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Abstract 

In the pulmonary vasculature, the endothelial and smooth muscle cells are two key cell 

types that regulate vascular tone. Protein Kinase G (PKG) is the end effector kinase in 

blood vessel dilation and the most abundant kinase in the vascular system. PKGI is 

activated by the classical pathway involving nitric oxide (NO) and cyclic guanosine 

monophosphate (cGMP). An alternative pathway of PKGI activation, independent of 

cGMP, involves the oxidation of cysteine 42 residues on adjacent chains in the PKGIα 

homodimer complex was discovered. Oxidants cause disulfide bond formation, which 

also activates the kinase to phosphorylate target proteins. This study aims to elucidate 

the role of PKGIα oxidant activation in mediating pulmonary artery dilation. Functional 

studies on isolated arteries employed wire myography and Ca2+ imaging of endothelial 

cells in intact arteries to investigate the effects of oxidant-activated PKGIα. Inositol 

trisphosphate-induced Ca2+ release from the endoplasmic reticulum and extracellular 

Ca2+ entry through TRPV4 channels were monitored as Ca2+ pulsars and sparklets, 

respectively. Comparisons were made between wild-type (WT) mice and the transgenic 

Cys42Ser knock-in (KI) mouse model, in which PKGIα lacks the cysteine-based oxidant 

sensor, rendering it insensitive to activation by oxidation: it can only be activated 

through the NO/cGMP pathway. No difference was found between WT and Cys42Ser KI 

mice in the relaxation of pulmonary arteries to sodium nitroprusside, glyceryltrinitrate 

or sildenafil, which all stimulate cGMP signalling. Endothelium-dependent relaxation to 

carbachol was also similar in WT and KI mice. The TRPV4 agonist, GSK1016790A, evoked 

endothelium-dependent relaxation at nanomolar concentrations. Cys42Ser KI arteries 

demonstrated reduced relaxation and endothelial Ca2+ sparklet activity in response to 
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GSK1016790A, compared with WT arteries.  From these results, it is proposed that 

oxidation of PKGIα is specific to the endothelium in the pulmonary artery and is 

essential for the activation of TRPV4 channels, endothelial Ca2+ influx and the resulting 

smooth muscle relaxation. It is proposed that the oxidation of PKGIα prevents cGMP 

from activating the kinase, thereby relieving its inhibition of TRPV4 activity.   
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Chapter 1: Introduction 
 

1.1 Pulmonary circulation structure and function 

The lung is supplied by blood via pulmonary circulation, which is uniquely engineered to 

maintain its properties and functions. The pulmonary circulation accommodates the 

entire cardiac output from the right ventricle during each cardiac cycle. Its primary 

function is to deliver blood to the alveolar capillaries to facilitate gas exchange between 

the circulatory system and the external environment. As illustrated in Figure (1.1), the 

architecture of the pulmonary vasculature is designed to ensure a high flow, low 

resistance, and low-pressure network that provides an extensive surface area for gas 

exchange through the alveolar/capillary units where the blood is oxygenated (Burrowes 

et al., 2005; Shimoda, 2006; Suresh & Shimoda, 2016). The main pulmonary artery 

branches into two main branches to supply the left and the right lobes before entering 

the lung. Each lobar artery further branches into intrapulmonary arteries (IPAs), forming 

an extensive network of branches corresponding to the bronchial tree within the lung. 

The proximity of the pulmonary arteries and airways underlines the relationship 

between ventilation and perfusion that maintains the normal function of the lung.  

The pulmonary vasculature comprises pulmonary arteries, precapillary arterioles, 

capillaries, and pulmonary veins. The walls of pulmonary arteries and arterioles are thin, 

with less vascular smooth muscle and a little myogenic tone compared to systemic 

arteries (Humbert et al., 2004; Lee, 1971). A mean pulmonary artery pressure (mPAP) of 
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10-20 mmHg is considered normal for a healthy adult, and is approximately one-tenth 

that of the systemic circulation (Galiè et al., 2016).  

 

 

 

Figure 1.1 Pulmonary circulation. The pulmonary arterial circulation is the circuit by which 

deoxygenated blood from the right heart enters the lungs via the pulmonary arteries and is 

transmitted through the alveolar/capillary units where gas exchange occurs. The blood is 

oxygenated and returned to the left side of the heart by the pulmonary veins for distribution to 

the systemic circulation. 
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1.1.1 Pulmonary artery structure 

The arterial wall is a heterogeneous structure composed of three distinct layers. The 

innermost layer is the intima, in the middle is the media, and the outermost layer is the 

adventitia (Mulvany & Aalkjaer, 1990). The intima is a thin layer that lines the vessel’s 

lumen. Endothelial cells (ECs) are the main cellular constituents in the intima that form 

an endothelial monolayer lining of all blood vessels (Newby, 2000). The media consists 

primarily of smooth muscle cells (SMCs) and is separated from the intima by the internal 

elastic lamina (Stenmark & Mecham, 1997). The adventitia, which contains fibroblasts 

and collagen bundles, is separated from the media by the external elastic lamina (Davis 

et al., 2003). The anatomy of arterial wall layers is illustrated in Figure (1.2). 

 

 

Figure 1.2 Vessel wall structure. A cartoon illustration of a cross-section of the pulmonary 

artery shows the different layers in the blood vessel wall; the outermost layer is the adventitia, 

in the middle the media with smooth muscle cells and the innermost intima layer containing the 

endothelial monolayer, lining the lumen. 
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1.1.2 Regulation of the pulmonary circulation and blood flow 

Multiple factors control pulmonary blood flow in the lungs, including vascular structure, 

gravity, the mechanical effects of breathing, and the influence of neural and humoral 

factors. The pulmonary vasoconstriction response to hypoxia is unique. It occurs 

immediately and is rapidly reversible with the return to normoxic conditions, whereas 

systemic arteries, dilate to a decrease in oxygen concentrations (Dumas et al., 1999).  

Endothelial cells and vascular smooth muscle cells (VSMCs) are key cell types that 

regulate vascular tone and vessel diameter in the pulmonary vasculature. Endothelial 

cells are in contact with the circulating blood and can exert a constant influence on the 

underlying vascular smooth muscle cells, which in turn controls blood pressure and 

blood flow by adjusting the calibre of arteries and arterioles (Campbell and Harder, 

2001). The regulation of pulmonary artery by the endothelium is accomplished through 

paracrine signalling, where endothelial cells communicate to smooth muscle by 

releasing various vasoactive agents such as nitric oxide, endothelin-1 (ET-1) and 

prostacyclin (PGI2) (Peach & Loeb, 1987). In addition, multiple mediators are described 

as endothelium-derived hyperpolarising factors (EDHFs), a mechanism that is more 

prevalent in small resistance arteries in the systemic circulation (Cohen & Vanhoutte, 

1995; Félétou & Vanhoutte, 2007). 

Smooth muscle cells regulate the diameter of the pulmonary artery by integrating 

multiple signals, including endothelium-derived agents, to provide the appropriate level 

of tone. These signals can initiate contraction or relaxation through receptor activation 

by agonists or electro-mechanical coupling via changes in membrane potential (Somlyo, 

1968). The degree of relaxation and contraction is determined by the intracellular free 
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Ca2+ ion concentrations [Ca2+]i, which regulates the interaction between myosin and 

actin, the ultimate regulator of smooth muscle cell contraction and relaxation (Ikebe & 

Hartshorne, 1985). The low-pressure system in the pulmonary circulation is partly 

maintained by an essential factor that helps to keep the cells relaxed in the absence of 

stimulation, which is the steady efflux of K+ ions from the cell through K+ channels in the 

pulmonary artery smooth muscle cells plasma membrane (Gurney et al., 2010).  

 

1.1.3 Pulmonary arterial hypertension 

Pulmonary arterial hypertension (PAH) is a progressive and potentially life-threatening 

condition. PAH is mainly distinguished by elevated blood pressure in the pulmonary 

arteries, primarily affecting the small pulmonary arterioles. PAH is classified as a 

subgroup of pulmonary hypertension (PH) and is characterized by a mean pulmonary 

artery pressure (mPAP) of ≥25 mmHg at rest (Galiè et al., 2016). Multiple pathologic 

pathways are involved in PAH, such as endothelial dysfunction and increased 

contractility of small pulmonary arteries, in addition to increased proliferation and 

remodelling of endothelial and smooth muscle cells. Combining those pathologic 

pathways will eventually lead to progressive narrowing of the blood vessels and a 

progressive resistance to blood flow therefore an increase in pulmonary artery pressure 

(Lai et al., 2014).  

While the overall prevalence is low, PAH has a significant impact on morbidity and 

mortality. It is a severe, chronic, progressive disease that affects heart function and can 

lead to right ventricular hypertrophy due to the increased afterload from the pulmonary 

artery (Champion et al., 2009; Naeije, 2013). 
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The two main components responsible for PAH include structural changes within the 

pulmonary vasculature and excess constriction of the pulmonary vasculature (Fresquet 

et al., 2006). The process of pulmonary vascular remodelling in the arterial wall layers is 

accompanied by endothelial dysfunction, in addition to chronic vasoconstriction caused 

partly by narrowing of the arteries (Morrell et al., 2009; Stenmark et al., 2006). Any 

disruption affecting the capacity and equilibrium of the endothelium as a physical 

barrier and the ability to metabolise, synthesise and release vasoactive substances will 

cause endothelial dysfunction (Rubanyi, 1991; Vanhoutte et al., 2009). The resulting 

imbalance of the vasoactive substances released from the endothelium, in turn, 

contributes to the development and progression of PAH (Humbert et al., 2004; Morrell 

et al., 2009). Functional and structural changes in the pulmonary vasculature, including 

reduced vascular lumen, increased wall thickness, and increased muscularization of 

pulmonary arterioles are common features of PAH (Davis et al., 2003).  

In recent years, substantial progress has been made in understanding the pathobiology 

of PAH, particularly the dysregulation of pulmonary vascular remodelling, endothelial 

dysfunction, and abnormal smooth muscle cell proliferation. However, the specific 

molecular and cellular mechanisms remain incompletely understood. Investigating the 

underlying vascular mechanisms that contribute to the development and progression of 

PAH is crucial for improved diagnostic and prognostic tools and more targeted 

therapeutic approaches. 

In this project, we aim to gain a better understanding of the fundamental mechanisms 

that regulate normal pulmonary artery dilation in order to advance our understanding 

of PAH. By comprehending these underlying processes, we can unravel the 



 

30 
 

pathogenesis of PAH and identify the molecular and cellular factors that contribute to 

its development and progression. Investigating the basic mechanisms involved in 

pulmonary artery dilation will provide insights into the dysregulation observed in PAH, 

potentially leading to improved outcomes for individuals with this condition. 

 

1.2 Pulmonary artery smooth muscle contraction and relaxation  

1.2.1 Mechanism of smooth muscle contraction and relaxation 

The primary contractile regulatory mechanism of all vertebrate smooth muscles is 

dependent on the interaction between myosin and actin; it is well established that 

vascular tone and force development is increased by an increase in actin-myosin 

activation and cross-bridge cycling (Ikebe & Hartshorne, 1985; Davis & Hill, 1999; 

Brozovich et al., 2016). Ca2+ is a significant regulator of pulmonary artery smooth muscle 

cells (PASMCs) contraction and is strictly regulated by a complex system of Ca2+ 

mobilisation and Ca2+ homeostatic mechanisms. As illustrated in Figure (1.3), activation 

of smooth muscle myosin is regulated by phosphorylation of the regulatory light chain 

on myosin, which is determined by the balance of the activities of two enzymes, myosin 

light chain kinase (MLCK) and myosin light chain phosphatase (MLCP) (Gong et al., 

1992). Myosin light chain kinase is a Ca2+-dependent enzyme. An increase in [Ca2+]i 

facilitates the binding of Ca2+ to calmodulin, and the Ca2+-calmodulin complex activates 

MLCK, which phosphorylates Ser19 of the regulatory light chain and causing activation 

of the smooth muscle myosin ATPase to promote actin-myosin cross bridging (Feng et 

al., 1999; Qiao et al., 2014). 
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Myosin light chain phosphatase dephosphorylates the regulatory light chain, therefore, 

causing relaxation (Somlyo & Somlyo, 2003). The balance between MLCK and MLCP 

activities, therefore, determines regulatory light chain phosphorylation and the tone 

developed by smooth muscle in the vasculature (Gong et al., 1992; Lyle et al., 2017). 

While Ca2+ is the main regulator for MLCK, MLCP is regulated by several other signalling 

pathways, including Rho kinase and PKG (Johnson et al., 2009). 

 

 

Figure 1.3 Smooth muscle cell contraction mechanism. Myosin and actin cross bridging is 

regulated by MLCK and MLCP activity which are regulated by [Ca2+]i, PKG and RhoA activation 

resulting from agonist binding to GqPCR.  
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1.2.2 Calcium regulation and mobilisation  

The fundamental role of Ca2+ as a significant regulator of cell function has always been 

highlighted. Many drugs and physiological mechanisms function, directly or indirectly, 

by influencing [Ca2+]i. A rise in [Ca2+]i in VSMCs can be brought about by Ca2+ influx from 

the extracellular space, mainly through the opening of voltage-gated L-type Ca2+ 

channels (VGCC) (Knot & Nelson, 1998). VGCC activity largely determines the VSMC 

contractile state and vessel diameter because of their high conductance and expression 

in VSMCs (Clapp & Gurney, 1991; Knot & Nelson, 1998). Ca2+ can also enter through 

other membrane channels, such as transient receptor potential cation (TRPC) channels 

(Knot & Nelson, 1998).  

Most of the Ca2+ in a resting cell is concealed in organelles, particularly the 

endoplasmic/sarcoplasmic reticulum (ER/SR) and the mitochondria (Somlyo & Somlyo, 

1994). Mechanisms to keep [Ca2+]i low include the operation of active transport 

mechanisms that eject cytosolic Ca2+ through the plasma membrane or pump it into the 

SR/ER and the usually low Ca2+ permeability of the plasma and SR/ER membranes (Nilius 

& Droogmans, 2001a).  

Figure (1.4) illustrates Ca2+ regulation mechanisms and various routes of Ca2+ 

mobilization intracellularly. There are four main routes by which Ca2+ enters endothelial 

and smooth muscle cells across the plasma membrane: 1. Voltage-gated calcium 

channels (mainly found in VSMCs). 2. Receptor-operated calcium channels (ROC). 3. 

Store-operated calcium channels (SOCs) allow Ca2+ entry when the ER stores are 

depleted but are not sensitive to cytosolic [Ca2+]i. 4.Na+– Ca2+ exchange (NCX), forward 

and reverse (Berridge, 1997). Ca2+ ejection through active transport of Ca2+ outwards 
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across the plasma membrane and inwards across the membranes of the ER or SR 

depends on the activity of distinct Ca2+-dependent ATPases, including plasma 

membrane Ca2+-ATPase (PMCA) and sarco/endoplasmic reticulum Ca2+-ATPase (SERCA) 

(Berridge, 1997; Moccia, 2012). 

There are two main ways of controlling Ca2+ release from the intracellular stores. Ca2+ 

can be released into the cytoplasm by inositol trisphosphate receptors (IP3Rs) or 

ryanodine (RyR) receptors (Somlyo & Somlyo, 2003; Webb, 2003; Brozovich et al., 

2016). Ca2+ can be released from the intracellular stores in response to agonist 

stimulation or intracellular Ca2+ elevation resulting from Ca2+ influx through VGCC or 

TRPV4 channels in a process known as calcium-induced calcium release (CICR) (Earley et 

al., 2005; Heathcote et al., 2019). Ryanodine receptors are responsible for the CICR 

mechanism mainly in VSMCs and IP3Rs are activated by inositol 1,4,5-trisphosphate (IP3) 

and are the primary mechanism by which activation of Gq protein-coupled receptors 

(GqPCR) causes an increase in [Ca2+]i  (Berridge, 1997; Makino et al., 2011).  
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Figure 1.4 Routes of entry for Ca2+ regulation and intracellular mobilization. Ca2+ activation of 

endothelial IKCa/SKCa channels evokes hyperpolarisation, which decreases Ca2+ influx through 

VGCC and promote vasodilation. Routes for Ca2+ entry and mobilization in VSMC include, ROC: 

receptor operated channel, SOC: store operated channel, NCX: Na+– Ca2+ exchange, PMCA: 

plasma membrane Ca2+-ATPase, SERCA: sarco/endoplasmic reticulum Ca2+-ATPase, IP3R: inositol 

trisphosphate receptors and RyR: ryanodine receptors. Em; membrane potential 
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1.2.3 Membrane potential in pulmonary artery smooth muscle cells 

The membrane potential (Em) of vascular SMC regulates Ca2+ influx through VGCC. It is 

determined by the concentration gradients of electrically charged ions (mainly Na+, K+, 

and Cl-) across the plasma membrane and the relative permeability of the membrane to 

each ion (Mandegar & Yuan, 2002; Kuhr et al., 2012). In resting pulmonary artery 

smooth muscle cells, K+ permeability is  greater than Cl- permeability, and Na+ 

permeability is low (Casteels et al., 1977b; Mandegar & Yuan, 2002). The resting 

membrane potential therefore  lies between the equilibrium potentials for K+ and Cl-, at 

around -60 to -40 mV (Casteels et al., 1977b; Gurney et al., 2010; Park et al., 2010). This 

keeps voltage-gated Ca2+ channels closed, thereby preventing Ca2+ in the extracellular 

space from entering the cell and causing contraction (Gurney et al., 2010). 

 

 

1.3 The vascular endothelium 

A new era in cardiovascular science and our understanding of vascular control was 

opened with the discovery that the endothelium synthesises and releases potent 

vasoactive factors (Furchgott & Zawadzki, 1980). The vascular endothelium is often 

described as a monolayer of cells lining the surface of the inner layer of all blood vessels 

and the lymphatic system. The endothelium is one of the most important physiological 

systems that regulate vascular tone. It not only acts as a passive barrier between plasma 

and extracellular fluid but also as a source of numerous potent mediators (Young, 

1997). 
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After the cornerstone finding that Furchgott and Zawadzki first described in 1980, the 

presence of the endothelial lining is required to observe the relaxation of an isolated 

artery in response to vasodilators, such as acetylcholine. This fundamental finding 

highlighted the concept of endothelium-derived relaxing factor (EDRF) and 

demonstrated the importance of the endothelium as a key regulator of vascular tone 

(Furchgott & Zawadski, 1980).  

 

1.3.1 Endothelium function and dilatory mechanisms 

Despite being made up of only one cell type, the endothelium can be described as an 

endocrine organ based on its essential functional role in angiogenesis, inflammation, 

platelet aggregation, vascular remodelling, metabolism, and vascular reactivity (Peach & 

Loeb, 1987). Several distinct classes of mediators are involved in endothelium-

dependent relaxation mechanisms, including NO, PGI2 and EDHF. 

The endothelium-derived relaxing factor first described by Furchgott and Zawadzki in 

1980 was later identified as NO (Ignarro et al., 1987) and is the best-characterised 

factor. It is a small gaseous molecule endogenously synthesised from the amino acid L-

arginine by a family of enzymes named the NO synthases (NOS). Endothelial NO 

synthase (eNOS) catalyses the oxidation of L-arginine to produce L-citrulline and NO in 

the presence of oxygen, NADPH and the cofactor, tetrahydrobiopterin (BH4) (Fagan et 

al., 1999; Wilkins, 2012). NO is the “first messenger” in a pathway that produces cGMP, 

a downstream factor that relaxes pulmonary artery smooth muscle (Ignarro et al,. 

1999). Once formed in the endothelium, NO diffuses to the underlying vascular smooth 

muscle, where it activates soluble guanylate cyclase (sGC) by binding to its ferrous 
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heme. It causes a 100- to 200-fold increase in activation of the enzyme (Francis et al., 

2010; Lincoln et al., 2001). Soluble guanylate cyclase converts guanosine triphosphate 

(GTP) into cGMP, which activates downstream cGMP-dependent PKG, resulting in 

phosphorylation of a range of proteins involved in the regulation of smooth muscle 

contraction (Denninger & Marletta, 1999). After cGMP binds to allosteric sites in the 

PKG regulatory domain, it increases phosphotransferase activity 3- to 10-fold (Francis et 

al., 2010; Francis & Corbin, 1999). The NO/cGMP/PKG classical signalling pathway was 

first proposed to induce the relaxation of smooth muscle cells by reducing [Ca2+]i 

(Cheung & MacKay, 1985). Additional mechanisms were later proposed, including 

desensitising regulatory light chain phosphorylation by phosphorylating the myosin 

phosphatase target subunit 1 (MYPT1), resulting in MLCP activation (Lincoln et al., 

2001). 

Prostacyclin, synthesised from arachidonic acid (AA) by cyclooxygenase (COX) enzymes, 

was first discovered in 1976 (Bunting et al., 1976). PGI2 acts on prostacyclin receptors on 

the VSMCs to stimulate adenylate cyclase (AC), which stimulates the synthesis of cyclic 

adenosine monophosphate (cAMP) (Narumiya et al., 1999). Increasing the intracellular 

levels of cAMP leads to protein kinase A (PKA) activation. Protein kinase A 

phosphorylates myosin light chain kinase and causes pulmonary artery dilation (Ruan et 

al., 2010).  

Since the EDHF pathway was discovered in the 1980s, this term was introduced to 

describe a hypothetical factor responsible for myocyte hyperpolarisations unrelated to 

nitric oxide as an EDRF or prostacyclin. A non-characterized endothelial factor that can 

be partially or fully resistant to inhibitors of cyclooxygenases and nitric oxide synthases 
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and can occur without an increase in intracellular levels of cyclic nucleotides in the 

SMCs suggested the presence of an additional pathway that involves smooth muscle 

hyperpolarisation (Bolton & Clapp, 1986; Nagao & Vanhoutte, 1992). The role of EDHF-

mediated responses as a mechanism for endothelium-dependent relaxation expands as 

the vessel size decreases (Shimokawa et al., 1996). Several mediators identified as an 

EDHF candidate, including carbon monoxide (CO), hydrogen sulphide (H2S), reactive 

oxygen species (ROS), hydrogen peroxide (H2O2), peptides and arachidonic acid 

metabolites derived from the COX, lipoxygenase (LOX) and cytochrome P450 mono-

oxygenase pathways, can hyperpolarise the underlying SMCs (Busse et al., 2002; Félétou 

& Vanhoutte, 2009).  

