epitope(s) on the β subunit that are shared with the α subunit. 

Use of an antibody against ATP synthase to inhibit interaction of angiostatin with the receptor largely inhibits the anti-proliferative effect of angiostatin on endothelial cells (∼80%) [26]. Another group demonstrated that kringles 1–5 from plasminogen also bind to cell surface ATP synthase, activating caspases-8, -9, and -3 and leading to endothelial cell apoptosis [41]. These results indicate that cell surface ATP synthase is involved in the anti-angiogenic effect of angiostatin. A therapeutic mimetic able to bind this receptor could potentially overcome the pharmacokinetic disadvantages associated with recombinant angiostatin. 

Further studies of angiostatin revealed that it blocks the enzymatic activity of ATP synthase [25]. In the absence of angiostatin, HUVEC synthesize approximately 40 pmol of ATP per million cells. Treatment with 1 μM angiostatin reduces this extracellular ATP production by 81%, while treatment with polyclonal antibodies against the α and β subunits of ATP synthase inhibits ATP generation by 65 and 57%, respectively. Oligomycin, a known inhibitor of ATP synthase enzymatic activity, decreases ATP synthesis by 84% (Fig. 9.3). Purified bovine F1 ATP synthase was also utilized to test the effect on ATP hydrolysis, as the F1 subunit in the absence of the F0 proton channel can only catalyze ATP hydrolysis. Angiostatin and polyclonal Fig. 9.3 Inhibition of HUVEC extracellular ATP synthesis by polyclonal antibodies against ATP

synthase. Extracellular ATP generation by HUVEC in the presence of 50 μM ADP was measured by bioluminescent luciferase assay. Cells were treated with 1 μM angiostatin (1), 1 mg/ml polyclonal antibody against the α subunit of ATP synthase (2), 0.5 mg/ml polyclonal antibody against the β subunit of ATP synthase (3), 1 mg/ml pre-immune serum (4), or 50 μg/ml oligomycin (5). 

Inhibition was calculated relative to cells incubated in media only. Antibodies directed against ATP

synthase inhibited extracellular ATP generation, although to a lesser extent than angiostatin and oligomycin, a known F0 inhibitor. (Adapted from [25], reprinted by permission of Proceedings of the National Academy of Sciences, Copyright 2001 National Academy of Sciences, USA

[25])
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Fig. 9.4 Inhibition of HUVEC proliferation by polyclonal antibodies against ATP synthase. 

HUVECproliferation was induced by basic fibroblast growth factor (bFGF, 10 ng/ml) and vascular endothelial growth factor (VEGF, 3 ng/ml). Cells were treated with 1 μM angiostatin (1), 100 μg/ml polyclonal antibody against the β-subunit of ATP synthase (2), 100 μg/ml pre-immune serum (3), or 10 μg/ml cycloheximide as a positive control (4). The antibody against the β subunit inhibited endothelial cell proliferation to a greater degree than angiostatin. (Adapted from [25], reprinted by permission of  Proceedings of the National Academy of Sciences, Copyright 2001

National Academy of Sciences, USA [25])

antibodies against the α and β subunits also inhibit this reverse reaction, while an antibody against the γ subunit does not affect ATP hydrolysis. In addition, treatment with angiostatin or anti-β-ATP synthase polyclonal antibody inhibits HUVEC proliferation (Fig. 9.4) [25]. A later publication by the Higuti laboratory supported these results, demonstrating decreased extracellular ATP synthesis and inhibited proliferation of endothelial cells in the presence of other ATP synthase inhibitors [2]. These results indicated that molecules targeting ATP synthase could potentially mimic the anti-angiogenic activity of angiostatin. Data from the Moser et al. study suggest that an inhibitory antibody against the β catalytic subunit of ATP synthase could mimic the in vivo anti-angiogenic activity of angiostatin without the potential risk posed by other small molecule inhibitors of ATP synthase, e.g. piceatannol, that could enter the cell and inhibit oxidative phosphorylation [25]. 

 9.2.2 Target for Anti-Angiogenic Treatment

In 2007 Chi et al. further demonstrated that cell surface ATP synthase is a promising therapeutic target by demonstrating the anti-angiogenic activity of a monoclonal antibody (MAb3D5AB1) against its β subunit. The antibody utilized in this study binds to the β subunit with 25-fold greater affinity than angiostatin and inhibits both ATP synthesis and hydrolysis by the enzyme. As with angiostatin, the inhibition of ATP synthase activity occurs specifically under conditions of low external pH (pHe), which will be discussed in greater detail in the following section. Furthermore, MAb3D5AB1 disrupts endothelial cell tube formation under acidic conditions and inhibits bFGF-stimulated angiogenesis in vivo in the CAM model (Fig. 9.5) [15]. 
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Fig. 9.5 Inhibition of angiogenesis in the CAM assay by MAb3D5AB1, a monoclonal antibody against the α-subunit of ATP synthase. Chicken chorioallantoic membranes (CAM) were treated with 100 ng bFGF with or without ATP synthase inhibitors dissolved on a Thermanox disc. Vascular growth, branching, and density were assessed after three days, and each CAM was assigned a composite score between one and six by an investigator blinded to the treatment groups. 

A score of one indicates no increased vascularization. Representative images of membranes treated with 100 ng bFGF alone (a), bFGF + 8 μg MAb3D5AB1 (b), or bFGF + 30 μg angiostatin (c) are shown. d) Composite CAM scores for membranes treated with PBS (1), bFGF (2), bFGF +

MAb3D5AB1 (3), and bFGF + angiostatin (4) indicate inhibition of bFGF-induced angiogenesis by MAb3D5AB1 and angiostatin. (Figure 6 reprinted with permission from Chi et al. [15]) The

antibiotic

sangivamycin

(4-amino-5-carboxamide-7-(D-ribofuranosyl)

pyrrolo[2,3- d]pyrimidine), which has previously been shown to specifically inhibit endothelial cell proliferation, also inhibits angiogenesis, purportedly through binding to cell surface ATP synthase [22, 29]. Sangivamycin inhibits cell surface ATP production and blood vessel formation in the CAM model. In addition, the drug decreases angiogenesis stimulated by Lewis lung carcinoma cells in the murine dorsal air sac (DAS) assay. Komi et al. hypothesize that sangivamycin, which is structurally similar to adenosine, acts as a competitive antagonist of F1

ATP synthase. This group does not address whether sangivamycin also enters mitochondria and inhibits mitochondrial ATP synthase, given that the antibiotic can cross the plasma membrane. Sangivamycin also has known inhibitory effects on protein kinase C, rhodopsin kinase, protein kinase A, β-adrenergic receptor kinase, 
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and nuclear protein kinases-I and -II [23, 30, 34, 36]. Given this lack of specificity and its potential effects on oxidative phosphorylation, sangivamycin is not an ideal candidate for use as an anti-angiogenic therapeutic. 

Two additional research groups reported developing monoclonal antibodies against the β subunit of ATP synthase in 2008. Zhang et al. reported inhibition of cell surface ATP synthesis and endothelial cell tube formation with the monoclonal antibody McAb178-5G10. In addition to blocking endothelial cell proliferation and migration in vitro, this antibody decreased proliferation of MDA-MB-231 breast cancer cells, which also express cell surface ATP synthase [54]. Most recently, the Fan laboratory produced the murine monoclonal antibody mAb6F2C4 and demonstrated its potential as a cancer therapeutic in vivo. Like McAb178-5G10, this antibody decreases endothelial cell growth and tube formation, as well as proliferation of an ATP synthase-expressing hepatoma cell line (SMMC-7721). Furthermore, intra-tumoral injection of this antibody every three days inhibits in vivo growth of SMMC-7721 flank tumors in nude mice. Although the authors show in vitro binding of the antibody to endothelial cells, immunohistochemical staining of the tumors demonstrates mAb6F2C4 binding to the tumor cells only, with no apparent vascular staining. Despite this puzzling lack of staining, the tumor growth delay is likely attributable to a combination of the direct anti-tumorigenic effects of the antibody and its anti-angiogenic effects [45]. The direct inhibitory effect of these two monoclonal antibodies on tumor growth also mimics angiostatin, since angiostatin is cytotoxic under acidic conditions to tumor cells expressing cell surface ATP synthase [13]. Monoclonal antibodies targeting ATP synthase provide several advantages over the use of angiostatin as a cancer therapeutic. They have increased specificity and binding affinity for the target, limited side effect profiles, and a longer serum half-life. 

The potential for stimulation of angiogenesis by extracellular production of ATP points to one potential mechanism by which targeting the enzymatic activity of ATP synthase can inhibit angiogenesis. A recent report demonstrates that extracellular ATP induces a pro-angiogenic effect on vasa vasorum endothelial cells (VVEC) isolated from pulmonary artery adventitia [18]. These cells demonstrated a dose-dependent increase in proliferation in response to exogenous addition of ATP. Additionally, they were stimulated to migrate and to form endothelial cell tube networks in the presence of 100 μM ATP. Thus, inhibition of extracellular ATP production by ATP synthase may reduce pro-angiogenic purinergic signaling. 

 9.2.3 pH Regulation: Potential Mechanism for the

 Anti-Angiogenic Effect of ATP Synthase Inhibition

Inhibition of ATP synthase disrupts translocation of protons out of the cell and decreases extracellular ATP production. Therefore, the anti-angiogenic effect of blocking this enzyme is likely due to changes in intracellular pH regulation and/or
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disruption cell signaling through ATP binding to cell surface purinoreceptors. The relative contributions of these two actions have not yet been elucidated, however most attention has focused on pH homeostasis due to the differential effects of angiostatin and anti-ATP synthase antibodies at neutral and low pHe. It has been reported that angiostatin disrupts endothelial cell tube formation under acidic conditions (pHe 6.7), but not at a normal physiologic pH of 7.3 [42]. Additionally, angiostatin treatment of endothelial cells under conditions of low pHe results in increased toxicity of angiostatin to the cells [44]. A pH-dependent effect on angiostatin-induced cell death has also been shown in tumor cells expressing cell surface ATP synthase [13]. 

In both endothelial cells and ATP synthase-expressing tumor cells, exposure to acidic conditions causes a greater decrease in intracellular pH (pHi) in cells treated with angiostatin than untreated cells. These results prompted our laboratory to hypothesize that angiostatin induces cell death by disrupting pHi homeostasis. 

ATP synthase is more active in generating ATP at pHe 6.7 than at 7.2, and this enzymatic activity likely tempers the pHi decrease that occurs in acidic conditions by transporting protons out of the cell [13, 14]. This activity is puzzling, given that it involves the energetically unfavorable synthesis of ATP under conditions when protons are being moved against their concentration gradient in order to regulate pHi. This confounding activity could be explained by the localization of cell surface ATP synthase in caveolae, where pH can potentially differ from other areas along the plasma membrane due to the distinct composition of proteins present in these invaginations [14]. Regardless of the mechanism, the experimental evidence discussed above indicates increased ATP synthesis by cell surface ATP synthase under acidic conditions. 

Like angiostatin, the first inhibitory monoclonal antibody against the β subunit of ATP synthase, MAb3D5AB1, reduces extracellular ATP synthesis under low pHe conditions (Fig. 9.6a). Exposure of HUVEC to a drop in pHe of 7.3 to 6.7 resulted in a pHi decrease of 0.41 when challenged in the presence of 67 nM MAb3D5AB1, relative to a decrease of only 0.25 in the absence of the antibody (Fig. 9.6b) [15]. 

This effect by the monoclonal antibody is more potent (∼15-fold) than that of angiostatin, which must be present at a concentration of ∼1 μM to achieve this degree of pHi decrease [3]. Again mimicking the properties of angiostatin, MAb3D5AB1

inhibits endothelial cell tube formation by 60% under acidic conditions (pHe 6.7), but not at the normal physiologic pHe of 7.4. In vivostudies also demonstrate antiangiogenic activity in the acidic microenvironment of the chicken CAM model, but not in the rat corneal neovascularization assay, where the pH is ∼7.4 as would be expected in this normal tissue [15]. The two other anti-β-ATP synthase antibodies (McAb178-5G10 and mAb6F2C4) recently reported in the literature also inhibit extracellular ATP synthesis, HUVEC proliferation, and endothelial cell tube formation preferentially in an acidic environment [45, 54]. These results have garnered particular interest, given that this pH-dependent effect would likely target the antiangiogenic effects of antibodies against the β subunit to acidic microenvironments such as tumors, while sparing normal tissues. 

[image: Image 33]
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Fig. 9.6 Inhibition of ATP synthase activity and intracellular pH regulation by MAb3D5AB1. 

(a) Extracellular ATP generation by HUVEC was measured at pHe 6.7 () and pHe 7.2 (). 

MAb3D5AB1 inhibited cell surface ATP synthesis in a dose-dependent manner at low pHe but not at pHe 7.2. (b) The intracellular pH of HUVEC was monitored by fluorescence of the pH-sensitive fluoroprobe carboxy snarf-1 acetoxymethyl ester after acute extracellular acidification from pHe 7.4 to 6.7. Intracellular acidification occurred to a greater degree in the presence of 10 μg/ml MAb3D5AB1 (×) than in media alone (). (Figure 4 reprinted with permission from Chi et al. [15])

9.3 ATP Synthase and Endothelial Cell Response to Shear Stress The luminal surface of endothelial cells is exposed to shear stress imposed by blood flow through the vasculature. Transduction of this mechanical force induces a variety of responses in endothelial cells that are involved in vasoregulation and vascular remodeling. Extracellular ATP production by ATP synthase has recently been

[image: Image 34]
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Fig. 9.7 Effect of angiostatin on shear stress-dependent ATP production and calcium influx in HPAEC. (a) Extracellular ATP generation by HPAEC was measured under static conditions (◦) and in response to a stepwise increase in shear stress (•). ATP concentration increased in a dose-dependent manner with the rise in shear stress. (b) Extracellular ATP generation was measured after a one-hour incubation in the presence of media alone (◦), 0.5 μmol/L angiostatin (), or 1.0 μmol/L angiostatin (). Treatment with angiostatin caused a decrease in shear stress-dependent ATP synthesis that was reversed by flushing away the angiostatin (•). The effect of angiostatin indicates that ATP synthase is responsible for the shear stress-dependent ATP generation. (c) Changes inintracellular Ca2+ levels of HPAEC in response to shear stress were measured using the ratiometric Ca2+ indicator indo 1-acetoxymethyl ester. Relative Ca2+ levels are indicated by the 405-to-480-nm fluorescence ratio (F405/F480). In the presence of angiostatin, a shear stress-dependent rise in intracellular Ca2+ does not occur. Addition of exogenous ATP restores the dose-dependent rise in shear stress-induced Ca2+ levels normally observed in the absence of angiostatin. (Reprinted with modification from Yamamoto et al. [51], used with permission of the American Physiological Society [51])

implicated in endothelial responses to shear stress [49, 51]. Yamamoto et al. demonstrated that flow-induced shear stress causes an influx of calcium into human pulmonary artery endothelial cells (HPAEC) that is largely dependent on an increase in extracellular ATP level. Cultured HPAEC release ATP in response to shear stress in a dose-dependent manner (Fig. 9.7a). Similar results have been observed in freshly-isolated endothelial cells from rabbit thoracic aorta [6]. Degradation of ATP

9

Cell Surface ATP Synthase

151

by apyrase prevents the shear stress-dependent influx of Ca2+ in HPAEC, indicating that Ca2+ transport into these cells depends on the presence of extracellular ATP

[51]. Yamamato et al. propose that cell surface F1F0 ATP synthase is the source for shear stress-induced ATP production, since incubation of HPAEC with the ATP synthase inhibitors angiostatin, oligomycin, piceatannol, or antibody directed against the β subunit of ATP synthase prevents the rise in extracellular ATP levels and Ca2+ influx without affecting intracellular ATP levels (Fig. 9.7b) [49, 51]. Addition of exogenous extracellular ATP overcomes the inhibitory effect of ATP synthase inhibitors on Ca2+ flow into the endothelial cells (Fig. 9.7c). 

Yamamoto et al. went on to demonstrate that ATP induces Ca2+ influx through P2X4—a purinoreceptor with greater sensitivity to ATP than ADP. siRNA knockdown of this ATP-gated cation channel inhibits shear flow-induced Ca2+ responses in HPAEC. The G protein-coupled P2Y purinoreceptors do not appear to be involved, as the shear stress-induced calcium rise is due to influx of external Ca2+

rather than Ca2+ release from internal stores. P2Y receptor activation would have stimulated inositol 1,4,5-trisphosphate (IP3) production, leading to release of Ca2+

from intracellular stores. Thus, ATP synthase production of extracellular ATP plays a role in flow-induced pulmonary artery endothelial cell signaling by activating Ca2+

influx through the P2X4 cation channel. Differences do exist in the level of shear stress-induced ATP production by endothelial cells from distinct sources, indicating that involvement of ATP synthase in endothelial response to shear stress may vary in different vascular beds. For example, although flow-stimulated Ca2+ influx occurs in HUVEC, this response requires the addition of exogenous ATP [1, 48]. The authors attribute this incongruent finding to the relatively lower shear-stress induced endogenous ATP production by HUVEC relative to HPAEC [51]. Alternatively, they propose a difference in P2X receptor ATP affinity in HUVEC versus HPAEC due to potential variations in P2X subunit multimerization. 

Regardless of the potentially disparate roles of ATP in different vascular beds, a recent study in mice deficient in the P2X4 receptor ( P2rx4− /−) indicates that purine signaling through this ligand-gated cation channel does have in vivo relevance to vascular regulation. These knockout mice display abnormal flow-induced calcium responses and impaired vasodilation in response to increased blood flow. 

The authors attribute this decreased vasodilation to the lack of nitric oxide release by P2rx4− /− mice in response to shear stress, in contrast to the dose-dependent increase in NO production by endothelial cells from wild-type mice with normal vasodila-tory response. The P2X4 receptor also appears to be involved in vascular remodeling as demonstrated by the response of  P2rx4− /− mice to a chronic decrease in blood flow via external carotid artery ligation. While the common carotid artery diameter decreases in wild-type mice, it does not change in the knockout mice [50]. Further work is required to elucidate how shear stress stimulates ATP production by ATP

synthase, however current evidence does suggest that flow-dependent increase in ATP is important in acute and chronic vascular changes. It should be noted that other groups have demonstrated flow-induced release of ATP from intracellular stores, and the relative contributions of this released ATP versus ATP generated by ATP

synthase remains unclear [7, 20]. 
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9.4 Coupling Factor 6

ATP synthase on the surface of endothelial cells has recently been identified as the receptor for another molecule—coupling factor 6 (CF6). Interestingly, CF6

itself is actually an integral subunit in the stalk of ATP synthase, required for oxidative phosphorylation [17]. In 1998 this peptide was isolated from cardiac tissue of spontaneously hypertensive rats and identified as an inhibitor of prostacyclin synthesis. CF6 is thought to act by blocking the Ca2+-dependent activity of phospholipase A2, which normally catalyzes the release of the precursor of the vasodilator prostacyclin—arachidonic acid (AA)—from the plasma membrane [31]. 

The concentration of this peptide is significantly greater in the plasma of spontaneously hypertensive rats than in normotensive control rats (294 ± 126 pg/ml versus 2310 ± 813 pg/ml). Furthermore, intravenous injection of recombinant CF6 results in decreased plasma prostacyclin levels and increased blood pressure, indicating a potential role in systemic vasoregulation and hypertension [31]. CF6 is present on the surface of endothelial cells, from which it is released into systemic circulation. 

Expression and release of this peptide are increased in response to shear stress, thus opposing the synthesis of prostacyclin that is also induced by shear stress [33]. 

Cell surface ATP synthase serves as at least one receptor for CF6 on endothelial cells. CF6 binds to the β subunit—at a distinct location from angiostatin—and causes increased ATP hydrolysis by ATP synthase. The intracellular pH of HUVEC

also decreases upon treatment with CF6, as ATP hydrolysis is coupled with the transport of protons from the extracellular milieu into the cytoplasm (Fig. 9.1a). 

Pre-treatment of rats with anti-β subunit antibody reduces the CF6-induced rise in blood pressure by ∼50%. Evidence supports the involvement of ATP synthase in the pathway through which CF6 inhibits prostacyclin synthesis. CF6 suppresses the release of AA in HUVEC, but this effect is reduced by pre-treating with anti-β

subunit antibody. ATP also stimulates ATP hydrolysis and suppresses AA release, though to a lesser degree than CF6. This effect is not additive with the suppression by CF6, indicating that a common signaling pathway is likely. The mechanism by which CF6 binding to the β subunit of ATP synthase causes inhibition of AA release remains unclear, but Osanai et al. propose that the decrease in pH induced by CF6

might inhibit the activity of cytosolic phospholipase A2, which has been shown to be pH-sensitive. The P2X and P2Y receptors do not appear to be involved, as treatment with pyridoxal-phosphate-6-azophenyl-2,4-disulphonic acid (PPAD), an inhibitor of these receptors, does not prevent the suppression of AA release induced by ATP

[32]. Regardless of the precise post-receptor signaling pathway, CF6 and ATP synthase could play a role in the development or maintenance of hypertension through effects on prostacyclin levels, which are decreased in many models of hypertension

[47]. 

