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ABSTRACT: 

     Novel steroidal oestrogens, that incorporate some of the structural motifs of 

non-steroidal antioestrogens, were synthesised and tested for their actions on 

the BK channel.  These novel compounds were first checked for purity and 

structure using, where appropriate, 1H NMR, 13C NMR, IR spectroscopy, mass 

spectroscopy, thin layer chromatography, melting point analysis, elemental 

analysis and X-ray crystallography.  Using Oestrone as the starting compound, 

the following five novel compounds were synthesised; DME-Oestrone, Quat-

DME-Oestrone, DME-Oestradiol, Quat-DME-Oestradiol and Oestrone-Oxime.  

Two of the derivatives, Quat-DME-Oestrone and Quat-DME-Oestradiol, 

incorporated a quaternary ammonium side-chain making them membrane 

impermeable.   

     These compounds were tested in a range of assays for their ability to 

modulate BK activity.  These BK assays were; aortic ring relaxation assays; 

whole cell patch-clamp recordings, using HEK 293 cells over-expressing BK 

channels; and planar lipid bilayer experiments. 

     Apart from Quat-DME-Oestrone, all compounds demonstrated relaxant 

activity in pre-contracted aortic rings.  However, only relaxations by Quat-DME-

Oestradiol were consistently iberiotoxin sensitive.  These data suggest that 

oestrogen can relax aortic rings using a range of mechanisms in addition to BK 

activation.   

     The compounds DME-Oestrone, Quat-DME-Oestrone, Quat-DME-

Oestradiol, Oestrone and Oestrone-Oxime were selected for further 

investigation on BK channels expressed in HEK 293 cells.  None of these 

compounds could activate BK currents in cells expressing BK α subunits; 

however, Oestrone-Oxime, Oestrone, and Quat-DME-Oestradiol were able to 

activate BK currents in cells expressing both α and β1 subunits.   

     These observations in whole cell patch-clamp experiments were 

fundamentally confirmed in single channel recordings made in planar lipid 

bilayers using DME-Oestrone, Quat-DME-Oestrone, Oestrone and Oestrone-

Oxime.  

     These data are consistent with an extracellular site of action and a 

requirement for an associated β1 subunit for BK activation by oestrogens.  In 

addition, the data point to the importance of the 17β-hydroxyl group in BK 

activation by steroidal oestrogens.  
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1.1 INTRODUCTION 

Pharmacological targeting of ion channels is an exciting field for possible 

therapeutic intervention and novel drug development.  Previous ion channel 

research into potential novel targets has mainly concentrated on sodium and 

calcium blockers [1].  However, with increasing numbers of channelopathies 

being identified, other cation selective channels, and potassium channels in 

particular, are being investigated as potential targets in a number of pathologies 

[2-5].  Dysregulation of potassium channels is a known feature in diverse 

pathologies such as cardiovascular disease, hypertension, incontinence and 

even epilepsy and many researchers have attempted to produce various 

chemical and natural potassium channel openers with a view to producing 

therapeutically relevant compounds [6, 7].  This study will concentrate on the 

large conductance, calcium-activated potassium channel (BK channel) found in 

the vasculature which may be a promising target for treating smooth muscle 

disorders.  Indeed, it is well documented that oestrogens such as 17β-oestradiol 

are able to relax vascular smooth muscle and can interact directly with 

membrane receptors and channels including BK vascular channels [8-14].  

Here, novel oestrogen derivatives were synthesised by the author and their 

potential acute vasorelaxant effects investigated to obtain an insight into their 

mode of action and selectivity for BK channels.  

 

1.1.1 The BK channel  

The BK (big potassium) channel, also known as the Maxi-K potassium channel, 

is a large conductance, calcium and voltage-sensitive potassium channel.  BK 



33 

 

channels are found in the majority of excitable and non-excitable tissues with 

the heart being an anomaly [15].  The channels have functional roles in vascular 

smooth muscle, skeletal muscle, neurons, kidney and secretory cells.  

 

The existence of a calcium-activated potassium channel was first reported by 

Elkins and co-workers in the early 1980s from work involving the Drosophila 

slowpoke mutant [16].  Thereafter, the α subunit, encoded by the KCNMA1/Slo1 

gene, was cloned from Drosophila and various mammalian species [17-20].  

Subsequent investigations revealed a typical tetramic, voltage-regulated 

channel [21, 22] with a unique additional transmembrane segment (S0), that 

places the NH2 terminus at the extracellular side of the membrane, and two 

large intracellular regions designated S7-S8 and S9-S10 [23].  The exoplasmic 

S0 segment is essential for regulatory -subunit interaction [24], while S7-S10 

allow for Ca2+ regulation.  S7 and S8 contain the low affinity Ca2+ and Mg2+ 

binding sites and S9 and S10, the high affinity Ca2+ bowl (Figure 1.1.1.1).   
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(i)                                                                                          (ii) 

 

 

Figure 1.1.1.1 Cartoon of BK channel (i) depicting the BK β1 subunit with its two 

transmembrane domains, and the seven-transmembrane segments of the α subunit 

(ubiquitous to the BK channel. Also illustrated are the hydrophobic S7-S8 and S9-S10 

intracellular regions, incorporating Mg
2+

 and Ca
2+

 binding sites and professed calcium 

bowl (segments S7 – S10.  (ii) Depicts a tetramer of α subunits and their regulatory β 

subunits, forming the native BK channel [25]. 

 

 

 

BK channels comprise four  proteins and are ubiquitously distributed among 

most tissues.  However, the molecular diversity of the channel is due to the 

association of its various β subunits.  Alpha and beta subunits are usually 

expressed together in a 1:1 stoichiometry [26-30].  The tissue specific 

regulatory β subunits 1, 2, 3 and 4 were cloned shortly after the discovery of the 

BK channel [26, 31-34] and revealed the mechanisms underlying the previously 

unexplained tissue specific behaviour of the BK channel [35].  The pore-forming 

four  subunits can associate with more than one type of β subunit which 

uniquely, alters the characteristics of the BK channel [35].  For example, the β1 
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subunit, in addition to enhancing the channel’s sensitivity to voltage and calcium 

[36-38], is a key factor in vascular tone homeostasis [39-41], whereas, co-

expression of the β4 subunit with the  subunit decreases the calcium sensitivity 

of the channel [31, 35].  The β2 subunit is associated with BK channels present 

in chromaffin cells located in the adrenal medulla [42].  An association between 

the β3 subunit and BK channels is found in secreting beta cells of the pancreas 

and also within the testes.  The β4 subunit is associated with BK channels of the 

brain and kidney [43].   

 

1.1.2 The BK channel and vascular tone  

Vascular tone can be described as a sustained state of contraction of the blood 

vessel wall [44].  Indeed, the status quo of resistance arteries is to exist in a 

mode of partial constriction which responds to various stimuli e.g. a rise in 

intracellular calcium concentrations and / or shifts in membrane potential 

according to the perfusion and metabolic wants of a particular tissue [45].  In 

vascular smooth muscle tissue, under normal conditions i.e. pressurised 

arteries; physiological membrane potentials of around -40 mV;  intracellular 

calcium concentrations of no more than 200 nM,  BK channels have a very low 

open probability [46].  However, the BK regulatory 1 subunit, ubiquitous in 

vascular smooth muscle tissue, couples BK activation to calcium sparks (a 

sharp local rise in calcium due to opening of L-type Ca2+ channels and 

ryanodine receptor channels).  This serves to regulate vascular tone and protect 

against membrane depolarisation and pressure-induced vasoconstrictions by 

providing a negative feedback mechanism [43, 47, 48].  When BK1 channels 

are open there is an efflux of potassium ions from the cell causing the 
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membrane to hyperpolarise which, in turn, leads to vasodilation.  Closure of 

these channels causes cell depolarisation thereby, opening voltage-gated L-

type calcium channels and increasing intracellular calcium leading to 

vasoconstriction (Figure 1.1.2.1).  Accordingly, it seems that the BK channel, 

co-expressing both α and β1 subunits, assumes the role of a molecular tuner of 

vasoregulation. 

 

 

 

Figure 1.1.2.1 Schematic cross section of arteriolar smooth muscle cell showing 

regulation of smooth muscle tone.  It illustrates the negative feedback mechanism of 

potassium channels in response to changes in membrane potential and intracellular Ca
2+

 

concentrations.  A rise in intracellular Ca
2+

 results in K
+
 efflux that is sufficient to 

hyperpolarise the membrane potential by up to 20 mV.  This induces closure of voltage-

gated calcium channels (VGCCs) and a reduction in intracellular calcium levels and 

subsequent vasodilation [46, 49]. 
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1.1.3 The BK channel and hypertension 

Increased vascular tone is a hallmark of hypertension and various studies have 

reported the physiological importance of the association of the BKβ1 subunit in 

non-hypertensive systems.  Indeed, in comparison with their β1 subunit-

expressing counterparts, studies with animals with gene-targeted ablation of the 

β1 subunit (β1 knockout mice), show an impaired BK function leading to 

increased arterial tone associated with symptoms of hypertension [43, 50, 51].  

Work done by Plüger et al., has demonstrated the importance of associating 

regulatory BK β1 subunits, in maintaining resting blood pressure homeostasis 

(Figure 1.1.3.1) [51].  

 

 

Figure 1.1.3.1 Histogram showing difference in degree of contraction between KCl-

treated thoracic aortic rings taken from wild type mice (
+/+

) and gene-targeted (BKβ1
-/-

) 

mice either in the presence or absence of the BK blocker, iberiotoxin (IbTX).  These data 

demonstrate that the lack of associating BKβ1 subunits evokes an increased contractile 

response of mouse thoracic aortic rings to KCl which is significantly ameliorated by 

application of IbTX (10
-7

 M) [51]. 
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Conversely, a polymorphism of the 1 subunit that promotes a gain in function, 

is associated with low prevalence of diastolic hypertension in humans [52].   

Furthermore, spontaneously hypertensive rats (SHR), which display severe 

hypertension, and the Wistar-Kyoto rats (WKY), which suffer borderline 

hypertension, show a down-regulation of the BK1 subunit [53].  Consequently, 

animal models of hypertension based on BK dysfunction are firmly established.   

 

1.1.4 Cardiovascular disease and hypertension - epidemiology  

Coronary vascular disease (CVD) is the commonest cause of mortality in 

Europe and at present accounts for over thirty per cent of all deaths and in the 

UK alone, mortality rates are the highest worldwide [54, 55].  According to 

statistics released by the British Heart Foundation, UK mortality rates from 

cardiovascular disease (CVD) reached nearly 200,000 in 2008 [56, 57].  

Remarkably, the latest research suggests that 1:3 adults in England and 

Scotland are hypertensive, fifty per cent of whom receive no prophylactic 

treatment [57].   

 

Nonetheless, there is much to indicate a gender difference in the development 

of coronary heart disease.  Epidemiological studies suggest that the observed 

discrepancy in the pathogenesis of hypertensive disease between the sexes 

may be ascribed to hormonal status [58].  From menarche to the onset of 

menopause, female populations have a much lower incidence of high blood 

pressure than in age-matched male populations.  However, post-menopause, 

the incidence of hypertension in females matches that of males of the same age 
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and indeed, in old age (>75 years), females are more vulnerable to the 

condition than their male counterparts (Figure 1.1.4.1) [58].   

 

16
-2

4

25
-3

4

35
-4

4

45
-5

4

55
-6

4

65
-7

4
>7

5

0

20

40

60

80
Male

Female

Age (years)

P
e
rc

e
n

ta
g

e
 o

f 
th

e
 P

o
p

u
la

ti
o

n

 

Figure 1.1.4.1 Prevalence of high blood pressure in England (1998 - 2008) by age and 

gender.  For these data, high blood pressure was classified as 140 mmHg (systolic) 

and/or 90 mmHg (diastolic) or currently taking prescribed anti-hypertensive medication.  

(Graph constructed by author using data derived from Joint Health Surveys Unit (2009); 

Health Survey for England 2008; Adult Trend Tables (www.ic.nhs.uk accessed June 

2011)). 

 

 

There are several contributing factors to the pathogenesis of hypertension in 

post-menopausal women, not least deprivation of circulating oestrogens and a 

decrease in the oestrogen:androgen ratio.  Reduced oestrogen levels may lead 

to endothelial dysfunction with ensuing increases in endothelin and angiotensin 

II, in turn, leading to vasoconstriction and subsequent hypertension.  The 
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evidence implies a possible link between post-menopausal hypertension and 

decreased levels of endogenous circulating oestrogens  (Figure 1.1.4.2) [59].   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.1.4.2 Flow chart showing post-menopausal hypertension risk factor algorithm 

[59].  
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1.1.5 Oestrogens - genomic or non-genomic pathway 

The circulating endogenous sex hormones are steroid hormones, synthesised 

by the body.  There are three major circulating endogenous oestrogens in 

women, oestrone, oestradiol and oestriol.  Oestrone is the major circulating 

oestrogen in menopausal and post-menopausal women, whereas, oestradiol is 

the major oestrogen produced from menarche to menopause.  Oestriol is mainly 

produced during pregnancy by the placenta.  The male sex hormone, 

testosterone, can be converted in vivo to oestradiol by the enzyme aromatase.   

 

Steroidal oestrogens are uncharged, lipophilic molecules and as such, readily 

diffuse across cell membranes.  Physiological responses to oestrogen are 

triggered by altered conformation of receptors post ligand binding which results 

in activation of cell signalling pathways [60, 61].  Response to oestrogen binding 

is characterised as genomic or non-genomic.   

 

1.1.5.1 Genomic effects of oestrogen  

Genomic effects have a delayed onset and prolonged duration due to 

transcriptional events, culminating in subsequent modulation of protein 

expression [62-65].  Endogenous oestrogens bind to intracellular oestrogen 

receptors to form an oestrogen-receptor complex which triggers various nuclear 

events eg. transactivation of gene expression in response to oestradiol [66].  

Two different nuclear oestrogen receptors to date, have been identified, ERα 

and ERβ, both of which belong to a superfamily of hormone nuclear receptors 

[67].  These receptors serve as signal transducers and transcription factors 

modulating target gene expression by recognising palindromic hormone 



42 

 

elements (HREs) [14, 63, 68-71].  Both ERα and ERβ are expressed in vascular  

smooth muscle and endothelial cells, yet research has revealed that ERα 

expression preponderates over ERβ in vascular smooth muscle and vice versa 

in the endothelium [67]. 

 

1.1.5.2 Non-genomic effects of oestrogen  

Non-genomic steroid action may be characterised by its rapid onset and short 

duration (seconds - minutes compared with hours for a genomic response).  

Non-genomic responses also lack the necessity for translation and transcription 

and consequently, do not act on the genome.  In addition, non-genomic steroid 

action is mediated by receptor proteins other than the nuclear ERα and ERβ 

[72, 73].  Convention dictates that rapid cellular response signalling is frequently 

linked to such cell surface receptors as G-protein-coupled receptors and growth 

factor receptors which generate non-genomic signalling events such as Ca2+ 

mobilisation, kinase activation and synthesis of nitric oxide [74, 75].  Oestrogens 

have been shown to trigger rapid intracellular signalling through second 

messengers via GPR30/GPER, a G protein-coupled receptor belonging to the 

family of 7-transmembrane receptors [61, 76-78].  

 

In vascular smooth muscle, oestrogen-induced rapid relaxation is a well-

characterised, non-genomic event [79] and is a result of changes in membrane 

ionic permeability and activation of vasoactive enzymes in the endothelium, 

such as nitric oxide synthase (eNOS) [63, 80, 81].  Additionally, oestrogen can 

relax arteries independent of endothelium involvement.  Salom et al., have 

demonstrated non-genomic relaxation of isolated rabbit carotid artery by 17β-
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oestradiol where the relaxant effects were attributed to inhibition of extracellular 

calcium influx [82].  Moreover, Nakajima and co-workers, showed 17β-

oestradiol inhibits voltage-dependent L-type Ca2+ channels in rat aortic smooth 

muscle cells [83], while Ullrich et al., have reported oestrogen-induced inhibition 

of L-type Ca2+ currents in HEK 293 cells transfected with Cav channels via 

direct interaction with the channel protein itself [84].  Conversely, oestrogen is 

known to engender a rapid increase in intracellular Ca2+ in the endothelium of 

the vasculature which may involve eNOS and nitric oxide release [85].  Indeed, 

a considerable body of evidence exists demonstrating a role for eNOS in rapid 

and short-lived vascular actions of oestrogen [79], whereas inducible nitric oxide 

synthase isoform (iNOS), known to be present in vascular smooth muscle [86] 

and to a lesser extent endothelial cells [87], has been shown to mediate 

oestrogen-induced vasodilation via a genomic pathway [88]. 

 

1.1.5.3 Non-genomic indirect and direct activation of BK channels by 

oestrogens 

It is widely accepted that BK channels play an important role in the regulation of 

vascular tone via oestrogens and there is a wealth of evidence that oestrogens 

and xenooestrogens are capable of non-genomic activation of BK channels in 

vascular smooth muscle.  This activation may be effected through both direct 

and indirect pathways.  BK channels are regulated by protein kinases and, in 

smooth muscle, the binding of certain hormones, neurotransmitters and drugs 

to membrane-bound receptors such as G-protein-coupled receptors, trigger 

signaling cascades via activated protein kinases PKA, PKG and PKC (Figure 

1.1.5.3.1).  Indeed, Schubert et al., have demonstrated in freshly isolated 
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vascular smooth muscle cells, that the effect of protein kinase G on KCa currents 

is mediated by its direct action on the BK channel [89].    

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Key:  AC (adenylate cyclase); GC (guanylate cyclase);           PKA (protein kinase A); 
         PLC (phospholipase C);                                                     PKG (protein kinase G); 
         IP3 (inositol 1,4,5-triphosphate);                                        PKC (protein kinase C); 
         DAG (diacylglycerol);                                               
         cAMP (cyclic adenosine monophosphate);  
         cGMP (cyclic guanosine monophosphate).    

 
 

Figure 1.1.5.3.1 Cartoon of indirect cyclic nucleotide-dependent relaxatory and 

contractile stimulation of BK channels in a smooth muscle cell.  The cGMP and cAMP 

pathways are key regulators of smooth muscle tone and stimulation of BK channels via 

these pathways contributes to vasorelaxation [90, 91]. 

 

In bronchial and vascular smooth muscle, cAMP-dependent PKA and cGMP-

dependent PKG contribute to smooth muscle vasodilation and decreased 
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vascular resistance, respectively, by enhancing BK sensitivity to Ca2+ and 

voltage leading to ion channel activation [91].  Conversely, phosphorylation by 

PKC actually inhibits BK channels facilitating vasoconstriction [92].   

 

It is also true that oestrogen-induced BK channel activation in smooth muscle is 

mediated by means both physiological and pharmacological which may promote 

cAMP or cGMP involvement [93, 94].  For instance, nitric oxide (NO) induces 

BK channel activation in human pulmonary artery cells which is PKG-mediated 

[95] whereas, oestrogen is known to relax coronary arteries by activating BK 

channels through a cGMP-dependent pathway, as demonstrated by White et 

al., [96].   

 

Cyclic nucleotide-dependent protein kinases are important factors when 

considering the site of action of BK activators, not least because BK channels 

have phosphorylation sites on both α and β subunits (Figure 1.1.5.3.1).  Cloned 

BK channels in smooth muscle have been found to have strong phosphorylation 

sites for PKA and PKG on the α subunit, the majority of which are located in the 

COOH terminus.  Strong phosphorylation sites for these kinases on the β 

subunit are present in the intracellular NH2 terminus [97]  (Table 1.1.5.3.1).   
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Table 1.1.5.3.1 Phosphorylation sites on BK subunits and consequences of 

phosphorylation on BK channel.  

 

Protein 
Kinases 

α subunits 
alone 

β subunits 
alone 

Both α and β 
subunits 

References 

PKA - -  
[30, 92, 97] 

PKG - -  

[30, 92, 98-
100] 

PKC  - - 

[30, 89, 92, 
98] 

 
Key:  (inhibitory effect on BK channel);  (activation of BK channel). 

 
 

1.1.6 The BK channel as a therapeutic target for oestrogens 

The tissue specificity of BK subunits means that BK channels are ideal targets 

for pharmaceutical therapeutic drug design.  The all-important 1 subunit, 

ubiquitous in vascular smooth muscle, is known to increase BK activity after 

application of 17β-oestradiol [101, 102].  Furthermore, for effective activation of 

the channel by 17β-oestradiol, Allen et al., through Bayesian analysis, describe 

how at least two subunits must be associating with the BK channel [40].  Work 

done by Dick and Sanders [103] demonstrated that both the α and β1 BK 

subunits can be individually targeted by oestrogens.  They discovered that while 

xenooestrogens activate the BK channel in mouse colonic smooth muscle cells 

through binding to the β1 subunit, they also elicit a decrease in unitary current 

by interaction with the α subunit (Figure 1.1.6.1). 
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(i)                                                                   (ii) 

 

(iii)                                                                (iv) 

 

 

 

Figure 1.1.6.1 Histograms showing inside-out patch recordings of mouse colonic smooth 

muscle cell BK channels (wild type and β1-/-) in the presence and absence of 17β-

oestradiol (10 µM) or tamoxifen (1 µM); (i) and (iii) group data for channel activity (NPo); 

(ii) and (iv) group data for conductance (γ); all recordings used symmetrical 140 mM K+ 

and 100 nM free Ca
2+

.  These data demonstrate that although, both 17β-oestradiol (10 µM) 

and tamoxifen (1 µM) activate BK channels only in the presence of its regulatory β1 

subunit, both oestrogens elicit a reduction in unitary conductance in β1-/- channels.  

Asterisks (i) and (iii) represent a significant difference from control NPo while the dagger 

represents a significant difference in normalised NPo between wild type and β1-/- mice.  

Asterisks (ii) and (iv) represent a significant difference between control γ and in the 

presence of either 17β-oestradiol (10 µM) or tamoxifen (1 µM).  
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Although there have been many studies claiming the beneficial and cardio-

protective roles that oestrogens possess, research has also shown that these 

molecules can act both as agonists and antagonists and thus, lack the desired 

selectivity of potential therapeutic agents.  Indeed, little is known regarding the 

binding site or mechanism of action of these oestrogen-based BK channel 

modulators.  Previous work using 17β-oestradiol conjugated with an albumin 

molecule has proposed the BK site of action for oestrogens is located 

extracellularly [102].  Furthermore, an extracellular site of action for 

xenooestrogens on the BK channel was demonstrated by Dick and Hunter 

using the quaternary xenooestrogen, ethylbromide tamoxifen [104]. 

 

This study will investigate novel steroidal oestrogens, to be synthesised by the 

author, and their effects on the BK channel.  The idea that oestrogens and 

novel derivatives act directly on BK channels at the external face of the 

membrane between the α and β1 subunits will be explored.  If this proves to be 

correct then the β1 subunit of the BK channel would be a valuable potential 

target for pharmacological intervention. 
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1.2 HYPOTHESES  

This study hypothesises that:-  

(i) these novel oestrogens and xenooestrogens can relax vascular smooth 

muscle by directly activating BK channels;  

(ii) BK activation by these novel oestrogens and xenooestrogens requires the 

presence of the β1 subunit;                        

(iii) the site of action for these novel oestrogens and xenooestrogens on the BK 

channel is located on the external interface between the α and β1 subunits. 

 

1.3 AIMS 

This investigation proposes to develop novel BK activators using steroidal 

oestrogens and non-steroidal antioestrogens as lead compounds. To 

accomplish this:-   

 the N,N-dimethyl-2-phenoxyethanamine motif, found in triphenolic anti-

oestrogens such as tamoxifen, will be incorporated into the aromatic ring, 

found in steroidal oestrogens, with the aim of developing novel BK 

channel activators.   

 

 To obviate any oestrogenic nuclear effects, the novel compounds will be 

further developed through alkylation of the nitrogen group, to produce 

novel membrane-impermeant quaternary amine derivatives.   
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 The selectivity of these compounds will be further investigated by 

studying the subunit dependence for BK activation.   

This development will be considered successful if these derivatives are able to:- 

(i) relax smooth muscle in a BK channel dependent manner                       

(ii) activate BK channels when expressed in cells  

(iii) activate BK channels when reconstituted into lipid bilayers; 

It is hoped that the investigations for this study will contribute to the body of 

information with regards to BK channels as potential pharmacological targets 

and their site of action.  



 

 

 

 

 

 

 

CHAPTER 2 

Synthesis of Xenooestrogens 
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2.1 INTRODUCTION 

Ion channel modulation is an obvious target for drug development and novel 

compounds are continuously being sought as potential therapeutic treatments 

for diverse pathologies diseases.  In this chapter, novel oestrogen derivatives 

as potential BK channel modulators were synthesised and tested for purity.  

 

2.1.1 BK channel as therapeutic target  

The idea that the large conductance Ca2+-activated potassium channel (BK) is 

directly implicated in the manifestation of numerous channelopathies is 

supported by an abundance of scientific evidence [5, 52, 105-108].  The 

channels are present in excitable cells of the central nervous system (CNS), 

endocrine tissue and smooth muscle, where they play a demonstrable role as 

purported guardians of cell membrane potential via regulation by intracellular 

calcium and membrane depolarisation.  Consequently, BK channels present an 

ideal molecular platform for the development of innovative and auspicious drug 

therapies for an array of pathologies from stroke, epilepsy, bladder and erectile 

dysfunction to asthma, hypertension and cardiovascular disease.  It is, 

therefore, not surprising that the last decade or so has witnessed the 

development of a plethora of novel BK modulators such as imidazopyrazine, 

benzimidazolones and the soyasaponins [109-112] .  Nevertheless, nearly all of 

these compounds have, for the most part, been restricted to investigational and 

pharmacological research, while the establishment of clinically-approved BK 

modulators has been elusive [113].   
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2.1.2 BK modulators 

Some BK modulators have, indeed, reached the clinical trial stage of 

development only to be withdrawn before being granted full clinical approval 

e.g. NS-8 and BMS204352 (Figure 2.1.2.1) [113]. 

 

   (i)                                                         (ii)  
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Figure 2.1.2.1 Chemical structures of BK modulators withdrawn from clinical trials (i) NS-

8, a pyrrole derivative reported to be a putative treatment for overactive bladder 

symptoms [114, 115]; (ii) BMS204352, a derivative of NS-004.  Substitution of an hydroxyl 

group in the 3 position with a fluorine atom creates a fluorooxindole compound reported 

to have possible therapeutic value in the treatment of neuronal ischemia [116-118]. 

 

 

To date, there are no known BK activators in current clinical use with the 

exception of CR2039 (Andolast™) [119].  This, recently introduced, BK 

modulator is currently in phase III of clinical trials as an inhalant for the potential 

relief of asthma and chronic obstructive pulmonary disease (COPD) (Figure 

2.1.2.2).  
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Figure 2.1.2.2 N-4-(1H-tetrazol-5-yl) phenyl-4-(1H-tetrazol-5-yl) benzamide disodium salt, 

Andolast
™

 disodium salt (CR2039), currently in Phase III of clinical trials for symptomatic 

relief of mild asthma, targets bronchial smooth muscle BK channels [6]. 

 

 

As far as is known, there is no data available to suggest this compound targets 

the β1 subunit of the BK channel.  Rovati et al., have described relaxation in 

isolated bronchial guinea pig rings which is reversed in the presence of 

charybdotoxin (ChTX), a general BK channel inhibitor.  However, mechanism of 

action was not explored.  Accordingly, most BK modulators are marketed as 

pharmacological or investigational compounds and encompass such novel 

compounds as benzimidazolone derivatives e.g. NS-004, NS-1619 and NS-

1608 (Figure 2.1.2.3) [109, 110, 112, 120]; naturally-derived modulators such as 

dihydrosoyasaponin-1(DHS-1), maxikdiol  and primaric acid (PiMA) (Figure 

2.1.2.4) [121-123]; flavonoids such as apigenine, kaempferol and naringenene 

(Figure 2.1.2.5) [118, 124]; and endogenous steroidal modulators and their 

synthetic structural analogues such as 17β-oestradiol, lithocholate, ICI182,780 

(Faslodex™), diethylstilbestrol (DES), tamoxifen and ethyl bromide tamoxifen  

(Figure 2.1.2.6 and Figure 2.1.3.1) [102, 104, 125-129].  
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Figure 2.1.2.3 Chemical structures of synthetic openers of the BK channel (i) NS-004, a 

BK α subunit-selective opener; (ii) NS-1619, a BK α subunit-selective opener; (iii) NS-

1608 (a diphenylurea analogue of NS-004) has been reported to activate BK channels in 

rat and human urinary bladder smooth muscle cells under physiological conditions.  

Conversely, channel openings are blocked in guinea pig bladder at concentrations >10 

µM (NS-1608) [109, 110, 130].  
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Figure 2.1.2.4 Chemical structures of naturally-derived openers of the BK channel (i) 

maxikdiol, an isoprimane diterpenoid, is a membrane-impermeable weak activator of BK 

channels comprising α subunits alone; (ii) primaric acid, a diterpene, can activate BK 

channels comprising α subunits alone; (iii) dihydrosoyasaponin-1 (DHS-1), a 

glycosolated triterpene and potent BK activator, derived from the medicinal herb 

Desmodium adscendens, which increases the open probability of channels co-

expressing α plus β subunits.  Lipid bilayer experiments have shown DHS-1 is strongly 

voltage-dependent and increases the open probability of BK channels only when acting 

from the cytosolic side of the cell membrane [111, 121, 122, 131].  
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Figure 2.1.2.5 Flavonoids, and isoflavonoids (phytoestrogens), have been reported to 

have BK activating properties (i) apigenine and (ii) kaempferol activate BK channels in 

Xenopus laevis expressing mSlo BK channels [118, 124].  These flavenoids were 

identified using a 3-D pharmacophore model based on NS-004 [132] (iii) the isoflavonone 

puerarin is reputed to effect a concentration-dependent vasodilation in rat aorta [133, 

134]. 
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Figure 2.1.2.6 Lithocholate is an endogenous cholane-derived steroidal BK activator 

which has been reported to possess β1 subunit-dependent vasorelaxant properties both 

in rabbit mesenteric smooth muscle cells and in myocytes isolated from small, 

resistance-size arteries in rats [126, 135]. 

 

 

2.1.3 Sex-steroids as endogenous BK modulators and their structural 

analogues 

It is well-documented that oestrogens and their non-steroidal synthetic 

analogues are able to activate BK channels in smooth muscle cells when in the 

presence of the β1 subunit [40, 102, 136].  However, Valverde et al., were the 

first to report oestrogens bind and activate BK channels, comprising α and β1 

subunits, in a non-genomic way via an extra-cellular binding site.  These 

workers coupled the steroid to a membrane-impermeable protein (bovine serum 

albumin) and applied it, extracellularly, to patches excised from Xenopus laevis 

oocytes expressing both α and β1 BK subunits [102].  This study prompted other 

workers to exploit further, possible novel oestrogen-based BK modulators.  

Indeed, non-steroidal oestrogens (xenooestrogens) such as ICI182,780 

(Faslodex™) [127], toremifene, tamoxifen  and its membrane-impermeable 

analogue, ethylbromide tamoxifen (EBT), are also reported to possess BK 
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modulating properties alongside compounds containing only partial structures of 

tamoxifen such as diethylstilbestrol (DES) [104, 128] (Figure 2.1.3.1).  

Nevertheless, none of these compounds are particularly potent and in reality, 

some have been found to be promiscuous blockers of a variety of plasma 

membrane ion channels e.g. voltage-gated sodium channels, delayed rectifier 

potassium channels and swell-activated chloride channels [137-140].  Zhang et 

al., for example, demonstrated block of swell-activated chloride channels by 

tamoxifen [141, 142] and work done by Allen et al., revealed tamoxifen as a 

non-competitive blocker of 5-HT3 receptors channels [137].  Furthermore, this 

group established that EBT inhibits 5-HT3 receptors in NG108 cells which 

supports the accepted paradigm of an extracellular binding site for 

antioestrogens [104, 143]. 
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Figure 2.1.3.1 Chemical structures of steroidal BK modulators and structural derivatives.  

(i) 17β-oestradiol, a potent BK activator in the presence of β1 subunits, is the 

predominant circulating oestrogen in humans and purported as cardio-protective; (ii) the 

xenooestrogen tamoxifen, an oestrogen receptor antagonist, is able to activate BK 

channels at therapeutic concentrations when the β1 subunit is present.  Conversely, it is 

a promiscuous inhibitor of a number of other plasma membrane ion channels [144]; (iii) 

diethylstilbestrol, a chemical modulator of BK channels incorporating a partial structure 

of tamoxifen but with more potency than tamoxifen.  This compound was used to prevent 

miscarriages between the 1940s and 1970s [145]; (iv) toremifene, a non-steroidal 

xenooestrogen structurally related to tamoxifen; (v) ICI182,780 (Faslodex™), a synthetic 

antagonist of oestrogen receptors, suppresses Ca
2+

 current and stimulates BK activity in 

vascular smooth muscle cells but conversely inhibits BK activity in endothelial cells 

[127, 146]. 
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2.1.4 Synthesis of vasodilators from known BK activators 

The BK channel in vascular smooth muscle with its associated regulatory β1 

subunit is thought to be a valid chemotherapeutic target for the possible 

treatment of hypertension.  Nonetheless, any BK activator would need to be BK 

selective and activate through a non-genomic pathway.  Consequently, the 

synthesis of novel steroidal oestrogenic compounds, which incorporate some of 

the structural motifs of the non-steroidal antioestrogens class of drugs, may 

facilitate structure optimisation which may preclude oestrogenic genomic 

effects.  

 

2.1.4.1 Chemical starting points – Oestrone, tamoxifen, ethylbromide 

tamoxifen and novel xenooestrogens derivatives 

Oestrone was chosen as the parent compound because of its ketone structure 

which makes it an ideal starting compound for the etherification reaction during 

synthesis.  Alternative endogenous oestrogens such as oestradiol or oestriol, 

would lead to a mixture of etherification products whereas Oestrone guarantees 

a single reaction product as etherification can only take place on the phenolic 

group. 

Using Oestrone as a parent compound, novel xenooestrogens were 

synthesised retaining   the N,N-dimethylethanamine functional group of the 

known BK activator tamoxifen and the quaternary ammonium group of its 

membrane-impermeant derivative, ethyl bromide tamoxifen (EBT) (Figure 

2.1.4.1.1). 
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Figure 2.1.4.1.1 Structures of chemical starting points involved in the synthesis of novel 

xenooestrogens as possible BK activators and subsequent novel xenooestrogens (i) 

Oestrone, an endogenous steroidal oestrogen used in this study as the parent 

compound; (ii) tamoxifen is a partial agonist to the nuclear oestrogen receptor.  The N,N-

dimethylethanamine group, highlighted in blue, will be incorporated into the novel 

xenooestrogens; (iii) ethylbromide tamoxifen, the quaternary analogue of tamoxifen, has 

a positively charged side chain quaternary ammonium group, highlighted in red, which 

renders the compound membrane-impermeant, thus, providing potential activation of the 

BK channel via a non-genomic pathway.  

 

 

Five compounds were synthesised in all, 3-(2-Dimethylamino-ethoxy)-Oestrone 

(DME-Oestrone); Quaternary-DME-Oestrone (Quat-DME-Oestrone); 3-(2-

Dimethylamino-ethoxy)-Oestradiol (DME-Oestradiol); Quaternary-DME-

Oestradiol (Quat-DME-Oestradiol) and Oestrone-Oxime.  All novel derivatives 

incorporated the steroidal backbone of Oestrone comprising 20 carbon atoms 

formed in the classic arrangement of four conjoined cycloalkane rings, 

designated by the International Union of Pure and Applied Chemistry (IUPAC) 

as A, B, C  and D.  The three cyclohexane rings are A, B and C, and the 

cyclopentane ring is designated as D (Figure 2.1.4.1.2).  
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Figure 2.1.4.1.2 Chemical mechanisms for the synthesis of five oestrogen derivatives 

from the parent compound Oestrone.  The derivatives incorporate the steroidal backbone 

of Oestrone, comprising the four characteristic conjoined cycloalkane rings designated 

A, B, C, D by the International Union of Pure and Applied Chemistry (IUPAC), and, with 

the exception of Oestrone-Oxime, the N,N-dimethyl-2-phenoxyethanamine side chain 

present in the tamoxifen molecule.  Employing an etherification reaction based on the 

Williamson Ether Synthesis [147], 3-(2-Dimethylamino-ethoxy)-Oestrone (DME-Oestrone) 

was synthesised and used as a starting point for three other novel xenooestrogens - 

Quaternary-DME-Oestrone; 3-(2-Dimethylamino-ethoxy)-Oestradiol (DME-Oestradiol); 

Quaternary-DME-Oestradiol.  The Oestrone-Oxime was also synthesised. 
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2.1.5 AIMS 

The aim of this chapter is to synthesise novel xenooestrogens which 

incorporate some of the structural motifs of two known BK activators, tamoxifen 

and ethylbromide tamoxifen, and the steroidal back-bone of the endogenous 

oestrogen, Oestrone.  

The starting compound Oestrone will undergo etherification and the 3-(2-

dimethylaminoethoxy) (DME) group will substitute for the phenolic group on the 

A ring.  Oestrone is the ideal starting compound for this reaction because the 

use of an alternative endogenous oestrogen such as oestradiol or oestriol, 

would lead to a mixture of etherification products.  With Oestrone, a ketone, 

etherification can only take place on the A ring, helping to guarantee a single 

reaction product.  This key substitution will produce the first compound which 

can be further alkylated to produce quaternary derivatives, or reduced to 

produce oestradiol analogues.  Reduction of the ketone in the 17 position will 

produce the secondary alcohol group found in oestradiol.  

Alkylation of the nitrogen to produce novel quaternary ammonium derivatives of 

compounds is a classical technique for studying the mode of action of tertiary 

amine type ligands. For example, the quaternary analogues of lignocaine will 

only inhibit sodium channels if injected directly into the cytoplasm, being 

completely inactive if applied to the outside of the neuron [148].  The parent 

compound lignocaine being a tertiary amine can cross the cell membrane and 

can work from either side of the membrane.  Thus, quaternary amines are 

valuable in determining which side of the cell membrane amine drugs work.  

This technique has been applied to the study of non-steroidal oestrogens by the 
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Hardy research group [143].  They demonstrated that antioestrogens such as 

tamoxifen and quaternary antioestrogens such as  ethylbromide tamoxifen 

could inhibit ligand-gated ion channels such as nicotinic and 5HT3 receptors 

from the extracellular side of NG108 cell membranes whereas, in the same cell, 

only the cell-permeable tamoxifen could inhibit delayed rectifier potassium 

channels which requires access to the intracellular side of the channel [143].   

In this study, the development of novel steroidal oestrogens and 

xenooestrogens aims to extend previous valuable work in the field of non-

steroidal oestrogens done by the Hardy research group which supports the idea 

that the binding site for antioestrogens is extracellular and not mediated through 

genomic/transcriptional activity [143]. 
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2.2 METHODS  

2.2.1 Chemicals, reagents and analytical apparatus 

 All chemicals and reagents used were supplied by the Aldrich Chemical 

Company (UK) and were of analytical grade.  

 A spray of 50% sulphuric acid and 50% methanol was used to develop 

the thin layer chromatography plates.  

 Silica for chromatography was Merck 9385. 

 Thin layer chromatography (TLC) was performed with Macherey-Nagel 

Alugram® SIL G/UV254 plates.  

 For 1H NMR, 13C NMR, compounds were analysed in deuteriochloroform 

using tetramethylsilane or deuteriopyridine as an internal standard. 

  1H NMR and 13C NMR spectra were recorded on a Bruker WM 360 

Spectrometer at 360 and 90 MHz, respectively.   

 Infra-red absorption spectra were recorded on a Nicolet Avatar 320 FT-

IR fitted with a Smart Goldengate®.   

 Melting points were determined on an electrothermal melting point 

apparatus and uncorrected for temperature and pressure. 

 

2.2.2 Synthesis of DME-Oestrone 

The etherification pathway, based on the Williamson ether synthesis, was a two 

stage process (see Figure 2.2.2.1) using Oestrone as a starting material, and is 

described after a method of Auger et al.,[147].  A mixture of Oestrone (18.5 

mmol), dimethylformamide (DMF 60 ml), and sodium hydride (3.75 mmol of 

NaH 60% dispersion in mineral oil) was stirred at 40C for 2 hours.  The mixture 
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was then cooled to 25C and 2-dimethylamine ethyl-chloride (12.5 mmol) was 

added.  A condenser was fitted and the mixture was left stirring at 40C for 12 

hours.  The reaction was cooled to 0C on ice, after which, the reaction was 

quenched by adding water and a saturated sodium hydrogen carbonate 

(NaHCO3) solution.  The aqueous phase was extracted with ethyl acetate 

(EtOAc).  The solvent was evaporated using rotary evaporation, after which, the 

collected compound was attached to a high-powered vacuum pump for 12 

hours to dry out.  The compound was isolated by column chromatography (solid 

phase - silica gel, eluent – ethyl acetate: methanol (80: 20)).  The isolated 

compound was confirmed using thin layer chromatography (TLC, by 

appearance of a single spot on silica gel ALUGRAM pre-coated TLC sheets.  

The TLC bath contained MeOH: EtOAC (20:80) (40 ml) and the spots were 

visualised using a spray of MeOH and sulphuric acid (5%).  Isolated yield from 

starting compound (5g) - DME-Oestrone 3.94g (79%).  Crystals were formed by 

dissolving the product in MeOH, after which, EtOAc was added drop wise.  This 

was left overnight to crystallise at room temperature. 
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Figure 2.2.2.1 The synthesis of DME-Oestrone from Oestrone.  The synthesis is based on 

the Williamson Ether Synthesis.  Sodium hydride (NaH) is basic enough to deprotonate 

the alcohol function (OH) i.e. it facilitates removal of the phenolic proton to produce the 

alkoxide or conjugal base.  Molecular hydrogen (H2) is generated from this reaction (so it 

is necessary to avoid any source of ignition).  Then, a bimolecular nucleophilic 

substitution (SN2) occurs with 2-dimethylaminoethyl chloride to form the novel 

compound 3-(2-Dimethylamino-ethoxy)-Oestrone (DME-Oestrone). 
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2.2.3 Synthesis of Quat-DME-Oestrone 

To synthesise the quaternary amino form of DME-Oestrone, the compound 

(DME-Oestrone) was prepared as described previously in section 2.2.2.  The 

prepared compound was reacted with ethylbromide by stirring overnight at room 

temperature.  The solvent was evaporated using rotary evaporation after which, 

the collected compound was attached to a high-powered vacuum pump for 12 

hours to dry out.  The compound was isolated by column chromatography (solid 

phase - silica gel, eluent - EtOAc: methanol (80: 20). The isolated compound 

was confirmed, using thin layer chromatography (TLC), by appearance of a 

single spot on silica gel ALUGRAM pre-coated TLC sheets.  The TLC bath 

contained MeOH: EtOAC (20:80) (40 ml) and the spots were visualised using a 

spray of MeOH and sulphuric acid (5%). In this reaction, the lone pair of 

electrons around the nitrogen attacks the polarised carbon on the ethylbromide.  

In order to attain optimal energetic stability the electron pair goes to form Br- 

and hence becomes a leaving ion, so as the quaternary is generated, Br- 

becomes a counter-ion balancing the charge (Figure 2.2.3.1). 
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Figure 2.2.3.1 Compound synthesis and characterisation of the quaternary form of DME-

Oestrone (Quat-DME-Oestrone).  In order to attain optimal energetic stability, the electron 

pair goes to form Br
- 

and hence becomes a leaving ion, so as the quaternary is 

generated, Br
- 
becomes a counter-ion balancing the charge. 
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2.2.4 Synthesis of DME-Oestradiol 

The reduction of DME-Oestrone was effected to form the compound, DME-

Oestradiol (Figure 2.2.4.1). The compound (DME-Oestrone) was prepared as 

described previously in section 2.2.2.  Compound 1 (2g) was dissolved in dry 

methanol (80 ml) and treated with sodium borohydride (500 mg) at 0C.  The 

reaction mixture was stirred for 1 hour when thin layer chromatography showed 

that the reaction was complete.  Acetic acid (1 ml) was added and the solvent 

removed in vacuo to afford compound 2, the reduced DME-Oestrone, 3-(2-

Dimethylamino-ethoxy)-Oestradiol (DME-Oestradiol). 

 

      

                                                                         

                                                                                                                   

Figure 2.2.4.1 Compound synthesis and characterisation of the reduction of DME-

Oestrone (compound 1) to afford 3-(2-Dimethylamino-ethoxy)-Oestradiol (compound 2), 

(DME-Oestradiol). 
 

 

 

1 

NaBH4 / MeOH 

 

Stir, 0C, 1 hr 

 

2 
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2.2.5 Synthesis of Quat-DME-Oestradiol 

The reduction of the quaternary amino form of DME-oestrone was effected to 

form the compound Quat-DME-oestradiol (Figure 2.2.5.1).  The compound 1, 

Quat-DME-Oestrone, was prepared as described previously in section 2.2.3.  

Compound 1 (2g) was dissolved in dry methanol (80 ml) and treated with 

sodium borohydride (500 mg) at 0C.  The reaction mixture was stirred for 1 

hour when thin layer chromatography showed that the reaction was complete.  

