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Abstract 

Voltage-gated Kv7 (or KCNQ) potassium channels control the activity of excitable 

cells, including vascular smooth muscle cells (VSMCs), by setting their resting 

membrane potential and controlling other excitability parameters. Calcium (Ca2+) 

mediates excitation-contraction coupling in smooth muscle cells (SMCs), but until 

now the exact role of Kv7 channels in cytosolic Ca2+ dynamics in VSMCs have 

not been fully elucidated. 

 

The Ca2+ imaging experiments presented herein show that both, direct (XE991) 

and G protein-coupled receptor mediated (vasopressin, AVP) Kv7 channel 

inhibition induced robust Ca2+ oscillations, which were significantly reduced in the 

presence of a Kv7 channel activator (retigabine), L- and T-type Ca2+ channel 

blockers (nifedipine and NNC 55-0396). Plasma membrane potential measured 

using FluoVolt demonstrated that both XE991 and AVP induced slow 

depolarisation followed by a burst of sharp spikes, which were temporally well-

correlated with Ca2+ oscillations. Using the inhibitors of IP3Rs (2-APB), RyRs 

(tetracaine) and phospholipase C (PLC; edelfosine), we found that PLC signalling 

is required for AVP-induced, but not XE991-induced Ca2+ oscillations.  

 

Analysis of the Kv7 gene transcripts and protein levels identified Kv7.5 as the 

major Kv7 subunit expressed in rat VSMCs. CACNA1C (Cav1.2; L-type) and 

CACNA1G (Cav3.1; T-type) were the most abundant voltage-gated Ca2+ channel 

gene transcripts. Hypoxic treatment significantly reduced the expression of Kv7.5 

and increased Cav3.2 T-type Ca2+ channels, and enhanced depolarisation-

induced Ca2+ transients with prolonged and high-frequency Ca2+ oscillations. 
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These changes were orchestrated by the HIF-α transcriptional signalling 

pathway. Importantly, even with a reduced level of Kv7.5 expression, retigabine 

was still efficacious to stop AVP-induced Ca2+ oscillations. 

 

AVP and XE991 induced a large increase of [Ca2+]i in primary human internal 

mammary artery SMCs, which was also attenuated with retigabine and nifedipine. 

Interestingly, in saphenous vein SMCs, bradykinin-induced Ca2+ transients were 

not prevented by retigabine and nifedipine with some enhancement instead. 

Kv7.5 was found to be the predominant Kv7 subunit in human VSMCs as well.  

 

This study establishes Kv7 channels as crucial regulators of Ca2+ signalling in 

VSMCs with Kv7.5 playing a dominant role. Retigabine or more selective 

activators of Kv7.5 may provide a clinically useful tool for the treatment of 

cardiovascular diseases, such as pulmonary hypertension. 
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Chapter 1  

 

Introduction 

1.1 Thesis outline 

This thesis investigates the role of the Kv7 (KCNQ) potassium channels in the 

control over intracellular calcium concentration ([Ca2+]i) in vascular smooth 

muscle cells (VSMCs). Specifically, this study analyses the expression of the Kv7 

subunit in VSMCs and explores pathways and ion channels responsible for Ca2+ 

homeostasis downstream of Kv7 channel inhibition. We focus on how direct 

pharmacological block and G protein-coupled receptor (GPCR) mediated Kv7 

channel inhibition regulate [Ca2+]i through modulating the activity of voltage-gated 

Ca2+ channels (VGCCs) in rat and human VSMCs in normoxic and under hypoxic 

conditions. 

 

This thesis will begin with a general introduction that reviews areas central to this 

project. These are: 

(1) Role of the cardiovascular system and regulation of vascular tone 

(2) Overview of calcium (Ca2+) signalling and the role of VGCCs in VSMCs 

(3) Overview of Kv7 channels and their role in VSMCs 

(4) Disorders of vascular remodelling 

(5) Overview of hypoxia and its role in VSMCs 

 



2 
 

A section about methods and materials will then outline the experimental 

techniques and chemicals used in this project. Following the methods description, 

there are three results chapters. Finally, a general discussion section 

summarises the work, highlights issues raised by the project findings and 

explores potential future work. 

 

1.2 Cardiovascular system 

The cardiovascular system is a circulatory system which is vital to maintain blood 

pressure and regulate the blood distribution in different organs and tissues in 

order to meet the demand of the body in different environments. It is an organ 

system comprising three basic parts: heart (as a pump), blood (as a carrier) and 

blood vessels (as elastic tubes), which integrate to circulate oxygen, hormones, 

and nutrients through the body for the survival of the cells. The pulmonary 

circulation carries deoxygenated blood away from the right ventricle to the lungs 

and returns oxygenated blood to the left heart, which is the portion of 

the circulatory system (Figure 1.1). Within this system, vessels play an essential 

role in the control of blood pressure, delivery of oxygen and regulation of blood 

distribution to meet the demand of the different organs and tissues in different 

conditions (Jacob et al., 2016; Mayet and Hughes, 2003).  

 

The organ vasculature starting from the main organ artery connects to the aorta 

is classified into the arteries (high-pressure), capillaries and veins (low-pressure), 

returning blood to the heart. The walls of arteries and veins consist of three 

distinct layers: tunica intima, tunica media and tunica externa (tunica adventitia). 
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Figure 1.1 Illustration of the circulation system. The cardiovascular system 

is composed of systemic circulation (the circuit through the rest of the body to 

provide oxygenated blood) and pulmonary circulation (the circuit through the 

lungs where blood is oxygenated). Adapted from “Anatomy & Clinical” by 

BioRender.com (2020). Retrieved from https://app.biorender.com/biorender-

templates 
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Endothelial cells are located in the tunica intima and smooth muscle cells (SMCs) 

are the major cell type of the tunica media. SMCs and elastic tissue are 

predominant in arteries, whereas connective tissue with elastic fibres mainly 

consists of a tunica media layer in veins. Tunica externa is the outermost layer of 

a vessel, and the elastic membrane exists between each tunica (Figure 1.2). Due 

to both cellular and fibrous composition and lower SMCs tone, the walls of veins 

are generally less stiff than those of arteries. The smooth muscle tone of the 

arteries has been attributed to mechanical autoregulation of blood flow in a way 

that an increase in blood pressure is directly linked to an increase in VSMCs tone 

to keep blood flow to the vital organs (brain, heart, kidney, liver) (Bayliss, 1902). 

The contractility of VSMCs at the medial layer of the blood vessel wall responds 

to chemical, electrical and mechanical signals to maintain basal vascular tone, 

which is a key element of vessel function that determines the diameter of vessels 

and induces the resistance to blood flow (Cribbs, 2006). The other principal 

effectors of arterial resistance can be classified as 1) neurovegetative control 

(adrenergic, cholinergic and non-adrenergic/cholinergic), 2) humoral- and tissue-

generated mediators (angiotensin II, vasopressin, bradykinin and natriuretic 

acid), 3) local metabolic regulation (oxygen, pH, potassium ion concentration), 

and 4) shear stress (nitric oxide  (NO) release) (Jacob et al., 2016).  

 

Systemic vascular resistance (SVR) is the amount of force exerted on circulating 

blood by the vasculature of the body, which is generated primarily by arterial 

resistance. Three main factors determine the SVR: the length of the vessels, the 

diameter of the vessels, and the viscosity of the blood. SVR plays a vital role in 

the maintenance of the mean arterial pressure. The relationships between the  
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Figure 1.2 Structure of an artery wall. The typical wall of an artery is the tri-

laminar structure from the innermost layer to the outermost layer can be divided 

into tunica intima (endothelial cells), tunica media (VSMCs) and tunica externa 

(connective tissue) (Blausen.com staff, 2014). 
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cardiac output, the volume of blood pumped by the heart per minute and SVR 

are expressed as follows, 

Mean arterial pressure = cardiac output x SVR. 

Accordingly, abnormal regulation of vascular tone plays a central role in the 

pathogenesis of hypertension and cardiovascular diseases (Mayet and Hughes, 

2003). 

 

1.3 Regulation of vascular tone 

The excitation-contraction coupling in vascular smooth muscle (VSM) is a 

response to the increased [Ca2+]i to modulate vascular diameter. Stimulation 

could be caused by vasoactive peptides (such as endothelin-1 and angiotensin 

II) and neurohumoral stimuli (such as phenylephrine and acetylcholine), which 

results in the rapid rise in [Ca2+]i via signalling cascades resulting in Ca2+ influx 

through the VGCCs and Ca2+ release from the intracellular stores. The Ca2+ 

diffuses to the contractile machinery and binds to cytosolic protein calmodulin 

(CaM). The Ca2+-CaM complex can bind and induce a conformational change in 

myosin light chain kinase (MLCK), resulting in it converted from an inactive to an 

active state (Hilgers and Webb, 2005). Activation of MLCK causes 

phosphorylation at serine residue 19 of the 20-kDa regulatory myosin light chain 

(MLC20) to enable the cross-bridge formation with adjacent actin filaments. 

Phosphorylation of MLC20 increases its actin-activated ATPase activity. 

Interaction between myosin and actin cause ATP hydrolysis, which generates 

myosin-actin cross-bridge cycling and vascular constriction (Deng et al., 2012). 

In contrast, relaxation of VSM occurs as a result of decreased [Ca2+]i, which 

causes dissociation of the Ca2+-CaM complexes, subsequently reduces MLC20 
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phosphorylation or dephosphorylation of MLC20 by myosin light chain 

phosphatase (MLCP) leads to VSMCs relaxation (Khalil et al., 1987; Khalil and 

Vanbreemen, 1988).  

 

However, the Ca2+-dependent MLC20 phosphorylation is not the only step in the 

excitation-contraction coupling, which is targeted during the regulation of 

vascular tone. Several hormones and growth factors can bind to specific GPCRs 

on the plasma membrane to result in the activation of phospholipase C (PLC) 

followed by the hydrolysis of phosphatidylinositol 4,5-bisphosphate (PIP2) to 

produce the diacylglycerol (DAG) and inositol 1,4,5-trisphosphate (IP3). DAG can 

further activate protein kinase C (PKC) and its downstream signalling while IP3 

can bind to the IP3Rs. The latter event subsequently leads to Ca2+ release from 

the ER and a recruitment of neighbouring RyRs, leading to an increase in 

cytosolic Ca2+ concentration, thereby resulting in cell contraction (Gordienko and 

Bolton, 2002). 

 

DAG serves as a second messenger to activate protein kinase C (PKC). For 

instance, activation of PKC has also been suggested to cause VSM contraction 

(Salamanca and Khalil, 2005). PKC is a kinase which phosphorylates the PKC-

potentiated phosphatase inhibitor protein-17 (CPI-17) to increase MLC 

phosphorylation which, in turn, causes VSM contraction (Woodsome et al., 2001). 

PKC also activates a cascade of protein kinases leading to the phosphorylation 

of the actin-binding proteins CaP and CaD, an increase of actin-myosin 

interaction, and VSM contraction (Liu and Khalil, 2018). In addition, PKC can 

affect VSM contraction through regulation of ion channels, pumps, Ca2+ 
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sensitisation of the contractile proteins, and activation of Ca2+ independent 

contraction pathways (Figure 1.3). There are also additional signalling cascades 

regulating VSM contractility; for instance, some GPCR agonists engage small 

GTP-binding protein RhoA, which activates Rho-associated coiled-coil protein 

kinase or Rho-kinase protein kinase (ROCK) and increase the MLC20 

phosphorylation to promote vascular contraction (Hilgers and Webb, 2005; Liu 

and Khalil, 2018). Furthermore, similar to [Ca2+]i, reactive oxygen species (ROS; 

i.e. the superoxide, hydrogen peroxide, and hydroxyl radical) are increasingly 

recognised as the critical messenger molecules in VSMCs (Jin and Berk, 2004) 

(Figure 1.3). 

 

Mitochondria are an important source of ROS within most mammalian cells. 

Generation of ROS mainly takes place at the electron transport chain located on 

the inner mitochondrial membrane by enzymes, the NADPH oxidases (Noxs). 

These enzymes transfer electrons across the biological membrane and generate 

ROS from oxygen, of which Nox1, 2, 4, and 5 are expressed and functionally 

active in human VSMCs (Touyz and Briones, 2011). Vascular ROS effects are 

mediated through redox-sensitive signalling pathways to regulate protein 

kinases, phosphatases, actin, actin-binding proteins, myosin and the contractile 

machinery (Fedorova et al., 2010). The production of intracellular ROS and 

oxidative stress have been implicated in the pathogenesis of the cardiovascular 

disease, in part by promoting VSM proliferation (Jin and Berk, 2004). Overall, 

VSMCs are highly differentiated and normally maintain a contractile state which 

is regulated by Ca2+-dependent and Ca2+-independent pathways, Ca2+ channels 

and many other signalling cascades ((Touyz et al., 2018); schematised in Figure 

1.3). 
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Figure 1.3 Overview of Ca2+ pathways regulating vascular tone. A rise in 

[Ca2+]i initiates the contractile response, including i) a Ca2+-CaM interaction, ii) 

the MLCK activation to iii) initiate phosphorylation of the MLC20 and therefore, 

contraction and cell migration (left part). Agonists that bind to the GPCR in the 

VSMC’s plasma membrane can induce hydrolysis of PIP2 into IP3 and DAG, 

which activate PKC to phosphorylate the CPI-17 (middle part) and activate the 

RhoA/Rho-kinase signalling pathway (right part). Both of these effects (middle 

and right part) inhibit the MLCP and result in sustained vascular contraction. 

 

CaM: calmodulin; CPI-17: PKC-potentiated phosphatase inhibitor protein-17; 

DAG: diacylglycerol; ER/SR: endoplasmic and sarcoplasmic reticulum; IP3: 

inositol 1,4,5-trisphosphate; MLCP: myosin light chain phosphatase; PIP2: 

phosphatidylinositol 4,5-bisphosphate; PKC: protein kinase C; RyR: ryanodine 

receptor; ROS: reactive oxygen species 
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1.4 Ca2+ signalling in the vascular system 

Ca2+ is an important, ubiquitous intracellular messenger. It has different functions 

in various cell types and controls cellular processes as diverse as gene 

transcription, muscle contraction and cell proliferation (Kuhr et al., 2012). In the 

vascular system, the mechanisms involved in the alteration of [Ca2+]i levels within 

VSMCs play crucial roles in regulating vasoconstriction and dilation, hence the 

blood flow. Ca2+ concentrations throughout any given tissue are not uniform. The 

extracellular milieu (e.g. plasma) contains about 1-2 mM Ca2+ (Hughes, 1995). 

[Ca2+] is also high in the lumen of the endoplasmic reticulum (ER)/ sarcoplasmic 

reticulum (SR) around 500 μM, whereas it is low in the cytosolic space at 100-

300 nM (Zhang and Trebak, 2011). The lower [Ca2+]i indicates that the opening 

of Ca2+ channels (either in the plasma membrane or in the ER/SR) would cause 

Ca2+ flux into the cytosol and elevate [Ca2+]i, which plays a physiological and 

pharmacological role in the regulation of VSMCs function (Bootman et al., 2001). 

 

Multiple counteracting processes can regulate [Ca2+]i to make cytosolic Ca2+ 

increase or decrease (Berridge et al., 2000). When cells are at rest, [Ca2+]i is the 

range of 100 nM. If cells encounter some stimulations such as depolarisation, 

mechanical deformation or hormone activation, global [Ca2+]i can rise up to about 

1 μM (Bootman et al., 2001), or even higher in some specific locations, such as 

microdomains. Ca2+ enters the cytosol via Ca2+ entry and Ca2+ release channels. 

The concentration gradient requires a balance with Ca2+ extrusion to the 

extracellular space or re-sequestering into intracellular stores within VSMCs. 

Different cell types express various combinations of channels that lead to the 

variability in the characteristics of Ca2+ signalling. Figure 1.4 summarised some  
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Figure 1.4 Ca2+ handling mechanisms in vascular smooth muscle cells. 

Schematic representation of the interplay of ion channels and transporters 

directly involved in the Ca2+ homeostasis and vascular contractility. The entry 

of Ca2+ to the cytosol is mediated by VGCC, TRP, IP3R, RyR and store-

operated Orai channels that are activated by STIM protein. Removal of Ca2+ is 

achieved by the SERCA, PMCA and NCX. 

 

VGCC: voltage-gated Ca2+ channel; TRP: transient receptor potential channel; 

IP3R: inositol 1,4,5-trisphosphate receptor; RyR: ryanodine receptor; SERCA: 

sarco/endoplasmic reticulum Ca2+-ATPase; PMCA: plasma membrane Ca2+ 

ATPase; NCX: Na+/Ca2+ exchanger 

 



12 
 

important mechanisms that were shown to coordinate a dynamic control of Ca2+ 

homeostasis in VSMCs. 

 

1.4.1 Intracellular Ca2+ release and uptake mechanisms 

Ca2+ release channels located on the ER/SR membrane of VSMCs play 

important roles in vascular reactivity and cellular excitability. Two major types of 

Ca2+ release channels in VSMCs are inositol 1,4,5-trisphosphate receptor (IP3R) 

and ryanodine receptor (RyR). IP3Rs are ubiquitously expressed Ca2+ release 

channel localised to the ER/SR membrane in mammalian tissues (Narayanan et 

al., 2012; Nixon et al., 1994). Although mitochondria also play a role in storing 

and buffering Ca2+, the ER/SR is the main store to release Ca2+ via activation of 

IP3Rs and RyRs to increase [Ca2+]i. 

 

1.4.1.1 IP3 receptors (IP3Rs) and generation of IP3 

IP3Rs consist of four membrane-spanning subunits surrounding the central ion 

permeation pore. So far, three subtypes (IP3R1, IP3R2, IP3R3) have been 

reported (Narayanan et al., 2012). The expression patterns are distinct, and all 

three subtypes have been found in VSM from aorta, mesenteric and cerebral 

arteries. IP3Rs consists of NH2-terminus containing a suppressor domain, which 

inhibits IP3 binding activity and determines different IP3-binding affinity for each 

subtype. An IP3-binding core domain is required for specific IP3 binding. Both the 

suppressor domain and the IP3-binding core domain are often referred to as the 

IP3-binding domain, which confers regulation by Ca2+ and ATP and interacts with 

Transient Receptor Potential-Canonical (TRPC) channels (Iwai et al., 2007; Gao, 

2017). The COOH-terminus is the channel domain, which is suggested to 

contribute to IP3Rs tetramerisation which, in turn, results in the opening of the 
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pore to allow Ca2+ into the cytoplasm (Uchida et al., 2003). However, the 

expression of the three IP3R isoforms can have a tissue- and development-

specific manner. For example, high levels of IP3R2 and IP3R3 have been found 

in proliferating VSMCs. IP3R3 is high in neonatal smooth muscle, but its level 

decreases during vascular development (Tasker et al., 2000). The IP3-binding 

affinity of different IP3R subtypes has been found as follows, IP3R2> IP3R1> 

IP3R3 (Gao, 2017). Thus, the diversity of the subtype expression and subcellular 

localisation can contribute to the complexity of IP3, Ca2+ and proteins interaction 

to influence [Ca2+]i. 

 

Many vasoactive molecules can stimulate GPCRs to produce IP3 via the 

hydrolysis of PIP2 by PLC, which can diffuse rapidly to bind IP3R on the ER/SR. 

Activation of IP3R leads to the conformation change in IP3R, thus allowing the 

Ca2+ to enter the cytoplasm (Allbritton et al., 1992). Although IP3 can activate IP3R 

to increase [Ca2+]i levels, the opening status is also affected by the Ca2+ 

concentration. Higher Ca2+ concentration (>1 µM) inhibits IP3R opening, whereas 

modest increased concentration (0.5-1 µM) can enhance the opening (Bootman 

et al., 2001). The Ca2+ release activity of the IP3R in VSMCs can be modulated 

by IP3, [Ca2+]i, ATP, protein kinases, and ROS to influence the diverse Ca2+ 

signalling in cellular responses (Narayanan et al., 2012; Foskett et al., 2007). 

 

1.4.1.2 Ryanodine receptors (RyRs) 

RyRs are functionally and structurally analogous to IP3Rs. They are expressed 

mainly in excitable cells, such as neurons and muscle (Bennett et al., 1996) and 

normally closed at low [Ca2+]i (100–200 nM) and activated at 1-10 µM Ca2+ 

concentration (Bezprozvanny et al., 1993). RyRs form homotetramers comprising 



14 
 

four 565 kDa subunits (Zalk et al., 2015). Three isoforms (RyR1-RyR3) have 

been identified in mammalian tissues (Lanner et al., 2010), with RyR1 

predominantly in skeletal muscle cells, RyR2 in the heart and RyR3 in the brain. 

RyR1 are responsible for releasing Ca2+ in skeletal muscles, whereas RyR2 are 

activated following depolarisation in cardiac muscle (Bootman et al., 2001). All 

RyR isoforms have been detected in VSMCs, but there are significant regional 

differences in the expression of RyR isoforms. Expression of RyR2 was found 

predominantly in rat aorta, cerebral arteries, pulmonary arteries and murine 

skeletal muscle resistance arteries and arterioles (Yang et al., 2005; 

Vaithianathan et al., 2010; Westcott et al., 2012). Like IP3Rs, the expression of 

the RyR isoforms also may change during proliferation with the loss of RyR3,  

indicating the varied roles of the RyR isoforms in proliferating SMCs (Vallot et al., 

2000). 

 

The opening of RyRs forms the elementary Ca2+ signal, “Ca2+ spark”, in cardiac 

cells and many other cell types to contribute to the global increase in [Ca2+]i for 

contraction (Cheng et al., 1993). RyRs can be activated by caffeine to induce 

Ca2+ release from intracellular stores and increase the frequency of Ca2+ sparks 

in VSMCs (Jagger et al., 2000). Ca2+ sparks control the contraction and relaxation 

in VSMCs. Therefore, pharmacological blockers, such as tetracaine, have been 

used to investigate the function of RyRs in [Ca2+]i in VSMCs (Ghosh et al., 2017). 

In addition, RyRs can sense the Ca2+ concentrations in ER/SR stores. If the ER 

is overloaded with Ca2+, RyRs can also become sufficiently sensitive to open in 

response to the ER Ca2+ change (Tykocki et al., 2017).  
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1.4.1.3 SER Ca2+ ATPases (SERCA) 

Within VSMCs, maintaining Ca2+ homeostasis under basal condition is critical to 

relax pre-constricted vessels. One of the main sites for dynamic control of [Ca2+]i 

is at sarcoplasmic/endoplasmic reticulum calcium ATPases (SERCA), which 

sequester Ca2+ into intracellular stores. Ca2+ is transported against a 

concentration gradient from the cytoplasm to regulate the relaxation of muscle 

cells and cardiac contractility at a ratio of two Ca2+ ions for every hydrolysed ATP 

molecule (Liu and Khalil, 2018). Molecular cloning studies have revealed that 

three genes (ATP2A1-3) encode SERCA1-3 pumps, each with different 

physiological functions (Wu et al., 2001). SERCA1 is mainly expressed in skeletal 

muscles. SERCA2 is ubiquitously expressed, with two major splice variants in 

cardiac muscle, neuronal cells (SERCA2a) and in all cell types (SERCA2b), 

which can transport Ca2+ from the cytosol into the ER/SR lumen to maintain low 

cytosolic Ca2+ concentration (Vangheluwe et al., 2005). SERCA2b is the 

predominant protein (> 90%), followed by SERCA2a and SERCA3 in VSMCs 

(Wu et al., 2001). SERCA activity has a very direct and dynamic effect on the 

regulation of Ca2+ signalling to influence the constriction of VSMCs. In addition, 

studies have shown that the expression of SERCA2a is either absent or highly 

downregulated in highly proliferating VSMCs, however, increased expression of 

SERCA2b and IP3Rs-evoked Ca2+ signals in proliferating VSMCs suggests the 

expression and activity of SERCA2 is a potent regulator of the abnormal Ca2+ 

dynamics in cell proliferation (Vallot et al., 2000; Lipskaia et al., 2005). 

 

1.4.1.4 Mitochondria 

Mitochondria act as another major Ca2+ buffering organelle (Poburko et al., 

2004). In addition to ER/SR, mitochondria also accumulate high luminal [Ca2+] 
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and have also been receiving substantial attention as an organelle involved in the 

regulation of [Ca2+]i (Berridge et al., 2000). Previous studies have demonstrated 

that mitochondria physiology can change the VSMCs phenotype to induce 

vascular diseases (Nguyen et al., 2018). Mitochondria can sequester cytosolic 

Ca2+ via high-speed mitochondrial-calcium-uniporter (MCU) and release their 

stored Ca2+ by a Na+-dependent exchanger with a significantly slower rate than 

the uniporter (Bootman et al., 2001). However, ER/SR is the primary Ca2+ storage 

site under physiological conditions, and mitochondria uptake Ca2+ only when 

[Ca2+]i increases to abnormally high levels (Liu and Khalil, 2018). Inhibition of 

mitochondrial Ca2+ uptake reduces the amplitude but increase the frequency of 

agonist-induced Ca2+ oscillations in VSMCs (Swärd et al., 2002). Mitochondria 

participate in intracellular Ca2+ signals between Ca2+ entry and ER/SR refilling in 

VSMCs (Poburko et al., 2009). Recently, mitochondrial Ca2+/calmodulin-

dependent kinase II in the mitochondrial matrix in VSMC have been reported to 

be a regulator of mitochondrial Ca2+ uptake via MCU, thereby controlling 

mitochondrial ROS release and VSMC remodelling and migration (Nguyen et al., 

2018). Mitochondria play a vital role in intracellular Ca2+ signalling under 

pathological conditions when the Ca2+ overload occurs and threatens cell 

viability. 

 

1.4.2 Ca2+ entry mechanisms 

VSMCs utilise several different types of Ca2+ influx channels, including the 

VGCCs, receptor-operated Ca2+ channels (ROCCs) and store-operated Ca2+ 

channels (SOCCs) (Berridge et al., 2000). Ca2+ entry happens through VGCCs 

as a result of membrane depolarisation. However, ROCCs, activated by agonists 
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acting on a range of GPCRs, and SOCCs, activated by depleting the Ca2+ stores 

within the ER/SR, are non-voltage-gated channels. 

 

Ca2+ can enter intracellular spaces via ROCCs which are activated by the binding 

of agonists to the extracellular domain of the channel. The term ROCCs is not 

commonly used now, and these channels are more commonly referred to by their 

corresponding ion channel family; these channels are mostly transient receptor 

potential (TRP) channels (Martinsen et al., 2014). TRP channels have been 

considered to play a major role in receptor-induced Ca2+ entry in many cell types. 

There are six subfamilies in TRP channels: TRPA (ankyrin), TRPC (canonical), 

TRPM (melastatin), TRPML (mucolipin), TRPP (polycystin) and TRPV (vanilloid). 

Multiple TRP channels are expressed in VSMCs and contribute to the regulation 

of contraction and development of myogenic tone. Once activated by external 

ligands, GPCRs, or physical stimuli, the influx of cations through TRP channels 

can cause depolarisation of the membrane potential (Em) (Earley and Brayden, 

2015). 

 

Most TRP channels are permeable to Ca2+, whereas TRPM4 and TRPM5 are 

impermeable to Ca2+ and activated by intracellular Ca2+ (Earley and Brayden, 

2015). TRPC channels are more abundantly expressed in VSMCs and play a 

major role in receptor-induced Ca2+ entry (Ghosh et al., 2017). TRPC channels 

have been suggested to encode ROCCs and SOCCs, based on their participation 

in Ca2+ entry routes which activated downstream of GPCR and receptor tyrosine 

kinases that activate PLC (TRPC3, TRPC6, and TRPC7)  or secondary to internal 

Ca2+ stores depletion that induces Ca2+ entering through the highly Ca2+-selective 

channels (TRPC1, TRPC4 and TRPC5) (Earley and Brayden, 2015).  
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Store-operated Ca2+ entry (SOCE) or capacitative Ca2+ entry is an ubiquitous 

Ca2+ entry pathway via the activation of SOCCs in response to the depletion of 

intracellular Ca2+ stores (ER/SR) (e.g. following GPCRs stimulation and IP3 

release or through RyRs activation (Zhang and Trebak, 2011)). The opening of 

SOCCs can also be induced by pharmacological agents or physiological Ca2+ 

mobilisation. The best characterised, physiological and pathological store-

operated Ca2+ current is the Ca2+ release-activated Ca2+ current (ICRAC) (Hoth and 

Penner, 1992). Following decades-long investigations aimed at revealing the 

molecular identity of ICRAC, the major protein components of the SOCE pathway 

were identified as the Ca2+ sensor protein STIM1 and the Ca2+ channel protein 

Orai1. STIM1 is an ER-localised protein; store depletion of Ca2+ causes 

unbinding of Ca2+ from the luminal EF-hands containing N-terminal domains of 

STIM1; this, in turn, results in the migration of STIM1 to the ER-PM junctions and 

the extension of its cytosolic C-terminal domains across the ER-PM space. The 

C-terminal domain of STIM1 interact with plasma-membrane-localised, pore-

forming subunit, Orai1, causing it to cluster and activate to induce Ca2+ entry 

(Roos et al., 2005; Zhang et al., 2005). 

 

Although it is clearly established that Orai1 protein forms the CRAC channel, 

some studies have reported that TRPC channels are required for SOCE with the 

involvement of Orai1 proteins in making up the store-operated channel (Cheng 

et al., 2011). A role for TRPC proteins in forming SOCE complex and activation 

by STIM1 remains an open question (Yuan et al., 2009). The SOCCs are 

recognised to be important in replenishing internal Ca2+ stores and may represent 

an essential contributor to the pathophysiology of cardiovascular diseases 

(Giachini et al., 2012). 
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1.4.3 Ca2+ extrusion mechanisms 

The plasma membrane contains two systems for extrusion of the cytosolic Ca2+ 

to the extracellular space to regulate Ca2+ homeostasis. One is the high-affinity, 

low-capacity Ca2+-ATPase (plasma membrane Ca2+ ATPase (PMCA)), and the 

other is the low affinity, high capacity Na+/Ca2+ exchanger (NCX) (Brini and 

Carafoli, 2011). The PMCA pump belongs to the family of P-type ATPases, which 

operates with 1:1 Ca2+/ATP hydrolysed. There are four PMCA isoforms encoded 

by four genes (ATP2B1-4) have been identified. PMCA1 and PMCA4 are 

expressed in most tissues, whereas PMCA2 and PMCA3 are found in the brain, 

striated muscle and the mammary gland (Brini and Carafoli, 2009; Brini and 

Carafoli, 2011). PMCA maintain the basal cytosolic Ca2+ level at ~100 nM and 

the Ca2+ transients generated by cell stimulation around ~1 μM range. 

Importantly, PMCA4 is essential for regulating Ca2+ homeostasis in all cells and 

modulating the contractility in vascular or bladder SMCs and excitation-

contraction coupling of the heart through its interaction with neuronal nitric oxide 

synthase (nNOS) (Okunande et al., 2004; Schuh et al., 2001). 

 

NCX mediates Ca2+ extrusion by using the electrochemical gradient, which 

couples the extrusion of 1 Ca2+ ion with the influx of 3 Na+ ions. Three isoforms 

of the NCX family have been identified (NCX1-3); NCX1 is ubiquitously 

expressed in the heart and VSMCs, whereas NCX2 and NCX3 are restricted to 

brain and skeletal muscle (Szewczyk et al., 2007; Brini and Carafoli, 2011). The 

relative proportion of NCX and PMCA varies in different cell types; it has been 

reported that NCX plays a significant role in vascular diseases such as 

hypertension (Blaustein and Hamlyn, 1984). 
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1.5 Voltage-gated Ca2+ (Cav) channels 

Excitable cells such as neurons and SMCs express large numbers of VGCCs, 

which are activated by membrane depolarisation and mediate Ca2+ influx in 

response to the action potential. Ca2+ entering through VGCCs can serve as the 

second messenger of electric signalling to influence many cellular responses. 

They display vast diversities of electrophysiological properties. In cardiac, 

smooth and skeletal muscle cells, activation of Ca2+ channels can initiate the 

contraction by increasing [Ca2+]i and directly/indirectly activating the secondary 

mechanism called Ca2+-induced Ca2+ release (CICR) by RyRs in the SR. In 

neurons, VGCCs can induce synaptic transmission (Catterall, 2011). The initial 

discovery of this channel type dates back to 1953, and by now, several major 

groups of VGCC have been identified, including L-, P/Q-, N-, R- and T-type Ca2+ 

channels (Catterall, 2011) (Table 1.1).  

