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Abstract  
 

Background: The vascular endothelium regulates arterial diameter, and thus blood flow and 

pressure, through release of diffusible factors such as nitric oxide (NO), and spread of electrical 

charge to smooth muscle cells via myoendothelial gap junctions (MEGJs). Activation of these 

pathways is mediated by a rise in endothelial Ca2+ levels leading to recruitment of downstream 

effectors. Two of the most important effectors are NO synthase, and Ca2+ activated K+ (KCa) 

channels which mediate hyperpolarization of the endothelial cell membrane potential. This 

hyperpolarization spreads to surrounding smooth muscle cells to limit contraction by reducing the 

open probability of voltage-operated Ca2+ channels. The majority of research in this area has 

focused on activation of these mechanisms by stimuli acting directly on endothelial cells leading 

to the idea that KCa channels and NO mediate distinct pathways for vasodilation. However, our 

lab has shown that in resistance arteries stimulation of smooth muscle cells by α1-adrenoceptor 

agonists activates the converse signaling pathway, termed myoendothelial feedback. Briefly, flux 

of inositol trisphosphate (InsP3) from smooth muscle to endothelial cells elicits localized increases 

in Ca2+, activation of intermediate conductance (IKCa) KCa channels located at MEGJs and 

production of NO. Elucidation of the myoendothelial feedback pathway indicates that the role of 

endothelial KCa channels and NO in modulating vasoconstriction may depend on the contractile 

stimulus, and rather than being independent, these vasorelaxant pathways may interact. Further 

support for this proposal comes from studies showing that blockers of endothelial small (SKCa) 

and IKCa channels inhibit vasorelaxation mediated by endothelium-derived NO, and activators of 

endothelial KCa channels can elicit vasodilation that is blocked by inhibitors of NO signaling. 

 My over-arching goal has been to further explore the functional role of SKCa and IKCa 

channels in regulating resistance artery diameter, and investigate potential interactions between 



 
 

iii 

KCa channels and NO in mediating vasodilation. To this end, I have addressed three hypotheses:  

1. The functional contribution of InsP3/IKCa channel-mediated myoendothelial feedback to 

limiting arterial diameter is determined by the ability of the vasoconstrictor stimulus to engage 

the endothelium. 

2. Small molecule activators of endothelial KCa channels modulate myogenic reactivity at least 

in part through endothelium-derived NO.  

3. NO facilitates KCa channel mediated, endothelium-dependent smooth muscle 

hyperpolarization. 

Methods: To test these hypotheses I have used a combination of functional (wire and pressure 

myography), electrophysiological (intracellular recording of endothelial and smooth muscle 

membrane potential using sharp electrodes), biochemical (immunohistochemical localization of 

K+ channel proteins and qPCR to examine expression of mRNA for these channels) techniques to 

address 3 aims: 

i. To investigate the contribution of myoendothelial feedback to endothelial modulation 

of resistance artery responses to contractile agonists, increases in pressure and 

stimulation of perivascular sympathetic nerves. 

ii. To investigate the mechanisms underlying vasodilation to endothelial KCa channel 

activators in myogenically active vessels. 

iii. To determine if endothelium-dependent hyperpolarization of vascular smooth is 

modulated by NO. 

Results: My data show firstly, a differential ability of vasoconstrictor stimuli to engage IKCa 

channel-mediated myoendothelial feedback, and that in the presence of constant flow, shear stress-

induced activation of SKCa channels plays a dominant role in modulating resistance artery 
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vasoconstriction. Second, that pharmacological activators of endothelial KCa channels can 

modulate myogenic reactivity, an effect dependent on inwardly rectifying K+ channels, and 

possibly, NO. Finally, interactions between NO- and KCa channel-dependent vasorelaxant 

pathways occur at the level of both the endothelium (dilation to an activator of SKCa channels is 

dependent on NO) and smooth muscle (NO facilitates endothelium-dependent smooth muscle 

hyperpolarization) 

Conclusion: To conclude, rather than separate pathways, endothelial modulation of resistance 

artery diameter results from the integrated activity of SKCa and IKCa channels, and NO to fine-

tune the contractile state of smooth muscle cells in a stimulus- and context-dependent manner. 

Such integration of voltage-dependent and -independent pathways will contribute to coordinated 

spatial and temporal control of blood flow in resistance artery beds.  
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Chapter 1: Introduction 
 

1.1 Overview of blood vessel structure and function 
 Blood vessels are essential for the adequate perfusion of organs and tissues to provide 

oxygen and nutrients, and remove waste. Arteries and veins are two major types of blood vessels, 

which play different functional roles but share many structural similarities; an outermost layer 

composed of connective tissue called the tunica adventitia, a middle layer(s) of smooth muscle 

cells called the tunica media, and the tunica intima a single layer endothelial cells which line the 

lumen. The major structural difference between arteries and veins is that the former have more 

layers of smooth muscle cells which are necessary to change vessel diameter (Figure 1.1).  

 

Figure 1.1: The structure of blood vessels. This diagram shows the three layers (tunica 
adventitia/externa, tunica media, and tunica media) of a typical artery wall (BruceBalus 2016).  
 In the body, the diameter of small resistance arteries is a major determinant of vascular 

resistance and thus, blood flow and blood pressure. Resistance artery diameter is determined by 

the contractile state of the smooth muscle cells in the tunica media, which in turn is the result of 

the integrated response to many factors including intrinsic mechanisms (e.g. myogenic reactivity) 
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and the actions of chemical mediators circulating in the blood and released from nerves and 

endothelial cells. Increases in vascular resistance due to changes in both resistance artery structure 

and function are a major contributor to the clinical manifestations of cardiovascular disease such 

as high blood pressure, stroke, heart attack and kidney failure. Therefore, detailed understanding 

how the contractile state of smooth muscle cells is regulated is crucial for exploring potential new 

therapeutic targets to prevent and treat cardiovascular diseases.  

1.2 Mechanisms for contraction of smooth muscle in resistance arteries  
 The term resistance artery refers to a small artery or arteriole which contributes 

significantly to the creation of resistance to and regulation of blood flow. In rats, diameter  of 

resistance arteries is between 100 µm to 400 µm in diameter (Mulvany and Aalkjaer 1990; Smaje 

et al. 1970; Bohlen et al. 1977; Chilian et al. 1986). However, it is the location of vessels (in the 

distal part of the circulation towards the capillaries) rather than their absolute size, that determines 

their role (reviewed by Martinez-Lemus 2012). According to the Hagen-Poiseuille law (Pfitzner 

1976; 𝑅𝑅 = 8𝜂𝜂𝜂𝜂
𝜋𝜋𝑟𝑟4

 ; 𝑅𝑅 ∝ 1
𝑟𝑟4

; R is resistance, 𝜂𝜂 is varicosity, L is vessel length, r is arterial radius) the 

degree of vascular resistance is inversely proportional to the fourth power of the arterial radius and 

thus, what appear to be relatively small changes in arterial diameter can have a large effect on 

vascular resistance. 

1.2.1 Ca2+-dependent contraction: As mentioned above, resistance artery diameter is determined 

by the contractile state of the smooth muscle cells within the vessel wall. A smooth muscle cell is 

mainly composed of cytoskeleton and the contractile proteins, myosin and actin; myosin forms 

thick filaments which are surrounded by the thin filaments of actin. As in all muscle cells, vascular 

smooth muscle contraction requires adenosine triphosphate (ATP) and an increase in intracellular 

Ca2+ concentration ([Ca2+]i)  via entry through channels in the cell membrane or Ca2+ release from 

intracellular stores (reviewed by Ghosh et al. 2017). Ca2+ binds to calmodulin (CaM) to form a 
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Ca2+-CaM complex which activates myosin light chain kinase (MLCK; Allen and Walsh 1994). 

MLCK is physically bound by its N-terminus to actin filaments and activation allows it to 

phosphorylate nearby myosin molecules (Kamm and Stull 2001). Myosin filaments are composed 

of hexameric myosin molecules, each made up of two heavy chains and two pairs of light chains 

(LC17 and LC20). Activated MLCK phosphorylates LC20 at serine 19 to induce a conformational 

change that allows interaction between actin and the myosin, and an increase in the actin-activated 

MgATPase activity of myosin (Walsh 1991). Energy generated through hydrolysis of ATP then 

drives cross-bridge cycling and the contraction of the muscle cell (Figure 1.2; reviewed by 

Saddouk et al. 2017). To break this interaction, dephosphorylation of LC20 needs to occur along 

with the removal of Ca2+, primarily via CaATPases which pump Ca2+ into the sarcoplasmic 

reticulum (SR; Raeymaekers and Wuytack 1993). MLCK is inactivated by dissociation of Ca2+ 

from CaM and block of the active site of MLCK by an autoinhibitory domain. Dephosphorylation 

is then mediated by myosin light chain phosphatase (MLCP) resulting in disruption of myosin and 

actin binding and thus muscle relaxation (reviewed by Szasz and Webb 2017; Brozovich et al. 

2016)). Vasorelaxant stimuli can activate MLCP via phosphorylation of kinases such as protein 

kinase G (PKG) whereas contractile stimuli can inhibit MLCP activity to enhance contractile force 

without further changes in [Ca2+]i, a process known as Ca2+ sensitization (reviewed by Somlyo and 

Somlyo 2003; see Section 1.2.3).    

1.2.2 Ca2+ homeostasis in vascular smooth muscle cells: Increases in [Ca2+]i in vascular smooth 

muscle cells are fundamental to eliciting contraction in response to a wide range of stimuli, and 

also, through actions on Ca2+-dependent transcription factors, regulate smooth muscle phenotype. 

Ca2+ diffuses slowly within cells and a large flux is required to achieve the high Ca2+ concentration 

necessary for activation of Ca2+-dependent processes (Berridge 2008). Ca2+ signaling within 
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smooth muscle cells, as in other cell types, displays compartmentalization; local increases in Ca2+ 

can activate contractile mechanisms without influencing other Ca2+-dependent signaling pathways 

(Billaud et al. 2014; Kargacin 1994; Hideaki 1989). Thus, to control the activation of Ca2+-

dependent functions, smooth muscle cells display a large range of Ca2+ signaling patterns with 

different spatial and temporal patterns (reviewed by Amberg and Navedo 2013). However, for the 

purposes of this thesis I will focus on how changes in [Ca2+]i are regulated to control vascular tone, 

and thus, appropriate regulation of blood flow and pressure. Increases in smooth muscle cell 

[Ca2+]i in response to contractile stimuli can occur through release of Ca2+ from intracellular stores 

or Ca2+ entry through channels on the cell membrane.  

 

 

 

   

  
 
 
 
 
 
 
 
 
 
 
Figure 1.2: Mechanism of smooth muscle contraction. This diagram outlines the mechanisms 
underlying smooth muscle contraction elicited by a stimulus that increases [Ca2+]i levels within 
smooth muscle cells. An increase in [Ca2+]i leads to Ca2+ binding to CaM which activates MLCK. 
MLCK phosphorylates LC20 to increase the activity of the myosin ATPase which drives the 
cycling of actin-myosin crossbridges to create muscle tension.  
 
 There are two main Ca2+ stores, the SR and mitochondria with SR being the primary Ca2+ 
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stores responsible for Ca2+ release and uptake related to smooth muscle contraction (Dirksen 2009). 

To date, release of Ca2+ from mitochondria has not been associated with contraction in smooth 

muscle (Amberg and Navedo 2013), although they may play a role in the re-uptake of Ca2+ via 

mitochondrial Ca2+ uniporter (Williams et al. 2013; Smith 1996; McCarron et al. 2013) in refilling 

of SR stores (Poburko et al. 2009).  

a) Release of Ca2+ from intracellular stores: Ca2+ stored in the SR, a sub-type of endoplasmic 

reticulum, can be released via activation of both inositol 1,4,5-trisphosphate (InsP3) and ryanodine 

(RyR) receptors (Laporte et al. 2004).  

 InsP3 receptors: InsP3 receptors are Ca2+ release channels consisting of four membrane-

spanning subunits, each of six transmembrane domains, surrounding a pore. InsP3 binds to a 

domain on the cytosolic NH2-terminus which also bears binding sites for ATP and Ca2+ (Fan et al. 

2015), as well as a coupling domain for physical interactions with TRPC channels (see below). 

There are 3 isoforms of InsP3 receptors (Narayanan et al. 2012), with type 1 the predominant 

isoform in smooth muscle cells of small resistance arteries (Zhou et al. 2008). Agonists such as 

noradrenaline, angiotensin II (Ang II) and endothelin (ET-1) act on Gq/11-protein coupled receptors 

(GPCRs) to increase InsP3 through cleavage of membrane bound phosphatidylinositol 4,5-

bisphosphate (PIP2) by phospholipase C (PLC; reviewed by Berridge 2008) and so elicit InsP3-

mediated Ca2+ release. InsP3 receptors can be inhibited by pharmacological agents such as 

xestospongin C (Gafni et al. 1997), and can be modulated by [Ca2+]i, luminal SR Ca2+ load, ATP, 

protein kinases such as protein kinase A (PKA) and reactive oxygen species (Narayanan et al. 

2012; Bezprozavanny et al. 1991).  

 Differences in the spatiotemporal pattern of Ca2+ release though InsP3 receptors can have 

different functional effects on smooth muscle cells. Ca2+ puffs are localized events produced by 



 
 

6 

clusters of InsP3 receptors (Parker and Smith 2010) which have been shown to promote opening 

of TRPM4 channels leading to pressure-induced membrane depolarization and contraction in 

cerebral arteries (Gonzales and Earley 2012). The initial release of Ca2+ through InsP3 receptors 

can lead to opening of further InsP3 receptors through Ca2+-induced Ca2+ release giving rise to 

waves which can lead to contraction by directly increasing global [Ca2+]i (Foskett et al. 2007).  

 RyRs: Like InsP3 receptors, RyRs are channels that mediate Ca2+ release from the SR. A 

functional channel is composed of four identical subunits and each subunit contains six 

transmembrane domains (Zalk et al. 2015). RyR also contains a large cytoplasmic domain and 

structural models predict both NH2- and COOH-termini to be in the cytosol with Ca2+ sensitivity 

imparted by EF-hand domains in the area connecting the COOH-terminus to the pore (Efremov et 

al. 2015). Three RyR isoforms have been identified (reviewed by Lanner et al. 2010), and detected 

in smooth muscle cells although they show differential expression between arteries and may play 

different roles (Westcott et al. 2012; Westcott and Jackson 2011). For example, in the skeletal 

muscle vascular bed, RyR2 is more highly expressed in feed artery smooth muscle cells as opposed 

to arteriolar smooth muscle cells, whereas RyR3 shows the opposite pattern of expression 

(Westcott et al. 2012). RyR2 has been shown to contribute to large, spatially-restricted Ca2+ release 

events called sparks (Ji et al. 2004; see below). RyR activity can be modulated by caffeine, which 

depending on its concentration, can induce massive Ca2+ release or increase the frequency of Ca2+ 

sparks (Jaggar et al. 2000). RyRs can be inhibited in a concentration-dependent manner by  

ryanodine; at nanomolar concentration ryanodine can activate RyR, while at micromolar 

concentrations it inhibits the receptor (Lanner et al. 2010; Jaggar 2001).  

 As mentioned above, a range Ca2+ signals with differing spatial and temporal patterns 

account for the fine control of smooth muscle tone, and release of Ca2+ from SR stores via InsP3 
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and RyR receptors produces several types of Ca2+ signal which serve different functions. 

Propagating Ca2+ waves resulting from release of Ca2+ via InsP3 receptors and/or RyR (Amberg 

and Navedo 2013; Wray and Burdyga 2010) contributes to agonist-induced contraction and the 

myogenic response in small mesenteric, cerebral and skeletal muscle arteries (Westcott et al. 2012; 

Mufti et al. 2010b; Boittin et al. 1999; Zacharia et al. 2007; Lamont and Wier 2004). In contrast, 

the most-studied Ca2+ release event in vascular smooth muscle, the RyR-mediated Ca2+ spark,  

contributes to increases in global [Ca2+]i
 (Santana and Navedo 2009), but also plays an important 

modulatory role due to the proximity of RyRs to plasma membrane ion channels (reviewed by 

Amberg and Navedo 2013). In cerebral resistance arteries, Ca2+ sparks activate large conductance 

Ca2+-activated K+ (BKCa) channels to promote hyperpolarization and oppose vasoconstriction 

(Nelson et al. 1995; Figure 1.3). This relationship has been proposed to underlie the actions of 

vasodilator and vasoconstrictor agonists as protein kinases such as PKG and protein kinase C 

(PKC) can act on RyRs to stimulate and inhibit Ca2+ sparks activity, respectively (Jaggar et al. 

2000; Bonev et al. 1997). Also, in animal models, decreased expression of BKCa channel β1 subunit 

reduces channel Ca2+ sensitivity causing membrane depolarization, increases in arterial tone, and 

hypertension, illustrating the physiological importance of the Ca2+ spark-BKCa channel signaling 

unit in regulating resistance artery diameter and hence blood flow and pressure (Plüger et al. 2000; 

Amberg et al. 2003; Brenner et al. 2000).  

 Activation of BKCa channels by Ca2+ sparks can be recorded in isolated cerebral arterial 

smooth muscle cells as spontaneous transient outward currents (STOCs); STOC production, 

frequency and amplitude, is intimately tied to depolarization and driven by Ca2+ sparks (Jaggar et 

al. 1998; Pérez et al. 2001). In both skeletal and cardiac muscle there is a tight physical and 

functional relationship between voltage-operated Ca2+ channels (VOCCs) and RyRs (reviewed by 
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Eisner 2014). This tight relationship does not appear to be present in vascular smooth muscle cells 

to the same degree but the link between RyR-dependent generation of Ca2+ sparks, STOCs and 

membrane potential indicate that in cerebral resistance arteries at least, VOCCs modulate RyRs 

mediated Ca2+ sparks by contributing to global [Ca2+]i and SR Ca2+ load (Essin et al. 2007).  

 Initial interest focused on L-type VOCCs, the dominant Ca2+ conductance pathway in] 

vascular smooth muscle cells (Jaggar 2001; see below). However, selective inhibition of T-type 

VOCCs (Cav3.2) also reduced Ca2+ spark activity in mouse mesenteric arteries, and these channels 

were co-localized with RyR in specific microdomains within the cells (Harraz et al. 2014; Harraz, 

Brett, et al. 2015). These findings support the idea that L-and T-type VOCCs, which operate over 

different voltage ranges (see below), work together to modulate RyR-dependent Ca2+ spark 

generation, STOCs and arterial diameter in cerebral arteries across a wider range of membrane 

potentials (Hashad et al. 2016) than would not be possible if only one channel sub-type were 

involved.  

Figure 1.3. A schematic illustrating activation of BKCa channels by Ca2+ sparks. In smooth 
muscle cells release of [Ca2+] through RyR leads to the activation of BKCa channels to induce 
hyperpolarization and so decrease the activity of voltage-operated Ca2+ channels. Ca2+ sparks can 
also contribute to increase in global [Ca2+] (Jaggar et al. 2000).     
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 In rabbit and mouse portal vein smooth muscle cells, sparks are linked not to BKCa 

channels but to opening of Ca2+-gated Cl− channels (CaCCs) to depolarize the membrane potential 

and increase Ca2+ influx through VOCCs (Leblanc et al. 2005; Saleh and Greenwood 2005). The 

physiological significance of coupling between sparks and CaCCs has received less attention than 

between sparks and BKCa channels. However, in isolated rat retinal arteriole smooth cells, global 

increases in [Ca2+]i evoked by ET-1 results in the activation of CaCCs to depolarize the membrane 

potential and cause vasoconstriction (Stewart et al. 2012). Furthermore, inhibition of the recently 

identified CaCC, transmembrane protein 16A (TMEM16A; Wu et al. 2014) by T16Ainh-A01, an 

Ano1 inhibitor, decreased myogenic reactivity in rat cerebral arteries (Bulley et al. 2012) and 

agonist-evoked responses in rat mesenteric arteries (Dam et al. 2014). TMEM16A has also been 

shown to be involved in Ang II-induced constriction via the Rho/Rho-associated protein kinase 

(ROCK) signaling pathway in rat basilar arteries (Li et al. 2016).  

b) Ca2+ influx pathways: Store-operated Ca2+ entry (SOCE): Upon depletion of Ca2+ from 

intracellular stores by activation of InsP3 receptors, the SR Ca2+ sensor protein STIM (stromal 

interaction molecule; first identified in 2005 (Liou et al. 2005; Roos et al. 2005)) undergoes spatial 

reorganization to aggregate into clusters that relocate to the SR-plasmalemmal junction where they 

physically interact with and activate Ca2+ selective Orai channels (Ca2+-release activated Ca2+ 

channel, reviewed by Trebak 2012).  

 There are two subtypes of STIM, STIM1 and STIM2, with STIM1 being largely associated 

with initiation of SOCE by binding to Orai channels (Gruszczynska-Biegala et al. 2011). STIM 

proteins are single-transmembrane proteins located in the SR that sense alterations in SR luminal 

[Ca2+]i via NH2 terminal EF-hand domains; depletion of SR Ca2+ leads to dissociation of Ca2+ 

from these domains, allowing STIM proteins to unfold and interact with Orai channels. Orai 
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channels are heteromeric channels consisting of 4–6 Orai subunits (Hou et al. 2012). Each Orai 

subunit consists of cytosolic NH2 and COOH-termini, which contain sites for functional regulation 

by Ca2+/CaM, PKC, and STIM proteins (Frischauf et al. 2009; Hooper et al. 2015; Mullins et al. 

2009). The activation of Orai-mediated Ca2+ influx by STIM requires a COOH-terminus coiled-

coil interaction (Muik et al. 2008). Under normal conditions, STIM/Orai are expressed at a 

relatively low level but in vascular smooth muscle of spontaneously hypertensive rats (SHRs), 

their expression is upregulated and depletion of SR stores lead to greater Ca2+ entry (Giachini et 

al. 2009). 

 Orai may not be the only channel responsible for SOCE as TRPC channels can also be 

activated by STIM after store depletion (Zeng et al. 2008). But, their contribution to SOCE appears 

to be variable (reviewed by Beech 2012) and whether there is a physical interaction between TRPC 

and Orai is currently unknown. TRP channels exhibit a wide range of gating properties (see below) 

and have been implicated in a number of signalling pathways including SOCE (Albert and Large 

2002; Earley and Brayden 2015)  For example, in a number of cell types including smooth muscle 

cells, TRPC6 can mediate both SOCE and receptor-operated Ca2+ influx, as well as being activated 

by mechanical stimuli (Dietrich and Gudermann 2014). TRPC1 can mediate Ca2+ influx after store 

depletion with thapsigargin in vascular smooth muscle cells isolated from a range of sources (Xu 

and Beech 2001). 

 Voltage-dependent Ca2+channels: Many contractile stimuli elicit depolarization of the 

membrane potential of vascular smooth muscle cells and so increase the open probability of 

VOCCs encoded by pore-forming α1 (Cav) subunits. For example, the myogenic response, the 

intrinsic ability of resistance arteries to constrict to elevated pressure first described by Bayliss in 

1902 (Bayliss 1902), is dependent on smooth muscle depolarization and activation of VOCCs. 
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There are 10 α1 pore–forming subtypes which make up VOCCs (Cav1.x, 2.x and 3.x), among 

which CaV1.2 channel (L-type) predominates in terms of mediating vascular smooth muscle 

contractility (reviewed by Catterall 2011; Zamponi et al. 2015).  

L-type VOCCs are made up of pore-forming α1c together with modulatory β, α2δ, and γ 

subunits (Figure 1.4). The Cav1.2α1c sub-unit contains the voltage sensor, gating apparatus, and 

Ca2+-permeable pore, and is made up of four domains (I, II, III, IV), each of which is composed 

of six transmembrane segments (S1–S4 make up the voltage-sensor, and S5 and S6 form the pore) 

and intracellular NH2- and COOH-termini (Bezanilla 2008). Diversity in structure, function and 

expression is generally due to alternative splicing of the α1c transcript in combination with 

differential expression of the modulatory subunits. Evidence for the functional role of L-type 

VOCCs in regulation of arterial diameter has largely come from studies using dihydropyridine 

antagonists (e.g. nifedipine) that selectively inhibit α1c activity. For example, block of L-type 

VOCCs abolished myogenic reactivity in isolated rat cerebral arteries (Knot and Nelson 1998), 

whereas dihydropyridine agonists.  

 
Figure 1.4: Components of VOCCs. VOCCs are made up of pore-forming α1c subunits 
together with modulatory β, α2δ, and γ subunits (Catterall 2011). 
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that stimulate the activity of L-type VOCCs enhanced the myogenic response in rabbit ear arteries 

(Hwa and Bevan 1986). Membrane depolarization leads to increased opening of L-type VOCCs 

and global influx of Ca2+ into smooth muscle cells to cause contraction. However, localized 

increases in [Ca2+]i mediated by these channels, termed sparklets (Amberg et al. 2007), have also 

been resolved which can be modulated by protein kinases (Navedo et al. 2006; Navedo et al. 2008; 

Santana and Navedo 2009). This regulation is facilitated by association of a sub-population of 

channels with the scaffolding protein A-kinase anchoring protein 150 (AKAP150) in a complex 

with PKCα, PKA and the phosphatase calcineurin (Navedo et al. 2008; Navedo, Takeda, et al. 

2010; Oliveria et al. 2007). Increased sparklet activity has been associated with activation of PKC 

(Navedo et al. 2006). A large body of functional and electrophysiological data demonstrates that 

activation of PKC by phorbol esters and agonists acting at GPCRs (e.g., Ang II, ET-1), potentiates 

the activity of L-type VOCCs and vasoconstriction (reviewed by Weiss and Dascal 2015) 

supporting the idea that sparklets can contribute to smooth muscle contraction. However, agonists 

that stimulate PKA trigger vasodilation, and yet activation of this kinase has also been reported to 

increase sparklets activity (Navedo, Cheng, et al. 2010) and to inhibit, potentiate, or have no effect 

on channel activity (see review by Keef, Hume, and Zhong 2001). Thus, rather than contributing 

to global changes in [Ca2+]i, these AKAP-targeted signaling complexes may allow for localized 

activation of L-type VOCCs that is differentially regulated to modulate vascular tone development 

(Navedo and Amberg 2013; Figure 1.5). 
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Figure 1.5 Model for localized, heterogeneous modulation of L-type VOCCs. A sub-
population of L-type VOCCs can associate with the scaffold protein AKAP150 which provides 
the basis for a regulatory signaling complex composed of PKA, PKC, and calcineurin to allow 
localized modulation of channel activity (Modified from Navedo and Amberg 2013).  
 

Although the majority of research has focused on L-type VOCCs, as mentioned above, 

recent evidence indicates that T-type VOCCs (Cav3.x) can also contribute to vascular smooth 

muscle contractility. T-type currents are activated at more hyperpolarized potentials (positive to  

−45 mV) as compared to L-type currents (positive to ~-20 mV; Tsien et al. 1988). Their functional 

role in regulation of arterial diameter has largely been explored using blockers such as mibefradil 

and nickel, and the fact that they are largely resistant to dihydropyridines such as nifedipine at 

concentrations below the micromolar range (Akaike et al. 1989). Transcript and protein for Cav3.1 

and Cav3.2 have been found in vascular smooth muscle cells from rat cerebral resistance arteries 

(Harraz, Brett, et al. 2015; Abd El-Rahman et al. 2013; Kuo et al. 2010), and Cav3.3 has also been 
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identified in human cerebral artery cells (Harraz et al. 2015). Electrophysiological recordings have 

identified Cav3.1 and Cav3.2 channels as being responsible for the nifedipine-insensitive 

component of Ca2+ current in rat and mouse cerebral vascular smooth muscle cells (Abd El-

Rahman et al. 2013; Harraz et al. 2014).  

Differences in the voltage dependence of activation of L and T-type VOCCs mean that 

acting together, these channels can mediate Ca2+ influx over a wider range of membrane potentials 

than one channel alone. As an example, in cerebral arteries, Cav3.1/Cav3.3 T-type channels 

predominantly contribute to myogenic tone at lower intraluminal pressures (e.g., 20–40 mmHg), 

in which smooth muscle membrane potential ~−50 mV, and Cav1.2 L-type function at the more 

depolarized membrane potentials (~−45 to −36 mV) observed at higher intraluminal pressures 

(Harraz et al. 2014; Harraz et al. 2015). Co-localization of Cav3.2 with RyR in specific 

microdomains allows these channels to mediate negative feedback regulation of pressure-induced 

tone by modulating the RyR–BKCa channel axis (Harraz et al. 2014). 

 TRP channels: TRP channels, first identified in Drosophila (Spradling et al. 1982), are a 

superfamily of cationic channels (28 encoding genes, 27 in humans) which mediate Ca2+ influx in 

response to a wide range of stimuli. Multiple TRP channels have been shown to be expressed in 

both endothelial and vascular smooth muscle cells of resistance arteries from different species 

(reviewed by Yue et al. 2015), and have been proposed to contribute to regulation of membrane 

potential, contraction, and development of myogenic tone (Earley and Brayden 2015; Nilius and 

Szallasi 2014).  

 The TRP channel super family can be divided into six subfamilies: TRPC (canonical), 

TRPV (vanilloid), TRPM (melastatin), TRPP (polycystin), TRPA (ankyrin), and TRPML 

(mucolipin; Alonso-Carbajo et al. 2017; S. Earley and Brayden 2015; Yue et al. 2015). TRP 
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channel subunits consist of six membrane-spanning helices (S1–S6; S5 and S6 forming the pore) 

with intracellular NH2- and COOH-termini, four of these subunits (homomers or heteromers) 

coming together to form a functional channel (Figure 1.6). All TRP channels are permeable to 

Ca2+ with the exception of TRPM4 and TRPM5, which are Ca2+ activated, but not Ca2+ permeable 

(Gonzales and Earley 2012; Launay et al. 2002; Prawitt et al. 2003). Unlike VOCCs, TRP channels 

are not gated by voltage (Ramsey et al. 2006), but can respond to a 0range of thermal, mechanical, 

chemical, nociceptive, and local cellular environmental stimuli. TRPV1-V4 and TRPM3 are 

activated by high temperatures, whereas TRPM8, TRPA1, and TRPC5 are activated by low 

temperatures (details of TRP channel temperature sensitivity in Table 1.1 Nilius 2007; 

Zimmermann et al. 2011). TRPC channel activity is dependent on the PLC pathway as these 

channels are activated either directly by diaglycerol (DAG; TRPC2, TRPC3, TRPC6, and TRPC7), 

or indirectly through a DAG-independent mechanism (TRPC1, TRPC4, and TRPC5; Schleifer et 

al. 2012; Trebak et al. 2003; Venkatachalam et al. 2003). A rise in [Ca2+]i is necessary to activate 

several TRP channels (TRPM4, TRPM5, TRPM2, and TRPA1; Du et al 2009; Launay et al. 2002; 

Prawitt et al. 2003; Yue et al. 2015; Zurborg et al. 2007) and TRPM3 is activated by hypo-osmotic 

cell swelling, rises in [Ca2+]i, and high temperatures (Grimm et al. 2003; riens et al. 2011). Next I 

will briefly discuss the functional contribution of TRP channels to contractility of vascular smooth 

muscle cells. 
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Figure 1.6: Schematic representation of the structure of TRP channels. Each subunit consists 
of six transmembrane domains (TM), a pore domain between TM5 and TM6 domain (Yoo et al. 
2014). 

 
TRP channel subtypes Temperature (0C) 

TRPV1 >42 
TRPV2 >53 
TRPV3 >30-33 
TRPV4 ~24-42 
TRPM3 >25 
TRPM8 <22-26 
TRPA1 <17 
TRPC5 25-37 

Table 1.1 Sensitivity of TRP channels to temperature (Zimmermann et al. 2011; reviewed by 
Nilius 2007; Dhaka, Viswanath, and Patapoutian 2006; Pertusa et al. 2012)  

With their activation dependent on the PLC pathway, TRPC channels have been proposed 

as mediators of vasoconstriction to agonists acting at G-protein coupled receptors, although 

different TRPCs may be activated by different agonists (reviewed by Grayson et al. 2017). TRPC6 

is responsible for α1-adrenoceptor-induced Ca2+ entry in rabbit portal vein smooth muscle cells 

(Inoue et al. 2001) and is activated by low concentrations of Ang II in mesenteric artery myocytes 

(Saleh et al. 2006). However, TRPC6-KO mice exhibit elevated blood pressure and enhanced 
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agonist-induced vasoconstriction, likely due to upregulation of TRPC3 (Dietrich et al. 2005). ET-

1 activates TRPC7 in rabbit coronary artery myocytes (Saleh et al. 2006) whereas TRPC3 is 

involved in agonist-induced smooth muscle depolarization and vasoconstriction of rat cerebral 

arteries (Reading et al. 2005). The dependence of resistance artery myogenic reactivity on VOCCs 

is well described but how changes in intraluminal pressure lead to depolarization of smooth muscle 

cells has remained ill-defined. Several mechano-sensitive TRP channels, including, TRPC6 

(Welsh et al. 2002), TRPV2 (Muraki et al. 2003), TRPM4 (Earley et al. 2004), and TRPP2 (Sharif-

Naeini et al. 2009), have been suggested to play a role in pressure-induced depolarization 

(reviewed by Inoue et al. 2009). For example, the use of pharmacological tools implicated TRPV2 

channels in myogenic reactivity in rat retinal arteries (McGahon et al. 2016) whereas the use of 

siRNA demonstrated that both TRPC6 and TRPM4 are necessary for the response of rat cerebral 

arteries to increases in pressure (Gonzales et al. 2014). 

1.2.3 Ca2+-sensitization: Although Ca2+ is required to initiate force generation within vascular 

smooth muscle cells, as discussed in Section 1.2.1, decreases in MLCP activity following protein 

kinase phosphorylation can enhance contractile force without further change in [Ca2+]i,  a process 

known as Ca2+ sensitization (reviewed by Somlyo and Somlyo 2003; Goulopoulou and Webb 

2014). This process was first proposed to explain the observation that a higher degree of contractile 

force can be generated in isolated arteries by GPCR agonists in comparison to high levels of 

extracellular K+ (to induce depolarization), even when the increase in [Ca2+]i is comparable 

(Himpens and Casteels 1990; Bradley and Morgan 1987; Hideaki 1989). The pathways by which 

GPCR by agonists cause sensitization has been widely studied, and currently the consensus is that 

it is due to activation of Rho-associated kinase (ROK; Swärd et al. 2003; Wilson et al. 2005). 

