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Preface

Smooth muscle cells (SMCs) are the major functional and structural components

of the airway. In addition to maintaining air flow, these cells can proliferate,

migrate, and induce cytokines, extracellular matrix proteins, growth factors,

and other molecules. Airway SMCs are also key players in the development

of asthma and asthma attacks by causing airflow obstruction secondary to con-

tractile hyperresponsiveness, remodeling (e.g., hyperplasia and hypertrophy), and

inflammatory responses. These physiological and pathological functions of airway

SMCs are, in fact, precisely controlled and regulated by calcium signaling, which

may result from extracellular calcium influx or intracellular calcium release as a

result of activation or inactivation of ion channels, exchangers, and transporters on

the cell plasma membrane and sarcoplasmic reticulum membrane. Scientific

research in calcium signaling in airway SMCs is growing; however, to date, there

has not been a comprehensive book compiling and detailing our state-of-the-art

advances.

The major objective of this book is to create a valuable platform in which

numerous, well-established, and emerging pioneers are able to report their recent,

inspiring findings from basic, translational, and clinical research, particularly

focusing on genesis, networks, microdomains, regulation, functions, and therapies

of calcium signaling in airway SMCs. We also strive to include data from clinical

trials exploring interventions of calcium signaling in the treatment of asthma and

other related diseases. The innovative and ample contents presented will update our

understanding of the role of calcium signaling and help direct future research in

the field.

This book offers a broad and detailed overview for academic and industrial

scientists, postdoctoral fellows, and graduate students engaged in studies of calcium

signaling in airway smooth muscle and other cells, particularly in the fields of

molecular biology, cell biology, biochemistry, physiology, and pharmacology.

In addition, the book may also serve as a useful reference tool for clinicians,

medical students, and allied health professionals.
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Abstract Ryanodine receptors (RyRs) and inositol 1,4,5-trisphosphate receptors

(IP3Rs) are the most important Ca2+ release channels on the sarcoplasmic

(or endoplasmic) reticulum (SR) in almost all types of cells. In the past several

decades, the studies of RyRs and IP3Rs have greatly facilitated our understanding of

the physiological functions and pathological mechanisms for various diseases

including heart failure, arrhythmias, myopathy, and seizure. Similarly, their impor-

tant roles have been explored in airway smooth muscle cells (SMCs). These two

receptors control intracellular Ca2+ release and modulate extracellular Ca2+ influx,

thereby playing an essential role in cell contraction, relaxation, proliferation,

L. Mei • Y.-M. Zheng (*) • Y.-X. Wang (*)

Center for Cardiovascular Sciences (MC-8), Albany Medical College, 47 New Scotland

Avenue, Albany, NY 12208, USA

e-mail: zhengy@mail.amc.edu; wangy@mail.amc.edu

Y.-X. Wang (ed.), Calcium Signaling In Airway Smooth Muscle Cells,
DOI 10.1007/978-3-319-01312-1_1, © Springer International Publishing Switzerland 2014

1

mailto:zhengy@mail.amc.edu
mailto:wangy@mail.amc.edu


migration, metabolism, and, ultimately, cell fate. The abnormality of Ca2+ signaling

in airway SMCs may contribute to the development of multiple lung diseases,

notably asthma. Concomitantly, many regulators, including Ca2+ itself, calmodulin,

protein kinases, FK506-binding protein 12.6 (FKBP12.6), cyclic adenosine

diphosphate ribose (cADPR), and redox status, are involved in the regulation of

Ca2+ signaling and, thus, the physiological function and pathological alterations.

The two SR Ca2+ release channels may also directly or indirectly interact with

plasmalemmal and mitochondrial ion channels such as transient receptor potential

cation, big-conductance Ca2+-activated K+, Ca2+-activated Cl�, and other channels,
providing positive or negative feedback mechanisms to control Ca2+ signaling and

cellular functions.