Acetic acid (1 ml) was added and the solvent removed in vacuo to afford 

compound 2, the reduced Quat-DME-Oestrone (Quat-DME-Oestradiol). 

 

 

 

 

                                         

 

                                                                        

Figure 2.2.5.1 Compound synthesis and characterisation of the reduction of Quat-DME-

Oestrone (compound 1) to afford Quat-DME-Oestradiol (compound 2).  

  
 

2 1 

NaBH4/ MeOH 

 
Stir, 0C, 1 hr 
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2.2.6 Synthesis of Oestrone-Oxime (17-hydroximino-estra-3-ol) 

A solution of oestrone (2 g) in ethanol (60 ml), hydroxylamine hydrochloride (1 

g) and pyridine (6 ml) was refluxed for 2 hours.  The mixture was then poured 

into ice which caused the formation of a white precipitate.  The precipitate was 

filtered through a sintered funnel and washed with water.  The compound was 

dissolved in ethanol and stirred for 12 hours at room temperature.  The solvent 

was evaporated using rotary evaporation after which, the collected compound 

was attached to a high-powered vacuum pump for 12 hours to afford 17-

hydroximino-estra-3-ol as clear, needle-like crystals (Figure 2.2.6.1).  

 

        NH2OH.HCl, C5H5N (pyr)                                                                                       

                  EtOH                                                                                                   

Reflux, 2h RT 

                                                            

 

Figure 2.2.6.1 Compound synthesis and characterisation of the Oestrone-Oxime (17-

hydroximino-estra-3-ol) from the starting material Oestrone.  
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2.3 RESULTS 

To provide confirmation of structure, functionality and purity of the compounds, 

the following analytical assessments were implemented 

 thin layer chromatography 

 characteristic shift values in the  13C NMR [149] in combination with 

DEPT (distortion enhancement by polarisation transfer) analysis 

 characteristic shift values in the  1H NMR [150]    

 infra-red absorption spectroscopy 

 melting point 

 crystallography and elemental analysis.  

 

2.3.1 13C NMR of starting compound, Oestrone, and novel derivatives 

The 13C NMR is used as an analytical tool in organic chemistry to elucidate the 

carbon skeleton of an organic molecule.  Each peak identifies a carbon atom in 

a different environment within the molecule thus revealing how many different 

carbons are present.  The splitting of a signal reveals the amount of protons 

attached to each carbon, and the chemical shift demonstrates the hybridisation 

of atomic orbitals (sp3, sp2, sp) for each carbon atom. 

 

Distortion enhancement by polarisation transfer analysis (DEPT) determines the 

presence of primary (CH), secondary (CH2) and tertiary (CH3) carbon atoms 

present in the analyte.  Quaternary carbons typically produce no DEPT signal 

due to their lack of protons.  A full presentation of the results gained from 13C 

NMR and DEPT analysis are shown in Table 2.3.1.1.  Full interpretation of 

these signals is reported in Section 2.4.    



75 

 

Table 2.3.1.1 
13

C NMR of starting compound (Oestrone and derivatives in deuterated 

chloroform (CDCl3)
 
or pentadeuteropyridine (d5-pyr) in ppm.    

     

Key: (a) Oestrone; (b) DME-Oestrone; (c) Quat-DME-Oestrone; (d) DME-Oestradiol; (e) 

Quat-DME-Oestradiol; (f) Oestrone-Oxime ( = d5-pyr).  See structure obtained from x-ray 

crystallography for position of numbered carbons (Figure 2.4.1.1.1).  

Carbon 

atom  

 

  Compounds  

 

(a) (b) (c)  (d) (e) (f)* 

 

1 

 

115.28 

 

111.09 

 

113.27 112.10 112.00 

 

116.78 

2 126.53 113.55 115.57 114.60 114.82 127.39 

3 132.11 155.77 156.86 155.04 156.65 131.71 

4 112.82 125.17 127.65 126.33 126.81 114.38 

5 138.06 136.59 139.39 136.26 138.17 138.58 

6 29.47 28.54 30.66 29.80 27.56 28.13 

7 26.49 25.46 27.64 27.27 26.79 27.23 

8 38.35 37.26 39.81 38.86 37.41 39.12 

9 43.96 42.88 45.33 43.27 42.00 45.00 

10 153.48 131.00 134.71 131.09 131.00 157.23 

11 25.92 24.81 27.08 43.98 23.41 26.14 

12 31.57 30.49 32.80 30.61 30.03 30.41 

13 48.03 46.91 48.30 43.98 44.34 44.59 

14 50.41 49.32 49.01 50.07 44.42 53.80 

15 21.59 20.48 22.51 21.48 22.00 23.67 

16 35.88 30.49 36.73 28.33 30.91 35.58 

17 221.10 219.80 219.80 81.84 81.20 169.41 

18 13.86 12.75 14.28 11.08 11.67 18.09 

19  64.84 63.78 65.91 66.55  

20  57.26 62.84 58.34 58.53  

21  44.79 48.77 44.21 45.88  

22  44.79 48.54 44.21 45.85  

23   62.84  50.24  

24   8.61  39.22  
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2.3.2 Analysis and identification of compounds 

Nuclear magnetic resonance (13C NMR and 1H NMR) determines the carbon-

hydrogen framework of an organic compound.  To determine the purity and 

structure of a compound, a variety of additional analytical assessments can be 

carried out, including elemental analysis, melting point, x-ray crystallography, 

infra-red (IR) and high resolution mass spectroscopy (HRMS ESI).  The 

following sections detail the data collected for the novel synthesised compounds 

using these techniques. 

 

2.3.2.1 Analytical assessment DME-Oestrone 

The melting point was determined as 113 - 115C.  The purity of DME-Oestrone 

was greater than 99% as determined by elemental analysis.  Elemental analysis 

found C, 77.25; H, 9.07; N, 4.08; O, 9.37; C22H31NO2 requires C, 77.38; H, 9.15; 

N, 4.10; O, 9.37%; 1H NMR spectrum was H (360MHz; CDCl3): 0.90 (3H, s, 

18-H3), 2.33 (6H, s, N-(CH3)2), 4.04 (4H, t, J 5.6 Hz, 19-H2), 6.66 (1H, s, 4-H), 

6.72 (1H, d, J 2.3 Hz, 1-H), 7.20 (1H, d, J 2.3 Hz, 2-H); IRmax cm-1: 1736, 

1604, 1304 and 854; HRMS ESI: calc. for C22H32NO2: 342.24276; observed 

342.24214 m/z.           

 

2.3.2.2 Analytical assessment Quat-DME-Oestrone 

Due to the deliquescent nature of quaternary compounds, melting point and 

elemental analysis could not be implemented.  1H NMR spectrum was H 

(360MHz; CDCl3): 0.93 (3H, s, 18-H3), 1.45 (3H, t, J  brs, 24-H3), 3.26 (6H,s, 

N(CH3)2), 3.57 (2H, q, J 7HZ, 19-H), 3.81 (2H, m, w/2  4.6 Hz 20 H), 4.44 (2H, s, 
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23-H), 6.75 (1H, s, 4-H), 6.78 (1H, d, J 8.6 HZ, 1-H), 7.25 (1H, d, J 8.6 HZ, 2-H); 

IRmax cm-1: 1730, 1607, 1304 and 847; HRMS ESI: calc. for C24H36NO2: 

370.274; observed 370.275 m/z. 

 

2.3.2.3 Analytical assessment DME-Oestradiol  

The melting point and elemental analysis could not be implemented as 

compound was deliquescent and not crystalline.  1H NMR spectrum was H 

(360MHz; CDCl3): 0.77 (3H, s, 18-H3), 2.32 (6H, s, N-(CH3)2), 2.71 (2H, t, J 5.8 

HZ, 20-H2), 3.71 (1H, t, J 8.5 HZ, 17α-H), 4.05 (1H, t, J 5.8 HZ, 19-H2), 6.65 (1H, 

d, J 8.5 HZ, 1-H), 7.20 (1H, d, J 8.5 HZ, 2-H); IRmax: 3407, 3339,   3046 cm-1; 

HRMS ESI: calc. for C22H34NO2: 344.25841; observed 344.25835 m/z. 

 

2.3.2.4 Analytical assessment Quat-DME-Oestradiol 

The melting point was determined as 237 - 243C.  1H NMR spectrum was H 

(360MHz; ds - pyr): 0.77 (3H, s, 18-H3), 1.48 (3H, s, 24-H3), 3.40 (2H, s, 23-H), 

3.75 (1H, t, J 8.5HZ), 4.28 (1H, brs, 20-H), 4.46 (1H, brs, 21-H), 6.82 (1H, s, 4-

H), 6.94 (1H, d, J 8.5 HZ, 1-H), 7.30 (1H, d, J 8.5 HZ, 2-H) ; IRmax 3341, 

3047cm-1 HRMS ESI: calc. for C24H38NO2: 372.289706; observed 372.288527 

m/z. 

 

2.3.2.5 Analytical assessment Oestrone-Oxime 

The melting point was determined as 249-251ºC.  1H NMR spectrum was H 

(360MHz; ds - pyr): 0.95 (3H, s, 18 H3), 6.98 (1H, d, J 2.4 H3, 4-H), 7.06 (1H, d, 
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J 2.4H3, 1-H), 7.08 (1H, d, J 2.4H3, 2-H); IRmax: 3414, 3212, 1681; cm-1HRMS 

ESI: calc. for C18H24 N02: 286.181; observed 286.180 m/z.  

 

  



79 

 

2.4 PROOF OF COMPOUNDS 

The structural determination and ensuing proof of each novel compound were 

verified by comparing chemical shifts in conjunction with appearances and 

disappearances of significant signals in the spectra of the 1H NMR, 13C NMR, 

infra-red and mass spectroscopy data.  All compounds ran as a single spot on 

TLC plates demonstrating a lack of contamination by the starting material. 

 

2.4.1 Structural determination of DME-Oestrone  

Etherification of oestrone at the 3-alcohol position was confirmed following 

comparison of its spectra to that of oestrone.  The 1H NMR spectrum contained 

new resonance signals for the N-dimethyl and ethyl side chain at 2.33 ppm (6H) 

and 4.04 ppm (4H, t, J= 5.6 Hz).  This structure was further supported by new 

signals in the 13C NMR spectrum at 44.79 ppm (N-dimethyl), 57.26 ppm (C-20) 

and 64.84 ppm (C-19) (see Table 2.3.1.1).  Attachment of this functionality was 

fully supported by accurate mass determination where HRMS ESI found 

370.275, C22H31NO2 requires 370.274.  In addition, the lack of a phenolic OH 

stretch within the IR spectra demonstrates complete etherification of Oestrone.  

Absolute proof of structure was provided by single x-ray crystallography. 

 

2.4.1.1 Crystallographic structure determination of DME-Oestrone 

C22H31N02, Mr 341.48: triclinic space group P1 (No 1), a = 7.0115(3), b = 

7.7771(3), c = 8.9911(4) Å, α = 79.365(3) β = 82.760(2)  = 83.184(2), V = 

475.72(3) Å3, Z = 1, D = 1.19 Mg/m3, u = 0.08 mm-1, F(000) 186.  Data were 

collected using a crystal of dimension 0.4 x 0.4 x 0.4 mm3 on a KappaCCD 
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diffractometer.  A total of 5,898 reflections were collected for 3.55<θ<26.01.  

There were a total of 1,836 independent reflections and 1,799 reflections with 

1>2(1) used in the refinement.  No absorption correction was applied.  The 

structure was solved by direct methods and refined using SHELXL-97.  The 

diagrams used ORTEP-3 for Windows.  The final R indices were R1 = 0.034, 

wR2 = 0.093 and R indices (all data) R1 = 0.036, wR2 = 0.095.  The goodness-

of-fit on F2 was 0.999 and the largest difference peak and hole was 0.19 and -

0.17 e. Å-3 (Figure 2.4.1.1.1). 

 

  



81 

 

 

 

 

 

 

                                                                                                                                                                                         

 

 

                

 

 

                                

       

 

                 

 

    

 

 

 

 

 

 

  

F
ig

u
re

 
2
.4

.1
.1

.1
 
X

-r
a
y
 
c
ry

s
ta

l 
s
tr

u
c
tu

re
 
o

f 
D

M
E

-O
e
s
tr

o
n

e
. 

 
D

a
ta

 
c
o

ll
e
c
ti

o
n

 
K

a
p

p
a
C

C
D

. 
 
 
P

ro
g

ra
m

 
p

a
c
k
a
g

e
 
W

in
G

X
. 
 

R
e
fi

n
e
m

e
n

t 
u

s
in

g
 S

H
E

L
X

L
-9

7
. 
 D

ra
w

in
g

 u
s
in

g
 O

R
T

E
P

-3
 f

o
r 

W
in

d
o

w
s

. 
(D

a
ta

 c
o

ll
e
c
te

d
 0

6
/0

3
/2

0
0

7
).

 

    



82 

 

2.4.2 Structural determination of Quat-DME-Oestrone 

Comparison of the product spectra following quaternisation of DME-Oestrone 

revealed two new signals in the 1H spectra consistent with the presence of a 

new methyl group (1.45 ppm, 3H, s, 23-H3) and methylene (4.44 ppm, 2H, s, 

23-H) in the 1H NMR spectrum.  This finding was reflected in the 13C NMR 

spectrum with new resonance signals at 8.61 ppm (23-H3) and 62.84 ppm (22-

H) (see Table 2.3.1.1).  Addition of the ethyl functionality to the starting material 

was confirmed by accurate mass determination.  HRMS ESI found 370.275, 

C24H36NO2 requires 370.274. 

 

2.4.3 Structural determination of DME-Oestradiol 

Reduction of the C-17 ketone, present in the starting material, was confirmed by 

NMR.  The 1H NMR spectrum of the product contained a new signal at 3.71 

ppm (1H,t) fully consistent with the presence of a C-17 β alcohol.  This was 

further supported in the 13C NMR spectrum of the product, which was devoid of 

the 5 ring quaternary resonance ketone signal at 219.80 ppm (see Table 

2.3.1.1).  This had been replaced with a CHOH resonance signal at 81.84 ppm, 

which is fully consistent with the C-17 β alcohol, as was the infra-red absorption 

signal at 3339.14 cm-1.  The structure was also fully supported by accurate 

mass measurement with a signal at 344.25835 m/z consistent with the M+H+ 

(C22H34NO2) (344.25841).  Finally, the loss of a ketone stretch within IR spectra 

demonstrated complete conversion of the C-17 ketone to C17 OH. In addition 

an OH stretch appeared in the IR spectra due to the production of the required 

secondary alcohol at position 17. 
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2.4.4 Structural determination of Quat-DME-Oestradiol 

Formation of the quaternary ammonium bromide was confirmed by comparison 

of the product 1H and 13C spectra with that of DME-oestradiol.  A new signal 

present in the 1H NMR spectrum of the product at 1.48 ppm (3H, s) was fully 

supportive of the C-24 methyl group, as was the resonance signal at 39.22 ppm 

in the 13C NMR spectrum.  Presence of the C-23 methylene group was 

observed with a resonance signal in the 1H NMR spectrum of the product at 

3.40 ppm (2H, s) and at 50.24 ppm in the 13C NMR spectrum consistent with the 

presence of the adjacent quaternary positively charged nitrogen(see Table 

2.3.1.1).  These data fully support the addition of the ethyl group, as did the 

accurate mass determination where HRMS ESI found: 372.289, C24H38NO2 

requires 372.289706.  Further, the presence of the salt afforded improvement in 

the physiochemical properties of the molecule as witnessed by a much 

improved aqueous solubility profile. 

 

2.4.5 Structural determination of Oestrone-Oxime 

Oestrone was readily converted to the C-17 oxime derivative, the spectra of 

which were devoid of the carbonyl on the 5-membered ring-D (220.18 ppm) in 

the 13C NMR spectrum of the product and the carbonyl absorption signal in the 

starting material infra-red spectrum at 1715 cm-1.  These were replaced with a 

new C-17 quaternary resonance signal at 169.41 ppm demonstrating an upfield 

shift of Δ 50.77 ppm consistent with the reduction in the electronegative 

environment with the oxime (see Table 2.3.1.1).  Molecular weight 

determination fully supported the proposed structure where HRMS ESI M+H+ 

found 286.181, C18H24NO2 requires 286.180. 
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2.4.6 Summary - Proof of compounds 

Purity of compound is normally checked with 2 or 3 purity checks, the usual 

being chromatographic, a sharp melting point and 13C or 1H NMR.  Structure is 

checked by a combination of IR, 13C, 1H NMR and mass spectroscopy.  All the 

novel compounds were subjected to at least 3 purity and 4 structural tests.  

Table 2.4.6.1 illustrates that these compounds can be deemed pure with the 

correct structure and functional group.    

 



 

 

 

8
5
 

Table 2.4.6.1 Summary table depicting proof of structure and purity.  
 

Key: TLC (thin layer chromatography); mp (melting point); 
13

C NMR (carbon nuclear magnetic resonance); 
1
H NMR (proton nuclear magnetic resonance); IR (infra-red spectroscopy); 

MS (mass spectroscopy); MW (molecular weight).  

 TECHNIQUES USED TO  CHECK PRODUCT PURITY  

Compound TLC 
Elemental 
analysis 

mp range 
Crystal 

structure
 

13
C NMR 

1
H NMR IR MS Conclusion 

No. of 
purity 

checks 

No.of 
structure 
checks 

Oestrone 

Single spot 

precursor 
compound not 

present 

- 
258-260ºC 
as per data 

sheet 

commercially 
acquired 

as  expected 
as  

expected 
as expected as data sheet 

commercially 
acquired parent 

compound 
from Aldrich 

4 4 

DME-
Oestrone 

Single spot 

precursor 
compound not 

present 

>99% 
purity 

113-115
o
C 

successfully 
attained 

no evidence of any 
phenolic groups on 

carbon 3 precursor 
compound not 

present 

as 
predicted 

no evidence of any 
phenolic groups on 

carbon 3 precursor 
compound not present 

MW consistent 
with presence 

N-dimethyl and 
ethyl side chain >99% pure 6 4 

Quat-DME-
Oestrone 

Single spot 

precursor 
compound not 

present 

- deliquescent 
deliquescent 
compound 

no evidence of any 
phenolic groups on 

carbon 3 precursor 
compound not 

present 

as 
predicted 

no evidence of any 
phenolic groups on 

carbon 3 precursor 
compound not present 

MW consistent 
with presence 

of ethyl 
functionality  

pure 
no contamination  

with parent 
compound 
Oestrone 

3 4 

Oestrone-
Oxime 

Single spot 

precursor 
compound not 

present 

- 249-251
o
C 

amorphous  
compound 

devoid of ketone 
resonance. 

precursor 
compound not 

present 

as 
predicted 

Oxime group present 
no ketone stretch 

MW consistent 
with presence 
of  C-17 oxime  

quaternary  
functionality 

pure 
no contamination  

with parent 
compound 
Oestrone 

4 4 

DME-
Oestradiol 

Single spot 

precursor 
compound not 

present 

- liquid 
liquid 

compound 

devoid of ketone 
resonance 

precursor 
compound not 

present 

as 
predicted 

presence 
of secondary 
C-17β-alcohol 

MW consistent 
with presence 

of C-17β-
alcohol 

pure 
no contamination 

with parent 
compound  DME-

Oestrone 

3 4 

Quat-DME-
Oestradiol 

Single spot 

precursor 
compound not 

present 

- 237-243
o
C 

amorphous 
compound 

devoid of ketone 
resonance 

precursor 
compound not 

present 

as 
predicted 

presence 
of secondary 
C-17β-alcohol 

MW consistent 
with presence 
of ethyl group 
and C-17β-

alcohol 

pure 
no contamination 

with parent 
compound  Quat-
DME-Oestrone 

4 4 

     TECHNIQUES USED TO  CHECK PRODUCT STRUCTURE  
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2.5 DISCUSSION 

Oestrone is an endogenous circulating oestrogen in humans which, in vivo, is 

inter-convertible with oestradiol.  Five novel xenooestrogens, DME-oestrone, 

Quat-DME-Oestrone, DME-Oestradiol, Quat-DME-Oestradiol and Oestrone-

Oxime were successfully synthesised by the author utilising Oestrone as the 

parent compound.  The novel compounds were designed to incorporate select 

structural motifs of known oestrogenic BK activators:- 

 the steroidal structure of 17β-oestradiol 

 the amine side chain of tamoxifen  

 the positively charged side chain of ethyl bromide tamoxifen, a 

membrane-impermeant quaternary analogue of tamoxifen  

The specific design of these novel xenooestrogens was intended to activate 

BK channels through a non-genomic pathway.  Valverde et al., successfully 

demonstrated oestrogens can activate BKα+β1 channels through a non-

genomic pathway by coupling 17β-oestradiol to an albumin molecule (BSA) to 

afford cell impermeability [102].  However, this technique has been called into 

question as other workers have found that the relative binding efficiency of 

oestradiol-BSA conjugates is low and, thus, these molecules do not compete 

for oestradiol binding to oestrogen receptors in vitro [151].  Furthermore, 

oestradiol-BSA conjugates easily disassociate and leaching of free oestrogen 

invariably occurs [152].  In this study, the incorporation of the amine side chain 

motif of tamoxifen or the quaternary amine of EBT to oestrone, to afford DME-

Oestrone and Quat-DME-Oestrone respectively, may offer an elegant 

alternative and negate the disadvantages of the addition of a large albumin 
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molecule while ameliorating any unwanted side-effects generated by 

tamoxifen (see Table 2.5.1). 

 

Table 2.5.1 Comparison of advantages/disadvantages of oestradiol-bovine serum 

albumin (BSA) conjugates versus quaternary tagging.                                                                                                                                                                                                                                           

 

 

 

 

 

 

 

 

Advantages 
Oestradiol-Bovine 

Serum Albumin 
conjugates 

Advantages 
Quaternary tagging 

Disadvantages 
Oestradiol-Bovine Serum 

Albumin conjugates 

Disadvantages 
Quaternary 

tagging 

No expert organic 
chemical synthesis 
required 

Small low molecular 
weight tag. 
 

Between 5 – 10 oestradiol 
attached per molecule 
therefore stoichiometry 
variable 

 

Requires organic 
chemical synthesis 
experience 

  

Precise molecular 
weight and structure 

Reported to leach free 
oestradiol during 
experiments [152] 
 

 

 
Water soluble 
 

 
Huge bulky 48 kDa tag 

 

Unable to bind to oestrogen 
receptors after removal by 
filtration of free oestradiol  
[151] 

Additional cross linking 
between more than one 
albumin to form albumin 
aggregates. 
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However, the phenolic proton present in oestrogens may prove to be important 

in the activation of BK channels.  If this phenolic proton is, indeed, important, 

then Oestrone and Oestrone-Oxime would be active while DME-Oestrone, 

DME-Oestradiol, Quat-DME-Oestradiol and Quat-DME-Oestrone would all be 

inactive as the phenolic proton at position three is lost or converted to an ether 

linkage in these compounds. 

                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                   

Five xenooestrogens were successfully synthesised and tested for purity 

before being pharmacologically evaluated in:- 

 

 aortic rings in order to investigate selectivity for BK channels and other 

potential oestrogen targets 

 HEK 293 cells expressing either α or α+β1 subunits to investigate the 

subunit dependence of BK activation 

 in planar lipid bilayers to investigate the molecular and functional effects 

on reconstituted  BK channels. 

 



 

 

 

 

 

 

 

 

 

CHAPTER 3 

Ex Vivo Vascular Studies 
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3.1 INTRODUCTION 

In the previous chapter, novel oestrogens were synthesised incorporating 

structural motifs of known oestrogenic BK activators.  The aim of drug 

discovery is to synthesise novel and selective molecules that influence cellular 

processes with the view to developing possible therapeutic treatments.  Part of 

this process is to endeavour to identify the mechanism of action of the 

compounds and to achieve this, it is necessary to test compounds using 

different assays.  

 

The isolated organ bath is an effective in vitro pharmacological screening tool 

used to assess the efficacy, potency and selectivity of a novel compound at a 

defined target. In contrast to other molecular assays, the effects of compounds 

with uncertain molecular targets may be explored.   In this study, aortic ring 

assays bridge the gap between in vivo and in vitro models and afford the 

opportunity to observe the effects of the novel compounds when applied to 

smooth muscle tissue which is rich in BKβ1 expression.  The assay was 

implemented in this study primarily to investigate selectivity of the novel 

synthesised compounds for BK channels and other potential oestrogen targets 

in vascular smooth muscle tissue. 

 

3.1.1 Vascular smooth muscle: physiology and mechanics  

The vasculature is a network of blood vessels of varying size and shape 

perfectly adapted to facilitate shifting blood flow rates and pressure throughout 

the body.  Characteristically, blood vessels have a universal structural 
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organisation, typified by that of the aorta and vena cava, arranged in three 

discreet layers: the tunica intima, media and adventitia.  The tunica intima 

comprises a monolayer lining of macrovascular endothelial cells on the 

surface of the lumen wall.  This is surrounded by the medial layer (separated 

by a continuous basement membrane) mainly containing a complex of 

vascular smooth muscle made up of spindle-shaped, non-striated cells with 

some collagen and elastin.  The outer adventitial layer comprises loose 

connective tissue and extra cellular matrix alongside other cell types such as 

fibroblasts, nerves and perivascular cells (pericytes - thought to be precursors 

of smooth muscle) (Figure 3.1.1.1).  The combination of all these cellular 

components comprises the vascular tissue and creates tight junctions 

facilitating transmembrane transport.                                                                     

 

 

Figure 3.1.1.1 Schematic of blood vessel structure shown in cross-section.  Large blood 

vessels such as arteries (and veins) have three distinct layers: the intima comprises 

endothelial cells which line the lumenal surface; the media consists of several sheets of 

vascular smooth muscle; and a thin covering of connective tissue that makes up the 

adventitial layer.  The intima and the media are separated by a basement membrane 

[153].   
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3.1.2 Signalling of contraction in smooth muscle 

Contraction and dilation of vascular smooth muscle is an involuntary process, 

principally regulated by receptor and stretch (mechanical) activation of 

proteins myosin and actin. The process is generally controlled by the 

sympathetic nervous system and can be either phasic or tonic [154].  When 

smooth muscle cells contract, they shorten in length altering the diameter of 

the vessel lumen, thereby regulating blood flow [154].  However, alongside 

neuronal stimuli, smooth muscle is regulated by an array of transduction 

signalling molecules e.g. noradrenalin, angiotensin II, endothelin, histamine 

and a variety of hormones, as well as a range of intracellular mechanisms 

including myosin light chain kinase (MLCK) and myosin phosphatase.  These 

pathways initiate smooth muscle responses via modulation of intracellular Ca2+ 

concentrations [Ca2+]i [155, 156]. 

 

3.1.2.1 Gap junctions 

Intercellular, electrical communication between individual smooth muscle and 

endothelial cells is made possible by the presence of gap junctions.  Gap 

junctions facilitate the passage of electrical current and small molecules and 

ions e.g. Ca2+, cAMP, ATP and possibly nitric oxide, leading to co-ordinated 

lengthening or shortening of the individual smooth muscle cells, necessary for 

regulating vascular tone [157-161].  Gap junctions are zones of paired 

hexameric assemblages of connexin that act as intercellular pores or channels 

known as hemi-channels [162].  Two of these hemi-channels link to form a gap 

junction which creates a signalling pathway between cells within the same 

tissue or commonly, heterocellularly at junctions between VSMCs, ECs, renal 
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juxtaglomerular cells and pericytes.  To date there have been only three 

connexin isoforms found to associate with VSMCs and ECs, explicitly C37, 

C40 and C43, named in relation to their molecular weight  [160, 163, 164].  

Interestingly, expression levels of these particular connexins, varies according 

to location and size of vessels.  Typically, all three connexins are abundant in 

endothelial cells whereas, only C43 is common in VSMCs [165-167].  The 

point at which VSMCs and ECs make contact is called the myoendothelial 

junction (MEJ).  This is a putative location for the presence of connexins in the 

hypertensive system [168-171].  Vascular smooth muscle and endothelial cells 

are a functionally coupled syncitium i.e. changes in membrane potential in one 

cell type can alter the function of voltage-gated Ca2+ channels in the other cell 

type [172-176].  Gap junctions are vital to the coordination of [Ca2+]i variations 

in neighbouring VSMCs, and the maintenance of vascular tone in general 

[176, 177]. 

  

3.1.2.2 The role of Ca2+ in smooth muscle contraction  

The principal stimulus for contraction of vascular smooth muscle is an 

increase in [Ca2+]i, derived from an influx of extracellular Ca2+ through  

voltage-sensitive and receptor-activated Ca2+ channels (membrane 

depolarisation can be triggered in response to mechanical stretch of the 

smooth cells causing these channels to open), or  from intracellular Ca2+ 

stores i.e. sarcoplasmic reticulum (SR).  Store operated Ca2+ release creates a 

rapid phasic response and is initiated by the binding of a variety of 

transduction signalling molecules and hormones and neurotransmitters such 

as noradrenalin, angiotensin and endothelin, leading to a cascade of potent 
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second messenger pathways (diacylglycerol – DG and inositol 1,4,5-

triphosphate – IP3) [154] (Figure 3.1.2.2.1 ).  However, the SR in smooth 

muscle cells is sparse and not well developed, hence much of the increase in 

[Ca2+]i is acquired via the voltage-gated and receptor-activated Ca2+ channels 

and generates a slow sustained vasoconstrictor response.  

 

Contraction is regulated via myosin thick filaments triggered by Ca2+ binding to 

the acidic protein, calmodulin.  The Ca-calmodulin complex binds to myosin 

light chain kinase (MLCK) which leads to phosphorylation of a serine residue 

on two of the myosin light chains, enabling interaction of myosin with actin 

(Figure 3.1.2.2.1).  This phosphorylation is very often sustained at low levels 

without mechanical or receptor stimuli, thus, creating a dynamic state of 

vasoconstriction, the basis of smooth muscle tone [178-180]. Contraction of 

smooth muscle is maintained by activation of Rho kinase and RhoA pathways 

[181], which serve as Ca2+-sensitising mechanisms (Figure 3.1.2.2.1) [154].  

Increased levels of [Ca2+]i are transitory and thus, maintenance of muscle tone 

is a dynamic process.  Rho kinase inhibits myosin phosphatase activity 

(concomitant with the activation of phospholipase C), initiated by activation of 

the protein RhoA.  In this way, the myosin light chain remains phosphorylated 

and upholds a state of contraction [182]. 
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Figure 3.1.2.2.1 Regulatory pathways leading to smooth muscle contraction.  A variety 

of agonists e.g. noradrenalin, angiotensin, endothelin etc. initiate smooth muscle 

contraction by binding to specific receptors.  This instigates increased levels of 

phospholipase C activity through G protein coupling.  Phospholipase C generates the 

second messengers DG and IP3.  The latter binds to SR receptors triggering the release 

of Ca
2+

.  Ca
2+ 

then binds to calmodulin to activate MLCK which in turn phosphorylates 

myosin light chain so that cross-bridging in juxtaposition with actin can take place, 

causing the smooth muscle cell to shorten and contract.  DG activates protein kinase C 

(PKC) which in turn can promote contraction via phosphorylation of voltage-sensitive 

Ca
2+

 channels located in the cell membrane.  Activation of Rho kinase is initiated by 

activation of RhoA and leads to the phosphorylation of the myosin light chain resulting 

in inhibition of myosin light chain phosphatase (MLCP) and a contractile state [154].  

 

 

3.1.2.3 The role of Ca2+ in smooth muscle relaxation 

Smooth muscle relaxation is initiated by a decrease in [Ca2+]i and involves 

reuptake of calcium ions into the SR facilitated by ATP hydrolysis.  Calcium, 
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magnesium ATPases are present in the SR and when phosphorylated, bind to 

two calcium ions which are sequestered back into the SR (Figure 3.1.2.3.1) 

[154].  Calcium, magnesium ATPases are also present in the plasma 

membrane.  However, the activity of these proteins differs from those of the 

SR as they can be bound by calmodulin leading to activation of the plasma 

membrane calcium pump.  Other [Ca2+]i -reducing mechanisms involve the 

presence of Na+/Ca2+ exchange pumps in the plasma membrane and the 

inhibition of receptor and voltage-sensitive Ca2+ channels.  

 

 

 

 

Figure 3.1.2.3.1 Regulatory pathways leading to smooth muscle relaxation.  For smooth 

muscle relaxation to occur, there has to be a decrease in the levels of [Ca
2+

]i and 

subsequent increase of myosin light chain activity.  [Ca
2+

]i is reduced via a number of 

mechanisms involving the SR and cell membrane, which contain calcium, magnesium 

ATPases.  These enzymes are instrumental in the removal of cytosolic calcium ions 

[154].  
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3.1.2.4 Vascular tone and the role of the endothelium 

It is now well known that the endothelium is involved in the maintenance of 

vascular tone [183-185].  The entire vascular system is lined with endothelial 

cells which not only act as a protective layer for the vessel but also, operate as 

a dynamic, signal transducing organ, involved in diverse physiological 

functions.  These functions include expression of a remarkable range of 

signalling chemicals, some constitutively expressed such as anticoagulant 

factors to aid blood flow [186, 187], and others released in response to various 

mechanical (shear stress and tension) and biochemical stimuli, including a 

variety of vasoactive effectors  (Table 3.1.2.4.1).   

 

Table 3.1.2.4.1 Mediators of vascular tone regulation in the endothelium 

Blood flow regulation / 
anticoagulation factors 

 
Vasorelaxation 

 
Vasoconstriction 

 

Thrombomodulin (TM) 

 

Nitric oxide (NO) Endothelin (ET) 

 

Antithrombin Prostacyclin(PGI)2 Angiotensin II (AgII) 

Plasminogen activator 

 

 

Endothelium-Derived 

Hyperpolarising Factor 

(EDHF) 

Thromboxane A2 

(TxA2) 

Heparin 
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There are a diverse range of receptors located on the luminal surface of 

functionally-intact endothelium (Figure 3.1.2.4.1) and stimulation of these 

receptors by various neurohumoral agents and physical stimuli such as shear 

stress, serotonin, catecholamines, acetylcholine (ACh) and adenosine 

diphosphate (ADP), triggers release of endogenous, endothelial-derived 

vasoactive substances. 

 

 
 

 

 

 

Figure 3.1.2.4.1 Schematic of known effectors on vascular endothelium receptors 

stimulating the release of endothelium-derived relaxation factor (EDRF) and 

endothelium-derived contracting factor (EDCF) leading to vascular smooth muscle 

relaxation and contraction, respectively [188].  
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In an early study (1980), Furchgott and Zawadzki reported that relaxation of 

vascular smooth muscle by acetylcholine in isolated rat aortic rings is 

endothelium-dependent.  This relaxation was perceived to be due to an 

endogenous mediator which they termed endothelium-derived relaxing factor 

(EDRF) [183, 189].  This was subsequently identified as nitric oxide (NO) [184, 

185], a product of L-arginine-NO-synthase pathway [190, 191].  There are 

three known NO synthase (NOS) isoforms all of which are involved in the 

regulation of vascular tone: eNOS - expressed in the endothelium, nNOS – a 

neuronal isoform, both constitutively expressed, and an inducible isoform, 

iNOS, which is expressed in the presence of certain pathologies typically 

involving an immune response [192].  NO is a labile short lived (t1/2 <4 

seconds) powerful vasodilator which acts in a paracrine fashion by directly 

stimulating cytosolic soluble guanylate cyclase [190, 193].  This leads to an 

increase in cGMP levels and decreased intracellular Ca2+ resulting in 

vasorelaxation [194] (Figure 3.1.2.4.2).  

 

Prostacyclin (PGI2), a member of the eicosanoid family of signaling molecules, 

has since been revealed to be another important endothelium-derived relaxing 

factor, initiating vasodilation in VSMCs by stimulation of adenylate cyclase and 

the formation of cAMP [195] (Figure 3.1.2.4.2).   

 

Endothelium-dependent relaxations are also associated with the 

hyperpolarisation of endothelial and smooth muscle cells via endothelium 

dependent hyperpolarising factor (EDHF), of which there is an abundance of 
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putative candidates e.g. carbon monoxide, C-type natriuretic peptide, short-

lived arachidonic acid metabolites (via cytochrome P450) [169, 171, 196, 197].  

 

 

 

Figure 3.1.2.4.2 A Schematic of endothelium-derived relaxing and contracting factors.  

KEY AA (arachadonic acid); Ach (acetylcholine); α (alpha-adrenergic); ATII (angiotensin 

II); Bk (bradykinin); COX (cyclooxygenase); ECE (endothelin converting  enzyme); 

EDHF (endothelium-derived hyperpolarizing factor); ET (endothelin1); NO (nitric oxide); 

NOS (NO synthase); O2
-
 (superoxide anions reactive oxygen species); P (purines); PGI2 

(prostacyclin); T (thrombin); TXA2 (thromboxane A2); VP (vasopressin); 5-HT (serotonin) 

[198].  

 

 

3.1.2.5 BKCa channels in vascular smooth muscle and endothelium cells 

There are a multiplicity of ion channels involved in endothelium-derived and 

VSMC vasoreactivity [199].  EDHF-mediated vasodilatory responses entail 

activation of endothelial KCa channels, fundamental to the control of membrane 

potential in both endothelial cells and VSMCs and subsequent vascular tone 
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[93, 187, 197, 200, 201].  All vascular KCa channels can be activated by 

calcium and to date there are three known sub-types i.e. the small (SKCa), the 

intermediate (IKCa) and the large (BKCa) conductance potassium channel [25, 

49, 93].  However, expression of these channels varies within the vasculature 

i.e SKCa channels are expressed mainly on ECs, while IKCa and BKCa channels 

are found in both endothelial and smooth muscle cells, albeit BKCa is 

preferentially expressed in smooth muscle tissue [202-207].  Moreover, in the 

case of the BKCa, different combinations of α with β subunit associations exist 

within the tissue [187, 208].  There is evidence to suggest that while β subunits 

(constitutively expressed in VSMCs as the β1 form) are not expressed in 

endothelial cells at the mRNA and protein level [36, 187, 208, 209], the BKCa 

channel comprising α subunits alone are fully expressed in vascular 

endothelial cells and have a functional role [202, 210].  Consequently, in the 

absence of associating β1 subunits, BKCa channels in the endothelium are less 

sensitive to Ca2+ than in VSMC channels and activate at more positive 

potentials [211, 212].  Interestingly, activation of BKCa channels in VSMCs can 

be induced by various endogenous effectors including nitric oxide, arachidonic 

acid metabolites such as dihydroxyeicosatrienic acids, and also reactive 

oxygen species (ROS) [213-216].  However, recent studies have 

demonstrated that low concentrations of the BKCa activators, compound 

NS1619 and resveratrol (a phytooestrogen), applied to isolated rat aortic rings, 

induce vasodilation via endothelial BKCa channel activation and not through 

VSMC BKCa involvement [217]. 

 



 

102 

 

3.1.2.6 Vasodilatory effects of 17β-oestradiol and other oestrogens 

The vasodilatory effects of steroidal and non-steroidal oestrogens have been 

extensively studied in the rat aorta and it is now widely established that 17β-

oestradiol can induce reversible relaxation in vascular smooth muscle in a 

genomic or non-genomic manner via both endothelium-dependent and 

endothelium-independent pathways [218, 219].  Endothelium-independent 

vasorelaxation by oestrogens acutely increases vascular relaxation in a non-

genomic manner [218, 220] and is mediated, in part, by activation of the BKCa 

channel in association with its β1 subunit [9, 221].  Vasorelaxation to 17β-

oestradiol has also been shown to occur in the presence of NOS inhibitors, 

NG-nitro-L-arginine and Nω-nitro-L-arginine [219, 222, 223].  These studies 

offer further evidence that oestrogen-evoked relaxation is due to interactions 

with vascular smooth muscle ion channels directly.  Previous studies by Zhang 

et al., White et al., and Tep-Areenan et al., have demonstrated that 17β-

oestradiol interacts with ion channels within the plasma membrane of vascular 

smooth muscle cells [96, 224, 225],   They showed that micromolar 

concentrations of 17β-oestradiol inhibit Ca2+ channels and activate BKCa 

channels.    

 

Other endogenous oestrogens such as 17α-oestradiol, oestriol and oestrone 

have been shown to produce vasorelaxant effects, albeit less marked (17β-

oestradiol >> oestrone > oestriol > 17α-oestradiol) [40, 102, 226].  Studies 

have reported tamoxifen, a non-steroidal xenooestrogen, to induce 

vasodilation via inhibition of mitogen-activated protein kinase in rat aortic 

smooth muscle [227] and raloxifene, a selective oestrogen receptor modulator 
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(SERM),  to induce vasorelaxation in porcine coronary arteries by the inhibition 

of Ca2+ channels and the activation of BKCa channels in an endothelium-

independent manner [228].  Here, the vasodilatory effects of Oestrone and its 

derivatives, DME-Oestrone, Quaternary-DME-Oestrone, Oestrone-Oxime, 

DME-Oestradiol and Quaternary-DME-Oestradiol were compared on 

endothelium intact and endothelium denuded rat aortic rings, pre-contracted 

with phenylephrine (1 µM). 
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3.1.5 AIMS 

If the compounds synthesised in the previous chapter are novel BK activators 

then they should demonstrate smooth muscle relaxant activity in arterial 

smooth muscle. This relaxation should not be dependent on nitric oxide 

release from an intact endothelium.  In addition, the relaxation should be 

reversed by specific BK channel blockers.  The aim of the chapter is to test the 

ability of these compounds to relax pre-contracted aortic smooth muscle in 

preparations which have their endothelium left intact and preparations which 

have had the endothelium removed; novel BK activators should be able to 

relax pre-contracted aorta independent of nitric oxide release from the 

endothelium.     

Objectives:–  

1. To determine which compounds relax aorta independent of the 

endothelium. 

2. To determine which compounds can have the relaxant properties 

reversed by iberiotoxin. 

3. To determine the relative potencies and selectivity of these compounds 

in order to select compounds for further investigations.   
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3.2 METHODS 

3.2.1 Preparation of isolated rat thoracic aorta rings 

Adolescent male Sprague-Dawley rats, supplied by Charles River (weight 

approximately 180 g–240 g), were sacrificed by cervical dislocation.  Thoracic 

aortae were removed and cleared of periadvential fat and then dissected into 4 

rings (3-4 mm width).  To obviate the effects of nitric oxide (NO) release, the 

endothelial layer was removed mechanically in half of the rings by gently 

rubbing the intimal surface of the artery lumen with a matchstick.  All rings 

were then mounted in organ baths (AD Instruments, DMT) which were filled 

with warmed (37C) and gas-equilibrated (95%  O2, 5% CO2) Krebs’ solution 

containing (in mMol/L) CaCl2 1.6, MgSO4 1.17, EDTA 0.026, NaCl 130, 

NaHCO3 14.9, KCl 4.7, KH2PO4 1.18, and glucose 11 (Figure 3.2.1.1).   

 

 

 

Figure 3.2.1.1 Measurement of relaxation/contraction of rat aortic rings mounted in 

organ baths filled with warmed (37C), gas equilibrated (95%  O2, 5% CO2) Krebs’ 

solution using isometric transducers with an applied pre-load tension of 1.5 g. 
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Isometric tension was measured with isometric transducers (AD Instruments 

DMT), digitised using a MacLab A/D converter (AD Instruments) and stored 

and displayed on a MacIntosh computer.  A pre-load tension of 1.5 g was 

applied and the rings were equilibrated for 60 minutes, changing the Krebs’ 

solution fully every 15 minutes.  Relaxation is expressed as a percentage of 

the steady-state tension (100%).  Phenylephrine (1 nM-100 µM) was used to 

induce vasoconstriction of the aortic rings and dose response curves were 

generated.  Following pre-contraction with phenylephrine (1 µM), the 

cumulative effect of oestrone and derivatives at 0.3 µM, 1.0 µM, 3.0 µM, 10.0 

µM and 30.0 µM concentrations at 8 minute intervals on percentage relaxation 

of aortic rings was recorded.  For these experiments, 10 mM and 1mM stock 

solutions of all compounds were made using dimethyl sulfoxide (DMSO) 

(Figure 3.3.1.1).  DMSO is an ideal choice of vehicle as it is a known aprotic 

solvent which is miscible in water.  The stock was further diluted in HEPES 

buffer to the appropriate concentrations (Figure 3.3.1.1).  The artery 

endothelium viability and integrity were confirmed by dilatory response of the 

ring to acetylcholine (1 nM -100 µM). 

 

3.2.2 Statistical analysis  

All data throughout this chapter were analysed using GraphPad Prism version 

5.03 and are presented as the mean ± the standard error of the mean (SEM) 

unless otherwise stated.  The level of significance between means was taken 

at p <0.05.  The effect of the oestrogens was expressed as the percentage 

relaxation with 100% relaxation occurring when baseline is reached.  In all 
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experiments, n equals the number of rats from which thoracic aortae were 

obtained.   

Statistical comparison between the concentration response for rubbed and 

denuded aortic rings was made using two-way ANOVA with a Bonferroni post 

hoc test for multi-comparison of individual means associated with each 

concentration. 

