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Abstract 

Background: The diameter of resistance arteries, and thus, tissue perfusion and blood pressure, is 

tightly regulated through the integrated activity of endothelial and smooth muscle cells, and 

sympathetic nerves. The endothelium regulates the contractility of smooth muscle cells by 

releasing diffusible factors such as nitric oxide (NO) and via gap junction-mediated electrical 

coupling; opening of endothelial Ca2+-activated K+ (KCa) channels causes hyperpolarization which 

spreads to underlying smooth muscle cells to reduce opening of voltage-dependent Ca2+ channels, 

decrease Ca2+ influx and so limit contraction. The bioavailability and therefore, biological activity, 

of NO is determined by its interaction with the free radical superoxide anion (O2
-), elevated levels 

of which are associated with risk factors for cardiovascular disease.  

 Traditionally, NO and endothelium-dependent smooth muscle hyperpolarization have been 

regarded as two separate mechanisms for regulation of arterial diameter. However, several lines 

of recent evidence support the proposal that NO bioavailability and KCa channel activity may be 

linked: 1. Exposure of endothelial cells to shear stress results in activation of both small 

conductance KCa channels and increased NO production. 2. Agonist-evoked NO production and 

NO-mediated relaxations can be inhibited by blockers of endothelial KCa channels. 3. Activators 

of endothelial KCa channels can evoke NO-mediated relaxation. 4. Stimulation of smooth muscle 

cells by 1-adrenoceptor agonists engages both endothelial intermediate conductance KCa channels 

and NO production via a process termed myoendothelial feedback. 5. O2
- production by voltage-

sensitive NADPH oxidase is reduced by membrane hyperpolarization which may lead to increased 

bioavailability of NO.  
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 Thus, my over-arching goal is to further explore the relationship between endothelial KCa 

channels and NO in regulating resistance artery diameter by testing three hypotheses: 

1. Activation of small conductance KCa channels can enhance NO-mediated inhibition of 

sympathetic vasoconstriction evoked by increases in shear stress. 

2. Intermediate conductance KCa channel-mediated myoendothelial feedback plays a role in 

NO-dependent modulation of sympathetic vasoconstriction. 

3. Pharmacological activators of endothelial KCa channels can reduce vascular O2
- 

production and enhance NO-mediated modulation of vasoconstriction  

To test these hypotheses, I have addressed two major aims:  

1. To investigate the role of endothelial KCa channels in NO-mediated modulation of 

nerve-evoked vasoconstriction in the perfused mesenteric bed. 

2. To investigate whether pharmacological activators of endothelial KCa channels can 

modulate vascular O2
- production and vasoconstriction stimulated by the 1-

adrenoceptor agonist phenylephrine. 

Methods: To address these aims I have used a combination of functional and biochemical 

techniques to investigate the effects of modulators of endothelial KCa channels on diameter and 

O2
- production in rat mesenteric resistance arteries.  

Results/Discussion: My data show that although myoendothelial feedback limits contractile 

responses to phenylephrine in isolated arteries, this pathway does not appear to contribute to 

endothelial modulation of sympathetic vasoconstriction at the level of the intact bed. Instead, shear 

stress-induced activation of small conductance KCa channels and release of NO provides the 

dominant mechanism for engagement of the endothelium to inhibit sympathetic vasoconstriction. 

Furthermore, activators of endothelial KCa channels can significantly limit nerve-evoked 
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vasoconstriction. CyPPA (N-cyclohexyl-N-[2-(3,5-dimethyl-pyrazol-1-yl)-6-methyl-4-

pyrimidinamine), an activator of small conductance KCa channels, enhances NO-dependent, shear 

stress-mediated inhibition of sympathetic vasoconstriction whereas SKA-31 (naphtho[1,2-

d]thiazol-2-ylamine), an activator of intermediate conductance KCa channels, can directly inhibit 

release of noradrenaline from perivascular sympathetic nerves. Both CyPPA and SKA-31 can 

significantly reduce acute increases in O2
- production stimulated by phenylephrine in isolated 

arteries but this effect is not associated with enhancement of NO-mediated endothelial modulation 

of vasoconstriction. 

Conclusion: To conclude, I have demonstrated that small and intermediate conductance KCa 

channels play different functional roles in modulation of nerve-evoked vasoconstriction; 

endothelial small conductance KCa channels mediate shear stress-induced, NO-dependent 

inhibition of vasoconstriction whereas the activity of neuronal IKCa channels can directly inhibit 

release of noradrenaline from sympathetic nerves. These functional roles reflect the differing 

locations of the channels within endothelial cells and the artery wall. Pharmacological activators 

of KCa channels can limit vascular O2
- production supporting the proposal that the endothelial cell 

membrane potential may play a key role in vascular health and that targeting these channels could 

provide a novel approach to reducing O2
- levels in disease states. 
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Chapter 1: Introduction 

 According to the World Health Organization, cardiovascular diseases, such as 

atherosclerosis, hypertension and diabetes, are the number one cause of death worldwide2. In 2015, 

approximately 17.7 million people died from cardiovascular diseases, around 31% of the total 

deaths globally2. There are currently a wide range of treatments for patients suffering from 

cardiovascular diseases (e.g. drugs, diet and/or lifestyle modifications). But, due to the high 

mortality and morbidity rates, new therapies are essential in order to improve our ability to treat 

cardiovascular disease in the future, with the development of new therapeutic approaches requiring 

a better understanding of blood vessel function and identification of potential targets for new drugs. 

In the body, it is the diameter of small resistance arteries (20 to 400 µm in lumen diameter) 

that is a major determinant of vascular resistance and thus, blood flow and blood pressure3. 

Resistance artery diameter is determined by the contractile state of the smooth muscle cells, that 

make up the artery wall (Figure 1.1), which in turn is the result of the integrated response to the 

actions of chemical mediators, released from nerves and endothelial cells, and physical stimuli, 

such as increases in pressure. Changes in both resistance artery structure and function contribute 

to the clinical manifestations of cardiovascular disease, such as high blood pressure and strokes.  

Figure 1.1: Schematic of 

arterial structure 
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1.1: Contraction of vascular smooth muscle cells 

 As in all muscle cells, vascular smooth muscle contraction requires adenosine triphosphate 

(ATP) and an increase in intracellular Ca2+ concentration4,5, via release from intracellular stores 

and/or entry through Ca2+ channels in the cell membrane. Ca2+ binds to calmodulin to form a Ca2+-

calmodulin complex which activates myosin light chain kinase6–8. Myosin light chain kinase is 

bound via its N-terminus to actin filaments and activation allows it to phosphorylate nearby myosin 

molecules9. Myosin filaments are composed of hexameric myosin molecules, each made up of two 

heavy chains and two pairs of light chains (LC17 and LC20)
10–12. Activated myosin light chain 

kinase phosphorylates LC20 to induce a conformational change that allows interaction between 

actin and myosin, and subsequently, an increase in the actin-activated MgATPase activity of 

myosin13. Energy generated through hydrolysis of ATP then drives cross-bridge cycling and the 

contraction of the muscle cell (reviewed by Saddouk et al. 201712). Myosin light chain kinase is 

inactivated by dissociation of Ca2+ from calmodulin and block of the active site of myosin light 

chain kinase by an auto-inhibitory domain. Dephosphorylation of LC20 is then mediated by myosin 

light chain phosphatase, resulting in disruption of myosin and actin binding and thus, muscle 

relaxation14–16 (reviewed by Brozovich et al. 2016; Figure 1.215).  

1.1.1: Sources of Ca2+ for smooth muscle contraction  

Release of Ca2+ from intracellular stores: Ca2+ stored in the sarcoplasmic reticulum can 

be released via activation of both inositol 1,4,5-trisphosphate (IP3) and ryanodine receptors8,17–

20,17,21,22. IP3 receptors are Ca2+ release channels consisting of four membrane-spanning subunits, 

each of six transmembrane domains, surrounding a pore23. Agonists, such as noradrenaline, act on 

Gq/11-protein coupled receptors to increase IP3 through cleavage of membrane bound 
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phosphatidylinositol 4,5-bisphosphate by phospholipase C (reviewed by Berridge et al. 200824) 

and so elicit IP3-mediated Ca2+ release.  

   

 

 

 

 

 

 

 

 

 

 

Figure 1.2: Mechanism of smooth muscle contraction. Schematic of the mechanisms underlying 

smooth muscle contraction elicited by a stimulus that increases Ca2+ levels within smooth muscle 

cells. An increase in Ca2+ leads to Ca2+ binding to calmodulin which activates myosin light chain 

kinase (MLCK). MLCK phosphorylates LC20 to increase the activity of the myosin ATPase which 

drives the cycling of actin-myosin cross-bridges to create muscle tension15.  

 

Like IP3 receptors, ryanodine receptors are channels that mediate Ca2+ release from the 

sarcoplasmic reticulum but whereas IP3-mediated Ca2+ release is associated with smooth muscle 

contraction, discrete increases in Ca2+ caused by release from ryanodine receptors, termed Ca2+ 

sparks, play an important role in modulating smooth muscle cell contraction due to the proximity 

of ryanodine receptors to plasma membrane ion channels (reviewed by Amberg and Navedo, 

201325). Ca2+ sparks activate large conductance Ca2+-activated K+ (BKCa; see below) channels to 

promote hyperpolarization and oppose vasoconstriction26–32. Modulation of sparks may contribute 
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to the actions of some vasodilator and vasoconstrictor agents, as protein kinase G and protein 

kinase C can act on ryanodine receptors to stimulate and inhibit Ca2+ sparks activity, 

respectively31,33. Activation of BKCa channels by Ca2+ sparks can be recorded in isolated cerebral 

arterial smooth muscle cells as spontaneous transient outward currents, the frequency and 

amplitude of which are linked to depolarization and driven by Ca2+sparks27,34.  

Ca2+ influx pathways: Store-operated Ca2+ entry. Stromal interaction molecule (STIM) 

proteins are single-transmembrane domain proteins located in the sarcoplasmic reticulum that 

sense alterations in luminal Ca2+ via their N-terminal domains35. Depletion of Ca2+ stores leads to 

dissociation of Ca2+ from these domains, allowing STIM proteins to interact with Orai channels 

which mediate Ca2+ influx36. In addition to Orai channels, transient receptor potential (TRP; see 

below) channels can also be activated by STIM after store depletion37 but their contribution to 

store-operated Ca2+ entry appears to be variable38. 

Voltage-dependent Ca2+entry. Many stimuli elicit depolarization of the membrane 

potential of vascular smooth muscle cells and so increase the open probability of voltage-operated 

Ca2+ channels (VOCCs). VOCCs are encoded by pore-forming 1 subunits, (Cav1.x, 2.x and 3.x); 

with the CaV1.2 channel (L-type) predominantly responsible for mediating vascular smooth muscle 

contraction (reviewed by Catterall 201139 and Zamponi et al. 201539). Each channel is comprised 

of four α-subunits, each with six transmembrane domains (S1-S6), with S4 conferring voltage 

sensitivity40. The α-subunits co-localize with β-, α2δ-, and γ- subunits41–43, which modulate their 

voltage sensitivity, conductance and level of expression41,44–46 (Figure 1.347). 

L-type VOCCs are slow to activate and inactivate48–50, and have a conductance of around 

25 pS48. Membrane depolarization to potentials positive of -30 mV lead to increased opening of 

L-type VOCCs and global influx of Ca2+ into smooth muscle cells to cause contraction49. Evidence 
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for the functional role of L-type VOCCs in regulation of arterial diameter has come from the 

observations that dihydropyridine antagonists (e.g. nifedipine) that selectively inhibit α1c activity 

abolish myogenic reactivity in isolated rat cerebral arteries, whereas dihydropyridine agonists that 

stimulate the activity of L-type VOCCs enhance the myogenic response in rabbit ear arteries51,52. 

   

Figure 1.3: Schematic of L-type VOCC Ca2+ channel with α- and accessory -,- and 2- 

subunits. Each α-subunit is comprised of six transmembrane domains (S1-S6) with S4 conferring 

voltage sensitivity and co-localize with a  -,- and/or 2- subunit, which modulate voltage 

sensitivity, conductance and level of expression47. 

 

The activity of L-type VOCCs can be regulated by protein kinases C, A and G. Protein 

kinase C-mediated phosphorylation of L-type VOCCs has been shown to enhance channel activity 

in ventricular myocytes from a range of species53,54 whereas phosphorylation by protein kinase G 

inhibits the channel in cultured rat mesenteric arterial55 and aortic56,57 smooth muscle cells, chick 

ventricular myocytes58 and guinea pig papillary muscle cells59. The effect of protein kinase A-

mediated phosphorylation is not as clearly defined with both stimulatory and inhibitory effects 

reported. For example, in chick embryonic ventricular myocytes58, guinea pig papillary muscle 

cells59 and rat mesenteric arterial smooth muscle cells55, protein kinase A enhanced VOCC activity 

but was found to have an inhibitory action in cultured rat aortic smooth muscle cells56.  
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The majority of research on VOCCs in vascular smooth muscle cells has focused on L-

type channels but recent evidence indicates that T-type VOCCs (Cav3.x)60,61 can also contribute 

to smooth muscle contraction. T-type VOCCs have a conductance of about 8 pS48 and are activated 

at more hyperpolarized potentials (positive to −45 mV49) as compared to L-type VOCC currents 

(positive to ~-30 mV62). They are also quick to activate and inactivate48–50. Transcript and protein 

for Cav3.1 and Cav3.2 channels have been found in vascular smooth muscle cells from rat cerebral 

resistance arteries63,64, and Cav3.3 channels has also been identified in human cerebral artery 

cells65. Electrophysiological recordings have identified Cav3.1 and Cav3.2 channels as being 

responsible for the nifedipine-insensitive component of Ca2+ current in rat cerebral vascular 

smooth muscle cells64, as T-type VOCCs have been shown to be insensitive to dihydropyridines, 

such as nifedipine and nitrendipine49,50, which block L-type VOCCs49,50. The functional role of T-

type VOCCs in regulation of arterial diameter has largely been explored using the blocker, 

mibefradil63. 

Ca2+-sensitization: An increase in Ca2+ is obligatory for the initiation of force generation 

within vascular smooth muscle cells. However, decreases in myosin light chain phosphatase 

activity following protein kinase phosphorylation can enhance contractile force without further 

changes in Ca2+ levels via a process termed Ca2+ sensitization66,67. Sensitization evoked by agonists 

acting at G-protein coupled receptors is thought to be due to activation of Rho-associated 

kinase68,69. Agonist-induced activation of the small GTPase RhoA, via the G12/13 family of 

heterotrimeric G-proteins and a guanine nucleotide-exchange factor, leads to activation of Rho-

associated kinase which inhibits myosin light chain phosphatase activity by phosphorylation of 

myosin phosphatase target subunit-168. Protein kinases, such as Rho-associated kinase and protein 

kinase C11,14,70,71, can also phosphorylate C-kinase potentiated protein phosphate-1 inhibitor72, an 
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endogenous inhibitor of myosin light chain phosphatase, which when phosphorylated, binds the 

catalytic site of myosin light chain phosphatase (reviewed by El-Yazbi et al. 201673).  

1.1.2: Modulation of vascular smooth muscle contraction by K+ channels 

K+ currents are the major ionic conductance in the plasma membrane of vascular smooth 

muscle cells and thus, set and regulate membrane potential74–76. In physiological conditions (3–5 

mM K+ outside of the cell and 140 mM K+ inside), the driving force for K+ is outward and so 

opening of a K+ conducting channel leads to membrane hyperpolarization77. As membrane 

resistance is high, opening of a few K+ channels can have a large impact on smooth muscle 

membrane potential and thus, the open probability of VOCCs and contractility. Vascular smooth 

muscle cells express a wide range of different types of K+ channels: BKCa channels, voltage-gated 

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

two-pore K+ channel family (recently reviewed by Jackson, 201778)27,29,79–92. However, for the 

purposes of this thesis, I will focus on the structure and function of BKCa channels and their role 

in regulating smooth muscle contractility and therefore, arterial diameter in resistance arteries. 

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

α-subunits together with regulatory - and − subunits91–95 (Figure 1.478). The α-subunit is 

composed of 7 transmembrane domains with the pore region between S5 and S696. Two regulator 

of K+ conductance domains (1 and 2) located in the C-terminus contain Ca2+ binding sites while 

positively charged residues in S2-4 serve as voltage sensors77,96–98. These channels have a large 

single channel conductance (150-270 pS)97,99,100 and exhibit voltage-dependent gating for which 

binding of Ca2+ increases the apparent sensitivity to voltage92–94. Under physiological conditions, 

BKCa channels require both depolarization of the membrane potential and a rise in intracellular 

Ca2+ to occur simultaneously in order to open81,92,97,101.   
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There are four -subunits (KCNMβ1–4) with 1 the dominant form in vascular smooth 

muscle cells82,91,102. The -subunits alter channel gating, sensitivity to Ca2+ and voltage, while the 

γ-subunit is associated with increasing channel sensitivity to voltage91,95,103–105.  

BKCa channels are widely expressed in a variety of tissues (Table 1.1). They are highly 

expressed in all vascular smooth muscle cells27,29,79–92, but are not present in freshly isolated 

endothelial cells76,106–108. BKCa channels are of particular importance in the central nervous system 

where they regulate the excitability of neurons97,109,110 and have been localized to the inner 

membrane of mitochondria in cardiac myocytes where they’ve been proposed as potential targets 

for preventing cardiac ischemia-reperfusion injury89,110–112.  

 

Figure 1.4: Schematic of 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 C-terminus tail. Two regulator of K+ conductance domains (RCK1 

and RCK2) located in the cytoplasmic C-terminus contain the channel’s Ca2+ binding sites. The 

auxiliary subunits ß1- and γ- subunits consist of two transmembrane domains and one 

transmembrane domain, respectively78. 
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Table 1.1: Cellular location of BKCa, SKCa and IKCa channels. 

 

As mentioned earlier, activation of BKCa channels by ryanodine receptor-dependent Ca2+ 

sparks regulates diameter in cerebral resistance arteries (reviewed by Jackson 201778). In other 

vessels, such as hamster cremaster arterioles, Ca2+ entry through L-type VOCCs may contribute 

to BKCa channel activation163. BKCa channels can be targeted by vasodilators, either directly or 

through modification of Ca2+ spark activity. For example, nitrosylation via nitric oxide (NO)79,164 

Channel Type Location 

BKCa ▪ Vascular smooth muscle27,29,79–92 

▪ Urinary smooth muscle102 

▪ Adrenal chromaffin cells113 

▪ Inner mitochondrial membrane of cardiac 

myocytes89,110–112 

▪ Neurons97,109,110 

▪ Inner mitochondrial membrane of 

neurons114 

▪ B-lymphocytes115 

▪ Platelets115 

SKCa ▪ Vascular endothelium26,80,84,85,116–133 

▪ Cardiac myocytes134–136 

▪ Inner mitochondrial membrane of cardiac 

myocytes137,138 

▪ Neurons139–143 

▪ Inner mitochondrial membrane of 

neurons144,145 

▪ Platelets115,146,147 

▪ B-lymphocytes115 

IKCa ▪ Vascular endothelium80,84,100,116,118–122,124–

126,128,130,131,148–151 

▪ Neurons152–156 

▪ T-lymphocytes157 

▪ Erythrocytes158 

▪ Platelets 115,146,147,159 

▪ Pancreas100,160 

▪ Intestinal epithelia161,162  

▪ Surface epithelia (skin, oral and vaginal 

mucosas, oesophageal lining)160  

▪ Ducts of fluid-secreting glands (salivary 

glands, lacrimal glands)160 
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or phosphorylation via protein kinase G165–168, enhances the open probability of BKCa channels by 

shifting voltage-sensitivity of the channels to more hyperpolarized membrane potentials. In 

contrast, protein kinase C-mediated phosphorylation of BKCa channels enhances vasoconstriction 

by shifting BKCa channel voltage-sensitivity towards more depolarized membrane potentials thus, 

limiting their ability to inhibit VOCC-mediated Ca2+ entry169–172. The importance of smooth 

muscle BKCa channels in limiting resistance artery vasoconstriction is shown by the observation 

that in pressurized rat mesenteric and cerebral arteries, BKCa channel inhibition leads to enhanced 

vasoconstriction and membrane depolarization21,26, and mice deficient in BKCa channels were 

found to have significantly enhanced arterial blood pressure173. 

I will now discuss how resistance artery diameter is modulated by two of the most 

physiological important influences, sympathetic nerve activity, and chemical and electrical signals 

from endothelial cells. 

1.2:  Modulation of resistance artery diameter by perivascular sympathetic nerves   

 The sympathetic nervous system plays a major role in controlling total peripheral vascular 

resistance and is a key regulator of resistance artery diameter174. In contrast to structurally well-

defined neuromuscular junctions in skeletal muscle, perivascular nerve fibres do not penetrate into 

the smooth muscle layers174. Perivascular nerves appear as a network of axon bundles, with 

swollen areas, called varicosities, that release neurotransmitters in a manner similar to paracrine 

secretion175. Sensory and nitrergic (that release NO) perivascular nerves have been identified176,177 

but for the purposes of this thesis, I will focus on sympathetic innervation as this accounts for the 

majority of nerves in resistance arteries (reviewed by Westcott and Segal174).  

 Stimulation of perivascular sympathetic nerves evokes release of noradrenaline and co-

transmitters, ATP and neuropeptide Y175–188. Noradrenaline acts primarily on post-synaptic 1-
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adrenoceptors to cause vasoconstriction via a number of mechanisms, including IP3-mediated 

release of Ca2+ from stores, membrane depolarization to increase Ca2+ influx through VOCCs and 

Ca2+-sensitization189,190. 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 potential176–179,181,184–

188,191, although the relative contribution of ATP to sympathetic vasoconstriction varies between 

arteries and species187,188,192. Neuropeptide Y binds to post-synaptic Y1 or Y2 receptors193, but its 

role appears to be to potentiate noradrenaline-evoked responses rather than to evoke direct 

vasoconstriction182,194. 

1.3:  Modulation of resistance artery diameter by the endothelium 

In 1980, Furchgott and Zawadzki made the seminal discovery that removal of the 

endothelial layer of rabbit aortic rings impaired vasorelaxation to acetylcholine and so provided 

the first example of endothelium-dependent vasodilation195. This finding was fundamental to our 

understanding of blood vessel function and opened up a wide field of research, which has led to 

our current view that the endothelium is a complex endocrine organ that plays a vital role in the 

regulation of blood pressure and flow, hemostasis, inflammation, vascular growth and remodeling 

in the cardiovascular system196.  

We now know that the endothelium releases a wide range of diffusible factors (e.g. NO 

and cyclooxygenase products, such as prostacyclin) that can alter the contractility of the 

surrounding smooth muscle cells, and that stimulation of the endothelium by agonists acting at G-

protein coupled receptors117,197, or physiological stimuli, such as increases in shear stress198–201, 

also result in activation of endothelial Ca2+-activated K+ (KCa) channels80,84,85,100,116–131,148–

151,196,197,202–208. Opening of these channels causes hyperpolarization of the endothelial cell 
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membrane potential which spreads to the underlying smooth muscle cells via myoendothelial gap 

junctions (MEGJs) to reduce opening of VOCCs, decreasing Ca2+ influx and causing relaxation.  

For the purposes of this thesis, I will briefly discuss endothelial Ca2+ signaling, and then 

focus on two of the main pathways for endothelial modulation of smooth muscle contractility, NO 

and endothelial KCa channels, and their role in regulating smooth muscle contractility in resistance 

arteries.  

1.3.1: Endothelial Ca2+ signaling 

 Endothelium-dependent mechanisms for regulation of smooth muscle contractility share a 

common feature in that they are dependent on a rise in Ca2+ levels within endothelial cells202,209–

214.  This increase in Ca2+ can be elicited through release from endoplasmic reticulum stores and/or 

via Ca2+ influx through TRP channels, with the contribution of these two mechanisms showing 

stimulus-dependent variation. It is notable that there are no VOCCs in native endothelial cells215.  

Agonists acting on endothelial Gq/11-protein coupled receptors stimulate IP3-mediated 

release of Ca2+ stores which, as described above for smooth muscle cells, leads to store-operated 

Ca2+ entry through Orai1 and/or TRP channels216–218. The rise in endothelial Ca2+ activates Ca2+-

dependent enzymes, such as nitric oxide synthase (NOS), as well as KCa channels to elicit 

endothelial hyperpolarization219. The identity of the TRP channel mediating receptor-linked Ca2+ 

entry most likely varies between stimuli, arteries and species. TRP vanilloid 4 (TRPV4) channels 

have been implicated in acetylcholine-evoked Ca2+ entry in mouse mesenteric220 and carotid221 

arteries, whereas TRP canonical 3 (TRPC3) and 4 (TRPC4) have been associated with the same 

responses in aorta from knockout mouse models222,223.   

 In vivo increases in the shear stress across the endothelial cell surface is a major stimulus 

for activation of endothelium-dependent vasodilator pathways198–201. The mechanism underlying 
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shear stress-induced increases in endothelial Ca2+ have not been greatly studied but recent reports 

indicate a role for mechanosensitive TRP channels, and in particular TRPV4 channels, in shear 

stress induced increases in Ca2+, NO production and activation of endothelial KCa channels132,224. 

Limited evidence has also been provided that shear stress-induced increases in endothelial Ca2+ 

are mediated by the release of acetylcholine from endothelial cells. Briefly, Wilson et al. have 

suggested that acetylcholine produced by endothelial cells is released into the vascular lumen in 

response to increased shear stress225. Acetylcholine then activates endothelial muscarinic 

receptors, leading to the generation of IP3 which increases endothelial Ca2+ to stimulate NO 

production and activate KCa channels225.  

Endothelial TRP channels. As mentioned above, TRP channels have emerged as the most 

likely mediators of endothelial Ca2+ influx226,227. The TRP channel super family consists of six 

subfamilies: TRPV, TRPC, TRPM (melastatin), TRPML (mucolipin), TRPP (polycystin) and 

TRPA (ankyrin)226,228. These channels are all tetramers (either homo- or hetero- mers) with six 

transmembrane domains and a pore generated by a pore forming loop between S5 and S6226,228. 

All TRP channels are permeable to Ca2+, with the exception of TRPM4 and TRPM5, which are 

Ca2+ activated, but not Ca2+ permeable229–231. TRP channels are not gated by voltage, but can 

respond to a wide range of different stimuli: TRPV1-V4 and TRPM3 channels are activated by 

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

temperatures232,233, TRPC channels are activated either directly by diaglycerol (TRPC2, TRPC3, 

TRPC6, and TRPC7 channels), or indirectly through a diacylglycerol-dependent mechanism 

(TRPC1, TRPC4, and TRPC5 channels234–236) and TRPM4, TRPM5, TRPM2, and TRPA1 

channels are activated by rises in Ca2+ 237–240. 
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Though many of these subfamilies are located on both the endothelium and smooth muscle 

of the vasculature, two TRP channels in particular, TRPC3 and TRPV4 channels, have been 

identified as potential mediators of Ca2+ influx underlying endothelium-dependent responses to 

shear stress and/or agonists.  

TRPV4 channels are expressed on the endothelium and smooth muscle of many arteries, 

can be activated by shear stress241,242 and IP3
243, and have been linked to both NO production and 

opening of endothelial KCa channels220,241–248. Mesenteric arteries from mice lacking TRPV4 

channels have reduced endothelium-dependent relaxation to acetylcholine in comparison to their 

wildtype counterparts220 and in rat carotid and gracilis arteries, shear stress-evoked vasodilation is 

inhibited in the presence of a TRPV4 channel inhibitor241. However, there is also evidence that 

TRPV4 channels are not involved in endothelium-dependent vasodilation. For example, Pankey 

et al.246 found GSK-21939874, a TRPV4 channel inhibitor, did not alter acetylcholine-evoked 

reductions in pulmonary and systemic arterial pressures. And in mice, global knockout of TRPV4 

channels does not alter systolic or diastolic blood pressure243, heart rate243 or carotid artery dilation 

to acetylcholine 247. 

TRPC3 channels have also been localized to the vascular endothelium197,249,250 but not to 

the smooth muscle cells, and are activated by diacylglycerol, a product of the cleavage of 

phosphatidylinositol 4,5-biphosphates by phospholipase C stimulated by Gq/11-protein coupled 

receptor activation249,251–255. Also, it has been reported, by our lab and others, that TRPC3 channels 

are involved in endothelium-dependent hyperpolarization via the activation of KCa channels256,257. 

1.3.2: Nitric oxide (NO) 

NO is produced by NOS, which converts L-arginine to citrulline and NO213,258–262. Oxygen 

and reduced nicotinamide-adenine-dinucleotide phosphate (NADPH) are co-substrates and flavin 
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adenine dinucleotide (FAD), flavin mononucleotide (FMN), and 5,6,7,8-tetrahydro-l-biopterin 

(BH4) are cofactors for this reaction213,258–265. The biological half-life of NO and therefore, its 

activity, is determined by its interaction with superoxide anion (O2
-) which reacts with NO to form 

the highly reactive intermediate peroxynitrite (ONOO-): O2
- + NO → ONOO-. 

In cardiovascular disease states, enhanced oxidative stress leads to increased inactivation 

of NOS by O2
- and to uncoupling of NOS; uncoupled NOS produces O2

- rather than NO266–270. 

Potential mechanisms underlying this change include: oxidation of BH4 and depletion of L-

arginine268,271. 

There are three subtypes of NOS: neuronal, endothelial and inducible213,260,272,273. 

Endothelial NOS and neuronal NOS are constitutively active enzymes that produce NO in response 

to rises in intracellular Ca2+ 210–213. Their activity is also regulated via phosphorylation by a number 

of different protein kinases266,274. The activity of inducible NOS is regulated by its expression 

level, which is up-regulated in response to cytokines and/or oxidative stress272,275. For the purposes 

of this thesis, I will focus on endothelial NOS located in the vascular endothelium. 

The NOS enzyme has two domains, an N-terminal oxygenase domain which binds BH4, 

oxygen, L-arginine and heme and a C-terminal reductase domain that binds NADPH, FAD and 

FMN263–265. The two domains are linked via a calmodulin-recognition site which is essential for 

the linkage between the reductase and oxygenase domains and allows dimerization211,213,263–265. 