9.5 Endothelial Monocyte-Activating Polypeptide II Endothelial monocyte-activating polypeptide II (EMAP II) is a tumor-derived proinflammatory cytokine produced by cleavage of the C-terminus from p43, a protein
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associated with several aminoacyl-tRNA synthetases [35]. This protein has many effects on endothelial cells, including the induction of von Willebrand factor release and tissue factor activation, as well as the upregulation of E-selectin and P-selectin

[21]. Additionally, it has been shown to have anti-angiogenic effects. EMAP II induces endothelial cell apoptosis and inhibits endothelial cell proliferation, tube formation, and angiogenesis in the rat aortic ring assay [5]. One group has demonstrated that in vivo injection of EMAP II in a flank tumor model results in decreased tumor vascularization, increased rate of vascular thrombosis, and delayed tumor growth [39]. The mechanisms by which EMAP II carries out these functions are still being elucidated, however work by the Kang laboratory indicates that cell surface ATP synthase is involved in the anti-angiogenic effects. His research group identified the α subunit of ATP synthase as one of the receptors for EMAP II. Incubation of endothelial cells with EMAP II decreases proliferation by 40%, and this growth suppression can be inhibited by approximately 30% via addition of soluble α subunit of ATP synthase. The anti-proliferative activity can also be achieved by incubation with anti-α-ATP synthase antibody in a dose-dependent manner [12]. 

Under acidic conditions, the interaction between EMAP II and the α subunit is regulated by cell surface heparan sulfate, which binds directly to both proteins via heparin binding motifs. Heparan sulfate does not appear to affect the interaction at neutral pH, however at pH 6.5 increased binding occurs between EMAP II and α-ATP synthase. This enhanced binding can be inhibited by exogenous heparin, indicating that the effect is likely due to interaction with heparan sulfate. The authors suggest that at low pH, cross-linking by heparan sulfate enhances EMAP II-α subunit binding. This idea is supported by the increased inhibitory effect of EMAP II on endothelial cell proliferation at pH 6.5 relative to 7.5, which can be prevented by disrupting interactions with heparan sulfate by the addition of exogenous heparin or heparinase [11]. 

Binding of EMAP II to the α subunit of ATP synthase accounts for only part of the anti-angiogenic effects of this protein. In the initial study demonstrating EMAP II binding to α-ATP synthase, incubation of cells with excess soluble α

subunit only partly reverses EMAP II-induced inhibition of endothelial cell proliferation indicating that significant anti-proliferative effects are also transmitted through other receptors [12]. EMAP II also disrupts fibronectin matrix assembly by endothelial cells via a direct interaction with the integrins α5β1 and αVβ3, likely playing a role in its effects on angiogenesis [38]. Vascular endothelial growth factor (VEGF) receptors I and II are a third target of EMAP II on the endothelial cell surface. EMAP II inhibits VEGF binding to these receptors, preventing downstream signaling in the VEGF pathway and abrogating VEGF-induced endothelial cell proliferation and migration [3]. At this time, it is not known whether any of the other effects of EMAP II on endothelial cells are also mediated in part by the interaction with α-ATP synthase. 

9.6 Remaining Questions

Although many functions for cell surface ATP synthase have been identified, the precise mechanism by which it reaches the plasma membrane remains to be
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elucidated. Other components of the electron transport chain, normally present in the inner mitochondrial membrane, have also been demonstrated to exist on the cell surface of eukaryotic cells. Some of the subunits for these complexes are translated on cytoplasmic ribosomes and targeted to mitochondria, whereas others are encoded by mitochondrial DNA and synthesized in mitochondria. This suggests that the complexes are most likely assembled in mitochondria and then transported to the cell surface. 

Yonally and Capaldi propose two potential mechanisms for this trafficking to the plasma membrane: fusion with the mitochondrial membrane or transport by a shuttling mechanism, e.g. lipid rafts [53]. This latter hypothesis is supported by the observation that ATP synthase and other mitochondrial proteins are distributed in caveolae—specialized lipid rafts [40, 46, 49, 53]. However, Yamamoto et al. demonstrated that ATP synthase levels on the cell surface are not diminished when caveolae formation is disrupted by caveolin-1 siRNA or methyl-β-cyclodextrin (MβCD). 

Although these findings indicate that transport to the cell surface does not require lipid rafts, ATP synthase function in shear stress-mediated ATP release is suppressed when the complex is not localized to caveolae. The authors suggest that the role of ATP synthase in this pathway might be signal transduction through P2X and/or P2Y receptors, concentrated in proximity to ATP synthase in caveolae [49]. A recent publication purports that ATP synthase is in fact not localized in lipid rafts/caveolae, given that these authors did not observe sensitivity of surface ATP synthase expression to cholesterol disruption via MβCD [55]. However, both Yamamoto et al. and Wang et al. demonstrated that increasing and depleting plasma membrane cholesterol levels in endothelial cells affects cell surface ATP synthase expression [46, 49]. 

These different findings have not yet been resolved, but could be due to the different cell types examined. 

Collaborators of our laboratory studying ATP synthase in neural cells propose that at least the α subunit is transported to the cell surface through the secretory pathway, i.e. moving from the rough endoplasmic reticulum (ER) to the Golgi apparatus to the plasma membrane via secretory vesicles. Utilizing a neuroblastoma cell line (B103), they show that inhibiting trafficking from the ER to the Golgi with brefeldin A prevented the α-subunit from reaching the cell surface. Further supporting this hypothesis, they provide evidence that surface α-ATP synthase is N-glycosylated during the secretory process, unlike the mitochondrial form of this protein [37]. 

Although this is possible for the α subunit, which is encoded in nucleic DNA, this transport process would not account for trafficking of ATP synthase subunits 6 and 8, which are synthesized in mitochondria, to the cell surface. Given the conflicting evidence provided by various research groups, the question of how the various components of ATP synthase, as well as other members of the electron transport chain traditionally considered mitochondrial proteins, remains unanswered. 

Aside from this trafficking mystery, the precise mechanisms by which ATP synthase carries out its other functions in endothelial cells continue to be unresolved (Fig. 9.8). With regards to its role in angiogenesis, it is unclear whether it promotes endothelial cell survival and proliferation through pHi regulation, ATP signaling, and/or another mechanism. If ATP signaling is involved, the purinergic receptors

[image: Image 35]
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Fig. 9.8 Summary of the roles of ATP synthase on the surface of endothelial cells. Through its dual roles of proton transport and ATP synthesis/hydrolysis, cell surface ATP synthase can affect both the extracellular and intracellular environment. This enzyme complex influences the extracellular levels of ATP and ADP, leading to potential downstream effects via purinergic signaling. 

ATP synthase is also implicated in pHi regulation through the bidirectional movement of protons through the transmembrane F0 portion of the complex. The enzymatic activity of ATP synthase on endothelial cells is regulated by several factors. Shear stress stimulates increased ATP generation by ATP synthase in HPAEC through a mechanism not yet understood. Coupling factor 6

(CF6) binds to the β subunit and stimulates ATP hydrolysis. This activity is associated with inhibition of phospholipase A2, leading to decreased synthesis of the vasoconstrictor prostacyclin. 

However, the connection between ATP hydrolysis by ATP synthase and phospholipase A2 activity has not been elucidated. The α subunit of ATP synthase also acts as a receptor for endothelial monocyte-activating polypeptide II (EMAPII), playing a partial role in the effect of this tumor-derived cytokine on endothelial cell proliferation. The β subunit of ATP synthase can also affect endothelial cell proliferation through its activity as a receptor for angiostatin. Binding of this endogenous angiogenesis inhibitor inhibits ATP synthesis and pHi regulation by endothelial cells under acidic conditions. It is unclear whether the anti-angiogenic effect is achieved through the alteration in extracellular ATP levels, pHi, or a combination of both
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and downstream cascade(s) activated by ATP also remain to be determined. Given that ATP has been demonstrated to be pro-angiogenic for pulmonary vasa vasorum endothelial cells but not other endothelial cell types, ATP synthase could also play different roles in different vascular beds [18]. The degree to which ATP synthase contributes to endothelial cell responses to shear stress and ATP release also continues to be debated in the literature [19, 52]. Furthermore, the manner in which flow activates cell surface ATP synthase activity is not understood. Finally, the downstream signaling induced by binding of the ligands CF6 and EMAP II to endothelial cell ATP synthase have yet to be elucidated. Thus, a great deal of further research is required to achieve a fuller understanding of the roles played by cell surface ATP

synthase in endothelial cell functioning. 
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Chapter 10

ATP Release Via Connexin Hemichannels

Controls Intercellular Propagation of Ca2+

Waves in Corneal Endothelial Cells

Raf Ponsaerts, Catheleyne D’hondt, Priya Gomes, Geert Bultynck, Sangly P. Srinivas, Johan Vereecke, and Bernard Himpens Abstract Intercellular communication (IC) is essential for coordinating cellular activity in multi-cellular organisms, and plays a role in many physiological and pathological processes. Direct IC between adjacent cells is mainly mediated by gap junctions, whereas paracrine signaling provides an indirect pathway for IC between neighboring cells. Purinergic mediators are important messengers in this paracrine signaling, and recent evidence shows that connexin and pannexin hemichannels form an important release pathway for ATP involved in purinergic IC. 

We have investigated the properties of IC via Ca2+ waves evoked by mechanical stimulation of a single cell in monolayers of bovine corneal endothelial cells (BCEC). We have demonstrated that both gap junctions and paracrine IC are involved in the Ca2+ wave propagation, and that purinergic paracrine signaling is the main component of IC in BCEC. Furthermore, our results demonstrate that connexin43 hemichannels provide the pathway for ATP release. Our experiments show that the paracrine IC is strongly reduced in the presence of inflammatory agents, such as histamine and thrombin, that enhance actomyosin contraction. The effect of these agents is due to inhibition of hemichannel-mediated ATP release. This effect of thrombin can be precluded by preincubation of the cells with adenosine. Possible roles of paracrine IC to “bystander” and “good Samaritan” effects are discussed. 
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10.1 Introduction

This chapter discusses the mechanism and role of ATP-mediated intercellular communication in coordinating the activity of endothelial cells of the cornea. 

 10.1.1 Corneal Endothelium

The corneal endothelium is a non-regenerative monolayer at the posterior surface of the cornea. It separates the anterior chamber of the eye from the corneal stroma. 

While the corneal endothelial monolayer has a barrier function similar to vascular endothelium, and the cells express endothelial cell markers such as von Willebrand factor (vWF) (see Table 10.1), most of the corneal endothelial cells are derived from neural crest, instead of having a mesodermal origin [41]. However, it has been demonstrated that neural stem cells can differentiate to the endothelial lineage [125]. 

As in vascular endothelium, corneal endothelial cells are interconnected by a complex set of interendothelial junction proteins that comprise tight junctions, adherens junctions and gap junctions. Whereas tight junctions and adherens junctions form zipperlike pericellular structures along the cell border through their homophilic adhesions of their transmembrane proteins, gap junctions form plaques of transmembrane channels between adjacent cells. 

The main physiological role of the corneal endothelium is to maintain the transparency of the cornea by controlling stromal hydration. Decompensation of the endothelium leads to stromal edema, and hence loss of visual acuity, and is a common indication for corneal transplantation. Unlike most tissues in the body, the cornea is avascular; it contains no blood vessels to nourish it or to protect it against infection. Instead, aqueous humor that circulates in the anterior chamber is largely responsible for supplying nutrients to the cornea, while oxygen is supplied via the tears as well as by the aqueous humor. 

Because of its discontinuous focal tight junctions and the sinuous interdigitation of lateral membranes of adjacent cells, the endothelium forms a leaky barrier, which permits paracellular percolation of aqueous humor from the anterior chamber into the cornea. The same discontinuous tight junctions and interdigitations of the endothelium also function as a barrier by restraining excessive fluid leak into the stroma. Furthermore, the fluid leak is counterbalanced by an active fluid transport of the endothelial cells from the stroma into the anterior chamber of the eye. 

Thereby, the endothelium carries out hydration control of the corneal stroma, which is essential for maintaining corneal transparency (for review see [11]). 

 10.1.2 Intercellular Signaling Coordinates Function of the

 Corneal Endothelium

In order to sustain these physiological functions in the absence of regeneration, the corneal endothelium possesses a number of mechanisms to withstand extracellular
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stresses. Intercellular communication (IC), which enables the cells in the monolayer to react with a coordinated response, possibly helps in resilience of the endothelium against extracellular stresses, such as exposure to inflammatory mediators, chemical and mechanical stimuli or infection. 

Purinergic signaling has been shown to be an important factor in the coordination of cellular activity and in the repertoire of defense mechanisms. For example, adenosine is able to enhance integrity of the corneal endothelial barrier via myosin light chain (MLC) dephosphorylation and by stimulation of fluid transport via activation of cAMP-activated Cl– channels [87, 105]. It was also shown that ATP is able to prevent or rescue the loss of integrity of the corneal endothelial barrier by thrombin, which is secondary to increased MLC phosphorylation [93]. 

 10.1.3 Mechanisms of Intercellular Signaling

Intercellular signaling can take many forms. In many cell types, including endothelial cells, Ca2+ waves coordinate the activity of neighboring cells within a tissue. 

Global Ca2+ signals are produced by coordinated activity of elementary events (influx of Ca2+ through channels permeable to Ca2+, or release of Ca2+ from intracellular stores through e.g. IP3R channels) to generate an intracellular Ca2+ wave, which spreads throughout the cell. Ca2+ signals then propagate into neighboring cells, generating intercellular Ca2+ waves. In non-excitable cells, the mechanism of intercellular Ca2+ communication can occur via two pathways. The first pathway, the gap junctional intercellular communication (GJIC), occurs via the diffusion of Ca2+ or inositol-1,4,5-trisphosphate (IP3) through gap junctions that form an intercellular hydrophilic pathway coupling adjacent cells. The second pathway, the paracrine intercellular communication (PIC), involves release of a diffusible extracellular messenger (such as ATP) that can elicit a Ca2+ transient in neighboring cells via Ca2+ influx or via Ca2+ release from intracellular stores (Fig. 10.1A). Both pathways can function in the same cell type, but the two pathways can also provide communication between different cell types. 

 10.1.4 Mechanisms of GJIC and PIC

10.1.4.1 Cx Gap Junctions Mediate GJIC

Gap junctions are plaques of proteinaceous channels that interconnect the cytoplasm of adjacent cells. Gap junction channels have a unitary conductance of 15–300 pS

and a diameter of approximately 1–2 nm, depending on the connexin (Cx) isoform present in the gap junction channel [123]. Gap junction channels are large enough to permit a direct diffusion of ions and molecules smaller than about 1.2 kDa between the cytoplasms of adjacent cells, and therefore are permeable to a number of signaling molecules (e.g., Ca2+, cAMP, IP3) and metabolites. 

[image: Image 36]
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Fig. 10.1 (a) Mechanism of the Ca2+ wave propagation between cells. A specific stimulus induces a Ca2+ transient in the stimulated cell (cell 1) via Ca2+ influx and/or Ca2+ release from intracellular stores (ER). Diffusion of Ca2+ or IP3 through the gap junctions (GJ) or secretion of an agonist into the extracellular space that diffuses to neighboring cells can induce a Ca2+ increase in the neighboring cells, resulting in gap junctional intercellular communication (GJIC) or paracrine intercellular communication (PIC), respectively. (b) Structure of connexin, connexon hemichannels and gap junction channels.  Top: One connexin molecule, showing the four typical transmembrane domains (M1–M4), together with the one cytoplasmic (CL) and the two extracellular (EL1 and EL2) loops. 

The N- and C-terminal domains face the cytoplasm and are very divergent between connexins. Six connexins form a connexon, which can be homomeric or heteromeric, depending on the connexin isoform composition of the connexon. Connexons from adjacent cells can dock to form gap junction channels. Each cell can contribute the same or a different type of connexon, giving rise to either homotypic or heterotypic intercellular channels. Connexons can also be present in non-junctional membranes as connexon hemichannels
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Gap junction channels are formed by the docking of two hemichannels (also called connexons) of adjacent cells. Each connexon comprises six integral transmembrane proteins called connexins (Cxs), which are radially arranged around a central pore (Fig. 10.1B). 

Cxs belong to a superfamily that also includes innexins, which form gap junctions in invertebrates, and pannexins (Panx), which are found in many species, including mammals (for review see [129]). Cx isoforms are members of the highly conserved multigenic family of transmembrane proteins consisting of about 20

members, and are named on the basis of their molecular weight (between 26 and 60 kDa) [25]. Corneal endothelial cells express several Cx subtypes, including Cx26, Cx31, Cx32, Cx36, Cx43, Cx45, and Cx50. As in many other cell types, the most abundant Cx subtype is Cx43. 

Cxs are folded in the membrane in the approximate shape of an “M”. They contain four membrane-spanning domains (M1 to M4), two extracellular loops (named EL1 and EL2), which are involved in the docking of two connexons and which connect M1 with M2 and M3 with M4, respectively, one cytoplasmic loop (CL; connecting M2 and M3), and the cytoplasmic N- and C-terminal domains. The M3

membrane-spanning domain of each Cx contains a high proportion of hydrophilic amino acids, and is the major pore-lining helix of the gap junction channel. M1 contributes to the lining of the pore, while M2 appears to contribute to the mouth of the pore. The sequences of the N- and C- terminal domains in the cytoplasm are very diverse between different Cx subtypes. Both the highly variable cytoplasmic loop and C-terminus may be involved in the cellular regulation of gap junction formation and channel permeability. The activity of the channel is closely regulated by phosphorylation or via protein-protein interactions [46, 90, 42, 60, 92, 47]. 

10.1.4.2 Hemichannel-Mediated ATP Release can Produce PIC

PIC takes place via the release of signaling molecules in the extracellular space that induce a response in neighbouring target cells expressing receptors for the signaling molecules. The released messengers can act on the receptors on target cells in close proximity (PIC) or on distant target cells (endocrine signaling), and they can also eventually act on the releasing cell (autocrine effect). While some messengers, such as arachidonic acid and nitric oxide (NO), are lipophilic, penetrating the membrane and acting on intracellular receptors, many paracrine messengers are hydrophilic and bind as ligands to receptor proteins that are present in the plasma membrane. 

A major form of PIC evoked by hydrophilic messengers is mediated by nucleotides (for review see [19]). Extracellular nucleotides, such as ADP and ATP, as well as adenosine, are important signaling molecules involved in paracrine intercellular communication. 

ATP is known to be released from many cell types, and several mechanisms can be involved in the release of ATP and other nucleotides, depending on the conditions and cell types. The contribution of the different pathways to ATP release under various conditions in different cell types is still very controversial. 
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Several studies provided evidence for release of nucleotides by exocytosis. 

Other mechanisms include the ATP binding cassette (i.e., ABC transporters, such as cystic fibrosis transmembrane conductance regulator (CFTR)), or stretch- and voltage-gated channels, such as plasmalemmal voltage-dependent anion channel (pl-VDAC; a murine splicing variant of the mitochondrial ATP porin VDAC-1), swelling-activated Gd3+-sensitive anion channel, the stretch-activated cation channels, maxi-anion channels and P2X7 channels, and carriers (for review see

[19, 81]). 

Recent findings have provided evidence that connexons (the constituent of gap junctions; Fig. 10.1B) are also present in non-junctional parts of the plasma membrane, where they form functional Cx hemichannels that can eventually open under physiological and pathophysiological conditions (for review see [34, 45, 51, 90–

92, 38]). Furthermore, evidence has been presented that these hemichannels are involved in ATP release, providing a pathway for PIC [108, 15, 29, 53]. 

Because gap junction channels and hemichannels are permeable to molecules with molecular weight up to 1.2 kDa, it was thought that maintenance of gradients across the cell membrane requires that hemichannels should have very low open probability under physiological conditions. However, a growing amount of evidence indicates that opening of hemichannels does occur under both physiological and pathological conditions in many cell types [24, 5, 108, 15, 91, 43, 74, 29, 3, 53, 89]. Electrophysiological studies indicate that hemichannels have a low open probability under physiological conditions, but may have a much higher open probability under certain pathological conditions. Cx hemichannels tend to be closed by negative membrane potentials, high concentrations of extracellular Ca2+ and intracellular H+ ions, gap junction blockers and protein phosphorylation. They tend to be opened by positive membrane potentials and low extracellular Ca2+, and possibly by as-yet-unidentified cytoplasmic signaling molecules [92]. 

The permeability of hemichannels has been evaluated using a number of fluorescent tracers. Cx43 hemichannels are shown to be permeable to lucifer yellow, ethidium bromide, propidium iodide, carboxyfluorescein, 7-hydroxycoumarin-3-carboxylic acid and fura-2 [61, 58, 78, 108]. Furthermore, Cx43 hemichannels are permeable to small, physiologically significant molecules, including NAD+, glutamate, ATP and IP3 [18, 88, 108, 53] (for review see [90]), and may mediate paracrine as well as autocrine signaling. 

Low extracellular [Ca2+] or application of quinine, two conditions known to open hemichannels, elicit local and propagating Ca2+ signals [108]. Mechanical stimulation triggers ATP release through Cx43 hemichannels, and thus initiates propagation of Ca2+ waves in astrocytes and other electrically non-excitable cells

[5, 108]. When mechanically stimulated or exposed to extracellular medium with low [Ca2+], astrocytes showed membrane currents and uptake of small fluorescent dyes that were inhibited by flufenamic acid or Gd3+, providing evidence for opening of Cx hemichannels [5, 108]. 