 

The threshold relaxation concentration was determined using the Wilcoxon 

signed rank test, a non-parametric equivalent of the one sample t-test.  The 

lowest concentration that produced a relaxation significantly different from zero 

determined the upper limit for the threshold concentration.  
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3.3 RESULTS 

3.3.1 The effect of novel steroidal oestrogens on isolated rat thoracic 

aorta rings 

The effects of steroidal oestrogens on the vasculature are diverse depending 

on the target vessel and even across species [96, 229-232].  Ex vivo, 

experiments using isolated rat aorta are a useful and well-established tool for 

investigating the mechanisms of action of novel and endogenous modulators 

of ion channels within tissue [13, 189, 219, 233, 234].  Here, the vascular 

responses to Oestrone and its novel derivatives were investigated in isolated 

rat aorta with regard to the role of the BK channel in vascular smooth muscle 

and the ubiquitous endothelium.  Increasing concentrations (0.3 M; 1.0 M; 

3.0 M; 10 M; 30 M) of Oestrone, DME-Oestrone, Quat-DME-Oestrone, 

Oestrone-Oxime, DME-Oestradiol or Quat-DME-Oestradiol were cumulatively 

added to rat aortic rings pre-contracted with phenylephrine (PE) (1 µM), all at 

eight minute intervals.  The aortic rings were either endothelium-denuded or 

endothelium intact.   

 

Percentage relaxation and threshold concentrations were duly recorded.  An 

example of a typical trace recording of the percentage relaxation in a pre-

contracted and endothelium-intact rat aortic ring is shown in Figure 3.3.1.1(B).  

The trace illustrates a relaxation in the tissue that is concomitant with the 

cumulative concentrations of Oestrone-Oxime when applied at 8 minute 

intervals.  Figure 3.3.1.1(A) is an example trace of a control experiment 

illustrating the relaxant effect on phenylephrine-contracted rat aorta of 
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increasing concentrations of dimethyl sulfoxide (DMSO).  DMSO was used 

throughout this study as the vehicle solvent for preparation of 1 mM and 10 

mM stock solutions of the test compounds.  DMSO was chosen as a solvent 

due to its aprotic properties, dissolves both polar and non-polar compounds, 

and is miscible in water.  As expected, DMSO had no effect on percentage 

relaxation in the pre-contracted aortic rings.    
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Figure 3.3.1.1 (A) a typical trace of a representative experiment showing relaxation of 

phenylephrine-contracted (1 µM) in the presence of increasing concentrations of 

dimethyl sulfoxide (DMSO) over time (50 minutes);  (B) a typical trace of a 

representative experiment showing relaxation of phenylephrine-contracted (1 µM) and 

endothelium-intact rat aortic ring after 40 minutes exposure to Oestrone-Oxime at 

increasing concentrations. 
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3.3.2 Comparison of vascular responses to increasing concentrations of 

Oestrone on endothelium-intact and endothelium-denuded, pre-

contracted rat aortic rings 

The cumulative administration of Oestrone (0.3 M; 1.0 M; 3.0 M; 10 M; 30 

M) at eight minute intervals to PE-contracted (1M) rat aortic rings resulted in 

relaxation of both endothelium-intact and endothelium-denuded tissue.  

However, no significant difference to the percentage relaxation between rings 

with endothelium-intact and endothelium-denuded rings was revealed (n=11, 

p>0.05) (Figure 3.3.2.1).  Additionally, there was no statistically significant 

difference in threshold concentrations of Oestrone between endothelium-intact 

and endothelium-denuded aorta (p>0.05).  This indicates that the relaxant 

effect of Oestrone on rat aortic rings is not endothelium-dependent.   
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Figure 3.3.2.1 Comparison of vascular responses to increasing concentrations of 

Oestrone (0.3 - 30 M).  The graph depicts a complete concentration-response 

relationship for Oestrone-induced relaxation of endothelium-intact (unrubbed) () and 

endothelium-denuded (rubbed) () rat aortic rings over 40 minutes.  The effect of 

Oestrone was expressed as the percentage relaxation with 100% relaxation occurring 

when baseline is reached.  Each point represents the mean ± SEM (n=11, p>0.05).  ‡ 

represents the threshold concentration. 
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3.3.3 Comparison of vascular responses to increasing concentrations of 

DME-Oestrone on endothelium-intact and endothelium-denuded, pre-

contracted rat aortic rings 

The cumulative administration of DME-Oestrone (0.3 M; 1.0 M; 3.0 M; 10 

M; 30 M) at eight minute intervals to PE-contracted (1M) rat aortic rings 

resulted in relaxation of both endothelium-intact and endothelium-denuded 

tissue.  However, no significant difference to the percentage relaxation 

between rings with endothelium-intact and endothelium-denuded rings was 

revealed (n=6, p>0.05) (Figure 3.3.3.1).  There was no statistically significant 

difference in threshold concentrations of DME-Oestrone between endothelium-

intact and endothelium-denuded aorta (p>0.05).  This indicates that the 

relaxant effect of DME-Oestrone on rat aortic rings is not endothelium-

dependent.   

DME-Oestrone

0.1 1 10 100

-25

0

25

50

75

100

Concentration (M)

R
e
la

x
a
ti

o
n

 (
%

) ‡

‡

 

Figure 3.3.3.1 Comparison of vascular responses to increasing concentrations of DME-

Oestrone (0.3 - 30 M).  The graph depicts a complete concentration-response 

relationship for DME-Oestrone-induced relaxation of endothelium-intact (unrubbed) () 

and endothelium-denuded (rubbed) () rat aortic rings over 40 minutes.  The effect of 

DME-Oestrone was expressed as the percentage relaxation with 100% relaxation 

occurring when baseline is reached.  Each point represents the mean ± SEM (n=6, 

p>0.05).  ‡ represents the threshold concentration. 
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3.3.4 Comparison of vascular responses to increasing concentrations of 

Quat-DME-Oestrone on endothelium-intact and endothelium-denuded, 

pre-contracted rat aortic rings 

The cumulative administration of Quat-DME-Oestrone (0.3 M; 1.0 M; 3.0 

M; 10 M; 30 M) at eight minute intervals to PE-contracted (1M) rat aortic 

rings resulted in no significant difference to the percentage relaxation between 

rings with endothelium-intact and endothelium-denuded rings (n=7, p>0.05) 

(Figure 3.3.4.1).  Relaxation of the rings was not observed and consequently, 

threshold concentrations of Quat-DME-Oestrone could not be recorded in 

either endothelium-intact or endothelium-denuded rings.  This suggests that 

Quat-DME-Oestrone possesses limited, if any, relaxant properties. 
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Figure 3.3.4.1 Comparison of vascular responses to increasing concentrations of Quat-

DME-Oestrone (0.3 - 30 M).  The graph depicts a complete concentration-response 

relationship for Quat-DME-Oestrone-induced relaxation of endothelium-intact 

(unrubbed) () and endothelium-denuded (rubbed) () rat aortic rings over 40 minutes.  

The effect of Quat-DME-Oestrone was expressed as the percentage relaxation with 

100% relaxation occurring when baseline is reached.  Each point represents the mean ± 

SEM (n=7, p>0.05). For Quat-DME-Oestrone no significant relaxation was observed at 

any of the concentrations tested. 
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3.3.5 Comparison of vascular responses to increasing concentrations of 

Oestrone-Oxime on endothelium-intact and endothelium-denuded, pre-

contracted rat aortic rings 

The cumulative administration of Oestrone-Oxime (0.3 M; 1.0 M; 3.0 M; 10 

M; 30 M) at eight minute intervals to PE-contracted (1M) rat aortic rings 

resulted in a significant difference (p=0.0001, n=7) to the percentage 

relaxation between rings with endothelium-intact and endothelium-denuded 

rings (Figure 3.3.5.1).  Endothelium-intact rings achieved 100% relaxation with 

increasing concentrations of Oestrone-Oxime after 40 minutes in comparison 

with rings from which the endothelium had been removed.  Additionally, there 

was a statistically significant difference in threshold concentrations of 

Oestrone-Oxime between endothelium-intact and endothelium-denuded aorta 

(p<0.05).  Endothelium-intact aortic rings had a lower threshold concentration 

(1 M >< 3 M) than rings without endothelium (3><10 M).  This indicates 

that the relaxant effect of Oestrone-Oxime is endothelium-dependent, in 

contrast to the actions of Oestrone. 
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Figure 3.3.5.1 Comparison of vascular responses to increasing concentrations of 

Oestrone-Oxime (0.3 - 30 M).  The graph depicts a complete concentration-response 

relationship for Oestrone-Oxime induced relaxation of endothelium-intact (unrubbed) 

() and endothelium-denuded (rubbed) () rat aortic rings over 40 minutes.  The effect 

of Oestrone-Oxime was expressed as the percentage relaxation with 100% relaxation 

occurring when baseline is reached.  Each point represents the mean ± SEM (n=7, 

p<0.05 post hoc test).  ‡ represents the threshold concentration. 

  



 

115 

 

3.3.6 Comparison of vascular responses to increasing concentrations of 

DME-Oestradiol on endothelium-intact and endothelium-denuded, pre-

contracted rat aortic rings 

The cumulative administration of DME-Oestradiol (0.3 M; 1.0 M; 3.0 M; 10 

M; 30 M) at eight minute intervals to PE-contracted (1M) rat aortic rings 

resulted in relaxation of both endothelium-intact and endothelium-denuded 

tissue.  However, no significant difference to the percentage relaxation 

between rings with endothelium-intact and endothelium-denuded rings was 

revealed (n=6, p>0.05) (Figure 3.3.6.1).  There was no statistically significant 

difference in threshold concentrations of DME-Oestradiol between 

endothelium-intact and endothelium-denuded aorta (p>0.05).  This indicates 

that any relaxant properties of DME-Oestradiol are not endothelium-

dependent.  
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Figure 3.3.6.1 Comparison of vascular responses to increasing concentrations of DME-

Oestradiol (0.3 - 30 M).  The graph depicts a complete concentration-response 

relationship for DME-Oestradiol induced relaxation of endothelium-intact (unrubbed) 

() and endothelium-denuded (rubbed) () rat aortic rings over 40 minutes.  The effect 

of DME-Oestradiol was expressed as the percentage relaxation with 100% relaxation 

occurring when baseline is reached.  Each point represents the mean ± SEM (n=6, 

p>0.05). ‡ represents the threshold concentration. 
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3.3.7 Comparison of vascular responses to increasing concentrations of 

Quat-DME-Oestradiol on endothelium-intact and endothelium-denuded, 

pre-contracted rat aortic rings 

The cumulative administration of Quat-DME-Oestradiol (0.3 M; 1.0 M; 3.0 

M; 10 M; 30 M) at eight minute intervals to PE-contracted (1M) rat aortic 

rings resulted in a significant difference to the percentage relaxation between 

rings with endothelium-intact and endothelium-denuded rings (n=6, p<0.05) 

(Figure 3.3.7.1).  Denuded rat aortae afforded rings which exhibited a 

significantly higher percentage relaxation after application of increasing 

concentrations of Quat-DME-Oestradiol than rings with endothelium intact.  

Additionally, there was a statistically significant difference in threshold 

concentrations of Quat-DME-Oestradiol between endothelium-intact and 

endothelium-denuded aorta (p<0.05).  Endothelium-denuded aortic rings had a 

lower threshold concentration (3 M >< 10 M) than rings with intact 

endothelium (10 M ><30 M).  This indicates that the relaxant effect of Quat-

DME-Oestradiol is endothelium-independent. 
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Figure 3.3.7.1 Comparison of vascular responses to increasing concentrations of Quat-

DME-Oestradiol (0.3 - 30 M).  The graph depicts a complete concentration-response 

relationship for Quat-DME-Oestradiol induced relaxation of endothelium-intact 

(unrubbed) () and endothelium-denuded (rubbed) () rat aortic rings over 40 minutes.  

The effect of Quat-DME-Oestradiol was expressed as the percentage relaxation with 

100% relaxation occurring when baseline is reached.  Each point represents the mean ± 

SEM (n=6, p<0.05).  ‡ represents the threshold concentration. 
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3.3.8 Toxin reversal of oestrogen-induced relaxation of aortic rings  

After 40 minutes of increasing concentrations of compound exposure, the 

relaxed rings were then treated with iberiotoxin (IbTX) (100 nM), a BK-specific 

channel blocker.  Only rings treated with Quat-DME-Oestradiol showed 

reversibility of tissue relaxation (Figure 3.3.8.1) which supports a BK 

association with the relaxant properties of this compound but correspondingly 

may be indicative of a weak or a lack of BK involvement in the mechanism of 

action of the other compounds. 

 

 

 

 

 

Figure 3.3.8.1 An example trace of cumulative additions of Quat-DME-Oestradiol on pre-

contracted aortic rings followed by 100 nM of iberiotoxin, a known BK channel blocker.  

Quat-DME-Oestradiol was the only compound to show sensitivity to iberiotoxin 

implying that the other compounds tested can induce relaxation independent of BK 

channels. 
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3.3.9 Summary of results                                                                               

The concentration relationship between compound and tissue relaxation 

revealed that the threshold concentration was the same for endothelium-intact 

and endothelium-denuded aortic rings, the exceptions being rings treated with 

Oestrone Oxime and Quat-DME-Oestradiol.  Oestrone-Oxime and Quat-DME-

Oestradiol had differing threshold concentrations when applied to denuded 

aorta and intact aorta with Oestrone-Oxime being more potent with 

endothelium-intact tissue whereas, Quat-DME-Oestradiol was more potent 

with endothelium-denuded rings.  Table 3.3.9.1 summarises these data and 

included other compounds from previous work for comparison.  The 

compounds have been categorised according to chemical structure:- 

 

 17-Keto Oestrogens (incorporation of a ketone at the 17 position ) 

 17-Oxime(incorporation of the divalent group C=NOH) 

 17 β-Hydroxy   Oestrogens (incorporation of an hydroxyl group at the 

17 position 

 Non-steroidal antioestrogens 
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Table 3.3.9.1 Comparison of concentration thresholds (µM) of oestrogen and 

antioestrogen derivatives on rat aortic rings with and without intact endothelium.  

COMPOUNDS ENDOTHELIUM 

(+) 

ENDOTHELIUM 

(-) 

STRUCTURE REFS 
  
  
  
  
  

  
  
  

  
  
  

  
  
  
  

  
  
  

  
  

1
7

-K
e
to

 o
e
s
tr

o
g

e
n

s
 

OESTRONE  

       () 
1 >< 3 µM 1 >< 3 µM 

 

PS 

 [235] 

DME- 
OESTRONE  

       ()                                                                            

3 >< 10 µM 3 >< 10 µM 

 

PS 

[235] 

QUAT-DME-
OESTRONE 

     () 
 

> 30 µM > 30 µM 

 

PS 

[235] 

  
1
7
 O

x
im

e
 OESTRONE-

OXIME  () 
                           

1 >< 3 µM 3 >< 10 µM 

 

PS 

 [235] 

  
  

  
  

 1
7
β

-h
y
d

ro
x
y
  
o

e
s
tr

o
g

e
n

s
 

17 β-
OESTRADIOL 

()  
 

0.3  >< 1 µM 1 >< 3 µM 

OH

HO  

UD 

DME-
OESTRADIOL     

       ()     

1 >< 3 µM 1 >< 3 µM 

 

PS 

 [235] 
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(Continued from previous page). Table 3.3.9.1 Comparison of concentration thresholds 
(µM) of oestrogen and antioestrogen derivatives on rat aortic rings with and without 
intact endothelium.  
 

Key:   = not endothelium dependent; 

 = increased potency in aorta with endothelium; 

 = increased potency in aorta without endothelium; 

 = compound inactive at concentrations  30 µM; 

NDA (no data available); PS (present study); UD (unpublished data Allen et al.). 

 

Referring to Table 3.3.9.1, it can be seen that for 17-keto steroids, substitution 

in the three position leads to decreased relaxation ability (see Figure 2.5.1.1.1 

for carbon positions).  Similarly, for 17β-hydroxysteroids, substitution in the 

three position leads to decreasing potency, however, Quat-DME-Oestradiol 

was the only analogue that demonstrated sensitivity to iberiotoxin.  

  
  

1
7
 β

-h
y
d

ro
x
y
  

 o
e
s
tr

o
g

e
n

s
 (

c
o

n
t.

) 

QUAT-DME-
OESTRADIOL  

     ()    

10 >< 30 µM 3 >< 10 µM 

 

 

PS 

 [235] 

  
  
  
  
  

 N
o

n
-s

te
ro

id
a
l 
a
n

ti
o

e
s
tr

o
g

e
n

s
 

TAMOXIFEN  

      () 
3 >< 10 µM 3 >< 10 µM 

O

N

 

UD 

ETHYLBROMIDE 
TAMOXIFEN 

3 >< 10 µM NDA 

 

UD 
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3.4 DISCUSSION  

The vasodilatory effects of oestrogen derivatives were investigated in rat aortic 

rings.  Comparisons were made between endothelium intact and endothelium 

denuded preparations.  Although all oestrogen derivatives, saving Quat-DME-

Oestrone, induced a relaxation, only one of the compounds, Quat-DME-

Oestradiol, was sensitive to the specific BK channel blocker, iberiotoxin.  This 

suggests that most have relaxant effects in addition to or independent of BK 

channel activation.  This was anticipated as there is ample evidence of 

oestrogens relaxing vascular smooth muscle by a variety of processes [8, 236-

239].  Here, the endothelium was removed to investigate direct effects on 

smooth muscle and simplify the interpretation of these studies. 

 

That oestrogens have a protective effect on the vasculature has been known 

for many years from extensive epidemiological studies [58, 240, 241] and 

there have been numerous investigations into the underlying mechanisms of 

oestrogenic vasorelaxation.  Both genomic and non-genomic pathways are 

thought to be involved [67, 71, 101, 102, 219, 242, 243] and these studies 

have highlighted how complex and dynamic these mechanisms are.   

 

Some of the potential mechanisms implicated in oestrogen-induced relaxation 

involve binding to extracellular components of membrane receptors and ion 

channels.  Previously, the vasorelaxant effect of oestrogens such as 17β-

oestradiol was thought to be indirect due to release of vasoactive endothelium-

generated relaxing factors, the principle one of which is nitric oxide (NO).  

However, it is now well-documented that oestrogens can also interact directly 
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with membrane receptors and ion channels of vascular smooth muscle [8, 

239, 244]. 

 

Potential ways in which these oestrogen derivatives could relax aortic rings is 

summarised in Table 3.4.1.  Many of these proposed mechanisms could be 

due, in part, to activating BK channels and thus, may be sensitive to 

iberiotoxin.  Removal of the endothelium and checking the reversibility of 

vasorelaxation by iberiotoxin helps to narrow down potential mechanisms.   

 
 
Referring to Table 3.4.1, the reported effects of 17β-oestradiol is consistent 

with most of the proposed mechanisms (numbers 1-25).  Indeed, it has been 

reported that 17β-Oestradiol can inhibit L-type voltage-gated calcium channels 

[10, 245, 246], modulate GPR 30 receptors [61, 76-78, 247]  and ERα and 

ER receptors [72, 73, 79], mediate eNOS [236-238], and nNOS [248-250] 

while causing increased levels of cGMP [96, 221] to name but a few potential 

oestrogenic targets.  Most of the derivatives are unlikely to involve mediators 

released from endothelial cells as removing the endothelium did not reduce 

the ability of these ligands to relax the aortic rings.  Oestrone-Oxime was an 

exception and is a potent vasorelaxant when the endothelium is intact.   Quat-

DME-Oestradiol-induced relaxations are unlikely to involve intracellular effects 

on aortic smooth muscle due to its quaternary structure, but mechanisms 

numbers 20, 21, 24 and 25 are still potential explanations for the 

vasorelaxation observed after the addition of this compound. 
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Table 3.4.1 Some potential mechanisms for oestrogen-induced relaxation of vascular 

smooth muscle.  

 

Mechanism Intracellular 
site 

Extracellular 
site 

IBTX sensitivity 

E
N

D
O

T
H

E
L

IU
M

 

 D
E

P
E

N
D

E
N

T
 

 

1. Activate cytosolic eNOS   
possible - due to indirect 
effects of NO on BK 
channels 

2. Muscarinic receptor agonist   
possible - due to indirect 
effects of NO on BK 
channels 

3. ADP receptor agonist    

4. Bradykinin receptor agonist   
possible - due to indirect 
effects of NO on BK 
channels 

5. Prostacyclin synthase 

activation 
   

6. GPR30 ligand   
not unless GPR30 receptors 

couple to BK channels  

7. Nuclear  ERα receptors    

8. Nuclear ERβ receptors    

9. Membrane ERα receptors   

possible - if BK channels are 

coupled to membrane ER 

receptors 

10. Membrane ERβ receptors   

possible - if BK channels are 

coupled to membrane ER 

receptors 

E
N

D
O

T
H

E
L

IU
M

 

IN
D

E
P

E
N

D
E

N
T

 

11. α1 adrenoceptor blocker    

12. G protein inhibitor    

13. Inhibition phospholipase C    

14. Inhibition of phosphodiesterase 
to ↑cGMP and ↑cAMP 
concentrations 

  
possible - due to indirect 
effects of second 
messengers on BK channels 

15. Cytosolic nNOS activation   
possible - due to indirect 
effects of NO on BK 
channels 

16. L type calcium channel blocker    

17. Calcium release from SR    

18. Calmodulin modulation    

19. Inhibition of contractile 

proteins 
   

20. BK channel    

21. GPR30 ligand   possibl3 - due to coupling 
with BK channels 

22. Nuclear  ERα receptors    

23. Nuclear ERβ receptors    

24. Membrane ERα receptors   
possible - if BK channels are 
coupled to membrane ER 
receptors 

25. Membrane ERβ receptors   
possible - if BK channels are 
coupled to membrane ER 
receptors 
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3.4.1 Structure-activity relationships for novel oestrogens 

Cumulative concentrations (0.3 μM – 30 μM) of Oestrone and the novel 

derivatives, with the exception of Quat-DME-Oestrone which was inactive, 

were able to produce a relaxant response in pre-contracted aortic rings with or 

without intact endothelium (Figures  3.3.(2.1), (3.1), (4.1), (5.1), (6.1) and 

(7.1)).  Yet, some compounds exhibited higher potency than others and 

differing threshold concentrations (Table 3.3.9.1).  For instance, the potency of 

Quat-DME-Oestradiol notably increased in rings in which the endothelium had 

been removed (Figure 3.3.7.1).  The difference in percentage relaxation 

between endothelium-intact or denuded aortic rings was significant, indicating 

that the endothelium inhibited the relaxation induced by this compound.  This 

was further substantiated by the lower threshold concentration observed in 

denuded rings (Table 3.3.9.1).   

 

The enhanced relaxation observed in denuded rings in the presence of Quat-

DME-Oestradiol may, in part, be attributable to improved diffusion into the 

vascular smooth muscle.  This is entirely in accord with previous studies 

reporting on the ability of oestrogens to relax vascular smooth muscle in an 

endothelium-independent manner [218, 221].  Tight junctional endothelium is 

more likely to be a diffusional barrier to compounds that cannot penetrate 

across cell membranes, whereas, compounds that can diffuse freely through 

lipid bilayers are less likely to be impeded by such barriers.  Thus, compounds 

such as Oestradiol and Oestrone can gain ready access to vascular smooth 

muscle, whereas, quaternary ammonium compounds, which are confined to 

the extracellular space, may have difficulty in penetrating into the smooth 
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muscle of the aortic ring preparation from the luminal side.  Removing this 

barrier, thus, increases tissue penetration and response to quaternary 

ammonium compounds.  However, a pharmacological action on the vascular 

endothelium by Quat-DME-Oestradiol, which can inhibit background NO 

modulation, cannot be ruled out. 

 

 Interestingly, the other quaternary xenooestrogen, Quat-DME-Oestrone, was 

remarkably unresponsive in denuded rings and proved to be inactive (Figure 

3.3.4.1).  This incongruity may simply be ascribed to the chemical structure of 

the compounds.  Unlike Quat-DME-Oestradiol and the known vasorelaxant 

17β-oestradiol, Quat-DME-Oestrone lacks a β-OH group on position 17 of the 

D ring.  Additionally, 17β-Oestradiol has been reported to be stereospecific 

with the position of the β-hydroxyl group seemingly critical for substrate-

receptor interaction [40, 102, 251].  In support of this, separate investigations 

carried out by de Wet and co-workers [40] and White et al.,[96] have detailed 

the lack of potency of the stereoisomer, 17α-oestradiol on the BK channel. 

 

Aortic rings challenged with increasing and cumulative concentrations (0.3 μM 

- 30 μM)  of Oestrone, DME-Oestrone or DME-Oestradiol showed relaxation, 

however, the percentage relaxation was similar in both denuded and intact 

endothelium rings (Figures 3.3.(1.1.1), (1.2.1), and (1.5.1) respectively).  

Hence, the underlying mechanism of action is not endothelium-dependent.  It 

might have been expected that the efficacy of Oestrone, an endogenous 

oestrogen in humans, as an inhibitor of PE-induced smooth muscle 

contraction, would be high.  Nevertheless, this was not the case with only 
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approximately half maximal percentage relaxation of the PE-contracted tissue 

realised.  This observation is not, however, at variance with previous findings.  

Work done by Kitawaza et al., and Freay et al., demonstrates that Oestrone (5 

µM) is a much less potent relaxant than 17β-oestradiol, of pre-contracted rat 

femoral artery smooth muscle [226].   

 

In the same way, the efficacy of DME-Oestrone to relax smooth muscle might 

be expected to parallel that of tamoxifen, a known relaxant of vascular smooth 

muscle.  The structure of the novel xenooestrogen, DME-Oestrone, by design 

incorporates some of the structural motifs of tamoxifen, specifically the tertiary 

amine side group.  Kitazawa et al., have previously shown 5 µM tamoxifen 

was able to reduce the control PE-induced contraction of rat femoral artery 

smooth muscle by 99% in a time course similar to that of 17β-oestradiol [226].  

However, a key point not to be overlooked is that tamoxifen is a non-steroidal 

antioestrogen, in contrast to the steroidal DME-Oestrone, and is known to 

relax smooth muscle in both an endothelium-dependent [252, 253] and 

independent manner [227, 254, 255].   Additionally, DME-Oestrone 

incorporates a ketone rather than an hydroxyl group in the17β position. 

 

Correspondingly, the structure of DME-Oestradiol lends it to be a strong 

smooth muscle relaxant.  It is not only steroidal but possesses the putatively 

important hydroxyl group in the 17β position, alongside the incorporation of a 

tertiary amine side group, again mimicking the structure of tamoxifen.  

Surprisingly, although relaxation was indeed achieved, and independent of 

endothelium, the addition of a 17β-OH group did not confer any more potency 
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than did the parent compound, Oestrone, which only realised approximately 

half maximal percentage relaxation.  Of course, this is not an unknown 

response for oestrogens possessed of a 17β-OH group.  For instance, 

Kitazawa et al., report the relative potency of oestriol for relaxing pre-

contracted rat femoral arterial smooth muscle is much less than 17β-oestradiol 

but no more than Oestrone [226].   

 

Oestrone-Oxime is structurally similar to Oestrone but with the substitution of 

an oxime group in place of the carbonyl group at position 17 of the D ring.  

Given that tamoxifen is a vasorelaxant in possession of a tertiary amine group, 

it was postulated that the nitrogen component of the oxime group may 

enhance the activation of the BK channel by strengthening the interaction 

between drug and channel.  It was previously shown by Cui et al., [256] that 

addition of a short chain oxime ether to 12, 14-dichlorodehydroabietic acid 

(diCl-DHAA), a novel BK channel opener, significantly increased activation of 

the BK channel 

 

Here, Oestrone-Oxime appeared to be the most potent analogue of Oestrone, 

but this potency was dependent on the presence of an intact endothelium 

(Figure 3.3.5.1).  This suggests that this compound acts via endogenous, 

endothelial-derived vasoactive substances.  This is not to say compounds 

bearing a C=NOH function cannot elicit an endothelium-independent 

vasorelaxant response.  Indeed, previous work has established that such 

compounds can relax vascular smooth muscle by acting as efficient NOS-

independent nitric oxide donors and activators of the cGMP pathway.  
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Furthermore, it has been reported that oximes are prone to metabolise to NO 

via cytochrome-P450 [257-260].  These studies have substantiated that 

oxidative cleavage of the C=NOH functional group is characteristic of a NOS-

independent pathway for NO production in the rat aorta [258, 261].  Chalupsky 

et al., also established that in isolated rat aorta, some oxime derivatives 

increase NO levels and induce an endothelium-independent relaxant effect 

suggesting that metabolism of oximes to NO occurs within the smooth muscle 

cells themselves [261].   

 

The recordings from this study, which show that Oestrone-Oxime is a more 

effective relaxant when the endothelium is left intact, indicate that the 

Oestrone-Oxime may act as a nitric oxide donor, principally, within the 

endothelial cells of the vasculature.  This also implies that this is a potential 

site for oxime metabolism and nitric oxide release.  An alternative explanation 

is that Oestrone-Oxime is an agonist at one of the vasorelaxant receptors 

found on vascular endothelium.  For example, Oestrone-Oxime could be a 

muscarinic, bradykinin or substance-P receptor agonist.  Whatever the 

mechanism involved, when the endothelium is removed, Oestrone-Oxime has 

a similar potency to the other derivatives. 
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3.5 SUMMARY 

The principal findings in this chapter are:- 

1. With the exception of Quat-DME-Oestrone, all compounds could relax 

the aortic rings in a concentration-dependent manner. 

2. Oestrone-Oxime was the most potent derivative provided that the 

endothelium was intact, thus demonstrating an endothelium-dependent 

relaxation and that the oxime functional group may afford a conduit for 

NO donation. 

3. Quat-DME-Oestradiol was the only derivative that demonstrated 

significant IbTX sensitivity implying that BK channels are important in its 

mode of action. 

4. With the exception of Quat-DME-Oestrone, all the compounds 

demonstrated a relaxation in the aortic rings with or without 

endothelium.   Apart from Quat-DME-Oestradiol, this relaxation was not 

reversed by IbTX, implying a mechanism of action for these compounds 

that is independent of BK channels. 

 

The fact that BK channels are known to be activated by nitric oxide [262, 263] 

and regulated by second messengers such as cGMP [91, 264], it would be 

premature to claim the reversal by IbTX is proof of direct action on BK 

channels by Quat-DME-Oestradiol and further experimental investigation was 

essential to preclude a delineated membrane receptor mechanism. 

 

These data have highlighted the intricacy of the underlying mechanisms of BK 

involvement in smooth muscle vasorelaxation.  In addition, the long 



 

131 

 

established modulatory effects of oestrogens on endothelial NOS, and 

neuronal NOS more recently discovered to be present in vascular smooth 

muscle [265-268], generate a complicated picture which is not conducive to 

the direct investigation of novel BK activators.  It was, therefore, essential to 

explore the effects of Oestrone and the novel xenooestrogens in a simpler 

system capable of isolating the BK channel from some of these cellular 

events.   

 

The next chapter investigates the compounds in vitro with HEK 293 cells over-

expressing BK proteins using the whole cell-patch-clamping technique.  This 

technique allows control of the extra and intracellular environments and in 

addition, HEK 293 cells are not known to express some endogenous 

membrane bound receptors such as ERα  or ER [269, 270] or GPR30/GPER 

[271].  Thus, the effects of the compounds on BK channel activity and 

subsequently, their mode of action can be studied in more detail and free from 

confounding factors. 
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4.1 INTRODUCTION  

In the previous chapter (Chapter 3), relaxation of pre-contracted rat aortic 

rings was demonstrated after application of the novel oestrogenic compounds.  

However, because this technique is an assessment of these compounds as 

relaxants and not a test for direct activation of the BK channel, it is at best a 

proxy marker for BK channel involvement.  It is possible that some of these 

compounds are, for example, inhibitors of the spasmogenic α1 receptor which 

could explain some of the relaxations observed in Chapter 3.  In addition, 

these compounds could be activating the BK channel indirectly via membrane 

oestrogen receptors such as GPR30.  Thus, reversal of relaxation by 

iberiotoxin is only an indication of BK channel involvement and not proof of 

direct binding to the channel.  It is for these reasons that a more direct 

approach was required.  The patch-clamp technique affords the opportunity to 

test the compounds on BK channels over-expressed in an appropriate 

expression system devoid of these confounding factors.  

 

4.1.1 Expression systems  

Expression systems are carefully selected as vehicles designed for the 

specific reproduction of a particular gene product of interest.  Expression 

systems are not new in nature, indeed viruses successfully utilise this 

platform, replicating viral proteins and genetic material via a host cell.  

Prokaryotic e.g. Escherichia coli and eukaryotic systems e.g. yeast, insect 

cells and mammalian cells, are the favoured expression systems, although no 

system is deemed to be a universal expression system for heterologous 
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proteins [272].  However, many eukaryotic proteins experience various post-

translational modifications such as protein-folding, glycosolation and 

phosphorylation, therefore, it is logical that these proteins be expressed in a 

eukaryotic system [272].  Other known advantages of eukaryotic protein 

expression systems include very high expression levels of the protein of 

interest, purification of the proteins is easier and protein tagging can be 

implemented.  Two commonly used heterologous systems of choice being 

Xenopus oocytes and mammalian cell lines.   

 

Oocytes, taken from the South African clawed toad (Xenopus laevis), have 

been extensively employed to express mammalian proteins for ion channel 

characterisation.  Various pioneering experiments by Miledi and co-workers in 

the early 1980s illustrated that different ion channels, receptor and transporter 

proteins could be successfully expressed in Xenopus oocytes [273-279].  

Indeed, this was very quickly adopted as a preferred technique for the study of 

ion channel properties by electrophysiologists.  The oocyte’s ease of 

manipulation, due to its substantial girth (≤1.1 mm), is a great advantage, 

alongside very high levels of channel expression in the plasma membrane, 

achieved through proficient translation of cRNA [274].  However, various 

pharmacological agents have been deemed less potent on channels 

expressed in oocytes, compared with those expressed in mammalian cell lines 

or native tissue [280].  In addition, interaction with endogenous proteins, 

leading to upregulation of endogenous channels, is a possible disadvantage of 

heterologous exogenous protein expression in Xenopus oocytes.  This was 

successfully demonstrated by Sanguinetti et al., (1996) who hypothesised that 
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the slowly activating delayed-rectifier K+ channel (IKs) forms from co-

expression of KvLQT1 and minK, a constitutively expressed subunit [274, 

281].  Additionally, differences in lipid organisation and structure between 

Xenopus cell membranes and those of the native cells may cause modification 

of the channel of interest [274, 282, 283].   

 

These multifarious cellular events are not unique to Xenopus oocytes; various 

workers have demonstrated altered ion channel characteristics depending on 

the particular expression system employed [284-287].  For example, work 

done by Zhang et al., showed that the TRPC4 channel instigates expression of 

inward rectifier (Kir) subunits when expressed in HEK 293 cells [287].  

Experiments, carried out by Petersen and Nerbonne (1999), included a 

comparison of the voltage-dependent properties of Kv4.2 currents expressed 

in HEK 293 cells and cardiac myocytes with Xenopus oocytes and Chinese 

hamster ovary cells (CHO) [285].  They showed that Kv4.2-induced currents 

diverge depending on which expression system is used.  They were able to 

demonstrate activation/inactivation rates and recovery from steady-state 

inactivation are significantly slower (x 5-10) in Xenopus oocytes compared to 

mammalian HEK 293, CHO and neonatal rat ventricular cells.  However, 

despite their functional variance, expression systems are considered to 

successfully mimic ion channel behaviour [288].   

 

4.1.1.1 HEK 293 cells as an expression system for BK channels 

Human embryonic kidney (HEK 293) cells, since their inception more than 30 

years ago, are a well-known expression system for the study of exogenous ion 
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channels, exchangers and transporters [289, 290].  This human cell line is a 

heterogeneous population generated by transformation of primary cultures of 

kidney epithelial cells through the incorporation of sheared adenovirus (Ad)5 

DNA into chromosome 19 of the host genome [289-291].  For this study, HEK 

293 cells were the preferred ion channel expression system for patch-clamp 

recordings of BK currents.  These cells are well suited to the whole cell patch 

clamp technique due to their morphology and electrical properties.  A viable 

HEK 293 cell has a typical flattish polygonal or rhomboid appearance with 

elongated processes and have a distinct epithelial appearance when confluent 

(Figure 4.1.1.1.1) [291].  With a resting membrane potential of about -40 mV 

and, at about 20 - 30 µm in length, the cells are an ideal size to sustain voltage 

clamping and accommodate the patch electrode [291].   

 

 

Figure 4.1.1.1.1 Transmitted light images of non-transfected HEK 293 cells illustrating 

morphology and processes [291]  

 

While HEK 293 cells are epithelial in origin, they are not typical kidney cells 

and have been shown to possess proteins e.g. neurofilament (NF) subunits 

which have neuronal heritage [290, 291].  There have been numerous other 
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studies showing the presence of a variety of endogenous ion channels in HEK 

293 cells [284, 292-299] (Table 4.1.1.1.1) and, as with Xenopus oocytes, there 

is evidence for cross-talk between constitutively-expressed and exogenous 

proteins [281].   
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Table 4.1.1.1.1 Examples of proteins, receptors and ion channels (non-exhaustive) 

detected in native untransfected HEK 293 cells. 

 

Endogenously 
expressed proteins 

Type Refs 

Potassium channels Voltage-gated Kv(α) 1.1; 1.2; 1.3; 1.4; 
1.6; 3.1; 3.3; 3.4; 4.1 and 
Kv(β) 
 
SK1 

[284, 292, 293, 
300] 

Sodium channels Subunits 
Voltage-gated 

BNaC2; β1A 
 NaV1.7   

[294, 295] 

Ca
2+  

channels Voltage-gated α2β; α2δ isoforms I and β  [296] 

Chloride channels Voltage- 
independent 

 [292] 

Acid sensing ion 
channel 

ASIC 1 a [297] 

Protein Kinase A Subunits Catalytic and regulatory 
(R) II α and β 

[301, 302] 

Protein Kinase C   α and δ  

Store operated Ca
2+

 
entry 

 Transient receptor 
potential channels (Trp)1, 
3, 4, 6, 7 

[298, 303] 

Receptors Ryanodine  [304] 

G-protein coupled Histamine (H1HR) [305] 

Ligand-gated Muscle AchRδ [291] 

nAchR α7 and α5 [291] 

Neuronal proteins Neorofilament 
Subunits (NF) 

NF-L, NF-M, NF-H and α-
internexin 

[290] 
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It is well documented native HEK 293 cells possess endogenous voltage-

gated potassium channels [284, 292, 293].  Work carried out by Yu and 

Kerchner  [292], using whole cell voltage clamp recordings, confirmed the 

presence of outward potassium currents in non-transfected HEK 293 cells.  

Their experiments indicated that the potassium sensitivity and reversal 

potential of the outward current were commensurate with Nernst equation 

predictions and implicated the involvement of delayed rectifier channels.  

However, it is Important to emphasise, that these observed endogenous 

potassium currents are insignificant and overwhelmed by currents engendered 

from the over-expression of the exogenous channel gene of interest [306].  

Cloned BK genes have been successfully expressed in HEK 293 cells 

facilitating single-channel analysis of BK currents [307, 308].  To date, no 

constitutively expressed BK channels have been observed in non-transfected 

HEK 293 cells [292, 300, 309-311].   

 

Also, there are no known endogenous membrane oestrogen receptors in HEK 

293 cells, such as ERα and ERβ or GPR30s [271, 312].  This is a key 

advantage for this study as any observed modulation of BK channels in the 

presence of the novel oestrogens is unlikely to be due to involvement of these 

receptors.  

 

Another important advantage of HEK 293 cells is their lack of endogenous 

eNOS, nNOS, and iNOS [313-317], making them an ideal expression system 

for this study.  In aortic rings, nitric oxide synthase involvement could not be 

discounted as a contributory factor in the observed relaxation of the tissue 
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after adding synthesised compounds.  Moreover, eNOS and other NOS 

isoforms (nNOS and iNOS) are activated by transient increases in intracellular 

Ca2+ which triggers Ca2+- calmodulin binding causing subsequent release of 

nitric oxide [316, 318].  Using the HEK 293 expression system and the patch-

clamp technique, the effects of NOS activity can be precluded due to - a) a 

lack of endogenous NOS and b) control of intracellular Ca2+ concentrations.  

Since NOS is activated by intracellular Ca2+, recordings made with zero Ca2+ 

in the pipette guarantee a lack of NO involvement.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                     

 

The HEK 293 cell is a stable, well used cell line which possesses an immense 

capacity for effective transfection [306] and remains an expression system of 

choice for the investigation of BK channels using the patch clamp technique.  

For this study, the patch clamp technique will be used to examine the effects 

of the novel oestrogens on the function, kinetics and pharmacological activity 

of BK channels.  For this reason, an expression system which is stable and 

can accommodate high expression levels of the cloned channel of interest is 

essential and HEK 293 cells are an ideal option. 

 

4.1.2 The patch clamp technique 

Patch clamping, first introduced by Neher and Sakmann during the 1970s, is a 

modification of the voltage clamp technique and has become a principal 

procedure for studying the properties of ion channel.  The patch clamp method 

revolutionised electrophysiology and has facilitated the direct recording of both 

single and whole cell ion channel currents across the cell membrane in real 

time [319].  Due to the high sensitivity and high time resolution of the 
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technique, it is now possible to examine and characterise the biophysics and 

pharmacological properties of specific ion channels expressed in different cell 

lines.  Various patch clamp configurations have been developed which have 

facilitated the recording of ionic activity from different surfaces of the plasma 

membrane.  Specifically, outside out, inside out, cell attached, whole cell and 

perforated whole cell techniques (Figure 4.1.2.1) [319].   

 

 

 

Figure 4.1.2.1 Schematic illustration of the four different methods of patch clamp: (A) 

cell-attached recording; (B) whole cell configuration; (C) outside-out configuration; (D) 

inside-out configuration [319] 

http://www.bem.fi/book/04/04x/0427x.htm
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There are intrinsic advantages and disadvantages associated with each of 

these configurations but the versatility of the patch-clamping technique is such 

that disadvantages may be overcome by using a different configuration.  For 

example, a paucity of active channels present in a small patch of cell-

membrane may be overcome by using whole-cell method (Table 4.1.2.1).      

 

Table 4.1.2.1 Summary of advantages and disadvantages of patch-clamp 

configurations.  

 

Configuration Recording Advantages Disadvantages 

Cell-attached Single-channel  Cytosolic side intact 
(physiological).  
Easy to obtain. 

Exact patch potential 
unknown. 
No easy superfusion possible. 
Possible paucity of active 
channels in patch. 

Outside-out  Single-channel Extracellular side can 
be superfused. 
Cytosolic 
environment is 
controlled. 

Wash-out of cytosolic factors 
leading to possible run-
up/down of observed currents. 
Disruption of cytoskeletal 
structure. 
Possible paucity of active 
channels in patch. 

Inside-out Single-channel Cytosolic side can be 
superfused. 
Extracellular 
environment  is 
controlled. 
 

Bath solution must be replaced 
by intracellular solution. 
Relatively difficult to obtain  
Disruption of cytoskeletal 
structure. 
Possible paucity of active 
channels in patch. 

Whole cell Macro-current Quick assertion of 
ion channel 
populations. 
Cytosolic 
environment is 
controlled. 
Extracellular side can 
be superfused. 

Wash-out of cytosolic factors 
leading to possible run-
up/down of observed currents. 
 

Perforated 
whole cell 

Macro-current Cytosolic ionic 
environment can be 
controlled.  
No wash-out of 
organic factors. 
Extracellular side can 
be superfused. 

No control over organic 
cytosolic factors. 
Relatively difficult to obtain. 
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Patch clamping is, thus, a powerful tool to investigate the actions of hormones 

and novel channel modulators in a cellular environment where intracellular 

Ca2+ and membrane potential can be regulated. 

 

4.1.3 Topography and structure of BK channel (hSlo) 

The BK channel is encoded by a single mammalian gene (KCNMA1) and 

belongs to the multigene Slowpoke family that includes Slo1, Slo2.1 (Slick) 

and Slo2.2 (Slack) and Slo3 [98, 320-323] (See Table 4.1.3.1).    
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Table 4.1.3.1 The Slo family of channels [324]. 

 

Channel 

 

Alternative 

names 

Gene 
(human) 

Chromo- 

some 

location 

Conductance  Blockers Openers Auxiliary 

Subunits 

Slo1  

 

BK, KCa, Maxi-K, 

KCa1.1 

KCNMA1 10q22.3 150–350 pS Slotoxin
 [325]

 

Iberiotoxin
 [326, 327]

, 

Charybdotoxin 
[327-330]

, 

Tubocurarine
 [331-334]

, 

Kaliotoxin 
[335]

, 

Penitrem A
 [336]

,  

TEA
 [308, 337-340] 

Paxilline  

NS004
 [120]

, 

NS1619
 [341]

 

DHS1 
[209]

 

 

β1 (KCNMB1) 

β2 (KCNMB2) 

β3 (KCNMB3) 

β4 (KCNMB4) 

Slo 2.1 Slick, KNa, KCa4.2 KCNT2 1q31.3 60–140 pS Intracellular ATP, 

Quinidine,  

Fenamates 

e.g.niflumic acid 

[342] 

Not known 

Slo 2.2  Slack, KNa, 

KCa4.1 

KCNT1 9q34.3 100–180 pS  Bepridil [343] Loxipine [344] Not known 

Slo 3  

 

K
+
 large 

conductance pH 

sensitive 

channel, KCa5.1 

KCNU1 8p11.2 70–100 pS  Quinidine Not characterised 

[345] 

LRRC52  
(testis-specific 
mSlo3 

auxiliary 

subunit) [345] 
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The single gene (Slo1 locus; 10q22.3) encoding the BK channel is highly 

conserved and was first cloned from Drosophila melanogaster (dSlo) [17, 20, 

346].  Mutations of the dSlo locus were discovered to eliminate rapid Ca2+-

activated K+ currents in Drosophila muscle and neuronal tissue [16, 347].  