NO synthesis occurs when electrons are transferred from NADPH via the flavins, FAD and FMN, 

in the C-terminal reductase domain, to the heme in the N-terminal oxygenase domain276. At the 

heme site, the electrons are used to reduce and activate oxygen and to oxidize L-arginine to L-

citrulline and NO277,278. Binding of BH4 at the dimer interface is required for the stabilization of 
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the NOS dimer and ‘coupled’ NOS activity. As mentioned above, in the absence of BH4, the NOS 

domains become uncoupled, leading to the production of O2
- rather than NO266–270.  

The binding of Ca2+-calmodulin is essential for NO production as it enhances the rate of 

electron transfer from NADPH to flavins in the C-terminus region211,279,280 but several other 

proteins also interact with NOS to regulate its activity. For example, the molecular chaperone, heat 

shock protein 90, acts as an allosteric modulator to increase NOS production of NO281. It has also 

been suggested to inhibit uncoupling of NOS to prevent O2
- production282. This would suggest that 

there is an intrinsic cellular mechanism regulating the uncoupling of NOS and thus, regulating the 

balance of NO and O2
- production282. The caveolae coat protein, caveolin-1, is a tonic inhibitor of 

NOS activity, with recruitment of Ca2+-calmodulin and heat shock protein 90 to NOS displacing 

caveolin-1 from the enzyme to activate it283,284.  Furthermore, phosphorylation of serine1177 of 

NOS in response to prolonged increases in shear stress can stimulate NO production in a Ca2+-

independent manner, with phosphatidylinositol-3 kinase/AKT being implicated as the possible 

mediators of this phosphorylation266,274,285.  

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

activation of soluble guanylyl cyclase286 to increase production of cyclic guanosine 

monophosphate, which subsequently activates protein kinase G287,288. Protein kinase G interacts 

with a number of different protein targets to limit vasoconstriction and cause vasodilation. For 

example, protein kinase G can phosphorylate phospholipase C to inhibit IP3 production and thus, 

decrease IP3-mediated Ca2+ release required for smooth muscle vasoconstriction166,251,289, and 

protein kinase G-mediated phosphorylation increases activity of BKCa channels165–168. NO itself 

can also directly nitrosylate BKCa channels to increase their open probability79,290,291,164. The 

subsequent smooth muscle hyperpolarization due to the opening of BKCa channels292 decreases the 
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activity of VOCCs and reduces Ca2+ entry and vasoconstriction26. Additionally, protein kinase G-

mediated phosphorylation of L-type VOCCs can inhibit their activity55–59, to further reduce Ca2+ 

entry. See Figure 1.5293 for a schematic of NO-mediated effects on vascular smooth muscle 

contractility.  

The role 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 NG-nitro-L-arginine methyl ester hydrochloride (L-NAME) act as selective, competitive 

inhibitors of NOS294,295. For example, administration of L-NAME causes hypertension in rats and 

L-NOARG inhibits endothelium-dependent relaxation in isolated rat aorta296,297. The 

demonstration that deletion of NOS leads to hypertension in mice was also an advance in 

demonstrating the physiological importance of this molecule298. 
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Figure 1.5: NO-mediated relaxation of vascular smooth muscle. NO is produced in endothelial 

cells by endothelial NOS and diffuses to the smooth muscle to activate guanylyl cyclase to produce 

cyclic guanosine monophosphate which stimulates protein kinase G to phosphorylate a number of 

targets to induce vasodilation. For example, protein kinase G phosphorylates VOCCs to decrease 

opening probability, and phosphorylates BKCa channels to increase opening probability293.  

 

1.3.3: Endothelium-dependent hyperpolarization  

Opening of endothelial small (SKCa) and intermediate (IKCa) conductance Ca2+-activated 

K+ channels causes hyperpolarization of the endothelial cell membrane potential which spreads to 

underlying smooth muscle cells via MEGJs to reduce opening of VOCCs, leading to a decrease in 

Ca2+ influx and thus, relaxation80,117,125,202,299. The defining characteristic of hyperpolarization-

mediated vasodilation is that it persists in the presence of inhibitors of NOS and cyclooxygenase 

and, under these conditions, is abolished by blockers of endothelial SKCa and IKCa channels, 

apamin and 1-[(2-Chlorophenyl)diphenylmethyl]-1H-pyrazole (TRAM-34) or charybdotoxin, 
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respectively (reviewed by Ledoux et al. 2006103). The physiological importance of endothelial KCa 

channels in vivo is highlighted by increased vascular reactivity and raised arterial blood pressure 

recorded in mice lacking one or both of the channels127,300. 

Endothelium-dependent hyperpolarization plays a more prominent role in endothelium-

dependent dilation of resistance arteries than in large vessels and so it is an important determinant 

of local tissue perfusion301–303. Initially, it was thought that endothelium-dependent 

hyperpolarization of vascular smooth muscle was mediated by a diffusible factor, but current 

consensus it is due to direct electrical coupling of endothelial and smooth muscle cells via 

MEGJs303. 

1.3.4: Endothelial Ca2+-activated K+ (KCa) channels 

There are three types of KCa channels: BKCa, SKCa and IKCa channels. Whereas  BKCa 

channels are solely located on smooth muscle27,29,79–92, SKCa and IKCa channels are not found on 

smooth muscle cells but are located on the endothelium80,84,85,100,116–131,148–151,197,202 (See Table 

1.1).  

Endothelial SKCa and IKCa channels are voltage-independent K+ channels that are activated 

by increases in intracellular Ca2+ 117,202. There are three SKCa channel subtypes (SK1, 2 and 3), 

which are encoded by the genes KCNN1-3117,120,139, and one IKCa channel subtype (SK4), encoded 

by KCNN4120,202,304. In the vascular endothelium, SK3, rather than SK1 and 2, has been shown to 

be the primary subtype present117, and thus, when SKCa channel is referenced in this work it is 

denoting the SK3 subtype117.  

SKCa and IKCa channels are tetramers consisting of α-subunits that have six transmembrane 

domains (S1-S6), with the pore domain encompassed by S5-S6 and a calmodulin binding domain 

on the C-terminus directly after S6140. Calmodulin is constitutively bound to the C-terminus of 
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SKCa and IKCa channels and confers their Ca2+ sensitivity (values for half-maximal activation 

ranging from 95 nM to 0.3 μM100,140), as the channels themselves do not possess any Ca2+ binding 

sites140. Thus, SKCa and IKCa channels will remain closed until Ca2+ binds to each of the bound 

calmodulin as Ca2+-calmodulin complexes stabilize the channel’s open state103. See Figure 1.6 for 

a schematic of SKCa/IKCa channel subunit structure103. 

 

 

Figure 1.6. Schematic of a SKCa/IKCa channel subunit. Each subunit consists of six 

transmembrane domains with a pore region (P) between S5 and S6. Calmodulin interacts with the  

intracellular C-terminus103. 

 

SKCa and IKCa channel activity is modulated by associated proteins. Constitutively bound 

casein kinase 2 and protein phosphatase 2A have been shown to alter SKCa channel Ca2+ sensitivity 

through phosphorylation or dephosphorylation of the bound calmodulin103,305,306. Casein kinase 2-

mediated phosphorylation occurs at threonine80 on the constitutively bound calmodulin and 

decreases the Ca2+ sensitivity (from sub-micromolar ranges to micromolar ranges306), reducing the 

opening probability of the channel305. Dephosphorylation mediated by protein phosphatase 2A 

removes the inhibitory phosphorylation caused by casein kinase 2305,306. 
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As their name suggests, opening of SKCa channels allows for a small K+ current (10-20 

pS100,202,307) to move out of the endothelial cells, causing hyperpolarization of the endothelial 

membrane potential. Alternatively, IKCa channels have a conductance of about 30-80 pS100,202. KCa 

channel-mediated endothelial hyperpolarization has been recorded in intact porcine coronary 

arteries117, internal carotid arteries of guinea pigs80, rat mesenteric122,123,150 and hepatic arteries299, 

rat aortas119, and freshly isolated endothelial cells from porcine coronary arteries117,122,202, rat 

mesenteric arteries150 and canine mesenteric arteries124, and human umbilical vein endothelial 

cells131. This hyperpolarization spreads through the MEGJs to induce hyperpolarization of the 

smooth muscle membrane potential, limiting constriction by decreasing the open probability of 

VOCCs49,214,299.  

 Compared to other ion channels, SKCa and IKCa channels have a well-developed 

pharmacology which has aided investigation of their physiological functions308. For example 

apamin, isolated from bee venom, is a selective inhibitor of rat SK2 and SK3 (IC50 70 pM and 2.6  

μM, respectively) but does not block rat SK1 channels309. Apamin is an allosteric modulator, 

binding to the outside of SKCa channels and causing a conformational change in the channel’s pore 

that blocks the movement of K+309,310. TRAM-34 and 4-[[3-(Trifluoromethyl)phenyl]methyl]-2H-

1,4-benzothiazin-3(4H)-one (NS 6180) are both selective inhibitors of IKCa channels that bind to 

threonine250 and valine275 in the inner pore. Up to a concentration of 1 µM NS 6180 and 5 µM 

TRAM-34, these two chemicals are highly selective IKCa channel blockers that show no effect on 

T-lymphocyte Ca2+ entry or voltage-gated K+, sodium and TRP channels121,311,312.  

 There are also positive modulators selective for both SKCa and IKCa channels, such as 1-

ethyl-2-benzimidazolinone (EBIO) and 6,7-dichloro-1H-indole-2,3-dione 3-oxime (NS 309), 

which have been shown to bind to the interface of where the α-subunits of these channels bind to 
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calmodulin, increasing their Ca2+ sensitivity308. Newer compounds that are selective for either 

channel have also been developed. For example, N-cyclohexyl-N-[2-(3,5-dimethyl-pyrazol-1-yl)-

6-methyl-4-pyrimidinamine (CyPPA), was based on NS 309, and as such, is a positive modulator 

selective for SK2 and SK3 channels (EC50 value for human SK2 and SK3 channels is 14 μM and 

5.6 μM, respectively) but has no effect on human IKCa channels313. It has been shown to enhance 

the Ca2+ sensitivity of human SK3 channels by improving the Ca2+ sensitivity of the channel from 

429 nM to 59 nM313. As it is structurally similar to NS 309, it is likely that it also binds to the 

interface of the α-subunit and calmodulin binding site on SKCa channels to elicit its effects308,313.  

Naphtho[1,2-d]thiazol-2-ylamine (SKA-31) is another positive modulator but it is 7- to 10- 

fold more selective for IKCa (EC50 value of 260 nM) over SKCa channels (SK3 EC50 value of 2.9 

μM)121. SKA-31 does not interact significantly with other channels when used at concentrations 

under 25 μM121. SKA-31 has been used in the literature as a positive modulator of both SKCa and 

IKCa channels121,124,148,314,315 and as a selective positive modulator for IKCa channels alone204,316. 

However, Sankaranarayanan et al. found that the enhancement of acetylcholine-mediated dilation 

of mice carotid arteries and reduction of mean arterial pressure in vivo caused by SKA-31 was 

entirely through its actions on IKCa channels121. 

While SKCa and IKCa channels share significant similarities in their structures and 

regulation, their discrete cellular locations within endothelial cells may correspond to differences 

in how they regulate vascular tone in response to various stimuli125,317. SKCa are located at 

endothelial junctions on the luminal surface and co-localize in caveolae with TRPV4 channels318 

where they are able to respond to local Ca2+ increases evoked by increases in shear stress-induced 

activation of TRPV4 channels319. In contrast, IKCa channels are located on the abluminal side of 
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endothelial cells at MEGJs, the sites of contact between endothelial and smooth muscle cells 

(Figure 1.7). 

 

Figure 1.7: Schematic showing the cellular locations of SKCa and IKCa channels within 

endothelial cells. SKCa channels have been localized to the endothelial luminal membrane while 

IKCa channels have been localized to the MEGJs. Their differing locations are proposed to confer 

them different functional roles in terms of regulating vascular tone. SKCa, small conductance Ca2+-

activated K+; IKCa, intermediate conductance Ca2+-activated K+; ER, endoplasmic reticulum; 

NSCC, non-selective calcium channel (most likely a TRPV4 channel); IP3, inositol triphosphate. 

 

 Recent work from our lab and others, has demonstrated that the localization of IKCa 

channels at MEGJs enables them to mediate myoendothelial feedback, a mechanism by which 

contractile activation of smooth muscle cells is limited by the endothelium (Figure 1.8197). Briefly, 

IP3, produced in smooth muscle cells by the activation of α1-adrenoceptors8,17–20,251–255,320, diffuses 
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through the MEGJs to activate endothelial IP3 receptors to cause localized increases in Ca2+,  close 

to the MEGJs28,197,321. This rise in endothelial Ca2+ activates the IKCa channels localized to the 

MEGJs118,125,130,151,197, leading to activation of NOS224 and endothelial hyperpolarization which 

spreads back to the smooth muscle to limit further contraction. A population of NOS has recently 

been shown to be located close to MEGJs and its activity is regulated by local IP3-mediated Ca2+ 

release in response to agonist-induced vasoconstriction322. Additionally, we showed that 

production of NO is limited by inhibition of IKCa channels and TRPC3 channels197, which may 

indicate IKCa channels play a role in tuning endothelial Ca2+ signaling323, and support the notion 

that rather than being distinct pathways, there is a link between NO and KCa channel activity. 

 

 

 

 

Figure 1.8: Myoendothelial feedback. Contractile agonists increase IP3 levels within smooth 

muscle cells. Flux of IP3 through MEGJs gives rise to localized increases in Ca2+ and subsequent 

activation of a discrete pool of IKCa channels and NOS 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 contraction197. 
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It has been suggested that endothelial KCa channel-mediated hyperpolarization of the 

membrane potential maintains the driving force for Ca2+ influx to endothelial cells necessary for 

activation of NOS. But, the ability of hyperpolarization to regulate Ca2+ entry by increasing the 

electrical driving force is controversial, particularly as there is a large concentration gradient of 

~20,000-fold from outside to inside of endothelial cells324,325. However, recent studies of isolated 

endothelial tubes have demonstrated that Ca2+ influx in the presence of acetylcholine is enhanced 

by KCa channel-mediated membrane potential hyperpolarization and reduced by membrane 

potential depolarization326. In human umbilical vein endothelial cells, inhibition of SKCa and IKCa 

channels blocked Ca2+ influx and NO production in response to G protein-coupled receptor 

activation131,  and both SKCa and IKCa channels have been shown to influence endothelial Ca2+ 

dynamics in intact mouse mesenteric arteries323. Furthermore, in rat cremaster arterioles, NS 309 

and 5,6-dichloro- 1-ethyl-1,3-dihydro-2H-benzimidazol-2-one (DCEBIO), activators of 

SKCa/IKCa channels, enhanced ATP-induced hyperpolarization, cytosolic Ca2+ concentration and 

NO synthesis128,131.  Thus, these findings indicate that opening of endothelial SKCa and IKCa 

channels may enhance NO bioavailability80,84,85,100,116–131,148–151,197,202–205. 

1.4: Endothelial dysfunction 

Endothelium-derived NO elicits relaxation of surrounding smooth muscle cells to cause 

vasodilation, regulates local cell growth and protects blood vessels from the deleterious 

consequences of platelet aggregation and activation of inflammatory responses327. Endothelial 

dysfunction is associated with risk factors for cardiovascular diseases, such as diabetes, 

hypertension and atherosclerosis, is characterized by increased production of O2
- and decreased 

NO bioavailability268,328–336 leading to enhanced vasoconstriction, clot formation and inflammation 

within the vasculature (Figure 1.9116).  
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Figure 1.9: Schematic showing the deleterious consequences of decreased NO and increased 

O2
- levels on the vasculature. Enhanced O2

- production leads to increased ONOO- and reduced 

bioavailability of NO leading to increased vasoconstriction, platelet activity, thrombosis, 

atherosclerosis and plaque rupture and diminished angiogenesis. eNOS, endothelial nitric oxide; 

NO, nitric oxide; O2
-, superoxide anion; ONOO-, peroxynitrite; BH4, tetrahydrobiopterin; cGMP, 

cyclic guanine monophosphate116. 

 

Attempts to reduce vascular O2
- levels through the use of dietary anti-oxidants, such as 

vitamins B, C and E, have been unsuccessful in clinical trials337–342 and so there is the need to 

identify new targets for therapeutic approaches to reduce O2
- levels and enhance NO bioavailability 

in pathological settings. 

1.4.1: Vascular O2
- production 

Reactive oxygen or nitrogen species (ROS or RNS, respectively) are highly reactive 

compounds involved in a variety of different cellular processes under both physiological and 
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pathophysiological conditions328,329,343. Whether ROS/RNS cause cellular damage or not, is 

usually determined by their cellular concentrations, with low levels of ROS and RNS necessary 

for normal cellular processes and high concentrations leading to dysfunction329,343–346. For 

example, vasoconstriction of rat mesenteric resistance arteries evoked by α1-adrenoceptor agonists 

is dependent on production of O2
- by NADPH oxidase and vascular smooth muscle 

mitochondria347–349 whereas deleterious high levels of O2
- production leads to endothelial 

dysfunction associated with increased risk of cardiovascular disease268,328–336. Some examples of 

ROS and RNS are O2
-, hydroxyl radical (OH-), NO, ONOO- and hydrogen peroxide (H2O2) but for 

the purposes of this thesis, I will be focusing on O2
-. 

 O2
- is produced through the addition of an electron to molecular oxygen350. In the 

vasculature, this is primarily mediated by NADPH oxidase enzymes351–356, and to a lesser extent 

by xanthine oxidase, the mitochondrial electron transport chain, cyclooxygenase enzymes and 

uncoupled endothelial NOS268,329,343,344. In hypoxic conditions, xanthine dehydrogenase can 

undergo oxidation or Ca2+-induced proteolysis to form xanthine oxidase which produces O2
-357,358. 

The electron transport chain on the mitochondrial membrane consistently produces low levels of 

O2
- from Complex I, II and III, but in neurons and cardiac myocytes, this is significantly enhanced 

in conditions of ischemia-reperfusion89,111,144,359–364. Additionally, although the primary function 

of endothelial NOS is production of NO,  under conditions of oxidative stress, oxidation of the 

endothelial NOS co-factor BH4 leads to uncoupling of endothelial NOS266–270. Uncoupled 

endothelial NOS produces O2
- instead of NO, which directly increases O2

- levels and decreases the 

amount of NO available to scavenge O2
- 267,268,365,366.   

 NADPH oxidase enzymes are comprised of catalytic NOX proteins which form a complex, 

with p22phox, p47phox, p67phox, p40phox and a small G protein called Rac1, the latter thought to be 
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involved in regulating NADPH oxidase activity through its association and dissociation with the 

complex355,367–372(Figure 1.10373). The NOX protein and p22phox form the flavocytochrome b558 

reductase to which NADPH, the electron donor, binds on the cytosolic side of the 

membrane371,374,375. Oxygen is then reduced across the endothelial membrane to produce O2
- 

intracellularly375. Thus, NADPH oxidase catalyzes the production of O2
- and NADP+ by 

transferring an electron from NADPH to oxygen368,372. Vascular NADPH oxidase produce about 

90-99%371,374 less O2
- than their phagocytic counterparts and do so constantly.   

 

 

 

 

 

 

 

 

 

Figure 1.10: Schematic of an NADPH oxidase complex. NADPH oxidase enzymes are 

comprised of a NOX protein plus p22phox, p47phox, p67phox, p40phox and a small G protein, Rac1. 

The NOX protein and p22phox form the flavocytochrome b558 reductase to which NADPH, the 

electron donor, binds on the cytosolic side of the membrane. NADPH, nicotinamide adenine 

dinucleotide phosphate; FAD, flavin adenine dinucleotide376. 

 

The NOX catalytic subunits are transmembrane proteins with six α-helices, which include 

five conserved histidine residues capable of binding two hemes375,377. There are seven homologues 

of the NOX catalytic subunit of NADPH oxidase enzymes: NOX1, NOX2, NOX3, NOX4, NOX5, 

DUOX1 and DUOX2377,378. The NOX2 subtype was the first to be identified due to its crucial role 
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in phagocytic O2
- production in macrophages379,380. NOX1, NOX2, NOX4 and NOX5 NADPH 

oxidase subtypes have all been shown to be expressed in the vasculature368,370,381. NOX2 and 

NOX4, and possibly NOX1 (depending on the arterial subtype), have been localized to endothelial 

cell membranes356,368,369,381,382, whereas NOX1 and NOX4 can be found on smooth muscle cells332–

336,346,383. NOX4 in particular, appears to be the dominant NADPH oxidase type present in arterial 

endothelial cells, with its expression significantly higher than the other NOX homologues368,381. 

Furthermore, increased activity of the NOX1 subtype on smooth muscle cells has been linked to 

the development of cardiovascular diseases332–336,383.   

NADPH oxidase enzymes found in the vasculature are constitutively active371,374 and their 

activity can be enhanced under certain conditions. For example, oxidized low-level lipoproteins 

have been shown to increase both the expression and activity of endothelial NADPH oxidase374. 

Additionally, elevated NADPH levels have been shown to stimulate NADPH oxidase351–353,384,385. 

And finally, and of particular importance for this thesis, it has been shown that cell membrane 

potential regulates the activity of NADPH oxidase in the vasculature126,367,386–388. Depolarization 

of the endothelial membrane potential stimulates endothelial NADPH oxidase enzymes to produce 

more O2
- in both intact arteries and cultured endothelial cells126,367,386,387, while hyperpolarization 

of the membrane potential of cultured endothelial cells was found to reduce O2
- production388. 

Pharmacological activation of human endothelial umbilical vein KATP channels decreased NADPH 

oxidase activity by hyperpolarizing the endothelial membrane potential367. Inhibition of SKCa and 

IKCa channels has been shown to increase NADPH oxidase production of O2
- in rat perfused 

mesenteric beds and lead to increased phosphorylation of endothelial NOS and a reduction in NO 

production126. The membrane potential sensitivity of NADPH oxidase has been suggested to be 
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conferred by the binding of Rac1 to the complex, which has been shown to occur as a result of its 

phosphorylation induced by endothelial membrane depolarization367. 

 O2
-, as a radical, has the ability to oxidize proteins, such as lipoproteins374 and BH4, the 

endothelial NOS co-factor13,171,185,335. O2
-  has also been shown to evoke phosphorylation of 

endothelial NOS at threonine495, leading to a reduction in NO production126.  

Under physiological conditions, O2
- is quickly reduced to H2O2 by the superoxide 

dismutase (SOD) enzymes. Thus, many of the cellular effects of O2
- occur indirectly through H2O2. 

O2
- also interacts with NO to produce ONOO-, at a rate three times faster than O2

- undergoes 

dismutation via SOD389,390. Therefore, increases in O2
- levels significantly impact the amount of 

free NO available to induce vasodilation and other protective effects by regulating both NO 

production and bioavailability.  

There are three subtypes of SOD found in the vasculature: SOD1 (cytosolic copper/zinc 

SOD), SOD2 (manganese SOD) and SOD3 (extracellular copper/zinc SOD)364,391–394. The 

copper/zinc SOD types have been shown to be the predominant subtype in the vascular 

endothelium and their loss or inhibition results in a significant enhancement of O2
- production and 

a reduction in NO bioavailability leading to vascular dysfunction390,394. The product of O2
- 

dismutation by SOD enzymes is H2O2, which itself is an active regulator of vascular tone that can 

cause both vasodilation395,396 and vasoconstriction397–400, depending on the vascular bed, 

concentration of H2O2 and the overall health status of the vasculature 397. 

The production of ONOO- from the combination of NO and O2
- is necessary for normal 

cellular function. Under physiological conditions, this interaction between NO and O2
- regulates 

both the amount of NO and O2
- in the vasculature344 and has been suggested as a way in which NO 

regulates its own production. ONOO- also has important roles in vasodilation when present at 
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normal levels344,401,402. ONOO- has been shown to enhance sarcoendoplasmic reticulum Ca2+ 

ATPase  activity, via S-glutathiolation401, thus, increasing the rate of smooth muscle intracellular 

Ca2+ removal to facilitate vasodilation. Additionally, ONOO- has been shown to stimulate guanylyl 

cyclase, in a similar manner to NO, to induce vasodilation403. Finally, upon interaction with 

glutathione, ONOO- is returned back to NO, which becomes free to induce vasodilation403, making 

ONOO- an endogenous NO donor. 

However, in pathological conditions, such as atherosclerosis328,329, O2
- levels are 

significantly enhanced and high levels of ONOO- result in deleterious effects. Arguably the most 

important result of ONOO- production is that the conjugation of NO with O2
- leads to a decrease 

in the amount of NO available to induce vasodilation as well as to regulate platelet adhesion and 

aggregation, angiogenesis and vascular smooth muscle cell proliferation298,328,404–406. Additionally, 

ONOO- can oxidize BH4, leading to the uncoupling of endothelial NOS and the production of O2
- 

instead of NO, further reducing NO levels269,270. Thus, increased production of ONOO- initiates a 

positive feedback loop for O2
- production; more O2

- produced from uncoupled endothelial NOS 

further enhances ONOO- levels and subsequently, additional endothelial NOS complexes become 

uncoupled and produce even more O2
-407.  ONOO- has also been shown to detrimentally oxidize 

proteins and lipids, such as low-density lipoproteins344. 

Glutathione is the most common low-weight molecular peptide in cells408,409 and is 

essential for the regulation of ROS levels within cells; it scavenges free radicals, such as O2
-, and 

reduces RNS, such as ONOO-407, through its thiol moiety408,410 . This thiol moiety also enables 

glutathione to reversibly modify the cysteine residues of  proteins, such as BKCa channels through 

S-glutathiolation, leading to alterations in protein function79,400.  

Glutathione is comprised of three amino acids, glutamine, cysteine and glycine, and is 
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produced in two steps; ϒ-glutanylcysteine synthetase catalyzes the first and rate-limiting step, to 

generate ϒ-glutanylcysteine from glutamate and cysteine, and then glutathione synthetase is 

responsible for the addition of the glycine molecule to produce ϒ-glutanylcysteinylglycine or 

glutathione 407,408.  

When glutathione undergoes oxidation after interacting with ROS or RNS, glutathione 

disulfide is formed from two oxidized glutathione molecules408,411. Glutathione disulfide is also 

capable of S-glutathiolation protein modifications of sulfhydryl groups125 and is converted into 

two glutathione molecules by glutathione reductase, which requires NADPH as a co-factor and 

electron donor408,411. The generation of glutathione from glutathione disulfide thus, results in the 

production of NADP+ from NADPH (Figure 1.11).  

 Glutathione plays a crucial role in regulating the reduction-oxidation potential of cells, 

including the vascular endothelial and smooth muscle cells412, through its scavenging of O2
-408,410. 

The ratio of glutathione to glutathione disulfide can be an indicator of the reduction-oxidation 

status of cells, as under physiological conditions, glutathione levels are static and significantly 

higher than glutathione disulfide (in canine pancreatic microsomes this ratio has been shown to 

range from 30:1 to 100:1)409. However, under pathophysiological conditions characterized by 

oxidative stress, NADPH levels become depleted as glutathione reductase activity is drastically 

enhanced and glutathione disulfide accumulates. Glutathione disulfide accumulation leads to 

abnormal, and possibly detrimental, S-gutathionylation of proteins and/or excretion from the 

cell407,413, further reducing glutathione levels.  
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 NO has also been shown to be involved in regulating the levels of glutathione410. NO, or 

its downstream effectors, can increase expression of ϒ-glutanylcysteine synthetase 407, the enzyme 

responsible for catalyzing the rate-limiting step in the production of glutathione407,408,414, and so 

by increasing glutathione levels, NO indirectly enhances its own bioavailability, as more 

glutathione will be available to scavenge O2
-410. 

 

Figure 1.11: The glutathione pathway. Glutathione is oxidized through interactions with ROS 

or RNS. Two oxidized glutathione (GSH) molecules will combine to form glutathione disulfide 

(GSSG) which is converted back into two glutathione molecules by glutathione reductase. 

Glutathione reductase requires the electron donor, NADPH, to catalyze this reaction. NADPH, 

nicotinamide adenine dinucleotide phosphate. 

 

Glutathione levels are regulated by its synthesis, the levels of ROS and the rate at which it 

is converted back from glutathione disulfide by glutathione reductase, the activity of which is 

dependent on cellular NADPH levels408,411,415–417. Additionally, both glutathione and glutathione 

disulfide, due to their ability to reversibly modify proteins via S-glutathiolation, can have a role in 

regulating vascular tone through altering the function of proteins, such as ion channels. In HEK293 
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cells, glutathione disulfide can inhibit KATP channels400 and in guinea-pig smooth muscle cells, 

glutathione increases the open probability of BKCa channels by shifting their voltage sensitivity to 

more hyperpolarized membrane potentials79. 

 To conclude, 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 

endothelial 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 NO197, and block of KCa channels can inhibit NO-

mediated vasorelaxation203,418.  

Endothelial dysfunction is associated with increased cardiovascular risk328,329 and 

characterized by an increase in O2
- production and a decrease in NO bioavailability268,328–336. 

Therefore, the development of new drugs which possess indirect antioxidant properties mediated 

by the stimulation of NO production and simultaneous inhibition of O2
- production is an attractive 

proposition for cardiovascular disease prevention and therapy. I propose that drugs which activate 

SKCa and IKCa channels may fall into this category. 

  These channels mediate vasodilation through spread of membrane hyperpolarization from 

endothelial to smooth muscle cells80,84,85,100,116–131,148–151,197,202, and have recently been suggested 

to also be involved with enhancing NO bioavailability116,126,128,131,203–205. Furthermore, it has been 

shown that NADPH oxidase enzymatic activity in the vasculature is regulated by membrane 

potential; with depolarization stimulating NADPH oxidase production of O2
- and 

hyperpolarization inhibiting NADPH oxidase production of O2
- 126,367,386–388. Therefore, increasing 
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the opening of endothelial KCa channels to elicit hyperpolarization could lead to vasodilation, 

decreased O2
- production and increased NO bioavailability.  