Keywords Ryanodine receptor • Inositol 1,4,5-trisphosphate receptor • Intra-

cellular Ca2+ release • Extracellular Ca2+ influx • Big-conductance Ca2+-activated

K+ channel • Ca2+-activated Cl� channel

Abbreviations

2-APB 2-aminoethoxy-diphenylborate

ACh Acetylcholine

BKCa Big-conductance Ca2+-activated K+ channel

cADPR Cyclic adenosine diphosphate ribose

CaMKII Calmodulin-dependent protein kinase II

CICR Ca2+-induced Ca2+ release

ClCa Ca2+-activated Cl� channel

CPVT Catecholaminergic polymorphic ventricular tachycardia

DAG Diacylglycerol

FKBP12.6 FK506-binding protein 12.6

GPX1 Glutathione peroxidase-1

H2O2 Hydrogen peroxide

IL-13 Interleukin-13

IP3Rs Inositol 1,4,5-trisphosphate receptors

IRAG cGMP kinase substrate

LTCCs L-type voltage-gated Ca2+ channels

LTD4 Leukotriene D4

M3R Muscarinic M3 receptor

mACh Methacholine

MLC Myosin light chain

MLCK Myosin light chain kinase

MLCP Myosin light chain phosphatase

mTOR Mammalian target of rapamycin

NCX Na+/Ca2+ exchanger

NO Nitric oxide
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NSCCs Nonselective cation channels

PI3K Phosphatidylinositol 3 kinases

PIP2 Phosphatidylinositol 4 5-bisphosphate

PKA Protein kinase A

PKC Protein kinase C

PKG cGMP-dependent protein kinase

PLC Phospholipase C

ROS Reactive oxygen species

RyR Ryanodine receptor

SERCA Sarcoplasmic reticulum Ca2+ ATPase

SMC Smooth muscle cell

SOCE Store-operated calcium entry

SR Sarcoplasmic reticulum

STIC Spontaneous transient inward current

STOC Spontaneous transient outward current

TNF-α Tumor necrosis factor-α
TRP Transient receptor potential channel

VICR Voltage-induced Ca2+ release

1 Introduction

Ca2+ signals are precisely generated and regulated by both extracellular Ca2+ influx

and intracellular Ca2+ release, which are controlled and regulated by ion channels,

exchangers, and transporters. L-type voltage-gated Ca2+ channels (LTCCs), nonse-

lective cation channels (NSCCs), and Na+/Ca2+ exchangers (NCX) play an impor-

tant role in mediating Ca2+ influx. The intracellular Ca2+ is primarily stored in the

sarcoplasmic/endoplasmic reticulum (SR). In smooth muscle cells (SMCs), a Ca2+

signal can express in various forms, such as Ca2+ flashes, puffs, ripples, sparklets,

sparks, waves, oscillations, and global changes in intracellular Ca2+ concentration

([Ca2+]i). These diverse Ca2+ signals regulate physiological and pathological

functions in nearly all types of cells.

Ca2+ release channels on the SR can be divided into two categories: ryanodine

receptors (RyRs) and inositol 1,4,5-trisphosphate receptors (IP3Rs). RyRs were

originally identified using the plant alkaloid ryanodine, in which ryanodine induced

profound paralysis of cardiac and skeletal muscle cells and was bound to the SR

membrane [1, 2]. Three subtypes of RyRs (RyR1, RyR2, and RyR3) have been

identified. Each of them is encoded by a distinct gene in mammalian and human

cells. The three subtypes of RyRs share approximately 70 % sequence homology.

RyRs are the approximately 2,200 kDa homotetramer of four ~550 kDa subunits and

mediate Ca2+ release from the SR. These Ca2+ release channels can be divided into

three domains: N-terminal, central, and C-terminal. The C-terminal of RyRs

contains the channel region; the N-terminal domain modulates the channel gating;

and the central domain comprises a large cytosolic region that serves as a scaffold to

interact with regulatory proteins to form a macromolecular signaling complex [3].

Ryanodine and Inositol Trisphosphate Receptors/Ca2+ Release Channels. . . 3



IP3Rs on the SR are also tetramers with a monomeric molecular mass of

approximately 300 kDa. Each subunit is composed of the N-terminal, central, and

C-terminal domains. The N-terminal domain composes an IP3-binding site, a sup-

pressor region that inhibits IP3 binding, and the regulatory region [4]. To date, three

IP3R subtypes (IP3R1, IP3R2, and IP3R3) have been identified. Each subtype of

IP3Rs is encoded by a separate gene in mammalian and human cells. The full-length

amino acid sequences of three IP3R subtypes share 60–80 % homology overall.