Since then, orthologues of the Slo gene have been isolated and cloned from 

organisms including the nematode Caenorhabditis elegans (ceSlo) as well as 

smooth muscle, skeletal muscle, cochlea and brain from a variety of mammals 

e.g. mSlo, rSlo, hSlo (mouse, rat and human respectively) [19, 20, 34, 98, 

348]. 

 

 Although it is highly conserved, Lagrutta et al., demonstrated that expression 

of the Slo gene is concomitant with multiple alternate splice variants which 

give rise to wide-ranging and complex mRNA expression patterns and 

functional differences between the encoded channels [17, 19, 324, 346, 349, 

350].  Their findings suggest the presence of interactive functional domains of 

Slo subunits which influence unitary conductance, calcium sensitivity and 

gating [350-352].  Alongside alternate splicing, other mechanisms have been 

found to modify Slo channel properties, including heteromeric assembly with 

other subunits e.g. Slo/Slack channels [353], intracellular phosphorylation/ 

dephosphorylation [354, 355] and redox states, which have been shown to 

alter activation kinetics and shift channel activation to more negative potentials 

without altering conductance or voltage dependence [356].  Indeed, DiChiara 

and Reinhart used cloned hSlo and dSlo channels expressed in HEK 293 cells 

and Xenopus laevis oocytes to investigate the redox modulation of Ca2+- 

activated potassium channels [356].  Interestingly, while changes to the redox 
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ratio in the cytoplasm of dSlo channels had no effect on channel modulation, 

they established that the oxidising agent, H2O2, caused a shift in voltage 

sensitivity towards a more positive direction in hSlo, thereby, decreasing the 

activity of the channel over time.  They also suggested that the observed hSlo 

channel run-down in patch excision configurations might be explained by the 

gradual oxidation of cysteine residues usually exposed  to the relatively 

reduced state within the cell [356].  This was borne out in a later study carried 

out by Tang et al., [357] who established that cysteine oxidation generally 

inhibits hSlo channel activity. 

 

 4.1.3.1 BK alpha subunit (Slo1) 

Slo1 encodes for the pore-forming α subunit which, as a typical tetrameric 

assemblage, comprises a functional BK channel [17-19, 21, 22, 358].  

Although, included in the voltage-dependent potassium (Kv) channel 

superfamily as a consequence of the presence of a positively charged fourth 

transmembrane segment (S4) and sequence analysis [24, 359], the presence 

of an extra hydrophobic seventh transmembrane segment at the NH2 terminus 

(S0) [23, 24] lends individuality to this BKα protein (most members of this 

family comprise just six transmembrane segments S1 to S6)  [23, 35] (see 

Figure 4.1.3.1.1 for comparison).   
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Figure 4.1.3.1.1 Schematic of Slo1 α subunits.  The structural properties of Slo1 (b) are 

compared to the α subunit of a voltage-dependent ion channel (a).  Both channels have 

membrane-spanning domains S1-S6 but the Slo1 channel has an extra S0 membrane-

spanning domain.  Slo1 also has an extended intracellular carboxyl C-terminal 

incorporating the Ca
2+

 bowl and RCK potassium regulating domains which modify 

channel gating.  Four α subunits of each channel come together to form the pore of the 

individual channel.  Taken from Salkoff et al., (2006) [324]. 

 

The modular structural characteristics of the BK (Slo1) channel are testament 

to its unique physiological property, viz. dual regulation through membrane 

depolarisation and  varying levels of intracellular Ca2+ concentrations [324, 

360-362].   Effectively, BKα can be considered to consist of two parts - the 

transmembrane segments and the intracellular C-terminus region.  This can 

further be categorised into three distinct structural domains, specifically the 

voltage sensor domain (VSD) which senses voltage (S1-S4); the C-terminal 

cytoplasmic domain which senses intracellular signalling compounds and 
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ligands; and the pore domain which controls ion permeation (S5-S6 spanning 

domains) (Figure 4.1.3.1.1 b) [363]. 

 

4.1.3.2 BKα transmembrane segment 

The BKα transmembrane segments comprise the S0, the voltage sensor 

domain (VSD S1-S4) and the pore domain (S5-S6) (Figure 4.1.3.2.1).  The S0 

segment places the NH2-terminus extracellularly and is essential for β subunit 

association and modulation [23, 24].  

 

                                                  VSD                                         PORE 
                                                

 

 

 

 

 

     
        
          
  COOH               Ca2+ bowl 
 

 

Figure 4.1.3.2.1 Cartoon of the BKα subunit illustrating the voltage sensor domain 

(VSD), located within S1 – S4.  Four charged residues within the VSD , D153 and R167 

on S2, D186 on S3 and R213 on S4,  play a major role in the channel’s voltage 

membrane sensitivity [364]. The intracellular location of BK RCK domains and Ca
2+

 

bowl are also shown.  Each BKα subunit possesses two tandem RCK domains, 

designated RCK1 and RCK2 which form the gating ring.  For each α subunit in a 

functional tetramer, addition of a calcium bowl causes a stepwise increase in calcium 

sensitivity [365].  Key: VSD = Voltage sensor domain; COOH = carboxylic end. 
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Work done by Liu et al., using disulfide cross-linking experiments, indicates 

the extracellular end of S0 to be in close proximity to the S3 and S4 in the 

VSD loop but interestingly, not to S1 and S2 [366-369].  In this experiment, 

double residues, one next to S0 and the other alongside S1, S2, S5, S6 

transmembrane segments of the S3 – S4 loop, were mutated to cysteines 

(Figure 4.1.3.2.2).  Given the propinquity of the S0 region to the voltage 

sensor, it is possible that this segment plays a role in the stabilisation of the 

voltage sensor in the resting state relative to other voltage-gated K+ channels 

[364, 366].  

 

Figure 4.1.3.2.2 Model of putative location of SO (extracellular end) relative to S1-S6 

consistent with the disulfide cross-linking technique according to Liu et al..  This was 

achieved by taking a model of a Kv1.2/Kv2.1 chimera as a model for the structure of S1-

S6 (BK).  In this model, each of the four α subunits are represented by different colours 

(orange, green, red and light blue)[367].   1 subunits are represented by TM1 and TM2 

(dark blue) with TM2 next to S0.                                                                                                 

http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2860586/figure/fig6/
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Voltage regulation and hence, the voltage-dependent gating kinetics of the BK 

channel is powerfully linked with the core region of the VSD and S0 [23, 24, 

370, 371].  There are four charged amino acid residues associated with the 

VSD (D153 and R167 in S2; D186 in S3 and R213 in S4) (Figure 4.1.3.2.1), 

some of which play a role in the voltage sensitivity of the channel membrane 

[21, 364, 372].  S4 is reported to be the primary voltage sensor of the majority 

of voltage-gated channels and is certainly the most highly charged of all the 

transmembrane segments.  However, work done by Ma et al., illustrating that 

while S4 and in particular R213, contributes  50% of the overall gating charge 

of the BK channel, suggests that this region may not be the primary voltage 

sensor [371].   

                             
Ion conduction in all potassium channels is similar and, invariably, involves 

interaction with amino acid residues within the pore domain or P-region, 

located between the S5 and S6 segments which also include a signature 

sequence of the potassium channel – TVGYG [373].  Many workers have 

demonstrated the involvement of these residues with pore-blocking toxins (the 

α-, β-, and γ-scorpion toxins abbreviated KTxs), K+ channel blockers and 

conducting ions [374-377].  However, BK and other voltage-dependent 

potassium channels diverge in their affinity and specificity for the diverse sub-

families of α-KTxs.  Indeed¸ only one α-KTx subfamily (α-KTx 1.x) has high 

affinity for BK α subunits while other voltage-gated K+ channels display high 

affinity with a variety of  α-KTx subfamilies [374].  However, Gross et al., using 

site-directed mutagenesis, have demonstrated that the S5-S6 linker (pore) is 

probably the only part of the ion channel that directly interacts with bound toxin 
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[378].  The external face of the channel pore governs the blocking 

characteristics of tetraethylammonium (TEA) and the scorpion toxins, 

iberiotoxin (IbTx) and charybdotoxin (ChTx) [364, 379-381].  The turret and 

loop regions of the subunits’ outer pore, believed to influence the binding of α-

KTx, possess high sequence variability between different potassium channels.  

This has been mooted to be a factor in the observed variability of α-KTx 

specificity [374].  Additionally, work done by Carvacho et al., suggests that the 

BK turret has 18 amino acids and an assemblage of polar residues that are 

strictly conserved at the N-terminal side of the turret.  This implies that there 

are six extra residues compared to other voltage-gated potassium channels 

which uniquely present a site for interaction resulting in the observed exclusive 

BK selectivity for α-KTx 1.x [382].   

 

4.1.3.3 BKα intracellular C-terminus segment: RCK domains, Ca2+ 

sensors and Ca2+ activation 

Members of the Slo family α subunits, including the BK channel, have 

specialised regions that regulate potassium conductance known as RCK 

domains which are located in the intracellular C-terminal region between the 

pore-lining inner helix and the Ca2+ binding region [383].  The four intracellular 

subunits each have two tandem RCK domains (RCK1 and RCK2), where the 

Ca2+ and Mg2+ binding sites are located, and form the structure of the so-

called gating ring (Figure 4.1.3.2.1) [364, 384].  An individual RCK domain can 

be divided into three sections: the N-terminal which fashions the central core 

of the gating ring; an intermediate domain which connects the RCK1 and 

RCK2 domains; and the C-terminal domain which associates with the 
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neighbouring RCK domain [384].  The RCK domains have been proposed to 

undergo a conformational change upon binding calcium which mechanically 

pulls the channel open [383, 385, 386].    

 

Calcium sensitivity is conferred by the region termed the ‘calcium bowl’ which 

is formed by the cytoplasmic carboxyl ends of the four α subunits located 

between the S9 and S10 regions of the tail (Figure 4.1.3.2.1).   This region is 

thought to be made up of five aspartate residues and is unique to BK channels 

[387-389].  Wu et al., have demonstrated that there may be more than one site 

of calcium sensitivity associated with the RCK domains.  Furthermore, for 

each α subunit in a functional tetramer, addition of a calcium bowl causes a 

stepwise increase in calcium sensitivity showing an inter-subunit cooperation 

[365].  

 

4.1.3.4 BK Auxiliary β subunits 

It is well documented that auxiliary subunits fine tune the functioning of ion 

channels and the BK channel is no exception [24, 31-33, 390-392].  As fully 

functional ion channels, BKα convey both Ca2+ sensitivity and a large single-

channel conductance indicative of the channel’s genre (~250 pS) [358, 370, 

393-397].  Most BKα tetramers, present in vertebrate cell membranes, 

construct protein complexes with one of four known regulatory β subunits 

(KCNMβ1-4) [26, 31, 32, 35, 392, 398-401].  A fifth β subunit has been 

proposed [402] and Uebele and co-workers have confirmed the existence of β3 

(a-d) variants which have evolved from alternate splicing of a single gene [32].  

Although BKα mRNA has ubiquitous tissue distribution (except for cardiac 
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myocytes) BKβ1-4 have been described as being tissue specific, furnishing 

channel phenotypic diversity within highly conserved structures (Table 

4.1.3.4.1) [31-33, 35, 42, 390-392, 403].    
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Table 4.1.3.4.1 BK regulatory β subunits, their tissue expression and effect on BKα 

channels. 

BK Subunit 

(Gene) 

Typical waveform trace 
(mV) 

 

Ca2+ sensitivity   
and         
activation V0.5 
kinetics  

Affinity to 
Scorpion 
Toxins               
(i) ChTX (ii) 
IbTX   (iii) 
Slotoxin 

Tissue 
expression  

Refs 

α + β1 

(KCNMA1 

KCNMβ1) 

 

 

Increased Ca2+ 
sensitivity;     
Slowed 
activation;   
Slowed 
deactivation; 
Negative shift 

 

(i) High        
(ii) Reduced 
(iii) 
Irreversible            

Smooth 
muscle  
Trachea              
Coronary 
aorta                                            

[15, 34, 
37, 39, 
42, 43, 
212, 328, 
404, 405] 

α + β2 

(KCNMA1 

KCNMβ2) 

 

 
         

 

Increased Ca2+ 
sensitivity;     
Slowed 
activation; 
Slowed 
deactivation;   
Inactivation rapid 
and complete;         
Negative shift 

(i) Low          
(ii) N/A            
(iii) None 

 

Brain tissues 
Chromaffin 
cells     Ovary 
Kidney 

[15, 32, 
35, 39, 
390, 404, 
406] 

α + β3 

(KCNMA1 

KCNMβ3) 

 

 

 

Low  Ca2+ 
sensitivity;       
Rapid activation; 
Deactivation – 
no effect;      
Inactivation rapid 
and incomplete; 
Positive shift 
(β3a,c) 

(i) No effect 
(ii) No effect 
(iii) No effect       

Testes                   
Spleen               
Pancreas 

[15, 31, 
32, 42, 
106] 

α + β4 

(KCNMA1 

KCNMβ4)  

  

 

Low  Ca2+ 
sensitivity;     
Inhibits channel 
at ↓[Ca2+];      
Activates 
channel at  ↑ 
[Ca2+];        
Slowed 
deactivation; 
Negative shift 

(i) Reduced 
in↓[Ca2+]     (ii) 
Reduced 
in↓[Ca2+]   (iii) 
Low 

Central 
nervous 
system,  
mainly brain 

[15, 31, 
33, 392, 
407, 408] 

α alone 

(KCNMA1) 

 

4 x subunits 
form functional 
channel 

(i) High      (ii) 
High    (iii) 
High 
reversible 

Ubiquitous, 
most 
abundant in 
brain tissue 

[15, 366, 
374, 409, 
410] 
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In general, BKβ subunits are structurally different from the cytoplasmic β 

subunits of other Kv channels in so far as they are membrane integral 

proteins, each comprising two transmembrane domains, attached by an 

extracellular loop composed of ~120 residues and with both carboxyl and 

amine termini sited towards the cytoplasm (Figure 4.1.3.4.1).  This 

extracellular loop has four regions of conserved cysteine residues (Figure 

4.1.3.4.2) which are thought to form disulfide bridges [409].  Mutagenesis 

experiments carried out by Hanner et al., suggest that these residues play an 

important role in conferring a restrictive conformational change in the channel 

pore, providing a large increase in the binding affinity for ChTX [409]. 

 

 

 

 

Figure 4.1.3.4.1 Schematic showing a proposed topography of BKα subunit with an 

associating β subunit.  The “ball and chain” peptide purported to be present in β2 and 

β3 subunits is displayed [35] 
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Figure 4.1.3.4.2 Schematic of HSlo KNCMβ genes (KCNMβ1; KCNMβ2; KCNMβ3a; 

KCNMβ3b; KCNMβ3c; KCNMβ3d; KCNMβ4) encoding the pertinent BKβ subunits.  The 

diagram shows the highly conserved cysteine residues present in the extracellular 

domain (shown as white bands) while the two transmembrane domains (TMD1 and 

TMD2) are highlighted in black.  Both the COOH and NH2- termini have an intracellular 

orientation. 

 

Homologous sequences are considerable between β1 and β2 and also 

between β2 and β3 subunits (Figure 4.1.3.4.2) [35, 401] and to this end, the 

functional coupling between BKα and one or other of these subunits, not 

surprisingly, elicits similar effects on channel modulation and kinetics in native 

BK currents (Table 4.1.3.4.1).  

 

4.1.3.5 Effects of ancillary β subunits on the BKα channel 

Modulation of BKα channels by co-expression with ancillary β subunits has 

been extensively studied and has revealed that channel gating, kinetics and 

pharmacology are greatly influenced by this association [36, 41, 399].  For 
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example, Orio et al., illustrate co-expression with β subunits causes a leftward 

shift in the conductance-voltage relationship, particularly at higher Ca2+ 

concentrations (>10 µM) (Figure 4.1.3.5.1) [35]. 

 

 

Figure 4.1.3.5.1 Plot showing comparison of G/Gmax-Voltage at 4 µM [Ca
2+

]i (filled-in 

symbols) and 7nM [Ca
2+

]i (open symbols) between BKα alone (square); BKα +β1 (circle); 

and BKα+β4 (triangle) subunits.  The plot illustrates a marked leftward shift at higher 

[Ca
2+

]i for BK channels co-expressing β1 subunit in comparison to BKα alone.  At nM 

concentrations, the leftward shift is less marked.  At higher [Ca
2+

]i, co-expression with 

β1 subunits elicits channel activation, however at [Ca
2+

]i nM, the channel is inhibited 

[35].  

 

Brenner et al., confirmed similar levels of Ca2+ sensitivity enhancement and a 

negative shift in V0.5 activation in BKα when associated with β1 or β2 subunits, 

and further, noted slower activation kinetics in their presence [31].  Association 

with β3 and β4 subunits, however, induces a low sensitivity to Ca2+ but 

conversely, accelerated activation kinetics with co-expression of the β3b 

phenotype [404].  Both β2 and β3 ancillary subunits can induce rapid 

inactivation of BK currents, though in the case of β2, in comparison with β3, the 
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inactivation is less rapid and complete [391].  This may be explained through 

work done by Wallner et al., which has suggested the possible presence of a 

“ball and chain” type peptide attached to the intracellular N terminus on the β2 

subunit which yields inactivating BK currents when co-expressed with BKα 

[390].  The structure was further illustrated using NMR spectroscopy alongside 

patch-clamping in work carried out by Bentrop et al., [411].  Of the four known 

β subunits, β4, expressed primarily in brain tissue, displays the least homology 

to the other three subunits and when co-expressed with BKα, dramatically 

slows activation and deactivation of the channel [407].   

 

4.1.3.6 Stoichiometry of BK α and β subunits 

It is hypothesised that BKα and β subunit stoichiometry is probably a 1:1 ratio 

[26, 97, 398, 412] and it is generally accepted that the α:β stoichiometry of BK 

channels has a role to play in channel activation and Ca2+ sensitivity [40, 412].  

Nevertheless, several workers have suggested that not all four α subunits 

require coupling to a β subunit to bring about an effect on channel gating, 

kinetics and pharmacology.  For instance, Li et al., report the presence of just 

three β2 subunits per BK channel in rat lumbar L4-6 dorsal root ganglia (DRG) 

[413] and Wang et al., using inactivation as an indicator of the average 

number of β2 subunits per BK channel expressed in Xenopus oocytes, 

demonstrated that functional channels are formed with less than a full 

complement of β2 subunits [412].  In addition, Wang et al., were able to 

illustrate that gating properties and inactivation behaviour of the channel 

correlates incrementally to the number of associating β subunits at any one 

time.  Jones and co-workers also established that BKα+β channels can 



 

159 

 

function with less than four  subunits and further, that β1 subunits have an all-

or-nothing effect on the voltage dependence of BKα gating [414].  Conversely, 

the β2 subunit bestows an incremental effect as each β2 subunit associates 

with a BKα tetramer [412, 414]. 

 

It is also important to consider that the α:β stoichiometry for BK channels is 

imperative for pharmacological and endogenous agonists such as oestrogens.  

Work done by de Wet et al., established, using Bayesian analysis, that at least 

two β1 subunits are required for BK channel activation by 17β-oestradiol [40].             

 

4.1.3.7 BK β1 subunit function and physiology 

The β1 subunit was the first of the β subunits to be cloned and is most 

abundant in smooth muscle cells [27, 37, 415, 416].  The β1 subunit, in 

particular, has been shown to increase the calcium sensitivity of the channel 

while at the same time altering gating kinetics, favouring a more open state 

[34, 36, 37, 41, 211, 417] (Figure 4.1.3.7.1).   
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Figure 4.1.3.7.1 Comparison of single BKα+β1 currents (wild type (WT) and BKβ-/-
 
(KO) 

taken from recordings of isolated mouse aorta at different [Ca
2+

] and voltages (-40 mV 

and +40 mV).  Closed states are indicated by arrows.  The BK current traces pertaining 

to channels with both α and β1 subunits present (WT) illustrate that an associating β1 

subunit is more conducive to an open state as opposed to channels expressing just the 

α-subunit (KO) at any [Ca
2+

] or selected voltage [43, 401] 

 

 

These parameters illustrate that β1 subunits are necessary for normal 

functioning in VSMCs.  Furthermore, Nimigean and Magleby have 

demonstrated that the β1 subunit increases burst duration by increasing the 

mean open time within a bursting state, thus reducing closed times between 

bursts [211].  Their observations that BK channels expressing both α and β1 

subunits spend less time in sub-conductance states suggests that the β1 

subunit is key in stabilising the full conductance level of the open states of the 

channel (Figure 4.1.3.7.2).   
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Figure 4.1.3.7.2 Recordings illustrating how the BK β1 subunit stabilises BK channel 

conductance.  With channels consisting of α subunits alone, sub-conductance states 

are observed more frequently.  Channels which have associating β1 subunits are more 

likely to function in the fully open conductance state.  The traces show examples with 

full conductance of ~315 pS for BKα+β1 channels and sub-conductance of ~150 pS 

(approximately half the amplitude) for BKα alone channels.  Membrane potential was 

held at +30 mV; [Ca
2+

] was 18 µM for BKα and 5.4 µM for BKα+β1 with [Ca
2+

]I 3-100 µM 

[211].  

 

 

In vascular smooth muscle, the β1 subunit augments the coupling of Ca2+ 

sparks, caused by a highly localised Ca2+ release from ryanodine receptors 

located in close proximity to the VSMC membrane, to spontaneous transient 

outward currents (STOC) of the BK channel.  This leads to hyperpolarisation 

of the cell membrane and subsequent inhibition of Ca2+ influx via voltage-

dependent calcium channels (VDCCs) and eventual relaxation [418].  Work 

done by Koide has recently shown that after subarachnoid haemorrhage, the 

frequency of Ca2+ sparks coupled with STOC of BKα+β1 channels is 

significantly decreased in cerebral artery myocytes and this contributes to 

elevated vasoconstriction [419].  Many other channelopathies of the vascular 
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system, with loss or gain of function polymorphisms of KCNMα1 and KCNMβ1 

have been reported and all are associated with a reduction in BK channel 

activity even in the presence of Ca2+ sparks [419].  For example, in β1 knock-

out mice, arterial tone and systemic blood pressure is increased, Ca2+ 

sensitivity is decreased and coupling of Ca2+ sparks to STOCs are disrupted 

[43, 51].  Furthermore, hyperaldosteronism, asthma, bladder malfunction, 

hypertension and diabetes are all linked with reduced expression of KCNMβ1 

[53, 102, 420-422]. 

 

Finally, an additional role for the β1 subunit has been proposed by Toro et al., 

[423].  Their research has established that co-expression of the β1 subunit with 

the α subunit, enhances surface trafficking of the α subunit.  They concluded 

that β1 may be a factor in the differential surface expression of BKα subunits 

required for successful functioning of BKα + β1 channels expressed in relevant 

tissues [423]. 
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4.1.4 AIMS 

This chapter will examine the effects of oestrogens and xenooestrogens on 

the activity of BK(hSlo)  channels  expressing α subunits alone and, also, 

those expressing both α+β1 subunits in HEK 293 cells using the whole cell 

patch-clamp configuration.  In the previous chapter, relaxation of vascular 

smooth muscle was observed in rat aortic rings, the only exception was Quat-

DME-Oestrone which was inactive.  As relaxation occurred in both 

endothelium-intact and endothelium-denuded aorta, and only one compound 

demonstrated reversibility to iberiotoxin, then multiple pharmacological actions 

in addition to BK activation are likely.   

 

The aim of this chapter is to investigate directly these compounds as novel BK 

activators in a cellular expression system which may ameliorate some of the 

disadvantages of whole tissue experiments and thus, confirm effects on BK 

channels as predicted in Chapter 3.  As both non-steroidal antioestrogens and 

steroidal oestrogens have previously been shown to activate BK channels in a 

subunit-dependent manner [101, 102, 129] it is hypothesised that these hybrid 

compounds will show similar subunit dependence. 

Objectives:–  

1. To demonstrate the presence of functional BK channels comprising 

either α subunits alone or α+β1 subunits in transfected HEK 293 cells.  

This will be achieved through noise analysis and kinetic observation of 

the channel in whole cell patch-clamp recordings.  In addition, IbTX 

sensitivity of the two types of channel will be explored. 
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2. To investigate the activity of the synthesised derivatives on BK 

channels consisting of α subunits alone, as this is the type of BK 

channel expressed in the endothelium. 

3. To investigate the activity of these compounds on BK channels 

expressed in HEK cells consisting of α and β1 subunits, as this is the 

type of BK channel expressed in vascular smooth muscle. 

 

This approach should:-  

 confirm that Quat-DME-Oestrone is inactive as observed in aortic rings 

 confirm that Quat-DME-Oestradiol, which relaxed aortic rings in an IbTX 

reversible manner, is indeed able to enhance BK currents 

 reveal which compounds are unable to modulate BK channel function.  

For example, if DME-Oestrone relaxes aortic rings by a process 

independent of BK channels, one would expect it to be inactive against 

BK currents in HEK cells over-expressing BK channels 

 demonstrate which compounds require the β1 subunit of the BK channel 

in order to modulate BK currents.  
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4.2 METHODS 

To investigate directly Oestrone and the xenooestrogen compounds as novel 

BK activators in a cellular expression system, HEK 293 cells over-expressing 

BK  alone and  plus β1 subunits were cultured and subsequently tested 

using the whole cell patch-clamp electrophysiology technique.   

 

4.2.1 Molecular biology of HEK 293 expressing the  alone and  plus β1 

subunit of the BK channel  

This technique was performed by the Ashcroft group (University of Oxford).  

As previously described [347], the subunit stop codons in constructs pcDNA6- 

hSlo (as used by [424] and pcDNA3.1- hSlo1 (J.D. Lippiat, unpublished) 

were mutated using the Quikchange site-directed mutagenesis kit (Stratagene) 

to introduce an in-frame vector sequence encoding V5-His6 and myc-His6 

epitope tags, respectively.  HEK cells were cultured as described previously 

[424] and transfected with pcDNA6- hSlo-V5 with Fugene 6 reagent, as per 

manufacturer’s instructions.  Clones that grew in medium supplemented with 5 

g/ml blasticidin (Invitrogen) were isolated and a line stably expressing the 

epitope-tagged BKCa channels was confirmed by electrophysiology [40].  A 

subculture was transfected with pcDNA3.1- hSlo1-myc-His6 and a double 

stable cell line was generated by selection in medium containing 1mg/ml G418 

(geneticin) (Invitrogen) and 5 µg/ml blasticidin.  A line stably co-expressing 

hSlo-V5-His6 and hSlo1-myc-His6 was characterised by electrophysiology 

in the Department of Physiology, University of Oxford by Jon Lippiat (Ashford 

group).  
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4.2.2 Culture of HEK 293 cells solely expressing the  subunit of the BK 

channel 

The culture of HEK 293 cells expressing the  subunit alone (tagged at His6 

with a V5 tag), was carried out as described previously [347, 425].  The cells 

were cultured with Minimum Essential Medium (MEM with Earle’s salts and L-

Glutamine) (Invitrogen), 10% v/v heat-inactivated foetal bovine serum (FBS) 

(PAA Laboratories), 1% v/v non-essential amino acids (NEAA) (PAA 

Laboratories) and treated with the antibiotic penicillin / streptomycin (PAA 

Laboratories).  Clones, cultivated in a selective medium supplemented with 

blasticidin (Invitrogen) at a concentration of 5 µg/ml, were isolated.  The cells 

were incubated for 48 hours at a temperature of 37°C and at a concentration 

of 95% O2 and 5% CO2.  The cells were plated at a density of approximately 5 

x 104 cells per 35 mm diameter in nunclon® tissue culture dishes (Fisher UK).  

They were further incubated for 48 hours at a temperature of 37°C and at a 

concentration of 95% O2 and 5% CO2.  The presence of BKCa channels was 

confirmed by electrophysiological techniques.   

 

4.2.3 Culture of HEK 293 cells expressing the  plus β1 subunits of the 

BK channel 

The culture of human embryonic kidney 293 (HEK 293) cells expressing both 

the  + β1 subunit (α subunit tagged as before and the β1 subunit tagged at 

His6 with the MYC epitope) was described previously [425].  The cells were 

cultured with MEM (PAA Laboratories), 10% v/v heat-inactivated FBS (PAA 

Laboratories) and 1% v/v NEAA (PAA Laboratories).  Clones, cultivated in a 
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selective medium supplemented with blasticidin (Invitrogen) and geneticin 

(G418) (Invitrogen) at a concentration of 5 µg/ml and 1 mg/ml respectively, 

were isolated.  The cells were incubated for 48 hours at a temperature of 37°C 

and at a concentration of 95% O2 and 5% CO2.  The cells were seeded at a 

density of approx. 5 x 104 cells per 35 mm diameter in nunclon® tissue culture 

dishes (Fisher).  They were further incubated for 48 hours at a temperature of 

37°C and at a concentration of 95% O2 and 5% CO2.  The presence of BKCa 

channels was confirmed by electrophysiological techniques. 

 

4.2.4 Whole cell patch clamp experimental methods  

Macroscopic currents were recorded from single, isolated cells by whole-cell 

patch clamp technique as described previously [426].  Cultured HEK 293 cells, 

over-expressing BKα or BKα+1 subunits, were continuously superfused, 

gravitationally, with an extracellular solution containing (mM): 136 NaCl, 2.6 

CaCl2, 2.4 KCl, 1.2 MgCl2, 15 HEPES, 10 glucose, titrated with NaOH to pH 

7.4 at 21o C.  Gravitational superfusion of cells was carried out via a Warner 

Instruments perfusion manifold (model MP-2) at a rate of 2 ml/min and a 

temperature of 21o C.   

 

Patch electrodes with a resistance of approximately 5 MΩ were forged from 

borosilicate capillary tubes (Harvard), fire-polished and, subsequently, filled 

with a solution containing (mM): 110 KCl, 3.0 MgCl2, 40 HEPES, 3 EGTA.  In 

some solutions, calcium concentrations of 2.4 µM and 55 µM were prepared 

by adding 1.92 and 2.0203 mM CaCl2 respectively.  Free Ca2+ in each solution 

was calculated using the web-based program Maxchelator (Bers et al., 1994; 
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available online at www.stanford.edu/cpatton/maxc.html).  Atomic absorption 

spectroscopy was carried out on the zero µM intracellular calcium solution and 

was found to contain 7 µmoles/L Ca2+ which equates to a free calcium 

concentration of 0.225 nM when in the presence of EGTA (as calculated by 

Maxchelator).  All intracellular solutions were titrated with KOH to pH 7.4 at 21o 

C.   

 

Voltage-gated potassium currents were recorded at 21o C from cultured cells 

clamped at a holding potential of either -40 or -80 mV and outward K+ currents 

were evoked by stepwise 10 mV changes in membrane potential lasting for 50 

ms (Figure 4.2.4.1.).  This protocol was repeated every 5 seconds and 

recordings could last up to 400s. 

 

 

 

 

 

 

 

 

 

 

Figure 4.2.4.1 Cartoon illustrating voltage protocol for activating BK currents.  The 

holding potential was usually -40 mV, and the final step voltage was usually +60 mV.  A 

more extensive range of voltages was used to generate G-V relationships. 

 

Holding potential 

5 s 5 s 5 s 

50 ms step duration 

Voltage stepped in  
10 mV increments 
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Raw output currents were filtered with a low band pass filter at 5 kHz, and 

digitised at 25 kHz using a CED 1401 interface connected to a Pentium® 

computer running WCP v1.6 patch clamp software.  Leak current was <10 pA 

and did not need compensation.  Electrode capacitance was compensated 

after G seal formation (>2 G).  Series resistance was compensated for 

after obtaining whole cell access.  RS compensation required was always less 

than 30 M. 

 

4.2.5 Data Analyses of whole cell patch clamp recordings 

Statistical analyses were carried out using GraphPad prism version 5.03.  All 

data are presented as the mean  the standard error of the mean (SEM) 

unless otherwise stated. 

 

4.2.5.1 Statistical analysis of run-up and run-down 

The normalised peak current and the activation plots were each analysed for 

correlation using a Spearman regression.  This analysis was undertaken to 

see if the currents ran up or down with time as reported by other workers [291, 

427, 428].  If the currents run up, then a plot of peak currents vs time will have 

a significant positive correlation.  Conversely, if the currents run down, then a 

plot of peak currents versus time will have a significant negative correlation.  

No correlation implicates no run up/run down.  A similar approach was used to 

follow changes in the activation rate during the course of the recording. 
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4.2.5.2 Analysis of activation rates 

The activation rates of the channel () were obtained by fitting the early phase 

of evoked currents to the single exponential function y(t) = A e(-t/)+Ss where t 

= time,    A = amplitude and Ss is the steady state using winWCP1.6 

Strathclyde Electrophysiological software (Figure 4.2.5.2.1). 

 

             

 

Figure 4.2.5.2.1 Example of single exponential fit of evoked BK currents in the rising 

phase of BK channel activation  

 

 

4.2.5.3 Statistical analysis of G-V relationships 

The channel conductance was obtained from the whole cell current according 

to the equation GK = IK / (Vm - VK), where GK is the conductance and IK is the 

potassium channel current, Vm is the membrane potential at which the current 

was measured and VK is the equilibrium potential for the potassium current (-

97 mV).  The conductance data were then normalised (to allow better 

comparison among cells of different size) and fitted to a Boltzmann function.  A 
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non-parametric one way analysis of variance (Kruskal-Wallis) test was used to 

assess the statistical significance at p<0.05 of the difference in V0.5 and slope 

values between differing calcium concentrations and channels expressing 

different subunits.  A Tukey’s multiple comparison test was used for 

comparison of multiple sets of data.  

 

4.2.5.4 Statistical analysis of the effects of oestrogens on evoked 

currents 

Normalised peak currents before and after the application of oestrogens were 

analysed using a Spearman’s correlation test  However, to determine genuine 

effects of drug application to the BK channel currents, these data have to be 

compared with control data because of the propensity of recorded BK currents 

to run up/down with time.  To address this issue, the data were analysed using 

a Kruskal-Wallis non-parametric test, followed by a Dunn’s post hoc multiple 

comparison test and true significance was determined.  

 

4.2.5.5 Non-stationary noise analysis (fluctuation analysis) 

Functional expression of BK channels in HEK 293 cells was confirmed using 

fluctuation analysis [429, 430].  Fluctuation analysis estimates the single 

channel conductance underlying the evoked currents by statistically comparing 

the mean and variance of the current.  HEK 293 cells were voltage clamped at 

-40 mV and voltage jumped to +60 mV.  This was repeated 100 times at one 

second intervals. Using WinWCP software, an estimation of the underlying 



 

172 

 

unitary current (I.u) could be calculated and from this, the single channel 

conductance was determined.    
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4.3 RESULTS 

Human embryonic kidney cells (HEK 293), since their inception, are a well-

known expression system for the study of ion channels [289, 290].  Here, HEK 

293 cells, stably transfected with genes expressing BK channel proteins were 

used for whole cell patch clamp recordings to investigate the effects of 

Oestrone and the novel xenooestrogens.  Initially, the presence of functional 

BK channels comprising either α subunits alone or α+β1 subunits in 

transfected HEK 293 cells was confirmed through noise analysis and kinetic 

observation of the channel in whole cell patch-clamp recordings.  IbTX 

sensitivity of the two types of channel was also explored. 

 

4.3.1 Characterisation of the evoked BK currents of HEK 293 cells 

expressing the α subunit alone 

BK currents were identified and recorded from HEK 293 cells over-expressing 

the α subunit of the BK channel (Figure 4.3.1.1 and Figure 4.3.1.2).  An 

example of evoked currents is illustrated in Ai and Aii.  

 

The averaged peak current versus time (seconds) for HEK 293 cells 

expressing the BK subunit is illustrated in Figure 4.3.1.1(B).  These currents 

were evoked by stepping the -40 mV holding potential to +60 mV.  A positive 

correlation with time (r = 0.89) and a significant increase in normalised peak 

current over time (p<0.05, n=5) suggest the occurrence of run-up, also 

revealed in the recording shown in Ai and Aii.  This was a controlled 



 

174 

 

experiment with no compound added to the bath solution and zero [Ca2+]i in 

the pipette.    
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Figure 4.3.1.1 Control BK currents in HEK 293 cells expressing BK α subunits. (Ai) 

illustrates evoked currents at the beginning of the recording period (0 to 5s) and (Aii) 

illustrates evoked currents after 350 seconds of recording. Cells were voltage clamped 

at -40 mV and currents evoked by changing the voltage to a range of test potentials (-40 

to +60 mV) in 10 mV steps.  (B) illustrates how the peak current changes with time.  

Currents were evoked by stepping the voltage to +60 mV from -40 mV.  A significant 

increase in the peak current was observed over 400 seconds (r=0.89, p<0.01, n=5).  (C) 

The activation time constant for currents evoked by changing the potential to +60 mV.  

The activation of the BK current could be fitted to a single exponential (n=5).  A small 

but significant difference was observed in the activation time constant over time 

(p<0.05, r=-0.36).   

 



 

175 

 

BK channels expressing only  subunits characteristically have fast activation 

rates [31, 431].  These observations are paralleled in Figure 4.3.1.1(C), where 

rapid activation rates of approximately 2.5 ms are recorded.  This activity was 

maintained throughout the recording period and no inactivation was observed.   
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Figure 4.3.1.2 The properties of BK currents in HEK 293 cells expressing the BK α 

subunit. (A) Cells were held at -40 mV and the voltage changed to a range of potentials 

up to +60 mV in 10 mV increments.  (Ai) illustrates evoked currents in a HEK 293 cell at 

the beginning of the recording period (0 to 5s) and (Aii) illustrates evoked currents after 

the application of 100 nM iberiotoxin.  (B) summarises the blocking properties of IbTX 

on BK currents (n=5).  (C) The effects of free intracellular Ca
2+

 on the G-V relationship.  

Conductance was calculated from current and voltage, normalised to the maximum and 

plotted error bars represent SEM.  Solid curves represent fits to the Boltzmann 

function. 
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Consistent with other workers peak BK currents were found to be sensitive to 

iberiotoxin (IbTX) [432-435] (Figure 4.3.1.2(B)).  Appropriate, rapid inhibition of 

BK current was observed on application of IbTX (100 nM).  The current 

inhibition for this concentration of toxin (100 nM) was fitted to a single 

exponential with a rate of block of approximately (2.552  0.48) x105 M-1 s-1 

(k=0.02552 s-1,  = 1/k = 39.185 s; t1/2 = 0.693 x  = 27.16s). 

 

The dependence of BK currents on intracellular free calcium was assessed in 

these preliminary experiments.  Figure 4.3.1.2(C) plots normalised membrane 

conductance against membrane potential for a range of free [Ca2+]i.  

Recordings were analysed between a holding potential of -80 or -40 mV, in 10 

mV increments up to a potential of 200 mV.   BK channel conductance was 

monitored at 0.2 nM, 2.4 μM and 55 μM concentrations of free [Ca2+]i and the 

V0.5 noted (Table 4.3.1.1).   
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Table 4.3.1.1 Summary of hyperpolarising effects due to increasing free intracellular 

concentrations of Ca
2+

 ions on shifts in the V0.5 for the voltage conductance curve of BK 

α channels in HEK 293 cells.  Significance was determined using a, one-way ANOVA 

(Kruskal-Wallis) for significance followed by a post hoc Tukey’s analysis for multiple 

comparisons 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Key:   = significantly different V0.5 (p<0.05) from 0.2 nM free intracellular calcium;  

        = significantly different V0.5 (p<0.05) from 2.4 µM free intracellular calcium; 

       ‡ = significantly different V0.5 (p<0.05) from 55 µM free intracellular calcium 

 

 

Raising the free [Ca2+]i effected a hyperpolarising shift in the V0.5 of the voltage 

conductance curve (~60 mV).  Using a one way ANOVA followed by a Tukey’s 

multi comparison test, a significant difference in the V0.5 (p<0.05) was revealed 

between 0.2 nM and 55 μM and also between 2.4 μM and 55 μM free 

intracellular calcium.  While there is a change in voltage sensitive-conductance 

between virtually zero µM (0.2 nM) and 2.4 µM free intracellular calcium, this 

was not found to be statistically significant (p>0.05). 

 

The expression of BK channels in HEK 293 cells can be confirmed by 

measuring the single channel conductance of the evoked current.  This was 

done by noise analysis which is a statistical analysis comparing current 

Free intracellular [Ca
2+

] 

V0.5 from the voltage-
conductance curves 
obtained from HEK 293 
cells expressing BK α 
subunits 

 0.2 nM 130.9 mV ±1.8 
‡

 

2.4 μM 107.0 mV ±0.7 
‡

 

55  μM 68.28 mV ±1.6 
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variance with mean current and enables the estimation of the underlying 

unitary current [430].  Figure 4.3.1.3 illustrates this analysis and reveals an 

appropriate single channel conductance of 272 pS. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.3.1.3 Non-stationary noise analysis on control BKα channel currents, in a HEK-

293 cell expressing  subunits alone, with no Ca
2+

 in the pipette.  The HEK-293 cell was 

voltage clamped at -40 mV with a voltage jump to +60 mV.  This was repeated 100 times, 

at one second intervals.  Unitary current (I.u) = 43.56 ± 1.266 (sd) pA.  The theoretical 

line is a fitted parabola.  The single channel conductance is 272 pS given by WinWCP 

software. 
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4.3.2 Effects of Oestrone on HEK 293 cells expressing BKα subunits 

The effect of oestrone on currents in HEK cells expressing BK α subunits is 

illustrated in Figure 4.3. 2.1.  
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Figure 4.3.2.1 The effect of Oestrone (5 µM) on evoked currents in HEK 293 cells 

expressing BK  subunits.  (A) Comparison of currents evoked by stepping from -40 

mV to +60 mV in 10 mV increments before (Ai) and after (Aii) the applications of 

Oestrone 5 μM.  (B) Mean data have been normalised and plotted against recording 

time.  Current significantly increased during the application of oestrone (p<0.01, r=0.78, 

n=5).  (C) The activation time constant did not significantly change during the 

application of drug (p>0.05 r=-0.08). 
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These currents were evoked by stepping the membrane potential from a 

holding potential of -40 mV to a final potential of +60 mV in 10 mV increments.  

The internal Ca2+ concentration was less than 0.2 nM.  The currents before the 

application of Oestrone are illustrated in Ai and after the application are 

illustrated in Aii.  The normalised mean current data, plotted in B, were 

generated from the final jump at +60 mV.  This illustrates a significant increase 

in current due to the application of oestrone.   However, the pharmacological 

effects of oestrone can only be determined by comparing its actions with 

control recordings to take into account the known background run-up observed 

in Figure 4.3.1.1(B).  Thus, a more extensive analysis of the effects of 

oestrone on BK peak currents is undertaken in Section 4.3.7 to address this 

issue.   

 

The mean activation rate was obtained by fitting a single exponential curve to 

the rising phase of the currents evoked at +60 mV.  The activation time 

constant did not significantly change on addition of Oestrone (C) as judged by 

a Spearman’s regression statistical test.   

 

4.3.3 Effects of DME-Oestrone on HEK 293 cells expressing BKα 

subunits 

The effect of DME-Oestrone on BK currents in HEK cells expressing α 

subunits is illustrated in Figure 4.3.3.1.  These currents were evoked by 

stepping the membrane potential from a holding potential of -40 mV to a final 

potential of +60 mV in 10 mV increments.   
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Figure 4.3.3.1 The effect of DME-Oestrone (5 µM) on evoked currents in HEK 293 cells 

expressing BK  subunits.  (A) Comparison of currents evoked by stepping from -40 

mV to +60 mV in 10 mV increments before (Ai) and after (Aii) the applications of DME-

Oestrone (5μM).  (B) Mean data have been normalised and plotted against recording 

time.  Current significantly increased during the application of DME-Oestrone (p<0.01, 

r=0.92, n=5).  (C) The activation time constant did not significantly changed during the 

application of drug. 

 

As previously, the intracellular Ca2+ concentration was <0.2 nM.  The currents 

before the application of DME-Oestrone are illustrated in Ai and after the 

application are illustrated in Aii.  The normalised mean current data, plotted in 

B, were generated from the final jump at +60 mV.  This illustrates a significant 
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increase in current during the application of DME-Oestrone.  As previously, to 

take into account the observed run-up a more extensive analysis of the actual 

effects of DME-Oestrone on BK currents is undertaken in Section 4.3.7. 

 

The mean activation rate was obtained by fitting a single exponential curve to 

the rising phase of the currents evoked at +60 mV.  The activation time 

constant did not significantly change on addition of DME-Oestrone (C).   