1.5: Hypothesis and aims 

 My over-arching goal is to further explore the relationship between endothelial KCa 

channels and NO in regulating resistance artery diameter by testing three hypotheses: 

1. Activation of SKCa channels can enhance NO-mediated inhibition of sympathetic 

vasoconstriction evoked by increases in shear stress.  

2. IKCa channel-mediated myoendothelial feedback plays a role in NO-dependent modulation 

of sympathetic vasoconstriction. 

3. Pharmacological activators of endothelial KCa channels can reduce vascular O2
- 

production and enhance NO-mediated modulation of vasoconstriction  

To test these hypotheses, I have addressed two major aims:  

1. To investigate the role of endothelial KCa channels in NO-mediated modulation of 

nerve-evoked vasoconstriction in the perfused mesenteric bed. 

2. To investigate whether pharmacological activators of endothelial KCa channels can 

modulate vascular O2
- production and vasoconstriction stimulated by the α1-

adrenoceptor agonist phenylephrine. 
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Chapter 2: Activation of SKCa channels enhances shear stress-mediated 

inhibition of sympathetic vasoconstriction in the perfused mesenteric bed 

 

2.1: Introduction 

As described in Chapter 1, endothelial and vascular smooth muscle cells work together to 

regulate resistance artery diameter through a variety of mechanisms, such as release of NO, 

cyclooxygenase-derived mediators and changes in membrane potential. In vivo, endothelial 

sensing of increases in shear stress, the frictional force exerted by flow of blood across the cell 

surface, plays an important role in regulating tissue perfusion by limiting vasoconstriction198–201. 

Measurement of acute responses to increases in shear stress is the most widely used method to test 

endothelial function in clinical studies419 and attenuation of shear stress-induced dilation is 

associated with the early stages of cardiovascular diseases419,420. However, despite its obvious 

physiological importance, the mechanisms underlying shear stress-induced increases in arterial 

diameter and thus, blood flow are still a topic of debate.  

Studies of cultured endothelial cells and isolated arteries have shown that acute increases 

in shear stress cause a rise in the intracellular Ca2+ concentration in endothelial cells leading to 

both release of NO and membrane hyperpolarization mediated by opening of SKCa 

channels206,318,421–424. Data from in vivo and clinical studies have demonstrated an important role 

for NO in acute responses to increases in shear stress425,426 and also support the contribution of 

endothelial hyperpolarization427–431. However, whether release of NO and activation of SKCa 

channels are distinct pathways for shear stress-induced modulation of arterial diameter, or two 

facets of the same mechanism is still unclear. 

 As described in Chapter 1, SKCa channels are located on the luminal membrane of 

endothelial cells in rat mesenteric arteries118,122,125,130 , porcine coronary arteries122, mouse and 

bovine coronary endothelial cells132,133 and human microvascular endothelial cells132,133, an ideal 
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location for activation by localized increases in Ca2+ elicited by enhanced shear stress118,122,130. 

The subsequent hyperpolarization of the endothelial membrane potential then spreads to the 

surrounding smooth muscle cells via MEGJs to limit vasoconstriction80,84,85,100,116–131,148–151,197,202. 

The identity of the endothelial mechanosensor activated by increases in shear stress has yet to be 

defined but recent evidence supports a role for the mechanosensitive TRPV4 channels in mediating 

shear stress-induced Ca2+ entry to endothelial cells in isolated arteries132,133,220,241–248,432,433. TRPV4 

channels co-localize with both SKCa channels and endothelial NOS to caveolae on the luminal 

surface of human microvascular and bovine coronary endothelial cells132,133. Additionally, acute 

exposure of bovine coronary endothelial cells to shear stress resulted in the activation of both SKCa 

and TRPV4 channels and increased NO production supporting a potential link between SKCa 

channel activity and NO133. In rat carotid arteries and gracilis muscle arterioles, shear stress-

mediated vasodilation was blocked by TRPV4 channel inhibition241. Thus, these findings support 

a functional relationship between SKCa channels, TRPV4 channels and NO. 

A link between endothelial KCa channel activity and NO production is also supported by 

previous work from our lab and others. In cultured endothelial cells, NO production is regulated 

by KCa channel-mediated changes in membrane potential131 and in rat basilar arteries and cultured 

endothelial cells, agonist-evoked endothelium-dependent relaxations mediated by NO are 

inhibited by KCa channel blockers203,418. However, the possibility of a link between NO and SKCa 

channel activity in endothelial responses to shear stress has not been investigated. 

  In vivo, sympathetic nerve activity is the primary regulator of resistance artery diameter, 

and therefore, peripheral vascular resistance434,435, with the endothelium playing a key role in 

limiting the vasoconstriction caused by neurotransmitters released from perivascular sympathetic 

nerves. However, the majority of studies examining the contribution of NO and SKCa channels to 
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endothelium-dependent modulation of arterial diameter have focused on their role in 

vasorelaxation, i.e. the ability of endothelial stimuli to reverse agonist-induced tone rather than 

modulation of vasoconstriction. Thus, given the importance of both the endothelial response to 

shear stress and sympathetic nerve activity in controlling arterial diameter, blood flow and blood 

pressure, the goal of the experiments described in this chapter was to explore the functional link 

between NO and SKCa channel activity in shear stress-induced modulation of sympathetic 

vasoconstriction and to test the hypothesis that activation of SKCa channels will enhance NO-

mediated inhibition of sympathetic vasoconstriction evoked by increases in shear stress. 

 To test this hypothesis I have used the rat mesenteric bed perfused at a constant luminal 

flow so vasoconstriction leads to increases in shear stress; decreases in arterial diameter augment 

shear stress because of its inverse relationship to the third power of the internal vessel diameter436. 

Under these experimental conditions, stimulation of sympathetic perivascular nerves leads to 

vasoconstriction (recorded as increases in perfusion pressure) that is limited by stimulation of the 

endothelium by acute increases in shear stress. Pharmacological tools were applied to investigate 

the contribution of NO and endothelial KCa channels to shear stress-induced modulation of 

sympathetic vasoconstriction and CyPPA, a small molecule activator of SKCa channels that 

enhances the channels sensitivity to Ca2+ 313,437, was used to examine if increased activation of 

SKCa channels could enhance the NO-mediated component of the response to shear stress. 

2.2: Methods and materials 

See Appendix: Drugs and chemicals for a list of the drugs and chemicals used. 

2.2.1: Perfused mesenteric vascular bed 

The mesenteric bed was perfused via the superior mesenteric artery as previously 

described438. Briefly, the mesenteric vascular bed was separated from the intestine and the superior 
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mesenteric artery cleaned of connective tissue, cannulated with a blunted hypodermic needle (20 

G), secured with 5-0 surgical silk (Ethicon) 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 seconds 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, bubbled with 95% O2/5% CO2). Changes in perfusion pressure were monitored 

via an in-line pressure transducer (AD instruments, Colorado) and recorded via a PowerLab data 

acquisition system using Chart 5.0 software (AD Instruments, Colorado). In experiments 

conducted with endothelium-denuded preparations, endothelial function was assessed as the 

response to acetylcholine (1 µM) following vasoconstriction with methoxamine (1 µM); tissues in 

which acetylcholine failed to evoke a response were deemed to be endothelium-denuded. 

2.2.1.1: 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 minutes, a single 

stimulation (30 Hz, 90 V, pulse width 1 millisecond, 30 seconds) was applied to assess the viability 

of the preparation. After a further 10 minutes, a frequency-response curve was constructed by 

stimulating the preparation at 1-40 Hz (90 V, pulse width 1 millisecond, 30 seconds) at 10 minute 

intervals188. The effects of agents on nerve-evoked vasoconstriction were assessed by perfusing 

the drugs through the lumen of the preparation for 20 minutes prior to constructing a second 

frequency-response curve. In some experiments a third frequency-response curve was constructed 

following washout.  

Nerve-evoked responses recorded in the perfused mesenteric vascular bed are shown as 

normalized values. Changes in perfusion pressure were normalized to the maximum control 
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response (%) as is convention in these types of experiments. For all frequency response curves, 

electrical stimulation caused frequency-dependent increases in perfusion pressure (p<0.05).  

2.2.2: Wire myography 

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) as previously 

described438. 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 (this was previously determined from active length-tension curves). In some 

experiments, the endothelium was removed by flushing of the mesenteric bed with 0.5% Triton X-

100 (20 μl of Triton X-100 in 40 ml water) for 30 seconds followed by rapid washout with Krebs. 

After an equilibration period of 30 minutes, endothelial function was assessed as % relaxation to 

acetylcholine (3 μM) following pre-stimulation with phenylephrine (3 μM; 75% of maximal tone). 

Arteries in which acetylcholine induced >90% reversal of agonist-induced tone were designated 

as endothelium-intact and tissues in which the response to acetylcholine was <10% were deemed 

to be endothelium-denuded. Arteries in which the % reversal of agonist-induced tone elicited by 

acetylcholine fell between these values were discarded.  

2.2.2.1: Concentration-response curves. Cumulative concentration-response curves to CyPPA 

(0.001-30 μM) were constructed in arteries in which tone was raised with phenylephrine (3 μM). 

For all CyPPA concentration-response curves, CyPPA caused relaxation in a concentration-

dependent manner (p<0.05). In endothelium-intact arterial segments, concentration-response 

curves to CyPPA were constructed in the absence and presence of apamin (50 nM) or L-NAME 
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(100 μM). Cumulative concentration-response curves to CyPPA (0.001-30 μM) were also 

constructed in endothelium-denuded mesenteric arteries. In all experiments, the level of 

phenylephrine -induced tone was matched in the absence and presence of inhibitors and relaxations 

to CyPPA were expressed as % relaxation as is the convention in this type of experiment.  

Cumulative concentration-response curves to phenylephrine (0.001-100 μM) were 

constructed in the absence and presence of CyPPA (5 μM) without and with apamin (50 nM) or 

L-NAME (100 μM) in endothelium -intact and -denuded isolated mesenteric arteries. Results were 

expressed as % maximal response as is convention for this type of experiment. Phenylephrine 

increased tone in a concentration-dependent manner (p<0.05). 

2.2.3: Analysis of noradrenaline levels in perfusate from the mesenteric vascular bed 

The mesenteric vascular bed was placed on a wire mesh and placed in a plastic dish on a 

hot plate (Model HP-A1915B-13, Thermolyne) and maintained at 37°C. The flow rate was 2 

mlmin-1 and the mesenteric bed was stimulated at 30 Hz for 60 seconds. Perfusate was collected 

for 60 seconds prior to the stimulation and during the stimulation. Samples were immediately 

frozen in liquid nitrogen and stored at -80oC prior to analysis by Ultra-performance liquid 

chromatography (UPLC). 

2.2.3.1: Measurement of noradrenaline outflow from the perfused mesenteric bed by UPLC. 

Noradrenaline levels in perfusate samples were analyzed using a Waters Acquity UPLC System 

(H Class) consisting of a binary solvent manager, sample manager, column manager and 

fluorescence detector. Pre-column derivatization of samples with benzylamine and 1,2-

diphenylethyleendiamine was conducted439. Separation of noradrenaline was achieved by gradient 

elution using a mixture of acetonitrile and 15 mM acetate buffer (pH 4.5) containing 1 mM 

octanesulfonic acid (sodium salt) on a Waters Acquity UPLC BEH Shield reversed phase column 
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(C18, 2.1 mm ID 100 mm, 1.7 m). The column temperature was 60oC, flow rate 0.7 ml/min and 

the run time was 8 minutes. Excitation and emission wavelength were set at 345 and 480 nm, 

respectively. All data was acquired and analyzed by means of Waters Empower 3 software. 

Noradrenaline and acetonitrile were purchased from Sigma-Aldrich. All chemicals and solvents 

were of analytical grade. All solutions were prepared in ultrapure milliQ water (Millipore MilliQm 

Germany) and filtered over a 0.22 m filter (Millipore, Bedford, USA). A standard curve for 

noradrenaline was obtained each day prior to collection and injection of samples. Analysis was 

done with the operator blinded to sample identity. The lowest detectable level of noradrenaline 

was 4 fmol/50 µl sample. The concentration of noradrenaline in the perfusate samples are shown 

as normalized values due to variation in control values for noradrenaline overflow between 

different preparations. 

2.2.4: Statistics 

All data are expressed as mean ± SEM, n rats used. For repeated measures, two-way 

ANOVA followed by either a Tukey’s multiple comparison post-hoc test (used when there were 

more than two experimental groups) or Šídák method post-hoc test (used when there was two 

experimental groups) was performed. A paired t-test was used in Figure 2.10b. p<0.05 was 

considered statistically significant in all cases. 

2.3: Results  

2.3.1: Characterization of nerve-evoked vasoconstriction in the rat perfused mesenteric 

vascular bed  

 

As shown in the representative trace in Figure 2.1a, stimulation of perivascular nerves 

evoked frequency-dependent increases in perfusion pressure in the endothelium-intact perfused 

mesenteric vascular bed. The mean maximal increase in perfusion pressure at a frequency of 30 

Hz in endothelium-intact mesenteric beds was 97.8 ± 16.2 mmHg (n=4). Three repeated 
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frequency-response curves could be constructed at 30 minute intervals without a significant change 

in amplitude of responses and sensitivity (p>0.05; Figure 2.1b).  

Tetrodotoxin (0.5 μM), a voltage-gated sodium channel inhibitor, abolished responses to 

electrical stimulation, confirming that the frequency-dependent changes in perfusion pressure are 

due to the release of neurotransmitters from nerves and not caused by direct electrical stimulation 

of muscle cells (n=4). In the presence of prazosin (0.1 μM), an α1-adrenoreceptor antagonist, 

nerve-evoked vasoconstriction was significantly inhibited (p<0.05, Figure 2.1c). Thus, under my 

experimental conditions, nerve-evoked responses in the mesenteric bed can be largely accounted 

for by noradrenaline acting on α1-adrenoceptors.  
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Figure 2.1: Vasoconstriction elicited by stimulation of perivascular nerves is frequency-

dependent, time-independent and mediated by the release of noradrenaline from 

perivascular nerves. a) Representative trace of a frequency-response relationship obtained from 

an endothelium-intact perfused mesenteric bed perfused at a constant flow rate. Mean frequency-

response relationships in endothelium-intact perfused mesenteric beds b) time controls, values are 

presented as mean ± SEM, n=6; two-way repeated-measures ANOVA, and c) in the absence and 

presence of prazosin (0.1 μM), values are presented as mean ± SEM, n=4. * denotes p<0.05 from 

control; two-way repeated-measures ANOVA. 

 

Both voltage-dependent and -independent mechanisms can mediate contraction of vascular 

smooth muscle. Perivascular nerves in  rat mesenteric arteries do not express L-type VOCCs but 

rather express N-, P- and Q-type VOCCs440. Therefore, the contribution of voltage-dependent 

influx of Ca2+ through L-type VOCCs to nerve-evoked vasoconstriction in the perfused mesenteric 
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vascular bed was investigated using the selective inhibitor nifedipine. Nifedipine limited nerve-

evoked vasoconstriction in a concentration-dependent manner in endothelium-intact perfused 

mesenteric beds (p<0.05, Figure 2.2a); the effect of 10 μM nifedipine was significantly different 

from that of 1 μM nifedipine at frequencies from 20 through 40 Hz (p<0.05, Figure 2.2a). In 

endothelium-denuded mesenteric beds, nifedipine (10 μM) also significantly reduced nerve-

evoked vasoconstriction (p<0.05; Figure 2.2b). Thus, both voltage -dependent and -independent 

mechanisms appear to contribute to nerve-evoked responses in the rat mesenteric bed, and in line 

with the lack of evidence for VOCC on endothelial cells in the published literature, the effect of 

nifedipine is endothelium-independent. 
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Figure 2.2: Nerve-evoked vasoconstriction is partially dependent on L-type VOCCs. a) Mean 

frequency-response relationships obtained from endothelium-intact perfused mesenteric beds in 

the absence and presence of nifedipine (1 and 10 μM). Values are presented as mean ± SEM, n=4-

10. * denotes p<0.05 from control and # denotes p<0.05 from nifedipine (1 μM); two-way 

repeated-measures ANOVA. b) Mean frequency-response relationships obtained from 

endothelium-denuded perfused mesenteric beds in the absence and presence of nifedipine (10 μM). 

Values are presented as mean ± SEM, n=4. * denotes p<0.05 from control; two-way repeated-

measures ANOVA. 
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2.3.2: Modulation of nerve-evoked vasoconstriction by increases in shear stress in the rat 

perfused mesenteric bed  

 

 Both NO and endothelial SKCa channels have been suggested to mediate the effects of 

shear stress on arterial diameter. Thus, I investigated the contribution of these effectors to shear-

stress-induced, endothelium-dependent modulation of sympathetic vasoconstriction in the 

perfused rat mesenteric bed.  

The role of NO in modulating nerve-evoked vasoconstriction was investigated by perfusing 

preparations with L-NAME, a selective inhibitor of NOS. L-NAME (100 μM) significantly 

enhanced nerve-evoked vasoconstriction at stimulation frequencies from 20 to 40 Hz (p<0.05, 

Figure 2.3a). Additionally, 1H-[1,2,4]oxadiazolo[4,3-a]quinoxalin-1-one (ODQ; 10 μM)), an 

inhibitor of guanylyl cyclase, the downstream target of NO, significantly enhanced nerve-evoked 

vasoconstriction (p<0.05) at stimulation frequencies from 15 to 40 Hz (p<0.05, Figure 2.3c).  

Removal of the endothelium did not alter the frequency-response relationship (Figure 

2.3d) or the magnitude of responses evoked by stimulation of perivascular nerves; the mean 

response ± SEM to a stimulation of 30 Hz in endothelium-intact and denuded arteries was 97.8 ± 

16.2 and 99.6 ± 8.7 mmHg (n=4; p>0.05), respectively. L-NAME was without effect in 

endothelium-denuded mesenteric beds (p>0.05, Figure 2.3d), indicating its actions in potentiating 

nerve-evoked vasoconstriction were most likely due to inhibition of endothelial NOS rather than 

neuronal NOS.  
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Figure 2.3: Nerve-evoked vasoconstriction is modulated by the release of NO from the 

endothelium. a) Mean frequency-response relationships obtained from endothelium-intact 

perfused mesenteric beds in the absence and presence of L-NAME (100 μM). Values are presented 

as mean ± SEM, n=4. * denotes p<0.05 from control; two-way repeated-measures ANOVA. b) 

Representative trace showing a frequency-response relationship obtained from an endothelium-

intact perfused mesenteric bed in the absence and presence of ODQ (10 μM). c) Mean frequency-

response relationships obtained from endothelium-intact perfused mesenteric beds in the absence 

and presence of ODQ (10 μM). Values are presented as mean ± SEM, n=4. * denotes p<0.05 from 

control; two-way repeated-measures ANOVA. d) Mean frequency-response relationships obtained 

from endothelium-denuded perfused mesenteric beds in the absence and presence of L-NAME 

(100 μM). Values are presented as mean ± SEM, n=6; two-way repeated-measures ANOVA. 
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The functional role of SKCa channels in endothelium-dependent modulation of nerve-

evoked vasoconstriction in the perfused mesenteric vascular bed was investigated using apamin, a 

selective inhibitor of SKCa channels. In endothelium-intact mesenteric beds, apamin (50 nM) 

significantly enhanced nerve-evoked vasoconstriction (p<0.05) at frequencies from 10 to 40 Hz 

(p<0.05, Figure 2.4b), but was without effect in endothelium-denuded tissues (p>0.05, Figure 

2.4c). In contrast, inhibition of endothelial IKCa channels with NS 6180 (1 μM) was without effect 

on nerve-evoked responses (p>0.05; Figure 2.4d). Furthermore, the effect of apamin  was not 

additive with that of L-NAME (100 μM), suggesting a link between SKCa channels and 

endothelium-derived NO (Figure 2.5). Thus, while SKCa channels play a significant role in 

limiting nerve-evoked vasoconstriction in the mesenteric bed, IKCa channels do not. This 

difference in their functional importance is likely due to their differing locations within the 

endothelium, as SKCa channels are located on the endothelial luminal membrane118,122,125,130,132,133 

while IKCa channels are located within the MEGJs118,125,130,151,197.  
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Figure 2.4: Inhibition of SKCa channels potentiates nerve-evoked vasoconstriction in the 

endothelium-intact perfused mesenteric bed. a) Representative trace showing a frequency-

response relationship obtained from an endothelium-intact perfused mesenteric bed in the absence 

and presence of apamin (50 nM). b) Mean frequency-response relationships obtained from 

endothelium-intact perfused mesenteric beds in the absence and presence of apamin (50 nM). 

Values are presented as mean ± SEM, n=4. * denotes p<0.05 from control; two-way repeated-

measures ANOVA. c) Mean frequency-response relationships obtained from endothelium-

denuded perfused mesenteric beds in the absence and presence of apamin (50 nM). Values are 

presented as mean ± SEM, n=6; two-way repeated-measures ANOVA. d) Mean frequency-

response relationships obtained from endothelium-intact perfused mesenteric beds in the absence 

and presence of NS 6180 (1 μM). Values are presented as mean ± SEM, n=5; two-way repeated-

measures ANOVA. 
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Figure 2.5: Inhibition of SKCa channels and NOS potentiates nerve-evoked vasoconstriction 

in a non-additive manner in the endothelium-intact perfused mesenteric bed. Mean 

frequency-response relationships obtained from endothelium-intact perfused mesenteric beds in 

the absence and presence of apamin (50 nM), L-NAME (100 μM) and apamin (50 nM) with L-

NAME (100 μM). Values are presented as mean ± SEM, n=5. * denotes p<0.05 from control and 

# denotes p<0.05 from apamin (50 nM) and ^ denotes p<0.05 from L-NAME (100 μM); two-way 

repeated-measures ANOVA. 
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As shown above (Figure 2.2), both voltage -dependent and -independent mechanisms 

underlie nerve-evoked vasoconstriction in the perfused mesenteric bed. Opening of endothelial 

KCa channels leads to hyperpolarization of the membrane potential which spreads to surrounding 

smooth muscle cells to reduce influx of Ca2+ through VOCCs and so is more effective in reversing 

depolarization-mediated smooth muscle contraction than contraction elicited via voltage-

independent mechanisms (i.e. release of Ca2+ from intracellular stores and Ca2+ sensitization). In 

contrast, NO can inhibit smooth muscle contractility through both voltage -dependent (e.g. 

activation of BKCa channels to hyperpolarize the membrane potential to reduce Ca2+ influx though 

VOCCs55–59,79,290,291,164–168) and -independent signaling pathways (e.g. phospholamban 

phosphorylation and phospholipase C166,251,289,441,442). Thus, in the next set of experiments L-

NAME was applied in combination with nifedipine. The rationale for these experiments was that 

in the presence of nifedipine, the remaining nerve-evoked vasoconstriction occurs independently 

of L-type VOCC activity thus, hyperpolarization would not be expected to be an effective 

inhibitory mechanism. As shown above, L-NAME (100 M) significantly potentiated nerve-

evoked vasoconstriction in endothelium-intact mesenteric beds (p<0.05, Figure 2.3a) and was also 

able to do so in the presence of nifedipine (10 μM; p<0.05; Figure 2.6). However, the size of 

responses in the presence of L-NAME and nifedipine was significantly less than with L-NAME 

alone (p<0.05) indicating that endothelium-derived NO limit both the voltage -dependent and -

independent components of nerve-evoked vasoconstriction. 
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Figure 2.6: Block of NO signaling is able to enhance the nifedipine-insensitive component of 

nerve-evoked vasoconstriction. Mean frequency-response relationships obtained from 

endothelium-intact perfused mesenteric beds in the absence and presence of nifedipine (10 μM) 

without and with L-NAME (100 μM). Values are presented as mean ± SEM, n=4. * denotes p<0.05 

from control and # denotes p<0.05 from nifedipine (10 μM); two-way repeated-measures 

ANOVA. 
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2.3.3: Effect of CyPPA on phenylephrine-induced tone in isolated mesenteric arteries 

mounted in a wire myograph  

 

The effects of the SKCa channel activator CyPPA on vascular tone in rat mesenteric arteries 

have not previously been reported. Therefore, before examining its ability to enhance shear stress-

mediated inhibition of nerve-evoked vasoconstriction in the perfused bed, I characterized the 

effects of CyPPA on agonist-evoked increases in tone in arteries mounted under isometric 

conditions in a wire myograph. In these experiments, phenylephrine was used to induce tone as it 

is a selective α1-adrenoceptor agonist whereas noradrenaline can act at multiple adrenoceptors.  

 Concentration-relaxation curves to CyPPA (0.001-30 μM) were constructed in 

endothelium -intact and -denuded arterial segments in which tone was raised with phenylephrine 

(3 μM). In endothelium-intact arterial segments, CyPPA-evoked relaxations were significantly 

reduced by the presence of apamin (50 nM) or L-NAME (100 μM; p<0.05, Figure 2.7). In 

endothelium-denuded arteries, responses to CyPPA were significantly reduced compared to 

endothelium-intact tissues such that relaxation was only observed at the highest concentration of 

30 M (p<0.05, Figure 2.7). Thus, CyPPA-evoked relaxation of phenylephrine-induced tone is 

endothelium-dependent and reliant on both SKCa channel activation and NO. 
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Figure 2.7: CyPPA-mediates endothelium-dependent relaxation through SKCa channel 

activation and NO. Third order mesenteric arteries were mounted in a wire myograph. Mean data 

showing CyPPA-induced relaxation in endothelium-intact isolated rat mesenteric artery segments 

mounted in a wire myograph in the absence (control n=9) and presence of apamin (50 nM; n=9) 

or L-NAME (100 μM; n=9) and in endothelium-denuded (n=4) isolated rat mesenteric artery 

segments. Values are presented as mean ± SEM. * denotes p<0.05 from control; two-way repeated-

measures ANOVA.  
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The effect of CyPPA (5 μM) on phenylephrine-evoked increases in tone was then examined 

in arteries mounted in a wire myograph. This concentration of CyPPA was selected as it evoked 

relaxation which was endothelium-dependent and sensitive to apamin, the inhibitor of SKCa 

channels. Concentration-response curves to phenylephrine (phenylephrine denoted as PE in 

Figure 2.8a and b; 0.001- 100 μM) were constructed in the absence and presence of CyPPA. In 

endothelium-intact arteries, CyPPA did not affect resting tone but significantly reduced increases 

in tone elicited by phenylephrine at concentration of 1-10 μM (p<0.05; Figure 2.8a) causing a 

rightward shift in the concentration-response curve. This effect was blocked by apamin (50 nM) 

or L-NAME (100 μM) (Figure 2.8a). In contrast, in endothelium-denuded arteries, CyPPA did 

not significantly affect phenylephrine-induced increases in tone (p>0.05; Figure 2.8b).  
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Figure 2.8: CyPPA limits phenylephrine-induced increases in tone in an endothelium-

dependent manner. Third order mesenteric arteries were mounted in a wire myograph. a) Mean 

data showing phenylephrine-induced increases in tone in the absence (control n=14) and presence 

of CyPPA (5 μM; n=14) in endothelium-intact without and with L-NAME (100 μM; n=4) or 

apamin (50 nM; n=4). * denotes p<0.05 from control and # denotes p<0.05 from CyPPA (5 μM); 

two-way repeated-measures ANOVA. b) Mean data showing phenylephrine-induced increases in 

tone in the absence and presence of CyPPA (5 μM) in endothelium-denuded isolated rat mesenteric 

artery segments. Values are presented as mean ± SEM, n=5; two-way repeated-measures ANOVA. 
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2.3.4: CyPPA enhances shear stress-induced modulation of nerve-evoked vasoconstriction in 

the rat perfused mesenteric bed 

 

Having demonstrated that SKCa channels play a key role in shear stress-induced modulation 

of sympathetic vasoconstriction in the perfused mesenteric bed (Figure 2.4), I then examined 

whether CyPPA can enhance the effects of shear stress on sympathetic vasoconstriction in the 

perfused mesenteric bed. CyPPA (5 and 10 μM) had no effect on basal perfusion pressure but 

significantly limited nerve-evoked vasoconstriction in endothelium-intact mesenteric beds in a 

concentration-dependent manner (p<0.05, Figure 2.9). For the remaining experiments I used 

CyPPA at a concentration of 5 M as at this concentration, CyPPA had little direct relaxant effect 

(Figure 2.7).  

In contrast, in endothelium-denuded mesenteric beds, CyPPA (5 μM) had no significant 

effect on nerve-evoked vasoconstriction (p>0.05, Figure 2.10a). This is in line with functional and 

histochemical studies demonstrating that SKCa channels are expressed on endothelial but not 

smooth muscle cells in mesenteric arteries125,197. However, whether SKCa channels are located on 

nerves has not been investigated. Rat mesenteric arteries are densely innervated176,185, with 

sufficient amounts of noradrenaline released as can be measured as overflow in the perfusate438 

and so the ability of CyPPA to inhibit the release of noradrenaline from perivascular nerves was 

investigated. Perfusate was collected before and during a 30 Hz stimulation in the absence and 

presence of CyPPA. Noradrenaline overflow was undetectable in the 60 seconds prior to the 30 

Hz stimulation but increased significantly during nerve stimulation, a response which was not 

altered by CyPPA (p>0.05, Figure 2.10b), indicating that reductions in nerve-evoked increases in 

perfusion pressure caused by this agent are not due to an action on perivascular nerves.  
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Figure 2.9: CyPPA enhances shear stress-mediated inhibition of nerve-evoked 

vasoconstriction in the endothelium-intact perfused mesenteric bed. Mean frequency-response 

relationships obtained from endothelium-intact perfused mesenteric beds in the absence and 

presence of CyPPA (5 and 10 μM). Values are presented as mean ± SEM, n=4. * denotes p<0.05 

from control, # denotes p<0.05 from 5 μM CyPPA; two-way repeated-measures ANOVA.  
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Figure 2.10: CyPPA enhances shear stress-mediated inhibition of nerve-evoked 

vasoconstriction in an endothelium-dependent manner. a) Mean frequency-response 

relationships obtained from endothelium-denuded mesenteric beds in the absence and presence of 

CyPPA (5 μM). Values are presented as mean ± SEM, n=4; two-way repeated measures ANOVA. 

b) Mean data showing release of noradrenaline (as measured by UPLC) in the absence and 

presence of CyPPA (5 μM) in endothelium-intact perfused mesenteric vascular beds. Values are 

presented as mean ± SEM, n=4; paired t-test. 