Panx channels and the Panx-P2X7 complex have also been suggested to be mechanisms for ATP release. Recent data support the concept that Panxs form
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non-junctional channels that play paracrine roles by releasing ATP [110, 96, 104, 95]. 

While ATP can be released into the extracellular space, it is not the only purinergic nucleotide that can be present in the extracellular medium after stimulation of cells. ATP can be hydrolyzed by ecto-nucleotidases to ADP, AMP and adenosine (for review see [128]). Ecto-nucleotidases belong to different subfamilies. E-NPPs hydrolyze ATP to AMP, E-NTPDases can hydrolyze ATP to ADP and ADP to AMP, while ecto-5 nucleotidase converts AMP to adenosine. Adenosine can be further converted to inosine by adenosine deaminase. The ecto-nucleotidases are important for the relation of purinergic IC. Since they regulate the local levels of the nucleotides, they can influence the magnitude and duration of purinergic signaling, and because of the presence of different nucleotide receptors on the extracellular surface of the membranes, they can affect the type of response of cells to purinergic signaling [65]. 

The purinergic messengers involved in IC can act on a large variety of receptors belonging to two main families: P1 or adenosine receptors, and P2 receptors for which ATP (or ADP) are physiological agonists. The P1 receptor family is further subdivided into four subtypes: A1, A2A, A2B and A3. All adenosine receptors have seven putative transmembrane domains with an extracellular N-terminus and a cytoplasmic C-terminus, and they couple to G proteins. The A2A and A2B receptors preferably interact with members of the Gs family of G proteins, stimulating adenylyl cyclase, and the A1 and A3 receptors interact with Gi/o proteins, inhibiting adenylyl cyclase. 

The P2 receptors are divided into ionotropic P2X and metabotropic (G protein-coupled) P2Y receptors, respectively. Mammalian P2X receptors belong to a family of at least seven proteins (P2X1-P2X7) of ligand-gated ion channels, which allow Ca2+ influx from the extracellular space upon activation. P2Y receptors form a large subfamily of purine and pyrimidine nucleotide receptors that are coupled to G proteins. They stimulate a release of intracellular Ca2+ from stores through phospholipase C (PLC)-mediated PIP2 hydrolysis and activation of the IP3 pathway. 

There are at least eight subtypes of P2Y receptors, namely P2Y1, P2Y2, P2Y4, P2Y6, P2Y11, P2Y12, P2Y13 and P2Y14, but purine nucleotides are full agonists only for P2Y1, P2Y2, P2Y11, P2Y12 and P2Y13. P2Y1 and P2Y12 receptors are preferentially activated by ADP, P2Y2 and P2Y4 by UTP, P2Y6 by UDP, and P2Y2

and P2Y11 are mainly activated by ATP (IUPHAR Database). 

10.2 AIM

In several cell types, IC is mediated by both GJIC and purinergic PIC. Corneal endothelial cells contain gap junctions and also express purinergic receptors. It is, therefore, likely that both types of IC could be present in the corneal endothelial monolayer, and play a role in homeostasis and in the coordination of cellular activity. The importance of GJIC and PIC in normal conditions and in response
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to extracellular stress remains poorly understood. However, it is well known that senescence, injury and inflammation can cause intercellular gaps in the corneal endothelial monolayer, which not only affect barrier integrity, but could also hamper GJIC. In such situations, functional capacity and restoration of integrity of the corneal monolayer could depend to a large extent on PIC. Therefore, our aim was to investigate the contribution, role and mechanism of PIC and GJIC in corneal endothelial cells. In this chapter we describe some of our experimental data about IC in corneal endothelial cells, with emphasis on the mechanism, regulation and possible role of hemichannel-mediated purinergic PIC. 

10.3 PIC in BCEC

 10.3.1 IC in BCEC Consists of GJIC and PIC

BCEC subjected to mechanical stimulation of a single cell in a confluent monolayer show a transient [Ca2+]i rise. This Ca2+ transient propagates as a decremental intercellular Ca2+ wave, which activates cells up to a distance of four to six neighboring cells away from the mechanically stimulated cell (Fig. 10.2). The amplitude of the Ca2+ rise and percentage of responsive cells decrease with increasing distance from the mechanically stimulated cell [44]. We investigated the mechanism of the Ca2+

wave propagation in BCEC to identify whether the propagation is mediated by GJIC

and/or PIC. 

In scrape-loading experiments with the membrane-impermeable dye lucifer yellow, and in fluorescence recovery after photobleaching (FRAP) experiments using carboxyfluorescein, significant transfer of the hydrophilic dyes between different cells was observed. These results provide evidence for the presence of functional GJIC in BCEC. However, Ca2+ wave propagation was also found to activate cells without cell-cell contacts in non-confluent monolayers obtained by sparse seeding of cells. Furthermore, the Ca2+ wave was also able to cross cell-free lanes obtained by deliberate scratching of confluent monolayers [43, 44]. These experiments clearly demonstrate the contribution of an extracellular messenger to the intercellular Ca2+

wave propagation. Together these experiments provided evidence that both GJIC

and PIC contribute to IC in BCEC. 

 10.3.2 Mechanism of PIC in BCEC

10.3.2.1 PIC is Mediated Via Purinergic Signaling

ATP is a prime candidate for eliciting PIC-induced Ca2+ wave propagation through its action on the P2 family of purinergic receptors, which can either cause Ca2+

influx via P2X receptors or evoke IP3-induced Ca2+ release from intracellular stores by activating PLC via P2Y receptors. 

[image: Image 37]
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Fig. 10.2 Example of intercellular Ca2+ wave propagation elicited by point mechanical stimulation of a single BCEC cell in cells loaded with Fluo-4 AM. (Panel A) Fluorescence images at different time points following mechanical stimulation of a single cell. The intensity scale at the top left  represents the fluorescence changes induced by the [Ca2+]i changes. The first image shows the fluorescence intensities before stimulation. The arrow in the second image (time = 8.5 s) identifies the mechanically stimulated (MS) cell. The time course of [Ca2+]i-sensitive fluorescence of MS and a typical cell from different neighboring (NB) cell layers is shown at the lower right of the panel. (Panel B) The bar graph at the left of the panel shows the maximal normalized fluorescence (NF) in the MS cell and in responsive NB cells. The bar graph of the lower right panel shows the percentage of responsive cells (%RC) for each of the NB cell layers. From [44] with permission. 

Copyright:  Association for Research in Vision and Ophthalmology We first examined the presence of purinergic receptors in BCEC. RT-PCR

demonstrated expression in BCEC of mRNA for P2Y1, P2Y2, P2Y4, P2Y6, P2Y12

and for P2X4, P2X5 and P2X7 (Table 10.1). It was previously shown that exogenous application of purinergic agonist results in Ca2+ mobilization in BCEC [107]. Using the fluorescent Ca2+ indicator Fluo-4-AM, or measuring intracellular Ca2+ using a high throughput Fura-2 assay, we demonstrated that application of extracellular ATP

induces a Ca2+ rise in BCEC, with an EC50 for ATP of 1.5 μM [44]. 

To examine whether ATP is the messenger in the intercellular propagation of the Ca2+ wave in BCEC, we used P2 receptor antagonists. Pretreatment of cells with the non-selective purinergic receptor antagonist suramin (200 μM) indeed inhibited Ca2+ wave propagation. Also, exogenous application of apyrases (10 U/ml), which hydrolyze extracellular nucleotides, decreased the active area of the Ca2+ wave, which is the total area of cells that show a rise in [Ca2+]i [44] (Fig. 10.3). Application

[image: Image 38]
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Fig. 10.3 Reduced Ca2+ wave propagation in the presence of purinergic modulators: Cells were treated with suramin (200 μM), apyrase VI (10 U/ml), apyrase VII (10 U/ml), or apyrase VI+VII (5 U/ml each) for 30 min. The Ca2+wave propagation in response to mechanical stimulation is represented in control ( black bars) ( N=53), suramin ( striped bars) ( N=42), apyrase VI ( light grey bars) ( N=25), apyrase VII ( dark grey bars) ( N=17), and apyrase VI+VII ( dotted bars) ( N=21) treated cells. Panel A shows the bar graph of the maximal normalized fluorescence (NF) and panel B the bar graph of the percentage responsive cells (%RC) for MS and neighboring (NB) cell layers NB1 to NB4. Panel C shows the active areas (AA) for the different experimental conditions. ∗ p < 0.05 vs. control. From [44] with permission. Copyright:  Association for Research in Vision and Ophthalmology

of the ectonucleotidase inhibitor ARL-67156 (100 μM) significantly enhanced the active area of the Ca2+ wave. These data provide evidence that PIC via an agonist of P2 receptors is involved in the IC [44]. 

Brilliant Blue G (BBG), a selective antagonist for P2X7-receptors [50], which at higher concentrations also inhibits other P2X receptors such as P2X4 and P2X5, had no significant influence on the propagation of the Ca2+ wave. In contrast, the PLC

inhibitor U-73122 (10 μM) caused a marked reduction of the wave propagation, providing evidence that the P2 receptors involved belong to the class of PLCβ-coupled P2Y receptors. We can therefore conclude that the purinergic receptors that are mainly responsible for the paracrine intercellular Ca2+ wave propagation in BCEC are of the P2Y subtype. 
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Since P2Y4 and P2Y6 are pyrimidine receptors with very low sensitivity to ATP, these receptors are unlikely to have an important contribution to the Ca2+

wave propagation. To investigate the involvement of P2Y1 receptors (which can be activated by ATP and ADP) and P2Y2 receptors (which are activated by ATP

but only very weakly sensitive to ADP), we also examined the effect of nucleotide hydrolysis by exogenous apyrase VI (which has a high ATPase/ADPase ratio) and apyrase VII (which preferentially hydrolyses ADP). Apyrase VII caused a some-what stronger inhibition in the outermost cell layers when compared to apyrase VI. The combination of 5 U/ml apyrase VI and 5 U/ml apyrase VII had a cumulative effect, causing a more pronounced inhibition of the Ca2+ wave than either 10 U/ml apyrase VI or 10 U/ml apyrase VII (Fig. 10.3). These experiments provide evidence that both ATP and ADP are involved [44], and suggest that P2Y1 and P2Y2 receptors are involved in PIC in BCEC. Furthermore, these results indicate that ATP is released in response to mechanical stimulation. Direct evidence for the involvement of ATP release in the intercellular Ca2+ wave propagation was obtained by ATP-dependent luciferin-luciferase bioluminescence measurements, showing that mechanical stimulation increases the amount of ATP in the extracellular medium [43]. 

10.3.2.2 Mechanism of ATP Release

Around the time of our findings, Stout et al. [108] and Braet et al. [15] provided evidence for the involvement of hemichannels in ATP release during Ca2+ wave propagation in astrocytes. We therefore examined Cx hemichannels as candidate pathways for ATP release involved in Ca2+ wave propagation in BCECs. 

Using RT-PCR, we showed the presence of mRNA for Cx26, Cx43, Cx45 and Cx50 in BCEC (Table 10.1) and we demonstrated expression of Cx43 protein in the membrane, using Western blot and immunofluorescence (Fig. 10.4). 

Next, we investigated the contribution of Cx hemichannels to PIC in BCECs using the hemichannel blockers flufenamic acid (FFA) and 43Gap26

(VCYDKSFPISHVR) [37]. 43Gap26 is a Cx mimetic peptide with a sequence identical to a part of the EL1 sub-domain (first extracellular loop sequence) of Cx43, which constitutes a significant portion of the pore-lining. This peptide has been shown to inhibit Cx43-mediated hemichannel opening [15]. Application of FFA or 43Gap26 resulted in a pronounced inhibition of the propagation of the Ca2+ wave evoked by mechanical stimulation (Fig. 10.5). 

Since Stout et al. [108] have shown that Cx hemichannels open upon exposure to low extracellular Ca2+ and show permeability for a number of hydrophilic dyes such as lucifer yellow, we performed dye uptake experiments in Ca2+-free solution using lucifer yellow as a membrane-impermeable hemichannel-permeable reporter dye. Removal of extracellular Ca2+-induced uptake of lucifer yellow, which was completely inhibited by FFA and 43Gap26 [43]. Our observations provide evidence that hemichannels are present in BCECs and can be blocked by FFA and 43Gap26. 

[image: Image 39]
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Fig. 10.4 Presence of Cx43 in BCEC. A: Western blotting of Cx43 (43 kDa) in BCEC, with knock-down of endogenous Cx43 by RNA silencing (100 nM duplex). 

TR represents treatment with transfection reagent only. Scrambled siRNA duplex of Cx43-1 was used as negative control. GAPDH (37 kDa) levels are visualized as a loading control. Cx43-1 (region 322-344): 5’-GAAGGAGGAGGAACUCAAAdTdT Cx43-2 (region 883-905): 5’-CAAUUCUUCCUGCCGCAAUdTdT Scramble (region 322-344): 5’-GGUAAACGGAACGAGAAGAdTdT B: Immunofluorescence staining of Cx43 in BCEC. A monoclonal mouse anti-Cx43 antibody (Sigma, Clone CXN-6; Catalog number C8093) was used for Cx43-detection in Western blot and immunofluorescence This conclusion is further supported by experiments demonstrating that application of Ca2+-free solution resulted in immediate marked increase in the rate of ATP

release. Similar to their effects on the dye uptake, 43Gap26 and FFA also inhibited the enhancement of ATP release in the absence of extracellular Ca2+, indicating that both agents inhibit the release by the same mechanism [43]. 

Direct measurement of ATP in samples of the bathing fluid immediately after mechanical stimulation demonstrated enhanced ATP release after mechanical stimulation (Fig. 10.7A). 43Gap26 and FFA inhibited this ATP release [43]. Our experiments therefore demonstrated that functional hemichannels are present in BCECs, which are opened by low extracellular Ca2+ and in response to mechanical stimulation, and that ATP release through hemichannels contributes to mechanical stimulation-induced intercellular Ca2+ wave propagation. 

[image: Image 40]
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Fig. 10.5 Inhibition of Ca2+ wave propagation in BCEC by FFA and 43Gap26. The bar graphs show the effect of a 30 min application of 50 μM FFA ( left) or 300 μM 43Gap26 ( right) on the maximal normalized fluorescence (NF), percentage of responsive cells (%RC) and active area (AA) of the Ca2+ wave propagation in response to point mechanical stimulation. The black bars represent control conditions while the white bars show the values in the presence of the drug. 

∗ p < 0.05 vs. control. From [43] with permission. Copyright:  Association for Research in Vision and Ophthalmology

 10.3.3 Regulation of PIC

10.3.3.1 PIC is Inhibited by Histamine and Thrombin Histamine [106] and thrombin [94] induce actomyosin contraction, leading to breakdown of barrier integrity of the corneal endothelial cell monolayer, concomitant with formation of gaps between the cells. Since formation of intercellular gaps could influence IC, we investigated whether histamine and thrombin affect intercellular propagation of Ca2+ waves in BCEC. 

RT-PCR showed transcripts for histamine receptors HR1 and HR2 in BCEC

(Table 10.1). Histamine significantly reduced the active area of the Ca2+ wave

[image: Image 41]
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Fig. 10.6 Effect of histamine on the Ca2+ wave propagation. (a and b) Normalized Fluorescence (NF) values of the Ca2+ transient measured with Fluo-4AM in a typical experiment in the mechanically stimulated (MS) cell and in neighboring (NB) cell layers NB1-NB5 surrounding the mechanically stimulated cell. (a) in control. (b) in the presence of histamine (100 μM for 10 min). 

(c): Active area (AA) of the Ca2+ wave propagation in control conditions and in the presence of histamine, and in the presence of histamine after preincubation with 43Gap26 or 43Gap27 (300 μM

for 30 min). In the presence of 43Gap26, histamine does not cause a significant further decrease of the active area. ( N = 50) ∗ p < 0.001 for presence versus absence of histamine. (d) Active area of the Ca2+ wave propagation in control conditions and in the presence of histamine, and in the presence of histamine after preincubation with apyrase VI + apyrase VII (5 U/ml each). In the presence of apyrase, histamine does not cause a further decrease of the active area. ( N = 35). ∗ p < 0.001

for presence versus absence of histamine. (e) Active area of the Ca2+ wave propagation in control conditions and in the presence of histamine, and in the presence of histamine after preincubation with ARL-67156 (100 μM for 30 min). The very marked increase in active area by ARL is abolished in the presence of histamine ( N = 30). ∗ p < 0.001 for presence versus absence of histamine. 

ˆ p < 0.001 for ARL vs. control

[image: Image 42]
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Fig. 10.7 ATP release after mechanical stimulation in control and in the presence of histamine, thrombin or TRAP-6. ATP release in basal conditions and after mechanical stimulation (MS) of BCEC ( N = 63) (a). Effect of histamine (100 μM for 10 min;  N= 8) (b), thrombin (2 U/ml for 5 min;  N = 55) (c), and TRAP-6 (10 μM for 30 min;  N=16) (d) on ATP release after mechanical stimulation. ∗ p < 0.05

(Fig. 10.6), but did not significantly reduce the fluorescence recovery in FRAP

experiments, indicating that the inhibition of Ca2+ wave propagation by histamine is not via an effect on the GJIC pathway. In cells pretreated with 43Gap26 (Fig. 10.6c) or apyrases (Fig. 10.6d), activation of histamine receptors did not cause a significant further reduction of Ca2+ wave propagation, providing evidence that histamine exerts its effect by inhibiting PIC. In consistence with this conclusion, histamine precluded enhancement of Ca2+ wave propagation by the ecto-nucleotidase inhibitor ARL-67156 (Fig. 10.6e). Exposure of BCEC to histamine in Ca2+-free medium led to complete inhibition of lucifer yellow uptake. Histamine also markedly reduced ATP release upon mechanical stimulation (Fig. 10.7b). These experiments provide evidence that histamine inhibits PIC by inhibiting the hemichannel-mediated ATP

release. 

To investigate whether thrombin also affects IC, we first examined expression of PAR receptors. RT-PCR showed transcripts for the PAR receptors PAR-1 and PAR-2, but not for PAR-4 (Table 10.1). Immunocytochemistry showed thrombin-sensitive PAR receptors as well as trypsin-sensitive PAR-2 receptors. Both thrombin and the selective PAR-1 agonist TRAP-6 strongly reduced the active area of the Ca2+

wave (Fig. 10.8) [26]. The effect of thrombin and TRAP-6 on the Ca2+ wave was inhibited by a peptide antagonist of PAR-1, but not by the indazole derivative YD-3, a selective PAR-4 antagonist. While thrombin and TRAP-6 reduced the fluorescence
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Fig. 10.8 Effect of PAR-1 receptor agonists on the active area of the Ca2+ wave in control and in cells pretreated with adenosine. The  bar graphs  in the  left panels  show the reduction of the active area (AA) of the Ca2+ wave propagation by thrombin (2 U/ml for 5 min;  N = 145) (a) and by TRAP-6 (10 μM for 30 min;  N = 25) (b): The  bar graphs  in the  right panels  show the inhibition of the effect of thrombin and TRAP-6 by pretreatment of the cells with adenosine (200

μM for 30 min) ∗ p < 0.001 for comparison between aa in the presence vs. absence of the PAR-1 agonist (i.e., comparison of  black or grey bars  with  white bars  in each condition). ˆ p < 0.001

for comparison between AA in the presence vs. absence of adenosine (i.e., comparison of filled ( black  respectively  grey) bar with corresponding  filled bar  in control condition. From [27] with permission. Copyright:  Association for Research in Vision and Ophthalmology recovery in FRAP experiments, indicating an effect on GJIC, the main effect of these agents was a reduction of PIC. Activation of PAR-1 did not significantly affect the Ca2+ wave propagation in cells pretreated with the hemichannel blocker 43Gap26

or in the presence of exogenous apyrases. Thrombin abolished enhancement of the Ca2+ wave propagation by the ectonucleotidase inhibitor ARL-67156 [26]. These experiments demonstrate that the effect of thrombin on Ca2+ wave propagation is mainly due to inhibition of purinergic PIC. 
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10.3.3.2 Effect of Thrombin on PIC is Inhibited by Adenosine Adenosine was previously shown to decrease the permeability of the corneal endothelial barrier [87]. We therefore investigated the effect of adenosine on IC. 

Pretreatment with adenosine prevented the inhibitory effect of thrombin on intercellular Ca2+ wave propagation, while it had no significant effect on Ca2+ wave propagation in control conditions (Fig. 10.8). NECA (a potent A2B agonist) and forskolin, agents known to elevate cAMP in BCEC, also suppressed the effect of thrombin. The A1 receptor agonist CPA (N6-cyclopentyladenosine) failed to inhibit the effect of thrombin [27]. 

Similarly to the effects on Ca2+ wave propagation, adenosine prevented the thrombin-induced reduction in the fluorescence recovery during photobleaching experiments, providing evidence for inhibition by adenosine of the effect of thrombin on GJIC. Pretreatment with adenosine also prevented both thrombin and TRAP-6 from blocking the uptake of lucifer yellow in a Ca2+-free medium. 

