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ABSTRACT 
 

Large-conductance Ca2+-activated K+ (KCa 1.1, BKCa, Maxi-K) 

channels, which are composed of a tetramer of pore-forming -subunit 

encoded by a single gene (Slo, KCNMA1) associated with modulatory -

subunits (KCNMB1-4), are abundantly distributed on the surface of cell 

membranes in various tissues, such as smooth muscle in vessels, airways, 

urinary bladder and uteruses. These channels have a conductance of 120 - 
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250 pS, and are sensitive to intracellular Ca2+ and membrane potential. 

Outward K+ currents passing through BKCa channels cause membrane 

hyperpolarization, leading to suppression of voltage-gated Ca2+ influx, 

such as L-type voltage-dependent Ca2+ (VDC) channels. BKCa channel 

activity contributes to the physiological conditions (determining the 

membrane potential and regulating the electrical activity). In response to 

contractile agonists, BKCa channels are markedly activated due to 

increased local Ca2+ concentrations via Ca2+ release from the 

sarcoplasmic reticulum (Ca2+ sparks). The coupling of Ca2+ sparks to 

hundreds of BKCa channels cause spontaneous outward currents (STOCs), 

leading to smooth muscle relaxation via membrane hyperpolarization 

(antagonism for contraction). The functional antagonisms between 2-

adrenergic and muscarinic receptors converge on the opening of these 

channels, which are oppositely regulated by the two G proteins, such as 

Gi and Gs connected to each receptor. Moreover, activity and expression 

of BKCa channels are modulated by various factors such as 

phosphorylation (protein kinase A, protein kinase G etc.), and other 

metabolites (reactive oxygen species, estrogen, nitric oxide, hydrogen 

etc.). Ca2+ dynamics induced by the BKCa channel/VDC channel linkage 

may be involved in phenotype changes of contractility and proliferation 

in smooth muscle. These phenotype changes via the altered BKCa channel 

function in the constituent cells play a key role in vital body functions 

(development, pregnancy, hypoxia, shock etc.) and diseases (bronchial 

asthma, COPD, hypertension, diabetes etc.). In sensitized animal models 

for bronchial asthma, systemic administration of BKCa channel agonists 

reduces reactivity of airway smooth muscle cells and infiltration of 

inflammatory cells. In a clinical trial, an inhibitor of VDC channels 

inhibits airway remodeling in patients with severe bronchial asthma. 

Therefore, the BKCa channel-induced Ca2+ dynamics may be a novel 

target molelule in therapy for bronchial asthma. This chapter will focus 

on the characteristics, function and regulation of BKCa channels expressed 

on the plasmalemma of smooth muscle, and examine the role of these 

channels not only in physical responses but also in these diseases. 
 

Keyword: KCa channels,tracheal smooth muscle, voltage-dependent Ca2+ 

channel, 2-adrenergic receptors, muscarinic receptors, cross talk, Ca2+ 

signaling, Ca2+ dynamics, G protein, brochodailators, asthma, COPD 
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ABBREVIATION 
 

Tetraethylammonium (TEA) 

4-aminopyridine (4-AP) 

Charybdotoxin (ChTX) 

Iberiotoxin (IbTX) 

Inositol triphosphate (IP3) 

Spontaneous outward currents (STOCs) 

Acetylcholine (ACh) 

Sarcoplasmic reticulum (SR) 

Cyclic adenosine monophosphate (cAMP) 

Cyclic guanosine monophosphate (cGMP) 

Protein kinase A (PKA) 

Adenosine triphosphate (ATP) 

Protein kinase G (PKG) 

Stimulatory G protein of adenylyl cyclase (Gs) 

subunit of Gs (s),  

Inhibitory G protein of adenylyl cyclase (Gi) 

Guanosine triphosphate (GTP) 

Guanosine 5’-O-(3-thiotriphosphate) (GTP--S) 

Guanosine 5’-O-(2-thio-diphoshate) (GDP--S) 

Pertussis toxin (PTX) 

Cholera toxin (CTX) 

2-[(aminocarbonyl)oxy]-N,N,N-trimethylethanaminium chloride 

(carbachol, CCh) 

2-Acetoxypropyltrimethylaminium hydrochloride (methacholine, MCh) 

Open probability of ion channels (nPo) 

11-[[2-[(Diethylamino)methyl]-1-piperidinyl]acetyl]-5,11-dihydro-6H-

pyrido[2,3-b][1,4]benzodiazepin-6-one (AF-DX 116) 

Protein kinase C (PKC) 

Nitric oxide (NO) 

Epoxyeicosatrienoic acids (EETs) 

20-Hydroxyeicosatetraenoic acid (20-HETE) 

Interleukin (IL) 
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Chronic obstructive pulmonary disease (COPD) 

Reactive oxygen species (ROS) 

Ryanodine receptors (RyR) 

Large-conductance calcium-activated potassium channels (BKCa channels)  

L-type voltage-dependent Ca2+ channels (VDC channels) 

G protein-coupled receptor (GPCR) 

 

 

1. INTRODUCTION 

 

Outward potassium (K+) current is considered to have two main 

physiological functions, one for determining the membrane potential and 

the other for regulating the electrical activity. Membrane hyperpolarization 

would reduce the excitability of the cell membrane by shifting the 

membrane potential away from the threshold for excitation and would 

inhibit voltage-gated calcium (Ca2+) influx. Outward K+ currents activated 

upon depolarization would counteract the depolarizing action of inward 

currents carried either by Na+ or Ca2+. The physiological role of K+ 

channels is considered to regulate not only tone in smooth muscle but also 

transmitter release and spike shaping in neurons. Therefore, K+ channel 

activity is involved in the physiological action in smooth muscle. 

Ca2+-activated K+ (KCa) channels are densely distributed on the cell 

membrane of various tissues including smooth muscle, and have an 

important role in cell excitability by sensing and reacting to alteration of 

intracellular Ca2+ concentrations [1, 2, 3]. These channels are divided into 

three types, i.e., 1) small-conductance (4-14 pS), 2) intermittent-

conductance (32-40 pS), 3) large-conductance (200-300 pS). Large-

conductance Ca2+-activated K+ (Maxi-K, BKCa, KCa 1.1) channels are 

activated or gated both by membrane depolarization and intracellular Ca2+. 

Activation of the BKCa channels leads to pore opening and outward K+ 

flux, which shifts the membrane to more negative potential 

(hyperpolarization) because of a large conductance, providing a link 

between the metabolic and electrical state of cells [4, 5, 6]. BKCa channels 

are ubiquitously expressed in the surface of the cell membrane in smooth 
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muscle among various tissues and brain, and furthermore, are observed in a 

wide variety of other tissue types (ovary, testis, pancreas, adrenal glands). 

BKCa channels are reciprocally regulated by 2-adrenergic and 

muscarinic receptors, which are G protein-coupled receptors (GPCRs), and 

the functional antagonism between these receptors converges on these 

channels [7]. Hence, the physiological role of the BKCa channels is 

considered to play a key role not only in regulating tone in smooth muscle 

[8], but also in regulating transmitter release and spike shaping in neurons 

[9]. Moreover, the function of BKCa channels also are associated with 

pathological conditions and phenotype changes of airway smooth muscle 

involved in various diseases such as asthma [7, 10, 11, 12]. The BKCa 

channels may contribute to the pathophysiology of various diseases such as 

hypertension [13, 14, 15], epilepsy [16], cancer [17] and asthma [18, 19, 

20]. The existence of BKCa channels was reported for the first time in the 

Drosophilia slowpoke mutant [21]. The studies concerning the KCa 

channels have advanced by leaps since single channel recordings have 

been established [22] and the crystal structure of mammalian voltage-gated 

K+ channels have been clarified [23]. This chapter will focus on the 

characteristics, function and regulation of BKCa channels expressed on the 

plasmalemma of smooth muscle, and furthermore, focus on the role of 

these channels in the pathophysiology of diseases. 

 

 

2. STRUCTURE AND FUNCTION OF BKCA CHANNELS 
 

2.1. -Subunits 
 

BKCa channels are composed of a tetramer formed by pore-forming -

subunit along with accessory -subunit, activated by an increase in the 

membrane potential and by an increase in concentrations of intracellular 

Ca2+ (Figure 1). The ubiquitous expression of the BKCa channels causes 

multiple abnormalities observed in mice with targeted deletion of the BKCa 

channel gene [24, 25, 26, 27]. The -subunit is ubiquitously expressed by 

mammalian tissues and encoded by a single gene (Slo, KCNMA1) [28, 29, 
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30]. The -subunit transmembrane domains comprise seven-membrane-

spanning segments (S0-S6) with extracellular loops, and shares homology 

with all voltage-gated K+ channels with six transmembrane domains (S1-

S6) and a pore helix (Figure 1). The S1-S4 are arranged in a bundle that 

forms the voltage-sensing, and the S5-S6 and pore helices contribute to the 

pore-forming and the K+ selective filter [31]. The BKCa channels are 

unique among voltage-gated K+ channels because of containing an 

additional S0 to the S1 in the N-terminal [32]. The S0 and N-terminal 

segment to the S0 are required for 1 subunit to modulate the channel 

(Figure 1). 

 

 

 

Figure 1. The structure of BKCa channel. A. schema representing the topological 

characteristics of - and -subunits of BKCa channel as described in the text. BKCa: 

large-conductance Ca2+-activated K+ channels, RCK: Regulate the conductance of K+, 

N: N-terminal, C: C-terminal, STOCs: Spontaneous outward currents. Illustrated based 

on ref. [6].  
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The C-terminal tail confers the Ca2+-sensing ability of the BKCa 

channels, involving a pair of Ca2+-sensing domains that regulate the 

conductance of K+ (RCK), i.e., RCK1 and RCK2 [33] (Figure 1). RCK2 

domain contains a Ca2+ bowl domain which contributed to the sensitivity to 

intracellular Ca2+ [34, 35, 36, 37, 38]. However, RCK1 domain also has a 

key role for high affinity binding site for Ca2+. The crystal structure of the 

C-terminus of these channels was resolved recently. The octamer of RCK 

domains forms an intracellular Ca2+-gating ring on the cytosolic side [39], 

coupled to the channel opening by tugging on the pore through a spring-

like S6-RCK1 linker in response to intracellular Ca2+ [40]. On the other 

hand, the C-terminus may have the ability to regulate the BKCa channel 

activity via modulating the voltage sensor [39, 41, 42]. Although the Ca2+ 

sensor of the BKCa channels has high specificity for Ca2+, other factors 

including divalent cations also influence the opening of these channels. 

Magnesium ion (Mg2+) enhances activation of these channels via a distinct 

binding site involving the voltage sensor and RCK1 domain [43, 44. 45]. 