 

 

 

 

 



 61 

To confirm the actions of CyPPA were indeed due to activation of SKCa channels, I used 

apamin, the selective SKCa channel inhibitor. Apamin (50 nM) significantly enhanced nerve-

evoked vasoconstriction when applied alone (as shown in Figure 2.4) and blocked the effect of 

CyPPA (p<0.05, Figure 2.11); responses in the presence of apamin alone in comparison to apamin 

with CyPPA were not significantly different (p>0.05, Figure 2.11). Therefore, the actions of 

CyPPA can be attributed to activation of endothelial SKCa channels.  
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Figure 2.11: CyPPA enhances shear stress mediated inhibition of nerve-evoked 

vasoconstriction through activation of SKCa channels. Mean frequency-response relationships 

obtained from endothelium-intact perfused mesenteric beds in the absence and presence of apamin 

(50 nM) without and with CyPPA (5 μM). Values are presented as mean ± SEM, n=4. * denotes 

p<0.05 from control; two-way repeated-measures ANOVA. 
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The contribution of NO to the actions of CyPPA was investigated using the NOS inhibitor, 

L-NAME, and the soluble guanylyl cyclase inhibitor, ODQ. L-NAME (100 μM) significantly 

enhanced nerve-evoked vasoconstriction when applied alone (as shown above Figure 2.3) and 

inhibited the effects of CyPPA (p<0.05, Figure 2.12a); responses in the presence of L-NAME 

alone in comparison to L-NAME plus CyPPA were not significantly different (p>0.05, Figure 

2.12a). Similarly, ODQ (10 μM) significantly enhanced nerve-evoked vasoconstrictions at 

frequencies from 15 to 40 Hz (p<0.05, Figure 2.12b) and inhibited the effects of CyPPA; 

responses in the presence of ODQ alone in comparison to ODQ plus CyPPA were not significantly 

different (p>0.05, Figure 2.12b). Thus, it appears that the ability of CyPPA to inhibit nerve-evoked 

vasoconstriction in the perfused mesenteric bed is due to activation of SKCa channels and is largely 

dependent on NO. 

As described above, smooth muscle hyperpolarization is more effective at reversing 

increases in tone caused by depolarization, whereas NO is effective against voltage -dependent 

and -independent smooth muscle contraction55–59,79,290,291,164–168,251,443. In my experiments the 

actions of CyPPA are dependent on both SKCa channel activity and NO, thus the importance of 

CyPPA-mediated smooth muscle hyperpolarization to inhibit nerve-evoked vasoconstriction was 

investigated by conducting experiments in the presence of nifedipine. Nifedipine (10 μM) alone 

significantly reduced nerve-evoked vasoconstriction (as shown above Figure 2.2) and in the 

presence of nifedipine, CyPPA was able to significantly reduce the nifedipine-independent 

vasoconstriction (p<0.05, Figure 2.13) indicating that it can inhibit voltage-independent smooth 

muscle contraction, an unexpected finding if CyPPA were acting via hyperpolarization alone.  
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Figure 2.12: The effect of CyPPA on nerve-evoked vasoconstriction is dependent on NO.   

a) Mean frequency-response relationships obtained from endothelium-intact perfused mesenteric 

beds in the absence and presence of L-NAME (100 μM) without and with CyPPA (5 μM). Values 

are presented as mean ± SEM, n=4. * denotes p<0.05 from control; two-way repeated-measures 

ANOVA. b) Mean frequency-response relationships obtained from endothelium-intact perfused 

mesenteric beds in the absence and presence of ODQ (10 μM) without and with CyPPA (5 μM). 

Values are presented as mean ± SEM, n=4. * denotes p<0.05 from control and # denotes p<0.05 

from ODQ (10 μM); two-way repeated-measures ANOVA. 
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Figure 2.13: The ability of CyPPA to inhibit nerve-evoked vasoconstriction is partially 

dependent on L-type VOCCs. Mean frequency-response relationships obtained from 

endothelium-intact perfused mesenteric beds in the absence and presence of nifedipine (10 μM) 

without and with CyPPA (5 μM). Values are presented as mean ± SEM, n=4. * denotes p<0.05 

from control and # denotes p<0.05 from nifedipine (10 μM); two-way repeated-measures 

ANOVA. 
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2.4: Discussion 

Increases in shear stress stimulate an influx of Ca2+ into endothelial cells which leads to 

the production of NO and hyperpolarization of the endothelial cell membrane potential via opening 

of SKCa channels206,318,421–424. My data show that in the perfused mesenteric bed, shear stress-

induced inhibition of sympathetic vasoconstriction is mediated by both NO and SKCa channels. 

Additionally, I found that CyPPA, a small molecule activator of SKCa channels that increases the 

channels sensitivity to Ca2+ 313,437, can enhance the response to shear stress in this preparation. This 

enhancement of shear stress-induced vasodilation by CyPPA occurred at a concentration that 

caused minimal direct vasorelaxation and via a mechanism dependent on endothelium-derived 

NO. These findings indicate that opening of SKCa channels in response to acute increases in shear 

stress may enhance NO bioavailability and support the proposal that activators of these channels 

may have therapeutic potential in enhancing shear stress-induced NO bioavailability in 

cardiovascular disease states420. 

In the experiments described in this chapter, the rat mesenteric bed was perfused at a 

constant luminal flow and the perivascular nerves were stimulated, resulting in vasoconstriction 

that was recorded as increases in perfusion pressure. Stimulation of the sympathetic nerves leads 

to the release of noradrenaline and the co-transmitter ATP, which act on arterial α1-adrenoceptors 

and P2X receptors, respectively176–179,181,184–188. In my experiments, nerve-evoked increases in 

perfusion pressure were abolished by the α1-adrenoceptor antagonist prazosin indicating that these 

responses are mediated by noradrenaline acting on 1-adrenoceptors with little contribution from 

ATP. This is in line with previous studies in which the relative importance of ATP as a functional 

sympathetic neurotransmitter in the rat and porcine mesenteric beds was revealed only when the 

level of preexisting vascular tone or pressure was increased187,188. Furthermore, the removal of the 
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endothelium had no effect on nerve-evoked vasoconstriction, indicating that both vasoconstrictors 

and vasodilators released from the endothelium are modulating these responses.  

Activation of smooth muscle 1-adrenoceptors by noradrenaline results in phospholipase 

C-mediated increases in diacylglycerol and IP3
249,251–255 and membrane depolarization, which 

enhances Ca2+-influx through L-type VOCCs21,51,444. The relative contribution of these voltage-

dependent (VOCC-mediated Ca2+ influx) and -independent (mediated by IP3 and diacylglycerol) 

mechanisms to 1-adrenoceptor-mediated contraction has been shown to vary depending on 

experimental conditions. In isolated hamster skeletal muscle arteries, bath application of the 1-

adrenoceptor agonist phenylephrine (0.1 M), evoked sustained constrictions largely dependent 

on Ca2+ influx through L-type VOCCs, whereas focal application of a high dose (1 mM) of 

phenylephrine in the same preparation generated a local constriction that was independent of 

changes in smooth muscle membrane potential and entirely dependent on IP3
445. Additionally, the 

ability of phenylephrine to cause vasoconstriction in the hind limb vascular bed in vivo was 

reduced by 50% in mice lacking nifedipine-sensitive CaV1.2 as compared to wild-type mice444 and 

nifedipine reduced phenylephrine-mediated vasoconstriction by 35-45% in rat pulmonary arteries 

mounted in an organ bath8. However, these previous studies utilized exogenous 1-adrenoceptor 

agonists and the contribution of voltage-dependent and -independent mechanisms to 

noradrenaline-mediated sympathetic vasoconstriction in resistance arteries has not been widely 

studied.  

In my experiments, inhibition of L-type VOCCs with nifedipine reduced sympathetic 

vasoconstriction at all frequencies. However, >50% of the response remained, indicating that 

voltage-independent mechanisms of smooth muscle contraction are a major contributor to nerve-

evoked vasoconstriction in the rat mesenteric bed. In perfused preparations of the rabbit isolated 
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ileocolic, saphenous and ear arteries, constriction induced by sympathetic nerve stimulation 

(frequencies above 5 Hz) was also found to occur via primarily voltage-independent 

pathways446,447 In addition to nifedipine-sensitive L-type VOCCs, nifedipine-insensitive T-type 

VOCCs have also been identified on vascular smooth muscle cells48–50,61 but, T-type channels have 

a small conductance (~8 pS48) and show low levels of expression in rat mesenteric artery smooth 

muscle cells60.  

The physiological significance of nerve-evoked vasoconstriction being mediated by 

voltage-independent mechanisms is not clear. Depolarization-mediated smooth muscle contraction 

is limited by opening of smooth muscle voltage-gated K+ channels and BKCa channels, both of 

which hyperpolarize the membrane potential26–29,76,448,449 to limit contraction, whereas voltage-

independent contraction does not engage similar “braking” mechanisms. Therefore, the reliance 

of nerve-evoked vasoconstriction on voltage-independent mechanisms of constriction may allow 

for a greater range of response than would be possible if smooth muscle depolarization was the 

only active mechanism for smooth muscle contraction. 

The role of both NO and endothelial KCa channels in mediating endothelium-dependent 

vasodilation to agonists, such as acetylcholine, has been well described in many arteries from 

different species120,149,195,222,450–452. However, while the primary stimulus for in vivo endothelial 

modulation of arterial diameter is increases in shear stress the underlying mechanisms of shear 

stress-induced vasodilation have received less attention. In cultured endothelial cells and isolated 

arterial segments, acute increases in shear stress lead to both the release of NO and the opening of 

SKCa channels206,318,421–424,453 but there appears to be variation between vessels, species and sex in 

terms of the relative contribution of NO and hyperpolarization to the response. For example, 

matching of rat skeletal muscle blood flow to contractile activity depends on the release of NO 
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from the endothelium of feed arteries in response to elevated shear stress caused by dilation of 

downstream arterioles454. In contrast, in hamster cremaster, and rat and mouse mesenteric arteries, 

dilation to acute increases in shear stress are mediated by both NO and endothelial 

hyperpolarization224,455 and shear stress-induced dilation is impaired in carotid arteries from mice 

lacking SK3 channels204. In rat gracilis muscle arterioles, flow-induced dilation is predominantly 

NO-dependent and greater in arterioles from female rats in comparison to male rats456, likely due 

to estrogen-mediated NO production285,456. 

The extent to which shear stress-induced vasodilation is dependent on NO in humans is 

controversial425. Early clinical investigations ascribed a major role for NO in flow-mediated 

dilation457–459 but more recent studies have demonstrated that NO does not fully account for shear 

stress-induced dilation of human brachial and radial arteries460,461 and that in patients with 

hypertension or coronary artery disease, NO bioavailability is diminished462,463 and shear stress-

mediated vasodilation may rely more on endothelial hyperpolarization429,430. This reliance on 

endothelial-dependent hyperpolarization as the dominant flow-induced dilation mechanism in the 

absence of NO has also been shown in rats and sex differences were also discovered during the 

course of these experiments456,464,465. In gracilis muscle arterioles from female and male rats 

lacking eNOS, endothelial-dependent hyperpolarization was the main contributor of flow-induced 

dilation in arteries from females whereas in arteries from male animals, flow-induced dilation was 

mediated by increased release of prostaglandins456,464,465. In humans, it has also been shown that 

estrogen enhances endothelial NOS expression466 and flow-mediated NO-dependent vasodilation 

is significantly impaired in post-menopausal women in comparison to pre-menopausal 

women467,468.   
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Nevertheless, while the contribution of NO and SKCa channel activation to shear stress-

induced vasodilation may be impacted by a variety of factors, none of these previous studies have 

examined the possibility that there is a link between the NO and SKCa channels. In my experiments, 

the NOS inhibitor, L-NAME, and the soluble guanylyl cyclase inhibitor, ODQ, each had no effect 

on basal perfusion pressure but significantly enhanced nerve-evoked vasoconstriction in the 

perfused mesenteric bed, indicating that NO does play an important role in the acute response to 

shear stress but does not regulate basal perfusion pressure in this preparation. This lack of effect 

may be due to the low experimental basal perfusion pressure (on average 5-15 mmHg) in 

comparison to in vivo conditions, where basal mesenteric conductance has been shown to be 

reduced by L-NAME469. Nitrergic nerves also innervate rat mesenteric arteries176,177,180,470 and L-

NAME does not distinguish between NOS isoforms471, but the lack of effect of L-NAME on nerve-

evoked responses in endothelium-denuded preparations indicates that the endothelium is the only 

source of NO modulating nerve-evoked vasoconstriction470.  

The selective SKCa channel inhibitor, apamin, significantly enhanced nerve-evoked 

vasoconstriction in an endothelium-dependent manner, indicating that these channels play an 

important role in the response to shear stress in the rat mesenteric bed. SKCa 

channels118,122,125,130,132,133, together with TRPV4 channels132,133,432,433, are localized to the luminal 

membrane of endothelial cells in rat mesenteric arteries125, an ideal location for activation by the 

localized increases in Ca2+ stimulated by increases in shear stress118,122,130. SKCa channel-mediated 

hyperpolarization of the endothelial membrane potential can spread to the surrounding smooth 

muscle cells via MEGJs to limit vasoconstriction. SKCa channels have also been suggested to play 

a role in the regulation of sympathetic neurotransmission in canine pulmonary arteries472. 

However, as the effect of apamin and CyPPA on nerve-evoked vasoconstriction was endothelium-



 71 

dependent, and activation of SKCa channels by CyPPA did not affect noradrenaline outflow, this is 

unlikely to be the case in the rat mesenteric bed. 

Inhibition of SKCa channels with apamin did not enhance phenylephrine-induced tone in 

endothelium-intact arteries mounted under isometric conditions in the wire myograph (i.e. in the 

absence of flow). This finding supports previous work from our lab that has shown that IKCa, but 

not SKCa, channels mediate endothelial modulation of vascular tone to contractile agonists in 

isolated arteries under static conditions via myoendothelial feedback197. As described in Chapter 

1, flux of IP3 from smooth muscle cells to endothelial cells via MEGJs elicits localized increases 

in Ca2+ 28,197,321,445  leading to the activation of IKCa channels, located at the MEGJs118,125,130,151,197, 

and the production of NO. As SKCa channels are present at the endothelial luminal membrane, and 

not at MEGJs118,122,125,130,132,133, they do not play a role in myoendothelial feedback. In contrast, 

inhibition of IKCa channels had no effect on sympathetic vasoconstriction in the perfused bed, 

indicating that IKCa channel-mediated myoendothelial feedback does not play a role in modulating 

responses to nerve-derived noradrenaline in the intact bed. This is the first demonstration that shear 

stress activates endothelial SKCa channels, and not IKCa channel-dependent myoendothelial 

feedback, to modulate sympathetic vasoconstriction in the intact rat mesenteric bed. 

The effect of apamin on nerve-evoked vasoconstriction was not additive with that of the 

NOS inhibitor, L-NAME, supporting the idea that there is a degree of overlap in these two 

pathways. Additional support for this proposal is provided by the data showing CyPPA limited 

nerve-evoked vasoconstriction in both an apamin- and L-NAME- sensitive manner. Importantly, 

at a concentration of 5 M, CyPPA caused little direct vasorelaxation in vessels mounted static 

conditions yet significantly inhibited sympathetic vasoconstriction in the perfused mesenteric bed 

suggesting that activators of SKCa channels may be able to enhance the availability of shear stress-
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induced NO without causing significant direct vasodilation. Thus, small molecule activators of 

SKCa channels may provide a means to maintain the coupling between physiological stimuli and 

changes in blood flow which is essential for appropriate regulation of tissue perfusion.  

Only a few published studies have demonstrated that CyPPA elicits vascular relaxation. 

For example, in isolated rat uterine arteries, 30 M CyPPA evoked a dilation that was apamin 

sensitive, though the NO- and endothelium- dependence of this effect was not investigated473. 

Additionally, in porcine isolated retinal arteries, CyPPA (1–100 µM) caused concentration-

dependent relaxations of induced tone, with complete reversal of tone observed at 100 M437. As 

in my experiments in rat mesenteric arteries, the responses in porcine retinal arteries were blocked 

by apamin, endothelial removal or inhibition of NO signaling, but only at concentrations up to 

10 M437.  This indicates that responses to lower concentrations (<10 M) of CyPPA are due to 

SKCa channel activation and release of NO, with higher concentrations of CyPPA potentially 

having endothelium-independent actions.  

Although only a few previous studies utilized CyPPA, additional support for a link between 

NO and endothelial SKCa channel activity in modulating arterial diameter has come from studies 

showing other activators of KCa
  channels modulating NO release131 and KCa channel blockers 

attenuating relaxation mediated by endothelium-derived NO116,205. NS309 and 5,6-dichloro- 1-

ethyl-1,3-dihydro-2H-benzimidazol-2-one (EBIO), both activators of SKCa and IKCa channels, 

enhance ATP-induced hyperpolarization, increased cytosolic Ca2+ concentration and stimulated 

NO synthesis in cultured endothelial cells128. NS309 has also been shown to induce NO-dependent 

dilation that was blocked by apamin and TRAM-34 in mesenteric arteries88. Furthermore, 

inhibition of both KCa channels has been shown to block acetylcholine -mediated NO production 

in rat mesenteric arteries126,203. Also, in rat basilar and superior mesenteric arteries, where agonist-
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induced endothelium-dependent vasorelaxation is primarily mediated through the release of NO, 

inhibition of SKCa and IKCa channels reduced smooth muscle hyperpolarization, NO release and 

prevented relaxation116,418. And finally, NO-dependent responses to shear stress and to low 

concentrations of acetylcholine are diminished in carotid arteries from mice lacking SK3 

channels204.  

The mechanism linking activation of SKCa channels and NO production elicited by 

increases in shear stress is unclear. Since endothelial cells do not express VOCCs, the major route 

for Ca2+ entry is through non-selective cation channels, now identified as TRP channels. As 

mentioned above, recent evidence supports a structural link between TRPV4 and SKCa channels 

in endothelial cells318, and activation of SKCa channels in response to both agonists and increases 

in shear stress may be facilitated by TRPV4 channel-mediated Ca2+ influx132,133,432,433. 

Furthermore, endothelial NOS has also been localized to the endothelial luminal membrane within 

caveolae474–476. Thus, the effects of CyPPA  on NO bioavailability could be related to the 

localization of SKCa channels to the luminal surface of endothelial cells in signaling microdomains 

with caveolin-1, endothelial NOS and mechanosensitive TRPV4 channels132,220,241–248,474–476. In 

cultured endothelial cells, increases in shear stress led to the activation of SKCa channel currents 

by Ca2+ influx through TRPV4 channels132. Additionally, in mouse small pulmonary and 

mesenteric arteries and rat carotid arteries, TRPV4 channel activity has been linked to NO 

production and in rat pulmonary arteries, vasodilation to the TRPV4 channel agonist, GSK 

1016790A, was shown to be mediated by NO, SKCa and IKCa channels241,432,477. Therefore, one 

possibility to explain the NO-dependence of CyPPA-mediated effects in the perfused mesenteric 

bed could be that CyPPA evokes SKCa channel-mediated hyperpolarization which enhances 

TRPV4 channel-mediated Ca2+ influx and subsequently, increases NO production.  
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Early studies using cultured endothelial cells indicated that agonist-evoked activation of 

KCa channels was necessary to increase the driving force for agonist-stimulated Ca2+ influx478–480. 

However, in rat mesenteric and porcine retinal arteries, NS309 caused relaxation and NO release 

without an increase in endothelial bulk Ca2+ concentration437,481 and in rat cerebral arteries, dilation 

to 1-EBIO also occurred without a significant change in endothelial Ca2+ levels482. Furthermore, 

in rat mesenteric arteries, agonist-mediated increases in endothelial Ca2+ were not blocked by 

inhibition of SKCa and IKCa channels203,451,483. These observations, combined with the large driving 

force for Ca2+ entry under physiological conditions131, cast doubt on the importance of endothelial 

membrane potential as a modulator of Ca2+ levels. However, the debate has recently been reopened 

by reports that inhibition of SKCa and IKCa channels reduces Ca2+ influx and subsequently, NO 

production, in response to G protein-coupled receptor activation in cultured endothelial cells131, 

and that Ca2+ influx into endothelial cell tubes is enhanced by KCa channel-mediated membrane 

potential hyperpolarization and reduced by depolarization326. Additionally, as it is now apparent 

that endothelial cells display significant compartmentalization of ion channels, receptors and Ca2+ 

stores into specific microdomains484, an alternative scenario is that SKCa channel-mediated 

membrane hyperpolarization facilitates local, spatially restricted increases in Ca2+ within 

specialized microdomains to selectively stimulate eNOS131,326,485 activity in response to enhanced 

shear stress. 

In my experiments, L-NAME abolished the actions of CyPPA in both isolated mesenteric 

arteries mounted under isometric conditions and in the perfused mesenteric bed, supporting the 

proposal that CyPPA’s actions are NO-dependent. NO can regulate the permeability of MEGJs to 

facilitate the spread of hyperpolarization from endothelial to smooth muscle cells486. Evidence 

from experiments using co-cultured endothelial and smooth muscle cells show that NO can directly 
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enhance the permeability of MEGJs, through S-nitrosylation of connexin43 at cysteine 271, which 

may be important for maintaining the open state and permeability of MEGJs486,487. Thus, it is 

possible that inhibition of NO production could impede the spread of CyPPA-stimulated 

hyperpolarization from endothelial to smooth muscle cells. However, the observation that apamin 

was able to further enhance vasoconstriction in the presence of L-NAME suggests that this is likely 

not the case. 

Another possibility is that rather than altering NO production, SKCa channel-mediated 

hyperpolarization could enhance NO bioavailability by modulating production of O2
-. NO interacts 

with O2
- to form ONOO- 389,488 and production of O2

- by NADPH oxidase has been shown to be 

regulated by cell membrane potential126,367,386–388.  Depolarization of the membrane potential of 

endothelial cells stimulates production of O2
- by NADPH oxidase in both intact arteries and 

cultured endothelial cells126,367,386–388, whereas membrane hyperpolarization reduces NADPH 

oxidase-mediated production of O2
- 388. Additionally, in cultured endothelial cells, activation of 

KATP channels to elicit membrane hyperpolarization decreased NADPH oxidase activity388. Also, 

inhibition of SKCa and IKCa channels increased production of O2
- leading to reduced NO 

bioavailability in the rat perfused mesenteric vascular bed126. The membrane potential sensitivity 

of NADPH oxidase has been suggested to be conferred by the binding of Rac1 to the NADPH 

oxidase complex, which has been shown to occur as a result of its phosphorylation induced by 

endothelial membrane depolarization367. CyPPA evokes membrane potential hyperpolarization via 

activation of SKCa channels and so could enhance NO bioavailability by reducing production of 

O2
- by NADPH oxidase. This possibility will be investigated in Chapter 4. 

As described above, nerve-evoked vasoconstriction in the mesenteric bed is mediated by 

voltage -dependent and -independent contractile mechanisms. To limit voltage-dependent 
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contraction, NO, or its downstream effectors, can activate BKCa channels, causing membrane 

potential hyperpolarization to reduce the open probability of VOCCs55–59,79,290,291,164–168 and can 

also elicit protein kinase G-mediated phosphorylation of VOCCs to inhibit their activity directly55–

59. NO can also inhibit voltage-independent contractile pathways by enhancing sarcoendoplasmic 

reticulum Ca2+ ATPase pump activity to increase the rate of Ca2+ uptake into the sarcoplasmic 

reticulum via post-translational modifications of the sarcoendoplasmic reticulum Ca2+ ATPase  

protein389,401,489 or by phosphorylating phospholamban to prevent its inhibitory effect on 

sarcoendoplasmic reticulum Ca2+ ATPase251,441,442. Furthermore, protein kinase G-mediated 

phosphorylation of phospholipase C can also lead to a decrease in IP3 production and subsequently, 

IP3-mediated Ca2+ release166,251,289. Evidence for these effects of NO has largely come from studies 

of isolated vascular smooth muscle cells so their relative contribution to NO-mediated inhibition 

of nerve-evoked vasoconstriction in intact arteries has not previously been investigated. In my 

experiments, the ability of L-NAME to significantly enhance nerve-evoked vasoconstriction in the 

absence and presence of nifedipine indicates that inhibition of sympathetic vasoconstriction by 

endothelium-derived NO may be mediated by effects on both the voltage -dependent and -

independent components of smooth muscle contraction. In contrast to NO, smooth muscle 

membrane hyperpolarization is predominantly effective against contractions due to Ca2+ entry 

through VOCCs490. Thus, the observation that CyPPA was able to limit nerve-evoked 

vasoconstriction at higher frequencies in the presence of nifedipine, supports the proposal that a 

voltage-independent mechanism makes a major contribution to the actions of CyPPA. 

A limitation of using the mesenteric bed in this study is that it does not allow for 

quantification of changes in shear stress. Previous studies have used isolated vessels mounted on 

cannulae to examine the impact of changes in flow on arterial diameter, which has the advantage 
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of allowing quantification of changes in shear stress436. However, interpretation of data obtained 

from this approach can be confounded by the previously described interaction between myogenic 

reactivity and shear stress491. Also, it must be acknowledged that the basal perfusion pressure of 

5-15 mmHg is lower than experienced under physiological conditions and 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, vessel and sex variation, could contribute to the wide range of signaling 

molecules and ion channels which have been implicated in the endothelial response to increases 

in shear stress. As all of these factors can impact vascular responses and thus, future studies are 

required to determine whether these findings are more broadly applicable. 

  To summarize, in the present study I have shown that shear stress-mediated inhibition of 

sympathetic vasoconstriction in the rat perfused mesenteric bed is mediated by both NO and SKCa 

channels. CyPPA, a small molecule activator of SKCa channels313,437, can enhance the response to 

shear stress in this preparation via a mechanism which is dependent on endothelium-derived NO, 

suggesting a link between these two effector pathways so that opening of SKCa channels may 

enhance NO bioavailability. To date, these two pathways have predominantly been regarded as 

separate entities, working in parallel to limit vasoconstriction but my data supports the notion that 

this is not the case and that they may interact to modulate arterial diameter. The localization of 

SKCa channels to the luminal endothelial membrane118,122,125,130,132,133 provides an ideal location for 

their activation by increases in shear stress; increased shear stress stimulates Ca2+ influx into 

endothelial cells (likely via TRPV4 channels132,133,432,433) leading to a rise in Ca2+ locally near the 

luminal endothelial membrane causing SKCa channels to open. By increasing the sensitivity of 
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SKCa channels to Ca2+, CyPPA can selectively enhance the response of the endothelium to shear 

stress.  

 Thus, I have found that instead of myoendothelial feedback, it is shear stress-induced 

activation of SKCa channels and the release of NO that provides an endothelial-dependent 

vasodilatory response to sympathetic vasoconstriction to ensure appropriate distribution of blood 

flow at the level of the intact vascular bed. Together, these findings highlight the role of the 

endothelium in integrating responses from direct mechanical stimuli and nerves to regulate 

vasoconstriction, and also emphasizes the importance of context in defining the mechanisms 

underlying regulation of arterial diameter.  

Finally, as loss of shear stress-induced dilation is associated with the development of 

cardiovascular diseases420, my data supports the proposal that small molecule activators of SKCa 

channels may have therapeutic potential in terms of being able to enhance the bioavailability of 

shear stress-induced NO without causing significant direct vasodilation and so be able to maintain 

the coupling between physiological stimuli and changes in blood flow essential for appropriate 

regulation of tissue perfusion. 
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Chapter 3: Activation of IKCa channels directly inhibits sympathetic 

vasoconstriction in the perfused mesenteric bed 

 
3.1: Introduction 

In Chapter 2, I demonstrated that increases in shear stress activate endothelial SKCa 

channels to limit sympathetic vasoconstriction in the perfused mesenteric bed. The localization of 

SKCa channels to the luminal surface of vascular endothelial cells118,122,125,130,132,133 places them in 

an ideal position for activation by localized increases in Ca2+ stimulated by enhanced shear 

stress118,122,130. In contrast, endothelial IKCa channels are found on the abluminal side of endothelial 

cells at MEGJs118,125,130,151,197, sites of contact between endothelial cells and the surrounding 

smooth muscle cells. As demonstrated by our lab and others197,445, this localization allows IKCa 

channels to play a pivotal role in myoendothelial feedback, the negative feedback pathway by 

which agonist-evoked contraction of smooth muscle cells in resistance arteries is limited by 

reciprocal activation of the endothelium. This work led to the current model for myoendothelial 

feedback in which movement of IP3 from smooth muscle to endothelial cells via MEGJs, generates 

localized IP3dependent Ca2+ transients that activate IKCa channels within myoendothelial 

projections130,197. The resulting release of NO and hyperpolarization of the endothelial membrane 

potential then feeds back to the smooth muscle cells to limit further reductions in vessel 

diameter197. 

This model arose from experiments utilizing the application of 1-adrenoceptor agonists 

to isolated vessels in order to elicit both smooth muscle depolarization to increase Ca2+ influx 

through L-type VOCCs, and generation of IP3 by phospholipase C in a large number, if not all, 

smooth muscle cells197,492. However, sympathetic nerve activity, a major stimulus for 

vasoconstriction in vivo, results in the release of quanta of noradrenaline to act on clusters of 1-

adrenoceptors within spatially restricted post-synaptic regions on a limited number of smooth 
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muscle cells434,435. Furthermore, as demonstrated in Chapter 2, in the intact vasculature, increases 

in shear stress appear to play a major role in stimulating endothelial pathways to modulate 

vasoconstriction. Thus, whether myoendothelial feedback contributes to endothelial modulation 

of sympathetic vasoconstriction in the presence of flow and shear stress has not been investigated. 