 

4.3.4 Effects of Quaternary-DME-Oestrone on HEK 293 cells expressing 

BKα subunits 

The effect of Quaternary-DME-Oestrone (Quat-DME-Oestrone) on currents in 

HEK cells expressing BK α subunits is illustrated in Figure 4.3.4.1.  These 

currents were evoked by stepping the membrane potential from a holding 

potential of -40 mV to a final potential of +60 mV in 10 mV increments.   Again, 

the intracellular Ca2+ concentration was <0.2 nM.  The currents before the 

application of Quat-DME-Oestrone are illustrated in Ai and after the application 

are illustrated in Aii.  The normalised mean current data, plotted in B, were 

generated from the final jump at +60 mV.  This illustrates a significant increase 

in current during the application of Quat-DME-Oestrone.  However, to take into 

account the observed run-up, a more extensive analysis of the actual effects 

of Quat DME-Oestrone on BK currents is undertaken in Section 4.3.7. 

 

The mean activation rate was obtained by fitting a single exponential curve to 

the rising phase of the currents evoked at +60 mV.  There was a small but 
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significant change in the activation time on addition of Quat-DME-Oestrone 

(C).   
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Figure 4.3.4.1 The effect of Quat-DME-Oestrone (5 µM) on evoked currents in HEK 293 

cells expressing BK  subunits.  (A) Comparison of currents evoked by stepping from -

40 mV to +60 mV in 10 mV increments, before (Ai) and after (Aii) the applications of 

Quat-DME-Oestrone (5μM). (B) Mean data have been normalised and plotted against 

recording time. Current significantly increased during the application of Quat-DME-

Oestrone (p<0.01, r=0.69, n=5).  (C) There is a small but significant change in the 

activation time constant during the application of compound (p<0.05, r=-0.45) as judged 

by a Spearman correlation test. 
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4.3.5 Effects of Oestrone-Oxime on HEK 293 cells expressing BKα 

subunits 

The effect of Oestrone-Oxime on currents in HEK cells expressing BK α 

subunits is illustrated in Figure 4.3.5.1.  
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Figure 4.3.5.1 The effect of Oestrone-Oxime (5 µM) on evoked currents in HEK 293 cells 

expressing BK  subunits.  (A) Comparison of currents evoked by stepping from -40 

mV to +60 mV in 10 mV increments, before (Ai) and after (Aii) the applications of 

Oestrone-Oxime (5μM). (B) Mean data have been normalised and plotted against 

recording time. Current did not significantly change during the application of Oestrone-

Oxime (p>0.05, r=0.01, n=6).  (C) The activation time constant did not significantly 

change during the application of drug (p>0.05, r=-0.09). 
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These currents were evoked by stepping the membrane potential from a 

holding potential of -40 mV to a final potential of +60 mV in 10 mV increments 

and the intracellular Ca2+ concentration was <0.2 nM.  The currents before the 

application of Oestrone-Oxime (5 M) are illustrated in Ai and after the 

application are illustrated in Aii.  The normalised mean current data, plotted in 

B, were generated from the final jump at +60 mV.  There was no significant 

change in peak current during the application of Oestrone-Oxime.   However, 

to take into account of the observed run-up, a more extensive analysis of the 

actual effects of Oestrone-Oxime on BK currents is undertaken in Section 

4.3.7. 

 

The mean activation rate was obtained by fitting a single exponential curve to 

the rising phase of the currents evoked at +60 mV.  The activation time did not 

significantly change on application of Oestrone-Oxime (C).  
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4.3.6 Effects of Quaternary-DME-Oestradiol on HEK 293 cells expressing 

BKα subunits 

The effect of Quaternary-DME-Oestradiol (Quat-DME-Oestradiol) on currents 

in HEK cells expressing BK α subunits is illustrated in Figure 4.3.6.1.  
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Figure 4.3.6.1 The effect of Quat-DME-Oestradiol (5 µM) on evoked currents in HEK 293 

cells expressing BK  subunits.  (A) Comparison of currents evoked by stepping from -

40 mV to +60 mV in 10 mV increments, before (Ai) and after (Aii) the applications of 

Quat-DME-Oestradiol (5 μM). (B) Mean data have been normalised and plotted against 

recording time. Current significantly decreased during the application of Quat-DME-

Oestradiol (p<0.05, r=-0.6, n=5).  (C) The activation time constant did not significantly 

change during the application of drug (p>0.05, r=-0.02). 
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These currents were evoked by stepping the membrane potential from a 

holding potential of -40 mV to a final potential of +60 mV in 10 mV increments 

and the intracellular Ca2+ concentration was <0.2 nM.    The currents before 

the application of Quat-DME-Oestradiol are illustrated in Ai and after the 

application are illustrated in Aii.  The normalised mean current data, plotted in 

B, were generated from the final jump at +60 mV.  This illustrates a significant 

decrease in current during the application of Quat-DME-Oestradiol.   As 

previously, to take into account the observed run-up a more extensive analysis 

of the actual effects of Quat-DME-Oestradiol on BK currents is undertaken in 

Section 4.3.7. 

 

The mean activation rate was obtained by fitting a single exponential curve to 

the rising phase of the currents evoked at +60 mV.  The activation time did not 

significantly change on addition of Quat-DME-Oestradiol (C).   
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4.3.7 Comparison of the effects of oestrogens on BKα peak currents with 

control data 

As can be seen from the graph (Figure 4.3.1.1(B)), the average normalised 

peak current data reveal a run-up in HEK 293 cells expressing  BK  α subunits.  

Consequently, a Kruskal-Wallis analysis followed by a Dunn’s post hoc multi-

comparison test was undertaken to assess the true significance of the 

observed changes in BK peak current in the presence of oestrogens.  These 

statistical analyses revealed that the application of Oestrone (5 μM), DME-

Oestrone (5 μM) or Quat-DME-Oestrone (5 μM) had no significant effect on 

BKα peak current.  However, the application of both Oestrone-Oxime (5 M) 

and Quat-DME-Oestradiol (5 M) significantly reduced peak current.  These 

statistical analyses are summarised in Table 4.3.7.1 and illustrated in Figure 

4.3.7.1.  

 

Table 4.3.7.1 Kruskal-Wallis analysis followed by a post hoc Dunn’s Multiple 

Comparison test, comparing control (run-up) with peak current in HEK cell expressing 

BK α subunits exposed to oestrogens.   

 

 

Dunn's Multiple Comparison Test [ligand] P  value Significance 

Control vs Oestrone  5 µM p > 0.05 ns 

Control vs DME Oestrone  5 µM p > 0.05 ns 

Control vs Quat-DME Oestrone  5 µM p > 0.05 ns 

Control vs Oestrone Oxime  5 µM p < 0.05        *** 

Control vs Quat DME-Oestradiol  5 µM p < 0.05 *** 
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Figure 4.3.7.1 Dunn’s Multiple Comparison test, comparing control (run up) with 

normalised peak current in the presence of ligands in HEK 293 cells expressing BK 

channels comprising α subunits alone.  No significant difference in channel activity 

was detected between control peak current flow recordings (no ligands) and those 

when ligands were applied with the exception of Quat-DME-Oestradiol and Oestrone-

Oxime which both displayed evidence of weak inhibition.  
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4.3.8 Characterisation of the evoked BK currents from HEK 293 cells 

expressing  plus β1 subunits  

BK channels are known to be activated by oestrogens and xenooestrogens 

when associating with their regulatory β1 subunits.  Here, HEK 293 cells, 

stably transfected with genes expressing BK α and β1 subunits were used for 

whole cell patch clamp recordings to investigate the effects of various novel 

xenooestrogens. 

 

BK currents were recorded from HEK 293 cells over-expressing the BKα+β1 

subunit (Figure 4.3.8.1 and Figure 4.3.8.2).  An example of evoked currents is 

illustrated in Ai and Aii.  The averaged normalised peak current versus time 

(seconds) for HEK 293 cells expressing BK   and β1 subunits is illustrated in 

Figure 4.3.8.1 (B).  These currents were evoked by stepping the -40 mV 

holding potential to +60 mV.  A negative correlation with time (r=-0.86) and a 

significant decrease in peak current over time (p<0.01, n=7) suggest the 

occurrence of run-down, also revealed in the recording shown in Figure 

4.3.8.1 (Ai) and (Aii).  This was a controlled experiment with no compound 

added to the bath solution and zero [Ca2+]i in the pipette. 

 

BK channels expressing both  and  β1 subunits characteristically have slower 

activation rates than those only comprising α subunits alone [41].  These 

observations are illustrated in Figure 4.3.8.1(C), where activation rates of 

approximately 12.5 ms are recorded.  This activity was maintained throughout 

the recording period and no inactivation was observed.  Comparison of Figure 
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4.3.1.1 (Ai) with 4.3.8.1 (Ai) also illustrates the slowing of the activation of the 

channel when 1 subunits are associating.  
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Figure 4.3.8.1 Control BK currents in HEK 293 cells expressing BK α and β1 subunits. 

(Ai) illustrates evoked currents at the beginning of the recording period (0 to 5s) and 

(Aii) illustrates evoked currents after 350 seconds of recording. Cells were voltage 

clamped at -40 mV and currents evoked by changing the voltage to a range of test 

potentials (-40 to +60 mV) in 10 mV steps.  (B) illustrates how the peak current changes 

with time.  Currents were evoked by stepping the voltage to +60 mV from -40 mV.  A 

significant decrease in the peak current was observed over 400 seconds (r=-0.86, 

p<0.01, n=7).  (C) The activation time constant for currents evoked by changing the 

potential to +60 mV.  The activation of the BK current could be fitted to a single 

exponential (n=7).  No significant change in the activation time constant was observed 

over time.   
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As expected, peak BK currents were again found to be sensitive to iberiotoxin 

(IbTX).  Appropriate inhibition of BK current was observed on application of 

IbTX (100 nM).  The current inhibition for this concentration of toxin (100 nM) 

was fitted to a single exponential with a rate of block equal to 2.18  0.65 x 104 

M-1 s-1.  This is slower than that observed in the absence of β1 subunits (Figure 

4.3.1.2(B)). 
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Figure 4.3.8.2 The properties of BK currents in HEK 293 cells expressing the BK α and 

β1 subunit. (A) Cells were held at -40 mV and the voltage changed to a range of 

potentials up to +60 mV in 10 mV increments.  (Ai) illustrates evoked currents in a HEK 

293 cell at the beginning of the recording period (0 to 5s) and (Aii) illustrates evoked 

currents after the application of 100 nM iberiotoxin.  (B) summarises the blocking 

properties of IbTX on BK currents (n=6).  (C) The effects of free intracellular Ca
2+

 on the 

G-V relationship.  Conductance was calculated from current and voltage, normalised to 

the maximum and plotted error bars represent SEM.  Solid curves represent fits to the 

Boltzmann function. 
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Figure 4.3.8.2(C) gives a comparison of the normalised average membrane 

conductance versus membrane potential between a range of free intracellular 

[Ca2+].  The membrane potential was held at -40 mV for cells patched with 

near zero uM intracellular calcium, but to obviate increased basal activity, cell 

membrane potential was held at -80 mV, increasing in 10 mV increments to 

+160 mV in the presence of increased intracellular calcium concentrations (2.4 

µM and 55 µM [Ca2+]ic.  BK channel conductance was monitored at 0.2 nM, 

2.4 μM and 55 μM concentrations of free intracellular Ca2+ and the V0.5 noted 

(Table 4.3.8.1).  Raising the free intracellular [Ca2+] effected a hyperpolarising 

shift in the V0.5 of the voltage conductance curve (~100 mV).  A significant 

difference in the V0.5 (p<0.05) was revealed between all three concentrations 

of free intracellular calcium. 

 

Table 4.3.8.1 Summary of hyperpolarising effects due to increasing free intracellular 

concentrations of Ca
2+

 ions on shifts in the V0.5 for the voltage conductance curve of BK 

α plus β1 subunits in HEK 293 cells.  Significance was determined using a, one-way 

ANOVA (Kruskal-Wallis) for significance followed by a post hoc Tukey’s analysis for 

multiple comparisons  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Key:   = significantly different V0.5 (p<0.05) from 0.2 nM free intracellular calcium; 

          = significantly different V0.5 (p<0.05) from 2.4 nM free intracellular calcium; 

         ‡ = significantly different V0.5 (p<0.05) from 55 µM free intracellular calcium 

Free intracellular [Ca
2+

] 

V0.5 from the voltage-
conductance curves 

obtained from HEK 293 
cells expressing BKα+β1 

subunits 

 0.2 nM 108.4 4.03 
‡

 

2.4 μM 62.64 1.33 
‡

 

55  μM 5.15 3.09 
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4.3.9 Effects of Oestrone on HEK 293 cells expressing BKα plus β1 

subunits 

The effect of oestrone on currents in HEK cells expressing BK  plus β1 

subunits is illustrated in Figure 4.3.9.1.  
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Figure 4.3.9.1 The effect of oestrone (5 µM) on evoked currents in HEK 293 cells 

expressing BK α and β1 subunits.  (A) Comparison of currents evoked by stepping from 

-40 mV to +60 mV in 10 mV increments before (Ai) and after (Aii) the applications of 

oestrone 5μM.  (B) Mean data have been normalised and plotted against recording time.  

Current significantly increased during the application of oestrone (p<0.01, r=0.89, n=8).  

(C) The activation time constant did not significantly change during the application of 

drug (p>0.05 r=0.03). 
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These currents were evoked by stepping the membrane potential from a 

holding potential of -40 mV to a final potential of +60 mV in 10 mV increments 

and the intracellular Ca2+ concentration was <0.2 nM.    The currents before 

the application of oestrone are illustrated in Ai, and after the application are 

illustrated in Aii.  The normalised mean current data, plotted in B, were 

generated from the final jump at +60 mV.  This illustrates a significant increase 

in current during the application of oestrone.   However, the true 

pharmacological effects of oestrone can only be determined by comparing its 

actions with control recordings to take into account the known background run-

down observed in Figure 4.3.9.1(B.).  Thus, a more extensive analysis of the 

effects of oestrone on BK currents is undertaken in Section 4.3.14 to address 

this issue.   

 

The mean activation rate was obtained by fitting a single exponential curve to 

the rising phase of the currents evoked at +60 mV.  The activation time 

constant did not significantly change on addition of Oestrone (C). 

 

4.3.10 Effects of DME-Oestrone on HEK 293 cells expressing BKα plus β1 

subunits  

The effect of DME-Oestrone on currents in HEK cells expressing BK  plus β1 

subunits is illustrated in Figure 4.3.10.1.  These currents were evoked by 

stepping the membrane potential from a holding potential of -40 mV to a final 

potential of +60 mV in 10 mV increments and the intracellular Ca2+ 

concentration was <0.2 nM.  The currents before the application of DME-

Oestrone are illustrated in Ai and after the application are illustrated in Aii.  
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The normalised mean current data, plotted in B, were generated from the final 

jump at +60 mV.  This illustrates a significant decrease in current during the 

application of DME-Oestrone.   However, to address the issue of run-down a 

more extensive analysis of the actual effects of DME-Oestrone on BK currents 

is undertaken in Section 4.3.14. 

 

The mean activation rate was obtained by fitting a single exponential curve to 

the rising phase of the currents evoked at +60 mV.  The activation time 

constant did not significantly change on addition of DME-Oestrone (C).  
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Figure 4.3.10.1 The effect of DME-Oestrone (5 µM) on evoked currents in HEK 293 cells 

expressing BK α and β1 subunits.  (A) Comparison of currents evoked by stepping from 

-40 mV to +60 mV in 10 mV increments before (Ai) and after (Aii) the applications of 

DME-Oestrone   5 μM.  (B) Mean data have been normalised and plotted against 

recording time.  Current significantly decreased during the application of DME-

Oestrone (p<0.05, r=-0.57, n=8).  (C) The activation time constant did not significantly 

change during the application of drug. 

 

 

4.3.11 Effects of Quaternary-DME-Oestrone on HEK 293 cells expressing 

BKα plus β1 subunits 

The effect of Quat-DME-Oestrone on currents in HEK cells expressing BK  

plus β1 subunits is illustrated in Figure 4.3.11.1.  These currents were evoked 

by stepping the membrane potential from a holding potential of -40 mV to a 
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final potential of +60 mV in 10 mV increments and the intracellular Ca2+ 

concentration was <0.2 nM.    The currents before the application of Quat-

DME-Oestrone are illustrated in Ai and after the application are illustrated in 

Aii.  The normalised mean current data, plotted in B, were generated from the 

final jump at +60 mV.  This illustrates a significant decrease in current during 

the application of Quat-DME-Oestrone.  However, to address the issue of run-

down, a more extensive analysis of the actual effects of Quat-DME-Oestrone 

on BK currents is undertaken in Section 4.3.14. 

 

The mean activation rate was obtained by fitting a single exponential curve to 

the rising phase of the currents evoked at +60 mV.  The activation time did not 

significantly change on addition of Quat-DME-Oestrone (C).   
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Figure 4.3.11.1 The effect of Quat-DME-Oestrone (5 µM) on evoked currents in HEK 293 

cells expressing BK α and β1 subunits.  subunits.  (A) Comparison of currents evoked 

by stepping from -40 mV to +60 mV in 10 mV increments, before (Ai) and after (Aii) the 

applications of Quat-DME-Oestrone (5μM). (B) Mean data have been normalised and 

plotted against recording time. Current significantly decreased during the application of 

Quat-DME-Oestrone (p<0.01, r=-69, n=8).  (C) The activation time constant significantly 

changed during the application of drug. 

 

 

4.3.12 Effects of Oestrone-Oxime on HEK 293 cells expressing BKα plus 

β1 subunits 

The effect of Oestrone-Oxime on currents in HEK cells expressing BK  plus 

β1 subunits is illustrated in Figure 4.3.12.1.  These currents were evoked by 
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stepping the membrane potential from a holding potential of -40 mV to a final 

potential of +60 mV in 10 mV increments and the intracellular Ca2+ 

concentration was <0.2 nM.  The currents before the application of Oestrone-

Oxime are illustrated in Ai and after the application are illustrated in Aii.  The 

normalised mean current data, plotted in B, were generated from the final 

jump at +60 mV.  This illustrates a significant increase in current during the 

application of Oestrone-Oxime.   As previously, to address the issue of run-

down a more extensive analysis of the actual effects of Oestrone-Oxime on 

BK currents in these cells is undertaken in Section 4.3.14. 

 

The mean activation rate was obtained by fitting a single exponential curve to 

the rising phase of the currents evoked at +60 mV.  The activation time did not 

significantly change on addition of Oestrone-Oxime (C). 
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Figure 4.3.12.1 The effect of Oestrone-Oxime (5 µM) on evoked currents in HEK 293 

cells expressing BK α and β1 subunits.  (A) Comparison of currents evoked by stepping 

from -40 mV to +60 mV in 10 mV increments, before (Ai) and after (Aii) the applications 

of Oestrone-Oxime (5μM). (B) Mean data have been normalised and plotted against 

recording time. Current significantly increased during the application of Oestrone-

Oxime (p<0.01, r=0.62, n=8).  (C) The activation time constant did not significantly 

change during the application of drug. 
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4.3.13 Effects of Quaternary-DME-Oestradiol on HEK 293 cells 

expressing BKα plus β1 subunits  

The effect of Quat-DME-Oestradiol on currents in HEK cells expressing BK  

plus β1 subunits is illustrated in Figure 4.3.13.1. These currents were evoked 

by stepping the membrane potential from a holding potential of -40 mV to a 

final potential of +60 mV in 10 mV increments and the intracellular Ca2+ 

concentration was <0.2 nM.  The currents before the application of Quat-DME-

Oestradiol are illustrated in Ai and after the application are illustrated in Aii.  

The normalised mean current data, plotted in B, were generated from the final 

jump at +60 mV.  This illustrates a significant increase in current during the 

application of Quat-DME-Oestradiol.   As previously, to address the issue of 

run-down a more extensive analysis of the actual effects of Quat-DME-

Oestradiol on BK currents in these cells is undertaken in Section 4.3.14. 
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Figure 4.3.13.1 The effect of Quat-DME-Oestradiol (5 µM) on evoked currents in HEK 293 

cells expressing BK α and β1 subunits.  (A) Comparison of currents evoked by stepping 

from -40 mV to +60 mV in 10 mV increments, before (Ai) and after (Aii) the applications 

of Quat-DME-Oestradiol (5μM). (B) Mean data have been normalised and plotted against 

recording time. Current significantly increased during the application of Quat-DME-

Oestradiol (p<0.01, r=0.62, n=5).  (C) The activation time constant did not significantly 

change during the application of drug. 

 

 

The mean activation rate was obtained by fitting a single exponential curve to 

the rising phase of the currents evoked at +60 mV. The activation time did not 

significantly change on addition of Quat-DME-Oestradiol (C). 
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4.3.14 Comparison of the effects of oestrogens on BKα+β1 peak currents 

with control data 

As can be seen from the graph (Figure 4.3.8.1 (B)), the average normalised 

peak current data reveal a run-down   in HEK 293 cells expressing  BK  α and 

β1 subunits.  Consequently, a Kruskal-Wallis analysis followed by a Dunn’s 

post hoc multi-comparison test was undertaken to assess the true significance 

of peak current changes in the presence of oestrogens.  The statistical 

analyses revealed that the application of DME-Oestrone (5 μM) or Quat-DME-

Oestrone (5 μM) had no significant effect on peak current.  However, the 

application of Oestrone (5 μM), Oestrone-Oxime (5 M) or Quat-DME-

Oestradiol (5 M) significantly increased peak current.  These statistical 

analyses are summarised in Table 4.3.14.1 and illustrated in Figure 4.3.14.1. 

 

Table 4.3.14.1 Kruskal-Wallis analysis followed by a post hoc Dunn’s Multiple 

Comparison test, comparing control (run down) with peak current in HEK cell 

expressing BK α and β1 subunits exposed to oestrogens.   

 

 

 

Dunn's Multiple Comparison Test [ligand] P  value Significance 

Control vs Oestrone 5 µM p < 0.05 *** 

Control vs Quat-DME Oestradiol 5 µM p < 0.05 *** 

  Control vs Oestrone Oxime 5 µM p < 0.05 *** 

Control vs DME Oestrone 5 µM p >0.05 ns 

Control vs Quat-DME Oestrone 5 µM p > 0.05 ns 
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Figure 4.3.14.1 Dunn’s Multiple Comparison test, comparing control (run-down) with 

normalised peak current in the presence of ligands in HEK 293 cells expressing BK α 

and β1 subunits. Oestrone, Quat-DME-Oestradiol and Oestrone-Oxime significantly 

increased peak BK currents. 
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4.3.15 Summary of results 

The findings of this chapter are summarised as follows:- 

 

In HEK cells only expressing BK α subunits:- 

 BK currents run up with time as demonstrated by a positive regression. 

 The effects of free intracellular Ca2+ concentrations (0.2 nM - 55 μM) on 

the conductance-voltage relationship was as expected, i.e. raising the 

[Ca2+]i effected a hyperpolarising shift in the V0.5. 

 Evoked currents were rapidly inhibited by IbTX (100 nM). 

 After current run-up is taken into consideration, it was found that 17 

keto-oestrogens (Oestrone, DME-Oestrone, Quat-DME-Oestrone) (5 

μM) had no effect on evoked BK currents.  Oestrone-Oxime and the 

17β-hydroxy oestrogen - Quat-DME-Oestradiol, produced a small 

inhibition of BKα currents. 

 

In HEK cells expressing both BK α and β1 subunits:- 

 BK currents run down with time. 

 The effects of free intracellular Ca2+ concentrations (0.2 nM - 55 μM) on 

the conductance-voltage relationship was as expected, i.e. raising the 

[Ca2+]I effected a hyperpolarising shift in the V0.5.  The shift was greater 

in HEK cells expressing a combination of α and β1 subunits. 

 As expected evoked currents were sensitive to IbTX (100 nM), and the 

rate of inhibition was slower than that seen in HEK cells only expressing 

α subunits. 
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 Oestrone (5 μM) enhanced evoked BK currents in these cells; this has 

not been reported before and demonstrates that 17β-oestradiol is not 

the only endogenous oestrogen able to activate BK channels.  

Oestrone-Oxime and Quat-DME-Oestradiol also activated BKα+β1 

channels. However, DME-Oestrone and Quat-DME-Oestrone were 

inactive.  It was expected that Quat-DME-Oestrone would be inactive 

as it was completely inactive in rat aortic ring assays. 
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4.4 DISCUSSION 

The aim of this chapter was to investigate directly the oestrogen derivatives as 

novel BK activators in a cellular expression system expressing solely α or α 

and β1 subunits.  The novel oestrogens synthesised for this study should show 

similar subunit dependence to known non-steroidal antioestrogens and 

steroidal oestrogens which have previously been shown to activate BK 

channels in a subunit-dependent manner [101, 102, 129].  Thus, the 

investigations in this chapter should not only demonstrate which compounds 

are able to modulate BK function, but also confirm the requirement of the 

presence of the β1 subunit for the oestrogen derivatives to be capable of 

modulating BK currents.  

 

In addition, the investigations should expand the findings and observations 

seen in the aortic ring experiments of the previous chapter.  For example, 

Quat-DME-Oestrone was completely inactive in rat aortic rings and as 

expected, was found to be inactive against BK currents in HEK 293 cells.  

Additionally, Quat-DME-Oestradiol was the only compound that was sensitive 

to IbTX in aortic rings; therefore, one would expect it to behave in a similar 

fashion on BK currents in HEK cells, this proved to be correct.  

 

To explore directly the effects of these compounds on BK currents, it was 

essential to first confirm the presence of functional BKα and BKα+β1 channels 

in HEK 293 cells.  This was accomplished through noise analysis and kinetic 

observation of the channels using the whole cell patch-clamp configuration.  
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To support the functional expression of these subunits, the sensitivity to the 

BK channel blocker, iberiotoxin, was also explored. 

 

4.4.1 Comparison of α control data with α+β1 control data 

It has been well established that for oestrogens and xenooestrogens to 

activate the BK channel, the association of probably two or more regulatory β1 

subunits is required [40, 102, 103].  For this research, BK channels were over-

expressed in HEK 293 cells comprising both α subunits alone and α subunits 

with associating β1 subunits.  Using the patch-clamp technique (holding 

potential -40 mV stepped to +60 mV), extensive control experiments such as 

noise analysis, peak current flow, scorpion toxin blockade and calcium 

sensitivity as well as BK channel activation kinetics, were undertaken to 

substantiate the presence of BK channels in the chosen expression system 

(HEK 293 cells).  These are discussed in the following sections. 

 

4.4.1.1 Run-up/run-down 

Peak currents evoked from HEK 293 cells over-expressing just α subunits 

increased significantly over a 400 second recording window (Figure 

4.3.1.1(B)), whereas, peak currents evoked from HEK 293 cells over-

expressing both α and β1 BK subunits decreased significantly over a similar 

400s recording period (Figure 4.3.7.1(B)).  Currents recorded from cells can 

decrease/increase during data collection, regardless of the application of 

possible activating or inhibitory compounds [430, 436].  These time-dependent 

modulations in current - “run-up and run-down”, are known artefacts of the 
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whole cell configuration patch-clamp technique, especially in HEK 293 cells 

[291].  Approximately 10% of HEK cells transfected with exogenous proteins 

have a tendency to current instability after initial break-through of the cell 

membrane [291].   

 

As yet, there is no definitive explanation as to why run-up/down occurs but 

Thomas and Smart (2005), in their appraisal of the HEK 293 cell line as an 

expression vehicle for recombinant proteins suggest that it may be agonist-

induced, receptor internalisation or mobilisation of receptor proteins to the cell 

membrane or, simply, re-equilibration of diffusible factors leading to de-

phosphorylation and phosphorylation of expressed proteins [291].  There are 

various diffusible factors within cells that are potentially responsible for run-

up/down during patch-clamp recordings, some of which are tabulated in Table 

4.4.1.1.1. 
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Table 4.4.1.1.1 Potential diffusible factors that may be responsible for run-up/down. 

Diffusible 
factors that 
affect run- 
up/down 

α subunits α+β1 subunits Refs. 

Mg
2+

 Known modulator Known modulator 
 

[363, 437-
439] 

 
ATP, cAMP; 
GTP, cGMP 

 
Potential phosphorylation site 
at position:- 

569 serine 
763 threonine 
765 serine 
977 serine 
978 serine 
1086 tyrosine 
1088 threonine 

 
Potential phosphorylation site 
at position:- 

     69 threonine 

 
[30, 355, 
427, 440, 
441] 

Polyamines Pore blockers Pore blockers [442-444] 

 
Antioxidants 

 
Cysteines at position:- 
14, 53, 54, 56, 141, 277, 348, 
422, 430, 485, 498, 554, 557, 
612, 615, 628, 630, 695, 722, 
797, 800, 820, 911, 975, 995, 
1001, 1011, 1028, and 1051 

 
Cysteines at position:- 
18, 26, 53, 76, 103, 135 

 
[356, 357, 
428, 445] 

 

 

In whole-cell recordings, rupture of the cell membrane is necessary in order to 

control the intracellular pH and ionic environment of the cell and this is 

achieved through dialysis of the cell.  However, this will inevitably invoke 

consequences over time, such as the dialysis of intracellular signalling factors, 

due to the fact that the patch-pipette will always contain a greater volume of 

solution than the intracellular compartment [446].  For example, Duchatelle-

Gourdon et al., have presented evidence that run-down of delayed rectifier 

currents in frog cardiac atrial cells could be explained by the amount of Mg2+ 

present in the patch electrode at the beginning of a whole cell recording [447, 

448].  They postulate that this happens in three possible ways, namely, 

voltage-dependent block of the channel; Mg2+ could be affecting the surface 
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charge at the intracellular face of the membrane leading to an alteration of 

transmembrane potential; or Mg2+ could either be binding allosterically or itself 

be a regulating molecule thereby, triggering channel modulation.  

 

Interestingly, work done by DiChiara et al., [356] in patch excision preparations 

of hSlo, revealed significant run-down in current flow.  They postulated that 

this was on account of cysteine residues, normally protected by the reduced 

state within the cell, becoming oxidised, a theory which was later also put 

forward by Tang et al., [357] and confirmed by Zhang et al., in inside out 

patches [428].  Another investigation carried out by Lin et al., on inside-out 

patches, has suggested that run-down in BKα+β1 channels may more likely be 

due to dephosphorylation rather than cysteine oxidation as the run-down 

observed in their experiments was antagonised, in part, by a phosphatase 

inhibitor [427] . 

 

These observed decay and graduated increases of various intracellular 

responses and ionic dialysis are time-dependent and different cell types have 

different time-courses [449].  Indeed, the cell cytoplasm may not be in 

equilibrium at the time of drug perfusion.  This will depend entirely on the 

molecular weight and time constant of the dialysing molecule, the series 

resistance between the patch electrode and the cell, and also the cell volume 

[446, 450].   

 

Thus, it is imperative for accurate data collection that run-up/down is 

addressed.  However, ascertaining the source of the occurrence would be 



 

213 

 

costly and lengthy, due to the myriad origins and potential causes of the 

phenomenon.  For example, listed below is a non-exhaustive list of potential 

routes of experimental design optimisation, but each of these is not without 

issues. 

 

1. Whole cell perforated patch could be used but there are access 

problems with perforated patch-clamp.  Clamping the intracellular free 

calcium would be difficult as perforating agents, such as amphotericin, 

do not allow EGTA to enter the intracellular compartment and therefore, 

controlling intracellular free calcium is not possible.  Only with whole 

cell patch-clamp can EGTA gain access to the cell and, thereby, control 

free intracellular calcium, a must in studies involving calcium-activated 

potassium channels.  Therefore, perforated patch is inappropriate. 

2. ATP, GTP, cAMP, cGMP, Mg2+, to name but a few intracellular 

signalling pathway molecules, could have been added to the pipette but 

which of these signalling molecules may be responsible for the 

observed run-up/down in HEK cells, expressing BKα / BKα and β1 

subunits and also how much would be required to optimise 

experiments?  Indeed, it may well be that none of the above is involved 

in generating the run-up/down.  Evidently, to ameliorate the effects of 

run-up/down on the collected data by replacing possible dialysed 

substances would involve many individual experiments and would not 

be time or cost effective.   

3. Polyamines, known regulators of BK channels [451], could be added to 

the pipette, but which - putrescine, spermidine, spermine - might be 
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contributing to the run-up/down in HEK cells expressing α/α and β1 

subunits?  As with the previous point, investigating the possible dialysis 

of polyamines, again would not be time or cost effective.   

4. To obviate antioxidant effects, superoxide dismutase (SOD) or 

catalase could be added to the pipette but are O2
- 
or H2O2

 
involved in 

run-up/down in HEK cells over-expressing BK channels?  Also, 

enzyme diffusion into the intracellular space via a patch electrode is 

known to be slow. 

 

In short, to optimise time spent exploring many avenues of potential 

solutions to remove these artefacts, it was decided to simply measure 

observed run-up/down in these experiments and to take into account these 

phenomena when analysing the data.  In these experiments run-up/down 

was observed over approximately 8 minutes and a Kruskal-Wallis non-

parametric test followed by a multi-comparison statistical analysis (Dunn’s) 

was used to allow for observed time-dependent changes.  

 

4.4.1.2 Ca2+ sensitivity 

BK currents are sensitive to internal free calcium ion concentrations.  It is well-

documented that increases in [Ca2+]i and membrane depolarisation results in 

BK channel activation [38, 212, 360, 452, 453].  Work done by Meera et al., 

has shown that intracellular calcium levels above 1 µM causes modulation 

from a state of Ca2+ - independence to a channel with enhanced voltage 

sensitivity and activation kinetics [37].  And indeed, at the intracellular 
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concentrations of free calcium (<0.2 nM) used in this study, the functional 

coupling of the BK complex of α and β1 subunits is independent of Ca2+ and 

thus, channel “switches” to a purely voltage-gated mode.   

 

Work done by Cui et al., on mSlo BK currents, demonstrates increasing 

concentrations of intracellular Ca2+  leads to a concomitant  increase in 

conductance, and this occurs in conjunction with a leftward shift along the 

voltage axis in the G-V curve [370].  The V0.5 depicts the necessary voltage to 

half activate the channel and thus, is a useful measure to assess the effects of 

Ca2+ as a BK modulator.  Here, in HEK 293 cells expressing only α subunits, 

increasing the free [Ca2+]i from 0.2 nM to 55 μM instigated a hyperpolarising 

shift in the V0.5  for the voltage conductance curve by approximately 60 mV 

(Figure 4.3.1.2(C)).  However, it is known that the association of β1 subunits 

augments the channel’s sensitivity to intracellular Ca2+ [97] and as may be 

expected, increasing the free [Ca2+]i from 0.2 nM to 55 μM in HEK cells 

expressing both α and β1 subunits instigated a bigger hyperpolarising shift in 

the V0.5 for the voltage conductance curve (100 mV) (Figure 4.3.7.2(C)).  

Furthermore, at all concentrations of free [Ca2+]i, HEK cells expressing both 

BKα and β1 subunits exhibited a V0.5 more negative than cells with only α 

subunits expressed.  In cells expressing both BKα and BKα+β1 subunits, the 

G-V relation maintained a shape which could be fitted with a single Boltzmann 

function, with differing [Ca2+]i.   
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These parameters display typical BK channel activity which correlates with 

findings of other workers [38, 212, 370], substantiating the expression of 

functional BK subunits in these HEK 293 cells. 

 

4.4.1.3 Activation rates and toxin blockade  

BK channels have multiple phenotypes and hSloα BK channels exhibit fast-

gating, toxin-sensitive characteristics, whereas in comparison, hSloα+β1 

channels are slow-gating and less sensitive to some scorpion toxins [31, 41, 

431].  Indeed, examination of control activation rate data and example trace 

recordings (Figures 4.3.1.1(Ai); (Aii) and (C) and Figure 4.3.7.1(Ai); (Aii) and  

(C)) uphold these findings.  Recordings made from HEK 293 cells containing 

BKα alone subunits revealed activation rates of approximately 2.5 ms whereas, 

activation rates observed in recordings made from HEK 293 cells containing 

both α and β1 subunits were approximately 10 ms slower.  This is entirely in 

accordance with similar findings by other groups [34, 38, 41, 212, 454, 455] 

and consistent with functional BK channels.   

 

Although BK channels comprising both α and β1 subunits are effectively 

blocked with charybdotoxin (ChTX), it is promiscuous blocker and not BK 

channel specific (refer to Table 4.1.3.1 for details).  Iberiotoxin (IbTX) is a 

known blocker of BK channels, however, the rate of block for this toxin is 

slower when applied to BKα+β1 channels than for channels comprising only α 

subunits [325, 392].  In line with reports by other investigators [392, 399, 432] 

appropriate inhibition of BK current was observed on application of IbTX (100 

nM) to both HEK 293 cells expressing α alone and those comprising α plus β1 
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subunits combined.  As expected, current inhibition was slower in cells 

expressing BKα+β1 subunits (rate of block  2.18  0.65 x 104 M-1 s-1) 

compared to those cells expressing just BKα channels (rate of block  2.552  

0.48 x105 M-1 s-1) (Figures 4.3.1.2(B) and 4.3.7.2(B)).  This is perfectly 

concurrent with separate observations reported by Meera et al., and 

Dworetzky et al., whose investigations involving the sensitivity of BK currents 

to ChTX and IbTX demonstrated a 10 x fold slowing down of IbTX (100 nM) 

block in the presence of the β1 subunit [392, 431].  Meera et al., postulate that 

the slower blocking rate of IbTX induced by BK β subunits may be attributable 

to an allosteric mechanism, stearic hindrance from charged residues or direct 

involvement of the extracellular loop of the β1 subunits.  They have 

demonstrated that toxin association and dissociation characteristics are 

determined in this region and suggest that the extracellular  β1 subunit loop not 

only acts as a partial toxin receptor but acts a structural barrier to the binding 

site for the large toxin molecules [392]. 

 

4.4.2 Effects of Oestrone and novel compounds (5 µM) on HEK 293 cells 

expressing BKα subunits and HEK 293 cells expressing BKα+β1 

subunits  

Oestrogens have been extensively investigated as BK channel modulators, 

particularly in vascular smooth muscle.  In vivo, oestrone can be readily 

converted to 17β-oestradiol, which makes it a germane parent compound for 

the novel xenooestrogens synthesised for this study.  In this chapter, the 

effects of Oestrone, DME-Oestrone, Quat-DME-Oestrone, Oestrone-Oxime 

and Quat-DME-Oestradiol on the activity of BKα or BKα+β1 currents in HEK 
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293 cells were examined.  A summary of the observed effects of these 

compounds, alongside previous findings for 17β-oestradiol and non-steroidal 

antioestrogens, are tabulated in Table 4.4.2.1.   
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Table 4.4.2.1 Summary of effects of oestrogen and novel derivatives on BK whole cell 

currents in HEK 293 cell over-expressing BK channels. 

  

 
Key: Inactive compound (0); Significant activation in order of potency ( > >); 

Significant inhibition (); Underlined compounds (novel findings from this study); 

Italicised compounds (known effects of non-steroidal anti-oestrogens shown by other 

groups); NDA (no data available); NPo (number of channels multiplied by open 

probability); PS (present study).  

 

Compound BK α alone BK α+β1 Refs 
1
7
-k

e
to

 o
e

s
tr

o
g

e
n

s
 Oestrone 0  PS [235] 

DME-Oestrone 0 0 PS [235] 

Quat-DME-Oestrone 0 0 PS [235]  

1
7
 o

x
im

e
 

Oestrone-Oxime   PS [235] 

1
7
 β

-h
y
d

ro
x

y
 o

e
s
tr

o
g

e
n

s
 

DME-Oestradiol 
Not tested in 
HEK293 cells 

Not tested in 
HEK293 cells 

PS [235] 

Quat-DME-Oestradiol   PS [235] 

17 β-Oestradiol 0 

 

 
 

[129, 251] 

N
o

n
-s

te
ro

id
a
l 

a
n

ti
-o

e
s
tr

o
g

e
n

s
 

Tamoxifen            [129] 

Ethylbromide tamoxifen 

NDA for HEK 293 
cells 

NDA for HEK 
293 cells 

[103, 104, 
129] 

 Increases BK NPo in outside-
out patches  (mouse colonic 
smooth muscle) 

 No effect on BK NPo in inside-
out patches (mouse colonic 
smooth muscle) 
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Near zero levels of free [Ca2+]i (>0.2 nM) were used for the recordings as 

oestrogens have been reported to be better activators of BK channels when 

the free [Ca2+] is low and the open probability for the channel is small [40].  

Kruskal-Wallis followed by Dunn’s multiple-comparison analyses were 

executed to take account of run-up/run-down, displayed in whole-cell 

recordings.  These statistical tests established none of the compounds tested 

on BKα channels increased potassium peak current (Figure 4.3.7.1 and Table 

4.3.7.1).  Conversely, in whole cell recordings of cells expressing both 

subunits, a significant increase in peak current was observed in response to 

Oestrone, Oestrone-Oxime and Quat-DME-Oestradiol (Figure 4.3.14.1 and 

Table 4.3.14.1).  Interestingly, two of the compounds tested, Oestrone-Oxime 

and Quat-DME-Oestradiol, initiated slight inhibition of peak current in cells 

expressing BKα channels.  As predicted in Section 4.1.4 (AIMS), Quat-DME-

Oestrone proved to be inactive both in the presence and absence of the β1 

subunit. 

 

Quat-DME-Oestradiol 

Quat-DME-Oestradiol has a quaternary ammonium group (Figure 4.4.2.1) and 

this could be responsible for the weak inhibition of peak current observed in 

cells expressing BKα subunits.     
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              Ai                                               Aii 

                                    

 

Figure 4.4.2.1 Tetraethylammonium (TEA) is a quaternary ammonium cation consisting 

of a positively charged nitrogen attached to four ethyl groups (Ai).  As with Quat-DME-

Oestradiol (Aii),   TEA exists in association with a counter-ion.  

 

Quaternary amines such as tetraethylammonium (TEA) inhibit the flow of 

potassium currents by occlusion of the channel pore.  Indeed, it has been 

demonstrated that TEA, a quaternary ammonium K+ channel blocker, is able 

to block BK potassium currents with millimolar affinity for the intracellular 

opening of the channel pore [104, 377, 456].  In hSlo, BK channels have a ring 

of eight negatively charged glutamate residues (Glu386 and Glu389) at the 

intracellular opening.  Moreover, in the pore-forming extracellular loop, two 

acidic amino residues (Asp326 and Glu329) generate a pronounced negative 

electrostatic potential [382, 456, 457] conducive to binding of positively-

charged molecules such as TEA and Quat-DME-Oestradiol to the extracellular 

region of the pore.  This has been further explored by Wilkens and Aldrich 

(2006) whose work revealed that a large quaternary ammonium compound 

(bbTBA) blocks the BK channel from the extracellular side of the channel near 

the selectivity filter even when the channel is closed.  It is worth noting that 
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oestrogens can act as antioxidants by capturing a •OH hydroxyradical to 

produce a phenoxyl radical.  Further scavenging of a •OH produces a quinol 

which is easily converted back to its parent oestrogen compound by NADPH-

dependent enzymes [458-461] (Figure 4.4.2.2).  

 

                

 

Figure 4.4.2.2 A putative pathway for redox conversion and metabolic regeneration of A 

ring oestrogens through quinols. 

 

These antioxidant properties may very well account for the effects on BK 

currents of phenolic oestrogens such as oestrone, and 17β-oestradiol but this 

explanation would not be true for quaternary oestrogens such as Quat-DME-

Oestradiol which are substituted in the three position and thus, are unable to 

form quinols. 
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Oestrone-Oxime 

Oestrone is a high affinity ligand of oestrogen receptor (ER) and Oestrone-

Oximes are known ER ligands [462].  Nevertheless, Oestrone-Oxime has 

weak oestrogenic activity (about x40 less than its parent compound Oestrone) 

[463, 464].  Previous work has identified the pharmacaphore effect of the 

oxime functional group (N-OH) as one of a NOS-independent NO donor [257, 

258].  For instance, Oximes can be converted into NO via cytochrome P-450 

or NAD/NADP-dependent oxido-reductases [258, 259, 465].  Of course, 

Oestrone-Oxime is easily able to cross cell membranes and thus, the 

enhanced peak current observed in experiments involving both BK subunits 

could be due to NO-induced intracellular events.  Additionally, it is possible 

that Oestrone-Oxime undergoes hydrolysis.  If this is the case, a ketone would 

replace the oxime group, generating a bioactive compound with known BK 

activity (Figure 4.4.2.3).     In addition, hydrolysis of Oestrone-Oxime 

generates hydroxylamine (HA) which is a putative intermediate in the 

conversion of L-arginine to nitric oxide and as such may be an endogenous 

nitric oxide donor [466, 467].  HA has also been reported to cause the 

relaxation of pre-contracted aortic rings [466, 468].  
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Figure 4.4.2.3 The mechanism from which Oestrone-Oxime could undergo hydrolysis 

and generate Oestrone (starting compound).  This reaction also results in the 

generation of hydroxylamine (HA).  NH2OH is a precursor for nitric oxide generation. 