EDHF-mediated responses give rise to hyperpolarisation of the vascular smooth muscle 

cell membrane transferred from the endothelial cells through gap junctions (Heberlein 

et al., 2009). Mechanisms involving EDHFs are widely believed to depend on an increase 

in endothelial [Ca2+]i  release from stores generated by receptor agonists or shear stress 

(Edwards et al., 2010). One of the principal mechanisms of EDHF-dependant dilation is 

the activation of plasma membrane potassium channels resulting from increased levels 

of [Ca2+]i . The local rise in Ca2+ activates Ca2+ sensitive K⁺ channels, known as 

intermediate and small conductance Ca2+-activated K⁺ channels (IKCa/SKCa), resulting in 

K⁺ efflux and membrane hyperpolarisation (Garland et al., 2011). Due to the 

endothelium's electrical coupling, endothelial cells hyperpolarisation is transmitted to 

the underlying VSMCs at myoendothelial projections (MEPs) sites via gap junctions 

(Félétou & Vanhoutte, 2007; Garland & Dora, 2017). The second category of 

mechanisms mediating EDHF-dependant dilation includes factors released from the 

endothelial cells, such as NO and H2O2, that can either activate channels on the VSMC 
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membrane or diffuse into the cells and act on intracellular constituents, ultimately 

resulting in SMC hyperpolarisation and blood vessel relaxation (Vanhoutte et al., 2009). 

These diffused factors can hyperpolarise myocytes by opening various potassium 

channels but predominantly large conductance Ca2+
 -activated K⁺ channel (BKCa) 

(Edwards et al., 2010). 

 

1.3.2 Myoendothlial projections 

Endothelial and smooth muscle communication is key to regulating vessel diameter. The 

presence of myoendothelial gap junctions (MEGJs) between cells in the vascular wall 

was first recognised in 1957 by Moore and Ruska and further described by Rhoden in 

1967 (Moore & Ruska, 1957; Rhodin, 1967). The myoendothelial projection is commonly 

described as the structural location at which an EC or VSMC extension protrudes 

through the internal elastic lamina (IEL) (Heberlein et al., 2009).   

Myoendothelial projections play a key role in facilitating the hyperpolarisation of ECs 

and transmission to the VSMCs, and they are also a vital site for Ca2+ modulation 

(Sandow et al., 2012). The MEGJs function is of greater importance in resistance 

arteries, and the number of myoendothelial gap junctions increases as the diameter of 

the artery decreases (Félétou & Vanhoutte, 2007). Essential subcellular organelles and 

scaffolds, particularly endoplasmic reticulum, caveolae, K+ channels (SKCa and IKCa), 

transient receptor potential vanilloid 4 (TRPV4) channels, and inositol trisphosphate 

receptor were shown to be extensively localised within the MEGJ (Straub et al., 2014).  

The gap junctions usually found at the tip of MEJs are formed from connexins proteins 

that provide direct contact between the endothelial and VSMC layers, enabling current 
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and small molecule transfer in the pulmonary vasculature. Connexin proteins allow ions 

and small molecules less than 1KDa to pass through gap junctions, which is essential to 

effective cross-talk between interconnected cells in the EDHF-dependent relaxation 

pathway (Triggle et al., 2012; Gao et al., 2016).  

 

1.3.3 Local Ca2+ signalling in the endothelium 

Ca2+ signals can be global (spread throughout the cell) and relatively long-lasting or 

spatially restricted to specific subcellular domains of the cell for brief periods (Sullivan & 

Earley, 2013). The study of Ca2+ regulation took a significant step forward with the 

evolution of optical techniques and fluorescent indicator dyes, allowing free [Ca2+]i to be 

continuously monitored in living cells with a high temporal and spatial resolution (Gee 

et al., 2000; Nelson et al., 2010).  

 

1.3.3.1 Endothelial IP3R-mediated Ca2+ signalling 

The endoplasmic reticulum contains about 75% of the total intracellular stored Ca2+ 

ions, while other stores, such as mitochondria, hold about 25% (Wood & Gillespie, 

1998). The mechanism of IP3 facilitating Ca2+ mobilisation was studied after the 

discovery in 1975 that phosphatidylinositol 4,5-bisphosphate (PIP2) cleavage results in 

an increase in [Ca2+]i (Michell, 1975). In 1983 Streb et al. first suggested that micromolar 

concentrations of IP3 could mobilise Ca2+ from a non-mitochondrial intracellular Ca2+-

store in pancreatic acinar cells (Streb et al., 1983). Their findings also strongly suggested 

that this was the same Ca2+ store released by acetylcholine (Streb et al., 1983). 

Substantial evidence now indicates that IP3 mediates intracellular Ca2+ release in a wide 
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variety of different cell types, including endothelial cells, where it plays a vital role in 

agonist-induced endothelial cell activation (Berridge, 1994; Bourguignon et al., 1994).  

Upon stimulation of GqPCR, IP3 binds to IP3Rs and initiates Ca2+ release from ER stores. 

The Ca2+ sensitivity of the IP3Rs begins to rise, through the action of the second 

messenger IP3, thus converting the cytoplasm into an excitable medium capable of 

generating repetitive calcium waves (Berridge, 1997; Wilson et al., 2019). This 

underlines a concept of dual agonist control where IP3R opening depends on the 

presence of both IP3 and Ca2+ (Wilson et al., 2019;  Zhang et al., 2019). Three isoforms of 

IP3Rs (IP3R1, IP3R2, IP3R3) have been discovered and characterised in the vasculature; 

each produces a different magnitude of Ca2+ release due to their distinct affinities for IP3 

(Bourguignon et al., 1994; Grayson et al., 2004).  IP3R1 shows an intermediate affinity for 

IP3 and generates Ca2+ oscillations (Foskett et al., 2007). IP3R2 is the most sensitive to 

IP3 and produces long-lasting Ca2+ oscillations, which appear more regular when 

compared with IP3R1-mediated oscillations. IP3R3 is the least sensitive isoform (Sun et 

al., 2017). Whereas all three isoforms are expressed in the vascular endothelium, IP3R3 

and IP3R2 were shown to be preferentially expressed in pulmonary microvascular 

endothelial cells, as recently reviewed by Sun et al (2017).  

This mechanism in endothelial cells is stimulated when extracellular agonists such as 

carbachol bind to muscarinic receptors, which are Gq protein-coupled receptors in the 

plasma membrane. The alpha subunit of the GqPCR activates an enzyme called 

phospholipase C (PLC), resulting in the cleavage of PIP2 to stimulate the synthesis of IP3 

and diacylglycerol (DAG). The main effect of DAG is to activate protein kinase C (PKC) 

(Foskett et al., 2007). PKC catalyses the phosphorylation of a variety of intracellular 
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proteins and can open ROCs, leading to Ca2+ influx and an increase in [Ca2+]i (Sonkusare 

et al., 2012a). IP3 mobilises Ca2+ from the ER to the cytosol to further increase [Ca2+]i 

and ultimately deplete Ca2+ stores in the ER, which triggers store-operated Ca2+ entry 

(SOCE) (Ng & Gurney, 2001).  The increase in [Ca2+]i leads to the activation of different 

mediators to facilitate the relaxation response. 

In 2008, Ledoux and colleagues (Ledoux et al, 2008) identified spatially fixed, local Ca2+ 

release events, termed “pulsars”, detected in vascular endothelial cells.  An increase of 

IP3 by the endothelium-dependent muscarinic agonist, acetylcholine, increased the 

frequency of Ca2+ pulsars. In contrast, inhibiting IP3 production, blocking IP3Rs, or 

causing ER Ca2+ depletion inhibited these local Ca2+ events. Thus, their results supported 

a mechanism of IP3 signalling in which Ca2+ release caused a spatially restricted increase 

in [Ca2+]i , or Ca2+ pulsar, that triggered intercellular signals (Ledoux et al., 2008). 

 

1.3.3.2 Endothelial TRPV4 channel Ca2+ sparklets  

The TRPV4 ion channel is a non-selective Ca2+ permeable channel of the vanilloid 

subfamily of the transient receptor potential (TRP) superfamily of ion channels. It is 

present in the EC and VSMC of small arteries (Martin et al., 2012; Nilius & Droogmans, 

2001b; Yang et al., 2012). TRPV4 ion channels on the endothelial cell membrane are 

widely considered a significant Ca2+ entry pathway that promotes endothelium-

dependent vasodilation (Köhler et al., 2006; Sukumaran et al., 2013; Willette et al., 

2008). Recent studies powerfully demonstrate a critical role for TRPV4 channels in 

controlling endothelium function in the pulmonary artery (Daneva et al., 2021a; 

Marziano et al., 2017; Ottolini et al., 2020). 
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Figure (1.5) illustrates TRPV4 channel structure, a single TRPV4 channel consists of six 

transmembrane segments (S1–S6), with a central cation-permeable pore located 

between S5 and S6 (Earley et al., 2005; Nilius et al., 2003). An agonist-binding pocket 

appears to be formed by S3 and S4, influencing channel gating (Nilius et al., 2003). The 

N-terminal and C-terminal of TRPV4 channels are both intracellularly located and 

contain various functionally essential domains. These domains permit protein-protein 

interactions that regulate channel assembly, activity, and interaction with the 

cytoskeleton (Earley & Brayden, 2015; Nilius & Voets, 2013). 

 

Figure 1.5 TRPV4 channel structure. Six transmembrane segments (S1–S6), with a central 

cation-permeable pore located between S5 and S6. The N-terminal and C-terminal are located 

intracellularly and contain various functionally essential domains for protein interactions and 

regulation.  
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A wide range of mechanical stimuli can activate endothelial TRPV4 channels, including 

shear stress/pressure and pH changes (Hartmannsgruber et al., 2007; Hill-Eubanks et al., 

2014). In addition, they can be activated by chemical stimuli via the Gq subtype of GPCR 

and function as a significant contributor to muscarinic receptor activation in mesenteric 

arteries, as evidenced by a 75% reduction in the arterial dilation induced by 

acetylcholine (ACh) in mesenteric resistance arteries from TRPV4 knockout mice (Earley 

et al., 2009; Sonkusare et al., 2012b). Findings in mouse pulmonary arteries suggest a 

role for mitochondrial reactive oxygen species in inducing Ca2+ influx throughTRPV4 

channels (Suresh et al., 2018). Moreover, adenosine triphosphate (ATP) was found to be 

an endogenous activator of endothelial TRPV4 channels in mouse pulmonary arteries 

(Daneva et al., 2021). ATP effect was found to be dependent on Gq-coupled purinergic 

receptors (Daneva et al., 2021; Marziano et al., 2017).  

In 2012, Sonkusare and colleagues identified local Ca2+signals termed “sparklets” in the 

endothelium of mesenteric arteries, which represented Ca2+ influx through a single 

TRPV4 channel. TRPV4 channels were found to cluster in a group of four in ECs and 

exhibited a cooperative gating (Sonkusare et al., 2012a). The activation of only three 

channels per EC can cause maximal artery dilation (Sonkusare et al., 2012b).   

Endothelial TRPV4 channels regulate vascular tone differently depending on the 

vascular bed. Multiple studies demonstrated that the TRPV4 channel agonist, 

GSK1016790A, has endothelium-dependant vasodilator activity in pulmonary and 

systemic vascular beds (Chen & Sonkusare, 2020; Pankey et al., 2014; Sonkusare & 

Laubach, 2022). In 2017, Marziano and colleagues showed that TRPV4 sparklets are 

modulated differentially and could preferentially couple to different downstream 



 

45 
 

targets in different vascular bed. The precise mechanisms underlying these differences 

remain unknown. It was concluded however, that in small mesenteric arteries, TRPV4 

sparklets preferentially activate endothelial IKCa/SKCa channels, which hyperpolarise the 

EC membrane, resulting in EDHF-medited vasodilation, attributed to IKCa/SKCa channels 

being co-localised with TRPV4 channels. In contrast, in pulmonary arteries, TRPV4 

sparklets preferentially activate eNOS due to its co-localisation with the channel  and 

the absence of the NO-scavenging protein haemoglobin α (Hbα), the presence of Hbα 

within nanometre proximity to eNOS limits TRPV4-eNOS signalling in small mesenteric 

arteries (Marziano et al., 2017; Ottolini et al., 2020). TRPV4 sparklets coupled to eNOS 

generate endothelium-derived NO, which promotes endothelium-dependent 

vasodilation by activating GC/cGMP/PKG signalling in PASMCs.  In another study, 

GSK1016790A lowered pulmonary arterial pressure in rats through endothelium-

dependent relaxation, but after treatment with a NOS inhibitor it produced a dose-

dependent increase in pulmonary arterial pressure followed by a slight decrease 

(Pankey et al., 2014).  

Ca2+ influx via TRPV4 channels is amplified by Ca2+-induced Ca2+ release, acting at IP3Rs 

to generate propagating Ca2+ waves (Bagher et al., 2012; Heathcote et al., 2019). This 

indicates that TRPV4‐mediated control of vascular tone requires Ca2+ release from the 

ER in endothelial cells. In mesenteric arteries, TRPV4 channel clusters are spatially 

coupled with Ca2+ pulsar sites (Bagher et al., 2012; Heathcote et al., 2019).  

Caveolae are lipid-rich, flask-shaped structures of the plasma membrane found densely 

in endothelial cells, which play a significant role in the mobilisation and organisation of 

signalling proteins (Minshall et al., 2003). Caveolin-1 (Cav-1) is a structural scaffolding 
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protein that interacts with and stabilises other proteins in the cell, keeping them in 

close spatial contact. Caveolin-1 has been associated with multiple Ca2+-modulating 

proteins, such as IP3Rs, TRPV4, and eNOS (Parton & Simons, 2007).  

Notably, mice in which Cav-1 was selectively knocked out in endothelial cells showed 

reduced endothelial TRPV4 channel activity and elevated resting pulmonary arterial 

pressure (Daneva et al., 2021b). This suggests a pivotal role for endothelial Cav-1 in 

TRPV4 regulation of pulmonary arterial pressure. It has also been shown that protein 

kinase C anchoring by endothelial Cav-1 enables PKCα to activate TRPV4 channels in 

pulmonary arteries (Daneva et al., 2021). Endothelial Cav-1/PKCα exists in nanometre 

proximity with TRPV4 channels, as shown by proximity ligation assays, and appears to 

be crucial for the normal function of endothelial TRPV4 channels in the pulmonary 

circulation (Marziano et al., 2021; Daneva et al., 2021). Figure (1.6) illustrates how 

TRPV4 and eNOS might be localised within a caveolae formed by Cav-1.  

These localised Ca2+ sparklets have been imaged in native endothelial cells using high-

speed, spinning-disk, laser confocal microscopy with en-face preparations of isolated 

arteries, which were cut open longitudinally and pinned down with the EC surface facing 

up to improve optical resolution (Sonkusare et al., 2012b). Imaging Ca2+ fluorescence in 

isolated arteries requires the endothelium to be loaded with Ca2+-binding fluorescent 

dyes, such as fluo-4 AM (Gee et al., 2000).  

In this project, Ca2+ fluorescence imaging using fluo-4 as an indicator utilised the 

advances of the high-speed spinning disk laser confocal microscopy to image Ca2+ 

pulsars and Ca2+ sparklets in isolated pulmonary artery en-face preparations to enhance 

our understanding of local Ca2+ signals in pulmonary artery endothelial cells. 
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Figure 1.6 Local TRPV4 channel Ca2+ signalling in pulmonary artery. In small pulmonary 

arteries, TRPV4 sparklet signals regulates endothelium-dependent vasodilation. Ca2+ influx 

promotes eNOS activity and NO release, which causes vasodilation through the activation of 

cGMP/PKG signalling pathway in SMCs. Scaffolding protein Cav-1 which anchors PKC enhances 

TRPV4 channel activity in pulmonary arteries.  
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1.4 Protein kinase G in the vasculature 

1.4.1 Protein kinase G structure and isomers 

PKG is a member of the serine/threonine kinase family (Murthy et al., 2003). There are  

two distinct genes, prkg1 and prkg2, which encode PKGI and PKGII, respectively (Francis 

et al., 2010; Francis & Corbin, 1999). The PKG isoforms differ in their tissue and cellular 

distributions. PKGI is predominantly localised in the cytoplasm and found mainly in the 

lungs (Surks, 2007). In contrast, PKGII is typically anchored to the plasma membrane 

and found primarily in the kidney, cerebellum and mucosa (Hofmann, 2005; Scholten et 

al., 2008). PKG type I and II form homodimers of identical subunits with similar domain 

architecture (Surks, 2007). The amino terminus of PKGI is encoded by two alternatively 

spliced exons, resulting in the two isoforms PKGIα and PKGIβ, which differ in their first 

100 amino acids (Feil et al., 2003). Although they do not vary much in sequence beyond 

the N-terminus, PKGIα has more than 10-fold higher affinity for cGMP than PKGIβ (Ruth 

et al., 1997; Surks et al., 1999). These differences also affect cyclic nucleotide analogue 

selectivity, protein-substrate specificity, activation state and subcellular localisation 

(Francis et al., 2010; Scholten et al., 2008). Figure (1.7) shows three functional domains  

recognised in PKGIα: the N-terminal domain, the catalytic domain and the regulatory 

domain (Francis & Corbin, 1999; Hofmann et al., 2009). Each subunit contains one high-

affinity and one low-affinity cGMP binding site (Moon et al., 2013; Prysyazhna & Eaton, 

2015). When cGMP binds, it induces a conformational change that relieves the 

inhibition of the catalytic core by the N-terminus and allows the phosphorylation of 

substrate proteins (Feil et al., 2003; Scholten et al., 2008). 
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Figure 1.7 PKGIα structure and functional domains. PKGIα includes three functional domains; a 

catalytic domain (purple), a regulatory domain (pink) and an N-terminal leucine zipper (light 

pink). cGMP binds to the regulatory domain to activate the kinase. Alternatively, an inter-

protein disulfide bridge between two cysteine 42 residues in the N-terminal domain can 

activate PKGIα by oxidants. 
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1.4.2 Protein kinase G, dual mode of activation 

Recently, it was discovered that the Iα isoform of PKG can also be activated by 

oxidation, which promotes inter-protein disulfide bond formation between two 

adjacent cysteine 42 (Cys42) residues (Figure 1.7), independently of the classical 

NO/cGMP pathway (Burgoyne et al., 2007). While cGMP can potentially activate both 

the Iα and Iβ forms of PKG, disulfide dimerisation is specific to the Iα isoform, and PKGIβ 

is not redox modulated (Dou et al., 2013; Neo et al., 2013). Oxidant molecules such as 

H2O2, NADPH and H2S are essential initiators of redox signalling and, consequently, 

oxidative activation of the PKGIα mechanism (Burgoyne et al., 2013; Burgoyne et al., 

2012) as shown in Figure (1.8).  

Oxidant activation of PKGIα is a central molecular mechanism by which oxidants dilate 

blood vessels (Burgoyne et al., 2007; Rudyk et al., 2012). PKGIα oxidation predominantly 

occurs within the small resistance vessels that control blood pressure rather than in 

large vessels (Burgoyne & Eaton, 2013). Resistance to cysteine 42 inter-protein disulfide 

bond formation was noted when cGMP binds to PKGIα (Prysyazhna & Eaton, 2015). 

Accordingly, cGMP depletion sensitises PKGIα to oxidation and low levels of cGMP 

favour oxidative activation of PKG (Prysyazhna et al., 2012a; Prysyazhna & Eaton, 2015). 

This finding suggests that the two different modes of activation of PKGIα can potentially 

lead to different physiological functions and downstream targets in the cell. Hence, 

there is a growing interest in understanding the role of oxidant-activation of PKGIα and 

its potential for targeted therapeutic options. The transgenic knock-in mouse model, in 

which the Cys42 of PKGIα is replaced by Ser in (Cys42SerKI), lacks the cysteine 42-based 

oxidant sensor in PKGIα, rendering them unable to activate the kinase by oxidation 

(Prysyazhna et al., 2012a). This mouse model shows a baseline hypertensive phenotype, 
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blunted acetylcholine-dependent dilation in mesenteric arteries, and less activation of 

PKGI-dependent activity following H2O2 exposure in mesenteric and pulmonary arteries 

(Burgoyne et al., 2007; Prysyazhna et al., 2012b; Rudyk et al., 2019).  

 

 

Figure 1.8 Classical cGMP and oxidative disulfide mechanism for activating PKGIα. The classical 

cGMP-dependent pathway is illustrated versus oxidation-activation by H2O2, resulting in 

disulfide dimerisation of PKGIα subunits to phosphorylate target proteins. 
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1.4.3 Substrates and functional role of PKG in the vasculature 

PKG activation decreases [Ca2+]i in multiple ways (Surks, 2007). These include: 1. 

Phosphorylation of phospholamban at Ser-16, abolishing its inhibitory effect on the 

SERCA, thereby increasing Ca2+ sequestration in the sarcoplasmic reticulum (Francis & 

Corbin, 1999; Breemen et al., 1988). 2. Phosphorylation and activation of large 

conductance calcium-activated potassium channels, thereby increasing K+ efflux and 

causing plasma membrane hyperpolarisation (Alioua et al., 1998; Lincoln et al., 2001). 3. 

Decrease Ca2+influx through L-type calcium channels (Clapp & Gurney, 1991; Harraz et 

al., 2014; Schmidt et al., 1993). 4. Phosphorylation of G-protein activated 

phospholipase-C at Ser-26 and Ser-1105 to inhibit activity  and suppress IP3 and Ca2+ 

mobilisation from the SR (Francis et al., 2010; Xia et al., 2001) 5. Phosphorylation of  

vasodilator-stimulated phosphoprotein (VASP)(Wentworth et al., 2006). 6. 