Stimulation of neurotransmitter, hormone, growth factor, and other G protein-

coupled receptors activates phospholipase C (PLC), which hydrolyzes the mem-

brane lipid phosphatidylinositol 4, 5-biphosphate (PIP2) to generate diacylglycerol

(DAG) and IP3. The latter molecule can bind to its receptors and then induce Ca2+

release from the SR. To date, all three subtypes of IP3Rs (IP3R1, IP3R2, and IP3R3)

have been discovered in SMCs; among them, IP3R1 appears to be the most

predominant subtype [5].

Depolarization of the cell membrane can cause the opening of LTCCs and

extracellular Ca2+ influx, which gives rise to an increase in intracellular Ca2+

concentration ([Ca2+]i). The increased [Ca2+]i activates RyRs and possibly IP3R

to release Ca2+ from the SR, a process called Ca2+-induced Ca2+ release (CICR).

Subsequently, the elevated intracellular Ca2+ binds to calmodulin. This complex

activates myosin light chain kinase (MLCK) to phosphorylate myosin light chain

(MLC). In cooperation with actin, the phosphorylated MLC initiates cross-bridge

cycling and contraction of the cell. The removal of the contractile stimulation or

inhibition of related contractile molecules results in cell relaxation. Concomitantly,

the relaxation process requires a decrease in [Ca2+]i, which is mediated by the SR

Ca2+ ATPase (SERCA) to refill the Ca2+ store or by NCX to pump Ca2+ out of

the cell. This process increases MLC phosphatase (MLCP) activity to dephos-

phorylate the MLCs [6].

In addition to contraction, Ca2+ signaling plays an important role in metabolism,

transcription, migration, and proliferation in SMCs in a time-dependent manner.

For example, Ca2+ influx triggers exocytosis within microseconds at the synaptic

junction, whereas the Ca2+ signal drives gene transcription and cell proliferation

over minutes and even hours [7]. An alteration in Ca2+ signaling might be an

essential factor for many airway diseases, as exemplified by asthma.

2 Expression of RyRs and IP3Rs

Among the three subtypes of RyRs, RyR1 is mainly expressed in skeletal muscle

cells and serves as the major Ca2+ release channel required for cell contraction.

In addition, a low level of RyR1 expression has been reported in SMCs, cerebellum,

testis, adrenal gland, spleen, and ovary. It was recently shown that RyR1 is also

expressed in B-lymphocytes [8]. RyR2 is the most abundant in the heart, lung,

SMCs, and pancreatic β cells. This channel also shows a high expression level in

Purkinje cells of cerebellum and cerebral cortex, but a low level in stomach, kidney,

4 L. Mei et al.



adrenal glands, ovaries, thymus, and lungs [9]. RyR3 is found in the brain, spleen,

heart, and testis [10]. Coronary vasculature, lung, kidney, ileum, jejunum, spleen,

stomach, aorta, uterus, ureter, urinary bladder, and esophagus express RyR3 as well.

Airway SMCs express all three subtypes of RyRs; however, RyR2 is likely to be

the predominant subtype. In these cells, RyR1 is localized to the periphery near the

cell membrane, whereas RyR3 is more centrally localized [11]. The heterogeneous

distribution of RyR1 and RyR3may endow their multiple functions in airway SMCs.

In mammals, IP3R is ubiquitously expressed in almost all cell types. IP3R1 is

predominantly expressed in Purkinje cells, IP3R2 primarily in cardiac myocytes,

and IP3R3 mainly in pancreatic β cells [12]. IP3R1 knockout mice show neurologi-

cal defect and early death [13], which is consistent with its primary expression in

brain. Interestingly, IP3R2 null mice have the abolished positive ionotropic effect in

atrial myocytes of the heart, revealing the potential importance of this Ca2+ release

channel in cardiac cells [14].

SMCs express all three IP3R subtypes. The density of IP3Rs is approximately

100 times less in SMCs than in brain. It is intriguing to point out that the overall

stoichiometric ratio of IP3Rs to RyRs is approximately 10–12:1 in visceral SMCs

but 3–4:1 in vascular SMCs [15]. IP3R1 is the predominant subtype expressed in

vascular SMCs, including aortic, cerebral artery, mesenteric artery, and portal vein

myocytes [5]. IP3R2 and IP3R3 expression levels have been found to be higher in

proliferating, neonatal, and cultured aortic SMCs [16]. IP3R1 is also predominantly

expressed in intestinal SMCs.