Barium ion (Ba2+) activates these channels [38]. In contrast, intracellular 

proton (H+) attenuates the opening of the BKCa channels [46, 47]. 

Moreover, redox state influences gating of these channels [48].  

 

 

2.2. -Subunits 
 

BKCa channels associate with modulatory -subunits, which are 

expressed in a cell-specific manner and have a unique regulatory action on 

these channels. The -subunits bring about diversity of the BKCa channels. 

There are four distinct -subunits, i.e., 1-4 encoded by KCNMB1, 

KCNMB2, KCNMB3, and KCNMB4. These -subunits in the BKCa 

channels consist of two transmembrane (TM) domains with intracellular N 

and C-termini and a long extracellular loop (Figure 1). The 1 subunit was 

the first -subunit to be cloned, and is primarily expressed in smooth 
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muscle [49, 50]. The first TM domain of -subunit is located near the S1 

and S1 domains of -subunit, and the second TM domain is located near 

the S0 domain [51, 52, 53, 54]. The -subunit exits by the neighboring 

voltage-sensing bundle of the -subunit. The extracellular loop of the -

subunit contributed to variable toxin resistance, and the intracellular N- 

and C-termini  contributed to variable membrane potentials [55, 56, 57, 

58]. The 1 subunit influenced the gating kinetics of the BKCa channels to 

favor a more open state mediated by activating voltage sensor directly [59, 

60, 61], resulting in  less Ca2+ required to open the BKCa channels 

(increasing sensitivity to intracellular Ca2+). BKCa channels are primarily 

activated by the increase of concentration of intracellular Ca2+, and 1 

subunit enhances sensitivity to intracellular Ca2+ in these channels [62, 63, 

64].  

In excitation-contraction coupling of muscle cells, local increases in 

Ca2+ concentrations occurs due to focal releases of Ca2+ through ryanodine 

receptors (RyR) from the sarcoplasmic reticulum (SR), termed Ca2+ sparks 

[2, 3]. Hundreds of BKCa channels are opened by the Ca2+ sparks from SR 

closed to the sarcolemma, causing spontaneous outward currents (STOCs) 

(Figure 2A). The STOCs, which may contribute to tone, are observed in 

airway smooth muscle [65, 66]. The coupling of ryanosine-mediated Ca2+ 

sparks to the BKCa channel-mediated STOCs are enhanced by the 1 

subunit (Figure 1B), resulting in hyperpolarization of smooth muscle cells, 

and subsequent reducing Ca2+ influx and relaxation. Deletion of the 1 

subunit in mice causes an increase in contraction of vascular smooth 

muscle and an elevation of systemic blood pressure [13, 14]. In knockout 

mice of BKCa channel  subunit, carbachol (CCh), a muscarinic receptor 

agonist, induced contraction of the trachea was enhanced compared with 

wild mice, and not only the single channel activity of BKCa channel in an 

inside-out patch but also STOCs in a whole cell configuration were 

markedly attenuated in tracheal smooth muscle cells compared with wild 

mice [67].  
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A 

 

 
B 

Figure 2. Intracellular mechanisms of Ca2+ dynamics regulated by membrane potential. A: BKCa 

channel activity is enhanced by a localized increase in intracellular Ca2+ (Ca2+ sparks) in the 

vicinity of these channels via Ca2+ release through RyR or IP3R on SR. STOCs occurs due to 

hundreds of opened BKCa channels via coupling of the Ca2+ sparks to these channels, and result 

in an inhibition of VDC activity mediated via membrane hyperpolarization. B: A typical example 

of continuously simultaneous recording of isometric tension (upper trace) and F340/F380 (an 

indicator of intracellular concentrations of Ca2+, lower trace). IbTX enhanced MCh-induced 

contraction with an increase in F340/F380, and verapamil reversed the effects of IbTX on tension 

and F340/F380. BKCa: large-conductance Ca2+-activated K+ channels, RyR: ryanodine receptor, 

IP3R: inositol triphosphate receptor, SR: sarcoplasmic reticulum, STOCs: spontaneous outward 

currents, VDC: L-type voltage-dependent Ca2+ channel, IbTX: iberiotoxin, MCh: methacholine, 

ACh: acetylcholine, CaM: calmodulin, MLCK: myosin light chain kinase, MLC: myosin light 

chain, MP: myosin phophatase. Illustrated based on ref. [6, 11]. Cited by permission from ref. 

[75].  
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3. EFFECTS OF OUTWARD BKCA CHAHNNEL CURRENTS 

ON SMOOTH MUSCLE TONE 
 

Typical action potentials have not been found in airways muscle under 

physiological conditions. This has been considered to be due to a marked 

increase in K+ conductance of the plasma membrane upon depolarization 

[68]. Thus, when the K+ conductance of the membrane is reduced by 

blocking K+ channels, one would expect an increase in excitability. In 

pulmonary vessels, KCa channels serve as a brake on vasoconstriction [69, 

70]. In airway smooth muscle, BKCa channels are likely to cause 

contraction via voltage-gated Ca2+ influx such as L-type voltage-dependent 

Ca2+ (VDC) channel activation since the membrane potential is elevated by 

inactivation [71]. It has actually been shown in the airways muscles which 

are only weakly excitable, that spontaneous phasic contractions can be 

initiated in company with electrical activities by applying several K+ 

channel blocking agents; tetraethylammonium (TEA), 4-aminopyridine  

(4-AP), charybdotoxin (ChTX,) or iberiotoxin (IbTX) [72, 73]. ChTX and 

IbTX, toxins in scorpion venom, are selective inhibitors of BKCa channels. 

Some of these have been found to be accompanied by electrical activity. 

These results suggest that outward K+ currents passing through BKCa 

channels may be functioning in an important regulatory role in these 

smooth muscles. Recently, hyperpolarization mediated by activation of 

BKCa channels has been proposed as the mechanism underlying bitter 

tastant-induced relaxation of airway smooth muscle [74], although an 

alternative pathway may also be an explanation. 

To simultaneously record isometric tension and F340/F380 (an indicator 

of concentrations of intracellular Ca2+), guinea pigs’ tracheal smooth 

muscle was loaded by Fura-2, an aminopolycarboxylic acid, and a 

ratiometric fluorescent dye which binds to free intracellular Ca2+. When 

IbTX (30 nM) was applied to tissues precontracted by MCh (1 M), 

increases in contraction and concentrations of intracellular Ca2+ were 

observed; the percent contraction and F340/F380 were increased to 128.6 and 

133.7%, respectively [75] (Figure 2B). Verapamil (0.1-10 M), an 

inhibitor of VDC channels, prevented these IbTX-induced increases, 
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however, in a concentration-dependent manner, limiting the increases to 

116.8 and 120.4% for contraction and concentrations of intracellular Ca2+, 

respectively [75] (Figure 2B). Inactivation of BKCa channels causes 

membrane depolarization, leading to an increase in muscarinic contraction 

by Ca2+ influx passing through VDC channels. As described above, 

activation of BKCa channels causes relaxation via membrane 

hyperpolarization. Hence, this BKCa channel/VDC channel linkage 

regulates the tone of airway smooth muscle.  

When [Ca2+]i is increased by Ca2+ entry via various pathways described 

earlier (Ca2+ dynamics), the activity of myosin light chain kinase (MLCK) 

is enhanced via calmodulin (CaM), leading to contraction via 

phosphorylation of myosin light chain (MLC). In airway smooth muscle 

cells, alteration of contractility (phenotype changes) regulated by Ca2+ 

dynamics is involved in the pathophysiology implicated in asthma and 

chronic obstructive pulmonary disease (COPD), such as airflow limitation, 

airway hyperresponsiveness, 2-adrenergic desensitization, and airway 

remodeling. It is useful to suppress Ca2+ dynamics for improving these 

pathological conditions in the airways. Hence, BKCa channel/VDC channel 

linkage may be a therapeutic target for bronchial asthma and COPD [7, 11, 

12].  

 

 

4. ELECTROPHYSIOLOGICAL CHARACTERISTICS  

OF BKCA CHANNELS 
 

4.1. Single Channel Recording 
 

BKCa channels activated by intracellular Ca2+ and membrane 

depolarization are ubiquitously distributed in smooth muscle, including 

airways muscle. The dominant BKCa channels have a large conductance 

(about 250 pS at a symmetrical 135-150 mM K+ medium). Single channel 

currents of the BKCa channels have been recorded with the patch-clamp 

method from the trachealis of guinea pigs [76], dogs [77], oxen [78], pigs 

[79, 80] rabbits [46, 81], and equines [82]. The BKCa channels are highly 
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selective for K+ in spite of a large conductance [83]. The sensitivity to Ca2+ 

apparently differs to some degree in different types of smooth muscle, but 

this could at least partly be due to a difference in experimental conditions. 

The Ca2+ sensitivity may be increased by intracellular Mg2+ as is the case 

in vascular muscle [84], by intracellular Ba2+ as is the case in oocytes [38], 

and by alkalinization, as reported for rabbit tracheal muscle [46]. 

Moreover, it is likely to be modified by second messengers. Single channel 

currents of the BKCa channels in guinea pig tracheal muscle, studied in 

outside-out patches, were reversibly blocked by external application of 100 

nM ChTX, not as a result of reduced current amplitude, but by reducing 

the open probability (nPo), the fraction of the time during which the 

channel is open [76]. 

In myocytes isolated from canine trachealis, the BKCa channels have 

been studied. External application of TEA (10 mM) or application of Cs+ 

to the cytosolic side of the membrane reduced the single channel 

conductance [77]. The conductance of the BKCa channel studied in the 

outside-out configuration was reduced from 154 to 19.9 pS by TEA (2 

mM), but it was not affected by 4-AP (1 mM), applied externally [85]. 

When examined on the BKCa channels prepared from canine and bovine 

tracheal muscles and incorporated into planar lipid bilayers, ChTX (10-50 

nM) applied at the external surface decreased nPo without affecting single 

channel conductance and this effect was irreversible [86]. Thus, the 

blocking kinetics are similar to, but the reversibility is different from, the 

results obtained from single cells of guinea pig tracheal muscle [76].  