 

 

However, this does not explain how NO generation from Oxime-Oestrone 

inhibits BK α currents but increases BKα+β1 currents.  Yet, this phenomenon 

is not unknown and work done by Cui et al., demonstrates both activation and 

inhibition of BKα channels by novel oxime ether derivatives of the benzylic 

ketone of diCl-DHAA, a tested BKα modulator [256].  Additionally, Dick and 

Sanders have previously established xenooestrogens, such as tamoxifen 

along with steroidal oestrogens like 17β-oestradiol, can elicit a decrease in 

unitary current by interaction with the α subunit [103]. 
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4.5 SUMMARY  

Characterisation of the evoked BK currents recorded from whole cell patch-

clamp using non-stationary noise analysis, toxin blockade, activation rate and 

conductance-voltage relationship confirmed the expression of α and α plus β1 

subunits in HEK 293 cells.  The data in this chapter demonstrate that 

Oestrone, Quat-DME-Oestradiol and Oestrone-Oxime were able to increase 

BK currents in HEK 293 cells over-expressing both α and β1 subunits, 

whereas, Quat-DME-Oestrone, as anticipated, proved to be completely 

inactive in both types of cells.  Quat-DME-Oestradiol, due to the presence of a 

quaternary functional group, is membrane-impermeant which may indicate an 

extracellular site of action.  This would be in line with previous work done by 

Dick et al., which suggests a putative binding site for xenooestrogens within 

the extracellular loop of the β1 subunit [104].  However, these data cannot 

determine definitively, the location of a possible BK activation site or sites and 

it must be borne in mind that the mechanism of action of these oestrogens 

could very well be due to interaction via second messenger pathways, such as 

G-protein-coupled (GPE) receptors.  Although HEK 293 cells do not express 

endogenous GPE receptors [271, 469], it cannot be ruled out that other 

membrane delineated receptors may have a contributory involvement in the 

observed augmentation of potassium current in the presence of the ligands.     

Thus, the observed non-genomic actions of the novel compounds could be 

direct or secondary to modulation of intracellular cell signalling pathways.  

 

Although further checks on mechanisms could be done using inside out & 

outside out patch-clamp experiments to check for sidedness and to study the 
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effects of the novel compounds on single channel conductance, channel life 

time and open probability, it was decided to extend the investigation by 

exploring these considerations on BK channels reconstituted in lipid bilayers.   

Bilayer experiments will afford the opportunity to carry out these investigations 

without interference from intracellular signalling events.  Thus, any channel 

modulation observed in bilayers containing reconstituted BK subunits would 

obviate an intracellular signalling mechanism and could be attributed to the 

applied compound. 
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5.1 INTRODUCTION  

This study, so far, has considered the effects of Oestrone and novel 

derivatives on vascular smooth muscle relaxation using pre-contracted rat 

aortic rings to appraise their ability to modulate BK channels.  These whole 

tissue experiments, however, can only demonstrate possible BK involvement 

and do not provide conclusive evidence that these oestrogens and 

xenooestrogens act directly on the BK channel.  Additionally, whole cell BK 

recordings using the patch-clamp configuration, described in Chapter 4, 

cannot rule out the effects of the compounds on intracellular signalling events 

and second messenger involvement.  To this end, a simpler and more direct 

route was necessary to investigate the effect of these novel compounds on BK 

channels.  Thus, this chapter will report on the effect of these oestrogens on 

BK channels reconstituted into planar lipid bilayers.                                                     

 

5.1.2 Cell membranes and the lipid bilayer  

All eukaryotic cells are encased in a framework of lipids.   These aggregate as 

a three dimensional bilayer, consisting of amphipathic phospholipids, 

glycolipids and sterol molecules which surround the contents of the cell in the 

presence of non-covalent molecular forces and physical interactions (London-

van der Waals, electrostatic and hydrophobic forces) [470].  The specific 

arrangement of lipids is not only paramount to membrane stability, fluidity and 

its self-assembly properties, but at the same time, sustains critical 

concentration gradients by providing a tight barrier against the permeability to 

water-soluble ions and molecules [471].  The bilayer of a cell membrane, thus, 
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is a dynamic structure which, at the same time, affords a functional 

environment for ion channels, receptors and other integral proteins (Figure 

5.1.2.1).  

 

Figure 5.1.2.1 (i) Schematic of a cell membrane structure based on the Singer-Nicolson 

fluid mosaic model first mooted in 1972 [472].  (ii) A revised contemporary adaptation of 

the Singer-Nicolson model proposed by Engelman and founded on work done on 

putative lipid raft domains and bilayer composition, showing the bilayer as a crowded 

structure with varying thicknesses of bilayer [473].  

 

Regardless of a cell’s cytoskeletal structure and uniformity of bilayer thickness, 

biological membranes engage an array of lipids including sphingolipids, 

glycerophospholipids (GPLs) and cholesterol displaying differences not only in 

tail length (no fewer than 12 and as many as 24 carbon atoms), but also in the 

extent of saturation of acyl chains and head group polarity [474].  GPLs are 

the major lipid constituents in the cell membrane - between 50 and 80% of 

most mammalian cell membranes are adjudged to comprise these lipids, the 
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remainder of the structure being made up of various proteins.  Typically, they 

possess one fatty acid chain containing no less than one cis double bond, 

which causes the chain to kink, whilst the other chain is saturated [475, 476].  

Most commonly, the two hydrophobic acyl chains are connected to the 

charged headgroup by way of a common linker group or glycerol backbone 

(Figure 5.1.2.2). Phosphatidylethanolamine, phosphatidylserine and 

phosphatidylcholine are the predominant glycerol-based phospholipids present 

in biological mammalian membranes [474, 476].  Interestingly, the only overall 

charged phospholipid is phosphatidylserine which carries a net negative 

charge at physiological pH.  All other phospholipids are neutrally charged 

zwitterions [475].   

 

Other important constituents of the membranes are the sphingophospholipids, 

glycolipids and sterols.  The sterols include cholesterol, a class of steroid, 

which is a vital element of the cell’s lipid membrane and is essential for the 

organisation and integrity of the bilayer [477-479].  In mammalian cells 

cholesterol can be manufactured within the cell and also, received into the cell 

from lipoprotein uptake.  The plasma membrane in mammalian cells contains 

approximately 30-50 mol% of cholesterol, which is randomly and unevenly 

distributed throughout the cell membrane in cholesterol-rich and cholesterol-

impoverished sphingolipid domains [479-481].  These domains, sometimes 

known as lipid rafts, are purported to play an indispensable role in maintaining 

the structure and function of the cell membrane [482-485]. 
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Figure 5.1.2.2 Structure and classification of mammalian cell membrane lipids.  Lipids 

in the plasma membrane include glycerophospholipids (GPLs), sphingolipids and 

cholesterol.   

(a) GPLs, the foremost lipid component of the bilayer.  The main GPL molecules are 

phosphatidylcholine, phosphatidylethanolamine and phosphatidylserine.   

(b) Sphingolipids include the phospholipid, sphingomyelin and the glycosphingolipids 

(resulting from a glycosidic bond due to linkage of a sugar or oligosaccharide to an OH 

group).  

(c) Cholesterol is a steroid with a single OH polar head group and an hydrophobic 

moiety consisting of an aliphatic, iso-octyl carbon chain [476]. 
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5.1.3 Reconstitution of a planar lipid bilayer 

The two principle techniques of membrane reconstitution in current use are (i) 

the painted bilayer technique, devised by Mueller and co-workers over fifty 

years ago [486, 487] and (ii) the monolayer folding method [488] (Figure 

5.1.3.1).   

 

(i)                                                                      (ii) 

 

                      

  

 

Figure 5.1.3.1 Illustrations of equipment and set-up of vertical painted bilayers.  (i) The 

black bilayer chamber and cuvettes are milled from black and white acetyl resin 

(Warner Instruments) although, other materials for cuvettes e.g. polystyrene and 

polysulfone, are available.  Polyethylene centrifuge tubes serve as wells to create 

electrical communication between the headstage Ag/AgCl
 
electrodes via agar salt 

bridges and the cup or chamber (see Methods 5.2).  (ii) Schematic showing the folded 

method of bilayer formation.  The illustration shows two monolayer troughs which are 

segregated by a moveable septum with a hole which is then covered by a thin 

tetrafluoroethylene film which contains the aperture.  The two sections are filled with a 

saline solution to below the aperture after which a lipid monolayer is applied to each 

side.  The water levels are very slowly raised in turn until the aperture is submerged 

[488]. 

WATER 

TROUGH 

 

 

AIR 
APERTURE 

TEFLON FILM 

LIPID MONOLAYER 
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Both methods of membrane reconstitution involve the spread of phospholipids, 

dispersed in non-polar solvents, across a machined aperture on an artificial 

surface separating two fluid-filled chambers (Figure 5.1.3.2).   

 

A(i)                                             (ii)                                          (iii) 

 

B(i)                                             (ii)                                          (iii) 

 

 

 

Figure 5.1.3.2 Schematic illustrating the two principle techniques for the formation of a 

planar lipid bilayer in current practice that is the painted bilayer and the monolayer 

folding technique [471].  A(i) A mixture of lipids, dispersed in a solvent such as n-

decane, is painted onto the aperture with a glass painting stick or nib; (ii) lipid 

molecules cluster around the aperture to form a thick lipid film of several µm thick, 

while excess lipids float to surface of water based solution; (iii) the planar lipid bilayer 

is formed; B(i) a mixture of lipids, dispersed in a solvent n-pentane, is applied to the 

surface of the salt solution as a monolayer; (ii) the salt solution levels are gradually 

raised until the aperture is covered and the lipids still floating on the surface; (iii) A film 

of lipids cover the aperture and the bilayer is formed.  Excess lipids float on surface of 

salt solution [471].    
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To aid protein fusion, choice of lipid is deemed to be important and literature 

indicates the use of an acidic lipid as useful.  Phosphatidylserine (PS) is a 

popular choice and is usually mixed with one or more neutral phospholipids 

such as phosphatidylethanolamine or phosphatidylcholine in a variety of ratios 

[489]. 

 

For both techniques, thinning of the membrane is critical for the formation of a 

stable bilayer and the success of this is dependent on several parameters, not 

least the size and shape of the aperture which can vary (~100 µm to >300 µm) 

(Figure 5.1.3.3).   

 

 

 

Figure 5.1.3.3 Cross-section of cup and septum illustrating the process of bilayer 

thinning.  The lipid dispersion coats the septum as a thick film and forms an annulus at 

the edge of the bilayer which is known as the Plateau-Gibbs border.  Formation of a 

planar lipid bilayer is due to the spontaneous thinning process of the film, driven in the 

first instance, by the Plateau-Gibbs border suction, which arises from the curvature of 

the annulus.  The hydrocarbon drains into a Plateau-Gibbs border (which is known as a 

torus) and as the film thins, London-van der Waals forces between the two aqueous 

phases help to form a thin bilayer [471, 486, 490, 491].   
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The progress of bilayer formation can be followed simply by observing the 

thinning process under reflective light [492].  Initially, the film has a rainbow-

like iridescence due to the effects of reflected white light.  As the film thins 

and a bilayer starts to form, the appearance of the membrane gradually 

morphs into a black structure due to the lack of reflective light [492].  

Membrane capacitance can also be monitored to indicate the state of 

membrane thinning and stability.  The bilayer system is set up using a low 

frequency filter (1 kHz), low amplitude triangular waveform which, because the 

cis and trans chambers are electrically coupled, produces sizeable fluctuations 

in capacitive current through the hole.  Once the aperture is painted with lipid 

dispersion, the orifice becomes blocked and is witness to small deflections 

from zero current with each voltage transition.  As the thinning of the lipid film 

progresses, so the deflections in current amplify and membrane capacitance 

increases [471, 489, 490, 492].  The resultant stable bilayer has a capacitance 

between 0.3 and 0.6 µF/cm2 with a conductance of <10 pS [489].   

 

5.1.4 Planar lipid bilayers (BLMs) and ion channel reconstitution  

Since its inception over fifty years ago, the planar lipid bilayer concept has 

been a key model for the study of biological cell membranes.  Accordingly, the 

inert properties and high electrical resistance of these artificial lipid bilayers, 

alongside the advent of successful reconstitution into the bilayers of ion 

channel proteins, has advanced the investigation and appraisal of single 

channel currents.  Indeed, compared with such techniques as patch-clamp or 

ex vivo tissue experiments, ion channel reconstitution into lipid bilayers has 

afforded many workers the opportunity to study in depth, the molecular 
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mechanisms of ion channels and ionic transport across a membrane, with 

negligible interference from other ubiquitous cellular components.  

 

Reconstitution of ion channels into lipid bilayers requires that the channel 

proteins of interest must first be extracted from the cell, either by cell 

fractionation and insertion into native membrane vesicles, or purification via 

solubilisation using detergent [492] (see Methods 5.2).  Whether contained in 

membrane vesicles or proteoliposomes, channel proteins insert into the planar 

lipid bilayer by fusion (Figure 5.1.4.1). 

     

 

 

 

          TRANS         CIS 

Figure 5.1.4.1 Schematic of the fusion process of ion channel protein with the planar 

lipid bilayer (BLM).  (A) Vesicle containing ion channel protein of interest is added to 

the cis side of the bilayer chamber containing electrolyte solution; (B) Vesicle adheres 

to the BLM in a stochastic manner; (C) Illustrates the beginning of the fusion process; 

accommodation of vesicle into membranes; (D)  Fusion of vesicle and channel protein 

is completed; (E) Vesicle lipids diffuse away, leaving incorporated channel protein 

[493]. 

           

trans        

cisDISPLACEME

NT 
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Evidence of incorporation of channel protein into a black lipid membrane was 

first reported by Bean et al., who recorded discrete single channel currents 

from bilayers with added excitability inducing material (EIM), a bacterial protein 

extracted from Aerobacter cloacae (now named Enterobacter clocae) [494].  

Bean and his co-workers demonstrated biophysical and kinetic characteristics 

strongly indicative of a long-lived polar channel [494].  Later, ion conducting 

gramicidin channels in bilayers were reported by Hladky and Haydon (1970).  

Gramicidins are pore-forming linear 15-amino acid polypeptides produced by 

Bacillus brevis from which single-channel conductances could be readily 

recorded [495-498].  

 

Other workers have since recorded conductances from toxin-induced 

transmembrane pores in artificial membranes.  For instance, Hardy and co-

workers demonstrated enterotoxin (type A) (CPE), produced by Clostridium 

perfringens, forms pores in receptor-free planar lipid bilayers made up from 

synthetic phospholipids (phosphatidylethanolamine and phosphatidylserine) 

[499].  These workers established that when 10 µg CPE was added to the cis 

chamber, channels inserted in approximately 50% of all bilayers used. 

 

More recently, McClain et al., reported a toxin, secreted by Helicobacter pylori 

(VacA), forms anion-selective ion channels in lipid bilayers [500].  In addition, 

there have been myriad integral transmembrane channel proteins, (not least 

K+, Na+ Ca2+ and Cl- channels), successfully isolated from modified expression 

systems and functionally reconstituted into lipid bilayers [474]. 
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There is a plethora of literature characterising BK channel function after 

reconstitution into an artificial planar lipid bilayer [47, 131, 136, 501, 502].  For 

example, Kapicka et al., carried out experiments to compare the gating, ion 

conduction and pharmacology of BK channels reconstituted from canine 

colonic smooth muscle in both artificial lipid bilayers and excised patches 

[503].  Interestingly, they found BK gating activity in both bilayers and excised 

patches, in response to changes in membrane potential and free Ca2+, was 

identical. 

 

5.1.5 Advantages / disadvantages of the BLM as a model for 

biomembranes 

Ion channel reconstitution into a model bilayer system is an authoritative 

standard available to demonstrate ion specificity of any channel of interest 

[489, 504].  Undoubtedly, the lack of a cellular environment and control over 

the microenvironment obviating the effects of cytoplasmic miscellanea gives a 

clear advantage over other techniques.  However, there are known limitations 

to a bilayer model system which are listed in Table 5.1.5.1).   

 

 

 

 

 

 

 

 

 

 

 

 



 

239 

 

Table 5.1.5.1 Advantages and disadvantages of artificial bilayer systems as a model for 

ion channel investigation and characterisation. 

 

Advantages Disadvantages Refs 

 
Artificial lipid bilayers can be used to 
investigate permeation and gating 
characteristics of individual ion 
channels in a chemically isolated 
environment  

 
Planar lipid bilayers are fragile and 
are easily blown by electrical and / or 
mechanical noises 
 

 
[491, 505, 
506] 
  

 
Ease of access to the internal and 
external aspect of a channel protein 
allows effective solution exchange in 
modulatory experiments 

 
Lack of control over channel insertion 
causing challenge to integrity of 
membrane 
 

 
[504, 507, 
508]  

 
Artificial bilayers can now be formed on 
a range of substrates which confer 
long-lived, stable membrane integrity, 
smoothing the way for advances in 
biotechnology  

 
Time consuming and slow throughput 
- can takes hours to achieve stable, 
thin bilayer and/or channel insertion  

 
[491, 505] 
 

Total control of  lipid environment 
 
Requires a highly trained researcher  

 

 

 
Lack of certainty of channel origin 

 

 
Bacterial contamination causing 
porins 

 

 

 
Bilayers produced in this way will 
contain some solvent which may 
affect channel performance 

 
[492] 
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5.1.6 AIMS 

This chapter will examine the effects of Oestrone and derivatives on the 

activity of BK channels expressing α subunits alone and also those expressing 

both α+β1 subunits reconstituted into planar lipid bilayers.  In the previous 

chapter it was shown that Oestrone, Oestrone-Oxime and Quat-DME-

Oestradiol were able to activate BK currents.  This activation required the 

presence of the β1 subunit.  Quat-DME-Oestrone, as predicted, was inactive in 

aortic rings, and showed no activation of BK currents in HEK cells, whilst 

DME-Oestrone could relax aortic rings but seemed to have no effect on BK 

currents recorded in HEK cells.   

 

Whilst Oestrone, Oestrone-Oxime and Quat-DME-Oestradiol were able to 

activate BK currents, it is not known if this is a direct effect on the BK channel 

or through other surface membrane receptors triggering cytosolic events 

involving second messenger systems e.g. G-protein coupled receptors and G-

protein coupled oestrogen receptors (GPR30/GPER).  These potential 

cytosolic effects can be removed if a simpler system of investigation is 

employed.  Thus, the aim of this chapter is to investigate these compounds as 

novel activators of the BK channel in a planar lipid bilayer system where the 

consequences of cytosolic effectors and nuclear events are absent.   

 

It has been shown previously that oestradiol and antioestrogens can increase 

NPo of BK channels in lipid bilayers when the β1 subunit is associating.  It is 

also well-documented that oestrogens and antioestrogens can activate BK 

channels in a non-genomic manner.  Thus, it is hypothesised that if the novel 
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compounds in this study are able to modulate BK currents in a direct, non-

genomic manner, then they should, increase the open probability of the 

channel.    

Objectives:–  

1. To investigate the activity of the novel compounds on reconstituted BK 

channels consisting of α subunits alone. 

2. To investigate the activity of these compounds on reconstituted BK 

channels consisting of α and β1 subunits. 

This approach should:- 

1. confirm that Quat-DME-Oestrone, which is inactive in both aortic rings 

and HEK 293 cells over-expressing BK channels, is inactive in these 

direct assays;  

2. facilitate investigation of active compounds to see if their BK modulating 

activity is dependent on intracellular signalling.  For example, it is 

possible that Oestrone-Oxime modulates BK channels through 

enzymatic release of nitric oxide.  If this is true, Oestrone-Oxime will be 

inactive in bilayers but may be active HEK 293 cells;  

3. demonstrate which compounds require the β1 subunit of the BK channel 

in order to modulate BK currents.  
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5.2 METHODS  

5.2.1 Production of HEK 293 cells for lipid bilayer experiments 

HEK 293 cells, expressing either BKα or BKα+β1 subunits, were grown to 

confluency in T175 flasks (Fisher UK) and passaged and harvested as 

described previously in Chapter 4 [40, 347].  The resulting pellet was 

resuspended in Buffer 1 (10 mM Tris-HCl pH7.4; 250 mM sucrose; 200 mM 

CaCl2) containing protease inhibitors (Complete Protease Inhibitors, Roche, 

UK).  The cell suspension was loaded and sealed into a pre-cooled (4 °C) 

cavitation cell disruption vessel (Parr Instrument Company, Illinois, USA) 

(Figure 5.2.1.1).  

 

Figure 5.2.1.1 A cell disruption vessel, “cavitation bomb”, used for processing cell 

suspensions by the nitrogen decompression method.  The apparatus has a pressure 

gauge; a valve for introducing nitrogen (N2) into the ”bomb” cavity; and a valve for 

extraction of the cell fractionate and collection through an attached delivery tube.  To 

create fragmented cell membranes for the cell of choice, N2 is delivered into the 

”bomb” cavity where it is dissolved, under high pressure, in the cell.  The gas pressure 

is then released, allowing the N2 to leave the cell as expanding bubbles, stretching the 

cell membrane in the process until the cell disrupts releasing the contents of the cell.   
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Nitrogen gas was delivered into the cavity (1000–1500 psi) and the apparatus 

was left on ice for 15 minutes (Figure 5.2.1.2).   

 

 

 

Figure 5.2.1.2 Nitrogen cavitation device for isolating cell membranes.  Nitrogen gas is 

delivered under pressure (1000-1500 psi) into the cavity to “bomb” the cells into 

membrane fragments.  The cavitation device containing the fragmented cells is left on 

ice for 15 minutes 

 

Cavity pressure was released gently and the fragmented cells were collected 

in a 50 ml Falcon tube and the bursting step repeated again.  The cell lysate 

was diluted to 25 ml with ice-cold Buffer 2 (10 mM Tris-HCl pH7.4; 25 mM 

sucrose; 1 mM EDTA).  The diluted suspension was centrifuged using an 

ultracentrifuge with fixed rotor (Beckman L8-55) at 500 – 1000 x g for 10 

minutes to collect cell debris and unbroken cells.  Using a serological pipette 

set, the supernatant was aspirated and gently layered into an ultracentrifuge 
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tube containing a sucrose cushion consisting of 10 ml of Buffer 3 (10 mM Tris-

HCl pH7.4; 35% sucrose; 1 mM EDTA).  The cell preparation was then 

centrifuged at 30 000 x g for 30 minutes at 4°C.  The cloudy suspension of 

membrane fragments, located between the supernatant and the sucrose 

cushion, was retrieved using a 10 ml plastic syringe and transferred to a fresh 

ultracentrifuge tube.  The collected interface was diluted with Buffer 4 (10 mM 

Tris-HCl pH7.4; 250 mM sucrose) to fill the tube and centrifuged at 100 000 x 

g for 45 minutes at 4°C.  The supernatant was discarded and the glassy-

appearing pellet was resuspended in 1.5 ml of Buffer 4 containing protease 

inhibitors, by triturating first with a 22G syringe needle followed by a 25G 

needle on a 5 ml syringe until a lump-free suspension was achieved.  Aliquots 

(50–100 µl) were stored at -80°C. The expression of both α and β1 subunits in 

membranes were confirmed by western blotting, data not shown. 

 

5.2.2 Planar lipid bilayer experimental methods                                                  

Lipids are fundamental constituents of cell membranes and are essential to 

many cell signalling processes.  Biological cell membranes usually comprise 

bilayers composed of phospholipids and variations in the composition of these 

lipids may affect the function of membrane-bound proteins and other 

biophysical processes [507].  Planar lipid bilayers are very good models of cell 

membranes and are a proven methodology to explore membrane channel 

proteins via single-channel recording.  Experimental bilayer systems can be 

set up using a single pure synthetic lipid but bilayers comprising a combination 

of different lipids are widely used as this is considered to more closely mimic a 

natural membrane [508].  
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5.2.2.1 Choice of lipids                                                                                     

Previous researchers have recommended including an acidic lipid in the lipid 

mixture used to form bilayers since they increase the chances of fusion [508].  

The most widely used acidic lipid in many of these investigations is 

phosphatidylserine, which is usually mixed with a neutral lipid such as 

phosphatidylethanolamine in various ratios [40, 490, 499, 506].  For this 

investigation, a mixture of palmitoyl-oleoyl-phosphatidylserine and palmitoyl-

oleoyl-phosphatidylethanolamine was used in a 1:1 ratio (Figure 5.2.2.1.1).   

 
(i) 

                  

 

(ii) 

 

 

 

Figure 5.2.2.1.1 (i) Chemical structure of 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-L-

serine (POPS).  (ii) Chemical structure of 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho 

ethanolamine (POPE)  
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5.2.2.2 Preparation of lipid bilayer and bilayer set-up 

Pure natural lipids (Avanti® Polar Lipids, Inc.) were dissolved in chloroform (50 

mg/ml). These lipids, comprising palmitoyl-oleoyl-phosphatidyl ethanolamine 

(POPE) and palmitoyl-oleoyl-phosphatidyl serine (POPS), in a 1:1 ratio were 

dried with nitrogen and resuspended in n-decane to form a final total lipid 

concentration of 25 mg/ml.  Using a blunted glass rod, a small amount was 

then drawn across a 0.25 mm diameter aperture in the polysulfane cup.  The 

cup separates two solution filled chambers, designated cis and trans, within 

the machined bilayer block (Warner Instruments).  The cup was inserted into 

the block and 1 ml of solution was added to both sides of the aperture (Figure 

5.2.2.2.1).   

 

 

 

Figure 5.2.2.2.1 Schematic of chamber and cup for the formation of painted bilayers.  

(A) Block into which an oblong chamber is fashioned (1 ml volume) and a circular 

chamber into which the polysulfane is placed.  The see-through front panel is made 

from glass to give a view of the machined hole in the bilayer cup.  The two small holes 

hold tubes containing a 2 M solution of KCl and, via agar salt bridges and silver-silver 

chloride electrodes, connect the chambers to the head amplifier.  (B) A polysulfane 

bilayer cup fits into the circular chamber and, after painting with a mixture of 

phospholipids, the cup is filled with 1 ml of appropriate buffer (high calcium - 53 µM for 

BKα subunits or low calcium - 0.54 µM for BKα+β1 subunits). 
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The electrical connection is completed via two short agar salt bridges placed 

across each chamber into wells containing a 2 M solution of KCL.   Two silver-

silver chloride-coated electrodes, each immersed in one of the wells 

containing the salt bridges, complete the circuit by connecting the bilayer 

chamber to a headstage which serves as a current/voltage converter.  The 

bilayer set-up is protected from vibrations and extraneous electromagnetic 

noise by being placed on a floating air table and enclosed within a Faraday 

cage.   

 

The cis chamber was grounded and 1 ml of appropriate extracellular buffer 

was added to each of the chambers.  Because BK channels are activated by 

calcium as well as voltage, and channels expressing both α and β1 subunits 

are more sensitive to calcium, buffers containing “high” and “low” 

concentrations of free calcium were prepared.  Thus, bilayers were bathed in 

symmetrical solutions containing 150 mM KCl, 10 mM HEPES, pH 7.2, 1 mM 

EGTA, 1 mM MgCl2 and 1.05 mM CaCl2 (resulting in 53 M “high” free calcium 

for BK channels expressing only α subunits) or 0.75 mM CaCl2 (resulting in 

0.54 M “low” free calcium for BK channels expressing both α and β1 subunits) 

(Figure 5.2.2.2.2).  Free Ca2+ in each solution was calculated using the web-

based program Maxchelator (Bers et al., 1994; available online at 

www.stanford.edu/cpatton/maxc.html).  
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Figure 5.2.2.2.2 A cross-section schematic of a voltage clamped bilayer set-up 

depicting the two separate chambers.  The grounded side is designated cis whilst the 

ungrounded side is trans.  The chambers are bathed in symmetrical solutions of a 

HEPES buffer.  Both fragmented membranes containing BK channel subunits and 

oestrogen compounds are added to the cis chamber.   

  

 

5.2.2.3 BK channel insertion into planar lipid bilayers    

Previously prepared protein suspension (see Section 5.2.1), containing BKα or 

BKα+1 subunits, was added to the cis side of the bilayer set-up in increments 

of 2 l up to a maximum of 8 l.  BK channel insertion was confirmed by 

observation of a trace with a unitary current of ~12 - 18 pA (Figure 5.2.2.3.1).   

 

Channel insertions were rare phenomena, with one or two insertions per day 

deemed to be productive.  For this reason, secondary insertions during 

recordings are unlikely. 
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      (A)                                                               (B) 

                                              

                    

 

 

Figure 5.2.2.3.1 An example trace recording before (A) and after (B) BKα+β1 channel 

insertion into the prepared phospholipid bilayer.  The bilayer was held at a voltage of -

50 mV, and the free calcium concentration was 0.54 µM.  In this recording, channel 

openings are characterised by downward deflections of outward current of 

approximately 18 pA from the current level (dashed line).  

 

 

5.2.2.4 Channel orientation in the bilayer 

After channel insertion, the orientation of the channel was checked.  Changing 

the trans chamber to a negative voltage reduced channel openings.  Changing 

the trans chamber to a positive voltage, dramatically increased channel 

openings demonstrating that the trans chamber was behaving like the 

intracellular compartment of a cell.  Very rarely did the channels insert the 

wrong way round (backward orientation). 

 

In addition, applying a positive voltage to the trans chamber not only makes 

channel opening more likely, it also gives the experimenter an idea of the 

number of channels in the bilayer. 

 

 

current 

    10 pA 

0.1 s

current 

    10 pA 

0.1 s
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5.2.2.5 Preparation and use of stock solutions  

Stock solutions (1 mM or 10 mM) of each oestrogen compound were prepared 

in dimethylsulfoxide (DMSO).  Control recordings of the single channel current 

were made at a holding potential of –50 mV for 150 seconds as described 

previously [40, 499].  After 150s of control recording was completed, 5 l of 

stock compound (5 M or 10 M final concentration) was added to the cis 

chamber of the bilayer set-up and channel activity recorded for a further 300 

seconds.  The cis chamber was stirred after application of compound at 150s 

and again at 300s of recording.  The final DMSO concentration was less than 

0.5% v/v.  

 

Single channel current was recorded using a BLM-120 amplifier; noise was 

filtered at 1 kHz low pass and digitised at 25 kHz (CED, 1401 digitiser). 

 

5.2.3 Data analysis of single channel BK current kinetics recorded in 

planar lipid bilayers 

Single channel currents within a bilayer can provide a range of useful 

biophysical data.  These include:- 

 the unitary current size (from which, single channel conductance can be 

calculated), 

 the average open time(s),  

 the average closed time(s).  However, this will be lower than the true 

closed time if more than one channel is present within the bilayer, 
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 the number of channels within the bilayer, which, in theory, can be 

ascertained by studying channel gating at a range of voltages.  

However, care needs to be exercised as apparent number  can be 

different to the  true number since :- 

o channels can be present but be existing in a long-lived 

closed mode and, therefore, contribute little to the 

recording, 

o two or more channels could be within the  bilayer, but 

have opposite orientations.  Consequently, studying 

channel gating at a range of voltages will underestimate 

the number of channels present, 

o additional channels could insert during the recording 

period. 

 the open probability of the channels for the duration of a recording can 

be measured.  By convention, open probability is referred to as NPo if 

the number of channels is not accurately known.  Here, N refers to the 

number of channels within the bilayer and Po refers to the open 

probability for a single channel.  Typically, investigators use the term 

NPo because, being certain of the number of channels present is not 

usually possible, for the reasons given above.  

 

5.2.3.1 Measuring open probability (NPo) 

The open probability of the BK channel or indeed, any channel of interest, is a 

stochastic phenomenon and the probability of the channel being in an open 
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state at any time point will depend on channel gating.  Open probability (Po) 

can be calculated from the following equation:-  

                                                                                         

 

 

Here, NPo was determined rather than Po as the number of channels in the 

bilayer was unknown.  NPo is calculated by dividing the total time the channel 

was open by the duration of the recording.  

 

For example, if the channel opens for 1 second and, later, opens for 3 

seconds with a recording lasting 10 seconds, then:- 

NPo = (1 s + 3 s) / 10seconds  

                                         NPo = 0.4 

 

If it is certain that only one channel is present, in this example, and contributes 

to both openings, then the term open probability (Po) is appropriate.  However, 

it may be possible that two channels are present with the first opening due to 

channel ‘A’ and the second opening due to channel ‘B’.  If this is the case, 

then the most accurate term to use is NPo.  In short, Po should only be used if 

the experimenter is certain of the number of channels within the bilayer.    

                 

 Open times were measured by setting a transition detection threshold at 50% 

of the maximum current amplitude.  All recordings were analysed offline using 

WinEDR v2.3.9 software.  

total time channel closed   
    total recording time       
{ } 1- 
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5.2.3.2 Measuring single channel current amplitudes 

The single channel current amplitude was determined in amplitude histograms 

fitted with a Gaussian curve.   An amplitude histogram (not to be confused with 

a dwell time histogram) facilitates the analysis of ion channel current 

amplitude.  This histogram can be fitted to a Gaussian curve to determine the 

mean current in channel open and closed states.  In general, an amplitude 

histogram has two peaks representing channel open or closed states and the 

height of each histogram bin demonstrates the percentage of samples falling 

within the parameters of the bin.  From this information, the single channel 

current may be calculated.   Also, the area of the respective Gaussian fits can 

be used to calculate the NPo. 

 

5.2.3.3 Measuring dwell time observations 

Channel open times are exponentially distributed rather than normally 

distributed. Dwell time histograms illustrate the distribution of channel open 

and closed times. Individual open times were measured by setting a transition 

detection threshold at 50% of the maximum current amplitude.  Logarithmic 

dwell time histograms with variable bin widths were fitted with two 

exponentials for open times and three exponentials for closed times of the 

channels. 
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5.2.4 Statistical analysis of the effects of oestrogens on BK channel 

activity  

The single channel recorded data were statistically analysed for biophysical 

characteristics.  The volume of collected data from recordings is necessarily 

large; hence, analyses were undertaken using a dedicated software 

programme - GraphPad Prism version 4.00 for Windows (GraphPad Software; 

San Diego, California, USA).   

 

5.2.4.1 BK channel open probability (NPo) during 450s recordings  

Statistical analysis was performed on mean NPo data using a non-parametric 

Kruskal-Wallis test for one-way ANOVA with significance indicated at p<0.05. 

Subsequently, a Dunn’s post hoc multi comparison test for corrections was 

implemented.  All data shown have error bars fitted according to +/- SEM.  The 

NPo for the first 0-150s of a recording were, thus, compared with the next 

150s-300s and again with the final 300s-450s of the recording.  

 

5.2.4.2 BK single channel current amplitude analysis 

Statistical analysis was carried out on unitary currents using a one-way 

ANOVA followed by a post hoc Bonferroni correction for multiple comparisons.  

Significance was deemed to be significant at p<0.05.  Thus, the unitary current 

in the control period (0-150s) was compared with the unitary current recorded 

in the presence of oestrogens during the second 150-300s recording period 

and then with the final (300-450s) recording period.  
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5.3 RESULTS 

In the previous chapter, it was shown that Oestrone, Oestrone-Oxime and 

Quat-DME-Oestradiol could individually enhance evoked BK currents in HEK 

293 cells expressing both α and β1 subunits.  Additionally, these compounds, 

as well as DME-Oestrone, were able to relax pre-contracted aortic rings. In 

contrast, Quat-DME-Oestrone was found to be inactive in both aortic rings and 

patched HEK 293 cells.  Examining the effects of these compounds on BK 

single channel currents and channel open probability (NPo) in a planar lipid 

bilayer system isolates the channel from cytosolic influences and thus, will 

demonstrate any direct compound-channel association.  Here, a suspension of 

BK channel proteins comprising α alone or α+1 subunits was reconstituted 

into planar lipid bilayers to investigate directly, the effects of Oestrone and its 

derivatives on BK channel activity.  

 

5.3.1 Characteristics of bilayer recording of BKα and BKα+β1 channels 

Single channel currents can be recorded from bilayers after BK channels 

insert into the membranes.  An example from a single channel recording is 

illustrated in Figure 5.3.1.1.  An enlarged, detailed substructure of the gating 

events of this example trace is further illustrated in Figure 5.3.1.2.   
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Figure 5.3.1.1 An example of BKCa channel activity in a lipid bilayer reconstituted from 

synthetic phospholipids POPE and POPS (palmitoyloleoyl-phosphatidylethanolamine - 

and palmitoyloleoyl-phosphatidylserine, respectively, in a 1:1 ratio.  The bilayer was 

held at a voltage of -50 mV, and the free calcium concentration was 53 µM.  The 

openings are characterised by a single channel current of approximately 13 pA, which 

corresponds to a single channel conductance of 260 pS.  The channels were composed 

of α subunits alone. 

 

 

 

Figure 5.3.1.2 Example trace from a control recording of BK+β1 channels.  The bilayer 

was held at a voltage of -50 mV, and the free calcium concentration was 0.54 µM.  C1 is 

a long closed time after which a brief opening (O2) is recorded.  A burst, which contains 

a long open time (O1) and two short closed times (C2, C3), is illustrated.   

 

 

The detailed substructure of the gating events illustrated in Figure 5.3.1.2 

reveals a cluster of stochastic and brief open and closed states (O1, C3 and 

Ch.0 

12.5 pA 

0.1 s 

current  

10 pA  

0.02 s  

C1 

Burst 

C2 C3 O1 

O2 
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C2), collectively known as a burst.  A burst is usually separated by longer lived 

events, such as long closed periods, as illustrated in C1.   

 

These events can be further analysed by constructing closed and open dwell 

time histograms illustrated in Figure 5.3.1.3 (closed dwell time) and Figure 

5.3.1.4 (open dwell time).  Dwell time histograms illustrate the distribution of 

channel open and closed times and the sequence of dwell times spent in a 

particular state as determined by transition detection methods.    

 

 

 

 

Figure 5.3.1.3 Logarithmic closed dwell time histograms, fitted with three exponential 

functions, of closed time vs. number of events occurring during the control recording 

from BKα+β1 channels illustrated in Figure 5.3.1.2  The recording period was 150s in 

duration with no added compound.  The holding potential was -50 mV, and the analysis 

reveals 3 closed states of differing duration.  The two closed times (C3 and C2) are 

within the burst duration, while the last one is consistent with the long closed state, C1. 
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Figure 5.3.1.4 Logarithmic open dwell time histograms, fitted with two exponential 

functions, of open time vs. no. of events occurring during the control recording from 

BK+β1 channels illustrated in Figure 5.3.1.2.  The recording period was 150s in 

duration with no added compound.  The holding potential was -50 mV, and the analysis 

reveals 2 open states of differing duration within the burst.  O1 is a long open time 

within the burst duration and O2 is a brief open time in the long closed time C1 

illustrated in Figures 5.3.1.2 and 5.3.1.3. 

 

 

The closed dwell time histogram in Figure 5.3.1.3 demonstrates multiple peaks 

corresponding to the short lived, intermediate or long lived closed events in 

Figure 5.3.1.2.  Similarly, an open dwell time histogram relating to the two 

open states (O1 and O2) observed in Figure 5.3.1.2 is illustrated in Figure 

5.3.1.4.  

 

5.3.2 Effects of Oestrone and novel derivatives on BK channels recorded 

in planar lipid bilayers 

Previously, Oestrone and its novel derivatives, apart from Quat-DME-

Oestrone, were able to relax rat aortic rings.   In whole cell recordings, 
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Oestrone, Quat-DME-Oestradiol and Oestrone-Oxime enhanced evoked BK 

currents in HEK 293 cells expressing BKα+β1 subunits.  This suggests that 

these Oestrogens may act through pathways involving BKα+β1 channels. 

However, whole cell recordings cannot guarantee direct activation of BK 

channels by these compounds due to possible intracellular signalling events.  

Therefore, if oestrogens are able to enhance BK activity in a planar lipid 

bilayer system, where no intracellular cellular components can confound the 

data, a direct BK association can be inferred.                                                         

The effect of these oestrogens on the gating characteristics of BK channels in 

planar lipid bilayers was determined at high or low calcium, depending upon 

subunit configuration (54 M free Ca2+ for BK α subunits and 0.53 M free 

Ca2+ for BK α+β1 subunits).  All recordings were made at a holding potential of 

-50 mV, which is close to the resting membrane potential of smooth muscle 

cell (-40 mV to -50 mV) and is a potential which has been used previously to 

investigate BK channels reconstituted into planar lipid bilayers [40, 509, 510]. 

 

5.3.2.1 Effects of Oestrone (5 µM) on the BKα channels in lipid bilayers 

The effect of Oestrone on channel gating is illustrated in Figure 5.3.2.1.1.  (Ai)   

and (Aii) are example traces of BKα channel activity recorded in lipid bilayers 

before and after the application of Oestrone (5 µM).  The average open 

probability of seven bilayer recordings is illustrated in (Bi) and (Bii).  Each data 

point (Bi) represents a mean of all recordings per 30 second recording block.  

(Bii) compares channel activity using pooled data into larger 150 second bins.   
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On average the NPo was 0.74 ±0.24 prior to the application of Oestrone; a 

Kruskal-Wallis, one-way ANOVA followed by a Dunn’s post hoc correction test 

for multi comparisons revealed no significant difference in NPo after the 

addition of 5 μM Oestrone.  
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Figure 5.3.2.1.1 The effect of Oestrone (5 µM) on the NPo of the BK channel consisting 

of α subunits alone.  The example trace in (Ai) is taken from the first 150s of a BKα 

recording prior to the addition of Oestrone.  Correspondingly, (Aii) shows an example 

trace in the presence of Oestrone.  A plot of mean NPo vs. time before (0-150 seconds), 

and after (150-450 seconds) the application of 5 µM Oestrone (cis side) is shown in (Bi).  

Subsequent grouping of the data into larger 150 second width bins is illustrated in (Bii).  

The application of Oestrone (5 µM) has no significant effect on BKα channel gating 

activity (p>0.05).  Recordings were made at a holding potential of -50 mV and 

symmetrical electrolyte solutions containing 54 µM free Ca
2+ 

(n=7).     
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The effect of Oestrone (5 μM) on the unitary current of BK channels 

expressing only α subunits, illustrated in Figure 5.3.2.1.2, was investigated 

because it has been reported that xenooestrogens can affect single channel 

conductance [103].   
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Figure 5.3.2.1.2 Graphs showing effect of Oestrone (5 µM) on the single channel current 

amplitude from BKα recordings.  This figure demonstrates that Oestrone had no 

significant effect on single channel current amplitude.  Plot (i) depicts a mean of single 

channel currents recorded in the absence or presence of Oestrone.  No significant 

difference was observed between single channel current before and after application of 

compound (p>0.01).  The data are a mean of seven individual bilayer recordings (n=7). 

Histograms (ii), (iii) and (iv) are constructed from a single representative bilayer 

recording.  Plot (ii) is a representative all-points histogram of unitary currents, recorded 

in the absence of Oestrone (0-150 seconds) and plot (iii) in the presence of Oestrone for 

a further 150-300 seconds and then a further 300-450 seconds plot (iv).  All recordings 

were held at a membrane potential of -50 mV, the free Ca
2+

 concentration was 54 μM). 
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Recordings could be fitted to 2 Gaussian curves and the unitary current 

determined.  The number of Gaussian curves fitted was dependent on the 

number of channels within the bilayer.  Figure 5.3.2.1.2 (i) shows unitary 

currents before (0-150s) and after (150-300s and 300-450s) application of 

Oestrone (5 μM).  The unitary current for the first 150 seconds prior to the 

addition of Oestrone was 14.25 ±0.54 pA, which corresponds to a unitary 

conductance of 285 pS.  There was no significant difference in unitary current 

after the application of Oestrone as judged by a one-way ANOVA followed by 

a Bonferroni post hoc correction test for multi comparisons (p>0.05).  Figure 

5.3.2.1.2 (ii) (iii) and (iv) is an example of a single channel current amplitude 

histogram taken from a single bilayer recording of BKα channels before and 

after the application of Oestrone (5 μM).  The histogram examples show two 

peaks demonstrating at least one channel has inserted into this bilayer.  

 

To summarise, Oestrone (5 µM) did not alter the NPo of the BKα channels.  In 

addition, Oestrone did not change the single channel current and 

consequently, the single channel conductance.  This is similar to reports for 

oestradiol in planar lipid bilayers which have shown that a 1 subunit is 

required for BK activation [40]. 

 

5.3.2.2 Effects of Oestrone (5 µM) on BK channels comprising α plus β1 

subunits in planar lipid bilayers 

Data in Chapter 4 indicated that Oestrone was a weak activator of BK currents 

in whole cell recordings taken from HEK 293 cells expressing BK α+β1 

subunits.  Unless these effects were due to second messenger systems being 
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acutely activated by oestrogens, it would be reasonable to expect to record a 

similar activation here in a planar lipid bilayer system. 

 

The effect of Oestrone on channel gating is illustrated in Figure 5.3.2.2.1.   (Ai)   

and Aii are example traces of BKα+β1 channel activity recorded in lipid 

bilayers before and after the application of Oestrone (5 µM).  The average 

open probability of six bilayer recordings is illustrated in (Bi) and (Bii).  Each 

data point (Bi) represents a mean of all recordings per 30 second recording 

block.  (Bii) compares channel activity using pooled data into larger 150 

second bins.   

 

On average the NPo was 0.1 ±0.02 prior to the application of Oestrone.  This 

significantly increased with the addition of 5 μM Oestrone, increasing to 0.14 

±0.04 during the first 150 seconds and 0.18 ±0.05 for the last 150 seconds. 
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Figure 5.3.2.2.1 The effect of Oestrone (5 µM) on the NPo of the BK channel consisting 

of α and β1 subunits.  The example trace in (Ai) is taken from the first 150s of a BKα+β1 

recording prior to the addition of Oestrone.  Correspondingly, (Aii) shows an example 

trace in the presence of Oestrone.  A plot of mean NPo vs. time before (0-150 seconds), 

and after (150-450 seconds) the application of 5 µM Oestrone (cis side) is shown in (Bi).  