Western blot analysis reveals that IP3R1, IP3R2, and IP3R3 are all expressed in

airway SMCs [17]. The heterogeneity of tissue-dependent expression levels of IP3R

subtypes may significantly contribute to the diversities of Ca2+ signaling and

cellular functions in different types of SMC.

3 RyR- and IP3R-Mediated Ca2+ Release

RyR-mediated Ca2+ release is required for excitation-contraction coupling in skel-

etal, cardiac, and some SMCs. RyRs on the SR can be functionally coupled to

LTCCs (also known as dihydropyridine receptors, DHPRs) on the plasmalemma,

by which Ca2+ influx through LTCCs during membrane depolarization opens RyRs

to induce Ca2+ release from the SR, i.e., CICR. RyRs may also be physically

coupled to LTCCs; as such, a conformational change in LTCCs following mem-

brane depolarization (voltage stimulation) causes the opening of associated RyRs

and Ca2+ release, termed voltage-induced Ca2+ release (VICR) process. The three

subtypes of RyR exhibit differences in Ca2+-dependent activation and deactivation.

Usually, RyR activation occurs when the concentration of Ca2+ in the cytosol is

within approximately 0.3–10 μM, and inhibition occurs at concentrations of

approximately 1 mM Ca2+ or higher [18].

Following stimulation of G protein-coupled receptors (GPCRs), IP3 is produced

from PIP2 by PLC. IP3 can bind to and activate its receptors to induce SR Ca2+
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release and increase [Ca2+]i. The increased [Ca
2+]i may promote the binding of Ca2+

to IP3Rs, which in turn forms a positive feedback to initiate the propagation of a

Ca2+ wave through stimulation of neighboring IP3Rs and RyRs. However, at high

[Ca2+]i, binding of Ca
2+ to a low-affinity site on the IP3Rs reduces the channel open

probability. This, together with a localized decrease in the SR Ca2+, leads to the

termination of further Ca2+ release and wave propagation [19].

IP3Rs and RyRs can both mediate local and global Ca2+ release in SMCs.

Spontaneous transient local Ca2+ release events, termed Ca2+ sparks, are due to

the concerted opening of several localized RyRs. A Ca2+ spark has been described

in SMCs of numerous tissues including the artery, vein, stomach, trachea, and

bladder [20]. Interestingly, IP3Rs are involved in RyR-mediated Ca2+ sparks in

airway SMCs [21, 22]. Similar findings have been made in portal vein myocytes

[23]. However, one study showed that IP3R inhibition has no effect on the frequency

or amplitude of spontaneous Ca2+ sparks in rat pulmonary artery SMCs [24]. There-

fore, IP3Rs may participate in the generation of Ca2+ sparks in some, but not all,

types of SMCs.

Besides global and local Ca2+ release, RyRs and IP3Rs generate other forms of

Ca2+ signals in SMCs. For example, spontaneous or agonist-induced synchronous

opening of approximately 30 IP3Rs clustered within an approximately 400 nm

diameter region produces a Ca2+ puff. Ca2+ flash, a rapid increase in local [Ca2+]i,

has been observed in gallbladder SMCs [25]. This local Ca2+ signal is likely to be

mediated by LTCCs, IP3Rs, and RyRs. Ca2+ oscillation is a repetitive, non-

propagating elevation in global [Ca2+]i that results from periodic, pulsatile

release of SR Ca2+ in SMCs. Ca2+ ripple is an IP3R-mediated spontaneous,

pro-pagating Ca2+ signal with a low amplitude. The activation of IP3Rs, RyRs,

or both can induce a Ca2+ wave, a propagating elevation in global [Ca2+]i in

SMCs [5]. Presumably, the tissue-specific variability of IP3R- and RyR-mediated

Ca2+ signal strengths and patterns are required for multiple and different physi-

ological functions in SMCs.