Adenosine was ineffective in overcoming the inhibition of lucifer yellow by 43Gap26 [27]. These experiments provide evidence that the main mechanism of the effect of adenosine in overcoming the inhibition of IC by thrombin involves the hemichannel-mediated paracrine pathway. In consistence with this conclusion, the thrombin-induced inhibition of ATP release was also overcome by pretreatment with adenosine. 

10.3.3.3 Mechanism of Effect of Effects of Thrombin and Adenosine on Intercellular Communication

Signaling Pathways Initiated by Thrombin and Adenosine It has been demonstrated that the thrombin-induced decrease in barrier integrity of BCEC is mediated via myosin light chain (MLC) phosphorylation [94]. MLC

phosphorylation is driven by MLC kinase (MLCK), while its dephosphorylation is brought about by myosin light chain phosphatase (MLCP). MLCK can be activated by thrombin, since PAR-1 is coupled to Gαq/11, which results in Ca2+ release, and hence Ca2+-calmodulin binding to MLCK, which activates the kinase. PAR-1

receptors also activate PKC via Gαq/11 and Rho kinase via Gα12/13; both pathways contribute to inactivation of MLCP. The transduction of the thrombin effect on MLC

phosphorylation can thus occur via two pathways, namely inhibition of the MLCP

or stimulation of the MLCK (Fig. 10.9). We performed experiments to investigate whether thrombin exerts its effect on the Ca2+ wave propagation through the same transduction cascade that decreases the barrier integrity. 

Pretreatment with MLCK inhibitor ML-7, with the Rho kinase inhibitor Y-27632

or with the PKC inhibitor chelerythrine caused a significant suppression of the effect of thrombin or TRAP-6 on the propagation of the Ca2+ wave. Upon pretreatment of the cells with a combination of Y-27632 plus chelerythrine, or with the combination of ML-7 plus Y-27632 plus chelerythrine, application of thrombin did not significantly decrease the active area. The lack of a significant effect of thrombin in the

[image: Image 44]
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Fig. 10.9 Transduction of the effect of thrombin and adenosine on intercellular communication in BCEC

presence of the combination of these three protein kinase inhibitors provides evidence that the major pathways for the effect of thrombin on the active area are via MLCK, Rho kinase and PKC [26]. 

Our experiments showed that adenosine, which elevates cAMP levels through activation of Gαs-coupled A2B, inhibits the effect of thrombin on IC. Since PKA inhibits RhoA activation, elevated cAMP causes MLC dephosphorylation. Pretreatment of BCEC with adenosine reduced the thrombin-induced MLC phosphorylation [80]. Therefore, these experiments suggest that adenosine decreases the inhibitory effect of thrombin on ATP release and PIC

by inhibition of RhoA through elevated cAMP, and thereby reduces MLC

phosphorylation [27]. 
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Involvement of Cytoskeleton Contraction in Thrombin-Induced Effects on IC

Thrombin induces actomyosin contraction in corneal endothelial cells, leading to significant changes in the organization of the cortical actin cytoskeleton. Such changes in the cytoskeleton have been implicated in loss of barrier integrity of corneal endothelial monolayers [94]. Specifically, thrombin, which can be generated in the cornea [6], may lead to onset of centripetal forces by the peri-junctional actomyosin ring (PAMR), a dense band of actin at the apical junctional complex. 

These forces are opposed by intercellular tethering forces, which are essential to establish interactions of the transmembrane proteins that make up the tight junctions. Since the formation of intercellular gaps due to actomyosin contraction could also influence GJIC, we investigated a possible role of contractility in the propagation of intercellular Ca2+ waves by using blebbistatin, a selective myosin II ATPase inhibitor [109, 62, 73]. 

Pretreatment with blebbistatin (5 μM for 20 min) or its nitro derivative [64]

prevented the thrombin-induced inhibition of the Ca2+ wave [79]. Neither photo-inactivated blebbistatin nor the inactive enantiomers prevented the thrombin effect. 

Blebbistatin also prevented thrombin-induced inhibition of lucifer yellow uptake, ATP release and FRAP, indicating that it prevented the thrombin effect on PIC and GJIC. In the absence of thrombin, blebbistatin had no significant effect on PIC

or GJIC. The drug had no influence on MLC phosphorylation or on [Ca2+]i transients in response to thrombin or ATP [79]. Our findings demonstrate that myosin II-mediated actomyosin contractility plays a central role in thrombin-induced inhibition of GJIC and of hemichannel-mediated PIC. 

10.4 Discussion

 10.4.1 Contribution of Cx Hemichannels Towards IC in BCEC

Our experiments demonstrate that intercellular Ca2+ wave propagation in BCEC

consists of both PIC and GJIC, and that PIC is the main contributor to IC. 

Furthermore, our experiments show that ATP and ADP are the mediators of this PIC, acting via activation of P2Y receptors, and that ATP is released via hemichannels. Our results also provide evidence that the hemichannels involved in PIC in corneal endothelial cells are of Cx43 isoform. 

Recent experiments from other laboratories have provided strong evidence for Panx hemichannels [17] as pathways for ATP release in many different cell types (for review see [95]). The Panx subtype Panx1 is widely distributed among tissues that exhibit IC via Ca2+ waves [17]. The channel formed by Panx1 can be opened by mechanical perturbation at the resting membrane potential [7]. The channel is permeable to ATP and can be opened at physiological Ca2+ levels [17]. Since high concentrations of Cx mimetic peptides were shown to reduce the current through Panx hemichannels, and since opening of Cx hemichannels has not been demonstrated by electrophysiological methods under physiological conditions, it has been
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argued that the hemichannels involved in ATP release in different preparations are Panx hemichannels (see [95]). There is, however, compelling evidence for the presence and opening of Cx hemichannels in a number of different conditions. Direct electrophysiological evidence for Cx43 hemichannel opening was demonstrated in Cx43 overexpressing HeLa cells and C6 cells [23, 22, 53]. Romanov et al. [89] provided evidence that Cx hemichannels are responsible for ATP release in type II taste cells, based on sensitivity to Cx- and Panx-mimetic peptides, effect of carbenoxolone and kinetics of voltage-dependence. Anselmi et al. [3] provided evidence for propagation of Ca2+ signals via Cx hemichannel-mediated ATP release in the inner ear. Single channel experiments in astrocytes have also demonstrated Cx43-hemichannel-mediated ATP release [53]. Cx32 hemichannel-mediated ATP release upon rise in intracellular Ca2+ concentration has been established in a number of different cell types [29, 30, 3]. 

Since Panx hemichannels do not open in Ca2+-free conditions [16], our experiments provide evidence that the ATP release in BCEC is mediated via Cx43

hemichannels. Furthermore, Gap26 almost completely blocked Ca2+ wave propagation, lucifer yellow uptake and ATP release [43]. In addition, the Ca2+ wave propagation was not significantly inhibited by 10 μM carbenoxolone, which is known to inhibit Panx hemichannels with an IC50 of ∼5 μM[16]. Furthermore, the Ca2+ wave propagation in BCEC was almost completely inhibited by 50 μM

flufenamic acid [43], which has only limited effect on Panx hemichannels [16]. 

In addition, preliminary evidence from experiments in our laboratory shows that cell-permeable TAT-peptides corresponding to the L2 sequence of Cx43

(DGANVDMHLKQIEIKKFKYGIEEHGK) significantly inhibit the Ca2+ wave propagation in BCEC by more than 50%, while the H126K/I130N mutant used as control peptide [100, 101] only causes a limited reduction of the active area, which was, however, not significant (unpublished findings). These experiments provide evidence that the ATP release in BCEC is mediated by hemichannels formed by Cx43. 

 10.4.2 Effect of Histamine and Thrombin on PIC in BCEC

Our experiments demonstrate that histamine and thrombin, two agents that decrease integrity of the endothelial barrier [94, 106], markedly reduce the purinergic signaling by inhibiting ATP release via Cx43 hemichannels. We demonstrated that thrombin enhances MLC phosphorylation through activation of PAR-1 receptors

[26]. As in smooth muscle cells, thrombin regulates the level of MLC phosphorylation in the endothelial cells by two opposing pathways: activation of myosin light chain kinase (MLCK)-driven phosphorylation, and myosin light chain phosphatase (MLCP)-driven dephosphorylation of MLC. Specifically, by increasing [Ca2+]i, thrombin activates MLCK via Ca2+-Calmodulin, while it causes inactivation of MLC phosphatase by mobilizing the RhoA-Rho kinase axis (Fig. 10.9). Since phosphorylation of MLC regulates myosin II activity in BCEC, we investigated the role
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of contractility of the cytoskeleton in the effect of thrombin. Inhibition of the myosin II ATPase activity by blebbistatin inhibited the effect of thrombin, suggesting that contractility of the actin cytoskeleton, including that of PAMR, plays an important regulatory role in the activity of the hemichannels (Fig. 10.9). 

Our findings on thrombin-mediated inhibition of hemichannel-mediated IC help us understand the role of IC in corneal endothelial cells under physiological and pathological situations. Thus, our results suggest that thrombin, besides enhancing the permeability of the corneal endothelial monolayer, decreases the IC in corneal endothelial cells, which may relate to pathological ophthalmic conditions that result in inflammation, e.g., uveitis and infection. Endotoxin (LPS), a component of the cell wall of gram-negative bacteria, triggers a cascade for macrophagal/endothelial cells to secrete pro-inflammatory cytokines, such as TNFα, IL-1, IL-6 and IL-8. 

These proinflammatory cytokines can induce the expression of tissue factor on monocytes [68] and endothelial cells [118] (for review see [63]) via Toll-like receptors (TLRs) [33] leading to thrombin formation. LPS can also cause activation of factor XII, which is involved in the formation of thrombin. Since it has been shown that all extrinsic and intrinsic tenase factors for generation of thrombin are present in the cornea, thrombin can be formed in the cornea in situations of infection and inflammation, where it causes permeabilization of the endothelial monolayer [6]. 

Our experiments demonstrate that thrombin also inhibits intercellular propagation of Ca2+ waves, and that the inhibition is mainly due to a reduction of PIC, but that also GJIC is reduced. The role of the reduction of IC between corneal endothelial cells in situations of inflammation is not yet clear. However, IC may control the spread and release of inflammatory mediators, thereby coordinating the corneal inflammatory responses. At least in the lung capillary bed, Cx43-dependent intercellular Ca2+ wave propagation conveys the spread of inflammation by controlling expression of inflammatory mediators (P-selectin) [72]. Inhibition of Cx43 by the Cx43-derived Cx-mimetic peptides 43Gap26 or 43Gap27 blocked the increase of lung micro-vascular permeability by thrombin. It therefore seems plausible that Ca2+ wave propagation in corneal endothelial cells via PIC and/or GJIC may also coordinate the inflammatory response of cells in the cornea. 

Our experiments revealed that increased MLC phosphorylation inhibits IC in the corneal endothelium, thereby suggesting a role of contractility of the actin cytoskeleton in the regulation of IC. The role of the actin cytoskeleton and tethering forces for gap junctions is reminiscent of interactions of the cytoskeleton with tight junctions and adherens junctions in the regulation of barrier integrity [94, 105, 93]. However, the block of hemichannels involved in PIC in response to increased actomyosin contraction suggests that the disposition of cortical actin also plays an important role in the functioning and regulation of endothelial hemichannels. In situations of inflammatory stress, which often result in MLC phosphorylation [117, 121, 8, 103], block of hemichannels could be thought of as being a defense mechanism. Thus, such a block could prevent potential “bystander effects” [2, 102] by limiting the release of signaling molecules. While IC could contribute to the spread of inflammatory mediators, thrombin might act as a negative feedback mechanism, limiting the spreading of the response of the cells to inflammation by reducing
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IC. In addition, it is plausible that hemichannel block can have a beneficial effect by preventing disturbances of intracellular homeostasis caused by solute entry/loss through the channels. 

The influence of the organization and/or contractility of the cortical actin cytoskeleton on hemichannels suggests altered activity of hemichannels in response to hypoxia and aging, since under these conditions, the corneal endothelial cells show significant alterations in the actin cytoskeleton, as suggested by polymegath-ism and pleomorphism [48, 127]. 

Our experiments also demonstrated that exposure of BCEC to adenosine, which increases intracellular cAMP through activation of A2B receptors resulting in inhibition of RhoA activation [105], opposes the thrombin effect on IC. Our observations on the effect of adenosine add yet another mechanism to the growing repertoire of defense mechanisms by which adenosine may protect and enhance the physiological functions of corneal endothelium. While adenosine is known to enhance fluid transport [86], to activate cAMP-activated Cl- channels [12, 112]

and to rescue the loss of barrier integrity by reducing MLC phosphorylation [105, 93], our experiments demonstrate that adenosine can influence the coordination of cellular responses to stimuli. Despite the focus of this study on the thrombin-induced inhibition of the IC, our observations have more general implications in that our experiments demonstrated that the action of adenosine in preventing the inhibition of IC by thrombine was mediated via a pathway involving MLC. Since pro-inflammatory molecules can cause MLC phosphorylation, it is plausible that by inducing MLC dephosphorylation, adenosine could be beneficial in overcoming the potential threat to loss of IC concomitant with its ability to rescue barrier integrity. Furthermore, our finding that GJIC is enhanced in response to increase levels of cAMP is supported by a previous finding that HCO -

3 , which activates sol-

uble adenylate cyclase [111], enhances dye coupling in the corneal endothelium

[124]. Our finding that adenosine not only affects GJIC, but also overcomes the thrombin-induced inhibition of hemichannels was surprising. However, it is in line with our findings that the major effect of thrombin on IC is through inhibition of PIC. Improving PIC could be helpful especially for cells that have lost direct contact with neighboring cells. 

 10.4.3 IC Via ATP in Different Cell Types

Together with the major progress in the field of purinergic receptors and characterization of ectonucleotidases, IC via ATP release and its potential physiological relevance, have been examined in a large number of cell types/tissues. It has become clear that, in addition to other mechanisms, hemichannels are an important pathway for ATP release, playing an important role in PIC in a large number of physiological and pathophysiological processes. A brief summary is provided in the Table 10.2. 
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 10.4.4 Physiological and Pathological Significance of PIC in

 Corneal Endothelium and Other Cell Types

In humans, the corneal endothelium is a non-regenerative monolayer [52]. In a number of situations, including mechanical injury (e.g., during intraocular surgery such as phaco-emulsification), aging, Fuch’s dystrophy, inflammation and hypoxia, corneal endothelial cells manifest a significant change in morphology and apoptosis, leading to loss of functional integrity of the corneal endothelial monolayer [35, 11, 14, 13]. Such changes not only affect the integrity of the corneal barrier, but can also decrease IC, thereby hampering the coordinated response of a monolayer of cells to extracellular stimuli. The role of the two modalities of IC (GJIC and PIC) has thus far not been fully elucidated, but our experiments show effects on GJIC and PIC and a possible role of IC in response to mechanical stimuli. 

GJIC can be involved in intracellular homeostasis by exchange of solutes through the gap junction channels, thereby regulating cell growth, proliferation, differentiation and apoptosis [1, 28, 32]. Timely exchange of molecules via gap junctions can protect neighboring cells from cytotoxic substances. This effect has been called

“metabolic cooperation”, “good Samaritan effect” or “kiss of life” [2, 20, 59, 69]. 

Exchange of molecules via gap junctions can also affect neighboring cells by spreading factors that inhibit cell proliferation, or by transferring toxic factors or stimuli of apoptosis to adjacent cells. Spreading of such factors has been called the

“bystander effect” or “kiss of death” [2, 20, 59, 69]. 

Cx-mediated GJIC is involved in the bystander effect [40, 120, 59]. In situations of injury, decrease of GJIC may attenuate the spread of toxic metabolites from injured to healthy cells, or reduce the loss of important cellular metabolites [28]. Cxs are known to function as tumor suppressors and numerous studies have explored restoration of GJIC as a potential therapy against cancer [116]. Gap junctions are down-regulated in many types of cancer, including gliomas, breast carcinoma, and prostate cancers [67, 70]. Transfection of these cells with Cx43 leads to restoration of gap junctions, inhibited tumor growth [130, 71]. 

Also PIC plays an important role in cell growth, differentiation and migration and injury repair. PIC, via extracellular release of ATP, controls the propagation of injury-induced Ca2+ waves in corneal epithelial cells. This effect was due to activation of P2Y receptors, thereby affecting cell migration and proliferation [55, 56], and activating MAPK [126]. Cx-based hemichannels also play an important role in cell death (reviewed in [32]). Hemichannels in the plasma membrane could affect cell death or survival by acting as (i) a pathway for loss of essential metabolites or for uptake of toxic or survival enhancing substances, (ii) a transmembrane transduction signaling pathway and (iii) as a intercellular signaling pathway (see

[31]). Recently, hemichannel-mediated PIC was suggested to regulate the propagation of the cytochrome C-induced apoptotic cell death signal in concert with gap junctions [31]. In C6 glioma cells stably transfected with Cx43, gap junctions mediate the spread of cytochrome C-induced apoptosis in a zone next to where apoptosis was triggered, whereas hemichannels also promoted cell death beyond this area [31]. 
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In addition, Cx43 hemichannels are regulated by the redox potential and oxidative stress. On the one hand, reducing the intracellular redox potential, either by chemical reducing agents like DTT or by intracellular physiological reducing molecules like GSH enhanced Cx43-hemichannel activity [85]. This effect of reducing agents on the opening of Cx43 hemichannels is likely mediated by reduction of intracellular cysteines that are located in the C-terminal tail of Cx43. On the other hand, opening of Cx43 hemichannels is induced by metabolic inhibition or ischemic conditions, which leads to intracellular accumulation of NO, and S-nitrosylation of the three intracellular cysteines located in the C-terminal tail of Cx43 hemichannels [84]. The exact mechanism by which the redox potential and oxidative stress regulates hemichannel opening still remains to be elucidated. It is not definitely clear how reducing agents inhibit the increase in hemichannel permeability caused by oxidative stress during metabolic inhibition, but enhance hemichannel opening under normoxic conditions. This may suggest that the same cysteine residues are substrates of different redox reactions, including formation and reduction of disulfide bonds, cysteine S-nitrosylation, and/or glutathionation

[4]. Alternatively, depending on the Cx43-phosphorylation states, or on the presence of Cx43-interaction partners, the same modifications may lead to different conformational changes or modulation of different cysteine residues. Therefore, it will be essential to identify the physiological function for each of the three cysteine residues in the intracellular tail of Cx43 by site-directed mutagenesis approaches. 

Not only Cx channels play a role in the propagation of factors that inhibit cell proliferation, but also Panx channels, which mainly form hemichannels [9, 10], control inflammatory responses and cell death. Panx1 levels are elevated upon exposure to diverse pro-inflammatory stimuli (e.g., TNF-α, IFN-α, IFN-γ, lipopolysaccharide, cold and systemic inflammation) [104]. Panx1 hemichannels represent the non-selective pore that opens upon P2X7 activation, thereby facilitating the entry of pro-inflammatory molecules into the cytosol required for activation of cryopyrin-dependent inflammosome and caspase-1 cleavage [98, 122, 119, 76, 54, 77]. In addition, it has been shown that a component of IL-1 cytokine release through ATP-dependent activation of P2X7 is dependent on Panx1 [75]. Furthermore, the P2X7/Panx1-protein complex controls the expression of several proteins and participates in wound healing [66]. The link of Panx1 opening with ATP-induced stimulation of P2X7 also contributed to ATP-induced cell death [76]. In addition, in acute glaucoma conditions, Panx hemichannels mediate increased ATP release during retinal pressure elevation, leading to the death of ganglion cells [83]. 

Furthermore, Panx1 activation causes neuronal excitotoxicity during stroke, leading to swelling, Ca2+ dysregulation and ischemic neuronal death in pyramidal neurons, which express endogenous Panx1 [114]. Opening of Panx1 hemichannels at postsynaptic sites [131], is triggered by NMDAR activation, resulting in rhythmic epileptiform-like bursting, which correlates to the bursting observed in epilepsy patients [113]. Finally, the opening of large numbers of hemichannels following ischemia or inflammatory injury may also be involved in pathophysiological cascades leading to cell depolarization, collapse of ionic gradients, loss of small metabolites and elevation of intracellular Ca2+ [104]. 
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In conclusion, Cx and Panx hemichannels form an important pathway for release of ATP. This release contributes to IC in addition to the well-known gap junctional IC. Thus, hemichannels may contribute to bystander and/or good samaritan effects in pathological conditions, even between cells that are disjointed and lack gap junctionial coupling. Further research is needed to investigate factors that regulate the open probability of hemichannels and the role of hemichannels in physiological and pathological conditions in different cell types. A clear distinction should be made between effects that can be attributed to the Cx or Panx hemichannel-mediated IC versus effects of gap junctional IC or effects due to expression and distribution of these proteins in intracellular compartments, such as mitochondria or endoplasmic reticulum. Availability of Panx and Cx isoform-specific agonists and antagonists, and specific hemichannel blockers, in addition to gene abblation, silencing, mutation and protein expression studies, would be very helpful to clarify the role of the hemichannels in physiological and pathological conditions in different cell types and may provide therapeutic tools for treatment of pathological conditions associated with abberant IC. 

Acknowledgments Supported by FWO-Vlaanderen G.0218.03, GOA/2004/07, IAP program 5/05 (BH and JV) and NIH grant R21-EY019119 and Faculty Research Grant, VP of Research, IU

Bloomington, IN (SPS). 