 

Due to the gating specificity and pharmacology, different types of VGCCs have 

their own different characteristics. For instance, L-type Ca2+ channels have slow 

voltage-dependent inactivation, long-lasting current and large-conductance 

(Tsien et al., 1988). In comparison to L-type Ca2+ channels, T-type Ca2+ channels 

have transient current due to fast inactivation at strong depolarisation and small 

single-channel conductance (Nowycky et al., 1985). L- and T-type Ca2+ channels 

are recorded in a wide range of cell types, whereas P/Q-, N-, and R-type Ca2+ 

channels are found mostly in neurons (Catterall, 2011). 
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Table 1.1 Overview of voltage-gated Ca2+ channels 

Group 
Physiological 

name 

α1 

subunit 
Protein Gene 

Activation 

potential (mV) 
V1/2 (mV) Inactivation kinetics Reference 

HVA 

L α1S Cav1.1 CACNA1S 

-10 to -50 

8-14 

Slow 

Gurkoff et al., 2017; 

Kuo et al., 2011; 

Hering et al., 2008 

L α1C Cav1.2 CACNA1C -15 

L α1D Cav1.3 CACNA1D -18 

L α1F Cav1.4 CACNA1F -2.5~-12 

P/Q α1A Cav2.1 CACNA1A -50 -5~-11 Slow to Intermediate 

N α1B Cav2.2 CACNA1B -20 8 Intermediate 

R α1E Cav2.3 CACNA1E -25 to -40 3.5 Vary fast 

LVA 

T α1G Cav3.1 CACNA1G 

-70 

-29 

Fast T α1H Cav3.2 CACNA1H -31 

T α1I Cav3.3 CACNA1I -25 

V1/2 represents the half-maximal activation voltage 
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1.5.1 Structure-function relationships of Cav channels 

Ca2+ channels are complexes of α1, α2, β, γ, and δ subunits, and the key 

determinant of the Cav subtype is defined by its α1 subunit (170-240 kDa), which 

is responsible for the channel properties and may associate with other (auxiliary) 

subunits in various combinations. The α1 subunit is a protein of approximately 

2000 amino acid sequence to arrange into four domains (I–IV), which each made 

up of six transmembrane segments (S1–S6) (Catterall, 2011). The S1-S4 forms 

the voltage sensor to open the ion pore. A key feature is the charged S4 segment 

which can control voltage-dependent activation. The S4 segment slides upwards 

when cells encounter depolarisation to open the VGCC channels. In contrast, the 

S4 segment moves downwards to close channels upon repolarisation. A 

membrane-associated loop located between transmembrane S5 and S6 

segments provides the pore region of the channel (Bezanilla, 2008) (Figure 1.5).  

 

Until now, three structurally and functionally distinct Ca2+ channel families (Cav1, 

Cav2, Cav3) have been grouped based on the different types of Ca2+ currents, 

which are primarily defined by different α1 subunits (Ertel et al., 2000). High-

voltage-activated (HVA) channels include: L-type (Cav1.1-1.4), P/Q-type 

(Cav2.1), N-type (Cav2.2) and R-type (Cav2.3) Ca2+ channels. Low-voltage-

activated (LVA) channels are T-type (Cav3.1-3.3) Ca2+ channels (Perez-Reyes 

et al., 1998; Ertel et al., 2000). In relations to the smooth muscle, two VGCC 

families have been shown to play the most important roles: L- and T-type Ca2+ 

channels. 
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Figure 1.5 Subunit composition of voltage-gated Ca2+ channel. The α1 is 

the pore-forming subunit which contains voltage-sensing and -gating 

mechanisms. There are four homologous domains (I–IV), each containing six 

transmembrane segments (S1–S6) in α1 subunit. The α2δ and β subunits 

enhance expression and modulate the voltage dependence and gating kinetics 

of VGCCs. 

 

VGCC: voltage-gated Ca2+ channel; VSD: voltage-sensing domain; PD: pore 

domain 
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1.5.2 L-type Ca2+ channels 

L-type Ca2+ channels are the dihydropyridine-sensitive channels with a major role 

in the regulation of the myogenic tone of VSM (Amberg and Navedo, 2013; 

Nelson et al., 1990). The α1 subunits of L-type Ca2+ channels play a critical role 

in vascular function and modulation of the myogenic tone and arterial pressure 

(Catterall, 2011). The β subunit is a cytoplasmic protein that resides on the 

intercellular side between domains I and II to interact with other regions on Ca2+ 

channel α1 subunits. Four β subunits genes have been identified, and β3 is 

predominant in VSMCs (Kharade et al., 2013). In addition, co-expression of α2δ 

subunit with different α1 and β subunits was shown to produce distinct gating 

profiles and current densities (Klugbauer et al., 1999).  

 

The hallmark characteristic of arterioles is rhythmic oscillations which depend on 

Ca2+ influx through L-type VGCCs. Hence, vasoconstrictor agonists that act 

through GPCRs causing contraction of VSMCs can be inhibited by L-type VGCC 

blockers. In arterial SMCs, Cav1.2 channel is localised to Ca2+ microdomain 

regions (Ca2+ sparklet sites) to contribute to local and global [Ca2+]i under 

physiological conditions. PKC can modulate Cav 1.2 VGCCs via AKAP150 

(Navedo et al., 2008), resulting in high activity Cav 1.2-Ca2+ sparklets that appear 

to significantly contribute to the increase of Ca2+ influx and myogenic tone in 

arterial SMCs (Amberg et al., 2007; Navedo et al., 2008). In some vascular SMCs, 

after sensing membrane depolarisation, L-type Ca2+ channels activate the 

GPCR-PLC-IP3 pathway to induce release of Ca2+ from internal stores through 

IP3Rs and amplify the process of CICR by RyRs (Fernández-Tenorio et al., 2010; 

del Valle-Rodríguez et al., 2003). Thus, L-type VGCCs have the potential to 

impact VSM function during physiological and pathological conditions. 
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1.5.3 T-type Ca2+ channels 

T-type Ca2+ channels provide a route for Ca2+ influx, which influence numerous 

physiological effects (Catterall, 2011). Three types of T-type Ca2+ channels 

(Cav3.1, Cav3.2 and Cav3.3) have been identified, which are formed by different 

α1 subunits (α1G, α1H and α1I, respectively; Table 1.1). T-type Ca2+ channels 

do not require auxiliary β, α2δ, or γ subunits for functional assembly (Perez-

Reyes, 2006). T-type Ca2+ channels have a very negative threshold activation 

voltage (~-60 mV) and can be opened by weak depolarisation. Upon 

depolarisation, T-type Ca2+ channels exhibit fast opening and closing and 

inactivate rapidly. A fast inactivation stops the ionic flux of Ca2+ in tens of 

milliseconds. A vital feature of T-type Ca2+ channels is the so called ‘window 

current’, which is produced under basal conditions and is due to the overlap of 

voltage-dependent activation and steady-state inactivation curves (Perez-Reyes, 

2003) (Figure 1.6). Consequently, T-type Ca2+ channels can facilitate a window 

current which influence [Ca2+]i at resting Em via a proportion of active and not fully 

inactivated channels (Capiod, 2011).  

 

T-type Ca2+ channels are present throughout the body, including the heart, 

kidneys, smooth muscle, nervous system and endocrine organs. Whilst Cav3.3 

channel expression is generally restricted to the nervous system, Cav3.1 and 

Cav3.2 are prominently found in cardiac and smooth muscle (Catterall et al., 

2005). The voltage dependence of channel inactivation and recovery from 

inactivation varies between the three T-type Ca2+ channel subtypes. Among three 

isoforms, Cav3.1 has the fastest inactivation and Cav3.2 has the slowest 

recovery from inactivation (Klöckner et al., 1999; Perez-Reyes, 2003). 
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Figure 1.6 Voltage dependence of activation/inactivation of T-type Ca2+ 

channels. T-type Ca2+ channels operate in a subthreshold voltage range, with 

an overlap of the activation and inactivation curves which gives rise to a window 

current (indicated in green), a voltage range where T-type Ca2+ channels can 

be active tonically. Adapted from (Visa et al., 2019). 
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The elucidation of functional roles for Ca2+ channels has been significantly 

facilitated by the availability of relatively selective channel blockers, e.g. 

dihydropyridines, such as nifedipine for Cav1 L-type Ca2+ channels. However, 

until recently, specific contributions of T-type Ca2+ channels have been difficult to 

assess because there was a lack of specific blockers to block the different 

subtypes. Ni2+ has been classically considered a T-type Ca2+ channel blocker 

(Senatore and Spafford, 2015), but it also produced discrete blocking events to 

L-type Ca2+ channels (Winegar et al., 1991). Mibefradil, originally named Ro 40-

5967 and previously licensed as an anti-hypertensive drug, is used to block T-

type Ca2+ channels, but it also blocks other channel types, such as Na+ and other 

Ca2+ channels (Senatore and Spafford, 2015). NNC55-0396 is a structural 

analogue of mibefradil which is considerably more stable and selective to T-type 

Ca2+ channels without much effect on HVA channels (Li et al., 2005). Recently, 

the new generation of T-type Ca2+ channel pharmacology emerged, these 

compounds include Z944 (Tringham et al., 2012) and TTA-A2/P2 (Kraus et al., 

2010); these compounds are much more selective towards T-type channels, 

which makes possible more specific interrogation of their functional roles. 

 

Recent findings indicated the role of T-type Ca2+ channels in VSM physiology and 

vascular reactivity, which is related to the vascular tone, SMC contraction and 

proliferation (Perez-Reyes, 2003). Cav3.1 and Cav3.2 T-type Ca2+ channels have 

been found in VSMCs in human and many other species. Although Cav3.1 and 

Cav3.2 were shown to be involved in maintenance of myogenic tone in skeletal 

muscle resistance arteries (VanBavel et al., 2002), Cav3.1 channel was related 

to the pressure-induced constriction, whereas Cav3.2 was found responsible for 

the artery relaxation, owing to the negative feedback by modulating the RyR-BKCa 
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(large-conductance Ca2+-activated K+ channel) axis (Harraz et al., 2014). The 

functional role of T-type VGCCs in regulating vascular tone remains controversial, 

though. T-type Ca2+ channels can also be modulated by protein kinase pathways 

to modulate VSM function and the myogenic response (Harraz and Welsh, 2013). 

Some results showed that the activation of the Rho-kinase/ROCK pathway 

activation resulted in an inhibition of the Cav3.1 channel (Iftinca et al., 2007). In 

addition, the Cav3.2 channel can be selectively inhibited by Zn2+ via the unique 

extracellular binding site at the DII (Perez-Reyes and Lee, 2014) and ascorbate 

because of their unique sensitivity to redox modulators (Nelson et al., 2007). 

 

T-type Ca2+ channels are essential for the physiological roles of rapid oscillatory 

activity in cellular responses, which mediate rebound burst firing, especially in the 

sinoatrial node to general heartbeats (Mangoni et al., 2006) and the 

thalamocortical circuit to control the transition between awake and sleep states 

(Lee et al., 2004). However, It has been increasingly clear that T-type Ca2+ 

channels are more than just contributors to pacemaker rhythms in the brain and 

heart as these are also important to the neuronal firing, epilepsy, nociception, 

hypertension, cell proliferation, gene expression, hormone secretion, and cancer 

growth (Perez-Reyes, 2003). 

 

1.6 Kv7/KCNQ channels  

The voltage-dependent potassium (Kv) channels are vital determinants of the 

resting Em in SMCs and other cell types (Yuan, 1995; Evans et al., 1996). The Kv 

channels superfamily expressed in mammalian tissues is very diverse. There are 

twelve known Kv channel subfamilies (Kv1-Kv12) (Wulff et al., 2009). Several 
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vascular diseases such as hypertension, diabetes and atherosclerosis are 

associated with the abnormal function or expression of Kv channels in the 

vasculature (Cox, 2005). To date, the functional roles of several Kv channels in 

VSM have been examined, especially these belonging to the Kv1 and Kv2 

families (Stott et al., 2014). Kv1.3-1.5 channels participate in VSMCs proliferation 

and vascular remodelling (Zhang and Gutterman, 2019). Kv2.1 form heteromeric 

channels with Kv9.3, which may involve pulmonary arterial hypertension (Patel 

et al., 1997). In addition, the upregulation of Kv6.3 and its co-expression with Kv2 

channels appear to account for hypertension development. Although Kv3 and 

Kv4 expressions have been reported in VSMCs, there is little evidence for the 

regulation of vascular tone (reviewed in (Jackson, 2018)). 

 

The family of the Kv7 channels has recently been brought to the picture as 

another important vascular K+ channel type (Mackie and Byron, 2008; 

Greenwood and Ohya, 2009; Ng et al., 2011). These channels have been widely 

investigated in the nervous system, inner ear and heart, where these 

demonstrate a number of important physiological functions (Jentsch, 2000; 

Robbins, 2001). Most research has focussed on the role in cardiac (Kv7.1) and 

neuronal (Kv7.2-7.5) systems. Mutation of Kv7.1 can induce fatal cardiac 

arrhythmia (hereditary long QT syndrome) owing to the delayed cardiac 

repolarisation (Barhanin et al., 1996). Genetic alterations in Kv7.2 and Kv7.3 

have been reported to result in benign familial neonatal seizures (Wuttke et al., 

2005; Maljevic and Lerche, 2014). Defects in Kv7.4 leads to the early onset of 

non-syndromic hearing loss, and the expression was believed to be limited to the 

inner ear (Kubisch et al., 1999). It has been identified that Kv7 channels play 

critical roles in the membrane excitability of neurones (Marrion, 1997; Robbins, 
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2001). Although various groups have provided evidence of the functional 

importance of Kv7 channels in VSM (Mani et al., 2016; Stott et al., 2014; 

Brueggemann et al., 2014), the exact mechanisms of Kv7 physiological 

regulation or function in VSMCs are still incompletely understood.  

 

1.6.1 Structure-function relationships of Kv7 channels 

Kv7 channels, like other Kv channels, are assembled as a complex of four pore-

forming α-subunits. Each of these subunits consists of six transmembrane 

spanning domains (S1-S6), with the cytoplasmic localisation of the NH2 and 

COOH regions. The S1-S4 region forms the voltage-sensing domain (VSD), 

whereas the linker region between the S5-S6 region forms the K+-selective pore 

(Soldovieri et al., 2011) (Figure 1.7). The S4 domain contains four to six positively 

charged arginine residues. The environment around the S4 segment is critical for 

its ability to participate in charge movement, necessary for gating the pore 

(Soldovieri et al., 2011; Wulff et al., 2009; Borjesson and Elinder, 2008). Five 

subtypes (Kv7.1-Kv7.5), encoded by the genes KCNQ1-5, have been identified 

in Kv7 family (Gutman et al., 2003). Kv7.2, Kv7.4 and Kv7.5 can form functional 

homotetramers or heterotetramers with Kv7.3 (Howard et al., 2007) to display 

different biophysical properties in cells (Mani et al., 2016). 

 

Several Kv7 channels depend on the accessory proteins (KCNE β-subunit) to 

fulfil a variety of physiological functions, and the best known is the KCNE1 

modulation of Kv7.1 in the cardiomyocytes (Morin and Kobertz, 2008). The other 

β-subunits, KCNE2-5, also can regulate Kv7 channels expression and function 

(Haick and Byron, 2016). Moreover, the COOH-termini of Kv7 subunits carry  
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Figure 1.7 Schematic structure of Kv7 channel α-subunits. The α subunit 

of the Kv7 channel consists of six transmembrane spanning domains (S1–S6) 

with cytoplasmic NH2- and COOH- terminal segments, S1-S4 is the voltage 

sensor domain with positively charged arginine residues in the S4 domain, and 

the single K+-selective pore-loop domain is located between S5 and S6. KCNE 

is shown as a cylinder that represents the single transmembrane helix common 

to all KCNE family members. The location of the conserved interaction sites 

with calmodulin and PIP2, with ankyrin-G in Kv7.2/3 and with ubiquitin-protein 

ligase Nedd4-2, are also shown. 

 

PIP2: phosphatidylinositol 4,5-bisphosphate 
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binding sites for various cytosolic regulatory molecules and accessory proteins, 

such as calmodulin, which regulate Kv7 channel trafficking, assembly and gating 

(Gamper et al., 2005; Tobelaim et al., 2017) and PIP2, which is a co-factor 

necessary for channel activity (Gamper and Shapiro, 2007; Tobelaim et al., 2017) 

for the Kv7 channel open probability. Several other regulatory proteins interact 

with Kv7 C-terminal regions, including cytosolic-ubiquitin-protein ligase Nedd4-2, 

which regulates the membrane expression of Kv7.2/3, Kv7.3/5, and 

Kv7.1/KCNE1 heteromultimers (Ekberg et al., 2007; Jespersen et al., 2007) and 

Ankyrin-G, which targets Kv7.2/3 channels to axon initial segment and nodes of 

Ranvier in myelinated neurons (Pan et al., 2006). 

 

Each Kv7 channel has a distinct expression pattern and function in each tissue 

type. Kv7.1 is restricted to peripheral epithelial and SMCs, as well as to cardiac 

myocytes, where it controls ventricular repolarisation (Barhanin et al., 1996; 

Sanguinetti et al., 1996). Kv7.2 - Kv7.5 are detected in the nervous system 

contributing to the M-current and the action potential in neurons (Delmas and 

Brown, 2005; Du and Gamper, 2013). Mutations in the Kv7.2 and Kv7.3 channels 

result in the development of encephalopathy and epilepsy in patients, exemplified 

by the familial neonatal seizures in humans. The Kv7 channels also play a central 

role in nociception. Loss of Kv7 activity or expression contributes to the initiation 

and propagation of the pain because of the role as a regulator of Em in primary 

sensory afferents (Liu et al., 2010). Recently, Kv7 channels have been found in 

VSMCs (Ohya et al., 2003; Joshi et al., 2006; Brueggemann et al., 2007; Yeung 

et al., 2007) where these channels were reported to contribute to cell 

hyperpolarisation and the regulation of contractile functions of arteries. These 

findings suggest that the Kv7 channels might become a novel therapeutic target 
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for the treatment of disorders of the cardiovascular system (Ohya et al., 2003; 

Yeung et al., 2007; Fosmo and Skraastad, 2017). 

 

1.6.2 Kv7 channels in vascular smooth muscle cells 

Kv7 channels have been widely investigated in the nervous system and the heart 

(reviewed in (Delmas and Brown, 2005; Fosmo and Skraastad, 2017)). The first 

paper to show Kcnq gene expression in SMCs was the study by Ohya and 

colleagues, who reported Kcnq1 expression in rat stomach SMCs (Ohya et al., 

2002). In a follow up study, Ohya and colleagues identified that Kcnq1 is 

abundantly expressed in murine portal vein myocytes (Ohya et al., 2003). Further 

studies showed that Kcnq4 and Kcnq5 were expressed in arterial SMCs from the 

murine aorta, carotid, femoral and mesenteric artery at levels equal to or higher 

than Kcnq1 expression (Yeung et al., 2007; Brueggemann et al., 2007). Kcnq1, 

Kcnq4, and Kcnq5 were also detected in rat mesenteric artery SMCs (Mackie et 

al., 2008). Similar results were also shown in rat pulmonary artery smooth muscle 

(PASMC), which expressed Kcnq1, Kcnq4, and Kcnq5 subtypes, with Kcnq4 

mRNA being the most abundant (Joshi et al., 2009). After a series of studies, a 

consensus has been reached that VSMCs mostly express Kcnq1, Kcnq4 and 

Kcnq5, while expression of Kcnq2 and Kcnq3 is negligible. (Greenwood and 

Ohya, 2009; Stott et al., 2014). 

 

Most studies showed predominant expression of Kcnq4, followed by Kcnq1 and 

Kcnq5 (Yeung et al., 2007; Joshi et al., 2009; Ng et al., 2011; Zhong et al., 2010). 

Kcnq5 was found at high expression levels in rat cerebral and mesenteric arteries 

(Brueggemann et al., 2014). Moreover, higher expression of Kcnq1 and Kcnq5 

was noted in rat coronary artery (Morales-Cano et al., 2015). For human 
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vasculature, all KCNQ genes except the KCNQ2 subtype were found in arteries 

from visceral adipose tissue and proximal mesenteric arteries (Ng et al., 2011). 

The expression of protein levels of Kv7.1, Kv7.4 and Kv7.5 was confirmed in rat 

aortic (Yeung et al., 2007), cerebral arterial myocytes (Zhong et al., 2010) and 

Kv7.4 protein in PASMCs (Joshi et al., 2009). Recently, the studies of the 

functional assembly of Kv7 channel protein subunits in VSMCs showed the 

existence of Kv7.4/Kv7.5 heterotetramers in mesenteric (Brueggemann et al., 

2014) and cerebral artery myocytes (Chadha et al., 2014). 

 

1.6.3 Regulation of Kv7 channels 

Kv7 channels, as regulators of neuronal excitation, have been investigated with 

the use of activators or blockers. Inhibition of M-currents (currents produced by 

neuronal KCNQ channels) generally results in the increase of the excitability. 

Activation of GPCRs can suppress M-current and induce transient 

hyperexcitability in neurons (Delmas and Brown, 2005). Accordingly, the M-

channel inhibitor, XE991, has been used increasingly to investigate the 

physiological and pathological roles of the Kv7 channels in both cell culture and 

animal experiments. XE991 and its close analogue, linopirdine, are reversible, 

state-dependent inhibitors that favour the activated state of the Kv7/KCNQ 

channels; all five Kv7 subunits are sensitive to these blockers (Chadha et al., 

2014; Greene et al., 2017). Retigabine, a selective Kv7.2-7.5 channel activator, 

has been proven to be an effective anticonvulsant which activates Kv7 channels 

(except Kv7.1) by shifting the voltage-dependence of activation to hyperpolarised 

potentials to hold channels open and stabilise the resting Em (Wuttke et al., 2005). 

In VSMCs, inhibition of Kv7 channels can increase vascular tone, while retigabine 
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can selectively relax constricted arteries (Tatulian et al., 2001; Joshi et al., 2009; 

Ng et al., 2011; Mani et al., 2011).  

 

Kv7 channels act as effectors for some vasodilators and vasoconstrictors. For 

example, cyclic AMP (cAMP)/protein kinase A (PKA) mediated activation of Kv7 

subunits can induce vasodilation (Mani et al., 2016). PKC dependent suppression 

of Kv7 channels in response to activation of GPCRs leads to vasoconstriction 

(Stott et al., 2014; Brueggemann et al., 2007). Accessory proteins, such as 

calmodulin and PIP2, have been shown as modulators on Kv7 channels. 

Calmodulin can bind to the Kv7 C-terminus to form functional channels and 

interact with the low-affinity calmodulin-binding sites to reduce Kv7.2, Kv7.4 and 

Kv7.5 currents, whereas PIP2 increases the activity of all Kv7 channels (Stott et 

al., 2014). Perivascular adipose tissue (PVAT) releases vasodilators to act 

through Kv7 channels. Hence, a deficiency in Kv7 channels correlated with the 

reduction of the anti-contractile effect of PVAT (Jackson, 2018). 

 

1.6.4 The role of Kv7 channels in the excitability and resting Em 

maintenance in excitable cells 

Kv channels play an important role in Ca2+ signalling through their ability to 

maintain a negative Em. They regulate the excitability of neurons and participate 

in the control of arteriolar tone and microvascular perfusion (Delmas and Brown, 

2005; Tykocki et al., 2017). Their activity is predominately modulated by Em, 

vasodilators and vasoconstrictors. Kv7 channels are directly activated by 

membrane depolarisation. Therefore, the opening of K+ channels results in 

membrane hyperpolarisation and vasodilation, whereas closure of K+ channels 

leads to membrane depolarisation and vasoconstriction. The Kv7 family has a 
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relatively negative threshold for activation at approximately -60 mV, as a result of 

which a fraction of these channels remains open at resting Em. Hence, any 

depolarising influence will be opposed by the progressive opening of Kv7 

channels to repolarise the membrane and prevent the activation of VGCCs, 

hence maintaining vascular tone (Stott et al., 2014; Nelson and Quayle, 1995). 

 

Kv7.5 is highly expressed in skeletal and smooth muscle. The presence of native 

Kv7.5 has been reported as a sole source of K+ conductance in the voltage range 

from -60 to +20 mV in VSMCs (Mani et al., 2016). Activation of Kv7.5 currents 

(half-maximal activation voltage (V1/2), -46.7 ± 1.6 mV) was generally negative 

and faster than Kv7.2 (-37 mV), Kv7.4 (-11 mV), and Kv7.3/Kv7.5 (-35 mV) (Wang 

et al., 1998; Meritxell et al., 2009). However, the interaction with KCNE subunits 

can change the Kv7.5 channel gating: it takes seconds to fully activate the 

channel upon depolarisation, and the presence of KCNE1 shifts the V1/2 to 

depolarised values (-42.2 ± 0.9 vs. -46.7 ± 1.6 mV) in Xenopus oocytes (Figure 

1.8A, B). Likewise,, KCNE1 slowed the activation of Kv7.5 currents (the time 

constants of current activation, 129 ± 2 vs. 42 ± 3 ms) but increased the peak 

currents at +60 mV in HEK293 cells (Figure 1.8C, D) (Meritxell et al., 2009). 

 

Importantly, many other ion channels expressed in the vasculature contribute to 

the regulation of [Ca2+]i. This includes multiple types of Kv channels (predominant 

Kv1.2, Kv1.5, Kv2.1) (Cox, 2005), inward-rectifier K+ (Kir) (Park et al., 2008), 

adenosine triphosphate (ATP)-dependent (KATP) (Brayden, 2002), Ca2+-activated 

K+ (KCa) (Köhler et al., 2010), two-pore K+ (K2P) (Wiedmann et al., 2016) 

channels, and Ca2+-activated Cl− channels (CaCC) (Kitamura and Yamazaki, 

2001). These ion channels are also modulated by vasoconstrictors and  
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Figure 1.8 Interaction of KCNE1 with Kv7.5 in current kinetics. (A) Voltage 

clamp recording from Kv7.5/Xenopus oocytes. (B) I-V relationships in the 

presence of KCNE1 in Kv7.5/Xenopus oocytes. (C) Representative Kv7.5 

currents in the absence or the presence of KCNE1 in Kv7.5/HEK293 cells. (D) 

I-V in the presence of KCNE1 and KCNE3 in Kv7.5/HEK293 cells. Adapted 

from (Meritxell et al., 2009) 
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vasodilators, contributing to all aspects of the regulation of vascular tone (Dogan 

et al., 2019), but these are outside of the scope of the current thesis. 

 

1.7 Disorder of vascular remodelling 

Cardiovascular disease is one of the top leading cause of death globally, which 

accounts for approximately 17.3 million deaths per year. The death number is 

estimated to increase to 23.6 million by 2030 (Benjamin et al., 2017). Stroke, 

heart attack, and ruptured aneurysms are the primary diseases to contribute to 

the high mortality rates up to 31% of all global deaths (Mozaffarian et al., 2016). 

 

A central feature of cardiovascular disease is excessive VSMCs proliferation, 

which leads to vascular structural and functional changes in arteries. VSMCs 

typically exhibit a stable contractile phenotype to adapt to changes in the 

extravascular environment and local signalling molecules to maintain 

hemodynamic demands. However, in pathological conditions, such as 

restenosis, hypertension and atherosclerosis, these adaptive changes do not 

return to basal levels, which often leads to the VSMCs proliferation and increase 

of the vascular resistance. This process of maladaptive change is defined as 

vascular remodelling (Brown et al., 2018). 

 

Several signalling pathways have been implicated in the pathophysiology of 

cardiovascular diseases. Many of the extrinsic factors that drive diseases seem 

to act through the Ca2+ signalling system. The mishandling of [Ca2+]i is considered 

a crucial step in the pathogenesis of multiple vascular diseases and is associated 

with VSM ion channels regulation. Among other channels, Kv7 channels are well-
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placed to play a strong role in the [Ca2+]i modulation via the tight control of Em, 

owing to their negative activation threshold and lack of inactivation. Thus, 

deficiency in Kv7 expression and/or activity may result in tonic depolarisation and 

Ca2+ overload. In broad agreement with this idea, mutations in the KCNQ1 gene 

and a decrease in KCNQ4 mRNA have been reported to increase the risk of 

hyperglycaemia, diabetes, and hypertension. Multiple studies indicated that Kv7 

channel enhancement activation might function as a possible prevention and 

treatment of coronary artery disease, hypertension, diabetes, and their 

comorbidities (Chen et al., 2016; reviewed in (Mackie and Byron, 2008; Fosmo 

and Skraastad, 2017)). Since intracellular Ca2+ signals lead to the contraction in 

the vasculature (see section 1.3), the elucidation of physiological modulation of 

Ca2+ homeostasis can provide a prospective assessment of current and future 

research and pharmacological targets. The following section discusses the 

significance of pathological VSMCs proliferation within the development of the 

specific cardiovascular disease. 

 

1.7.1 Atherosclerosis 

Atherosclerosis is a complicated, chronic inflammatory disease, characterised by 

the pathologic process of atheromatous plaque of the arterial wall. The 

progression of atherosclerosis is related to plaque mass, intimal hyperplasia and 

arterial remodelling (Pasterkamp et al., 2000). It can be divided into three stages 

namely 1) the endothelial dysfunction, during this stage low-density lipoprotein 

(LDL) migrates into the sub-endothelial space to form oxidised LDL (oxLDL), 

ensuing an inflammatory cascade. 2) Plaque progression; at this stage, VSMCs 

migrate to the intima to proliferate, following the formation of a plaque and a 

fibrous cap. 3) Thrombosis and rupture of the plaque, which represents the 
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clinical complication of atherosclerosis (Lim and Park, 2014). Within the intima of 

arteries, oxLDL is thought to provide the initiation and progression of 

atherosclerosis. Lectin-like oxLDL receptors type-1 (LOX-1) is the major mediator 

of ox-LDL activity, which can trigger the proinflammatory signalling pathways in 

VSMCs (Sun and Chen, 2011). Proinflammatory cytokines, such as IL-1α, IL-1β, 

and TNF-α, can upregulate LOX-1 expression in VSMCs, causing advanced 

atherosclerotic lesions (Hofnagel et al., 2004). Also, LOX-1 activation promotes 

VSMCs to the proliferative and migratory phenotypes, even to the transformation 

of foam cells (Liu et al., 2014; Lim and Park, 2014). Endothelial injury and the 

release of inflammatory mediators from activated macrophages can also 

influence lesion formation and stimulate the migration and proliferation in VSMCs 

(Lusis, 2000). Plaque rupture and these series of reactions cause further 

devastating effects, such as stroke and myocardial infarction; therefore, the 

inhibition of excessive remodelling in VSMCs may have beneficial effects to 

prevent arterial occlusive diseases. 

 

Atherosclerosis is a target for multiple pharmacological strategies to combat 

cardiovascular disease. Statins are therapeutically effective lipid-lowering drugs; 

current professional society guidelines recommend statin therapy in patients with 

the coronary arterial disease to reduce cardiovascular events and mortality 

(Gerhard-Herman et al., 2017; Aboyans et al., 2018; Harris et al., 2016). For 

example, pravastatin has been shown to downregulate LOX-1 expression in 

human VSMCs, reduce atherosclerotic lesions and decrease intimal media 

thickness (Hofnagel et al., 2006). Simvastatin was demonstrated to reduce the 

neointimal hyperplasia and proliferation in human VSMCs (Porter et al., 2002). 

As a number of these cellular and inflammatory processes are mediated by the 
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disruption in Ca2+ homeostasis, the potential roles of Ca2+ channel blockers have 

also been shown to significantly decrease atherosclerotic plaque burden and 

fibrous plaque content. The possible mechanism of this effect is the inhibition of 

the migration and proliferation in SMCs, which depends on the L-type VGCCs 

activity, but also decreased oxidative stress and vascular inflammation at 

atherosclerotic lesions (Yoshii et al., 2006; Eagleton et al., 2008). Accumulating 

evidence implicates a prominent role of endothelial dysfunction in the 

development of atherosclerosis and coronary arterial disease in diabetes 

(Morales-Cano et al., 2016). As changes in the Ca2+ transport mechanisms lead 

to cellular changes in atherogenesis, it has been proposed that Ca2+ channel 

antagonists may work in a synergistic fashion with other established treatments 

to effectively improve outcomes in patients who are at risk for or have established 

coronary artery disease (Mason, 2002). Moreover, as Kv7 activation limits Ca2+ 

influx through VGCC, selective activators of Kv7.4/7.5 may be useful for 

preventing or reducing angina pectoris episodes (Chen et al., 2016). 

 

1.7.2 Hypertension 

Hypertension is a risk factor for many chronic diseases, such as stroke, 

myocardial infarction, and heart failure. Pathophysiologically, hypertension often 

arises from increased vascular resistance and vascular remodelling, which 

involve changes to VSMCs in both large and small arteries (Touyz et al., 2018; 

Brown et al., 2018). These processes are regulated by complex, interacting 

systems to influence VSMCs through their highly plastic and dynamic features. 

Dynamic changes in excitation-contraction coupling largely depend on 

intracellular [Ca2+]i signals, which orchestrate VSMC’s responses to the 

mechanical, humoral, or neural stimuli (Touyz et al., 2018). In hypertension, 
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control of Ca2+ signalling is altered, which leads to an increase of [Ca2+]i, 

hypercontractile status, and vascular remodelling. Both systemic and pulmonary 

hypertension are linked to altered Ca2+ handling and vascular remodelling. 

VGCCs, TRP channels, and Na+/Ca2+ exchanger are all related to the Ca2+ 

homeostasis and vascular dysfunction in hypertension (Goulopoulou and Webb, 

2014). Moreover, increased expression of vascular SOCC complex, 

STIM1/Orai1, is also associated with augmented aortic contraction in 

hypertension (Giachini et al., 2012; Goulopoulou and Webb, 2014). 