Phosphorylation of the IP3 receptor-associated PKGI substrate (IRAG), a targeting 

protein shown to be necessary for IP3R phosphorylation. The last action decreases Ca2+  

from the SR, although it has been mainly attributed to  activation of the PKGIβ isoform 

(Lincoln et al., 2001; Surks, 2007).   

PKGI can also induce vasodilation through a  Ca2+-insensitive mechanism,  involving 

inactivation of the Ras homolog gene family member A (RhoA) (Murthy et al., 2003). In 

vascular smooth muscle, the RhoA/Rho-associated kinase (ROK) pathway is a primary 

mediator of smooth muscle Ca2+ sensitisation, which sustains contraction in the absence 

of Ca2+ (A. Cogolludo et al., 2007). In the absence of cGMP signalling, RhoA translocates 

from the cytosol to the plasma membrane, where it increases the activity of ROK  (Feng 

et al., 1999). The activated ROK phosphorylates Thr-696 in the myosin-binding subunit 

of MLCP, thereby inhibiting phosphatase activity toward the myosin light chain (Feng et 
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al., 1999; Francis et al., 2010). PKG activation induces phosphorylation of the 

membrane-bound RhoA protein, which inhibits its activation and translocation from the 

cytosol to the plasma membrane (Somlyo & Somlyo, 2003). Activated PKG also catalyses 

the phosphorylation of Ser-695 on the MLCP regulatory subunit, which in turn 

counteracts ROK inactivation of the phosphatase and promotes dilation (Francis et al., 

2010; Hofmann et al., 2009). 

While PKGI signalling has been extensively studied in VSMCs, the targets of PKGI in 

vascular endothelium are only beginning to be understood. PKGIα is acknowledged for 

its various functions in the endothelial cell, including regulation of cell motility, 

migration, and proliferation, which are essential for vascular permeability and 

angiogenesis (Sellak et al., 2013). In the pulmonary vasculature, cGMP/PKGI signalling 

has been shown to improve the endothelial barrier function and protect against 

vascular injury (Tsai & Kass, 2009). It was reported that endothelial PKGI negatively 

modulates contractility, demonstrated by reducing the activity of multiple Ca2+ entry 

channels (Sellak et al., 2013). One study suggested that a mechanosensitive Ca2+ 

channel is regulated by the cGMP/PKGI pathway, where PKG inhibits Ca2+ influx in 

endothelial cells (Yao et al., 2003). Another study showed that pharmacologically 

blocking PKGI resulted in EDHF-mediated relaxation in isolated rat small mesenteric 

arteries, attributed to store-operated Ca2+ entry (Dora et al., 2001). Moreover, Marziano 

et al. (2017) reported a novel mechanism whereby NO/sGC/PKGI signalling negatively 

affected Ca2+-dependent co-operative openings of endothelial TRPV4 channels in 

pulmonary arteries (Marziano et al., 2017).  
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1.4.4 The role of PKGIα disulfide dimerisation in the vasculature 

The dimerisation of PKGIα by cysteine 42 inter-protein disulfide formation is an 

essential mechanism contributing to blood pressure homeostasis and  vasodilation 

evoked  by H2O2 (Burgoyne et al., 2007). This regulatory mechanism was explored 

utilising the Cys42Ser KI mutant mouse model. A single atom substitution of oxygen in 

the hydroxyl group (-OH) of serine for the sulphur in the thiol group (-SH) of cysteine 42, 

within the N-terminal leucine-zipper domain, causes these mice to be “redox-dead” and 

unable to form the active disulfide dimer (Prysyazhna et al., 2012). This single-atom 

substitution resulted in the mice developing hypertension in vivo and partially abolished 

the dilatory action of H2O2 on pulmonary, mesenteric and aortic arteries (Prysyazhna et 

al., 2012b; Rudyk et al., 2019). H2O2-induced relaxation was not affected by the removal 

of endothelium or by NOS inhibition using N-nitro-l-arginine methyl ester (L-NAME), 

cyclooxygenase inhibition with indomethacin, or combined treatment with L-NAME and 

indomethacin (Prysyazhna et al., 2012a), indicating that H2O2 acted on the smooth 

muscle. Over the past decade, a better understanding of the role of PKGIα activation by 

oxidation has been attained; several signalling mechanisms were reported to be altered 

in the redox-dead mice due to lack of the oxidant sensor (Burgoyne et al., 2017; Feelisch 

et al., 2020; Nakamura et al., 2015; Prysyazhna et al., 2012a, 2016; Rudyk et al., 2012). 

Activation of PKGIα by H2O2 decreases vascular smooth muscle cell [Ca2+]i, which  likely 

contribute to vasodilation induced by oxidants (Müller et al., 2012). Increased 

dimerisation of PKGIα contributed to the relaxation of bovine pulmonary arteries 

evoked by H2O2 (Neo et al., 2010). It was also found to promote the translocation of 

PKGIα in SMCs from the cytoplasm to the cell membrane, where it phosphorylates 

membrane proteins (Dou et al., 2012; Rainer & Kass, 2016). In SMCs, oxidant-activation 
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of PKGIα phosphorylated BKCa channels, resulting in PKGIα-dependent activation of 

hyperpolarising K+ currents and vasodilation (Zhang et al., 2012). PKGIα disulfide 

dimerisation was also reported to mediate the relaxation of bovine coronary arteries to 

hypoxia, in contrast to the contraction of bovine pulmonary artery to hypoxia, which 

was associated with decreased PKGIα dimerisation and decreased VASP 

phosphorylation (Neo et al., 2013; Neo et al., 2011). 

PKGIα disulfide formation also contributes to vasodilation and blood pressure reduction 

induced by the NO donor nitroglycerin (GTN). The redox-dead mice had markedly 

impaired blood pressure reduction following GTN treatment, pointing to its essential 

role in this mechanism in vivo (Rudyk et al., 2012). Arteries are known to become 

rapidly tolerant to GTN-induced vasodilation: this was associated with loss of kinase 

oxidation and found to be absent in the Cys42Ser KI mice (Rudyk et al., 2012). Cys42Ser 

KI mice were significantly more resistant to hypotension and the resultant organ injury 

induced by septic shock, implying a role for PKGIα oxidation in the increased arterial 

dilation and permeability during sepsis (Rudyk et al., 2013). Another NO donor, 1-{b3-

aminopropy-4-(3-aminopropylammonio)} butylamino-diazeniumdiolate (SpNONOate), 

relaxed aortic and mesenteric resistance arteries in mice of both genotypes equally, as 

did the direct PKGI activator 8-Br-cGMP (Prysyazhna et al., 2012a). Thus, the 

involvement of oxidant-activated PKGIα in the action of NO mimetics is restricted to 

GTN, reflecting its unique chemistry (Chen & Stamler, 2006; Kleschyov et al., 2003). 

Acetylcholine-induced relaxation was deficient in the Cys42Ser KI mouse mesenteric 

arteries compared with WT vessels. It was also  diminished by treatment with the NOS 

inhibitor L-NAME, catalase (which decomposes H2O2), or a combination of L-NAME and 
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catalase (Prysyazhna et al., 2012b). In addition, pharmacological blockade of PKGIα or 

endothelium removal markedly attenuated the acetylcholine-induced relaxation of WT 

mesenteric arteries. In contrast, the cyclooxygenase inhibitor, indomethacin, did not 

alter acetylcholine-induced relaxation, but the combination of indomethacin, catalase 

and L-NAME resulted in complete blockade of the relaxation response (Prysyazhna et 

al., 2012a). These findings are consistent with acetylcholine-induced relaxation being 

triggered by two separate pathways involving  NO synthesis and EDHF (Busse et al., 

2002; Garland & McPherson, 1992; Takaki et al., 2008). 

Interestingly, acetylcholine-induced equal relaxation of WT and KI aortas  and the effect 

was entirely blocked by L-NAME and insensitive to catalase, suggesting that 

acetylcholine-induced relaxation did not employ the kinase oxidation pathway in the 

aorta (Prysyazhna et al., 2012b). Furthermore, acetylcholine induced an endothelium-

dependent relaxation of the aorta, which was attenuated by pharmacological inhibition 

of PKGIα using Rp-8-Br- cGMP and completely blocked by treatment with a combination 

of L-NAME, indomethacin and catalase (Prysyazhna et al., 2012b). This suggests that 

acetylcholine-induced relaxation of aorta is mediated by the classical NO/cGMP/ PKGIα 

pathway and does not involve EDHF-induced oxidation of PKGIα. 

PKGIα disulfide dimerisation has been shown to occur in mouse pulmonary arteries 

during chronic hypoxia (Rudyk et al., 2019) when it may function as a protective 

mechanism to limit the progression of pulmonary hypertension (Rudyk et al., 2019).  

The function of oxidant-activated PKGIα in pulmonary arteries is, however, poorly 

understood. Its potential roles in mediating NO-induced relaxation or endothelium-

dependent vasodilation are unknown. 
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1.5 Pharmacological modulation of NO/cGMP/PKG signalling 

The consequences and properties of NO/cGMP/PKG signalling in blood vessels are often 

studied using a range of agents that manipulate the pathway at different stages. These 

can include drugs that inhibit the production or action of NO, or mimic its action by 

releasing NO or interfering with downstream steps in the pathway. This project 

employed NO donors and a phosphodiesterase inhibitor to stimulate the pathway in 

pulmonary artery smooth muscle.    

 

1.5.1 NO donors 

GTN and sodium nitroprusside (SNP) are NO donors that have been used in clinical 

practice  for decades. They release free NO, which acts in the same way as endogenous 

NO to stimulate GC activity. The elevation of cGMP and activation of PKG in response to 

NO donors are typically rapid (Cawley et al., 2007). The main difference between GTN 

and SNP is in the mechanisms by which they release NO. GTN is a prodrug and needs 

bio-activation, which yields nitric oxide, S-nitrosothiols, inorganic nitrite, glycerol-1, 2-

dinitrate and reactive oxygen species (Chen & Stamler, 2006). It is generally assumed 

that GTN is converted in smooth muscle cells to NO, which activates sGC and thus 

relaxes vascular smooth muscle cells (Area et al., 1980). However, the role of NO in 

mediating the relaxation response to GTN has been questioned, with the suggestion 

that another mechanism could account for vasodilation (Kleschyov et al., 2003). 

Recently it was proposed that this might be related to oxidant-activation of PKGIα by 

one of the bio-activation metabolites of GTN (Rudyk et al., 2012). Therapeutic usage for 

nitroglycerine is limited by the tolerance phenomenon reported in the late 1980s, in 
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which the vasodilatory response to the same dose was blunted after repeated or 

prolonged use (Mangione & Glasser, 1994; Münzel et al., 2005).  

 SNP was first discovered in 1849 (Playfair, 1851) and is a prodrug that reacts with 

sulfhydryl groups in endogenous proteins to release nitric oxide directly, independent of 

the vascular endothelium (Belani et al., 2014; Ivankovich et al., 1978). It therefore  

activates the cGMP pathway and that is widely thought to be the main mechanism by 

which it acts (Cogolludo et al., 2001; Sauzeau et al., 2003). Nitroprusside is rapidly 

converted to thiocyanate in the body and its prolonged use causes thiocyanate 

accumulation and toxicity (Rindone & Sloane, 1992), limiting its clinical usefulness. It is 

however, a useful research tool and is widely used to study cGMP-dependent 

vasodilation. 

 

1.5.2 Phosphodiesterase inhibitors 

Phosphodiesterase 5 (PDE-5) is the main phosphodiesterase in the lung (Lin et al., 

2006). It acts to breakdown cGMP and limit cGMP-induced vasodilation. Hence, PDE5 

inhibitors such as sildenafil, are effective pulmonary vasodilators (Cohen et al., 1996; 

Seferian & Simonneau, 2013). PDE-5 inhibitors are approved molecules for treating PAH 

and reducing pulmonary arterial pressure (Galiè et al., 2005; Wilkins et al., 2008). They 

interact with the catalytic domain in the PDE5 enzyme and increase endogenous levels 

of cGMP by preventing its hydrolysis to GMP (Cohen et al., 1996; Glossmann et al., 

1999). PDE-5 contains two allosteric cGMP-binding sites and at least one 

phosphorylation site on each subunit (Mónica et al., 2016). Activated PKG 

phosphorylates and activates the cGMP-specific PDE5 at a single serine (Ser-102) in the 
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regulatory domain, which increases the enzyme’s affinity for the substrate, and 

therefore increases cGMP hydrolysis at lower concentrations of PDE-5 (Pauvert et al., 

2004). This contributes to negative feedback control on the NO/cGMP/ PKG signalling 

pathway (Brescia & Zaccolo, 2016; Francis et al., 2010).  

 

1.6 Study significance, hypothesis and aims 

1.6.1 Study Significance 

Pulmonary arterial hypertension is a progressive disorder in which endothelial 

dysfunction and vascular remodelling obstruct small pulmonary arteries, resulting in 

increased pulmonary vascular resistance and mean pulmonary artery pressure. 

Vasoconstriction is a well-characterised contributory mechanism because of endothelial 

dysfunction and an imbalance in the levels of vasoactive mediators. During the last 

decades, our improved understanding of the pathophysiology of the disease has 

resulted in the development of effective therapies targeting endothelial dysfunction. 

These drugs only allow clinical, functional and hemodynamic improvement, but no cure 

exists for PAH, and the prognosis remains poor.  

PKGIα is recognised as an end-effector kinase in blood vessel dilation, facilitating blood 

pressure lowering in response to agents that elevate NO and cGMP. Modulation of 

NO/PKGIα has entered clinical practice for treating pulmonary arterial hypertension. 

Clinically used drugs include PDE-5 inhibitors and sGC activators. Oxidant activation of 

PKGIα represents a novel mechanism for inducing vasodilation. We need to understand 

more about the interaction between oxidant activation and cGMP activation of PKGIα 

and whether PKGIα targets the same downstream targets when activated by either 
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route. The Cys42Ser KI transgenic mouse model will help us understand cellular 

signalling and the downstream targets of PKGIα in the pulmonary artery depending on 

its activation mode. This study has the potential to highlight the importance of the 

kinase oxidation pathway in mediating pulmonary artery relaxation responses to 

multiple pharmacological stimuli. 

 

1.6.2 Research hypothesis 

In this study, we tested the hypothesis that the oxidative activation of PKGIα has a role 

in mediating pulmonary artery dilation induced by NO donors, PDE5 inhibitors, and 

endothelium-dependant dilators. We propose that the loss of oxidative activation of the 

PKGIα pathway can potentially alter pulmonary artery function and cause vascular 

remodelling associated with pulmonary hypertension in the transgenic mouse model.  

 

1.6.3 Research aims 

1. To determine if there are changes in indicators of pulmonary artery remodelling and 

pulmonary hypertension resulting from the inability to activate the PKGIα oxidation 

pathway in Cys42Ser KI mice.  

2. To elucidate the effect of PKGIα oxidation on vasodilation evoked by elevation of 

smooth muscle cGMP levels by NO donors or PDE5 inhibition. 

3. To determine the contribution of PKGIα oxidation to vasodilation resulting from 

stimulation of the endothelium by muscarinic receptor activation. 
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4. To determine the contribution of PKGIα oxidation to vasodilation resulting from 

stimulation of the endothelium by Ca2+ influx through TRPV4 channels. 
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Chapter 2: Materials and methods 
 

2.1 Introduction 

Figure (2.1) illustrates the range of methods employed in this study. Arterial function 

and pulmonary artery reactivity in response to multiple drugs that manipulate the 

NO/PKG pathway were assessed using wire myography. Endothelial function was also 

assessed using en-face endothelial Ca2+ imaging using a high-speed spinning-disk laser 

confocal microscope. Histological studies were performed on fixed and sectioned 

mouse lung lobes to detect structural differences between mouse genotypes. The 

weight ratio of the right heart ventricle to the sum of the left ventricle and septum was 

measured to assess right ventricular hypertrophy, a marker of pulmonary hypertension.  
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Figure 2.1 Experimental methodology applied to mouse tissues. Flow of experiments 

conducted on mouse heart and lungs harvested from age-matched male mice. The harvested 

hearts were separated into left and right ventricles and weighed. Lungs were fixed, sectioned 

and stained for basic structural morphology measurement or the intrapulmonary arteries were 

isolated and used for wire myography or spinning-disk laser confocal microscopy to study 

vascular responses and local Ca2+ signals.  
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2.2 Animal model 

To determine the importance of PKGIα oxidation in the physiological regulation and 

dilatory mechanisms of the pulmonary artery, the Cys42Ser (or C42S) mutant Knock-in 

mouse model was used. The Cys42Ser KI mice are hypertensive, demonstrating a 

physiological role for oxidants in blood pressure regulation. The mice were generated 

on a pure C57BL/6 background by TaconicArtemis GmbH (Koln, Germany) as described 

previously (Prysyazhna et al., 2012b). Healthy wild-type mice from the same parents as 

the PKGIα Cys42Ser KI mice were used as controls to assess the effect of oxidant-

activation of PKGIα on the physiology and vessel reactivity of pulmonary artery. All 

procedures were performed following the UK Home Office Guidance on the Operation 

of the Animals (Scientific Procedures) Act 1986. Male age-matched wild-type and 

Cys42Ser KI mice, aged between 12 and 24 weeks were used in all experiments. Mice 

were kept under pathogen-free conditions and a 12-hour day/night cycle with free 

access to food and water. This section will cover animal husbandry, breeding and 

genotyping processes to establish colonies of WT and Cys42Ser KI mice used in this 

project.  

 

2.2.1 Animal husbandry 

Cys42Ser PKGIα knock-in mice were generated on a pure C57BL/6 background according 

to the breeding protocol outlined in Figure (2.2). Breeding colonies in Manchester were 

usually refreshed by breeding 8 weeks old female Cys42Ser PKGIα KI mouse with same-

age C57Bl/6 male mice purchased from Envigo UK, to produce heterozygous mice in the 

first generation. After that, heterozygous males and females were bred to produce a 
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mix of homozygous WT, homozygous Cys42Ser KI or heterozygous mice. Ear clips were 

collected from each generation to confirm genotype. Homozygous WT mice were bred 

together to generate a pure WT colony and homozygous Cys42Ser KI mice were bred 

together to generate a pure KI colony. Mice from the homozygous third generation and 

onwards were used for experiments after genotyping confirmation. 

 

 

 

Figure 2.2 Backcrossing Cys42Ser KI and WT mice. Female Cys42Ser KI was crossbred with male 

WT to produce heterozygous mice. Further breading of the heterozygous mice resulted in 

homozygous Cys42Ser KI, WT and heterozygous litters. Homozygous Cys42Ser KI and WT were 

then separately inbred with matching homozygous mice.  
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2.2.2 Genotyping 

Genotyping was used to determine the genetic composition of mice in the breeding 

colonies. It was essential to ensure that the correct genotype was used for breeding 

purposes and all experiments. Mice were ear-punched for identification purposes, and 

the ear clips were used for genotyping. 

The genotyping method comprised of three stages: 1) DNA extraction from the tissue; 

2) amplification of the target gene by polymerase chain reaction (PCR); 3) gel 

electrophoresis and band detection of the target gene. 

The first two stages were performed using the REDExtract-N-Amp Tissue PCR kit from 

Sigma-Aldrich (Dorset, UK) as described by the manufacturer. DNA was extracted from 

the ear clips by incubating the tissue with 50μL extraction solution and 12.5μL Tissue 

preparation solution for 10 min at room temperature. The samples were further 

incubated at 95°C for 3 min in a heating block, and then 50μL neutralization solution 

was added to each sample to stop the reaction. The DNA extraction mixture was stored 

at 4°C if longer storage was needed and could remain stable for six months. 

The next PCR stage, a 0.4μM primer pool was prepared by adding 1μL of each forward 

(5'-CAG TTT AGG GAC AGA GTT GG-3') and reverse primer (5'-AAC CTG CTT CAT GCG 

CAA GG-3') solutions (100μM), which were customised by Integrated DNA Technologies 

(IDT UK,LTD) to 23μL of PCR grade water (Ambion, USA). The solution was gently 

vortexed and placed on ice. The next step is to add 1μL of primer pool, 2μL of PCR grade 

water and 5μL of REDExtract-N-Amp PCR Reaction Mix into a PCR tube. Finally, 2μL of 

DNA extraction mixture was added to each tube and gently vortexed before placing it 

into the PCR block with a heated lid.  
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The heating protocol for PCR runs consisted of 30 cycles with an initial 3 min at 94 °C for 

initial denaturation, followed by 94 °C for 1 min to allow denaturation. Then, at 60 °C 

for 1 min to allow DNA annealing, followed by the extension stage at 72°C for 2 min. 

Final extension was achieved at 72 °C for 1 min. To avoid degradation of the DNA, the 

PCR product was then held at 4°C until the PCR tubes were removed from the PCR 

block. 

The gel electrophoresis and band detection started with a 1.5% agarose gel preparation. 

Agarose powder (Sigma Aldrich, UK) was weighed into an Erlenmeyer flask, mixed with 

TAE (40mM tris base, 20mM acetic acid and 1mM ethylenediaminetetraacetic acid 

(EDTA)) running buffer and swirled to mix. The agarose mixture was heated in a 

microwave for 1.5-2 min and swirled until the agarose was fully dissolved and the 

solution homogenised. Nancy520 (2.5μL; Sigma Aldrich, UK) was added to aid the 

visualisation of the band. The gel mixture was then poured into a moulding tray, with 

combs placed appropriately to create wells and left for 30 min to solidify. The gel was 

then transferred into the electrophoresis chamber and running buffer was added before 

loading the samples into the wells. PCR (5μL) product was carefully pipetted into each 

well along with a DNA molecular weight ladder (Thermo Scientific™ DNA Ladders-

10Kbp) in the first and last well. The gel was run at 100V for 40 min to separate DNA 

molecules.  