References

1. Abbracchio MP, Burnstock G. (1998) Purinergic signalling: pathophysiological roles. Jpn J

Pharmacol 78:113–45. 

2. Andrade-Rozental AF, Rozental R, Hopperstad MG, Wu JK, Vrionis FD, Spray DC. (2000) Gap junctions: the “kiss of death” and the “kiss of life”. Brain Res Brain Res Rev 32: 308–15. 

3. Anselmi F, Hernandez VH, Crispino G, Seydel A, Ortolano S, Roper SD, Kessaris N, Richardson W, Rickheit G, Filippov MA, Monyer H, Mammano F. (2008) ATP release through connexin hemichannels and gap junction transfer of second messengers propagate Ca2+ signals across the inner ear. Proc Natl Acad Sci USA 105:18770–5. 

4. Aracena P, Sanchez G, Donoso P, Hamilton SL, Hidalgo C. (2003) S-glutathionylation decreases Mg2+ inhibition and S-nitrosylation enhances Ca2+ activation of RyR1 channels. 

J Biol Chem 278:42927–35. 

5. Arcuino G, Lin JH, Takano T, Liu C, Jiang L, Gao Q, Kang J, Nedergaard M. (2002) Intercellular calcium signaling mediated by point-source burst release of ATP. Proc Natl Acad Sci USA 99:9840–5. 

6. Ayala A, Warejcka DJ, Olague-Marchan M, Twining SS. (2007) Corneal activation of prothrombin to form thrombin, independent of vascular injury. Invest Ophthalmol Vis Sci 48:134–43. 

7. Bao L, Locovei S, Dahl G. (2004) Pannexin membrane channels are mechanosensitive conduits for ATP. FEBS Lett 572:65–8. 

8. Blair SA, Kane SV, Clayburgh DR, Turner JR. (2006) Epithelial myosin light chain kinase expression and activity are upregulated in inflammatory bowel disease. Lab Invest 86:191–201. 

9. Boassa D, Ambrosi C, Qiu F, Dahl G, Gaietta G, Sosinsky G. (2007) Pannexin1 channels contain a glycosylation site that targets the hexamer to the plasma membrane. J Biol Chem 282:31733–43. 

190

R. Ponsaerts et al. 

10. Boassa D, Qiu F, Dahl G, Sosinsky G. (2008) Trafficking dynamics of glycosylated pannexin 1 proteins. Cell Commun Adhes 15:119–32. 

11. Bonanno JA. (2003) Identity and regulation of ion transport mechanisms in the corneal endothelium. Prog Retin Eye Res 22:69–94. 

12. Bonanno JA, Srinivas SP. (1997) Cyclic AMP activates anion channels in cultured bovine corneal endothelial cells. Exp Eye Res 64:953–62. 

13. Bourne RR, Minassian DC, Dart JK, Rosen P, Kaushal S, Wingate N. (2004) Effect of cataract surgery on the corneal endothelium: modern phacoemulsification compared with extracapsular cataract surgery. Ophthalmology 111:679–85. 

14. Bourne WM. (2003) Biology of the corneal endothelium in health and disease. Eye 17: 912–8. 

15. Braet K, Vandamme W, Martin PE, Evans WH, Leybaert L. (2003) Photoliberating inositol-1,4,5-trisphosphate triggers ATP release that is blocked by the connexin mimetic peptide gap 26. Cell Calcium 33:37–48. 

16. Bruzzone R, Barbe MT, Jakob NJ, Monyer H. (2005) Pharmacological properties of homomeric and heteromeric pannexin hemichannels expressed in Xenopus oocytes. J Neurochem 92:1033–43. 

17. Bruzzone R, Hormuzdi SG, Barbe MT, Herb A, Monyer H. (2003) Pannexins, a family of gap junction proteins expressed in brain. Proc Natl Acad Sci USA 100:13644–9. 

18. Bruzzone S, Guida L, Zocchi E, Franco L, De Flora A. (2001) Connexin 43 hemi channels mediate Ca2+-regulated transmembrane NAD+ fluxes in intact cells. Faseb J 15:10–2. 

19. Burnstock G. (2007) Physiology and pathophysiology of purinergic neurotransmission. 

Physiol Rev 87:659–797. 

20. Chipman JK, Mally A, Edwards GO. (2003) Disruption of gap junctions in toxicity and carcinogenicity. Toxicol Sci 71:146–53. 

21. Clarke TC, Williams OJ, Martin PE, Evans WH. (2009) ATP release by cardiac myocytes in a simulated ischaemia model: inhibition by a connexin mimetic and enhancement by an antiarrhythmic peptide. Eur J Pharmacol 605:9–14. 

22. Contreras JE, Saez JC, Bukauskas FF, Bennett MV. (2003) Functioning of cx43 hemichannels demonstrated by single channel properties. Cell Commun Adhes 10: 245–9. 

23. Contreras JE, Saez JC, Bukauskas FF, Bennett MV. (2003) Gating and regulation of connexin 43. (Cx43) hemichannels. Proc Natl Acad Sci USA 100:11388–93. 

24. Cotrina ML, Lin JH, Alves-Rodrigues A, Liu S, Li J, Azmi-Ghadimi H, Kang J, Naus CC, Nedergaard M. (1998) Connexins regulate calcium signaling by controlling ATP release. 

Proc Natl Acad Sci USA 95:15735–40. 

25. Cruciani V, Mikalsen SO. (2006) The vertebrate connexin family. Cell Mol Life Sci 63: 1125–40. 

26. Dhondt C, Ponsaerts R, Srinivas SP, Vereecke J, Himpens B. (2007) Thrombin inhibits intercellular calcium wave propagation in corneal endothelial cells by modulation of hemichannels and gap junctions. Invest Ophthalmol Vis Sci 48:120–33. 

27. Dhondt C, Srinivas SP, Vereecke J, Himpens B. (2007) Adenosine opposes thrombin-induced inhibition of intercellular calcium wave in corneal endothelial cells. Invest Ophthalmol Vis Sci 48:1518–27. 

28. De Maio A, Vega VL, Contreras JE. (2002) Gap junctions, homeostasis, and injury. J Cell Physiol 191:269–82. 

29. De Vuyst E, Decrock E, Cabooter L, Dubyak GR, Naus CC, Evans WH, Leybaert L. 

(2006) Intracellular calcium changes trigger connexin 32 hemichannel opening. Embo J 25: 34–44. 

30. De Vuyst E, Decrock E, De Bock M, Yamasaki H, Naus CC, Evans WH, Leybaert L. 

(2007) Connexin hemichannels and gap junction channels are differentially influenced by lipopolysaccharide and basic fibroblast growth factor. Mol Biol Cell 18:34–46. 

31. Decrock E, De Vuyst E, Vinken M, Van Moorhem M, Vranckx K, Wang N, Van Laeken L, De Bock M, DHerde K, Lai CP, Rogiers V, Evans WH, Naus CC, Leybaert L. (2009)

10

ATP Release and Interecllular Communication

191

Connexin 43 hemichannels contribute to the propagation of apoptotic cell death in a rat C6

glioma cell model. Cell Death Differ 16: 151–63. 

32. Decrock E, Vinken M, De Vuyst E, Krysko DV, DHerde K, Vanhaecke T, Vandenabeele P, Rogiers V, Leybaert L. (2009) Connexin-related signaling in cell death: to live or let die? 

Cell Death Differ 16: 524–36. 

33. Dunzendorfer S, Lee HK, Soldau K, Tobias PS. (2004) Toll-like receptor 4 functions intracellularly in human coronary artery endothelial cells: roles of LBP and sCD14 in mediating LPS responses. Faseb J 18:1117–9. 

34. Ebihara L. (2003) New roles for connexons. News Physiol Sci 18:100–3. 

35. Edelhauser HF. (2000) The resiliency of the corneal endothelium to refractive and intraocular surgery. Cornea 19: 263–73. 

36. Eltzschig HK, Eckle T, Mager A, Kuper N, Karcher C, Weissmuller T, Boengler K, Schulz R, Robson SC, Colgan SP. (2006) ATP release from activated neutrophils occurs via connexin 43 and modulates adenosine-dependent endothelial cell function. Circ Res 99:1100–8. 

37. Evans WH, Boitano S. (2001) Connexin mimetic peptides: specific inhibitors of gap-junctional intercellular communication. Biochem Soc Trans 29: 606–12. 

38. Evans WH, De Vuyst E, Leybaert L. (2006) The gap junction cellular internet: connexin hemichannels enter the signalling limelight. Biochem J 397:1–14. 

39. Faigle M, Seessle J, Zug S, El Kasmi KC, Eltzschig HK. (2008) ATP release from vascular endothelia occurs across Cx43 hemichannels and is attenuated during hypoxia. PLoS ONE

3: e2801. 

40. Fick J, Barker FG, 2nd, Dazin P, Westphale EM, Beyer EC, Israel MA. (1995) The extent of heterocellular communication mediated by gap junctions is predictive of bystander tumor cytotoxicity in vitro. Proc Natl Acad Sci USA 92:11071–5. 

41. Gage PJ, Rhoades W, Prucka SK, Hjalt T. (2005) Fate maps of neural crest and mesoderm in the mammalian eye. Invest Ophthalmol Vis Sci 46:4200–8. 

42. Giepmans BN. (2004) Gap junctions and connexin-interacting proteins. Cardiovasc Res 62: 233–45. 

43. Gomes P, Srinivas SP, Van Driessche W, Vereecke J, Himpens B. (2005) ATP release through connexin hemichannels in corneal endothelial cells. Invest Ophthalmol Vis Sci 46: 1208–18. 

44. Gomes P, Srinivas SP, Vereecke J, Himpens B. (2005) ATP-dependent paracrine intercellular communication in cultured bovine corneal endothelial cells. Invest Ophthalmol Vis Sci 46:104–13. 

45. Goodenough DA, Paul DL. (2003) Beyond the gap: functions of unpaired connexon channels. Nat Rev Mol Cell Biol 4:285–94. 

46. Harris AL. (2001) Emerging issues of connexin channels: biophysics fills the gap. Q Rev Biophys 34: 325–472. 

47. Herve JC, Bourmeyster N, Sarrouilhe D, Duffy HS. (2007) Gap junctional complexes: from partners to functions. Prog Biophys Mol Biol 94:29–65. 

48. Holden BA, Sweeney DF, Vannas A, Nilsson KT, Efron N. (1985) Effects of long-term extended contact lens wear on the human cornea. Invest Ophthalmol Vis Sci 26:1489–501. 

49. Huang YJ, Maruyama Y, Dvoryanchikov G, Pereira E, Chaudhari N, Roper SD. (2007) The role of pannexin 1 hemichannels in ATP release and cell-cell communication in mouse taste buds. Proc Natl Acad Sci USA 104:6436–41. 

50. Jiang LH, Mackenzie AB, North RA, Surprenant A. (2000) Brilliant blue G selectively blocks ATP-gated rat P2X(7) receptors. Mol Pharmacol 58:82–8. 

51. John S, Cesario D, Weiss JN. (2003) Gap junctional hemichannels in the heart. Acta Physiol Scand 179:23–31. 

52. Joyce NC. (2003) Proliferative capacity of the corneal endothelium. Prog Retin Eye Res 22:359–89. 

53. Kang J, Kang N, Lovatt D, Torres A, Zhao Z, Lin J, Nedergaard M. (2008) Connexin 43

hemichannels are permeable to ATP. J Neurosci 28:4702–11. 

192

R. Ponsaerts et al. 

54. Kanneganti TD, Lamkanfi M, Kim YG, Chen G, Park JH, Franchi L, Vandenabeele P, Nunez G. (2007) Pannexin-1-mediated recognition of bacterial molecules activates the cryopyrin inflammasome independent of Toll-like receptor signaling. Immunity 26:433–43. 

55. Klepeis VE, Cornell-Bell A, Trinkaus-Randall V. (2001) Growth factors but not gap junctions play a role in injury-induced Ca2+ waves in epithelial cells. J Cell Sci 114:4185–95. 

56. Klepeis VE, Weinger I, Kaczmarek E, Trinkaus-Randall V. (2004) P2Y receptors play a critical role in epithelial cell communication and migration. J Cell Biochem 93:1115–33. 

57. Knight MM, McGlashan SR, Garcia M, Jensen CG, Poole CA. (2009) Articular chondro-cytes express connexin 43 hemichannels and P2 receptors – a putative mechanoreceptor complex involving the primary cilium? J Anat 214: 275–83. 

58. Kondo RP, Wang SY, John SA, Weiss JN, Goldhaber JI. (2000) Metabolic inhibition activates a non-selective current through connexin hemichannels in isolated ventricular myocytes. J

Mol Cell Cardiol 32:1859–72. 

59. Krysko DV, Mussche S, Leybaert L, D’Herde K. (2004) Gap junctional communication and connexin43 expression in relation to apoptotic cell death and survival of granulosa cells. J

Histochem Cytochem 52: 1199–207. 

60. Lampe PD, Lau AF. (2004) The effects of connexin phosphorylation on gap junctional communication. Int J Biochem Cell Biol 36:1171–86. 

61. Li H, Liu TF, Lazrak A, Peracchia C, Goldberg GS, Lampe PD, Johnson RG. (1996) Properties and regulation of gap junctional hemichannels in the plasma membranes of cultured cells. J Cell Biol 134:1019–30. 

62. Limouze J, Straight AF, Mitchison T, Sellers JR. (2004) Specificity of blebbistatin, an inhibitor of myosin II. J Muscle Res Cell Motil 25:337–41. 

63. Lopes-Bezerra LM, Filler SG. (2003) Endothelial cells, tissue factor and infectious diseases. 

Braz J Med Biol Res 36:987–91. 

64. Lucas-Lopez C, Patterson S, Blum T, Straight AF, Toth J, Slawin AMZ, Mitchison TJ, Sellers JR, Westwood NJ. (2005) Absolute Stereochemical Assignment and Fluorescence Tuning of the Small Molecule Tool (-)-Blebbistatin. Eur J Organic Chem 2005:1736–40. 

65. Matsuoka I, Ohkubo S. (2004) ATP- and adenosine-mediated signaling in the central nervous system: adenosine receptor activation by ATP through rapid and localized generation of adenosine by ecto-nucleotidases. J Pharmacol Sci 94:95–9. 

66. Mayo C, Ren R, Rich C, Stepp MA, Trinkaus-Randall V. (2008) Regulation by P2X7: Epithelial Migration and Stromal Organization in the Cornea. Invest Ophthalmol Vis Sci 49(10):4384–91. 

67. Mesnil M. (2002) Connexins and cancer. Biol Cell 94:493–500. 

68. Meszaros K, Aberle S, Dedrick R, Machovich R, Horwitz A, Birr C, Theofan G, Parent JB. (1994) Monocyte tissue factor induction by lipopolysaccharide. (LPS): dependence on LPS-binding protein and CD14, and inhibition by a recombinant fragment of bactericidal/permeability-increasing protein. Blood 83:2516–25. 

69. Mitchell SA, Randers-Pehrson G, Brenner DJ, Hall EJ. (2004) The bystander response in C3H 10T1/2 cells: the influence of cell-to-cell contact. Radiat Res 161:397–401. 

70. Naus CC. (2002) Gap junctions and tumour progression. Can J Physiol Pharmacol 80: 136–141. 

71. Naus CC, Elisevich K, Zhu D, Belliveau DJ, Del Maestro RF. (1992) In vivo growth of C6

glioma cells transfected with connexin43 cDNA. Cancer Res 52:4208–13. 

72. Parthasarathi K, Ichimura H, Monma E, Lindert J, Quadri S, Issekutz A, Bhattacharya J. 

(2006) Connexin 43 mediates spread of Ca2+-dependent proinflammatory responses in lung capillaries. J Clin Invest 116:2193–200. 

73. Patterson S, Lucas-Lopez C, Westwood NJ. (2005) Selective chemical intervention in biological systems: the small molecule tool (S)-(-)-Blebbistatin. In: Hicks MG, Kettner C (eds) The Chemical Theatre of Biological Systems. 

74. Pearson RA, Dale N, Llaudet E, Mobbs P. (2005) ATP released via gap junction hemichannels from the pigment epithelium regulates neural retinal progenitor proliferation. Neuron 46:731–44. 

10

ATP Release and Interecllular Communication

193

75. Pelegrin P, Barroso-Gutierrez C, Surprenant A. (2008) P2X7 receptor differentially couples to distinct release pathways for IL-1beta in mouse macrophage. J Immunol 180:7147–57. 

76. Pelegrin P, Surprenant A. (2006) Pannexin-1 mediates large pore formation and interleukin-1beta release by the ATP-gated P2X7 receptor. Embo J 25: 5071–82. 

77. Pelegrin P, Surprenant A. (2007) Pannexin-1 couples to maitotoxin- and nigericin-induced interleukin-1beta release through a dye uptake-independent pathway. J Biol Chem 282: 2386–94. 

78. Plotkin LI, Manolagas SC, Bellido T. (2002) Transduction of cell survival signals by connexin-43 hemichannels. J Biol Chem 277:8648–57. 

79. Ponsaerts R, D’Hondt C, Bultynck G, Srinivas SP, Vereecke J, Himpens B. (2008) The myosin II ATPase inhibitor blebbistatin prevents thrombin-induced inhibition of intercellular calcium wave propagation in corneal endothelial cells. Invest Ophthalmol Vis Sci 49:4816–27. 

80. Ponsaerts R, D’Hondt C, Srinivas SP, Vereecke J, Himpens B. (2008) Effects of thrombin and adenosine on MLC phosphorylation in bovine corneal endothelial cells studied by confocal immunofluorescence microscopy. Acta Physiologica 192:P0–12. 

81. Praetorius HA, Leipziger J. (2009) ATP release from non-excitable cells. Purinergic Signal, DOI 10.1007/s11302-009-9146-2. 

82. Ransford GA, Fregien N, Qiu F, Dahl G, Conner GE, Salathe M. (2009) Pannexin 1

Contributes to ATP Release in Airway Epithelia. Am J Respir Cell Mol Biol 41(5):525–34. 

83. Reigada D, Lu W, Zhang M, Mitchell CH. (2008) Elevated pressure triggers a physiological release of ATP from the retina: Possible role for pannexin hemichannels. Neuroscience 157:396–404. 

84. Retamal MA, Cortes CJ, Reuss L, Bennett MV, Saez JC. (2006) S-nitrosylation and permeation through connexin 43 hemichannels in astrocytes: induction by oxidant stress and reversal by reducing agents. Proc Natl Acad Sci USA 103:4475–80. 

85. Retamal MA, Schalper KA, Shoji KF, Bennett MV, Saez JC. (2007) Opening of connexin 43 hemichannels is increased by lowering intracellular redox potential. Proc Natl Acad Sci USA 104:8322–7. 

86. Riley MV, Winkler BS, Starnes CA, Peters MI. (1996) Adenosine promotes regulation of corneal hydration through cyclic adenosine monophosphate. Invest Ophthalmol Vis Sci 37:1–10. 

87. Riley MV, Winkler BS, Starnes CA, Peters MI, Dang L. (1998) Regulation of corneal endothelial barrier function by adenosine, cyclic AMP, and protein kinases. Invest Ophthalmol Vis Sci 39:2076–84. 

88. Romanello M, Pani B, Bicego M, DAndrea P. (2001) Mechanically induced ATP release from human osteoblastic cells. Biochem Biophys Res Commun 289:1275–81. 

89. Romanov RA, Rogachevskaja OA, Khokhlov AA, Kolesnikov SS. (2008) Voltage dependence of ATP secretion in mammalian taste cells. J Gen Physiol 132:731–44. 

90. Saez JC, Berthoud VM, Branes MC, Martinez AD, Beyer EC. (2003) Plasma membrane channels formed by connexins: their regulation and functions. Physiol Rev 83:1359–400. 

91. Saez JC, Contreras JE, Bukauskas FF, Retamal MA, Bennett MV. (2003) Gap junction hemichannels in astrocytes of the CNS. Acta Physiol Scand 179:9–22. 

92. Saez JC, Retamal MA, Basilio D, Bukauskas FF, Bennett MV. (2005) Connexin-based gap junction hemichannels: gating mechanisms. Biochim Biophys Acta 1711: 215–24. 

93. Satpathy M, Gallagher P, Jin Y, Srinivas SP. (2005) Extracellular ATP opposes thrombin-induced myosin light chain phosphorylation and loss of barrier integrity in corneal endothelial cells. Exp Eye Res 81:183–92. 

94. Satpathy M, Gallagher P, Waniewski ML, Srinivas SP. (2004) Thrombin-induced phosphorylation of the regulatory light chain of myosin II in cultured bovine corneal endothelial cells. Exp Eye Res 79:477–86. 

95. Scemes E, Spray DC, Meda P. (2009) Connexins, pannexins, innexins: novel roles of "hemichannels". Pflugers Arch 457:1207–26. 

194

R. Ponsaerts et al. 

96. Scemes E, Suadicani SO, Dahl G, Spray DC. (2007) Connexin and pannexin mediated cell-cell communication. Neuron Glia Biol 3:199–208. 

97. Schenk U, Westendorf AM, Radaelli E, Casati A, Ferro M, Fumagalli M, Verderio C, Buer J, Scanziani E, Grassi F. (2008) Purinergic control of T cell activation by ATP released through pannexin-1 hemichannels. Sci Signal 1:ra6. 