Agonist-induced activation of the small GTPase RhoA via the G12/13 family of heterotrimeric G-
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proteins and a GEF (guanine nucleotide-exchange factor; Somlyo and Somlyo 2003) leads to 

activation of ROK (Swärd et al. 2003), which inhibits MLCP activity by phosphorylation of 

myosin phosphatase target subunit 1 (MYPT1; Figure 1.7; Brozovich et al. 2016; Murányi et al. 

2005). Furthermore, protein kinases such as ROK and PKC can also phosphorylate C-kinase 

potentiated protein phosphatase-1 inhibitor (Walsh et al. 2007), an endogenous inhibitor of MLCP, 

which when phosphorylated binds the catalytic site of MLCP (El-Yazbi and Abd-Elrahman 2017; 

reviewed by Brozovich et al. 2016; El-Yazbi and Abd-Elrahman 2017). In addition to mediating 

vasocontraction to agonists, sensitization can contribute to pressure-induced constriction of 

resistance arteries as described in Section 1.3.3. 

 

 

 

 

 

 

 

 

Figure 1.7: Mechanism of smooth muscle contraction due to Ca2+ sensitization. Activation of 
the RhoA-ROK pathway leads to inhibition of MLCP activity so that contractile force can be 
increased without further change in [Ca2+]i. 
 
1.2.4. Modulation of vascular smooth muscle contraction by K+ channels: K+ channels provide the 

major ionic conductance in vascular smooth muscle cells, and thus set and regulate membrane 

potential (Jackson 2000; Nelson and Quayle 1995; Nelson 1992, 1993; Tykocki et al. 2017). 

Membrane potential controls the open probability of VOCCs, a major source of Ca2+ for 
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contraction of vascular smooth muscle cells (see Section 1.2.2). Vascular smooth muscle cells 

express a range of different types of K+ channel: BKCa channels, voltage-gated K+ (Kv) channels, 

ATP-sensitive K+ (KATP) channels, inward-rectifier K+ (Kir) channels, and members of the two-

pore K+ channel family of K+ channels (Sepulveda et al. 2015); recently reviewed by Jackson 

2016). In physiological conditions (3–5 mM K+ outside of the cell and 140 mM K+ inside), the 

driving force for movement of K+ is outward and so opening of a K+ conducting channel leads to 

loss of positive charge, and membrane hyperpolarization (Nelson et al. 1990), whereas closure of 

open K+ channels will result in membrane depolarization. As membrane resistance is high, opening 

of a few K+ channels can have a big impact on smooth muscle membrane potential and thus on the 

activity of VOCCs and cell contractility. 

 Here, I will briefly review the structure and function of BKCa channels, Kv channels and 

Kir channels in regulating smooth muscle contractility and therefore arterial diameter in resistance 

arteries. 

a) BKCa channels: BKCa channels (encoded by KCNMA1) are composed of homotetramers pore-

forming α subunits together with regulatory β- and γ subunits (Figure 1.8). The α subunit is 

composed of 7 transmembrane domains with the pore region in between S5 and S6(Hoshi et al. 

2013). Two regulator of K+ conductance domains (RCK1 and RCK2) located in the COOH-

terminus contain Ca2+ sensors (Ledoux et al. 2006) and positively charged residues in S2-4 serve 

as voltage sensors (Hoshi et al. 2013). These channels are fundamentally voltage-gated channels 

for which binding of Ca2+ increases the sensitivity to voltage; Ca2+ enhances voltage-dependent 

activation so that channel opening will be greater at any given membrane potential with increasing 

concentrations of [Ca2+]i. Auxiliary subunits β1 and γ are involved in modulation of channel 

activity. There are four β subunits (encoded by KCNMβ1–4) with β1 the dominant form in vascular 
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smooth muscle and can affect channel gating, sensitivity to Ca2+ and voltage (Mcmanus et al. 1995; 

Meera et al. 1996) as well as contributing to the trafficking of α subunits to the plasma membrane 

(Leo et al. 2014). The γ subunit is associated with increasing channel sensitivity to voltage 

(Evanson et al. 2014). BKCa channels have a large single channel conductance (150-250 pS), are 

highly expressed in vascular smooth muscle cells, but are not present in freshly isolated endothelial 

cells (Sandow et al. 2009).  

Figure 1.8: Schematic showing the structure of BKCa channels. BKCa channels are composed 
of pore-forming α, and modulatory ß1- and γ subunits. The α-subunit is made up of 7 
transmembrane domains, S2-4 being the voltage sensor and the pore region located between S5 
and S6, and 4 cytoplasmic domains within the COOH-terminus tail. Two regulator of K+ 
conductance domains (RCK1 and RCK2) located in the cytoplasmic COOH-terminus contain 
channel’s Ca2+bindings sites. The auxiliary subunits ß1 and γ subunits are consist of 2 
transmembrane domains and 1 transmembrane domain respectively (Jackson 2016).  
 
As mentioned above (Figure 1.3), activation of BKCa channels by RyR-derived Ca2+ sparks 

regulates diameter in cerebral resistance arteries (reviewed by Jackson 2016)) but in other vessels, 

such as hamster and mouse cremaster arterioles, Ca2+ entry through VOCCs may contribute to 

BKCa channel activation (Westcott et al. 2012; Westcott and Jackson 2011). BKCa channels can 

also be targeted by vasodilators. Both the cyclic adenosine monophosphate (cAMP)-PKA and 
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cGMP-PKG pathways have been shown to increases BKCa channel activity through numerous 

mechanisms including modulation of Ca2+ sparks (Jewell et al. 2004) and direct phosphorylation 

(Alioua et al. 1995) of channels.  

b) Kv channels: Kv channels are made up of homo- or heterotetramers of pore-forming α-subunits 

with six transmembrane domains and the P-loop between S5 and S6 forming the pore (Figure 1.9). 

Positively charged residues in S2-4 serve as voltage sensors (Jan and Jan 1992). Accessory 

subunits affect membrane expression, gating kinetics, and voltage sensitivity (reviewed by Gutman 

et al. 2005). 

Forty genes give rise to 12 families (Kv1-12) and functional diversity is increased by the 

formation of heteromultimers with a range of accessory subunits (for review see Jackson 2018). 

Many different Kv channels have been reported in vascular smooth muscle with the Kv1, 2 and 7 

families being particularly prominent (Plane et al. 2005; Greenwood and Ohya 2009). Activation 

by membrane depolarization means that along with BKCa channels, Kv channels can provide 

negative feedback regulation of contractility (Jackson 2018). Also, vasoconstrictors, such as Ang 

II (Aiello et al. 1996; Clément-Chomienne et al. 1996) inhibit delayed rectifier K+ channels in 

vascular smooth muscle cells through PKC whereas activation of the cAMP-PKA pathway 

(Alejandro-Aiello et al. 1998) by vasodilator stimuli increases Kv channel activity. 
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Figure 1.9: Schematic showing the structure of pore-forming α subunits of Kv channels. An 
α subunit of a KV channel is made of 6 transmembrane domains. Transmembrane domain S4 
serves as a voltage-sensor and pore-region is located in between S5 and S6(William F. Jackson 
2018).  
 
c) Kir channels: The superfamily of 15 Kir channels contains 7 subfamilies, Kir1 to Kir7. Kir3 

channels are coupled to GPCRs and therefore called G-protein-gated inwardly rectifying K+ 

(GIRK) channels, and Kir1 and 7 are weak inward rectifier K+ channels. Apart from the Kir6 

subtype, Kir channels are composed of homo- or heterotetramers of α-subunits. For example, 

heterotetrameric co-assembly of Kir2.1 and Kir2.2 was identified in rabbit cardiomyocytes using 

adenovirus-mediated overexpression of dominant-negative construct of each gene (Zobel et al. 

2003) and functional channels can be assembled from Kir4.1 and Kir5.1 subunits in HEK cells 

(Tanemoto et al. 2000). The formation of Kir4.1/Kir5.1 heterotetramers significantly impacts both 

the biophysical properties of the channels and sensitivity to block by Ba2+ as compared to 

homotetrameric channels (Goto et al. 2004). Each α-subunit contains two transmembrane domains 

(M1 and M2) connected by the pore-forming region with intracellular COOH and NH2 termini 

(Figure 1.10; Quayle et al. 1997; Bichet et al. 2003). 



 
 

23 

 
Figure 1.10: Structure of Kir channels. Schematic drawing of a Kir channel α−subunit. Each 
subunit comprises two transmembrane helices (M1 and M2), a pore-forming region containing 
the pore-helix (P), and NH2 and COOH termini (Jackson 2016).  
 
 The inward rectification property is due to the voltage-dependent block of the pore by 

cytoplasmic Mg2+ and polyamines (Matsuda et al. 1987; Lopatin et al. 1994). This reversible, 

competitive block of the pore happens when Mg2+ and polyamines interact with basic residues in 

M2 and the COOH terminus when membrane potential is positive to the K+ reversal potential (~-

90 mV in 5 mM extracellular K+; [K+]o), EK, limiting outward movement of K+. However, when 

membrane potential is negative to EK the block is relieved to allow K+ move into the cell. The lack 

of voltage-sensing transmembrane domain on Kir channels means they are intrinsically voltage-

insensitive. But, as the degree of Mg2+ and polyamine block is dependent on membrane potential, 

this confers a voltage-dependence on channel activity.  

 The physiological importance of Kir channels is due to their negative slope conductance 

(Edwards et al. 1988), the small outward “hump” in the current-voltage relationship (Smith et al. 

2008; Thorneloe and Nelson 2005; Figure 1.11). This means that hyperpolarization from resting 
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membrane potential increases outward Kir current and so amplifies the original hyperpolarization 

(Longden and Nelson 2015; Smith et al. 2008; Sonkusare et al. 2016). As shown in Figure 1.11, 

increasing [K+]o to 15 mM K+ will shift the EK to -60 mV. Under these conditions there is an 

elevated outward K+ current at the original resting membrane potential which will hyperpolarize 

the membrane potential to lead to vasodilation (Doyle et al. 1998; Krapivinsky et al. 1998). These 

properties mean that Kir channels can mediate vasodilation to small increases in [K+]o and may 

“boost” the vasodilation caused by agents such as acetylcholine (ACh) and pinacidil which open 

other potassium channels (Smith et al. 2008; Sonkusare et al. 2016). 

  

 

 

 

 

 

 

 

 
Figure 1.11: Voltage-dependency of K+ flux through Kir channels. Red line shows idealized 
current-voltage (I-V) relationship for Ba2+-sensitive currents (5 mM [K+]o and 140 mM K+ 

intracellular concentrations). At membrane potentials negative to EK (-90 mV) K+ moves into the 
cells (inward rectification) but at membrane potentials positive to EK, K+ moves outwards. The 
outward currents decrease as the membrane potential becomes more positive producing a region 
of “negative slope conductance” where hyperpolarization increases outward current. Green line 
shows the effect of increasing [K+]o to 15 mM K+ to shift the EK to -60 mV. Under these conditions 
there is an elevated outward K+

 current at the original resting membrane potential which will 
hyperpolarize the membrane potential to lead to vasodilation. (Modified from Jackson 2016) 
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Different subtypes of Kir channel exhibit different degrees of inward rectification 

depending on the binding affinity of the blocking molecules for the channel. This binding affinity 

is determined by the presence of different amino acids in the channel pore. For example, there is a 

negatively charged aspartic acid residue at location 172 of the second transmembrane domain of 

Kir2 series channels which has been identified as an important binding site for the blocking ions 

(Stanfield et al. 1994).  

 In weakly inward rectifying Kir1 series channels there is an uncharged asparagine at 

location 171 but changing this to an aspartic acid increases the rectifying behavior of the channel 

(Lu and MacKinnon 1994; Stanfield et al. 1994; Wible et al. 1994; Yang et al. 1995). In addition, 

membrane bound PIP2 can also regulate the activity and gating of Kir channels. This is 

accomplished through PIP2 binding to both the cytoplasmic side of the transmembrane domain 

and gating machinery which is essential for channel activation (Suh and Hille 2008).  

 The small outward hyperpolarizing K+ current conducted by Kir channels when membrane 

potential is positive to EK is physiologically important in coupling metabolism to blood flow. 

Moderate rises in [K+]o, from 3-5 mM to more than 10 mM, are commonly associated with 

hypoxia, ischemia and hypoglycemia in the cerebral circulation, and thus K+-induced vasodilation 

is critical for maintaining the supply of oxygen and nutrients to tissues under those conditions 

(Sieber et al. 1993; Somjen 1979) as well as coupling of blood flow to neuronal activity (Longden 

et al. 2017; Longden and Nelson 2015). In other settings, reductions in [K+]o below the 

physiological range (3-5 mM) or increases above 20 mM, can result in vasoconstriction (Haddy 

and Scott 1968; Chen et al. 1972; Sybertz et al. 1983; Haddy 1983).  

 The molecular identity of vascular Kir channels appears to show vessel and species 

variation (Table 1.1) but the Kir2 series have received most attention. Expression of mRNA for 
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Kir 2.1 have been identified in rat mesenteric whole arteries (Goto et al. 2004; Tajada et al. 2012), 

vascular smooth muscle cells (Smith et al. 2008; Bradley et al. 1999; Kim et al. 2005) and 

endothelial cells (Sonkusare et al. 2016). In rat cerebral arteries, Kir2.1 are expressed in whole 

artery (Wu et al. 2007) and smooth muscle cells (Bradley et al. 1999; Smith et al. 2008; Wu et al. 

2007). In coronary arteries, Kir2.1 have only been identified in smooth muscle cells (Bradley et al. 

1999; Smith et al. 2008; refer to Table 1.2-1.5 for expression of Kir in other species; no evidence 

of Kir 3.4 and 7.1 expression was found in arteries listed in the table). In addition, mRNA for 

Kir2.2 has been shown in freshly isolated rat cerebral, coronary and mesenteric vascular smooth 

muscle cells (Goto et al. 2004; Smith et al. 2008). Also, currents attributed to Kir2 series channels 

have been recorded from isolated vascular smooth muscle cells and show a conductance of around 

20 pS (Park et al. 2005). There is limited evidence for Kir3 series channels playing a functional 

role in vascular smooth muscle but melatonin-induced vasorelaxation in rat aorta (Weekley 1991) 

may dependent on the activation of Kir3 series channels (Nelson et al. 1996). 

At any point in time, the contractile state of resistance artery smooth muscle cells and thus, 

arterial diameter, is determined by their integrated response to surrounding physical and chemical 

influences. Therefore, I will now discuss how resistance artery diameter is modulated by the three 

most physiological important factors; intravascular pressure (myogenic reactivity), sympathetic 

nerve activity, and chemical and electrical signals from endothelial cells. 
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 Mesentery 
Kir SMC EC whole vessel 

2.1 rat (Bradley et al. 1999; Smith et al. 
2008; Kim et al. 2005) 

rat (Sonkusare et al. 2016) rat (Goto et al. 2004)  
mice (Tajada et al. 2012) 

2.2 rat (Smith et al. 2008) 

rat (Bradley et al. 1999)  

 
rat (Goto et al. 2004) 

2.3 rat (Bradley et al. 1999; Smith et al. 
2008) 

 
 

2.4 rat (Smith et al. 2008)  rat (Goto et al. 2004) 

3.1 mice (Tajada et al. 2012)  mice (Tajada et al. 2012) 

 
Table 1.2: Expression of Kir subunits identified in mesenteric arteries. Font in black indicates expression of Kir subunits and font 
in red show absence of expression of the subunit in freshly isolated smooth muscle or endothelial cells. Empty boxes indicate no data 
available. 
 

Kir Coronary 
 SMC EC 

2.1 rat (Bradley et al. 1999; Smith et al. 2008) 
rabbit (Park et al. 2005) 

 

2.2 
rat (Smith et al. 2008) 
rat (Bradley et al. 1999) 
rabbit (Park et al. 2005) 

 

2.3 rat (Bradley et al. 1999; Smith et al. 2008) 
rabbit (Park et al. 2005) 

 

2.4 rat ( Bradley et al. 1999; Smith et al. 2008)  
 
Table 1.3: Expression of Kir subunits identified in coronary arteries. Font in black indicates expression of Kir subunits and font in 
red show absence of expression of the subunit in freshly isolated smooth muscle or endothelial cells. Empty boxes indicate no data 
available.  
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Kir Cerebral 
 SMC EC whole vessel 

2.1 rat (Bradley et al. 1999; Smith et al. 
2008; Wu et al. 2007) 
mice (Zaritsky et al. 2000)  
hamster (Sancho et al. 2017) 

mice (Longden et al. 2017) 
hamster (Sancho et al. 2017) 

rat (Wu et al. 2007)  
hamster (Sancho et al. 2017) 

2.2 Rat (Smith et al. 2008; Wu et al. 2007) 
hamster (Sancho et al. 2017)  
rat (Bradley et al. 1999) 

hamster (Sancho et al. 2017) rat (Wu et al. 2007)  
hamster (Sancho et al. 2017) 

2.3 rat (Bradley et al. 1999; Smith et al. 
2008; Wu et al. 2007) 

 
rat (Wu et al. 2007) 

2.4 rat (Smith et al. 2008) rat (Wu et al. 2007) rat (Wu et al. 2007) 
 
Table 1.4: Expression of Kir subunits identified in cerebral arteries. Font in black indicates expression of Kir subunits and font in 
red show absence of expression of the subunit in freshly isolated smooth muscle or endothelial cells. Empty boxes indicate no data 
available.  
 

Kir Tail Pulmonary Renal 
 SMC EC SMC EC whole vessel 

2.1 rat (Schubert et al. 2004) rat (Schubert et al. 2004)  *calf (Qu et al. 2015) rat (Chilton 
et al. 2008) 

2.2 rat (Schubert et al. 2004) rat (Schubert et al. 2004)  *calf (Qu et al. 2015) 
 

1.1    *calf (Qu et al. 2015)  
 
Table 1.5: Expression of Kir subunits identified in tail, pulmonary and renal arteries. Font in black indicates expression of Kir 
subunits and font in red show absence of expression of the subunit. Empty boxes indicate no data available. * denotes cultured 
endothelial cells. Other studies used freshly isolated smooth muscle or endothelial cells. 
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1.3 Myogenic reactivity 

  Small resistance arteries constrict in response to increases in intravascular pressure, a 

response termed myogenic reactivity or the myogenic response. As mentioned earlier, this 

phenomena was first described by Bayliss in 1902 who showed that in the rabbit hind limb 

circulation, increases in intravascular pressure resulted in a reduction in arterial lumen diameter, 

and is therefore also known as the Bayliss effect (Bayliss 1902).  The myogenic reactivity is now 

known to be a crucial autoregulatory mechanism to maintain constant blood flow within tissues 

and organs in the face of changes in blood pressure (Davis and Hill 1999). When blood pressure 

is low, resistance arteries passively dilate but when pressure is increased, they will constrict to 

increase resistance and prevent excessive blood flow and damage to downstream arterioles and 

capillaries (Davis 2012). This biphasic pattern (Figure 1.12) has been widely reported in the 

literature as is particularly well-defined in skeletal and renal vascular beds with active tone 

development beginning at intravascular pressures of around 60 mmHg (Loutzenhiser, Bidani, and 

Chilton 2002; Davis 1993).  

Figure 1.12: A diagram illustrating the biphasic nature of myogenic reactivity. A 
myogenically active artery will passively dilate when the intravascular pressure is low, and will 
constrict when pressure is increased. In the absence of extracellular Ca2+ or in the presence of 
inhibitors of VOCCs the artery passively dilates as pressure increases illustrating the requirement 
of Ca2+ influx for active tone development.  
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The ability of small arteries to develop myogenic tone has been demonstrated using vessels 

from many vascular beds such as the cerebral, renal, skeletal uterine and coronary vasculature ( 

Davis and Hill 1999; Sandow and Hill 2000; Hill et al. 2001; Hill et al. 2006; Hemmings et al. 

2005; Hill and Meininger 1994). These studies have shown that the degree of myogenic reactivity 

shown by arteries is inversely proportional to their diameter (Davis 1993) and that there is variation 

in the profile of the response between arteries from different vascular beds. For example, the 

biphasic nature of the myogenic reactivity described in skeletal and renal arteries is less evident in 

cerebral arteries in which active tone development occurs at intravascular pressures from 20 

mmHg to 100mmHg. 

 Myogenic reactivity is a major factor in determining total peripheral vascular resistance 

and so contributes to arterial blood pressure (Johnson 1986), and impairment of the myogenic 

reactivity has been proposed to contribute to the development of vascular and end-organ damage 

associated with conditions such as obesity, hypertension, and preeclampsia (Haddock et al. 2011; 

Rummery and Hill 2004; Belik 1995; VanWijk et al. 2002; Hu et al. 2012).  

1.3.1 Role of smooth muscle membrane potential and VOCC-mediated Ca2+ influx: The 

development of myogenic tone is associated with depolarization of the smooth muscle cell 

membrane potential and Ca2+ influx through VOCCs (Knot and Nelson 1998; Harder 1984; 

McCarron et al. 1989) to activate contractile mechanisms (see Section 1.2). In isolated rat cerebral 

arteries there is a strong correlation between intraluminal pressure, membrane depolarization, 

increased [Ca2+]i, and reductions in diameter (Knot and Nelson 1998).   

This pressure-dependent membrane depolarization is thought to be activated by a pressure 

sensor in the smooth muscle cell membrane (Davis 2012). This sensor and how it is activated has 

yet to be identified but “the wall tension hypothesis” proposed by Paul Johnson in 1981 (Burrows 
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and Johnson 1981) suggests that increases in wall tension is the trigger for pressure-induced 

vasoconstriction. Wall tension is calculated by the LaPlace relationship  𝑇𝑇 = 𝑃𝑃 ∙ 𝑟𝑟 which T is wall 

tension, P is transmural pressure and r is vessel radius (von Anrep 1912). Increase in wall tension 

lead to raise of the [Ca2+]i in rat cremaster vascular smooth muscles and development of myogenic 

reactivity (Burrows and Johnson 1981). Furthermore, it has been shown that increase in wall 

tension not only increase [Ca2+]i but also induce the phosphorylation of MLC in smooth muscles 

cells to enhance contractility and set basal arterial tone183. Overall, there is strong evidence linking 

increases in wall tension to the development of myogenic tone. However, it is still unclear which 

cellular components are responsible for the conversion of mechanical stimuli to biochemical 

signals. 

1.3.2 The mechanosensor: Proposed candidates for the mechanosensor involved in development 

of myogenic tone include integrins, stretch-activated ion channels, and GPCRs (reviewed by El-

Yazbi and Abd-Elrahman 2017). Integrins are transmembrane proteins that form a link between 

the smooth muscle cytoskeleton and extracellular matrix that is suitable for bi-directional signal 

transfer (Davis et al. 2001; Vuori 1998). One model proposes that increased wall tension caused 

by intraluminal pressure deforms extracellular matrix proteins to expose integrin-interacting 

motifs that initiate downstream signaling resulting in constriction (Ross et al. 2013; Schwartz 

2010; Osol 1995; Hill and Meininger 2012). In support of this proposal, tripeptide integrin-binding 

sequences, result in a transient constriction of isolated rat cremaster arterioles(Mogford et al. 1996; 

Davis et al. 2001). In another model, stretch-activated TRP channels act as a mechanosensor to 

elicit membrane depolarization and subsequent Ca2+ entry through VOCCs (Carlson and Beard 

2011; Sharif-Naeini et al. 2008). Inhibition of TRPM4 channels with 9-phenanthrol abolished the 

myogenic response in rat cerebral arteries (Gonzales et al. 2010) and knockdown of the channels 
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with oligodeoxynucleotides resulted in a decrease of 70% to 85% myogenic constriction in the 

same vessels (Reading and Brayden 2007), leading to the suggestion that they could act as a 

pressure sensor. However, TRPM4 channels are not directly activated by membrane stretch but in 

rat cerebral arterioles they contribute to smooth muscle membrane depolarization and myogenic 

constriction through mechanical activation of purinergic GPCRs (Li et al. 2014); molecular 

suppression of P2Y receptors using antisense oligodeoxynucleotides reduced the myogenic 

response by about 45% (Brayden et al. 2013; Li et al. 2014). The Ang II (AT1) receptor has also 

been proposed as a mechanosensor as the receptor can switch to an active conformation in response 

to cell stretch in a ligand-independent manner (Yasuda et al. 2008) and the same receptor can 

contribute to myogenic reactivity in coronary, mesenteric, skeletal and renal arterioles via coupling 

to Gq/11 (Schleifenbaum et al. 2014) and possibly activation of Ca2+ influx via TRPC6 (Schnitzler 

et al. 2008; Schnitzler et al. 2011; Schleifenbaum et al. 2014). In freshly isolated pulmonary artery 

smooth muscle cells a mechanosensitive cation channel with similar properties to TRPC channels 

was identified (Park et al. 2003).  

  In cultured endothelial cells overexpressing TRPC6 channels, pressure induced cation 

influx leads to membrane depolarization(Spassova et al. 2006; Suchyna et al. 2000) and together 

with the observation that acute knockdown of TRPC6 channels in rat cerebral arteries resulted in 

a significant reduction in myogenic constriction (Welsh et al. 2002) supports a role for TRPC6 in 

myogenic reactivity. However, activation of TRPC channels is dependent on the PLC pathway 

(Hill-Eubanks et al. 2014; Hofmann et al. 1999), indicating that although they may play a role in 

the response of resistance arteries to pressure, and may contribute to the Ca2+ influx required for 

myogenic constriction, they are not the mechanosensor necessary for the development of myogenic 

tone.  
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1.3.3 Contribution of Ca2+-independent mechanisms to myogenic reactivity: In contrast to the 

findings of Knot and Nelson (Knot and Nelson 1998) of a strong correlation between intraluminal 

pressure, membrane depolarization, increased [Ca2+]i, and vasoconstriction, other studies have 

suggested that Ca2+-mediated MLCK activation and LC20 phosphorylation are not the only 

mechanism mediating force generation during the myogenic reactivity (VanBavel, Van der 

Meulen, and Spaan 2001; Gokina et al. 2005). For example, membrane depolarization and [Ca2+]i 

did not change with increased force generation at pressures between 60–140 mmHg in cerebral 

arteries (Osol et al. 2002). Thus, Ca2+-sensitization, mediated by inhibition of MLCP inhibition to 

shift the equilibrium toward the accumulation of phosphorylated LC20 without an associated 

increase in Ca2+-induced MLCK activity (Somlyo and Somlyo 2003; Section 1.2.3), has been 

proposed to contribute to myogenic reactivity.  

 Currently, the weight of evidence supports the role of ROK in Ca2+-independent myogenic 

reactivity (Figure 1.13; El-Yazbi and Abd-Elrahman 2017). As described in Section 1.2.3, ROK-

dependent sensitization is mediated by phosphorylation of the myosin targeting subunit of 

MYPT1. Phosphorylation occurs at two threonine residues; T697 which inhibits MLCP catalytic 

activity, and T855 to inhibit both catalytic activity and myosin binding (Murányi et al. 2005). The 

link between pressure-evoked ROK activation and downstream effectors was made by the 

demonstration that increased intravascular pressure leads to a graded increase in ROK-mediated 

MYPT1 phosphorylation, MLCP inhibition, and increased LC20 phosphorylation in rat cerebral 

and skeletal muscle arterioles (Johnson et al. 2009; Moreno-Domínguez et al. 2013). Further 

experiments by the same group provided evidence for a reduction in G-actin (unpolymerized) 

during myogenic vasoconstriction (Johnson et al. 2009; Moreno-Domínguez et al. 2013), and 

demonstrated that at higher pressures, actin cytoskeleton reorganization was the major mechanism 
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for force generation (Moreno-Domínguez et al. 2014). In these experiments, both the pressure-

evoked constriction and G-actin pool reduction were sensitive to ROK inhibition supporting the 

idea that dynamic ROK-mediated actin reorganization contribute to myogenic reactivity. 

Investigation of the link between increases in intravascular pressure and activation of ROK-

mediated processes in rat cerebral arteries has led to a model in which stimulation of integrins 

leads to focal adhesion kinase (FAK) activation by autophosphorylation to permit Src family 

kinase (SFK) binding and its subsequent autophosphorylation and activation (Colinas et al. 2015). 

SFK in turn phosphorylates FAK to further enhance its catalytic activity, leading to activation of 

Rho guanine nucleotide exchange factors (RhoGEFs) to exchange GTP for GDP of RhoA. RhoA-

GTP is the active form of RhoA that activates ROK to phosphorylate MYPT1-T855 and suppress 

MLCP activity, and to regulate actin dynamics (El-Yazbi and Abd-Elrahman 2017). In a 

physiological context where resistance arteries are faced with a maintained intravascular pressure, 

and the ability to elicit contraction without large fluctuations in [Ca2+]i would allow conservation 

of Ca2+ signaling (Schubert et al. 2008). 
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Figure 1.13: Mechanisms contributing to myogenic reactivity in resistance arteries. 
Depolarization of the smooth muscle cell membrane potential and Ca2+ influx through VOCCs 
(Knot and Nelson 1998; Harder 1984; McCarron et al. 1989) to activate MLCK which 
phosphorylates LC20 to increase the activity of the myosin ATPase and drive the cycling of actin-
myosin crossbridges to create muscle tension. Stimulation of integrins leads to phosphorylation of 
FAK, activation of RhoGEFs, RhoA subsequently activates ROK to phosphorylate MYPT1 and 
suppress MLCP activity. ROK also mediates reorganization of actin. Modified from (El-Yazbi and 
Abd-Elrahman 2017). 
 

1.3.4. Endothelial modulation of myogenic reactivity: The ability of small arteries to contract in 

response to increases in pressure is an intrinsic property of the vessel smooth muscle cells (Davis 

and Hill 1999). The vascular endothelium is not required for development of myogenic reactivity 

(Falcone et al. 1991; Falcone, Granger, and Meininger 1993; Hill et al. 2006; Kuo et al 1990), 

although it may be able to exert a modulatory influence (Meininger and Davis 1992; Palomares 

and Cipolla 2014). In mesenteric arteries from spontaneously hypertensive rats, endothelium 
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removal enhanced myogenic constriction, possibly due to the loss of endothelium-derived nitric 

oxide (NO; Garcia et al. 1997). Also, inhibitors of NO synthase (NOS) potentiated pressure-

induced constriction of hamster cremaster arterioles in vivo (Wit et al. 1998), and isolated mouse 

mesenteric and rat coronary arteries (Garcia and Bund 1998; Scotland et al. 2001). Endothelial 

modulation of myogenic reactivity in rat mesenteric arteries is explored in Chapter 4. 

1.3.5: Myogenic reactivity in disease states: Changes in myogenic reactivity, both attenuation and 

enhancement, have been associated with a number of pathological conditions. Loss of myogenic  

reactivity has been documented in middle cerebral arteries of stroke prone hypertensive and 

hypertensive-mono-arthritic rats (Daneshtalab and Smeda 2010; Randell et al. 2016; Smeda and 

King 2000; Smeda and Daneshtalab 2011). The ability of the middle cerebral artery to constrict in 

responses to increases in pressure is essential for appropriate and controlled perfusion of smaller 

cerebral arteries and so loss of this response facilitates over-perfusion, elevated microvascular 

pressures and cerebral haemorrhage in these animals. Similarly, loss of myogenic reactivity in 

retinal arteries has been associated with retinopathy in diabetic rats (Ito et al. 2006) and humans 

(Blum et al. 2006). In mesenteric arteries from a rat model of chronic renal failure (Vettoretti et 

al. 2006), the threshold for the development of myogenic constriction was shifted to a higher 

pressure range and the magnitude of the response was reduced, possibly as a compensatory 

mechanism to counteract the increase in peripheral resistance. However, in the kidney, the 

myogenic reactivity of renal afferent arterioles is essential for preventing increased glomerular 

capillary pressure and consequent nephropathy. Attenuation of this myogenic response in 

streptozotocin-treated diabetic (Hayashi et al. 1992), Fawn Hooded Hypertensive (Burke et al. 

2013) and Dahl salt-sensitive (Azar et al. 1979) rats is associated with an increase renal (Bell et al. 
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2006) blood flow, glomerular capillary hypertension and ultimately glomerular damage and 

proteinuria (Scholey and Meyer 1989). 

Conversely, increases in both the magnitude and pressure sensitivity of the myogenic 

response have been suggested to contribute to elevated vascular resistance in animal models of 

hypertension although a causal role has not been demonstrated. The myogenic response of skeletal 

muscle, cerebral, renal and mesenteric resistance vessels from hypertensive rats was enhanced ( 

Dunn et al. 1998; Falcone and Meininger 1999; Harder, Smeda, and Lombard 1985; Hayashi, 

Epstein, and Loutzenhiser 1992; Huang and Koller 1996, 1997; Huang et al. 1993; Izzard et al. 

1996; Osol and Halpern 1985; i.e., greater constriction for a given increase in pressure). The 

skeletal muscle vessels were also shown to be able to maintain constriction at higher pressures 

than those from normotensive animals without any apparent wall thickening (Falcone et al. 1991). 

Although the endothelium is not necessary for the development of myogenic tone (Falcone et al. 

1991; Falcone, et al. 1993; Hill et al. 2006), changes in endothelial function (e.g. loss of NO and/or 

increased production of an endothelium-derived constricting factor (Falcone and Meininger 1999; 

Huang and Koller 1996, 1997; Huang, Sun, and Koller 1993) have been reported to contribute to 

enhanced myogenic reactivity in rat skeletal muscle resistance arteries during chronic 

hypertension. Physiologically, enhancement of myogenic reactivity in resistance arteries may well 

provide a protective mechanism to maintain constant pressure and/or flow in downstream 

capillaries in hypertensive states. However, it could ultimately contribute to increases in peripheral 

vascular resistance causing a further rise in arterial blood pressure and so exacerbate the 

hypertension. 