 

L‐type Ca2+ channel blockers which target Cav1.2 L-type Ca2+ channels are well 

known to be effective in the regulation of blood pressure. T-type Ca2+ channels 

also have been linked to hypertension; hence, compared to selective L-type Ca2+ 

channels blockers, treatment with combined L- and T-type Ca2+ channels 

blockers has a beneficial effect on the high blood pressure and arterial stiffness 

in hypertension, indicating a significant vascular effect of T‐type Ca2+ channels in 

hypertensive condition (Thuesen et al., 2017). Dysregulated Ca2+ homeostasis 

leads to the hypercontractile state and proliferative phenotype in VSMCs with the 

consequent vascular remodelling in hypertension. T‐type Ca2+ channels might be 

of functional importance in hypertension because of a significant increase in the 

contribution of Cav3.1 and Cav3.2 T-type Ca2+ channels to vascular tone during 

augmented oxidative stress (Howitt et al., 2013; Thuesen et al., 2017) (see 

section 1.5.3). 

 

1.7.3 Pulmonary arterial hypertension 

Pulmonary arterial hypertension (PAH) is defined by a mean pulmonary artery 

pressure higher than 25 mmHg at rest. The initial classification in 1973 involved 
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only two categories: primary and secondary PAH, then was expanded into five 

major categories based on similar pathophysiology in 1998 and further revised to 

better group similar diseases in 2008. There are now five groups of pulmonary 

hypertension. Group 1 PAH is idiopathic and inherited, which is caused by drugs, 

toxins or conditions such as connective tissue disease, human immunodeficiency 

virus (HIV) infection, liver disease, congenital heart disease. Group 2 PAH is 

often associated with left heart diseases, such as mitral valve disease or long-

term high blood pressure. Left heart disease is the most common cause of 

pulmonary hypertension. Group 3 PAH is related to lung problems and hypoxia, 

such as chronic obstructive pulmonary disease and interstitial lung disease, as 

well as sleep-related breathing disorders. Group 4 PAH is caused by blood clots 

in the lungs or general clotting disorders. Group 5 PAH is triggered by other 

disorders, such as sarcoidosis, vasculitis and tumours that press on the 

pulmonary arteries (Simonneau et al., 2009).  

 

The pathogenesis of PAH is caused by pathologic vasoconstriction, followed by 

an increase in pulmonary vascular resistance. PAH is characterised by the 

proliferation and hypertrophy in endothelial cells and SMCs. Hypoxia, genetic 

defects, shear stress or inflammation, can lead to the remodelling of the vascular 

wall with a series of vascular contraction, proliferation and resistance to 

apoptosis, subsequent right ventricular hypertrophy (Cool et al., 2005). PASMCs 

contraction and proliferation directly influence the pulmonary vasoconstriction 

and vascular remodelling, respectively. The primary stimulus is often the increase 

of [Ca2+]i which can trigger Ca2+-dependent gene transcription in VSMCs (see 

below). Inhibition of the proliferation in PASMCs was found while removing the 
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extracellular Ca2+ and depleting the intracellular stored Ca2+ concentration 

(Golovina et al., 2001). 

 

The elevation of [Ca2+]i via the entry through the VGCCs and release from the 

intracellular Ca2+ stores (see section 1.4) in PASMCs activates signal 

transduction pathways to affect various gene expression, including these coding 

for TRP channels, Orai, STIM1, and Na+/Ca2+ exchanger. The treatment of PAH 

is determined by risk stratification based on the severity of the disease. 

Containment of the disease aims to reduce vasoconstriction. Initial treatment with 

Ca2+ antagonists is only an option for a small cohort of PAH patients (< 5%) with 

the response to vasoreactivity testing during right heart catheterisation (Hoeper 

et al., 2017). Further investigation is warranted to identify additional mechanisms 

to target and reverse the vasoconstriction and structural remodelling by reducing 

PASMCs proliferation. 

 

1.8 Hypoxia 

Hypoxia is a condition in which the body is deprived of adequate oxygen supply 

at the tissue level. It can be classified as either generalised, affecting the whole 

body, or local, affecting a region of the body. Oxygen tensions vary widely across 

tissues. In the blood vessel system, arterial pO2 is in the range of 75-100 mmHg 

(9.9-13.1% O2) and venous pO2 ranges 30-50 mmHg (3.9-5.6% O2) (Injarabian 

et al., 2020). Many organs function normally at oxygen levels ranging between 

19-70 mmHg (2-8% O2), including the brain (21-47 mmHg), skeletal muscle (18-

46 mmHg), and pulmonary artery (30-48 mmHg) (Ast and Mootha, 2019). 

Hypoxia is defined as a lower pO2 (≤1% O2), which results in reduced oxygen 
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availability at the tissue and cellular levels (Beaudry et al., 2016) and it causes a 

biological effect, for example, the accumulation of  HIFα protein (Wenger. et al., 

2015). 

 

Regions of hypoxia (≤1% O2) exists in arteries of hypertensive rodents and 

subjacent to atherosclerotic plaques. Hypoxia can lead to vasculogenesis, 

vascular remodelling and atherosclerosis (Ray et al., 2008). In the type I cells of 

the carotid body, neuroepithelial bodies in the lungs, and adrenal chromaffin cells, 

hypoxia inhibits Kv channels, leading to membrane depolarisation and Ca2+ entry 

through L-type Ca2+ channels (Weir and Olschewski, 2006). Responses to airway 

hypoxia are also associated with the depolarisation of SMCs in the pulmonary 

arteries and the reduction of the activity of the Kv channels. Therefore, Kv 

channels are important to the hypoxic depolarisation in PASMCs (Coppock et al., 

2001). 

 

Various studies have demonstrated that Kv1.2 (Wang et al., 1997; Hulme et al., 

1999), Kv1.5 (Wang et al., 1997; Archer et al., 1998), Kv2.1 (Hulme et al., 1999; 

Archer et al., 1998; Patel et al., 1997), Kv3.1 (Patel et al., 1997) and Kv9.3 (Patel 

et al., 1997; Hulme et al., 1999) are potential candidates to form oxygen-sensitive 

channels in cells. Although Kv7 activators have been proposed to provide the 

therapeutic potential in hypoxia-induced pulmonary hypertension, there is an 

unclear understanding of how hypoxia regulates Kv7 channels in VSMCs (Sedivy 

et al., 2015). 
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1.8.1 Cellular responses to hypoxia 

Oxygen is required to maintain normal cellular function in each cell, and the rate 

of oxygen consumption greatly varies depending on each tissue. When cells 

experience a reduction in oxygen availability (hypoxia), they will undergo a range 

of adaptive responses at transcriptional, translational or post-translational levels 

(Abe et al., 2017). These could be rapid changes in response to acute hypoxia 

(within seconds to minutes) or long terms changes in response to chronic hypoxia 

(over hours or days). Tissue hypoxia occurs in several cardiovascular disorders, 

including atherosclerosis, vascular remodelling and heart failure (Abe et al., 

2017). Hypoxic pulmonary vasoconstriction is an important physiological 

phenomenon in which small pulmonary arteries constrict in the presence of 

alveolar hypoxia. It can cause major complications, such as pulmonary 

hypertension and cor pulmonale. Chronic or prolonged hypoxia results in the 

changes of the functional expression of ion channels, which may lead to the 

remodelling of excitability in some cell types (Peers, 2002). Cellular responses in 

the hypoxic environment can be mediated by transcription factors belonging to 

the hypoxia-inducible factor (HIF) family, HIF-1α and HIF-2α (Abe et al., 2017). 

For example, hypoxia enhanced Cav3.2 T-type Ca2+ channel gene expression 

via the HIF signalling pathway (Del Toro et al., 2003). Tissue hypoxia is one of 

the common features of cardiovascular disorders. Hence, elucidation of HIF-α 

signalling in VSMCs may contribute to the discovery of a therapeutic target in the 

managing cardiovascular remodelling. 

 

1.8.2 HIF family and structure 

HIFs is a family of transcription factors that are crucial regulators of oxygen 

homeostasis and many other processes (Semenza, 2000; Wenger, 2002). HIFs 
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are heterodimers consists of α and β subunits (Wang and Semenza, 1995). The 

HIF-α subunits are inducible and stable under hypoxia but rapidly degrade in 

normoxia (Semenza et al., 1994). There are three different HIF-α proteins: HIF-

1α, HIF-2α and HIF-3α. HIF-1α and HIF-2α appear closely related to interacting 

with hypoxia response elements (HREs) to induce transcriptional activity (Pugh 

and Ratcliffe, 2003). In contrast, HIF-3α has been understood to be involved in 

the negative regulation of these responses (Makino et al., 2001). These proteins 

are members of the basic Helix-Loop-Helix–Per-Arnt-Sim (bHLH–PAS) family 

(Ke and Costa, 2006). Following the PAS region is an oxygen-dependent 

degradation domain (ODDD), required for the mediation of the oxygen-regulated 

stability, and a transactivation domain (TAD) is important in regulating gene 

transcription. HIF-1α and HIF-2α have two TADs which are located at the N and 

C-terminus (N-TAD and C-TAD); however, HIF-3α has only one TAD at the N-

terminus (Hara et al., 2001). The HIF-β subunits are members of the aryl 

hydrocarbon receptor nuclear translocator (ARNT) family. They are also known 

as HIF-1β (ARNT1), HIF-2β (ARNT2) and HIF-3β (ARNT3) that associate with 

the HIF-α subunits. Similar to the HIF-α subunits, HIF-β contains bHLH, PAS and 

TAD domains, but they lack an ODDD, which leads to them being stable and 

constitutively expressed in all tissues under normoxic conditions (Mandl and 

Depping, 2014) (Figure 1.9). 

 

The oxygen-dependent regulation of HIF-α subunits is critical for their role as 

responders to hypoxia. In the presence of oxygen, HIF-α subunits degrade 

rapidly, which is mediated by prolyl hydroxylase domain (PHD) proteins, 

members of the 2-oxoglutarate/iron-dependent dioxygenase superfamily. These 

proteins hydroxylate specific prolyl residues in the ODDD of HIF-α subunits. 
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Figure 1.9 Hypoxia-inducible factor (HIF) subunit domain structures. The 

basic structure of HIF-α and HIF-β proteins showing the layout of functional 

domains. HIF-1α and HIF-2α both contain bHLH, PAS and TAD functional 

domains (C-TAD and N-TAD). HIF-3α contains only bHLH, PAS and N-TAD. 

Furthermore, the HIF-1α, HIF-2α, and HIF-3α structures include the ODDD 

domain, which is involved in protein stabilisation and mediation of the oxygen-

regulated stability. HIF-β contains bHLH, PAS and TAD domains, which is not 

regulated by intracellular oxygen concentration. 

 

HIF: hypoxia-inducible factor; bHLH: basic Helix-Loop-Helix; PAS: Per-Arnt-

Sim; C-TAD: C-terminus transactivation domain; N-TAD: N-terminus 

transactivation domain; ODDD: oxygen-dependent degradation domain 
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Hydroxylation at these sites mediates interactions with the von Hippel-Lindau 

(VHL) E3 ubiquitin ligase complex, which targets the HIF-α proteins for 

proteasomal destruction (Pugh and Ratcliffe, 2003; Maxwell et al., 1999). 

Members of the PHD family (PHD1, PHD2, and PHD3) are widely expressed in 

tissues with different activity depending on the tissue oxygen tension (Jaakkola 

et al., 2001; Ivan et al., 2001). 

 

In hypoxia, oxygen is limited for the hydroxylation of HIF-α proteins by PHDs. The 

stabilised HIF-α proteins translocate into the nucleus. After forming a heterodimer 

complex with HIF-β, HIF-α recognises and binds to the HREs of its target genes 

for engagement with the basal transcriptional machinery and gene transcription 

in the nucleus (Wenger, 2002) (Figure 1.10).  In addition to the PHD-mediated 

hydroxylation in the ODDD, HIF-α activity is also regulated by asparagine 

hydroxylation in the C-TAD, and this process is catalysed by the factor-inhibiting 

hypoxia-inducible factor (FIH) protein (Wenger, 2002; Mahon et al., 2001). 

Hydroxylation of asparagine at these residues can block the interaction of the 

HIF-α C-terminal domain with the transcriptional coactivator p300 (Pugh and 

Ratcliffe, 2003). 

 

1.8.3 Differential roles of HIF-1 and HIF-2 

Recent evidence suggests that HIF-1α and HIF-2α are important to respond to 

hypoxia in different cell types (Sowter et al., 2003). Both HIF-1α and HIF-2α can 

drive the transcription of target genes; however, it has been reported that these 

two factors display some differences in their regulation for the genes. HIF-1α 

targets the expression of multiple genes encoding angiogenic growth factors and 

cytokines, such as CXCR4, stromal cell-derived factor 1 (SDF-1), and 
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angiopoietin 2 (Semenza, 2009). HIF-2α appears to regulate the expression of 

genes, such as Oct-4, erythropoietin, and CACNA1A (Covello et al., 2006; Hu et 

al., 2003; Wang et al., 2005). In addition to the target gene transcription, HIF-1α 

and HIF-2α have been shown to play a critical role in pathological scenarios, such 

as cancer (Kim et al., 2009; Semenza, 2010) and systemic and pulmonary 

vascular responses to hypoxia (Semenza, 2009). Heterozygous hif-2α+/- mice did 

not develop pulmonary hypertension during prolonged hypoxia (Pugh and 

Ratcliffe, 2003; Labrousse-Arias et al., 2016). Microenvironment activation of 

HIFs in cancer and vascular remodelling occurs at a different level in oxygen 

tensions. It has been observed that HIF-1α and HIF-2α proteins accumulate at 

different oxygen concentrations in specific cell types. HIF-1α is stabilised at lower 

oxygen concentration (0-2%), whereas HIF-2α accumulates at more moderate 

concentrations (2-5%) in HeLa and neuroblastoma cells (Keith et al., 2011). 

 

Studies of many cell types show that HIF-2α, like HIF-1α, is also primarily 

mediated by the oxygen-dependent proteasomal degradation by PHDs (Zhao et 

al., 2015). The activity of PHDs depends on the tissue oxygen tension to control 

the abundance of HIF proteins. Different PHD can differ in their activity to regulate 

HIF-1α or HIF-2α proteins. Compared to PHD1 and PHD3, HIF-1α is most 

strongly induced by the reduction of PHD2. Knockdown of PHD1 or PHD3 was 

effective in the upregulation of HIF-2α, however (Appelhoff et al., 2004). Such 

specific regulation may work to balance the activities of HIF-1α and HIF-2α to 

hypoxic response in different cellular contexts. 
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Figure 1.10 Schematic representation of the hypoxia-inducible factor 

(HIF) pathway. In normoxia, HIF-α binds to VHL E3 ligase leading to 

proteasomal degradation. During hypoxia, the activity of both PHD is reduced 

due to a lack of oxygen. HIF-α no longer binds to VHL E3 ligase and 

accumulates in the cytoplasm, which then dimerises with HIF-β to form the HIF 

molecule. The HIF complex is activated and then binds to HREs, leading to 

upregulating transcription of HIF downstream genes. 

 

HIF: hypoxia-inducible factor; VHL E3: Von Hippel-Lindau E3; PHD: prolyl 

hydroxylase domain; HRE: hypoxia response element 
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1.8.4 Expression of HIF-1 and HIF-2 and their roles in disease 

Cells and organs need to adapt to changes in oxygen supply. HIF pathway has 

been linked to the embryonic development and pathophysiology of numerous 

human diseases. Activation of HIF-1α is the most recognised mechanism to 

influence the expression of target genes in a tissue-specific manner. For 

example, HIF-1α influences erythropoiesis and glucose transporters, which is 

related to the capacity of oxygen transportation and glycolytic pathway, 

respectively (Semenza et al., 1991). For angiogenesis and VSMC proliferation, 

vascular endothelial growth factor (VEGF) is the most prominent HIF-1α target 

gene (Forsythe et al., 1996). Deletion of the HIF-1α resulted in abnormal vascular 

development and lethality in mice. Moreover, genes coding for iNOS (NO 

production) (Palmer et al., 1998), heme oxygenase 1 (HO-1) (carbon monoxide 

(CO) production) (Lee et al., 1997), and endothelin 1 (vascular tone) (Hu et al., 

1998) are also targeted by HIF-1α to influence the vascular tone. Interestingly, 

the HIF-1α overexpression has been detected in various human cancers and 

thought to be involved in tumour size and metastases. The association between 

HIF-1α overexpression and overall patient survival, mortality, recurrence/ 

disease-free survival, or distant-metastasis-free survival has been observed in 

several studies (Semenza, 2003; Ke and Costa, 2006). 

 

In contrast to HIF-1α, the roles of HIF-2α in the pathogenesis of disease have not 

been extensively studied. The HIF‐2α expression is highly expressed in vascular 

structures (Jain et al., 1998), but also is tissue-specific in the endothelium, liver, 

lungs, kidneys, heart, brain, and intestine (Wiesener et al., 2003). HIF-2α, like 

HIF-1α, regulates the hypoxia‐target genes to influence several biological 

processes, such as erythropoiesis, stemness/self‐renewal, cell proliferation, 
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apoptosis, invasion, redox homeostasis, and angiogenesis (Zhao et al., 2015). 

Although HIF-1α and HIF‐2α are the master regulators of oxygen homeostasis, 

they have different and nonredundant functions during cellular development. HIF‐

1α participates in cell proliferation and migration during early angiogenesis, 

whereas HIF‐2α plays a role in the remodelling and maturation of the 

microvasculature to control vascular morphogenesis (Befani and Liakos, 2018). 

 

1.9 Aims of the study 

Ca2+ homeostasis is essential for the normal function of cells. Although there is 

an increasing number of studies focusing on the function of Kv7 channels in 

SMCs in health and diseases (Haick and Byron, 2016), the effects of Kv7 channel 

activity on Ca2+ signalling have not been evaluated completely. When Kv7 

channels are inhibited, this leads to depolarisation which in turn, may result in the 

opening of VGCCs and an increase in [Ca2+]i levels. In addition, hypoxia can alter 

[Ca2+]i levels and may contribute to the disturbance of Ca2+ homeostasis in 

cardiovascular and pulmonary disease. The pathological changes of VSMCs 

involve in the unbalanced modulation of Ca2+ signalling. We hypothesise that Kv7 

channels might regulate the depolarising mechanisms responsible for [Ca2+]i 

regulation and control of excitability and contractility of VSMCs. We further 

hypothesise that vasoactive hormones and hypoxia may target the Kv7-VGCC 

axis to modulate VSMC function. Accordingly, this was achieved by means of the 

following objectives: 

1. To investigate the effect of direct Kv7 inhibition or GPCR-mediated Kv7 

inhibition on the [Ca2+]i in VSMCs and test the relationships between Kv7 

channels, and VGCCs, PLC, and ER Ca2+ channels in VSMCs. 
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2. To characterise the effects of hypoxia on [Ca2+]i and how the Kv7-VGCC axis 

is affected by the hypoxia in VSMCs. 

3. To further investigate the role of Kv7s, L- and T-type VGCCs expression on 

[Ca2+]i response to hypoxia or chemical hypoxia by assessing gene 

expression changes in VSMCs. 

4. To test the expression of Kv7 channel subunits and explore their role in [Ca2+]i 

regulation in the primary human internal mammary artery (IMA) and 

saphenous vein (SV) SMCs. 
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Chapter 2  

 

Materials and Methods 

2.1 Cell cultures 

2.1.1 Rat A7r5 cells 

Rat A7r5 cells are SMCs derived from rat thoracic aorta. These cells are widely 

used as models of non-differentiated, neonatal and neointimal VSMCs in culture 

to determine the functionality of SMC in health and disease (Kimes and Brandt, 

1976). The culture forms parallel arrays of spindle-shaped cells which display 

vascular smooth muscle differentiation features, including a unique repertoire of 

contractile proteins, such as smooth muscle α-actin and smooth muscle myosin 

heavy chain (Figure 2.1) (Duckles, 2013; Kennedy et al., 2014). A7r5 cells are 

prone to obtain different patterns of gene expression and protein regulation upon 

different conditions to provide a convenient model system to study Ca2+ channels 

and mechanisms of Ca2+ regulation (Gollasch et al., 1998).  

 

They were obtained from the European Collection of Cell Cultures, and cultured 

in complete growth media, consisting of Dulbecco’s Modified Eagle Medium 

(DMEM; Gibco Life Sciences, Paisley, Scotland, UK) supplemented with 10% 

Fetal Bovine Serum (FBS; Biosera, Ringmer, UK). Cells were cultured at 37°C in 

a humidified incubator with 95% air and 5% CO2. Half of the media volume was 

changed every 3-4 days. A7r5 cells were passaged every 7 days from 75 cm2 

culture flasks as follows: the culture media was removed from the flasks using 

the aspirator and cells were washed with 10 ml Phosphate Buffered Saline (PBS).  
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Figure 2.1 Immunocytochemistry of A7r5 cells. Simultaneous incubation 

with anti-smooth muscle α-actin (red; A) and anti-myosin heavy chain 

antibodies (green; B). Co-localisation of smooth muscle α-actin and myosin 

heavy chain (C). Adapted from (Duckles, 2013) 
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The PBS was replaced with 2 ml of 0.05% trypsin-EDTA (Gibco, Cambridge, UK) 

in the same flasks. After 4 minutes in a humidified incubator, cells were checked 

under a microscope to confirm the detachment from the surface. The cells were 

resuspended carefully with 10 ml of complete growth media to neutralise the 

trypsin in a 50 ml centrifuge tube and then centrifuged for 6 minutes at 600 g. 

After centrifugation, the supernatant was removed, and the cell pellet was 

resuspended in 5-10 ml of culture media (depending on the required density). 

Cells were used for up to 15 passages. 

 

2.1.2 Human internal mammary artery and saphenous vein SMCs 

Human VSMCs were isolated from the internal mammary artery (IMA) and 

saphenous vein (SV) of consented patients undergoing coronary artery bypass 

graft (CABG) surgical procedure; the cells were provided by Dr Karen E. Porter 

(Division of Cardiovascular and Diabetes Research, Faculty of Medicine and 

Health, University of Leeds, UK). All patients had coronary artery disease without 

other comorbidities. Specimens were transported to the laboratory under sterile 

conditions and immediately prepared for culture. Vessels were opened 

longitudinally after the removal of adventitia and endothelium. Segments of 

vessels were immersed in 2 ml of media (DMEM containing 10% FBS). Segments 

were then chopped into fragments around ~1 mm2 in size. Fragments along with 

media were then transferred to a 25 cm2 culture flask at 37°C in a humidified 

incubator with 95% air and 5% CO2. Within 7-10 days, cells migrated out from 

the explants and, once confluent, the cells were passaged using 1 ml of 0.05% 

trypsin-EDTA into a 75 cm2 flask. The culture media and process of passaging 

were the same as for rat A7r5 cells using the DMEM and 10% FBS. Half the 
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media was changed twice weekly. Human IMA and SV SMCs were used at 

passages between P3 and P6. 

 

2.1.3 HEK293 cell culture and transfection 

Human Embryonic Kidney 293 (HEK 293) cells were transfected with cDNA 

encoding human Cav3.2 (originally a gift from Prof. E. Perez-Reyes, University 

of Virginia, Charlottesville, VA, USA) and KCNQ5 (provided by Prof. Mark 

Shapiro, University of Texas Health Science Centre at San Antonio, Texas, USA) 

channel proteins for the control of western blotting. HEK293 cells were cultured 

to 80% confluency before passaging. Then, cells were plated in 24-well plate in 

growth medium consists of DMEM with penicillin (100 U/mL), streptomycin (100 

µg/mL) and 10% FBS. On the day of transfection, FBS-containing media were 

pre-warmed to 37°C. FuGene HD transfection reagent (Promega, UK) and 

Molecular Biology Grade Water (ThermoFisher Scientific, UK) were used as the 

transfection solutions according to the manufacturer’s instruction. In brief, 1.5 μl 

FuGene and 400 ng plasmid were added to transfection water with a final volume 

of 25 μl to mix. The mixture was left to stand at room temperature for 20 minutes. 

Media was removed from the selected wells, followed by replacement with 0.5 ml 

of fresh pre-warmed media, and transfection mixture was then added to the 

selected wells. The plate was incubated in a humidified incubator (37°C, 5% CO2) 

for 24-48 hours before experiments. 

 

2.2 Hypoxia 

The cell suspension of rat A7r5 cells, human IMA or SV SMCs, was directly 

aliquoted into 25 cm2 flasks for RT-PCR, onto glass coverslips in 24-well tissue 
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culture plates for microfluorimetry or plated on 6-well plates for western blotting. 

Once at 70-80% confluence, cells were either kept in the same way as the control 

cells, but 24 hours prior to experimentation, they were transferred to a humidified 

incubator equilibrated for the hypoxic condition (1.0% O2 and 5.0% CO2 balanced 

with N2) or added 1 mM dimethyloxalylglycine (DMOG), prolyl hydroxylase 

inhibitor into the culture media (chemical hypoxia). Cells were re-exposed to room 

air for no longer than 1 hour before ribonucleic acid (RNA) purification, protein 

lysis or measurement of [Ca2+]i. 

 

2.3 Western blotting 

A7r5 cells used for western blotting were plated in 6-well plates. Post-treatment 

(hypoxia or DMOG incubation), then the culture media was removed, and cells 

were washed with PBS twice. Cells were then lysed with 200 μl lysis buffer 

containing EDTA-free Protease Inhibitor Cocktail (Sigma, UK; 1 tablet contains 

protease inhibitors sufficient for a volume of 10 ml extraction solution) per well. 

The cells were detached using mechanical trituration, and lysates were 

transferred into a clean 1.5 ml microcentrifuge tube and centrifuge at 16,000 g 

for 10 minutes at 4°C. Protein levels in the lysates were assessed using the 

Bradford method (Bradford, 1976). The cell lysate was incubated with Laemmli 

sample buffer (Bio-Rad) at 95°C for 5 minutes before the equal amount of protein 

(50 μg/well) was loaded into the wells of the SDS-PAGE gels (4-20% Mini-

PROTEAN® TGX™ Precast Protein Gels). Electrophoresis was conducted at a 

voltage of 120V for 80 minutes. The proteins were transferred to a PVDF 

membrane using a semi-dry transfer method, and then PVDF was blocked in 5% 

non-fat dried milk powder (all Bio-Rad, UK) in buffer (52 mM Tris-HCl, 10 mM Tris 
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Base, 150 mM NaCl, 0.1 mM EDTA, 0.1% Tween-20) for 1 hour at room 

temperature. Membranes were then incubated overnight in a rocking incubator 

at 4°C with primary antibody followed by the corresponding anti-rabbit (or anti-

mouse) secondary antibody at 1:1000 dilution incubation for 1 hour at room 

temperature. Protein targets were probed for using the antibodies listed in Table 

2.1. Western blot development was carried out using the SuperSignal West Pico 

Chemiluminescent Substrate (ThermoFisher Scientific, UK) and the G-box 

camera system (Genesys, UK). The protocol for western blotting is summarised 

in Figure 2.2. 

 

2.3.1 Quantification of western blots 

The antibody specificity was confirmed using transfected (positive) or non-

transfected (negative) HEK293 cells, as described in Section 2.1.3. The 

quantification of the western blots was analysed by densitometry with ImageJ to 

select and determine the background-subtracted density of the bands. The output 

was copied to Excel or GraphPad Prism version 7 (GraphPad Software, Inc.) for 

the band analysis. All densitometry values were normalised to β-actin (anti-

Rabbit 1:1000; Cell Signaling). 

 

2.4 Immunofluorescence 

Immunofluorescence experiments were conducted by Frederick Jones (PhD 

student) and Zhongze Yuan (visiting medical student). The general protocol used 

for immunodetection in A7r5 cells was as follows, cells were plated onto 24-well 

culture plates containing circular glass coverslips (10 mm, thickness 0) and kept 
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Figure 2.2 General protocol for western blotting. Western blotting is a 

method to detect and identify individual proteins. A mixture of proteins is 

separated based on molecular weight and then transferred to a membrane 

producing a band for each protein. The main steps in the whole process are 

sample preparation, electrophoretic transfer of samples, blocking, primary 

antibody incubation, secondary antibody incubation, and image detection. 

Modified from https://microbeonline.com/western-blot-technique-principle-

procedures-advantages-and-disadvantages/ 

  

https://microbeonline.com/western-blot-technique-principle-procedures-advantages-and-disadvantages/
https://microbeonline.com/western-blot-technique-principle-procedures-advantages-and-disadvantages/
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in a humidified incubator at 37°C in 95% air and 5% CO2 until they reached about 

50% confluency. Then some 24-well plates containing cells were kept under 

hypoxic conditions (1% O2, 5% CO2 and 94% N2) or treated with a hypoxic mimic 

agent (DMOG) for 24 hours prior to the staining procedure. The cell layers were 

washed twice with PBS for 5 minutes at room temperature and then fixed by 

immersing in 4% paraformaldehyde (PFA, Sigma, UK) for 10 minutes. The fixed 

cells were washed three times with PBS and then blocked by immersing in 5% 

normal donkey serum in PBS containing 0.05% Tween 20 and 0.25% Triton X-

100 for 30 minutes to permeabilise the cells. Blocking buffer was removed prior 

to the addition of primary antibody and slices were then treated with the primary 

antibodies against Kv7.1-5 and Cav3.2 (Table 2.1) for 1 hour 15 minutes. The 

cells were washed three times with PBS and incubated for 2 hours in the dark 

with the secondary antibody solution (1:1000 dilution) (Table 2.1). Cells were then 

washed three times with PBS and mounted onto glass microscope slides. DAPI 

(4′,6-diamidino-2-phenylindole) was used in the mounting medium (Vectashield) 

to stain the cell nuclei. Cells were imaged using inverted confocal microscope 

LSM880 (Zeiss) with a 40x objective at wavelength 405 (DAPI) and 555 

(antibody). Zeiss Zen software and Fiji ImageJ software were used to produce 

and analyse images. 

 

2.4.1 Quantification of immunofluorescence 

Quantification of the immunofluorescence was analysed by the fluorescence 

intensity with Fiji ImageJ to outline cells and measure the background-subtracted 

fluorescence within the region of interest (ROI). An adjacent cell-free region was 

selected as the background. The output was copied to Excel for the intensity 

analysis. 
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Table 2.1 Primary and secondary antibodies used in western blotting and immunofluorescence experiments 

 Anti-KCNQ1 

(Santa Cruz, 

SC-365186) 

Anti-KCNQ2 

(Santa Cruz, 

SC-271852 

Anti-KCNQ3 

(Alomone, 

APC-051) 

Anti-KCNQ4 

(Neuromab, 

75-082) 

Anti-KCNQ5 

(Abcam, 

ab19319 

Anti-KCNQ5 

(Millipore, 

AB5599) 

Anti-Cav3.2 

(Alomone, 

ACC-025) 

Poly/ Monoclonal Mouse 

Monoclonal 

Mouse 

Monoclonal 

Rabbit 

Polyclonal 

Mouse 

Monoclonal 

Rabbit 

Polyclonal 

Rabbit 

Polyclonal 

Rabbit 

Polyclonal 

Western Blotting 

Dilution 

N/A N/A N/A N/A N/A 1:500 1:500 

Western blotting 

Secondary Antibody 

N/A N/A N/A N/A N/A Anti-Rabbit 

HRP-linked 

(Cell Signaling, 

UK) 

Anti-Rabbit 

HRP-linked 

(Cell Signaling, 

UK) 

Immunofluorescence 

Dilution 

1:500 1:500 1:500 1:200 1:500 N/A 1:200 

Immunofluorescence 

Secondary Antibody 

Donkey anti-

mouse 555 

(Thermo 

Fisher 

Scientific, UK) 

Donkey anti-

mouse 555 

(Thermo 

Fisher 

Scientific, UK) 

Donkey anti-

rabbit 555 

(Thermo 

Fisher 

Scientific, UK) 

Donkey anti-

mouse 555 

(Thermo 

Fisher 

Scientific, UK) 

Donkey anti-

rabbit 555 

(Thermo 

Fisher 

Scientific, UK) 

N/A Donkey anti-

rabbit 555 

(Thermo 

Fisher 

Scientific, UK) 
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2.5 Fluorescence imaging 

2.5.1 Fura 2-AM Ca2+ imaging 

Fura 2-AM (ThermoFisher Scientific, UK) was used as the [Ca2+]i indicator for the 

microfluorimetry experiments. This Ca2+ fluorescent probe is an acetoxymethyl 

(AM) ester which is a cell membrane-permeable derivative of the calcium chelator 

Fura2. Like other AM dyes, Fura 2-AM is sufficiently hydrophobic and, thus, 

membrane permeable to be passively loaded into cells. When inside the cells, 

the intracellular esterase cleaves the AM ester group and ensure the dye remains 

inside the cell. Fura2 is a ratiometric dye which can bind Ca2+ ion with the 

sensitivity ranging from ~100 nM to ~100 µM (Paredes et al., 2008). The UV light-

excitable dye has two excitation wavelengths (340 nm and 380 nm) while 

maintaining a fixed emission wavelength at 510 nm. In the presence of higher 

[Ca2+]i, peak Fura2 fluorescence (at 510 nm emission) is observed at a 

wavelength of ~340 nm and in lower [Ca2+]i conditions at ~380 nm. Therefore, 

changes in [Ca2+]i can be expressed as changes in the ratio of the fluorescence 

at 340 and 380 nm (Grynkiewicz et al., 1985). Figure 2.3 shows the fluorescence 

excitation spectra for Fura2. When Fura2 is excited at 340 nm, an increase of 

Ca2+ concentration cause a rise in fluorescence emission at 510 nm, whereas 

when indicator dye is excited at 380 nm, a decrease of the Ca2+ concentration 

causes a rise in fluorescence emission at 510 nm. The wavelength shifts from 

340 nm to 380 nm while Ca2+ bound state of the dye moves to a Ca2+ free state. 