The final step was the detection of the band using a ChemiDoc™ XRS+ System (Bio-Rad 

Laboratories, Inc.). Once electrophoresis was complete, the gel was removed from the 

gel tray and placed in the ChemiDoc System and exposed to UV light. Bands were 
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visualised using Image Lab™ Software version 6.0.1; representative bands are shown in 

Figure (2.3). 

 

 

 

Figure 2.3 Agarose gel electrophoresis showing three different genotypes. First lane 

represents a heterozygous Cys42Ser KI/WT with two bands visualized. The second lane 

represents a WT genotype with one lower band. The remaining lanes represent the Cys42Ser KI 

genotype with one upper band visualized.   
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2.3 Fulton index 

Mouse hearts were harvested from the chest cavity. Further dissection of the ventricles 

separated them from both atria. The right ventricle free wall was separated from the 

left ventricle with the septum wall was attached to it. We measured the weights of the 

right ventricle alone and the left ventricle with a septum to calculate the Fulton index as 

follows: Fulton Index= Right ventricle weight/ (Left ventricle + septum) weight. This 

index allows for the assessment of right ventricle hypertrophy as a marker of pulmonary 

hypertension.   

 

2.4 Histology 

Histological studies of fixed lung tissue were carried out to assess basic structural 

differences that may have resulted from the inability of PKGIα activation by oxidation in 

the Cys42Ser KI mice. Right lung lobes from age-matched WT and KI mice were fixed in 

4% paraformaldehyde (PFA), which was injected through the airways. The lung lobe was 

stored in a tube filled with 4% PFA. The tissue was processed by HistoCore PEARL- 

Tissue Processor system (Leica Microsystems (UK), Ltd), and embedded in paraffin wax 

to form paraffin blocks by HistoCore Arcadia modular tissue embedding system (Leica 

Microsystems (UK), Ltd). After that, 5 μm sections were prepared using HistoCore-

AUTOCUT Microtome. The sections were then stained to highlight morphological 

features. The steps are illustrated in Figure (2.4). 
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Figure 2.4 Histological studies. Dissected lung lobes were fixed in 4% PFA and then transferred 

to labelled cassettes to be processed. An automated tissue processor was used to dehydrate the 

tissue, after which the tissue was embedded in paraffin wax to form paraffin blocks. Using a 

Microtome, blocks were trimmed and 5 µm sections obtained and were mounted on labelled 

glass slides.  

 

2.4.1 Tissue processing, embedding and sectioning 

Fixed lung lobes were transferred to cassettes and appropriately labelled. They were 

immersed in 70% industrial methylated spirit (IMS) for 4 hours, ready to be transferred 

to the tissue processor. They were subsequently dehydrated in a graded ethanol series, 

cleared in xylene and embedded in paraffin wax. Paraffin blocks were stored in the cold 
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room for sectioning. Sections were cut at 5 µm thickness with a microtome (Leica 

RM2265) after trimming each block. Around 10 consecutive sections were taken and 

each section floated on a warm water bath before it was mounted on a labelled glass 

slide and left to dry overnight. 

 

2.4.2 Tissue staining 

Staining is used to highlight important features of a tissue, in addition, to enhancing the 

tissue contrast. Multiple stains were used to assess overall morphology and measure 

the wall thickness of blood vessels, collagen thickness and outer/inner vessel diameter. 

Staining was done at the Histology Core Facility, using automated processes.  

 

2.4.2.1 Haematoxylin and Eosin staining protocol 

Haematoxylin and Eosin (H&E) staining was carried out using the automated H&E Leica 

Stainer and coverslip instruments. It stains cell nuclei purple, while cytoplasmic 

components are pink as shown in Figure (2.5, A). Briefly, paraffin was removed from the 

sections with xylene and they were hydrated with a series of alcohol solutions of a 

graded concentration (100%, 90%, 80%, 70%). The sections were then stained with 

haematoxylin for 3 min, thoroughly rinsed with tap water and a clarifier. Excess stain 

was removed by washing several times, followed by the Eosin stain application for 1 min 

and washed to remove excess. Following this step, the slides were dehydrated through 

a series of graded alcohol solutions, two changes of xylene and finally sent to the cover-

slipper to insert the coverslip on top of the section. 
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Figure 2.5 Staining of lung sections. A, H&E (Blue = nuclei, Pink = cytoplasm). B, PSR (Red = 

collagen, Yellow background). C, Miller’s (Orange = muscle, Purple = collagen, Black = Elastin). D, 

Masson’s Trichrome (Blue = collagen, Black = nuclei and the background are stained red). Red 

arrows are pointing to pulmonary arteries next to the airways. 20 µm scale. 

 

 

A 
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2.4.2.2 Picrosirius Red 

Picrosirius Red (PSR) was the primary stain used to analyse collagen thickness around 

vessels. Collagen is stained red on a pale yellow background as shown in Figure (2.5, B). 

PSR staining employed a previously published protocol (Kiernan, 2011). Hydrated 

sections were incubated in picrosirius red for one hour, followed by washing in two 

changes of acidified water, with most of the water physically removed from the slides 

by vigorous shaking. After that, they were dehydrated in three changes of 100% 

ethanol, cleared in xylene and mounted in a resinous medium, and a coverslip was 

added on top of the section. 

  

2.4.2.3 Masson's Trichrome staining protocol 

This method is also used for the detection of collagen, which is stained blue. Nuclei are 

stained black and the background is stained red as shown in Figure (2.5, D). The staining 

procedure started with the removal of paraffin wax and rehydration of the slides 

through three series of gradient alcohol solutions. The sections were washed in distilled 

water. Then re-fixed in saturated piciric acid solution for 1 hr to improve the staining 

quality. Next, follow a rinse in running tap water for 5-10 min to remove the yellow 

colour. Sections were then stained in Weigert's iron hematoxylin solution for 10 min. 

Slides were rinsed in running warm tap water for 10 min then washed in distilled water, 

after which they were stained in Biebrich scarlet-acid fuchsin solution for 10-15 min 

then washed in distilled water. They were then incubated in the phosphomolybdic-

phosphotungstic acid solution for 10-15 min or until the collagen was not red. Sections 

were transferred directly (without rinsing) to aniline blue solution for 5-10 min, rinsed 

briefly in distilled water and exposed to 1% acetic acid solution for 2-5 min. Finally, the 



 

74 
 

sections were washed in distilled water and dehydrated quickly through 95% ethyl 

alcohol and cleared in xylene, before being mounted with a resinous mounting medium 

on a slide with coverslip. 

 
 

2.4.2.4 Miller’s elastin stain 

Miller’s stain was primarily used to highlight the presence of elastin within the artery 

wall, but was also used alongside the other stains to confirm the different structures 

seen within a vessel. Elastin fibres were stained black, collagen stained red and the 

muscle and other tissues stained yellow as shown in Figure (2.5, C). The staining 

technique started by submerging slides in water and treating them with potassium 

permanganate for 10 min, followed by a wash in deionised water. They were then 

bleached with oxalic acid for 2 min, rinsed well in water, then in 95% ethanol. Sections 

were then immersed in undiluted elastin stain for 2 hr, and then washed again in 95% 

alcohol then in water. Sections were counterstained with Van Gieson stain for 1-3 min 

and then rinsed in 100% ethanol. Finally, sections were rapidly dehydrated, cleared and 

mounted on a slide with a coverslip. 

 

2.4.2.5 Slides imaging 

Images were acquired on a 3D-Histech Pannoramic-250 microscope slide-scanner using 

a 20x/ 0.80 Plan Apochromat objective (Zeiss) at the Bioimaging facility. Snapshots of 

the slide-scans were taken using the CaseViewer software (3D-Histech) 
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2.4.3 Quantification and image analysis 

All measurements were made using CaseViewer software version 2.4.0. The area and 

circumference were measured, and arteries with an outer diameter of less than 80 µm 

were included in the analysis. These represent the resistant arteries that are most 

relevant for pathological changes (Townsley, 2012).  

At least 55 arteries in each lung were identified for measurements, using ten 500 μm2 

rectangles placed randomly on each lung section. Only arteries cut in cross section were 

included. The inner and outer circumferences of each artery were determined by 

tracing around them: dividing by π gave the outer and lumen diameters.  

Another feature of the structural changes and remodelling process includes the 

muscularisation of previously non-muscular arterioles. Arteries are often considered to 

be muscularised if they possess an elastic lamina on the outer edge of the muscle layer 

in addition to an inner elastic lamina between the muscle layer and endothelium. 

Muscularised arteries were identified as vessels in which two elastic laminae were 

distinct for at least half of the diameter and were counted as a percentage of the total 

number of vessels examined. The number of elastic laminae in each artery was counted 

in vessels with a luminal diameter between 30-80 μm. 

The thickness of the muscle wall was measured from at least 10 arteries per lung 

section, as the distance between the inner edge of the inner elastic lamina and the 

outer edge of the outer elastic lamina. The average thickness of the collagen layer was 

measured from the same arteries by sampling at three points on the vessel wall.  
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2.5 Dissection and tissue preparation for functional studies 

Mice were euthanized using the schedule 1 procedure of cervical dislocation by trained 

personnel. Mouse lungs were rapidly dissected from the chest cavity, and kept in ice-

cold physiological salt solution (PSS) with the following composition: 122 mM NaCl, 5 

mM KCl, 1 mM MgCl2, 10 mM HEEPES, 0.5 mM KH2PO4, 0.5 mM Na2HPO4, 5 mM D-

glucose and 1.8 mM CaCl2 with pH adjusted to 7.3/7.4 with 1 M NaOH. The 10x 

concentrated PSS solution lacking glucose and CaCl2 was stored in fridge. The working 

solution was prepared every day by diluting 1 in 10 and adding CaCl2 and D-glucose with 

pH checked and adjusted. The lung left lobe was carefully stretched and pinned onto a 

dissecting dish, coated with a layer of silicone plastic (Sylgard), under a dissecting 

microscope as illustrated in Figure (2.6, A). The mouse lung has a single left lobe and 

four right lobes, which are called the cranial, medial, caudal, and postcaval lobes (Ko et 

al., 2010). Segments of first, second and third-order pulmonary arteries as indicated in 

Figure (2.6, C), were isolated. During dissection, PSS in the dissecting dish was 

frequently replaced to maintain viability of the vessels and to allow for better 

visualization of the arteries, which could become obscured by blood and air bubbles. 

Defined arteries were dissected and cleaned of connective tissue for experimentation. 

The first-order intrapulmonary artery usually had an outer diameter of ~350-450 μm, 

and second and third-order IPAs had an outer diameter of ~200-350 μm. The isolated 

IPAs were cut into rings 1.5-2mm in length and mounted in a vessel myograph for 

isometric tension measurement, or pinned down for en-face endothelial Ca2+ imaging. 
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Figure 2.6 Mouse pulmonary artery dissection. A. Tissue was removed to reveal the main 

pulmonary artery running along the length of the lobe. B. Further lung tissue was removed to 

reveal the main artery and its branches. C. First (Red, 350-400 µm outer diameter), second and 

third (Blue and green respectively, 200- 350 µm) order IPAs used for experiments.  

A A A A 

B 
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2.6 Wire myography 

Vessels were mounted in a four-channel wire myograph (Danish Myotechnology, 

Aarhus, Denmark) to record isometric wall tension. Wire myography allows the vascular 

function to be studied in isolated resistance arteries with an internal diameter between 

100 and 500 μm. Continuous monitoring of vessel wall tension allowed contraction 

developed in response to the application of different pharmacological agents to be 

studied. Two 40 μm stainless steel mounting wires were inserted through the isolated 

vessel lumen and secured to two supports. One support was attached to a micrometre 

for the adjustment of vessel circumference and application of tension. The other 

support was attached to a force transducer as shown in Figure (2.7). 

 The wire myograph chambers were filled with the same working solution PSS, warmed 

to 37 ᴼC in a water bath throughout the experiment. Chambers were heated to 37 ᴼC 

and bubbled constantly with air. The mounted vessels were allowed 30 minutes to 

equilibrate before a basal tension of 1.5 mN was applied to get the optimal response 

and mimic in-vivo conditions. The optimal basal tension was determined in pilot 

experiments: first, second and third-order IPAs showed the largest response to 50 mM 

KCl when the applied basal tension was 1.5-2 mN. Accordingly, 1.5 mN tension was 

selected as the optimal basal tension in all experiments unless otherwise indicated.  
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Figure 2.7 Wire myography chamber. Illustration of the myograph chamber used for isometric 

wall tension recordings. Isolated artery segments were threaded into two 40 µm wires, which 

was used to mount the artery between the myograph jaws.  

 

 



 

80 
 

To test the ability of the artery to contract and ensure it was not been damaged during 

isolation or mounting, 50 mM KCl (final concentration) was added to the bath to cause 

smooth muscle cell depolarisation, Ca2+ influx and contraction. After an incubation 

period of 5 min, the chamber was washed with PSS and the vessel was allowed to relax 

to baseline. This was repeated 2-3 times, and only vessels that responded to KCl more 

than 0.6 mN above basal tension were used for experiments. Otherwise, they were 

excluded from further study. Amplitudes of contraction to 50 mM KCl were measured as 

the difference between the induced tension and the baseline. 

 
 
 

2.7 Data acquisition 

2.7.1 Measuring tension and responses to vasodilators 

Responses to different agonists or antagonists were used to construct cumulative 

concentration-response curves. Data were collected and stored in a computer 

connected to a PowerLab acquisition system (ADInstruments) by using LAbChart® 7 

software. Responses were measured using LabChart 8 Reader software (ADInstruments)  

and analysed using Microsoft Excel and GraphPad Prism 9 software. 

In order to study vasodilator activity, arteries were first contracted with the 

thromboxane A2 agonist U46619 at a final concentration of 30 nM. Once the 

contraction reached a plateau after about 30 min, the vasodilator drug was added and 

relaxation measured as the percent change in tension relative to the plateau. To assess 

the dilator over a range of concentrations, it was applied at a low concentration first, 

then increased cumulatively until the maximum concentration was reached. Relaxation 

responses to each drug concentration were measured as the difference between 
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tension just before adding the dilator and the minimum of dilation response. U46619 

(30 nM final concentration) was added at the end of experiments after washing out any 

drugs and waiting for 20 minutes to assess vessel reactivity again and ensure viability. 

Concentration versus relaxation response curves were constructed by plotting the 

response as a function of concentration. Half maximal inhibitory concentration (IC50) is 

the dilator concentration causing 50% of the maximum response. The concentration 

inhibiting 50% of the U46619-induced contraction was estimated by obtaining the best 

fit of the Hill equation to data as follows:  

𝑇 =
𝑇𝑚𝑖𝑛+(𝑇𝑚𝑎𝑥−𝑇𝑚𝑖𝑛)

1+ (
𝑋𝑛

𝐼𝐶50
𝑛)

                                     

T is the agonist-induced maximum tension, Tmin is the minimum tension developed in 

the presence of a vasodilator, X is the concentration of dilator. and n is the Hill slope 

describing the steepness of the curve. 

Dilator drugs were added starting with the lowest concentration of 10-11 up to 10-5 of 

each drug. NO donors (SNP, GTN) and PDE5 inhibitor sildenafil were used to manipulate 

the NO/cGMP classical pathway of PKGIα activation. Auranofin, which is a thioredoxin 

reductase inhibitor, was used (1 nM- 10µM) to assess the effects of redox state 

manipulation. Hydrogen peroxide was used (1-300µM) as an exogenous oxidant to 

study the effect of oxidants on IPAs relaxation.  All drugs were prepared with an initial 

stock solution of 10mM using water, DMSO, or ethanol as specified by the 

manufacturers' instructions. Light-sensitive chemicals were stored in light-resistant 

containers. These solutions were then divided into smaller aliquots and stored at -20 °C. 

To ensure minimal impact from the vehicle used for stock preparation, all 
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pharmacological agents were diluted to their working concentrations using PSS, aiming 

to maintain minimal vehicle concentration in the working bath. 

 

2.7.2 Assessment of endothelium-dependent relaxation 

After contracting the artery with 30 nM U46619, endothelium integrity was tested by 

applying 1µM NS309, which opens endothelial IKCa and SKCa channels. Artery segments 

that responded to NS309 with more than 50% dilation were included for further study 

as endothelium-intact vessels. Arteries that failed to dilate to NS309, or produced 

relaxations less than 20% of the U46619-induced contraction were included in the 

endothelium-denuded data set. After washing, 30 nM U46619 was added again. Once 

the contraction was stable, the endothelium-dependent vasodilator carbachol (CCh; 0.1 

– 100 μM) was added cumulatively, starting with the lowest concentration. 

Alternatively, the TRPV4 channel agonist GSK1016970A (3-100 nM) was tested in the 

same way to assess endothelium-dependant relaxations when these channels are 

activated. GSK1016970A-mediated vasodilation was also studied in the presence of 100 

μM L-NAME as a NOS inhibitor or 3μM ODQ (1H-[1,2,4]Oxadiazolo[4,3-a]quinoxalin-1-

one) as a sGC inhibitor.  
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2.8 Intracellular Ca2+ imaging 

2.8.1 Conventional confocal laser microscopy 

The confocal principle was key to overcoming limitations of using a conventional wide-

field microscope to image Ca2+-dependent fluorescence. It provides a means of 

preventing out-of-focus light from interfering with the resolution of in-focus features in 

a specimen, improving the ability to detect fine details. It does this by using spatial with 

a pinhole placed in front of the detector, which blocks out-of-focus light scatter.  

In a typical confocal microscope, a focused beam of laser light passes through a micro-

lens and is directed through a pinhole to a dichroic mirror, which restricts the light 

reaching the sample to the excitation wavelength. The emitted fluorescence is directed 

by the dichroic mirror to a photomultiplier tube through another pinhole. The output 

from the photomultiplier tube is a direct measure of fluorescence. The laser is scanned 

across the specimen; exciting fluorescence at multiple points in the field, the emission 

at each point is collected and used to reconstruct a 3-dimensional image with computer 

software. Figure (2.8) illustrates the basic features of a confocal microscope. 

Unfortunately, the scanning process is slow, with images collected at around one frame 

per second (Wang E, 2005). This is too slow to visualize the rapidly dynamic Ca2+ signals 

recorded from endothelial cells (Nakano, 2002; Nelson et al., 2010). Consequently, this 

led to the development of the high-speed spinning disk confocal system.   
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Figure 2.8 Confocal laser scanning microscopy principal. Excitation laser beams are directed 

through a pinhole on diachronic mirror to reach the specimen. The emission fluorescence is 

directed by the dichroic mirror to a photomultiplier tube.  
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2.8.2 Spinning-disk confocal laser microscopy 

Spinning disk confocal laser microscope utilizes two spinning disks with multiple micro-

lenses and multiple corresponding pinholes as illustrated in Figure (2.9). This multi-

beam, scanning system has an expanded laser beam, which is directed through an array 

of micro-lenses arranged on a disk. Each micro-lens has an associated pinhole on a 

second disk, with a matching pattern of pinholes laterally co-aligned and axially 

positioned at the focal plane of the micro-lenses. As a result, multiple points in the focal 

plane of the specimen are imaged simultaneously, denying the need for image 

resolution. The image is collected with a highly efficient electron multiplying CCD 

camera. Because the laser beam is less focused, there is some loss of resolution 

compared to conventional confocal microscopy, but the trade of between image 

resolution and speed is given the best solution for fast, live-cell confocal imaging. 

Another advantage of the spinning-disk technology, resulting from the broader laser 

beam, is that the laser can be used at lower power, resulting in less photo toxicity and 

photo bleaching (Nakano, 2002).  
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Figure 2.9 High-speed, spinning-disk confocal system. Wide laser illumination passes through a 

series of lenses on a spinning disk before passing through the corresponding pinhole on the 

lower disk. The emission fluorescence is directed by a dichroic mirror, located in between the 

two spinning disks, to an electron-multiplying CCD camera. The output detected is built into an 

image and displayed by the computer.  
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2.8.3 Endothelial en-face calcium imaging 

Calcium signals in the endothelium of isolated pulmonary artery segments included 

pulsars, which refer to the local events of Ca2+ release from intracellular stores through 

inositol trisphosphate receptors in the membrane of the endoplasmic reticulum in 

endothelial cells (Taylor et al., 2012). It also included sparklets, which are local events of 

Ca2+ influx through single TRPV4 channel (Sonkusare et al., 2012a). Isolated second and 

third-order artery segments were cleaned and cut open longitudinally. Opened artery 

segments were pinned out on a Sylgard-coated block in an en-face position with the 

endothelium facing upwards. The isolated artery was evenly stretched from all sides in a 

1:1 ratio of the lumen diameter and length to ensure consistent stretch was applied 

throughout different preparations, as TRPV4 channels are stretch-sensitive ion 

channels. The preparation was then loaded with the Ca2+ binding fluorescent dye, fluo-4 

AM (Sigma-Aldrich, Merck), at a 10 μM final concentration, held over loading for 20 

minutes at 30 ᴼC in the dark. The preparation was then placed in the imaging chamber 

shown in Figure (2.10) with circulating PSS to de-esterify the Ca2+ dye. Bound Ca2+ was 

detected by exciting with a solid-state laser at 488 nm and collecting emitted 

fluorescence using a 527.5 nm band-pass filter. Images were detected by an electron-

multiplying charge-coupled device (EMCCD) camera (Andor, Oxford Instruments). 

Imaging was performed at 37 ᴼC with PSS circulating at a rate of 5ml/minute during the 

experiment. The PSS was constantly bubbled with air in a reservoir before circulating. 

The circulating PSS temperature was controlled by passing it through a solution heater 

(TC-334B Warner Instrument Corporation, USA) before it entered the chamber, which 

was adjusted by feedback from the temperature probe (TA-29, Warner Instrument) 

placed in the chamber. A constant temperature is key in Ca2+  signal imaging as 
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fluctuating temperature will not only affect the cellular physiology of the tissue but also 

the focal plane. Fluorescence was excited and detected using a Yokogawa high-speed, 

spinning-disk laser confocal system (Revolution X system, Andor Technology, Belfast, 

UK) with a Nikon upright microscope (60x water dipping objective, 1.0 NA). Recordings 

were captured using Andor Revolution software at a frame rate of 30 frames/second. 