1.4 Modulation of resistance artery diameter by perivascular sympathetic nerves   
 The sympathetic nervous system regulates total peripheral resistance and is a key regulator 

of arterial diameter in resistance arteries (Fenger-Gron et al. 1995; Matheson et al. 2000). Sensory, 
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sympathetic and nitrergic (release NO) perivascular nerves have also been identified but for the 

purposes of this thesis I will focus on sympathetic innervation as sympathetic nerves account for 

the largest proportion of nerves in resistance arteries (reviewed by Westcott and Segal 2013).  

 Perivascular sympathetic nerves arise from postganglionic efferent axons, their cell bodies 

being located in the paravertebral ganglia (McLachlan 2003). In contrast to classical, structurally 

well-defined neuromuscular junctions in skeletal muscle, sympathetic nerve fibres (Hirst and 

Edwards 1989) do not penetrate into the smooth muscle layers of the artery wall and 

neurotransmitter is released from varicosities in the axons as they run across the adventitia (Figure 

1.14). Stimulation of sympathetic nerves releases noradrenaline, co-transmitter ATP and 

neuromodulator neuropeptide Y (NPY; Geoffrey Burnstock 2007). Noradrenaline acts on post-

synaptic α1-adrenoceptors to cause vasoconstriction (Furness and Marshall 1974) via a number of 

mechanisms including InsP3-mediated release of Ca2+ from SR stores, membrane depolarization 

to increase Ca2+ influx through VOCCs and Ca2+-sensitization (Mauban et al. 2001; Villalba et al. 

2007). Neurotransmitter release is modulated by noradrenaline acting at pre-junctional α2-

adrenoceptors which stimulate reuptake as well as reducing its own release (Vanhoutte et al. 1981).  

ATP activates post-synaptic P2X receptors to cause an influx of Na+ and Ca2+ ions that 

excites the smooth muscle and creates an excitatory junction potential (Evans et al. 1996). 

Activation of post-synaptic P2Y receptors coupled to Gq-protein also causes smooth muscle 

excitation and narrowing of arterial diameter by uridine nucleotides (Panhwar et al. 2015). 

However, ATP released from perivascular sympathetic nerves acts predominantly on P2X receptors 

on smooth muscle cells to induce vasoconstriction (reviewed by Burnstock and Ralevic 2013). The 

relative contribution of ATP to sympathetic vasoconstriction varies between arteries and species. 

For example in rabbit jejunal artery, ATP and noradrenaline each account around 50% of the nerve-
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evoked constriction (Evans and Cunnane 1992) whereas in the rat and porcine mesenteric bed, a 

purinergic component of sympathetic neurotransmission was only observed when perfusion 

pressure was elevated with ET-1 or thromboxane A2 (TXA2; Pakdeechote et al. 2007; Shatarat, 

Dunn, and Ralevic 2014).  

NPY binds to post-synaptic Y1 (Redrobe et al. 1999) or Y2 receptors (Chu et al. 2003), 

GPCRs linked to InsP3-mediated release of Ca2+ from the SR (Brain and Cox 2009) but rather than 

actually eliciting direct smooth muscle contraction, the role of NPY appears to be to potentiate the 

noradrenaline-evoked vasoconstriction (Edvinsson et al. 1984). NPY can also act at pre-junctional 

Y2 receptors to attenuate noradrenaline release and so inhibit sympathetic vasoconstriction (Yang 

and Chiba 2002). The contribution of NPY to nerve-mediated responses shows significant 

variation between vascular beds and species so its role in control of resistance artery remains 

unclear. 

Figure 1.14: Schematic representation of perivascular nerves. Varicosities along sympathetic 
and sensory axons release multiple neurotransmitters that can act on both pre- and post-synaptic 
receptors to elicit vasoconstriction or dilation, or modulate neurotransmitter release (Westcott and 
Segal 2013). 
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1.4.1. Adrenoceptors in resistance arteries: Although α1-adrenoceptors mediate sympathetic 

vasoconstriction in all arteries, the expression and relative contribution of post-junctional α1 versus 

α2-adrenoceptors to sympathetic vasoconstriction varies between vascular beds, arterial branches 

within vascular beds, and species (reviewed by Piascik et al. 1996). For example, in rat (Ohyanagi 

et al. 1991) and mouse (Moore, Jackson, and Segal 2010)  cremaster muscle bed, α1-adrenoceptors 

alone mediate sympathetic vasoconstriction of first-order vessels, while α2-adrenoceptors 

contribute more to constriction of second- and third-order vessels. Further heterogeneity in 

sympathetic signaling is provided by different α1-adrenoceptor sub-types; α1a-adrenoceptors 

appear to be the dominant isoform in rat (Zacharia et al. 2004) and human (Jarajapu et al. 2001) 

skeletal muscle arteries but α1D-adrenoceptors predominate in rat mesenteric arteries (Hussain and 

Marshall 1997) and both sub-types contribute to sympathetic constriction in rat retinal arterioles 

(Mori et al. 2011).  

 In contrast to α-adrenoceptors, β -adrenoceptors mediate vasodilation of resistance arteries.  

β-adrenoceptors are GPCRs expressed on vascular smooth muscle cells (Briones et al. 2005) and 

mediate relaxation via activation of adenylyl cyclase, and possibly KATP channels, to reduce 

[Ca2+]i (Garland et al. 2011; Kornfeld et al. 2000). β2-adrenoceptors have been identified on 

endothelial cells and activation of these receptors appears to evoke NO-dependent smooth muscle 

relaxation (Brawley et al. 2000; Gray and Marshall 1992; Kamata et al. 1989). However, the 

majority of studies were conducted in large blood vessels and so the physiological role of β-

adrenoceptors in modulating resistance artery diameter is not clear as stimulation of sympathetic 

nerves evokes frequency-dependent vasoconstriction in resistance arteries which is not affected by 

block of β-adrenoceptors (Moore, Jackson, and Segal 2010).  

 Sympathetic nerve activity does not act in isolation and the resulting effect on resistance 
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artery tone is due to integration of the actions of the neurotransmitters with endothelium-derived 

signals against a background of myogenic reactivity. The interaction between myogenic tone and 

sympathetic nerve activity have received little attention. Enhanced resistance artery sensitivity to 

noradrenaline in isolated rabbit and rat mesenteric arteries with myogenic tone, as compared with 

arteries mounted under isometric condition, has been reported (Dunn et al. 1994; Falloon et al. 

1995). Also, the contribution of ATP to neurovascular transmission was shown to increase when 

intravascular pressure was raised from 30 to 90 mmHg but these experiments were conducted in 

second order rat mesenteric arteries and the increase in pressure did not elicit myogenic reactivity 

(Rummery et al. 2007). However, the impact of myogenic reactivity on responses of resistance 

arteries to sympathetic nerve stimulation has not been assessed. In contrast, interactions between 

the endothelium and sympathetic nerve activity has been investigated as described below. 

1.5 Endothelium-dependent modulation of resistance artery diameter  
 The endothelium was long thought of as just a barrier between the arterial muscle wall and 

vessel lumen. However, the discovery that endothelial cells can release diffusible factors NO and 

cyclooxygenase (COX)-derived prostaglandins such as prostacyclin (PGI2) which can modulate 

smooth muscle contractility and hence arterial diameter, opened up a wide field of research. Today, 

the vascular endothelium is considered as a complex endocrine organ which not only regulates 

arterial diameter and thus, blood pressure and flow, but also plays a vital role in hemostasis, 

inflammation and vascular growth and remodeling in the cardiovascular system (reviewed by 

Förstermann and Sessa 2012 and Salvemini et al 2013). However, for the purposes of this thesis I 

will focus on the role of the endothelium in regulating the contractile state of vascular smooth 

muscle cells (Figure 1.15).  

 In addition to release of diffusible factors, stimulation of the endothelium by activation of 

GPCRs or, most importantly in the physiological setting, by mechanical stimuli such as increases  
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in shear stress (Sessa 2005; Mayer and Hemmens 1997) results in activation of endothelial Ca2+-

activated K+ (KCa) channels (Brakemeier et al. 2003; Jalil 2008; Plane et al. 2013; Sun et al. 2001). 

Opening of these channels causes hyperpolarization of the endothelial cell membrane potential 

which spreads to the underlying smooth muscle cells via myoendothelial gap junctions (MEGJs; 

Figueroa and Duling 2009; Garland and Dora 2016; de Wit, Boettcher, and Schmidt 2008) to 

reduce opening of VOCCs, decrease Ca2+ influx and so cause relaxation. This pathway is termed 

endothelium-dependent hyperpolarization (EDH). The NO, COX and EDH pathways are all 

dependent on an increase in endothelial [Ca2+]i. Thus, I will briefly discuss endothelial Ca2+ 

signaling and how each of these pathways can regulate smooth muscle contractility to control 

resistance artery diameter. 

 

 

 
Figure 1.15: Overview of endothelium-dependent control of vascular smooth muscle 
contractility (Félétou and Vanhoutte 2006).  
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1.5.1 Ca2+signaling in vascular endothelial cells: Each of the endothelium-dependent pathways 

for regulation of smooth muscle contractility described above share a common feature in that they 

are dependent on a rise in [Ca2+]i in endothelial cells.  Stimulated increases in [Ca2+]i are elicited 

through release from endoplasmic reticulum (ER) stores or via Ca2+ influx through TRP channels. 

It is noteworthy that there are no VOCCs in fresh isolated endothelial cells (Muraki et al. 2000; 

Uchida et al. 1999). I will briefly discuss the mechanisms underlying increases in endothelial 

[Ca2+]i elicited by receptor agonists and increases in shear stress. I will also discuss the role of 

TRP channels in mediating Ca2+ entry in endothelial cells. 

Receptor agonists: GPCR agonists such as ACh which acts on M3 muscarinic receptors in most 

blood vessels (Gericke et al. 2011), stimulate InsP3-mediated release of Ca2+ from ER stores 

(Himmel et al. 1993) which, as described above for smooth muscle cells, leads to SOCE mediated 

by both Orai1 (Abdullaev et al. 2008; Hirano et al. 2009) and TRP channels (Ruhle and Trebak 

2013; Yue et al. 2015). The rise in [Ca2+]i activates Ca2+-dependent enzymes such as NOS, as well 

as small (SKCa) and intermediate (IKCa) conductance KCa channels to elicit endothelial 

hyperpolarization (Chen et al. 1988). The contribution of these mechanisms to endothelium-

dependent dilation shows significant variation between arteries but in general, EDH plays a larger 

role in resistance arteries. The identity of the channel mediating receptor-linked SOCE has 

remained unclear and may vary between stimuli, arteries and species, but recent evidence suggest 

a role for TRPV4 channels in ACh-evoked Ca2+ entry in mouse mesenteric (Zhang et al. 2009) and 

carotid arteries ( Earley et al. 2009), and TRPC4 in the same responses in aortae from a knockout 

mouse model (Freichel et al. 2001). A receptor-operated Ca2+ entry mechanism may also be 

involved mediated with TRPC and TRPV subtypes activated by DAG. 
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Shear stress: Increases in blood flow in arteries result in increases in the shear stress across the 

endothelial cell surface which activate vasodilator pathways (e.g. NOS) by increasing endothelial 

[Ca2+]i (Ando et al. 1988). Compared to agonist evoked responses, less is known about how this 

occurs but the increase is dependent upon Ca2+ entry and possibly SOCE (Liu et al. 2006). 

Mechano-sensitive TRP channels may be responsible for the Ca2+ entry, and recent studies indicate 

a role for TRPV4 in mouse arteries (Mendoza et al. 2010). Limited evidence has also been provided 

that flow-induced increases in endothelial [Ca2+]i are mediated by the release of ACh or ATP 

which then act back on their receptors (Parnavelas et al. 1985; Yamamoto et al. 2006). Also, over 

time, shear stress can stimulate NOS through the PI3 kinase/Akt pathway in the absence of any 

change in [Ca2+]i (Fisslthaler et al. 2000). 

1.5.2 Endothelium-derived NO: NO plays a critical regulatory and protective role in the 

cardiovascular system. Endothelium-derived NO elicits relaxation of surrounding smooth muscle 

cells to cause vasodilation, regulates local cell growth and protects blood vessels from the 

damaging consequences of platelet aggregation and activation of inflammatory responses. In 

pathological conditions such as diabetes and hypertension, decreased NO synthesis and increased 

scavenging of NO by superoxide anions (O2
-) disrupts these processes leading to enhanced 

vasoconstriction, clot formation and inflammation within the vascular system (Bryan et al. 2005; 

Sessa 2005; Vanhoutte 2003). 

 NO is synthesized from L-arginine by endothelial NOS, a Ca2+-CaM-dependent enzyme 

activated by dissociation from caveolin-1 (cav-1; Garcia et al. 1997; Jennings 2009; Lincoln et al. 

2001; Sessa 2005). L-arginine enters endothelial cells via a cationic amino acid transporters (Zani 

and Bohlen 2005), the activity of which can be regulated by multiple factors such as endothelial 

membrane potential (Bogle et al. 1996; Guidotti and Gazzola 1987; Zharikov et al. 1997), agonists 
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(Bogle et al. 1996), and even NO itself through S-nitrosylation (Zhou et al.  2010). NOS is 

activated by Ca2+-CaM when the endothelial [Ca2+]i is increased (half-maximal activity between 

200 and 400 nM), either through Ca2+ influx through non-selective cation (TRP) channels, or 

through the release of Ca2+ from intracellular stores (Kochukov et al. 2014; Lin et al. 2000).  

 The NOS enzyme exists in three isoforms: neuronal nNOS (NOS I), inducible iNOS (NOS 

II), and endothelial eNOS (NOS III; Förstermann and Sessa 2012). eNOS and nNOS are 

constitutively expressed and highly regulated by transcriptional, post-transcriptional (including 

microRNA), and post-translational mechanisms, whereas iNOS, is mainly regulated through gene 

transcription in inflammatory settings. All isoforms of NOS utilize L-arginine as a substrate, and 

O2 and reduced nicotinamide-adenine-dinucleotide phosphate (NADPH) as co-substrates. Flavin 

adenine dinucleotide (FAD), flavin mononucleotide (FMN), and 5,6,7,8-tetrahydro-l-biopterin 

(BH4) are cofactors of all isozymes. Functional eNOS is a dimer that consists of a C-reductase 

domain (binds NADPH, FAD and FMN), which is linked to the N-terminal oxygenase domain 

(binds BH4, O2, L-arginine and heme). A CaM-recognition site is essential for the linkage between 

the reductase and oxygenase domains and allows dimerization. Catalysis occurs when electrons 

are transferred from NADPH, via the flavins FAD and FMN in the carboxy-terminal reductase 

domain, to the heme in the amino-terminal oxygenase domain. At the heme site, the electrons are 

used to reduce and activate O2 and to oxidize L-arginine to L-citrulline and NO (Förstermann and 

Sessa 2012; reviewed by Roszer 2012; Vanhoutte et al. 2017; Vanhoutte et al. 2016). Binding of 

BH4 in the dimer interface is required for the stabilization of the eNOS dimer and ‘coupled’ NOS 

activity. Without BH4, NOS is uncoupled, electrons are transferred directly to O2, and superoxide 

anions O2
- are generated (Xia et al. 1998). Ca2+-CaM is essential for eNOS activity (reviewed by 

Hemmens and Mayer 1998) but several other proteins also interact with eNOS to regulate its 
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activity. For example, heat shock protein 90 (hsp90; García-Cardeña et al. 1998; Pritchard et al. 

2001) serves as a positive allosteric modulator and the caveolae coat protein, cav-1 is a tonic 

inhibitor (Drab et al. 2001) of eNOS activity (Drab et al. 2001). Recruitment of Ca2+-CaM and 

hsp90 to eNOS can displace cav-1 from the enzyme thereby activating it (Gratton et al. 2000).  

 Once released from endothelial cells, NO causes relaxation of smooth muscle cells via 

activation of soluble guanylyl cyclase to increases production of cyclic guanosine monophosphate 

(cGMP), which subsequently activates PKG (Triggle et al. 2012; reviewed by Denninger and 

Marletta 1999; Tsai and Kass 2009). PKG phosphorylates a number of downstream target proteins 

including MLCP, phospholamban and BKCa channels (Lincoln et al. 2001; Rees et al. 1990; 

Sawada et al. 2001; Schlossmann et al. 2003), to reduce [Ca2+]i and thus evoke vasodilation 

(Lincoln et al. 2001; Figure 1.16). The half-life of NO and therefore its biological activity is 

determined by its interaction with O2
-. This free radical rapidly reacts with NO to form the highly 

reactive intermediate peroxynitrite (ONOO-) in a reaction approximately 10 times faster than the 

dismutation of O2
- by the superoxide dismutase: O2− + NO → ONOO− . In disease states, increases 

in oxidative stress lead to increased inactivation of NO by O2
− and to eNOS uncoupling as 

described above. Potential mechanisms underlying this change include oxidation of the cofactor 

BH4 (Landmesser et al. 2003; Vásquez-Vivar et al. 1998; Werner-Felmayer et al. 1993) and 

depletion of L-arginine (Rossitch et al. 1991; Vanhoutte et al. 2016). The importance of NO in 

regulating arterial diameter, blood flow and pressure was facilitated by the discovery that structural 

analogues of L-arginine such as L-NG-nitro arginine (L-NOARG) and L-NG-nitroarginine 

methylester (L-NAME) act as selective, competitive inhibitors of NOS ( Moore et al. 1990; 

Pfeiffer et al. 1996). For example, infusion or oral administration of L-NAME causes hypertension 

in rats (Gardiner et al. 1990, 1992) and L-NOARG inhibits endothelium-dependent relaxation in 
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isolated rat aorta (Moore et al. 1990). The demonstration that deletion of NOS leads to 

hypertension in mice was also an advance in demonstrating the physiological importance of this 

molecule (Huang et al. 1995). 

 

Figure 1.16: Schematic diagram illustrating the pathway for NO-mediated relaxation of 
smooth muscle (Harvey et al. 2000).  
  

1.5.3 Endothelium-derived COX products: COX, also known as prostaglandin-endoperoxide 

synthase exists in two isoforms, constitutively expressed COX-1 and inducible COX-2, thought to 

be involved in inflammation. In most  blood vessels, only COX-1 is expressed in the endothelium 

but recently COX-2 has also been found to be present in some arteries and activated by mechanical 

stimuli such as shear stress (Funk and FitzGerald 2007). Arachidonic acid, the substrate for COX 

enzyme, is released from cell membrane phospholipids by the action of phospholipase A2 (PLA2) 

which is expressed constitutively and activated by sub-micromolar [Ca2+]i (Kudo and Murakami 

2002; Smith and Marnett 1991). COX generates PGH2, the substrate for a number of enzymes 

such as thromboxane synthase, which generates the vasoconstrictor TXA2, and prostacyclin 
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synthase which produces the vasodilator PGI2 (Fitzpatrick 2004; Kim 2014; Majed and Khalil 

2012; Ricciotti and Fitzgerald 2011; Figure 1.17). The fate of PGH2 in terms of whether it is 

converted  

to a vasodilator or vasoconstrictor product is determined by the expression profile of the enzymes 

which utilizes it and by local stimuli. In most blood vessels under normal conditions, the prominent 

expression of prostacyclin synthase means that  PGI2, which has anti-platelet as well as vasodilator 

actions and so is regarded as being vasculoprotective, is the major COX product produced by 

endothelial cells (Mitchell et al. 2008) although in vivo data have shown that PGI2 may have little  

Figure 1.17. Schematic diagram illustrating arachidonic acid metabolism. (See text for more 
details). 
 
 
role in the regulation of BP compared with NO  (Parkington et al. 2004). However, in pathological 

conditions such as hypertension and atherosclerosis, expression of thromboxane synthase is 

increased, shifting the balance toward increase in the production of the vasoconstrictor and 

stimulator of platelet aggregation, TXA2 (Yuhki et al. 2010).  
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The effects of both PGI2 and TXA2 on arterial diameter are mediated by IP and TP GPCRs 

on smooth muscle cells. PGI2 acts on IP2 and IP4 receptors which couple to Gs to mediate 

increases in cAMP, activation of PKA and smooth muscle relaxation (Lim and Dey 2002; Haynes 

et al. 1992) TXA2 binds to TP receptors (Cyrus et al. 2010), GPCRs linked to Gq or G12/13 and 

vasoconstriction. Activation of the Gq pathway leads to activation of InsP3-mediated release of 

Ca2+ and phosphorylation of MLCK (Hirata et al. 1991; Tosun et al. 1998; Cogolludo et al. 2003), 

whereas the G12/13 pathways causes ROK-mediated inhibition of MLCP and thus Ca2+ sensitization 

(Smyth et al. 2009; Smyth 2010; Worzfeld et al. 2008).   

1.5.4 Endothelium-dependent hyperpolarization (EDH): EDH plays a more prominent role in 

endothelium-dependent dilation of resistance arteries than in large vessels and so is an important 

determinant of local tissue perfusion (Bény 1997; Busse et al. 2002; McGuire et al. 2001). 

Inhibition of the EDH pathway contributes to cardiovascular complications associated with 

diabetes and pregnancy (Gokina et al. 2015; Li et al. 2017; Armstrong et al 2013). EDH was 

initially thought to be mediated by a diffusible factor, EDHF, but current consensus is that direct 

electrical coupling of endothelial and smooth muscle cells accounts for EDH responses (Bény 

1997; Busse et al. 2002; McGuire, Ding, and Triggle 2001; reviewed by Bryan et al. 2005). By 

reducing influx of Ca2+ through VOCCs, EDH of vascular smooth muscle causes vasodilation47. 

 The defining characteristic of EDH-mediated vasodilation is that it persists in the presence 

of inhibitors of eNOS and COX and, under these conditions, is abolished by blockers of endothelial 

SKCa and IKCa channels, apamin and TRAM-34 or charybdotoxin (reviewed by Ledoux et al. 

2006). These channels are expressed on all endothelial cells but not normal vascular smooth 

muscle cells (Burnham et al. 2002; Cipolla et al. 2009), although expression of IKCa channels has 

been shown in proliferating vascular smooth muscles (Neylon et al. 1999).  
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 Endothelial SKCa and IKCa channels, are encoded by the KCNN gene family; the three 

subtypes of SKCa channels are SK1, SK2 and SK3 and IKCa channels are denoted as SK4 with 

SK3 and SK4 expressed in endothelial cells (see reviews Adelman et al. 2012; Stocker 2004). Both 

SKCa and IKCa channels have 6 transmembrane domains with a pore region between S5 and S6 

(Christophersen and Wulff 2015). Unlike BKCa channels found in vascular smooth muscle cells, 

they are voltage-independent channels that are sensitive to [Ca2+]i 
 in the sub-micromolar range; 

EC50 values ranging from 95 to 350 nM (Xia et al. 1998). Ca2+ binding to CaM which is 

constitutively bound to the COOH-terminus of the channels (Xia et al. 1998), results in channel 

activation/opening (Figure 1.18; Schumacher et al. 2001; Schumacher et al 2004; Fanger et al. 

1999). Native and expressed SKCa channels have a conductance of around 10-40 pS (Sakai 1990;  

Muraki et al. 1997; Groschner et al. 1992) and IKCa channels have a conductance of around 30-80 

pS (Nilius et al. 2001; Sauvé et al. 1990). Although both SKCa and IKCa channels are expressed in 

endothelial cells, they are located in spatially distinct microdomains and participate in different 

signaling pathways (Kerr et al. 2012; Sandow et al. 2006). Flux of InsP3 from smooth muscle cells 

to endothelial cell projections stimulated by GPCRs which leads to release of Ca2+ from ER or 

Ca2+ entry through TRPC3 channels subsequently activate IKCa channels in endothelial cells is a 

process termed myoendothelial feedback (see below; Kerr et al. 2015; Ledoux et al. 2008; Tran et 

al. 2012). SKCa are located at inter-endothelial junctions and co-localize in caveolae with TRP 

channels (Saliez et al. 2008) where they may respond to local Ca2+ increases evoked by increases 

in shear stress-induced activation of TRPV4 channels (Brähler et al. 2009). Although they are part 

of different signaling pathways, activation of either channel initiates EDH and vasodilation 

(Dalsgaard et al. 2010; Eichler et al. 2003; Köhler et al. 2010). However, in isolated arteries block 

of both SKCa and IKCa channels is required to inhibit EDH, the reason for this being unclear 
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(Parkington et al. 1995). The physiological importance of endothelial KCa channels in vivo is 

highlighted by the increased vascular reactivity and raised arterial blood pressure recorded in mice 

lacking one or both of the channels (Si 2006; Taylor et al. 2003). 

 

  

 
 
 
 
 
 
 
 
 
 
Figure 1.18. Schematic of a SKCa/IKCa channel subunit. Sub-unit consists of six transmembrane 
domains with a pore region (P) between S5 and S6. CaM interacts with the channel’s intracellular 
COOH terminus (Ledoux et al. 2006). 
 

Compared to other ion channels, SKCa and IKCa channels have a well-developed 

pharmacology which has aided investigation of their physiological functions. The “classical” 

blockers are charybdotoxin for IKCa channels and the bee venom apamin for SKCa channels (Wulff 

et al. 2007). However, charybdotoxin also inhibits BKCa and Kv1.3 channels and so has been 

replaced by 1-[(2-chlorophenyl)diphenyl-methyl]1H pyrazole (TRAM-34), which binds to Thr250 

and Val275 in the inner pore, and the benzothiazinone NS 6180 which binds to the same place and 

blocks the channel with an IC50 of 11 nM. Up to a concentration of 1 µM NS 6180 and 5 µM 

TRAM-34 are highly selective IKCa channel blockers and show no effect on the T-cell Ca2+ entry 

and a range of Kv, sodium and TRP channels. Apamin is a highly selective blocker of SKCa 

channels, with an IC50 value for SK3 of 1-13 nM. Apamin inhibits the channels by an allosteric 
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mechanism involving residues in the S3-S4 extracellular loop (Weatherall et al. 2011).  

 A number of positive and negative modulators are available that apparently make SKCa 

and IKCa channels more or less sensitive to Ca2+. Benzimidazolone-type activators like 1-EBIO, 

do not differentiate between SKCa and IKCa channels, most likely as the binding site is on the 

COOH-terminus (Pedarzani et al. 2001). In contrast, N-Cyclohexyl-N-[2-(3,5-dimethyl-pyrazol-

1-yl)-6-methyl-4-pyrimidinamine (CyPPA) activates SK3 channels with an EC50 value 140 nM, 

but has no effect on IKCa channels (Kasumu et al. 2012). IKCa naphtha[1,2-d]thiazol-2-ylamine 

(SKA-31; Sankaranarayanan et al. 2009) is a mixed SKCa and IKCa channel activator, with ~10-

fold selectivity for IKCa channels (Sankaranarayanan et al. 2009). Both of these drugs act by 

increasing the sensitivity of the channels to Ca2+ (Sankaranarayanan et al. 2009; Hougaard et al. 

2007). 

1.5.5 NO and EDH – two aspects of one pathway? To date, the majority of research has focused 

on activation of these endothelial mechanisms by stimuli acting directly on endothelial cells 

leading to the idea that KCa channels and NO mediate distinct pathways for vasodilation. Our lab 

has shown that in resistance arteries, stimulation of smooth muscle cells by α1-adrenoceptor 

agonists activates the converse signaling pathway, termed myoendothelial feedback (Figure 1.19). 

Briefly, flux of InsP3 from smooth muscle to endothelial cells elicits localized increases in Ca2+, 

activation of IKCa channels located at MEGJs and production of NO (Kerr et al. 2012, 2015; Tran 

et al. 2012). In addition to demonstrating that endothelial-smooth muscle communication can be 

bi-directional, this work supports the idea that rather than being independent, the NO and EDH 

pathways may act in an integrated manner to regulate arterial diameter. However, activation of 

this pathway has only been demonstrated in response to bath application of α1-adrenoceptor 

agonists. Thus, in Chapter 3 I have investigated whether the InsP3/IKCa channel-mediated 
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myoendothelial feedback can also modulate vascular smooth muscle contraction elicited by 

physiological stimuli, sympathetic nerve activity and increases in intravascular pressure. 

 

Figure 1.19: Myoendothelial feedback. Contractile agonists increase InsP3 levels within smooth 
muscle cells. Flux of InsP3 through myoendothelial gap junctions gives rise to localized increases 
in Ca2+ and subsequent activation of a discrete pool of IKCa channels and eNOS localized within 
spatially restricted myoendothelial projections. The resulting hyperpolarization and/or NO feeds 
back to the surrounding smooth muscle cells to attenuate agonist-induced depolarization and 
contraction. 
 

Further support for the idea of a link between NO and EDH-mediated modulation of arterial 

diameter comes from a number of studies showing that activation of KCa
  channels can modulate 

the release of NO (Sheng and Braun 2007) and that KCa channel blockers are able to attenuate 

relaxation mediated by endothelium-derived NO (Stankevicus et al. 2011; Kerr et al. 2012). 

Pharmacological activation of KCa channels modulates the release of NO from cultured endothelial 

cells and in rat cremaster arterioles have shown that 6,7-dichloro-1H-indole-2,3-dione 3-oxime 

(NS309) and 5,6-dichloro- 1-ethyl-1,3-dihydro-2H-benzimidazol-2-one (DCEBIO), activators of 
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SKCa/IKCa channels, enhanced ATP-induced hyperpolarization, increase in cytosolic Ca2+ 

concentration and NO synthesis (Sheng and Braun 2007; Sheng et al. 2009). In large conduit 

arteries, such as basilar and superior mesenteric artery, agonist-induced endothelium-dependent 

vasorelaxation is primarily mediated through the release of NO (Vanhoutte et al. 2017; Shimokawa 

2014; Takaki et al. 2008). Blocking KCa channels in these arteries resulted in the reduction of both 

relaxation and smooth muscle hyperpolarization (Plane and Cole 2006; Chen and Cheung 1997; 

Stankevicius et al. 2006), relaxation (Plane and Cole 2006; Chen and Cheung 1997; Stankevicius 

et al. 2006) and NO release (Stankevicius et al. 2006). NS309 also induced NO- dependent dilation 

and NO production was blocked by apamin and TRAM-34 in rat superior mesenteric artery. 

Together, these data indicate that there may be a facilitatory relationship between endothelial SKCa 

and IKCa channel activity and NO, a relationship I have further explored in Chapters 4 and 5. 

 The basis for the link between KCa channel-mediated hyperpolarization and NO release has 

not been established. It is known that activation of KCa channels and release of NO both rely on 

the increase in endothelial [Ca2+]i; the [Ca2+]i threshold for NO-dependent dilation is 220 nM, 

whereas for EDH-mediated dilation it is 340 nM in rat middle cerebral arteries (Marrelli 2001). 

Early studies showed that membrane depolarization inhibits both agonist-induced increases in 

[Ca2+]i and NO release from cultured endothelial cells (Adams et al. 1989; A. Lückhoff and Busse 

1990; Andreas Lückhoff and Busse 1990), and in rat isolated basilar arteries, endothelial 

depolarization was associated with a reduction in NO-mediated relaxation to ACh (Allen et al. 

2002). These findings supported the idea that as endothelial cells lack VOCCs and Ca2+ influx is 

mediated by TRP channels, membrane hyperpolarization is required to maintain an appropriate 

electrochemical driving force for agonist-induced Ca2+ influx. It may also prevent Ca2+ entry by 

channel inactivation and/or reduction in unitary conductance, as suggested by the fact that the 
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decline in Ca2+ influx with depolarization positive to ~-5 mV exceeds that which can be explained 

by a reduction in driving force (Oike et al. 1994; Wang and Breemen 1999). However, the ability 

of hyperpolarization to regulate Ca2+ entry by increasing the electrical driving force has been 

controversial (Dora and Garland 2013), particularly as there is very big concentration gradient of 

~20,000-fold from the extracellular space to the inside of the cell (Clapham 2007). Numerous 

studies using cultured cells and intact vessels have subsequently concluded that changes in 

endothelial [Ca2+]i are independent of changes membrane potential (Marrelli et al. 2003; McSherry 

et al. 2005; Takano et al. 2004). But recent work with endothelial cells tubes isolated from 

resistance arteries support hyperpolarization-induced Ca2+ entry contributing to agonist-evoked 

increases in endothelial [Ca2+]i (Behringer and Segal 2015) and indicate that pharmacological 

activation of SKCa and IKCa channel would not only enhance Ca2+ entry to further amplify KCa 

channel activity, but also boost NO production (Behringer 2017). 

1.6 Hypothesis and Aims 
The vascular endothelium plays a crucial role in regulating resistance artery diameter and 

thus blood flow and pressure. This is accomplished through release of NO and KCa channel-

mediated hyperpolarization which spreads to smooth muscle cells via MEGJs. Although long 

thought of as distinct mechanisms for vasodilation, recent evidence suggests that there may be a 

link between these two pathways; for example, IKCa channel-mediated myoendothelial feedback 

leads to release of NO and block of KCa channels can inhibit NO-mediated vasorelaxation. My 

over-arching goal has been to further explore the functional role of SKCa and IKCa channels in 

regulating resistance artery diameter, and investigate potential interactions between KCa channels 

and NO in mediating vasodilation. To this end, in this thesis I have addressed three hypotheses:  
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1. The functional contribution of InsP3/IKCa channel-mediated myoendothelial feedback to 

limiting arterial diameter is determined by the ability of the vasoconstrictor stimulus to engage 

the endothelium. 

2. Small molecule activators of endothelial KCa channels modulate myogenic reactivity at least in 

part through endothelium-derived NO.  

3. NO facilitates KCa channel mediated, endothelium-dependent smooth muscle hyperpolarization. 
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Chapter 2: Materials and Methods 
 
2.1 Ethical approval 
 All animal care and experimental procedures were approved by the Animal Care and Use 

Committee (ACUC HS1; AUP 312) of the Faculty of Medicine and Dentistry at the University of 

Alberta, and performed in accordance with Canadian Council on Animal Care guidelines, and the 

principles and regulations as described by Grundy (Grundy 2015). 

2.2 Animal care and use 
 Male Sprague-Dawley rats (250-300g; from Science Animal Support Services, University 

of Alberta) were housed in an enriched environment maintained on a 12:12 h light–dark cycle at 

∼23°C with fresh tap water and standard chow available ad libitum. Rats were euthanized by 

inhalation of isoflurane followed by decapitation. The mesenteric bed and brain were removed and 

placed in cold Kreb’s buffer containing (mM): NaCl 119.0, NaHCO3 25.0, KCl 4.7, MgSO4 1.2, 

KH2PO4 1.18, glucose 11, and CaCl2 2.5. For experiments requiring a nominally Ca2+-free 

solution CaCl2 was omitted from the above composition. 