In bovine trachealis, TEA (1 mM) applied externally strongly reduced 

the amplitude of single BKCa channel current, whereas ChTX (100 nM) 

markedly decreased the Po of the channel without affecting current 

amplitude [78]. The effect of ChTX was reversible. In contrast, the BKCa 

channels were not affected by 4-AP (1 mM) applied internally and (2 mM) 

externally. When studied in inside-out patches in symmetrical 140 mM K+ 

medium, the BKCa channels were inhibited by extracellular TEA with an 

IC50 of approximately 0.6 mM [87]. On the other hand, intracellular TEA 

(20 mM) partially inhibited outward but not inward currents.  
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In human freshly isolated bronchial smooth muscle cells, single 

currents of the BKCa channels were also recorded in cell-attached patch, 

inside-out patch, and outside-out patch [88, 89]. These channels have a 

conductance about 210 pS at symmetrical 140 mM K+ medium. Activity of 

these channels was enhanced with the membrane potential and cytosolic 

concentrations of Ca2+, and was attenuated by external applications of 

TEA, ChTX, and IbTX. Extracellular application of TEA (1 mM) reduces 

the single channel conductance without affecting nPo. In contrast, IbTX 

(50 nM) reduces nPo without affecting the single channel conductance in 

human airway smooth muscle, similar to that in other species.  

Effects of intracellular pH (pHi) on the BKCa channels have been 

studied in rabbit tracheal muscle using inside-out patches [46]. The BKCa 

channel activity was markedly inhibited by intracellular acidification, by 

reducing the sensitivity to Ca2+ and also shortening the open state of the 

channel. On the other hand, intracellular alkalinization had an opposite 

effect (incresing Ca2+ sensitivity and lengthening the open state of the 

channel). A decrease in smooth muscle tone with intracellular 

alkalinization might be caused at least partly by activation of the BKCa 

channels [90]. 

The effects of some agents known to inhibit calmodulin have been 

examined on the BKCa channel in canine trachealis [91]. Haloperidol, 

trifluoperazine, and chlorpromazine blocked the open channel with 

dissociation constants of 1.0, 1.4, and 2.0M, respectively. Since this 

order of the drugs differs from their potency as calmodulin antagonists 

(trifluoperazine > chlorpromazine > haloperidol [92], calmodulin is not 

considered to be involved in channel activation with Ca2+. A similar 

conclusion has been reached in the the BKCa channel in rat myometrium, 

using W-7, trifluoperazine, W-5, and calmodulin [93]. 

 

 

4.2. Whole-Cell Clamp Recording 
 

In single cells from guinea pig trachea, three different outward currents 

have been recoded with the whole-cell clamp method: STOCs, transient 
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outward current (IT), and steady outward currents (IS) [94]. STOCs have 

been thought to represent opening of the BKCa channels in response to Ca2+ 

released from intracellular stores (Figure 2) [95]. All outward currents in 

guinea pig tracheal muscle were blocked by replacing intrapipette K+ (140 

mM) with Cs+ and also by external application of TEA (10 mM). IT was 

more susceptible to TEA than STOCs [94]. IT and STOCs, but not IS, were 

suppressed by reducing intrapipette Ca2+ concentration, suggesting the 

BKCa channel to be the pathway of these currents. IT and STOCs were also 

inhibited by 4-AP (10 mM) and nifedipine (100 nM), a blocker of VDC 

channels. None of the currents were affected by apamin, a bee venom 

toxin.  

Three different types of outward current have also been recorded in 

canine tracheal muscle [85]. IT and STOCs, but not IS, were sensitive to 

Ca2+ and easily blocked by TEA (IC50: 0.3 mM). IS was less susceptible to 

TEA (IC50: 3 mM), but was selectively inhibited by 4-AP (IC50: 3 mM). 

This current is likely to flow through a delayed rectifier K+ channel. The 

susceptibility of IS to 4-AP appears to differ in the guinea pig and dog, the 

latter being more sensitive to 4-AP than the former. In the presence of TEA 

(1 mM) and 4-AP an action potential with overshoot could be elicited 

under current clamp conditions. Slow inactivation outward currents, 

similar to IT in guinea pig and dog tracheal smooth muscle, have also been 

recorded in cells isolated from human bronchus [96]. 

In bovine trachealis, outward currents recorded in the whole-cell clamp 

configuration were enhanced with increasing intrapipette Ca2+ 

concentrations and with increasing depolarization beyond -20 - 0 mV [78]. 

ChTX (50 nM - 1 M) partially inhibited outward currents elicited at a 

large depolarization (beyond +10 mV). The results suggest that the BKCa 

channels may not be active at the resting potential and that it is doubtful 

whether these channels became significantly activated even during agonist-

induced contraction in bovine trachea. As the authors suggest [78], 

however, since the experiments have been carried out at 22°C, it is possible 

in the bovine that the BKCa channels play an inhibitory role even under the 

physiological condition. 
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In swine tracheal muscle, large and small populations of STOCs could 

be observed, probably reflecting the activity of BKCa and small-

conductance KCa channels respectively, found in inside-out patches [79]. 

The small STOCs were present at a much wider range of membrane 

potential than the large STOCs which were recruited as the membrane was 

depolarized. Therefore, near the resting potential STOCs consists mainly 

of the small type. The STOCs (probably both types) could be recorded in 

the solution in which Ca2+ was substituted with Mn2+ (2.5 mM) for 1 hr, 

suggesting Ca2+ influx is not necessary for STOCs. This differs from the 

result in guinea pig tracheal muscle where the STOCs were blocked by 

nifedipine [94]. STOCs (which appear to be mainly of the large type) in 

swine trachealis were concentration-dependently inhibited with TEA with 

an IC50 of around 1 mM, a value similar to that obtained (0.6 mM) with 

inside-out patches [87]. 

 

 

5. G PROTEIN-COUPLED RECEPTOR MODULATION OF 

BKCA CHANNELS 
 

5.1. Effects Mediated through Ca2+ Release 
 

The BKCa channels were activated by acetylcholine (ACh, 30 M), 

substance P (0.1 M) or inositol triphosphate (IP3, 2.4-20 M), as well as 

by caffeine (5 mM), suggesting that the activity was due to Ca2+ released 

from intracellular stores. These activations with the agonists and IP3 were 

markedly and reversibly reduced by heparin (50-100 g/ml), which is 

known to inhibit IP3 binding to its receptors in the SR. Activation of the 

BKCa channels by ACh (0.01 M) was also observed in swine tracheal 

muscle cells in the cell-attached patch clamp configuration [87]. 

Furthermore, in cultured human bronchial smooth bradykinin (0.01-1 M), 

an inflammatory mediator caused bronchoconstriction, activated the BKCa 

channels in a concentration-dependent manner, and the augmented currents 
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were inhibited by heparin (10 mg/ml) [97]. Ca2+ release from the SR via 

stimulation of IP3 receptors causes an increase in activation of the BKCa 

channels in smooth muscle including airways and vessels. Two pathways 

participated in the Ca2+ release from the SR, i.e., 1) the RyR, 2) inositol 

triphosphate (IP3) receptor (Figure 2A). In smooth muscle cells, the IP3 

receptor is more abundant than in the RyR, and reacts to IP3 which is 

generated from the activation of GPCRs and phospholipase C. 

 

 

5.2. Stimulatory Effects Mediated by 2-Adrenergic receptor/G 

protein/Cyclic AMP processes  
 

5.2.1. Dual Regulation of KCa Channel by Gs and Protein Kinase A 

In rabbit tracheal smooth muscle, the involvement of cyclic AMP-

dependent processes in the BKCa channel regulation has been examined 

[81]. In the presence of cyclic AMP and ATP (0.3 mM), internal 

application of protein kinase A (PKA, 10 units/ml) to the cytosolic side of 

inside-out membrane patches, reversibly increased the nPo of the BKCa 

channels without changes in the amplitude of single channel currents, and 

the recovery from this activation was significantly delayed by okadaic 

acid, an inhibitor of protein phosphatases [81, 98]. A similar effect was 

observed with the catalytic subunit of PKA (10 units/ml), indicating that 

phosphorylation of a BKCa channel protein leads to an enhancement of the 

open state of the channel. External application of isoproterenol (0.2M) 

increased activation of the BKCa channels in the cell-attached patch-clamp 

configuration of tracheal smooth muscle cells, and okadaic acid (10 M) 

enhanced isoproterenol-induced stimulation of the the BKCa channels [81] 

(Figure 3A). In Xenopus oocytes, similar results were observed in 2-

adrenergic action [99]. Moreover, the external application of forskolin (10 

M) activated the BKCa channels in tracheal smooth muscle cells [100]. 

These results also demonstrate that the BKCa channel activity is regulated 

by PKA-induced phosphorylation. 
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Figure 3. (Continued) 
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C 

Figure 3. BKCa channel activity regulated by 2-adrenergic and muscarinic receptors. A: A 

continuous recording of the effects of external application of the 2-adrenergic receptor 

agonist, isoproterenol (0.2 M), and the phosphatase inhibitor, okadaic acid (10 M), on 

BKCa channels in a cell-attached configuration held at −40 mV. Isoproterenol increased 

BKCa channel activity, and okadaic acid enhanced the effects of isoproterenol on these 

channels (upper trace, a). The time course for washing out of the effects of isoproterenol 

was markedly prolonged in the presence of okadaic acid (middle trace, b). Okadaic acid 

alone augmented BKCa channel activity, demonstrating that phosphatase activity is still 

intact in this experimental condition (lower trace, c). B: A continuous recording of the 

effects of ISO (1 M) and MCh (10M) on BKCa channels in an outside-out patch held at 0 

mV. External application of ISO increased BKCa channel activity, whereas, following 

washout, MCh decreased this channel activity (upper traces, A). Relationship between nPo 

and time in an experiment similar to the upper trace in A, with agonists added in reverse 

order (lower graph, B). C: A continuous recording of the effects of PKA and s*GTPs on 

BKCa channels in an inside-out patch held at 0 mV (left panel). PKA (0.5 U/ml) maximally 

increased BKCa channel activity with no change in the amplitude, and addition of s*GTPs 

(1 nM) also enhanced BKCa channel activity prestimulated by PKA (0.5 U/ml) with no 

change in the amplitude, indicating that s activates BKCa channels independently of PKA 

(leftt panel). Calibration bars, 3 pA and 4 s. Fold stimulation of channel activity are shown 

under the condition of addition of PKA (0.5 U/ml) and subsequently by addition of 

s*GTPs (1 nM) (right panel). PKA: protein kinase A, s: -subunit of Gs, which is the 

stimulatory G protein of adenylyl cyclase, s*GTPS: recombinant s proteins preincubated 

with GTPS, ISO: isoproterenol, MCh: methacholine, BKCa: large-conductance Ca2+-

activated K+ channels, nPo: open−state probability, U: unit, *, P < 0.05. Cited by 

permission from ref. [81, 101, 102].  
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Activation of the BKCa channels by isoproterenol has been shown to be 

mediated by the subunit (s) of the stimulatory G protein of adenylyl 

cyclase (Gs), independent of cyclic AMP-dependent protein 

phosphorylation [101, 102]. In porcine, canine and ferret tracheal muscle 

cells, isoproterenol increased activation of the BKCa channels in outside-

out patches when GTP (100 M) was present at the cytosolic side of the 

patch (Figure 3B). A similar increase in activity was observed even when 

phosphorylation was inhibited by the nonmetabolizable ATP analogue, 

adenosine 5’-[-imido] diphosphate (ATP [], AMP-PNP (1 

mM)). In inside-out patches with a patch pipette containing isoprenaline (1 

M), nonhydrolyzable GTP analogue, guanosine 5’-O-(3-thiotriphosphate) 