 

Figure 2.10 Endothelial cells imaging in an en-face imaging chamber. Endothelial cells imaged 

with 60x water dipping objective of an artery pinned out and positioned in the chamber filled 

with PSS. Imaging was performed at 37 C in a constantly bubbled, circulating PSS coming from 

the inflow and sucked out from the outflow at a rate of 5ml/min. The chamber is equipped with 

a thermometer probe dipped into the PSS to monitor its temperature.  
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2.8.4 Calcium signal analysis: SparkAn software 

Recorded videos were analysed offline using sparkAn software, custom designed by Dr 

Adrian Bonev (University of Vermont, Burlington, USA). A change in fluorescence, which 

reflects the change of intracellular calcium dynamics, was calculated and presented as 

fractional fluorescence (F/F0) for regions of interest (ROI) within each set of images. F, 

represents the change in Ca2+ fluorescence from the baseline, F0, which was defined as 

the average of 10 baseline images taken at resting state with no activity in the same 

ROI. Fluorescence was measured over the entire endothelial cell surface covered in the 

field of view, typically covering 13-15 endothelial cell. Automated or manual detection 

settings were used for analysis, depending on the nature of the Ca2+ signal being 

measured.  

 

2.8.4.1 Detection and analysis of Ca2+ pulsars 

Ca2+ pulsars occur basally in arteries under resting physiological conditions, representing 

a persistent mode of Ca2+ signalling that can be manipulated pharmacologically by 

receptor agonists and blockers. Videos were recorded for 30 seconds and analysed at 

resting baseline conditions and with muscarinic receptor activation by 10 µM carbachol. 

The kinetic properties of IP3R Ca2+ pulsars were analysed within a ROI of 9 × 9 pixels 

(2.13 μm × 2.13 μm) positioned at a point corresponding to the peak Ca2+ pulsar event 

as shown in Figure (2.11). The detection threshold was set at 1.18, significantly above 

background noise. Multiple kinetic properties were analysed to compare IP3R Ca2+ 

pulsar signals in both WT and PKGIα KI mice. They are typically characterized as brief 

(<300ms) and spike like signals (Ledoux et al., 2008; Sonkusare et al., 2012a).  
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Automatic pulsars detection was done using an automated event detection and the 

detected events were subsequently checked manually to remove any fake events. These 

settings are based on the kinetics of pulsars studied in the mouse vascular endothelium 

(Ledoux et al., 2008). The kinetic properties measured include: 1) pulsar frequency (Hz) 

defined as the number of pulsar events divided by the duration of the video. 2) 

amplitude (F/F0), 3) duration (ms), 4) rise time (ms), 5) decay time (ms), and 6) number 

of sites defined by an event detected within a 5 x 5 µm2 area in the same field. 

 

Figure 2.11 Automated detection of Ca2+ Pulsars. A, Image showing a field of view with ROIs 

positioned at places where pulsar events were detected. B, An output from SparkAn software 

showing pulsars traces for each corresponding ROI with matching colour, pulsars are typically 

characterized as brief and spike-like signals.  
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2.8.4.2 Manual TRPV4 sparklet detection 

Unlike Ca2+ pulsars, TRPV4 sparklet signals are abrupt, and exhibit a plateau phase with 

discrete amplitudes and longer duration (>300ms). To be able to detect sparklet signals, 

IP3R-mediated signalling was blocked by incubating the tissue with the endoplasmic 

reticulum Ca2+-ATPase (SERCA) inhibitor, cyclopiazonic acid (CPA, 30 µM), for 30 min 

before adding the TRPV4 agonist, GSK1016790A (10 µM). Sparklet signals were detected 

manually in one-minute video recordings. Multiple ROI defined by 5 × 5 pixel boxes 

(1.33 μm x1.33 μm), which were positioned at the region with the maximum increase in 

fluorescence as shown in Figure (2.12). An average of 10 stable baseline images was 

averaged and subtracted from the subsequent images before the changes in 

fluorescence within the ROI were measured.  

Multiple kinetic properties were measured compare sparklet activity between 

genotypes. These include: 1) channel activity, 2) open channel probability, 3) number of 

sparklet sites per field, 4) frequency of sparklet events, defined as the number of events 

divided by the recording duration and 5) amplitude, which was manually extracted from 

the fractional fluorescence traces above a baseline of F/F0=1. TRPV4 channel activity 

was calculated from the area under the curve (AUC) of F/F0 versus time for each event. 

Activity at a TRPV4 Ca2+ sparklet site was calculated as the integrated AUC of all 

openings at that site within a one-minute recording duration. The activity integrals from 

all sites in a field were averaged to obtain activity per site for that field. Open channel 

probability was calculated by dividing the channel open state time (duration of 

fluorescence plateau) by total recording time. Data extracted from fractional 

fluorescence traces with a stable baseline to the maximum plateau state of the channel 
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opening, just before the decay of fluorescence was used to construct an all points 

histogram with a baseline F/F0 of 1 to define TRPV4 channel quantal level. 

All-points amplitude histograms were constructed from images that were processed 

with a Kalman filter (acquisition noise variance estimate=0.05; filter gain=0.8) to 

minimise low frequency noise. Sparklet events with at least five steady baseline points 

and a steady peak of at least five data points were included in the analysis. Events with 

an unstable baseline immediately before the opening and shorter openings with fewer 

than five data points at the peak, were excluded. 

 

Figure 2.12 Manual detection of TRPV4 sparklets in pulmonary artery ECs. A, Image showing a 

field of view with ROIs manually placed at places where TRPV4 events were detected. B, 

Topographic ECs image showing how TRPV4 events were manually picked up to position ROI’s 

on the point with the maximum increase in fluorescence. C, Representative traces of TRPV4 Ca2+ 

sparklets for each corresponding ROI with matching colour.  
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2.9 Statistical analysis 

All statistical analysis was done using GraphPad prism 9 software. Results are presented 

as mean ± SEM. Normality of data distributions was assessed using the D'Agostino-

Pearson normality test and comparisons of two groups employed an independent-

samples t-test. The two-way ANOVA test was used for more than two groups. 

Differences between data sets were considered significant if p < 0.05. Data generated 

from calcium imaging were analysed using Microsoft Excel and GraphPad Prizm. n= 

number of animals. All cartoon pathway Figures were created with BioRender.com. 
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Chapter 3: Results 

 

In this chapter, findings from my research project are presented in the following 

categories: 

A- General comparison between the Cys42Ser KI genotype and the WT, Fulton Index 

measurements; histological studies on fixed lung lobes; contractile response of vessels 

to different constrictors including U46619 and KCl and vascular response to exogenous 

oxidants in pulmonary arteries. 

B- Role of oxidant-activated PKGIα in mediating vasodilatory responses to multiple 

drugs manipulating NO/cGMP/PKGIα dependant pathways, including SNP, GTN and 

Sildenafil. In addition to the effect of increased stretch on vasodilators responses.  

C- Role of oxidant activation of PKGIα in mediating endothelium-dependent relaxation 

responses and Ca2+ signalling changes in response to muscarinic receptor activation and 

TRPV4 channel activation. 
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3.1 Testing for the presence of structural changes associated with PAH 

3.1.1 No signs of right ventricular hypertrophy in the Cys42Ser KI mice 

The transgenic model of Cys42Ser KI mice has a mild hypertensive phenotype, so 

changes associated with PAH were suspected. Signs of pulmonary arterial hypertension 

were assessed by measuring the heart ventricles weight ratio as an indicator of right 

ventricle hypertrophy by comparing Cys42Ser KI redox dead mice to healthy WT mice. 

The Fulton index, calculated as the weight of the right ventricle relative to the left 

ventricle plus septum, was 0.26 ± 0.024 in the WT group (n=10) and 0.25 ± 0.013 in the 

KI group (n=8) (p=0.6, unpaired t-test).  

 

3.1.2 Structural changes assessment in intrapulmonary arteries between the 

genotypes 

PAH is also associated with structural changes, including artery remodelling that was 

tested by measuring multiple parameters from cross-sectioned pulmonary arteries. 

Sagittal sections from the right lung lobe treated with Miller’s stain were used for all 

measurements. Collagen content, muscle content, lumen diameter and outer diameter 

were measured using scanned slides and CaseViewer software. Figure (3.1) presents the 

frequency histograms of outer and lumen diameters of arteries identified in lung 

sections that were best fit by a lognormal distribution. An F-test indicated that for both 

measurements, there was a significant difference between the distributions obtained 

from sections of KI mice compared to WT mice. Taking the geometric means of the 

outer diameters collected for each mouse and comparing between groups of WT (48 

μm, 95% CI = 44-52 μm, n=6) and KI (45 μm, 95% CI = 43-47 μm, n=6) mice did not yield 
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a statistically significant difference (p=0.1, Welch’s t-test). In contrast, the geometric 

means of the lumen diameters collected for each mouse did differ significantly between 

WT (31 μm, 95% CI = 28-34 μm, n=6) and KI (28 μm, 95% CI = 27-28 μm, n=6) mice 

(p=0.04, Welch’s t-test).  

The pulmonary arteries of KI mice may be slightly narrower than in WT mice. The 

geometric mean represents the most abundant diameters and, therefore, the smallest 

arteries in the lung. In WT mice, the smallest arteries, therefore, have a lumen diameter 

of 31 μm and outer diameter of 48 μm, while in KI mice the lumen is 28 μm with an 

outer diameter of 45 μm.  

As expected (Townsley, 2012), the ratio of wall thickness to lumen diameter increased 

as the arteries became smaller, as shown in Figure (3.2, A). The relationship was 

steepest in vessels with a lumen diameter <30 μm, but there was no obvious difference 

between WT and KI mice. As there was less dependence on lumen diameter in larger 

arteries, the mean wall thickness to lumen ratio was compared in arteries of 30-80 μm 

between WT 0.12 ±0.01 (n=6) and KI 0.10 ± 0.01 (n=6) mice, with 5-7 measurements per 

mouse. These values are not significantly different. The proportion of the artery wall 

composed of collagen did not vary with lumen diameter (Figure 3.2, B).  The mean ratio 

was 0.17 ± 0.03 (n=6) in WT mice and 0.14 ± 0.02 (n=6) in KI mice, and these values are 

not significantly different. Muscular arteries from WT and KI mice contain a similar 

proportion of muscle and collagen, suggesting a lack of remodelling. The number of 

elastic laminae in each artery was counted in vessels with a luminal diameter < 80 μm.  

The percentage of vessels containing two elastic laminae was 26 ± 4 % (n=6) in WT mice 

and 21 ± 2 % (n=6) in KI mice which are not significantly different.  
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Figure 3.1 Frequency histograms of the outer and inner diameters of mouse lung arteries.  

Outer (A) and inner (B) diameters of arteries were measured from Miller’s stained sections. 

Plots include 546 measurements from WT mice and 515 values from KI mice, including at least 

55 measurements per section from 6 WT and 6 KI mice. Bin width = 5 μm. C. Geometric means 

of artery diameter measurements from each mouse (p=0.04, Welch’s t-test). 
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Figure 3.2 Components of the artery wall. A. Ratio of wall thickness to lumen diameter plotted 

against lumen diameter. Wall thickness was defined as the distance between the elastic laminae 

occupied by smooth muscle. B. Ratio of collagen thickness to lumen diameter plotted against 

lumen diameter. Measurements from arteries with lumen diameter <80 μm. Measurements were 

made from 10 arteries in each lung, with one section per mouse. Each point represents an 

individual artery.  
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3.2 Contractile responses of intrapulmonary arteries to constrictors 

To determine if the Cys42Ser mutation in the KI genotype alters the pulmonary vascular 

tone, contractile responses to U46619, a thromboxane A2 receptor agonist, and KCl 

were measured in intrapulmonary arteries. The amplitudes of contraction in response 

to 50 mM KCl were taken from the second repeat of the KCl challenge. Contraction to 

U46619 was measured at its peak plateau constriction. The application of 30 nM 

U46619 caused the mouse pulmonary artery to contract to a higher amplitude than KCl, 

while the latter evoked a more rapid response compared to U46619. Amplitudes were 

measured and compared in WT and Cys42Ser KI mice, the maximum tension was 

reached within 20-30 minutes for U46619 while KCl caused the arteries to contract, 

reaching the plateau level in 5 min. There was no significant difference in the U46619 

generated tension in the WT mice 1.87 ± 0.08 mN, n=45, whereas in KI mice, 1.80 ± 0.07 

mN, n=45, (p= 0.53, unpaired t-test), as shown in Figure (3.3, A). The maximum tension 

developed was similar in WT and KI arteries. Vessels from WT mice responded to KCl by 

an amplitude of 1.55± 0.08 mN, n=24. This did not differ from amplitudes measured in 

KI mice 1.75 ± 0.09 mN, n=24, (p=0.12, unpaired t-test) as shown in Figure (3.3, B).   
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Figure 3.3 Contractile responses in intrapulmonary arteries. A. Raw trace of contraction 

response evoked by U46619 (left), bar graph presenting the U46619 measured amplitudes in 

WT vs KI mice (right) (p= 0.53, unpaired t-test). B. Raw trace of contraction response evoked by 

KCl (left), bar graph presenting KCl measured amplitudes in WT vs KI mice (right) (p=0.12, 

unpaired t-test).  
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3.3 Vascular response to exogenous oxidants in isolated mouse 

pulmonary artery 

Exogenous oxidants such as H2O2 induced a catalytically active PKGIα disulfide dimer 

and stimulated relaxation in isolated thoracic aortic rings (Burgoyne et al., 2007) and 

isolated mesenteric arteries (Prysyazhna et al., 2012b). The pulmonary vasculature is 

abundant with PKGIα, so we tested whether the PKGIα oxidant activation-induced 

relaxation mechanism is present in intrapulmonary arteries.  

To examine this, second and third-order isolated pulmonary arteries from WT and 

Cys42Ser KI mice were mounted on a wire myograph and pre-constricted with 30 nM 

U46619. H2O2 was applied cumulatively at concentrations ranging from 1-300 µM and 

evoked concentration-dependent relaxation, as shown in Figure (3.4). 

 In WT arteries, relaxation occurred with IC50 = 67 ± 7 µM, and the relaxation approached 

a maximum at 92 ± 2 % (n=9). At the highest concentration used, H2O2 relaxed Cys42Ser 

KI vessels by 81 ± 3 % (n=12), but it was not clear that the maximum level was reached. 

The maximum relaxation evoked at the highest concentration of H2O2 (300 µM) was 

significantly different between genotypes (p=0.008, unpaired t-test). Thus, isolated 

pulmonary arteries from the Cys42Ser KI mice showed impaired vasodilatory responses 

to H2O2. Comparison of the mean concentration-response curves generated (Figure 3.4, 

C) by two-way ANOVA test, indicated a significant loss of H2O2 potency in Cys42Ser KI 

arteries (p= 0.02). 
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Figure 3.4 H2O2 induced relaxation. Raw trace representing H2O2 concentration dependant 

relaxation in WT (A) and KI (B) mice. C. concentration-response curves of H2O2 induced 

vasodilation in WT (n=9) and KI (n=12) (p= 0.02, two-way ANOVA).  
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3.4 Role of oxidant-activated PKGIα in mediating responses to multiple 

vasodilator drugs manipulating NO/cGMP dependant pathway 

This section focuses on the role of oxidant activation of PKGIα in the vasodilatory 

responses to drugs that modulate the classical NO/cGMP/PKGIα pathway. We 

investigated the NO donors GTN and SNP. We also tested the PDE5 inhibitor sildenafil, 

which inhibits cGMP metabolism and increases its levels in pulmonary artery smooth 

muscle cells to promote vasodilation. The experiments in this section aimed to 

determine if NO/cGMP-dependent pulmonary vasodilation is altered in Cys42Ser KI 

redox-dead mice. 

 

3.4.1 SNP-induced vasodilation in intrapulmonary arteries 

To compare vasodilatory responses of SNP in Cys42Ser KI mice to the WT mice, isolated 

blood vessels were pre-contracted with U46619 and challenged with SNP at 

concentrations ranging from 0.01nM to 10μM, added cumulatively.  

The relaxation, induced at the highest concentration of SNP tested, appeared to 

approach a maximum at 68± 8 % (n=6) in WT vessels and 77 ± 6 % (n=5) in KI vessels. 

These values were not significantly different (p= 0.34, unpaired t-test). A clear maximum 

level was not achieved at the highest SNP concentration tested. SNP concentration-

dependently relaxed vessels from WT and Cys42Ser KI mice almost equally, as 

illustrated in Figure (3.5, C). Comparison of the mean concentration-response curves 

generated by two-way ANOVA test, indicated a similar relaxation response in both 

genotypes (p= 0.18).  
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Figure 3.5 SNP concentration dependant relaxation. Raw trace representing SNP concentration 

dependant relaxation in WT (A) and KI (B) mice. C. Concentration-response curves of SNP-

induced vasodilation in WT (n=6) and KI (n=5) (p= 0.18, two-way ANOVA). 
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3.4.2 Sildenafil-induced vasodilation in intrapulmonary arteries 

To examine the impact of oxidant-activated PKGIα on relaxation mediated by PDE5 

inhibition, isolated arteries from both genotypes were pre-constricted with 30 nM 

U46619 and sildenafil was applied at concentrations ranging from 0.01 nM to 10 μM, 

added cumulatively. 

As shown in Figure (3.6), the maximum relaxation induced by sildenafil at (10 μM) was 

identical in both genotypes, reaching 74 ± 7 % (n=7) in WT and 74 ± 7 % (n=6) in KI 

vessels (p=0.93, unpaired t-test). A clear maximum level was not achieved at the highest 

sildenafil concentration tested. The Cys42Ser KI vessels showed a similar concentration-

dependent relaxation response to the WT vessels. The concentration-response curves 

are compared in Figure (3.6, C); comparison of the mean concentration-response curves 

generated by two-way ANOVA test suggested a similar relaxation response in both 

genotypes (p= 0.80).   
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Figure 3.6 Sildenafil concentration dependant relaxation. Raw trace representing sildenafil 

concentration-dependant relaxation in WT (A) and KI (B) mice. C. Concentration-response 

curves of Sildenafil-induced vasodilation in WT (n=6) and KI (n=7) vessels (p= 0.80, two-way 

ANOVA). 
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3.4.3 GTN-induced vasodilation is preserved in redox-dead mice 

Rudyk et al., 2012 showed evidence that PKGIα disulfide formation is a significant 

mediator of GTN-induced vasodilation in resistant mesenteric arteries and tolerance to 

nitroglycerin is associated with loss of PKGIα oxidation. 

We aimed to determine whether PKGIα oxidation has a role in mediating GTN-induced 

vasodilation in pulmonary arteries by comparing vasodilatory responses of GTN in 

Cys42Ser KI mice to the WT mice. Isolated blood vessels were pre-contracted with 30 

nM U46619 and challenged with GTN at concentrations ranging from 0.01nM to 10μM, 

added cumulatively. GTN concentration-dependently relaxed both vessels from WT and 

redox-dead mice, as shown in Figure (3.7). The relaxation induced at the highest 

concentration of GTN tested (10 μM) did not fully dilate the vessels but the maximum 

relaxation was similar in WT and KI mice. Maximum relaxation was 53 ± 2 % (n=8) in WT 

vessels and 55 ± 6 % (n=5) in KI vessels (p=0.69, unpaired t-test). The concentration-

response curves in WT and Cys42Ser KI arteries are compared in Figure (3.7, C), 

comparison of the mean concentration-response curves generated by two-way ANOVA 

test indicated a similar relaxation response in both genotypes (p= 0.27).   
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Figure 3.7 GTN concentration dependant relaxation. Raw trace representing GTN-induced 

concentration-dependant relaxation in WT (A) and KI (B) mice.  C. Concentration-response 

curves of GTN-induced vasodilation in WT (n=8) and KI (n=5) (p= 0.27, two-way ANOVA). 
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3.4.3.1 The effect of redox recycling inhibition of PKGIα on pulmonary artery 

relaxation and GTN-induced vasodilation 

Auranofin, a thioredoxin reductase inhibitor, was used to inhibit the redox cycling of 

PKGIα in isolated vessels (Rigobello et al., 2004). It also increases reactive oxygen 

species and therefore increases PKGIα oxidation activation (Burgoyne et al., 2012a). It 

has been shown that auranofin can relax isolated aortic rings in the WT mice and failed 

to relax rings isolated from the Cys42Ser KI mice (Rudyk et al., 2012). Auranofin alone 

significantly increased oxidation of the kinase independently of GTN addition in cultured 

smooth muscle cells (Rudyk et al., 2012). Furthermore, pre-incubating isolated aortic 

rings with auranofin significantly potentiated GTN-induced disulfide formation and 

sensitised the vessels to GTN-induced vasodilation in vessels isolated from WT mice but 

not from the KI mice. Loss of NADPH (nicotinamide adenine dinucleotide phosphate) 

from the aorta of both genotypes following GTN treatment was also noted (Rudyk et al., 

2012), consistent with redox recycling of oxidant-activated PKGIα by the thioredoxin-

reductase system. 

The effects of auranofin on U46619-precontracted arteries were investigated in both 

mice genotypes. Auranofin tested at 1nM-10μM relaxed pre-contracted arteries from 

WT and KI mice only at the highest concentration, as demonstrated in Figure (3.8). 