Furthermore, the contribution of NO and spread of hyperpolarization from endothelial to 

smooth muscle cells to myoendothelial feedback appears to vary. In hamster skeletal muscle feed 

arteries, spread of IKCa channel-mediated hyperpolarization to limit smooth muscle depolarization 

fully accounts for endothelium-dependent modulation of constriction to the 1-adrenoceptor 

agonist, phenylephrine492. But in rat mesenteric and basilar arteries, IP3/IKCa mediated 

myoendothelial feedback is linked to both hyperpolarization and release of NO197. 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, inhibiting IP3-induced Ca2+ release, and activating K+ channels 

11,165–168,251,289. Thus, as shown previously for acetylcholine -evoked relaxations443, the relative 

importance of hyperpolarization and NO to endothelial modulation of vasoconstriction may reflect 

variations in the contribution of electrical and non-electrical pathways to vasoconstriction. 

The dependence of the effects of shear stress on endothelial SKCa channels, which are not 

involved in the myoendothelial feedback pathway (Chapter 2 and previous studies197,492,493), and 

the reliance of myoendothelial feedback on IKCa channels, provides the opportunity to use selective 

inhibitors of these channels to dissect out the contribution of the two pathways to functional 

vascular responses. Thus, given the importance of both the endothelial response to shear stress and 

sympathetic nerve activity in control of arterial diameter, blood flow and blood pressure, the goal 

of the experiments described in this chapter was to explore the role of the IKCa channel-mediated 
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myoendothelial feedback pathway in limiting sympathetic vasoconstriction in the presence of flow 

and to test the hypothesis that IKCa channel-mediated myoendothelial feedback plays a role in NO-

dependent modulation of sympathetic vasoconstriction. 

 In contracting skeletal muscle, sympathetic vasoconstriction is attenuated in comparison to 

resting muscle in order to ensure adequate blood flow, despite the elevated sympathetic drive494. 

This process, termed functional sympatholysis495, occurs at the level of the vascular smooth 

muscle496 and recent work suggests a role for myoendothelial feedback in blunting sympathetic 

vasoconstriction in human skeletal muscle497. Thus, SKA-31, a putative IKCa channel 

activator121,124, was also used to determine whether activation of IKCa channels can enhance 

myoendothelial feedback to limit vasoconstriction in the perfused bed. 

 As in Chapter 2, I have primarily used the rat mesenteric bed perfused at a constant 

luminal flow such that vasoconstriction leads to increases in shear stress436. Pharmacological tools 

were applied to investigate the contribution of IKCa channels to shear stress-induced modulation 

of sympathetic vasoconstriction.  

3.2: Methods and materials 

See Appendix: Drugs and chemicals for a list of the drugs and chemicals used. 

3.2.1: Perfused mesenteric vascular bed 

The mesenteric bed was perfused via the superior mesenteric artery as previously 

described438. Briefly, the mesenteric vascular bed was separated from the intestine and the superior 

mesenteric artery cleaned of connective tissue, cannulated with a blunted hypodermic needle (20 

G), secured with 5-0 surgical silk (Ethicon) 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 seconds followed by rapid washout with Krebs. The vascular bed was placed on a 
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wire mesh in a warm chamber and perfused with oxygenated Krebs buffer at a constant flow rate 

of 5 mlmin-1 (37°C, bubbled with 95% O2/5% CO2). Changes in perfusion pressure were monitored 

via an in-line pressure transducer (AD instruments, Colorado) and recorded via a PowerLab data 

acquisition system using Chart 5.0 software (AD Instruments, Colorado). In experiments 

conducted with endothelium-denuded preparations, endothelial function was assessed as the 

response to acetylcholine (1 µM) following vasoconstriction with methoxamine (1 µM); tissues in 

which acetylcholine failed to reverse constriction were deemed to be denuded. 

3.2.1.1: 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 minutes, a single 

stimulation (30 Hz, 90 V, pulse width 1 millisecond, 30 seconds) was applied to assess the viability 

of the preparation. After a further 10 minutes, a frequency-response curve was constructed by 

stimulating the preparation at 1-40 Hz (90 V, pulse width 1 millisecond, 30 seconds) at 10 minute 

intervals188. The effects of agents on nerve-evoked vasoconstriction were assessed by perfusing 

the drugs through the lumen of the preparation for 20 minutes prior to constructing a second 

frequency-response curve. In some experiments a third frequency-response curve was constructed 

following washout of the drugs or the perfusion of different drug combinations.  

Nerve-evoked responses recorded in the perfused mesenteric vascular bed are shown as 

normalized values. Changes in perfusion pressure were normalized to the maximum control 

response (%) as is convention in these types of experiments. For all frequency response curves, 

electrical stimulation caused frequency-dependent increases in perfusion pressure (p<0.05). 

3.2.2: Wire myography 

Third order mesenteric arteries were cleaned of adhering tissue and cut into segments (~2 
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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) as previously 

described438. 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 (this was previously determined from active length-tension curves). In some 

experiments, the endothelium was removed by flushing of the mesenteric bed with 0.5% Triton X-

100 in water for 30 seconds followed by rapid washout with Krebs. After an equilibration period 

of 30 minutes, endothelial function was assessed as % relaxation to acetylcholine (3 μM) following 

pre-stimulation with phenylephrine (3 μM; 75% of maximal tone). Arteries in which acetylcholine 

induced >90% reversal of agonist-induced tone were designated as endothelium-intact and tissues 

in which the response to acetylcholine was <10% were deemed to be endothelium-denuded. 

Arteries in which the % reversal of agonist-induced tone elicited by acetylcholine fell between 

these values were discarded.  

3.2.2.1: Concentration-response curves. Cumulative concentration-response curves to SKA-31 

(0.001-30 μM) were constructed in arteries in which tone was raised with phenylephrine (3 μM). 

For all SKA-31 concentration-response curves, SKA-31 caused relaxation in a concentration-

dependent manner (p<0.05). In endothelium-intact arterial segments, SKA-31 concentration-

response curves were constructed in the absence and presence of TRAM-34 (1 μM) or L-NAME 

(100 μM). Cumulative concentration-response curves to SKA-31 (0.001-30 μM) were also carried 

out in endothelium-denuded mesenteric arteries. In all experiments, the level of phenylephrine-

induced tone was matched in the absence and presence of inhibitors and relaxations to SKA-31 

were expressed as % relaxation as is the convention in this type of experiment. 
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Cumulative concentration-response curves to phenylephrine (0.001-100 μM) were 

constructed in the absence and presence of SKA-31 (10 μM) without and with TRAM-34 (1 μM) 

or L-NAME (100 μM) in endothelium-intact isolated mesenteric arteries. Results were expressed 

as % maximal response as is convention for this type of experiment. Phenylephrine increased tone 

in a concentration-dependent manner (p<0.05). 

3.2.3: Confocal immunohistochemistry 

IKCa (IK1) channel distribution was determined using conventional confocal 

immunohistochemistry, performed by Dr. Shaun Sandow, University of the Sunshine Coast. 

Animals were perfused via the left ventricle with a clearance solution (0.1% bovine serum 

albumin, 10 U/ml of heparin and 0.1% NaNO3 in saline), and subsequently fixed with 2% 

paraformaldehyde in 0.1 mM of phosphate buffered saline. To optimize the area visible in the 

narrow internal elastic lamina hole focal region, as potential myoendothelial microdomain 

signaling sites, vessel segments were cut along one lateral plane and pinned out as a flat sheet. 

Tissues were then incubated in phosphate buffered saline with 1% bovine serum albumin, as 

blocking buffer, and 0.2% Triton X-100, for 2 hours at room temperature, rinsed in phosphate 

buffered saline (3 × 5 minutes) and incubated with IK1  (M20 bleed; GlaxoSmithKline) and 

tyrosine hydroxylase (Immunostar, product number 22941) primary antibodies in blocking buffer 

for 18 hours at 4°C. Tissues were then rinsed in phosphate buffered saline (3 × 5 minutes) and 

incubated in secondary antibody (AlexaFluor 633 goat anti rabbit; Invitrogen, A21070; lot 

1,120,101) diluted in 0.01% Triton X-100, for 2 hours, and rinsed in phosphate buffered saline (3 

× 5 minutes), mounted uppermost in anti-fade glycerol and examined using matched settings on a 

confocal microscope (Nikon Eclipse Ti; Nikon, Australia). The specificity of the IK1 antibodies 

used here was previously characterized using tissue from mice lacking IKCa channels, transfected 
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cell lines, Western blotting and additional positive and negative control. The internal elastic lamina 

was visualized using autofluorescence at 488 nm.  

3.2.4: Analysis of noradrenaline levels in perfusate from the mesenteric vascular bed 

The mesenteric vascular bed was placed on a wire mesh and placed in a plastic dish on hot 

a plate (Model HP-A1915B-13, Thermolyne) and maintained at 37°C. The flow rate was 2 mlmin-

1 and the mesenteric bed was stimulated at 30 Hz for 60 seconds. Perfusate was collected for the 

60 seconds before and during the stimulation. Samples were immediately frozen in liquid nitrogen 

and stored at -80oC prior to analysis by UPLC. 

3.2.4.1: Measurement of noradrenaline outflow from the perfused mesenteric bed by UPLC. 

Noradrenaline levels in perfusate samples were analyzed using a Waters Acquity UPLC System 

(H Class) consisting of a binary solvent manager, sample manager, column manager and 

fluorescence detector. Pre-column derivatization with benzylamine and 1,2-

diphenylethyleendiamine was conducted439. Separation of noradrenaline was achieved by gradient 

elution using a mixture of acetonitrile and 15 mM acetate buffer (pH 4.5) containing 1 mM 

octanesulfonic acid (sodium salt) on a Waters Acquity UPLC BEH Shield reversed phase column 

(C18, 2.1 mm ID 100 mm, 1.7 m). The column temperature was 60oC, flow rate 0.7 ml/min and 

the run time was 8 minutes. Excitation and emission wavelength were set at 345 and 480 nm, 

respectively. All data was acquired and analyzed by means of Waters Empower 3 software. 

Noradrenaline and acetonitrile were purchased from Sigma-Aldrich. All chemicals and solvents 

were of analytical grade. All solutions were prepared in ultrapure milliQ water (Millipore MilliQm 

Germany) and filtered over a 0.22 m filter (Millipore, Bedford, USA). A standard curve for 

noradrenaline was obtained each day prior to collection and injection of samples. Analysis was 

done with the operator blinded to sample identity. The lowest detectable level of noradrenaline 
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was 4 fmol/50 µl sample. The concentration of noradrenaline in the perfusate samples are shown 

as normalized values due to variation in control values for noradrenaline overflow between 

different preparations. 

3.2.5: Statistics 

All data are expressed as mean ± SEM, n rats used. For repeated measures, two-way 

ANOVA followed by either a Tukey’s multiple comparison post-hoc test (used when there were 

more than two experimental groups) or a Šídák method post-hoc test (used when there was two 

experimental groups) was performed. Paired t-tests were used in Figure 3.9. p<0.05 was 

considered statistically significant in all cases. 

3.3: Results 

3.3.1: Role of IKCa channels in endothelial modulation of sympathetic vasoconstriction in the 

perfused mesenteric bed 

 

In endothelium-intact mesenteric beds, infusion of noradrenaline (15 M) caused 

vasoconstriction that was significantly enhanced by TRAM-34 (1 M); in the presence of TRAM-

34 the response to noradrenaline was 134.2 ± 10.5 % of control (n=5, p<0.05), indicating that 

myoendothelial feedback can occur in this preparation. In endothelium-denuded arteries, TRAM-

34 was without effect on noradrenaline-evoked constriction (n=4, p>0.05).  

The functional role of IKCa channels in endothelial-dependent modulation of nerve-evoked 

vasoconstriction in the perfused mesenteric bed was investigated using the selective IKCa channel 

inhibitors, TRAM-34 and NS 6180 (1 M). Neither NS 6180 (p>0.05, Figure 3.1a and b) nor 

TRAM-34 (n=5) significantly affected nerve-evoked vasoconstriction. Also, TRAM-34 in 

combination with the SKCa channel inhibitor, apamin (50 nM), did not enhance nerve-evoked 

vasoconstriction more than apamin alone; nerve-evoked responses in the presence of apamin or 

apamin plus TRAM-34 were not significantly different (p>0.05, Figure 3.1c). Thus, IKCa channel-
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mediated myoendothelial feedback does not appear to play a significant role in endothelial 

modulation of nerve-evoked vasoconstriction in the intact mesenteric bed.  

 

 

 

 

Figure 3.1: IKCa channels do not play a role in nerve-evoked vasoconstriction.  

a) Representative trace showing a frequency-response relationship obtained from an endothelium-

intact perfused mesenteric bed in the absence and presence of NS 6180 (1 μM). b) Mean frequency-

response relationships obtained from endothelium-intact perfused mesenteric beds in the absence 

and presence of NS 6180 (1 μM). Values are presented as mean ± SEM, n=5; two-way repeated-

measures ANOVA. c) Mean frequency-response relationships obtained from endothelium-intact 

perfused mesenteric beds in the absence and presence of apamin (50 nM) without and with TRAM-

34 (1 μM). Values are presented as mean ± SEM, n=5. * denotes p<0.05 from control; two-way 

repeated-measures ANOVA. 
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3.3.2: Effect of SKA-31 on phenylephrine-induced tone in isolated mesenteric arteries 

In order to investigate whether activation of IKCa channels can enhance myoendothelial 

feedback, I used the putative IKCa channel opener, SKA-31121,124. As the effects on vascular tone 

in rat mesenteric arteries have not previously been reported, I first characterized the effect of SKA-

31 on phenylephrine-induced tone in isolated arteries mounted under isometric conditions in the 

wire myograph.  

In endothelium-intact arteries, SKA-31 (0.001- 30 μM)-evoked relaxations of 

phenylephrine (3 M)-induced tone were significantly reduced by the presence of TRAM-34 (1 

μM) but unaffected by the NOS inhibitor, L-NAME (100 μM). In endothelium-denuded tissues, 

relaxations to SKA-31 were only observed at concentrations ≥3 M and the maximum response 

was significantly reduced compared to endothelium-intact arteries (p<0.05, Figure 3.2).  
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Figure 3.2: SKA-31-mediates endothelium-dependent relaxation through IKCa channel 

activation. Third order mesenteric arteries were mounted in a wire myograph. Mean data showing 

SKA-31-induced relaxation in endothelium-intact isolated rat mesenteric artery segments mounted 

in a wire myograph in the absence (control n=13) and presence of TRAM-34 (1 μM; n=10) or L-

NAME (100 μM; n=13) and in endothelium-denuded (n=5) isolated rat mesenteric artery 

segments. Values are presented as mean ± SEM. * denotes p<0.05 from control, # denotes p<0.05 

from TRAM-34 (1 μM) and ^ denotes p<0.05 from denuded; two-way repeated-measures 

ANOVA.  

 

 

The effect of SKA-31 (10 μM) on phenylephrine-evoked increases in tone was also 

examined as responses to phenylephrine are limited by IKCa channel-mediated myoendothelial 

feedback. This concentration of SKA-31 was selected as it evoked relaxations which were 

predominantly endothelium-dependent and sensitive to TRAM-34. Concentration-response curves 

to phenylephrine (phenylephrine denoted as PE in Figure 3.3; 0.001- 100 μM) were constructed 

in the absence and presence of SKA-31. In endothelium-intact arteries, SKA-31 did not affect 

resting tone but significantly reduced increases in tone elicited by 1 and 3 μM phenylephrine 

(p<0.05; Figure 3.3) causing a rightward shift in the concentration-response curve to 
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phenylephrine. This effect was blocked by TRAM-34 (1 μM) but not L-NAME (100 μM) (Figure 

3.3).  

 

 

Figure 3.3: SKA-31 limits phenylephrine-induced increases in tone through IKCa channel 

activation in a NO-independent manner. Third order mesenteric arteries were mounted in a wire 

myograph. Mean data showing phenylephrine-induced increases in tone in the absence (control 

n=13) and presence of SKA-31 (10 μM; n=13) without and with L-NAME (100 μM; n=4) or 

TRAM-34 (1 μM; n=4) in endothelium-intact isolated rat mesenteric artery segments. Values are 

presented as mean ± SEM. * denotes p<0.05 from control, # denotes p<0.05 from SKA-31 (10 

μM) and ^ denotes p<0.05 from SKA-31(10 μM) with L-NAME (100 μM); two-way repeated-

measures ANOVA.  
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3.3.3: Effect of SKA-31 on sympathetic vasoconstriction in the rat perfused mesenteric bed  

SKA-31 (1-10 μM) had no effect on basal perfusion pressure but SKA-31 (10 μM) 

significantly reducing nerve-evoked vasoconstriction at frequencies from 15 to 40 Hz (p<0.05, 

Figure 3.4b); lower concentrations of SKA-31 (1 and 5 M) did not affect responses (p>0.05, 

Figure 3.4a).  

NS 6180 (1 μM), a selective IKCa channel blocker had no effect on basal perfusion pressure 

but prevented the effects of SKA-31 (10 M) so that responses were not significantly different to 

control (p>0.05, Figure 3.4c), indicating that SKA-31 does exert its effects on nerve-evoked 

constriction through activation of IKCa channels. 
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Figure 3.4: SKA-31 limits nerve-evoked vasoconstriction through IKCa channel activation. 

a) Mean frequency-response relationships obtained from endothelium-intact perfused mesenteric 

beds in the absence and presence of SKA-31 (1 and 5 μM). Values are presented as mean ± SEM, 

n=4; two-way repeated-measures ANOVA. b) Mean frequency-response relationships obtained 

from endothelium-intact perfused mesenteric beds in the absence and presence of SKA-31 (10 

μM). Values are presented as mean ± SEM, n=4. * denotes p<0.05 from control; two-way repeated-

measures ANOVA. c) Mean frequency-response relationships obtained from endothelium-intact 

perfused mesenteric beds in the absence and presence of NS 6180 (1 μM) without and with SKA-

31 (10 μM). Values are presented as mean ± SEM, n=5; two-way repeated-measures ANOVA. 
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To investigate if inhibition of nerve-evoked vasoconstriction by SKA-31 was mediated by 

NO, SKA-31 (10 M) was applied in the presence of L-NAME (100 M). As shown in Chapter 

2 (Figure 2.3), L-NAME significantly enhanced nerve-evoked vasoconstriction in endothelium-

intact mesenteric beds at frequencies from 20 to 40 Hz (p<0.05, Figure 3.5). In the presence of L-

NAME, SKA-31 was still able to inhibit nerve-evoked responses at frequencies of 20 to 40 Hz 

(p<0.05, Figure 3.5). 

 

 

 

Figure 3.5: Inhibition of nerve-evoked vasoconstriction by SKA-31 is not mediated by NO. 

Mean frequency-response relationships obtained from endothelium-intact perfused mesenteric 

beds in the absence and presence of L-NAME (100 μM) without and with SKA-31 (10 μM). Values 

are presented as mean ± SEM, n=4. * denotes p<0.05 from control, # denotes p<0.05 from L-

NAME (100 μM); two-way repeated-measures ANOVA. 
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As shown in Chapter 2 (Figure 2.2 and 2.3), nerve-evoked vasoconstriction is mediated 

by both voltage -dependent and -independent pathways of smooth muscle contraction. If inhibition 

of nerve-evoked vasoconstriction by SKA-31 is mediated by spread of hyperpolarization from 

endothelial to smooth muscle cells, then it would be expected that it would be most effective 

against contractions due to Ca2+ entry through VOCCs490 rather than voltage-independent smooth 

muscle mechanisms. Thus, the ability of SKA-31 to inhibit nerve-evoked vasoconstriction in the 

presence of the L-type VOCC inhibitor, nifedipine, was investigated. The rationale for these 

experiments was that in the presence of nifedipine, vasoconstriction would be due to voltage-

independent mechanisms and so SKA-31 would be less effective at limiting nerve-evoked 

vasoconstriction. As shown in Chapter 2 (Figure 2.2), nifedipine (10 μM) significantly reduced 

nerve-evoked vasoconstriction at 30 and 40 Hz in comparison with control (p<0.05, Figure 3.6).  

In the presence of nifedipine, SKA-31 (10 μM) significantly reduced responses compared to 

control at frequencies of 15 to 40 Hz (p<0.05) and compared to nifedipine alone at the 30 and 40 

Hz frequencies (p<0.05, Figure 3.6).  
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Figure 3.6: SKA-31 inhibits the voltage-independent component of nerve-evoked 

vasoconstriction. Mean frequency-response relationships obtained from endothelium-intact 

perfused mesenteric beds in the absence and presence of nifedipine (10 μM) without and with 

SKA-31 (10 μM). Values are presented as mean ± SEM, n=4. * denotes p<0.05 from control and 

# denotes p<0.05 from nifedipine (10 μM); two-way repeated-measures ANOVA. 

 

 

The ability of SKA-31 to inhibit nerve-evoked vasoconstriction in the presence of 

nifedipine indicates that a mechanism other than hyperpolarization may underlie its effects on 

smooth muscle contractility. Thus, I investigated whether SKA-31 could influence 

vasoconstriction in endothelium-denuded preparations. SKA-31 (10 M) significantly reduced 

nerve-evoked vasoconstriction (p<0.05, Figure 3.7) in endothelium-denuded mesenteric beds. 
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Figure 3.7: SKA-31 limits nerve-evoked vasoconstriction in an endothelium-independent 

manner. Mean frequency-response relationships obtained from endothelium-denuded mesenteric 

beds in the absence and presence of SKA- 31 (10 μM). Values are presented as mean ± SEM, n=4.  

* denotes p<0.05 from control; two-way repeated-measures ANOVA. 

 

As our lab has previously demonstrated that IKCa channels are present only in endothelial 

cells of rat mesenteric arteries197, I investigated whether the inhibitory effects of SKA-31 on nerve-

evoked vasoconstriction in the perfused mesenteric bed were due to activation of IKCa channels 

located on perivascular nerves to reduce the amount of noradrenaline released during nerve 

stimulation. Confocal immunohistochemistry of whole vessel mounts of third order mesenteric 

arteries were incubated with either antibodies specific for IK1 channels or tyrosine hydroxylase, 

the latter being the rate-limiting enzyme in catecholamine biosynthesis and used to identify 

sympathetic nerves498. Though overlay was not possible due to technical issues, the images in 

Figure 3.8 clearly demonstrate the localization of IKCa channels on sympathetic perivascular 

nerves.  
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Figure 3.8: IKCa channels are localized on the rat mesenteric artery sympathetic perivascular 

plexus. Confocal immunohistochemistry demonstrates A) tyrosine hydroxylase (TH; a marker for 

sympathetic neurons) and B) IK1 (IKCa channels) labelling of the adventitial perivascular plexus 

(example fibres arrowed). n=6; bar, 50 μm. Confocal imaging by Dr. Shaun Sandow, University 

of the Sunshine Coast, Australia. 

 

To determine if activation of IKCa channels localized to perivascular sympathetic nerves 

could be regulating noradrenaline release, noradrenaline overflow following nerve stimulation was 

assessed by UPLC. Perfusate was collected before and during a 60 second 30 Hz stimulation in 

the absence and presence of SKA-31 (10 μM). Noradrenaline overflow was found to be 

undetectable in the 60 seconds prior to the 30 Hz stimulation and increased during stimulation. 

Noradrenaline overflow showed no significant change over three consecutive stimulations at 20 

minute intervals (p>0.05, Figure 3.9a) but in the presence of SKA-31 (10 μM), noradrenaline 

overflow was significantly reduced (p<0.05, Figure 3.9b). Perfusate before and during a 30 Hz 

stimulation was also collected in the absence and presence of SKA-31 plus NS 6180 (1 μM). NS 

6180 blocked the reduction in noradrenaline mediated by SKA-31 so that noradrenaline release in 

the presence of SKA-31 with NS 6180 was not significantly different to control (p>0.05, Figure 
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3.9c). Thus, the effects of SKA-31 on nerve-evoked vasoconstriction could be mediated by the 

activation of neuronal IKCa channels to inhibit noradrenaline release. 

 

 

 

 

Figure 3.9: SKA-31 reduces noradrenaline release from perivascular nerves of rat 

mesenteric beds. a) Mean data showing release of noradrenaline (as measured by UPLC) in the 

absence of drugs in endothelium-intact perfused mesenteric vascular beds. Values are presented 

as mean ± SEM, n=6; paired t-test. b) Mean data showing release of noradrenaline (as measured 

by UPLC) in the absence and presence of SKA-31 (10 μM) in endothelium-intact perfused 

mesenteric vascular beds. Values are presented as mean ± SEM, n=5. * denotes p<0.05 from 

control; paired t-test. c) Mean data showing release of noradrenaline (as measured by UPLC) in 

the absence and presence of NS 6180 (1 μM) and SKA-31 (10 μM) in endothelium-intact perfused 

mesenteric vascular beds. Values are presented as mean ± SEM, n=5; paired t-test. 
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3.4: Discussion  

Endothelial IKCa channels are located on the abluminal side of endothelial cells at 

MEGJs118,125,130,151,197, the sites of contact between endothelial and surrounding smooth muscle 

cells, where they play a pivotal role in limiting agonist-mediated vasoconstriction via 

myoendothelial feedback130,197. Here in Chapter 3, I have shown that IKCa channels are not 

involved in shear stress-induced endothelial-dependent modulation of sympathetic 

vasoconstriction in the perfused mesenteric bed. SKA-31, an activator of IKCa channels, can inhibit 

nerve-evoked vasoconstriction in this preparation but this effect is independent of the endothelium 

and appears to be due to the activation of neuronal IKCa channels to reduce noradrenaline release. 

This is the first description of a role for IKCa channels in the release of noradrenaline from 

perivascular sympathetic nerves in resistance arteries and suggest that targeting these channels 

could provide a novel approach to reducing vasoconstriction in conditions associated with 

increased sympathetic drive, such as hypertension174,499,500.  

As described earlier, the reliance of myoendothelial feedback on IKCa channels and the 

availability of selective inhibitors for these channels, provides the opportunity to dissect the 

contribution of this pathway in functional vascular responses118,125,130,151,197,493. The inhibition of 

IKCa channels by TRAM-34, causes endothelium-dependent enhancement of both phenylephrine-

evoked increases in tone in isolated mesenteric arteries and vasoconstriction to infusion of 

noradrenaline in the perfused mesenteric bed. Thus, IKCa channel-mediated myoendothelial 

feedback is functional in these arteries. The lack of effect of TRAM-34 and a second selective IKCa 

channel inhibitor, NS 6180, on nerve-evoked vasoconstriction indicates that these channels, and 

by extension the myoendothelial feedback pathway, are not involved in modulating sympathetic 

vasoconstriction in this preparation. Thus, as described in Chapter 2, it appears that shear stress-
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induced activation of endothelial SKCa channels is the dominant mechanism for engagement of the 

endothelium to limit sympathetic vasoconstriction. 

The reason for the differential functional roles of the two types of endothelial KCa channels 

may be explained by their discrete locations within endothelial cells. As described in Chapter 2, 

SKCa channels are located on the luminal membrane of endothelial cells118,122,125,130,132,133 whereas 

IKCa channels are located at MEGJs118,125,130,151,197. Increases in shear stress lead to Ca2+ influx 

through TRPV4 channels, which are co-localized with SKCa channels and caveolin-1 in discrete 

signalling microdomains on the luminal endothelial cell membrane132,220,241–248,474–476. The location 

of IKCa channels at MEGJs118,125,130,151,197 may mean that they are not exposed to shear stress-

mediated localized increases in Ca2+ at the luminal membrane and so are unable to participate in 

the subsequent endothelial modulation of nerve-evoked vasoconstriction. This conclusion is 

supported by previous work showing that responses to increases in shear stress are unaltered in 

isolated carotid arteries from IK1-/- mice whereas arteries from animals lacking both SKCa and IKCa 

channels had diminished shear stress-induced responses204. 

SKA-31 enhances the sensitivity of IKCa channels to Ca2+ 121,124,437 to induce TRAM-34-

sensitive hyperpolarization in isolated endothelial cells from canine mesenteric and mouse carotid 

arteries124,316, and to activate IKCa channel currents in isolated murine endothelial cells121,316. Given 

this mechanism of action, I proposed that although IKCa channels may not be involved in 

modulating nerve-evoked vasoconstriction, SKA-31 may be able enhance IKCa channel activity in 

order to limit nerve-evoked vasoconstriction. As the effects of SKA-31 have not been investigated 

in rat mesenteric arteries, I first examined its actions in isolated mesenteric arteries and showed 

that it evoked relaxations which are dependent on the endothelium and IKCa channels, but 

independent of NO. These findings are in line with previous studies showing that SKA-31 dilates 
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rat cerebral314, skeletal muscle arterioles316 and mouse mesenteric arteries501, effects which were 

dependent on IKCa channels but not affected by block of NOS. Furthermore, bolus doses of SKA-

31 caused NO-independent dilation of rat coronary arteries in the intact heart502, and L-NAME did 

not affect vasodilation to NS309, a structurally-related SKCa/IKCa channel activator, in rat 

cremaster and small mesenteric arteries128,205.  

SKA-31 activates IKCa channels, with an EC50 value of 0.26 μM, it can also activate SKCa 

channels, with an EC50 value of 2.9 μM, showing a 10-fold lower potency for SKCa channels316. In 

canine mesenteric artery endothelial cells, SKA-31-evoked KCa currents and membrane 

hyperpolarization that were sensitive to both TRAM-34 and the SKCa channel inhibitor, UCL 

1684124. SKCa channels have also been shown to contribute to the effects of SKA-31 on arterial 

diameter as block of SKCa channels by apamin or UCL1684, inhibited the ability of SKA-31  to 

dilate myogenically active rat cremaster, middle cerebral arteries314, and pressurized mouse 

mesenteric arteries501. In the present study, SKA-31-evoked responses were abolished by TRAM-

34 and NS 1680 and were shown to be endothelium-independent, the role of SKCa channels was 

not investigated.  

Bolus doses of SKA-31 caused immediate and transient reductions in blood pressure in 

anesthetized pigs503 and conscious mice and dogs121,124,316. This effect was also seen in mice lacking 

SKCa channels204 and mouse models of hypertension121, but was lost in mice lacking IKCa 

channels121. These effects of SKA-31 are hypothesized to be due to direct actions on blood vessels 

and in vitro studies have largely focused on its ability to cause dilation in isolated arteries. 