2.3 Wire myography 
 Basilar and third order mesenteric arteries were cleaned of adhering tissue and cut into 

segments (~2 mm in length). Arterial segments were mounted between two gold-plated tungsten 

wires (20 µm diameter) in a Mulvany-Halpern myograph (model 400A, J.P. Trading, Denmark). 

Changes in isometric tension were recorded via a PowerLab using Chart 5.0 or 8.0 software (AD 

Instruments, Colorado, USA). Tissues were maintained in Krebs’ buffer gassed with 95% O2/5% 

CO2 at 37°C (pH 7.4) and set to a pre-determined optimal resting tension of 5 mN for mesenteric 

arteries and 2 mN for basilar arteries (these values were determined from active length-tension 

curves). In some experiments, the endothelium was removed. For basilar arteries, this was 

accomplished by gently rubbing the lumen with a hair, and for mesenteric arteries the endothelium 

was removed by flushing of the intact mesenteric bed with 0.5% Triton X-100 in water for 30 secs 
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followed by rapid washout with Krebs buffer. After an equilibration period of 30 mins, endothelial 

function was assessed as % relaxation to ACh (10 µM) following pre-stimulation with 

phenylephrine (PE; 3 µM; 75% of maximal tone; 13.89 ± 0.69 mN, n=22) for mesenteric arteries 

or 5-hydroxytrypatmine (5-HT; 3 µM; 75% of maximal tone; 8.9 ± 1.7 mN, n=24) for basilar 

arteries. Arteries in which ACh induced >90% reversal of agonist-induced tone were designated 

as endothelium-intact, and tissues in which the response to ACh was <10% were deemed to be 

endothelium-denuded. Arteries in which the % reversal of PE- or 5-HT-induced tone elicited by 

ACh fell between these values were discarded.  

2.3.1 Cumulative concentration-response curves to agonists. Cumulative concentration-response 

curves to vasorelaxant stimuli (e.g. ACh, KCl, diethylamine NONOate (DEA NONOate)) were 

constructed in arterial segments pre-stimulated with 5-HT (3 µM; basilar arteries) or PE (3 µM; 

mesenteric arteries) and results expressed as % reversal of agonist-induced tone. In mesenteric 

arteries, cumulative concentration-response curves to PE and the TXA2 mimetic U46619 were 

constructed and results expressed as % maximal response.  

2.3.2 Stimulation of perivascular nerves in isolated arteries. Electrical field stimulation of 

perivascular nerves was applied via two platinum electrodes (AD Instruments, Colorado) placed 

in parallel on either side of the arterial segments and connected to a Digitimer D330 stimulator 

(Digitimer, Welwyn Garden City, UK). Following an equilibration period of 30 mins, frequency-

response curves were constructed by stimulating the preparation at 0.5-20 Hz (90 V, pulse width 

2 msecs, 20 secs) at 5 min intervals. Three repeated frequency-response curves could be 

constructed with 30 mins between them without a significant change in the peak size and 

sensitivity of the evoked increases in tone (Figure 3.5b) although the duration of responses often 

appeared to decrease (Figure 3.5a). Nerve-evoked responses recorded in isolated arteries mounted 



 
 

59 

in the wire myograph are expressed as absolute values for changes in isometric tension. In all wire 

myograph experiments in which inhibitors were used, the inhibitors were applied for 15 mins prior 

to the beginning of the second frequency-response curve, with the exception of L-NAME which 

was incubated with the tissues for 30 mins.  

 2.4 Pressure myography  
 Leak-free segments of 3rd to 4th order mesenteric artery (2-3 mm in length) were cleaned 

of adhering connective tissue and mounted between two glass cannulae in an arteriograph chamber 

(Living Systems Instrumentation, Burlington, VT) under conditions of no luminal flow. In some 

experiments, the endothelium was removed by flushing the intact mesenteric bed with 0.5% Triton 

X-100 in water for 30 secs followed by rapid washout with Krebs before isolation of individual 

arteries. 

 Vessels were bathed in Kreb’s buffer at 37oC (pH 7.4) constantly gassed with compressed 

air (4.94% CO2, 20.96% 92% O2, balance N2) and intravascular pressure was maintained via a 

pressure servo-control system (PS200, Living Systems Instrumentation, Burlington, VT). Arteries 

were viewed through a Nikon TMS inverted microscope, and measurements of the internal 

diameter were made via an automated video dimension analyzer (VDA10, Living Systems 

Instrumentation, Burlington, VT). The glass cannulae (borosilicate glass with OD of 1.2 mm and 

ID of 0.69 mm) were pulled using a Model P87 Flaming/Brown micropipette puller (Sutter 

Instruments, Novato, USA). Pressure and diameter measurements were recorded via a PowerLab 

(AD Instruments, Colorado, USA) using Chart 5.0 software (AD Instruments, Colorado). In some 

experiments, the endothelium was removed by gently rubbing the lumen with a hair.  

2.4.1 Responses to increases in intravascular pressure. Arteries which did not develop myogenic 

reactivity or a displayed a reduction in diameter of less than 50 µm during the initial equilibration 

period of 30-40 mins at 80 mm Hg, were discarded. This pressure was used as it approximates to 
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the mean arterial blood pressure of a rat in vivo. Following the equilibration period, intravascular 

pressure was reduced to 20 mmHg and a pressure ramp was then applied by increase the pressure 

from 20 mmHg to 120 mmHg in increments of 20 mmHg. Each pressure step was held for 2-3 

mins or until the vessel diameter stabilized. All drugs were applied to the bath while the vessels 

held at an intravascular pressure of 20 mmHg for 15 mins prior to applying the same pressure ramp. 

The one exception was L-NAME which was incubated for 20 mins. At the end of each experiment, 

arteries were bathed in Ca2+-free Krebs solution to reveal the maximum passive diameter at each 

pressure step. Myogenic reactivity is expressed as the percentage difference in active diameter 

versus passive diameter (% myogenic tone = ((passive diameter – activate diameter)/(passive 

diameter))*100%).  

2.4.2 Cumulative concentration-response curves to vasorelaxants. After an equilibration period of 

30 mins, endothelial function was assessed as % relaxation to acetylcholine (ACh; 3 µM) following 

pre-stimulation with PE (3 µM) while the intravascular pressure is held constantly at 60 mmHg. 

Arteries in which ACh induced >90% reversal of agonist-induced tone were designated as 

endothelium-intact, and tissues in which the response to ACh was <10% were deemed to be 

endothelium-denuded. Arteries in which the % reversal of PE-induced tone elicited by ACh fell 

between these values were discarded. Cumulative concentration-response curves to vasorelaxant 

stimuli (e.g. CyPPA and SKA-31) were constructed in arterial segments pre-stimulated PE and 

results expressed as % reversal of agonist-induced tone. Cumulative concentration-response 

curves CyPPA and SKA-31 were constructed and results expressed as % maximal response.  

2.5 Perfused mesenteric vascular bed 
 The mesenteric bed was perfused via the superior mesenteric artery as previously 

described(Narang et al. 2014). Briefly, the mesenteric vascular bed was separated from the 

intestine and the superior mesenteric artery cleaned of connective tissue, cannulated with a blunted 
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hypodermic needle (20 G) and flushed with Krebs buffer to remove blood. In some experiments, 

the endothelium was removed by flushing the bed with 0.5% Triton X-100 in water for 30 secs 

followed by rapid washout with Krebs. The vascular bed was placed on a wire mesh in a warm 

chamber and perfused with oxygenated Krebs buffer at a constant flow rate of 5 mlmin-1 (37°C). 

Vasoconstrictor responses were measured as increases in perfusion pressure which were monitored 

via a pressure transducer and recorded via a PowerLab data acquisition system using Chart 5.0 

software (AD Instruments, Colorado) and displayed as normalized values. Endothelial function 

was assessed as the response to ACh (1 µM) following vasoconstriction with the α1-adrenoceptor 

agonist methoxamine (1 µM). Tissues in which ACh elicited >80% reversal of constriction were 

deemed to be endothelium-intact and <25% were deemed to be endothelium-denuded. 

Preparations in which the % reversal of methoxamine-induced constriction elicited by ACh fell 

between these values were discarded.  

2.5.1 Responses to stimulation of perivascular nerves. Electrodes were attached to the cannulating 

needle and to the wire mesh to allow electrical field stimulation using a Grass SD9 stimulator 

(Grass Technologies, USA). Following an equilibration period of 30 mins, a single stimulation 

(30Hz, 90V, pulse width 1 msec, 30 secs) was applied to assess the viability of the preparation. 

After a further 10 mins, a frequency-response curve was constructed by stimulating the preparation 

at 1-40 Hz (90 V, pulse width 1 msec, 30 secs) at 10 min intervals (Pakdeechote et al. 2007). The 

effects of agents on nerve-evoked vasoconstriction were assessed by perfusing the drugs through 

the lumen of the preparation for 20 mins prior to constructing a second frequency-response curve. 

In some experiments, a third frequency-response curve was constructed following washout of the 

drugs.  
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2.6 Intracellular recording of smooth muscle membrane potential in intact arteries 
 For measurement of smooth muscle membrane potential basilar or 2nd order mesenteric 

arteries were cut open longitudinally and pinned to the bottom of a Sylgard chamber as previously 

described(T. Allen et al. 2002),(Kerr et al. 2015). This method limits movement of the tissue to 

allow for recording of more sustained responses. The arterial segments were orientated with the 

endothelial surface uppermost for recording of endothelial cell membrane potential or endothelial 

surface downwards for recording of smooth muscle membrane potential. Tissues were maintained 

at 37°C and constantly superfused with warmed oxygenated Krebs buffer at a rate of 5 mlmin−1. 

Measurements of membrane potential were made with sharp glass microelectrodes, back-filled 

with 3 M KCl and with resistances of 60-100 MΩ. The criteria for successful cell impalement 

included a sharp negative deflection upon entry and a sharp return to baseline upon electrode 

removal. Data were recorded via a PowerLab data acquisition system using Chart 5.0 software 

(AD Instruments, Colorado). Drugs were added to the superfusate or as a bolus dose to the bath as 

indicated and the membrane potential values quoted were recorded with 1-2 mins of drug addition. 

All membrane potential measurements are shown as absolute values in mV. In endothelium-

denuded rat basilar and mesenteric arteries, hyperpolarization to ACh was not observed. 

2.7 Real-time reverse-transcription PCR (qRT-PCR) 
 Expression levels of Kir2.1, Kir 2.2, Kir 2.3, Kir 2.4, Kir 3.1, Kir 3.4, Kir 1.1, and Kir7.1 

mRNA were determined in rat mesenteric arteries using real-time PCR analysis. For each channel 

transcript, data was obtained from mesenteric arteries isolated from 4 different rats. 

2.7.1 RNA extraction and cDNA synthesis. Total RNA was extracted from freshly isolated rat 

mesenteric arteries without adhering tissue and stored in RNAlater® Solution (Ambion, Life 

Technologies Corporation) at -20°C. RNA extraction was performed using RNeasy Plus Micro Kit 

(QIAGEN CAT # 74034) following the manufacturer’s protocol. The concentration of RNA 
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extracted was assessed base on the amount of light absorbed by the sample when exposed to UV 

light at a wavelength of 260 nm using a spectrophotometer (NanoDrop® ND-10000). Aliquot of 

RNA extracted were run on a 1.5% agarose gel by electrophoresis to examine RNA integrity. For 

each transcript, 150 ng of extracted RNA was used to synthesize cDNA in a total volume of 20 μl 

using QScript cDNA SuperΜix (Quantabio CAT # 95048) as recommended by the manufacturer. 

qPCR experiments were performed using two different protocols: 

a) SYBR green dye method:   

Reactions were performed in a total volume of 10 µl: 

- 5 µl DyNAmo ColorFlash SYBR Green Master mix (ThermoFisher Scientific CAT#    

F416) 

 - 1 µl primers (1 µM) listed in Table 2.1 (0.5 µl forward and 0.5 µl reverse)  

 - 2 µl cDNA sample  

 - 2 µl nuclease-free water 

Cycling conditions (used to detect KCNJ genes): 

 - Hold: 50°C for 2 mins 

 - Hold: 95°C for 10 mins 

 - 40 cycles of: 

  - Denature: 95°C for 15 secs 

  - Anneal/extend: 60°C for 30 secs 

 - Melt Curve 

Cycling conditions (used to detect KCNN genes): 

 - Hold: 95°C for 15 mins 

 -40 cycles of: 

  -Denature: 94°C for 15 secs 

  -Anneal: 58.2°C for 30 secs 

  -Extend: 72°C for 30 secs 

 -Melt Curve 
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Primers for qPCR (SYBR green dye) 

Species/Gene Primer ID/sequence Manufacturer 

Rat-KCNJ12 (Kir2.2) 
F 5’-gttggggactctgctggag-3’ 

R 5’-tgcccaaattaaaaaccaatg-3’ 
Integrated DNA Technologies  

Rat-KCNJ14 (Kir2.4) 
F 5’-ggagccaggaaacagtcg-3’ 

R 5’-tttttgacgaagcgtccac-3’ 
Integrated DNA Technologies  

Rat-KCNJ3 (Kir3.1) 
F 5’-gagggacggaaaactcactct-3’ 

R 5’-ctcaggtgtctgccgagatt-3’ 
Integrated DNA Technologies  

Rat-KCNJ5 (Kir3.4) 
F 5’-ctgtcggtacgtaggcaatg-3’ 

R 5’-cctagaatcaccggccatag-3’ 
Integrated DNA Technologies 

Rat-KCNJ1 (Kir1.1) 
F 5’-aacggagtgtgttcagagtgc-3’ 

R 5’-accatcttcggaggtgtttg-3’ 
Integrated DNA Technologies  

Rat-ACTB 
F 5’-agattactgccctggctcct-3’ 

R 5’-actcctgcttgctgatccac-3’ 
Integrated DNA Technologies  

Rat-KCNN1 (KCa2.1) 
F 5’-gtgaagattgaacaagggaagg-3’ 

R 5’-ggcctccaactcctcctg-3’ 
Thermo Fischer Scientific 

Rat-KCNN2 (KCa2.2) 
F 5’-accatcagacagcagcaaaggg-3’ 

R 5’-gaccgccgcctcctggac-3’ 
Thermo Fischer Scientific 

Rat-KCNN3 (KCa2.3) 
F 5’-gccaactccaccgccatc-3’ 

R 5’-ggctgtggaacttggagag-3’ 
Thermo Fischer Scientific 

Rat-KCNN4 (KCa 3.1) 
F 5’-atgctgctacgtctctac-3’ 

R 5’-gaatcggacttggttgag-3’ 
Thermo Fischer Scientific 

Table 2.1: Primers used for the amplification of KCNJ12, KCNJ14, KCNJ1, KCNJ3, KCNJ5 and 
KCNN1-4 for qPCR.  

Final reaction products were electrophoresed on a 2% agarose gel, extracted using 

QIAquick Gel Extraction Kit (Qiagen CAT# 28704) and sequenced at the Applied Genomics Core 

(University of Alberta).  

b) TaqMan assay method: 

Reactions were performed in a total volume of 20 µl: 

- 10 µl TaqMan® Fast Advanced Master Mix (2X) (CAT# 4444556)  
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 - 1 µl TaqMan® assay listed in Table 2.2 (0.5 µL forward and 0.5 µL reverse)  

 - 2 µl cDNA sample  

 - 7 µl distilled water 

Cycling conditions: 

 - Hold: 50°C for 2 mins 

 - Hold: 95°C for 20 secs 

 - 40 cycles of: 

  - Denature: 95°C for 1 secs 

  - Anneal/extend: 60°C for 20 secs 

  

Primers for qPCR (TaqMan assays) 

Species/Gene Primer ID/sequence Manufacturer 

Rat-KCNJ2 (Kir2.1) Assay ID: Rn00568808_s1 ThermoFisher Scientific 

Rat-KCNJ4 (Kir2.3) Assay ID: Rn01502359_m1 ThermoFisher Scientific 

Rat-KCNJ13 (Kir7.1) Assay ID: Rn00586020_m1 ThermoFisher Scientific 

Rat-ACTB Assay ID: Rn00667869_m1 ThermoFisher Scientific 

Table 2.2: TaqMan assays used for the amplification of KCNJ2, KCNJ4, and KCNJ13 for qPCR. 
Final reaction products were electrophoresed on a 2% agarose gel to confirm the sizes of 

product.  

mRNA expression of KCNJ and KCNN subtypes are compared to the expression of ß-actin 

using comparative quantification algorithms ∆Ct (∆Ct is the difference between the Ct values 

obtained for the expression of the gene of interest and ß-actin); fold difference is expressed as 2^–

∆Ct, ∆Ct=Ct (gene)–Ct (ß-actin).  
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2.8 Immunohistochemical localization of SKCa, IKCa, Kir2.1 and 2.2 channel proteins in 

intact arteries 

 Protein expression of SKCa, IKCa, Kir 2.1 and 2.2 channels was localized in intact arteries 

using confocal immunohistochemistry in collaboration with Dr. Shaun Sandow (University of 

the Sunshine Coast, Australia) using methods described by Chadha et al., (2010)(Chadha et al. 

2010). Briefly, arteries were fixed with 2% paraformaldehyde in 0.1 M PBS, cut along the lateral 

plane and pinned out as a flat sheet with the intima uppermost onto Sylgard blocks. Whole-

mount tissues were incubated in blocking buffer (PBS containing 1% bovine serum albumin, 

0.2% Tween 20) for 2 hrs at room temperature, rinsed in PBS (3 × 5 mins), and incubated in 

primary antibody (IKCa, as IK, 1:100, Mark Chen, GlaxoSmithKline, Stevenage, United 

Kingdom, M75; SKCa as SK3, M75 1:100, Craig Neylon, University of Melbourne, Australia; 

Kir2.1 as KCNJ2, 1:100, Alomone, APC-026; Kir2.2 as KCNJ12, 1:100, Alomone, APC-042) in 

blocking buffer for 18 hrs at 4°C. Tissue was then rinsed in PBS (3 × 5 mins) and incubated in 

secondary antibody (Alexa Fluor 633; Invitrogen) diluted in 0.01% Tween 20 for 2 hrs. It was 

then rinsed in PBS (3 × 5 mins), mounted intima uppermost in anti-fade glycerol, and examined 

with a confocal microscope (FV1000; Olympus, Tokyo, Japan) using uniform settings. Controls 

for antibody specificity involved abolition of staining after pre-incubation of SK3 (M75) 

antibodies with their respective antigenic peptides, omission of the primary antibody, and the use 

of transfected cells, and positive controls for SK3, KCNJ2 and KCNJ12. 
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2.9 Drugs and chemicals 
 All salts were purchased from Sigma-Aldrich. All other chemicals, their source, 

mechanism of action, and the solvent used are listed in Table 2.3.  

Drug Company Mechanism of action Solvent 

1-EBIO Sigma SKCa and IKCa channel activator (Devor et al. 1996) DMSO 

5-HT Sigma 5-HT receptor agonist (Berger et al. 2009) H2O 

Acetylcholine Sigma 
acetylcholine receptor agonist 

(Wessler et al. 1999) 
H2O 

Apamin Tocris SKCa channel antagonist (van der Staay et al. 1999) H2O 

Barium chloride Sigma 
Kir channel inhibitor 

(Robertson et al. 1996) 
H2O 

Capsaicin Sigma 
inhibitor of sensory nerve function via activation of 

TRPV1(Bevan et al. 1992) 
Ethanol 

CyPPA Tocris SKCa channel activator (Hougaard et al. 2007) DMSO 

DEA NONOate Sigma NO donor (Keefer et al. 1996) Degassed 
Krebs  

IbTX Tocris BKCa channel inhibitor (Kunz et al. 2002) H2O 

Indomethacin Sigma 
cyclooxygenase (COX) inhibitor 

(Ferreira et al. 1971) 
NaHCO3 

L-NAME Sigma NOS inhibitor (Pfeiffer et al. 1996) H2O 

ML-133 

hydrochloride 
Tocris  Kir2 channel inhibitor (Wu et al. 2010) DMSO 

Nifedipine Sigma 
L-type VOCC blocker  

(Shen et al. 2000) 
DMSO 

NS309 Sigma 
SKCa and IKCa channel activator (Strøbæk et al. 

2004) 
DMSO 

NS 6180 Tocris IKCa channel antagonist (Strøbaek et al. 2013) DMSO 

ODQ Sigma 
soluble guanylyl cyclase inhibitor  

(Garthwaite et al. 1995) 
DMSO 

Phenylephrine Sigma α1-adrenoceptor agonist (Minneman et al. 1994) H2O 

Prazosin Sigma α1-adrenoceptor antagonist H2O 
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(Skomedal et al. 1980) 

Propranolol Sigma β-adrenoceptor antagonist(Bond 1967) H2O 

Pyr3 Tocris TRPC3 channel antagonist (Kiyonaka et al. 2009) DMSO 

SKA-31 Tocris 
IKCa channel activator (Sankaranarayanan et al. 

2009) 
DMSO 

Tertiapin Tocris Kir3.1/3.4 inhibitor (Jin and Lu 1999) H2O 

Tetrodotoxin Sigma 
Voltage-gated Na+ channel inhibitor  

(Chong and Ruben 2008) 
H2O 

TRAM- 34 Tocris IKCa channel antagonist (Wulff et al. 2000) DMSO 

U46619 Sigma TXA2 receptor agonist (Coleman et al. 1981) DMSO 

U73122 Sigma 
Phospholipase C inhibitor 

(Smallridge et al. 1992) 
DMSO 

U73343 Sigma 
Inactive analog of U73122 (negative control; 

 Muto, Nagao, and Urushidani 1997) 
DMSO 

VU 590 Tocris Inhibitor of Kir1.1 and Kir7.1 (Lewis et al. 2009) DMSO 

Xestospongin C Tocris InsP3 receptor inhibitor (Gafni et al. 1997) DMSO 

Table 2.3: Drugs used in the experiments described in this thesis. * For each of these drugs control 
experiments were carried out using appropriate concentrations of DMSO, NaHCO3, degassed 
Krebs and ethanol. 
 

2.10 Data analysis and statistics 
 Summary data are presented as mean ± SEM (n) where n indicates the number of animals. 

Unless otherwise indicated, responses in the absence and presence of drugs were paired (i.e. 

obtained from the same tissues). Normalized agonist concentration-response curves were fitted to 

a sigmoidal curve with a variable slope using four parameters logistic equation in GraphPad Prism 

6.0 (GraphPad Software, La Jolla, CA). For the purposes of statistical comparison, agonist EC50 

values were converted to pEC50 values. Comparisons of means between control and drug-

treatments (with one independent variable) were performed using Student's t-test. One-way 

ANOVA was used when comparing between control and drug-treatments when there are more 
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than two groups in total and Post hoc Tukey test was used for individual comparison. Two-way 

repeated measures ANOVA was used when there were two independent variables. Post hoc Holm-

Sidak test was used for individual comparison when there are two categorical groups and post hoc 

Tukey test was used when there are more than two categorical groups for individual comparisons. 

Statistical analyses were performed using GraphPad Prism 6.0 with P<0.05 considered to be 

statically significant. 
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Chapter 3: Vasoconstrictor stimulus determines the functional contribution of 

myoendothelial feedback to mesenteric arterial tone 
 
3.1 Introduction 
 As described in Chapter 1, the diameter of resistance arteries, a key determinant of tissue 

perfusion and blood pressure, is tightly regulated through the coordinated activity of endothelial 

cells, sympathetic nerves and smooth muscle cells (Kerr et al. 2012; Westcott and Segal 2013). 

Endothelial cells modulate the contractile state of surrounding smooth muscle cells via direct 

electrical coupling through MEGJs and release of diffusible factors such as NO (For review see 

Ellinsworth et al. 2016 and Vanhoutte et al. 2017). A vast literature describes how these 

mechanisms mediate endothelium-dependent vasodilation to agents such as ACh (for reviews see 

Busse et al. 2002, Edwards et al. 2010; Edwards, Félétou, and Weston 2010; Vanhoutte et al. 2017) 

but recent studies have focused on addressing the question of how agonist-evoked constriction of 

isolated resistance arteries is limited by reciprocal activation of the endothelium. This work has 

led to the current model for myoendothelial feedback in which movement of InsP3 from smooth 

muscle to endothelial cells via MEGJs, generates localized InsP3-dependent Ca2+ transients that 

activate IKCa channels within myoendothelial projections. The resulting hyperpolarization of the 

endothelial membrane potential then feeds back to the smooth muscle cells to limit further 

reductions in vessel diameter (Kerr et al. 2015; Tran et al. 2012; Nagaraja et al. 2013; for review 

see Kerr et al. 2012 and Segal 2015; see Section 1.5.5 for details).  

 This model arose from experiments employing global application of pharmacological 

concentrations of α1-adrenoceptor agonists to elicit smooth muscle depolarization, increased Ca2+ 

influx through L-type VOCCs, and generation of InsP3 by PLC in a large number, if not all, smooth 

muscle cells (Kerr et al. 2015; Tran et al. 2012). However, this situation may not be replicated 

when other vasoconstrictor stimuli are employed. Agonists and physical stimuli can utilize a 
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diverse range of contractile mechanisms to contract smooth muscle cells, not all of which involve 

generation of InsP3 (reviewed by Brozovich et al. 2016) and sympathetic nerve activity results in 

the release of quanta of noradrenaline to act on clusters of α1-adrenoceptors within spatially 

restricted post-synaptic regions on a limited number of smooth muscle cells. 

 Furthermore, for myoendothelial feedback to limit vasoconstriction the endothelial 

mechanisms engaged must be able to effectively inhibit tone development. In hamster skeletal 

muscle feed arteries, feedback of IKCa channel-mediated hyperpolarization to limit smooth muscle 

depolarization fully accounts for endothelium-dependent modulation of constriction to the α1-

adrenoceptor agonist PE (Tran et al. 2012). But, in rat mesenteric and basilar arteries, InsP3/IKCa 

mediated myoendothelial feedback is linked to both hyperpolarization and release of NO (Kerr et 

al. 2015). Smooth muscle cell hyperpolarization is primarily effective against depolarization-

induced contraction whereas NO can inhibit vasoconstriction through a range of mechanisms such 

as decreasing the Ca2+ sensitivity of contractile proteins (Carvajal et al. 2000), inhibiting InsP3-

induced Ca2+ release (Ji et al. 1998), and activating K+ channels (Bolotina et al. 1994; Van Hove 

et al. 2009; Mistry and Garland 1998). So, as shown previously for ACh-evoked relaxations (Plane 

and Garland 1996), the relative contribution of hyperpolarization and NO to myoendothelial 

feedback may reflect variations in the contribution of electrical and non-electrical pathways to 

vasoconstriction. 

 Thus, I hypothesized that the functional contribution of InsP3/IKCa channel-mediated 

myoendothelial feedback to limiting arterial diameter is influenced by the ability of the 

vasoconstrictor stimulus to engage the endothelium. To test this hypothesis, I have investigated 

the functional role of the IKCa channel-mediated myoendothelial feedback in modulating 

contraction to the TXA2 agonist U46619, increases in intravascular pressure and stimulation of 
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perivascular sympathetic nerves in mesenteric arteries. I chose to use mesenteric arteries for this 

study as our lab has previously described the role of the myoendothelial feedback pathway in 

modulating increases in tone elicited by α1-adrenoceptor agonists in these vessels (Kerr et al. 

2015) as shown in Figure 3.1. 

3.2: Methods 

 A full descriptions of methods are provided in Chapter 2. 

3.3 Results 
3.3.1 Myoendothelial feedback modulates noradrenaline-but not U46619-induced tone in isolated 

mesenteric arteries: The role of IKCa channel-mediated myoendothelial feedback in modulating 

responses to bath-applied noradrenaline (1 nM-30 µM) and U46619 (1 nM-10 µM) was 

investigated by constructing concentration-response curves to these agonists in the presence and 

absence of the IKCa channels inhibitor TRAM-34 (1 µM). As previous work has shown a role for 

NO in myoendothelial feedback in mesenteric arteries (Kerr et al. 2015), concentration-response 

curves were also conducted in the presence of the NOS inhibitor L-NAME (100 µM) alone, or 

with TRAM-34.  

Noradrenaline-evoked increases in tone were significantly enhanced by either TRAM-34 

or L-NAME alone, and in the presence of a combination of the two inhibitors, the degree of 

potentiation was the same as that seen with TRAM-34 alone (Figure 3.1). In contrast, responses 

to U46619 were potentiated by L-NAME but unaffected by application of TRAM-34, and in the 

presence of a combination of the two inhibitors, the degree of potentiation was the same as that 

seen with L-NAME alone (Figure 3.1 and Table 3.1). Apamin (50 nM), an inhibitor of SKCa 

channels, did not affect responses to either agonist (Table 3.1). Increases in tone elicited by 

noradrenaline were abolished by the α1-adrenoceptor antagonist prazosin (1 µM; n=5) but 

unaffected by propranolol (0.3 µM; Table 3.1). 
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 Endothelium-intact arteries 
 Noradrenaline U46619 

Control 5.95 ± 0.04 7.34 ± 0.14 
L-NAME 6.41 ± 0.02* 8.20 ± 0.13* 
TRAM-34 7.02 ± 0.04*$ 7.23 ± 0.16 

L-NAME + TRAM-34 7.05 ± 0.05*$ 8.13 ± 0.15* 

Apamin 6.1 ± 0.04 7.2 ± 0.19 
Propranolol 5.93 ± 0.03 - 

 
Table 3.1: pEC50 values for noradrenaline- and U46619-induced tone in the presence and 
absence of inhibitors. Values are shown as mean ± SEM (n =6). * denotes significantly different 
to control values. $ denotes significantly different to L-NAME (Data with apamin contributed by 
Stephen Gust). 

 

Figure 3.1: Noradrenaline- and U46619-evoked increases in tone in mesenteric arteries: role 
of myoendothelial feedback. a) Mean cumulative concentration-response curves for 
noradrenaline (NA) in the presence and absence of L-NAME (100 μM) and/or TRAM-34 (1 μM) 
in endothelium-intact segments of rat mesenteric artery (n=6). b) Mean cumulative concentration-
response curves for U46619 in the presence and absence of L-NAME (100 μM) and/or TRAM-34 
(1 μM) in endothelium-intact segments of rat mesenteric artery (n=4; data contributed by Stephen 
Gust). Data is shown as mean ± SEM. Two-way ANOVA was performed. * denotes significantly 
different to control values (p<0.05). Δ denotes significantly different to L-NAME alone (p<0.05). 
 

The differential effects of TRAM-34 on noradrenaline and U46619-evoked changes in tone 

in mesenteric arteries were mirrored by its effects on changes in smooth muscle cell membrane 

potential elicited by these agonists. In endothelium-intact arteries, TRAM-34 (1 µM) caused a 
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significant depolarization of resting membrane potential, enhanced noradrenaline (10 µmoles)-

evoked smooth muscle depolarization, but was without effect on the response to U46619 (1 µmole; 

Figure 3.2). Noradrenaline-evoked smooth muscle depolarization was abolished by the α1-

adrenoceptor antagonist prazosin (1 µM; n=4). Thus, activation of α1-adrenoceptors by 

noradrenaline leads to activation of IKCa channels to modulate smooth muscle depolarization but 

U46619 does not elicit the same type of feedback.   

In the current model of myoendothelial feedback it is generation of InsP3 within smooth 

muscle cells that leads to activation of IKCa channels. Therefore, we used U73122 (10 µM), an 

inhibitor of PLC, and xestospongin C (10 µM), an inhibitor of InsP3 receptors, to investigate the 

contribution of InsP3 to noradrenaline (0.5 µM) and U46619 (0.1 µM) responses in endothelium-

intact arteries mounted in a wire myograph. Pre-incubation of arteries with U73122 for 10 mins 

significantly inhibited responses to both noradrenaline and U46619 (Figure 3.3a) but U73343, an 

inactive analogue of U73122, was without effect. In contrast, exposure to xestospongin C for 10 

mins significantly inhibited noradrenaline-evoked increases in tone but did not affect responses to 

U46619 (Figure 3.3b). Thus, although both agonists act through PLC, only responses to 

noradrenaline are dependent, at least partially, on that activation of InsP3 receptor to elicit the 

release of Ca2+ which can activate IKCa channel-mediated myoendothelial feedback pathway. 
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Figure 3.2: Block of IKCa channels potentiates smooth muscle depolarization to 
noradrenaline but not U46619. a) Representative traces showing smooth muscle depolarization 
to bolus doses of noradrenaline (10 µmoles) in endothelium-intact segments of rat mesenteric 
artery in the presence and absence of TRAM-34 (1 µM). b) Mean data showing changes in smooth 
muscle membrane potential evoked by noradrenaline and U46619 in the presence and absence of 
TRAM-34 (n=6). Data is shown as mean ± SEM. Two-way ANOVA was performed. * denotes 
significantly different from resting membrane potential (p<0.05). Δ denotes significantly different 
to noradrenaline alone (p<0.05). 
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Figure 3.3: Differential role of InsP3 receptors in noradrenaline- and U46619-induced 
increases in tone. Mean responses to noradrenaline (3 µM) and U46619 (0.1 µM) in the presence 
and absence of a) U73122 and U73343 (both 10 µM), and b) xestospongin C (10 μM)) in 
endothelium-intact segments of rat mesenteric artery (n=5). Two-way ANOVA was performed. 
Data is shown as mean ± SEM. * denotes significantly different control values (p<0.05). 
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3.3.2 Myoendothelial feedback does not modulate myogenic reactivity: Mesenteric arteries were 

mounted in a pressure myograph and subjected to step-wise increases in intraluminal pressure (20 

to 120 mmHg). Arteries maintained their diameter across the whole range whereas in Ca2+-free 

buffer, passive dilation was observed at each step (Figure 3.4a). Active tone development was not 

significantly altered by removal of the endothelium (Figure 3.4b), nor by the IKCa channel 

inhibitor TRAM-34 (1 µM), or the NOS inhibitor L-NAME (100 µM; Figures 3.4c and d). To 

determine whether the lack of effect of TRAM-34 reflected an inability of IKCa channels to 

modulate myogenic reactivity, we applied pressure ramps to endothelium-intact arteries in the 

presence of SKA-31(5 µM), an activator of endothelial IKCa channels. The presence of SKA-31 

resulted in loss of myogenic reactivity such that at intravascular pressure of 60 mmHg and above, 

arterial diameters in the presence of this agent were not significantly different from passive 

diameters obtained in Ca2+-free buffer (Figure 3.4e). Furthermore, application of the InsP3 

receptor antagonist xestospongin C (10 µM) to myogenically active arteries held at 80 mmHg 

significantly inhibited subsequent constriction to the adrenoceptor agonists PE and noradrenaline 

(3 µM) but did not alter the background myogenic tone. The mean baseline diameter of the arteries 

held at 80 mmHg in the absence and presence of xestospongin C was 247.6 ± 12.7 µm and 245.9 

± 17.1 (n=10; p>0.05). Addition of either PE or noradrenaline alone to these arteries reduced the 

diameter to 196 ± 11.5µm (n=5; p<0.05 compared to baseline) and 183 ± 10.5µm (n=5; p<0.05 

compared to baseline), respectively. However, in the presence of xestospongin C, the mean arterial 

diameter following application of these agonists was 228 ± 13.8 µm (n=5; p<0.05) and 235 ± 19.9 

µm (n=5; p<0.05). Thus, the inability of myoendothelial feedback to modulate myogenic reactivity 

may reflect the lack of a role for InsP3 in mediating the response to changes in intravascular 

pressure in these arteries. 
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Figure 3.4: Myogenic reactivity of mesenteric resistance arteries is not modulated by 
myoendothelial feedback. a) Representative traces of pressure-diameter relationships in an 
endothelium-intact mesenteric artery in the presence and absence of extracellular Ca2+. b) Mean 
% myogenic tone in endothelium-intact (n=11) and denuded (n=6) arteries. Mean % myogenic 
tone in endothelium-intact arteries in the absence and presence of c) L-NAME (100 µM; n=8), d) 
TRAM-34 (1 µM; n=6), and e) SKA-31 (5 µM; n=5). Data is shown as mean ± SEM. Two-way 
ANOVA was performed. *denotes significantly different to control values (p<0.5). 
 