98. Schilling WP, Wasylyna T, Dubyak GR, Humphreys BD, Sinkins WG. (1999) Maitotoxin and P2Z/P2X7 purinergic receptor stimulation activate a common cytolytic pore. Am J

Physiol 277:C766–76. 

99. Schock SC, Leblanc D, Hakim AM, Thompson CS. (2008) ATP release by way of connexin 36 hemichannels mediates ischemic tolerance in vitro. Biochem Biophys Res Commun 368:138–44. 

100. Seki A, Coombs W, Taffet SM, Delmar M. (2004) Loss of electrical communication, but not plaque formation, after mutations in the cytoplasmic loop of connexin43. Heart Rhythm 1:227–33. 

101. Seki A, Duffy HS, Coombs W, Spray DC, Taffet SM, Delmar M. (2004) Modifications in the biophysical properties of connexin43 channels by a peptide of the cytoplasmic loop region. 

Circ Res 95:e22–8. 

102. Shao C, Furusawa Y, Aoki M, Ando K. (2003) Role of gap junctional intercellular communication in radiation-induced bystander effects in human fibroblasts. Radiat Res 160:318–23. 

103. Shen L, Black ED, Witkowski ED, Lencer WI, Guerriero V, Schneeberger EE, Turner JR. 

(2006) Myosin light chain phosphorylation regulates barrier function by remodeling tight junction structure. J Cell Sci 119:2095–106. 

104. Shestopalov VI, Panchin Y. (2008) Pannexins and gap junction protein diversity. Cell Mol Life Sci 65:376–94. 

105. Srinivas SP, Satpathy M, Gallagher P, Larivière E, Van Driessche W. (2004) Adenosine induces dephosphorylation of myosin II regulatory light chain in cultured bovine corneal endothelial cells. Exp Eye Res 79:543–51. 

106. Srinivas SP, Satpathy M, Guo Y, Anandan V. (2006) Histamine-induced phosphorylation of the regulatory light chain of myosin II disrupts the barrier integrity of corneal endothelial cells. Invest Ophthalmol Vis Sci 47:4011–18. 

107. Srinivas SP, Yeh JC, Ong A, Bonanno JA. (1998) Ca2+ mobilization in bovine corneal endothelial cells by P2 purinergic receptors. Curr Eye Res 17:994–1004. 

108. Stout CE, Costantin JL, Naus CC, Charles AC. (2002) Intercellular calcium signaling in astrocytes via ATP release through connexin hemichannels. J Biol Chem 277:10482–8. 

109. Straight AF, Cheung A, Limouze J, Chen I, Westwood NJ, Sellers JR, Mitchison TJ. (2003) Dissecting temporal and spatial control of cytokinesis with a myosin II Inhibitor. Science 299:1743–7. 

110. Suadicani SO, Brosnan CF, Scemes E. (2006) P2X7 receptors mediate ATP release and amplification of astrocytic intercellular Ca2+ signaling. J Neurosci 26: 1378–85. 

111. Sun XC, Cui M, Bonanno JA. (2004) [HCO3-]-regulated expression and activity of soluble adenylyl cyclase in corneal endothelial and Calu-3 cells. BMC Physiol 4:8. 

112. Tan-Allen KY, Sun XC, Bonanno JA. (2005) Characterization of adenosine receptors in bovine corneal endothelium. Exp Eye Res 80:687–96. 

113. Thompson RJ, Jackson MF, Olah ME, Rungta RL, Hines DJ, Beazely MA, MacDonald JF, MacVicarr BA. (2008) Activation of pannexin-1 hemichannels augments aberrant bursting in the hippocampus. Science 322. 

114. Thompson RJ, Zhou N, MacVicar BA. (2006) Ischemia opens neuronal gap junction hemichannels. Science 312:924–7. 

115. Tong D, Li TY, Naus KE, Bai D, Kidder GM. (2007) In vivo analysis of undocked connexin43 gap junction hemichannels in ovarian granulosa cells. J Cell Sci 120:4016–24. 

116. Trosko JE, Ruch RJ. (2002) Gap junctions as targets for cancer chemoprevention and chemotherapy. Curr Drug Targets 3:465–82. 

10

ATP Release and Interecllular Communication

195

117. Utech M, Ivanov AI, Samarin SN, Bruewer M, Turner JR, Mrsny RJ, Parkos CA, Nusrat A. 

(2005) Mechanism of IFN-gamma-induced endocytosis of tight junction proteins: myosin II-dependent vacuolarization of the apical plasma membrane. Mol Biol Cell 16:5040–52. 

118. Veltrop MH, Beekhuizen H, Thompson J. (1999) Bacterial species- and strain-dependent induction of tissue factor in human vascular endothelial cells. Infect Immun 67:6130–8. 

119. Verhoef PA, Kertesy SB, Estacion M, Schilling WP, Dubyak GR. (2004) Maitotoxin induces biphasic interleukin-1beta secretion and membrane blebbing in murine macrophages. Mol Pharmacol 66:909–20. 

120. Vrionis FD, Wu JK, Qi P, Waltzman M, Cherington V, Spray DC. (1997) The bystander effect exerted by tumor cells expressing the herpes simplex virus thymidine kinase. (HSVtk) gene is dependent on connexin expression and cell communication via gap junctions. Gene Ther 4:577–85. 

121. Wang F, Graham WV, Wang Y, Witkowski ED, Schwarz BT, Turner JR. (2005) Interferon-gamma and tumor necrosis factor-alpha synergize to induce intestinal epithelial barrier dysfunction by up-regulating myosin light chain kinase expression. Am J Pathol 166:409–19. 

122. Warny M, Kelly CP. (1999) Monocytic cell necrosis is mediated by potassium depletion and caspase-like proteases. Am J Physiol 276: C717–24. 

123. Weber PA, Chang HC, Spaeth KE, Nitsche JM, Nicholson BJ. (2004) The permeability of gap junction channels to probes of different size is dependent on connexin composition and permeant-pore affinities. Biophys J 87:958–73. 

124. Williams KK, Watsky MA. (2004) Bicarbonate promotes dye coupling in the epithelium and endothelium of the rabbit cornea. Curr Eye Res 28:109–20. 

125. Wurmser AE, Nakashima K, Summers RG, Toni N, DAmour KA, Lie DC, Gage FH. (2004) Cell fusion-independent differentiation of neural stem cells to the endothelial lineage. Nature 430:350–6. 

126. Yang L, Cranson D, Trinkaus-Randall V. (2004) Cellular injury induces activation of MAPK

via P2Y receptors. J Cell Biochem 91:938–50. 

127. Yee RW, Matsuda M, Schultz RO, Edelhauser HF. (1985) Changes in the normal corneal endothelial cellular pattern as a function of age. Curr Eye Res 4:671–8. 

128. Yegutkin GG. (2008) Nucleotide- and nucleoside-converting ectoenzymes: Important modulators of purinergic signalling cascade. Biochim Biophys Acta 1783:673–94. 

129. Yen MR, Saier MH, Jr.. (2007) Gap junctional proteins of animals: the innexin/pannexin superfamily. Prog Biophys Mol Biol 94:5–14. 

130. Zhu D, Caveney S, Kidder GM, Naus CC. (1991) Transfection of C6 glioma cells with connexin 43 cDNA: analysis of expression, intercellular coupling, and cell proliferation. 

Proc Natl Acad Sci USA 88:1883–7. 

131. Zoidl G, Petrasch-Parwez E, Ray A, Meier C, Bunse S, Habbes HW, Dahl G, Dermietzel R. 

(2007) Localization of the pannexin1 protein at postsynaptic sites in the cerebral cortex and hippocampus. Neuroscience 146:9–16. 

Chapter 11

Pregnancy Induced Reprogramming

of Endothelial Function in Response to ATP:

Evidence for Post Receptor Ca2+ Signaling

Plasticity

FuXian Yi, Derek S. Boeldt, and Ian M. Bird

Abstract Studies of uterine artery endothelial cells in primary culture (UAEC) have shown that ATP stimulates eNOS activation in cells obtained during late pregnancy (P-UAEC) to a greater extent that in cells obtained in the nonpregnant state (NP-UAEC). While ATP-stimulated intracellular free Ca2+ ([Ca2+]i) in the initial peak is similar, P-UAEC show a greater sustained phase that underlies a greater and more prolonged eNOS activation in uterine artery endothelium. While P2X

and P2Y receptors are both present in UAEC, a number of studies suggest P2Y2

mediates the Ca2+ and eNOS responses to ATP. After the initial [Ca2+]i peak, the sustained phase is a form of Capacitative Ca2+ Entry (CCE) which is dependent on extracellular Ca2+ and fully blocked (along with the initial peak) by blockers of IP3

generation (U73122) or IP3 action (2-APB). One form of channel associated with CCE in an IP3 dependent fashion is the transient receptor potential cation channels (TRPC) family, and particularly TRPC3 and 6. While TRPC3 and 6, and many other proteins involved in the responses (P2Y2, Gq, IP3R1/2/3 and PLC beta3) are all expressed in UAEC, none are expressed at different levels in NP- vs. P-UAEC. 

Nonetheless, immunoprecipitation studies still show that functional association of TRPC3 with IP3R2 in response to ATP in P-UAEC far exceeds that observed in NP-UAEC. We have found that the pregnancy enhanced sustained [Ca2+]i response requires a pregnancy enhanced cell-cell communication via connexin 43 (CX43) Gap junctions. We have also found that the prolonged [Ca2+]i response observed in UAEC is buffered by the mitochondria in a manner further enhanced by pregnancy. 

We conclude that pregnancy adaptation of UAEC function involves reprogramming at multiple levels of cell signaling to prolong [Ca2+]i responses and cell-cell synchronization, thereby greatly enhancing eNOS activation. 
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11.1 Background

In the nonpregnant state the blood flow to the uterus is low, but as the fetus grows, uterine blood flow must increase dramatically to match the progressively increasing demand for nutrients and oxygen [1]. Although growth of new vessels as well as remodeling of existing vessels during early pregnancy contributes to the increased flow, the period of greatest increase in flow occurs after the completion of new vessel growth, so maintenance of vasodilation in existing or newly-developed vessels is probably crucial. It is now clear from studies of both vessels and isolated cells that uterine artery (UA) endothelial nitric oxide (NO) and indeed prostacyclin production by endothelial cells changes in response to growth factors, bradykinin, ATP, and angiotensin II (AII) which elicit a rise in [Ca2+]i and/or activate kinases which in turn activate eNOS and indeed cytosolic phospholipase A2 [8, 18]. The physiologic mechanisms underlying these adaptive responses to pregnancy in UA are clearly complex and although the subject of intense investigation, still not fully understood. Nonetheless, the importance is clear given the mounting evidence that dysfunctional endocrine regulation of endothelial vasodilator production during pregnancy may directly result in preeclampsia and possibly associated growth retardation of the fetus [7, 28]. 

Most early studies of the effects of agonists on UA endothelial function were assayed indirectly through the use of inhibitors such at L-NAME on vessel myogra-phy and/or indirect assay of NO action i.e. assay of cGMP (reviewed in [3]). Before the methods for the isolation of UA endothelial cells and their maintenance in culture were developed, it was generally assumed that pregnancy-specific increases in NO production in response to this broad array of agonists related directly to the increased expression of eNOS observed at this time [20]. Nonetheless evidence for the ability to remap cell signaling within UA endothelium was implied by further in vivo studies performed in different physiologic states. While studies of expression levels of eNOS protein in UA endothelium showed that during the ovarian cycle, the follicular phase is associated with a marginal increase in eNOS expression and systemic NO while pregnancy is associated with a far greater increase in both eNOS

protein and systemic NO [21], further analysis of the UA endothelial eNOS levels and systemic NO∗ levels (by luminescent measurement of NO after conversion from nitrate and nitrite) in pregnancies with singleton, twins and triplets showed that UA endothelial eNOS does not undergo any substantial further increase with number of offspring while NO∗ clearly does [21]. Also, in ovarectomized ewes in response to exogenous steroid, changes in eNOS expression in response to estrogen (E2B) and progesterone (P4) alone or together are not uniformly paralleled by changes in systemic NO [27]. While these studies suggest dissociation between eNOS protein and function in UA endothelium, the use of systemic NO measurements assumes that uterine NO production is the major determinant of systemic NO∗, which may not always be the case. Other studies by Xiao et al [34], however, were more clear

[image: Image 45]
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cut, since both eNOS level and NO∗ were measured pair wise ex vivo. While pregnancy increased eNOS protein levels in the UA endothelium, and hypoxia increased the expression further still, increases in NO∗ were far greater than the associated increases in eNOS protein. 

The development of the in vitro UAEC model in 1996 gave the clearest direct evidence for the ability to remap cell signaling in UA endothelium was largely responsible for enhancement of NO production in vivo. In maintaining NP-UAEC

or P-UAEC to the fourth passage the different expression levels of eNOS are greatly reduced [3] and yet the ability of the cells to produce NO∗ in response to a number of agonists was still clearly different, with P-UAEC production of NO∗ being greater than NP-UAEC [3, 6]. Initial studies also showed that ATP in particular could elicit a strong initial [Ca2+]i response (the first peak within the first minute of a 5 min observation time) in both NP-UAEC and P-UAEC but also that the response in P-UAEC was thereafter generally more sustained above basal (Fig. 11.1), apparently mediated by a G-protein coupled receptor and coupled to Fig. 11.1 Representative average [Ca2+]i responses to ATP (100 μM) in NP- and P-UAEC. Dishes of cells at 70% confluency were imaged ‘full field’ so an average response was obtained for each dish of cells, rather than an individual cell response. Comparison of P-UAEC with NP-UAEC

showed quite clearly the difference in duration of the overall responses over a 30 min period. 

For clarity, data are normalized to the maximum in the initial peak and each data point shown is every 10th data point collected from  n = 8 dishes, each for both NP- and P-UAEC. Lines indicate regression fits for the acute and sustained phases. Note that the up slopes of the initial peaks are virtually identical. The regression lines for the down slopes of the initial peaks begin to disassociate and the regression lines for the sustained phase are completely different, with the sustained phase of the [Ca2+]i response far less pronounced in NP-UAEC. Periods of time referred to as ‘acute’

phase and ‘sustained’ phase are indicated by bars. The arrow indicates the time of addition of ATP

to the dish (90 s)
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PLC Beta. While the initial peak was largely independent of extracellular Ca2+, the subsequent sustained phase (beyond 2 min) was entirely dependent on extracellular Ca2+. Moreover, P-UAEC but not NP-UAEC were capable of rapid (within seconds)

[Ca2+]i oscillations superimposed upon the down slope of the initial [Ca2+]i peak. 

In addition to these observations on the [Ca2+]i response itself, a causal relationship between [Ca2+]i and NO was also implied by a strong correlation between the dose-dependency for [Ca2+]i responses and NO∗ production in NP- and P-UAEC

[6]. A previous review describes these initial studies in more detail [3] and we will not repeat that here. Instead we will now move on to focus on the more recent studies which have gone on to examine the molecular basis of the [Ca2+]i responses in single cells as well as in groups of cells over a longer period of time (30 min of stimulation). We will also relate this to recent data from direct imaging of NO

and [Ca2+]i simultaneously in freshly isolated endothelium. Such additional studies have allowed us to identify the molecular signaling components underlying these events and how pregnancy has altered the Ca2+ signaling pathway to function in a different way to achieve dramatically enhanced eNOS activation during pregnancy. 

11.2 Investigating Differences in P2Y Receptors, G Protein Alpha Subunits and Phospholipase C B3 Expression

in P-UAEC Vs. NP-UAEC

Early studies had suggested a P2Y class receptor was most likely responsible for the [Ca2+]i response [6]. More recent studies have since confirmed that multiple subtypes of P2Y and P2X receptors are present in UAEC [11], but further that the expression levels of those receptor classes coupled to PLC in particular are not significantly different in P-UAEC when compared to NP-UAEC. In spite of the wide range of P2X and P2Y receptor subtypes in UAEC, comparison of

[Ca2+]i responses to a wide range of selective purinergic agonists with differential affinities for members of the P2X and P2Y receptor families have now clearly established that the primary receptor mediating the stimulation of [Ca2+]i itself is indeed P2Y2 [11]. 

At a post receptor level, additional western blot analysis of all G protein alpha subtypes known to couple to the PLC beta signaling pathway further confirmed that Gq, the isoform most likely to mediate this P2Y2 receptor response, is present in equal amounts in both NP- and P-UAEC [11]. Alpha subunit isoforms for Gi, Go, Gs and Gz were also identified, again in amounts that were not different in NP- vs. P-UAEC. At the level of phospholipase C itself, microarray analysis has confirmed that PLC beta 3 isoform is highly abundant and again expressed at similar levels in NP- and P-UAEC [9]. Thus enhanced [Ca2+]i signaling in P-UAEC

is not due to simple changes in P2X or P2Y receptor expression, and the same P2Y2 receptor mediates the effect in each case. We must conclude, therefore, that
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while pregnancy adaptation of signaling must occur at a  post  receptor level, it is not apparently due to simple changes in expression of individual G proteins or PLC itself. 

11.3 IP3 as a Regulator of the Sustained Phase [Ca2+]i Response to ATP

In a preliminary screen, the IP3 receptor antagonist 2-APB was found to not only block the initial [Ca2+]i response that was not dependent on extracellular Ca2+, but also the sustained [Ca2+]i response to ATP which was dependent on extracellular Ca2+. Similar results were seen using the PLC inhibitor U73122, a compound structurally distinct from 2-APB which prevents IP3 generation at the source rather than at its site of action. Given the complete dependence of all aspects of the [Ca2+]i response to IP3 (or more specifically Ins(1,4,5)P3), P2X involvement in the sustained [Ca2+]i phase could be eliminated altogether [30], and the conclusion had to be made that either IP3 receptor was in some way directly involved in controlling the sustained Ca2+ influx or, more likely, the influx from outside was being channeled in a manner sensitive to the IP3-dependent emptying of the ER, possibly through a Store Operated Channel Entry (SOCE)/Capacitative Ca2+ Entry (CCE) type mechanism. Further examination of NP-and P-UAEC [Ca2+]i responses to both Thapsigargin [11] and to ATP [12] in the absence of extracellular Ca2+ and then with subsequent re-addition of Ca2+ back to the extracellular medium confirmed that NP-and P-UAEC were both capable of CCE; removal of Ca2+ from the medium before stimulation with ATP resulted in the complete loss of the sustained phase in UAEC, and subsequent replacement of the Ca2+ only after the initial peak had gone and

[Ca2+]i was down to basal resulted in both a recovery and even some overshoot in the sustained phase [12]. Of note the magnitude of the CCE response to ATP in P-UAEC and NP-UAEC was similar under these non-physiologic conditions [12], but the experiment using Thapsigargin [11] revealed P-UAEC had a greater capacity to respond than NP-UAEC. Thus responses to ATP only utilize a part of the capacity of the cell to respond through CCE type mechanisms. The ability of Thapsigargin to trigger CCE in UAEC also shows that the opening of the channels mediating CCE

can occur independently of P2Y2 receptor occupancy and so are directly responsive to emptying of the ER Ca2+ pool (SOCE, or CCE), such as could occur when IP3 opens IP3-R for any length of time. In addition, studies with either ATP or Thapsigargin revealed that the CCE mediated influx of Ca2+ (on reapplication of Ca2+ to the medium) in each case could be prevented if 2-APB (an inhibitor of IP3

binding to its receptor) was already present, and could also be arrested and even reversed if 2-APB was added after the extracellular Ca2+ [11, 12]. The speed of this action was pretty much instantaneous and subsequent studies (see below) confirmed that indeed 2-APB may be working on a plasma membrane channel mediating CCE

or, more likely, interacting with IP3-R that had docked with plasma membrane Ca2+

channels responsible for CCE, consistent with the findings emerging from other laboratories at that time (reviewed in [4]). 
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11.4 Comparison of the Dose-Dependent Effects of 2-APB

and U73122 on [Ca2+]i and eNOS Activity

Having established that U73122 (an inhibitor of phospholipase C, so blocking IP3

generation) and 2-APB (blocking IP3 action) could completely block the elevation of [Ca2+]i in NP- and P-UAEC, it followed that a comparison of the dose dependency of the effects of 2-APB and U73122 on initial and sustained phase [Ca2+]i alongside a parallel comparison of eNOS activation may prove useful to establish more clearly the causal relationship between the two events. Given that previous imaging of [Ca2+]i in UAEC had often been performed at low cell density, but eNOS activity was also assessed by arginine-citrulline conversion assay in UAEC at 70–80% confluency, [Ca2+]i imaging was performed using cells at the same density. 