Subsequent grouping of the data into larger 150 second width bins is illustrated in (Bii).  

The application of Oestrone (5 µM) significantly increased NPo of BKα+β1 (p<0.05).  All 

recordings were made at a holding potential of -50 mV and symmetrical electrolyte 

solutions containing 0.53 µM free Ca
2+

 (n=6).   

 

 

The effect of Oestrone (5 μM) on the unitary current of BK channels 

expressing both α and β1 subunits, illustrated in Figure 5.3.2.2.2,  was 

investigated to examine the possibility of increased/decreased unitary current 

that has been previously reported [103]. 
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Figure 5.3.2.2.2 Graphs showing effect of Oestrone (5 µM) on the single channel current  

amplitude of BKα+β1 channels.  This figure demonstrates that Oestrone had no 

significant effect on single channel current amplitude.  Plot (i) depicts a mean of single 

channel currents recorded in the absence or presence of Oestrone.  No significant 

difference was observed between single channel current before and after application of 

compound (p>0.05).  The data are a mean of six individual bilayer recordings (n=6). 

Histograms (ii), (iii) and (iv) are constructed from a single representative bilayer 

recording.  Plot (ii) is a representative all-points histogram of unitary currents, recorded 

in the absence of Oestrone (0-150 seconds) and plot (iii) in the presence of 5 μM 

Oestrone for a further 150-300 seconds and then a further 300-450 seconds plot (iv).  All 

recordings were held at a membrane potential of -50 mV, the free Ca
2+

 concentration 

was 0.53 μM. 

 

 

Recordings could be fitted to two or three Gaussian curves and the unitary 

current determined.  The number of Gaussian curves fitted was dependent on 

the number of channels within the bilayer.    Figure 5.3.2.2.2 (i) shows unitary 

currents before (0-150s) and after (150-300s and 300-450s) application of 
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Oestrone (5 μM).  The unitary current for the first 150 seconds prior to the 

addition of Oestrone was 16.13 pA ±0.93, which corresponds to a unitary 

conductance of 322.6 pS.  There was no significant difference in unitary 

current after the application of Oestrone as judged by a one-way ANOVA 

followed by a Bonferroni post hoc correction test for multi comparisons 

(p>0.05).  Figure 5.3.2.2.2 (ii) (iii) and (iv) is an example of a single channel 

current amplitude histogram taken from a single bilayer recording of BKα+β1 

channels before and after the application of Oestrone (5 μM).   

 

Interestingly, although the addition of Oestrone did not affect the single 

channel conductance, the area of the closed example histogram plot 

decreases after application of compound.  In addition, a second channel has 

become apparent in the amplitude histogram after application of Oestrone, 

due to channel activation.  

 

To summarise, Oestrone (5 μM) was able to increase the open probability of 

BKα+β1 channels.  This novel finding concurs with other researchers who 

have demonstrated oestradiol-enhanced activation of BK channels in planar 

lipid bilayers when the β1 subunit is present [40].  Furthermore, Oestrone did 

not change the single channel current and consequently, the single channel 

conductance. 
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5.3.2.3 Effects of high concentrations of Oestrone (50 µM) on BKα 

channels in lipid bilayers  

BKα channels did not respond to an application of 5 µM Oestrone in bilayers 

and NPo remained unchanged.  To check that BK channels comprising only α 

subunits are indeed insensitive to Oestrone, a much higher concentration of 

Oestrone (50 M) was applied. 

 

The effect of Oestrone (50 µM) on channel gating is illustrated in Figure 

5.3.2.3.1.   Ai and Aii are example traces of BKα channel activity recorded in 

lipid bilayers before and after the application of Oestrone.  The average NPo of 

six bilayer recordings is illustrated in (Bi) and (Bii).  Each data point in (Bi) 

represents a mean of all recordings per 30 second recording block.  (Bii) 

compares channel activity using pooled data into larger 150 second bins.   

 

On average the NPo was 0.86 ± 0.40 prior to the application of Oestrone; a 

Kruskal-Wallis, one-way ANOVA followed by a Dunn’s post hoc correction test 

for multi comparisons revealed no significant difference in NPo after the 

addition of 50 μM Oestrone in BKα channels.  
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Figure 5.3.2.3.1 The effect of Oestrone (50 µM) on the NPo of the BK channel consisting 

of only α subunits.  The example trace in (Ai) is taken from the first 150s of a BKα 

recording prior to the addition of Oestrone.  Correspondingly, (Aii) shows an example 

trace in the presence of Oestrone.  A plot of mean NPo vs. time before (0-150 seconds), 

and after (150-450 seconds) the application of 50 µM Oestrone (cis side) is shown in 

(Bi).  Subsequent grouping of the data into larger 150 second width bins is illustrated in 

(Bii).  The application of Oestrone (50 µM) has no significant effect on BKα channel 

gating activity (p>0.05).  All recordings were held at a membrane potential of -50 mV, 

the free Ca
2+

 concentration was 54 μM, (n=6).      

 

 

The effect of Oestrone (50 μM) on the unitary current of BK channels 

expressing α subunits alone was investigated as before.  Recordings could be 

fitted to two Gaussian curves and the unitary current determined.  The number 

of Gaussian curves fitted was dependent on the number of channels within the 

bilayer.   
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Figure 5.3.2.3.2 Graphs showing effect of Oestrone (50 µM) on the single channel 

current amplitude of BKα channels.  This figure demonstrates that Oestrone had no 

significant effect on single channel current amplitude.  Plot (i) depicts a mean of single 

channel currents recorded in the absence or presence of Oestrone.  No significant 

difference was observed between single channel current before and after application of 

compound (p>0.05).  The data are a mean of six individual bilayer recordings (n=6). 

Histograms (ii), (iii) and (iv) are constructed from a single representative bilayer 

recording.  Plot (ii) is a representative all-points histogram of unitary currents, recorded 

in the absence of Oestrone (0-150 seconds) and plot (iii) in the presence of 50 μM 

Oestrone for a further 150-300 seconds and then a further 300-450 seconds plot (iv).    

All recordings were held at a membrane potential of -50 mV, the free Ca
2+

 concentration 

was 54 μM.  

 

 

Figure 5.3.2.3.2 (i) shows unitary currents before (0-150s) and after (150-300s 

and 300-450s) application of Oestrone (50 μM).  The unitary current for the 

first 150 seconds prior to the addition of Oestrone was 12.39 ±1.3 pA which 
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corresponds to a unitary conductance of 247.8 pS.  There was no significant 

difference in unitary current after the application of Oestrone as judged by a 

one-way ANOVA followed by a Bonferroni post hoc correction test for multi 

comparisons (p>0.05).  Figure 5.3.2.3.2 (ii) (iii) and (iv) is an example of a 

single channel current amplitude histogram taken from a single bilayer 

recording of BKα channels before and after the application of Oestrone (50 

μM).  

 

To summarise, Oestrone (50 µM) did not alter the NPo of the BKα channels.  

In addition, Oestrone did not change the single channel current and 

consequently, the single channel conductance.   

 

5.3.2.4 Effects of high concentrations of Oestrone (50 µM) on BK 

channels comprising both α plus β1 subunits in lipid bilayers 

To investigate whether the increase in NPo observed in BKα+β1 channels after 

application of 5 µM Oestrone is also true for higher concentrations, a 50 M 

concentration of Oestrone was examined. 

 

The effect of Oestrone (50 µM) on channel gating is illustrated in Figure 

5.3.2.4.1.   (Ai) and (Aii) are example traces of BKα+β1 channel activity 

recorded in lipid bilayers before and after the application of Oestrone.  The 

average NPo of five bilayer recordings is illustrated in (Bi) and (Bii).  Each data 

point in (Bi) represents a mean of all recordings per 30 second recording 

block.  (Bii) compares channel activity using pooled data into larger 150 

second bins.   
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On average, the NPo was 0.09 0.03 prior to the application of Oestrone; 

although gating activity appears to decrease after the addition of 50 M 

oestrone at 150 seconds, a Kruskal-Wallis, one-way ANOVA followed by a 

post hoc Dunn’s correction test for multi comparisons revealed no significant 

difference in NPo post application of Oestrone.  
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Figure 5.3.2.4.1 The effect of Oestrone (50 µM) on the NPo of the BK channel consisting 

of α plus β1 subunits.  The example trace in (Ai) is taken from the first 150s of a BKα+β1 

recording prior to the addition of Oestrone.  Correspondingly, (Aii) shows an example 

trace in the presence of Oestrone (50 µM).   A plot of mean NPo vs. time before (0-150 

seconds), and after (150-450 seconds) the application of 50 µM Oestrone (cis side) is 

shown in (Bi).  Subsequent grouping of the data into larger 150 second width bins is 

illustrated in (Bii).  The application of Oestrone (50 µM) has no significant effect on 

BKα+β1 channel gating activity (p>0.05).  Recordings were made at a holding potential 

of -50 mV and symmetrical electrolyte solutions containing 0.53 µM free Ca
2+

 (n=5).    

 

The effect of Oestrone (50 μM) on the unitary current of BK channels 

expressing both α and β1 subunits was investigated (Figure 5.3.2.4.2).  
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Recordings could be fitted to two Gaussian curves and the unitary current 

determined.  The number of Gaussian curves fitted was dependent on the 

number of channels within the bilayer.   
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Figure 5.3.2.4.2 Graphs showing effect of Oestrone (50 µM) on the single channel 

current of the BK channel consisting of α plus β1 subunits.  This figure demonstrates 

that Oestrone had no significant effect on single channel current amplitude.  Plot (i) 

depicts a mean of single channel currents recorded in the absence or presence of 

Oestrone.  No significant difference was observed between single channel current 

before and after application of compound (p>0.05).  The data are a mean of five 

individual bilayer recordings (n=5). Histograms (ii), (iii) and (iv) are constructed from a 

single representative bilayer recording. Plot (ii) is a representative all-points histogram 

of unitary currents, recorded in the absence of Oestrone (0-150 seconds) and plot (iii) in 

the presence of 50 μM Oestrone for a further 150-300 seconds and then a further 300-

450 seconds plot (iv).    All recordings were held at a membrane potential of -50 mV, the 

free Ca
2+

 concentration was 0.53 μM.  

 

Figure 5.3.2.4.2 (i) shows unitary currents before (0-150s) and after (150-300s 

and 300-450s) application of Oestrone (50 μM).  The unitary current for the 
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first 150 seconds prior to the addition of Oestrone was 17.46 pA ±0.78, which 

corresponds to a unitary conductance of 349.2 pS.  There was no significant 

difference in unitary current after the application of Oestrone as judged by a 

one-way ANOVA followed by a Bonferroni post hoc correction test for multi 

comparisons (p>0.05).  Figure 5.3.2.4.2 (ii) (iii) and (iv) is an example of a 

single channel current amplitude histogram taken from a single bilayer 

recording of BKα+β1 channels before and after the application of Oestrone (50 

μM).  

 

To summarise, unlike experiments applying 5 µM Oestrone, a higher 

concentration of Oestrone (50 μM) did not alter the NPo of the BKα+β1 

channels.  Also, the single channel current and consequently, the single 

channel conductance remained unaltered. 

 

5.3.3 Effects of DME-Oestrone on BK channels recorded in lipid bilayers  

This section characterises the BK channel reconstituted into planar lipid 

bilayers, in the presence of different concentrations of DME-Oestrone.  

Previous chapters have determined DME-Oestrone was able to relax rat aortic 

rings but was inactive in cells expressing BK channels, suggesting this 

compound may act through a second messenger pathway or other intracellular 

mechanism.  If this is the case, it would be reasonable to expect the 

compound to be inactive in planar lipid bilayer experiments where no cellular 

components can confound the data.  Recordings were carried out, as before, 

at high or low calcium, depending upon subunit configuration (54 M free Ca2+ 
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for BKα subunits and 0.53 M free Ca2+ for BK α+β1 subunits) and at a holding 

potential of -50 mV. 

 

5.3.3.1 Effects of DME-Oestrone (5 µM) on BKα channels in lipid bilayers  

The effect of DME-Oestrone on channel gating is illustrated in Figure 

5.3.3.1.1.  (Ai)   and (Aii) are example traces of BKα channel activity recorded 

in lipid bilayers before and after the application of DME-Oestrone (5 µM).  The 

average open probability of five bilayer recordings is illustrated in (Bi) and (Bii).  

Each data point in (Bi) represents a mean of all recordings per 30 second 

recording block.  (Bii) compares channel activity using pooled data into larger 

150 second bins.   
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Figure 5.3.3.1.1 The effect of DME-Oestrone (5 µM) on the NPo of the BK channel 

consisting of α subunits alone.  The example trace in (Ai) is taken from the first 150s of 

a BKα recording prior to the addition of DME-Oestrone.   Correspondingly, (Aii) shows 

an example trace in the presence of DME-Oestrone (5 µM).  A plot of mean NPo vs. time 

before (0-150 seconds), and after (150-450 seconds) the application of 5 µM DME-

Oestrone (cis side) is shown in (Bi).  Subsequent grouping of the data into larger 150 

second width bins is illustrated in (Bii).  The application of DME-Oestrone (5 µM) has no 

significant effect on BKα channel gating activity (p>0.05).  Recordings were made at a 

holding potential of -50 mV and symmetrical electrolyte solutions containing 54 µM free 

Ca
2+

 (n=5).   

 

 

On average the NPo was 0.82 0.16 prior to the application of DME-Oestrone; 

a Kruskal-Wallis, one-way ANOVA followed by a Dunn’s post hoc correction 

test for multi comparisons revealed no significant difference in NPo after the 

addition of 5 μM DME-Oestrone (p>0.05).  
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The effect of DME-Oestrone (5 μM) on the unitary current of BK channels 

expressing only α subunits was investigated (Figure 5.3.3.1.2).  Recordings 

could be fitted to three Gaussian curves and the unitary current determined.  

The number of Gaussian curves fitted was dependent on the number of 

channels within the bilayer.    
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Figure 5.3.3.1.2 Graphs showing effect of DME-Oestrone (5 µM) on the single channel 

current of the BK channel consisting of α subunits alone.  This figure demonstrates that 

DME-Oestrone had no significant effect on single channel current amplitude.  Plot (i) 

depicts a mean of single channel currents recorded in the absence or presence of DME-

Oestrone.  No significant difference was observed between single channel current 

before and after application of compound (p>0.05).  The data are a mean of five 

individual bilayer recordings (n=5). Histograms (ii), (iii) and (iv) are constructed from a 

single representative bilayer recording.  Plot (ii) is a representative all-points histogram 

of unitary currents, recorded in the absence of DME-Oestrone (0-150 seconds) and plot 

(iii) in the presence of 5 μM DME-Oestrone for a further 150-300 seconds and then a 

further 300-450 seconds plot (iv).    All recordings were held at a membrane potential of 

-50 mV, the free Ca
2+

 concentration was 54 μM. 
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Figure 5.3.3.1.2 (i) shows unitary currents before (0-150s) and after (150-300s 

and 300-450s) application of DME-Oestrone (5 μM).  The unitary current for 

the first 150 seconds prior to the addition of DME-Oestrone was 13.55 pA ± 

0.43, which corresponds to a unitary conductance of 271 pS.  There was no 

significant difference in unitary current after the application of DME-Oestrone 

as judged by a one-way ANOVA followed by a Bonferroni post hoc correction 

test for multi comparisons (p>0.05).  Figure 5.3.3.1.2 (ii) (iii) and (iv) is an 

example of a single channel current amplitude histogram taken from a single 

bilayer recording of BKα channels before and after the application of DME-

Oestrone (5 μM).  With three Gaussian curves, two channels or more have 

inserted into this bilayer.  

 

To summarise, as expected, DME-Oestrone (5 µM) did not alter the NPo of the 

BKα channels.  In addition, the single channel current and consequently, the 

single channel conductance remained unaltered. 

 

5.3.3.2 Effects of DME-Oestrone (5 µM) on the NPo of BKα+β1 channels in 

lipid bilayers 

The effect of DME-Oestrone on channel gating is illustrated in Figure 

5.3.3.2.1.  (Ai)   and (Aii) are example traces of BKα+β1 channel activity 

recorded in lipid bilayers before and after the application of DME-Oestrone (5 

µM).  These traces illustrate that there are at least two channels present in the 

bilayer.  The average open probability of eight bilayer recordings is illustrated 

in (Bi) and (Bii).  Each data point in (Bi) represents a mean of all recordings 
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per 30 second recording block.  (Bii) compares channel activity using pooled 

data into larger 150 second bins.   

 

On average the NPo was 0.38 0.08 prior to the application of DME-Oestrone; 

a Kruskal-Wallis, one-way ANOVA followed by a Dunn’s post hoc correction 

test for multi comparisons revealed no significant difference in NPo after the 

addition of 5 μM DME-Oestrone in BKα+β1 channels (p>0.05).  
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Figure 5.3.3.2.1 The effect of DME-Oestrone (5 µM) on the NPo of the BK channel 

consisting of α and β1 subunits.  The example trace in (Ai) is taken from the first 150s of 

a BKα+β1 recording prior to the addition of DME-Oestrone.  Correspondingly, (Aii) 

shows an example trace in the presence of DME-Oestrone (5 µM).  A plot of mean NPo 

vs. time before (0-150 seconds), and after (150-450 seconds) the application of 5 µM 

DME-Oestrone (cis side) is shown in (Bi).  Subsequent grouping of the data into larger 

150 second width bins is illustrated in (Bii).  The application of DME-Oestrone (5 µM) 

has no significant effect on BKα+β1 channel gating activity (p>0.05).  All recordings 

were made at a holding potential of -50 mV and symmetrical electrolyte solutions 

containing 0.53 µM free Ca
2+

 (n=8).   
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The effect of DME-Oestrone (5 μM) on the unitary current of BK channels 

expressing both α and β1 subunits was investigated.  Recordings could be 

fitted to two or three Gaussian curves and the unitary current determined.  The 

number of Gaussian curves fitted was dependent on the number of channels 

within the bilayer.  
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Figure 5.3.3.2.2 Graphs showing effect of DME-Oestrone (5 µM) on the single channel 

current amplitude of BKα+β1 channels.  This figure demonstrates that DME-Oestrone 

had no significant effect on single channel current amplitude.  Plot (i) depicts a mean of 

single channel currents recorded in the absence or presence of DME-Oestrone.  No 

significant difference was observed between single channel current before and after 

application of compound (p>0.05). The data are a mean of eight individual bilayer 

recordings (n=8). Histograms (ii), (iii) and (iv) are constructed from a single 

representative bilayer recording.  Plot (ii) is a representative all-points histogram of 

unitary currents, recorded in the absence of DME-Oestrone (0-150 seconds) and plot 

(iii) in the presence of 5 μM DME-Oestrone for a further 150-300 seconds and then a 

further 300-450 seconds plot (iv).    All recordings were held at a membrane potential of 

-50 mV, the free Ca
2+

 concentration was 0.53 μM. 
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Figure 5.3.3.2.2 (i) shows unitary currents before (0-150s) and after (150-300s 

and 300-450s) application of DME-Oestrone (5 μM).  The unitary current for 

the first 150 seconds prior to the addition of DME-Oestrone was 15.35 pA 

±0.52 which corresponds to a unitary conductance of 307 pS.  There was no 

significant difference in unitary current after the application of DME-Oestrone 

as judged by a one-way ANOVA followed by a Bonferroni post hoc correction 

test for multi comparisons (p>0.05).  Figure 5.3.3.2.2 (ii) (iii) and (iv) is an 

example of a single channel current amplitude histogram taken from a single 

bilayer recording of BKα+β1 channels before and after the application of DME-

Oestrone (5 μM).  Although two BK channels are clearly demonstrated in the 

control period in the example amplitude histogram (ii), after the application of 

compound the channel goes quiet and appears to have switched to a long 

closed period (iii) only to reactivate during the last 150s recording period  (iv). 

 

To summarise, unlike Oestrone, DME-Oestrone (5 µM) did not alter the NPo of 

the BKα+β1 channels.  In addition, the single channel current and 

consequently, the single channel conductance remained unaltered. 

 

5.3.3.3 Effects of high concentrations of DME-Oestrone (50 µM) on BKα 

channels in lipid bilayers  

Previously, BKα channels did not respond to an application of 5 µM DME-

Oestrone in bilayers and NPo remained unchanged.  To further check that BKα 

channels are indeed insensitive to DME-Oestrone, a much higher 

concentration of DME-Oestrone (50 M) was applied.   

 



 

281 

 

The effect of DME-Oestrone (50 µM) on channel gating is illustrated in Figure 

5.3.3.3.1.   (Ai) and (Aii) are example traces of BKα channel activity recorded 

in lipid bilayers before and after the application of DME-Oestrone.  The traces 

reveal, during this recording, at least two or three BK channels have inserted 

into the bilayer.  The average NPo of six bilayer recordings is illustrated in (Bi) 

and (Bii).  Each data point in (Bi) represents a mean of all recordings per 30 

second recording block.  (Bii) compares channel activity using pooled data into 

larger 150 second bins.   

 

On average the NPo was 0.31 0.15 prior to the application of DME-Oestrone; 

a Kruskal-Wallis, one-way ANOVA followed by a Dunn’s post hoc correction 

test for multi comparisons revealed no significant difference in NPo after the 

addition of 50 μM DME- Oestrone in BKα channels.  
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Figure 5.3.3.3.1 The effect of DME-Oestrone (50 µM) on the NPo of the BK channel 

consisting of only α subunits.  The example trace in (Ai) is taken from the first 150s of a 

BKα recording prior to the addition of DME-Oestrone.  Correspondingly, (Aii) shows an 

example trace in the presence of DME-Oestrone (50 µM).  A plot of mean NPo vs. time 

before (0-150 seconds), and after (150-450 seconds) the application of 50 µM DME-

Oestrone (cis side) is shown in (Bi).  Subsequent grouping of the data into larger 150 

second width bins is illustrated in (Bii).  The application of DME-Oestrone (50 µM) has 

no significant effect on BKα channel gating activity (p>0.05).  All recordings were held 

at a membrane potential of -50 mV, the free Ca
2+

 concentration was 54 μM, (n=6).      

 

 

The effect of DME-Oestrone (50 μM), illustrated in Figure 5.3.3.3.2, on the 

unitary current of BKα channels was investigated.  Recordings could be fitted 

to three or four Gaussian curves and the unitary current determined.  The 

number of Gaussian curves fitted was dependent on the number of channels 

within the bilayer.   
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Figure 5.3.3.3.2 Graphs showing effect of DME-Oestrone (50 µM) on the single channel 

current amplitude of BKα channels.  This figure demonstrates that Oestrone had no 

significant effect on single channel current amplitude.  Plot (i) depicts a mean of single 

channel currents recorded in the absence or presence of DME-Oestrone.  No significant 

difference was observed between single channel current before and after application of 

compound (p>0.05). The data are a mean of six individual bilayer recordings (n=6). 

Histograms (ii), (iii) and (iv) are constructed from a single representative bilayer 

recording.   Plot (ii) is a representative all-points histogram of unitary currents, 

recorded in the absence of DME-Oestrone (0-150 seconds) and plot (iii) in the presence 

of 50 μM DME-Oestrone for a further 150-300 seconds and then a further 300-450 

seconds plot (iv).  All recordings were held at a membrane potential of -50 mV, the free 

Ca
2+

 concentration was 54 μM.   
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Figure 5.3.3.3.2 (i) shows unitary currents before (0-150s) and after (150-300s 

and 300-450s) application of DME-Oestrone (50 μM).  The unitary current for 

the first 150 seconds prior to the addition of Oestrone was 13.18 pA ± 0.44 

prior to the addition of DME-Oestrone (50 µM), which corresponds to a unitary 

conductance of 263.6 pS.    There was no significant difference in unitary 

current after the application of DME-Oestrone as judged by a one-way ANOVA 

followed by a Bonferroni post hoc correction test for multi comparisons 

(p>0.05).  Figure 5.3.3.3.2 (ii) (iii) and (iv) is an example of a single channel 

current amplitude histogram taken from a single bilayer recording of BKα 

channels before and after the application of DME-Oestrone (50 μM).  After the 

application of compound, four amplitude peaks can be seen in plot (iii and (iv) 

which indicates another channel has appeared in the bilayer during this part of 

the recording. This also corresponds to a decrease in the area of the closed 

example histogram plot after application of compound.  

 

To summarise, DME-Oestrone (50 µM) did not alter the NPo of the BKα 

channels.  In addition, the single channel current and consequently, the single 

channel conductance remained unaltered.   

 

5.3.4 Effects of Quaternary-DME-Oestrone on BK channels recorded in 

lipid bilayers 

Previously, Quat-DME-Oestrone was found to be inactive in HEK 293 cells 

expressing BK channels and, additionally, was unable to relax pre-contracted 

rat aortic rings.  It might be reasonable to expect, therefore, that Quat-DME-

Oestrone will have no effect on BK channel activity in planar lipid bilayers.  To 
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establish that Quat-DME-Oestrone is, in fact, inactive against BK activity, 

different concentrations of Quat-DME-Oestrone were examined. 

 5.3.4.1 Effects of Quaternary-DME-Oestrone (5 µM) on BKα channels in 

lipid bilayers 

The effect of Quat-DME-Oestrone on channel gating is illustrated in Figure 

5.3.4.1.1.   (Ai)   and (Aii) are example traces of BKα channel activity recorded 

in lipid bilayers before and after the application of Quat-DME-Oestrone (5 µM).  

The average open probability of eight bilayer recordings is illustrated in (Bi) 

and (Bii).  Each data point in (Bi) represents a mean of all recordings per 30 

second recording block.  (Bii) compares channel activity using pooled data into 

larger 150 second bins.   

 

On average the NPo was 0.67 0.12 prior to the application of Quat-DME-

Oestrone; a Kruskal-Wallis, one-way ANOVA followed by a Dunn’s post hoc 

correction test for multi comparisons revealed no significant difference in NPo 

after the addition of 5 μM Quat-DME-Oestrone (p>0,05).  

 



 

286 

 

0 150 300 450
0.0

0.3

0.5

0.8

1.0

Quat-DME-Oestrone (5 M)

Time (s)

N
P

o

0-150 150-300 300-450
0.00

0.25

0.50

0.75

1.00
 Quat-DME-Oestrone (5 M)

Time (s)

N
P

o

(Ai) (Aii)

(Bi) (Bii)

Current 

    10 pA 

0.1 s

Current 

    10 pA 

0.1 s

 

 

Figure 5.3.4.1.1 The effect of Quaternary-DME-Oestrone (5 µM) on the NPo of the BK 

channel consisting of α subunits alone.  The example trace in (Ai) is taken from the first 

150s of a BKα recording prior to the addition of Quaternary-DME-Oestrone.   

Correspondingly, (Aii) shows an example trace in the presence of Quaternary-DME-

Oestrone (5 µM).  A plot of mean NPo vs. time before (0-150 seconds), and after (150-450 

seconds) the application of 5 µM Quaternary-DME-Oestrone (cis side) is shown in (Bi).  

Subsequent grouping of the data into larger 150 second width bins is illustrated in (Bii).  

The application of Quaternary-DME-Oestrone (5 µM) has no significant effect on BKα 

channel gating activity (p>0.05).  Recordings were made at a holding potential of -50 mV 

and symmetrical electrolyte solutions containing 54 µM free Ca
2+

 (n=8).   

 

 

The effect of Quat-DME-Oestrone (5 μM) on the unitary current of BK 

channels expressing only α subunits was investigated.  Recordings could be 

fitted to two Gaussian curves and the unitary current determined.  The number 
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of Gaussian curves fitted was dependent on the number of channels within the 

bilayer.    
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Figure 5.3.4.1.2 Graphs showing effect of Quat-DME-Oestrone (5 µM) on the single 

channel current of the BK channel consisting of α subunits alone.  This figure 

demonstrates that Quat-DME-Oestrone had no significant effect on single channel 

current amplitude.  Plot (i) depicts a mean of single channel currents recorded in the 

absence or presence of Quat-DME-Oestrone.  No significant difference was observed 

between single channel current before and after application of compound (p>0.05).  The 

data are a mean of eight individual bilayer recordings (n=8). Histograms (ii), (iii) and (iv) 

are constructed from a single representative bilayer recording.  Plot (ii) is a 

representative all-points histogram of unitary currents, recorded in the absence of 

Quat-DME-Oestrone (0-150 seconds) and plot (iii) in the presence of 5 μM Quat-DME-

Oestrone for a further 150-300 seconds and then a further 300-450 seconds plot (iv).    

All recordings were held at a membrane potential of -50 mV, the free Ca
2+

 concentration 

was 54 μM. 

 

 

Figure 5.3.4.1.2 (i) shows unitary currents before (0-150s) and after (150-300s 

and 300-450s) application of Quat-DME-Oestrone (5 μM).  The unitary current 

for the first 150 seconds prior to the addition of Quat-DME-Oestrone was 
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12.37 pA ± 0.79, which corresponds to a unitary conductance of 247.4 pS.  

There was no significant difference in unitary current after the application of 

Quat-DME-Oestrone as judged by a one-way ANOVA followed by a Bonferroni 

post hoc correction test for multi comparisons (p>0.05).  Figure 5.3.4.1.2 (ii) 

(iii) and (iv) is an example of a single channel current amplitude histogram 

taken from a single bilayer recording of BKα channels before and after the 

application of Quat-DME-Oestrone (5 μM).  

 

As expected, Quat-DME-Oestrone (5 µM) did not change the NPo of the BKα 

channels.  Neither the single channel current altered nor, as a result, the 

single channel conductance. 

 

5.3.4.2 Effects of Quaternary-DME-Oestrone (5 µM) on BK channels 

comprising α plus β1 subunits in lipid bilayers 

The effect of Quat-DME-Oestrone on channel gating is illustrated in Figure 

5.3.4.2.1.  (Ai)   and (Aii) are example traces of BKα+β1 activity in a single 

channel, recorded in lipid bilayers before and after the application of Quat-

DME-Oestrone (5 µM).  The average open probability of eight bilayer 

recordings is illustrated in (Bi) and (Bii).  Each data point in (Bi) represents a 

mean of all recordings per 30 second recording block.  (Bii) compares channel 

activity using pooled data into larger 150 second bins.   

 

On average the NPo was 0.25 0.09 prior to the application of Quat-DME-

Oestrone; a Kruskal-Wallis, one-way ANOVA followed by a Dunn’s post hoc 
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correction test for multi comparisons revealed no significant difference in NPo 

after the addition of 5 μM Quat-DME-Oestrone in BKα+β1 channels (p>0.05).  
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Figure 5.3.4.2.1 The effects of Quat-DME-Oestrone (5 µM) on the NPo of the BK channel 

consisting of α and β1 subunits.  The example trace in (Ai) is taken from the first 150s of 

a BKα+β1 recording prior to the addition of Quat-DME-Oestrone.  Correspondingly, (Aii) 

shows an example trace in the presence of Quat-DME-Oestrone (5 µM).  A plot of mean 

NPo vs. time before (0-150 seconds), and after (150-450 seconds) the application of 5 µM 

Quat-DME-Oestrone (cis side) is shown in (Bi).  Subsequent grouping of the data into 

larger 150 second width bins is illustrated in (Bii).  The application of Quat-DME-

Oestrone (5 µM) has no significant effect on BKα+β1 channel gating activity (p>0.05).  

All recordings were made at a holding potential of -50 mV and symmetrical electrolyte 

solutions containing 0.53 µM free Ca
2+

 (n=8).   

 

The effect of Quat-DME-Oestrone (5 μM) on the unitary current of BK 

channels expressing both α and β1 subunits was investigated (Figure 
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5.3.4.2.2).  Recordings could be fitted to two or three Gaussian curves and the 

unitary current determined.  The number of Gaussian curves fitted was 

dependent on the number of channels within the bilayer.   
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Figure 5.3.4.2.2 Graphs showing effect of Quat-DME-Oestrone (5 µM) on the single 

channel current amplitude of BKα+β1 channels.  This figure demonstrates that Quat 

DME-Oestrone had no significant effect on single channel current amplitude.  Plot (i) 

depicts a mean of single channel currents recorded in the absence or presence of Quat 

DME-Oestrone.  No significant difference was observed between single channel current 

before and after application of compound (p>0.05).  The data are a mean of eight 

individual bilayer recordings (n=8). Histograms (ii), (iii) and (iv) are constructed from a 

single representative bilayer recording.  Plot (ii) is a representative all-points histogram 

of unitary currents, recorded in the absence of Quat DME-Oestrone (0-150 seconds) and 

plot (iii) in the presence of 5 μM Quat DME-Oestrone for a further 150-300 seconds and 

then a further 300-450 seconds plot (iv).    All recordings were held at a membrane 

potential of -50 mV, the free Ca
2+

 concentration was 0.53 μM.  
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Figure 5.3.4.2.2 (i) shows unitary currents before (0-150s) and after (150-300s 

and 300-450s) application of Quat-DME-Oestrone (5 μM).  The unitary current 

for the first 150 seconds prior to the addition of Quat-DME-Oestrone was 

16.72 0.35 pA, which corresponds to 334.4 pS.  There was no significant 

difference in unitary current after the application of Quat-DME-Oestrone as 

judged by a one-way ANOVA followed by a Bonferroni post hoc correction test 

for multi comparisons (p>0.05).  Figure 5.3.4.2.2 (ii) (iii) and (iv) is an example 

of a single channel current amplitude histogram taken from a single bilayer 

recording of BKα+β1 channels before and after the application of Quat-DME-

Oestrone (5 μM).  Three peaks seen in (ii) and (iii) denotes at least two BK 

channel insertions in this recording.  However, during the last 150s of 

recording the channel seems to have disappeared (iv).  This could be that the 

channel has switched to a long closed period, mirrored in the increase in area 

of the closed peak. 

 

Again, Quat-DME-Oestrone (5 µM) was neither able to modify the NPo of 

BKα+β1 channels, nor alter the single channel current and consequently, the 

single channel conductance. 

 

5.3.4.3 Effects of high concentrations of Quaternary-DME-Oestrone (50 

µM) on the NPo of BKα channels in lipid bilayers 

As expected, BK channel gating activity did not respond to an application of 5 

µM Quat-DME-Oestrone and NPo remained unaffected.  To determine whether 

a higher concentration of compound might influence BK gating kinetics, a 50 

µM solution of Quat-DME-Oestrone was investigated. 
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The effect of Quat-DME-Oestrone (50 µM) on channel gating is illustrated in 

Figure 5.3.4.3.1.   (Ai) and (Aii) are example traces of BKα channel activity 

recorded in lipid bilayers before and after the application of Quat-DME-

Oestrone.  The average NPo of six bilayer recordings is illustrated in (Bi) and 

(Bii).  Each data point in (Bi) represents a mean of all recordings per 30 

second recording block.  (Bii) compares channel activity using pooled data into 

larger 150 second bins.   

 

On average the NPo was 0.62 0.1 prior to the application of Quat-DME-

Oestrone; a Kruskal-Wallis, one-way ANOVA followed by a Dunn’s post hoc 

correction test for multi comparisons revealed no significant difference in NPo 

after the addition of 50 μM Quat-DME- Oestrone in BKα channels.  
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Figure 5.3.4.3.1 The effects of Quat-DME-Oestrone (50 µM) on the NPo of the BK channel 

consisting of only α subunits.  The example trace in (Ai) is taken from the first 150s of a 

BKα recording prior to the addition of Quat-DME-Oestrone.  Correspondingly, (Aii) 

shows an example trace in the presence of Quat-DME-Oestrone (50 µM).  A plot of mean 

NPo vs. time before (0-150 seconds), and after (150-450 seconds) the application of 50 

µM Quat-DME-Oestrone (cis side) is shown in (Bi).  Subsequent grouping of the data 

into larger 150 second width bins is illustrated in (Bii).  The application of Quat-DME-

Oestrone (50 µM) has no significant effect on BKα channel gating activity (p>0.05).  All 

recordings were held at a membrane potential of -50 mV, the free Ca
2+

 concentration 

was 54 μM, (n=6).      

 

 

The effect of Quat-DME-Oestrone (50 μM), illustrated in Figure 5.3.4.3.2, on 

the unitary current of BKα channels was investigated.  Recordings could be 

fitted by two Gaussian curves and the unitary current determined.  The 

number of Gaussian curves fitted was dependent on the number of channels 

within the bilayer.   
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Figure 5.3.4.3.2 Graphs showing effects of Quat-DME-Oestrone (50 µM) on the single 

channel current amplitude of BKα channels.  This figure demonstrates that Quat- DME-

Oestrone had no significant effect on single channel current amplitude.  Plot (i) depicts 

a mean of single channel currents recorded in the absence or presence of Quat-DME-

Oestrone.  No significant difference was observed between single channel current 

before and after application of compound (p>0.05).  The data are a mean of six 

individual bilayer recordings (n=6). Histograms (ii), (iii) and (iv) are constructed from a 

single representative bilayer recording.  Plot (ii) is a representative all-points histogram 

of unitary currents, recorded in the absence of Quat-DME-Oestrone (0-150 seconds) 

and plot (iii) in the presence of 50 μM Quat-DME-Oestrone for a further 150-300 seconds 

and then a further 300-450 seconds plot (iv).    All recordings were held at a membrane 

potential of -50 mV, the free Ca
2+

 concentration was 54 μM.   

 

 

Figure 5.3.4.3.2 (i) shows unitary currents before (0-150s) and after (150-300s 

and 300-450s) application of Quat-DME-Oestrone (50 μM).  The unitary 

current for the first 150 seconds prior to the addition of Quat-DME-Oestrone 

(50 µM) was 13.54 ±0.12 pA which corresponds to a unitary conductance of 

270.8 pS.    There was no significant difference in unitary current after the 
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application of Quat-DME-Oestrone as judged by a one-way ANOVA followed 

by a Bonferroni post hoc correction test for multi comparisons (p>0.05).  

Figure 5.3.4.3.2 (ii) (iii) and (iv) is an example of a single channel current 

amplitude histogram taken from a single bilayer recording of BKα channels 

before and after the application of Quat-DME-Oestrone (50 μM).  

 

As anticipated, high concentrations of Quat-DME-Oestrone (50 µM) did not 

alter the NPo of the BKα channels.  Also, the single channel current and 

consequently, the single channel conductance remained unaltered.   

 

5.3.5 Effects of Oestrone-Oxime on BK channels recorded in lipid 

bilayers 

This section characterises the BK channel consisting of α subunits alone or α 

plus β1 subunits, reconstituted into planar lipid bilayers, in the presence and 

absence of Oestrone-Oxime.  In Chapter 3, Oestrone-Oxime was shown to 

relax pre-contracted rat aortic rings and furthermore, in Chapter 4, whole cell 

patch-clamp experiments established that a perfusion of 5 µM Oestrone-

Oxime could enhance BK α+β1 currents evoked from HEK 293 cells.  

However, Oestrone-Oxime is easily able to cross cell membranes and thus, 

the enhanced peak current observed in these experiments and, indeed, the 

relaxation in pre-contracted rat aortic rings, may be a consequence of 

intracellular 2nd messenger involvement.  If Oestrone-Oxime is, indeed, able 

to increase BK activity in planar lipid bilayers, then this would suggest direct 

BK involvement.  Conversely, if Oestrone-Oxime is unable to enhance BK 
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gating activity in bilayers, then this would strengthen the concept of Oestrone-

Oxime working through a 2nd messenger such as nitric oxide. 

 

5.3.5.1 Effects of Oestrone-Oxime (5 µM) on BKα channels in lipid 

bilayers 

The effect of Oestrone-Oxime on channel gating is illustrated in Figure 

5.3.5.1.1.   (Ai)   and (Aii) are example traces of BKα channel activity recorded 

in lipid bilayers before and after the application of Oestrone-Oxime (5 µM).  

The average open probability of four bilayer recordings is illustrated in (Bi) and 

(Bii).  Each data point in (Bi) represents a mean of all recordings per 30 

second recording block.  (Bii) compares channel activity using pooled data into 

larger 150 second bins.   

 

On average the NPo was 0.53 0.12 prior to the application of Oestrone-

Oxime; a Kruskal-Wallis, one-way ANOVA followed by a Dunn’s post hoc 

correction test for multi comparisons revealed no significant difference in NPo 

after the addition of 5 μM Oestrone-Oxime (p>0.05).  
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Figure 5.3.5.1.1 The effect of Oestrone-Oxime (5 µM) on the NPo of the BK channel 

consisting of α subunits alone.  The example trace in (Ai) is taken from the first 150s of 

a BKα recording prior to the addition of Oestrone-Oxime.   Correspondingly, (Aii) shows 

an example trace in the presence of Oestrone-Oxime (5 µM).  A plot of mean NPo vs. 

time before (0-150 seconds), and after (150-450 seconds) the application of 5 µM 

Oestrone-Oxime (cis side) is shown in (Bi).  Subsequent grouping of the data into larger 

150 second width bins is illustrated in (Bii).  The application of Oestrone-Oxime (5 µM) 

has no significant effect on BKα channel gating activity (p>0.05).  Recordings were 

made at a holding potential of -50 mV and symmetrical electrolyte solutions containing 

54 µM free Ca
2+

 (n=4).   

 

 

The effect of Oestrone-Oxime (5 μM) on the unitary current of BK channels 

expressing α subunits alone was investigated as before.  Recordings could be 

fitted to two Gaussian curves and the unitary current determined.  The number 
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of Gaussian curves fitted was dependent on the number of channels within the 

bilayer.   

Figure 5.3.5.1.2 (i) shows unitary currents before (0-150s) and after (150-300s 

and 300-450s) application of Oestrone-Oxime (5 μM).   
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Figure 5.3.5.1.2 Graphs showing effect of Oestrone-Oxime (5 µM) on the single channel 

current of the BK channel consisting of α subunits alone.  This figure demonstrates that 

Oestrone-Oxime had no significant effect on single channel current amplitude.  Plot (i) 

depicts a mean of single channel currents recorded in the absence or presence of 

Oestrone-Oxime.  No significant difference was observed between single channel 

current before and after application of compound (p>0.05). The data are a mean of four 

individual bilayer recordings (n=4). Histograms (ii), (iii) and (iv) are constructed from a 

single representative bilayer recording.  Plot (ii) is a representative all-points histogram 

of unitary currents, recorded in the absence of Oestrone-Oxime (0-150 seconds) and 

plot (iii) in the presence of 5 μM Oestrone-Oxime for a further 150-300 seconds and then 

a further 300-450 seconds plot (iv).    All recordings were held at a membrane potential 

of -50 mV, the free Ca
2+

 concentration was 54 μM. 
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The unitary current for the first 150 seconds prior to the addition of Oestrone-

Oxime (5 µM) was 12.50 pA ±1.32 pA which corresponds to a unitary 

conductance of 250 pS.  There was no significant difference in unitary current 

after the application of Oestrone-Oxime as judged by a one-way ANOVA 

followed by a Bonferroni post hoc correction test for multi comparisons 

(p>0.05).  Figure 5.3.5.1.2 (ii) (iii) and (iv) is an example of a single channel 

current amplitude histogram taken from a single bilayer recording of BKα 

channels before and after the application of Oestrone-Oxime (5 μM).  

 

To summarise, Oestrone-Oxime (5 µM) did not alter the NPo of the BKα 

channels.  In addition, Oestrone-Oxime did not change the single channel 

current and consequently, the single channel conductance.  However, as with 

oestradiol, if Oestrone-Oxime interacts directly with BK channels, it may be 

that, the presence of β1 subunits may be required for BK modulation. 

 

5.3.5.2 Effects of Oestrone-Oxime (5 µM) on BK channels comprising α 

plus β1 subunits in lipid bilayers 

This study has established Oestrone-Oxime activates BK α+β1 currents in 

whole cell recordings.  Unless these effects are a consequence of intracellular 

mechanisms, it would be not unreasonable to record a similar activation here 

in a planar lipid bilayer system. 

 

The effect of Oestrone-Oxime on channel gating is illustrated in Figure 

5.3.5.2.1.   (Ai)   and (Aii) are example traces of BKα+β1 channel activity 

recorded in lipid bilayers before and after the application of Oestrone-Oxime (5 



 

300 

 

µM).  Figure (Aii) illustrates the long closed periods that were observed after 

the application of Oestrone-Oxime.   

 

The average open probability of eight bilayer recordings is illustrated in (Bi) 

and (Bii).  Each data point in (Bi) represents a mean of all recordings per 30 

second recording block.  (Bii) compares channel activity using pooled data into 

larger 150 second bins.  On average the NPo was 0.44 0.18 prior to the 

application of Oestrone-Oxime. 