The simultaneous changes in absorption spectra and ratiometric property of 

Fura2 result in a more reliable measurement of Ca2+ concentration. The use of 

ratiometric fluorescence (compared to absolute fluorescence intensity) is also 

key to avoid issues of different loading and illumination intensity. Greater uptake 
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of the dye also aids to reduce artefactual information by accounting for any 

differences in cell thickness, loading or loss of dye, and photobleaching (Becker 

and Fay, 1987). Therefore, the simplicity and sensitivity of using Fura2 allow data 

from different experiments to be compared and correlate directly to [Ca2+]i 

(Paredes et al., 2008). 

 

Given this, Ca2+ concentration can be measured by the Fura2 ratio using the 

equation presented by Grynkiewicz et al. (Grynkiewicz et al., 1985). 

[Ca] = Kd (R - Rmin / Rmax-R) (Sf2 / Sb2) 

Where:  

[Ca] is the calcium concentration 

Kd is the effective dissociation constant for Fura2, which is the [Ca2+]i when the 

concentration of Ca2+ bound and free Fura2 are equal. 

R is the Fura2 ratio defined as the fluorescence intensity induced by λ1, (F1, 340 

nm) divided by the fluorescence intensity induced by λ2 (F2, 380 nm). 

Rmin = 340/380 ratio when the [Ca2+] is 0.  

Rmax = 340/380 ratio when [Ca2+] is a maximum or much higher than Kd. 

Sf2 is F2 (380 nm) when Ca2+ is not bound to Fura2. 

Sb2 is F2 (380 nm) when Ca2+ is fully bound to Fura2. 
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Figure 2.3 Fluorescence excitation spectra of Fura2 in solutions 

containing 0-39.8 µM free Ca2+. Diagram taken from Fura 2-AM product 

information www.thermofisher.com 

  

http://www.thermofisher.com/
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The technique is useful in combination with pharmacological agents to evaluate 

sources of intracellular or extracellular Ca2+ using Ca2+ mobilising drugs and 

receptors. The pattern of elevation in [Ca2+]i and response to that elevation are 

associated with the agonist and cell types. However, there are some limitations 

to the accuracy [Ca2+]i measurements with Fura2. For example, Kd is dependent 

on pH, temperature, the amount of Mg2+, and other ions present (Paredes et al., 

2008). Furthermore, issues associated with the indicator dye can also contribute 

to inaccuracies, such as the nonhomogeneous intracellular distribution of the 

indicator, and incomplete hydrolysis of Fura 2-AM can result in the inaccurate 

estimation of the [Ca2+]i. For these reasons, data obtained from experiments were 

expressed as ratio signals in this thesis. 

 

2.5.2 Changes of [Ca2+]i using the Cairn Photometry System 

[Ca2+]i of A7r5 cells, IMA and SV SMCs were measured microfluorimetrically. 

Cells were plated on circular glass coverslips (10 mm, thickness 0) in 24-well 

plates and kept in a humidified incubator (37°C; 95% air; 5% CO2). Once the cell 

monolayer was confluent, the coverslips were transferred onto a 35 mm petri dish 

and washed with the Ca2+ containing buffer twice. Then, the cells were loaded 

with 4 μM Fura 2-AM (ThermoFisher Scientific, UK) dissolved in Ca2+ containing 

buffer without pluronic acid for 40 minutes in the dark at 37°C. The Ca2+ 

containing buffer was composed of (in mM) 135 NaCl, 5 KCl, 1.2 MgSO4, 2.5 

CaCl2, 5 HEPES, and 10 glucose (pH7.4 with NaOH). The osmolality was 

adjusted to 300 mOsm with sucrose. After 40 minutes, the loading solution was 

pipetted out, and the cells were washed with 1 ml of Ca2+ containing buffer. 

Coverslips then incubated in Ca2+ containing buffer to allow for de-esterification 

of the Fura 2-AM for 10 minutes at 37°C in the dark. 
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After the incubation period, the coverslip was broken into fragments with a 

diamond pencil. Fragments of coverslips were then transferred to a perfusion 

chamber mounted on an inverted epi-fluorescence microscope with the 

appropriate buffer perfused at a rate of 2-3 ml/min. The perfusion system 

consisted of five 50 ml disposable syringes (Merck, UK), which acted as 

reservoirs connected to a 6-way manifold (Hamilton GB Ltd., UK) via lengths of 

Tygon tubing (2.5 mm outside diameter, 0.83 mm inside diameter; Merck, UK). 

Various compounds and drugs were applied to the perfusion chamber from the 

appropriate reservoir via the Hamilton manifold to investigate the changes of 

[Ca2+]i modulated by Kv7 channels in VSMCs. The high K+ solution needed for 

experiments were made with isotonic Na+ substitution in the perfusate containing 

50 mM K+ (see specific results chapters for details). The perfusate was 

continuously removed from the chamber via a suction tube connected to a 

peristaltic pump (Gilson, Minipulse 3, Anachem, UK). 

 

The cellular Ca2+ responses were recorded using a Cairn Research ME-SE 

Photometry system (Cairn Research, Faversham, UK). The fluorophore was 

excited by the energy produced from a Xeon Arc lamp. A monochromator was 

used to induce the alternating excitation at 340 to 380 nm fluorescence. Emitted 

fluorescence (510 nm) passed through the dichroic mirror onto the photomultiplier 

tube, which converted this light energy into electrical energy. The Cairn Optoscan 

was then used to analyse the data, and the Acquisition Engine 1.6.1 software 

was used to record the individual wavelength traces and the representing 

340/380 nm ratio. 
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2.5.3 Analysis of microfluorimetry traces from VSMCs 

After obtaining the traces via Cairn Photometry System, Graphing (in house 

program) and GraphPad Prism version 7 (GraphPad Software, Inc.) were used 

to plot and analyse the data. Changes in [Ca2+]i (∆ ratio units F340/380) were 

calculated by subtracting the basal Fura2 ratio (A1) from the peak Fura2 ratio 

(A2) in each trace (Figure 2.4A). The number of spikes was counted and divided 

by the time period (in seconds) (T2-T1) to acquire the frequency of Ca2+ 

oscillations, which was expressed as spikes per second (spikes/s) (Figure 2.4B). 

Decay in spike frequency was in response to experimental drugs was measured, 

as shown in Figure 2.4C. Control spike frequency was measured from the onset 

of the first spike (F1; T2-T1). The drug effect on the spike frequency was 

calculated as frequency from the onset of the drug application and until the end 

of the drug's application (F2; T3-T2) (Figure 2.4C). The Graphing program was 

also used to calculate the integral (AUC: area under the curve) of the 50 mM K+ 

buffer or agonist evoked transient Ca2+ responses in our experiments (Figure 

2.4D). This method of quantification was chosen to account for variability in the 

kinetics of some responses. The results are shown as means ± stand error of the 

mean (S.E.M.) along with example traces in the following results chapters.  

 

2.5.4 Imaging of membrane potential (Em) using FluoVolt  

Relative changes in plasma membrane potential (Em) were measured using a 

FluoVolt voltage-sensitive dye kit (ThermoFisher Scientific, UK). FluoVolt can 

give a faster and brighter signal to measure relative changes in Em (typically 25% 

per 100 mV) compared to commonly used optical dyes, such as Di-8-ANEPPS 

and RH237 (Park et al., 2013). 
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Figure 2.4 Analysis of Ca2+ microfluorimetry traces. Illustrating analysis 

parameters used for [Ca2+]i. (A) Demonstration of the change in [Ca2+]i (∆ ratio 

units F340/380) (A2-A1). (B) Demonstration of how spikes per second were 

calculated (T2-T1). (C) Demonstration of decay effect (F2/F1). (D) 

Demonstration of how integrals were calculated the area under the curve. 
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Cells were plated in 24-well plates following the same procedure as described 

above for Ca2+ microfluorimetry (described in section 2.5.2). Cells were loaded 

with FluoVolt indicator dye in 2 ml of Ca2+ containing buffer supplemented with 

the dye (1:1000x), PowerLoad Concentrate (1:100x) and Background 

Suppressor (1:10x), for 30 minutes in the dark at 37°C. For simultaneous 

recordings of Ca2+ transients and action potentials, rat A7r5 cells were also 

loaded with the Fura 2-AM (Thermo Fisher Scientific, UK). Then, the loading 

solution was pipetted out, and the cells were washed with 1 ml of Ca2+ containing 

buffer. Fragments of coverslips were briefly placed in Cairn Photometry System 

(described in section 2.5.2) using a FITC filter cube, and cells were sequentially 

excited at 340, 380 and 488 nm (Fura 2-AM and FluoVolt loaded samples). 

Images were collected and quantified using the Cairn Optoscan and the 

Acquisition Engine 1.6.1. Data were analysed and plotted using Microsoft excel 

and Graph Pad Prism version 7 (GraphPad Software, Inc.). Changes of Em were 

expressed as ∆F/F0 in cells. Analysis and correlation of dynamic fluorescence 

imaging data were performed with the help of Dr. Pierce Mullen with Python 

software. 

 

2.6 Real-time polymerase chain reaction (RT-PCR) 

The expression of genes coding for Kv7 and VGCC channels (Cav1 for L- and 

Cav3 for T-type) subunits in rat A7r5 cells was quantified via Real-Time 

Polymerase Chain Reaction (RT-PCR). This technique was then used to 

investigate the difference in mRNA expression of Kv7 and VGCC channel 

subunits between human IMA and SV SMCs. RT-PCR is the most sensitive 

technique for the detection and accurate quantification of gene expression. 
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This method is based on the detection of the fluorescence produced by 

fluorescently-labelled and gene-specific primers at particular thermal cyclers. The 

number of cycles required for the fluorescent signal to cross the threshold to 

detect a real signal (Ct) is used to calculate the initial template amount. 

  

2.6.1 RNA generation 

When cells grew to 70-80% confluence in 25 cm2 culture flasks, they were 

washed with PBS and dissociated using 0.5 ml trypsin for 4 minutes (37°C; 95% 

air; 5% CO2). Enzyme activity was stopped by adding 5 ml ice-cold PBS. The cell 

suspension was centrifuged at 600 g for 6 minutes, and RNA was generated from 

cell lysates using the Aurum Total RNA Isolation Protocol (Bio-Rad, Hemel 

Hempstead, UK). The supernatant was discarded, and lysis buffer (350 µl) was 

added to each cell pellet with pipetting up and down approximately 15 times. 70% 

ethanol (350 µl) (molecular biology grade, Sigma, UK) was then added, and the 

suspension mixed by pipetting up and down approximately 15 times. Each lysate 

was transferred to an RNA binding column and centrifuged (13,000 g for 30 

seconds). Flow-through was discarded, and low-stringency wash solution (700 

μl) was added before the centrifugation (13,000 g for 30 seconds). Again, flow-

through was discarded, and RNAase-free DNAase I (80 μL) added to each 

column. The columns were further incubated at room temperature for 15 minutes 

and then centrifuged (13,000 g for 30 seconds). Flow-through was discarded, 

high-stringency wash solution (700 μl) was added, and the columns centrifuged 

(13,000 g for 30 seconds). Then, flow-through was again discarded, and low-

stringency wash solution (700 μl) was added prior to the centrifugation (13,000 g 

for 1 minute). Again, flow-through was discard and the columns centrifuged again 

(13,000 g for a further 2 minutes). Then, each spin column was transferred to a 
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new elution tube, and elution buffer (80 μL, pre-warmed to 70°C) was added and 

columns were incubated at room temperature for 1 minute. The columns were 

then centrifuged (13,000 g for 2 minutes) to elute total RNA. If cDNA was not 

immediately generated, RNA samples were frozen at -80°C. 

 

2.6.2 RNA quantification 

The quantity and purity of RNA were measured using a NanoDrop 1000 

spectrophotometer (ThermoFisher Scientific, UK), which measures the 

concentration of RNA in a sample using the light absorbance in the UV range. 

Sample (1-2 μL) was loaded to the measurement pedestal, and the purity was 

measured using the 260/280 nm absorbance ratio (Figure 2.5). The absorbance 

at 260 nm allows the calculation of the sample concentration (ng/uL). A 

260/280nm ratio in the range of ~2.0 is generally accepted as “pure” RNA. A 

lower ratio indicates protein or phenol contamination; these samples were 

discarded. 

 

2.6.3 cDNA generation 

A cDNA template was generated from extracted RNA samples using the iScript 

cDNA Synthesis protocol (Bio-Rad, UK). Firstly, RNA samples and reagents were 

defrosted on ice. The amount of 20 µl reaction solution (Table 2.2) was 

transferred into a dome-capped PCR tube and placed in the 3Prime thermal 

cycler (Techne, UK). The program profile is 5 minutes at 25°C, 30 minutes at 

42°C, 5 minutes at 85°C and holding at 4°C. Samples were then centrifuged and 

stored at -20°C. 
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Figure 2.5 Example of a Nanodrop measurement. The quantity and purity of 

RNA were measured using a Nanodrop spectrophotometer. The graph shows 

a peak absorbance at 260 nm, which makes it the standard for quantitating 

nucleic acid samples. 
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Table 2.2 Composition of iScript reaction solution 

Component Volume per Reaction 

5x iScript reaction mix 4 ul 

Reverse Transcriptase 1 ul 

RNA template (up to 1ug total RNA) X ul 

Nuclease-free water X ul 

Total Volume 20 ul 

 

2.6.4 RT-PCR protocol 

RT-PCR was conducted using TaqMan probes for Cav1.X, Cav3.X, KCNQ and 

the endogenous housekeeper gene hypoxanthine phosphoribosyltransferase 1 

(HPRT1) (all from Applied Biosystems, UK). All samples consisted of 1 μl of 

cDNA and 19 μl of RT-PCR reaction mix (Table 2.3). Firstly, 19 μl of the RT-PCR 

reaction mix was added to a 96-well PCR plate, followed by 1 μl of sample cDNA 

in the same plate. The plate was then sealed with an optical adhesive cover and 

centrifuged briefly. Quantitative analysis of mRNA expression was carried out 

using a CFX Connect System (Bio-Rad, UK). The reaction profile was 2 minutes 

at 50°C, 10 minutes at 95°C, 15 seconds at 95°C and 1 minute at 60°C for 60 

cycles. The probes used in the experiments are listed in Table 2.4. The rat and 

human gene sequences where aligned and tested for the similarity to confirm the 

use of human primers for the rat gene products. 

Table 2.3 Composition of RT-PCR reaction mix 

Component Volume per Reaction 

Taqman Universal PCR Master Mix 

(Applied Biosystems, UK) 
10 μl 

Taqman probes (Applied Biosystems, UK) 0.5 μl 

DNase/RNase-free water (Qiagen, Germany) 8.5 μl 

Total Volume 19 ul 



76 
 

Table 2.4 Primers used for RT-PCR analysis of mRNA expression 

Rat Primer Assay ID Human Primer Assay ID 

Housekeeping gene 

Hprt1 Rn01527840_m1 HPRT1 Hs02800695_m1 

L-type VGCCs 

Cacna1s Rn01490941_m1 CACNA1S Hs00163885_m1 

Cacna1c Rn00709287_m1 CACNA1C Hs00167681_m1 

Cacna1d Rn01453395_m1 CACNA1D Hs00167753_m1 

Cacna1f Rn00586734_m1 CACNA1F Hs00913770_m1 

T-type VGCCs 

Cacna1g Rn01299126_m1 CACNA1G Hs00367969_m1 

Cacna1h Rn01460348_m1 CACNA1H Hs01103527_m1 

Cacna1i Rn01505208_m1 CACNA1I Hs01096207_m1 

Kv7 channels 

Kcnq1 Rn00583376_m1 KCNQ1 Hs00923522_m1 

Kcnq2 Rn00591249_m1 KCNQ2 Hs01548339_m1 

Kcnq3 Hs01120412_m1 KCNQ3 Hs01120412_m1 

Kcnq4 Rn01518851_m1 KCNQ4 Hs00542548_m1 

Kcnq5 Rn01512013_m1 KCNQ5 Hs01068536_m1 

 

2.6.5 Analysis of RT-PCR data from VSMCs  

All measurements were made in triplicate. Data were analysed using the CFX 

software (Bio-Rad, UK), and RNA abundance relative to the housekeeper gene 

HPRT1 was measured with ∆Ct and then calculated with 2-∆∆Ct (Livak and 

Schmittgen, 2001). The amount of target, normalised to the endogenous control 

and relative to a calibrator is calculated as follows: 

RQ = 2-ΔCt 

Where: 

RQ is the relative quantification value of the target gene. 
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Ct is the number of cycles to cross the threshold for a target gene in samples. 

ΔCt is the difference of Ct values between target and reference gene (HPRT1). 

The relative expression of mRNA levels to the housekeeper gene was expressed 

by multiplying 2-ΔCT by 100. Statistical analysis was conducted with GraphPad 

Prism version 7 (GraphPad Software, Inc.). 

 

2.7 End-point PCR  

End-point PCR was carried out to detect the expression of Kv7 channel and 

VGCC subtypes using 2.0% agarose gel electrophoresis with gels containing 

SYBR Safe DNA stain (Invitrogen, UK). Initially, the agarose was added in TAE 

(40 mM Tris, 20 mM Acetic acid, 1 mM EDTA) in a microwavable flask. The 

agarose was dissolved by pulsed microwave, and the agarose solution was 

cooled down to about 50°C. The SYBR Safe DNA stain (1:10,000x) was added 

in agarose solution. After mixing well, the agarose solution was poured into a gel 

tray with the well comb in place. Samples were prepared and mixed with loading 

buffer (Invitrogen, UK) and run along with a 100bp DNA molecular weight ladder 

(Invitrogen, UK). Gels were run using a horizontal electrophoresis unit (Bio-Rad, 

UK) with TAE buffer (1x), and the CCD camera system (Bio-Rad Gel Doc EQ 

System, UK) was used to capture images. 

 

2.8 Compounds/chemicals 

The chemical compounds used in experiments are listed in Table 2.5. 
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Table 2.5 Drugs used in experiments 

Name Concentration Effect IC50/ EC50/Reference 

XE991 10 μM Kv7 channel 

inhibitor 

1-5 µM (Wang et al., 

1998; Wang et al., 

2000; Søgaard et al., 

2001) 

Bradykinin 250 nM GPCR ligand 

(B2R); mobilises 

IP3 Ca2+ stores; 

vasoactive agent 

1 nM (Liu et al., 2010; 

Gamper and Shapiro, 

2015; Kawaguchi et al., 

2015) 

Arginine 

vasopressin (AVP) 

100 pM-300 

nM 

GPCR ligand 

(V1AR); mobilises 

IP3 Ca2+ stores;  

vasoconstriction 

0.24 nM 

(Brueggemann et al., 

2007; Henderson and 

Byron, 2007; Gamper 

and Shapiro, 2015) 

Retigabine 10 μM Kv7 channels 

opener 

7-14 µM (Iannotti et al., 

2010; Jepps et al., 

2013) 

Nifedipine 2 μM L-type Ca2+ 

channels blocker 

55 nM (Scragg et al., 

2007) 

NNC 55-0396 3 μM T-type Ca2+ 

channels blocker 

7 µM (Huang et al., 

2004). 

Edelfosine  10 μM PLC inhibitor 9.6 µM (Horowitz et al., 

2005; Powis et al., 

1992) 

2-Aminoethyl 

diphenylborinate 

(2-APB) 

100 μM IP3Rs inhibitor 42-50 µM (Maruyama 

et al., 1997; Mignen et 

al., 2005) 

Tetracaine  100 μM RyRs inhibitor 53.9 µM (Fauconnier et 

al., 2013) 

Dimethyloxalyl-

glycine (DMOG) 

1 mM Prolyl hydroxylase 

inhibitor (HIF-1α 

stabilisation and 

accumulation) 

9.3 µM (Yuan et al., 

2014; Sears et al., 

2008; Epstein et al., 

2001) 

HIF-2α antagonist 2 

(H2A) 

20 μM HIF-2α antagonist 0.3-10 µM (Dai et al., 

2018; Scheuermann et 

al., 2013) 
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NNC 55-0396 and edelfosine were from Tocris Bioscience (UK), and all other 

chemicals were obtained from Sigma-Aldrich (UK). XE991, retigabine, nifedipine, 

and 2-Aminoethyl diphenylborinate were made up in dimethylsulphoxide 

(DMSO), and the final concentration of DMSO used did not exceed 0.1%. Figure 

legends in the results chapters provide more specific details. 

 

2.9 Statistical analysis 

Fura2 and RT-PCR results are expressed as means ± S.E.M. Data were tested 

for normality using the Shapiro-Wilk test for normality and the ROUT method (with 

Q set to 1%) to detect the outliers. Normally distributed data were analysed by 

the t-test or ANOVA with Sidak post hoc test, as appropriate. If the data did not 

satisfy the normality requirement, then Wilcoxon-Signed (paired comparison), 

Mann-Whitney (unpaired comparison) and Kruskal-Wallis ANOVA to compare 

more than 2 datasets (in conjunction with Mann-Whitney to compare individual 

datasets) were applied in the analysis. All data sets represent at least 3 

independent preparation. P values less than 0.05 were considered to indicate a 

significant difference between the groups. Statistical analysis of biological 

repeats was performed using GraphPad Prism version 7 (GraphPad Software, 

Inc.). 
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Chapter 3  

 

Role of Kv7 channels in control over intracellular Ca2+ 

dynamics in vascular smooth muscle cells 

3.1 Introduction 

Vascular tone is actively regulated by vasoactive stimuli which control the 

contractility of VSMCs. The main mechanisms of such control operate via the 

intracellular Ca2+ signals orchestrating the contraction. Thus, depolarisation of 

VSMCs membrane potential (Em) results in the opening of L-type VGCCs 

(Moosmang et al., 2003), while activation of GPCRs can induce the release of 

Ca2+ from the SR/ER (Allbritton et al., 1992). Kv channels represent a primary 

effector system for adjusting the resting Em in VSMCs and other cell types (Yuan, 

1995; Evans et al., 1996). Some of these Kv channels are partially open in resting 

VSMCs and stabilise the resting Em at negative voltages to prevent the opening 

of VGCCs. Inhibition of these Kv channels in VSMCs results in depolarisation 

which, in turn, may lead to VGCCs activation, and hence vasoconstriction 

(Tykocki et al., 2017). To date, the functional roles of some Kv channels in smooth 

muscle have been examined, especially the Kv1, Kv2 and Kv7 families (Stott et 

al., 2014; Lu et al., 2002; Mackie and Byron, 2008; Mani et al., 2013). 

Furthermore, several vascular diseases such as hypertension, diabetes and 

atherosclerosis were shown to be associated with the abnormal function or 

expression of Kv channels (Cox, 2005). Yet, the exact role of specific Kv channels 

in the intracellular Ca2+ dynamics and in the hormonal control of such dynamics 

has not been fully elucidated. 
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One Kv channel subfamily, Kv7/KCNQ channels, has attracted considerable 

attention for their role in the control of vascular tone (reviewed in (Greenwood 

and Ohya, 2009; Mackie and Byron, 2008)).  Five members of the family (Kv7.1 

to Kv7.5) are widely expressed in excitable and some non-excitable (e.g. 

epithelial) cells (Gamper and Shapiro, 2015). These channels have a very 

negative activation threshold (negative to -60 mV), slow kinetics and no 

inactivation, which allow them to exert a strong ‘clamp’ over the Em of cells (Stott 

et al., 2014; Nelson and Quayle, 1995). Kv7.1 subunit is mostly expressed in 

cardiac and epithelial tissues while Kv7.2-Kv7.5 subunits were long considered 

to be mostly neuronal (Soldovieri et al., 2011), yet, recent evidence suggests that 

several Kv7 subunits express in VSMCs with Kv7.5 considered to be the major 

subunit (Brueggemann et al., 2007; Brueggemann et al., 2011). The activity of all 

Kv7 channels depends on the presence of PIP2 in the plasma membrane, which 

is thought to stabilise the channel in the open state (Li et al., 2005; Suh and Hille, 

2002; Zhang et al., 2003). Many GPCRs, including the receptors for vasoactive 

peptides vasopressin, angiotensin II and bradykinin, can inhibit Kv7 channels in 

a well-established signalling cascade which includes activation of PLC by Gαq/11 

G protein. PLC then hydrolyses PIP2 to IP3 and DAG, with the depletion of 

membrane PIP2 being a major factor mediating the suppression of channel 

activity with other contributors being intracellular Ca2+ and PKC, reviewed in 

(Gamper and Shapiro, 2015; Hernandez et al., 2008). As a general rule, such 

receptor-mediated Kv7 channel inhibition depolarises the cell and can trigger 

action potential firing and contraction (Stott et al., 2014; Brueggemann et al., 

2007; Chadha et al., 2014). 
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Arginine vasopressin (AVP) is a nonapeptide hormone synthesised in the 

hypothalamus, which is an essential regulator of the body’s osmotic balance, 

blood pressure, sodium homeostasis, and kidney functioning (Barrett et al., 

2007). In the vasculature, AVP acts the V1AR and induces vasoconstriction in 

VSMCs by increasing [Ca2+]i via the influx of Ca2+ from L-type Ca2+ channels 

(Large, 2002). AVP is an effective therapy to treat patients with vasodilatory 

shock or intraoperative hypotension (Barrett et al., 2007) and elevated local AVP 

concentrations were shown to be involved with the maintenance of vasospasm 

(Mani et al., 2013). Kv7 channels have physiological roles in regulating vascular 

tone and vasoconstriction, including by being downstream targets of vasoactive 

hormones (Mackie and Byron, 2008; Greenwood and Ohya, 2009; Ng et al., 

2011), which may result from the modulation of [Ca2+]i. Thus, a previous study 

demonstrated that a physiological concentration of AVP (100 pM) could suppress 

the Kv7.5 channel currents via PKC activation to depolarise Em in A7r5 rat aortic 

SMCs (Brueggemann et al., 2007). On the other hand, retigabine, a Kv7 activator 

with anti-epileptic and analgesic properties (Stott et al., 2014; Rundfeldt, 1997), 

attenuated the basilar artery vasospasm in rats with subarachnoid haemorrhage 

(Mani et al., 2013). 

 

Despite this growing evidence, a direct effect of Kv7 channel activity on [Ca2+]i in 

VSMCs has not been systematically evaluated. Understanding the mechanisms 

controlling [Ca2+]i in VSMCs could identify novel approaches for the treatment of 

cardiovascular disease, including pulmonary hypertension. In the present study, 

we examined the influence of Kv7 channel activity on [Ca2+]i in A7r5 rat aortic 

SMCs. 
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3.2 Results 

3.2.1 Contribution of L- and T-type VGCCs to depolarisation-induced 

Ca2+ transients in A7r5 cells 

We reasoned that since Kv7 channels control the resting Em of cells and because 

these channels are voltage-gated, they may exert a degree of control over the 

Ca2+ influx through the VGCCs. Thus, as a first step, we investigated the 

contribution of the most abundantly expressed VGCC isoforms to the 

depolarisation-induced Ca2+ influx in A7r5 rat VSMCs. Depolarisation was 

produced with perfusion with a ‘High-K+’ solution, which was similar to the 

standard bath solution but 50 mM K+ was added by the equimolar substitution of 

NaCl with KCl. Figure 3.1A shows an example of A7r5 cells response to 50 mM 

K+ buffer: a rapid transient increase in [Ca2+]i followed by a slow decline, 

presumably due to VGCCs inactivation and extrusion of Ca2+ from the cytosol by 

Ca2+ ATPases and/or Na+/Ca2+ exchanger. A limited number of rapid oscillations 

was often observed during the transient. There was a slight but transient rise in 

[Ca2+]i upon the removal of extracellular high K+, suggesting the Ca2+ influx via 

Ca2+ channels within the cell membrane. SMCs mainly express L- and T-type 

VGCCs, while other isoforms are not significantly expressed (Catterall, 2011; 

Cribbs, 2006). Accordingly, nifedipine, L-type Ca2+ channel blocker (Striessnig et 

al., 2015) and NNC 55-0396, a structural analogue of mibefradil which selectively 

inhibits T-type Ca2+ channels (Li et al., 2005), suppressed the amplitude and the 

area under the curve (AUC) of high-K+-induced [Ca2+]i transients by 95.9 ± 2.3% 

(n=5) and by 85.0 ± 13.3% (n=5), respectively (Figure 3.1B, C). Co-application of 

both inhibitors completely abolished the high-K+-induced Ca2+ transients, 

suggesting that L- and T-type channels account almost entirely for the Ca2+ influx 

(Figure 3.1D, E). Nifedipine-induced inhibition was somewhat stronger than that 



84 
 

produced by NNC 55-0396, but the effect did not reach statistical significance. 

Co-application of both inhibitors completely abolished the high-K+-induced Ca2+ 

transients (Figure 3.1E). 

 

These results suggest that both L- and T-type Ca2+ channels contribute to the 

depolarisation-induced Ca2+ influx in A7r5 cells. The additivity of the nifedipine 

and NNC 55-0396 effects perhaps arose from less than perfect selectivity. End-

point PCR was carried out to detect and confirm the expression of channel 

subtypes, and RT-PCR was performed to evaluate the relative mRNA abundance 

of genes coding for L-type (Cacna1s, Cacna1c, Cacna1d, Cacna1f; coding for 

Cav1.1, Cav1.2, Cav1.3 and Cav1.4, respectively) and T-type (Cacna1g, 

Cacna1h, Cacna1i; coding for Cav3.1, Cav3.2 and Cav3.3, respectively) VGCC 

subunits. We found that Cacna1c (Cav1.2) L-type and Cacna1g (Cav3.1) T-type 

Ca2+ channel genes were the predominant subtypes in A7r5 cells (Figure 3.2A, 

B). 

 

3.2.2 Kv7 channel inhibition induces Ca2+ oscillations linked to L- and 

T-type VGCCs activity 

We next tested if Kv7 inhibition would depolarise VSMCs and trigger Ca2+ influx. 

Exposure of A7r5 cells to a specific Kv7 channel inhibitor, XE991 (10 µM), 

induced a sustained [Ca2+]i elevation and evoked Ca2+ oscillations while the drug 

was present in the perfusate; both effects recovered upon XE991 washout (albeit 

with a delay of ~50 s; Figure 3.3A). 
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Figure 3.1 Contribution of L- and T-type VGCCs to depolarisation-induced 

Ca2+ transients in A7r5 cells. (A) Representative example trace showing rises 

in [Ca2+]i evoked by depolarising cells with 50 mM K+-containing buffer (the 

period indicated by the solid bar). (B-C) Example traces of high-K+-induced 

Ca2+ transients recorded in the presence of L-type (nifedipine; 2 µM; B) or T-

type (NNC 55-0396; 3 μM; C) Ca2+ channel blockers (as indicated). (D) 

Example trace of high-K+-induced Ca2+ transients recorded in the presence of 

both nifedipine (2 µM) and NNC 55-0396 (3 μM) (as indicated). (E) Bar graph 

showing the mean AUC of the response to 50 mM K+ buffer (control group 

represented in panel A) and cell groups in the presence of nifedipine or NNC 

55-0396 (represented in panel B-D). In panel E data are presented as mean ± 

S.E.M.; Statistics performed using ANOVA with Sidak test, ****P<0.0001 (n=5). 
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Figure 3.2 Cav1.2 L-type and Cav3.1 T-type Ca2+ channel genes are the 

predominant VGCC subtypes in A7r5 cells. (A) Agarose gels stained with 

SYBR safe to visualise the RT-PCR products corresponding to L-type 

(Cacna1s, Cacna1c, Cacna1d, Cacna1f) and T-type (Cacna1g, Cacna1h, 

Cacna1i) VGCCs genes. (B) Quantification of RT-PCR results exemplified in 

panel A, the expression is normalised to that of a housekeeping gene, Hprt1. 

In panel B data are presented as mean ± S.E.M.; Statistics performed using 

ANOVA with Sidak test, *P<0.05, **P<0.01 (n≥4). 
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Depolarisation with high-K+ caused larger [Ca2+]i elevation than these produced 

by XE991 (Figure 3.3B); the difference is likely to reflect the fact that high-K+ 

application engages the entire repertoire of K+ channels expressed, while XE991 

only accounts for the contribution of Kv7 channels. We then tested if the Kv7 

channel activator, retigabine, can offset XE991-induced Ca2+ signals by 

potentiating Kv7 channel currents and hyperpolarising the Em away from the 

activation threshold of VGCCs (Main et al., 2000; Apostolova et al., 2017). 

Retigabine (10 µM) applied along with the XE991 promptly abolished the 

oscillations and lowered [Ca2+]i back to the baseline (Figure 3.3C, 3.4A). 