The first evidence of the involvement of RyRs in Ca2+ signaling in airway SMCs

came from the findings that the RyR antagonist ryanodine (at a high concentration)

and ruthenium red could inhibit acetylcholine (ACh)-induced Ca2+ oscillations

in porcine tracheal SMCs [26, 27]. The inhibition of RyRs by procaine and

tetracaine also blocks Ca2+ oscillations. Similar results have been reported in

human airway SMCs [28]. Exogenous application of IP3, similar to ACh, also

induces Ca2+ oscillations in porcine tracheal SMCs. ACh- or IP3-induced Ca2+

oscillations can be inhibited by IP3R antibodies and antagonists (e.g., heparin and

2-aminoethoxydiphenyl borate) [21, 29]. RyR inhibitors also attenuate norepineph-

rine- or phenylephrine-induced, IP3R-dependent Ca
2+ release in renal artery SMCs

[30]. Thus, it appears that the initiation of Ca2+ oscillations is mediated by IP3Rs,

whereas the maintenance of these Ca2+ signals are required for the participation

of RyRs.

It has been demonstrated that RyRs and IP3Rs can localize on the same SR (Ca2+

store) in mesenteric and small pulmonary artery as well as portal vein SMCs.

However, other studies suggest that these two Ca2+ release channels are present
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at discrete regions of the SR in mesenteric, large pulmonary artery as well as ureter

myocytes [5]. This discrepancy may indicate a complicated interaction between

IP3Rs and RyRs.

The localization of RyRs and IP3Rs on the same SR has also been observed in

airway SMCs. This unique structural feature renders a distinctive platform for the

synergistic role of both Ca2+ release channels in the accurate control of cellular

functions in airway SMCs. Indeed, Ca2+ released from IP3Rs readily causes the

opening of RyRs and further Ca2+ release from the SR in airway SMCs [21, 22]. Our

further studies demonstrated that this local IP3R-mediated, RyR-dependent local

CICR process is specifically attributable to the opening of RyR2 [22].

4 Interaction of RyRs and IP3Rs with Other Ion Channels

In SMCs, IP3Rs and RyRs may communicate with several SR and plasma mem-

brane localized ion channels in order to regulate [Ca2+]i and cellular functions.

4.1 Transient Receptor Potential (TRP) Channels

TRP channels play a major role in controlling extracellular Ca2+ influx in SMCs

[31]. TRP channels are classified into six different subfamilies based on their

activation stimuli and homology: canonical, vanilloid, melastatin, polycystin,

mucolipin, and ankyrin TRP (TRPC, TRPV, TRPM, TRPP, TRPML, and TRPA)

channels. The TRPC channel subfamily, which comprises seven members that are

designated TRPC1-7, is perhaps the one most studied in airway SMCs. It has been

shown that TRPC3 is a major member of nonselective cation channels. TRPC3

contributes to the resting [Ca2+]i and is also involved in muscarinic increases in

[Ca2+]i in freshly isolated airway SMCs [32, 33]. Our group has also reported that

the expression and activity of TRPC3 channels are significantly increased in

asthmatic airway myocytes, whereas TRPC1 channel activity is also augmented

but its expression remains unchanged [34].

IP3Rs and RyRs may directly interact with TRPC channels. Studies have shown

that there is a physical coupling between the IP3R1 N-terminal and TRPC3 channel

C-terminal in cerebral artery SMCs [35]. It is unclear whether TRPC1 also has a

physical interaction with IP3Rs; however, gene silencing of TRPC1 inhibits the

increased [Ca2+]i following stimulation of IP3Rs with endothelin-1 in aortic SMCs

[36]. TRPC6 channels in cerebral artery SMCs contain the IP3R binding domain but

do not interact physically with IP3R1 [37]. It is also interesting to note that in the

absence of IP3 or functional IP3Rs, TRPC channels can be activated by PLC, PIP2,

and DAG in SMCs.
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4.2 Big-Conductance Ca2+-Activated K+ Channels (BKCa)