Relaxation at the maximum concentration applied reached 46 ± 8 % (n=7) in WT vessels 

and 23 ± 3 % (n=7) in Cys42Ser KI vessels (p=0.02, unpaired t-test). A comparison of the 

mean concentration-response curves generated indicated that isolated pulmonary 

arteries from the Cys42Ser KI mice showed significantly reduced dilatory response to  

auranofin (p= 0.03, two-way ANOVA).  
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Figure 3.8 Auranofin concentration dependant relaxation. Raw trace representing auranofin-

induced relaxation response in WT (A) and KI (B) mice. C. Concentration-response curves of 

auranofin-induced vasodilation in WT (n=7) and KI (n=7) (p= 0.03, two-way ANOVA).  
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To investigate the effects of auranofin on GTN-induced relaxation of the pulmonary 

artery, isolated vessels were pre-incubated with 10 µM auranofin for 30 minutes before 

GTN application. There was a significant difference between the two conditions in the 

WT vessels (n=6) (p=0.006, two-way ANOVA), as seen in Figure (3.9, A). On the other 

hand, although it appears that there is a difference between the KI vessels (n=7) pre-

incubated with auranofin and the controls in Figure (3.9, B), the difference was not 

significant (p=0.18, two-way ANOVA). Redox cycling inhibition significantly sensitised 

the WT vessels to GTN but did not have the same effect on the redox-dead PKGIα mice. 

GTN 0.01 nM-10 μM concentration-dependently relaxed pre-incubated arteries with 

auranofin. When GTN concentration-response curves obtained in the presence of 

auranofin were compared in arteries from WT (n=6) and KI mice (n=7), they were found 

to superimpose (Figure 3.9, C). This is not consistent with the hypothesis that PKGIα 

oxidation plays a significant role in mediating GTN-induced relaxation of pulmonary 

arteries.  

Comparing both results, it can be seen that auranofin pre-incubation did not potentiate 

the role of oxidant-activated PKGIα in mediating GTN-induced relaxation in the 

pulmonary artery and the overall dilatory responses were almost identical in both 

genotypes in the presence or absence of auranofin as illustrated in Figure (3.9). 

Auranofin sensitised pulmonary vessels to GTN-induced relaxation but did not change 

the overall response between genotypes.  
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Figure 3.9 Auranofin pre-incubation effect on GTN-induced pulmonary artery relaxation. 

Concentration-response curves of GTN-induced vasodilation with 10 µM auranofin pre-

incubation and without in WT (A), (p= 0.006, two-way ANOVA) and KI (B) mice (p= 0.18, two-

way ANOVA). C. Overall comparison of GTN-induced pulmonary artery relaxation responses pre-

incubated with 10 µM auranofin (dashed lines) or without from WT and KI mice.  
** 
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3.4.3.2 The effect of increasing stretch on GTN-induced pulmonary artery relaxation 

Khavandi et al., 2016 found that intraluminal pressure caused an increase in 

intracellular ROS that induced oxidative activation of PKGIα, an effect lost in Cys42Ser KI 

mice. We tested the hypothesis that increasing the basal stretch applied to an artery, 

which resembles pressure in wire myography, will increase PKGIα oxidation and 

potentiate the relaxation response to dilator drugs in the pulmonary artery. We 

investigated the effect of increasing basal tension by 1 or 2mN before pre-contracting 

with U46619 and challenging with GTN. Figure (3.10) compares concentration-response 

curves to GTN applied under the standard conditions and after applying 1 or 2mN of 

extra stretch. It is evident from the figure that there was no difference in the pulmonary 

artery relaxation response when they were subjected to increased stretch.  

To summarise the findings from this section, arteries from the oxidant-insensitive mice 

displayed preserved relaxation responses to dilator drugs manipulating the classical 

NO/cGMP/PKGIα activation pathway. The effect of redox recycling inhibition with 

auranofin showed a significant reduction in the relaxation response in Cys42Ser KI 

arteries compared to WT. Finally, the increase in basal stretch applied on isolated 

arteries from both genotypes had no effect on PKGIα oxidation activation stimulation 

and relaxation response potentiation.  
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Figure 3.10 Comparison of responses to GTN-induced relaxation in pulmonary arteries from 

WT and KI mice, with different basal tension applied to isolated vessels. Overall comparison in 

concentration-response curves of GTN-induced vasodilation comparing WT and KI vessels 

response with different baseline tension applications.  
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3.5 Role of oxidant-activated PKGIα in responses to carbachol 

3.5.1 Endothelium-dependent vasodilation induced by muscarinic receptor agonists is 

preserved in redox-dead mice 

To investigate the role of oxidant-activation of PKGIα in mediating endothelium-

dependent relaxation, carbachol was used as a muscarinic receptor agonist. To 

determine if oxidant activation of PKGIα affects carbachol-induced relaxation responses 

of the pulmonary artery, relaxation responses were compared in WT and Cys42Ser KI 

endothelium intact pulmonary arteries. Intact endothelium was confirmed by more 

than 50% relaxation to 1 μM NS309, a specific agonist to endothelial IKca/SKca channels. 

Carbachol ranging from 0.1μM-100μM was added cumulatively on U46619 pre-

contracted vessels. Carbachol evoked endothelium-dependent relaxation in both WT 

and Cys42Ser KI vessels, as demonstrated in Figure (3.11). Carbachol-induced 

pulmonary artery relaxation seemed to be less than 50% of U46619-induced tone in 

both WT and Cys42Ser KI vessels, as seen in Figure (3.11, C). Carbachol caused similar 

relaxation responses of pulmonary arteries from WT, and Cys42Ser KI mice, maximum 

relaxation induced at the highest concentration of carbachol applied reached 31± 11 % 

(n=9) in WT vessels and 36± 13 % (n=5) in Cys42Ser KI vessels (p=0.81, unpaired t-test). 

A comparison of the mean concentration-response curves generated by two-way 

ANOVA confirmed a similar relaxation response in both genotypes (p= 0.78).  
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Figure 3.11 Carbachol-induced endothelium dependant relaxation. Raw trace representing 

carbachol-induced concentration-dependent relaxation in WT (A) and KI (B) mice. C. 

Concentration-response curves of carbachol-induced vasodilation in WT and KI pulmonary 

arteries (p= 0.78, two-way ANOVA). 
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3.5.2 Endothelial Ca2+ pulsar events are preserved in Cys42Ser KI mice in response to 

muscarinic receptor stimulation 

To examine the role of oxidant-activated PKGIα on IP3R Ca2+ pulsar activity induced by 

muscarinic receptor activation, second and third-order pulmonary arteries were used in 

an en-face configuration.  

Calcium pulsars are localised, stationary events, Figure (3.12, A) shows images of fluo4-

labelled endothelial cells in en-face preparations of WT and KI arteries. Coloured boxes 

on the images indicate regions of interest from which baseline fluorescence was imaged 

continuously for 30 seconds. Representative traces for pulsars events were detected in 

a field of endothelial cells at baseline and after 5 minutes of incubation with 10 μM 

carbachol, as shown in the corresponding traces in Figure (3.12, B).  

Treatment with carbachol increased the number of active sites and change of 

fluorescence (∆F/F0) amplitudes in WT and KI mice similarly, as seen in Figure (3.13, A 

and C). The frequency of endothelial Ca2+ pulsars increased from 0.6 ± 0.2Hz to 1.5 ± 

0.3Hz (P=0.016, unpaired t-test) in WT arteries after applying 10μM carbachol (n=11) 

and reached a similar level (1.3±0.4 Hz, n=7) in Cys42Ser KI arteries exposed to 

carbachol (n=10).  

Consistent with the myography study findings, muscarinic receptor activation similarly 

relaxed and evoked Ca2+ release from the ER in the pulmonary arteries of both mice 

genotypes. 
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Figure 3.12 Endothelial IP3R- induced Ca2+ pulsar in mouse pulmonary artery en-face 

preparations. A. Representative images of WT and KI endothelial cells in an en-face preparation. 

B. Representative traces of IP3R Ca2+ pulsar detected where a region of interest was placed on 

endothelial cells, first at baseline and after adding 10μM CCh.  

A 

B 
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Figure 3.13 Endothelial carbachol-induced Ca2+ pulsar kinetics. A. Bar graph presenting the 

number of pulsar sites counted within 5X5 μm2 area in the same cell in one field of view in WT 

(n=11) and KI mice (n=10) at baseline and with 10μM CCh WT (n=11) and KI mice (n=6). B. Bar 

graph presenting the frequency of pulsar events in a 30 seconds video compared in WT (n=11) 

and KI mice (n=10) at baseline and with 10 μM CCh WT (n=11) and KI mice (n=6). C. Bar graph 

presenting amplitude of pulsar events detected in a field of endothelial cells in WT (n=11) and KI 

mice (n=10) at baseline and with 10 μM CCh WT (n=11) and KI mice (n=6).  
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3.6 Role of oxidant-activated PKGIα in responses to GSK1016790A 

3.6.1 Loss of endothelium-dependent relaxation to GSK1016790A in Cys42Ser KI 

pulmonary artery 

A better understanding of TRPV4-mediated pulmonary artery relaxation mechanisms 

and signalling targets is needed. We investigated the role of oxidant-activated PKGIα on 

TRPV4 channel activity and signalling targets facilitating pulmonary artery relaxation. 

Effects of the potent TRPV4 agonist, GSK1016709A (1nM-100nM), on U46619-pre-

contracted arteries with an intact endothelium were examined in both mice genotypes. 

The relaxation evoked at the highest concentration of GSK1016790A applied appeared 

to approach a similar maximum, reaching 91 ± 2 % (n=8) in WT vessels and 86 ± 3% 

(n=10) in Cys42Ser KI vessels (p=0.19, unpaired t-test), as shown in Figure (3.14). 

Isolated pulmonary arteries from the Cys42Ser KI mice showed impaired vasodilatory 

responses to GSK1016790A with IC50 (41 ± 5 nM) compared to isolated WT arteries with 

IC50 (12 ± 3 nM). The Cys42Ser KI concentration-response curve was shifted to the right, 

indicating a loss of potency of GSK1016790A compared to WT arteries. Comparison of 

the mean concentration-response curves generated in Figure (3.14, C), a two-way 

ANOVA test indicated a significant loss of GSK1016790A potency in Cys42Ser KI arteries 

(p =0.0007). 
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Figure 3.14 GSK1016790A concentration-dependent relaxation. Raw trace representing 

GSK1016790A -induced concentration dependant relaxation in WT (A) and KI (B) mice. C. 

Concentration-response curves of GSK1016790A induced vasodilation in endothelium intact 

vessels from WT (n=8) and KI (n=10). Curves are the nonlinear regression fit of the Hill equation 

to the mean data (p= 0.0007, two-way ANOVA). 

*** 
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Next, we investigated the role of the endothelium in the GSK1016790A-induced 

vasodilation in pulmonary arteries. Isolated vessels were examined after mechanical 

removal of endothelium, confirmed by less than 20% relaxation response to 1 μM 

NS309. As shown in Figure (3.15), the effects of GSK1016709A (1 nM-100 nM) on 

endothelium-denuded U46619-precontracted arteries showed that removing the 

endothelium significantly inhibited relaxation to GSK1016709A in WT vessels 

(p=<0.0001, two-way ANOVA) as shown in Figure (3.15, A). GSK1016709A-induced 

relaxation at 30 nM reached 78 ± 3 % in endothelium-intact WT vessels and 8 ± 8 % in 

endothelium-denuded WT vessels (p=<0.0001, unpaired t-test). Endothelium removal 

did not have a significant effect on GSK1016709A- induced relaxation in the KI vessels 

(p=0.1, two-way ANOVA). In the absence of endothelium, the GSK1016709A 

concentration-relaxation curves from the arteries isolated from both genotypes are very 

similar as illustrated in Figure (3.15, C).  

Raw traces showed that GSK1016709A evoked relaxation of intact endothelium WT 

arteries at concentrations below 10 nM, as shown in Figure (3.16). Endothelium-

denuded WT arteries or arteries from Cys42Ser KI mice with intact endothelium seem to 

require higher concentrations of GSK1016709A to relax. Raw traces showed little 

response until the GSK1016709A concentration reached 30 nM, as illustrated in Figure 

(3.16). These results suggest that GSK1016709A causes endothelium-dependent 

relaxation at low concentrations, and the effect is prevented when oxidant activation of 

PKGIα is blocked. There may be an endothelium-independent action of GSK1016709A at 

high concentrations (≥30nM), but we cannot rule out a residual effect due to 

incomplete endothelium removal.  
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Figure 3.15 Endothelium role in GSK1016790A-induced relaxation in pulmonary arteries. 

Concentration-response curves of GSK1016790A-induced vasodilation before (E+) and after (E-) 

mechanical removal of the endothelium on WT (A) (p= 0.0001, two-way ANOVA) and KI (B) 

isolated arteries (p= 0.1, two-way ANOVA). C. Overall comparison in Concentration-response 

curves of GSK1016790A-induced vasodilation comparing WT and KI vessels response with (E+) 

or without endothelium (E-).  

**** 
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Figure 3.16 Relaxation of WT and KI mouse intrapulmonary arteries in response to the 

application of GSK1016790A. Raw traces of concentration dependant relaxation to 

GSK1016790A before (E+) and after (E-) mechanical removal of the endothelium. E+ was 

defined as >50% relaxation to NS309; E- was defined as < 20% relaxation to NS309. 
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Previous research findings by Marziano et al. (2017) concluded that Ca2+ influx through 

endothelial TRPV4 channels in pulmonary arteries could directly activate eNOS to 

promote vasodilation. We, therefore, looked at the effect of NOS inhibition on the 

GSK1016790A-induced relaxation response in the pulmonary arteries. This set of 

experiments aims to evaluate the contribution of the NOS/NO pathway to the 

GSK1016790A-induced relaxation response in oxidant-sensitive and insensitive mice. 

Isolated pre-contracted vessels were incubated with 100 μM L-NAME for 30 minutes 

before GSK1016790A (1 nM -100 nM) was added cumulatively. The presence of L-NAME 

significantly inhibited GSK1016790A-induced relaxation response in both mice 

genotypes, with a more significant effect seen on WT vessels (p<0.0001, two-way 

ANOVA), as shown in Figure (3.17, A). 

NOS inhibition had a similar effect to removing the endothelium, preventing 

GSK1016790A from evoking relaxation at concentrations below 30 nM and markedly 

reducing responses at the highest GSK1016790A concentration tested. The relaxation 

produced at the highest concentration of GSK1016790A applied appeared to approach a 

similar maximum in both genotypes, reaching 45 ± 3 % (n=8) in WT vessels and 48 ± 6 % 

(n=9) in Cys42Ser KI vessels, as shown in Figure (3.17). Pharmacological manipulation 

with L-NAME markedly shifted the concentration-response curves of GSK1016790A-

induced relaxation to the right, indicating a significant loss of potency to GSK1016790A 

in pulmonary arteries. 
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Figure 3.17 Effects of NOS inhibition on GSK1016790A-induced relaxation response. Raw trace 

representing GSK1016790A -induced concentration dependant relaxation with L-NAME pre-

incubation in WT (A) and KI (B) mice. C. Concentration-response curves of GSK1016790A 

induced vasodilation in the presence of L-NAME (dashed lines) in vessels from WT (n=8) and KI 

(n=9) (p=0.0001, two-way ANOVA). 

**** 
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Other findings reported by the same group suggested a role of endothelial NO/GC/PKG 

signalling acting as a negative feedback mechanism that works as a “limiter” of Ca2+ 

influx through TRPV4 channels and TRPV4-vasodilation in pulmonary arteries. We, 

therefore, tested the effect of GC inhibition on the GSK1016790A-induced relaxation 

response in pulmonary arteries isolated from oxidant-sensitive and insensitive mice. GC 

inhibitor ODQ (3 μM) was added to the bath for 30 minutes before GSK1016790A (1 nM 

-100 nM) was added cumulatively. GC inhibition significantly inhibited GSK1016790A-

induced relaxation response in both mice genotypes, with a more significant effect seen 

on WT vessels (p<0.0001, two-way ANOVA), as shown in Figure (3.18, A). At the highest 

concentration of GSK1016790A, relaxation was still much less than the maximum 

achieved in the absence of a blocker, reaching 27 ± 4 % (n=8) in WT vessels and 28 ± 4 % 

(n=8) in Cys42Ser KI vessels, as shown in Figure (3.18).  

The overall comparison of endothelium removal or inhibitors effect on GSK1016790A-

induced relaxation in pulmonary arteries between both genotypes is illustrated in Figure 

(3.19). In the WT vessels (Figure 3.19, A), endothelium removal and inhibitors pre-

incubation (L-NAME and ODQ) significantly inhibited GSK101679A-induced relaxation 

and significantly reduced the maximum relaxation achieved at the highest 

concentration of GSK101679A applied (p=0.007, unpaired t-test) with endothelium 

removal and (p=0.001, unpaired t-test) with each inhibitor. On the other hand, KI 

vessels (Figure 3.19, B) showed significantly reduced relaxation response with inhibitor 

pre-incubation but was not significant with endothelium removal. The maximum 

relaxation response was also significantly reduced with inhibitors (p=0.001, unpaired t-

test) but not with endothelium removal in the KI vessels (p=0.13, unpaired t-test). 
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Figure 3.18 Effect of sGC inhibition on GSK1016790A-induced relaxation response. Raw trace 

representing GSK1016790A -induced concentration dependant relaxation in the presence of 

ODQ in WT (A) and KI (B) mice. C. Concentration-response curves of GSK1016790A induced 

vasodilation in the presence of ODQ (dashed lines) or without in vessels from WT (n=8) and KI 

(n=8) (p= 0.0001, two-way ANOVA). 

 

**** 
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Figure 3.19 Effects of endothelium removal and inhibitors of endothelium-dependent 

relaxation on responses to GSK1016790A in WT and KI isolated vessels. Effects of endothelium 

removal (E-), L-NAME or ODQ on responses to GSK1016790A in WT (A) and KI (B) arteries with 

intact endothelium. Continuous lines show the control GSK1016790A concentration-response 

relationships in vessels with intact endothelium. Dashed lines show the relationship in vessels 

denuded of endothelium or with the presence of inhibitors. 
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3.6.2 Endothelial TRPV4-mediated Ca2+ sparklets generation is impaired in pulmonary 

arteries isolated from Cys42Ser KI mice 

TRPV4 Ca2+ sparklet represents Ca2+ influx through the TRPV4 channels within the 

vascular endothelium. To detect sparklet signals, IP3R-mediated signalling was blocked 

by incubating the tissue with 30 μM CPA for 30 minutes before adding TRPV4 agonist 

GSK1016790A. Using high-speed spinning disk laser confocal microscopy, endothelium 

TRPV4 Ca2+ signals were studied in en-face preparations of third-order pulmonary 

arteries loaded with Ca2+ indicator fluo-4, as previously described in the methodology 

chapter. Discrete amplitudes with longer duration usually characterise TRPV4 Ca2+ 

sparklet signals compared to IP3R-mediated pulsar signals, as shown in Figure (3.20).  

To examine the role of oxidant-activated PKGIα on TRPV4 Ca2+ sparklets, we assessed 

TRPV4 channel activity using 10 nM of the TRPV4 channel agonist GSK1016790A. One-

minute of images were recorded at baseline with only CPA, another one-minute of 

images were recorded after pharmacological stimulation of the TRPV4 channel. Total 

TRPV4 Ca2+ sparklet activity represented as the integrated AUC of all openings at that 

site within a one-minute recording duration. Manually detected TRPV4 Ca2+ signals 

showed that the total TRPV4 Ca2+ sparklet activity, was significantly higher in the WT 

mice compared to the Cys42Ser KI mice (p=0.017, unpaired t-test), as shown in Figure 

(3.21, A). The number of sparklet sites detected in a field of view was significantly 

higher in the WT mice compared to the Cys42Ser KI mice (p= 0.02, unpaired t-test), as 

shown in Figure (3.21, C). The frequency of sparklet events seen within a 60 seconds 

recording was also significantly higher in the WT mice (p= 0.02, unpaired t-test) because 

of the previous finding of an increased number of sparklet sites detected in the WT 

mice.  
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The open channel probability (NP0) was also higher in the WT mice preparations 

compared to the Cys42Ser KI mice, but it did not reach statistical significance (p=016, 

unpaired t-test), as shown in Figure (3.21, B). GSK1016790A 10nM was less effective at 

evoking endothelial sparklet signals in Cys42Ser KI arteries than WT. 

 

 

Figure 3.20 Endothelial TRPV4 Ca2+ sparklets in mouse pulmonary artery en-face preparations. 

Representative images of WT and KI endothelial cells in an en-face preparation with 

representative traces of TRPV4 Ca2+ sparklets were detected where a region of interest was 

placed on endothelial cells after adding 10 nM GSK1016790A. Traces show discrete square-

shaped amplitudes, which characterise the TRPV4 signals. 
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Figure 3.21 Kinetic properties of endothelial TRPV4 Ca2+ sparklet signals detected after 10 nM 

GSK1016790A stimulation in en-face preparations of pulmonary arteries isolated from WT and 

Cys42Ser KI mice. A. Average TRPV4 Ca2+ sparklets activity was calculated by establishing the 

integral (area under the curve) of all identified events that showed higher activity in WT arteries 

(163.6 ± 47, n=5) as opposed to Cys42Ser KI (22.1 ± 4, n=5) (p= 0.02, unpaired t-test). B. Open 

channel probability was higher in the WT mice but did not reach statistical significance (0.22 ± 

0.05) in WT vs (0.14 ± 0.01) in KI (n=5 each). C&D. Sparklets were detected at (15 ± 2 

sites/1.33μm2), firing at 0.24 ± 0.02 Hz (n=5) in Cys42Ser KI arteries compared with (92 ± 27 

sites/1.33μm2) and 1.5 ± 0.4 Hz (n=5) in WT arteries (P=0.02, unpaired t-test).  
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TRPV4 channels function in a single channel or a cluster of four channels, and an all-

points histogram of fluorescence signals revealed quantal amplitudes with evenly 

spaced ∆F/F0 increments of (0.15). Each channel opening refers to an increase of 

fractional fluorescence ∆F/F0 by 0.15. Therefore, activation of TRPV4 channels occurs in 

four quantal levels, which are indicated by a change in fractional fluorescence 

(∆F/F0=0.15) for each quantal level, as shown in Figure (3.22). Figure (3.23) is showing 

an all-points histogram created with a multiple Gaussian fit to illustrate the amplitude of 

fluorescence from detected signals in WT and Cys42Ser KI pulmonary arteries. 