 

To test if the [Ca2+]i increase and oscillations induced by XE991 required Ca2+ 

influx from the extracellular space via VGCCs, we used nifedipine and NNC 55-

0396. In the first experiment, XE991 (10 µM) was applied first to induce 

oscillations, then nifedipine (2 µM) was applied in the continued presence of 

XE991. Nifedipine virtually abolished the oscillations and reverted [Ca2+]i 

elevation induced by XE991 (Figure 3.3D, 3.4B). NNC 55-0396 produced 

qualitatively similar effects, but it took longer to block oscillations (Figure 3.3E, 

3.4C). Retigabine, nifedipine and NNC 55-0396 effectively abolished Ca2+ 

oscillations (Figure 3.4). These data demonstrated that the XE991-induced 

[Ca2+]i increase required Ca2+ entry via both L- and T-type Ca2+ channels. 
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Figure 3.3 Kv7 channel inhibition induces Ca2+ oscillations linked to L- 

and T-type VGCCs activity. (A) Representative example trace showing Ca2+ 

oscillations evoked by Kv7 channel inhibitor, XE991 (10 µM). (B) Comparison 

of amplitude of Ca2+ signals induced by XE991 and 50 mM K+, estimated as 

AUC during first 50s of stimulus application (corresponding to the duration of 

high-K+ stimulation; exemplified in the inset on the right). (C-E) Example traces 

of XE991-induced Ca2+ transients recorded in the presence of Kv7 channel 

opener, retigabine (10 μM; C), nifedipine (2 µM; D) or NNC 55-0396 (3 μM; E) 

(as indicated). In panel B data are presented as mean ± S.E.M.; Statistics 

performed using paired student’s t-test, *P<0.05 (n=5). 
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Figure 3.4 Retigabine and nifedipine abolish Ca2+ oscillations induced by 

XE991. (A-C) Bar graphs summarising the effects of retigabine (A), nifedipine 

(B) or NNC 55-0396 (C) on the XE991-induced Ca2+ spike frequency (spikes/s). 

Control is the spike frequency in the presence of XE991 measured from the 

onset of the first spike. For quantification of drug effect, spike frequency was 

calculated from the onset of the drug application and until the end of the 

application of XE991. In panels A-C data are presented as mean ± S.E.M.; 

Statistics performed using paired student’s t-test, **P<0.01, ***P<0.001 (n=5). 
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We next asked what is the nature of [Ca2+]i oscillations induced by XE991 - might 

these be induced by the depolarisation-induced action potentials? We loaded 

A7r5 cells with two fluorescent dyes: Fura2 for measuring Ca2+ levels and a 

voltage-sensitive dye FluoVolt (Miller et al., 2012) for measuring changes in 

membrane potential (Em). We then performed a triple-wavelength (340, 380 and 

488 nm) simultaneous recordings of [Ca2+]i and Em changes in response to 

XE991. Figure 3.5 displays temporally-aligned ratiometric Ca2+ trace (black) and 

FluoVolt Em trace (red); XE991 induced slow Em depolarisation followed by a 

burst of sharp spikes which were temporally well-correlated with [Ca2+]i (Figure 

3.5A). Peak cross correlation between the FluoVolt Em and the ratiometric Ca2+ 

signal was 0.6 ± 0.18, occurring at a time lag of 3 ± 0.5 seconds (n=5) (Figure 

3.5B). Both [Ca2+]i oscillations and Em spikes were abolished by retigabine. 

 

We next investigated the expression of Kcnq genes in A7r5 cells with RT-PCR 

using selective primers for Kcnq1-5 isoforms. We detected transcripts for Kcnq1, 

Kcnq4 and Kcnq5, with Kcnq5 being the most and Kcnq1 the least abundant 

(Figure 3.6A, B). Kcnq2 and Kcnq3 transcripts were undetectable. Consistent 

with the RT-PCR results, we detected the expression of Kv7.5 and Kv7.4, but not 

Kv7.1-Kv7.3 in A7r5 cells using immunohistochemistry (Figure 3.6C); Kv7.5 was 

again found to be most abundantly expressed. However, these data were not 

statistically compared because the primary antibody affinities to their respective 

epitopes are not uniform and cannot be meaningfully normalised. This means 

that fluorescence intensities of labelling produced by antibodies against different 

proteins cannot be directly statistically analysed to deduce the relative 

abundance of corresponding proteins.  
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Figure 3.5 Retigabine attenuates XE991-induced Ca2+ oscillations and 

voltage spikes in A7r5 cells. (A) Representative example traces showing the 

superimposed Fura2 ratiometric Ca2+ recording (black) and FuoVolt membrane 

potential recording (measured as F/F0; red) during application of XE991 (10 

µM) and retigabine (10 µM) during periods indicated by horizontal bars. (B) 

Cross correlation of the normalised ratiometric Ca2+ signal with the normalised 

FluoVolt signal indicated the time lag between the signals at which the peak 

correlation occurred (n=5). 
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Figure 3.6 Expression of Kcnq genes and Kv7 proteins in A7r5 cells. (A) 

Agarose gels stained with SYBR safe to visualise the RT-PCR products of 

Kcnq1, Kcnq2, Kcnq3, Kcnq4 and Kcnq5. (B) Quantification of RT-PCR results 

exemplified in panel A, the expression is normalised to that of a housekeeping 

gene, Hprt1. (C) Immunofluorescence labelling of Kv7.1-Kv7.5 channel 

subunits in A7r5 cells, scale bars are 20 µm. In panel B data are presented as 

mean ± S.E.M.; Statistics performed using ANOVA with Sidak test, ***P<0.001 

(n=6). 
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The fact that Kcnq5 was found to be the main Kcnq gene expressed in A7r5 cells 

is consistent with previous findings (Brueggemann et al., 2007) and explains 

good reversibility of the excitatory action of 10 µM XE991 with retigabine. Indeed, 

while Kv7.1-Kv7.4 channels are highly sensitive to XE991 with IC50s in the range 

of 1-5 µM (Wang et al., 1998; Wang et al., 2000; Søgaard et al., 2001) and the 

Kv7.5 is much less sensitive with IC50 in the range of 60 µM (Schroeder et al., 

2000). Thus, while currents conducted by Kv7.2/Kv7.3 channels are completely 

abolished by 10 µM XE991 (Wang et al., 1998), Kv7.5 is inhibited by just 40% at 

this concentration (Jensen et al., 2005). 

 

3.2.3 AVP-induced Ca2+ oscillations can be abolished by Kv7 

channels activator or L- and T-type VGCCs blockers 

To investigate if the control over the Em and  [Ca2+]i exerted by the Kv7 channels 

in VSMCs is relevant for the hormonal regulation of vascular tone, we used AVP 

(100 pM), which has been reported to inhibit KCNQ currents (Brueggemann et 

al., 2007). AVP is a hormone with a prominent vasoconstrictor effect, which acts 

in the vasculature via the primary receptor, V1AR. This receptor belongs to the 

Gq/11 type of GPCRs which act via the PLC pathway (Large, 2002). Exposure to 

AVP induced slow [Ca2+]i elevation followed by a period of repetitive Ca2+ 

oscillations lasting throughout the AVP application; washout of the AVP was 

followed by a gradual return to the baseline (Figure 3.7A). Retigabine promptly 

abolished AVP-induced Ca2+ oscillations and reverted the elevated [Ca2+]i to the 

baseline (Figure 3.7B, 3.8A). 
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To test the contribution of L- and T-type Ca2+ channels to the AVP-induced Ca2+ 

oscillations, we used nifedipine and NNC 55-0396. In the presence of nifedipine, 

AVP-induced Ca2+ oscillations were rapidly stopped, and the [Ca2+]i returned to 

the basal level (Figure 3.7C, 3.8B). In the presence of NNC 55-0396, AVP-

induced Ca2+ oscillations were often gradually stopped in a time-dependent 

manner, but the oscillation frequency in the presence of NNC 55-0396 did not 

reach the significance, as compared to AVP applied alone and delayed 

oscillations are observed in some cases (Figure 3.7D, 3.8C). Of note was also a 

considerable range of response times to AVP – i.e. the time it took for oscillations 

to occur varied within 250 s to 550 s (Figure 3.7A vs. D). Although the effect of 

three compounds was effective to inhibit AVP-stimulated Ca2+ oscillations, 

retigabine and nifedipine were the strongest to abolished Ca2+ oscillations (Figure 

3.8). 

 

We also performed triple-wavelength simultaneous recordings of [Ca2+]i and Em 

changes in response to AVP (Figure 3.9). Similar to XE991, AVP induced slow 

Em depolarisation followed by a burst of sharp spikes which were temporally well-

correlated with [Ca2+]i (Figure 3.9A); peak cross correlation between the FluoVolt 

Em and the ratiometric Ca2+ signal was 0.84 ± 0.01, occurring at a time lag of 2.5 

± 1.4 seconds (n=4) (Figure 3.9B). These [Ca2+]i oscillations and Em spikes were 

abolished by retigabine. Collectively, these data indicate that Kv7/KCNQ 

channels are present and functional in A7r5 cells and that treatment with a 

physiological concentration of AVP (100 pM) leads to depolarisation and  Ca2+ 

influx through both L- and T-type Ca2+ channels; these effects were abolished by 

retigabine and were qualitatively very similar to these produced by the XE991. 
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Figure 3.7 AVP-induced Ca2+ oscillations can be abolished by Kv7 

activator, L- and T-type VGCCs blockers. (A) Representative example trace 

showing Ca2+ oscillations evoked by the physiological concentration of the 

vasoactive hormone, vasopressin (AVP; 100 pM) in A7r5 cells. (B-D) Example 

traces of AVP-induced Ca2+ transients recorded in the presence of retigabine 

(10 μM; B), nifedipine (2 µM; C) or NNC 55-0396 (3 μM; D) (as indicated). 
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Figure 3.8 AVP-induced Ca2+ oscillations can be abolished by Kv7 

activator, L- and T-type VGCCs blockers (continuing). (A-C) Bar graphs 

summarising the effects of retigabine (A), nifedipine (B) or NNC 55-0396 (C) 

on the AVP-induced Ca2+ spike frequency (spikes/s). Control is the spike 

frequency in the presence of AVP measured from the onset of the first spike. 

For quantification of drug effect, spike frequency was calculated from the onset 

of the drug application and until the end of the application of AVP. In panels A-

C data are presented as mean ± S.E.M.; Statistics performed using paired 

student’s t-test, n.s., not significant, **P<0.01 (n=5). 
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Figure 3.9 Retigabine attenuates AVP-induced Ca2+ oscillations and 

depolarisation in A7r5 cells. (A) Representative example traces showing the 

superimposed Fura2 ratiometric Ca2+ recording (black) and FluoVolt 

membrane potential recording (measured as F/F0; red) during application of 

AVP (100 pM) and retigabine (10 µM) during periods indicated by horizontal 

bars. (B) Cross correlation of the normalised ratiometric Ca2+ signal with the 

normalised FluoVolt signal indicated the time lag between the signals at which 

the peak correlation occurred (n=4). 
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3.2.4 AVP-induced Ca2+ oscillations are reduced by inhibition of PLC 

and ER Ca2+ release channels 

Even though both XE991 and AVP produced very similar effects on [Ca2+]i and 

Em, suggesting a common mechanism, a Kv7 channel inhibition, the action of 

these two agents on the Kv7 channels is different. While XE991 is a direct ion 

channel blocker, the action of AVP on the Kv7 channels depends on the PLC-

mediated signalling cascade, which inhibits Kv7s by a combination of PIP2 

hydrolysis, PKC activation and ER Ca2+ release (Gamper and Shapiro, 2015). 

Edelfosine is a PLC inhibitor that is used as a test for the involvement of PLC in 

a signalling pathway (Horowitz et al., 2005). Ten minutes of pretreatment of A7r5 

cells with edelfosine (10 µM) attenuated the [Ca2+]i response to AVP (100 pM) in 

A7r5 cells (Figure 3.10A). There was a marginally significant difference (p=0.051) 

in peak Ca2+ levels between the control (untreated) and edelfosine-treated 

groups (Figure 3.10B). There were some occasional Ca2+ spikes, but the Ca2+ 

response and spike frequency were significantly reduced (Figure 3.10C, D).  

 

Since PLC activation produces IP3 and triggers ER store release, we next 

analysed the contribution of IP3Rs and RyRs to the AVP-induced Ca2+ signals in 

A7r5 cells using 2-APB or tetracaine, respectively. 2-APB is a membrane-

permeable IP3Rs inhibitor that does not affect RyRs (Maruyama et al., 1997). 

Two minutes pretreatment with 2-APB (100 µM) significantly attenuated the 

amplitude of the sustained [Ca2+]i elevation induced by AVP (100 pM); it did not 

completely abolished oscillations but reduced their amplitude (Figure 3.11A, D, 

E). RyRs inhibitor, tetracaine (100 µM), effectively inhibited the amplitude and 

frequency of Ca2+ oscillation caused by AVP, and when applied together, 2-APB 

and tetracaine significantly attenuated [Ca2+]i response to AVP (Figure 3.11B-E).  
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Figure 3.10 AVP-induced Ca2+ oscillations are reduced by inhibition of 

PLC. (A) Representative example trace showing Ca2+ oscillations evoked by 

AVP (100 pM) in A7r5 cells pretreated with the phospholipase C (PLC) inhibitor, 

edelfosine (10 µM). (B-D) Bar graphs summarising the effects of edelfosine on 

the peak Ca2+ level (B), Ca2+ response amplitude (R; C) and Ca2+ spike 

frequency (spikes/s) (D) induced by AVP. In panels B-D data are presented as 

mean ± S.E.M.; Statistics performed using unpaired student’s t-test, *P<0.05, 

***P<0.001 (Control, n=7; Edelfosine, n=10). 
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Figure 3.11 AVP-induced Ca2+ oscillations are reduced by inhibition of ER 

Ca2+ release channels. (A-C) Representative example traces of AVP-induced 

Ca2+ transients recorded in the presence of 2-APB (IP3Rs inhibitor; 100 µM; A), 

tetracaine (RyRs inhibitor; 100 μM; B) or both 2-APB and tetracaine (C), as 

indicated. (D-E) Bar graphs summarising the effects of 2-APB or tetracaine on 

the peak Ca2+ level (D) and Ca2+ response amplitude (R; E) induced by AVP. 

In panels D-E data are presented as mean ± S.E.M.; Statistics performed using 

ANOVA with Sidak test, *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001 (n=5). 
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We next tested if PLC is required for the Ca2+ oscillations evoked by the Kv7 

channel inhibitor. A7r5 cells were pre-treated (10 minutes) with edelfosine, and 

the effect of XE991 (10 µM) was explored with Ca2+ imaging. Edelfosine (10 μM) 

did not inhibit Ca2+ oscillations (Figure 3.12A): neither the amplitude of sustained 

[Ca2+]i elevation nor spike frequency were different from control (Figure 3.12B-

D). These data indicate that PLC activation and ER Ca2+ release are the 

necessary factors linking AVP to Kv7 channel inhibition in A7r5 cells. At the same 

time, Ca2+ response triggered by direct inhibition of Kv7 channels with XE991 did 

not require PLC activation.  

 

3.3 Discussion 

Our study establishes the role for Kv7 channels in control over intracellular Ca2+ 

signalling in VSMCs. First, we show that in A7r5 cells, inhibition of endogenous 

Kv7 channels is sufficient to depolarise the membrane potential to trigger Em 

spikes, mirrored by [Ca2+]i oscillations. Kv7.5 and Kv7.4 were found to be the 

main Kv7 subunits expressed in A7r5 VSMCs, with Kv7.5 expressed at highest 

levels. A low level of Kcnq1 transcript was found in A7r5 cells by RT-PCR, but 

Kv7.1 expression was undetectable by immunohistochemistry. These findings 

are consistent with previous studies, which demonstrated that Kcnq1, Kcnq4 and 

Kcnq5 were expressed in SMCs of different origins (Greenwood and Ohya, 

2009); Kcnq1 was the most abundant in a mouse portal vein (Ohya et al., 2003). 

Some studies showed higher levels of Kcnq4, followed by Kcnq1 and Kcnq5 in 

rodent aorta, mesenteric artery, and pulmonary artery SMCs (Yeung et al., 2007; 

Joshi et al., 2009). 
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Figure 3.12 Ca2+ oscillations induced by Kv7 channel inhibition are 

insensitive to PLC inhibition. (A) Representative example trace showing 

Ca2+ oscillations evoked by XE991 (10 µM) in A7r5 cells pretreated with 

edelfosine (10 µM). The oscillations continued even after the XE991 was 

removed as compared to Figure 3.3A. (B-D) Bar graphs summarising the 

effects of edelfosine on the peak Ca2+ level (B), Ca2+ response amplitude (R; 

C), and Ca2+ spike frequency (spikes/s) during application of XE991 (D). In 

panels B-D data are presented as mean ± S.E.M.; Statistics performed using 

paired student’s t-test, n.s., not significant (n=5). 
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However, another two studies found that in A7r5 cells only Kcnq5 detectable 

(Brueggemann et al., 2007; Brueggemann et al., 2011). Interestingly, [Ca2+]i 

elevations induced by bulk depolarisation with high-K+ were larger than these 

produced by XE991 and contained much less oscillations; we hypothesise that 

this lack of continuous spiking is due to Ca2+ overload during sustained strong 

depolarisation produced by the high-K+ solution, an effect which is not 

recapitulated by Kv7 channel inhibition. Indeed, according to the Nernst 

formalism, the elevation of extracellular K+ to 50 mM would shift EK to near -25 

mV and reset the Em accordingly. Inhibition of Kv7 channels with XE991 is 

expected to produce milder depolarisation, e.g. depolarisation by ~8 mV in 

response to 3 µM XE991 was reported in sensory neurons (Du et al., 2014). Since 

in A7r5 cells, the main Kv7 subunit is Kv7.5, which is by far the least sensitive to 

XE991 Kv7 subunit (Schroeder et al., 2000; Wang et al., 1998), even at 10 µM 

XE991 used in the present study, and even with contribution of Kv7.4, only partial 

inhibition of compound Kv7 current in A7r5 is expected. This would result in much 

less pronounced depolarisation, as compared to that produced by 50 mM 

extracellular K+. 

 

Second, we show that the depolarisation-induced [Ca2+]i raises and the XE991-

induced Ca2+ oscillations were dependent on Ca2+ influx via the L- and T-type 

VGCCs. There are two important classes of VGCCs in VSMCs: the high-voltage-

activated (HVA) L-type Ca2+ channels and low voltage-activated (LVA) T-type 

Ca2+ channels (Bean et al., 1986; Benham and Tsien, 1987). Smooth muscle 

contractility is mainly dependent on an increase of [Ca2+]i through the L-type Ca2+ 

channels (Amberg and Navedo, 2013). We found that Cacna1c, coding for 

Cav1.2 L-type subunit and Cacna1g, coding for Cav3.1 T-type subunit were the 
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predominant L- and T-type channel α-subunit transcripts expressed in A7r5 cells. 

A decrease of Kv channel activity either by the direct inhibition of the channel 

activity or by reduced expression can trigger an influx of Ca2+ via L-type Ca2+ 

channels (Nelson et al., 1990; Fleischmann et al., 1994). Therefore, blockade of 

Kv7 channels with XE991 in VSMCs may induce Em depolarisation to induce 

action potentials and Ca2+ influx via the L-type Ca2+ channels ((Stott et al., 2014); 

present study). We also report that the Ca2+ rises induced by XE991 were 

reversed by T-type Ca2+ blocker, NNC 55-0396, which abolished the Ca2+ 

oscillations gradually but completely. This could be explained by the contribution 

of low-threshold T-type Ca2+ channels to the spike initiation (Kim et al., 2001; 

Huguenard and Prince, 1994), such that T-type channel inhibition could reduce 

or block spike generation. However, cross-inhibition of L-type Ca2+ channels by 

NNC 55-0396 (and also a degree of inhibition of T-type channels by nifedipine) 

cannot be presently excluded. Importantly, XE991-induced oscillations of both, 

Em and [Ca2+]i were completely blocked by the Kv7 opener, retigabine, indicating 

strong control over the excitability and Ca2+ signalling in VSMCs exerted by the 

Kv7 channels. The inhibitory effect of retigabine was even stronger than that of 

the L-type VGCC blocker nifedipine, which is widely prescribed to treat 

cardiovascular disease (Brown et al., 2000). Thus, Kv7 openers may have 

potential clinical use, i.e. to promote vasodilatation.  

  

Third, we show that the vasoconstrictor hormone AVP exerts effects on Em and 

[Ca2+]i that are very similar to these of XE991. Indeed, the main mechanism of 

action of such hormones to stimulate rhythmic constrictions of arteries has been 

recognized as depolarisation of the Em to open VGCCs (Large, 2002). It has been 

shown that in A7r5 cells, the physiological concentration of AVP (100 pM) leads 
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to activation of PLC and PKC followed by inhibition of an outward voltage-

sensitive K+ current (IKv), which in turn, depolarised Em to activate L-type Ca2+ 

channels and produce repetitive Ca2+ spiking, an effect which appeared to be 

mediated by Kv7.5 (Brueggemann et al., 2007). It has to be acknowledged that 

the AVP-induced Ca2+ signalling in SMCs is complex and may differ 

mechanistically between the SMC types. Thus, Ca2+-induced Ca2+ release via 

RyRs  (Yip and Sham, 2011) and DAG-sensitive TRPC6 channels were also 

reported to contribute to AVP-induced membrane depolarisation and Ca2+ 

oscillations at physiological concentrations of AVP (10–100 pM) in A7r5 cells 

(Mani et al., 2009; Soboloff et al., 2005). Moreover, activation of the RhoA/ROCK 

pathway by AVP was reported to stimulate nonselective cation influx (TRPC 

channels) via DAG-PKC signalling in VSMCs (Martinsen et al., 2012). 

RhoA/ROCK pathway can also interfere with Ca2+ signalling through VGCCs, 

contributing to the control of SMCs contraction and relaxation. Thus, inhibition of 

VGCC-mediated Ca2+ influx in VSMCs by Rho-kinase inhibitors has been 

reported (Guan et al., 2019), however, the mechanisms linking RhoA/ROCK 

requires further investigation.  

 

While the complexity of the receptor-mediated Ca2+ signalling in VSMCs should 

not be underestimated, our data suggest that AVP-mediated Kv7 inhibition, 

subsequent depolarisation and activation of L- and T-type Ca2+ channels strongly 

contribute to AVP signalling in A7r5 cells. Specifically, we found that AVP mimics 

XE991 to generate Ca2+ spiking in A7r5 cells: both compounds depolarised Em 

(as measured with FluoVolt) and induced [Ca2+]i oscillations. The effect of AVP 

took longer to develop but resulted in a similar spike frequency to that of XE991 
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(Figure 3.7). The effects of both compounds were blocked by VGCC inhibitors 

and retigabine. 

 

Yet, there is an important difference between the way AVP and XE991 act upon 

Kv7 channels, with the former being a GPCR ligand acting via intricate 

intracellular signalling cascade while the latter being a direct ion channel inhibitor. 

G protein-coupled vasoconstrictor agonist can induce early (transient) and late 

(sustained) phases of constriction via IP3-mediated Ca2+ release and Ca2+ entry 

from L-type Ca2+ channels, respectively (Henderson and Byron, 2007). Higher 

AVP concentrations (>1 nM) can stimulate the activation of PLC, which results in 

the production of IP3 and the release of intracellular Ca2+ in A7r5 cells (Henderson 

and Byron, 2007). PLC-mediated inhibition of Kv7 channels is one of the 

signature effects of Gq/11-coupled GPCR (Delmas and Brown, 2005). Within the 

multiple branches of this well-studied signalling cascade, PIP2 depletion (Suh and 

Hille, 2002; Zhang et al., 2003), IP3-mediated ER Ca2+ release (in concert with 

calmodulin) (Gamper and Shapiro, 2003; Gamper et al., 2005; Chang et al., 

2018) and activation of PKC (following release of DAG, a product of PIP2 

hydrolysis) (Hoshi et al., 2003; Bal et al., 2010; Zhang et al., 2011) are the major 

events that can independently produce Kv7 channel inhibition. In reality though 

all three mechanisms usually act in concert, although contribution of each 

individual mechanism to the total Kv7 inhibition varies between cell and tissue 

types dramatically (Gamper and Shapiro, 2015). Our findings suggest that even 

at a fairly low concentration of 100 pM, AVP mediates the recruitment of the PLC-

IP3 signal transduction mechanism to induce Ca2+ spiking in A7r5 cells, 

presumably via the Kv7 channel inhibition. Thus, PLC inhibitor attenuated the 

amplitude of [Ca2+]i elevation and mean spike frequency induced by AVP. 
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Moreover, inhibition of IP3Rs and RyRs with 2-APB and tetracaine, respectively, 

also attenuated the AVP-induced Ca2+ oscillations (Figure 3.11), suggesting that 

ER-released Ca2+ contributes specifically to Kv7 channel inhibition in A7r5 cells, 

as was suggested earlier for neurons (Gamper and Shapiro, 2003; Hernandez et 

al., 2008). 

 

It must be noted that edelfosine, 2-APB and tetracaine are not entirely selective 

for their targets. Thus, edelfosine, in addition to inhibiting PLC, also activates 

platelet-activating factor (PAF) receptors (Alonso et al., 1997). While 2-APB 

inhibits the IP3Rs without an effect on the RyRs (Maruyama et al., 1997), it also 

inhibits TRPC3/6/7 channels and TRPM8 channel in VSMCs (Bencze et al., 

2015; Zholos, 2010). Tetracaine, a RyRs antagonist which is used to eliminate 

RyR-dependent Ca2+ sparks (Csernoch et al., 1999; Curtis et al., 2008), is also 

reported to influence Kv channels (Komai and McDowell, 2001). Thus, caution is 

needed in interpreting the results presented in Figure 3.10 and 3.11. Importantly, 

AVP does not directly affect either L- and T-type Ca2+ channels currents in A7r5 

cells (Byron, 1996), suggesting both these VGCCs are engaged indirectly, e.g. 

via the depolarisation produced by the Kv7 channel inhibition. While the fact that 

retigabine inhibits AVP responses does not explicitly proves that AVP-induced 

depolarisation and Ca2+ oscillations are mediated by Kv7 channel inhibition, the 

combination of the effects of XE991, the dependence of the AVP action on PLC 

activity, and the wealth of data on strong inhibition of Kv7 channels by PLC-

coupled GPCR do suggest that AVP-mediated Kv7 inhibition is a strong 

contributor the observed effects of AVP on Em and [Ca2+]i in A7r5 VSMCs. 
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To our knowledge, no previous studies have demonstrated the clear relationship 

between the Kv7 channels, vasoconstrictor hormones and the regulation of 

[Ca2+]i. While a 10-100 pM concentration of AVP produced Ca2+ spiking, these 

concentrations did not stimulate an appreciable release of intracellular Ca2+ 

stores (Byron, 1996). We propose that direct (XE991) and GPCR-mediated 

(AVP) Kv7 channel inhibition results in Ca2+ oscillations in A7r5 cells through 

activation of L- and T-type VGCCs and the local release of Ca2+ from the ER. 

This signal transduction is of great importance for both, a basic understanding of 

vascular physiology and the identification of novel therapeutic strategies to 

control vascular tone with retigabine or its successors (e.g. drugs tailored to 

selectively activate Kv7.5). 

 

3.4 Summary 

⚫ Inhibition of Kv7 channels induces Ca2+ signals through L- and T-type VGCCs 

in A7r5 cells. 

⚫ PLC mediated Kv7 inhibition is likely to contribute to Ca2+ oscillations induced 

in A7r5 cells by AVP. 

⚫ Kv7 activator, retigabine, strongly suppresses [Ca2+]i oscillations induced by 

AVP or direct Kv7 channel inhibition. 
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Chapter 4  

 

Hypoxic remodelling of Ca2+ signalling in vascular smooth 

muscle cells 

4.1 Introduction 

Hypoxia is one of the main components of ischaemia, which presents as 

insufficient blood flow to provide adequate oxygenation, this, in turn, leads to 

adverse effects within the cardiovascular system and causes disease including 

atherosclerosis, hypertension and PAH (see section 1.7). The hypoxia exerts 

complex effects on vascular contractility and causes structural remodelling of the 

vasculature. An increase in [Ca2+]i is central to various pathological processes to 

hypoxic response, and an important source of this [Ca2+]i elevation is Ca2+ influx 

from the extracellular space. As discussed in Chapter 3, VSMCs mainly express 

Cav1.2 L- and Cav3.1 T-type Ca2+ channels, which are responsible for Ca2+ influx 

during the action potential (Hughes, 1995). We have shown that Kv7 channels 

are essential in regulating the Em to influence [Ca2+]i in VSMCs. A hypoxic 

exposure may result in VSMC contraction via the inhibition or downregulation of 

Kv channels or the alternations of other ion channels such as VGCC, TRPC, 

SOCC and ER Ca2+ stores  (Yuan, 2001; Toescu, 2004; Lai et al., 2015). 

 

Inhibition of Kv7 channels increases the vascular tone in the portal vein, aorta, 

mesenteric and pulmonary arteries (Yeung and Greenwood, 2005; Joshi et al., 

2006; Yeung et al., 2007; Mackie et al., 2008). On the contrary, activation of Kv7 

channels with retigabine can cause vascular relaxation (Yeung et al., 2007). 

Therefore, Kv7 channels may be able to counteract the depolarisation caused by 
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hypoxia, which promotes Ca2+ influx via VGCCs and vasoconstriction (Sedivy et 

al., 2015). During hypoxia, an increase of [Ca2+]i is mediated, at least partially, by 

the activation of VGCCs, with the T-type VGCCs being the main contributor in 

the hypoxia-associated pathological processes of myocardial infarction and PAH. 

(Aley et al., 2008; Wan et al., 2013; Gonzalez-Rodriguez et al., 2015). Kv7 

channel openers have been suggested to counteract the changes in vascular 

tone induced by chronic hypoxia (Morecroft et al., 2009). Yet, a more precise 

understanding of relationships between hypoxia, Kv7 channels and [Ca2+]i is 

needed to gain mechanistic insight into the effect of hypoxia on vascular function. 

We thus propose that Kv7 channels might be partially downregulated or inhibited 

by hypoxia in VSMCs, however, there is still residual Kv7 activity which can still 

influence Em and [Ca2+]i in hypoxic condition.  

 

The family of HIF proteins encompasses transcription factors responsible for 

hypoxic changes in gene expression pattern, including ion channels (Del Toro et 

al., 2003; Semenza, 2001). Under normoxia, HIF-1α and HIF-2α are hydroxylated 

by PHD proteins, members of the 2-oxoglutarate/iron dependent dioxygenase 

superfamily. PHD proteins hydroxylate proline residues in the ODDD of HIF-α 

subunits. The hydroxylated residues are subsequently bound to the VHL E3 

ubiquitin ligase complex, leading to rapid degradation of HIF-α. Under hypoxia, 

these oxygen-dependent hydroxylation reactions are not performed, and HIF-

1α/2α are ubiquitously expressed, which promotes genes transcription (see 

Figure 1.10). Thus, it seems logical to suppose that hypoxia influences [Ca2+]i by 

affecting the function/expression of Kv7 channels and VGCCs, and HIFs could 

play a critical role in this process. 
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Dimethyloxalylglycine (DMOG) is a cell-permeable competitive inhibitor of PHDs, 

which mimics some hypoxic effects via the stabilisation of HIF-1α expression 

(Yuan, et al., 2014). Application of DMOG is used experimentally to investigate if 

the hypoxic effect of interest is mediated by the HIF-1α transcription factor. 

Selective HIF-2α inhibitor (H2A) is another tool for testing cellular effects of this 

HIF isoform (Scheuermann et al., 2013). The role of HIF-2α in VSMCs is less 

understood, but it was shown that inhibition of HIF-2α reversed PAH-induced 

vascular remodelling and right heart failure (Dai et al., 2018). Here we used 

hypoxic treatment, DMOG and H2A to investigate the effects of hypoxia on Ca2+ 

signalling in VSMCs (with the particular focus on the Kv7-VGCC axis) and to 

probe the contribution of HIF1α/2α to these effects.  

 

4.2 Results 

4.2.1 Effects of hypoxia on basal [Ca2+]i and depolarisation-induced 

Ca2+ entry in A7r5 cells 

To investigate the effects of hypoxia on Ca2+ homeostasis in VSMCs, we cultured 

rat A7r5 cells under hypoxia (1% O2) or in the presence of DMOG (1 mM) or 

hypoxia (1% O2) along with H2A (20 µM) (Hypoxia/H2A) for 24 hours (24h) prior 

to carrying out the experiments. Cells were loaded with Fura2, as in previous 

experiments, and thereafter superfused with 50 mM K+ solution (isotonic 

substitution of Na+) to investigate Ca2+ entry via VGCCs. Depolarisation with 50 

mM K+ solution led to sharp but reversible Ca2+ transients in normoxic A7r5 cells 

(Figure 4.1A). In contrast, after hypoxic incubation, depolarisation with high-K+ 

produced a biphasic effect: a sharp initial rise, then followed by prolonged Ca2+ 

oscillations after the washout of high K+ (Figure 4.1B). There were no oscillations 
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in DMOG or Hypoxia/H2A cells during the high K+ washout period (Figure 4.1C, 

D).  

 

Basal and peak Ca2+ levels were not significantly different between normoxic and 

hypoxic cells (Figure 4.2A-C). However, the peak amplitude and AUC of high-K+-

induced Ca2+ transients in cells treated with DMOG or Hypoxia/H2A were 

significantly reduced (AUC: 37.79 ± 7.51, n=5 in normoxia vs. 24.34 ± 4.10, n=4 

in DMOG vs. 11.74 ± 6.65, n=5  in Hypoxia/H2A; Figure 4.2C). The time course 

of the recovery of [Ca2+]i after the washout of high-K+ solution was the fastest in 

Hypoxia/H2A with 50.23 ± 10.71 seconds (n=5); measured during the period from 

peak Ca2+ level to return to the basal Ca2+ level (Figure 4.2D). The prolonged 

oscillations were observed with a frequency of 0.17 ± 0.05 spikes/s (n=5) in 

hypoxic cells but not in other experimental conditions (Figure 4.2E). These data 

indicate that hypoxia induces a hyperexcitable phenotype in A7r5 cells; this effect 

is prevented by H2A, but it is not mimicked by DMOG, implicating HIF-2α as a 

necessary mediator of this hypoxic effect. 