(GTP--S, 100 M) similarly potentiated the BKCa channel activity. The 

recombinant s proteins preincubated with GTP--S (s*GTPs, 100-

1000pM) increased the channel activity in a concentration-dependent 

manner when applied to the cytosolic side of inside-out patches, and 

addition of s*GTPs (1 nM) also enhanced BKCa channel activity 

prestimulated by PKA (0.5 U/ml) with no change in the amplitude, 

indicating that s activates BKCa channels independently of PKA (leftt 

panel) [101, 102] (Figure 3C). In contrast, the s preincubated with 

guanosine 5’-O-(2-thio-diphoshate) (GDP--S) had no effect. These results 

that the BKCa channels are stimulated directly by the s and that cyclic 

AMP-dependent phosphorylation is not required. A direct action of Gs 

protein on the BKCa channels has also been demonstrated in the channels 

from rat or pig myometrium, incorporated into planar lipid bilayers, using 

GTP--S and AMP-PNP [103]. At least two mechanisms are involved in 

the activation of the BKCa channels following -adrenergic stimulation; 

one is mediated through cyclic AMP-dependent channel phosphorylation 

and the other through direct regulation by Gs protein (cyclic AMP-

independent) (Figure 4) [102].  
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Figure 4. Dual pathway and dual regulation of BKCa channels in the functional 

antagonism between 2-adrenergic and muscarinic receptors. At least two mechanisms 

are involved in activation of BKCa channels following -adrenergic action; one is 

mediated through cAMP-dependent channel phosphorylation and the other through 

direct, cAMP-independent regulation by the Gs protein (dual pathway). In contrast, 

muscarinic suppression of BKCa channels involves Gi proteins (dual regulation). The 

relationship between G proteins and BKCa channels, i.e., the Gs/KCa stimulatory linkage 

and the Gi/BKCa inhibitory linkage, may play a key role in the functional antagonism 

between 2-adrenergic and muscarinic receptors in modulation of airway smooth 

muscle tone. VDC channel activity is regulated by the membrane potential induced by 

BKCa channel activity, leading to regulation of Ca2+ dynamics. The BKCa channel/VDC 

channel linkage-induced Ca2+ dynamics may contribute to the pathophysiology of 

asthma and COPD, such as airflow limitation, airway hyperresponsiveness, 2-

adrenergic desensitization, and airway remodeling. 2: 2-adrenergic receptors, M2: 

muscarinc M2 receptors, AC: adenylyl cyclase, cAMP: cyclic AMP, Gi: inhibitory G 

protein of adenylyl cyclase, Gs: stimulatory G protein of adenylyl cyclase, PKA: 

protein kinase A, BKCa: large-conductance Ca2+-activated K+ channels, VDC: L-type 

voltage-dependent Ca2+ channels. Illustrated based on ref. [81, 101, 102].  
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5.2.2. Role of KCa Channels on 2-Adrenergic Relaxation 

Whatever the mechanism, activation of the BKCa channels is likely to 

underlie the membrane hyperpolarization produced by isoproterenol 

observed with intracellular microelectrodes in guinea pig [104] and human 

tracheal smooth muscles [105]. This idea is supported by the observations 

that the relaxation by noradrenaline (1 M) of CCh-induced contraction 

was nearly blocked by ChTX (50 nM) [86] and the concentration-

relaxation curves to isoproterenol and salbutamol were selectively shifted 

to the right by ChTX [76, 106, 107]. After Gs activity was irreversibly 

augmented by incubation with cholera toxin (CTX), methacholine (MCh)-

induced contraction was significantly attenuated, and this effect by Gs was 

reversed in the presence of ChTX [108]. The Gs/BKCa stimulatory linkage 

may be involved not only in the -adrenergic relaxation but also in the -

adrenergic desensitization (reduced responsiveness to2-adreneric receprot 

agonists) in airway smooth muscle (Figure 4) [108, 109, 110]. When in 

cell-attached patches, isoproterenol was repeatedly applied to tracheal 

smooth muscle cells for 5 min every 15 min, the BKCa channels were 

gradually suppressed with no change in unitary amplitude (Figure 5) [75]. 

In contrast, when PKA was repeatedly applied to inside-out patches, the 

BKCa channels were gradually activated with no change in unitary 

amplitude, indicating that PKA-mediated phosphorylation is not involed in 

the 2-adrenergic desensitization of airway smooth muscle (Figure 5) [75]. 

When isoproterenol was repeatedly applied to Fura-2 loaded tissues of 

tracheal smooth muscle, the relaxant action of isoproterenol was also 

attenuated after repeated application of this agonist with elevating 

intracellular Ca2+, and this reduced responsiveness to isoproterenol was 

markedly potentiated in the presence of IbTX, whereas it was markedly 

prevented in the presence of verapamil, a VDC channel blocker [75, 110]. 

Desensitization of -adrenergic receptors may be involved in suppression 

of the BKCa channel/VDC channel linkage, independent of cyclic 

AMP/PKA processes (Figure 4).  
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Figure 5. Role of BKCa channel suppression in 2-adrenergic desensitization, 

independent of protein kinase A. A: A typical example of outward currents passing 

through a single BKCa channel activated by ISO (0.3 M) after repeated application of 

this agent to a cell-attached patch. B: Relationship between fold stimulation of BKCa 

channel activation by ISO and the number of applications (green line). C: A typical 

continuous record of single BKCa channels activated by the catalytic subunit of PKA 

(10 U/ml) after repeated exposure of this agent to an inside-out patch. D: Relationship 

between fold stimulation of BKCa channel activation by PKA and the number of 

applications (blue line). The values of fold stimulation of this channel by ISO and PKA 

at each application were expressed by taking the nPo of this channel in the control as 

1.0. ISO: isoproterenol, BKCa: large-conductance Ca2+-activated K+ channels, PKA: 

protein kinase A. nPo: open−state probability. Cited by permission from ref. [75]. 

 

Although -adrenergic relaxation of airway smooth muscle is 

generally accompanied by membrane hyperpolarization, for which 

activation of the BKCa channel is thought to be responsible as described 

above, the hyperpolarization may not be entirely responsible for the 

relaxation. However, lower concentrations of isoproterenol are known to 

produce relaxation without clear hyperpolarization, suggesting that a direct 
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inhibition of the contractile machinery may be playing a more important 

role than membrane potential in the -adrenergic relaxation. In the 

simultaneous record of tension and concentration of intracellular Ca2+ 

(F340/F380), the tension – F340/F380 curves for isoproterenol exist between 

those curves for SKF96365, a non-selective inhibitor of Ca2+ influx, and 

those curves for Y-27632, a selective inhibitor of Rho-kinase [111]. Rho-

kinase is an effector molecule of RhoA, a monomeric GTP-binding (G) 

protein, and is involved in an increase in sensitivity to intracellular Ca2+ 

(Ca2+ sensitization) in airway smooth muscle [111]. Hence, isoproterenol 

causes relaxation of tracheal smooth muscle with not only a reduction of 

the concentration of intracellular Ca2+ (Ca2+ dynamics) but also increased 

sensitivity to intracellular Ca2+ (Ca2+sensitization). In 2-adrenergic 

desensitization, isoproterenol-induced relaxation is also attenuated by Ca2+ 

sensitization due to the RhoA/Rho-kinase pathway [112].  

 

 

5.3. Inhibitory Effects Mediated by Muscarinic Receptor/ 

G Protein Processes 
 

5.3.1. Regulation of KCa Channels by Gi 

Stimulation of muscarinic receptors inhibits the BKCa channel activity 

[80, 113]. When MCh (10 - 50 M) was applied to outside-out patches of 

porcine or canine tracheal muscle cells, the nPo of the BKCa channel was 

markedly decreased without changes in the amplitude of single channel 

currents (Figure 3B). The decrease in nPo is due to a reduction in channel 

open times, probably reflecting a decrease in the Ca2+ sensitivity of the 

channel. The muscarinic inhibition of the BKCa channels, similar to that 

found in airway smooth muscle, has been reported for the circular muscle 

of canine colon [114]. The inhibition of channels through muscarinic 

receptor activation in guinea pig [94], and swine tracheal muscle cells [87] 

may be partly responsible for a prolonged suppression by ACh of STOCs 

following a transient increase. However, this inhibition is difficult to 

explain by the depletion of intracellular Ca2+ stores [87], because it occurs 

even during elevated Ca2+ concentration in canine trachealis [105]. In the 
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porcine and canine trachealis, the inhibition of the BKCa channels produced 

by muscarinic receptor stimulation was potentiated by cytosolic application 

of GTP (100 M) and strong, irreversible, potentiation was obtained with 

GTP--S (100 M) [80]. On the other hand, when GDP--S (1 mM) was 

applied to the cytosolic side, the muscarinic receptor inhibition was not 

observed. Incubation (4-6 hr) of airway smooth muscle cells with pertussis 

toxin (PTX, 0.1-1.0 g/ml), which blocks signal transduction through ADP 

ribosylation of the Gi, inhibitory G protein of adenylyl cyclase, abolished 

the channel inhibition by MCh, without reducing channel activity in the 

control state [80].  

 

5.3.2. Role of BKCa Channels in Muscarinic Action 

After incubation of tracheal smooth muscle with pertussis toxin 1.0 

g/ml for 6 hr, MCh-induce contraction was significantly attenuated, and 

this effect by PTX was reversed in the presence of ChTX [108]. The 

Gi/BKCa inhibitory linkage may be involved in the muscarinic-induced 

contraction in airway smooth muscle, indicating that this linkage may 

contribute to airflow limitation and airway hyperresponsiveness (Figure 4). 