 

Figure 3.22 Four quantal levels of TRPV4 channel. Representative traces illustrating four different 

amplitudes of TRPV4 channels activation. Opening a single TRPV4 channel increase the F/F0 to 

0.15 above the baseline value of 1. TRPV4 channels can be activated in up to four channel clusters, 

increasing the fractional fluorescence to 0.6 above the baseline value of 1.  
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Figure 3.23 All points amplitude-histograms. Localised events with fixed, discrete quantal 

amplitudes after 10 nM GSK1016790A stimulation, resulting in more TRPV4 Ca2+ sparklets 

activity, including events with higher quantal amplitudes in WT mice. Representation of TRPV4 

Ca2+ signalling events detected with GSK1016709A stimulation is shown in WT (A) and Cys42Ser 

KI (B). Multiple-peak Gaussian fitting of event count against fractional fluorescence revealed the 

presence of multiple peaks representing four quantal amplitude levels in WT and two quantal 

amplitude levels in Cys42Ser KI arteries. 
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3.6.3 Endothelial IP3R-mediated Ca2+ signals are decreased in Cys42Ser KI mice in 

response to 10 nM GSK1016790A 

More attention has focused on providing mechanisms permitting highly localised Ca2+ 

changes to evoke cell-wide activity promoting relaxation responses in blood vessels. 

Previous research findings reported by Heathcote et al. (2019) showed that Ca2+ influx 

via TRPV4 channels is amplified by Ca2+-induced Ca2+ release acting at IP3Rs to generate 

propagating Ca2+ waves, indicating that TRPV4‐mediated control of vascular tone 

requires Ca2+ release from the ER in endothelial cells. The next set of experiments aimed 

to examine the role of oxidant activation of PKGIα on IP3R-mediated Ca2+ pulsar signals 

upon GSK1016790A stimulation in WT and Cys42Ser KI mice. Isolated vessels were 

imaged in an en-face configuration as described previously. Baseline 30 seconds of 

images were first recorded with no stimulation, and 30 seconds of images were 

recorded after 5 minutes of incubation with 10 nM and 30 nM GSK1016790A. The 

frequency of endothelial Ca2+ pulsars was significantly higher in WT arteries (n=9) 

(P=0.02, unpaired t-test) than in Cys42Ser KI arteries (n=8) after applying 10 nM 

GSK1016790A, as shown in Figure (3.24, A). The detected number of sites of Ca2+ pulsars 

was also significantly higher in WT arteries (n=9) (P=0.04, unpaired t-test) than in 

Cys42Ser KI arteries (n=8) after applying 10 nM GSK1016790A, as shown in Figure (3.24, 

B). Stimulation with 10 nM GSK1016790A increased the amplitudes in WT and KI mice 

similarly, as seen in figure (3.24, C). Stimulation with 30 nM GSK1016790A increased the 

amplitudes, frequency and number of active sites in WT and KI mice similarly, as seen in 

figure (3.24).  
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Figure 3.24 Endothelial IP3R- induced Ca2+ pulsar kinetics in response to 10, 30 nM 

GSK1016790A. A. Bar graph presenting the frequency of pulsar events in a 30 seconds video 

compared in WT (n=9) and KI mice (n=8) with 10 nM GSK1016790A (p=0.02, unpaired t-test), 

and with 30 nM GSK1016790A WT (n=4) and KI mice (n=5). B. Bar graph presenting the number 

of pulsar sites counted within 5X5 μm2 area in the same cell in one field of view in WT (n=9) and 

KI mice (n=8) with 10 nM GSK1016790A (p=0.04, unpaired t-test), and with 30 nM 

GSK1016790A WT (n=4) and KI mice (n=5).  C. Bar graph presenting amplitude of pulsar events 

detected in a field of endothelial cells in WT (n=9) and KI mice (n=8) with 10 nM GSK1016790A 

and with 30 nM GSK1016790A WT (n=4) and KI mice (n=5). 
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As shown in Figure (3.24), this result indicates that TRPV4 channel activation with 

GSK1016790A can generate Ca2+-induced Ca2+ release response mediated by IP3Rs in the 

WT mice but failed to do so in the Cys42Ser KI mice at 10 nM GSK1016790A. 

Presumably due to the impaired generation of sparklet signals previously shown in 

Cys42Ser KI mice at 10 nM GSK1016790A.  

 

To summarise the findings from this section that focuses on the endothelium-

dependent relaxation responses in the pulmonary artery. Isolated arteries from the 

oxidant-insensitive mice displayed preserved relaxation responses to muscarinic 

receptor activation by carbachol and Ca2+ pulsar signals when stimulated by 10 μM 

carbachol. More importantly isolated arteries from the Cys42Ser KI mice showed 

significantly reduced relaxation response to TRPV4 agonist GSK1016790A and 

significantly less sparklet and pulsar signals at 10 nM GSK101679A. Suggesting that the 

oxidant activation of PKGIα play a role in mediating endothelium-dependant relaxation 

responses mediated by TRPV4 channels.  
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Chapter 4: Discussion 
 

4.1 Key findings of this project 

The findings from this project provide essential insights into the role of oxidant-

activated PKGIα in mediating endothelium-dependent relaxation in the pulmonary 

artery. There was a loss of endothelium-dependent relaxation to GSK1016790A in 

Cys42Ser KI arteries and a reduced ability of GSK1016790A to generate Ca2+ sparklets 

and IP3R-mediated pulsars. This indicates that endothelial TRPV4 channels mediate 

vasodilation and require oxidation activation of PKGIα. In contrast, carbachol-stimulated 

endothelial ER Ca2+ release evoked endothelium-dependent relaxation independently of 

oxidant-activated PKGIα, suggesting it did not employ TRPV4 channels.  

The results also demonstrated that the NO/cGMP/PKGIα classical pathway was 

preserved in the oxidant-insensitive Cys42Ser KI mice. Not only was endothelium-

dependent relaxation to carbachol unchanged in KI mice, but relaxation evoked directly 

by elevating smooth muscle cGMP levels with SNP, GTN and sildenafil was also 

preserved. There was also no difference in the pulmonary artery relaxation response to 

GTN when isolated arteries were subjected to increased stretch, which stimulates 

oxidant production in mesenteric arteries (Khavandi et al., 2016a). Moreover, inhibiting 

redox recycling with auranofin did not affect GTN-induced relaxation responses in either 

genotype. Therefore, oxidation activation of PKGIα has no fundamental role in 

mediating these responses in pulmonary artery smooth muscle cells. 
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 Relaxation responses to the exogenous oxidants H2O2 were reduced in the Cys42Ser KI 

arteries compared to WT pulmonary arteries, indicating that oxidant-sensitive PKGIα 

was present and responsive in the smooth muscle of WT arteries. However, the 

difference between the genotypes was small, suggesting that other isoforms of PKG 

might contribute to relaxation.   

Minimal structural changes were noted in Cys42Ser KI mouse lung sections due to the 

loss of oxidation-sensitive PKGIα. Pulmonary arteries were found to be slightly but 

significantly narrower in Cys42Ser KI mice than in WT mice. However, there was no 

evidence of artery wall thickening or right ventricular hypertrophy in Cys42Ser KI mouse 

hearts, implying that these mice did not develop pulmonary arterial hypertension.  

 

4.2 Structural changes in the lungs of Cys42Ser KI mice 

As the loss of oxidative activation of the PKGIα pathway causes systemic hypertension 

(Prysyazhna et al., 2012b), we hypothesised that it could potentially cause PAH, which is 

characterised by a progressive increase in pulmonary vascular resistance (PVR), vascular 

remodelling and right ventricular hypertrophy, eventually leading to right-heart failure. 

The Cys42Ser KI mice exhibit a hypertensive phenotype and a slightly depressed cardiac 

output compared to WT mice despite having similar heart weights (Prysyazhna et al., 

2012b), which was suggested to be an adaptive mechanism to limit hypertension 

resulting from the loss of the PKGIα disulfide formation pathway. Indeed PKGI knock-

out (Prkg1-/-) mice were found to have PAH independent of systemic hypertension and 

LV dysfunction (Zhao et al., 2012). This highlights the importance of the PKGI-mediated 

relaxation pathway in regulating basal pulmonary vascular pressure (Pfeifer, 1998). 
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There was no evidence of right ventricular hypertrophy in the transgenic Cys42Ser KI 

mouse model used in this project. Confirmed by a comparable Fulton index in WT and 

Cys42Ser KI mice. This result is consistent with the findings of Rudyk and colleagues 

(2019), where Cys42Ser KI mice showed a similar Fulton index to WT mice under 

normoxic conditions. However, Fulton index measurements from the hearts of Cys42Ser 

KI mice subjected to hypoxic conditions for 28 days showed a potentiated increase in 

right ventricular hypertrophy compared with WT mice treated in the same way (Rudyk 

et al., 2019). A higher pulmonary vascular resistance and right ventricular pressure 

further evidenced this potentiated dysfunction in the KI mice during hypoxia. These 

observations suggested an adaptive role for disulfide PKGIα in the lungs in hypoxic PH 

conditions but did not support a role in regulating pulmonary artery pressure in 

normoxic mice. 

The smallest pulmonary arteries of Cys42Ser KI mice had slightly narrower lumen 

diameters than those found in WT mice. They differed significantly between the 

genotypes, although it was a minimal difference. The flow resistance (R) of an artery is 

related to its radius (r) according to Poiseuille’s equation: 

𝑅 ∝
ηL

𝑟4
 

Where η is blood viscosity and L is the length of the artery. As the vessel resistance is 

inversely proportional to the 4th power of the radius, a slight decrease in diameter can 

lead to a substantial increase in pulmonary vascular resistance and, as a result, 

elevation of pulmonary arterial pressure. This result might be relevant to what was 

previously reported by Rudyk et al. (2019) when comparing WT and Cys42Ser KI mice. 
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Isolated perfused lungs from Cys42Ser KI mice appeared to show a slightly higher mean 

pulmonary arterial pressure at baseline than the WT lungs. The mean right ventricular 

end-diastolic pressure measured in vivo also appeared slightly, but not significantly, 

higher in Cys42Ser KI mice. It is difficult to assess these parameters as they were 

measured on a small number of preparations (n=5) and not fully described in the paper. 

However, it is possible that the slight difference in pulmonary artery diameters detected 

here could have a subtle influence on function in vivo.   

Remodelling is a process that causes the thickening of the arterial walls. It is thought to 

increase resistance by causing the vessel walls to intrude into the lumen and reduce 

their diameter (Hopkins & McLoughlin, 2002; Morrell et al., 2009). As expected 

(Champion et al., 2009; Stenmark et al., 2006; Townsley, 2012), the ratio of wall 

thickness to lumen diameter increased as the arteries became smaller, and there was 

no difference between arteries from WT or Cys42Ser KI mice. Although slight lumen 

narrowing was noted in the pulmonary arteries of Cys42Ser KI mice, this study did not 

detect any evidence of vessel wall thickening. Muscular arteries (30 - 80 μm lumen 

diameter) analysed from WT and KI mice contained a similar proportion of muscle and 

collagen, suggesting a lack of remodelling. The percentage of vessels containing two 

elastic laminae was around 20 % in both genotypes. This is much more prevalent than 

reported previously for mouse lungs, where less than 5% of the arteries in WT mice, and 

less than 20% of the arteries in WT mice with PAH, had a double elastic lamina 

(MacLean et al., 2004; Morecroft et al., 2009). This discrepancy is possibly due to using 

different mouse strains or maybe because the right lung lobe was used in this study 

while previous studies used the left lobe. 
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This implies that arteries in the Cys42Ser KI mouse lungs were not narrower due to 

vessel remodelling. The similar prevalence of double elastic laminae in the pulmonary 

arteries of WT and Cys42Ser KI mice also implies an absence of remodelling in the 

oxidant-resistant mice (Hopkins & McLoughlin, 2002). It is possible that arteries from 

Cys42Ser KI mice were more constricted at the time of fixation: no steps were taken to 

ensure full relaxation before fixing.  Alternatively, there may be a larger number of 

smaller arteries containing normal proportions of muscle and collagen in their walls. 

According to the law of Laplace, the ratio of artery radius to wall thickness is a main 

determinant of wall stress. Since the ratios were similar in WT and KI arteries, it is 

unlikely that the slightly smaller KI arteries were associated with increased wall stress, 

which could lead to remodelling and PAH (Chirinos et al., 2009; Westerhof et al., 2019). 

 

4.3 Characteristics of intrapulmonary arteries from WT and Cys42Ser KI 

mice 

Increasing the extracellular concentrations of KCl from 5 to 50 mM caused constriction 

of pulmonary arteries by depolarising the smooth muscle cell membrane. This causes 

Ca2+ influx through the VGCC (Casteels et al., 1977a), which raises the [Ca2+]i to evoke 

muscle contraction. KCl produced similar maximal tension in WT and KI arteries. Gurney 

& Howarth (2009) showed that the K+ concentration-response relationship in resistance 

rat pulmonary arteries reached a maximum between 50 and 70 mM K+. Thus, the WT 

and KI mice arteries were equally contractile, and the Cys42Ser mutation in the KI 

genotype did not alter the smooth muscle contractile response to depolarisation. 

Contractile responses to 30 nM U46619 were also similar in the WT and KI arteries. 



 

143 
 

Rudyk et al. (2019) also found that U46619 evoked contractions of similar magnitude in 

WT and Cys42Ser KI pulmonary arteries. They used a higher concentration of U46619 

(100 nM) and reported contraction amplitudes around 65% larger than evoked by 30 

nM U46619 in this study. Both results are consistent with EC50 values of around 50 nM 

reported for U46619-induced constriction of mouse pulmonary arteries (Held et al., 

1999; Kitagawa et al., 2019; McKenzie et al., 2009). Taken together, the data indicate 

that the potency and efficacy of U46619 were unchanged in Cys42Ser KI mice, so the 

underlying signalling pathways remained intact. We chose to employ 30 nM U46619 in 

our experiments because it produced a robust contraction while limiting its competition 

with vasorelaxants.  

H2O2 relaxed WT pulmonary arteries with IC50 of 67 μM and maximum relaxation of 

90%. Both the potency and efficacy are higher than the IC50 of around 90 μM and 

maximum relaxation of <70% reported previously for the same vessels (Rudyk et al., 

2019b). This disparity probably reflects differences in the experimental conditions, 

especially the redox state. The previous study employed a saline bubbled with 95% O2, 

compared with 21% O2 (room air) in our experiments. Hyperoxic conditions promote 

ROS production in mouse PASMCs (Gupta et al., 2015), and a higher baseline level of 

oxidants would stimulate PKGIα even before H2O2 was applied, thereby altering its 

apparent potency and efficacy. Despite this difference, both studies found impaired 

dilatory responses to H2O2 in isolated pulmonary arteries from Cys42Ser KI mice 

compared to WT, and the level of impairment was comparable with a 1.6 to 2-fold 

increase in the IC50. The reduction of H2O2 potency in pulmonary arteries from Cys42Ser 

KI mice seems relatively small compared with a range of other arteries, where it ranged 

from 3.3 fold in mesenteric resistance arteries to 11-fold in carotid arteries (Prysyazhna 
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et al., 2012a). The findings, therefore, support a dilatory role for disulfide PKGIα in 

pulmonary circulation, but it may be less prominent than in other circulations. The 

smaller difference in H2O2 potency between WT and Cys42Ser KI mouse pulmonary 

arteries may also reflect additional actions of H2O2 in these vessels. In bovine pulmonary 

arteries, it caused endothelium-dependent relaxation accompanied by increased cGMP 

levels, but these effects were associated with increased activity of guanylate cyclase as 

well as PKGIα dimerisation (Burke & Wolin, 1987; Neo et al., 2010). The former action 

would bring about cGMP-mediated relaxation. There is little information on the effects 

of H2O2 on mouse pulmonary arteries, so there is ample room for further progress in 

determining the effects of endothelium removal, the inhibition of NOS or oxidant 

modulators on the H2O2-induced relaxation.  

 

4.4 Oxidant-activated PKGIα does not affect cGMP-dependent relaxation 

When PKGIα oxidation was lost, pulmonary arteries retained their ability to relax in 

response to NO donors (SNP, GTN) and PDE5 inhibition (sildenafil). A difference 

between the mice would be anticipated if the downstream targets of PKGIα differed 

depending on their mode of activation. The lack of any difference suggests that either 

PKGIα phosphorylated the same downstream targets, whether activated by cGMP or 

oxidation, or the basal concentration of oxidants was too low in the conditions used to 

activate PKGIα in wild-type mice. The latter explanation is unlikely because the 

relaxation evoked by GSK1016790A was affected by the absence of oxidant-sensitive 

PKGIα. It is likely, therefore, that SNP and sildenafil relaxation responses are primarily 

mediated through the classical PKGIα activation pathway regardless of the presence of 
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oxidants. This finding broadly supports the work of other studies in this area linking 

SNP-induced relaxation with cGMP elevation and direct activation of PKGIα to 

phosphorylate target proteins and ultimately decrease [Ca2+]i (Cogolludo et al., 2001; 

Ferrer et al., 2009; Sauzeau et al., 2003). Comparison of sildenafil-induced relaxation 

findings with those of other studies confirms that the relaxant effect of sildenafil 

appears mainly related to its cGMP-mediated alterations of the Ca2+ signalling pathways 

in smooth muscle cells (Cawley et al., 2007; Pauvert et al., 2004). Thus, PKGIα oxidation 

does not appear to compromise endothelium-independent and cGMP-dependent 

pulmonary artery smooth muscle relaxation.  

 

4.5 GTN-induced relaxation of the pulmonary artery 

One interesting finding was that Cys42Ser KI and WT pulmonary arteries appeared 

equally sensitive to GTN, which evoked dilation with similar potency in all arteries. This 

is consistent with a mechanism by which GTN is bioactivated to glycerol-1, 2-dinitrate, 

which stimulates the elevation of cGMP and subsequent pulmonary artery dilation 

(Kawamoto et al., 1990). On the other hand, it differs from what was reported for aorta 

and mesenteric-resistant arteries, where the vasodilatory and blood pressure lowering 

effect of GTN was significantly reduced in vessels from Cys42Ser KI mice (Rudyk et al., 

2012). The same study also reported that, in the presence of ODQ, GTN-induced 

relaxation of Cys42Ser KI mesenteric vessels was markedly blocked, but the relaxation 

of WT vessels was only partially inhibited. These findings were interpreted as evidence 

that GTN relaxed vessels by the kinase oxidation mechanism. Kleschyov et al. (2003) 

also provided evidence that NO does not mediate the relaxation of systemic vessels to 
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GTN, and it relaxes aortae without elevating cellular NO levels. This discrepancy could 

be attributed to physiological differences between the pulmonary artery and systemic 

vessels. Another possible explanation is that the experiments on systemic arteries from 

the Cys42Ser KI mouse model used 95% O2, which might give rise to hyperoxic 

conditions and alter redox signalling. Moreover, a higher range of GTN concentrations 

was needed to induce relaxation and a stable increase in disulfide PKGIα in the systemic 

vessels compared with pulmonary arteries.  

Auranofin, which inhibits redox cycling of PKGIα, enabled the accumulation of disulfide 

PKGIα in the aorta at much lower concentrations of GTN than was achieved by GTN 

alone (Rudyk et al., 2012). Furthermore, pre-incubating isolated aortic rings with 

auranofin significantly sensitised WT vessels to GTN-induced relaxation but not vessels 

from  Cys42Ser KI mice (Rudyk et al., 2012). 

Auranofin was less effective at dilating isolated pulmonary arteries from the Cys42Ser KI 

mice compared to WT, consistent with inhibition of redox cycling as the cause.  

However, it potentiated GTN-induced relaxation of WT and KI pulmonary arteries, such 

that the GTN concentration-response curves obtained from WT and KI arteries in the 

presence of auranofin were found to superimpose. This is not what was expected to 

result from the inhibition of redox cycling and enhanced oxidant activation of PKGIα.  It 

suggests a non-specific action of auranofin and does not support oxidant activation of 

PKGIα as a major mechanism of action of GTN in pulmonary arteries.  

Khavandi et al. (2016) found that intraluminal pressure caused an increase in 

intracellular reactive oxygen species that induced oxidative activation of PKGIα in 

mesenteric resistance arteries. It was hypothesised that increasing the basal stretch 
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applied to a pulmonary artery would mimic pressure in wire myography and increase 

PKGIα oxidation, leading to a larger relaxation response to GTN. However, there was no 

difference in the pulmonary artery relaxation response to GTN when vessels were 

subjected to 1 or 2 mN of an increased stretch compared to the baseline. The results 

reflect those of Csato et al. (2019), who also found that stretching resistance arteries 

during wire myography did not activate PKGIα through dimerisation as found in 

pressure myography. Wire and pressure myography exert very different mechanical 

forces across the arterial wall, perhaps resulting in different responses. Pressure 

myography is technically challenging for pulmonary arteries due to extensive arterial 

branching, but it could be investigated in future to determine if intraluminal pressure 

affects GTN-induced relaxation.  

Another factor to be considered is the relative expression of the PKGIβ isoform in the 

PASMCs. PKGIβ was more highly expressed than PKGIα in several smooth muscle 

organs, including the aorta (Keilbach et al., 1992). Since the β isoform is prevalent in 

smooth muscle cells, it could be the main isoform in PASMC, despite the relatively 

higher α expression in the lung (Surks, 2007). The β isoform can mediate relaxation via 

IRAG, inhibition of IP3-induced Ca2+ release, and probably via other target proteins. This 

could also explain why oxidant-activated PKGIα plays little role in PASMCs.  
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4.6 A role for PKGIα in endothelium-dependent relaxation of pulmonary 

arteries 

These experiments are the first to identify a role for oxidant activation of PKGIα in the 

endothelial function of pulmonary arteries. The endothelium is vital to regulating 

pulmonary arterial blood flow and participates actively in vasoreactivity. The 

experiments on endothelium-dependent relaxation revealed the importance of oxidant-

activation of PKGIα in maintaining endothelial vasodilatory function within pulmonary 

arteries.  