Since the activity assay measures the total of all the cells in a dish, [Ca2+]i imaging was also performed using full field measurement, i.e. recording the average [Ca2+]i of many cells, rather than imaging of single cells. As such the initial maximum was measured as the peak of the initial spike, and the sustained phase [Ca2+]i level was measured as the maximum plateau value achieved thereafter [30]. Figure 11.2

illustrates the effect of 2-APB in NP- and P-UAEC. The data shows one striking feature, that in all cases the decline in eNOS activity in the presence of antagonist only occurred at higher doses than the decline in [Ca2+]i, regardless of whether we are referring to [Ca2+]i peak or plateau. This suggests that while [Ca2+]i may play a role in eNOS activation, it may not be the sole regulator. This finding is consistent with other work on kinase regulation of UAEC eNOS activation, and similar observations have also been made in freshly isolated UA endothelium by DAF imaging

[36], namely that 2-APB will fully block ATP-stimulated elevation of [Ca2+]i in freshly isolated P-UA endothelium but not fully block corresponding increases in 2-APB in NP-UAEC
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The effect of 2-APB on the peak [Ca2+]i, maximum of the sustained phase [Ca2+]i and the eNOS

activity as measured by arginine-citrulline conversion are shown. P and NP-UAEC were treated with ATP (100 μM) for 10 min with or without 5 min pretreatment with indicated concentrations of 2-APB. Data are normalized for the different assays by expression as % of ATP response alone ( n = 4–6). Values shown are mean ± SE. (∗ P < 0.05 relative to ATP control response). Figure is modified from that published in [30]
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NO (inhibition ∼60%) – see Fig. 11.3. Closer examination reveals some interesting points. First, while eNOS activity in UEAC may not be directly correlated with the [Ca2+]i level in the cell, there is no doubt that when peak and plateau [Ca2+]i are no longer allowed to increase above basal there is effective inhibition of eNOS

activity, and this is greater still (in fact almost complete) in NP than in P-UAEC. 

This is consistent with reports from other endothelial cells that sustained CCE is necessary for prolonged eNOS activation [19] but also with our previous sugges-tion, not reviewed here, that wortmannin – sensitive kinases in particular may play an increased but still incomplete role in Ca2+-independent eNOS activation during pregnancy over that in nonpregnancy in UAEC [3, 30, 14]. 
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11.5 2-APB as an Effective Inhibitor of Ca2+ Signaling and NO

Production in Endothelial Cells Freshly Isolated

from the Luminal Surface of the UA Ex Vivo

The development of imaging methods to detect NO production and [Ca2+]i simultaneously in freshly isolated UA endothelium provides a powerful means to monitor cell function in the very cells that perform the vasodilation response in vivo. In these studies, the pharmacological agonists ionomycin (calcium ionophore) and Thapsigargin (an endoplasmic reticulum Ca2+ pump inhibitor), were used to maximally elevate [Ca2+]i above the physiologic range, and so fully activate eNOS in a receptor independent manner as a measure of total eNOS expression [36]. The corresponding NO production stimulated by ionomycin (5 μM) vs TG (10 μM) were similar at 1.95 /2.05 fold respectively in endothelium from late term pregnant ewes and 1.34/1.37 fold in endothelium from ewes synchronized to the follicular phase when compared to control responses determined in endothelium from ewes in the luteal phase. In contrast, the physiologic agonist, ATP (100 μM), stimulated a 3.43 fold increase in NO in endothelium from pregnant ewes, and 1.90 fold in endothelium from follicular phase ewes when expressed normalized to the response observed in the luteal phase [36]. This once again suggested that during pregnancy and in the follicular phase, eNOS activation is enhanced beyond simple changes in expression of eNOS protein in vivo. Of further relevance here, however, is the observation that the extent to which [Ca2+]i rose in the sustained phase of the response to ATP was a closer indicator of the extent to which NO was increased (Fig. 11.3). 

In addition, studies performed in endothelium freshly isolated from pregnant ewes showed that 2-APB could totally prevented the ATP-induced [Ca2+]i response, just as it had in UAEC in culture, but could not completely inhibit NO production (Fig. 11.3), consistent with findings in UAEC in primary culture. This is a particularly important observation since it strongly implies the observations made in UAEC are directly relevant to the situation observed in the intact endothelium in vivo. 

11.6 The Case for TRPC Channels as Mediators of CCE

in UAEC

Of further relevance to the actual mechanism of Ca2+ influx from outside the cell, a striking finding using 2-APB in P-UAEC is that the Ki for inhibition of the

[Ca2+]i plateau is almost a log unit lower than that for inhibiting the initial release from the ER. Indeed the Ki for the inhibition of the initial peak is actually that expected for IP3-R inhibition (6−7 μM) while that for inhibition of [Ca2+]i plateau is closer to 1 μM. Assuming the effects to be on the IP3-R itself this can be inter-preted in two possible ways. The first is that following the initial peak the IP3-R

is altered in some way (phosphorylation, calmodulin binding, or binding another protein) that raises its affinity for 2-APB. The second is 2-APB binds another
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related protein with higher affinity and this protein is involved in Ca2+ influx. Of direct relevance, a newly described family of proteins (TRPC) are now increasingly implicated as mediators of Ca2+ influx in many cells [38] including endothelial cells (Reviewed in [24]), and interactions of IP3-R with TRPC have more recently been described in several cells [5, 17, 23, 25]. Further, a recent report proposed evidence that 2-APB binds TRPC with a higher affinity than IP3-R and inhibits Ca2+ influx to cells [4]; it remains unclear, however, if 2-APB binds directly on TRPC itself or, more likely, that 2-APB binds to IP3-R with higher affinity once TRPC binds IP3-R and so has in turn altered IP3-R conformation. Either mechanism would explain how ATP stimulated Ca2+ influx during the sustained phase was immediately and completely blocked by 2-APB. Nonetheless, studies on the effects of Thapsigargin on [Ca2+]i in UAEC [11] are at least supportive of the activation of TRPC by emptying of the ER stores, an event known to be sensed by IP3-R. 

Thapsigargin is known to elevate [Ca2+]i by promoting leakage of Ca2+ from the ER through the inhibition of reuptake. The effects of Thapsigargin to empty the ER

should be complete within just a few minutes yet the effect on [Ca2+]i in UAEC

are particularly long lasting – as long as 60 min elevation of [Ca2+]i before a return to basal levels [11]. Nonetheless in the absence of extracellular Ca2+ this is dramatically blunted to a smaller (∼30% maximum) response lasting ∼20 min. Thus the capacity of the ER itself is not unusually excessive, and the prolonged [Ca2+]i response in normal medium must involve a mechanism that is greatly dependent upon prolonged Ca2+ influx. Whether emptying of the ER promotes IP3-R binding to TRPC to allow direct Ca2+ entry to the cytosol or alternatively the two form a pipe to allow direct refilling of the ER, so sustaining the ER capacity to function, is unclear from these studies alone. Either way, however, the behavior of the plasma membrane Ca2+ channels activated in response to emptying of the ER in UAEC, and mediating a CCE type response in a manner sensitive to 2-APB inhibition, strongly implicates TRPC channel involvement. 

11.7 Evidence for Enhanced TRPC3-IP3R-2 Functional Interaction in P-UAEC

The proposal that TRPC type channels are involved in the sustained CCE phase of [Ca2+]i response to ATP in UAEC is given some further support by the observation that transfection of TRPC3 into bovine pulmonary artery endothelial cells allowed the induction of a more sustained Ca2+ entry in response to ATP, bradykinin and intracellular IP3 where no such response occurred before [16]. A subsequent survey of NP- and P-UAEC using antisera specific to different TRPC subtypes has clearly identified the presence of TRPC3 and TRPC6 [12]. In addition the presence of IP3-R1, IP3-R2 and IP3-R3 in UAEC were also confirmed [11]. Of interest, however, there were no apparent differences in the level of expression of any of these proteins in NP- vs P-UAEC. Nonetheless it was intriguing to note that
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Fig. 11.4 Immunoprecipitation evidence for IP3R2 interaction with TRPC3 in NP- and P-UAEC. 

P- and NP-UAEC were stimulated with 100 μM ATP for 8 or 19 min, after which immunoprecipitation of IP3R2 was performed. Western blots of recovered protein were probed for TRPC3

and IP3R2. The graph depicts the ratio of TRPC3 in the elutions to TRPC3 in the whole cell lysates, representing fold enrichment. Data are expressed as mean±SE.  n = 4.  P = 0.05. ∗ denotes significant difference from unstimulated control. IgG control values are also shown to verify the specificity of the IP3R2 antisera. All data are modified from that published in [12]

association between IP3R2 and TRPC3 was observed by immunoprecipitation in NP- and P-UAEC and, more importantly, this association was only increased after ATP stimulation of P-UAEC but NOT in the case of NP-UAEC (Fig. 11.4) [12]. 

These observations confirmed for the first time the direct interaction of IP3R2 with TRPC3 in UAEC and also showed that this specific interaction was selectively enhanced by pregnancy. The key to further understanding the pregnancy specific difference in CCE was in identifying at what level this association was being facilitated in P-UAEC that was comparatively lacking in NP-UAEC. The answer to this question has since been found to be in the pregnancy specific control of cell-cell communication. 

11.8 Evidence that UA Endothelial Cells Communicate and Coordinate Their Function Via Gap Junctions

The first study that suggested cell-cell communication occurred in UAEC came from a comparison of the signal responses of UAEC at passage 4 to those of small groups of freshly isolated cells (initially performed to ensure the pregnancy specific changes in cell signaling we observed were a true reflection of events in vivo

[9]). Studies of the enhancement of ERK phosphorylation and the more sustained nature of the [Ca2+]i responses in cells freshly isolated from pregnant ewes were all consistently observed as previously reported for cultured cells [3, 6]. However, 
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the surprise was in the nature of the [Ca2+]i responses observed in groups of cells. 

Previous studies had reported rapid [Ca2+]i oscillations in single cells but observations of groups of cells had not been made prior to that time. Since the prior imaging technique was photometry (i.e. simply measures total light output from the view field without actually ‘imaging’ pixel by pixel) then it was assumed any oscillations of single cells in a crowd would be lost in the noise of unsynchronized responses. 

However when groups of freshly isolated endothelial cells from P-UA comprising patches of 12–25 endothelial cells at a time were imaged there was indeed evidence of synchronous peaks of [Ca2+]i and a pregnancy related difference in their likelihood. At doses of ATP from 30 to 300 μM almost half the observations of cells from pregnant ewes showed synchronous and regular periodic oscillations similar to those reported previously in P-UAEC, while in fresh cells from NP ewes only 1/22

recordings showed periodic oscillatory behavior [9]. This was consistent with observations of single cells at passage 4 and suggested that cells may communicate and synchronize their oscillations in vivo. There are several profound physiologic implications of this phenomenon, including the recruitment of increasing numbers of cells to provide vasodilator synthesis, the fact such events may be agonist-specific. 

Furthermore it raised the intriguing possibility of ‘digital’ communication between cells and further that distributing vessels of the uterus may be able to communicate with resistance level vessels and vice versa, independently of the direction of blood flow. 

In order to further address the possibility of cell-cell communication and synchronization, further studies using digital video imaging system to examine UAEC

responses to ATP at low (20%), intermediate (70%, our normal density in the past) and high density (100%) have been performed, and recording times extended to 30 min [37]. Such studies have clearly shown that increased cell density is associated with a greater number of cells responding to ATP, and further that cells treated at high density with ATP can oscillate synchronously in groups with P-UAEC > NP-UAEC. A more subtle difference for the response to ATP was the ability of the oscillatory response to show sharply localized [Ca2+]i bursts separated by a return to basal level (Fig. 11.5a). The number of ‘bursts’ in a given 30 min observation period in response to ATP was found to be greater in pregnancy. In particular, while the number of cells responding with the initial spike of [Ca2+]i that is already dependent on release of Ca2+ from the ER is only marginally density dependent for ATP

in NP and P-UAEC, the ability to show higher numbers of subsequent bursts in the CCE phase of the remaining 30 min is far greater in P- than in NP-UAEC. Indeed cells from pregnant ewes have  twice  the likelihood of showing 5 bursts in 30 min than the nonpregnants at the 100% density seen in vivo [37] (Fig. 11.5b). This is perhaps the most physiologically relevant observation in this field made to date since (1) it relates to cells at the most physiologic density, i.e. confluent at 100%, (2) even if NO secretion per second was not greater in P than in NP UA endothelium, a more sustained level of NO production would maintain chronic vasodilation more effectively, and (3) a greater frequency of ‘bursts’ over a longer period of time could sustain signal propagation between cells more effectively via Gap junctions. 
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∗ P < 0.05. Figure is modified from that published in [37]

11.9 Evidence for Expression of CX43 in UAEC and its Role in Mediating Cell Synchronization Through Formation of CX43 Gap Junctions

In view of the findings of cell synchronization, Yi and coworkers sought to identify the means by which this may occur. In most instances of such behavior in endothelial cells in particular, the mediator is often a Gap junction comprised of a complex of members of the Connexin family. There are several members that may form hemichannels on the plasma membrane (to act as pores to release small molecules), 
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or they may dock with each other in macromolecular arrays joining two adjacent cells and so create a cluster of transmembrane pores (Gap junctions) that link the cytosols of the adjacent cells. Investigation of the possible involvement of the 37, 40, and 43 Kd isoforms that are most commonly seen in endothelial cells [15] revealed only the clear presence of the 43 Kd isoform by Western blot. Furthermore, CX43

was detectable at both native and elevated apparent molecular weight [37], implying the CX43 could be subject to phosphorylation and so potential regulation by kinases. 

Confirmation that the CX proteins expressed in UAEC were indeed forming true Gap junctions rather than hemichannels was demonstrated by the finding that scrape loading of a high density cell monolayer with Lucifer yellow dye promoted dye entry alongside the cut in the cell monolayer, but not generally across all the cells

[37]. Hemichannels on the surface of every cell alone would simply have allowed uniform dye entry to the entire monolayer independent of the cut, while only true Gap junctions would give the result observed with dye entry only to cells adjacent to the cut site. Further evidence for the formation of true Gap junctions by CX43 itself was achieved using peptides of sequences encoding the extracellular loop regions of the different CX isoforms. In docking to make Gap junctions, CX proteins bind each other via extracellular loops, and peptides made from copies of these same sequences can competitively interfere with the coupling process. Communication via a true Gap junction is then lost, while function through a pore on the surface of the cell to release agents to the extracellular space remains unaltered. We have found that a peptide to the CX43 sequence (SRPTEKTIFII – termed GAP27) is completely successful in preventing cell synchronization and further has a profound effect in preventing long term [Ca2+]i burst responses to ATP at high cell density. In contrast, other classes of GAP peptides encoding sequences of CX40 or 37, or a scrambled version of CX43 GAP27 were ineffective [37]. Thus CX43 alone mediates inter-cell communication of relevance to [Ca2+]i signaling, and further that such communication in the form of true Gap junctions is critical to long term [Ca2+]i bursts (see Fig. 11.5b). In addition, GAP27 will inhibit the burst pattern of both P-UAEC and NP-UAEC down to a common lower level. It is not clear at this time if the CX43

Gap junctions transport Ca2+ or IP3 itself, but either way there are two important conclusions that can be drawn concerning pregnancy adaptation of cell signaling in UAEC, namely: (1) while such bursts of capacitative entry may be a function of TRPC/IP3R interaction, this process is in turn regulated by CX43 Gap junctions, and (2) pregnancy specific enhancement of this burst activity is not regulated at the level of CX43 expression but instead is regulated by pregnancy specific enhancement of Gap junction function. Given the additional finding that this same GAP27

peptide also inhibits the activation of eNOS in P-UAEC and NP-UAEC down to a common level [12], it is possible to conclude that while the molecular means by which pregnancy enhances NO production is indeed through an associated increase in capacitative entry in UAEC at the level of IP3R2-TRPC3 interaction, this process is only increased because of the pregnancy enhancement of CX43 GAP junction communication. 
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11.10 Reprogramming of the UA Endothelial Cells Also Occurs at the Level of the Mitochondria

Discovery that pregnancy control of Gap junction communication is the means by which the potential for interaction of IP3-R with TRPC3 is regulated is clearly a substantial advance, yet there are clearly other factors involved in pregnancy adaptation of UAEC cell signaling. It is apparent in a number of cells that the mitochondria can ‘communicate’ with the ER and influence its ability to respond to agonists, and recent evidence suggest this may occur in UAEC. Treatment of the UAEC with carbonyl cyanide m-chloro phenyl hydrozone (CCCP) to inhibit mitochondrial function limits the increase in [Ca2+]i in response to Thapsigargin or ATP [35]. This effect, however, was not due to a collapse of ATP levels within the cell, at least in the time period studied. This effect was also not due to a change in mitochondrial Ca2+ uptake. Of particular relevance here, the P-UAEC are more resistant to this effect of CCCP on [Ca2+]i than NP-UAEC, suggesting that pregnancy is perhaps altering mitochondrial function itself. This is intriguing and the importance of this functional adaptation to pregnancy may indeed be substantial, given that families with a heritable disorder of mitochondrial function are also seen to display preeclampsia like symptoms during pregnancy

[26, 32]. 

11.11 Future Studies

Given the evidence that CX43 is phosphorylated in UAEC, further study of the endocrine events that result in changes in permeability of CX43 through phosphorylation are clearly warranted. It will be no surprise that these studies are ongoing in our laboratory at this time. Likewise the ability to directly image NO in  individual cells of the intact UA endothelium while still attached to the vessel has now been achieved and the examination of [Ca2+]i bursts and synchronization of endothelial cell function is underway ex vivo. A third area of interest is the question of mitochondrial adaptation in pregnancy. While it is clear the mitochondria can effect the

[Ca2+]i response to agonists, the exact mechanisms remains unknown. Nonetheless it is noteworthy that TNF-alpha, known to be elevated in preeclampsia, is capable of damaging UAEC through excess reactive oxygen species generation (Yi, unpublished) as expected. Further studies into the question of whether TNF-alpha impairs ATP-stimulated [Ca2+]i and, if so, if this is mediated through damage to the mitochondria is of particular relevance. It is our hope that as such combined studies further reveal the molecular components of the [Ca2+]i signaling pathway in UAEC

and the manner by which pregnancy acts to alter their function, it will become possible to identify pharmacologic targets for clinical therapy of signaling dysfunction in pregnancy associated diseases. More specifically, it is already clear that preeclampsia is in part characterized by a failure of the endothelium to adapt its function. 

Observations in hand vein endothelial cells [22] and umbilical vein endothelial cells

[29] suggest those subjects with preeclampsia show a blunted [Ca2+]i response just

11

Pregnancy Induced Reprogramming of Endothelial Function in Response to ATP

211

like that observed in NP-UAEC and those with healthy pregnancy show responses like that in P-UAEC. It is also noteworthy that in ‘normal’ HUVEC at least, P2Y2

receptor protein is expressed [10] and functionally coupled to [Ca2+]i signaling

[10, 31], PLC beta 3 is present [2], and both TRPC3 [13] and CX43 [33] protein expression have been reported in HUVEC preparations. Thus all the components present in UAEC, whose interaction is adapted during pregnancy to achieve maximal [Ca2+]i sensitive eNOS activation, are also present in HUVEC. The translation of the studies described above on UAEC into the HUVEC culture model, as well as the parallel imaging of [Ca2+]i and NO in single cells still attached to the luminal surface of freshly isolated vessels from normal and preeclamptic pregnancies could yield invaluable insight into the mechanistic failures associated with this disease, and a useful model to subsequently test treatments that could restore more normal function. 
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Chapter 12

Purinergic Signalling in Pancreatic Islet

Endothelial Cells

Leif Jansson, Eva Grapengiesser, and Bo Hellman

Abstract Both the microvascular endothelium and the endocrine cells in the pancreatic islet can release and react upon ATP. In support for the idea that intermittently released ATP, related to exocytosis of insulin secretory granules, affects the secretory activity of the capillary endothelium, we have demonstrated that isolated endothelial cells respond to activation of P2Y2 receptors with pronounced and extended rises of [Ca2+]i. The presence of such ATP effect is consistent with reports that β-cells regulate the blood flow within islets, where adenosine is a key mediator, and that the endothelial cell produce pro-angiogenic and angiostatic factors. In β-cells down-regulation of P2Y1 receptors results in disappearance of the transients of [Ca2+]i supposed to entrain these cells into a common rhythm. Since the islet endothelial cells respond to activation of P2Y2 receptors with extended elevation of

[Ca2+]i, it is likely that the accompanying release of ATP is prolonged. Accordingly, the endothelial cells may have a tonic inhibitory action on the coordination of islet release pulses. 

Keywords Adenosine · Arteriole · ATP · β-cells · Ca2+ oscillations ·

Capillaries · Endothelium · Insulin · Islet blood flow · Pancreas · Pancreatic islets · Purinergic signaling · P2X receptors · P2Y receptors · UTP

12.1 Introduction

Purines and pyrimidines released to or formed within the extracellular space serve as signalling molecules in many organs of the body by acting on one or several ionotropic P2X and metabotropic P2Y receptors [11]. The purinergic receptors L. Jansson (B)
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are present on different types of vascular cells. The endothelial cells have high expression of P2Y1, P2Y2 and P2X4 receptors, medium expression of P2Y6 receptors and possible expression of P2Y11 receptors [11]. Also vascular smooth muscle cells (VSM), and adventitial cells, have purinergic receptors that enable purines and pyrimidines to induce contraction or dilation of VSM [24, 64]. 

External ATP has organ-specific effects on vascular endothelium. In the present review evidence is presented that purinoceptor-mediated interactions between islet capillaries and endocrine cells are key factors for coordinating glucose metabolism of the β-cells with blood flow responses and insulin release. Recent findings emphasize the importance of the islet microvasculature for the functions of this highly complex micro-organ, which crucially depends on ATP as a signalling molecule [37]. 