 

4.2.2 Effects of hypoxia on the contribution of Ca2+ entry via L- and 

T-type Ca2+ channels in A7r5 cells 

The focus of the study was then directed to test the separate contributions of two 

VGCC types to the rise of [Ca2+]i in cells under hypoxic and DMOG conditions. 

Cells were perfused with a buffer solution containing 2.5 mM Ca2+ along with 

nifedipine (2 µM) or NNC 55-0396 (3 µM) to block L- or T-type Ca2+ channels 

before depolarisation with 50 mM extracellular K+ solution. 
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Figure 4.1 Representative example traces of the effects of hypoxia on 

depolarisation-induced Ca2+ transients in A7r5 cells. Rises in [Ca2+]i 

evoked by depolarising cells with 50 mM K+-containing buffer (the period 

indicated by the solid bar) in normoxic (A), hypoxic (1% O2, 24h; B), DMOG (1 

mM, 24h; C), and hypoxia/H2A (1% O2 along with H2A 20 µM, 24h; D) 

conditions.  
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Figure 4.2 Effects of hypoxia on depolarisation-induced Ca2+ entry in A7r5 

cells. (A-E) Bar graphs summarising the effects of hypoxia on basal Ca2+ level 

(A), peak Ca2+ level (B), Ca2+ response amplitude (AUC; C), the time course (T 

1/2) of the recovery of [Ca2+]i from peak to the basal Ca2+ level (D) and Ca2+ 

spike frequency (spikes/s) (E) in response to 50 mM K+ buffer. In panel D, the 

hash mark (#) showed continuous oscillations under hypoxia; hence decay time 

was longer than the observation time in this experiment. Data are presented as 

mean ± S.E.M.; Statistics performed using ANOVA with Sidak test, *P<0.05, 

**P<0.01, ***P<0.001, ****P<0.0001 (n≥4).  
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Representative example traces of responses to high-K+ depolarisation in the 

presence of nifedipine are shown in Figure 4.3A-C. In hypoxic cells, nifedipine 

produced a similar inhibiting effect in [Ca2+]i response to high-K+, as compared to 

normoxic cells (AUC: 1.61 ± 1.19, n=5 in normoxic cells vs. 1.07 ± 0.73, n=5, in 

hypoxic cells, not significant; Figure 4.3D, E), however, the inhibition was much 

less pronounced in the case of the DMOG treatment (AUC: 12.88 ± 2.41, n=5, 

p<0.0001), as compared to control or hypoxic treatment. Thus, nifedipine 

inhibited high-K+-induced [Ca2+]i transients in normoxic, hypoxic and DMOG-

treated cells by 95.9 ± 2.3%, 96.3 ± 2.4%, and 56.5 ± 11.3%, respectively. 

 

The decrease in rises of [Ca2+]i due to inhibition of T-type Ca2+ channels was 

much less pronounced in hypoxic and DMOG-treated cells compared to normoxic 

cells as represented by the example traces (Figure 4.4A-C), peak Ca2+ level 

(Figure 4.4D) and Ca2+ response (AUC: 3.60 ± 1.94, n=4 in normoxic cells vs. 

7.40 ± 1.44, n=5, p<0.01 in hypoxic cells and 8.92 ± 1.62, n=5, p<0.001 in DMOG-

treated cells; Figure 4.4E). Thus, NNC 55-0396 inhibited high-K+-induced [Ca2+]i 

transients in normoxic, hypoxic and DMOG cells by 85.0 ± 13.3%, 74.2 ± 6.5% 

and 65.4 ± 11.3%, respectively. These observations reinforced the major role of 

L-type Ca2+ channels in response to depolarisation under the hypoxic 

environment but also revealed a decrease of T-type channel contribution in both, 

the hypoxia and DMOG treatment and also a reduction in nifedipine efficacy 

specific to DMOG treatment. 
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Figure 4.3 Nifedipine effectively inhibits depolarisation-induced Ca2+ 

entry in hypoxic A7r5 cells. (A-C) Representative example traces of high-K+-

induced Ca2+ transients recorded in the presence of L-type (nifedipine; 2 µM) 

Ca2+ channel blocker (as indicated) in normoxic (A), hypoxic (B), and DMOG-

treated (C) cells. (D-E) Bar graphs summarising the inhibiting effect of 

nifedipine on the peak Ca2+ level (D) and the mean AUC of the response (E) to 

50 mM K+ buffer. In panels D-E data are presented as mean ± S.E.M.; Statistics 

performed using ANOVA with Sidak test, ***P<0.001, ****P<0.0001 (n=5). 
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Figure 4.4 NNC 55-0396 is less efficacious to inhibit depolarisation-

induced Ca2+ entry in hypoxic A7r5 cells. (A-C) Representative example 

traces of high-K+-induced Ca2+ transients recorded in the presence of T-type 

(NNC 55-0396; 3 µM) Ca2+ channel blocker (as indicated) in normoxic (A), 

hypoxic (B), and DMOG-treated (C) cells. (D-E) Bar graphs summarising the 

inhibiting effect of NNC 55-0396 on the peak Ca2+ level (D) and the mean AUC 

of the response (E) to 50 mM K+ buffer. In panels D-E data are presented as 

mean ± S.E.M.; Statistics performed using ANOVA with Sidak test, *P<0.05, 

**P<0.01, ***P<0.001 (n≥4). 
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4.2.3 Hypoxia and DMOG reshape Ca2+ signalling induced by Kv7 

channel inhibition  

To confirm the actions of Kv7/KCNQ channels under the hypoxic condition, we 

investigated the change of [Ca2+]i induced by XE991 in hypoxic condition. We 

found that both hypoxia and DMOG changed Ca2+ response to Kv7 inhibitor 

XE991 (10 µM) in A7r5 cells in three important ways: 1) the Ca2+ response 

amplitude was reduced; 2) the oscillation frequency was increased and 3) [Ca2+]i 

oscillations persisted without attenuation for several minutes of the XE991 

washout (Figure 4.5, 4.6). This was in stark contrast with the normoxic cells, in 

which washout of XE991 resulted in fairly rapid termination of oscillation and 

recovery of [Ca2+]i back to the baseline (Figure 4.5A). Following the washout of 

XE991, Ca2+ oscillations were persistent at a stable frequency for 2 minutes or 

longer in hypoxic or DMOG-treated cells (Figure 4.5B, C).  

 

The basal Ca2+ levels were not significantly different among groups (Figure 4.6A). 

Peak Ca2+ level and amplitude response to XE991 were reduced by hypoxia and 

DMOG (ratio difference (ΔR): 0.58 ± 0.11, n=5 in normoxic cells vs. 0.38 ± 0.08, 

n=5 in hypoxic cells vs. 0.35 ± 0.15, n=5 in DMOG-treated cells; Figure 4.6B, C). 

The oscillations were observed with a higher frequency of 0.18 ± 0.02 and 0.17 

± 0.01 spikes/s in hypoxia and DMOG-treated cells, as compared to normoxic 

cells (0.12 ± 0.02 spikes/s; Figure 4.6D). Surprisingly, H2A treatment partially 

inhibited exaggerated [Ca2+]i response to XE991 induced by hypoxia: the 

repetitive Ca2+ oscillations were ceased during the washout of XE991, and the 

transients declined toward the baseline (Figure 4.5D); however, oscillation 

frequency after drug removal remained higher in Hypoxia/H2A group than 

normoxic group (Figure 4.6E).  
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Figure 4.5 Hypoxia and DMOG enhance Ca2+ oscillations evoked by Kv7 

channel inhibition in A7r5 cells. Rises in [Ca2+]i evoked by Kv7 channel 

inhibitor (XE991; 10 µM). (A-D) Representative example traces of XE991-

induced Ca2+ transients recorded (the period indicated by the solid bar) in 

normoxic (A), hypoxic (1% O2, 24h; B), DMOG (1 mM, 24h; C), and 

hypoxia/H2A (1% O2 along with H2A 20 µM, 24h; D) conditions. 
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Figure 4.6 Effects of hypoxia on [Ca2+]i evoked by the inhibition of Kv7 

channels in A7r5 cells. (A-E) Bar graphs summarising the effects of hypoxia 

on basal Ca2+ level (A), peak Ca2+ level (B), Ca2+ response amplitude (R; C), 

Ca2+ spike frequency (spikes/s) (D), and decay frequency after drug removal 

(E) induced by XE991 (10 µM). Data are presented as mean ± S.E.M.; Statistics 

performed using ANOVA with Sidak test, *P<0.05, **P<0.01, ****P<0.0001 

(n≥4). 
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We then tested if the Kv7 channel activator, retigabine, can offset XE991-induced 

repetitive Ca2+ signals. XE991 was applied first to induce oscillations, then 

retigabine (10 µM) was applied in the continued presence of XE991. Importantly, 

even despite the enhancement of [Ca2+]i after hypoxic or DMOG treatment, 

retigabine still efficiently stopped the XE991-induced Ca2+ oscillations and 

returned [Ca2+]i to basal levels (Figure 4.7A, B), with transient oscillations at 

frequencies in hypoxic cells (0.07 ± 0.02 in control vs. 0.02 ± 0.01 spikes/s in 

retigabine, n=5, p<0.01; Figure 4.7C) and in DMOG-treated cells (0.08 ± 0.03 in 

control vs. 0.01 ± 0.003 spikes/s in retigabine, n=5, p<0.01; Figure 4.7D). This 

suggests that under hypoxic conditions, Kv7 channels are still available in 

VSMCs and can be recruited for quenching enhanced [Ca2+]i. 

 

Nifedipine virtually abolished the persistent oscillations and reverted [Ca2+]i 

elevation induced by XE991 in hypoxic or DMOG-treated cells (Figure 4.8A, B), 

with transient oscillations at frequencies in hypoxic cells (0.12 ± 0.02 in control 

vs. 0.02 ± 0.01 spikes/s in nifedipine, n=5, p<0.001; Figure 4.8C) and in DMOG-

treated cells (0.10 ± 0.06 in control vs. 0.02 ± 0.01 spikes/s in nifedipine, n=5, 

p<0.05; Figure 4.8D). NNC 55-0396 (3 µM) produced similar effects but took 

longer to block oscillations in hypoxic condition (Figure 4.9A) and after DMOG 

treatment (Figure 4.9B), with transient oscillations at frequencies in hypoxic cells 

(0.28 ± 0.07 in control vs. 0.07 ± 0.01 spikes/s in NNC 55-0396, n=5, p<0.001; 

Figure 4.9C) and in DMOG-treated cells (0.15 ± 0.07 in control vs. 0.06 ± 0.03 

spikes/s in NNC 55-0396, n=5, p<0.01; Figure 4.9D). Overall, the inhibition of 

XE991-induced Ca2+ signals was almost complete in the cells treated with Kv7 

activator, L- or T-type Ca2+ channels blockers in normoxic, hypoxic and DMOG 

conditions. 
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Figure 4.7 Retigabine inhibits XE991-induced repetitive Ca2+ oscillations 

in hypoxic or DMOG-treated cells. (A-B) Representative example traces 

showing Ca2+ oscillations evoked by XE991 (10 µM) in the presence of Kv7 

channel opener, retigabine (10 μM) in hypoxic (1% O2, 24h; A) or DMOG (1 

mM, 24h; B) condition. (C-D) Bar graphs summarising the effects of retigabine 

on the XE991-induced Ca2+ spike frequency (spikes/s) in hypoxic (C) or DMOG 

(D) condition. Control is the spike frequency in the presence of XE991 

measured from the onset of the first spike. For quantification of drug effect, 

spike frequency was calculated from the onset of the drug application and until 

the end of the application of XE991. In panels C-D data are presented as mean 

± S.E.M.; Statistics performed using paired student’s t-test, **P<0.01 (n=5). 
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Figure 4.8 Nifedipine inhibits XE991-induced repetitive Ca2+ oscillations 

in hypoxic or DMOG-treated cells. (A-B) Representative example traces 

showing Ca2+ oscillations evoked by XE991 (10 µM) in the presence of 

nifedipine (2 μM) in hypoxic (1% O2, 24h; A) or DMOG (1mM, 24h; B) condition. 

(C-D) Bar graphs summarising the effects of nifedipine on the XE991-induced 

Ca2+ spike frequency (spikes/s) in hypoxic (C) or DMOG (D) condition. Control 

is the spike frequency in the presence of XE991 measured from the onset of 

the first spike. For quantification of drug effect, spike frequency was calculated 

from the onset of the drug application and until the end of the application of 

XE991. In panels C-D data are presented as mean ± S.E.M.; Statistics 

performed using paired student’s t-test, *P<0.05, ***P<0.001 (n=5). 
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Figure 4.9 NNC 55-0396 inhibits XE991-induced repetitive Ca2+ 

oscillations in hypoxic or DMOG-treated cells. (A-B) Representative 

example traces showing Ca2+ oscillations evoked by XE991 (10 µM) in the 

presence of NNC 55-0396 (3 μM) in hypoxic (1% O2, 24h; A) or DMOG (1mM, 

24h; B) condition. (C-D) Bar graphs summarising the effects of NNC 55-0396 

on the XE991-induced Ca2+ spike frequency (spikes/s) in hypoxic (C) or DMOG 

(D) condition. Control is the spike frequency in the presence of XE991 

measured from the onset of the first spike. For quantification of drug effect, 

spike frequency was calculated from the onset of the drug application and until 

the end of the application of XE991. In panels C-D data are presented as mean 

± S.E.M.; Statistics performed using paired student’s t-test, **P<0.01, 

***P<0.001 (n=5). 
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4.2.4 Hypoxia and DMOG enhance AVP-induced Ca2+ signalling  

We then investigated the effect of hypoxic condition on the Ca2+ signals evoked 

by AVP in A7r5 cells. We found that both hypoxia and DMOG resulted in a similar 

pattern of responses to AVP: more frequent Ca2+ oscillations that were not 

reduced upon washout (Figure 4.10A-C). Interestingly, compared to XE991, H2A 

treatment did not attenuate [Ca2+]i response to AVP: Ca2+ oscillations were still 

persistent during the washout of AVP (Figure 4.10D). 

 

In hypoxia and DMOG-treated cells, exposure to AVP (100 pM) produced Ca2+ 

response, which did not differ from that of the normoxic cells in its basal, peak 

Ca2+ level and amplitude of Ca2+ response (Figure 4.11A-C); in hypoxia/H2A-

treated cells, the amplitude of Ca2+ response to AVP was significantly reduced 

though (Figure 4.11C). Ca2+ oscillations during AVP expose were more frequent 

and persisted during the washout of AVP perfusate solution for much longer in 

hypoxia (0.11 ± 0.03 spikes/s, n=7, p<0.05), DMOG (0.12 ± 0.05 spikes/s, n=5, 

p<0.05) and hypoxia/H2A (0.12 ± 0.03, spikes/s n=5, p<0.05) than in normoxic 

conditions (0.06 ± 0.03 spikes/s, n=7; Figure 4.11D). These repetitive Ca2+ 

oscillations mainly originated from VGCCs; however, as was shown in Chapter 

3, the liberation of Ca2+ from the ER Ca2+ channels (IP3Rs or RyRs) may also 

contribute, especially in the case of AVP, which does stimulate the IP3 release. 

This latter notion could potentially explain the fact that the amplitude of AVP-

induced Ca2+ signals was not reduced by hypoxia/DMOG and will be discussed 

later (see section 4.2.7).  
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Figure 4.10 Hypoxia and DMOG enhance Ca2+ oscillations evoked by AVP 

stimulation in A7r5 cells. Rises in [Ca2+]i evoked by the physiological 

concentration of the vasoactive hormone, vasopressin (AVP; 100 pM). (A-D) 

Representative example traces of AVP-induced Ca2+ transients recorded (the 

period indicated by the solid bar) in normoxic (A), hypoxic (1% O2, 24h; B), 

DMOG (1 mM, 24h; C), and hypoxia/H2A (1% O2 along with H2A 20 µM, 24h; 

D) conditions. 
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Figure 4.11 Effects of hypoxia on [Ca2+]i induced by indirect Kv7 channels 

inhibition (AVP). (A-D) Bar graphs summarising the effects of hypoxia on 

basal Ca2+ level (A), peak Ca2+ level (B), Ca2+ response amplitude (R; C), and 

Ca2+ spike frequency (spikes/s) (D) induced by AVP (100 pM). Data are 

presented as mean ± S.E.M.; Statistics performed using ANOVA with Sidak 

test, *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001 (n≥4). 
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Next, we investigated the effects of retigabine and the contribution of the two 

VGCC subtypes to AVP-induced Ca2+ influx in cells under hypoxic or DMOG-

treated condition. AVP responses were variable (especially after DMOG 

treatment), and in some cases, bursts of spikes were observed instead of 

continuous spiking. This made the quantification difficult, to circumvent that, 

retigabine or blockers were applied to the repetitive bursts with continued AVP 

perfusate, where possible. Application of retigabine (10 µM) abolished repetitive 

Ca2+ oscillations and returned [Ca2+]i levels to the baseline (Figure 4.12A, B), with 

transient oscillations at frequencies in hypoxic cells (0.08 ± 0.03 in control vs. 

0.01 ± 0.004 spikes/s after retigabine, n=5, p<0.01; Figure 4.12C) and in DMOG-

treated cells (0.05 ± 0.03 in control vs. 0.02 ± 0.01 spikes/s after retigabine, n=5, 

p<0.05; Figure 4.12D). 

 

Nifedipine (2 µM) or NNC 55-0396 (3 µM) also abolished the Ca2+ oscillations and 

lowered [Ca2+]i back to the basal level. Figure 4.13A, B show the example traces 

of responses to AVP in the presence of nifedipine with decreased frequencies of 

oscillations in hypoxic cells (0.07 ± 0.05 in control vs. 0.009 ± 0.004 spikes/s after 

nifedipine, n=5, p<0.05; Figure 4.13C) and in DMOG-treated cells (0.09 ± 0.06 in 

control vs. 0.02 ± 0.01 spikes/s after nifedipine, n=5, p<0.05; Figure 4.13D). AVP-

induced Ca2+ oscillations were also stopped by NNC 55-0396, example traces of 

responses to AVP shown in Figure 4.14A, B. Frequencies of decay oscillations 

were decreased from 0.09 ± 0.03 (control) to 0.03 ± 0.01 spikes/s (NNC 55-0396) 

in hypoxic cells (n=5, p<0.01; Figure 4.14C) and from 0.02 ± 0.01 (control) to 0.01 

± 0.003 spikes/s (NNC 55-0396; n=5, p<0.05; Figure 4.14D) in DMOG-treated 

cells. Again, these results indicated that vascular Kv7 channels retain tight control 

over Ca2+ entry in response to AVP in hypoxic or DMOG condition.  
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Figure 4.12 Retigabine inhibits AVP-induced repetitive Ca2+ oscillations 

in hypoxic or DMOG-treated cells. (A-B) Representative example traces 

showing Ca2+ oscillations evoked by AVP (100 pM) in the presence of 

retigabine (10 μM) in hypoxic (1% O2, 24h; A) or DMOG (1 mM, 24h; B) 

condition. (C-D) Bar graphs summarising the effects of retigabine on the AVP-

induced Ca2+ spike frequency (spikes/s) in hypoxic (C) or DMOG (D) condition. 

Control is the spike frequency in the presence of AVP measured from the onset 

of the first spike. For quantification of drug effect, spike frequency was 

calculated from the onset of the drug application and until the end of the 

application of AVP. In panels C-D data are presented as mean ± S.E.M.; 

Statistics performed using paired student’s t-test, *P<0.05, **P<0.01 (n=5). 
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Figure 4.13 Nifedipine inhibits AVP-induced repetitive Ca2+ oscillations in 

hypoxic or DMOG-treated cells. (A-B) Representative example traces 

showing Ca2+ oscillations evoked by AVP (100 pM) in the presence of 

nifedipine (2 μM) in hypoxic (1% O2, 24h; A) or DMOG (1 mM, 24h; B) condition. 

(C-D) Bar graphs summarising the effects of nifedipine on the AVP-induced 

Ca2+ spike frequency (spikes/s) in hypoxic (C) or DMOG (D) condition. Control 

is the spike frequency in the presence of AVP measured from the onset of the 

first spike. For quantification of drug effect, spike frequency was calculated from 

the onset of the drug application and until the end of the application of AVP. In 

panels C-D data are presented as mean ± S.E.M.; Statistics performed using 

paired student’s t-test, *P<0.05 (n=5). 
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Figure 4.14 NNC 55-0396 inhibits AVP-induced repetitive Ca2+ oscillations 

in hypoxic or DMOG-treated cells. (A-B) Representative example traces 

showing Ca2+ oscillations evoked by AVP (100 pM) in the presence of NNC 55-

0396 (3 μM) in hypoxic (1% O2, 24h; A) or DMOG (1 mM, 24h; B) condition. (C-

D) Bar graphs summarising the effects of NNC 55-0396 on the AVP-induced 

Ca2+ spike frequency (spikes/s) in hypoxic (C) or DMOG (D) condition. Control 

is the spike frequency in the presence of AVP measured from the onset of the 

first spike. For quantification of drug effect, spike frequency was calculated from 

the onset of the drug application and until the end of the application of AVP. In 

panels C-D data are presented as mean ± S.E.M.; Statistics performed using 

paired student’s t-test, *P<0.05, **P<0.01 (n=5). 
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4.2.5 Hypoxia, but not DMOG upregulates the Cav3.2 T-type Ca2+ 

channels in A7r5 cells 

VSMCs are known to express both Cav1 L- and Cav3 T-type VGCCs, and we 

have demonstrated the mRNA expression in normoxic A7r5 cells. As discussed 

in Chapter 3, we already confirmed that Cacna1c (Cav1.2) L- and Cacna1g 

(Cav3.1) T-type Ca2+ channel genes were the predominant VGCC subtypes in 

normoxic A7r5 cells (see Figure 3.2). As a next step, we investigated the effects 

of hypoxia on the mRNA expression of Cacna1c (L-type), Cacna1g, and Cacna1h 

(T-type) in A7r5 cells. 

 

Exposure of cells to 1% O2 or 1 mM DMOG for 24h did not significantly change 

levels of Cacna1c (Cav1.2) L-type and Cacna1g (Cav3.1) T-type Ca2+ channel 

transcript levels (Figure 4.15A, B). Surprisingly, hypoxia produced a selective and 

significant increase in Cacna1h transcript (Figure 4.15C), Cav3.2 (Figure 4.15D) 

and HIF-2α protein levels (data not shown). This effect was completely abolished 

by H2A. On the other hands, DMOG did not mimic the effect of hypoxia as neither 

Cacna1h transcript nor its protein levels were affected by the DMOG treatment 

(Figure 4.15C, D). Thus, it seems that HIF-2α may be responsible for this hypoxic 

effect. These results uncover specific upregulation of Cacna1h mRNA and 

Cav3.2 protein levels in A7r5 cells under hypoxic conditions. The hypoxia-

induced upregulation of Cav3.2 T-type Ca2+ channel was also demonstrated by 

immunocytochemistry. Cav3.2 showed stronger immunoreactivity in hypoxic 

compared to normoxic cells by 80.7% (ROI: 2.10 ± 0.35 in hypoxic cells vs. 1.16 

± 0.66 in normoxic cells, at least n≥3 cells quantified, N=3 individual preparations, 

p<0.05; Figure 4.16). It has to be noted that hypoxia/H2A treatment resulted in 

the significant downregulation of Cacna1c and Cacna1g (Figure 4.15A, B). 
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Figure 4.15 Hypoxia upregulates mRNA and protein expression of Cav3.2 

T-type Ca2+ channel. A7r5 cells were subjected to hypoxia (1% O2), DMOG (1 

mM), hypoxia with H2A (20 µM) for 24h or maintained under normoxia. (A-C) 

Bar graphs showing the quantification of RT-PCR results for Cacna1c (A), 

Cacna1g (B) or Cacna1h (C); the expression is normalised to that of a 

housekeeping gene, Hprt1. (D) Western blot detection of Cav3.2 channel 

protein expression. The average normalised Cav3.2/β-action ratio for each 

condition is shown in red (normoxia and hypoxia, n=2; DMOG, n=1). In panels 

A-C data are presented as mean ± S.E.M.; Statistics performed using ANOVA 

with Sidak test (A, B) and Wilcoxon-Signed, Mann-Whitney and Kruskal-Wallis 

ANOVA test (C), *P<0.05 (n≥5). 
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Figure 4.16 Cav3.2 immunoreactivity in A7r5 cells in normoxic and 

hypoxic conditions. Immunofluorescence labelling of Cav3.2 (red) in 

normoxia (upper), hypoxia (middle) or DMOG (lower) in A7r5 cells. Cell nuclei 

(blue) were stained with DAPI; scale bars are 20 µm. 

  



135 
 

It has to be pointed out that while Cacna1h (Cav3.2) transcript level was 

upregulated by hypoxia, it’s level (relative to the housekeeping gene, Hprt1, was 

still an order of magnitude lower, as compared to that of Cacna1c (Cav1.2). 

 

4.2.6 Hypoxia and DMOG downregulate Kv7.5 channel in A7r5 cells 

We hypothesised that reduced expression and/or activity of Kv7 channels in 

hypoxic cells could have underlined the increased excitability (increased and 

prolonged oscillatory activity) of A7r5 cells in response to various depolarising 

treatment. Indeed, reduced functional activity of Kv7 channels would likely to 

result in i) more excitable cells and ii) reduced response to XE991; data 

presented in Figure 4.5 and 4.6 may have presented just such a combination 

(reduced amplitude of XE991-induced Ca2+ transient, but increased oscillation 

frequency and prolonged oscillations upon XE991 washout). In order to test this 

hypothesis, we next examined the mRNA expression level of Kcnq genes under 

hypoxia using the RT-PCR method. Hypoxia or DMOG treatment caused a 

general trend for downregulation of all Kcnq genes tested in A7r5 cells, but only 

for Kcnq5, the effect has reached significance (Figure 4.17A-C). The mRNA 

levels of Kcnq5 was significantly decreased in the hypoxic cells compared to the 

normoxic cells (Figure 4.17C). The effect was mimicked by DMOG but not 

prevented by H2A, indicating that in contrast to the Cacna1h, hypoxic 

downregulation of Kcnq5 is mediated by HIF-1α. Accordingly, the Kv7.5 

immunoreactivity was also reduced after both, hypoxic and DMOG treatment, as 

tested by western blot (Figure 4.17D) and immunostaining by 38.7% (ROI: 3.37 

± 0.63 in normoxic cells vs. 2.07 ± 0.47 in hypoxic cells, at least n≥3 cells 

quantified, N=3 individual preparations p=0.18; Figure 4.18). 
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Figure 4.17 Hypoxia and DMOG downregulate mRNA and protein 

expression of Kv7 channels with significance in Kv7.5 subunit. A7r5 cells 

were subjected to hypoxia (1% O2), DMOG (1 mM) or hypoxia with H2A (20 

µM) for 24h or maintained under normoxia. (A-C) Bar graphs showing the 

quantification of RT-PCR results for Kcnq1 (A), Kcnq4 (B) or Kcnq5 (C), the 

expression is normalised to that of a housekeeping gene, Hprt1. (D) Western 

blot detection of Kv7.5 channel protein expression. The average normalised 

Kv7.5/β-action ratio for each condition is shown in red. In panels A-C data are 

presented as mean ± S.E.M.; Statistics performed using ANOVA with Sidak 

test, *P<0.05, **P<0.01, ***P<0.001 (n=5). 
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Figure 4.18 Kv7.5 immunoreactivity in A7r5 cells in normoxic and hypoxic 

conditions. Immunofluorescence labelling of Kv7.5 (red) in normoxia (upper), 

hypoxia (middle) or DMOG (lower) in A7r5 cells. Cell nuclei (blue) were stained 

with DAPI; scale bars are 20 µm. 
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In sum, the results described above suggested that 1) both hypoxia and DMOG 

induce downregulation of Kv7 channel expression, especially the main subunit, 

Kv7.5. 2) The amplitude of the depolarising effect of XE991 is reduced after 

hypoxia/DMOG treatment, but the cells are more excitable (consistent with the 

reduced functional activity of Kv7 channels). 3) Retigabine is still effective to 

reverse the depolarisation-induced Ca2+ signals in hypoxia/DMOG-treated cells. 

4) Hypoxia but not DMOG induced upregulation of Cav3.2 expression. 5) L-type 

Ca2+ channels are the major contributor to the depolarisation-induced Ca2+ 

response in hypoxic A7r5 cells. 

 

4.2.7 Effects of PLC inhibition and ER Ca2+ channel blockers on AVP-

induced Ca2+ oscillations in hypoxic and DMOG conditions 

Our previous work has shown that the ER-released Ca2+ in A7r5 cells does 

contribute to AVP-induced Ca2+ signalling (Chapter 3). In addition, a recent report 

showed that hypoxia enhanced PLC activation, IP3 production, IP3R opening, 

Ca2+ release, and contraction in mouse PASMCs (Yadav et al., 2018). Hence, in 

the next step, we investigated the effects of hypoxia and DMOG on PLC-IP3 

signalling and ER Ca2+ channels using 10 μM edelfosine (PLC inhibitor), 100 μM 

2-APB (IP3Rs inhibitor) and 100 μM tetracaine (RyRs inhibitor).  

 

Under the hypoxic or DMOG-treated condition, edelfosine produced a similar 

inhibiting effect on AVP-induced Ca2+ signals compared to the normoxic condition 

(Figure 4.19A-C). Ten minutes pretreatment of A7r5 cells with edelfosine (10 µM) 

attenuated the [Ca2+]i response to AVP (100 pM) in A7r5 cells, but there was no 

significant difference in peak Ca2+ and response amplitude among groups (Figure 

4.19D, E). Although there were some occasional Ca2+ spikes, the frequency of 
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spikes was reduced in hypoxic or in DMOG-treated cells (number: 0.01 spikes/s, 

n=5 in hypoxia; 0.02 spikes/s, n=5 in DMOG; Figure 4.19F). 

 

We next analysed the contribution of IP3Rs and RyRs to the AVP-induced Ca2+ 

mobilisation in hypoxic condition. Cells were pretreated with either 2-APB (100 

µM) or tetracaine (100 µM) for 2 minutes, then perfused continuously with AVP-

containing buffer. 2-APB did not completely abolished oscillations (Figure 4.20A-

C), moreover, in some cells it induced some Ca2+ response even before the 

application of AVP (Figure 4.20A-C), suggesting it may have a non-specific effect 

to activate some Ca2+ channels, such as TRPV or CRAC (Colton and Zhu, 2007; 

Xu et al., 2016). Thus, the effects of 2-APB are hard to interpret at present. 

Nevertheless, 2-APB attenuated the peak Ca2+ and amplitude of the sustained 

[Ca2+]i elevation induced by AVP in both normoxic and DMOG conditions (Figure 

4.20D, E). 2-APB was significantly less efficacious in reducing AVP-induced Ca2+ 

signals in hypoxic condition, as compared to normoxic and DMOG-treated cells  

(in the presence of 2-APB, AVP-induced ΔR: 0.41 ± 0.11, n=5 in hypoxic cells vs. 

0.13 ± 0.09, n=5 in normoxic cells vs. 0.14 ± 0.04, n=4 in DMOG-treated cells; 

Figure 4.20E, cf. Figure 4.11). 

 

When cells were treated with tetracaine, however, AVP still caused continuous 

Ca2+ oscillations in hypoxic cells and a mild increase of [Ca2+]i in DMOG-treated 

cells (Figure 4.21A-D and F). The amplitude of [Ca2+]i response to AVP in the 

presence of tetracaine was significantly higher in hypoxic condition (in the 

presence of tetracaine, AVP-induced ΔR: 0.20 ± 0.10, n=5 in hypoxic cells vs. 

0.06 ± 0.02, n=5 in normoxic cells, p<0.05; Figure 4.21E, cf. Figure 4.11), 
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Figure 4.19 AVP-induced Ca2+ oscillations are sensitive to PLC inhibition 

in hypoxic condition. (A-C) Representative example traces showing Ca2+ 

transients evoked by AVP (100 pM) in A7r5 cells pretreated with PLC inhibitor, 

edelfosine (10 µM) in normoxic (A), hypoxic (B) or DMOG (C) condition. (D-F) 

Bar graphs summarising the effects of edelfosine on the peak Ca2+ level (D), 

Ca2+ response amplitude (R; E) and Ca2+ spike frequency (spikes/s) (F) 

induced by AVP. In panels D-F data are presented as mean ± S.E.M.; Statistics 

performed using ANOVA with Sidak test (n≥5). 
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Figure 4.20 AVP-induced Ca2+ oscillations reduced by the IP3Rs blocker 

in hypoxic condition. (A-C) Representative example traces showing Ca2+ 

transients evoked by AVP (100 pM) in A7r5 cells pretreated with 2-APB (IP3Rs 

inhibitor; 100 µM) in normoxic (A), hypoxic (B) or DMOG (C) condition. (D-E) 

Bar graphs summarising the effects of 2-APB on the peak Ca2+ level (D) and 

Ca2+ response amplitude (R; E) induced by AVP. In panels D-E data are 

presented as mean ± S.E.M.; Statistics performed using ANOVA with Sidak 

test, **P<0.01 (n≥4). 
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Figure 4.21 RyRs blocker does not inhibit AVP-induced Ca2+ oscillations 

in hypoxic condition. (A-C) Representative example traces showing Ca2+ 

transients evoked by AVP (100 pM) in A7r5 cells pretreated with tetracaine 

(RyRs inhibitor; 100 µM) in normoxic (A), hypoxic (B) or DMOG (C) condition. 