Similar modification of the muscarinic receptor inhibition with GTP and 

PTX has been reported for the canine colonic muscle [116]. From a 

functional point of view, it would be favorable to reduce the K+ 

conductance of the plasma membrane to produce excitation by agonists 

such as ACh. Gi protein coupled to the M2 subtype of muscarinic receptors, 

leading to an inhibition in cyclic AMP. These muscarinic M2 receptors 

exist on the surface in airway smooth muscle cells. A selective muscarinic 

M2 receptor antagonist (AF-DX 116, a benzodiazepine derivative) 

potentiated relaxation induced by isoproterenoland forskolin in MCh-

precontracted tracheal muscle [108, 117, 118]. AF-DX116 had no effect on 

isoproterenol-induced relaxation when the preparation was precontracted 

with histamine. The functional antagonism between isoproterenol (or 

forskolin) and muscarinic M2 receptor stimulation may not only be simply 

mediated by inhibition of adenylyl cyclase [117, 118], but may also be 
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exerted by the direct inhibition of the BKCa channels by PTX-sensitive Gi 

protein through activation of muscarinic receptors, since there is evidence 

that activation of the BKCa channels are involved in the relaxation induced 

by forskolin and isoproterenol, as already described. Furthermore, 

muscarinic M2 receptors inhibited activity of the BKCa channels via dual 

pathway of a direct membrane-delimited interaction of G and activation 

of the phospholipase C/protein kinase C (PKC) [119]. In knockout mice of 

BKCa channel 1 subunit, contraction and membrane depolarization 

induced by CCh were enhanced in tracheal smooth muscle compared with 

wild mice, and these augmented effects of CCh were inhibited in the 

presence of AF-DX116 [67, 120]. These results indicate that the BKCa 

channel 1 subunit plays a functional role in opposing muscarinic M2 

muscarinic receptor signaling.  

 

 

5.4. Role of BKCa Channels in the Functional Antagonism 

between 2-Adrenergic and Muscarinic Receptors 
 

In single channel recording, functionally antagonistic BKCa channel 

regulation was directly demonstrated by the sequential addition of a 2-

adrenergic receptor agonist and a muscarinic receptor antagonist to the 

same outside-out patches of tracheal smooth muscle cells, containing GTP 

(100 M) at the cytosolic side in the pipette. Extracellular application of 

isoproterenol (1 M) markedly stimulated channel activity, and following 

drug washout, MCh (10M) decreased channel activity (Figure 3B). This 

receptor-linked stimulatory and inhibitory modulation of BKCa channel was 

not sequence-dependent; result from these experiments in which channel 

activity was inhibited by MCh, and then stimulated by isoproterenol [101] 

(Figure 3B). These results indicate that Gs/BKCa stimulatory linkage and 

Gi/BKCa inhibitory linkage contribute to the functional antagonist between 

these two GPCRs such as 2-adrenergic and muscarinic receptors (Figure 

4).  
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B 

Figure 6. Role of G protein/BKCa channel linkage in the functional antagonism 

between 2-adrenergic and muscarinic receptors. A: Concentration-inhibition curves 

for ISO against methacholine (1 M)-induced contraction were constricted in the 

presence of the normal physiological solution (control) and after exposure to CTX (2 

g/ml) for 6 hr. After treatment with CTX, concentration-inhibition curves for 

isoproterenol were constructed in the presence of ChTX (100 nM). B: Concentration-

inhibition curves for ISO against an equimolar methacholine-induced contraction were 

constructed in the presence of the physiological solution (control) and after exposure to 

PTX (1 g/ml) for 6 hr. After treatment of PTX, concentration-inhibition curves for 

isoproterenol were also constructed in the presence of ChTX (100 nM). ISO: 

isoproterenol, CTX: cholera toxin, PTX: pertussis toxin, ChTX: charybdotoxin. 

Illustrated based on ref. [7, 108].  
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In isometric tension measurement, MCh (1 M) was applied to strips 

of tracheal smooth muscle before and after perfusion with CTX (2 g/ml), 

an irreversible activator of Gs coupled to 2-adrenergic receptors, for 6 hr. 

After incubation with CTX, MCh-induced contraction was substantially 

inhibited, and concentration-inhibition curves for isoproterenol was 

markedly shifeted to the left, indicating that the inhibitory effect of 

isoproterenol was significantly augmented (Figure 6A). The addition of 

ChTX (100 M), a selective inhibitor of BKCa channels, markedly shifted 

the curves for isoproterenol to the right, indicating that CTX reversed these 

effects of CTX on muscarinic contraction and 2-adrenergic action [108] 

(Figure 6A). MCh (1 M)-induced contraction was also recorded in 

tracheal smooth muscle before and after incubation with PTX (1 g/ml), an 

inhibitor of Gi coupled to muscarinic M2 receptors, for 6 hr. After 

perfusion of PTX, the mechanical response to MCh was markedly 

attenuated, and the inhibitory effects of isoproterenol were markedly 

increased, similar to CTX (Figure 6B). ChTX also diminished PTX-

induced suppression of muscarinic contraction and –induced augmentation 

of 2-adrenergic action of tracheal smooth muscle [108] (Figure 6B). These 

results demonstrate that BKCa channel activity contributes to the functional 

antagonism between these two GPCRs (Figure 4). 

 

 

5.5. Synergistic Effects on Combination of 2-Adrenergic 

Receptor Agonists with Muscarinic Receptor Antagonists 
 

The recent COPD guideline states that a combination of 

bronchodilators of different pharmacological classes may improve 

effectiveness and decrease the risk of adverse reactions compared to 

increasing the dose of a single bronchodilator. The two different types of 

bronchodilators i.e., long-acting 2-adrenergic receptor agonists (LABAs) 

and long-acting muscarinic receptor antagonists (LAMAs), are widely used 

as therapy for this disease, and a combination of these two agents has 

pharmacological rationale as a bronchodilator therapy for COPD [7, 11, 

12, 121, 122, 123]. Recent clinical trials also have demonstrated that 
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LABA/LAMA combination is beneficial to therapy for this disease 

(improving symptoms and lung function, and reducing exacerbations) 

[124, 125, 126, 127, 128]. In the human airway, muscarinic contraction is 

more resistant to 2-adrenergic relaxation than that induced by other 

contractile agonists [129]. To investigate the possible clinical relevance of 

a LABA with a LAMA, a pharmacological study was designed to 

investigate whether a combination of these two agents is useful to suppress 

muscarinic contraction in airway smooth muscle, and whether synergistic 

actions between these two agents are mediated by the functional linkage of 

G proteins/BKCa channels/VDC channels pathways. Moreover, the role of 

allosteric GPCR modulation was examined as a mechanism of synergistic 

effects by cross talk between these two receptors.  

 

5.5.1. Role of G Proteins/BKCa Channel Linkage 

As described above, BKCa channel activity is reciprocally regulated by 

the two types of trimeric G protein, Gi and Gs, which are connected to 

muscarinic M2 receptors and 2-adrenergic receptors, respectively. Pre-

exposure to CTX (2 g/ml) for 6 hr also enhanced the relaxant action of 

isoproterenol against MCh-induced contraction of airway smooth muscle, 

and ChTX, a selective inhibitor of BKCa channels, antagonizes CTX-

induced effects on isoproterenol against MCh [108, 109] (Figure 6A). With 

pre-exposure to PTX (1 g/ml) for 6 hr (Figure 6B) or in the presence of 

AF-DX 116, a selective inhibitor of muscarinic M2 receptors, the relaxant 

effect of isoproterenol on MCh-induced contraction was significantly 

enhanced; ChTX also suppressed these PTX- and AF-DX 116-induced 

effects on isoproterenol against MCh [7, 108]. These results indicate that 

combining 2-adrenergic receptor agonists with muscarinic receptor 

antagonists synergistically inhibits MCh-induced contraction of airway 

smooth muscle, and that the Gi/BKCa inhibitory linkage and Gs/BKCa 

stimulatory linkage contribute to this synergistic effect via interaction 

between 2-adrenergic and muscarinic M2 receptors [7]. Not only M3 

receptors but also M2 receptors are importantly involved in muscarinic 

receptor-induced contraction in tracheal smooth muscle [130]. In 

muscarinic M2 receptor-knockout mice, the inhibitory effects of 
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isoproterenol on muscarinic contraction are enhanced in airway smooth 

muscle [131], consistent with the results shown in a previous report [7]. 

Indacaterol (1 nM), a LABA, caused a modest inhibition of MCh (1 

M)-induced contraction [7]. When glycopyrronium (10 nM), a LAMA, 

was applied in the presence of indacaterol (1 nM), the inhibitory effects of 

the glycopyrronium/indacaterol combination were markedly augmented; 

under these experimental conditions, the values of percent inhibition of 

tension were more than the sum of the values for each agent [7, 11, 12]. 

Similar results were observed for indacaterol (1 nM) and glycopyrronium 

(3 - 30 nM) [7, 11, 12], indicating that combining LABAs with LAMAs 

synergistically inhibits MCh-induced contraction of airway smooth muscle. 

A combination of olodaterol, a LABA, with tiotropium, a LAMA, also 

caused a synergistic inhibition against MCh-induced contraction in airway 

smooth muscle [132].  

Moreover, this synergistic action induced by combining indaceterol  

(1 nM) and glycopyrronium (10 nM) was markedly potentiated after 6-hr 

incubation with PTX (1 g/ml) or CTX (2 g/ml); in contrast, the 

synergistic action was markedly attenuated in the presence of ChTX (100 

nM) or IbTX (30 nM). These inhibitory effects of BKCa channel 

antagonists on the synergistic action are reversed in the presence of 1 M 

verapamil, an inhibitor of VDC channels [7, 11, 12]. These observations 

demonstrate that suppression of the Gi/BKCa inhibitory linkage and 

activation of the Gs/BKCa stimulatory linkage are involved in the 

synergistic effects between2-adrenergic receptor agonists and muscarinic 

receptor antagonists, and reducing Ca2+ influx (Ca2+ dynamics) mediated 

by the BKCa channel/VDC channel linkage is also involved in this 

phenomenon [7, 12]. On the other hand, synergistic effects did not occur 

between 2-adrenergic receptor agonists and theophylline in airway smooth 

muscle (our unpublished observation). Furthermore, characteristic 

interactions between 2-adrenergic and muscarinic receptors are involved 

in prejunctional modulation of ACh release from parasympathetic nerve 

endings [133] and intracellular signaling cross-talk at the adenylyl 

cyclase/PKA level [134], resulting in synergistic effects on relaxation of 

airway smooth muscle. Hence, BKCa channel activity may contribute to 
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these interactions between these two receptors. These results may provide 

evidence that G protein (Gi, Gs)/BKCa channels/VDC channels linkage 

contributes to this synergistic effect, and that combination therapy between 

2-adrenergic receptor agonists and muscarinic receptor antagonists is an 

effective bronchodilator therapy for asthma and COPD [7] (Figure 7).  

 

 

Figure 7. Role of the synergistically relaxant effects between 2-adrenergic receptor 

agonists and muscarinic receptor antagonists in bronchodilator therapy. This 

synergistic effet is caused by cross talk based on allosteric GPCR modulation via G 

protein (Gi, Gs)/KCa channels/VDC channels processes. Since this synergism causes 

greater bronchodilation, combination between these two agents may be beneficial to 

therapy for asthma and COPD. GPCR: G protein-coupled receptor. Gi: the inhibitory G 

protein of adenylyl cyclase coupled to muscarinic M2 receptors, Gs: the stimulatory G 

protein of adenylyl cyclase coupled to 2-adrenegic receptors, BKCa: large-conductance 

Ca2+-activated K+ channels, VDC: L-type voltage-dependent Ca2+ channels. Illustrated 

based on ref. [7, 11]. 