3.3.3 Frequency-dependence of the contribution of myoendothelial-feedback to nerve-evoked 

increases in tone in isolated mesenteric arteries: To investigate the ability of IKCa channel-

mediated myoendothelial feedback in modulating responses to sympathetic nerve activity, we 

applied transmural nerve stimulation (0.25-20Hz) to isolated segments of endothelium-intact 

artery mounted in a wire myograph (Figure 3.5a). The resulting frequency-dependent increases in 

tension were abolished by the α1-adrenoceptor antagonist prazosin (0.1 µM) and by tetrodotoxin 
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(TTX; 0.5 µM) a blocker of neuronal Na+ channels, but were not affected by capsaicin (10 µM; 

Table 3.2) an inhibitor of sensory nerve function. Therefore, these responses are predominantly 

mediated by release of noradrenaline from nerves and not due to direct electrical stimulation of 

smooth muscle cells. Application of repeated frequency-response curves showed that nerve-

evoked responses did not significantly change over the time course of experiments (Figure 3.5b). 

 Endothelium-intact arteries (mN) 

Control 11.0 ± 3.8 
Prazosin 1.8 ± 0.5* 

TTX 1.3 ± 0.2 * 

Capsaicin 9.9 ± 3.2 

 
Table 3.2: Responses of isolated mesenteric arteries to stimulation of perivascular nerves at 
12 Hz. Values are shown as mean ± SEM (n =6). T-test was performed, * denotes significantly 
different to control values (P<0.05). 
 
 To investigate modulation of nerve-evoked responses by myoendothelial feedback, 

frequency-response curves were constructed in the presence of L-NAME (100 µM) and/or TRAM-

34 (1 µM). Neither agent alone had an effect on nerve-evoked responses. But, the combination of 

L-NAME and TRAM-34 together significantly increased nerve-evoked increases in tone at 

frequencies of 12 Hz and above (Figure 3.5c), an effect that was abolished by the removal of the 

endothelium (Figure 3.5d).   
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Figure 3.5: Endothelium-dependent modulation of nerve-evoked increases in tone in isolated 
rat mesenteric arteries.  a) Representative traces of frequency-dependent increases in tone in an 
endothelium-intact segment of rat mesenteric artery in the absence and presence of L-NAME and 
TRAM-34.  b) Sequential mean frequency-response relationships obtained in endothelium-intact 
arteries. Mean frequency-response relationships obtained in the presence of L-NAME (100 µM) 
and/or TRAM-34 (1 µM) in c) endothelium-intact (n=7) and d) endothelium-denuded arteries 
(n=6; data contributed by Raymond Tam). All values are presented as mean ± SEM. Two-way 
ANOVA was performed. * denotes significant different compared to control (P<0.05). A scatter 
plot is included as an inset in c) showing the data points from control and L-NAME and TRAM-
34 groups at 12-20 Hz. 
 
 The apparent frequency-dependence of the ability of the endothelium to modulate increases 

in tone evoked by nerve stimulation then led us to investigate the relative contribution of voltage-

dependent and InsP3-dependent mechanisms to these responses in vessels mounted in a wire 

myograph. The L-type VOCC blocker nifedipine (1 µM) showed frequency-dependence in the 
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extent of inhibition of nerve-evoked increases in tone; nifedipine abolished responses at lower 

frequencies but at 8 Hz and above, nifedipine-resistant responses persisted. These nifedipine-

resistant responses were abolished by addition of xestospongin C (10 µM; Figure 3.6). Thus, it 

appears that at lower frequencies, nerve-evoked increases in tone can be fully accounted for by 

depolarization leading to increased Ca2+ influx though L-type VOCCs, but at higher frequencies 

there is an increasing contribution of InsP3. This pattern mirrors the ability of myoendothelial 

feedback to modulate responses to higher frequencies of nerve stimulation. 

Figure 3.6: Frequency-dependent changes in the contribution of L-type VOCCs and InsP3 
to nerve-evoked increases in tone in rat isolated mesenteric arteries.  Mean frequency-response 
relationships obtained in endothelium-intact arteries mounted in a wire myograph in the presence 
and absence of nifedipine (1 µM) or nifedipine and xestospongin C (10 µM). All values are 
presented as mean ± SEM (n=6). Two-way ANOVA was performed. * denotes significant different 
compared to control (P<0.05), ∆ denotes significantly different compared to nifedipine alone 
(P<0.05). 
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3.3.4 Endothelial modulation of nerve-evoked vasoconstriction in the rat perfused mesenteric bed: 

Following on from the experiments in isolated arteries, I sought to determine whether 

myoendothelial feedback makes a significant contribution to limiting vasoconstriction in the intact 

mesenteric bed. As in isolated arteries, responses of the mesenteric bed to infusion of noradrenaline 

(15 µM) were significantly enhanced by block of IKCa channels with TRAM-34 (1 µM) indicating 

that IKCa-mediated myoendothelial feedback can occur in this preparation, but responses to 

U46619 (1 µM) were unaffected (Table 3.3). However, in contrast to isolated arteries, block of 

SKCa channels by apamin caused significant enhancement of responses to both noradrenaline and 

U46619. The responses to both noradrenaline and U46619 in the presence of apamin were partially 

additive with L-NAME, indicating that another mechanism contributes to endothelial modulation 

of tone in the presence of flow (Table 3.3). 

 Noradrenaline U46619 
TRAM-34 134.2 ± 9.4* 103.5 ± 5.7 
Apamin 154.9 ± 11.5* 136.9 ± 8.2* 

L-NAME 170  ± 12.9* 156.3 ± 15.6 

Apamin and L-NAME 195 ± 8.5* 189 ± 7.3* 
 
Table 3.3: Responses of perfused mesenteric bed to noradrenaline and U46619 in the 
presence of TRAM-34, apamin and L-NAME are shown as mean ± SEM (n =5) of percentage 
of control values. Paired t-test was performed. *denotes significantly different to control values 
(P<0.05; data with noradrenaline contributed by Boyd Classen). 
 
 Next, I examined the role of the endothelium in modulating nerve-evoked vasoconstriction 

in the perfused bed by constructing frequency-response curves to transmural stimulation (1-40 Hz; 

Figure 3.7a). The α1-adrenoceptor antagonist prazosin (0.1 µM) significantly inhibited nerve-

evoked increases in perfusion pressure reducing the mean response to 40 Hz stimulation in 

endothelium-intact preparations to 7.9 ± 2.0 % (n=5; p<0.05) of control values. Capsaicin was 
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without effect and in its presence the mean response to 40 Hz stimulation was 104.1 ± 10.7 % 

(n=5) of control.  

 Modulation of nerve-evoked vasoconstriction by IKCa channel-mediated myoendothelial 

feedback was then investigated by perfusing endothelium-intact vascular beds with TRAM-34 (1 

µM) and/or L-NAME (100 µM). Block of IKCa channels with TRAM-34 significantly potentiated 

responses to only to the highest level of stimulation (40 Hz), indicating that IKCa channel-mediated 

myoendothelial feedback does not play a dominant role in regulating vascular tone in the perfused 

mesenteric bed. In contrast, L-NAME significantly enhanced increases in perfusion pressure at all 

frequencies, and the combination of TRAM-34 and L-NAME did not further increase responses 

beyond those seen in the presence of L-NAME alone (Figure 3.7b).  

 Constriction of arteries in the presence of constant flow will increase shear stress, which 

has been linked to activation of SKCa channels located on the luminal surface of endothelial cells 

(Brähler et al. 2009) and release of NO (Macedo and Lautt 1996; Macedo et al. 2011). Thus, we 

investigated the possibility that SKCa channels, rather than IKCa channels, are responsible for 

engaging the endothelium to modulate nerve-evoked constriction in the perfused mesenteric bed. 

Infusion of apamin (50 nM), an inhibitor of SKCa channels, significantly increased nerve-evoked 

responses (Figure 3.7c), an effect dependent on the endothelium (Figure 3.7d). Inhibition of NOS 

by L-NAME also significantly enhanced responses to nerve stimulation in an endothelium-

dependent manner (Figure 3.7d), an effect that was partially additive with that of apamin. Thus, 

in the intact perfused bed, under conditions of constant flow, it appears that activation of SKCa 

channels and release of NO in response to increases in shear stress, myoendothelial feedback, are 

the predominant mediators of endothelial modulation of vasoconstriction. 
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Figure 3.7: Endothelium-dependent modulation of nerve-evoked increases in perfusion 
pressure in rat mesenteric vascular bed. a) Representative trace of frequency-dependent 
increases in perfusion pressure in an endothelium-intact mesenteric bed perfused at a constant flow 
rate in the absence and presence of L-NAME and apamin. Mean frequency-response relationships 
obtained in endothelium-intact mesenteric beds in the absence and presence of b) TRAM-34 (1 
µM) or L-NAME (100 µM; data contributed by Stephanie Lunn), c) apamin (50 nM) and/or L-
NAME (100 µM; data contributed by Stephanie Lunn), d) Mean frequency-response relationships 
obtained in endothelium-denuded mesenteric beds in the absence and presence of apamin and L-
NAME. All values are presented as mean ± SEM (n=4-6). Two-way ANOVA was performed. * 
denotes P<0.05 compared to control. ∆ denotes P<0.05 compared to L-NAME alone. 
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3.4 Discussion 
 The data presented supports my hypothesis as I show that in isolated arteries, responses to 

noradrenaline and stimulation of sympathetic nerves, but not to U46619 and increases in 

intravascular pressure, were modulated by IKCa channel-dependent myoendothelial feedback. 

However, in the intact mesenteric bed perfused under conditions of constant flow, shear stress-

induced release of NO and activation of endothelial SKCa channels appeared to be the primary 

mediators of endothelial modulation of vasoconstriction to both agonists and nerve stimulation. 

Thus, I propose that myoendothelial feedback may contribute to local control of diameter within 

arterial segments, but at the level of the intact vascular bed, increases in shear stress may be the 

major stimulus for engagement of the endothelium during vasoconstriction. Furthermore, these 

data indicate that in addition to the nature of the vasoconstrictor stimulus involved, the biological 

context in which that stimulus is operating also determine how the endothelium is engaged to limit 

vasoconstriction.  

 As previously described for the α1-adrenoceptor agonist PE (Lamboley et al. 2005; Kansui 

et al. 2008; Tran et al. 2012; Kerr et al. 2015) , application of noradrenaline to endothelium-intact 

mesenteric arteries evoked increases in tone and smooth muscle depolarization mediated by α1-

adrenoceptors, and limited by InsP3/IKCa channel-dependent myoendothelial feedback. Three 

subtypes of InsP3 receptor are expressed within endothelial cells and show a heterogeneous 

distribution (Grayson et al. 2004; Toussaint et al. 2015) which may suggest that distinct isoforms 

contribute to different aspects of endothelial signaling (Mountian et al. 1999; Moccia et al. 2012). 

This is yet to be fully explored and the InsP3 receptor inhibitor xestospongin C used in this study 

does not discriminate between sub-types. However, responses to PE were unchanged in arteries 

from mice lacking endothelial type 1 InsP3 receptors (Yuan et al. 2016), potentially indicating a 

role for types 2 and 3 in myoendothelial feedback. 
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In contrast to noradrenaline, the TXA2 analogue U46619 did not engage the InsP3/IKCa 

channel-dependent myoendothelial feedback pathway and may directly activate endothelial 

thromboxane receptors to stimulate NO release (Kent et al. 1993). Multiple mechanisms have been 

proposed to underlie the contractions to U46619 including activation of PLC (Suzuki et al. 2012), 

InsP3-mediated Ca2+ release (Yamagishi et al. 1992), PKC (Nobe and Paul 2001), Ca2+ influx 

through voltage-dependent and -independent channels (Tosun et al. 1998), and rho kinase 

(ROCK)-mediated sensitization of contractile filaments to Ca2+ (Wilson et al. 2005) with their 

relative contributions showing significant variation between arteries and species. For example, in 

rat caudal artery contraction to U46619 is accounted for by activation of both the 

Ca2+/calmodulin/myosin light chain kinase pathway and the RhoA/ROCK pathway (Wilson et al. 

2005) whereas in rat aorta the response is due to DAG-mediated activation of voltage-dependent 

and -independent Ca2+ channels (Suzuki et al. 2012). Responses to U46619 in rat mesenteric 

arteries have not been extensively studied but ROK, PKC, p38 MAPK, VOCCs and cyclic 

nucleotide-gated channels have all been implicated (Bolla et al. 2002; Shaw et al. 2004; Leung et 

al. 2010). Our finding that responses to U46619, whilst sensitive to inhibition of PLC, are resistant 

to pharmacological block of InsP3 receptors supports the proposal that the lack of engagement of 

myoendothelial feedback could be due to the absence of a role for InsP3 in U46619-evoked 

responses in these vessels. Smooth muscle-specific deletion of InsP3 receptor sub-types in mice 

led to a depression of contraction to U46619 in mesenteric arteries (Lin et al. 2016) but, as far as 

I can ascertain, there is currently no evidence supporting a role of InsP3 in responses to U46619 

in rat mesenteric arteries. Responses to U46619 in mouse coronary arteries are less-sensitive to 

block of VOCCs than the responses in equivalent arteries from rats (Yang et al.) and thus the 

difference between our data and that of Lin et al. may be due to a species difference. 
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 Myogenic reactivity is a crucial autoregulatory mechanism to allow organ blood flow to 

remain constant over a range of blood pressures (Hill et al. 2009). Development of myogenic 

reactivity is not dependent on the endothelium (Falcone et al. 1991; Hill et al. 2006) but a 

modulatory role has been proposed in cerebral arteries (Palomares and Cipolla 2014). I show that 

although the IKCa channel activator SKA-31 dilates myogenically active mesenteric arteries, 

myoendothelial feedback does not modulate myogenic reactivity, possibly due to the absence of a 

role for InsP3 generation in the response to intravascular pressure in these vessels; the InsP3 

receptor antagonist xestospongin C did not alter myogenic tone but inhibited constriction to the 

adrenoceptor agonists PE and noradrenaline. Thus, the inability of myoendothelial feedback to 

modulate myogenic reactivity may reflect the lack of a role for InsP3 in mediating the response to 

changes in intravascular pressure in these arteries. A large body of published work shows that 

myogenic responses are dependent on smooth muscle depolarization(Knot and Nelson 1998; Knot 

et al. 1998; Vanbavel et al. 1998) but our understanding of the contribution of other contractile 

mechanisms is incomplete. PLC and its products, InsP3 and DAG, may contribute to myogenic 

reactivity in rat cerebral arteries (Osol et al. 1989; Jarajapu and Knot 2002; Mufti et al. 2010a). 

However, our findings are in agreement with recent data from mouse mesenteric arteries showing 

that although PLC is essential, it is DAG rather than InsP3 which promotes pressure-induced 

increases in smooth muscle Ca2+ and myogenic vasoconstriction (Mauban et al. 2015).  

 Sympathetic nerves are key regulators of resistance artery diameter (Westcott and Segal 

2013), and therefore blood flow, through the release of ATP and noradrenaline to act on arterial 

P2X receptors and α1-adrenoceptors, respectively (Sneddon and Burnstock 1984; von Kügelgen 

and Starke 1985). Nerve-evoked responses in both isolated mesenteric arteries and the perfused 

mesenteric bed were abolished by prazosin indicating that under our experimental conditions, these 
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responses are mediated by noradrenaline acting on α1-adrenoceptors with little contribution from 

ATP. This is in line with a previous reports that the relative importance of ATP as a functional 

sympathetic neurotransmitter in the rat and porcine mesenteric beds is revealed only when the level 

of preexisting vascular tone or pressure is increased (Pakdeechote et al. 2007; Rummery et al. 

2007; Shatarat et al. 2014). 

 Acting on α1-adrenoceptors, noradrenaline activates PLC, elevates DAG and InsP3, and 

causes membrane depolarization to increase Ca2+-influx through L-type VOCCs (Neild and 

Kotecha 1987; Nilsson et al. 1998; Seager et al. 1994) but the relative contribution of these 

mechanisms to contraction of isolated arteries depends on how the agonist is applied. For example, 

bath application of the α1-adrenoceptor agonist PE (0.1 µM) to isolated hamster skeletal muscle 

arteries evoked sustained constrictions largely dependent on Ca2+ influx through VOCCs, whereas 

focal application of a high concentration (1 mM) of the same agonist in the same preparation 

generated a local constriction entirely dependent on InsP3 (Tran et al. 2009). The rationale for such 

observations is that bath application of an agonist stimulates most if not all smooth muscles in an 

arterial segment to generate sufficient charge for electromechanical coupling to occur, whereas 

focal stimulation of a limited number of smooth muscle cells generates insufficient current to 

initiate depolarization, partly due to dissipation of charge to neighboring unstimulated cells via 

gap junctions (Tran et al. 2009). As discussed above, responses of isolated mesenteric arteries to 

bath applied noradrenaline are modulated by myoendothelial feedback, but as release of 

noradrenaline from perivascular nerves may result in activation of discrete populations of cells, I 

sought to determine whether electrically evoked responses are able to engage the myoendothelial 

feedback pathway. 
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 At lower frequencies (≤8 Hz), nerve-evoked responses of isolated mesenteric arteries 

mounted in a wire myograph were completely dependent on voltage-dependent mechanisms, as 

evidenced by their abolition by nifedipine, and hence were not modulated by myoendothelial 

feedback. Rat mesenteric arteries have dense perivascular innervation (Yokomizo et al. 2015) and 

this inhibitory effect of nifedipine indicates that under our experimental conditions, stimulation of 

sympathetic nerves is sufficient to elicit electromechanical coupling (Mishima et al. 1984). 

However, at higher frequencies of nerve stimulation, responses were mediated by both VOCCs 

and InsP3, and modulated by the myoendothelial pathway. This finding is in line with a previous 

report that stimulation of sympathetic nerves at 15 Hz increased InsP3-mediated Ca2+ signaling 

within endothelial cells and elicited myoendothelial feedback in mouse isolated mesenteric arteries 

(Nausch et al. 2012). Also, voltage-independent contractions to sympathetic nerve stimulation at 

frequencies above 5 Hz were previously described rabbit isolated ileocolic, saphenous and ear 

arteries (Bulloch et al. 1991; Skärby and Högestätt 1990). The sensitivity of the lower frequency 

responses to nifedipine was suggested to reflect selectivity for the purinergic component of the 

electrically evoked response (Bulloch et al. 1991). However, in our experiments, as in rabbit ear 

artery (Skärby and Högestätt 1990), there was no apparent role for ATP in nerve-evoked increases 

in tone and so the decreased reliance of VOCC with increasing frequency of stimulation may be 

explained by reports that responses to high concentrations of noradrenaline are less dependent on 

VOCCs as reported in rabbit aorta and pulmonary artery (Casteels et al. 1977; van Breemen et al. 

1982). Reliance of nerve-evoked responses on largely voltage-independent contractile 

mechanisms provides an effective mechanism for integration of nerve activity, the endothelium 

and arterial diameter in individual arterial segments within a vascular bed. Binding of 

noradrenaline to α1-adrenoceptors will cause localized vasoconstriction accompanied by 
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activation of endothelial IKCa channels to both mediate myoendothelial feedback to limit 

reductions in diameter, and to dissipate the electrical signal so restricting the spread of the response 

to facilitate vascular control at the segmental level (Figure 3.8; Haug and Segal 2005; Moore et 

al. 2010; Behringer and Segal 2012).  

In the intact perfused mesenteric bed, block of IKCa channels enhanced responses to 

infusion of noradrenaline, indicating that the myoendothelial feedback is functional in the intact 

preparation, but TRAM-34 was without effect on increases in pressure evoked by U46619 or nerve 

stimulation. However, block of SKCa channels and/or NOS did cause significant enhancement of 

vasoconstriction elicited by all three stimuli (noradrenaline, U46619 and nerve stimulation), 

indicative of a more general mechanism which unlike myoendothelial feedback, is not influenced 

by contractile stimuli. These experiments were conducted under conditions of constant luminal 

flow in which vasoconstriction leads to increases in shear stress (Kamiya and Togawa 1980;  

Macedo and Lautt 1996; Macedo et al. 2011). In vivo, endothelial sensing of shear stress, the 

tangential frictional force exerted by blood flowing across the cell surface, plays a dominant role 

in regulating tissue perfusion (Baeyens et al. 2016; Chistiakov et al. 2017; Thosar et al. 2012). For 

example, matching of skeletal muscle blood flow to contractile activity depends on release of NO 

from the endothelium of feed arteries in response to elevated shear stress caused by dilation of 

downstream arterioles (Sinkler and Segal 2017).  

In addition to the release of NO, several lines of evidence support a functional role for SKCa 

channels, possibly in a complex cav-1 and TRPV4 channels, in mediating the endothelial response 

to shear stress and release of NO. SKCa channels are expressed on the luminal surface of 

endothelial cells of rat mesenteric arteries (Sandow et al. 2006), and co-localized with and TRPV4 

channels in human microvascular and bovine coronary endothelial cells (Goedicke-Fritz et al. 
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2015; Lu et al. 2017). Acute exposure of bovine coronary endothelial cells to shear stress resulted 

in activation of both SKCa and TRPV4 currents, and increased production of NO. In isolated 

coronary arterioles, block of SKCa channels with apamin significantly inhibited shear stress-

induced dilation (Lu et al. 2017) and both endothelial SKCa current density and flow-mediated 

dilation were impaired in arteries from mice lacking either cav-1 or SKCa channels (Goedicke-Fritz 

et al. 2015; Brähler et al. 2009). Thus, in light of these findings, we propose that in the intact 

mesenteric bed it is shear stress-induced activation of SKCa channels and NO release that plays the 

dominant role in modulating vasoconstriction to both agonists and nerve stimulation. In contrast 

to myoendothelial feedback, which, as discussed above, can provide a localized mechanism for 

integration of smooth muscle contractility and endothelial function within in individual arterial 

segments, increases in shear stress can simultaneously stimulate large areas of the endothelium, 

and so have a global impact on the magnitude and distribution of blood flow across many arteries 

(Figure 3.8). Thus, I propose that together, myoendothelial feedback and endothelial sensing of 

increases in shear stress provide functionally distinct but complimentary mechanisms to ensure 

appropriate distribution of blood flow within the intact vascular bed. Previous work by our lab and 

others has established that in rat mesenteric arteries, myoendothelial feedback elicited by α1-

adrenoceptor agonists is mediated by localized InsP3-dependent Ca2+ transients activating IKCa 

channels (Tran et al. 2012) to elicit endothelial and smooth muscle hyperpolarization (Kerr et al. 

2015). Such recordings are not possible in the intact, perfused mesenteric bed due to the 

complexity of the preparation and thus I have utilized block of IKCa channels to functionally assess 

the role of myoendothelial feedback in modulating arterial tone (Kerr et al. 2015; Nausch et al. 

2012; Tran et al. 2012). An alternative approach would have been to use tissues from mice lacking 

IKCa channels but to date, the majority of functional (Kansui et al. 2008; Kerr et al. 2015; 
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Lamboley et al. 2005; Tran et al. 2012) and immunofluorescence (Sandow et al. 2006) studies on 

InsP3/IKCa channel-mediated myoendothelial feedback have utilized arteries from rats, with only 

one recent study describing this pathway in arteries from mice (Looft-Wilson et al. 2017).  

 
Figure 3.8: Schematic illustrating proposed role of myoendothelial feedback in modulating 
nerve-evoked reductions in arterial diameter. Noradrenaline released from perivascular 
sympathetic nerves binds to α1-adrenoceptors to cause vasoconstriction accompanied by InsP3-
mediated activation of endothelial IKCa channels to both mediate myoendothelial feedback to limit 
reductions in diameter. Opening of IKCa channels also dissipates the electrical signal so restricting 
the spread of the response and so facilitating vascular control at the segmental level. However, in 
the intact mesenteric bed, activation of SKCa channels in response to shear stress will evoke 
hyperpolarization across large areas of endothelial cells that will spread through myoendothelial 
gap junctions to surrounding smooth muscle cells to inhibit contraction. NO does contribute to 
both myoendothelial feedback and responses to shear stress but for clarity has been omitted from 
this schematic. 
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 As in previous studies, the dependence of myoendothelial feedback on generation InsP3 

was illustrated in our experiments with isolated arteries by the use of xestospongin C and U73122.  

We did not conduct the same experiments in the perfused bed as PLC, InsP3 and DAG have all 

been implicated in the effects of shear stress on endothelial cells (Nollert et al. 1990; Prasad et al. 

1993) so potentially confounding any conclusions as to the role of myoendothelial feedback.  

 In the mesenteric bed perfused at a constant flow rate, decreases in arterial diameter 

augment shear stress because of its inverse relationship to the third power of the internal vessel 

diameter (Kamiya and Togawa 1980). An alternative method to enhance shear stress is to increase 

the flow rate or viscosity of fluid through isolated vessels mounted on cannulae. This has the 

advantage of allowing quantification of changes in shear stress but interpretation of data obtained 

from this approach could be confounded by the previously described interaction between 

myogenic reactivity and shear stress (Kuo et al. 1990). It must be acknowledged that although 

evoking vasoconstriction under conditions of constant flow and increasing flow through vessels 

both augment shear stress, they may do so via different mechanism. Such methodological 

differences, together with species and vessel variation, could contribute to the wide range of 

signaling molecules and ion channels which have been implicated in the endothelial response. For 

example, deletion of Kir2.1 channels results in loss of flow-induced release of NO in isolated 

mouse mesenteric arteries whereas KCa channels appear to mediate NO-independent responses to 

flow in the same vessels (Ahn et al. 2017). In contrast, assessment of blood flow in mouse gluteus 

muscle using intra-vital microscopy demonstrated that flow-induced of feed arteries is mediated 

by NO with no apparent contribution of endothelial KCa channels (Sinkler and Segal 2017).  

To summarize, in the present study I have used functional approaches to demonstrate that 

the ability of myoendothelial feedback is not a universal mechanism to limit agonist-evoked 
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responses in isolated arteries, rather its contribution is determined by the nature the underlying 

contractile mechanisms. Furthermore, although myoendothelial feedback can limit reductions in 

diameter within discrete arterial segments, it is shear stress-induced activation of SKCa channels 

that is responsible for endothelial engagement to limit vasoconstriction to both agonists and nerve 

stimulation at the level of the intact mesenteric bed. 

These findings add to previous work indicating that within a vascular bed, arterial 

vasoconstriction may be controlled at the segmental level, whereas increases in blood flow are 

coordinated over large distances (reviewed by Behringer and Segal 2012). In the setting of this 

model, we propose that engagement of InsP3/IKCa channel by nerve-evoked responses in arterial 

segments will not only limit reductions in arterial diameter, but opening of IKCa channels will 

dissipate the electrical signal and so spatially restrict the response (Behringer and Segal 2012). In 

contrast, activation of SKCa channels and release of NO in response to increases in shear stress will 

provide a global endothelial response to vasoconstriction to ensure appropriate distribution of 

blood flow within the intact vascular bed (Behringer and Segal 2012).  
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Chapter 4:  Modulation of myogenic reactivity by KCa channel activators: role 
of NO and Kir channels 

4.1 Introduction 
 As discussed in Chapter 1, NO and opening of endothelial SKCa and IKCa channels leading 

to EDH, are both crucial to the ability of endothelial cells to regulate smooth muscle contractility 

and therefore resistance artery diameter. Inhibition by apamin and either charybdotoxin or TRAM-

34, blockers of SKCa and IKCa channels, has been considered a unique characteristic of EDH-

mediated vasorelaxation (Bryan et al. 2005; Doughty et al. 1999; Garland et al. 1995; Marrelli et 

al. 2003; McNeish et al. 2006; Yamamoto et al. 1999). However, as shown in Chapter 3, 

elucidation of the myoendothelial feedback pathway by our lab (Kerr et al. 2015; Wei et al. 2018) 

and others (Nausch et al. 2012; Tran et al. 2012) indicates that rather than being independent, these 

vasorelaxant pathways may intersect. 

 In support of a link between NO and EDH, numerous studies have shown that agonist-

induced release of endothelium-derived NO occurs concurrently with KCa channel-mediated 

hyperpolarization (reviewed by Busse et al. 2002) and in rabbit superior mesenteric artery, ACh-

evoked hyperpolarization is linked to release of NO (Stankevicius et al. 2006). Moreover, in the 

same study, 1-ethyl-2-benzimidazolinone (1-EBIO; Syme et al. 2000), an opener of SKCa and IKCa 

channels, induced oxyhaemoglobin-sensitive increases in NO release. A direct role for KCa 

channels in NO production has been demonstrated in cultured human vascular endothelial cells 

(Sheng and Braun 2007; Sheng et al. 2009), and KCa channel activators 6,7-Dichloro-1H-indole-

2,3-dione 3-oxime (NS309) and 5,6-Dichloro-1-ethyl-1,3-dihydro-2H-benzimidazol-2-one 

(DCEBIO) enhanced ATP-evoked membrane hyperpolarization and increases in [Ca2+]i, along 

with acute NO synthesis in the same system. In porcine retinal arterioles, NS309 and CyPPA 

enhanced NO-mediated bradykinin relaxations (Dalsgaard et al. 2010) and in rat isolated skeletal 

muscle arteries, NS309 and DCEBIO augmented ACh-induced dilation (Brähler et al. 2009), in 
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part through enhancement of the NO-dependent component of the response (Sheng et al. 2009). 

Doxycycline-induced suppression of the SK3 channel impaired NO-mediated dilation to ACh and 

to shear stress stimulation in mouse isolated carotid arteries and in skeletal muscle arterioles in 

vivo (Brähler et al. 2009). Also, as shown in Chapter 3, in the perfused mesenteric bed, activation 

of SKCa channels appears to be responsible for shear stress-induced NO release.  

 As described in Chapter 1, the myogenic reactivity, the ability of small resistance arteries 

to constrict in response to increases in intravascular pressure, is a crucial autoregulatory 

mechanism to maintain constant blood flow within tissues and organs in the face of changes in 

blood pressure( Davis and Hill 1999; El-Yazbi and Abd-Elrahman 2017; Hill et al. 2009; Ashley 

Izzard and Heagerty 2014). The ability to contract in response to increases in pressure is an 

intrinsic property of smooth muscle cells in small arteries (Davis and Hill 1999). Although the 

endothelium is not required for development of myogenic reactivity (Falcone et al. 1991, 1993;  

Hill et al. 2006; Kuo et al. 1990), it may be able to exert a modulatory influence in some resistance 

arteries (Meininger and Davis 1992; Palomares and Cipolla 2014).  

In Chapter 3, I showed that in isolated rat mesenteric arteries, myogenic reactivity is not 

modulated by the InsP3/IKCa channel-mediated myoendothelial feedback pathway(Wei et al. 

2018), but that the IKCa channel activator SKA-31 can dilate endothelium-intact myogenically 

active mesenteric vessels (Figure 3.4).  

 My goal in conducting the experiments described in this chapter was to further explore the 

functional role of SKCa and IKCa channels in regulating resistance artery diameter, and in 

particular, to investigate potential interactions between these channels and NO in mediating 

vasodilation in myogenically active resistance arteries. Thus, I hypothesized that small molecule 
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activators of endothelial KCa channels modulate myogenic reactivity at least in part through 

endothelium-derived NO.  

 To test this hypothesis, I have investigated the functional effects of small molecule 

activators of endothelial KCa channels, CyPPA and SKA-31 on myogenic reactivity in isolated 

mesenteric arteries. Strong inward rectifier channels of the Kir2 series are activated by membrane 

potential hyperpolarization and have been suggested to boost endothelium-dependent 

vasodilatations by SKCa and IKCa channel activation (Jackson 2005; Longden and Nelson 2015; 

Sonkusare et al. 2012). Thus, I also investigated the functional role of Kir channels in the actions 

of the endothelium-dependent dilator ACh and the activators of SKCa and IKCa channel. I chose to 

use rat mesenteric arteries for this study as they develop myogenic reactivity and both NO and KCa 

channel-mediated EDH contribute to endothelium-dependent relaxations to ACh (Waldron and 

Garland 1994; Figure 4.23). 

4.2 Methods 

 A full descriptions of methods are provided in Chapter 2. 