(D-F) Bar graphs summarising the effects of tetracaine on the peak Ca2+ level 

(D), Ca2+ response amplitude (R; E) and Ca2+ spike frequency (spikes/s) (F) 

induced by AVP. In panels D-F data are presented as mean ± S.E.M.; Statistics 

performed using ANOVA with Sidak test, *P<0.05, ****P<0.0001 (n≥4). 
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suggesting lower efficacy of this agent to inhibit AVP-induced Ca2+ transients 

under hypoxic conditions. This may indicate the inhibition of either IP3Rs or RyRs 

may alter the relative contribution of Ca2+ release via ER Ca2+ store to remodel 

[Ca2+]i or the hyperactivity of IP3Rs in the absence of ER Ca2+ overload, which 

has been reported in Alzheimer's disease (Cheung et al., 2008), although further 

experiments are needed to obtain better clarity.  

 

Both application of 2-APB and tetracaine attenuated AVP-induced [Ca2+]i 

oscillations in hypoxic or DMOG-treated cells (Figure 4.22A-C). As compared to 

normoxic cells, a similar reduction on AVP-induced [Ca2+]i was found among 

groups in the peak Ca2+ level (Figure 4.22D) and the response amplitude of 

[Ca2+]i in hypoxic or DMOG-treated cells (ΔR: 0.06 ± 0.03, n=5 in normoxic cells 

vs. 0.05 ± 0.01, n=5 in hypoxic cells vs. 0.11 ± 0.04, n=4 in DMOG-treated cells; 

Figure 4.22E). The results shown above suggest that ER Ca2+ channels are 

crucial factors in the AVP-stimulation in normoxic and hypoxic A7r5 cells. 

 

4.3 Discussion 

This chapter reports several findings revealing possible novel mechanisms 

behind the effects of hypoxia on Ca2+ homeostasis. First, we show that in hypoxia 

and DMOG condition, both direct (XE991) and GPCR mediated (AVP) Kv7 

channel inhibition resulted in the increased frequency and duration of Ca2+ 

oscillations. Consistent with the above effects, our results show that hypoxia and 

DMOG treatment caused a significant downregulation of the Kv7.5 channel in 

A7r5 VSMCs. H2A did not abolish this effect, pointing to HIF-1α as a possible 

mediator. 
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Figure 4.22 AVP-induced Ca2+ oscillations are reduced by inhibition of ER 

Ca2+ release channels. (A-C) Representative example traces of AVP-induced 

Ca2+ transients recorded in the presence of both 2-APB (100 µM) and 

tetracaine (100 μM) in normoxic (A), hypoxic (B) or DMOG (C) condition. (D-E) 

Bar graphs summarising the effects of both 2-APB and tetracaine on the peak 

Ca2+ level (D) and Ca2+ response amplitude (R; E) induced by AVP. In panels 

D-E data are presented as mean ± S.E.M.; Statistics performed using ANOVA 

with Sidak test, *P<0.05 (n≥4). 
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It was shown previously that chronic hypoxia resulted in the downregulation of 

the mRNA expression in Kv1.2, Kv1.5, and Kv2.1 channels in PASMCs (Hong et 

al., 2004). While the effects of hypoxia on Kv7 channels and their roles on [Ca2+]i 

were not fully known in VSMCs, it was shown that Kcnq4 mRNA expression was 

downregulated in a hypoxic environment, but there was only a little change in the 

level of Kv7.4 protein expression. There were no significant differences in rat 

PASMCs Kcnq1 and Kcnq5 expression (Sedivy et al., 2015). Importantly, despite 

the decrease of the Kv7.5 channel abundance in hypoxia, retigabine was able to 

promptly stop the oscillations and return [Ca2+]i to basal levels, indicating that Kv7 

channels remain an essential player in the regulation of Ca2+ signalling under 

hypoxic/DMOG condition. Oscillations in [Ca2+]i is associated with the 

vasoconstriction and vasomotion. The attenuation of repetitive [Ca2+]i oscillations 

in hypoxic VSMCs by retigabine suggests that despite downregulation, there is 

still sufficient Kv7 activity in the hypoxic VSMCs to be pharmacologically targeted 

to offset hypoxic/ischaemic response in the vasculature. This potentially opens a 

new therapeutic window for novel treatments. 

 

Second, we show a possible increase in T-type Ca2+ channel contribution to 

hypoxic Ca2+ cycling during the resting stage. Studies in VSMCs demonstrated 

that hypoxia might exert a contrasting effect on VGCCs in SMCs of different origin 

(Ureña et al., 1996) with the inhibition of L-type VGCCs (Smani et al., 2002) or 

the upregulation of T-type VGCCs (Lopez-Barneo et al., 2004) both being 

reported. In our study, analysis of the relative VGCC expression showed the 

declining trend in the mRNA expression of Cacna1c (Cav1.2) and Cacna1g 

(Cav3.1) VGCCs. Surprisingly, Cacan1h (Cav3.2) was significantly upregulated 

in hypoxic cells, an effect that was abolished by H2A but not mimicked under the 
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DMOG treatment of A7r5 cells. In high-K+-induced Ca2+ transients, hypoxia 

caused prolonged Ca2+ oscillations during the high-K+ washout, this effect was 

also abolished by H2A but not mimicked under the DMOG (Figure 4.1 and 4.2). 

Thus, it appears that increased excitability in response to bulk depolarisation and 

Cav3.2 upregulation is associated with HIF-2α. However, there may also be 

additional effects, for instance, post-translational modulations or other signalling 

events could alter the gating properties of T-type channels. For example, 

calmodulin-dependent kinase II was shown to stimulate T-type Ca2+ channel 

currents (Barrett et al., 2000).  

 

Hypoxia upregulated the Cav3.2 channel in several cell lines, such as PC12, 

chromaffin, PASMCs and cardiac myocytes (Gonzalez-Rodriguez et al., 2015; 

Sellak et al., 2014; Del Toro et al., 2003; Wan et al., 2013), but remained 

unchanged in A7r5 cells under hypoxia (3% O2; 12h) in one study (Sellak et al., 

2014). Our experiments were performed at 1% O2 for 24h, which are widely used 

conditions in the in vitro gene regulation studies (Hammond et al., 2014; 

Gonzalez-Rodriguez et al., 2015). This extended hypoxic incubation time may 

account for the difference between our study and that of Sellak and colleagues. 

 

Although the molecular mechanisms underlying this upregulation are not entirely 

known, our data support the concept that the increased expression of Cav3.2 T-

type VGCC may be intimately involved in the cellular Ca2+ loading in hypoxic 

VSMCs due to the increase in the Cav3.2 ‘‘window current’’ at resting Em 

(Pluteanu and Cribbs, 2009). It has to be noted that even after upregulation in 

hypoxic condition, the Cacna1h transcript levels were still an order of magnitude 

lower as compared to that of Cacna1c (Cav1.2). Nifedipine remains to produce 
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more substantial inhibition in high-K+ [Ca2+]i transients, indicating a significant 

contribution of L-type VGCCs in hypoxic cells. 

 

Other factors complicating the system are gaseous mediators (gasotransmitters), 

as their cellular metabolism is affected in hypoxic conditions. These include 

hydrogen sulfide (H2S) and carbon monoxide (CO) (Prabhakar, 2012). CO has 

been reported to inhibit L- (Dallas et al., 2009) and T-type Ca2+ channels (Boycott 

et al., 2013); similar effects on T-type channels were reported for H2S (Elies et 

al., 2014). However, the exact relationships between the HIF-α-induced 

transcriptional upregulation of Cav3.2 (present study) and their acute modulation 

by H2S (Peers et al., 2012; Elies et al., 2016) and CO (Duckles et al., 2015; Dulak 

et al., 2008) remains to be elucidated. 

 

Third, we show that there is a lesser contribution of ER Ca2+ release to AVP in 

hypoxic condition. Hypoxia alternatively reflects changes in Ca2+ homeostasis, 

which is regulated by complex coupling between ion channels, ER/SR, and 

mitochondria (Shimoda and Polak, 2011). We have shown that edelfosine (PLC 

inhibitor) attenuated the AVP-induced amplitude of [Ca2+]i elevation and mean 

spike frequency in normoxic A7r5 cells (Chapter 3). Indeed, inhibition of PLC 

produced an inhibiting effect in hypoxic or DMOG-treated cells, as well as 

normoxic cells. Compared to normoxic cells, the inhibition of either IP3Rs or RyRs 

to AVP-induced [Ca2+]i produced a higher amplitude of Ca2+ elevation in hypoxic 

cells. Interestingly, instead of the mild elevation of [Ca2+]i, AVP still induced Ca2+ 

oscillations under the inhibition of RyRs in hypoxic cells, indicating the cross-talk 

between IP3Rs and RyRs or another complex AVP-induced Ca2+ signalling in 
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SMCs, such as the participation of the RhoA/ROCK pathway in hypoxic VSMCs 

(Martinsen et al., 2012; Lu et al., 2017).  

 

Release of Ca2+ from intracellular Ca2+ store plays a vital role in AVP-induced 

[Ca2+]i increase (Henderson and Byron, 2007). Our study found that after 2-APB 

administration, sustained [Ca2+]i oscillations were attenuated in hypoxic cells, but 

the inhibiting effect of 2-APB on IP3Rs was less pronounced in hypoxic condition. 

Although we have shown that tetracaine could significantly attenuate AVP-

induced [Ca2+]i increase in normoxic A7r5 cells (see Figure 3.11B), our study did 

not show this inhibiting effect but instead the persistent Ca2+ oscillations in 

hypoxic condition. One reason for this discrepancy could be that the binding of 

IP3 to IP3Rs is enhanced by hypoxia (Yadav et al., 2018) or the activation of RyRs 

is unaffected by hypoxia (Smani et al., 2002). Alternatively, the ER Ca2+ load 

could be reduced under hypoxia, although further investigation is needed to 

establish the exact mechanism of this effect. 

 

Nevertheless, the application of 2-APB and tetracaine did suppress the Ca2+ 

spikes and enhancement of [Ca2+]i in hypoxic cells. These results suggest that in 

hypoxic VSMCs, the increase in [Ca2+]i induced by AVP still required the release 

of Ca2+ from ER. It has to be pointed out that VGCCs inhibition with either 

nifedipine or NCC 55-0396 also abolished the AVP-induced oscillations. It is likely 

that AVP-induced Ca2+ release from the ER is an important first step in the AVP-

mediated signalling cascade, which may trigger further depolarisation via 

inhibiting Kv7 channels, activating CaCC (and some other effects) with 

subsequent depolarisation, VGCC activation, engagement of Ca2+-induced Ca2+ 



149 
 

release via RyRs and IP3Rs. Yet, the exact contribution of ER Ca2+ release to 

AVP-induced Ca2+ signals is yet to be elucidated as the poor selectivity of 

IP3R/RyR inhibitors compromises the interpretation of the results presented in 

Figures 4.20-23. 

 

Finally, we present evidence that HIF-α signalling may play an essential role in 

regulating the expression of genes coding for ion channels under the low oxygen 

tension. Cellular responses to hypoxia can be chronic or acute response with the 

increased [Ca2+]i, and the underlying signalling mechanisms are still being 

energetically explored (Shimoda and Polak, 2011). Signalling cascades 

regulated by HIF-α are essential for the processes of cardiovascular remodelling 

during hypoxia. The involvement of HIF-1α was related to diabetes-induced 

retinopathy, neuropathy and vasculopathy under hypoxic condition (Duscher et 

al., 2017). The available information on the participation of HIF-α in the regulation 

of ion channel coding genes is very scant, however. 

 

Hypoxia-induced vasoconstriction and associated pulmonary hypertension are 

mainly associated with the increased [Ca2+]i in PASMCs. Although hypoxia 

decreased the mRNA and protein expressions of Kv1.1, Kv1.5, Kv2.1, Kv4.3, and 

Kv9.3 in PASMCs, the role of HIF in the regulation of these Kv channels was not 

fully documented (Del Toro et al., 2003). In our present study, DMOG treatment, 

that is reported to induce HIF-1α accumulation (Yuan et al., 2014) downregulated 

the Kv7.5 channel in A7r5 VSMCs. Similar downregulation was seen in cells that 

underwent a hypoxic treatment. This downregulation was not prevented by the 

HIF-2α inhibitor, H2A, indicating that Kcnq gene downregulation may indeed 
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depend on HIF-1α. However, Cacna1h (Cav3.2) was not increased under the 

H2A treatment in hypoxic A7r5 cells. This, in combination with the lack of effect 

of DMOG (upregulates HIF-1α) on Cacna1h levels (Figure 4.15) suggests that, 

in contrast to Kcnq genes, Cacna1h is regulated by HIF-2α Interestingly, HIF-2α 

was reported to mediate the Cav3.2 channel upregulation in PC12 cells (Del Toro 

et al., 2003).  

 

HIF is a pivotal regulator mediating a broad range of cellular and systemic 

responses to hypoxia (Semenza, 2000; Wenger, 2002). Administration of H2A 

diminished the prolonged Ca2+ oscillations in the presence of high extracellular 

K+ or XE991 during the hypoxic period. In GPCR-mediated Ca2+ signalling, H2A 

did not reverse AVP-induced repetitive Ca2+ oscillations. This may indicate that 

increased Cav3.2 expression/activity may have a larger contribution to Ca2+ 

signalling produced by depolarisation induced by manipulations with K+ channel 

activity but less so the GPCR-induced Ca2+ signalling. Our results demonstrate 

that Cav3.1 and Cav3.2 T-type Ca2+ channels may be differentially regulated by 

hypoxia, and, therefore, they may serve different functions in the myocyte in 

response to hypoxic [Ca2+]i. It has to be noted that, there are some distinct 

differences between the Ca2+ responses measured in hypoxia and the application 

of DMOG, including the decreased contribution of IP3Rs or RyRs to AVP-induced 

[Ca2+]i in A7r5 cells observed in hypoxia but not after DMOG treatment. The 

differences are likely to reflect the fact that DMOG only targets one component 

of the cellular response to hypoxia (HIF-1α). While DMOG treatment cannot 

recapitulate the hypoxia in its entirety, it is a useful experimental tool to 

investigate HIF-1α-mediated effects. 
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In summary, hypoxia augments the [Ca2+]i response to XE991 or AVP in VSMCs, 

and this effect is mediated by HIF-α transcriptional regulation, especially the 

downregulation of the Kv7.5 subtype. On the other hand, the ability of the Kv7 

activator, retigabine, to attenuate repetitive Ca2+ oscillations could support a role 

for the Kv7 channels as a crucial regulator of cellular Ca2+ influx under hypoxic 

condition. Such effects are likely to be of importance in pathophysiological states 

induced by hypoxia. 

 

4.4 Summary 

⚫ Hypoxia enhanced [Ca2+]i response to XE991 or AVP and downregulated 

Kcnq5 (Kv7.5) subunit expression in A7r5 cells; an effect most likely mediated 

by HIF-1α transcriptional regulation. 

⚫ Hypoxia resulted in the upregulation of Cacna1h (Cav3.2) in VSMCs, an effect 

likely regulated by HIF-2α. 

⚫ Hypoxia enhanced Ca2+ oscillations induced by AVP, an effect which was 

abolished by PLC inhibition. 

⚫ The Kv7 activator, retigabine attenuated repetitive Ca2+ oscillations in A7r5 

cells under hypoxic condition. 
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Chapter 5  

 

Role of Kv7 channels in the control over Ca2+ signalling in 

human vascular smooth muscle cells 

5.1 Introduction 

VSMCs serve as primary effectors in the control of local blood flow by their 

contractile ability. The contraction is stimulated by an increase of [Ca2+]i. One of 

the primary sources of Ca2+ for VSMCs is influx through VGCCs, especially L-

type VGCCs. Ca2+ homeostasis in VSMCs not only controls the contractility, but 

also influences neointima formation, which can lead to failure of coronary artery 

bypass surgery. IMA has been proved to have a higher patency rate than the SV 

for coronary artery bypass grafting (CABG) (Nwasokwa, 1995). However, 

vasospasm could happen if AVP is perioperatively used to treat refractory 

vasodilatory shock in CABG (Wei et al., 2002). Vasoconstriction may be caused 

by multiple mechanisms, such as sustained periods of hypoxia in VSMCs. 

Hypoxia can regulate cellular remodelling processes, which lead to the 

proliferation of VSMCs (Moudgil et al., 2006). Several vasodilators have been 

suggested to treat vascular spasm through specific mechanisms, such as 

nifedipine and verapamil (Ca2+ channel blockers). 

 

In addition to AVP, bradykinin (BK) is another vaso- and neuroactive peptide 

which can be released upon tissue injury (Oza et al., 1990; Raidoo and Bhoola, 

1998). BK and related kinins are released when kallikrein hydrolyses the 

substrate kininogen (Regoli and Barabe, 1980) to cause endothelium-dependent 

vasodilation by nitric oxide (NO) (Busse et al., 1993) or contribute to the 

inflammatory pain by inhibition of Kv7 channels in nociceptive afferent fibres 
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(Dray and Perkins, 1993; Liu et al., 2010). However, there is no ideal vasodilator 

which is effective for every situation. When the endothelium is disrupted, BK can 

directly bind B2 receptor to induce Ca2+ signals via PLC cascade and lead to 

vasoconstriction (Yang et al., 1999). Recently, Zhang and colleagues showed 

that high doses of BK (10-10 to 10-5 mol/L) induced vascular contraction in 

haemorrhagic shock rats, which depends on the endothelium and myoendothelial 

gap junction (Zhang et al., 2015).  

 

As discussed and evidenced in Chapter 3 and 4, Kv7 channels are expressed in 

the vasculature with Kv7.4 and Kv7.5 being the dominant Kv7 subunits in rat 

cultured VSMCs. Inhibition of Kv7 channels is expected to depolarise the Em and 

induce the increase of [Ca2+]i in VSMCs, indicating Kv7 subunits play an essential 

role in microvascular physiology (Byron and Brueggemann, 2018). Functional 

Kv7 channels are present in human arteries, providing a potential target for both, 

the therapeutic action and unwanted side effects of pharmacological agents 

which affect Kv7 channel activity (Ng et al., 2011). Indeed, while targeting 

vascular Kv7 channels may be beneficial for control over vascular tone and heart 

rate, the presence of vascular Kv7 channels represents a problem for the 

treatment of other diseases, such as epilepsy and pain using activator drugs (e.g. 

retigabine and its successors). Even though the presence of the Kv7 channels in 

some human vasculature was reported, there is a lack of information concerning 

their role in Ca2+ homeostasis in IMA and SV SMCs. 

 

Differences in compressive forces and oxygen demand between the two cell 

types make it conceivable that the mechanisms regulating vascular tone within 

different blood vessel types may differ. The clinical use of AVP has increased 
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significantly in recent years (Yimin et al., 2013), but its use could cause 

vasospasm, which becomes a danger, for instance, when treating refractory 

vasodilatory shock during bypass surgery (Wei et al., 2002). On the other hand, 

retigabine, a Kv7 activator with anti-epileptic and analgesic properties (Stott et 

al., 2014; Rundfeldt, 1997), attenuated the basilar artery vasospasm in rats with 

subarachnoid haemorrhage (Mani et al., 2013). In this chapter, we identify the 

presence of Kv7 channels in human primary IMA and SV SMCs and demonstrate 

their role in the control of Ca2+ signalling therein. This work represents a vital step 

in translating the results from animal models into the possibility of targeting these 

channels for anti-vasospasm therapy in humans. 

 

5.2 Results 

5.2.1 Depolarisation-induced Ca2+ influx is mediated by VGCCs in 

human IMA and SV SMCs 

As demonstrated earlier, VSMCs expressed both L- and T-type VGCCs. We used 

L-type Ca2+ channel blocker, nifedipine and T-type Ca2+ channel blocker, NNC 

55-0396 to distinguish the separate contributions of both channel types to rises 

of [Ca2+]i evoked by depolarisation with high K+ buffer in cultured primary IMA 

and SV SMCs from human donors with coronary artery disease undergoing 

CABG  (see Methods). In Fura2 Ca2+ imaging experiments shown in Figure 5.1A 

and B, black traces show example responses of IMA and SV SMCs to 50 mM 

extracellular K+ buffer (produced by the equimolar substitution of NaCl with KCl), 

respectively. Depolarisation evoked transient rises of [Ca2+]i in both cell types. 

Interestingly, depolarisation with high-K+ caused significantly larger [Ca2+]i 
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elevation in SV SMCs, as compared to IMA SMCs (AUC: 16.84 ± 4.65, n=5 vs. 

27.26 ± 4.1, n=5, p<0.05; Figure 5.1C). 

 

Pre-treatment with nifedipine (2 μM) effectively suppressed the rises of [Ca2+]i in 

both IMA and SV SMCs (Figure 5.1D, E), indicating a significant role of L-type 

Ca2+ channels in both cell types. Nifedipine suppressed the AUC of high-K+-

induced [Ca2+]i transients in IMA and SV SMCs by 86.4 ± 13.1% (n=5) and 95.5 

± 2.0% (n=5), respectively. Pre-treatment with NNC 55-0396 (3 μM) also 

suppressed K+-induced rises of [Ca2+]i in both groups. Application of NNC 55-

0396 decreased the AUC of the high-K+-induced [Ca2+]i transients in IMA and SV 

SMCs by 82.1 ± 12.2% (n=5) and 88.2 ± 3.6% (n=5), respectively (Figure 5.1D, 

E). There was no significant difference in the degree of inhibition exerted by 

nifedipine and NNC 55-0396 in IMA cells; however, nifedipine was more 

efficacious than NNC 55-0396 in SV SMCs, as compared to IMA SMCs (AUC of 

high-K+ induced Ca2+ transients in the presence of nifedipine: 1.22 ± 0.51, n=5 

vs. 3.32 ± 1.53, n=5, in the presence of NNC 55-0396; p<0.05; Figure 5.1E). 

 

Cav1.2 L- and Cav3 T-type Ca2+ channels play essential roles in vasoconstriction 

in human VSMCs (Cribbs, 2006). To confirm the molecular identity of these 

channels in primary human SMCs, we performed endpoint and RT-PCR analyses 

in IMA and SV SMCs. We found that L-type (CACNA1C, CACNA1D) and T-type 

(CACNA1G, CACNA1H) VGCC subunits in both cell types (Figure 5.2A-D). The 

mRNA of CACNA1I only expressed in IMA SMCs (Figure 5.2A, B). CACNA1S 

and CACNA1F transcripts were not detectable (Figure 5.2B, D). CACNA1C 

(Cav1.2) L-type and CACNA1G (Cav3.1) T-type Ca2+ channel genes were the 

predominant subtypes in human IMA and SV SMCs (Figure 5.2A-D).  
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Figure 5.1 Contribution of L- and T-type Ca2+ channels to depolarisation-

induced Ca2+ transients in IMA and SV SMCs. (A-B) Representative 

example traces showing rises in [Ca2+]i evoked by depolarising cells with 50 

mM K+-containing buffer (the period indicated by the solid bar) in control 

conditions (black) or in the presence of L-type (nifedipine; 2 µM; blue) or T-type 

(NNC 55-0396; 3 μM; red) Ca2+ channel blockers (as indicated) in IMA (A) or 

SV (B) SMCs. (C-E) Bar graphs showing the mean AUC of the response to 50 

mM K+ buffer. Control group represented in panel C, and the presence of 

nifedipine or NNC 55-0396 in IMA (D) or SV (E) SMCs. In panels C-E data are 

presented as mean ± S.E.M.; Statistics performed using student’s t-test (C) and 

ANOVA with Sidak test (D, E), *P<0.05, ***P<0.001, ****P<0.0001 (n=5). 
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Figure 5.2 Differential expression of L- and T-type VGCCs genes in IMA 

and SV SMCs. (A) Agarose gels stained with SYBR safe to visualise the RT-

PCR products corresponding to L-type (CACNA1C, CACNA1D) and T-type 

(CACNA1G, CACNA1H, CACNA1I) VGCCs genes in IMA. (B) Quantification 

of RT-PCR results exemplified in panel A. (C) Agarose gels stained with SYBR 

safe to visualise the RT-PCR products corresponding to L-type (CACNA1C, 

CACNA1D) and T-type (CACNA1G, CACNA1H) VGCCs genes in SV. (D) 

Quantification of RT-PCR results exemplified in panel C. (E-G) Bar graphs 

summarising the mRNA expression of CACNA1C (E), CACNA1G (F), and 

CACNA1H (G) in IMA and SV SMCs. In panels B, D and E-G data are 

presented as mean ± S.E.M., normalised to that of a housekeeping gene, 

HPRT1; Statistics performed using ANOVA with Sidak test (B, D) and student’s 

t-test (E-G), *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001 (n≥3). 
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The mRNA levels of CACNA1C and CACNA1G were markedly higher in SV than 

in IMA, while no significant differences were found for CACNA1H (Figure 5.2E-

G). 

 

5.2.2 Functional Activity and Expression of Kv7 channels in IMA and 

SV SMCs 

Several studies showed that the application of a specific Kv7 channel inhibitor, 

XE991, inhibited the voltage-gated K+ current in vascular myocytes from rodent 

and human visceral artery (Yeung and Greenwood, 2005; Mackie et al., 2008; 

Lee et al., 2020). We also reported that XE991 (10 µM) induced the Ca2+ 

oscillations in rat aortic A7r5 cells (Chapter 3, 4). Application of XE991 (10 µM) 

caused a prominent [Ca2+]i transient in IMA (AUC: 89.49 ± 16.48, n=6; Figure 

5.3A) while responses in SV SMCs were small to no response (AUC: 6.01 ± 6.89, 

n=5; significantly different from IMA, p<0.0001; Figure 5.3B, C). In IMA, the 

change of [Ca2+]i was characterised as a rapid large-amplitude increase followed 

by a decline to a plateau value which was close to the basal level in IMA SMCs. 

 

Previous research demonstrated the expression of the Kv7 channels in human 

VSMCs (Mackie et al., 2008; Ng et al., 2011) with KCNQ1, KCNQ4 and KCNQ5 

being the major subunits (Greenwood and Ohya, 2009). To the best of our 

knowledge, there is no study relating to the expression of Kv7s in IMA and SV 

SMCs. In both cell types, we detected transcripts for KCNQ3, KCNQ4 and 

KCNQ5, with KCNQ5 being the most abundant (Figure 5.4A-D). Interestingly, 

there was no detectable expression of KCNQ1 or KCNQ2 in either cell type. The 

mRNA levels of KCNQ5 were markedly higher in IMA than in SV SMCs, while no 

significant differences were found for KCNQ3 and KCNQ4 (Figure 5.4E-G).  
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Figure 5.3 XE991 induces larger Ca2+ transients in IMA as compared to SV 

SMCs. (A-B) Representative example traces showing rises in [Ca2+]i evoked 

by XE991 (10 µM; the application period is indicated by the solid bar). (C) 

Comparison of Ca2+ signal response induced by XE991 between IMA and SV 

SMCs. In panel C data are presented as mean ± S.E.M.; Statistics performed 

using unpaired student’s t-test, ****P<0.0001 (n≥5). 
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Figure 5.4 Differential expression of KCNQ genes in IMA and SV SMCs. 

(A) Agarose gels stained with SYBR safe to visualise the RT-PCR products of 

KCNQ3, KCNQ4 and KCNQ5 in IMA SMCs. (B) Quantification of RT-PCR 

results exemplified in panel A. (C) Agarose gels stained with SYBR safe to 

visualise the RT-PCR products of KCNQ3, KCNQ4 and KCNQ5 in SV SMCs. 

(D) Quantification of RT-PCR results exemplified in panel C. (E-G) Bar graphs 

summarising the mRNA expression of KCNQ3 (E), KCNQ4 (F), and KCNQ5 

(G) in IMA and SV SMCs. In panels B, D and E-G data are presented as mean 

± S.E.M., normalised to that of a housekeeping gene, HPRT1; Statistics 

performed using ANOVA with Sidak test (B, D) and student’s t-test (E-G), 

*P<0.05, **P<0.01, ***P<0.001, ****P<0.0001 (n≥4). 
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5.2.3 Effects of AVP on [Ca2+]i in human IMA and SV SMCs 

AVP is a hormone with the prominent vasoconstrictor effect, which acts in the 

vasculature via V1AR receptor, which is coupled through Gq/11 to PLC, and their 

activation induces vasoconstriction via the elevation of [Ca2+]i (Henderson and 

Byron, 2007). Although the pathways leading to AVP-induced [Ca2+]i are 

complex, one component in the AVP signalling cascade is likely to include the 

PLC-mediated Kv7 channel inhibition, depolarisation and VGCCs activation, as 

discussed and evidenced in rat A7r5 cells in Chapters 3 and 4. Indeed, in many 

types of excitable cells, Gq/11-PLC signalling cascade can regulate the excitability 

via suppression of Kv7 channels, which are positively regulated by PIP2 and 

negatively regulated by Ca2+ and PKC (Mani et al., 2016; Mackie et al., 2008). 

We thus next tested how Kv7 channel activity affects AVP-induced Ca2+ 

signalling in human IMA and SV SMCs. 

 

In IMA, AVP (100 pM) caused a sharp increase in [Ca2+]i; however, there were 

no oscillations (AUC: 16.75 ± 8.53, n=4; Figure 5.5A). Depolarisation with the 

inhibition of Kv7s by XE991 caused larger [Ca2+]i elevation than that produced by 

AVP in IMA SMCs (Figure 5.5A; cf. Figure 5.3A). Retigabine applied 2 minutes 

before and during the administration of AVP almost completely abolished the 

AVP-induced increase of [Ca2+]i in human IMA SMCs. Either nifedipine or NNC 

55-0396 applied in a similar way also significantly reduced the [Ca2+]i transients 

(Figure 5.5A-C), with retigabine being the most efficacious of the three 

compounds tested (AUC: 1.55 ± 0.36, n=5; Figure 5.5C).  
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Figure 5.5 AVP-induced Ca2+ transients in IMA SMCs is reduced by Kv7 

activator, L- and T-type Ca2+ channel blockers. (A) Representative example 

traces showing rises in [Ca2+]i evoked by AVP (100 pM; the application period 

is indicated by the solid bar) in control conditions (black) or the presence of 

retigabine (10 μM; green), nifedipine (2 µM; blue) or NNC 55-0396 (3 μM; red), 

as indicated. Comparison of Ca2+ signal response induced by AVP and XE991 

in IMA SMCs summarised in the inset on the right. (B-C) Bar graphs showing 

the peak Ca2+ level (B) and mean AUC of the response (C) to AVP. In panels 

data are presented as mean ± S.E.M.; Statistics performed using unpaired 

student’s t-test (A) and ANOVA with Sidak test (B, C), **P<0.01, ***P<0.001, 

****P<0.0001 (n≥4). 
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In contrast, AVP (100 pM and 10 nM) failed to produce Ca2+ response in SV 

SMCs (Figure 5.6A, B). A higher concentration of AVP (300 nM) was needed to 

produce a Ca2+ transient in SV SMCs (AUC: 12.56 ± 6.99, n=5; Figure 5.6C). 

Addition of retigabine, nifedipine or NNC 55-0396 significantly reduced the [Ca2+]i 

transients in human SV SMCs (Figure 5.6C-E). 

 

There was no significant difference in the degree of inhibition of AVP-evoked 

response of [Ca2+]i between retigabine, nifedipine and NNC 55-0396 in either 

SMC type (Figure 5.5C, 5.6E, 5.7A), but retigabine exerted larger inhibition in 

IMA than that in SV (AUC of the AVP-induced Ca2+ transient in the presence of 

retigabine in IMA: 1.55 ± 0.36, n=5, vs. 2.91 ± 1.20, n=4 in SV; p<0.05; Figure 

5.7B). Although the degree of inhibition of nifedipine and NNC 55-0396 was 

somewhat different between IMA and SV, there was no statistically significant 

difference between the groups (Figure 5.7C, D). Collectively, our data indicate 

that Kv7 channels are functional in human IMA and SV SMCs, especially in the 

former type. Pharmacological activation of Kv7 channels can effectively halt AVP-

evoked Ca2+ signals in IMA SMCs and significantly reduce such signalling in SV 

SMCs. 

 

5.2.4 Effects of Bradykinin on [Ca2+]i in IMA SMCs 

Bradykinin (BK) is a potent vasoactive peptide which, similarly to AVP, acts upon 

Gq/11-coupled receptors (B1 and B2 BK receptors) (Regoli and Barabe, 1980) and 

one of its known effectors is the Kv7 channel (Liu et al., 2010). Moreover, Kv7 

channel activator, retigabine, was shown to offset the depolarising effect of BK in 

neurons (Linley et al., 2012). Having found a significant expression and function 
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Figure 5.6 AVP-induced Ca2+ transients in SV SMCs. (A-B) Representative 

example traces showing the concentration-dependent effect of AVP (100 pM; 

A and 10 nM; B) in SV SMCs. (C) Representative example traces showing rises 

in [Ca2+]i evoked by AVP (300 nM; the application period is indicated by the 

solid bar) in control conditions (black) or the presence of retigabine (10 μM; 

green), nifedipine (2 µM; blue) or NNC 55-0396 (3 μM; red), as indicated. (D-

E) Bar graphs showing the peak Ca2+ level (D) and mean AUC of the response 

(E) to AVP. In panels D-E data are presented as mean ± S.E.M.; Statistics 

performed using ANOVA with Sidak test, *P<0.05, **P<0.01, ***P<0.001 (n≥4). 