 

5.5.2. Role of Allosteric GPCR Modulation in Synergistic Effects 

Allosteric modulators bind to GPCRs (seven transmembrane receptors) 

at the allosteric site that is topographically distinct from the orthosteric site, 

and they cause an alteration in receptor conformation. Protein allosterism 

is the change in protein reactivity at one site arising from a molecule 

binding on the protein at another site. When one agent acts on its specific 
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GPCRs, the effect of another agent on its specific GPCRs is altered. The 

effects of these two agents are mutually enhanced, leading to synergistic 

effects. Allosteric GPCR modulators exhibit pharmacological properties 

such as affinity, efficacy, and agonism/inverse agonism [135, 136]. Since 

allosteric effects may occur in the interaction mediated by ligands for 

GPCRs [136, 137], synergistic effects between 2-adrenergic receptor 

agonists and muscarinic receptor antagonists against muscarinic 

contraction may be due to allosteric regulation in airway smooth muscle. 

However, little is known about mechanisms underlying allosterism 

between 2-adrenergic receptor agonists and muscarinic receptor 

antagonists. PTX markedly shifted the concentration-inhibition curves for 

isoproterenol against MCh-induced contraction to the left, and values of 

EC50 at each condition were markedly decreased (Figure 6B) [7, 12]. 

Similar results were observed in the presence of AF-DX 116 [7, 12]. These 

results indicate that muscarinic M2 antagonism causes an increase in 

affinity to 2-adenergic receptor agonists via affecting allosteric sites on 

2-adenergic receptors [7, 12, 138]. In contrast, ChTX markedly shifted the 

concentration-inhibition curves for isoproterenol to the right [7, 138], 

indicating that antagonists of BKCa channels cause a decrease in affinity to 

2-adenergic receptor agonists by muscarinic M2 receptor activation 

(Figure 6B) [7, 12]. Since complete inhibition was observed in all of the 

concentration-inhibition curves under these experimental conditions, the 

efficacy to 2-adenergic receptor agonists was not affected by inhibition of 

muscarinic M2 receptors (Figure 6B).  

Muscarinic receptor antagonists, such as atropine, glycopyrronium and 

tiotropium, inhibit competitively and cause complete suppression of ~10 

M MCh-induced contraction, which is different from the effect of partial 

agonists for 2-adenergic receptors. This finding means that these 

muscarinic receptor antagonists operate upon orthosteric sites, and do not 

act on allosteric sites on muscarinic receptors (Figure 8). Since indacaterol 
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Figure 8. Role of allosteric effects in response to combination of 2-adrenergic receptor 

agonists with muscarinic receptor antagonists. Muscarinic receptor antagonists act on 

allosteric sites of 2-adrenergic receptors, and as a result affinity and efficacy of 2-

adrenergic receptor agonists are enhanced (allosteric modulation), leading to 

synergistically relaxant action of combination of 2-adrenergic receptor agonists with 

muscarinic receptor antagonists via cross talk of these two GPCRs. GPCR: G protein-

coupled receptor, ACh: acetylcholine. Illustrated based on ref. [7, 138]. 

 

and olodaterol, which are strong partial 2-adrenergic receptor agonists, 

noncompetitively inhibit against MCh (10 M)-induced contraction, these 

agonists do not cause a complete suppression under this experimental 

condition. These partial agonists act not only on orthosteric sites but also 

on allosteric sites on 2-adrenergic receptors, and signal capacity via 

orthosteric sites (intrinsic efficacy) is attenuated by efficacy modulation 

via allosteric sites (Figure 8). However, in the presence of glycopyrronium 

(1 nM) or tiotropium (1 nM), which modestly antagonize MCh (10 M)-

induced contraction (less than 10% inhibition), concentration-inhibition 

curves for indacaterol or olodaterol against MCh (10 M) are significantly 

shifted to the left, and the maximal effects of these strong partial agonists 
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are markedly enhanced (to a much greater extent than the sum of inhibition 

for each LAMA and LABA) [7, 11, 12, 132]. These results indicate that 

LAMAs synergistically augment the effects of LABAs via enhancement of 

affinity and efficacy modulation [138], and that LAMAs may act not only 

on orthosteric sites on muscarinic receptors but also on allosteric sites 

on2-adrenergic receptors in airway smooth muscle, leading to increasing 

efficacy to 2-adrenergic receptor agonists (Figure 8) [138]. 

 

 

6. CHEMICAL MODULATION OF BKCA CHANNELS 
 

As described above, Gs, Gi, and PKA modulate BKCa channels, and 

other various factors also regulate these channels as shown below. These 

factors are summarized in Figure 9.  

 

 

Figure 9. A variety of factors for regulating BKCa channel functions. BKCa: large-

conductance Ca2+-activated K+ channels, Gs: stimulatory G protein of adenylyl cyclase, 

Gi: inhibitory G protein of adenylyl cyclase, EETs: epoxyeicosatrienoic acids, 20-

HETE: 20-Hydroxyeicosatetraenoic acid, ROS: Reactive oxygen species. See the text. 
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6.1. Stimulatory Effects Mediated by Cyclic GMP Processes 
 

The nitric oxide (NO)/cyclic GMP pathway plays an important role in 

the relaxation of smooth muscle including vessels and airways. BKCa 

channels were markedly enhanced by cyclic GMP-mediated processes, 

suggesting that an augmentation of BKCa channel activity leads to cyclic 

GMP-induced relaxation of airway smooth muscle [139, 140]. This 

phenomenon was due to an impaired response to cyclic GMP-dependent 

vasorelaxation, indicating that the BKCa channel is an important effector 

for cyclic GMP-mediated action. NO, which is primarily generated by 

nitric oxide synthase (NOS) in the endothelium, causes relaxation of 

vascular smooth muscle cells via hyperpolarization of the cell membrane 

[141, 142]. NO-induced vasodilation is involved in cyclic GMP-mediated 

processes, and was attenuated by a blockade of the BKCa channel activity 

[143, 144]. NO also augmented the BKCa channel activity in various 

vascular smooth muscles [143, 144]. Protein kinase G (PKG) was involved 

in this activation of the BKCa channels via the NO/cyclic GMP pathway 

[135, 146, 147]. Activation of the BKCa channels via dopamine receptors 

caused through PKG, and has been shown to mediate relaxation in 

coronary and renal arteries [148]. Hence, NO activates the BKCa channel 

mediated by the cyclic GMP/PKG processes. PKG may be cross-activated 

by cyclic AMP to stimulate the BKCa channels [149]. Moreover, dual 

pathway of modulation of the BKCa channel by NO has been demonstrated, 

i.e., 1) PKG-dependent [143, 144, 150], 2) direct activation of NO with the 

channel protein [151, 152]. Since the stimulatory effect of NO on the BKCa 

channels abolished by knockdown of -subunit with antisense, the -

subunit acts as a mediator of NO [153].  

 

 

6.2. Protein Kinase C (PKC)  
 

The BKCa channels are activated via phosphorylation of their channels 

by PKA and PKG as described above. In contrast, the BKCa channel 

activity is attenuated by protein kinase C (PKC) via muscarinic M2 
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receptors [119]. As described below (see section 5.3), the PKC-induced 

inactivation of BKCa channels are mediacted by C-kinase-potentiated 

protein phosphatase-1 inhibitor (CPI-17), which is a potential mediator 

regulated by PKC. PKC may contribute to both Ca2+ sensitization due to 

CPI-17 and Ca2+ dynamics due to BKCa channel/VCD channel linkage in 

agonist-induced contraction of airway smooth muscle. However, the 

effects of PKC on these channels are still controversial. PKC enhanced 

activity of the BKCa channels in rat pulmonary arterial smooth muscle 

[154]. In contrast, PKC reversed cyclic AMP-induced activation of these 

channels [155, 156]. The phosphorylation by PKC acts on the BKCa 

channels as follows: 1) a direct inhibition, 2) a switch to influence the 

effects of PKA and PKG [157, 158]. In addition to these, c-Src, tyrosin 

kinase, suppressed activity of the BKCa channels in coronary and aortic 

myocytes [159], whereas cSrc-induced phosphorylation augmented these 

channels in the HEK 293 cells [160].  

 

 

6.3. Estrogen 
 

Steroid hormones alter cardiovasular function at least in part by 

regulating the BKCa channel activity. In electrophysiological methods, 

estrogen and xenoestrogen caused an increase in the BKCa channel activity 

in coronary [161, 162, 163], uterine [164], and cerebral [165] arterial 

smooth muscle cells, resulting in dilatation of these vessels [144, 166]. 

This stimulatory action of estrogen in the BKCa channels was mediated by 

interaction with 1 subunit [167], and NO generated by estrogen enhanced 

activity of these channels through cyclic GMP-PKG signaling processes 

[161, 164]. As another mechanism independent of NO synthesis, G-protein 

coupled with estrogen receptors activated the BKCa channels, leading to 

vasorelaxation [163]. Estrogen also inhibits muscarinic contraction of 

airway smooth muscle passively sensitized with serum from patients with 

atopic asthma by activating BKCa channels [168].  
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6.4. Redox and ROS 
 

Reactive oxygen species (ROS), synthesized in endothelial and smooth 

muscle cells, exert physiological and pathophysiological roles on smooth 

muscle via altering intracellular reduction and/or oxygen (Redox) status 

[169]. Excessive generation of ROS is observed in various conditions and 

diseases such as aging, diabetes, hypoxia, and hypertension. Redox state 

influenced gating of the BKCa channels [48]. However, the effects of 

Redox are complex. Preferential oxidation of methionine increased activity 

of BKCa channels, whereas oxidation of cysteines reduced these channel 

activities [170, 171, 172, 173]. Activity of the BKCa channels was 

enhanced by hydrogen peroxide (H2O2) in pulmonary arterial smooth 

muscle, resulting in vasodailation mediated by membrane 

hyperpolarization [174, 175]. H2O2 may directly bind to the BKCa channels 

to regulate them. In addition, H2O2-induced activation of the BKCa 

channels was involved in phospholipase A2-arachidonic acid pathway and 

metabolites of lipoxygenase [176]. On the other hand, H2O2 caused 

contraction of tracheal smooth muscle in a concentration-dependent 

fashion with elevating concentrations of intracellular Ca2+ [177]. 

Moreover, peroxynitrite (OONO-), an oxidant generated by the reaction of 

NO and superoxide, caused contraction of the cerebral artery mediated by 

inhibiting the BKCa channel activity [178, 179]. 