4.3 Results  
4.3.1 Rat mesenteric arteries express SKCa and IKCa channels: Expression of mRNA for SKCa 

(SK1-3) and IKCa (IK) channel subunits was detected in rat mesenteric arteries via qPCR and 

expression levels were compared to ß-actin mRNA (Figure 4.1). As shown in previous studies, 

mRNA for both SK3 and IK were present (Hilgers and Webb 2007; Burnham et al. 2006). 

 Endothelial expression of SKCa (SK3) and IKCa (IK) channel proteins were identified in 

whole artery mounts of third order rat mesenteric arteries by the use of confocal 

immunofluorescence (Figure 4.2). As our lab has shown previously (Kerr et al. 2015), and in line 

with their role in myoendothelial feedback, IKCa channels were localized at internal elastic lamina 

(IEL) holes, communication sites between endothelial and smooth muscle cells. In contrast, SKCa 
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channels were located at adjacent endothelial cell borders, as had previously been observed in 

porcine coronary artery (Burnham et al. 2002). 

 

Figure 4.1: mRNA expression of KCa channel subunits in rat mesenteric arteries. Expression 
levels of SKCa 2.1, SKCa 2.2, SKCa 2.3, and IKCa mRNA was determined in rat mesenteric arteries 
using qPCR analysis and compared to ß-actin mRNA. Relative expression was expressed as 2–∆Ct, 
∆Ct=Ct (gene)–Ct (ß-actin). Data were obtained from mesenteric arteries isolated from 4 different rats 
performed in triplicates. 
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Figure 4.2: Confocal immunohistochemistry of KCa channels in third order rat mesenteric 
arteries. Confocal stacks at the endothelial to smooth muscle interface (a site of mesenteric artery 
EC-SM contact) demonstrate discrete punctate IKCa protein distribution (B). Holes in the internal 
elastic lamina (IEL) occur as dark spots (examples with arrowheads, A), with overlay of IEL 
autofluorescence and single confocal sections at the EC-SM interface showing IKCa channel 
localization at a portion of hole sites (C). Panel D indicates diffuse expression of SKCa protein on 
endothelial cell surface. Peptide block and incubation in secondary antibody alone resulted in 
labelling (data not shown), Antibody characterization, as per previous studies (Chadha et al. 2010; 
Sandow et al. 2009). Longitudinal vessel axis left to right, with n=3, each from a different animal. 
Scale bar denotes 25 µm. Confocal imaging carried out by Dr. Shaun Sandow, University of the 
Sunshine Coast. 
 
4.3.2 Characterization of myogenic reactivity in rat mesenteric arteries: Myogenic reactivity was 

examined in 3rd and 4th order mesenteric resistance arteries mounted in a pressure myograph and 

subjected to step-wise increases in intraluminal pressure (20 to 120 mmHg). Arteries relatively 

maintained their diameter across the whole range whereas in Ca2+-free buffer, passive dilation was 

observed at each step (Figure 4.3a and b). Active and passive vessel diameters were not 

significantly different between endothelium intact and denuded arteries (Figure 4.3c). At 80 

mmHg, the mean diameters for endothelium-intact and denuded arteries were 230.3 ± 10.3 µm and 

 

A B C 

D 
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233.5 ± 10.3 µm (P > 0.05, t-test), respectively, and in Ca2+ free solution these values were 310.7 

± 8.0 µm (n=6) and 322.9 ± 12.7 µm (n=11; P>0.05, t-test), respectively.  

 Time controls were performed to confirm that myogenic reactivity did not vary 

significantly over the time course of an experiment. In these, three pressure ramps were constructed 

in the same tissue with a period of 20 minutes between ramps. As shown in Figure 4.4a, no 

statistical difference was observed between the three ramps; at 80 mmHg the diameters of vessels 

in the three successive pressure ramps were 225.3 ± 19.2 µm, 226.21 ± 18.4 µm and 202.3 ± 18.1 

µm (n=5-6; P>0.05), respectively. Also, bath application of DMSO (1:350 dilution), an organic 

solvent used to dissolve a number of the drugs used in experiments described in this thesis, did not 

affect myogenic reactivity (Figure 4.4b); at 80 mmHg, the mean arterial diameters were 216.5 ± 

20.1 µm and 191.4 ± 24.8 µm (n=6; P>0.05), in the absence and presence of DMSO, respectively. 

From this point onwards, data of myogenic tone will be expressed as % myogenic tone (see 

Methods Section 2.4.1), as this is a standard method of reporting myogenic tone in the literature. 
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Figure 4.3:  Myogenic reactivity in rat mesenteric arteries is not influenced by the 
endothelium. Segments of rat mesenteric resistance artery were mounted in a pressure myograph 
and subjected to increases in pressure from 20-120 mmHg in 20 mmHg increments. a) 
Representative traces of pressure-diameter relationship for an isolated segment of an obtained in 
the presence and absence of extracellular Ca2+. b) Mean pressure-diameter relationships in the 
presence and absence of extracellular Ca2+. c) Mean pressure-diameter relationships for 
endothelium-denuded arteries in the presence and absence of extracellular Ca2+. Values are 
presented as mean ± SEM (n=5-6) of actual diameter recordings. Two-way ANOVA was 
performed, * denotes statistical significant compared to control values (P<0.05). 
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Figure 4.4: Myogenic reactivity in rat mesenteric resistance arteries is reproducible over 
time and not affected by dimethyl sulfoxide (DMSO). Segments of rat mesenteric resistance 
artery were mounted in a pressure myograph and subjected to increases in pressure from 20-120 
mmHg in 20 mmHg increments. a) Mean pressure-diameter relationships in the presence and 
absence of extracellular Ca2, pressure ramp performed three times. b) Mean pressure-diameter 
relationships for endothelium-denuded arteries in the presence and absence of 20 µl DMSO or 
extracellular Ca2+. Values are presented as mean ± SEM (n=5-6). Two-way ANOVA was 
performed, * denotes statistical significant compared to control values (P<0.05).   
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4.3.3 Myogenic reactivity is enhanced by combined inhibition of NO, SKCa and IKCa channels: I 

demonstrated in Chapter 3 that myogenic reactivity in rat mesenteric arteries is not affected by 

block of NOS by L-NAME (100 µM) nor by the IKCa channel inhibitor TRAM-34 (5 µM; Figures 

3.4c and d).  

I also used another inhibitor of IKCa channels, NS 6180 (1 µM), which is structurally 

unrelated to TRAM-34, which blocks the channel by binding to a different site than TRAM-34 

(Strøbaek et al. 2013; Nguyen et al. 2017), but is equipotent TRAM-34 in inhibiting human, mouse 

and rat IKCa channels (IC50 10-20 nM). As with TRAM-34, NS 6180 had no effect on myogenic 

reactivity (Figure 4.5). Similarly, block of SKCa channels with apamin (250 nM), alone or in 

combination with TRAM-34, was also without effect on myogenic reactivity (Figure 4.6). 

However, application of L-NAME, apamin and TRAM-34 together did significantly enhance 

myogenic reactivity in rat mesenteric arteries at pressures from 20-100 mmHg (Figure 4.7). 
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Figure 4.5: Inhibition of IKCa channels by TRAM-34 or NS 6180 does not affect myogenic 
reactivity. Segments of rat mesenteric resistance artery were mounted in a pressure myograph and 
subjected to increases in pressure from 20-120 mmHg in 20 mmHg increments. Myogenic tone is 
expressed as the percentage difference in active diameter versus passive diameter of small 
mesenteric arteries. Mean % myogenic tone in endothelium-intact arteries in the absence and 
presence of a) 5µM TRAM-34 (n=6) b) 1 µM NS 6180 (n=5). Two-way ANOVA was performed 
(P>0.05). 
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Figure 4.6: Inhibition of endothelial SKCa channels by apamin alone and inhibition of both 
SKCa and IKCa channels does not affect myogenic reactivity. Segments of rat mesenteric 
resistance artery were mounted in a pressure myograph and subjected to increases in pressure from 
20-120 mmHg in 20 mmHg increments. Myogenic tone is expressed as the percentage difference 
in active diameter versus passive diameter of small mesenteric arteries. Mean % myogenic tone in 
endothelium-intact arteries in the absence and presence of a) 250 nM apamin (n=5). b) 250 nM 
apamin and 5 µM TRAM-34 (n=4). Two-way ANOVA was performed (P>0.05).  
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Figure 4.7: Combined inhibition of NOS, SKCa and IKCa channels enhances myogenic 
reactivity. Segments of rat mesenteric resistance artery were mounted in a pressure myograph and 
subjected to increases in pressure from 20-120 mmHg in 20 mmHg increments. Myogenic tone is 
expressed as the percentage difference in active diameter versus passive diameter of small 
mesenteric arteries. Mean % myogenic tone in endothelium-intact arteries in the absence and 
presence of 250nM apamin, 5 µM TRAM-34 and 100 µM L-NAME or 250nM apamin, 5 µM 
TRAM-34 100 µM L-NAME and 10 µM indomethacin (n=5). Two-way ANOVA was performed, 
*denotes statistically significant compared to control values (P<0.05).  

 

This potentiation of myogenic tone seen with block of both NOS and endothelial KCa 

channel activity was in contrast to the lack of effect of endothelial removal on the pressure-induced 

constriction (Figure 4.3). A similar pattern was observed in isolated rat adipose tissue (Undavia 

et al. 2003) and cerebral arterioles (Bai et al. 2004), and in mesenteric arteries from diabetic mice 

(Lagaud et al. 2001), leading to the suggestion that the endothelium releases a combination of 

constricting and dilating factors, such that there is no net effect of endothelium removal. The 

endothelial COX pathway is a potential source of vasoconstrictor mediators (Butcher et al. 2013; 

Ellinsworth et al. 2014; Lot et al. 1993) but, the COX inhibitor, indomethacin (10 µM) did not 
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significantly affect myogenic reactivity (Figure 4.8) and did not prevent the enhancement of 

myogenic tone seen in the presence of inhibitors of NOS and KCa channels.  

 
Figure 4.8: Inhibition of COX does not significantly affect myogenic reactivity. Segments of 
rat mesenteric resistance artery were mounted in a pressure myograph and subjected to increases 
in pressure from 20-120 mmHg in 20 mmHg increments. Myogenic tone is expressed as the 
percentage difference in active diameter versus passive diameter of small mesenteric arteries. 
Mean % myogenic tone in endothelium-intact arteries in the absence and presence of 10 µM 
indomethacin (n=5). Two-way ANOVA was performed (P>0.05). 
 

Having characterized the myogenic reactivity in rat isolated mesenteric arteries, I moved 

on to determine whether small molecule activators of endothelial SKCa and IKCa channels, CyPPA 

and SKA-31, can modulate myogenic reactivity in these vessels. 

4.3.4 CyPPA and SKA-31 evoke smooth muscle hyperpolarization in mesenteric arteries: Bolus 

doses of CyPPA (50 µmoles) and SKA-31 (50 µmoles) each evoked hyperpolarization of the 

smooth muscle resting membrane potential in endothelium-intact second order mesenteric arteries 

(Figure 4.10; representative traces are included in Figure 4.9). The mean resting membrane 

potential of smooth muscle cells was -44.6 ± 1.7 mV (n=10). Resting membrane potential was not 

altered by the block of SKCa and IKCa channels inhibitors apamin -40 ± 1.6 mV (n=5) and TRAM-
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34 -40.8 ± 1.32 mV (n=5), respectively (P>0.05). CyPPA evoked a hyperpolarization of 10.8 ± 1.2 

mV (n=5) which was abolished by apamin (50 nM). SKA-31 caused a hyperpolarization of 9.4 ± 

1.8 mV (n=5) which was abolished by TRAM-34 (1 µM). 

 

 

Figure 4.9: Representative traces of CyPPA and SKA-31 evoked smooth muscle 
hyperpolarization in rat mesenteric arteries. Segments of mesenteric artery were pinned out in 
a superfusion chamber to record smooth muscle membrane potential using sharp glass 
microelectrodes. Representative traces showing a) resting membrane potential; hyperpolarization 
to b) CyPPA (50 µmole) c) SKA-31 (50 µmole); hyperpolarization was blocked in presence of d) 
Apamin (50 nM) and CyPPA (50 µmole) e) TRAM-34 (1 µM) and SKA-31 (1µM). 
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Figure 4.10: CyPPA and SKA-31 evoked smooth muscle hyperpolarization in rat mesenteric 
arteries. Segments of mesenteric artery were pinned out in a superfusion chamber to record 
smooth muscle membrane potential using sharp glass microelectrodes. Mean data showing 
membrane potential recorded in the absence and presence of a) CyPPA (50 µmoles), apamin (50 
nM), and CyPPA and apamin (n=5). b) SKA-31 (50 µmoles), TRAM-34 (1 µM) and SKA-31 and 
TRAM-34 (n=5). One-way ANOVA was performed. *denotes statistically significant P<0.05. 
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4.3.5 CyPPA and SKA-31 evoke endothelium-dependent relaxation of pressurized arteries pre-

constricted with PE: The ability of the KCa channel activators CyPPA and SKA-31 to evoke 

dilation of PE-induced vasoconstriction was assessed in arteries mounted on a pressure myograph, 

held at a constant intravascular pressure of 60 mmHg and constricted with PE (3 µM); at this 

concentration, arterial diameter was reduced from 249.6 ± 11.79 µm to 52.26 ± 12.73 µm (n=13, 

P<0.05, t-test). In endothelium-intact arteries, CyPPA (10 nM-10 µM) evoked concentration-

dependent dilation of PE-induced constriction which was significantly inhibited by either apamin 

(50 nM) or L-NAME (100 µM; Figure 4.11a). In contrast, CyPPA was without effect on arterial 

diameter in endothelium-denuded arteries (Figure 4.11b). Thus, these data show that in rat 

mesenteric arteries, CyPPA (up to a concentration of 10 µM) elicits endothelium-dependent 

relaxation which is dependent on both SKCa channels and NO. For the remaining studies, I used 5 

µM CyPPA as at this concentration the response was blocked by apamin. 

 Experiments following the same format were conducted with SKA-31 (10 nM - 30 µM). 

SKA-31 evoked concentration-dependent dilation of PE-constricted arteries which were 

unaffected by L-NAME (Figure 4.12a). Removal of the endothelium (Figure 4.12b) or addition 

of TRAM-34 (5 µM) abolished dilation to SKA-31 but a modest dilation was still observed with 

10 µM (Figure 4.12c). Apamin was without effect on responses to SKA-31 (Figure 4.12c). Thus, 

these data show that in rat mesenteric arteries, SKA-31 (up to a concentration of 10 µM) elicits 

endothelium-dependent relaxation of PE-constricted arteries which is dependent on IKCa channels. 

For the remaining studies, I used 5 µM SKA-31 was used to examine the effect of IKCa channels 

activation on myogenic reactivity in small rat mesenteric arteries.  
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Figure 4.11: CyPPA evokes endothelium-dependent dilation of arteries pre-constricted with 
PE, a response dependent on NO and SKCa channels. Small resistance mesenteric arteries were 
mounted on a pressure myograph and pressurized at 60 mmHg. PE (3µM) was used to constrict 
the vessels. a) Mean concentration-response curves for CyPPA-induced reversal of PE-induced 
tone in endothelium-intact arteries in the presence and absence of 100 µM L-NAME or 50 nM 
apamin (n=4-7). b) Mean concentration-response curves for CyPPA-induced reversal of PE-
induced tone in endothelium-denuded arteries (n=5). Values shown as mean ± SEM. Two-way 
ANOVA was performed, *denotes statistically significant compared to control values (P<0.05). 
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Figure 4.12: SKA-31 evokes dilation of arteries pre-constricted with PE, a response that is 
dependent on the endothelium and IKCa channels but not dependent on NO nor SKCa. Small 
resistance mesenteric arteries were mounted on a pressure myograph and pressurized at 60 mmHg. 
PE was used to constrict the vessels. Mean concentration-response curves for SKA-31-induced 
reversal of PE-induced tone in the a) presence and absence of 100 µM L-NAME (n=5) b) in 
endothelium-denuded arteries (n=5) c) presence and absence of 5 µM TRAM-34 or 250 nM 
apamin (n=5). Values shown as mean ± SEM (n=5), two-way ANOVA was performed. *denotes 
statistically significant compared to control values (P<0.05). ^denotes statistically significant 
compared to apamin treated vessels (P<0.05). 
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4.3.6 CyPPA inhibits myogenic reactivity in an endothelium- and NO-dependent manner: In the 

presence of CyPPA (5 µM), myogenic reactivity was abolished at intravascular pressures of 40 to 

120 mmHg (Figure 4.13b). The diameter values at 80 mmHg for control, 5µM CyPPA and Ca2+ 

free condition were 245.166 ± 13.67 µm, 340.01 ± 12.45 µm and 345.54 ± 10.676 µm (n=5), 

respectively. This effect was lost in endothelium-denuded arteries in which diameters in the 

presence of CyPPA were not significantly different from controls (P>0.05) (Figure 4.13c).  

 Apamin, a selective inhibitor of SKCa channels, blocked the effect of CyPPA in 

endothelium-intact arteries and thus restored myogenic reactivity at intravascular pressures 60-120 

mmHg (Figure 4.14a). The effect of CyPPA in endothelium-intact arteries was also abolished by 

L-NAME (100 µM) which restored the myogenic reactivity at intravascular pressures 60-120 

mmHg, such that the % myogenic tone in presence of CyPPA and L-NAME was not significantly 

different compared to the percent of myogenic tone obtained under control condition (Figure 

4.14b). Thus, CyPPA inhibits myogenic reactivity through endothelial SKCa channels and is NO-

dependent. 
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Figure 4.13: CyPPA inhibits myogenic reactivity in an endothelium-dependent manner. 
Segments of rat mesenteric resistance artery were mounted in a pressure myograph and subjected 
to increases in pressure from 20-120 mmHg in 20 mmHg increments. Myogenic tone is expressed 
as the percentage difference in active diameter versus passive diameter of small mesenteric 
arteries. a) Representative traces of pressure-diameter relationships in an endothelium-intact artery 
in the absence and presence of 5 µM CyPPA and extracellular Ca2+. Mean % myogenic tone in b) 
endothelium-intact arteries in the absence and presence of 5 µM CyPPA (n=6) c) endothelium-
denuded arteries at 100 mmHg in the absence and presence of 5 µM CyPPA (n=5). Two-way 
ANOVA and paired t-test was performed *denotes statistically significant compared to control 
values (P<0.05).  



 
 

115 

 

Figure 4.14: The effect of CyPPA is blocked by apamin and L-NAME. Segments of rat 
mesenteric resistance artery were mounted in a pressure myograph and subjected to increases in 
pressure from 20-120 mmHg in 20 mmHg increments. Myogenic tone is expressed as the 
percentage difference in active diameter versus passive diameter of small mesenteric arteries. 
Mean % myogenic tone in endothelium-intact arteries in the absence and presence of a) 5 µM 
CyPPA and 250 apamin (n=5) b) 5 µM CyPPA and 100 µM L-NAME (n=5). Two-way ANOVA 
was performed (P>0.05).   
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4.3.7 SKA-31 inhibits myogenic reactivity in an endothelium-independent manner: In the presence 

of SKA-31 (5 µM), myogenic reactivity was abolished at intravascular pressures of 40 to 120 

mmHg (Figure 4.15a, b). The diameter values at 80 mmHg for control, 5µM SKA-31 and Ca2+ 

free condition were 215.59 ± 20.92 µm, 309.16 ± 15.07 µm and 304.11 ± 18.93 µm (n=6), 

respectively. In contrast to CyPPA, the inhibition of myogenic reactivity caused by SKA-31 was 

not affected by removal of the endothelium (Figure 4.15c). In endothelium-denuded arteries, the 

diameter values at 80 mmHg for control and SKA-31 and Ca2+ free condition were 218.51 ± 18.13 

µm, 296.52 ± 16.03 µm and 316.32 ± 15.79 µm (n=5), respectively. This contrasts with the effect 

of SKA-31 on PE-evoked tone (Figure 4.12b) that showed under those conditions, the effect was 

endothelium-dependent. In the presence of the selective IKCa channels inhibitor TRAM-34 (5 µM; 

Figure 4.16), the attenuation of the myogenic reactivity by SKA-31 was not statistically different 

to control. 

 To investigate the potential contribution of Kir channels to the actions of CyPPA and SKA-

31, I first examined the expression of Kir channels in these arteries and the ability of increases in 

extracellular KCl to evoke Kir-dependent hyperpolarization and relaxation to demonstrate the Kir 

channels are functional in rat mesenteric arteries. I used Ba2+ (50 -100 µM) to examine the role of 

Kir channels in rat mesenteric arteries as this concentration range has been shown to selectively 

block Kir channels (Nelson and Quayle 1995).  
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Figure 4.15: Activation of IKCa channels inhibits myogenic reactivity in an endothelium-
independent manner. Segments of rat mesenteric resistance artery were mounted in a pressure 
myograph and subjected to increases in pressure from 20-120 mmHg in 20 mmHg increments. 
Myogenic tone is expressed as the percentage difference in active diameter versus passive diameter 
of small mesenteric arteries. a) Representative trace of pressure-diameter relationships in 
endothelium-intact artery in the absence and presence of 5 µM SKA-31 and extracellular Ca2+. 
Mean % myogenic tone in b) endothelium-intact arteries in the absence and presence of 5 µM 
SKA-31 (n=5) c) in endothelium-denuded arteries in the absence and presence of 5 µM SKA-31 
(n=4). Two-way ANOVA was performed. *denotes statistically significant compared to control 
values (P<0.05). 
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Figure 4.16: The effect of SKA-31 is blocked by TRAM-34. Segments of rat mesenteric 
resistance artery were mounted in a pressure myograph and subjected to increases in pressure from 
20-120 mmHg in 20 mmHg increments. Myogenic tone is expressed as the percentage difference 
in active diameter versus passive diameter of small mesenteric arteries. Mean % myogenic tone in 
endothelium-intact arteries in the absence and presence of 5 µM SKA-31 and 5 µM TRAM-34 
(n=5). Two-way ANOVA was performed (P>0.05).  
 
4.3.8 Expression of Kir channels in rat mesenteric arteries: The expression of mRNA for Kir 

channel subtypes in rat mesenteric arteries was investigated using qPCR with expression levels 

compared to ß-actin expression. The expression of mRNA for Kir2.1, 2.2, 2.4 was identified along 

with lower levels of expression of the non-classical subtypes Kir 7.1 and 3.4 (n=4). Kir1.1 and 3.1 

were not detected (Figure 4.17). Heart, brain and kidney were used as positive controls. The 

expression of Kir2.1 and 2.2 channel proteins were identified in whole mount preparations of third 

order rat mesenteric arteries using immunohistochemistry (Figure 4.18).  
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Figure 4.17: mRNA expression of Kir channels in mesenteric arteries. Expression levels of 
Kir2.1, 2.2, 2.3, 2.4, 3.1, 3.4, 1.1 and 7.1 mRNA determined in rat mesenteric arteries using qPCR 
analysis. Relative expression levels are compared to the level of ß-actin and expressed as 2–∆Ct, 
∆Ct=Ct (gene)–Ct (ß-actin). Data were obtained from mesenteric arteries isolated from 4 different rats. 
Tissue from heart, kidney and brain was used as a positive control.  
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Figure 4.18: Localization of Kir2.1 and 2.2 channel proteins in third order rat mesenteric 
arteries using confocal immunohistochemistry. The expression of Kir2.1 protein (aA; green) 
and Kir2.2 protein (bA; green) are found on endothelial cells surface. aB and bB indicate 
endothelial cell (EC) nuclei (red). Expression of Kir2.1 (aC) and Kir2.2 (bC) both overlap with 
where EC nuclei are found. Panels aD and bD indicate autofluorences of internal elastic lamina 
(IEL; blue), black dots indicate holes in the IEL. Expression of both Kir2.1 (aE) and Kir2.2 (bE) 
are also found in the interface between IEL and smooth muscle (SM) overlapping with holes in 
the IEL (aF and bF). Expression of Kir2.1 (aG, aI) and Kir2.2 (bG, bI) are also identified on the 
surface of SM (green). aH and bH indicated smooth muscle (SM) nuclei stained in red. Kir2.1 and 
Kir2.2 antibodies are from Mark Chen, GlaxoSmithKline, Stevenage, U.K., and Craig Neylon, 
University of Melbourne, respectively. Peptide block and incubation in secondary antibody alone 
resulted in no labelling (data not shown), Antibody characterization, as per previous studies 
(Chadha et al. 2010; Sandow et al. 2009). Propidum iodide stains for nuclei. Longitudinal vessel 
axis left to right, with n=3, each from a different animal. Confocal imaging carried out by Dr. 
Shaun Sandow, University of the Sunshine Coast, Australia. 
 
4.3.9 Increases in extracellular KCl evoked smooth muscle cell hyperpolarization in mesenteric 

arteries: Segments of rat mesenteric arteries were cut open longitudinally and pinned to the bottom 

of a Sylgard chamber. Sharp glass electrode was used to record smooth muscle membrane potential 

in endothelium-intact and denuded arteries (Figure 4.19). The resting membrane potential was not 

significantly different between endothelium-intact and denuded arteries (-49.75 ± 1.38 vs -44.5 ± 

2.63; n=4; P>0.05). Application of Ba2+ (50 µM), a selective blocker of Kir channels, caused a 

significant depolarization of smooth muscle cells in all arteries suggesting that Kir channels are 

involved in regulation of the resting membrane potential of mesenteric arteries. At a concentration 

of 7 mM, KCl evoked smooth muscle hyperpolarization which was not different between 

endothelium-intact and denuded arteries and were both inhibited by Ba2+ (50 µM). However, at a 

concentration of 15 mM, KCl hyperpolarized endothelium-intact arteries but not endothelium-

denuded arteries, an effect blocked by Ba2+ (50 µM; Figure 4.19b).  

4.3.10 Investigation of the ability of Kir channels to modulate tone in mesenteric arteries: The 

ability of Kir channels to mediate vasorelaxation was determined by application of KCl to arteries 
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mounted in a wire myograph. At concentrations between 5 and 13 mM, KCl evoked relaxation of 

PE-induced tone in both endothelium-intact and denuded mesenteric arteries; further addition of 

KCl reduced evoked relaxations in a concentration dependent manner. The effect of KCl was 

abolished by Ba2+ (50 µM; Figure 4.20). The pattern of KCl-induced relaxation in endothelium-

denuded arteries is statistically different compare to the pattern in endothelium intact arteries 

(P<0.05).  
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Figure 4.19: KCl-evoked smooth muscle hyperpolarization which was inhibited by Ba2+. 
Segments of mesenteric artery were pinned out in a superfusion chamber to record smooth muscle 
membrane potential using sharp glass microelectrodes. a) Representative trace showing 
hyperpolarization to KCl (7 mM and 15 mM) in the absence and presence of Ba2+ (50 µM). b) 
Mean data showing membrane potential recorded in the absence and presence of 7 mM and 15 
mM KCl and/or Ba2+ (50 µM). Values shown as mean ± SEM (n=4). Two-way ANOVA was 
performed. *denotes statistically significant P<0.05. 
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Figure 4.20: Kir channels mediate relaxations to raised extracellular KCl in rat mesenteric 
arteries. Segments of rat mesenteric resistance artery were mounted in a wire myograph and tone 
induced with PE (3 µM). Mean concentration-response curves to KCl endothelium-intact and 
denuded arteries in the presence and absence of 50 µM Ba2+ (n=4). Values shown as mean ± SEM. 
Two-way ANOVA was performed. *denotes statistical significance compared to endothelium-
intact values (P<0.05). 
 
 The ability of Kir channels to mediate vasodilation of myogenically active vessels was 

determined in arteries mounted in a pressure myograph and maintained at an intravascular pressure 

of 80 mmHg. KCl-induced dilation was observed up to a concentration of 13 mM in endothelium-

intact arteries and the response was abolished with the presence of 50 µM Ba2+ (Figure 4.21b). In 

endothelium-denuded arteries, KCl-induced relaxation was observed up to a concentration of 9 

mM and was abolished by Ba2+ (50 µM; Figure 4.21c).  
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Figure 4.21: K+-induced dilation is inhibited by Ba2+. Small resistance mesenteric arteries were 
mounted on a pressure myograph and pressurized at 80 mmHg. a) Representative trace of KCl-
induced vasodilation in endothelium-intact artery in absence and presence of 50 µM Ba2+. KCl 
concentration-response curves performed in b) endothelium-intact arteries in the presence and 
absences of 50 µM Ba2+ (n=5). c) endothelium-denuded arteries in the presence and absence of 50 
µM Ba2+ (n=6). Values shown as mean ± SEM. Two-way ANOVA was performed. *denotes 
statistically significant compared to control values (P<0.05). 
 
 Ba2+ blocks all Kir channels and so to investigate the contribution of Kir2 and 3 series 

channels in KCl-induced dilation, the effects of ML-133 (Wu et al. 2010), an inhibitor of Kir2 

series channels, and tertiapin (Jin and Lu 1999) an inhibitor of Kir3.1/3.4 on KCl-evoked responses 

in endothelium-intact myogenically active arteries was determined. ML-133 (20 µM) significantly 

inhibited K+-induced dilation (Figure 4.22a) but tertiapin (300 nM) was without effect (Figure 

4.22b) suggesting that Kir2 series but not Kir3.1/3.4 may mediate the functional response of these 

vessels to increases in extracellular K+.  
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Figure 4.22: ML-133, a blocker of Kir2 series channels, inhibits K+-induced dilation. Small 
resistance mesenteric arteries were mounted on a pressure myograph and pressurized at 80 mmHg. 
KCl concentration-response curves were conducted in the presence and absence of a) 20 µM ML-
133 and b) 300 nM tertiapin, (both n=5). Values shown as mean ± SEM, two-way ANOVA. * 
denotes statistically significant compared to control values.  
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4.3.11 Investigation of the functional contribution of Kir channels to ACh-evoked relaxation in rat 

mesenteric arteries: The contribution of Kir channels to ACh-evoked relaxation of PE-induced 

tone was examined in 3rd order mesenteric resistance arteries mounted in a wire myograph using 

Ba2+ to block Kir channels. ACh-evoked concentration-dependent relaxation that was attenuated 

by Ba2+ (100 µΜ)  pEC50 value decreased from 7.12 ± 0.13 to 6.94 ± 0.12 (n=5, P<0.05; Figure 

4.23e). However, it was not inhibited by either NOS inhibitor L-NAME (100 µM) nor L-NAME 

and Ba2+ (Figure 4.23e).   

 Block of endothelial SKCa and IKCa channels with apamin and TRAM-34, caused a 

rightward shift in the concentration-response curve to ACh and significantly decreased the pEC50 

value from 7.47 ± 0.17 to 6.22 ± 0.42 (n=5; Figure 4.23c). In the presence of these blockers, Ba2+ 

(100 µM) caused further inhibition of ACh-evoked relaxation reducing the maximum relaxation 

from 97.1 ± 1.56 to 56.42 ± 10.35 % (n=5; Figure 4.23c). Inhibition of both endothelial KCa 

channels and NOS caused a significant attenuation of relaxation to all concentrations of ACh and 

reduced the maximum relaxation from 97.64 ± 0.66 to 47.34 ± 14.78 % (n=5). Under these 

conditions, addition of Ba2+ abolished relaxation to ACh (Figure 4.23d). 
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Figure 4.23: Kir channels contribute to ACh-induced vasorelaxation in rat mesenteric 
arteries mounted in wire myograph. Mean concentration-response curves to ACh were 
constructed in arteries mounted on a wire myograph and tone was raised with PE in the presence 
and absence of a) Ba2+ (100 µM; n=5) * denotes statistically significance compared to control 
values. b) L-NAME (100 µM) or L-NAME and Ba2+ ((100 µM and 100 µM Ba2+; n=4) * denotes 
statistical significance compared to control values.  ^ denotes statistical significance compared to 
100 µM L-NAME c) 50 nM apamin and 5 µM TRAM-34 and 50 nM apamin, 5 µM TRAM-34 
and 100 µM Ba2+(n=5). *denotes statistically significance. d) TRAM-34 (5 µM), apamin (50 nM) 
and L-NAME (100 µM) and TRAM-34 (5 µM), apamin (50 nM), L-NAME (100 µM) and Ba2+ 

(100 µM) (n=5). Values shown as mean ± SEM. Two-way ANOVA was performed. * denotes 
statistical significant compared to control values (P<0.05). 
 
4.3.12 Investigation of the functional role of Kir channels in modulating myogenic reactivity in rat 

mesenteric arteries: In the presence of Ba2+ (50 µM), the myogenic reactivity of endothelium-

intact mesenteric arteries was not different from control (Figure 4.24). This is in contrast to a 

published study showing that Ba2+ (100 µM) does enhance myogenic tone in mouse mesenteric 
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arteries (Sonkusare et al. 2012). As shown above, using qPCR I found that mRNA in addition to 

the classical Kir2.1 and 2.2, mRNA for Kir3.4 and 7.1 was also present in mesenteric arteries. 

Therefore, selective blockers of these channels were used to determine if they play a functional 

role in modulating pressure-induced vasoconstriction: tertiapin  (300 nM; Jin and Lu 1999) is a 

selective inhibitor for Kir3.1 and 3.4 channels, VU 590  (5 µM; Lewis et al. 2009) is a selective 

inhibitor for Kir1.1 and 7.1 subtypes and ML-133  (20 µM; Wu et al. 2010) is a selective inhibitor 

of Kir2 series channels. However, the application of the three inhibitors individually or in 

combination did not alter the myogenic reactivity in rat mesenteric arteries or the level of myogenic 

tone at each pressure was not significantly different from control values (Figure 4.25).  

 
Figure 4.24: Block of Kir channels by Ba2+ does not enhance myogenic reactivity in rat 
mesenteric arteries. Segments of rat mesenteric resistance artery were mounted in a pressure 
myograph and subjected to increases in pressure from 20-120 mmHg in 20 mmHg increments. 
Myogenic tone is expressed as the percentage difference in active diameter versus passive 
diameter of small mesenteric arteries. Mean % myogenic tone in endothelium-intact arteries in 
the absence and presence of 50 µM Ba2+ (n=5). Two-way ANOVA was performed (P> 0.05).  
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Figure 4.25: Pharmacological inhibition of Kir2 series, 3.1/3.4, 7.1 and 1.1 channels did not 
alter myogenic reactivity. Segments of rat mesenteric resistance artery were mounted in a 
pressure myograph and subjected to increases in pressure from 20-120 mmHg in 20 mmHg 
increments. Myogenic tone is expressed as the percentage difference in active diameter versus 
passive diameter of small mesenteric arteries. Mean % myogenic tone in endothelium-intact 
arteries in the absence and presence of a) 20 µM ML-133 (n=5) b) 300 nM tertiapin (n=5). c) 5 
µM VU 590 (n=4) d) 20 µM ML-133, 300 nM tertiapin, and 5 µM VU 590 (n=5). Two-way 
ANOVA was performed (P>0.05). 
 