 

Initially, BK channel activity appeared to gradually decrease after the addition 

of Oestrone-Oxime; however, a Kruskal-Wallis, one-way ANOVA followed by a 

Dunn’s post hoc correction test for multi comparisons revealed no significant 

difference in NPo after the addition of 5 μM Oestrone-Oxime in BKα+β1 

channels (p>0.05).  
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Figure 5.3.5.2.1 The effects of Oestrone-Oxime (5 µM) on the NPo of the BK channel 

consisting of α and β1 subunits.  The example trace in (Ai) is taken from the first 150s of 

a BKα+β1 recording prior to the addition of Oestrone-Oxime.  Correspondingly, (Aii) 

shows an example trace in the presence of Oestrone-Oxime (5 µM).  A plot of mean NPo 

vs. time before (0-150 seconds), and after (150-450 seconds) the application of 5 µM 

Oestrone-Oxime (cis side) is shown in (Bi).  Subsequent grouping of the data into larger 

150 second width bins is illustrated in (Bii).  The application of Oestrone-Oxime (5 µM) 

has no significant effect on BKα+β1 channel gating activity (p>0.05).  All recordings 

were made at a holding potential of -50 mV and symmetrical electrolyte solutions 

containing 0.53 µM free Ca
2+

 (n=8).   

 

 

The effect of Oestrone-Oxime (5 μM) on the unitary current of BK channels 

expressing both α and β1 subunits was investigated.  Recordings could be 

fitted to two or three Gaussian curves and the unitary current determined.  The 
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number of Gaussian curves fitted was dependent on the number of channels 

within the bilayer 
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Figure 5.3.5.2.2 Graphs showing effect of Oestrone-Oxime (5 µM) on the single channel 

current amplitude of BKα+β1 channels.  This figure demonstrates that Oestrone-Oxime 

had no significant effect on single channel current amplitude.  Plot (i) depicts a mean of 

single channel currents recorded in the absence or presence of Oestrone-Oxime.  No 

significant difference was observed between single channel current before and after 

application of compound (p>0.05).  The data are a mean of eight individual bilayer 

recordings (n=8). Histograms (ii), (iii) and (iv) are constructed from a single 

representative bilayer recording.  Plot (ii) is a representative all-points histogram of 

unitary currents, recorded in the absence of Oestrone-Oxime (0-150 seconds) and plot 

(iii) in the presence of 5 μM Oestrone-Oxime for a further 150-300 seconds and then a 

further 300-450 seconds plot (iv).    All recordings were held at a membrane potential of 

-50 mV, the free Ca
2+

 concentration was 0.53 μM.  

 

Figure 5.3.5.2.2 (i) shows unitary currents before (0-150s) and after (150-300s 

and 300-450s) application of Oestrone-Oxime (5 μM).  The unitary current for 
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the first 150 seconds prior to the addition of Oestrone-Oxime was 10.29 pA 

±1.32, which corresponds to a unitary conductance of 205.8 pS.  There was 

no significant difference in unitary current after the application of Oestrone-

Oxime as judged by a one-way ANOVA followed by a Bonferroni post hoc 

correction test for multi comparisons (p>0.05).  Figure 5.3.5.2.2 (ii) (iii) and (iv) 

is an example of a single channel current amplitude histogram taken from a 

single bilayer recording of BKα+β1 channels before and after the application of 

Oestrone-Oxime (5 μM).  Three peaks can be seen in this recording 

representing two conducting BK channels. 

 

After application of Oestrone-Oxime, long closed periods were observed and 

channel activity appeared to be inhibiting over time.  This is exemplified very 

effectively in plot (iv) which clearly shows the area of the open histograms to 

have decreased substantially after 150s of exposure to Oestrone-Oxime.  

However, a statistical analysis revealed no significant change to unitary 

current after application of compound. 

 

In brief, the presence of the β1 subunit made no significant difference to the 

NPo of the BK channels after application of Oestrone-Oxime (5 µM).  In 

addition, Oestrone-Oxime did not change the single channel current and 

consequently, the single channel conductance.   

 

5.3.6 Results summary 

In planar lipid bilayer experiments, none of the oestrogens tested were able to 

modulate reconstituted BK channels when only α subunits were present.  
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However, NPo was significantly enhanced when Oestrone (5 µM) was added 

to bilayers containing BKα+β1 channels.  Application of a higher concentration 

(50 µM) of Oestrone, DME-Oestrone or Quat-DME-Oestrone had no effect on 

BK channel kinetic activity regardless of BK subunit configuration.                                                 

All observations are summarised in Table 5.3.6.1, alongside findings from 

similar studies using 17β-oestradiol, tamoxifen and its quaternary derivative, 

ethylbromide tamoxifen demonstrated by other workers.  

 

Due to time constraints, bilayer experiments could not be completed.  As a 

consequence data could not be recorded for DME-Oestradiol or Quat-DME-

Oestradiol.  For the same reason, a high concentration of Oestrone-Oxime (50 

µM) could not be tested on either BKα or BKα+β1 channels.  Similarly, data for 

the effect on BKα+β1 channels of DME-Oestrone (50 µM) and Quat-DME-

Oestrone (50 µM) could not be recorded.   
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Table 5.3.6.1 Effects of oestrogens and novel derivatives on BK channels reconstituted 

in lipid bilayers. 

 

Key: 0 = compound inactive;  

              <   <   = significant activation in order of potency;  

              = significant inhibition;    
             NPo = open probability of channel x the number of channels;  

           = single channel conductance;   

NDA (no data available in bilayers); PS (present study); UD (Allen et al., 
unpublished   data) 

            (xenooestrogen) = novel compound synthesised for the purpose of this study 

 

COMPOUND 
BK α alone BK α+β1 

REFS 
NPo  NPo  

1
7
-k

e
to

 o
e
s

tr
o

g
e

n
s
 

OESTRONE 0 0  0 PS 

DME-OESTRONE 0 0 0 0 PS 

QUAT-DME-

OESTRONE 
0 0 0 0 PS 

1
7
 o

x
im

e
 

OESTRONE-OXIME 0 0 0 0 PS 

1
7
 β

-h
y
d

ro
x
y
 o

e
s

tr
o

g
e
n

s
 

DME-OESTRADIOL NDA NDA NDA NDA PS 

QUAT-DME-

OESTRADIOL 
NDA NDA NDA NDA PS 

17β-OESTRADIOL 0 0  0 
[40] 

UD 

N
o

n
-s

te
ro

id
a
l 

a
n

ti
o

e
s
tr

o
g

e
n

s
 TAMOXIFEN NDA 0  0 UD 

ETHYLBROMIDE 

TAMOXIFEN 
 0  0 UD 
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5.4 DISCUSSION  

The patch clamping technique is considered by many to be the gold standard 

in ion channel analysis [511-513].  However, acute activation of BK channels 

by any potential ligand may be influenced by various intracellular signalling 

processes.  Subsequently, this raises the question of whether BK activation, 

observed in whole cell recordings, is purely a consequence of direct BK 

involvement or possibly a result of other membrane receptor-induced events.  

For instance, second messenger pathways involving G-proteins, cAMP-

mediated phosphorylation, GMP, cGMP-mediated phosphorylation and NOS 

are all known routes to BK activation in vivo and in vitro, while inhibition of BK 

conductance may sometimes be attributable to redox changes and cysteine 

oxidation [118, 213, 215, 354-357, 514].  In view of this, consideration must be 

given to the fact that HEK 293 cells, though well-tailored for use as a stable 

expression system, are nonetheless, human cells with an attendant capacity to 

respond to normal cellular signalling.  Accordingly, the patch clamping data 

amassed for this study (Chapter 4) have raised some unanswered questions, 

about how and where oestrogens and their novel derivatives influence BK 

channels.  Resolution of some of these questions was attempted by examining 

the effects of oestrogens on reconstituted BK channels in planar lipid bilayers. 

 

The planar lipid bilayer technique is an elegant, alternative investigative 

methodology in ion channel behaviour, not least because it can be used to 

explore permeation and gating characteristics of individual ion channels in a 

chemically isolated environment.  It also affords the opportunity to preclude or 

at least ameliorate the effects of unwanted intracellular protein signalling 
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brought about by the many endogenous signalling molecules and receptors 

present in whole cells.  Using purified membrane vesicles, reconstituted from 

cells over-expressing the channel of interest, ensures that the resultant 

membrane vesicles used for bilayer insertion will contain an over-abundance 

of the wanted protein with less likelihood of interference from any residual, 

less numerous, endogenous channels.   

 

Whilst previous work in patched whole cell recordings has established the 

prerequisite co-association of auxiliary β1 subunits with their companion α 

subunits in order for oestrogens and xenooestrogens to modulate BK channels 

[102, 129, 515, 516], it was work done by de Wet et al., using the planar lipid 

bilayer technique, which established mandatory association of multiple 

auxiliary β1 subunits with the core channel for optimum oestrogen-induced 

activation [40, 517].  Here, bilayer experiments suggest that Oestrone, like its 

metabolite 17 β-oestradiol, activates BK channels provided α subunits are 

expressed with the β1 subunit.                                                                          

 

5.4.1 Effects of Oestrone and novel derivative xenooestrogens on NPo of 

BK channels recorded in lipid bilayers 

Given the body of evidence provided by many previous studies, it was not 

anticipated that Oestrone, readily converted to 17 β-oestradiol in vivo, would 

affect the gating or permeation kinetics of BKα alone channels inserted into 

lipid bilayers.  Here indeed, the open probability (NPo) of these channels after 

application of 5 μM Oestrone (150-450s) did not significantly alter from the 

control period (0-150s) (Figure 5.3.2.1.1).  Similarly, DME-Oestrone, Quat-
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DME-Oestrone and Oestrone-Oxime, followed the same pattern when applied 

to BKα channels (Figures 5.3.3.1.1; 5.3.4.1.1; 5.3.5.1.1 respectively).  This 

was expected and parallels findings previously proposed by Valverde et al., 

(1999), that β1 subunit association is required for oestrogen-induced BKα 

activation.  Additionally, the outcome was no different for higher 

concentrations of oestrogens.  Application of Oestrone, DME-Oestrone and 

Quat-DME-Oestrone (50 μM) to the cis side of the bilayer had little or no effect 

on BKα NPo (Figures 5.3.2.3.1; 5.3.3.3.1; and 5.3.4.3.1 respectively).   

 

Predictably, there was a sustained and significant increase over time in NPo of 

BKα+β1 channels after treatment with Oestrone (5 μM) but interestingly, 

treatment of these channels with a high concentration of Oestrone (50 μM), 

had no significant effect on NPo (Figures 5.3.2.2.1 and 5.3.2.4.1 respectively).  

Nevertheless, 50 µM is a high concentration of Oestrone, close to saturation 

and, with a danger of precipitation, the need for a complete concentration 

response analysis is essential. 

 

None of the novel xenooestrogens tested - DME-Oestrone; Quat-DME-

Oestrone nor Oestrone-Oxime mirrored previous published reports of other 

xenooestrogen-BK activation in the presence of β1 subunits [103, 129, 518].  

All of the synthesised compounds in this study proved to be inactive when 

applied to BKα+β1 channels reconstituted in lipid bilayers.  However, studies 

using other techniques, including this study, have shown oxime compounds to 

be possible nitric oxide donors.  For example, work done by Chalupsky et al 

demonstrated that some oxime derivatives increase NO levels in human 
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smooth muscle cells which exert significant vasorelaxant effects.  They 

deduced that this was due to NO formation in the smooth muscle cells 

triggering subsequent activation of soluble guanylyl cyclase and cyclic GMP-

dependent protein kinases [261].  If this is true for Oestrone-Oxime, then the 

bilayer technique will not record such events, due to the absence of 

intracellular enzymes and would explain the lack of any observed BK channel 

activity here. 

 

5.4.2 Effects of Oestrone and novel derivative xenooestrogens on single 

channel current of BK channels recorded in lipid bilayers 

The effect of Oestrone, DME-Oestrone, Quat-DME-Oestrone and Oestrone-

Oxime on the unitary current of BK channels was investigated.  Previous 

researchers have reported some xenooestrogens have been found to effect 

unitary current of BK channels in a β1 subunit-independent way.  This is 

suggestive of a possible alternative interaction between the ligand and the 

pore-forming α subunit.  Dick et al., have reported such effects from tamoxifen 

and its quaternary derivative ethylbromide tamoxifen [103, 104, 129].  

According to Dick et al., both steroidal oestrogens and non-steroidal 

xenooestrogens are able to reduce the unitary conductance of BK channels 

when expressing only α subunits [103, 104, 129].  Interestingly, this would 

imply that such compounds may interact with the channel independently of 

any associating β1 subunits.  Reduced single channel currents are often 

thought to be due to a rapid association of the drug with the open pore of the 

channel inducing a rapid form of flicker block. However, this study found no 

evidence of a significant alteration in unitary current in bilayers, before or after 
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application of Oestrone or the xenooestrogens DME-Oestrone, Quat-DME-

Oestrone and Oestrone-Oxime. 

 

5.4.3 The planar bilayer as a system for investigating direct activation of 

BK channels 

The planar lipid bilayer system has the advantage that it is a cell free system 

free of the complications arising from back ground cellular process such as 

changes in second messenger systems, redox changes and receptor 

mediated cellular events.  However, there are deficiencies in the system which 

can make it problematic as a tool for investigating drug actions at the single 

channel level.  For example:- 

 The lipid constituents of the artificial bilayer are determined by the 

experimenter but usually have different constituents to real cell 

membranes.  For example, cell membranes also contain cholesterol 

which helps to create more stable artificial bilayers.  However, several 

workers have reported cholesterol-induced modulation of BK channels 

in artificial bilayers [519-521].  Indeed, BK channels are known to 

cluster in cholesterol-rich membranes which affords the opportunity to 

investigate cholesterol-BK channel interactions as possible therapeutic 

and pharmacological targets [521]. 

 Cell membranes are asymmetric, having different lipids on the inner 

leaflet to the outer leaflet; with the painted bilayer system, it is difficult to 

produce asymmetric bilayers. 

 It is still possible that the BK channel subunits, reconstituted from 

purified HEK cell membrane vesicles, could be associated with 
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unknown accessory integral proteins.  For example, BK channels 

associate with β subunits but are also known to associate with voltage-

gated Ca2+ channels.  The only real way of studying BK channels in 

isolation is to purify the BK protein away from all other proteins and 

reconstitute with an excess of β1 subunits into proteoliposomes.  These 

proteoliposomes could then be used in planar lipid bilayers.  In this 

study, purified membranes not purified proteins are used; consequently, 

unknown proteins could be associating with the BK channel.  However, 

this is unlikely as the α and β1 subunits have been over-expressed and 

hence, should be the dominant proteins in the purified membrane 

vesicles. 

 The experimenter does not know how many β1 subunits are associating 

with the BK channel under investigation.  This is important, especially 

when investigating the effects of oestrogens on the channel.  It has 

been documented that for oestrogens to modulate gating activity of BK 

channels, at least two β1 subunits need to be associating with the core 

channel [40]. 

 Bilayers are fragile, easily blown by electrical and / or mechanical 

noises and have low success rates. 

 The experimenter has no control over channel insertion.  For example, 

in these experiments, one recording a day was exceptional.  Channel 

activity is also difficult to record when more than three channels are 

conducting in concert as the traces go off scale. 

 Small residual pockets of solvent, trapped in the bilayer, may cause 

denaturing / disruption of the channel proteins.  Setting up the bilayer, 
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the solvent is initially allowed to evaporate, but to generate a perfect 

working bilayer, the cup may need re-painting with lipids, thus, re-

introducing solvent.   

 

However, the painted lipid bilayer is, indeed, an invaluable technique when 

used in juxtaposition with other investigative methodologies such as whole cell 

patch-clamp experiments, as it can rule out any oestrogenic effects on BK 

gating characteristics which may be attributable to genomic origins.  Also, 

because this technique allows for easy access to the internal and external 

surface of the channel protein in a chemically isolated environment, drug 

delivery is effectively achieved.   
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5.5 SUMMARY 

These bilayer data have successfully demonstrated that Oestrone can activate 

the BK channel in a non-genomic way, provided β1 subunits are co-expressed 

with α subunit tetramers.  This was expected and concurs with previous 

evidence documenting the ability of steroidal oestrogens to activate the BK 

channel via a non-genomic pathway.  However, single channel analysis in 

bilayers confirmed the novel xenooestrogens - DME-Oestrone, Quat-DME-

Oestrone are inactive on BK channels.  In addition, Oestrone-Oxime was 

unable to activate the channel at membrane level, regardless of subunit 

composition. 

 

Unfortunately, time constraints prevented investigation of the effects of DME-

Oestradiol or Quat-DME-Oestradiol on BK channels reconstituted in artificial 

lipid bilayers.  Experiments using high concentrations of oestrogens (50 µM) 

could not be completed.   

 

 

 

 

  



 

 

 

 

 

 

 

 

CHAPTER 6 

General Discussion
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6.1 GENERAL DISCUSSION  

There is a wealth of evidence claiming oestrogens promote vasorelaxant 

effects in vascular smooth muscle which are rapid in onset and are mediated 

by an endothelium-independent, non-genomic pathway [82, 522] and the aim 

of this investigation was to explore the acute effects and underlying 

mechanisms of novel oestrogen derivatives as vasorelaxants and activators of 

the large conductance BK potassium channel.   

 

6.1.1 Synthesis of novel xenooestrogens from known BK activators 

It was intended to design and synthesise compounds that could activate the 

BK channel via a non-genomic pathway by incorporating some of the 

structural motifs of recognized xenooestrogens with proven vasorelaxant 

capabilities.  Previously, oestradiol-BSA conjugates as direct BK activators 

have been synthesised [102].  These membrane-impermeant oestrogen 

derivatives were reported to activate BK channels directly.  However, the 

efficacy of these molecules has since been queried as it has been 

demonstrated that these conjugates easily disassociate, resulting in leaching 

of free oestrogen [151, 152].  Additionally, because of stearic hindrance, the 

relative binding efficiency of these conjugates is low and consequently these 

molecules do not compete for oestradiol binding to oestrogen receptors in 

vitro.  Thus, in experiments using conjugates, it may indeed be possible that 

the observed activity is attributable to leached oestradiol.  It is clear that there 

is a need for a new experimental approach to non-permeable oestrogens. 
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To achieve the objectives of this study then, the initial task was to successfully 

synthesise suitable novel oestrogen derivatives.  The compounds were 

designed to:-  

 retain the four-ringed backbone of steroidal oestrogens  

 incorporate the amine side chain of tamoxifen  

 incorporate the positively charged side chain of ethyl bromide 

tamoxifen, a membrane-impermeable quaternary analogue of tamoxifen 

[143], which would offer an elegant alternative to oestradiol-BSA 

conjugate compounds. 

 

Five novel xenooestrogens, DME-Oestrone, Quat-DME-Oestrone, DME-

Oestradiol, Quat-DME-Oestradiol and Oestrone-Oxime were synthesised 

using Oestrone as the parent compound.  A pure crystal structure of DME-

Oestrone was achieved which informed the successful synthesis of other 

derivatives.  Although, this was the only crystal structure to be realised, it was 

not totally unexpected due to the deliquescence of the other compounds, 

especially true of those compounds with a quaternary ammonium tail.  

However, the purity of each of these compounds was fully confirmed using a 

series of analytical techniques before evaluation of their pharmacological 

response on BK channels was undertaken. 

 

Pharmacologic appraisal of the novel compounds was undertaken using the 

following methodologies:- 
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 ex vivo whole tissue isolated organ bath assays using rat aortic rings, to 

investigate selectivity for BK channels and other potential oestrogen 

targets of these novel compounds 

 in vitro, whole cell patch-clamp recordings of BK currents from HEK 293 

cells expressing either α or α+β1 subunits, to investigate novel 

oestrogens and subunit dependence of BK activation 

 planar lipid bilayers to investigate the molecular and functional effects 

of novel oestrogens on reconstituted  BK channels. 

 

DME-Oestrone, Quat-DME-Oestrone, DME-Oestradiol and Quat-DME-

Oestradiol are all novel compounds.  Furthermore, this study is the first time 

that these compounds have been synthesised and pharmacologically tested, 

all of which were carried out by the author.  Oestrone is an endogenous 

hormone and Oestrone-Oxime has been reported to have been synthesised 

[464].  However, to the best of the author’s knowledge, there has been no 

pharmacological assessment of its activity on BK channels. 

 

6.1.2 Ex vivo vascular studies 

An isolated organ bath is the classical pharmacological screening tool used to 

assess concentration-response relationships in contractile tissue.   In contrast 

to molecular assays, the effects of compounds with unknown molecular 

targets can be studied and aortic ring assays bridge the gap between in vivo 

and in vitro models.  The assay was implemented in this study primarily to 

investigate selectivity of the synthesised compounds for BK channels and 

other potential oestrogen targets. 
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If the compounds synthesised for this study are indeed novel BK activators, 

then smooth muscle relaxant activity in arterial smooth muscle would be 

apparent in the presence of the compounds.  In addition, the relaxation would 

not be dependent on nitric oxide release from an intact endothelium, while 

relaxation would be reversed by specific BK channel blockers such as 

iberiotoxin.  It would be necessary to examine the effects of the compounds in 

endothelium-intact and denuded aortic rings in order to investigate effects on 

smooth muscle directly and rule out endothelium-dependent mechanisms of 

action.  

 

This present study has successfully demonstrated that Oestrone and the novel 

oestrogens, except Quat-DME-Oestrone, were able to relax smooth muscle in 

a concentration-dependent manner (Refer to Table 3.3.9.1).  Previously, 

oestrogens have been reported to produce rapid vasorelaxation in smooth 

muscle over a range of concentrations, from as little as 5 pM to as much as 1 

mM [225], and this investigation was no exception.  Here, the novel oestrogen 

derivatives could promote relaxation of pre-contracted aorta with and without 

an intact endothelium within an increasing and cumulative range of 

concentrations (0.3 µM to 30 µM).  These concentrations were in accord with 

previous studies [219, 234, 523].  However, relaxation was instigated through 

different mechanisms.  In particular, Oestrone-Oxime required the presence of 

the endothelium to exert much of its effect.  This suggests the relaxant 

properties of this xenooestrogen may not necessarily involve BK activation.  

Indeed, the oxime functional group (N=OH) of this steroid confers NO donor 

status because it is susceptible to oxidative-cleavage [258, 261].  Furthermore, 
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some oximes are metabolised to NO by cytochrome P450 [259] or 

NAD/NADP-dependent oxido-reductases [258, 465, 524].   

 

Quat-DME-Oestradiol depended both on nitric oxide and BK channel 

activation.  This was demonstrated by significant endothelium-dependent and 

endothelium-independent relaxation in the pre-contracted aorta as well as 

IbTX sensitivity.  This implies that BK channels are important in its mode of 

action.   

 

Reversal of tissue relaxation by iberiotoxin, however, is only an indication of 

BK channel involvement and is not proof of direct binding of the compound to 

the BK channel.  It is possible that compounds that are capable of relaxing 

whole tissue could be activating the BK channel indirectly via various 

membrane receptors, some of which are listed in Table 3.4.1, or indeed, 

through mechanisms independent of the BK activation.   

 

As this technique is at best an assessment of the relaxant properties of the 

novel oestrogens in aortic smooth muscle and not a test for direct activation of 

the BK channel in isolation, it was necessary to examine their effectiveness in 

a more defined in vitro system using the whole cell patch-clamp method. 

 

6.1.3 Whole cell patch-clamp studies  

The patch-clamp technique was employed to record whole cell BK currents in 

an appropriate cellular expression system.  Cloned BK genes have been 

successfully expressed in HEK 293 cells facilitating single-channel analysis of 
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BK currents [307, 525].  HEK 293 cells, over-expressing either hSloα or both 

hSloα and hSloβ1 subunits, were used for this purpose as these cells:- 

 have no constitutively expressed BK channels [292]  

 do not express ERα, ERβ [269, 270] or  

 do not express GPR30/GPER receptors [271, 469]   

 have little or no NOS activity [253, 526, 527]. 

HEK 293 cells over expressing the α and α+β1 subunits of the BK channel 

were capable of generating robust BK currents.  Before evaluating the effects 

of the compounds on these evoked currents, it was essential to establish the 

successful expression of BK α and 1 subunits, therein.  Characterisation of 

evoked BK currents recorded from whole cell patch-clamp using non-

stationary noise analysis, toxin blockade, activation rate and conductance-

voltage relationship confirmed the expression of  and  plus β1 subunits in 

the HEK 293 cells.   

 

In this study, it was hypothesised that whole cell patch-clamp experiments 

would provide some answers as to which, if any, of the compounds are able to 

modulate BK channel function.   For instance, if relaxation of the rings in the 

presence of DME-Oestrone is independent of BK channels, one would expect 

this compound to be inactive against BK currents in HEK cells over-expressing 

BK channels.  Likewise, Quat-DME-Oestrone, inactive in rings, would be 

unable to modulate BK channels in an expression system.  Because Quat-

DME-Oestradiol produced IbTX-sensitive relaxation in aortic rings, it was 

hypothesised that this compound would be able to enhance evoked BK 

currents in HEK 293 cells.     
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It was anticipated that whole cell recordings of BK currents would demonstrate 

a β1 subunit-dependence of any compounds that were able to enhance 

evoked BK currents. Previously, it has been shown that non-steroidal 

antioestrogens and steroidal oestrogens activate BK channels in a subunit-

dependent manner [101, 102, 129] and it was hypothesised that if the 

oestrogen compounds in this study are BK activators then they will show 

similar subunit-  dependence.  The collected data demonstrated that Oestrone, 

Quat-DME-Oestradiol and Oestrone-Oxime could, indeed, enhance BK 

currents when both α and β1 subunits were expressed in HEK 293 cells (refer 

to Table 4.4.2.1).  Furthermore, the macroscopic gating kinetics of the channel 

remained unaltered in the presence of these compounds.  These data agree 

with the investigation by Morrow et al., who postulated that the β1 subunit 

ability to confer oestrogen sensitivity is separate from its ability to alter the 

macroscopic gating kinetics of BK currents [251].   

 

Although the experiments in this study have illuminated which of the tested 

compounds are BK activators, these data alone cannot determine definitively, 

the location of a possible BK activation site or sites.  For instance, HEK 293 

cells lack endogenous GPE receptors [271, 469], but this does not preclude 

direct or secondary modulation of other membrane receptors.  Previous 

investigations, using xenooestrogens such as tamoxifen plus membrane-

impermeable isoforms such as ethylbromide tamoxifen [143] and have put 

forward compelling evidence that the site of action for these compounds, is 

located extracellularly [137, 143, 515].  This study also supports a proposed 

extracellular site of action and these findings have been published in a peer 
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reviewed journal [235].  Quat-DME-Oestradiol, due to the presence of a 

quaternary functional group, is the only active synthesised compound that is 

membrane-impermeable.  This indicates an extracellular site of action for this 

compound and corroborates previous work done by Dick et al., which 

suggests a putative binding site for ethylbromide tamoxifen within the 

extracellular loop of the β1 subunit [104].   

 

To further explore the mechanism of action of these compounds on BK 

currents, single channel conductance, channel lifetime and channel open 

probability were investigated.  These effects can be considered from inside-out 

and outside-out patches, however, it was decided to extend the investigation 

in a reductionist system where recombinant BK protein is studied in artificial 

lipid bilayers.  HEK 293 cell membranes, over-expressing BKα and BKα plus 

β1 subunits, were purified and reconstituted in planar lipid bilayers.  An over-

abundance of these subunits ameliorates interference from any residual, less 

numerous, endogenous channels.   

 

6.1.4 Planar lipid bilayer studies 

Whole cell experiments in patched HEK 293 cells, although confirming which 

of the compounds were able to enhance evoked BK currents, raised other 

questions about how and where they interact with BK channels.   To 

investigate whether these observed phenomena are a result of direct BK 

involvement or other cellular events, the effects of the oestrogens on 

reconstituted BK channels in planar lipid bilayers was explored.  Although 

considerations such as single channel conductance, channel lifetime and 
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channel open probability can easily be accomplished using outside-out and 

inside-out patch-clamp configurations, the planar lipid bilayer system furnishes 

the opportunity to control lipid content in the artificial reconstituted bilayer.   

 

Cell membranes consist of a combination of sphingophospholipids, glycolipids 

and sterols.  The sterols include cholesterol, a class of steroid, which is a vital 

element of the cell’s lipid membrane and is essential for the organisation and 

integrity of the bilayer [477-479].  The plasma membrane in mammalian cells 

contains approximately 30-50 mol% of cholesterol, which is randomly and 

unevenly distributed throughout the cell membrane in cholesterol-rich and 

cholesterol-impoverished sphingolipid domains [479-481, 528, 529].  HEK 293 

cells are mammalian cells with typical mammalian cell membrane composition 

which will include areas rich in cholesterol.  BK channels are known to cluster 

in cholesterol-rich membrane microdomains and functional BK-cholesterol 

interactions have been reported [521].  It has been hypothesised that depletion 

of membrane cholesterol leads to potentiation of BK currents, while the 

presence of cholesterol in a mixture of phospholipids within an artificial bilayer 

depresses BK single channel activity [519, 521].  It has also been proposed 

that cholesterol may even interact with a protein surface that resides at the BK 

α subunit itself, leading to BK channel function modification including 

decreased channel open probability [520].  In this study, the bilayers were 

made up from a 1:1 ratio of phospholipids (POPS and POPE).  Cholesterol 

was not added to the phospholipid mixture in order to obviate the possibility of 

BK subunit and sterol interaction.   
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The results of this study, so far, support investigations, which have 

demonstrated that co-association of auxiliary β1 subunits is a pre-requisite for 

modulation of BK channels by oestrogens [102, 129, 515, 516].  As 

anticipated, planar lipid bilayer experiments substantiated oestrogens and 

xenooestrogens are inactive when only α subunits were present.  Moreover, 

Oestrone, like its metabolite 17β-oestradiol, significantly enhanced the open 

probability of channels associating with accessory β1 subunits.  This also 

demonstrates that oestrogens, unlike ethanol - a cholesterol antagonist [519], 

do not require cholesterol-BK interaction for channel modulation.  Oestrone-

Oxime was found to be inactive in bilayers even in the presence of the 1 

subunit.  This was anticipated, as other techniques have demonstrated the 

mechanism of action for oximes involves nitric oxide.  Due to the absence of 

intracellular signalling enzymes in a reductionist bilayer system, Oestrone-

Oxime was, predictably, inactive.  

 

As with the other techniques used in this study, Quat-DME-Oestrone could not 

modify BK channel kinetics and remained inactive.  DME-Oestrone, similarly, 

was inactive in bilayers as in HEK 293 cells.  Unfortunately, the opportunity to 

test DME-Oestradiol and Quat-DME-Oestradiol was denied due to time 

constraints.   
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6.2 SUMMARY 

The main findings of this thesis are summarised below in Table 6.2.1  

Table 6.2.1 Summary of main findings of compounds on smooth muscle relaxation and 

BK channel currents.  

 

Compound Effects on 
pre-
contracted 
intact  
aortic 
rings 
 

Effects on 
pre-
contracted 
denuded 
aortic 
rings 
 

Effects 
on BKα 
currents 
HEK 293 
cells 

Effects 
on  
BKα+β1 

currents 
HEK 293 
cells 

Effects on 
BKα 
currents 
planar 
lipid 
bilayers 

Effects 
on  
BKα+β1 

currents 
planar 
lipid 
bilayers 

Oestrone Relaxes Relaxes Inactive  
(5 µM) 

Activates 
(5 µM)  

Inactive  
(5 µM, 50 
µM) 

Activates 
(5 µM) 
Inactive 
(50 µM) 

DME-
Oestrone 

Relaxes Relaxes Inactive  
(5 µM) 

Inactive  
(5 µM) 

Inactive  
(5 µM) 

Inactive  
(5 µM) 

Quat-DME-
Oestrone 

Inactive Inactive Inactive Inactive Inactive Inactive 

Oestrone-
Oxime  

Relaxes Relaxes Inhibited Activates Inactive Inactive 

DME-
Oestradiol 

Relaxes Relaxes Not tested Not tested Not tested Not 

tested 

Quat-DME-
Oestradiol 

Relaxes Relaxes Inhibited Activates Not tested Not 

tested 

 

These novel compounds showed a range of activity - from the completely 

inactive (Quat-DME-Oestradiol) to relaxant activity independent of BK 

involvement and relaxant activity dependent on BK activation.  All BK 

activation in the presence of oestrogens required the presence of the 1 

subunit. 
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6.3 FURTHER WORK 

Because Quat-DME-Oestradiol was able to relax pre-contracted smooth 

muscle aortic tissue and enhance evoked BK currents in HEK 293 cells, for 

the sake of completeness, this novel compound should be considered as a BK 

activator in a planar lipid bilayer system.   

 

In smooth muscle, relaxation of pre-contracted tissue induced by Quat-DME-

Oestradiol may involve other mechanisms in addition to direct BK activation 

(e.g. via nitric oxide or other second messengers).  In these whole tissue 

studies, Quat-DME-Oestradiol-induced relaxation was reversed by application 

of the BK blocker IbTX but this only indicates BK involvement and not a direct 

effect of the compound on the channel.  Recent work done by Royal et al., 

[250] has proposed that oestrogens can regulate nNOS within arterial smooth 

muscle.  

 

Since this present study was completed, further experiments outside the remit 

and time-frame of this thesis and published by the author, support this 

hypothesis [235].  It was found that the relaxant effects of Quat-DME-

Oestradiol were partially reduced by L-NAME, a non-specific NOS inhibitor.  

Because this novel oestrogen is membrane impermeant, these data suggest 

the compound may be targeting unknown membrane receptors that modulate 

nNOS within aortic smooth muscle.  However, in HEK 293 cells, although 

enhancement of BK currents by Oestrone and novel oestrogens may still 

involve second messengers, it is highly improbable that nitric oxide is involved 

due to lack of NOS (refer to Chapter 4 Section 4.1.1.2) [526].  This all 
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illustrates the need to apply a reductionist approach to investigate direct 

actions on the channel.  

 

The planar lipid bilayer system provides this reductionist approach, removing 

all possibility of nitric oxide and second messenger interference, and would be 

the next logical step to investigate direct effects of Quat-DME-Oestradiol on 

BK channel kinetics. 

 

Following on from this for comparison, a series of BK single channel kinetics 

experiments could be carried out exploring ionic activity from different surfaces 

of the cell membrane on inside-out and outside-out patches using HEK 293 

cells (refer to Chapter 4.1.2; Figure 4.1.2.1; and Table 4.1.2.1). These 

experiments may also add to evidence of a possible site of action. 

 

The acute effects of 17β-oestradiol have been studied on vascular smooth 

muscle [9-12], and a vasorelaxant effect over a large range of concentrations 

(10 pM–1 mM) was demonstrated [225].  In this study, cumulative additions of 

Oestrone and the novel oestrogens (ranging through 0.1 µM to 30 µM) were 

used on pre-contracted aortic smooth muscle to assess their ability to induce 

tissue relaxation.  In whole cell patch-clamp experiments a 5 µM concentration 

of compound was used to treat HEK 293 cells and in planar lipid bilayer 

experiments, both 5 µM and a high concentration (50 µM) were applied to BK 

channels.  In bilayers, it was shown that 5 µM Oestrone enhanced BKα+β1 

channels, while 50 µM had no effect.  Although, the concentrations used in this 

study are pharmacologically compatible and are within the range that have 



 

328 

 

been used by previous workers [40, 102, 104], for a complete insight into 

mechanisms of action, it would be edifying to plot complete concentration-

response curves for the compounds used in both HEK 293 cells and planar 

lipid bilayers.   

 

Investigation of the effects of the novel compounds on other β subunits to 

determine subunit specificity should be carried out.  There are at least 4 

known BK β subunits and a full list of these along with their tissue expression 

and kinetic properties is reported in Table 4.1.3.4.1.  Oestrogens are well 

documented to activate BKα channels when there are β1 subunits present and 

this study supports this.  However, although β2 subunits are sensitive to some 

steroids e.g. dehydroepiandrosterone (DHEA) - a stress-related adrenal 

androgen, they are not sensitive to oestrogens [530, 531].   

 

Following on from this, it is possible that studies using chimeric constructs 

between different BK β subunits might provide valuable information as to the 

site of action for the novel oestrogens.  Chimeric exchange of the different 

regions of the β1 and β2, β3 or β4 subunits have been used previously to 

demonstrate behaviour of BK subunits [39].  This study supports other 

workers’ reports of an extracellular site of action for oestrogens and their β1 

subunit-dependence [532].  The use of chimeric constructs of BK subunits 

could pinpoint such sites to particular residues within the 1 subunit.  For 

instance, it has been documented that co-association of β2 or β3 subunits with 

BKα tetramers induces rapid and complete inactivation (refer to Sections 

4.1.3.(4)(5) and Table 4.1.3.4.1). Therefore, examining the effects of 
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oestrogens on a β1-β2 subunit chimeric construct (replacement of the 

extracellular loop of the β1 subunit with the extracellular loop of a β2 subunit) 

(Figure 6.3.1), could reveal if the site of action resides at the extracellular loop 

of the β1 subunit. 

 

 

Figure 6.3.1 Schematic description of a BKβ1 subunit (A); a BKβ2 subunit (B); a potential 

β1-β2 chimera (C); and a potential β2-β1 subunit chimera (D).  If the extracellular loop of 

the 1 subunit confers oestrogen sensitivity, then construct C would not respond to 

oestrogen, whereas, the construct D would respond to oestrogen as well as showing 

rapid inactivation of BK currents. 

 

 

Liu et al., have suggested that the S0 domain of the α subunit is in close 

proximity to the transmembrane domain 2 of the β1 subunit, and the 

transmembrane domain 1 of the β1 subunit is associated with S1 and S2 

domains of the α subunit [367].  Additionally, work done by Morrow et al., 

demonstrated that deletion of the extracellular N-terminal of the murine α 

subunit did not prevent the α and β1 subunits interacting kinetically but did 

affect BK modulation by 17β-oestradiol [251].  This suggests a putative site of 

A B C D 

β1 β2 

β1 

β2 β1 

β2 
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action for oestrogens at the interface between the β1 subunit extracellular loop 

and the α subunit extracellular N-terminal.  To expand on this, deletion of 

groups or individual amino acid(s) within the extracellular loop of the 1 subunit 

could isolate salient residues that may be involved in oestrogen-induced BK 

modulation.   

 

Finally, the effects of Quat-DME-Oestradiol on BK channels in other smooth 

muscle tissue should be explored.  In airway smooth muscle, BK channel 

function also requires the β1 subunit to enhance BK channel opening and 

knockout β1 BK channels increase airway contractions commensurate with 

pharmacological blockade of BK channels [422].  Quat-DME-Oestradiol, 

active in vascular smooth muscle, does not cross cell membranes, thus, 

examining its relaxant properties on bronchial smooth muscle as a therapeutic 

screen to determine whether the compound could be developed as an inhaled 

smooth muscle relaxant.  In fact, other quaternary antimuscarinics are 

currently used clinically as bronchodilators e.g. tiotropium bromide and 

ipratropium - a non-selective muscarinic antagonist.  

 

In the urinary bladder smooth muscle, BK channels have been demonstrated 

to play an important role in regulating contraction and relaxation [533].  Indeed, 

BK-/- mice display urinary bladder dysfunction leading to an overactive bladder 

[534].  BK channels, then, would be considered a suitable therapeutic target 

for urinary bladder dysfunction.  Tanaka et al., reported that the novel BK 

opener NS-8, a pyrrole derivative, suppresses the rat micturition reflex (refer to 

Figure 2.1.2.1) [114, 115].  This compound was selected for clinical trials but 
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withdrawn soon after.  Therefore, to examine the effects of the novel 

oestrogens synthesised in this study on bladder smooth muscle would make a 

valuable contribution to this field of research. 
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6.4 CONCLUSIONS 

In the introduction three hypotheses were suggested and they were:- 

 (i) Oestrogens and xenooestrogens can relax vascular smooth muscle by 

directly activating BK channels. 

(ii) BK activation by oestrogens and xenooestrogens requires the presence of 

the β1 subunit. 

(iii) The site of action for oestrogens and xenooestrogens on the BK channel is 

located on the external interface between α and β1 subunits. 

Concerning the first hypothesis, the work on aortic rings described in Chapter 

3, demonstrates that oestrogen can relax vasculature, but suggests that in 

many incidences this relaxation is multifactorial and may involve more than 

just BK direct activation.  For example Oestrone-Oxime demonstrates both 

endothelial and non-endothelial dependent relaxation but marginal activation 

of BK channels when expressed in HEK 293 cells.  

 

Concerning the second hypothesis, compounds were either active e.g. 

Oestrone or devoid of activity e.g. Quat-DME-Oestrone.  However, active 

compounds were only able to activate BK currents in the presence of the β1 

subunit, thus, the second hypothesis, currently stands. 

 

With regards to the third hypothesis, the data from this study are consistent 

with an external site of action for oestrogens,  as quaternary ammonium 

oestrogens such as Quat-DME-Oestradiol and Ethylbromide tamoxifen are 
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able to activate BK currents only when the β1 subunit is present [104, 235].  As 

these compounds are membrane-impermeant, these data suggest a site of 

action on the external interface between α and β1 subunits and thus, the third 

hypothesis to date is supported by the literature [235]. 

 

To examine these hypotheses, the initial aims, outlined within the introduction 

(Section 1.3) of this investigation, proposed to develop novel BK activators 

incorporating key features of steroidal and non-steroidal antioestrogens.  To 

this aim, pure xenooestrogens were successfully synthesised (two of which 

were cell-impermeant quaternary amine derivatives) and thus, fulfilled the first 

part of the investigation objectives.  The cell-impermeant quaternary 

derivatives, Quat-DME-Oestrone and Quat-DME-Oestradiol, proved to be the 

most interesting compounds - Quat-DME-Oestrone provided a perfect control 

as it remained inactive in all techniques and conversely, Quat-DME-

Oestradiol, in possession of a 17β hydroxyl group, demonstrated direct BK 

activation in HEK cells when the β1 subunit is present, and was able to relax 

smooth muscle in a BK channel dependent manner. 

  

The findings described within this thesis have since been presented at three 

international scientific conferences by the author and published (and cited) as 

a full paper in a peer-reviewed journal.  These publications are listed in the 

appendix.  These data and results represent a genuine and novel contribution 

to the scientific literature, and a library of knowledge relevant to BK channels 

as potential pharmacological targets. 
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APPENDIX 1 

This investigation forms the basis of a peer-reviewed full paper, “Smooth 

muscle relaxation and activation of the large conductance Ca2+ – activated K+ 

(BKCa) channel by novel oestrogens”, published in the British Journal of 

Pharmacology (BJP) in July 2013 [235].  The paper was also recently cited in 

a commentary published in the Journal of General Physiology (JGP) by 

Latorre et al; [532]  
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APPENDIX 2 

The following abstracts relevant to this thesis have been peer-reviewed and 

published as follows:- 

1) The Effect of Novel Xenooestrogens on The Maxi-K 

Potassium Channel 

 
Jacqueline Maher1, Natasha Tisovszky1, Christy Hunter1, Heidi de Wet2,   
Jonathan Lippiat3, Marcus Allen1 

 

1University of Brighton, Sussex, United Kingdom, 2University of Oxford, 
Oxford, United Kingdom, 3University of Leeds, Yorkshire, United Kingdom 

 

Peer-reviewed and published by the British Pharmacological 
Society Winter Meeting Brighton, UK December 2007  
 

2) Non-genomic effects of oestrogens and xenoestrogens on 

voltage gated ion channels  

 
Maher J1., Allen M1., & Hunter A1.  
 
1Univ of Brighton, Brighton, UK 
Publication ref.: FENS Abstr., vol.4, 078.2, 2008 
 

Peer-reviewed and published by the Federation of European 
Neurosciences (FENS) Forum 2008 Geneva, SWITZERLAND July 
2008 
 

3) Non-genomic effects of oestrogen derivatives on BK 

channels 

 
Jacqueline Maher1, A Hunter1, J Mabley1, M Allen1 
 
1University of Brighton, School of Pharmacy & Biomolecular Sciences, 
Brighton, UK 

 

Peer-reviewed and published by the WorldPharma 16th World 
Congress of Basic Clinical Pharmacology (Copenhagen) 
DENMARK July 2010   
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APPENDIX 3 

The following poster presentations, relevant to this thesis, have been peer-

reviewed and presented by the candidate at the following international and 

national conferences as follows:- 

1) The Effect of Novel Xenooestrogens on The Maxi-K 

Potassium Channel 

 
Jacqueline Maher1, Natasha Tisovszky1, Christy Hunter1, Heidi de Wet2,   
Jonathan Lippiat3, Marcus Allen1 

 

1University of Brighton, Sussex, United Kingdom, 2University of Oxford, 
Oxford, United Kingdom, 3University of Leeds, Yorkshire, United Kingdom 

 

Presented at and peer-reviewed by the British Pharmacological 
Society Winter Meeting Brighton, UK December 2007  
 
 

2) Non-genomic effects of oestrogens and xenoestrogens on 

voltage gated ion channels  

 
Maher J1., Allen M1., & Hunter A1.  
 
1Univ of Brighton, Brighton, UK 

 

Presented at and peer-reviewed by the Federation of European 
Neurosciences (FENS) Forum 2008 Geneva, SWITZERLAND July 
2008 
 

3) Non-genomic effects of oestrogen derivatives on BK 

channels 

 
Jacqueline Maher1, A Hunter1, J Mabley1, M Allen1 
 
1University of Brighton, School of Pharmacy & Biomolecular Sciences, 
Brighton, UK 
 
P12 - ION CHANNELOPATHIES: NEW WINDOWS ON COMPLEX DISEASE AND 
THERAPY 

 

Presented at and peer-reviewed by the WorldPharma 16th World 
Congress of Basic Clinical Pharmacology 2010 Copenhagen 
DENMARK July 2010  [535]. 