 

 

6.5. Arachidonic 
 

Arachidonic acid and its metabolites such as 20-

Hydroxyeicosatetraenoic acid (20-HETE), and epoxyeicosatrienoic acids 

(EETs) have an important role in the regulation of smooth muscle tone in 

vessels and airways. Arachidonic and EETs caused dilation of vessels 

mediated by increasing the BKCa channel activity in smooth muscle cells 

[180, 181, 182]. The vasodilation induced by these two agents was 

attenuated via suppression of these channel activities [183, 184]. In airway 

smooth muscle, 20-HETE and EETs caused relaxation with membrane 
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hyperpolarization via activation of the BKCa channels [185, 186, 187]. 

EETs also inhibit airway smooth muscle contraction with reducing 

sensitivity to intracellular Ca2+ via dephosphorylation of C-kinase-

potentiated protein phosphatase-1 inhibitor (CPI-17), which is a potential 

mediator regulated by PKC (PKC-induced Ca2+ sensitization) [187]. On the 

other hand, 20-HETE is a vasoconstrictor. The BKCa (channel activity was 

inhibited by 20-HETE, and this phenomenon is mediated by PKC (Figure 

4) [188, 189]. The vasoconstriction induced by 20-HETE was also 

attenuated via blocking these channel activities [188]. Acute hypoxia 

reduced generation of 20-HETE, and subsequently the inhibitory action of 

20-HETE on the BKCa channels was removed in cerebral arterial smooth 

muscle cells [190].  

 

 

6.6. Cholesterol 
 

In human brain cells, cholesterol increases after chronic exposure to 

ethanol. Ethanol enhanced the BKCa channel activity, and cholesterol 

abolished this ethanol-induced augmentation of these channels activity 

[191]. Caveolae are cholesterol-rich plasmmalemmal microdomains 

characterized by the presence of the scaffolding protein caveolin-1 (Cav-

1). In cultured endothelial cells the BKCa channels were inhibited by Cav-1 

that has a high affinity for cholesterol [192]. Cholesterol repletion also 

suppressed these channel activities [193]. On the other hand, bile acids 

have been known to cause relaxation of smooth muscle. In mesenteric 

arterial cells, bile acids activated the BKCa channels [194], indicating that 

this phenomenon explains their action on smooth muscle.  

 

 

6.7. NO, CO 
 

Nitric oxide (NO), which is primarily generated by nitric oxide 

synthase (NOS) in the endothelium, causes relaxation of vascular smooth 

muscle cells via hyperpolarization of the cell membrane [195, 196]. Since 
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NO-induced vasodilation was attenuated by blockade of the BKCa channel 

activity, NO-induced hyperpolarization may be due to opening these 

channels [143, 144]. Described above, NO activates the BKCa channel 

mediated by the cyclic GMP/PKG processes, leading to relaxation of 

smooth muscle in various tissues. Moreover, the combination of BKCa 

channel blockers inhibits acetylcholine-evoked nitric oxide release in rat 

superior mesenteric arteries [197]. BKCa channels may indirectly modulate 

endothelial cells hyperpolarization and nitric oxide release via 

myoendothelial gap junctions, and vaslular smooth muscle tone is 

attenuated [198].  

Carbon monoxide (CO) is synthesized in both endothelial and smooth 

muscle cell in vessels by metabolism of heme [199]. CO also acts on 

vessels as a vasodilator, similar to NO. The BKCa channels were activated 

by CO independent of PKG [200]. Sensitivity to intracellular Ca2+ was 

augmented via an enhancement of coupling Ca2+ sparks to the BKCa 

channels [201]. This CO-induced activation of the BKCa channels was 

involved in -subunit [204, 205, 206], not in -subunit [153].  

 

 

6.8. pH 
 

As described above, concentrations of intracellular H+ influences the 

function of smooth muscle including airways and vessels. However, the 

effects of pH on smooth muscle tone are controversial. Although it is 

generally considered that acidification leads to relaxation of smooth 

muscle, whereas alkalization leads to contraction [205], a previous report 

has indicated the opposite results [90]. The BKCa channels were activated 

by increasing concentration of intracellular H+ in coronary and basilar 

arterial smooth muscle cells [206, 207], suggesting that acidosis-induced 

relaxation is due to activation of these channel by intracellular H+. In 

contrast, acidification inhibited activity of the BKCa channels in internal 
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mammary and tail arterial smooth muscle [208, 209], similar to tracheal 

smooth muscle cells [46]. Little is known about the physiological 

relevance of intracellular proton-induced regulation of the BKCa channels 

on smooth muscle tone.  

 

 

7. THE EFFECTS OF BKCA CHANNELS  

ON THE PHYSIOLOGICAL AND  

PATHOPHYSIOLOGICAL CONDITIONS 
 

Since the BKCa channel activity is considered to play a key role not 

only in regulating tone in smooth muscle but also in regulating transmitter 

release and spike shaping in neurons, the function of BKCa channels are 

associated with physiological and pathological conditions shown below 

(Figure 10).  

 

 

Figure 10. Role in BKCa channels in various diseases. Phenotype changes in various 

tissues due to BKCa channel activity may be associated with pathophysiology of 

various diseases.  
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7.1. Pregnancy  
 

The uterine blood flow is markedly increased during pregnancy for 

optimal growth of the fetus and for the cardiovascular well-being of the 

mother, leading to uterine vascular adaptation. Myogenic tone of the ovine 

uterine artery is reduced during pregnancy, and this decreased tone was 

abolished by blocking BKCa channels [210], BKCa channels which are 

abundantly expressed in vascular smooth muscle cells, contribute to 

regulation of vascular tone via determining of the membrane potential. 

Hence, these channels may play an essential role in the adaptation of 

uterine circulation against increased uterine blood flow in pregnancy [210, 

211]. The BKCa channels activity was enhanced with increasing expression 

of1 subunit by pregnancy [210, 211]. Moreover, endothelial NO 

synthases, cyclic GMP and PKG were activated in the uterine artery during 

pregnancy [211, 212]. Therefore, NO/cyclic GMP/PKG processes are 

involved in the augmented activity of the BKCa channels induced by 

pregnancy [211]. Uterine blood flow is augmented during the follicular 

phase of the ovarian cycle [213]. This phenomenon is also due to an 

augmentation in the BKCa channel’s activity mediated by estrogen via the 

cyclic GMP-PKG processes [164]. In contrast, chronic hypoxia during 

gestation causes a reduction in BKCa channel activity via downregulation of 

1 subunit expression, leading to abrogation of the pregnancy-induced 

adaptation [214, 215, 216]. Recent reports have demonstrated that hypoxia 

is associated with inactivation of the BKCa channel via estrogen receptor- 

gene repression, and that an increase in promoter methylation plays a 

causal role in this phenomenon [217]. In addition to these, BKCa channels’ 

activities have a great effect on the contractility of human myometrium in 

the period of pregnancy [218].  

 

 

7.2. Development and Aging 
 

In smooth muscle cells including vessels, the structure and function are 

complexly affected by development and aging. Vasorelaxation was 
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attenuated with the advance of age [219], and activation of BKCa channels 

was markedly decreased according to aging [220]. In coronary arterial 

smooth muscle cells, the current density of the BKCa channels were 

significantly attenuated in the old rats, compared with the young rats [221, 

222]. The expression of the BKCa channels was also markedly reduced in 

aged human coronary arterial myocytes [223]. Moreover, iberiotoxin-

vasoconstriction in the coronary artery was blunted in the old rats 

compared with the young rats [221, 222], suggesting that aging causes a 

significant decrease in the contribution of the BKCa channels to regulation 

of vascular tone. These results indicate that loss of the BKCa function may 

be related to an increased risk of coronary spasm and myocardial ischemia 

in the elderly. Resistance in pulmonary vessels is reduced at birth, and 

vasodilation causes them to perfuse blood to the lung. The BKCa channels 

may be involved in this phenomenon. In fetal ovine and rabbit pulmonary 

arterial smooth muscle cells, the BKCa channel activity was markedly 

enhanced by elevating oxygen partial pressure [224, 225]. In freshly 

isolated human fatal airway smooth muscle cells, three types of the BKCa 

channels were recorded in an inside-out patch with a symmetrical 140 mM 

K+ medium, i.e., 1) 200, 2) 150, 3) 100-pS channels [226]. The BKCa 

channels of 200 pS had identical characteristics to those found in freshly 

isolated human adult bronchial smooth muscle cells. In contrast, two other 

BKCa channels did not exist in these freshly dispersed adult bronchial 

myocytes, and were observed in adult bronchial myocytes proliferating in 

culture [89]. These results suggest that these two BKCa channels of smaller 

conductance are associated with proliferation and growth in human airway 

smooth muscle cells 

 

 

7.3. Hypoxia 
 

It is generally considered that acute hypoxia causes constriction in 

pulmonary vessels, in contrast to dilation in systemic vessels [227]. Under 

the condition of acute hypoxia, the BKCa channels were inhibited in 

pulmonary arterial myocytes [228, 229], but in contrast, these channels 



Hiroaki Kume and Satoru Ito 82 

were potentiated in cerebral and pial arterial smooth muscle cells [190, 

230]. In chronic hypoxia, impaired BKCa channel function was also 

observed in rat and human pulmonary arteries [231, 232]. The voltage-

gated K+ channels are the predominant K+ currents in regulating resting 

membranes in adult pulmonary arterial smooth muscle [233]. However, 

prolonged exposure to hypoxia causes contraction of these myocytes via 

reducing the BKCa channel function, leading to pulmonary hypertension. 

Chronic hypoxia resulted in a reduction in expression of not only -subunit 

[234] only, but also 1 subunit [235] of the BKCa channels, indicating that 

the dysfunction of these channels is mediated by both voltage- and Ca2+ 

sensing processes under the condition of chronic hypoxia [231]. However, 

the physiological relevance of hypoxia-induced regulation of these 

channels remains to be elucidated. Since generation of ROS and 20-HETE 

is altered during exposure to hypoxia, the BKCa channel activity may be 

influenced complexly [184, 190].  

 

 

7.4. Shock  
 

In both endotoxic and hemorrhagic shock, the membrane potential of 

vascular smooth muscle cells was hyperpolarized, mediated by an increase 

in the BKCa channel activity [236, 237]. Although reduced responsiveness 

to norepinephrine occurs in vessels under the condition of shock, BKCa 

channel blockers restored vascular contractility in response to epinephrine, 

suggesting that the BKCa channel activity is involved in the development of 

hypotension. Endotoxin lipopolysaccharide enhanced activity of the BKCa 

channels [238], furthermore, this channel activity was augmented in 

hemorrhage shock animals [237].  