 Previous work has linked Kir channels to shear stress-induced dilation in mouse mesenteric 

arteries (Ahn et al. 2017). I show here that in the perfused rat mesenteric bed, block of Kir channels 

with Ba2+ (50 and 100 µM) resulted in an enhancement of nerve-evoked constriction in 

endothelium-intact (Figure 4.26a) but not in endothelium-denuded preparations (Figure 4.26b). 

Although Kir channels do not modulate myogenic tone in isolated rat mesenteric arteries, 

endothelial Kir channels can participate in activation of the endothelium by increases in shear stress 
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in the intact mesenteric bed. 

 
Figure 4.26: Ba2+ caused endothelium-dependent enhancement of nerve-evoked constriction 
in rat mesenteric vascular bed. Mesenteric vascular bed was perfused under a constant flow rate 
and electrical stimulations were conducted. a) Mean data showing frequency-response 
relationships in the absence and presence of Ba2+ at concentrations of 50 µM and 100 µM alone in 
endothelium-intact mesenteric vascular beds. b) Mean data showing frequency-response 
relationships in the absence and presence of Ba2+ (50 µM and 100 µM alone in endothelium-
denuded mesenteric vascular beds. Values are shown as mean ± SEM (n=5), Two-way ANOVA 
was performed. *denotes statistical significance compared to control values (P<0.05). ^denotes 
statistical significance compared to 50 µM Ba2+ (P<0.05). 
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4.3.13 Investigation of the contribution of Kir channels to the actions of CyPPA and SKA-31 in 

myogenically active mesenteric arteries: In the presence of Ba2+ (50 µM), CyPPA was no longer 

able to inhibit myogenic reactivity in endothelium-intact mesenteric arteries (Figure 4.27). 

Furthermore, in the presence of CyPPA and Ba2+ (50 µM), myogenic reactivity was significantly 

enhanced compare to control (Figure 4.27b). An interpretation of the effect of Ba2+ on the actions 

of CyPPA and SKA-31 in myogenically active arteries is due to direct block of SKCa and IKCa 

channels by Ba2+.  However, at this concentration Ba2+ did not significantly alter myogenic 

reactivity (Figure 4.24), does not block SKCa and IKCa channels (Sonkusare et al. 2016), and did 

not inhibit the amplitude of smooth muscle hyperpolarization evoked by CyPPA and SKA-31. The 

amplitude of hyperpolarization evoked by CyPPA was comparable in the absence and presence of 

50 µM Ba2+ (-10.8 ± 2.0 vs -12 ± 1.7 mV; P>0.05, t-test). The amplitude of hyperpolarization 

induced by SKA-31 was also not altered in the absence and presence of Ba2+ (50 µM) (-9.4 ± 1.8 

vs -9.3 ± 2.1 mV; P>0.05, t-test).  

 At a concentration of 50 µM, Ba2+ did not significantly affect the ability of SKA-31 to 

inhibit myogenic reactivity (Figure 4.28b). However, at a concentration of 100 µM, Ba2+ 

prevented the actions of SKA-31 (Figure 4.28c).  

Inhibition of Kir2 channels with ML-133 (20 µM) did not significantly alter myogenic 

reactivity (Figure 4.25a) but in the presence of ML-133, the effects of CyPPA and SKA-31 were 

attenuated (Figure 4.29). Tertiapin (300 nM), an inhibitor of Kir3.1 and 3.4 channels, which did 

not affect myogenic reactivity by itself (Figure 4.25b), also reduced the effects of CyPPA and 

SKA-31. In the presence of tertiapin plus either CyPPA or SKA-31, myogenic reactivity was not 

significantly different from controls (Figure 4.30). 
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Figure 4.27: The effect of CyPPA on myogenic tone is dependent on Kir channels. Segments 
of rat mesenteric resistance artery were mounted in a pressure myograph and subjected to increases 
in pressure from 20-120 mmHg in 20 mmHg increments. a) Representative trace of pressure-
diameter relationships in the absence and presence of 50 µM Ba2+ and 5 µM CyPPA, and 
extracellular Ca2+. Myogenic tone is expressed as the percentage difference in active diameter 
versus passive diameter of small mesenteric arteries. Mean % myogenic tone in endothelium-intact 
arteries in the absence and presence of b) 5 µM CyPPA and 50 µM Ba2+ (n=5). c) 5 µM CyPPA 
alone (n=6). Two-way ANOVA was performed. *denotes statistically significant compared to 
control values (P<0.05). Panel c) comes from Figure 4.13. 
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Figure 4.28: The effect of SKA-31 on myogenic tone is dependent on Kir channels. Segments 
of rat mesenteric resistance artery were mounted in a pressure myograph and subjected to increases 
in pressure from 20-120 mmHg in 20 mmHg increments. a) Representative trace of pressure-
diameter relationships in the absence and presence of 50 µM Ba2+ and 5 µM SKA-31 and 
extracellular Ca2+. Myogenic tone is expressed as the percentage difference in active diameter 
versus passive diameter of small mesenteric arteries. Mean % myogenic tone in endothelium-intact 
arteries in the absence and presence of b) 5 µM SKA-31 and 50 µM Ba2+ (n=4) c) 5 µM SKA-31 
and 100 µM Ba2+ (n=5). d) 5 µM SKA-31 alone (n=5). Two-way ANOVA was performed. 
*denotes statistically significant compared to control values (P<0.05). Panel d) comes from Figure 
4.15. 
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Figure 4.29: Inhibition of Kir2 channels reduces the effects of CyPPA and SKA-31 on 
myogenic reactivity. Segments of rat mesenteric resistance artery were mounted in a pressure 
myograph and subjected to increases in pressure from 20-120 mmHg in 20 mmHg increments. 
Myogenic tone is expressed as the percentage difference in active diameter versus passive 
diameter of small mesenteric arteries. Mean % myogenic tone in endothelium-intact arteries in 
the absence and presence of a) 20 µM ML-133 and 5 µM CyPPA (n=5). b) 20 µM ML-133 and 
5 µM SKA-31 (n=6). Two-way ANOVA was performed (P>0.05).  
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Figure 4.30: Inhibition of Kir3.1/3.4 channels reduces the effect of CyPPA and SKA-31. 
Segments of rat mesenteric resistance artery were mounted in a pressure myograph and subjected 
to increases in pressure from 20-120 mmHg in 20 mmHg increments. Myogenic tone is expressed 
as the percentage difference in active diameter versus passive diameter of small mesenteric 
arteries. Mean % myogenic tone in endothelium-intact arteries in the absence and presence of a) 
300 nM tertiapin and 5 µM CyPPA (n=5). b) 300 nM tertiapin and 5 µM SKA-31 (n=5). Two-way 
ANOVA was performed. * denotes statistically significant compared to control values (P<0.05).  
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4.4 Discussion  
 The data presented in this chapter show that small molecule activators of SKCa and IKCa 

channels can inhibit the development of myogenic reactivity and that this effect is also dependent 

on the activity of Kir channels. CyPPA, a putative activator of SKCa channels, elicited smooth 

muscle hyperpolarization and inhibited myogenic reactivity that was endothelium-dependent, 

inhibited by the selective SKCa channel blocker apamin, and mediated, at least in part, by NO. In 

contrast, the putative IKCa channel activator SKA-31 elicited smooth muscle hyperpolarization, 

but with respect to modulating myogenic reactivity, acted independently of the endothelium. As 

IKCa channels have not been identified in vascular smooth muscle cells of mesenteric arteries, this 

finding suggests that SKA-31 may have previously unreported, off-target effects which also lead 

to smooth muscle relaxation. Together, these data support my hypothesis of a link between NO 

and vasorelaxation elicited by agents that activate endothelial SKCa channels. My work also 

reveals a role for Kir channels in amplifying vasodilator responses driven by changes in membrane 

potential in mesenteric resistance arteries. 

 SKCa (SK3) and IKCa (IK1) channels are functionally expressed on most endothelial cells 

but not normal vascular smooth muscle cells (Ledoux et al. 2006). In this study, IKCa channels 

were localized to endothelial cells in a proportion of the holes in the IEL, whereas SKCa channels 

were located at adjacent endothelial cell borders, as has previously been observed in porcine 

coronary, rat mesenteric, skeletal muscle and cerebral resistance arteries (Kerr et al. 2015; Sandow 

et al. 2006; Senadheera et al. 2012; Tran et al. 2012). This localization facilitates activation of 

different channel populations by localized increase in [Ca2+]i and is in line with differential roles 

of these channels in endothelium-dependent modulation of resistance artery diameter: IKCa 

channels mediate myoendothelial feedback (see Chapter 3) whereas SKCa channels can be 

activated by increases in shear stress (Kerr et al. 2015; Tran et al. 2012; Wei et al. 2018). IKCa and 
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SKCa channels have not been reported to be expressed in smooth muscle cells of rat mesenteric 

arteries (Kerr et al. 2015; Sandow et al. 2006), but recently IKCa channels have been identified in 

smooth muscle cells of radial arteries from non-pregnant and pregnant rats (Murphy et al. 2016), 

and in rat middle cerebral arteries ( McNeish et al. 2006). 

 I chose to investigate endothelial modulation of myogenic reactivity as the ability to 

constrict in response to increase in intravascular pressure is a key autoregulatory mechanism in 

resistance arteries, and contributes to total peripheral vascular resistance and thus blood pressure. 

Characterization of the myogenic reactivity of third and fourth order resistance arteries was 

undertaken as there is very limited data in the literature on the nature of the response to pressure 

in these vessels with most studies of myogenic reactivity involving cerebral (Knot and Nelson 

1998), skeletal muscle (Kotecha and Hill 2005) and renal (Loutzenhiser et al. 2002) arteries (for 

review see Izzard and Heagerty 2014). In a number of previous studies, rat mesenteric arteries 

have in fact been shown to develop little or no myogenic tone, which from my own experience I 

suggest may be due to tissue handling (see Cockell and Poston 1996; Dunn and Das 2017 for 

examples). I found that mesenteric resistance arteries developed myogenic reactivity at 

intravascular pressures of 60 mmHg and above, and that this response was not modulated by 

removal of the endothelium or block of either eNOS, COX or SKCa and IKCa channels. This is in 

line with the findings of Chapter 3 that under normal conditions, myogenic reactivity is not 

dependent on the endothelium (Meininger and Davis 1992; Palomares and Cipolla 2014) and, in 

contrast to some other vessels such as rat cremaster and cerebral artery (Marrelli 2002; Mishra et 

al. 2015) and female gerbil spiral artery (Reimann et al. 2013), is not normally modulated by it. 

However, inhibition of eNOS, SKCa and IKCa channels together, potentiated myogenic reactivity, 

indicating that the endothelium may release a combination of constricting and dilating factors, 
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such that there is no net effect of endothelium removal.  

 In the current study of rat mesenteric arteries, CyPPA evoked apamin-sensitive 

hyperpolarization, and at concentrations of 10 nM to 10 µM, elicited endothelium-dependent 

dilation which was sensitive to either apamin or L-NAME. CyPPA also abolished myogenic 

reactivity in an endothelium- and NO-dependent manner that was prevented by block of SKCa 

channels with apamin. Several studies have investigated the effects of CyPPA (Haddock et al. 

2011; Hougaard et al. 2007) on vascular function. For example, in porcine retinal arteries ( 

Dalsgaard et al. 2010) mounted in a wire myograph, CyPPA (1–100 µM) induced concentration-

dependent relaxations of induced tone; these responses were blocked by apamin, endothelial 

removal and inhibition of NO signaling only at concentrations up to 10 µM. However, only a few 

reports have described the effects of CyPPA on smooth muscle membrane potential. A higher 

concentration of CyPPA (30 µM) evoked smooth muscle hyperpolarization in mesenteric arteries 

from healthy and obese rats, a response which was abolished by apamin, but for which the 

endothelium-dependence was not demonstrated (Haddock et al. 2011). The same concentration of 

CyPPA was shown to cause EDH of smooth muscle in uterine arteries from healthy and diabetic 

pregnant rats (Gokina et al. 2015); the effect of apamin on the hyperpolarization was not 

determined, but it was shown to inhibit CyPPA-induced dilation and CyPPA-activated currents in 

isolated endothelial cells. Thus, my findings are in line with previous work and support the 

proposal that CyPPA activates endothelial SKCa channels to elicit EDH and is associated with NO 

mediated smooth muscle relaxation (Dalsgaard et al. 2010).  

 The mechanism linking activation of SKCa channels to NO is unclear. There is now a 

significant body of evidence supporting a structural link between TRPV4 and SKCa channels in 

endothelial cells (Saliez et al. 2008) and demonstrating that activation of SKCa channels in 
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response to a number of stimuli, including agonists and increases in shear stress, is mediated by 

TRPV4-mediated Ca2+ influx (Sonkusare et al. 2012). Thus, the dependence of the effects of 

CyPPA on NO could be related to the localization of SKCa channels to the luminal surface (Sandow 

et al. 2006) of endothelial cells in signaling microdomains with cav-1, eNOS and mechanosensitive 

TRPV4 channels. SK3 and cav-1 were co-immunoprecipitated from endothelial cells of rat 

mesenteric and porcine coronary arteries (Absi et al. 2009). eNOS, TRPV4 and SKCa channels 

were shown to be targeted to caveolae in freshly isolated bovine coronary endothelial cells, and 

TRPV4 and SK3 could be co-immunoprecipitated by cav-1 antibodies from the same cells (Lu et 

al. 2017). In addition, shear stress led to the activation of SKCa currents by Ca2+ influx through 

TRPV4 channels in cultured endothelial cells. The increase in [Ca2+]i, and activation of SKCa 

channels were blocked by the TRPV4 inhibitor HC067047 indicating that TRPV4-mediated Ca2+ 

entry evoked by shear stress was responsible for activation of SKCa channels.  However, in mouse 

small pulmonary and mesenteric, and rat carotid arteries (Köhler et al. 2006), TRPV4 activity 

(Marziano et al. 2017; Mendoza et al. 2010) is linked to NO production rather than activation of 

SKCa channels, whereas in rat pulmonary arteries vasodilation to the TRPV4 agonist 

GSK1016790A was mediated by NO, SKCa and IKCa channels (Addison et al. 2016), supporting 

the idea of differential Ca2+ signaling networks. Endothelial cells in pressurized resistance 

arteries/arterioles show spontaneous Ca2+ events (Duza and Sarelius 2004; McSherry et al. 2005) 

but how they are modulated by increases in pressure has received little attention. Activation of 

TRPV4 was shown to increase endothelial Ca2+events leading to EDH-mediated dilation to low 

pressures (Bagher et al. 2012) (<50 mmHg) in rat skeletal muscle arteries but how changes in 

pressure impact the TRPV4-NOS axis has not been explored.  
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One possibility to explain the NO-dependence of CyPPA-mediated inhibition of myogenic 

reactivity in the current study could reflect CyPPA causing SKCa-mediated hyperpolarization to 

further enhance TRPV4-mediated Ca2+ influx resulting in production of NO (Figure 4.31). 

However, it would then be expected that in the presence of L-NAME to block NOS, EDH would 

still be able to mediate relaxation when in fact L-NAME abolished the actions of CyPPA. In rat 

cerebral and pulmonary arteries L-NAME inhibited EDH-mediated relaxation via a COX-TXA2 

pathway leading to inhibition of SKCa channels (Addison et al. 2016;  McNeish and Garland 2007). 

Also, in other cell types there is evidence of crosstalk between eNOS and COX (see reviews 

Clancy et al. 2000; Silva et al. 2016). For example, in rat hepatic endothelial cells, NO inhibits the 

production of TXA2 by reducing the activity of COX (Rosado et al. 2012). This mechanism could 

contribute to L-NAME sensitivity of the actions of CyPPA seen in my studies although the fact 

that L-NAME alone did not potentiate myogenic reactivity suggests it is not a major factor. It is 

also possible that NO plays a facilitatory role in CyPPA-mediated hyperpolarization and 

relaxation, thus, removal of endogenous NO with L-NAME inhibited the effect of SKCa channel 

activation. The hypothesis that NO facilitates the spread of hyperpolarization through gap 

junctions will be examined in Chapter 5. 

Figure 4.31: Schematic illustrating proposed effect of CyPPA in modulating myogenic 
reactivity. See text for details. 
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 SKA-31 evoked TRAM-34-sensitive smooth muscle hyperpolarization, and at 

concentrations of 10 nM to 30 µM elicited concentration-dependent dilation in PE-stimulated 

vessels which was unaffected by L-NAME. Removal of the endothelium or addition of TRAM-34 

inhibited dilation to SKA-31 at lower concentrations but vasodilation was still observed with 10 

µM SKA-31. SKA-31 (5 µM) abolished myogenic reactivity at intravascular pressures of 60 to 

120 mmHg (Figure 4.15c), an effect that was not dependent on the endothelium but was only 

partial prevented by blockers of IKCa channels. Thus, in contrast to CyPPA, NO does not appear 

play a role in the effects of SKA-31 on smooth muscle contractility and it can have actions 

independent of the endothelium. The reason for the difference in the endothelium-dependence of 

the effects of SKA-31 in arteries constricted with PE as compared to myogenically active arteries 

is not clear. A possibility could be that the different mechanisms of contraction (PE vs myogenic) 

reveal an “off-target” effect of SKA-31 in myogenic arteries. Recent evidence has shown that the 

development of myogenic tone is associated with Ca2+ influx through TRPM4 channels, with 

inhibition of TRPM4 with 9-phenanthrol attenuating the myogenic response in rat cerebral arteries 

(Gonzales et al. 2010) as described in Section 1.3.2. Interestingly, 9-phenanthrol has also been 

found to activate endothelial IKCa channels in rat mesenteric arteries (Garland et al. 2015). Due to 

similarities in the chemical structures of SKA-31 and 9-phenanthrol, and the fact that both of these 

chemicals can activate IKCa channels, it is reasonable to speculate that SKA-31 may block smooth 

muscle TRPM4 channels as an “off-target” effect to inhibit the development myogenic tone. 

However, the exact mechanism is unknown and requires further investigation. 

Previous reports have also shown that NO is not involved in the actions of SKA-31. At a 

concentration of 10 µM, SKA-31 dilated myogenically active, rat cremaster and middle cerebral 

arteries, an effect that was largely, but not completely, inhibited by the SKCa channel blocker 
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UCL1684 and TRAM-34, abolished by endothelial denudation, but unaffected by block of eNOS 

(Mishra et al. 2015). In mouse skeletal muscle arterioles, SKA-31 (1-30 µM) induced 

concentration-dependent dilation and enhanced the effects of ACh, effects that were independent 

of eNOS and were lost by deletion of KCa3.1 channels (Radtke et al. 2013). At a low concentration, 

SKA-31 (0.5 µM) enhanced endothelium-dependent vasodilation to ACh in mice lacking eNOS 

(Hasenau et al. 2011).  

Alternatively, a lack of effect of L-NAME could be due to the ability of SKA-31 to act 

directly on smooth muscle cells; as discussed above, SKA-31 may be able to block TRPM4 

channels to directly inhibit smooth muscle contraction232. An endothelium-independent action of 

SKA-31 has not previously been described in the literature, but i.p. injection of SKA-31 reduced 

mean arterial blood pressure in mice lacking connexin 40 (Radtke et al. 2013). This connexin 

connects endothelial cells and is reportedly an essential component in MEGJs (Mather et al. 2005; 

Sandow et al. 2002) in a number of vessels, and so the ability of SKA-31 to affect the vasculature 

in mice lacking this protein suggests that the response is independent of myoendothelial coupling, 

i.e. not dependent on the transfer of an electrical signal from endothelial to smooth muscle cells. 

 Strong inward rectifier channels of the Kir2 series are activated by membrane potential 

hyperpolarization and have been suggested to boost vasodilatation elicited by activation of 

endothelial or smooth muscle potassium channels (Jackson 2005; Longden and Nelson 2015; 

Smith et al. 2008). For example, in rat isolated coronary and cerebral arteries, Ba2+ attenuated 

dilation to activators of KATP channels, and to UTP and ACh, all known to activate endothelial 

KCa channels (Marrelli et al. 2003; Smith et al. 2008). In the same study (Smith et al. 2008), 

expression of mRNA for Kir2.1 and 2.2 was shown to be ∼2- to 6-fold higher in samples of isolated 

smooth muscle cells from cerebral and coronary arteries as compared to mesenteric vessels. Also, 
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a Ba2+-sensitive current was recorded only in smooth muscle cells from cerebral and coronary 

arteries, and Ba2+-sensitive dilation to elevated [K+]o was seen in endothelium-denuded coronary 

and cerebral but not mesenteric arteries. These data indicate that functional Kir channels are present 

in smooth muscle cells of coronary and cerebral but not mesenteric arteries. An earlier study (Crane 

et al. 2003) also provided evidence for the presence of Kir channels in endothelial but not vascular 

smooth muscle cells of rat mesenteric arteries, and demonstrated that dilation of these vessels to 

increases in [K+]o was insensitive to Ba2+ but inhibited by ouabain, a blocker of Na+/K+ATPase. 

However, there appears to be significant variation in channel expression as in another study, Kir2.1 

but not Kir2.2, accounted for the strong inwardly rectifying currents in isolated smooth muscle 

cells of rat coronary and basilar arteries (Bradley et al. 1999).  

 In the present study, mRNA for both Kir2.1 and 2.2 was detected in intact mesenteric 

arteries, and Kir2.1 and 2.2 channel proteins were identified in both endothelial and smooth muscle 

cells of whole mount preparations by the use of confocal immunohistochemistry. mRNA for Kir3.4 

was also detected but lack of suitable antibodies precluded protein detection by 

immunohistochemistry. Kir channels are involved in regulation of membrane potential as 

application of Ba2+ depolarized the smooth muscle membrane potential of isolated mesenteric 

arteries and supporting previous studies in rat renal, coronary, cerebral and mesenteric arteries 

(Weston et al. 2002). Furthermore, increases in [K+]o elicited smooth muscle hyperpolarization 

and relaxation in both endothelium-intact and denuded arteries which, in all cases was blocked by 

Ba2+ indicating that in contrast to previous studies, functional Kir channels are present in the 

smooth muscle cells in the rat mesenteric arteries. KCl evoked U-shaped concentration-response 

curves are consistent with the biophysical properties of strong inward rectifier Kir channels that 

display voltage-dependent block of channel conductances (details are discussed in section 1.2.4c). 
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 Interestingly, my experiments showed that there were differences in the sensitivity of 

endothelium-intact and denuded arteries to increases in [K+]o. Under both isometric and isobaric 

conditions, denuded arteries maximally dilated at a concentration of 9 mM [K+]o whereas 

endothelium-intact arteries maximally dilated a concentration of 13mM. The reason for this is 

unclear but could indicate a spatially distinct distribution of Kir2.1 and Kir2.2 channels between 

endothelial and smooth muscle cells and/or difference in their biophysical properties. In 

endothelium-intact arteries, the spread of EDH amplifies the effect to limit the depolarization 

elicited by higher [K+]o acting on smooth muscle cells. In support of this proposal, while smooth 

muscle hyperpolarization to 7 mM [K+]o was the same in intact and denuded arteries, at a 

concentration of 15 mM, the membrane potential of smooth muscle cells in endothelium-denuded 

arteries was significantly more depolarized indicating the hyperpolarizing influence of the 

endothelium had been lost. Vasodilatation to [K+]o in rat mesenteric arteries pre-constricted with 

PE has previously been attributed to activation of Na+,K+-ATPase (Crane et al. 2003; Smith et al. 

2008) and in rat femoral arteries both Kir channels and Na+,K+-ATPase were responsible for the 

response (Savage et al. 2003). My data demonstrating that Ba2+, at a concentration that does not 

affect other ion channels such as Kv, KCa and KATP (reviewed by Nelson and Quayle 1995), 

inhibits both smooth muscle hyperpolarization and relaxation to [K+]o, and that ML-133 inhibits 

the relaxation,  suggests that as in mouse mesenteric arteries, this response can be fully accounted 

for by activation of Kir channels (Sonkusare et al. 2016). A study has reported  TWIK-2 channels, 

a subtype of twin pore K+ potassium channels, were sensitive to Ba2+ (IC50=80 µM; Lloyd et al. 

2009). While TWIK-2 channel mRNA expression has been identified in mesenteric arteries, block 

of these channels failed to generate an increase in artery tone compared to that observed in 

pulmonary arteries (Gardener et al. 2004). In my study, myogenic reactivity was unaffected by 50 
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µM Ba2+, but to rule out a potential role of TWIK-2 channels a higher concentration of Ba2+ is 

required. 

 Endothelium-dependent relaxations to ACh in isolated mesenteric arteries were also 

inhibited by Ba2+, an effect that was enhanced when SKCa and IKCa channel activity was also 

blocked. Indeed, in the presence of L-NAME, apamin and TRAM-34, Ba2+ abolished the 

remaining response. This finding supports the concept that endothelium-dependent vasodilators 

that elevate [Ca2+]i and hyperpolarize the endothelium through the activation of SKCa and IKCa 

channels will engage Kir channels to boost their signal strength (Sonkusare et al. 2016). It has also 

been proposed that activation of Kir channels may also be enhanced by efflux of K+ through SKCa 

and IKCa channels leading to localized increases in [K+ ]o in the restricted space between 

endothelial and smooth muscle membranes (Edwards et al. 1998), although supporting evidence 

for this idea is limited.  

 Ba2+ does not enhance myogenic reactivity suggesting Kir channels may not act to provide 

a “brake” on myogenic vasoconstriction as has been shown for other K+ channels such as Kv 

channels (Hirst et al. 1986; Nelson and Quayle 1995; Smith et al. 2008). However, Ba2+ did cause 

endothelium-dependent enhancement of nerve-evoked vasoconstriction in the rat perfused 

mesenteric bed showing that in addition to ACh-evoked relaxation, endothelial Kir channels in 

mesenteric arteries can be engaged by physical stimuli.  

 As discussed in Chapter 1, the negative slope conductance of Kir channels means that their 

activity is enhanced by hyperpolarization (Nelson and Quayle 1995; Nelson et al. 1990) and so 

engagement of these channels can “boost” responses to other stimuli that elicit opening of K+ 

channels. Therefore, I investigated the possibility that inhibition of myogenic reactivity caused by 

CyPPA and SKA-31 in rat mesenteric resistance arteries involves recruitment of Kir channels: the 
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effects of CyPPA were blocked by 50 µM Ba2+ but 100 µM Ba2+ was required to inhibit the effects 

of SKA-31. Ba2+ does not block SKCa or IKCa channels (Sonkusare et al. 2016) and the reason for 

this difference in concentration dependence is unclear. Interestingly, block of Kir channels not only 

abolished the effect of CyPPA, in the presence of Ba2+ and CyPPA myogenic reactivity was 

enhanced compared to control values suggesting that activation of SKCa channels led to 

recruitments of more Kir channels.   

 As CyPPA acts in an endothelium-dependent manner, these experiments were conducted 

in endothelium-intact mesenteric arteries. Kir channels are expressed on both endothelial and 

smooth muscle cells in these arteries as shown by immunohistochemistry and by the relaxations 

to raised [K+]o. Thus, the effects of SKA-31 may be less sensitive to Ba2+ as by acting on the 

smooth muscle, it may be directly recruiting a different population of Kir channels that have subtle 

differences in Ba2+ sensitivity. Here, SKA-31 may inhibit smooth muscle TRPM4 channels, 

channels important for the development of myogenic tone, causing hyperpolarization, and so 

activate smooth muscle Kir channels (see above and Section 1.3.2 for details). CyPPA, in contrast, 

will only target the endothelial SKCa channels. The effects of both CyPPA and SKA-31 on 

myogenic reactivity were reduced by ML-133 and tertiapin suggesting that these agents recruit 

both Kir2 series and Kir 3.4 (GIRK) channels (supported by the identification of mRNA for these 

channels in the arteries). To date, the role of GIRK channels has mainly been studied in the central 

nervous system and heart where they are activated by agents such as adenosine and GABA 

(Lüscher and Slesinger 2010). However, stretch-activation of these channels via membrane bound 

PIP2 has also been described which could enable them to be activated by increases in intravascular 

pressure (Ji et al. 1998; Zhang et al. 2004; Sui et al. 1998).  
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 Evidence suggests that at high concentrations Ba2+ is able to block other K+ channels (e.g. 

KATP, KV and BKCa) but at concentrations less than 100 µM, Ba2+ selectively block Kir channels 

(McCarron and Halpern 1990; Nelson and Quayle 1995; Nelson et al. 1995). At a concentration 

less than 100 µM TWIK-2 channel activity was reduced (Lloyd et al. 2009), however, in 

mesenteric arteries the effect of Ba2+ on TWIK-2 channels was absent (Gardener et al. 2004) 

suggesting it is not involved in the regulation of rat mesenteric arterial tone. In my experiments, I 

have shown Ba2+ does not inhibit the peak change in smooth muscle membrane potential elicited 

by SKA-31 and CyPPA suggesting Ba2+ does not inhibit the activities of SKCa and IKCa channels. 

This is supported by data obtained in patch-clamp experiments using freshly isolated endothelial 

cells which Ba2+ does not affect KCa channel currents (Sonkusare et al. 2016). In addition, 

inhibition of BKCa and Kv channels have both been shown to potentiate myogenic reactivity in 

mesenteric (Plane et al. 2005), uterine (Hu et al. 2012), and cerebral arteries (Ledoux et al. 2006; 

Nelson et al. 1995), an effect which is not seen with Ba2+.  

A limitation of this study is that recordings of membrane potential and arterial diameter 

were made under different experimental conditions; arteries pinned to the bottom of a dish and 

arteries mounted in a pressure myograph. Simultaneous recording of smooth muscle membrane 

potential and vessel diameter is technically challenging as vessel movements greatly reduce the 

chances of successful, long duration impalements. Therefore, we measured the membrane 

potential in pinned out arteries as has been widely used in published studies (Edwards et al. 1988; 

Edwards, Dora, et al. 1998; Quayle et al. 1993; Wei et al. 2018). 

To summarize, in the present study I have used functional approaches (wire and pressure 

myography) and recordings of intracellular membrane potential, supported by qPCR and 

immunohistochemistry, to demonstrate that small molecule activators of SKCa and IKCa channels 
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can modulate myogenic reactivity through a Kir channel-dependent mechanism. The actions of 

CyPPA are blocked by apamin, a selective inhibitor of SKCa channels and are blocked by the NOS 

inhibitor L-NAME. This indicates that either CyPPA enhances NO release or that block of NOS 

leads to inhibition of SKCa-mediated EDH. In contrast, SKA-31 can act via an NO-independent 

pathway in arteries pre-constricted with PE, and in myogenically active arteries, can act 

independently of the endothelium. However, inhibition of myogenic reactivity by both CyPPA 

(via activation of endothelial SKCa channels) and SKA-31 (via activation of endothelial IKCa 

channels and possibly inhibition of smooth muscle TRPM4 channels) involves recruitment of Kir 

channels. In addition, I propose SKA-31 could be a novel pharmacological tool to examine the 

function of TRPM4 channels which there is only one inhibitor (9-phenanthrol) currently available.  

The traditional view has been that Kir channels provide a resting current whose passive 

properties set basal membrane potential and enable blood flow to be increased in response to 

increases in [K+]o. However, my findings, together with recent published studies, indicate that 

these channels may also fulfill an important physiological role in amplifying arterial diameter 

changes elicited by stimuli which hyperpolarize the endothelial or smooth muscle cell membrane 

potential including agonists and physiological stimuli such as increases in shear stress. My data 

also support the findings of Chapter 3 that the mechanisms underlying control of resistance artery 

diameter are context- and stimulus specific, and that the endothelium can play a central role in co-

ordinating changes in arterial diameter in response to different stimuli. 
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Chapter 5: NO facilitates endothelium-dependent smooth muscle 

hyperpolarization in rat basilar artery 

 
5.1 Introduction 

Release of endothelium-derived NO in response to agonists and flow occurs concurrently 

with hyperpolarization of the endothelial cell membrane potential caused by opening of SKCa and 

IKCa channels. As previously discussed, release of NO and transfer of endothelial 

hyperpolarization to surrounding smooth muscle cells (EDH) have generally been regarded as 

distinct pathways for regulation of vascular tone. This idea came from experiments in which 

agonist-evoked relaxation of isolated arteries was found not to be blocked by inhibitors of NOS or 

COX, and the “residual” relaxation was inhibited by blockers of endothelial SKCa and IKCa 

channels, apamin and charybdotoxin (for review see Garland et al. 1995; Félétou and Vanhoutte 

1999). In fact, in very few studies were changes in membrane potential measured and the defining 

characteristic of an EDH responses became the ability of KCa channel inhibitors to block NOS 

inhibitor-resistant relaxations in isolated arteries.  

However, recent data indicate endothelial KCa channels may modulate the release and/or 

actions of NO (Mishra et al. 2013; Sheng and Braun 2007; Sheng et al. 2009; Stankevicius et al. 

2006), and studies showing inhibition of EDH of smooth muscle by NOS inhibitors suggest that 

NO could also contribute to EDH. For example, in rabbit carotid artery EDH and relaxation to 

ACh was closely correlated with the release of NO, and the NO donor, linsidomine, caused both 

smooth muscle hyperpolarization and relaxation (Cohen et al. 1997). In rat basilar arteries, both 

endothelium-dependent relaxations and EDH of smooth muscle cell membrane potential evoked 

by ACh were blocked by the NOS inhibitor L-NAME suggesting that NO may mediate both effects 

(Allen et al. 2002). But, in the same vessels, NO produced only a very small hyperpolarization of 
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smooth muscle membrane potential at very high concentrations which were associated with 

maximal relaxation (Rand and Garland 1992). 