However, other than the demonstration that SKA-31 does dilate the coronary vasculature in 

isolated hearts315,502, there is limited information on its effects in intact vascular beds thus, the use 

of the rat perfused mesenteric vascular bed in this chapter allowed for the novel investigation of 



 102 

SKA-31’s effects at the level of the intact mesenteric bed. This is an important gap in our 

knowledge as in anesthetized pigs, vascular conductance in coronary and carotid arteries was 

increased in response to SKA-31 but renal conductance was unaffected503, suggesting that its 

effects may not be uniform across the entire vasculature.  

In the perfused mesenteric bed, SKA-31 (10 M) reduced sympathetic vasoconstriction in 

a TRAM-34- and NS 6180- sensitive manner but its effects were NO- and endothelium- 

independent. Also, inhibition of vasoconstriction was observed in the presence of nifedipine, to 

block the contribution of L-type VOCCs to vasoconstriction. This was an unexpected result for 

two reasons. First, we and others have shown that IKCa channels are localized on endothelial but 

not smooth muscle cells of rat mesenteric arteries118,125,130,151,197. IKCa channels have been shown 

to be present on proliferating vascular smooth muscle cells173,504–509, with their expression 

upregulated by growth factors505,510 but only two reports describe IKCa channels in vascular smooth 

muscle cells of intact arteries, one in human chorionic plate arteries511 and the other in rat middle 

cerebral arteries512, and neither demonstrated a functional role for these channels in mediating 

vasodilation. Furthermore, although NS 6180 and TRAM-34 had no effect on nerve-evoked 

vasoconstriction, TRAM-34 did enhance noradrenaline-evoked vasoconstriction in the perfused 

bed in an endothelium-dependent manner, indicating that the myoendothelial feedback pathway is 

functional in this vascular bed. These findings are in contrast to the human skeletal muscle 

vasculature where myoendothelial feedback plays a significant role in blunting sympathetic 

vasoconstriction497. 

Second, my data on the effects of SKA-31 on isolated arteries described above, and in the 

published literature116,121,124,148,204,314,316,502,503, support the notion that SKA-31 causes vascular 

relaxation of isolated arteries via endothelium-dependent hyperpolarization of the surrounding 
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smooth muscle to inhibit L-type VOCC-mediated Ca2+ influx. The only report to potentially 

contradict this notion demonstrates that intraperitoneal injection of SKA-31 reduced mean arterial 

blood pressure in mice lacking connexin40316. This connexin is an essential component of MEGJs 

in a number of vessels513,514 thus, 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), although 

the mediator of this response was not determined316. 

  A possible explanation for the endothelial-independent effects of SKA-31 on nerve-evoked 

vasoconstriction in the perfused bed versus its predominantly endothelium-dependent effects in 

isolated arteries, is that SKA-31 activates IKCa channels on sympathetic nerves to hyperpolarize 

neuronal membrane potential and reduce noradrenaline release. IKCa channels are localized on 

specific neurons in the rat, mouse, guinea-pig and human enteric nervous system152–156 where they 

mediate the slow after-hyperpolarization following an action potential but to date, there are no 

reports of these channels on perivascular nerves. Our lab has previously demonstrated that 

noradrenaline released by stimulation of perivascular nerves can be measured in the perfusate of 

the perfused rat mesenteric bed and that those levels can be modulated by pharmacological agents 

which act as sympathomimetics438. Using this approach, I demonstrated that SKA-31 did inhibit 

noradrenaline overflow and that this effect was prevented by NS 6180. Furthermore, confocal 

immunohistochemistry using antibodies specific for IK1 channels and tyrosine hydroxylase, the 

rate-limiting enzyme in catecholamine biosynthesis used to identify sympathetic nerves498, 

demonstrated that IKCa channels are localized to perivascular nerves in mesenteric arteries. While 

overlay was not  possible, there is no parasympathetic innervation of rat mesenteric arteries and 

the sensory plexus are sparse and distinct from sympathetic nerves176,179.  
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A neuronal site of action for SKA-31 or other SKCa/IKCa channel openers has not previously 

been considered. The lack of effect of TRAM-34 on sympathetic vasoconstriction suggests that 

IKCa channels do not play a role in regulating noradrenaline release under normal conditions. 

However, stimulation of perivascular nerves leads to depolarization of the neuronal membrane 

potential which causes Ca2+-influx through neuronal VOCCs (N-, P- and Q-type440) and thus, 

SKA-31 may act by sensitizing neuronal IKCa channels to the increased levels of Ca2+. L-type 

VOCCs are co-localized with BKCa channels in smooth muscle cells152, and both with BKCa and 

SKCa channels in central nervous system neurons515 but the potential for such interactions between 

IKCa channels and VOCCs in perivascular sympathetic nerves has yet to be investigated. 

Interestingly, TRPC3 channels, which have been identified as a mediator of Ca2+ influx for 

activation of SKCa and IKCa channels in endothelial cells256,257,516,517, have also been localized to 

perivascular nerves in mesenteric arteries256, Their role has not been determined but they could 

serve as an important Ca2+ source for these neuronal IKCa channels. 

To conclude, in isolated mesenteric arteries, endothelial IKCa channels are crucial for 

engagement of the endothelium through myoendothelial feedback to limit agonist-evoked 

vasoconstriction but these channels do not appear to play a functional role in modulating nerve-

evoked vasoconstriction in the perfused mesenteric bed. Nevertheless, activation of IKCa channels 

by SKA-31 does limit vasoconstriction most likely via inhibition of noradrenaline release from 

sympathetic nerves. Targeting IKCa channels as a novel strategy for treatment and/or prevention 

of cardiovascular diseases has been proposed and SKA-31, a IKCa channel activator, has been 

suggested as an agent which may improve endothelial function121,148,316. For example, SKA-31 

was able to enhance acetylcholine-mediated dilations in pressurized carotid arteries from mice 

lacking eNOS, indicating that increased IKCa channel activity may be able to overcome impaired 
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endothelium-dependent vasodilation due to the absence of NO148. However, although SKA-31 can 

cause endothelium-dependent relaxation of rat isolated mesenteric arteries, in the perfused 

mesenteric bed, its primary action appears to be inhibition of noradrenaline release from 

sympathetic nerves. Thus, while IKCa channels may be a valid target to limit vasoconstriction, 

increased activation of these channels may involve both endothelium-dependent and -independent 

actions. The data presented in this chapter provides the first description of a role for IKCa channels 

in modulating release of noradrenaline from perivascular sympathetic nerves and indicates that 

targeting of these channels could provide a new approach to reducing vasoconstriction in 

conditions associated with increased sympathetic drive, such as hypertension174,499,500. 
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Chapter 4: Effects of activators of SKCa and IKCa channels on agonist-induced 

O2
- production and vasoconstriction in isolated mesenteric arteries 

 

4.1: Introduction 

As described in Chapter 1, endothelium-derived NO plays a vital role in regulating normal 

vascular function and endothelial damage associated with risk factors for cardiovascular diseases, 

such as diabetes, hypertension and atherosclerosis, is characterized by increased production of O2
- 

and decreased NO bioavailability268,328–336. Attempts to reduce O2
- levels through the use of dietary 

anti-oxidants, such as vitamins B, C and E,` have failed in clinical trials337–342, most likely due to 

their inability to reach a high enough concentration in the vasculature and/or within endothelial 

cells. Therefore, there is the need to identify new targets for therapeutic approaches to reduce O2
- 

levels and enhance NO bioavailability in cardiovascular disease settings. 

Numerous changes have been proposed to contribute to endothelial dysfunction but a 

common mechanism appears to be enhanced O2
- production leading to decreased NO 

bioavailability and NOS expression518, and increased synthesis of endothelium-derived contractile 

factors such as thromboxanes518–521. Elevated O2
- levels rapidly diminish NO bioavailability and 

generate excessive amounts of ONOO-, an oxidant that accelerates cardiovascular disease 

progression by causing structural damage to vascular cells, inhibiting prostacyclin synthesis, 

disrupting NO signaling and increasing O2
- production through oxidation of the endothelial NOS 

co-factor, BH4; in the absence of BH4, endothelial NOS becomes uncoupled and reduces molecular 

oxygen to generate O2
- rather than NO266–270,521.  

Treatment of hypercholesteraemic and diabetic animals with statins or angiotensin receptor 

blockers522,523 reduces the activity and expression of NADPH oxidase and “recouples” endothelial 

NOS by preventing BH4 oxidation524,525. Statins and angiotensin receptor blockers have also been 

shown to improve endothelial function and to reduce the incidence of cardiovascular events in 



 107 

patients with cardiovascular diseases526,527. Thus, the development of new drugs which possess 

indirect antioxidant properties, mediated by the enhancement of NO production and simultaneous 

inhibition of O2
- generation (e.g. from NADPH oxidase), is an attractive proposition for 

cardiovascular disease prevention and therapy. I propose that drugs which activate SKCa and IKCa 

channels may fall into this category. 

NO bioavailability is determined by the balance between production of NO by endothelial 

NOS and its interaction with O2
-. In numerous disease models, reduced NO bioavailability is 

associated with upregulation of expression and activity of NADPH oxidase332–336,383,528, a voltage-

sensitive enzyme which generates O2
- by transferring electrons from cytosolic NADPH to 

extracellular oxygen126,367,368,371,372,374,386–388,529. In isolated endothelial cells, membrane 

depolarization activates NADPH oxidase, either directly or via Akt387,529. In this setting, drugs 

which open KATP channels attenuate both the membrane depolarization and O2
- production, 

indicating that endothelial cell membrane potential can regulate O2
- production387,529.  

 As discussed previously, opening of SKCa and IKCa channels mediates vasodilation through 

hyperpolarization of the endothelial membrane potential which spreads to surrounding smooth 

muscle cells via MEGJs80,84,85,100,116–131,148–151,197,202. Activators of these channels have been shown 

to elicit NO-mediated relaxation and to enhance NO production116,126,128,131,203–205. Also, in 

Chapter 2, I demonstrated that the SKCa channel opener CyPPA, elicits endothelium-mediated 

relaxation in isolated rat mesenteric arteries and enhances shear stress-induced inhibition of nerve-

evoked vasoconstriction in the perfused mesenteric bed, both through a NO-dependent mechanism. 

Our lab has previously shown that endothelial depolarization inhibits agonist-evoked, NO-

mediated relaxation of rat basilar arteries, an effect that was overcome by the KATP  channel opener, 

pinacidil418. Furthermore, we and others, have demonstrated that the membrane potential of 
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endothelial cells in tail530 and mesenteric arteries531–533 from cardiovascular disease rat models are 

depolarized compared to controls. We have also shown NO-mediated relaxations are attenuated in 

these depolarized vessels and that these effects can be reversed by the SKCa/IKCa channel opener, 

1-EBIO534. Thus, it is possible that the opening of endothelial KCa channels to elicit 

hyperpolarization could lead to a decrease in O2
- production by voltage-sensitive NADPH oxidase 

and thus, an increase in NO bioavailability.  

The goal of this, and the following chapter, was to further explore the relationship between 

endothelial KCa channels, O2
- production and diameter in intact arteries, and to test the hypothesis 

that pharmacological activators of endothelial KCa channels can reduce vascular O2
- production 

and enhance NO-mediated modulation of vasoconstriction.  

To test this hypothesis, I utilized isolated endothelium-intact mesenteric resistance arteries 

mounted in a pressure myograph coupled to a fluorescence detection system (IonOptix) for 

simultaneous measurement of changes in arterial diameter and O2
- production using 

dihydroethidium (DHE), a dye that interacts with O2
- to form 2-hydroxyethidium (EOH) which 

fluoresces when bound to deoxyribonucleic acid (DNA)349,535–540. The effects of CyPPA and SKA-

31 on phenylephrine-evoked O2
- production and vasoconstriction were assessed to investigate if 

increased activation of endothelial KCa channels can modulate vascular O2
- levels and endothelial 

modulation of arterial diameter.  

I chose to use this approach as vasoconstriction of mesenteric arteries elicited by 1-

adrenoceptor agonists has been associated with increases in O2
-347–349 and, as stated earlier, a 

primary role of the endothelium in vivo is to modulate vasoconstriction. Also, constriction of rat 

mesenteric arteries to phenylephrine is modulated by endothelium-derived NO130,197. Thus, 
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changes in O2
- levels may lead to changes in the bioavailability of NO and subsequently, alterations 

in phenylephrine-evoked vasoconstrictor responses. 

4.2: Methods and materials 

See Appendix: Drugs and chemicals for a list of the drugs and chemicals used. 

4.2.1: Simultaneous assessment of O2
- production and changes in arterial diameter in intact 

arteries  

Real-time assessment of changes in O2
- production and diameter were carried out in 

mesenteric resistance arteries loaded with DHE and mounted in a pressure myograph (Danish Myo 

Technology (DMT) 110P model, Aarhus, Denmark) placed on an inverted microscope (AE30-31, 

Motic Instruments Inc. Canada) fitted with an Eiscopic-Fluorescence Attachment (EF-INV-11).  

4.2.1.1: Pressure myography. Leak-free segments of third or fourth order mesenteric arteries (2-

3 mm in length) were cleaned of adhering connective tissue and mounted between two glass 

cannulae in an arteriograph chamber (DMT 110P model, Aarhus, Denmark) under conditions of 

no luminal flow. The glass cannulae (borosilicate glass with OD of 1.2 mm and ID of 0.69 mm) 

were fabricated using a Flaming/Brown micropipette puller (Model P87; Sutter Instruments, 

Novato, USA) and flame polished. In some experiments, the endothelium was removed by gently 

rubbing the lumen of individual arteries with a hair. 

The arteriograph was placed on the stage of an inverted microscope (AE30-31, Motic 

Instruments Inc. Canada). Vessels were maintained in Krebs buffer at 37oC (pH 7.4) continuously 

bubbled with 95% O2, 5% CO2. Intravascular pressure was maintained via a pressure controller 

(DMT 110P model, Aarhus, Denmark) and vessel images were captured using a CCD video 

camera (CFA300 Cell Framing Adapter, Ionoptix MyoCam). Vessels were loaded with DHE (see 

below) and upon excitation at 535 nm, fluorescence of EOH bound to DNA at 610 nm was captured 
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via an Eiscopic-Fluorescence Attachment (EF-INV-11) and an IonOptix Fluorescence System 

Interface, and recorded using IonWizard 6.2 (IonOptix, Massachusetts, USA) software.  

To avoid the development of myogenic tone, arterial segments were held at an intravascular  

pressure of 60 mmHg (mean resting diameter at this pressure was 208.45 ± 6.3m, n=5) for 20 

minutes before being tested for viability through the addition of phenylephrine (3 μM)  to cause 

constriction, and acetylcholine (3 μM) to induce endothelium-dependent vasodilation; vessels in 

which acetylcholine elicited >90% reversal of phenylephrine-induced vasoconstriction were 

considered to have an intact endothelium and those that elicited <10% relaxation were deemed to 

be endothelium denuded. Vessels which did not meet these criteria were discarded.  

4.2.1.2: Use of DHE to assess O2
- production in intact mesenteric arteries. Solutions of DHE 

(10 mM) were freshly made in dimethyl sulfoxide (DMSO)349,535,536 prior to each experiment in a 

darkened room and experiments were carried out in the same darkened room. After viability had 

been determined through addition of phenylephrine and acetylcholine, DHE (10 μM) was added 

to the tissue bath and arteries were incubated for 30 minutes349,535,536. Vessels were then washed 

and allowed to recover for 15 minutes before cumulative concentration-response curves to 

phenylephrine (0.01-10 μM) were constructed347–349. After washing, pharmacological reagents 

were added to the tissue bath for 15 minutes, after which time a second concentration-response 

curve to phenylephrine was constructed. At the end of each concentration-response curve to 

phenylephrine, acetylcholine (3 μM) or sodium nitroprusside (1 μM) was added to demonstrate 

that the vessel remained functional. For some experiments, pharmacological agents were added to 

the tissue bath in the absence of phenylephrine, and changes in florescence intensity were 

measured over a 15-30 minute time period. The viability of these vessels was then assessed by 

addition of phenylephrine (10 μM) followed by acetylcholine (3 μM).  
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For concentration-response curves to phenylephrine, vessel diameter and DHE 

fluorescence intensity were recorded simultaneously and expressed as a % of their respective 

control maximum. For experiments where basal O2
- production was measured over a period of 15-

30 minutes, raw values of fluorescence intensity were plotted as these experiments were performed 

in individual arteries. For all experiments, phenylephrine increased O2
- production and 

vasoconstriction in a concentration-dependent manner (p<0.05). 

4.2.2: Perfused mesenteric vascular bed 

The mesenteric bed was perfused via the superior mesenteric artery as previously 

described438. Briefly, the mesenteric vascular bed was separated from the intestine and the superior 

mesenteric artery cleaned of connective tissue, cannulated with a blunted hypodermic needle (20 

G), secured with 5-0 surgical silk (Ethicon) and flushed with Krebs buffer to remove blood. 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, bubbled with 95% O2/5% CO2). A short length 

of plastic tubing was placed around the needle to ensure that it did not come into contact with the 

wire mesh. Changes in perfusion pressure were monitored via an in-line pressure transducer (AD 

instruments, Colorado) and recorded via a PowerLab data acquisition system using Chart 5.0 

software (AD Instruments, Colorado).  

4.2.2.1: 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 minutes, a single 

stimulation (30 Hz, 90 V, pulse width 1 millisecond, 30 seconds) was applied to assess the viability 

of the preparation. After a further 10 minutes, a frequency-response curve was constructed by 

stimulating the preparation at 20-40 Hz (90 V, pulse width 1 millisecond, 30 seconds) at 10 minute 
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intervals188. The effects of agents on nerve-evoked vasoconstriction were assessed by perfusing 

the drugs through the lumen of the preparation for 20 minutes prior to constructing a second 

frequency-response curve. A third and fourth frequency-response curve were constructed 

following perfusion of different drug combinations. 

Nerve-evoked responses recorded in the perfused mesenteric vascular bed are shown as 

normalized values. Changes in perfusion pressure were normalized to the maximum control 

response (%) as is convention in these types of experiments. For all frequency response curves, 

electrical stimulation caused frequency-dependent increases in perfusion pressure (p<0.05). 

4.2.3: Statistics 

All data are expressed as mean ± SEM, n rats used. For repeated measures, two-way 

ANOVA followed by either a Tukey’s multiple comparison post-hoc test (used when there were 

more than two experimental groups) or Šídák method post-hoc test (used when there was two 

experimental groups) was performed. An ordinary one-way ANOVA followed by a Tukey’s 

multiple comparisons post-hoc test was performed for Figure 4.9b and an unpaired t-test was used 

for Figure 4.11. p<0.05 was considered statistically significant in all cases.   

4.3: Results 

4.3.1: Characterization of phenylephrine-induced O2
- production and vasoconstriction in 

mesenteric resistance arteries 

 

Application of the 1-adrenoceptor agonist phenylephrine (0.01-10 μM) to mesenteric 

arteries resulted in concentration-dependent increases in O2
- production and vasoconstriction 

(p<0.05); phenylephrine is denoted as PE in the figures of this chapter. The fluorescence intensity 

returned to baseline after arterial relaxation through acetylcholine or SNP, indicating that DHE’s 

interaction with O2
- is reversible. Representative traces showing changes in O2

- and diameter in 

response to increasing concentrations of phenylephrine are shown in Figure 4.1a, and mean 
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diameter changes evoked by phenylephrine (0.01-10 μM) are shown as absolute values in Figure 

4.1b. Two consecutive concentration-response curves to phenylephrine could be constructed 

without significant change (p>0.05) in either phenylephrine-induced O2
- production or 

vasoconstriction (Figure 4.2a and b). Also, as many of the pharmacological agents used in this 

study were dissolved in DMSO, phenylephrine-evoked concentration-response curves were 

constructed in the absence and presence of DMSO (1 in 500 dilution). DMSO had no significant 

effect on phenylephrine-induced O2
- production or vasoconstriction (p>0.05, Figure 4.2c and d). 
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Figure 4.1: Characterization of phenylephrine-induced changes in diameter and O2
- 

production in rat mesenteric arteries. a) Representative trace showing simultaneous recording 

of phenylephrine-induced O2
- production and vasoconstriction in an endothelium-intact rat 

mesenteric resistance artery mounted in the pressure myograph. b) Mean changes in diameter in 

endothelium-intact rat mesenteric artery segments evoked by phenylephrine; n=6. 
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Figure 4.2: Phenylephrine-induced O2
- production and vasoconstriction is time-independent 

and unaffected by DMSO in rat mesenteric arteries. Mean data showing phenylephrine-

induced O2
- production a) during two consecutive concentration-response curves or c) in the 

absence and presence of DMSO (1 in 500 dilution)) and phenylephrine-induced vasoconstriction 

b) during two consecutive concentration-response curves or d) in the absence and presence of 

DMSO (1 in 500 dilution) in endothelium-intact rat mesenteric artery segments. Values are 

presented as mean ± SEM, a, b) n=4 and c, d) n=5; two-way repeated-measures ANOVA. 
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 Phenylephrine is a α1-adrenoceptor agonist and so the α1-adrenoceptor antagonist prazosin 

was used to demonstrate that the observed effects of phenylephrine on arterial diameter and O2
- 

production were mediated by this receptor. In endothelium-intact arteries, prazosin (1 μM) 

abolished both phenylephrine-induced O2
- production (p<0.05; Figure 4.3a) and vasoconstriction 

(p<0.05; Figure 4.3b). 
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Figure 4.3: Antagonism of α1-adrenoceptors abolishes phenylephrine-induced O2
- 

production and vasoconstriction. a) Representative trace showing phenylephrine-induced O2
- 

production and vasoconstriction in the absence and presence of prazosin (1 μM) in an endothelium-

intact rat mesenteric artery segment. Mean data showing phenylephrine-induced b) O2
- production 

and c) vasoconstriction in the absence and presence of prazosin (1 μM) in endothelium-intact rat 

mesenteric artery segments. Values are presented as mean ± SEM, n=4. * denotes p<0.05 from 

control; two-way repeated-measures ANOVA. 

 

 

To demonstrate that modulation of phenylephrine-evoked increases in O2
- levels can be 

detected by DHE fluorescence measurements, the effects of apocynin, a NADPH oxidase 
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inhibitor541–543 and/or O2
- scavenger544, the O2

- scavengers 1-oxyl-2,2,6,6-tetramethyl-4-

hydroxypiperidine (tempol) and SOD, on responses to phenylephrine were investigated. Apocynin 

(20 μM) significantly reduced phenylephrine-evoked O2
- production (p<0.05, Figure 4.4a), and 

vasoconstriction (p<0.05, Figure 4.4b). The O2
- scavengers tempol (300 M) and SOD (50 U/ml), 

each significantly reduced phenylephrine-induced O2
- production (p<0.05, Figure 4.5a and c) but 

did not affect phenylephrine-induced vasoconstriction (p>0.05, Figure 4.5b and d).  

The use of scavengers shows that phenylephrine-evoked changes in O2
- levels can be 

detected in these experiments. However, although vasoconstriction to the 1-adrenoceptor agonist 

phenylephrine, is accompanied by production of O2
-, this radical may not be necessary for smooth 

muscle contraction as proposed previously349. 

 

 

Figure 4.4: NADPH oxidase inhibition and/or a O2
- scavenging significantly reduces 

phenylephrine-induced O2
- production and vasoconstriction. Mean data showing 

phenylephrine-induced a) O2
- production and b) vasoconstriction in the absence and presence of 

apocynin (20 μM) in endothelium-intact rat mesenteric artery segments. Values are presented as 

mean ± SEM.  n=5. * denotes p<0.05 from control; two-way repeated-measures ANOVA. 

 



 119 

 

Figure 4.5: Tempol and SOD reduce phenylephrine-induced O2
- production but not 

vasoconstriction. Mean data showing phenylephrine-induced O2
- production in the absence and 

presence of a) tempol (300 μM) or c) SOD (50 U/ml) and phenylephrine-induced vasoconstriction 

in the absence and presence of b) tempol (300 μM) or d) SOD (50 U/ml) in endothelium-intact rat 

mesenteric artery segments. Values are presented as mean ± SEM, n=5. * denotes p<0.05 from 

control; two-way repeated-measures ANOVA. 

 

 

4.3.2: Role of NO in phenylephrine-induced O2
- production and vasoconstriction in 

mesenteric resistance arteries 

 

The interaction between NO and O2
- to form ONOO- reduces availability of both 

radicals389. Also, phenylephrine-evoked vasoconstriction in rat mesenteric arteries is modulated 

by the release of endothelium-derived NO130,197.  Thus, a decrease in O2
- levels may enhance NO 
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bioavailability and lead to reduced vasoconstrictor responses. 

To determine if reduced NO production affects phenylephrine-induced O2
- production and 

vasoconstriction, the NOS inhibitor L-NAME was applied.  L-NAME (100 μM) did not affect 

phenylephrine-induced O2
- production (p>0.05, Figure 4.6a) but, as in previous work197, did 

significantly enhance vasoconstriction to phenylephrine (p<0.05, Figure 4.6b). These findings 

indicate that under these conditions, NOS is not a source of O2
- and that the interaction between 

NO and O2
-
 does not significantly contribute to regulation of phenylephrine-induced increases in 

O2
-. 

 

 

Figure 4.6: Inhibition of NOS does not affect phenylephrine-induced O2
- production but 

significantly enhances phenylephrine-induced vasoconstriction. Mean data showing 

phenylephrine-induced a) O2
- production and b) vasoconstriction in the absence and presence of 

L-NAME (100 μM) in endothelium-intact rat mesenteric artery segments. Values are presented as 

mean ± SEM, n=5. * denotes p<0.05 from control; two-way repeated-measures ANOVA. 

 

NADPH oxidase is the major source of  O2
-351–356 in the vascular wall and its activity is 

regulated by membrane potential126,367,386–388. Thus, NADPH, an activator of NADPH oxidase384, 
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was applied to determine if phenylephrine-evoked increases in O2
- production could be enhanced. 

Unexpectedly, NADPH (100 μM) significantly reduced both phenylephrine-induced O2
- 

production (p<0.05; Figure 4.7a) and vasoconstriction (p<0.05, Figure 4.7b). A possible reason 

for this finding is that NADPH is also a co-factor for NOS545,  and NADPH has been shown to 

stimulate NO production384. Thus, to determine if the effects of NADPH on phenylephrine-

stimulated O2
- production and vasoconstriction may be due to increased production of NO, the 

effect of NADPH was also examined in the presence of the NOS inhibitor, L-NAME.  

As with NADPH alone, in the presence of NADPH and L-NAME (100 μM), 

phenylephrine-induced O2
- production was significantly reduced (p<0.05, Figure 4.7c). However, 

whereas L-NAME alone enhanced phenylephrine-induced vasoconstriction and NADPH reduced 

it, in the presence of L-NAME and NADPH together, vasoconstriction was not different to controls 

(p>0.05, Figure 4.7d). These data indicate that NO does not appear to be involved in the NADPH-

evoked reductions in O2
- but may underlie the reduction in phenylephrine-induced vasoconstriction 

caused by this agent. 
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Figure 4.7: NADPH significantly reduces both phenylephrine-induced O2
- production and 

vasoconstriction. Mean data showing phenylephrine-induced O2
- production in the absence and 

presence of a) NADPH (100 μM) or c) NADPH (100 μM) with L-NAME (100 μM) and 

phenylephrine-induced vasoconstriction in the absence and presence of b) NADPH (100 μM) or 

d) NADPH (100 μM) with L-NAME (100 μM) in endothelium-intact rat mesenteric artery 

segments. Values are presented as mean ± SEM, n=5. * denotes p<0.05 from control; two-way 

repeated-measures ANOVA. 

 

To further investigate if the observed effects of NADPH on vascular tone were mediated 

via a NO-dependent pathway, the effect of NADPH on nerve-evoked vasoconstriction in the 

perfused mesenteric vascular bed was investigated. The rationale for this approach was that, as 
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shown in Chapter 2, shear stress-induced inhibition of sympathetic vasoconstriction in the rat 

perfused mesenteric bed is mediated through the release of endothelium-derived NO. As shown in 

Chapter 2, L-NAME (100 μM) significantly enhanced nerve-evoked vasoconstriction at 

stimulation frequencies of 20 to 40 Hz (p<0.05, Figure 4.8). NADPH (100 M) did not 

significantly affect nerve-evoked vasoconstriction (p>0.05, Figure 4.8) but in the presence of both 

L-NAME and NADPH, nerve-evoked responses were significantly reduced compared to L-NAME 

alone (p<0.05, Figure 4.8). This observation supports the notion that the actions of NADPH on 

arterial diameter may be mediated through increased bioavailability of NO. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.8: Enhancement of nerve-evoked vasoconstriction caused by L-NAME is attenuated 

by NADPH. Mean frequency-response relationships obtained from endothelium-intact perfused 

mesenteric beds in the absence and presence of NADPH (100 μM) without and with L-NAME 

(100 μM) and L-NAME (100 μM) alone. Values are presented as mean ± SEM, n=5. * denotes 

p<0.05 from control, # denotes p<0.05 from NADPH (100 μM) and ^ denotes p<0.05 from 

NADPH (100 μM) with L-NAME (100 μM); two-way repeated-measures ANOVA. 
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NADPH is also a rate limiting co-factor for glutathione reductase408,411,415–417, the enzyme 

responsible for catalyzing the generation of glutathione from glutathione disulfide408,411. 

Glutathione is essential for regulation of ROS levels within cells; it scavenges free radicals, such 

as O2
-, and through its thiol moiety reduces RNS, such as ONOO-407,408,410. Thus, NADPH may 

increase the activity of glutathione reductase to enhance glutathione levels and subsequently, 

reduce O2
- . To examine this hypothesis carmustine, a glutathione reductase inhibitor, was used.  