 

 

7.5. Hypertension 
 

Since BKCa channels are also densely expressed on the surface of 

vascular smooth muscle cells, and activation of these channels leads to 
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hyperpolarization in cell membrane and relaxation in smooth muscle, 

dysfunction of these channels in vessels may contribute to development of 

hypertension. It is generally considered that an decrease in BKCa channel 

activity leads to an increase in tension with elevating concentrations of 

intracellular Ca2+ in vascular smooth muscle [239], similar to airway 

smooth muscle [75]. However, the role of the BKCa channels in causing 

hypertension is unclear. Phenotype changes may occur in various arteries 

in response to heightened intraluminal pressure in vessels by hypertension 

[240]. In gene knockout methods, it has been reported that targeted gene 

deletion of both  and 1 subunits of these channels caused increases in 

vascular tone and systemic blood pressure [13, 14, 27]. In spontaneously 

hypertensive rats (SHR), expression of1 subunit was decreased in 

cerebral arterial myocytes [241], suggesting impairment of the coupling of 

Ca2+ sparks to the BKCa channels. However, hypertension did not develop 

in 1 null mice [242], indicating that deletion of 1 subunit may be 

insufficient to cause hypertension. Involvement of BKCa channel 1 

subunits in hypertension is still controversial. On the other hand, decreased 

expression of  subunit was observed in vascular smooth muscle cells 

from rats made hypertensive with N-nitro-L-arginine [243]. Furthermore, 

in hypertensive animal models, other reports have demonstrated that the 

BKCa channel function was conversely upregulated [244, 245], and that 

expression of or1 subunits was also augmented [246, 247]. It was 

thought that the upregulated BKCa channel function may serve as a 

compensatory mechanism for excessive vasoconstriction in hypertension 

[246]. These channels promote homeostasis by counteracting smooth 

muscle contraction because these channels are activated by membrane 

depolarization and by increases in concentrations of intracellular Ca2+. 

BKCa channels activated by local increases in intracellular Ca2+ via opening 

RyRs in SR (Ca2+ sparks) generate STOCs, leading to inhibiting smooth 

muscle contraction. The functional coupling of RyRs to BKCa channels 

may be enhanced in hypertention to protect this disorder [248].  
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7.6. Diabetes 
 

BKCa channel activity is regulated by insulin [249], 4-Hydroxy-2-

nonenal (4-HNE) [250], A-kinase anchoring protein 150 (AKAP150) 

[251], and ROS [252, 253], which are related to the pathophysiology of 

diabetes. Myogenic tone was increased in the cerebral artery from type 1 

and type 2 diabetic animals [254, 255], suggesting that vascular 

dysfunction develops in this disease. As the mechanism of this 

phenomenon, impairment of BKCa channel function is proposed. In Zucker 

Diabetic Fatty rats, IbTX did not significantly enhance agonist-induced 

contraction in the mesenteric artery, and NS 1619, an opener of BKCa 

channels, also did not markedly hyperpolarize the cell membrane 

compared with non-diabetic animals [256]. In streptozotocin-induced 

diabetic rats, similar results were observed [254, 257, 258]. Moreover, loss 

of the BKCa channel function was demonstrated in both type 1 [254, 257] 

and type 2 [259, 260] diabetic vascular smooth muscle cells using 

electrophysiological methods. These results indicate that the ability of 

these channels to resist vasoconstriction is diminished in this disease. The 

expression of 1, but not , subunit of the BKCa channels was attenuated in 

type 1 [261, 262] and type 2 [257, 260] diabetes, and diminished 1 

subunit caused a reduction in Ca2+ and voltage sensitivity in these channels 

[254, 257, 260, 261], leading to the impaired coupling of Ca2+ sparks to 

these channels [254]. Since diabetes enhanced generation of ROS in 

vascular smooth muscle cells [263], the BKCa channels may be influenced 

by ROS in this disease. ROS suppressed the BKCa channel activity with a 

response similar to deletion of the 1 subunit [264]. Hyperglycemia also 

has an effect on development of the BKCa channel dysfunction in diabetes.  

 

 

7.7. Asthma 
 

In airway smooth muscle cells, BKCa channels were markedly activated 

by -adrenergic action [81, 101, 102, 106, 107, 108], suggesting that these 

channels contributed to suppressing bronchoconstriction in asthma and 
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COPD. Moreover, the BKCa channels were inhibited by muscarinic 

receptor stimulation [80, 101, 102, 113, 119], suggesting that this channel 

avtivity contributes to airway hyperresponsiveness implicated in the 

pathophysiology of asthma. Systemic administration of rottlerin, a BKCa 

channel agonist, during the challenge period reduced MCh-induced airway 

hyperresponsiveness in an experimental animal model of allergic 

inflammation using ovalbumine-sensitized mice [19]. Furthermore, NS 

1619, a BKCa channel opener, decreased reactivity of airway smooth 

muscle cells and cytokine levels in the serum in the animal model of 

asthma using ovalbumine-sensitized guinea pigs [20]. NS1619 also 

reduced fractional exhaled nitric oxide (FeNO) and inflammatory cells 

infiltration to the airways [20]. Interleukin (IL)-4 and IL-13 play an 

important role in the pathophysiology of asthma as inflammatory 

mediators. In human bronchial smooth muscle cells, IL-4 caused a marked 

increase in the BKCa channel activity, whereas IL-13 had a modest 

activation on these channels [265]. Although role of BKCa channels in 

asthma remains to be elucidated in future studies, these results have 

indicated that BKCa channels are involved in a variety of pathophysiology 

in asthma, and that these channels may represent a promising novel 

molecular target in treatment of this disease. Furthermore, since the BKCa 

channels play a key role not only in regulating tone in smooth muscle [8] 

but also in regulating transmitter release [9], activation of these channels 

may inhibit cough and other reflexes of the airways such as the afferent 

and efferent functions of airway sensory nerves [266, 267].  

Airway smooth muscle cells have the ability to change the degree of 

various functions, such as contractility, proliferation, migration, and 

synthesis of inflammatory mediators [268, 269, 270]. Alterations of 

contractile phenotype (dysfunctional contractility), which is a characteristic 

feature of patients with asthma, may depend on Ca2+ signaling (Ca2+ 

dynamics and Ca2+ sensitization) in airway smooth muscle cells [6, 7, 11, 

12, 268, 271, 272, 273]. As described above, BKCa channels are associated 

with the functional antagonism between 2-adrenergic and muscarinic 

receptors, airway hyperresponsiveness (increased sensitivity to muscarinic 

action), 2-adrenergic desensitization and synergistic effects of 2-
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adrenergic receptor agonists with muscarinic receptor antagonists in airway 

smooth muscle [6, 7, 11, 12, 75, 80, 81, 101, 102, 108, 109, 110, 268]. 

These findings indicate that BKCa channel-medicated Ca2+ dynamics may 

be involved in asthma via changing contractile phenotype [6, 7, 11, 12, 75, 

80, 81, 101, 102, 268]. Since the opening of these channels leads to 

membrane hyperpolarization, VDC channels are associated with the Ca2+ 

dynamics [75]. The plasticity from a contractile phenotype to other 

phenotypes (proliferation, migration, or secretion of chemical mediators) 

may enhance airway inflammation, leading to airway remodeling, which is 

also characteristic of asthma and COPD. This phenotype change may also 

be associated with Ca2+ dynamics [274, 275] and Ca2+ sensitization in 

airway smooth muscle cells [276, 277, 278, 279, 280]. Previously, it is 

considered that VDC channel antagonists are not so beneficial to asthma 

from the viewpoint of therapeutic effects such as reducing symptoms and 

improving lung function. However, a recent clinical trial has demonstrated 

that a VDC channel inhibitor reduces airway remodeling in patients with 

severe asthma [281]. Inhibition of VDC channel activity via BKCa channel-

induced hyperpolarization may be involved in this phenomenon. In 

addition to these reports, formoterol, a LABA, inhibits eosinophil 

infiltration and migration of myofibroblasts in the airway of patients with 

bronchial asthma [282]. Repeated muscarinic contraction, independent of 

airway inflammation causes airway remodeling in patients with asthma 

[283]. These clinical trials have indicated that glucocorticosteroids have no 

effect on preventing airway remodeling, and that 2-adrenergic receptor 

agonists may have prophylactic effects against airway remodeling. 

Moreover, muscarinic M2 receptors facilitate the proliferation of airway 

smooth muscle cells [284, 285]. 2-adrenergic receptor agonists increase 

BKCa channel activity via Gs and PKA [6, 7, 11, 12, 81, 101, 102, 108] and 

2-adrenergic action on airway smooth muscle competes with Gi/BKCa 

inhibitory linkage connected to muscarinic M2 receptors [6, 7, 11, 12, 80, 

101, 108]. In a clinical trial, enrolled African American patients with 

asthma, a novel African-specific coding polymorphism (the 818T allele) in 

 subunit of BKCa channels, is associated with the severity and morbidity 

of asthma via inactivation of these channels [18]. Expression of BKCa 
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channels may contribute to pathogenesis of asthma, or contribute to 

compensation for the pathophysiology of this disease. Hence, Ca2+ influx 

via VDC channels regulated BKCa channel activity plays a key role not 

only in the pathophysiology of asthma but also for the development of a 

novel agent that will be effective for constriction and inflammation in this 

disease [6, 7, 11, 12, 268].  

 

 

CONCLUSION 
 

In this chapter, not only the electrophysiological and structural 

characteristics of BKCa channels but also role of these channels in the 

pathophysiological conditions of various diseases including asthma and 

hypertension was described in detail. These channels are abundantly 

distributed on the cell surface in ubiquitous tissues, and regulate membrane 

potential via intracellular Ca2+- and voltage-sensitive outward currents 

(large conductance). Therefore, the BKCa channels may play a unique role 

in Ca2+ signaling via voltage-dependent Ca2+ influx concerning 

mechanisms underlying various vital body functions and diseases. Since 

the functional antagonism between 2-adrenergic and muscarinic receptors 

converges on BKCa channel activity in airway smooth muscle, these 

channels are associated with airflow limitation, 2-adrenergic 

desensitization, airway remodeling, airway hyperresponsiveness, and cross 

talk between these receptors [6, 7, 11, 12, 268, 286]. Recently, an activator 

of BKCa channels is clinically used as medicine for glaucoma because this 

agent inhibits an increase in the concentration of intracellular Ca2+ in the 

nervous cells [287, 288, 289, 290]. Moreover, these channels are 

associated with smooth muscle function in the urinary tract [291, 292]. 

Hence, the BKCa channel/VDC channel linkage is involved in the 

contractile and synthetic phenotype change of tissues such as smooth 

muscle, and may be a molelular target for development of therapy for 

various diseases [6, 7, 10, 11, 12, 268].  
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