In large conduit arteries such as rabbit aorta (Moore et al. 1990), agonist-evoked 

endothelium-dependent relaxation can be fully accounted for by NO. In smaller arteries, the 

persistence of relaxations to agonists in the presence of NOS inhibition which were then abolished 

by inhibitors of KCa channels, led to the conclusion that the importance of EDH increases with 

decreasing artery diameter. For example, whereas ACh-evoked relaxation was abolished by L-

NAME in rat and rabbit aorta (Rees et al. 1990; Moore et al. 1990), in rat cremaster arterioles, L-

NAME alone had only a modest effect on ACh-evoked relaxations but in the presence of L-NAME, 

apamin and charybdotoxin, relaxations were blocked, the signature of an EDH-mediated response 

(Potocnik et al. 2009). The rationale for the apparent increased role of EDH in mediating 

endothelium-dependent relaxation in smaller versus large vessels, is the prevalence of electrical 

coupling between endothelial and smooth muscle cells via MEGJs (Sandow et al. 2006). This type 

of cell-cell connection is extremely limited in conduit arteries and so a diffusible mediator is 

required for effective communication between the two cell types. However, in small vessels, the 

density of MEGJs increases, and so electrical communication is more effective and plays a greater 

role in mediating vasorelaxation to stimuli acting on the endothelium (Senadheera et al. 2012; 

Straub et al. 2014). 

Based on these findings, the prevailing view has been that NO is unimportant in endothelial 

to smooth muscle communication in small arteries. But, NOS inhibitors do have a significant effect 

on agonist-evoked vasorelaxation in some resistance arteries indicating that although it may not 

be the major mediator, NO certainly plays a contributory role (Parsons et al. 1994). In isolated rat 

mesenteric arteries, L-NAME caused a rightward shift in the concentration-response curves for 
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both ACh-evoked relaxation and membrane hyperpolarization indicating that, although exogenous 

NO does not elicit smooth muscle hyperpolarization in these vessels, it may play a facilitatory role 

in the EDH response (Waldron and Garland 1994). Building on these findings, I have tested the 

hypothesis that NO can facilitate KCa channel mediated, endothelium-dependent smooth muscle 

hyperpolarization. 

For these experiments I chose to use 1-EBIO and NS309, as like receptor agonists such as 

ACh, these agents stimulate EDH by activating both SKCa and IKCa channels (Strøbæk et al. 2004). 

All experiments were conducted in the rat basilar artery as previous work in our lab had shown 

that in this vessel, ACh-evokes endothelium-dependent relaxation and EDH, both of which are 

inhibited by the NOS inhibitor L-NAME (Allen et al. 2002). 

5.2 Methods 

 Please see Chapter 2 for a complete description of methods. 

5.3 Results 
5.3.1 Endothelium-dependent vasorelaxation and EDH elicited by ACh were abolished by block 

of NO signaling and endothelial KCa channels: In rat basilar arteries mounted under isometric 

conditions in the wire myograph, ACh (1 nM to 10 µM) evoked endothelium-dependent relaxation 

of 5-HT (3 µM)-evoked tone (Figures 5.1a and c). In separate experiments, bolus doses of ACh 

(10 µmoles) elicited hyperpolarization of basilar artery smooth muscle cell membrane potential in 

endothelium-intact (Figure 5.1b) but not denuded arteries (n=4).  

Both ACh-evoked relaxation and EDH were inhibited by the NOS inhibitor L-NAME (100 

µM) or the soluble guanylyl cyclase inhibitor 1H-[1,2,4]oxadiazolo[4,3,-a]quinoxalin-1-one 

(ODQ; 10 µM), suggesting that as previously proposed (Allen et al. 2002), ACh-evoked changes 

in tension and membrane potential in this artery can be accounted for by the release of NO which 

activates soluble guanylyl cyclase and PKG (Waldron and Garland 1994; Figure 5.1). However, 
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both ACh-evoked relaxation and EDH were also significantly inhibited by the combination of 

apamin (50 nM) and TRAM-34 (1 µM), blockers of SKCa and IKCa channels, respectively, (Figure 

5.1) indicating that these channels also contribute to the actions of ACh. Concentration-relaxation 

curves for ACh in the presence of L-NAME and/or apamin and TRAM-34 are shown in Figure 

5.1c. For clarity the data showing the effect of ODQ is not included on the graph; in the presence 

of ODQ (10 µM) the maximal relaxation to ACh was reduced from 93.4 ± 1.6 % to 20 ± 3.1 % 

(n=5; P<0.05). L-NAME, ODQ, and the combination of apamin and TRAM-34 were without 

effect on smooth muscle cell resting membrane potential; mean resting smooth muscle membrane 

potential under control conditions and in the presence of L-NAME, ODQ or apamin and TRAM-

34  were -42.1 ± 2.6 mV, -39.6 ± 1.9 mV, 37.5 ± 2.9 mV and 38.5 ± 4 mV (n=6; P>0.05), 

respectively. 

5.3.2 Endothelium-dependent vasorelaxation and EDH evoked by 1-EBIO and NS309 were 

abolished by block of NO signaling and endothelial KCa channels:  1-EBIO (1 µM to 1 mM) and 

NS309 (1 nM to 10 µM), activators of both SKCa and IKCa channels, each caused endothelium-

dependent relaxation of isolated segments of basilar artery mounted in the wire myograph (Figure 

5.2a). Bolus doses of 1-EBIO (100 µmoles) and NS309 (1 µmole) elicited hyperpolarization of 

the smooth muscle membrane potential in endothelium-intact segments of rat basilar artery 

(Figure 5.2b and e) but were without effect on the tone and smooth muscle membrane potential 

in endothelium-denuded arteries (n=4 each). Vasorelaxation and EDH to both agents were 

significantly inhibited by L-NAME, ODQ or apamin and TRAM-34 (Figure 5.2c-e). The 

difference in potency between 1-EBIO and NS309 seen in these experiments is in line with that 

reported in the literature (Strøbæk et al. 2004). 
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Figure 5.1: Relaxation and hyperpolarization to ACh are inhibited by block of NOS signaling 
and/or endothelial KCa channels. Representative traces showing ACh-evoked a) relaxation and 
b) hyperpolarization in endothelium intact-arteries in the absence and presence of L-NAME (100 
µM) and/or apamin (50 nM) and TRAM-34 (1 µM). Arrows indicate addition of ACh (10 µmoles). 
In a) the black line is control relaxations, the blue line is in the presence of apamin and TRAM-
34, and the red line is in the presence of L-NAME, apamin and TRAM-34. Mean data showing c) 
relaxation (n=6) and d) hyperpolarization (n=5) to ACh in the absence and presence of blockers 
of NOS signalling and endothelial KCa channels (data contributed by Frances Plane). Two-way 
ANOVA was performed. *denotes statistically significant compared to control values (P<0.05). 
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Figure 5.2: Relaxation and hyperpolarization to 1-EBIO and NS309 are inhibited by block 
of NOS and/or endothelial KCa channels. Representative traces showing EBIO-evoked a) 
relaxation and b) hyperpolarization in endothelium intact-arteries in the absence and presence of 
L-NAME (100 µM). Arrows indicate addition of 1-EBIO (100 µmoles). In a) the black line is 
control relaxations, the red line is in the presence of L-NAME and the blue line is in the presence 
of apamin and TRAM-34. Mean data showing relaxations to c) 1-EBIO and d) NS309 in the 
absence and presence of L-NAME, ODQ (10 µM), or apamin and TRAM-34 (n=5). e) Mean data 
showing hyperpolarization to 1-EBIO and NS309 in the absence and presence of L-NAME, ODQ, 
or apamin and TRAM-34 (n=5). Two-way ANOVA was performed. *denotes statistically 
significant compared to control values (P<0.05). 
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5.3.3 DEA NONOate evoked endothelium-independent relaxation in rat basilar artery but had no 

effect on smooth muscle membrane potential: Based on these findings I then investigated whether 

NO can evoke smooth muscle membrane hyperpolarization and relaxation in isolated endothelium-

denuded segments of rat basilar artery using the NO donor DEA NONOate, which at 37oC and pH 

7.4 spontaneously liberates NO (Keefer et al. 1996).  DEA NONOate (100 µmoles) did not alter 

resting membrane potential of smooth muscle cells (n=6; Figure 5.3a). However, DEA NONOate 

(1 nM to 10 µM) evoked concentration dependent relaxations which were significantly inhibited 

by ODQ (10 µM) but unaffected by block of BKCa channels by iberiotoxin (IbTX; 100 nM; Figure 

5.3b). In these experiments, IbTX significantly enhanced 5-HT-evoked tone and so the 

concentration of 5-HT was titrated to give a comparable level of tone in the absence and presence 

of IbTX.   

 

 
Figure 5.3: DEA NONOate evokes vasorelaxation without altering smooth muscle 
membrane potential. a) Representative trace showing DEA NONOate (100 µmoles) does not 
alter smooth muscle membrane potential (n=6). b) Mean data showing relaxations to DEA 
NONOate in the absence and presence of ODQ (10 µM) or IbTX (100 nM; n=6). Two-way 
ANOVA was performed. *denotes statistically significant compared to control values (P<0.05). 
 
5.3.4. Exogenous NO overcomes the effects of L-NAME on smooth muscle hyperpolarization and 

relaxation to ACh, 1-EBIO and NS309. Although DEA NONOate had no effect on smooth muscle 
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membrane potential, addition of a low concentration of DEA NONOate (20 nM) to the perfusate 

partially overcame the inhibition of endothelium-dependent relaxations and hyperpolarizations to 

ACh, 1-EBIO and NS309 seen in the presence of L-NAME (Figure 5.4). In the presence of DEA 

NONOate and L-NAME relaxations to lower concentrations of these agents were enhanced 

relative to L-NAME alone and were not significantly different to control values (Figure 5.4 c-e). 

Smooth muscle hyperpolarizations elicited by ACh, 1-EBIO and NS309 were also enhanced and 

not different from control values (Figure 5.4a, b). In the presence of L-NAME and DEA 

NONOate, addition of ODQ (10 µM) or KCa channel blockers apamin and TRAM-34 abolished 

hyperpolarizations (Figure 5.4b) and relaxations to ACh, 1-EBIO and NS309 (Table 5.1). Thus, 

the potentiating effect of DEA NONOate appears to be mediated by soluble guanylyl cyclase and 

endothelial SKCa and IKCa channels. At the concentration used in these experiments, DEA 

NONOate evokes around 20% relaxation of 5-HT-induced tone. Thus, control experiments were 

conducted in which the concentration used to evoke tone was titrated to a comparable level but 

this was without effect on the inhibition of ACh-evoked responses caused by L-NAME.  

 
 Control L-NAME DEA 

NONOate 
and L-
NAME 

DEA 
NONOate, L-
NAME and 

ODQ 

DEA 
NONOate, L-

NAME, 
apamin and 
TRAM-34 

ACh 93.4 ± 1.6 24.0 ± 2.1* 58.5 ± 4.9* 5.1 ± 3.7* 1.4 ± 1.3* 
1-EBIO 94.0 ± 3.2 20.0 ± 9.3* 52.1  ± 6.0* 6.7 ± 4.7* 2.8 ± 1.9* 
NS309 81.0 ± 4.7 19.7 ± 8.6* 54.0 ± 2.5* 2.0 ± 1.8* 4.5 ± 3.0* 

 
Table 5.1. Effect of DEA NONOate on relaxations to ACh, 1-EBIO and NS309 is prevented 
by block of soluble guanylyl cyclse or endothelial KCa channels. Maximal relaxations (%) to 
ACh, 1-EBIO and NS309 in the absence and presence of DEA NONOate (20 nM) and/or L-NAME 
(100 mM), ODQ (10 mM), apamin (50 nM) and TRAM-34 (1 µM). n=5-6. Two-way ANOVA 
was performed. *denotes statistically significant compared to control values (p<0.05). 
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Figure 5.4: Prior addition of DEA NONOate overcomes inhibition of EDH caused by block 
of NOS. a) Representative traces showing hyperpolarization to 1-EBIO (100 µmoles) in the 
absence presence of L-NAME (100 µM) alone and L-NAME plus DEA NONOate (20 nM). 
Arrows indicate addition of 1-EBIO (100 µM)]. Mean data showing the effect of DEA NONOate 
on b) hyperpolarization and relaxation to c) ACh (data contributed by Frances Plane), d) 1-EBIO 
and e) NS309 in the presence of L-NAME (n=5). Two-way ANOVA was performed. * denotes 
P<0.01 compared to control.  
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5.3.5 Endothelium-independent vasorelaxation and smooth muscle hyperpolarization to the KATP 

channel opener pinacidil were unaffected by DEA NONOate: Pinacidil (0.01-10 µM) evoked 

relaxation of 5-HT (3 µM)-evoked tone in endothelium-denuded segments of rat basilar artery 

mounted in the wire myograph (Figure 5.5a). In separate experiments, bolus doses of pinacidil 

(100 µmoles) elicited hyperpolarization of basilar artery smooth muscle cell membrane potential 

in endothelium-denuded arteries. Both relaxation and hyperpolarization to pinacidil were 

unaffected by L-NAME (100 µM), ODQ (10 µM), or apamin (50 nM) and TRAM-34 (1 µM: 

Figure 5.5). Furthermore, in the presence of L-NAME, DEA NONOate (20 nM) did not enhance 

relaxation to pinacidil; the maximal relaxations to pinacidil (10 µM) in the presence of L-NAME 

alone and with DEA NONOate were 94.3 ± 2.8 % and 95.1 ± 4.7 % (n=4; P>0.05), respectively. 

 
Figure 5.5: Relaxation and hyperpolarization to pinacidil are not affected by block of NOS 
signaling or endothelial KCa channels. a) Mean data showing relaxations to pinacidil in the 
absence and presence of L-NAME (100 µM), ODQ (10 µM) or apamin (50 nM) and TRAM-34 (1 
µM; n=4). b) Mean data showing hyperpolarization to pinacidil (100 µmoles) in the absence and 
presence of L-NAME, ODQ or apamin and TRAM-34 (n=4). Two-way ANOVA was performed 
(P>0.05).  
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5.4 Discussion 
 In this chapter, the role of NO in both smooth muscle relaxation and hyperpolarization 

elicited by activation of endothelial SKCa and IKCa channels in rat basilar arteries was investigated. 

As in previous studies, block of both relaxation and EDH to ACh by L-NAME was at first 

interpreted as indicating that NO mediates both endothelium-dependent relaxation and 

hyperpolarization in this artery. However, further investigation revealed that exogenous NO did 

not elicit hyperpolarization in this vessel. Furthermore, when endogenous NO production was 

blocked, ACh-evoked relaxation and EDH could be restored by a low concentration of an NO 

donor, DEA NONOate. Thus, it appears that in addition to acting as an independent vasorelaxant, 

NO may play a facilitatory role in EDH-mediated responses in rat basilar arteries. 

 NO is the primary mediator of endothelium-dependent vasorelaxation in large conduit 

arteries such as rat aorta (Nagao et al. 1992). However, in small resistance arteries in which 

endothelial and smooth muscle cells have tight electrical coupling through gap junctions, EDH 

(Garland et al. 1995) appears to be the dominant mediator of endothelium-dependent relaxation 

and a role of NO has not been described.  Identification of a facilitatory role for NO in enhancing 

EDH-mediated changes in smooth muscle tone may demonstrate that NO plays a more important 

role in small arteries than previously recognized. This is consistent with the permissive role of NO 

described in earlier studies (Bryan et al. 1995; Golding et al. 2001) in which basal release of 

endogenous NO and sufficient levels of cGMP are required to elicit α2-adrenoceptor- and K+-

mediated vasodilation.  

 As in the current study in rat basilar arteries, inhibition of NOS has been shown to inhibit 

both endothelium-dependent relaxation and EDH in arteries such as rabbit carotid artery (Cohen 

et al. 1997) and guinea-pig uterine and spiral arteries (Jiang et al. 2004; Tare et al. 1990). These 

findings led to the proposal that NO is an endothelium-derived hyperpolarizing factor, and that 
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activation of K+ channels contributes to NO-mediated vasodilation (Edwards et al. 1998; Kerr et 

al. 2012; McNeish et al. 2005; Potocnik et al. 2009). In support of this proposal, exogenous NO 

can cause smooth muscle cell hyperpolarization in rabbit mesenteric (Murphy and Brayden 1995) 

and carotid arteries (Cohen et al. 1997), and guinea-pig uterine (Tare et al. 1990)  and coronary 

arteries (Parkington et al. 1995) although there is variation in the identity of the K+ channel 

involved. For example, in rabbit mesenteric arteries, NO-mediated hyperpolarization appears to 

be due to activation of smooth muscle KATP channels (Murphy and Brayden 1995), whereas in rat 

aorta a role for these channels was discounted (Vanheel and Van de Voorde 1997), and in horse 

penile arteries NO appears to activate BKCa channels (Simonsen et al. 1995). NO can directly 

activate BKCa channels in isolated smooth muscle cells from rat mesenteric resistance arteries and 

rabbit aorta (Bolotina et al. 1994; Mistry and Garland 1998), and relaxations of rat mesenteric and 

rabbit carotid arteries to NO are inhibited by blockers of BKCa channels(Plane et al. 2001; Plane 

et al. 1998).  However, in the present study, the lack of effect of DEA NONOate on membrane 

potential and the inability of IbTX to modulate relaxations to DEA NONOate suggests that 

activation of K+ channels does not contribute to the vasorelaxant actions of NO in rat basilar 

arteries. This finding is similar to published reports in which NO either had no effect on smooth 

muscle membrane potential or evoked hyperpolarization only at very high concentrations (Garland 

and McPherson 1992; Tare et al. 1990). 

 The lack of effect of NO on membrane potential raises the question of how the NO donor 

DEA NONOate can potentiate endothelium-dependent relaxation and EDH elicited by ACh and 

KCa channels activators when endogenous NO production is blocked. In endothelium-denuded 

arteries, relaxation and smooth muscle hyperpolarization to the KATP channel opener pinacidil 

were unaffected by DEA NONOate demonstrating that the observed potentiating effects are not 
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due to direct actions on the smooth muscle. EDH elicited by ACh, and KCa channel openers is 

mediated by electrotonic spread of charge from the endothelial to smooth muscle cells via  MEGJs 

(Sandow et al. 2006), low resistance pathways that allow the flux of ions and small signaling 

molecules between the two cell layers. Thus, one possibility is that NO can regulate the 

permeability of MEGJs to facilitate EDH (Straub et al. 2011). 

The potential physiological importance of NO in regulating gap junctional communication 

has been recently recognized and is illustrated by the description of hemoglobin-α being enriched 

at MEGJs where it regulates the effects of NO on vascular reactivity (Straub et al. 2012). Data 

obtained from experiments using co-cultured endothelial and smooth muscle cells, and  isolated 

arteries have demonstrated that both endogenous (Hoffmann et al. 2003; Kameritsch et al. 2005; 

Lidington et al. 2003; McKinnon et al. 2009; Rodenwaldt et al. 2007) and exogenous NO (Straub 

et al. 2011) can alter the expression and function of MEGJs (Haefliger et al. 1999; Hoffmann et 

al. 2003; reviewed by Looft-Wilson et al. 2012). MEGJs are composed of connexin proteins which 

form pores between endothelial and smooth muscle cells. Each gap junction is composed of two 

opposing hemichannels each consisting of six connexin subunits, which join to form a pore 

between adjacent cells (Ellinsworth et al. 2016; de Wit and Griffith 2010). Individual gap junctions 

aggregate into plaques, which can be visualized by electron microscopy at points of cell-cell 

contact (Sandow and Hill 2000). Expression and distribution of different connexin proteins varies 

between vessels but the major ones associated with MEGJs in both rat mesenteric and basilar 

arteries are connexin43 and 37 (Haddock et al. 2006; Sandow et al. 2006). In co-cultures of 

endothelial and smooth muscle cells, NO can directly enhance the permeability of MEGJs through 

S-nitrosylation of connexin43 at cysteine 271 (Straub et al. 2011). In the same study, abundant 

amounts of eNOS and connexin43 were co-localized to MEGJs in both co-cultured cells and intact 
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mesenteric, coronary, cremaster and thoracodorsal arteries. Interestingly, the connexin43 isolated 

from these tissues was constitutively S-nitrosylated on cysteine 271 and de-nitrosylation of 

connexin43 by S-nitrosoglutathione reductase led to a reduction in heterocellular communication 

between endothelial and smooth muscle cells (Straub et al. 2011). Thus, it was proposed that this 

post-translational modification of connexin43 by NO may be important for maintaining the open 

state and permeability of MEGJs. 

 In addition to directly nitrosylating connexins, NO can increase levels of second 

messengers to activate kinase enzymes which will phosphorylate connexin proteins to enhance 

electrical communication (Sáez et al. 1997; Weng et al. 2002), assembly (Paulson et al. 2000), and 

trafficking to cell membrane (Hoffmann et al. 2003). For example, in cultured human umbilical 

vein endothelial cells, increases in gap junction number and function caused by exogenous NO is 

dependent on both cGMP-PKG and cAMP-PKA pathways (Hoffmann et al. 2003); in addition to 

activating soluble guanylyl cyclase to increase levels of cGMP, NO can indirectly increase the 

activity of PKA by inhibiting phosphodiesterase activity and so elevate cAMP levels (Francis et 

al. 2010; Patel et al. 2006). Phosphorylation of connexins by PKC and PKA to increase opening 

of gap junctions has also been demonstrated in freshly isolated  neonatal rat and pig 

cardiomyocytes (Sáez et al. 1997; Weng et al. 2002), and in rats, chronic treatment with NOS 

inhibitor L-NAME in vivo can cause arterial hypertension associated with attenuated expression 

of connexin 43 (Haefliger et al. 1999). However, in the short duration of my experiments it is 

unlikely that there would be sufficient time for changes in protein expression, and thus any acute 

effects of NO on MEGJ function are more likely mediated through S-nitrosylation and/or PKG-

mediated phosphorylation of connexin proteins. This proposal is supported by the fact that the 
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potentiating effect of DEA NONOate on endothelium-dependent relaxation and hyperpolarization 

was prevented by the soluble guanylyl cyclase inhibiter ODQ.  

Another possible explanation for effects of NO on EDH is that NO may suppress Cl- efflux 

in smooth muscle cells which would increase membrane resistance and so enhance the effect of 

subsequent K+ channel opening on smooth muscle membrane potential (Zhang, Vogalis, and 

Goyal 1998; Blouquit-Laye et al. 2012; Sakagami et al. 2001). Under physiological conditions, 

inhibition of Cl- channels has been reported to have a minimal effect on resting membrane potential 

as the equilibrium potential of Cl- is close to the resting membrane potential of smooth muscle 

cells (Despopoulos and Silbernagl 2003; Guyton and Hall 2006). This could explain why 

exogenous NO did not affect the resting membrane potential of smooth muscle cells in my 

experiments, however, the lack of effect of DEA NONOate on responses to pinacidil which acts 

to directly hyperpolarize the smooth muscle does not support this proposal. 

In the present study on rat basilar arteries, block of NOS had a profound effect on EDH 

whereas in rat mesenteric arteries, block of NOS causes a rightward shift in the concentration-

response curve for ACh-evoked EDH (Waldron and Garland 1994). A potential reason for this 

difference is that the density of MEGJs is higher in rat mesenteric versus basilar arteries (Sandow 

et al. 2002, 2009). A higher density of connections will provide greater coupling efficiency 

between endothelial and smooth muscle cells so may reduce the influence of NO on endothelial to 

smooth muscle communication. 

To summarize, in this chapter I have found that relaxation and hyperpolarization to ACh, 

and the KCa channel activators 1-EBIO and NS309 were inhibited by block of NOS and/or 

endothelial KCa channels in rat basilar arteries. This could indicate a role for NO in relaxation and 

smooth muscle hyperpolarization to these agents. However, exogenous NO did not elicit smooth 
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muscle cell membrane hyperpolarization, and application of an NO donor could overcome the 

inhibition of EDH caused by block of NOS suggesting that NO plays a facilitatory role in EDH. 

How NO enhances EDH of smooth muscle is unclear but, based on recent published studies, NO 

may modulate MEGJs to facilitate spread of charge from endothelial to smooth muscle cells. These 

findings have significant implications for previous work in which the sensitivity of contractile and 

electrical responses to NOS inhibition has been interpreted as showing a causal role for NO. Also, 

these data may contribute to shifting our perception of the role of NO from being just a vasodilator 

to also being a facilitator of EDH, and further support the proposal that rather than two separate 

pathways, NO and EDH are intrinsically linked.  
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Chapter 6: General Discussion 
 

 Maintenance of appropriate blood supply to tissues and organs requires endothelial and 

smooth muscle cells to act in a co-ordinated manner in response to mechanical and chemical 

stimuli. Stimulation of the endothelium by changes in shear stress, and circulating mediators leads 

to release of diffusible relaxing and contracting factors, and also to electrical coupling to alter the 

contractile state of surrounding smooth muscle cells. Conversely, stimulation of smooth muscle 

cells by neurotransmitters and increases in intravascular pressure can lead to flux of second 

messengers into endothelial cells to activate both electrical and chemical pathways which will 

feedback to limit smooth muscle contraction. 

 Activation of endothelial pathways for modulation of smooth muscle contractility is 

mediated by a rise in [Ca2+]i leading to recruitment of downstream effectors, two of the most 

important of which are NOS and KCa channels. NOS converts L-arginine to NO which elicits 

relaxation of smooth muscle cells via stimulation of soluble guanylyl cyclase to increase cGMP 

and activate PKG-mediated phosphorylation of numerous target proteins. Activation of                                                  

KCa channels hyperpolarizes the endothelial cell membrane potential which in turn spreads to 

surrounding smooth muscle cells (EDH) to limit contraction by reducing the open probability 

VOCCs. NO and EDH have long being regarded as separate, parallel pathways for endothelium-

dependent vasodilation and the gold-standard test for EDH-mediated responses is the 

demonstration that application of SKCa and IKCa channel blockers apamin and charybdotoxin or 

TRAM-34, inhibits the relaxation remaining in the presence of an NOS inhibitor such as L-NAME. 

However, physiologically, the idea of two completely independent pathways for relaxation is 

counter to the sort of signal integration required to fine tune changes in arterial diameter in 

response to simultaneous stimuli such as release of neurotransmitter from sympathetic nerves and 
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increases in shear stress due to vasoconstriction. Thus, in my thesis I have investigated how the 

NO and EDH pathways may be integrated to regulate smooth muscle cell contractility. 

 One aspect of this has been to identify how contractile stimulation of smooth muscle cells 

leads to recruitment of inhibitory endothelial mechanism to limit further contraction, a process 

termed myoendothelial feedback. Our lab and others have shown that in resistance arteries, 

stimulation of smooth muscle cells by α1-adrenoceptor agonists leads to flux of InsP3 from smooth 

muscle to endothelial cells to elicit localized increases in Ca2+, activation of IKCa channels located 

at MEGJs and also production of NO.  

 Building on this work, in Chapter 3, I demonstrated that in individual arteries, the 

contribution of myoendothelial feedback is determined by the nature of the underlying contractile 

mechanisms. In the case of agonists and sympathetic vasoconstriction, engagement of the 

endothelium appears to be dependent on the ability of the stimulus to generate InsP3. Similarly, 

for sympathetic vasoconstriction the ability of the endothelium to limit increases in tone is 

mirrored by the frequency-dependence of contribution nifedipine-resistant mechanisms to 

increases in tone. These experiments revealed that at lower frequencies, nerve-evoked increases in 

tone can be fully accounted for by depolarization leading to increased Ca2+ influx though L-type 

VOCCs, but at higher frequencies there is an increasing contribution of InsP3. Sympathetic nerves 

play a major role in regulating arterial diameter in vivo and reliance on largely voltage-independent 

contractile mechanisms provides an effective mechanism for integration of nerve activity with the 

endothelium within individual arterial segments. Also, voltage-dependent contractions are limited 

by opening of Kv and BKCa channels and so an increasing dependence on voltage-independent 

mechanisms with high frequencies of stimulation may provide a mechanism to escape these control 

mechanisms and achieve a higher degree of contraction.  
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 Moving on to the intact mesenteric bed, I found that instead of myoendothelial feedback, 

it is shear stress-induced activation of SKCa channels and release of NO that provides a global 

endothelial response to vasoconstriction to ensure appropriate distribution of blood flow within 

the intact vascular bed. Thus, the findings from this work highlight the influence of contractile 

stimulus on the ability of the endothelium to modulate smooth muscle function, and also the role 

of the endothelium as a site of information exchange, able to integrate responses to direct 

mechanical stimuli and flux of mediators from smooth muscle cells to regulate arterial diameter. 

 The second aspect of my work has been to investigate interactions between the NO and 

EDH pathways, research which was stimulated by studies suggesting a link between KCa channel-

mediated hyperpolarization and NO production. In Chapter 4, I explored the mechanisms 

underlying the ability of small molecule KCa channel activators to inhibit myogenic reactivity and 

in particular whether endothelium-derived NO plays a role in the actions of these agents. I chose 

to examine the effects of these agents on myogenic reactivity as this is a crucial autoregulatory 

process and the underlying contractile processes are different to those mediating agonist-evoked 

contractions of isolated arteries. I found that CyPPA, an activator of SKCa channels, elicited 

endothelium- and NO-dependent inhibition of myogenic reactivity, as hypothesized but that the 

actions of SKA-31, a putative activator of IKCa channels, were not exclusively endothelium-

dependent which has not previously been reported. The fact that SKA-31 appeared to evoke 

endothelium-dependent dilation in arteries stimulated to constrict with the α1-adrenoceptor agonist 

PE but acted in an endothelium-independent manner in myogenically active arteries further 

highlights the necessity to consider context when examining how vasodilator stimuli are working. 

It is already established that the relative contribution of NO and EDH to agonist-evoked 

endothelium-dependent relaxation can be influenced by the nature of the contractile stimuli (Plane 
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and Garland 1996). However, this may be the first example in which the mechanism of action of 

a chemical agent in terms of whether it acts as an endothelium-dependent or –independent relaxant 

is determined by the background contractile pathways. An implication of this may be that drugs 

should not be described as endothelium-dependent or –independent vasodilators without reference 

to the context. 

The data from this chapter also reveal a role for Kir channels in amplifying the vasodilator 

responses driven by changes in membrane potential in mesenteric resistance arteries. Together 

with recently published work, these findings indicate that Kir channels may play an important 

physiological role in amplifying vasodilator responses to hyperpolarizing stimuli and as such may 

have the potential to be drug targets for new approaches to enhance endothelium-dependent dilator 

responses in disease states associated with endothelial dysfunction.   

 Following on with the same theme of a link, in Chapter 5, I investigated whether there 

could be a facilitatory relationship between NO and EDH in mediating vasodilation to ACh. I 

found that relaxation and hyperpolarization to ACh, and the KCa channel activators 1-EBIO and 

NS309 were inhibited by block of NOS and/or endothelial KCa channels and, as in published 

studies, I initially interpreted these findings as indicating that NO could be an endothelium-derived 

hyperpolarizing factor and KCa channel activators can evoke NO-mediated relaxation and smooth 

muscle hyperpolarization. However, I then found that exogenous NO does not elicit membrane 

hyperpolarization in the basilar artery and that an NO donor can partially overcome the inhibition 

of EDH caused by block of NOS. How NO enhances EDH of smooth muscle is unclear. NO can 

suppresses Cl- efflux which would increase membrane resistance and so enhance the effect of 

subsequent K+ channel mediated hyperpolarization (Zhang et al. 1998; Blouquit-Laye et al. 2012; 

Sakagami et al. 2001).  However, a more likely possibility is that NO modulates MEGJ 
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communication, a proposal supported by recently published data showing that NOS is localized 

with MEGJs. 

 Whatever the underlying mechanism, the findings from Chapter 5 have implications for 

the data obtained in my other two studies. Facilitation of EDH by NO could play a role in 

myoendothelial feedback (Chapter 3) and inhibition of the EDH pathway by removal of NO could 

contribute to the observed L-NAME sensitivity of responses to CyPPA (Chapter 4). These data 

also have implications for previously published studies in which loss of the response to an 

endothelium-dependent vasodilator in the presence of NOS inhibition has also been interpreted as 

showing a causal relaxant role for NO, as it could shift our view of NO from being an independent 

vasodilator to a facilitator of hyperpolarization. 

 In conclusion, traditionally, NO and KCa channels have been regarded as two distinct 

endothelium-dependent pathways for modulation of resistance artery diameter. This thesis 

presents several lines of evidence to support the proposal that endothelial membrane potential, and 

the integrated activity of SKCa/IKCa channels and NO regulate the contractile state of smooth 

muscle in a manner which is influenced by the nature of vasoconstrictor stimulus.  

 Over all, the mechanisms governing regulation of blood flow operate as a finely-tuned 

stimulus- and context-dependent network with the endothelium playing a central role in signal 

integration. 

6.1 Future Directions: The data presented in this thesis open up many potential avenues for future 

research such as: 

1. Further investigation of the role of endothelial cells in integrating responses to multiple 

stimuli to regulate tissue perfusion and blood pressure using approaches such as arteries from 
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animals lacking key components of the myoendothelial feedback pathway such as IKCa channels, 

connexin proteins, and TRPC3 channels.  

2. Further investigation of interactions between NO and EDH in terms of determining if NO 

does contribute to setting smooth muscle membrane resistance, and how it modulates MEGJs in 

intact arteries. The use of animals lacking connexin proteins, key components of MEGJs may be 

useful in this pursuit as will imaging and biochemical approaches to investigate NO-mediated 

modifications of gap-junction proteins such as S-nitrosylation and PKG-mediated protein 

phosporylation and how these influence electrical communication. 

3. Exploration of the role of Kir as amplifiers of vasodilation to physiological stimuli such as 

increases in shear stress and in myoendothelial feedback using Kir2.1 and 2.2 channels KO 

animals.   

4. Endothelial membrane potential as a determinant of vascular health: Evaluation of the 

impact of risk factors for cardiovascular disease such as elevated glucose on endothelial membrane 

potential regulation, and interactions between KCa and Kir channel activity, and the NO and COX 

pathways to determine if activating KCa or Kir channels could provide a new therapeutic strategy 

to overcome endothelial dysfunction seen in animal models of diabetes mellitus. 
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