Carmustine (50 μM) significantly enhanced basal O2
- production over the course of its 30-

minute incubation (p<0.05, Figure 4.9) in comparison to control, indicating that the glutathione 

pathway may actively regulate O2
- levels in endothelium-intact rat mesenteric arteries. In the 

absence of carmustine, basal O2
- production decreased, denoted by negative fluorescence intensity 

values.  Thus, for these experiments, fluorescence intensity was measured before application of 

carmustine and after 30 minutes, and the difference was plotted to determine change in basal O2
- 

production. 

NADPH (100 μM) caused a significant reduction of basal O2
- production (p<0.05, Figure 

4.9). In the presence of carmustine and NADPH together, basal O2
- was significantly greater than 

in the presence of NADPH alone (p<0.05, Figure 4.9) and so it is possible that the observed effects 

of NADPH on phenylephrine-induced O2
- production may be due to activation of glutathione 

reductase.  
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Figure 4.9: Vascular O2
- levels are regulated by glutathione. a) Representative trace showing 

changes in basal O2
- production in an endothelium-intact rat mesenteric artery segment in the 

absence and presence of carmustine (50 μM) incubated for 30 minutes. b) Mean data showing O2
- 

production at the end of a period of 30 minutes in the absence and presence of carmustine (50 μM), 

NADPH (100 μM) and carmustine (50 μM) with NADPH (100 μM) in endothelium-intact rat 

mesenteric artery segments. Values are presented as mean ± SEM, n=5. * denotes p<0.05 from 

control, # denotes p<0.05 from carmustine (50 μM) and ̂  denotes p<0.05 from NADPH (100 μM); 

one-way ANOVA.  

 

4.3.3: Effect of inhibitors of SKCa and IKCa channels on phenylephrine-induced O2
- 

production and vasoconstriction in mesenteric resistance arteries 

 

To examine the role of endothelial SKCa and IKCa channels in phenylephrine-induced O2
- 

production and vasoconstriction, experiments were conducted using apamin, a SKCa channel 

inhibitor, and NS 6180, an IKCa channel inhibitor.  
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Apamin (500 nM) did not affect either phenylephrine-induced O2
- production or 

vasoconstriction (p>0.05, Figure 4.10a and b). In contrast, NS 6180 (1 μM) significantly 

decreased phenylephrine-induced O2
- production (p<0.05, Figure 4.10c) and significantly 

increased phenylephrine-induced vasoconstriction (p<0.05, Figure 4.10d). These effects of 

apamin and NS 6180 on phenylephrine-evoked vasoconstriction are in line with our previous work 

showing that IKCa but not SKCa channels mediate myoendothelial feedback to limit phenylephrine-

evoked vasoconstriction in isolated mesenteric arteries197. The reason for the apparent inhibition 

of phenylephrine-evoked O2
- production in the presence of NS6180 is unclear. However, during 

the 15 minute pre-incubation period, NS 6180 significantly enhanced basal O2
- production in 

comparison to control (p<0.05, Figure 4.11) in line with its ability to evoke endothelial 

depolarization116,131. 
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Figure 4.10: Inhibition of IKCa but not SKCa channels significantly reduces phenylephrine-

induced O2
- production and enhances phenylephrine-induced vasoconstriction. Mean data 

showing phenylephrine-induced O2
- production in the absence and presence of a) apamin (500 nM) 

or c) NS 6180 (1 μM) and phenylephrine-induced vasoconstriction in the absence and presence of 

b) apamin (500 nM) or d) NS 6180 (1 μM) in endothelium-intact rat mesenteric artery segments. 

Values are presented as mean ± SEM, n=5. * denotes p<0.05 from control; two-way repeated-

measures ANOVA. 
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Figure 4.11: IKCa channel inhibition significantly enhances basal O2
- production. Mean data 

showing basal O2
- production in the absence and presence of NS 6180 (1 μM) after 15 minutes of 

incubation in endothelium-intact rat mesenteric artery segments. Values are presented as mean ± 

SEM, n=5. * denotes p<0.05 from control; unpaired t-test.  

 

4.3.4: Effect of SKCa and IKCa channel activators on phenylephrine-induced changes in 

diameter and O2
- production in mesenteric resistance arteries 

 

CyPPA313,437 and SKA-31121,124, activators of SKCa and IKCa
 channels respectively, were 

used to investigate whether KCa channel-mediated hyperpolarization can modulate phenylephrine-

evoked O2
- production and vasoconstriction in isolated mesenteric artery segments.  

CyPPA (5 μM) significantly reduced phenylephrine-induced O2
- production (p<0.05; 

Figure 4.12a) but had no effect on phenylephrine-induced vasoconstriction (p>0.05, Figure 

4.12b). The effect of CyPPA on phenylephrine-evoked O2
- levels was inhibited by apamin (500 

nM); phenylephrine-induced O2
- production in the presence of CyPPA with apamin was not 

significantly different from control values (p>0.05, Figure 4.12c). The ability of CyPPA to 

significantly reduce phenylephrine-induced O2
- production was not altered by inhibition of NOS 
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with L-NAME (100 μM; p<0.05; Figure 4.13a), indicating that it is unlikely to be accounted for 

by increased production of NO. 

 

 

Figure 4.12: CyPPA inhibits phenylephrine-induced O2
- production but not vasoconstriction. 

Mean data showing phenylephrine-induced O2
- production in the absence and presence of a) 

CyPPA (5 μM) or c) CyPPA (5 μM) with apamin (500 nM) and phenylephrine-induced 

vasoconstriction in the absence and presence of b) CyPPA (5 μM) or d) CyPPA (5 μM) with 

apamin (500 nM) in endothelium-intact rat mesenteric artery segments. Values are presented as 

mean ± SEM, n=5. * denotes p<0.05 from control; two-way repeated-measures ANOVA. 

 

 



 130 

 

Figure 4.13: CyPPA inhibition of phenylephrine-induced O2
- production is not prevented by 

NOS inhibition. Mean data showing phenylephrine-induced a) O2
- production and b) 

vasoconstriction in the absence and presence of CyPPA (5 μM) with L-NAME (100 μM) in 

endothelium-intact rat mesenteric artery segments. Values are presented as mean ± SEM, n=6. * 

denotes p<0.05 from control; two-way repeated-measures ANOVA. 

 

 

 

SKA-31 (1 M) significantly reduced both phenylephrine-induced O2
- production (p<0.05) 

and vasoconstriction (p<0.05; Figure 4.14a and b). The IKCa channel inhibitor NS 6180 (1 M), 

prevented the effect of SKA-31 (1 M) on phenylephrine-evoked vasoconstriction but did not 

block its effects on phenylephrine-induced O2
- production (p<0.05, Figure 4.14c and d) suggesting 

this effect may be independent of IKCa channels. To investigate whether the effect was independent 

of the endothelium, the experiments were repeated in denuded mesenteric arteries. 

In endothelium-denuded arteries, SKA-31 (1 M) significantly reduced phenylephrine-

induced O2
- levels (p<0.05, Figure 4.15a) but had no effect on phenylephrine-induced 

vasoconstriction (p>0.05, Figure 4.15b). As our lab has previously demonstrated that IKCa 

channels are present only in endothelial cells of rat mesenteric arteries197, the decrease in 

phenylephrine-induced O2
- production in endothelium-denuded arteries caused by SKA-31 is 



 131 

likely through a mechanism other than increased activation of IKCa channels. One possible 

explanation for this observation is that SKA-31 is itself acting as a O2
- scavenger and is therefore, 

still able to reduce phenylephrine-induced O2
- production in the absence of IKCa channel activity 

and in endothelium-denuded arteries.  

Block of NOS with L-NAME (100 M) did not affect the ability of SKA-31 (1 M) to 

reduce phenylephrine-induced O2
- production (p<0.05, Figure 4.16a) but prevented its effects on 

phenylephrine-induced vasoconstriction (p<0.05, Figure 4.16b). Thus, like CyPPA, the reduction 

of phenylephrine-induced O2
- production caused by SKA-31 is not through an increase in NO 

production to scavenge more O2
-.  
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Figure 4.14: SKA-31 significantly reduces phenylephrine-induced O2
- production and 

vasoconstriction in endothelium-intact mesenteric arteries. Mean data showing phenylephrine-

induced O2
- production in the absence and presence of a) SKA-31 (1 μM) or c) SKA-31 (1 μM) 

with NS 6180 (1 μM) and phenylephrine-induced vasoconstriction in the absence and presence of 

b) SKA-31 (1 μM) or d) SKA-31 (1 μM) with NS 6180 (1 μM) in endothelium-intact rat 

mesenteric artery segments. Values are presented as mean ± SEM, n=5. * denotes p<0.05 from 

control; two-way repeated-measures ANOVA. 
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Figure 4.15: SKA-31 significantly reduces phenylephrine-induced O2
- production in 

endothelium-denuded mesenteric arteries. Mean data showing phenylephrine-induced a) O2
- 

production and b) vasoconstriction in the absence and presence of SKA-31 (1 μM) in endothelium-

denuded rat mesenteric artery segments. Values are presented as mean ± SEM, n=7. * denotes 

p<0.05 from control; two-way repeated-measures ANOVA. 

 

 

 

 

Figure 4.16: L-NAME inhibits the effect of SKA-31 on phenylephrine-induced 

vasoconstriction but not O2
- production. Mean data showing phenylephrine-induced a) O2

- 

production and b) vasoconstriction in the absence and presence of SKA-31 (1 μM) with L-NAME 

(100 μM) in endothelium-intact rat mesenteric artery segments. Values are presented as mean ± 

SEM, n=6. * denotes p<0.05 from control; two-way repeated-measures ANOVA. 
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4.3.5: Effect of modulators of smooth muscle BKCa channels on phenylephrine-induced 

changes in O2
- production and vasoconstriction in mesenteric resistance arteries 

 

To investigate if the observed effects of activators of endothelial SKCa and IKCa channel on 

O2
- production are unique to those channels, phenylephrine-induced increases in O2

- production 

and vasoconstriction were examined in the presence of iberiotoxin (IbTX) and N'-[3,5-

Bis(trifluoromethyl)phenyl]-N-[4-bromo-2-(2H-tetrazol-5-yl-phenyl]thiourea (NS 11021), a 

selective inhibitor and activator of smooth muscle BKCa channels, respectively.  

Depolarization of the smooth muscle membrane potential to phenylephrine197,492 is limited 

by opening of BKCa channels, an effect which can be blocked by IbTX94,97,99. In line with this, 

IbTX (100 nM) significantly enhanced phenylephrine-induced vasoconstriction (p<0.05, Figure 

4.17b) but had no effect on phenylephrine-induced O2
- production (p>0.05, Figure 4.17a). 

Conversely, the BKCa channel opener NS 11021 (100 nM), significantly reduced phenylephrine-

induced O2
- production (p<0.05; Figure 4.18a) but had no effect on phenylephrine-induced 

vasoconstriction (p>0.05, Figure 4.18b). The effect of NS 11021 on phenylephrine-evoked O2
- 

was prevented by IbTX (p>0.05, Figure 4.18c), and unlike in the presence of IbTX alone, 

phenylephrine-induced vasoconstriction was not different to controls in the presence of both agents 

(p>0.05, Figure 4.18d), indicating that NS11021 was able to prevent the actions of IbTX. These 

findings support the proposal that membrane hyperpolarization may regulate O2
- production in 

mesenteric vessels and this is not an effect limited to opening of endothelial SKCa and IKCa 

channels.  
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Figure 4.17: BKCa channel inhibition significantly enhances phenylephrine-induced 

vasoconstriction. Mean data showing phenylephrine-induced a) O2
- production and b) 

vasoconstriction in the absence and presence of IbTX (100 nM) in endothelium-intact rat 

mesenteric artery segments. Values are presented as mean ± SEM, n=5. * denotes p<0.05 from 

control; two-way repeated-measures ANOVA. 
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Figure 4.18: BKCa channel activation significantly reduces phenylephrine-induced O2
- 

production. Mean data showing phenylephrine-induced O2
- production in the absence and 

presence of a) NS 11021 (100 nM) or c) NS 11021 (100 nM) with IbTX (100 nM) and 

phenylephrine-induced vasoconstriction in the absence and presence of b) NS 11021 (100 nM) or 

d) NS 11021 (100 nM) and IbTX (100 nM) in endothelium-intact rat mesenteric artery segments. 

Values are presented as mean ± SEM, n=5. * denotes p<0.05 from control; two-way repeated-

measures ANOVA. 
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4.4: Discussion 

NO bioavailability within the vascular wall is determined by the balance between 

production by endothelial NOS and its interaction with O2
-. Enhanced production of O2

- leading to 

decreased bioavailability of endothelium-derived NO518 appears to be a common mechanism 

underlying endothelial dysfunction associated with a wide range of risk factors for cardiovascular 

diseases, such as diabetes and atherosclerosis268,328–336,546. The data from the experiments described 

in this chapter demonstrate that small molecule activators of endothelial SKCa and IKCa channels 

can attenuate phenylephrine-induced O2
- production in intact arteries. These data support my 

hypothesis that pharmacological activators of endothelial KCa channels can reduce vascular O2
- 

production. It also supports the concept of endothelial cell membrane potential being a key 

determinant of vascular function and that activators of endothelial KCa channels may provide a 

novel therapeutic approach to reduce O2
- in pathological states associated with endothelial 

dysfunction.  

It is established that α1-adrenoceptor-mediated vasoconstriction involves O2
- production by 

both NADPH oxidase347,348 and mitochondria349 in rat mesenteric arteries349, coronary myocytes347 

and  tail arteries348. However, these data were obtained from experimental protocols in which O2
- 

production was measured in flaccid tissues or fixed/frozen arteries, and so changes in O2
- levels 

were not recorded in real time and arterial diameter was not assessed. Using arteries mounted in a 

pressure myograph in combination with a microscope fitted with a fluorescence attachment, I have 

demonstrated, for the first time, simultaneous phenylephrine-induced O2
- production and 

vasoconstriction in isolated mesenteric arteries.  

Using this approach, I have shown that phenylephrine evokes both O2
- production and 

vasoconstriction in a concentration-dependent manner, that is reproducible over the time course of 
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the experiments and fully accounted for by activation of α1-adrenoceptors. Tempol and SOD, 

scavengers of O2
-, each significantly reduced phenylephrine-evoked increases in O2

- but did not 

affect the accompanying vasoconstriction. These results are in contrast to a previous study in which 

α1-adrenergic vasoconstriction in rat mesenteric arteries was proposed to be dependent on O2
- 

generation and increased activity of matrix metalloproteinase enzymes349. However, in those 

experiments, scavenging of O2
- production did not alter the peak phenylephrine-induced 

vasoconstriction though it did reduce the duration349.  

My experiments were conducted in endothelium-intact tissues as it was anticipated that 

scavenging of O2
- by tempol or SOD would depress phenylephrine-induced vasoconstriction due 

to increased bioavailability of NO. The lack of effect of SOD and tempol on phenylephrine-evoked 

vasoconstriction could reflect the fact that although these agents did reduce O2
- production, this 

may not be sufficient to significantly impact bioavailability of endothelium-derived NO and thus, 

arterial diameter. However, our lab has shown that endothelial modulation of phenylephrine-

evoked vasoconstriction in rat isolated mesenteric arteries is due to both IKCa channel-mediated 

endothelium-dependent hyperpolarization and NO130,197. Thus, the lack of effect of a reduction in 

O2
- levels on phenylephrine-induced vasoconstriction in these vessels may reflect the predominant 

role of activation of IKCa channels in endothelial modulation of smooth muscle contraction.  

Alternatively, phenylephrine-induced O2
- production enhances contractility via Ca2+ 

sensitization66,67, through increasing RhoA activation and subsequently, phosphorylation of 

myosin phosphatase target subunit-1 and C-kinase potentiated protein phosphate-1 inhibitor; with 

these changes being observed after incubation with vasoconstrictors for 5 to 15 minutes348,547,548. 

As the phenylephrine dose response curve experiments in this thesis were 3 to 5 minutes in length, 

it is possible that the reduction in O2
- production did not correlate to a diminished vasoconstriction 
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due to minimal involvement of Ca2+ sensitization as a result of the shorter experimental time frame. 

Thus, experiments where phenylephrine doses are incubated for longer periods of time will need 

to be carried out in order to examine the possibility that the duration of the phenylephrine-induced 

vasoconstriction is reduced in the presence of O2
- scavengers. 

In contrast to SOD and tempol, apocynin did reduce both phenylephrine-evoked increases 

in O2
- and vasoconstriction. The reason for this is unclear but in addition to acting as a scavenger 

of O2
-544, apocynin is also an inhibitor of NADPH oxidase541–543 and can scavenge H2O2

544, which 

has been shown to act as a vasoconstrictor397–400 in isolated rat gracilis muscle arterioles397 and 

mesenteric arteries399. Thus, scavenging of H2O2 by apocynin could contribute to the observed 

attenuation of phenylephrine-induced vasoconstriction observed with apocynin. Together, these 

data showed that there may be a complicated relationship between O2
- levels and changes in arterial 

diameter such that significant reductions in O2
- levels do not directly correlate to alterations in 

vasoconstrictor responses.  

The interaction between NO and O2
- to form ONOO- reduces availability of both 

radicals389. Also, phenylephrine-evoked vasoconstriction in rat mesenteric arteries is modulated 

by the endothelium, in part by the release of endothelium-derived NO130,197. Thus, the NOS 

inhibitor L-NAME was used to determine if reduced NO production can affect phenylephrine-

induced O2
- production and vasoconstriction in mesenteric arteries. It was expected that inhibition 

of NO synthesis would enhance O2
- levels. But, although L-NAME significantly potentiated 

phenylephrine-induced vasoconstriction, it had no effect on O2
- production. Thus, under my 

experimental conditions, NO does play a role in endothelial modulation of smooth muscle 

contractility but the interaction between NO and O2
- may not contribute to regulation of O2

- levels.  
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Further support for a separation between the effects of NO on smooth muscle contractility 

and on O2
- levels is provided by experiments with NADPH. NADPH oxidase enzymes are one of 

the main sources of O2
- production in the vasculature and I initially utilized NADPH in 

experiments with the idea that as an activator of NADPH oxidase351–353,384,385, it would enhance 

phenylephrine-evoked increases in O2
- levels in intact arteries.  However, NADPH significantly 

reduced both phenylephrine-induced O2
- production and vasoconstriction. NADPH is also a co-

factor for NOS activity384,545 and in the presence of L-NAME, the ability of NADPH to 

significantly reduce phenylephrine-induced O2
- production was maintained but its effect on 

phenylephrine-induced vasoconstriction was lost. Similarly, in the perfused mesenteric bed, 

NADPH significantly reduced the enhancement of nerve-evoked vasoconstriction caused by block 

of NOS. Thus, it appears that although NADPH can enhance NO-mediated inhibition of smooth 

muscle contractility, this is independent of its ability to reduce O2
- production. 

As described in Chapter 1, NADPH is also a co-factor for glutathione reductase408,411,415–

417, an enzyme responsible for the reduction of glutathione disulfide to glutathione 408,411. 

Glutathione is an antioxidant408,411 and the major antioxidant mechanism within endothelial 

cells412. Glutathione is oxidized through interactions with ROS, such as ONOO-, OH-, O2
- and 

H2O2, and two oxidized glutathione molecules form glutathione disulfide 408,411, which is converted 

back into two glutathione molecules through the actions of glutathione reductase. The balance 

between glutathione and glutathione disulfide is a determinant of the redox status of a cell79. 

Thus, to investigate the role of glutathione reductase in the effects of NADPH on 

phenylephrine-evoked O2
- production and vasoconstriction, I used the glutathione reductase 

inhibitor, carmustine408,411,549,550. Interestingly, when applied alone, carmustine significantly 

enhanced basal O2
- production, indicating that the glutathione pathway plays an active role in 
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regulating O2
- in isolated rat mesenteric arteries. This the first description of such a role in intact 

arteries but is supported by a previous study in cultured bovine pulmonary artery endothelial 

cells551. Although NADPH had no effect on basal O2
- production, the combination of NADPH and 

carmustine did significantly increase O2
- levels, indicating NADPH may be mediating its effects 

on phenylephrine-induced O2
- production by increasing the activity of glutathione reductase. This 

action would raise glutathione levels to increase the capability for scavenging of O2
-. 

As described earlier, NADPH oxidase, a major source of O2
- in the vascular wall, is a 

voltage-sensitive enzyme which generates O2
- by transferring electrons from cytosolic NADPH to 

extracellular O2
126,367,368,371,372,374,386–388,529. As previous work has shown that the activity of 

NADPH oxidase can be enhanced by membrane depolarization, it was anticipated that inhibition 

of endothelial IKCa channels would enhance both phenylephrine-induced O2
- production and 

vasoconstriction in isolated arteries. IKCa channels mediate myoendothelial feedback, the 

mechanism by which endothelial cells limit agonist-evoked smooth muscle contraction, and our 

lab has shown that block of these channels causes both endothelial membrane potential 

depolarization and enhancement of phenylephrine-evoked smooth muscle membrane potential 

depolarization and constriction130,197. In this study, inhibition of IKCa channels by NS 6180 did 

indeed significantly enhance phenylephrine-induced vasoconstriction but unexpectedly, it reduced 

phenylephrine-induced O2
- production. The reason for this is unclear but during the incubation 

period, prior to addition of phenylephrine, NS 6180 did cause a significant increase in production 

of O2
-, supporting the notion that depolarization of the endothelial cell membrane potential by 

inhibition of IKCa channels increases basal O2
- production in isolated arteries. In contrast, apamin, 

a selective inhibitor of SKCa channels, had no effect on either phenylephrine-induced O2
- 

production or vasoconstriction. This is in agreement with previous reports from our lab and others 
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that SKCa channels do not play a functional role in regulating endothelial membrane potential or 

diameter in these vessels; block of SKCa channels by apamin does not cause endothelial 

depolarization483 and does not enhance vasoconstriction130.  

 To test the hypothesis that small molecule openers of SKCa and IKCa channels can limit 

phenylephrine-induced O2
- production, I utilized the SKCa channel activator CyPPA313,437, and IKCa 

channel activator SKA-31121,124. Both CyPPA and SKA-31 significantly reduced phenylephrine-

induced O2
- production, but whereas SKA-31 significantly limited phenylephrine-induced 

vasoconstriction, CyPPA had no effect, again demonstrating a dissociation between changes in O2
- 

levels and arterial diameter. The ability of CyPPA and SKA-31 to reduce O2
- levels supports my 

hypothesis, as well as previous reports, that hyperpolarization of the endothelial membrane 

potential can lead to a decrease in vascular O2
- production126,367,386–388.  

Evidence that NADPH oxidase activity is regulated by membrane potential via the co-

factor Rac1367 has come from studies of rat aortic endothelial cells maintained under ischemic 

conditions387 and human umbilical endothelial cells under normal conditions367. In these cells, 

membrane hyperpolarization reduced O2
- production388 and depolarization stimulated O2

- 

production386. Additionally, in the rat perfused mesenteric bed, inhibition of SKCa and/or IKCa 

channels, led to enhanced O2
- production via NADPH oxidase and increased perfusion pressure 

due to a reduction in NO levels126. However, my data provides the first evidence that activation of 

both SKCa and IKCa channels decreases O2
- production in isolated resistance arteries. Block of NOS 

with L-NAME did not affect the ability of CyPPA or SKA-31 to limit phenylephrine-induced O2
- 

production but abolished the effect of SKA-31 on phenylephrine-induced vasoconstriction, again, 

indicating a disconnect between O2
- levels and the effects of NO on smooth muscle contractility. 
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 The ability of CyPPA to reduce phenylephrine-evoked O2
- production was prevented by 

the SKCa channel inhibitor apamin, supporting the hypothesis that it is modulated by endothelial 

membrane potential. However, the reduction in O2
- production observed with SKA-31 was not 

prevented by NS6180, an inhibitor of IKCa channels, despite the fact that the effect of SKA-31 on 

vasoconstriction was inhibited by this agent. This finding may indicate that whereas the ability of 

CyPPA to limit O2
- production is linked to SKCa channel activity, SKA-31 may be able to reduce 

O2
- levels independently of IKCa channels. My observations that SKA-31 was able to also reduce 

phenylephrine-evoked increases in O2
- levels but not arterial diameter in endothelium-denuded 

arteries supports this proposal, since these channels are not located on vascular smooth muscle 

cells197. The possibly that SKA-31 can directly scavenge O2- requires further investigation. 

In Chapters 2 and 3, I showed that both SKA-31 and CyPPA can inhibit phenylephrine-

evoked increase in tone in mesenteric arteries mounted under isometric conditions. However, in 

arteries mounted under constant pressure, SKA-31 significantly inhibits phenylephrine-evoked 

vasoconstriction but CyPPA does not. The reason for this difference is unclear. Previous studies 

have described differences in agonist-evoked responses between arteries mounted in the two 

systems but not in terms of endothelial modulation552,553. As described earlier, SKCa and IKCa 

channels do show differential localization within endothelial cells118,122,125,130,151,197. CyPPA313,437 

and SKA-31121,124 act to increase the sensitivity of the channels to Ca2+ and so differences in the 

ability of these agents to modulate phenylephrine-evoked vasoconstriction may reflect differences 

in endothelial Ca2+ signalling under the two experimental conditions. In support of this proposal, 

intraluminal pressure has been shown to influence the frequency of endothelial Ca2+ events linked 

to activation of IKCa but not SKCa channels in rat cremaster arterioles554.  
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SKCa and IKCa channels are localized on endothelial cells and opening of these channels 

leads to membrane hyperpolarization which can spread to surrounding smooth muscle cells. 

Therefore, to investigate whether changes in smooth muscle membrane potential can regulate O2
- 

production in intact arteries, I utilized a selective inhibitor and activator of BKCa channels, which 

are located on the vascular smooth muscle but not endothelial cells76,106–108. Inhibition of BKCa 

channels with IbTX significantly enhanced phenylephrine-induced vasoconstriction but did not 

affect phenylephrine-induced O2
- production. This effect on vasoconstriction was anticipated, as 

BKCa channel activity plays a crucial role in limiting vasoconstriction27,29,76,79–92,106,107. The lack of 

effect of IbTX on O2
- production was unexpected. Phenylephrine-evoked vasoconstriction of rat 

mesenteric arteries is due, at least in part, to depolarization of the smooth muscle cell membrane 

potential leading to entry of Ca2+ through L-type VOCCs197,492 and this depolarization may be 

responsible for the accompanying increase in O2
- production as opening of BKCa channels with NS 

11021 did reduce phenylephrine-induced O2
- production. Although the role of smooth muscle 

depolarization in vasoconstriction to 1-adrenoceptor agonists is well established118,123,555, 

previous studies have not considered its role in acute phenylephrine-evoked production of O2
-348,349 

and further work is required to investigate this possibility. 

The application of DHE for real-time measurements of O2
- production in intact arteries is 

novel but does have some limitations. DHE can be oxidized by other ROS/RNS or by cytochrome 

c to produce ethidium, which emits at a similar wavelength as EOH bound to DNA (DHE oxidized 

by O2
-)349,535–540. EOH has an optimal excitation/emission spectrum of 490/590 nm540 while 

ethidium has an optimal excitation/emission spectrum of 360/590 nm556. The filters used in this 

recording system excite at 535 nm and capture emission at 610 nm, giving minimal excitation of 

ethidium and so it is unlikely that production of ethidium is being measured under these 



 145 

experimental conditions. In comparison to other fluorescent probes for O2
- detection, such as 

lucigenin, DHE does not produce O2
- directly538,539. Additionally, although DHE fluorescence 

cannot be used alone to quantify O2
-, it is very useful for measuring changes in O2

- 

production538,557, as it is used for in this chapter. In light of these limitations, two further techniques 

(see Chapter 5) have been used to provide support for the use of DHE: histological analysis of 

fixed arteries and UPLC of DHE-derived oxidation products (the latter regarded as “the most 

unequivocal and quantitative detection of intracellular O2
-”538).  

Furthermore, it is possible that the reduction in fluorescence intensity observed in the 

absence of altered constriction could be the result of dye quenching by the pharmacological 

reagents thus, further experiments will need to be performed in order to investigate this possibility. 

And finally, while there was a disconnect between changes in O2
- and changes in vasoconstriction 

(such as, L-NAME significantly enhancing phenylephrine-induced vasoconstriction but not O2
- 

production), it is possible that movement of the vessel as a result of constriction could be 

contributing to the changes in fluorescence intensity. Therefore, further experiments will be 

performed to examine this possibility.  

In conclusion, the data included in this chapter support my hypothesis that activators of 

KCa channels can significantly reduce phenylephrine-induced O2
- production, this was not linked 

to changes in endothelial modulation of vasoconstriction in mesenteric arteries. These data also 

support the proposal that endothelial KCa channels may be a potential novel target for the 

prevention and treatment of cardiovascular diseases associated with increased production of O2
-

268,328–336.  
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Chapter 5: Activators of SKCa and IKCa channels limit O2
- production in isolated 

arteries 
 

5.1: Introduction 

 In Chapter 4, I used DHE for real time measurements of changes in O2
- levels in intact 

mesenteric arteries. This is in contrast to previous studies in which vascular O2
- measurements 

have been determined in fixed/frozen tissues347–349,558–560.  

 Recent studies have shown that the reaction product of DHE and O2
- is EOH and not 

ethidium, as had been previously thought535. Ethidium is formed from the reaction of DHE with 

ROS other than O2
-, RNS and cytochrome c, and EOH does not arise from the action of other 

intracellular oxidants535. Thus, quantitation of EOH can be considered as being tantamount to 

detecting the presence of O2
- itself539. 

 In this chapter, I conducted histological analysis of fixed arteries stained with DHE, to 

provide support for the functional data collected in the previous chapter. I also carried out UPLC 

analysis of the DHE oxidation products ethidium and EOH to demonstrate that DHE fluorescence 

provides a measure of O2
- levels in the vascular wall rather than other ROS/ RNS. 

5.2: Methods and materials 

See Appendix: Drugs and chemicals for a list of the drugs and chemicals used. 