12.2 ATP and Vascular Endothelium

 12.2.1 General Aspects on Vascular ATP Signalling

External ATP affects the vascular tone through several mechanisms. Released as a co-transmitter from perivascular sympathetic nerves ATP acts on P2 receptors causing VSM contraction [12]. ATP can also be released from endothelial cells during changes in blood flow (mainly increased shear stress) or hypoxia to act on endothelial P2X and P2Y receptors which results in release of nitric oxide (NO) with vasodilation [11, 86]. A third possibility for ATP to affect local circulation is release of purines from erythrocytes and granulocytes [23]. Local production of ecto-nucleotidases helps to modulate the effects of ATP [87]. These mechanisms will be discussed further below with special emphasis on islet endothelium. 

In addition to controlling the vascular tone, external ATP and its degradation products have important long-term actions on endothelial and smooth muscle cell proliferation, differentiation, and death [10, 24, 26]. Recent studies on islet vasculature suggest that interactions between endocrine cells, nerves and endothelial cells may be important for the phenotype properties of parenchyme cells [47, 48, 55]. 

 12.2.2 External ATP Generates and Propagates Ca2+ Signals

 in Microvascular Endothelium

The responses of microvascular endothelial cells are highly heterogenous in space and time [56]. Thus, there are functional differences not only between endothelium from large blood vessels and microvascular endothelium, but also with regard to the organs involved. All types of microvascular endothelial cells studied so far respond to ATP with increase of [Ca2+]i [20, 83]. The elevation of [Ca2+]i is known to initiate a number of processes [83], including release of vasoactive NO, endothelium-derived hyperpolarizing factor (EDHF) and prostacyclin [6, 57, 81]. Constitutive
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nitric oxide synthase, activated by the Ca2+-calmodulin complex [57], is present in islet capillaries and an essential regulator islet blood flow [80]. ATP is a secretory product of endothelium. Indeed, regenerative release of ATP is known to propagate stimulatory Ca2+ signals between the endothelial cells [13, 40]. The observation that external ATP induces oscillatory [Ca2+]i in capillaries and arterioles adds further weight to the argument that microvascular endothelium has a synchronizing effect on adjacent cells. Changes in endothelial [Ca2+]i have profound effects on release of vasoactive substances, and consequently on regional microcirculation. As referred to below addition of ATP increases [Ca2+]i in the pancreatic islet endothelium. 

12.3 ATP and the Pancreas

 12.3.1 Purinergic Nerves and Pancreas

Pancreatic exocrine secretion is regulated both by neural and hormonal factors, including external ATP [66, 68]. Moreover, multiple functional P2X and P2Y receptors have been identified in pancreatic duct cells [58, 68] and found to modify the exocrine pancreatic secretion. It is not yet clear whether the nucleotides are exerting their effects through autocrine, paracrine, or neuronal mechanisms. The pancreatic islets possess a rich innervation, which comprises parasympathetic, sympathetic, purinergic as well as sensory nerves [1, 74]. It has been suggested that islets constitute paraneurons ensheathed in Schwann cells [82]. The various types of islet nerves are known to modulate the hormone secretion and blood perfusion of the islets. 

 12.3.2 Effects of ATP and Adenosine on Exocrine Pancreatic

 Arterioles

Measurement of pressure during perfusion of the isolated rat pancreas made it possible to assess the vascular dilation or constriction in the arterioles. Using this approach it was found that the effect of ATP reflected the balance between P2Y-receptor mediated vasodilation and P2X-mediated vasoconstriction [39]. On the other hand adenosine was found to be an unequivocal dilator of arterioles in the exocrine pancreas [4, 17]. 

 12.3.3 Anatomy of the Pancreatic Islets

Pancreatic islets consist of different types of cells located in aggregates of varying sizes with a diameter up to 400 μm. In the human pancreas there is 1–2 × 106 islets containing insulin-producing β-cells and to a lesser extent of glucagon-producing α-cells and somatostatin-producing δ-cells. All islets possess a dense vascular network with fenestrated capillaries [72]. Each β-cell, 

[image: Image 46]
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and presumably also the other endocrine cells have contact with at least one capillary [7]. 

 12.3.4 Islet Vascular Anatomy

There is a direct and separate arteriolar flow to the islets (Fig. 12.1), implying that the islets can regulate their blood perfusion separately from that of the exocrine parenchyma. Normally islet blood flow is 5–10 times higher than that in the exocrine parts [9]. Besides mediating transport of nutrients and hormones, the islet endothelium also affects a number of processes (Table 12.1) including the differentiation of endocrine islet cells during development [50, 54], and in adults the regulation of β-cell proliferation [48]. It is likely that the basement membrane of islet capillaries has a special role in this context, due to differences in molecular composition and integrin expression compared to exocrine capillaries [49, 65]. It was recently shown that humans have a fused basement membrane between the islet endothelial and endocrine cells, constituting a blood-islet barrier. [84]. The functional importance of this is unknown. We have preliminary results suggesting that rodent islet endothelium, like bone marrow and liver sinusoidal endothelium, produces the protein stabilin-1, a marker for fagocytotic endothelia [31]. This suggests that there is a need for protection of the islet endocrine cells against direct contact with the blood stream, although the mechanisms may differ between species. 

Islet endothelial cells are difficult to study in vitro, due to dedifferentiation upon culture [59, 72, 73]. It is known from transplantation experiments, that freshly isolated islets are revascularized by endogenous endothelial cells [71]. However, cultured islets require host endothelial cells to form a new vascular system. 

Fig. 12.1 Schematic drawing of the vasculature in the pancreas. Arterial blood flow is separate for the endocrine and exocrine parenchyma, and 5–10% is diverted to the islets. Note that the islets comprise only 1% of the pancreas, which means that their blood perfusion is 5–10 times higher than that of the exocrine gland. An unknown quantity, mainly in larger islets, flows through an insulo-acinar portal system, before being emptied into veins. The blood flow regulation occurs in the pre-capillary circulation
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Table 12.1 Features of islet endothelial cells compared to those in exocrine pancreas. See text for details

Exposed to high blood flow

[9, 45]

High production of and sensitivity to endothelium-derived relaxing and

[52, 80]

constricting factors; e.g. nitric oxide and endothelin-1

Different types of surface receptors

[72]

Different production of pro-angiogenic and angiostatic peptides; 

[55, 59, 70]

e.g. VEGF-A and thrombospondin-1, basic fibroblast growth factor Regulates β-cell proliferation by growth factors and provides a niche for

[48, 50]

β-cell growth

Transgenic animals with impaired glucose tolerance often show altered

[2, 55]

capillary morphology

Both the islet vasculature and blood flow are affected in animal models of type 2 diabetes. It has been suggested that islet vascular defects, including impaired signaling between β- and islet endothelial cells, adversely affect the endocrine function in human diabetes [45, 53]. The adaptor protein Shb is associated with and relays signals from VEGF-activated VEGFR2. The resulting stimulation of the PI3-kinase with activation of FAK in concert with Src promote cytoskeletal rearrangements [41]. 

 12.3.5 Blood Flow Direction in the Islets

Despite species differences most islets are usually supplied with arterioles separate from those to the exocrine pancreas (Fig. 12.1). Each islet receives 1–3 arterioles, which branch into fenestrated capillaries. An important issue is how the arterioles enter the islets. A summary of this debate has been provided [9]. Briefly, it was claimed that the arterioles enter through discontinuities in the islet periphery lacking β-cells and branch into capillaries. This has led to the hypothesis that the arterial blood first reaches β-cells, in the core of the islets providing high concentrations of insulin to α- and δ-cells. Glucagon from α-cells mainly affects the adjacent δ-cells. 

Accordingly, there is a preferential flow direction through the islets important for paracrine interactions between islet cells [78]. However, other morphological data indicate that the arterioles branch into capillaries before the entry into the islets [9]. 

A third theory is that the cellular order of blood perfusion varies between the species, depending upon islet cytoarchitecture [9, 33]. We recently developed a technique to perfuse large single rodent islets (Fig. 12.2), and found that the branching occurs outside the islets. However, it cannot be excluded that arterioles in some large islets can enter the central parts of the islets [69]. 

The absence of arterioles within the islets would exclude the possibility of islet blood flow regulation by direct actions of islet metabolites and/or hormones on VSM in the blood vessel wall. It is possible that endocrine cell metabolism, which is known to affect islet blood flow [17], must affect the endothelial cells, which then retrogradely informs the arterioles about the need for vasoconstriction or
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Fig. 12.2 (a) Isolated islet

attached to a holding pipette

( left) with an arteriole

cannulated via a perfusion

pipette ( right). (b) Structure

of the islet arteriole (diameter

25 μm). The endothelial cell

lining clearly demarcates the

vessel lumen. The periphery

of the arteriole wall contains

vascular smooth muscle

(VSM)

vasodilation. In a recent set of experiments a real-time, multidimensional imaging technique allowed the study of the islet blood flow and its direction in vivo [69]. 

A flow from pole-to-pole was found in some islets, and centripetal flow in others. 

These observations support the idea of a difference in blood flow pattern between islets in the same animal. It is not known if an islet can change its flow pattern or not, even if this is likely to be the case. 

The drainage of the islets is accomplished directly through veins, as seen in large islets, but also by an insulo-acinar portal system [8]. Especially the latter is the subject to large species variations, and the functional importance is unclear. Evidence has been provided that the portal system allows exposure of peri-insular acini to high concentrations of islet hormones [25, 38], and hereby resulting in an increase in their protein synthesis. Taken together available data suggest that precapillary VSM in the arterioles is the most important site for islet blood flow regulation, and that postcapillary venulae contribute little, or not. 
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 12.3.6 Islet Blood Flow Regulation

As mentioned above the pancreatic islets possess an autonomous blood flow regulation (Fig. 12.1). Although the islets constitute only approximately 1% of the pancreas they account for 5–10% of total pancreatic blood flow [9, 45]. The mechanisms for regulation of islet blood flow are complex and multifactorial, but especially influenced by the ambient blood glucose concentration [9, 45]. Other factors of importance include metabolism- and endothelium-derived factors, such as adenosine, ATP and nitric oxide, as well as neurogenic modulation by sensors located to vascular bed of the brain, intestines and liver [17, 45, 72]. The islet blood flow is closely coupled to the β-cell glucose metabolism and the accompanying release of insulin. After food intake, the glucose receptors in the brain

[46], intestine [15] and liver [16] transiently stimulate the islet blood flow, mainly through the parasympathetic nerves [46]. During hyperlipidemia there is instead an activation of the sympathetic nervous system, which increases islet blood flow mainly through β3-adrenoceptors (unpublished observation). However, within a few minutes glucose-stimulation of the β-cell metabolism generates islet blood flow increase, with adenosine as the main vasodilator [17]. We have recently been able to perfuse single islets with intact afferent arterioles (Fig. 12.2) [51, 52, 67]. The results confirm that adenosine has a direct dilatory effect on arterioles [51]. So far preliminary studies on intraluminally administered ATP have demonstrated a vasoconstrictive effect when given at 100 μM (Fig. 12.3). This contrasts to the ATP-effects in skeletal muscle circulation, where it mediates exercise hyperaemia

[21, 61]. 

It is known that endothelial cells in capillary networks communicate via gap junctions [42]. As a consequence pulses of depolarization are conducted both up and downstream in the capillaries [62] and propagate to the arterioles and/or venules

[3]. It can be envisaged from the islet microvasculature that electrical coupling between endothelial cells enables the capillaries to regulate the islet blood flow by conducted responses to the arterioles. If this holds true, external ATP may affect islet blood flow differently depending on whether it exerts the predominant action on endothelial cells or VSM. As mentioned above, we have observed adenosine-induced vasodilation in isolated islet arteriolar VSM [51]. 

Purinoceptor regulation of islet microcirculation may involve release of ATP from erythrocytes by mechanical deformation [77] and deoxygenation of haemoglobin [43]. Together with ATP release from granulocytes [23], this is likely to be a major determinant for the deranged microcirculation induced by hypoxia and non-specific inflammation early after islet transplantations. Similar responses are seen in damaged skeletal muscle [27, 76]. Non-specific inflammatory responses, associated with local hyperemia, are amplified by immunological processes associated with rejection. Accordingly, ATP may influence islet microcirculation in the immediate post-transplantation period. Infiltration of leukocytes is frequently seen with insulitis in the initial stages of type 1 diabetes. This insulitis is coupled to a marked increase in islet blood flow [14, 18], and may well reflect the local release of ATP. 
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Fig. 12.3 Percentage alterations of the diameter in an arteriole, associated with an isolated islet, during step-by-step increase of ATP in 2-min intervals. The experiment was performed as previously described [51]

12.4 Interactions Between Endocrine Cells and Islet Endothelium

 12.4.1 External ATP is a Regulator of Ca2+ Rises Triggering

 Pulsatile Insulin Release

Each β-cell is a biological oscillator responding to a glucose stimulus with periodic depolarization and accompanying entry of Ca2+. It is generally accepted that the resulting [Ca2+]i oscillations are the main trigger for pulses of insulin release

[36]. A key factor for the depolarization is closure of K+ channels mediated by the increase of cytoplasmic ATP. Within the pancreas, the β-cells will be entrained into a common rhythm both by gap junctions [5] and diffusible messengers, such as ATP [30, 35]. The coordinating action of external ATP is supposed to be mediated by generation of IP3-induced increases (transients) of [Ca2+]i, which temporarily interrupt the entry of Ca2+ by activating a repolarizing K+ current [22]. Pancreatic β-cells are both recipients of coordinating ATP signals, and release this nucleotide intermittently through exocytosis [32, 75]. The prerequisite for cyclic variations of circulating insulin is that [Ca2+]i oscillations in the β-cells appear in the same phase. 

It is likely that neural activity with discharge of ATP accounts for the entrainment of the islets into common rhythm [28]. 
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 12.4.2 Purinoceptor-Mediated Ca2+ Rise in Isolated Islet

 Endothelial Cells and β-Cells

It was possible to compare the Ca2+ responses of islet endothelial cells and β-cells after dissociation of β-cell rich ob/ob mouse islets [34] into single cells and small aggregates [37]. Suspensions of islet cells were allowed to attach to coverslips during culture in medium supplemented with endothelial cell growth factor (ECGF), to maintain the phenotype of the endothelial cells [59]. [Ca2+]i was measured during perifusion with ratiometric fura-2 technique [37, 59]. Endothelial cells, preliminary identified by addition of Dynabeads coated with the  Bandeira simplicifolia 1

lectin [60], responded in a similar way as those stained with CD31 antibodies after measurements of [Ca2+]i. 

Endothelial cells differed from β-cells by lacking spontaneous fluctuations of

[Ca2+]i The ability of different test substances to generate [Ca2+]i rises in the presence of 5 mM glucose is shown in Table 12.2 and Fig. 12.4. Both endothelial cells and β-cells responded to 10 μM ATP with rise of [Ca2+]i. In the endothelial cells 10 μM UTP was equally effective as ATP in raising [Ca2+]i but equimolar ADP, UTP, adenosine or acetylcholine lacked effect. Studying the responses of the β-cells it was found that 10 μM ADP and acetylcholine initiated rise of [Ca2+]i, but UTP, UDP, adenosine and acetylcholine were without effect. 

Subsequent fura-2 measurements confirmed that UTP was equally effective as ATP in raising [Ca2+]i in islet endothelial cells (Figs. 12.5 and 12.6). The observation that ATP lacks effects in the presence of UTP (Fig. 12.5a) and that both nucleotides elicit [Ca2+]i rises with similar kinetics, suppressed with 100 μM

suramin (Fig. 12.5b), but not with methoxyverapamil (Fig. 12.6), suggest that most of their actions are mediated by the same type of purinoceptor, probably P2Y2. 

Additional binding to P2Y4 and P2Y6 receptors seems unlikely, since these receptors are relatively resistant to suramin inhibition [19]. Moreover, there was no increase of [Ca2+]i when the endothelial cells were exposed to UDP, the principal activator of P2Y6 receptors. In many types of endothelial cells the ATP- induced increase of [Ca2+]i is mediated by activation of P2Y1 receptors [24, 63]. However, there was no [Ca2+]i response to ADP, indicating that mouse islet endothelium lacks Table 12.2 Rise of

cytoplasmic Ca2+ in mouse

Cell

Endothelial cell

Beta-cell

islet endothelial cells and

β

ATP; 10 μM

+

+

-cells in the presence of

ADP; 10 μM

0

+

5 mM D-glucose

UTP; 10 μM

+

0

UDP; 10 μM

0

0

Adenosine; 10 μM

0

0

Acetylcholine; 10 μM

0

+

Results from reference [37]
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Fig. 12.4 Effects of 10 μM of ATP, ADP, UTP and UDP on [Ca2+]i in islet endothelial cells and β-cells superfused with a medium containing 5 mM glucose. The test substances were added during 5-min periods. Representative for 5 experiments. From [37]

functionally active P2Y1 receptors. Endothelial cells sometimes express P2X receptors, which mediate vasodilation [64, 79, 85]. Since UTP was equally effective as ATP in raising [Ca2+]i, it is unlikely that islet endothelial cells have functionally active P2X receptors. 

Evidence has been provided that glucose stimulation of the islet blood flow involves adenosine P1 receptors [17]. However there was no increase of [Ca2+]i when islet endothelial cells were exposed to 10 μM adenosine. The latter finding supports the idea that the vasodilator action of adenosine involves arterioles outside the islets rather than the intra-islet capillaries. Acetylcholine is widely employed for initiating release of endothelial factors regulating the vascular tone

[88]. Nevertheless 10 μM acetylcholine elicited [Ca2+]i increase only in the β-cells. 

The observation that endothelial cells respond with rise of [Ca2+]i to purinergic, but not to cholinergic stimuli, is not unique for islet capillaries but is seen also in brain [44]. 

[image: Image 50]
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Fig. 12.5 Effects of 60 s

pulses of 10 μM UTP and

ATP on [Ca2+]i in islet

endothelial cells and β-cells

superfused with a medium

containing 5 mM glucose. 

The experiments were

performed in the absence and

presence of 10 μM UTP (a)

or 100 μM suramin (b). 

Representative for 5

experiments. From [37]

 12.4.3 ATP-Induced Ca2+ Signalling Between Islet Endothelium

 and β-Cells

Increase of [Ca2+]i triggers a number of physiological processes, including release of secretory products both from β-cells and the islet endothelial cells. As already referred to (see above), there are reasons to believe that regenerative ATP release propagates Ca2+ signals both from one β-cell to another as well as between the islet endothelial cells. Accumulating data supports the idea that ATP released from the β-cells has regulatory effects on endothelial cells and vice versa. In support for the idea that ATP release, related to exocytosis of insulin secretory granules, affects the secretory activity of the endothelial cells, the latter cells responded to ATP with pronounced and extended rises of [Ca2+]i. The presence of this ATP effect is consistent with reports that glucose stimulation of β-cells promotes the blood flow within the islets and the endothelial cell production of pro-angiogenic and angiostatic factors [9]. ATP is released intermittently not only from nerves but also from

[image: Image 51]

226

L. Jansson et al. 

Fig. 12.6 Effects of 60 s

pulses of 10 μM ATP, ADP, 

UTP and acetylcholine (ACh)

on [Ca2+]i in islet endothelial

cells and β-cells superfused

with a medium containing

20 mM glucose, 20 nM

glucagon and 50 μM

methoxyverapamil. The

endothelial cells respond with

extended rises of [Ca2+]i to

ATP and UTP, but not to ADP

or acetylcholine. Spontaneous

transients are seen in β-cells, 

but not in endothelial cells. 

Transients were promptly

elicited in β-cells by ATP and

ADP. Representative for 5 (a)

and 4 (b) experiments. From

[37]

β-cells [29, 32]. Prolonged exposure of β-cells to external ATP or ADP results in disappearance of the [Ca2+]i transients, which coordinate the hormone pulses [28]. 

Administered as 60-s pulses it was found that ADP temporarily suppressed glucose-induced transients of [Ca2+]i (Fig. 12.6). Since the islet endothelial cells respond to P2Y receptor activation with extended increase of [Ca2+]i, it is likely that the accompanying ATP release is prolonged. Accordingly, islet endothelial cells may have a tonic inhibitory action on the β-cell transients of [Ca2+]i, resulting in impaired synchronization of the insulin release pulses. 

12.5 Conclusion

The pancreatic islets constitute a unique micro-organ, where both microvascular endothelium and the endocrine cells can release and react upon ATP. A crucial question is whether ATP released from the β-cells has regulatory effects on islet
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endothelial cells and vice versa. In support for the idea that intermittent release of ATP, related to exocytosis of insulin secretory granules, affects the secretory activity of the capillary endothelium, isolated endothelial cells responded to activation of P2Y2 receptors with pronounced and extended rise of [Ca2+]i. This [Ca2+]i increase subsequently triggers release of ATP from the endothelial cells. However, contrary to what is seen in β-cells, the extrusion of ATP from islet endothelial cells is not intermittent and results in accumulation of the nucleotide within the islets. 

Accordingly, the endothelial cells may have a tonic inhibitory action on β-cell coordination, mediated by down-regulation of the P2Y1 receptors responsible for the generation of [Ca2+]i transients. 
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