The muscarinic receptor agonist carbachol caused similar relaxation responses in 

pulmonary arteries from WT and Cys42Ser KI mice. At 10 μM, carbachol also evoked 

Ca2+ release from the ER in pulmonary artery endothelial cells of both mouse genotypes, 

consistent with the myography findings. These results imply that oxidant activation of 

PKGIα does not play a role in endothelium-dependent pulmonary vasodilation activated 

by a Gq-coupled muscarinic receptor. They are consistent with previous studies 

demonstrating that muscarinic receptor activation relaxes pulmonary arteries through 

cGMP elevation and NO-dependent mechanisms (Gilbert et al., 2017; Ignarro et al., 

1984; Marziano et al., 2017; Sukumaran et al., 2013). A recent study in this laboratory 

found that acetylcholine-induced relaxation was deficient in mesenteric arteries from 

Cys42Ser KI mice compared to WT vessels (Abdul-Kadir, 2019), while acetylcholine-

induced relaxation of WT and KI aortas was equal and entirely blocked by L-NAME 

(Prysyazhna et al., 2012b). This is consistent with reports that the hyperpolarisation 

mechanism is predominant in resistance arteries but not conduit vessels (Garland & 

McPherson, 1992). In addition, aortae have higher levels of NO/cGMP, which 
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paradoxically limits the PKGIα oxidation mechanism (Burgoyne et al., 2012a; Koeppen et 

al., 2004). Endothelium-dependent, muscarinic relaxation of mouse pulmonary and 

mesenteric arteries was recently compared directly (Chen & Sonkusare, 2020; Marziano 

et al., 2017): while pulmonary arteries employed classical NO/cGMP signalling, 

mesenteric arteries relied mainly on TRPV4 channel activation and EDHF. Thus, PKGIα 

oxidation appears to selectively affect endothelium-dependent relaxation mediated by 

hyperpolarisation.  

To try and stimulate an EDHF pathway in pulmonary arteries, TRPV4 channels were 

activated with the agonist GSK1016790A, which evoked endothelium-dependent 

relaxation. The most important finding to emerge from this study is that oxidant-

activated PKGIα is necessary for pulmonary vasodilation mediated by endothelial TRPV4 

channels. There was a marked loss of endothelium-dependent relaxation to 

GSK1016790A in Cys42Ser KI arteries compared to WT. In addition, the endothelium of 

Cys42Ser KI arteries had a reduced ability to generate Ca2+ sparklets and IP3R-mediated 

pulsars in response to 10 nM GSK1016790A, indicating that endothelial TRPV4 channels 

couple to IP3-sensitive Ca2+ stores, but require oxidant activation of PKGIα to facilitate 

their effects. These findings imply that TRPV4 channels are present in the mouse 

pulmonary artery endothelium, and their activation leads to endothelium-dependent 

relaxation, in agreement with previous reports (Daneva et al., 2021; Marziano et al., 

2017; Sukumaran et al., 2013). Importantly, the endothelium-dependent relaxation 

sensitive to PKGIα oxidation was evoked at low concentrations (≤30 nM) of 

GSK1016790A, where it acts selectively to activate TRPV4 channels (Thorneloe et al., 

2008).  
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Endothelium removal nearly abolished GSK1016790A-induced relaxation in WT vessels. 

Relaxation response in WT arteries at 30 nM GSK1016790A decreased from 78% to 8% 

relaxation in endothelium-denuded arteries. Endothelium removal did not show a 

considerable impact on GSK1016790A-induced relaxation in Cys42Ser KI arteries. In 

pulmonary artery with active endothelium, inhibition of NO synthase by L-NAME or 

inhibition of sGC by ODQ markedly attenuated the vasodilator response to 

GSK1016709A, implying a significant contribution of the endothelium and the NO/sGC 

pathway in TRPV4 channel-mediated relaxation of the pulmonary artery.  

This is consistent with a recent study showing that endothelial TRPV4 channel-mediated 

Ca2+ influx activates eNOS, and released NO initiates GC/PKG signalling in smooth 

muscle cells to promote vasodilation (Marziano et al., 2017). Also consistent with 

previous reports showing that the activation of TRPV4 channels by its agonists resulted 

in endothelium-dependent dilation of the pulmonary artery (Sukumaran et al., 2013), 

carotid artery (Köhler et al., 2006), and aorta (Willette et al., 2008).  

Total TRPV4 Ca2+ sparklet activity, the number of sparklet sites detected in a field of 

view and the frequency of sparklet generation in response to GSK1016790A were all 

significantly higher in the endothelium of pulmonary arteries from WT mice, compared 

to the Cys42Ser KI mice. The marked loss of endothelium-dependent relaxation to 

GSK1016790A in Cys42Ser KI arteries was therefore associated with a loss of TRPV4 

sparklet activity, resulting in less Ca2+ influx in response to GSK1016790A. As eNOS is a 

Ca2+ activated enzyme, an increase in its activity could be produced by the Ca2+ entering 

through TRPV4 channels. It is likely, however, that the Ca2+ signal is amplified by Ca2+ 

release from IP3-sensitive Ca2+ stores, indicated by GSK1016790A-activated Ca2+ pulsars. 
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This has been shown to occur in airways smooth muscle, where the plasma membrane 

TRPV4 channel and ER membrane IP3 receptor are physically coupled (Zhang et al., 

2019) and mesenteric arteries endothelium in rats (Heathcote et al., 2019). 

Recent studies have shown that several proteins, including other ion channels and 

scaffolding proteins, can interact with TRPV4 channels and influence their activity. 

Multiple studies demonstrated the formation of a heteromeric TRPV4-TRPC1 channel 

complex in endothelial cells in response to flow-induced shear stress (Ma et al., 2010; 

Du et al., 2014; Zhang et al., 2016), which induces endothelium-dependent vasodilation 

associated with an increase in endothelial Ca2+-dependent on endothelial TRPV4 

channels (Hartmannsgruber et al., 2007; Yao et al., 2000).  Du et al. (2014) showed that 

physical coupling between TRPV4 and TRPC1 channels to form a TRPV4- TRPC1 complex 

is essential for the flow-induced increase in [Ca2+]i.  Notably, the presence of C1 altered 

the kinetics of TRPV4-mediated [Ca2+]i transients produced in response to flow, and it 

enabled the channel complex to be negatively regulated by PKGIα (Ma et al., 2010).  

TRPV4-C1 physical coupling markedly prolonged the flow-induced [Ca2+]i transient and 

slowed its decay half-life (Ma et al., 2010). PKGIα was found to negatively modulate the 

function of the TRPV4-C1 complex by inhibiting TRPC1 via phosphorylation of serine 172 

and threonine 313: it did not act on TRPV4 itself (Ma et al., 2010). Zhang et al. (2016) 

reported that the cGMP/PKGIα pathway inhibits endothelial cell Ca2+ entry and 

vasodilation induced by the TRPV4 channel activator, 4α-phorbol 12,13-didecanoate  

(4αPDD), through targeted phosphorylation of TRPC1 in the TRPV4-C1 heteromeric 

complex. They further demonstrated that the PKGIα-mediated phosphorylation of 

TRPV4-C1 channels was due to PKGIα translocation from the cytosol to the plasma 

membrane, bringing it into the spatial proximity of TRPC1 (Zhang et al., 2016). These 
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findings fit what Nakamura et al. (2015) reported: redox-dependent changes in PKGIα 

altered the intracellular location of the kinase. They found that the activated, oxidised 

form was solely located in the cytosol (Nakamura et al., 2015). In contrast, the reduced 

form of the PKGIα Cys42Ser mouse translocated to and remained at the outer plasma 

membrane in cardiac myocytes following exposure to H2O2 (Nakamura et al., 2015). 

Hence, it could be hypothesised that in the KI pulmonary arteries, where the oxidation 

activation pathway is lost, PKGIα remains in the membrane after its translocation in 

response to cGMP activation. Failure of PKGIα to return to the cytosol in KI arteries 

might enable enhanced inhibition of the TRPV4-C1 complex by cGMP, thereby 

antagonising endothelial cell Ca2+ entry and vasodilation induced by the TRPV4 channel.  

This proposed mechanism is illustrated in Figure (4.1).   

To further highlight the importance of intracellular Ca2+ as an essential regulator of 

endothelial cell function in pulmonary circulation, Marziano et al. (2017) demonstrated 

that TRPV4 channels are a vital pathway for endothelial Ca2+ influx and vasodilation in 

small pulmonary arteries that ultimately control pulmonary vascular resistance. TRPV4 

channels have been suggested as pivotal regulators of basal and stimulated eNOS 

activity in pulmonary endothelium (Marziano et al., 2017; 2021). As well as TRPV4 

channels stimulating eNOS activity, the NO created can provide feedback to regulate 

TRPV4 channel activity.  Previous studies showed two possible ways that TRPV4 channel 

function can be modulated by NO: an increase in channel activity by S-nitrosylation 

(Yoshida et al., 2006) and a limitation in channel activity by a GC/PKG-dependent 

negative-feedback loop that inhibits the coupled openings of TRPV4 channels (Marziano 

et al., 2017). The latter mechanism was proposed to involve eNOS-derived NO activating 
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endothelial sGC, resulting in raised endothelial cGMP levels and cGMP-dependent 

activation of PKG, which phosphorylates TRPV4 protein to inhibit channel opening.  

These findings in the pulmonary artery reinforce the possible explanation for the 

reduced ability of GSK1016790A to generate Ca2+ sparklet signals in the KI arteries that 

the negative feedback loop was potentiated. Oxidant-activated PKGIα could play a role 

in balancing the inhibitory effect of the feedback loop. The activation of PKGIα by cGMP 

blocks its oxidation, while oxidation of the kinase reduces its activation by cGMP 

((Burgoyne et al., 2012a; Müller et al., 2012). Thus, in the WT endothelium oxidised 

PKGIα might limit the ability of endothelial cGMP to inhibit TRPV4 channel activity, thus 

facilitating GSK1016790A-induced dilation. In the absence of the oxidant-activation 

mechanism in KI arteries, cGMP-dependent inhibition would be unopposed, which 

could prevent GSK1016790A from activating TRPV4 channels and evoking dilation.  This 

mechanism requires that PKG phosphorylates and inhibits TRPV4 channel activity only 

when it is activated by cGMP. It is unknown if this is the case, but biochemical studies of 

PKG-TRPV4 channel interactions in the presence of cGMP or oxidants could test the 

hypothesis in the future.  

Multiple studies suggest a potential role for regulating TRPV4 channel activity by Cav-1, 

a scaffolding protein of caveolae that anchors signalling proteins together in clusters 

(Marziano et al., 2021; Ottolini et al., 2021; Zhao et al., 2009). TRPV4 channels were 

found to co-localise with Cav-1 in endothelial cells, and EDHF-mediated dilation was 

decreased in mesenteric arteries from mice lacking Cav-1 expression, in association with 

loss of TRPV4 channel activity (Saliez et al., 2008). Daneva et al. (2021) showed that the 

endothelial Cav-1 role of anchoring PKC increases TRPV4 channel activity and promotes 
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endothelium-dependent dilation in pulmonary resistance arteries. Some of these effects 

may underlie the finding that mice lacking Cav-1 expression (Cav-1-/-) exhibited 

pulmonary vascular remodelling and pulmonary hypertension attributed to increased 

eNOS activation, secondary to loss of Cav-1: increased eNOS activity led to the 

impairment of PKGI activity through tyrosine nitration (Zhao et al., 2009). Interestingly, 

ROS scavengers or L-NAME reversed the pulmonary vascular pathology and pulmonary 

hypertension, as did overexpression of PKGI (Zhao et al., 2009). The proposed 

mechanism of pulmonary endothelium dysfunction in the absence of Cav-1 involves 

persistent eNOS activation that leads to oxidative stress, which ultimately promotes the 

formation of peroxynitrite (PN, produced from NO in the presence of superoxide) in the 

pulmonary vasculature and impairs TRPV4 channel function due to loss of PKC 

anchoring by Cav-1. 

  Impaired PKGI signalling induces pulmonary vascular remodelling, vasoconstriction, 

and eventually PH if persistent (Zhao et al., 2012). Therefore, it might be assumed that 

oxidant-activated PKGIα functions as a regulator and possible stabiliser of oxidant levels 

(including ROS and peroxynitrite) to keep them in the healthy range. It is plausible that 

in the KI mice, the decreased channel activity is attributed to higher oxidants level, 

dysfunctional Cav-1 or failure to anchor PKC to maintain channel activity. Further work 

is required to establish the viability of these assumptions, and there is much room for 

further progress in determining the exact role of oxidant-activated PKGIα in facilitating 

the endothelium-dependent pulmonary artery relaxation mediated by TRPV4 channels.  

Figure (4.1) illustrates the proposed mechanisms on how the oxidant-activated PKGIα 

might balance the TRPV4 channel activity by reacting to oxidants such as (ROS and PN) 
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and controlling the level of feedback inhibition provided to the channel or by 

maintaining a functioning scaffold needed for channel activity. Losing these functions in 

the KI mice might explain the loss of endothelium-dependent relaxation mediated by 

the TRPV4 channel and the inability to generate Ca2+ sparklets in response to channel 

activation with 10 nM GSK1016790A.  

 

Figure 4.1 Oxidant-activated PKGIα mechanisms proposed to facilitate TRPV4-mediated 

pulmonary artery relaxation. Potential mechanisms of oxidant-activated PKGIα in TRPV4 

channel regulation of [Ca2+]i involve the regulation of a cGMP/PKG feedback loop by which 

cGMP inhibits cooperative channel opening. It could also involve a balancing function for 

ROS/PN levels in the cell to prevent their negative inhibition of Cav-1 as a scaffolding protein for 

the TRPV4 channel and for anchoring PKC, which enhances channel activity.  
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4.7 Conclusion and future direction 

In conclusion, the findings presented in this thesis have increased our understanding of 

the role of oxidant activation of PKGIα in mouse pulmonary arteries. This study provides 

evidence that PKGIα oxidation does not mediate endothelium-independent and cGMP-

dependent pulmonary artery smooth muscle relaxation. In addition, we provided 

evidence that the oxidant activation of PKGIα does not play a role in endothelium-

dependent pulmonary vasodilation activated by a Gq-coupled muscarinic receptor, 

stimulated by the agonist carbachol. Moreover, we showed that endothelial TRPV4 

channels mediate pulmonary artery vasodilation and require oxidation activation of 

PKGIα to generate sparklet and pulsar Ca2+ signals and, ultimately, a relaxation 

response.  

The most supported explanation for the role of oxidant-activated PKGIα in mediating 

the TRPV4 channel function was the proposed mechanism of a regulatory function that 

balances the TRPV4 channel activity against cGMP-dependent inhibition. The proposed 

mechanism includes fine-tuning the inhibitory feedback loop responsible for limiting 

cooperative channel opening and function. Several questions remain unanswered at 

present and open up room for the future to further scrutinise its potential involvement 

in the regulation of pulmonary artery tone. We could look at the subcellular localisation 

of PKGIα in both genotypes when the cGMP or oxidant systems are stimulated to test 

the hypothesis that PKGIα translocates to the plasma membrane when activated by 

cGMP. Live cell imaging techniques, such as total internal reflection fluorescence (TIRF) 

microscopy, can be utilized to track the dynamic translocation of PKGIα to the plasma 

membrane. Cells expressing fluorescently tagged PKGIα can be imaged in real-time 



 

157 
 

upon stimulation with cGMP or oxidants.  It is anticipated that in the KI mouse, the 

cGMP-activated PKGIα will either not translocate to the membrane or it will translocate 

and remain trapped in the plasma membrane and therefore exert further inhibition to 

the channel function.  

To further extend this work and validate the mechanistic model proposed, several 

experiments can be conducted to investigate the role cGMP-dependent inhibition of the 

TRPV4 channel function. Experiments can be performed to directly measure the level of 

cGMP in the presence or absence of oxidant-activated PKGIα. This can be achieved 

through techniques such as enzyme-linked immunosorbent assay (ELISA) or cyclic 

nucleotide-specific fluorescence resonance energy transfer (FRET) sensors. By 

comparing cGMP levels in the presence and absence of PKGIα activation, it can be 

determined if PKGIα indeed plays a role in modulating cGMP-dependent inhibition of 

TRPV4 channels. The use of specific pharmacological agents can further validate the 

proposed mechanism. For example, the application of PKGIα inhibitors or activators can 

be used to manipulate PKGIα activity and assess its effects on TRPV4 channel function. If 

the proposed model is correct, inhibiting cGMP-dependent PKGIα should result in 

increased TRPV4 channel activity, while its activation should lead to decreased channel 

activity. 

Rudyk et al. (2019) showed that PKGIα (total and disulfide dimer) levels were elevated 

in pulmonary arteries and lungs from hypoxic WT mice. Total PKGI (but not disulfide 

PKGIα dimer) was upregulated in pulmonary arteries and lungs from hypoxic KI mice. KI 

mice developed more severe PAH with greater increases in RV pressure, hypertrophy 

and a fall in blood flow. As TRPV4 is a mechanosensitive channel, the PKGIα 
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oxidation/TRPV4 interaction could provide a mechanism to link vasodilation to shear 

stress and possibly protect the vessels from an increase in shear stress by promoting 

dilation. Future experiments could investigate the influence of endothelial PKGIα 

oxidation when TRPV4 channels are stimulated in other ways, such as by shear stress or 

stretch (we did not test the effect of increased basal stretch on endothelial relaxation). 

While TRPV4 channels mediate a physiologically significant role at a low activation level, 

excessive TRPV4 channel activity can cause Ca2+ overload and EC death (Sonkusare et 

al., 2012a). The increase in disulfide PKGIα levels in the lungs of hypoxic WT mice could 

enhance the regulatory effects of PKGIα on TRPV4 and perhaps act as a protective 

mechanism.  This mechanism would be missing when disulfide PKGIα is lost in KI mice, 

possibly resulting in an exaggerated constriction, and altered endothelial cell function.  

Increased Ca2+ influx via TRPV4 could be protective or destructive, depending on the 

[Ca2+]i reached and its locality.    

Future work could also include NO imaging in response to 10 nM GSK1016790A, to 

validate the concept of eNOS and NO involvement in the TRPV4-mediated relaxation in 

the pulmonary artery. This might add another layer of complexity to the picture to see 

whether the failure of Ca2+ sparklet signal generation in the KI mouse is the reason 

behind the loss of relaxation response or might be a failure of Ca2+ signals to activate 

eNOS that would inhibit the generation of NO to mediate the relaxation response.  

Relaxation responses were maintained in both genotypes when stimulated by activators 

of the cGMP signalling pathway in the smooth muscle. Relative expression of the PKG 

isoforms should be considered as the PKGIβ isoform is not redox modulated and may be 

the primary isoform in the PASMCs. There is not much literature about the relative 
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expression of PKG isoforms in pulmonary artery cell types. Therefore, future studies are 

recommended to look for potential explanations for the uncompromised relaxation 

responses to the endothelium-independent dilator drugs. We could also investigate the 

effect of intraluminal pressure vs applied stretch on the response to GTN stimulation.  

The presented findings in this thesis are novel and will doubtless be much scrutinised as 

there are many avenues for future work. Still, some immediately reliable conclusions 

exist for the vital role of oxidant-activated PKGIα in maintaining a healthy pulmonary 

artery pressure and endothelium-dependant relaxation response.  

 

4.8 Limitations 

There were a few challenges and limitations encountered during this research project. 

The endothelium-dependent investigations were inherently challenging due to the 

nature of the delicate monolayer of endothelial cells and the pulmonary arteries. In 

myography experiments, endothelium function cannot be measured directly, but is 

monitored by smooth muscle activity. It was difficult to fully remove the endothelium 

without damaging the artery. In functional studies, it may be more physiologically 

relevant to use pressure myography rather than wire myography as they exert very 

different mechanical forces across the arterial wall and potentially result in different 

responses. Notably, intraluminal pressure was shown to promote PKGIα disulphide 

dimerisation (Khavandi et al., 2016). Pressure myography is technically challenging for 

pulmonary arteries due to extensive arterial branching, although other research groups 

have used it (Daneva et al., 2021a; Ottolini et al., 2021; Marziano et al., 2017). My 
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laboratory found it impossible to control pressure due to leaky branches in the 

pulmonary artery.  

The Cys42Ser KI mice have a global mutation of the PKGIα, so it is present from 

conception and in all cells. It would be useful to limit the mutation to the endothelial 

cells for example to look for specific responses limited to a specific cell type. Moreover, 

we need to look for the ability to generalise the results obtained, whether they were 

mouse-specific and how transferable they are to humans. The exclusion of female mice 

from experiments may also restrict the generalizability of the findings. Excluding 

females further limits the understanding of potential sex differences and hinders the 

applicability of the results to broader populations. 

Utilizing a breeding strategy involving homozygous mating presents several limitations. 

Homozygous mating is not suitable for generating littermate controls. While 

homozygous mating can be valuable for studying specific genetic modifications or 

mutations, using it has drawbacks. These include limited genetic diversity, limited 

generalizability, and the possibility of unintended genetic variations arising from genetic 

drift or other factors. The only way to generate littermate controls is through 

heterozygous mating. However, there may be constraints in using heterozygous mating, 

particularly in terms of the number of usable animals for experiments and adhering to 

the principles of the 3 R's (Replacement, Reduction, Refinement) in animal research 

projects. It is crucial to acknowledge this limitation, as unintended genetic differences 

and different environmental exposures can introduce variability that may influence the 

interpretation and reproducibility of experimental results. 
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During Ca2+ imaging experiments, a few challenges were faced in the optimisation phase 

due to the use of fluo-4 as the fluorescent dye. Several attempts were made to optimise 

loading conditions and the optimum imaging parameters for each signal. It is 

particularly challenging to get a long stable recording of endothelial Ca2+ signals, 

especially since the dye is susceptible to bleaching when using a high-speed spinning 

desk confocal laser microscope.  

Finally, the global COVID-19 pandemic slowed our progression and heavily influenced 

the potential of this research project to include further exploration of the proposed 

pathway. In addition to the personal level impact as a student with family caring 

responsibilities. 
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