5.2.1: Histological analysis of mesenteric arteries stained with DHE 

5.2.1.1: Tissue preparation. Vessels were prepared for histological analysis by following the 

methods outlined by Hao et al349. Briefly, sections of second or third order mesenteric artery (4-5 

mm in length) were cleaned of adhering connective tissue and individually placed in 1 ml of Krebs 

buffer in a 1.5 ml tube (Eppendorf, Germany). Stock solutions of DHE (10 mM) were made fresh 

in a darkened room349,535,536 and all protocol steps described were also carried out in a darkened 

room.  Each vessel was incubated with DHE (10 M) for 30 minutes at 37oC during which time 
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one of the following agents was added 10 minutes prior to the end of the DHE incubation period: 

SOD-PEG (25 U/ml), CyPPA (5 μM) or SKA-31 (1 μM). In each experiment, one tube was 

incubated with DHE alone to act as a control. At the end of the incubation period with DHE, 

phenylephrine (10 μM) was added to all tubes and incubated at 37oC for 45 minutes. Tissues were 

then washed in cold Krebs buffer and individually placed upright in small plastic containers full 

of optimal cutting temperature compound (Scientific Gardena), flash frozen in liquid nitrogen and 

placed in a -80°C freezer until cryo-sectioned onto microscope slides (by Ms Lynette Edler, 

HistoCore, Alberta Diabetes Institute, University of Alberta). The slides were stored in a -20°C 

freezer until stained with 1 in 1000 dilution of 4′,6-Diamidino-2-phenylindole dihydrochloride 

(DAPI) in 90% glycerol and cover slips (22x60 mm, thickness #1, Fisher Scientific, USA) placed 

on the slides. Slides were then stored flat in containers at 4°C.  

5.2.1.2: Imaging. Histological analysis was carried out using an upright digital imaging 

microscope (Zeiss Imager Z1, power supply Zeiss 231) attached to a fluorescent lamp (X-cite 120 

LED boost, Excelitas Technologies) and camera (Cooke Sensi Cam). For visualization of DAPI, 

samples were excited at wavelengths between 353-377 nm and emission was captured at 395 nm 

and above. For visualization of EOH bound to DNA349,535,536 (the DHE oxidation product formed 

when DHE reacts with O2
-), excitation was at 450-490 nm and emission was captured at 500-550 

nm.  

Metamorph (Universal Imaging, Downington, PA) was used for analysis of images; the 

DAPI fluorescent images were over-laid with the EOH fluorescent images and the EOH 

fluorescence within each nucleus was calculated, totalled and averaged per image. The average 

fluorescent intensity per image was then compared between treatment groups. Expressing EOH 

fluorescent intensity per nucleus normalized the responses to allow comparison between different 
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vessels and minimized interference from the internal elastic lamina. Adobe Photoshop (Adobe, 

San Jose, CA, USA) was used to add colour to the example images. 

5.2.2: Quantification of DHE-derived oxidation products from aortic samples by UPLC  

Due to the small size of mesenteric arteries, UPLC was used to quantify DHE-derived 

oxidation products349,535,536,540,561 in aortic tissue by following the UPLC protocol for quantitation 

of EOH described by Lebed et.al.562 Aortic tissues were prepared for analysis by UPLC by 

following the protocol described by Fernandes et.al.561 The aorta was cleaned of connective tissue 

and fat and placed in iced cold phosphate buffered saline. The thoracic aorta was cut into 8-12 

pieces and 2-3 pieces placed into each pre-weighed tube and weighed to determine tissue weight. 

Tissues were washed twice with ice cold phosphate buffered saline before 0.5 ml of phosphate 

buffered saline /diethylenetriaminepentaacetic acid was added to each tube. 2.5 μl of DHE, from 

a freshly made 10 mM DHE stock solution, was added to each tube in a darkened room. SOD-

PEG (25 U/ml), CyPPA (5 μM) or SKA-31 (1 μM) was added 15 minutes prior to the addition of 

DHE and tubes were then incubated for 30 minutes at 37oC. After incubation, and still in the dark, 

vessels were washed twice with ice cold phosphate buffered saline before being flash frozen in a 

mortar full of liquid nitrogen and ground with a pestle. The ground vessel powder was transferred 

from the mortar into new tubes with 0.5 ml of acetonitrile and wrapped in aluminum foil. 

The tubes containing ground vessel and acetonitrile were sonicated for 3 x 10 seconds in a 

darkened room and then centrifuged at 4°C 18,000 x g for 15 minutes. The supernatant was 

removed, placed into separate tubes and wrapped in aluminum foil. The supernatant was 

evaporated off using a stream of N2 until a pink pellet formed. All tubes were then wrapped in 

aluminum foil and stored in a -80°C freezer until the pink pellets were prepared for UPLC analysis 

(by Mr. Ken Strynadka, UPLC Analytical Core, Cardiovascular Research Centre).  
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The pink pellets were re-suspended in 100 μl phosphate buffered 

saline/diethylenetriaminepentaacetic acid and 5 μl of each sample was injected into a Waters 

Acquity UPLC System (H Class) consisting of a binary solvent manager, sample manager, column 

manager and fluorescence detector. The column used was a Zorbax SB-Phenyl column (250 mm, 

4.6 mm, 5 m) equilibrated with a mobile phase of 35% acetonitrile and 65% water, both 

containing a 0.1% (v/v) of trifluoroacetic acid. Ethidium and EOH were separated using a gradient 

from 35% to 55% in 5 min at a flow rate of 2 mlmin-1. The fluorescence excitation was set at 470 

nm and the emission was measured at 595 nm. The limit of quantitation for ethidium and EOH 

using this method was 0.4 M, close to previously reported values562. 

All data were acquired and analyzed by means of Waters Empower 3 software. 2-EOH was 

purchased from Noxygen Science Transfer and Diagnostic GmBbH (Germany). All chemicals and 

solvents were of analytical grade. All solutions were prepared in ultrapure milliQ water (Millipore 

MilliQ, Germany) and filtered over a 0.22 m filter (Millipore, Bedford, USA). Analysis was done 

with the operator blinded to sample identity. Data was expressed as the ratio of area under the 

curve per mg of initial sample weight (AUC/mg) as in previous studies562.  

5.2.3: Statistics 

All data are expressed as mean ± SEM, n rats used and ordinary one-way ANOVA followed 

by a Tukey’s multiple comparison post-hoc test was performed. p<0.05 was considered 

statistically significant in all cases. 
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5.3: Results  

5.3.1: Histological analysis of mesenteric arteries stained with DHE 

Representative images of DAPI and DHE stained sections of rat mesenteric arteries treated 

with phenylephrine (10 μM) plus CyPPA (5 μM), SKA-31 (1 μM) or SOD (25 U/ml) are shown 

in Figure 5.1. 

CyPPA (5 μM), SKA-31 (1 μM) and SOD-PEG (25 U/ml) each significantly decreased 

DHE fluorescence intensity in comparison to control tissues incubated with phenylephrine (10 

μM) (p<0.05, Figure 5.2).  
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Figure 5.1: Representative images of DAPI and DHE stained sections of rat mesenteric 

artery.  Arteries were treated with phenylephrine (10 μM) plus CyPPA (5 μM), SKA-31 (1 μM) 

or SOD-PEG (25 U/ml); bar equals 100 μm.  
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Figure 5.2: CyPPA, SKA-31 and SOD each significantly reduce phenylephrine-induced O2
- 

levels in rat mesenteric arteries as measured by DHE fluorescence. Mean data showing the 

phenylephrine (10 μM) -induced O2
- levels in the absence and presence of CyPPA (5 μM), SKA-

31 (1 μM) or SOD (25 U/ml). Values are presented as a mean ± SEM, n=5. * denotes p<0.05 from 

control; one-way ANOVA.  

 

 

5.3.2: Quantification of DHE-derived oxidation products from aortic samples by UPLC  

 CyPPA (5 μM), SKA-31 (1 μM) and SOD (25 U/ml) each significantly reduced EOH levels 

in isolated aortic samples as compared to controls (p<0.05, Figure 5.3a) but did not significantly 

affect levels of ethidium (p>0.05, Figure 5.3b) 
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Figure 5.3: CyPPA, SKA-31 and SOD each significantly reduced EOH but not ethidium in 

rat mesenteric arteries.  a) Mean data showing the amount of EOH (AUC/mg) in the absence 

and presence of CyPPA (5 μM), SKA-31 (1 μM) and SOD (25 U/ml). Values are presented as 

mean ± SEM, n=6.  * denotes p<0.05 from control; one-way ANOVA. b) Mean data showing the 

amount of ethidium (AUC/mg) in the absence and presence of CyPPA (5 μM), SKA-31 (1 μM) 

and SOD (25 U/ml). Values are presented as mean ± SEM, n=6; one-way ANOVA. 

 

5.4: Discussion 

DHE is an O2
- sensitive dye that has been used to detect O2

- in a variety of biological 

samples, cells and tissues349,535–540. DHE is oxidized by O2
- to form EOH which binds to DNA and 

fluoresces with optimal excitation/emission of 490/590 nm540. While the formation of EOH is 

specific to DHE oxidation by O2
-, DHE can also be oxidized by other ROS/RNS, such as H2O2 
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and ONOO-, and cytochrome c, to form ethidium349,535–540. Ethidium has an optimal 

excitation/emission spectrum of 360/590 nm556 thus, there is overlap between the 

excitation/emission spectrums for both DHE-derived oxidation products. However, through the 

use of specific filters to selectively excite/emit for EOH, DHE can be used as a means to selectively 

detect O2
- in tissues538,540,562. I performed histological analysis on fixed mesenteric arteries stained 

with DHE to provide support for the functional data collected in the previous chapter. I also carried 

out UPLC analysis of the DHE oxidation products ethidium and EOH to demonstrate that DHE 

fluorescence provides a measure of O2
- levels in the vascular wall rather than other ROS/ RNS. 

 Histological analysis of fixed mesenteric arteries stained with DHE in the absence and 

presence of the phenylephrine plus the SKCa channel activator CyPPA313,437, the IKCa channel 

activator SKA-31121,124 and SOD, demonstrated that these agents significantly reduced DHE 

fluorescence. The microscope used for this analysis permitted excitation/emission in the narrow 

ranges of 450-490/500-550 nm, optimal for detection of EOH540 over ethidium (optimal excitation 

of 360 nm556). Thus, it is likely that the bulk of the fluorescent intensity captured was due to EOH.  

By using UPLC analysis of DHE-derived oxidation products, I have demonstrated that 

CyPPA, SKA-31 and SOD each significantly reduced the amount of EOH levels in aortic samples 

without altering levels of ethidium. Ethidium is formed by oxidation of DHE by other ROS/RNS, 

such as ONOO- and H2O2, and cytochrome c349,535–540. Thus, these findings give confidence that 

with the use of DHE in functional studies, I am measuring changes in EOH, and not ethidium, 

thus, reflecting changes in the production of O2
-. 

The transient lifetime of O2
- means that there is little likelihood that any molecular probe 

will react with the total amount of O2
- generated. This unavoidable underestimation implies that 

measurement of O2
- levels through the use of DHE and quantitation of EOH can be viewed only 
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as, at best, a semi-quantitative method for assessing O2
- concentrations. Also, as in Chapter 4, the 

source of O2
- was not investigated in these experiments. My hypothesis is that membrane potential 

hyperpolarization may reduce O2
- production and the data supports this proposal. However, KCa 

channels have been identified on the inner mitochondrial membrane in cardiac myocytes137,138 

and neurons139–143,152–156 and the possibility that these channels are present in vascular smooth 

muscle and endothelial cell mitochondria, and thus, play a role in O2
- generation in the vascular 

wall, cannot be ruled out. 

In conclusion, activators of either SKCa or IKCa channels in rat mesenteric arteries or aorta 

significantly reduced the levels of fluorescence intensity and EOH, but not ethidium, as determined 

through the use of histological analysis and UPLC analysis of DHE-derived oxidation products, 

respectively, in a similar manner to the O2
- scavenger, SOD. These findings indicate that the use 

of DHE fluorescence is an appropriate method to assess changes in O2
- levels in arteries and 

support the methodology used in the experiments described in Chapter 4. 
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Chapter 6: General discussion and future directions  

6.1: General discussion 

 Maintenance of adequate blood supply to tissues and organs requires co-ordination of the 

activity of nerves, endothelial and smooth muscle cells. Chemical mediators and changes in shear 

stress act on the endothelium to release diffusible relaxing and contracting factors and evoke 

electrical coupling with underlying smooth muscle cells. Conversely, stimulation of smooth 

muscle cells by neurotransmitters and increases in intravascular pressure leads to flux of second 

messengers to endothelial cells to elicit feedback to limit smooth muscle contraction. Endothelial 

dysfunction is associated with the risk factors for, and development of cardiovascular diseases, 

and is characterized by an increase in O2
- production116,268,328–336. O2

- interacts with NO to produce 

ONOO- at a rate three times faster than O2
- undergoes dismutation by SOD389,390. Thus,  increased 

O2
- is associated with both reduced availability of NO and increased formation of ONOO- leading 

to enhanced vasoconstriction, augmented platelet adhesion and aggregation, vascular smooth 

muscle cell proliferation and diminished angiogenesis298,328,406.  

 Endothelium-dependent modulation of smooth muscle contractility is initiated by a rise in 

Ca2+ levels within endothelial cells leading to activation of NOS and opening of KCa 

channels80,84,85,100,116–131,148–151,197,202–205. NOS converts L-arginine to NO213,258–262 which relaxes 

smooth muscle cells via stimulation of soluble guanylyl cyclase to increase cyclic guanosine 

monophosphate286 and activate protein kinase G-mediated phosphorylation of numerous target 

proteins167,168,287,288. Opening of endothelial KCa channels causes hyperpolarization of the 

endothelial cell membrane potential which spreads to surrounding smooth muscle cells to limit 

contraction by reducing the open probability VOCCs80,84,85,100,116–131,148–151,197,202.  
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 NO and spread of hyperpolarization have long being regarded as parallel pathways for 

endothelium-dependent vasodilation and the gold-standard test for responses mediated by 

hyperpolarization has been the demonstration that blockers of SKCa and IKCa channels inhibit 

endothelium-dependent relaxation in the presence of a NOS inhibitor, such as L-

NAME80,84,85,100,116–131,148–151,197,202–205. However, two completely independent pathways for 

relaxation is counter to effective signal integration required for effective fine tuning of changes in 

arterial diameter in response to multiple stimuli, such as release of neurotransmitter from 

sympathetic nerves and increases in shear stress due to vasoconstriction. Several lines of evidence 

support a link between NO bioavailability and KCa channel activity. For example, in rat basilar and 

superior mesenteric arteries, agonist-evoked NO production and NO-mediated relaxations can be 

inhibited by blockers of endothelial KCa channels203,418 and small molecule activators of 

endothelial KCa channels can evoke NO-mediated relaxation in rat mesenteric and porcine retinal 

arteries437,481. Also, studies in cultured endothelial cells have shown that O2
- production by voltage-

sensitive NADPH oxidase is reduced by membrane hyperpolarization387,529 which may lead to 

increased bioavailability of NO. 

 Our lab and others have demonstrated that in small arteries, endothelial KCa channels show 

a differential distribution within endothelial cells with SKCa channels located on the luminal 

endothelial membrane and IKCa channels localized to MEGJs on the abluminal 

side118,122,125,130,132,133,151,197. This distribution supports the proposal that SKCa and IKCa channels 

may play different roles in endothelium-dependent modulation of arterial diameter. This proposal 

is borne out by reports that in cultured endothelial cells, increases in shear stress are linked to 

activation of SKCa channels206,318,421–424, and our demonstration that in rat isolated mesenteric and 

basilar arteries, stimulation of smooth muscle cells by 1-adrenoceptor agonists leads to flux of 
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IP3 from smooth muscle to endothelial cells to elicit localized increases in Ca2+ that activates IKCa 

channels located at MEGJs and production of NO to limit vasoconstriction, a mechanism termed 

myoendothelial feedback197. 

In this thesis, I have further explored the relationship between endothelial SKCa and IKCa 

channels and NO in regulating resistance artery diameter. In vivo, sympathetic nerve activity is the 

primary regulator of resistance artery diameter, and therefore, contributes to peripheral vascular 

resistance434,435, with the endothelium playing a key role in limiting the vasoconstriction caused 

by neurotransmitters released from perivascular sympathetic nerves. Vasoconstriction increases 

shear stress, the frictional force exerted by flow of blood across the surface of endothelial cells, 

and sensing of these increases in shear stress plays an important role in regulating tissue 

perfusion198–201. However, despite its obvious physiological importance, the mechanisms 

underlying shear stress-induced increases in arterial diameter and thus, blood flow, are still a topic 

of debate. Data from in vitro, in vivo and clinical studies have demonstrated an important role for 

NO in acute responses to increases in shear stress and also support the contribution of endothelial 

hyperpolarization mediated by opening of SKCa channels132,133,206,220,241–248,318,421–433. However, 

whether release of NO and activation of SKCa channels are distinct pathways or two facets of the 

same mechanism is still unclear. 

 Therefore, in Chapter 2, I used the rat mesenteric bed perfused at a constant luminal flow 

so that vasoconstriction leads to increases in shear stress, to explore the functional link between 

NO and SKCa channel activity modulation of sympathetic vasoconstriction. I found that shear 

stress-induced inhibition of nerve-evoked vasoconstriction is mediated by both NO and SKCa 

channels. I also showed that CyPPA, a small molecule activator of SKCa channels that increases 

the channels sensitivity to Ca2+ 313,437, can enhance the response to shear stress in this preparation 
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via a mechanism dependent on endothelium-derived NO. These findings support the notion that 

activators of SKCa channels may have therapeutic potential in enhancing shear stress-induced NO 

bioavailability in pathological states where there is a loss of shear stress-induced dilation420. 

Furthermore, as this enhancement occurred at a concentration of CyPPA that caused minimal 

direct vasorelaxation, activators of SKCa channels may provide a means to maintain coupling 

between physiological stimuli and changes in blood flow and avoid reflex increases in heart rate 

and blood pressure caused by direct vasodilators.  

 These experiments also revealed that voltage-independent mechanisms of smooth muscle 

contraction are a major contributor to nerve-evoked vasoconstriction in the rat mesenteric bed. 

Depolarization-mediated smooth muscle contraction is limited by opening of smooth muscle 

voltage-gated K+ channels and BKCa channels, both of which hyperpolarize the membrane 

potential26–29,76,448,449 to limit contraction. In contrast, contraction of smooth muscle by voltage-

independent processes does not engage a similar “braking” mechanism. Therefore, the reliance of 

nerve-evoked vasoconstriction on voltage-independent processes may allow for a greater range of 

response than would be possible if depolarization was the only active mechanism. 

As described above, in contrast to SKCa channels, IKCa channels are localized to MEGJs 

on the abluminal side of endothelial cells118,122,125,130,132,133,151,197, a position that allows them to 

mediate myoendothelial feedback, the mechanisms by which agonists acting on smooth muscle 

cells can activate inhibitory endothelial pathways to limit contraction. This model arose from 

experiments utilizing the application of 1-adrenoceptor agonists but its contribution to endothelial 

modulation of sympathetic nerve activity, a major stimulus for vasoconstriction in vivo, has not 

been investigated. The reliance of myoendothelial feedback on IKCa channels, provides the 

opportunity to use selective inhibitors of these channels to dissect out the contribution of the two 
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pathways to functional vascular responses and so in Chapter 3, I explored the role of the IKCa 

channel-mediated myoendothelial feedback pathway in limiting sympathetic vasoconstriction in 

the perfused mesenteric bed. 

Using this approach, I found that in contrast to SKCa channels, endothelial IKCa channels 

do not appear to play a functional role in modulating nerve-evoked vasoconstriction in the perfused 

mesenteric bed. However, using SKA-31, an activator of IKCa channels, I identified a role for 

neuronal IKCa channels in limiting vasoconstriction via inhibition of noradrenaline release. IKCa 

channels have previously been localized on specific neurons in rat, mouse, guinea-pig and human 

enteric nervous systems152–156 where they mediate the slow after-hyperpolarization following an 

action potential but this is the first report of IKCa channels on perivascular sympathetic nerves. The 

lack of effect of IKCa channel blockers on sympathetic vasoconstriction suggests that IKCa channels 

may not play a role in regulating noradrenaline release under normal conditions but targeting of 

IKCa channels could provide a new approach to reducing vasoconstriction in conditions associated 

with increased sympathetic drive, such as hypertension174,499,500. 

As described in Chapter 1, endothelial dysfunction associated with risk factors for 

cardiovascular diseases is characterized by increased production of O2
- and decreased NO 

bioavailability268,328–336. Attempts to reduce O2
- levels through use of dietary anti-oxidants such as 

vitamins B, C and E have been unsuccessful337–342 and there is the need to identify new approaches 

to reduce O2
- generation. In disease models, reduced NO bioavailability has been associated with 

upregulation of expression and activity of NADPH oxidase332–336,383,528, a voltage-sensitive 

enzyme which generates O2
- by transferring electrons from cytosolic NADPH to extracellular 

O2
126,367,368,371,372,374,386–388,529. In isolated endothelial cells, drugs which open KATP channels 

attenuate both membrane depolarization and O2
- production, indicating that endothelial cell 



 161 

membrane potential can regulate O2
- production387,529. Our lab has previously shown that 

endothelial depolarization inhibits agonist-evoked, NO-mediated relaxation of rat basilar arteries, 

an effect that was overcome by the KATP  channel opener, pinacidil418, and we, and others, have 

demonstrated depolarization of the endothelial membrane potential in tail530 and mesenteric 

arteries531–533 from rat models of endothelial dysfunction. Therefore, in Chapter 4, I explored the 

relationship between endothelial KCa channels, O2
- production and diameter in intact mesenteric 

arteries mounted in a pressure myograph coupled to a fluorescence detection system (IonOptix) 

for simultaneous measurement of changes in arterial diameter and O2
- production using DHE.  

With this new approach, I found that small molecule activators of endothelial SKCa and 

IKCa channels, as well as scavengers of O2
-, can attenuate phenylephrine-induced O2

- production 

in intact arteries but this is not associated with potentiation of NO-mediated inhibition of 

vasoconstriction. I chose to use this bioassay approach to assess NO bioavailability as although it 

is not quantitative, it has the advantage over commercially available NO-sensitive electrodes or 

fluorescent dyes in that it is functionally and clinically relevant because it shows whether or not 

changes in NO bioavailability are sufficient to affect NO-mediated modulation of vasoconstriction. 

The observed disconnect between changes in levels of O2
- and changes in arterial diameter in my 

experiments may indicate that under the acute conditions of my experiments, the changes in O2
- 

are not sufficient to significantly impact availability of endothelium-derived NO to mediate 

relaxation. However, it could also be a reflection of the predominant role of hyperpolarization in 

endothelial modulation of smooth muscle contraction in small mesenteric arteries, masking the 

impact of enhanced NO bioavailability on vasoconstriction. Thus, for future studies, the use of 

larger arteries in which NO plays a more dominant role should be considered, together with 

investigation of the effects of KCa channel activators on the longer-term consequences of increases 
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in O2
- levels, such as damage to proteins caused by ONOO-. 

Simultaneous recording of arterial diameter and changes O2
- levels using DHE in isolated 

arteries is a new approach. Thus, in Chapter 5, I conducted histological analysis of fixed arteries 

stained with DHE and UPLC analysis of the DHE oxidation products, ethidium and EOH, to 

demonstrate that DHE fluorescence provides a measure of O2
- levels in the vascular wall rather 

than other ROS/RNS. Using these approaches, I demonstrated that activators of KCa channels 

significantly reduced the levels of fluorescence intensity, and of EOH, but not ethidium, in a 

similar manner to the O2
- scavenger, SOD. These findings confirm that the use of DHE 

fluorescence is an appropriate method to assess changes in O2
- levels in arteries and support the 

methodology used in the experiments described in Chapter 4. 

 In conclusion, traditionally, release of NO and opening of KCa channels have been regarded 

as distinct endothelium-dependent pathways for modulation of resistance artery diameter. This 

thesis presents several lines of evidence to support the proposal that the integrated activity of   KCa 

channels, and NO provide a stimulus- and context -dependent mechanism to fine tune arterial 

diameter and maintain appropriate levels of tissue perfusion. Together, these data support my 

hypothesis that pharmacological activators of endothelial KCa channels can reduce vascular O2
- 

production and may provide a novel therapeutic approach to reducing O2
- in pathological states 

associated with endothelial dysfunction 

6.2: Future directions 

The data presented in this thesis opens up a number of potential avenues for future research 

such as: 

Exploration of the source of O2
- regulated by openers of KCa channels. NADPH oxidase 

is a voltage-sensitive enzyme and so its activity can be modulated by cell membrane potential. The 
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possibility that other sources of O2
-, such as xanthine oxidase, may be modulated by changes in 

membrane potential remains to be explored.  

SKCa channels identified on the inner mitochondrial membrane in both neurons and cardiac 

myocytes have been identified as a potential target for new approaches to the treatment of 

conditions associated with increased production of O2
-, such as cerebral and cardiac ischemia, as 

well as endoplasmic reticulum stress and oxidative cell death137–143,152–156,563,564. Cell surface 

expression of SKCa channels has been identified in endothelial cells, but whether they are present 

on mitochondria on endothelial and/or smooth muscle cells has yet to be investigated. 

Investigation of the ability of activators of SKCa and IKCa to reduce O2
- availability in 

models of endothelial dysfunction and transgenic animals. Our lab has shown that acute 

exposure of isolated arteries from diabetic rats to KCa channel activators can enhance NO-mediated 

endothelium-dependent relaxation. Application of the methodology to simultaneously measure 

arterial diameter and changes in O2
- levels to isolated arteries from animal models of disease, and 

potentially patients, will allow for investigation of the ability of KCa channel activators to reduce 

O2
- production and reduce other deleterious consequences of O2

- generation (such as increased 

formation of ONOO- producing detrimental effects on many proteins and lipids) in the setting of 

disease.  

The use of arteries from mice lacking endothelial SKCa and IKCa channels would allow for 

investigation of the role of these channels in regulation of O2
- levels and be useful in confirming 

the selectivity of KCa channel activators.  
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Appendix: Drugs and Chemicals 

Table 1: The mechanism of action, solvent, stock concentration, experimental concentration and 

supplier of the drugs and chemicals used. 

Name 
Mechanism of 

Action 
Solvent 

Stock 

Concentration 

(M) 

Concentration 

Used 

 

Company 

Acetylcholine  Muscarinic 

agonist225,452,565 

Water 10-2 3 μM Sigma-

Aldrich 

Apamin SKCa channel 

inhibitor566 

Water  10-4 50 and 500 nM Tocris 

Apocynin NADPH 

oxidase 

inhibitor541–

543and/or O2- 

scavenger544 

DMSO 10-2 20 μM Sigma-

Aldrich 

Carmustine Glutathione 

reductase 

inhibitor408,411,5

49,550 

Ethanol  10-2 50 μM Sigma-

Aldrich 

N-cyclohexyl-N-

[2-(3,5-dimethyl-

pyrazol-1-yl)-6-

methyl-4-

pyrimidinamine 

(CyPPA) 

SKCa channel 

positive 

modulator313 

DMSO 10-2 0.001-30 μM Tocris 

Dihydroethidium 

(DHE) 

O2- sensitive 

fluorescent 

probe349,535,536 

DMSO 10-2 10 μM Caymen  

Chemical 

Iberiotoxin 

(IbTX) 

BKCa channel 

inhibitor567 

Water 10-4 100 nM Tocris 

NG-nitro-L-

arginine methyl 

ester 

hydrochloride 

 (L-NAME) 

NOS 

inhibitor294,471 

Water 10-1 100 μM Sigma-

Aldrich 

Methoxamine α1-

adrenoceptor 

agonist568 

Water 10-1 1 μM Sigma-

Aldrich 
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Nicotinamide-

adenine-

dinucleotide 

phosphate 

(NADPH) 

Electron donor 
385,471 

10 mg/ml 

NaHCO3 

10-2 100 μM Sigma-

Aldrich 

Nifedipine L-type VOCC 

inhibitor569,570 

DMSO 10-2 1 and 10 μM Sigma-

Aldrich 

4-[[3-

(Trifluoromethyl

)phenyl]methyl]-

2H-1,4-

benzothiazin-

3(4H)-one  

(NS 6180) 

IKCa channel 

inhibitor311 

DMSO 10-2 1 μM Tocris 

N'-[3,5-

Bis(trifluorometh

yl)phenyl]-N-[4-

bromo-2-(2H-

tetrazol-5-yl-

phenyl]thiourea 

(NS 11021) 

BKCa channel 

activator571,572 

DMSO 10-2 100 nM Tocris 

Phenylephrine  α1-

adrenoceptor 

agonist568,573 

Water 10-2, 10-3, 10-4 

and 10-5 

0.001- 100 μM Sigma-

Aldrich 

Prazosin α1-

adrenoceptor 

antagonist184 

Water  10-2 1 μM Tocris 

1H-

[1,2,4]Oxadiazolo

[4,3-

a]quinoxalin-1-

one (ODQ) 

Soluble 

guanylyl 

cyclase 

inhibitor574 

DMSO 10-2 5 μM Tocris 

Naphtho[1,2-

d]thiazol-2-

ylamine  

(SKA-31) 

IKCa channel 

positive 

modulator121 

DMSO 10-2 0.001-30 μM Tocris 

Sodium 

Nitroprusside  

NO donor575 Water 10-2 1 μM Sigma-

Aldrich 
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Superoxide 

Dismutase (SOD) 

Catalyzes 

superoxide 

anion 

dismutation540,5

76 

Krebs  N/A 10 units/ml Sigma-

Aldrich 

Superoxide 

Dismutase-

Polyethylene 

Glycol (SOD-

PEG) 

Catalyzes 

superoxide 

anion 

dismutation538 

phosphate  

buffered 

saline 

N/A 25 units/ml Sigma-

Aldrich 

Tempol 

 

Intracellular 

superoxide 

scavenger576 

Water 10-1 300 Tocris 

 1-[(2-

Chlorophenyl)di

phenylmethyl]-

1H-pyrazole 

 (TRAM-34) 

IKCa channel 

inhibitor577 

DMSO 10-3 1 μM Tocris 

*For each of these drugs control experiments were carried out using appropriate concentrations of 

DMSO 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 