  



165 
 

 

Figure 5.7 The effect of Kv7 activator, L- and T-type Ca2+ channel blockers 

on AVP-induced Ca2+ transients in IMA and SV SMCs. (A-D) Bar graphs 

showing the mean AUC of the response to AVP (100 pM in IMA, 300 nM in SV; 

A), after preapplication of retigabine (10 μM; B), nifedipine (2 µM; C) or NNC 

55-0396 (3 μM; D). In panels A-D data are presented as mean ± S.E.M.; 

Statistics performed using paired/unpaired student’s t-test, *P<0.05 (n≥4). 
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of Kv7 channels in primary human IMA and SV SMCs, their possible role in the 

modulation of BK-induced [Ca2+]i responses were then investigated. 

 

In the presence of extracellular Ca2+, exposure of IMA SMCs to BK (250 nM) 

evoked a rapid transient rise of [Ca2+]i followed by a slow decline (Figure 5.8A). 

We hypothesised that as in the case of AVP, this [Ca2+]i transient may arise from 

i) IP3-mediated ER Ca2+ release; ii) depolarisation-induced Ca2+ influx via VGCCs 

(Choi and Hwang, 2018). Furthermore, since BK inhibits Kv7 channels in neurons 

(Liu et al., 2010; Linley et al., 2008; Delmas and Brown, 2005; Gamper et al., 

2004), it is logical to propose that a BK-induced Kv7 channel inhibition would be 

a major factor in the BK-induced depolarisation. In the next series of experiments, 

we investigated this potential mechanism. First, we tested the effect of retigabine 

on BK-induced [Ca2+]i transients. Two minutes of pretreatment with retigabine (10 

μM) followed by application of BK (250 nM) substantially decreased the [Ca2+]i 

transient by about a half in IMA SMCs (AUC: 69.49 ± 18.15, n=5 to 36.06 ± 8.21, 

n=5, p<0.05; Figure 5.8A, B, E, F). BK-triggered [Ca2+]i increase was also 

attenuated upon pretreatment of the L-type Ca2+ channel inhibitor, nifedipine 

(Figure 5.8C, E, F), but T-type Ca2+ channel inhibitor, NNC 55-0396 did not 

produce a significant effect in IMA SMCs (Figure 5.8D-F). Nifedipine significantly 

reduced the peak amplitude of Ca2+ transient, but the effect on AUC did not reach 

significance (AUC: 69.49 ± 18.15, n=5 vs. 60.71 ± 8.24 by nifedipine, n=5; Figure 

5.8F). Only retigabine significantly attenuated both the peak amplitude of the BK-

induced Ca2+ transient and AUC in IMA SMCs (Figure 5.8E, F). 
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Figure 5.8 Retigabine attenuates BK-evoked Ca2+ transients in IMA SMCs. 

(A-D) Representative example traces showing rises in [Ca2+]i induced by 

bradykinin (250 nM) in control conditions (A), in cells pretreated with retigabine 

(10 μM; B), nifedipine (2 µM; C) or NNC 55-0396 (3 μM; D), as indicated. (E-F) 

Bar graphs summarising the effects of retigabine, nifedipine or NNC 55-0396 

on the peak Ca2+ level (E) and mean AUC (F) induced by BK. In panels E-F 

data are presented as mean ± S.E.M.; Statistics performed using ANOVA with 

Sidak test, n.s., not significant, *P<0.05, **P<0.01, ***P<0.001 (n=5). 
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Next, we performed FluoVolt imaging to investigate whether BK-induced increase 

of [Ca2+]i via the change of Em in IMA SMCs. BK (250 nM) evoked a rise in 

fluorescence, indicating the sustained depolarisation in IMA SMCs (Figure 5.9A). 

In contrast, the application of retigabine produced a decrease of FluoVolt 

fluorescence, indicative of hyperpolarisation. In the continuous presence of 

retigabine, BK was no longer able to depolarise the Em (Figure 5.9B, C). Our 

findings indicate that the BK-induced depolarisation is likely due to the BK-

induced inhibition of Kv7 channels. Therefore, a substantial component of the 

BK‐mediated Ca2+ signalling is related to the VGCCs-mediated extracellular Ca2+ 

entry, which can be modulated with Kv7 activators in IMA SMCs. 

 

5.2.5 Effects of Bradykinin on [Ca2+]i in SV SMCs 

We then analysed the effect of BK (250 nM) in SV SMCs. Similar to IMA SMCs, 

BK induced a prominent rise of [Ca2+]i, followed by a steady decline in SV SMCs 

(Figure 5.10A). However, the amplitude of BK-induced [Ca2+]i transients in SV 

SMCs was significantly smaller than those in IMA (AUC: 69.49 ± 18.15, n=5 to 

26.33 ± 8.72, n=6, p<0.01; Figure 5.10A). Interestingly, in contrast to the inhibiting 

effect of retigabine and nifedipine in IMA SMCs, the transient increase in [Ca2+]i 

was not prevented by either drug, if anything, slightly higher transients were 

observed in SV SMCs (Figure 5.10B, C, E, F). NNC 55-0396 had no significant 

effect on the peak BK response and AUC of BK-induced [Ca2+]i transients in SV 

SMCs (Figure 5.10D, E, F). 
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Figure 5.9 Bradykinin depolarises IMA SMCs, an effect opposed by the  

Kv7 channel potentiation. (A-B) Representative example traces showing the 

change of FluoVolt membrane potential recording (measured as F/F0) during 

application of BK (250 nM), either alone (A) or after pre-application and still in 

the presence of retigabine (10 µM; B). The periods of drug application are 

indicated by horizontal bars. (C) Bar graph showing the percentage change in 

FuoVolt fluorescence in response to BK, retigabine and retigabine with BK. BK 

controls (grey bar) were performed on one group of cells, and the retigabine 

with subsequent application of BK (blue and purple bars, respectively) were 

performed on an independent group of cells. In panel C data are presented as 

mean ± S.E.M.; Statistics performed using ANOVA with Sidak test, *P<0.05, 

***P<0.001 (n≥4). 
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Figure 5.10 Retigabine does not attenuate BK-evoked Ca2+ transients in 

SV SMCs. (A-D) Representative example traces showing rises in [Ca2+]i 

induced by BK (250 nM) in control conditions (the effects of BK in IMA and SV; 

summarised in the inset on the right) (A), after preapplication of retigabine (10 

μM; B), nifedipine (2 µM; C) or NNC 55-0396 (3 μM; D), as indicated. (E-F) Bar 

graphs summarising the effects of retigabine, nifedipine or NNC 55-0396 on 

the peak Ca2+ level (E) and mean AUC (F) induced by BK. In panels E-F data 

are presented as mean ± S.E.M.; Statistics performed using ANOVA with Sidak 

test, n.s., not significant, *P<0.05, **P<0.01 (n≥5). 
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To further determine the association between Kv7 channels and BK‐mediated 

Ca2+ signalling in SV SMCs, Em was investigated in cells loaded with FluoVolt 

indicator. BK (250 nM) increased in fluorescence, consistent with Em 

depolarisation in SV SMCs (Figure 5.11A). There was a steady rise in 

fluorescence during the BK application with partial recovery upon the washout. 

Interestingly, this depolarising effect of BK was not prevented in cells pretreated 

with retigabine (10 µM; Figure 5.11B). Retigabine did not produce a significant 

decrease of Em in SV SMCs exposed to BK (Figure 5.11C). In line with the 

FluoVolt and mRNA expression data, the BK-induced Ca2+ signalling was 

reduced by the pretreatment of retigabine in IMA (Figure 5.8F), but not in SV 

SMCs (Figure 5.10F), suggesting that Kv7 channels are functionally active in IMA 

but much less so in SV SMCs. 

 

Interestingly, while BK still induced depolarisation in SV SMCs (which was not 

significantly different from that observed in IMA SMCs), the BK-induced Ca2+ 

transients induced by this agonist in SV SMCs were much smaller in amplitude, 

as compared to these in IMA and were not prevented by the VGCC blockers 

(Figure 5.10), suggesting that these perhaps are formed by the Ca2+ release from 

the ER (although the contribution of other sources, such as CRAC or TRP 

channels cannot be excluded). The reason why VGCCs do not engage with the 

BK-induced depolarisation in SV at the moment are unknown and require further 

investigation. One potential mechanism could be in the lack of co-localisation of 

BK receptors and VGCCs in SV, as was found to be the case in sensory neurons 

(Jin et al., 2013). 
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Figure 5.11 Limited effects of retigabine on BK-evoked depolarisation in 

SV SMCs. (A-B) Representative example traces showing the change of 

FluoVolt membrane potential recording (measured as F/F0) during application 

of BK (250 nM) in control conditions (A) and after the preapplication of 

retigabine (10 µM; B), the periods indicated by horizontal bars. (C) Bar graph 

showing the percentage change in membrane potential to BK and the presence 

of retigabine. In panel C data are presented as mean ± S.E.M.; Statistics 

performed using unpaired student’s t-test  (n≥4). 
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5.3 Discussion 

The present results identify Kv7 channels as an essential mechanism controlling 

Ca2+ homeostasis in human VSMCs and reveal several important differences 

between arterial and venous SMCs in this regard. First, we show that Kv7 

channel inhibitor, XE991, induced a substantial increase of [Ca2+]i in IMA but only 

negligible Ca2+ transients in SV SMCs, suggesting the tonic Kv7 channel activity 

plays a stronger role in limiting VGCC activity at resting conditions in IMA as 

compared to SV SMCs. These findings correlate well with a much higher level of 

expression of Kv7s in IMA as compared to SV SMCs. 

 

Previous studies have shown that mRNA for Kcnq1, 4 and 5 are readily 

detectable in rat mesenteric artery smooth muscles and mice portal vein (Mackie 

et al., 2008; Yeung et al., 2007). We showed that Kcnq1, 4 and 5 are expressed 

in rat A7r5 cells (Chapter 3). Less information on KCNQ gene expression is 

available in human vasculature. KCNQ4 was consistently found in mesenteric 

arteries with variable KCNQ1, 3 and 5 expression, while KCNQ2 was also 

undetectable (Ng et al., 2011). Kv7.1 and Kv7.5 distributed in the human carotid 

artery and subclavian vein (Oliveras et al., 2014). To our knowledge, there is no 

data on KCNQ gene expression for human IMA and SV SMCs in current 

literature. The analysis of mRNA expression revealed transcripts for KCNQ3, 

KCNQ4 and KCNQ5, but not KCNQ1 or KCNQ2, with KCNQ5 being the most 

abundant in both IMA and SV SMCs, but the level of all transcripts was about an 

order of magnitude lower in SV. 

 

Our measurements of Em using FluoVolt show that the activation of Kv7 channels 

with retigabine attenuated the BK-induced depolarisation in IMA, but not SV 
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SMCs. This is well-correlated with higher expression of KCNQ5 in IMA than in 

SV SMCs. Accordingly, IMA SMCs are more reactive to Kv7 channel modulators 

than SV SMCs. It also could explain why retigabine has a limited effect on BK-

induced Ca2+ transient in SV SMCs. The data obtained here in two primary 

human VSM cell types give a clear example of differential functional expression 

of Kv7 channels in SMCs of different blood vessel types. 

 

Second, we observed that SV SMCs respond to the depolarisation with high 

extracellular K+ buffer with much larger [Ca2+]i transients than IMA SMCs. This 

correlated with higher expression levels of CACNA1C and CACNA1G in SV vs. 

IMA SMCs, an observation that could potentially explain higher Ca2+ transients 

in the SV. Even though the expression of KCNQ genes was lower in the latter 

cell type (as compared to IMA), there are other K+ channels which contribute to 

high-K+-induced depolarisation in SMCs, and if VGCCs are expressed at the 

higher levels in SV, this would explain larger Ca2+ influx. It has to be noted that 

either L- or T-type VGCC inhibitor attenuated the high-K+-induced Ca2+ transients 

in IMA and SV SMCs to a similar degree. 

 

Earlier, we identified that hypoxia decreased the expression of Kcnq5 and 

increased the expression of Cana1h in rat aortic A7r5 cells (Chapter 4). Human 

SV SMCs experience lower pressure and oxygen levels than IMA SMCs within 

the body and, in broad agreement with this, SV-derived cells expressed less 

KCNQ transcripts and more of the VGCC-encoding genes. IMA and SV grafts 

have been performed in CABG surgery to treat atherosclerotic coronary artery 

disease. The predictor of long-term graft patency is the initial patency at one week 

after bypass surgery. SV grafts have higher closure rates than IMA grafts, 
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resulting frequently in angina, myocardial infarction, and heart failure (Goldman 

et al., 2004). The mechanisms for graft failure include thrombotic closure, 

neointimal hyperplasia, fibrosis, and the proliferation of SMCs (Guragai et al., 

2017). Recently, impaired Kv7 channel activity has been found in renal, 

mesenteric, and coronary arteries from hypertensive rodent models (Jepps et al., 

2011). The definitive mechanisms of graft failure remain challenging, and further 

studies are needed. Our results would indicate that the characteristics of the 

lower Kv7 channels activity and higher VGCCs expression in SV than IMA may 

be related to the patency via the modulation of Ca2+ signalling. 

 

Third, IMA SMCs exhibited higher Kv7 channel activity compared with SV SMCs: 

XE991 did not induce a strong Ca2+ response in SV (as opposed to IMA) cells, 

suggesting low tonic activity of Kv7 in SV SMCs. Consistent with this, Kv7 

activator, retigabine strongly suppressed GPCR-induced [Ca2+]i transients in IMA 

but was much less efficacious in SV SMCs. Responses to BK were not reduced 

by retigabine in SV and responses to AVP were reduced, but to a lesser degree, 

as compared to IMA. In addition, compared to IMA SMCs, SV SMCs responded 

to much higher concentrations of AVP, which suggests either a lower density or 

sensitivity of AVP receptors in SV SMCs or weaker downstream signalling 

cascade; the latter is consistent with lower expression of Kv7s.  

 

Fourth, there are marked differences in BK responses to IMA and SV SMCs. BK 

is a well-known inflammatory mediator that can cause acute pain and 

bronchoconstriction. Amongst its signalling mechanisms is the triggering the 

release of intracellular Ca2+ and the inhibition of Kv7 currents (Liu et al., 2010). 

Retigabine reduced the BK-induced [Ca2+]i transients by about a half in IMA 
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SMCs, whereas nifedipine and NNC 55-0396 had no significant effect (Figure 

5.8F). In contrast, in SV SMCs, neither of the drugs significantly reduced the BK-

induced [Ca2+]i transients with retigabine and nifedipine, producing some 

enhancement instead. The reason why nifedipine and retigabine produce an 

increase in BK-mediated Ca2+ transients in SV SMCs still require further 

investigation. 

 

There are also marked differences in the Ca2+ responses induced by AVP and 

BK. In IMA SMCs, the AVP-induced [Ca2+]i transients almost entirely depended 

on Ca2+ influx via VGCCs and were nearly abolished by either the VGCC 

inhibitors or retigabine-induced hyperpolarisation, while the BK-induced [Ca2+]i 

raises had a mixed origin (that is, VGCC-dependent and VGCC-independent, 

both component amounting to about a half of the total [Ca2+]i transient; Figure 

5.8A, B, F). In SV SMCs, the AVP-induced [Ca2+]i transients had mixed origin 

(VGCC-dependent and VGCC-independent), while the BK-induced [Ca2+]i 

responses were almost entirely VGCC-independent. These physiological effects 

are likely to result from different Ca2+ signalling pathway in these two types of 

cells. Thus, the L-type Ca2+ channel blocker, nifedipine, did not significantly alter 

BK-induced effects in cultured human airway SMCs (Liu et al., 2007). Previous 

reports showed BK-induced Ca2+ signalling is dependent on the release of Ca2+ 

from IP3-sensitive Ca2+ stores via activation of PLC, Ca2+-induced Ca2+ release 

and/or the influx of extracellular Ca2+ through SOCE channel and also TRPC 

channels (Couture et al., 2001; Szteyn et al., 2015; Liu et al., 2010; Li et al., 

2018). Some reports also showed that BK could stimulate L- and T-type VGCCs 

currents in heart cells (El-Bizri et al., 2003). Nonetheless, the molecular identities 
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of BK-mediated Ca2+ signalling pathways, especially in human VSMCs, are not 

yet fully understood. 

 

AVP is released in response to stress or vasodilatory shock, and its main effect 

in the vasculature is vasoconstriction (Barrett et al., 2007). BK has a biphasic 

effect of inducing vasoconstriction at higher concentrations (≥10-10 mol/L) and 

vasodilation with lower concentrations (≤10-12 mol/L) (Regoli and Barabe, 1980; 

Bhoola et al., 1992). The role and mechanisms that BK-induced vasodilation is 

related to the release of NO, prostacyclin, and endothelium-derived 

hyperpolarising factors (Murphey et al., 2003). However, the mechanisms of 

vasoconstrictive action of high concentrations of BK are not fully understood 

(Zhang et al., 2015). Also, BK inhibits the Kv7-mediated currents, which results 

in the activation of VGCC-mediated Ca2+ influx coupled or uncoupled to Ca2+-

activated Cl- current (Liu et al., 2010; Choi and Hwang, 2018). Both mobilisation 

of intracellular Ca2+ and influx of extracellular Ca2+ have been implicated in AVP- 

and BK-induced elevation of [Ca2+]i, but the relative contribution of both 

mechanisms may be different in various cell types (Yang et al., 1999).  

 

A marked difference may exist in the coupling of the BK and AVP receptors to 

the Ca2+ signalling cascades in the IMA and SV SMCs. Both BK and AVP 

receptors in the VSMCs are coupled to Gq/11 and PLC, but it appears that BK 

receptors are coupled to ER Ca2+ release much better than the AVP receptors. 

One example of a similar dichotomy could be found in Gq/11 GPCR signalling in 

sympathetic neurons. Indeed, it is well demonstrated that among the four major 

Gq/11-coupled receptors in sympathetic neurons: muscarinic M1, bradykinin B2, 

angiotensin AT1 and purinergic P2Y receptors, stimulation of neither the M1 nor 
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AT1 receptors provoke IP3-mediated [Ca2+]i rises, whereas the B2 and P2Y 

receptors do. Nevertheless, stimulation of all four receptors induces robust PIP2 

hydrolysis (reviewed in (Hernandez et al., 2008; Gamper and Rohacs, 2012)). 

The difference in the ability to produce Ca2+ release could be due to the different 

microdomain localisation of the individual GPCR types and the proximity to the 

ER. However, this limitation would not affect the conclusion that Kv7 channels 

are essential in controlling Ca2+ signalling in human VSMCs. 

 

Regardless of the specifics of the signalling cascades of individual GPCR in 

VSMs, our findings provide several vital conclusions: i) functional Kv7 channels 

are expressed in human VSMCs; ii) Kv7 channels would likely have much 

stronger control over arterial tone as compared to venous due to the higher 

expression of KCNQ5 in the former cell type; iii) Kv7 channel activators would 

likely to have better efficacy in preventing vasospasm of arteries as compared to 

veins during surgical procedures. 

 

5.4 Summary 

⚫ AVP and XE991 induced a large increase of [Ca2+]i in primary human IMA 

SMCs. 

⚫ Kv7.5 mRNA transcript is the predominant Kv7 subunit in human IMA and SV 

SMCs. 

⚫ Retigabine effectively attenuated the Ca2+ transients induced in human 

arterial SMCs by AVP or BK. 
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Chapter 6  

 

Conclusions 

6.1 Principle findings 

As discussed in the general introduction, Kv7 channels produce an outward K+ 

current with characteristics that enable them to serve as powerful brakes against 

the excitation. Retigabine and its analogue, flupirtine, have been used clinically 

against some neuronal excitability disorders, such as epilepsy and pain (Yeung 

et al., 2007). Moreover, in rats with subarachnoid haemorrhage, retigabine 

attenuated the vasospasm in the basilar artery (Mani et al., 2013). These and 

other findings discussed in the introduction strongly suggest that Kv7 channels 

have physiological roles in regulating vascular tone and vasoconstriction (Mackie 

and Byron, 2008; Greenwood and Ohya, 2009; Ng et al., 2011). Yet, hitherto little 

is known about the roles of Kv7 channels in the regulation of [Ca2+]i in SMCs. 

Ca2+ homeostasis is essential for the normal functioning of cells, and the 

mishandling of Ca2+ signalling has been suggested to result in vasoconstriction 

and proliferation in VSMCs. Until now, L-type VGCCs remain the primary targets 

of the Ca2+ channel blockers to treat cardiovascular diseases (Catterall et al., 

2003), while T-type VGCC’s role is also increasingly recognised (Cribbs, 2006). 

Better understanding the mechanisms of controlling [Ca2+]i in the vasculature 

could potentially identify the novel treatment for cardiovascular diseases, even to 

pulmonary hypertension. Hence this thesis was undertaken to investigate the role 

of Kv7 channels on aspects of Ca2+ homeostasis in VSMCs. 
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In Chapter 3, we identified that direct (XE991) or GPCR-mediated (AVP) Kv7 

channel inhibition triggers Ca2+ oscillations in rat A7r5 cells through L- and T-type 

VGCCs. These oscillations correlated well with Em spikes and, hence, most likely 

reflect VGCC activation during action potential generation. We further identified 

Kv7.5 as a major Kv7 channel subunit in A7r5 cells: it has the highest mRNA and 

protein expression levels among all Kv7 channels tested. In addition, our recent 

electrophysiological experiments indicated low XE991 sensitivity of endogenous 

Kv7 channels in A7r5 cells (Tsai et al., 2020), which also points to Kv7.5, as this 

subunit has ~50 times lower XE991 sensitivity as compared to other Kv7 subunits 

(Schroeder et al., 2000; Wang et al., 2000; Søgaard et al., 2001). These findings 

identify that Kv7.5 is a potential target for Ca2+ modulation in VSMCs. We also 

discovered that the PLC-IP3 signalling pathway is necessary for AVP- but not 

XE991-mediated Kv7 inhibition in A7r5 cells. Finally, we obtained some evidence 

that ER Ca2+ channels (IP3Rs and RyRs) do contribute to AVP-mediated Ca2+ 

signalling in A7r5 cells. These findings are summarised in Figure 6.1. 

 

In Chapter 4, we investigated the role of Kv7 channels in responses of the Ca2+ 

homeostasis to hypoxia. We found that hypoxic conditions resulted in the marked 

downregulation of Kv7.5 in A7r5 cells, an effect most likely mediated by HIF-1α. 

Yet, despite of the decreased abundance, Kv7 channel activity still influenced 

Ca2+ signalling in hypoxic rat A7r5 cells. Kv7 channel inhibition induced prolonged 

Ca2+ oscillation that lasted for much longer than in control cells. Retigabine still 

effectively attenuated the XE991 or AVP-induced repetitive Ca2+ oscillation in 

hypoxic cells. Hypoxia also resulted in marked upregulation of the Cav3.2 T-type 

Ca2+ channel, an effect likely mediated by HIF-2α.  
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Figure 6.1 Schematic representation of the functional Kv7 role in the 

regulation of Ca2+ signalling in VSMCs. Direct (XE991) and GPCR-mediated 

(AVP) Kv7 channel inhibition increase the [Ca2+]i via depolarisation to open 

both L- and T-type Ca2+ channels to generate Ca2+ oscillations. AVP can 

activate the V1A receptor to stimulate the PLC-IP3 pathway and inhibit Kv7 

channels by a combination of PIP2 depletion, PKC activation and ER Ca2+ 

release. 

 

AVP: vasopressin; DAG: diacylglycerol; G: G protein-coupled receptor; IP3: 

inositol 1,4,5-trisphosphate; IP3R: inositol 1,4,5-trisphosphate receptor; PIP2: 

phosphatidylinositol 4,5-bisphosphate; PLC: phospholipase C; PKC: protein 

kinase C; RyR: ryanodine receptor; VGCC: voltage-gated Ca2+ channel; V1A: 

vasopressin receptor 1A; 2-APB: 2-Aminoethyl diphenylborinate  
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Inhibition of IP3Rs and RyRs reduced the AVP-induced enhancement [Ca2+]i in 

the hypoxic cells as well, however, the effects were reduced compared to these 

in the normoxic controls, potentially suggesting lower Ca2+ load of the ER. Yet, 

the later results should be treated with caution due to the potential non-specific 

effects of ER Ca2+ channel inhibitors.  

 

Finally, in Chapter 5, we investigated the physiological role of Kv7 channels in 

regulating [Ca2+]i in primary human IMA and SV SMCs. The high expression and 

function of Kv7 channels critically determine the potency of the crucial regulator 

of [Ca2+]i in IMA SMCs. As in the case of A7r5 cells, human VSMCs also 

displayed the highest levels of Kv7.5 among five Kv7 subunits, as well as the 

presence of L- and T-type VGCCs. Importantly, retigabine was found to be more 

efficacious than Ca2+ channels blockers to inhibit Ca2+ transients in IMA SMCs. 

T-type Ca2+ channels are expressed at higher levels in SV, as compared to IMA 

SMCs. The regional differences in O2 demand may be responsible for different 

gene expressions of Kv7s and T-type Ca2+ channels to account for distinct Ca2+ 

signalling in different cell types. 

 

6.2 Summary and clinical relevance 

Membrane potential shift driven by electrical activity is critical for cell proliferation 

and differentiation. The ion channels, especially Kv7/KCNQ potassium channels, 

have been reported to regulate resting Em in neurons and various blood vessels 

(Zhou et al., 2016; Greenwood and Ohya, 2009; Joshi et al., 2009; Ng et al., 

2011; Mackie et al., 2008). However, the role of Kv7 channels on [Ca2+]i in 

VSMCs is not well studied. The data presented in this thesis indicate that Kv7 
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channels may have important clinical implications in cardiovascular diseases. 

Retigabine or its more selective successors could have a potential in the 

containment of the AVP-related perioperative vasospasm, hypoxia-enhanced 

voltage-gated Ca2+ influx and vasoconstriction, as well as SCMs proliferation 

(Platoshyn et al., 2000). In the present study, we use both rat and human VSMCs 

to study the role and mechanism of Kv7s in [Ca2+]i regulation. XE991 (direct) or 

Gαq/11 receptor-mediated inhibition (AVP; indirect) leads to Em depolarisation and 

promote Ca2+ oscillations via both L- and T-type VGCCs. The Kv7/Ca2+ channel 

signalling complex provides an important mechanism in regulating [Ca2+]i in 

VSMCs. This feedback mechanism is evident from observations that the 

downregulation of Kv7.5 and upregulation of Cav3.2 T-type Ca2+ channels may 

be involved in the membrane-depolarisation-induced Ca2+ oscillations during 

hypoxia. The T-type Ca2+ channel is an important mediator of VSMC proliferation 

(Cribbs, 2006) and the new Cav3.x blocker (NNC 55-0396) was reported to be 

more selective (Huang et al., 2004) to have antiangiogenic activity (Kim et al., 

2015). Reduced Kv currents, decreased Em (depolarisation), and elevated [Ca2+]i 

play a critical role in stimulating the proliferation of VSMCs and inducing PAH 

(Platoshyn et al., 2000). The activity of T-VGCCs is dependent on the resting Em. 

Therefore, the ability of retigabine to restore the Em and inactivate VGCCs could 

have beneficial effects over and above those of Ca2+ channel blockers. Kv7 

activators would not only inhibit Ca2+ influx but also restore the electrical driving 

force for a range of ions that cross the cell membrane (Sedivy et al., 2015). 

 

HIF transcription factors affect the ion channels expression and cellular response 

to hypoxia (Semenza, 2001; Hu et al., 2003; Hirota, 2020). We show that HIF-2α 

appears to regulate Cav3.2 T-type Ca2+ channel in hypoxic A7r5 cells while HIF-
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1α was likely responsible for downregulation of Kv7.5. Recently, pharmacological 

inhibition of HIF-2α was reported as a possible novel therapeutic strategy for the 

treatment of vascular remodelling and right heart failure in patients with PAH (Dai 

et al., 2018). An understanding of the exact mechanism of both Kv7 and Cav3 

channels by the HIF signalling pathway in SMCs is required in order to support 

the development of a therapy tailored to this endogenous pathway. Direct 

targeting of Kv7 and/or VGCC is also a viable strategy to normalise VSMC’s 

activity in various pathological conditions, even when Kv7 expression is reduced 

(as evidenced by efficacy of retigabine to attenuate Ca2+ oscillations in hypoxic 

VSMCs). Moreover, it is conceivable that a single molecule could be developed 

which could simultaneously act as a Kv7 channel opener and T-type Ca2+ 

channel blocker. Thus, Kv7 channels are activated (Gao et al., 2017; Eid and 

Gurney, 2018), and T-type Ca2+ channels are inhibited by zinc (Huang et al., 

2020; Traboulsie et al., 2007); there is also a similar pattern in the sensitivity of 

both channel types to ROS (Huang et al., 2016; Gamper et al., 2006). Hence 

there is appeared to be scope for tailoring pharmacology for simultaneous co-

modulation of both channels in VSMCs. 

 

6.3 Further work 

All of the points mentioned above are fascinating and point to the use of Kv7 

activators to normalise VSMC’s function. Using these important findings as a 

basis for future studies may certainly offer potential pathways for therapeutic 

intervention. In terms of the direction for future work, it may be worthwhile to 

perform knock-out or knockdown of Kv7.5 in VSMCs and evaluate how would this 

impact AVP-induced Ca2+ signalling or effects of hypoxia. 
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The use of whole-cell patch-clamp electrophysiological recordings would provide 

further information about specific Kv7 or T-type VGCCs protein expression on the 

inhibition of Kv7s induced [Ca2+]i and VGCC activity. The inclusion of 

electrophysiology data demonstrating the effect of Kv7s on VGCC activity in 

normoxic and hypoxic environments would allow a more definitive conclusion to 

be drawn. In addition, the availability of novel, more specific, Kv7 activators, e.g. 

GoSlo-SR compounds, will aid the verification of Kv7.4/7.5 effects in subsequent 

investigations (Zavaritskaya et al., 2020). 

 

The limited data shown here regarding the potential involvement of HIF signalling 

on the activity of Kv7s and VGCCs warrants further investigation. While 

numerous hypoxia and HIF signalling studies have been performed, we still have 

little understanding of the differential roles that each HIFα protein plays. Relative 

to HIF-1α, there are not many studies related to HIF-2α in cardiovascular 

disorders (reviewed in (Lee et al., 2019)). Recent studies indicate that Ca2+ plays 

a key role in the hypoxic cellular response, and an increase of [Ca2+]i was 

observed at least in part via the increase of T-type Ca2+ channels activity during 

hypoxia (Seta et al., 2004; Wan et al., 2013); therefore, exploration of the HIF 

transcription signalling pathway and their correlation between Kv7s and Ca2+ 

channels during hypoxia may help to elucidate the exact mechanism of Ca2+ 

modulation. 

 

Finally, in this study, we reveal the importance of the Kv7s in the tight control of 

[Ca2+]i using indirect inhibition via GPCRs ligands, AVP and BK. These ligands 

trigger Gq/11-PLC signalling cascade to inhibit Kv7 in multiple cell types (Liu et al., 

2010; Yang et al., 1999; Mackie et al., 2008). Yet, there is another signalling 
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cascade associated with these GPCR: RhoA-mediated ROCK activation. This 

signalling cascade is known to be important in cardiovascular physiology (Loirand 

et al., 2006). It has been shown that hypoxia alters the expression and/or activity 

of RhoA/ROCK proteins and HIF-1α. (Turcotte et al., 2003). A recent report has 

demonstrated the inhibition of the RhoA/ROCK signalling pathway ameliorates 

hypoxic pulmonary hypertension via HIF-1α-dependent upregulation of TRPCs 

(Wang et al., 2019). However, the possible interaction between RhoA/ROCK and 

HIFα in VSMCs, and their roles in the regulation of Kv7 channels have not been 

studied in the present thesis. Therefore, the use of the Rho inhibitor (e.g. C3 

transferase) and the ROCK inhibitor (e.g. fasudil) are the pertinent experiments 

to explore the role of RhoA/ROCK signalling (Gonzalez-Rodriguez et al., 2015). 

These studies will advance our current understanding of how Kv7 channels are 

regulated, how hypoxia regulates ion channel activity, and how Ca2+ overload is 

controlled in VSMCs. 

 

6.4 Conclusion 

Kv7.5 has tight control over the VGCCs activity and Ca2+ homeostasis in rat and 

human VSMCs. As regenerative activation of VGCCs in response to Em 

depolarisation could cause excessive Ca2+ influx and inappropriate vasospasm, 

direct activation in response to myogenic depolarisation or be sensitive to 

extrinsic factors that modulate the myogenic response suggest that Kv7 channels 

may have precise control of this important physiological mechanism. Moreover, 

Kv7 channel activators may have the therapeutic advantage over the VGCC 

blockers as the former would not directly block excitation-contraction coupling. 

Our research provides a new perspective for understanding [Ca2+]i as well as 

Kv7/KCNQ channel function in the vasculature. We also suggest Kv7.5 as a 
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target for the therapeutic control of vascular tone in cardiovascular diseases and 

hypoxia. 
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