BKCa channels are voltage- and Ca2+-sensitive and have a large single-channel

conductance (100–300 pS under symmetrical extracellular and intracellular K+

conditions). BKCa channels are formed by α-subunits and accessory β-subunits.
The β-subunits play an important role in the regulation of the physiological

properties of BKCa channels. The lack of β1-subunits decreases the Ca2+ sensitivity
of BKCa, reducing the extent of plasma membrane hyperpolarization [38]. BKCa

channels are acknowledged to be activated by Ca2+ sparks as a result of the opening

of RyRs, which generates spontaneous transient outward currents (STOCs). IP3R1

activation increases the Ca2+ sensitivity of BKCa channels in cerebral artery SMCs,

and both IP3R1 and BKCa channels have been shown to be physically coupled

[39]. This could oppose membrane depolarization- and IP3-induced contraction of

SMCs, acting as a negative feedback mechanism to protect SMCs from

overexcitation. Recently, Lifschitz et al. reported that RyR1 and RyR2, but not

RyR3, formed clusters with BKCa channels and were localized near the plasma-

lemma of airway SMCs. Analyzing the spatial relationship between RyR2 and

BKCa channels, they estimated that an average Ca2+ spark caused by the opening of

clusters of RyR1 or RyR2 resulted in activation of two to three clusters of BKCa

channels that were randomly distributed within an approximately 600 nm radius of

the RyRs. Approximately eight RyRs opened to give rise to a Ca2+ spark, which

activated approximately 15 BKCa channels to generate a STOC at 0 mV [40]. These

results further support the close relationship between BKCa channels and RyRs.

4.3 Ca2+-Activated Cl – (ClCa) Channels

ClCa channels possibly contribute to the control of smooth muscle tone through

their activation following an elevation in [Ca2+]i to produce Cl� efflux and inward

membrane currents, which cause membrane depolarization. This depolarization

promotes extracellular Ca2+ influx via LTCCs to increase muscle contraction.

The properties of ClCa channels are not completely understood. Ca2+ binding to

the channel may directly activate the channel; however, in some tissues, activation

may be involved by calmodulin-dependent protein kinase II (CaMKII) [41]. Spon-

taneous transient inward currents (STICs) due to the opening of ClCa channels were

first observed in tracheal myocytes [42]. The characteristics of STICs are consistent

with Ca2+ sparks because they are abolished by chloride channel blockers in airway

SMCs [43], and it has been shown that they are tightly controlled by RyR-generated

Ca2+ sparks [44]. Recent evidence indicates that TMEM16A and TMEM16B are

ClCa channels [45]. TMEM16A is expressed in airway epithelial cells and SMCs,

and knocking it out decreases Cl� secretion in response to Ca2+-dependent agonists

and SMC contraction [46]. In asthmatic patients and in a mouse model of asthma,

the expression of TMEM16A is upregulated in airway epithelial cells. TMEM16A
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inhibitors negatively regulate both epithelial mucin secretion and airway SMC

contraction [47]. Moreover, Zhang et al. reported that TMEM16A, but not

TMEM16B, encods ClCa channels in airway SMCs and contributes to agonist-

induced contraction. Pharmacological blockade of TMEM16A-encoded channels

prevents airway hyperresponsiveness [48].

5 Regulation of RyRs and IP3Rs

5.1 Regulators of RyRs

RyRs can form a macromolecular complex with multiple regulators and thus cause

adequate cellular responses. For example, calmodulin is an ubiquitously expressed

Ca2+-binding protein that inhibits cardiac RyR2 activity at any level of [Ca2+]i.

Reduced affinity for calmodulin binding to RyR2 due to phosphorylation of RyR2

by protein kinase A (PKA) is found in catecholaminergic polymorphic ventricular

tachycardia (CPVT)-associated lethal arrhythmia [49].

FK506-binding protein 12 (FKBP12) and FKBP12.6 function as RyR stabilizers

in several different types of cells. Quantitatively, each RyR is bound by four

FKBP12 or 12.6 proteins, with a stoichiometry of one per subunit. RyR1 and

RyR3 exhibit much greater affinity for FKBP12 than FKBP12.6, while RyR2

exhibits greater affinity for FKBP12.6 [50]. Dissociation of FKBP12/12.6 from

RyRs increases the channel open probability, which causes Ca2+ leak from the SR

and altered [Ca2+]i in pulmonary SMCs [51]. It is well known that Ca2+ leak from

the SR contributes to various diseases, including heart failure [52], arrhythmia [53],

and aging [54].

LTCCs (Cav1.1 in skeletal muscle cells and Cav1.2 in cardiac myocytes) and

RyRs play an important role in muscle excitation-contraction coupling. In skeletal

muscle cells, every RyR1 channel in the junctional membrane is physically coupled

to a tetrad of four Cav1.1 channels in the T-tubule membrane; as such, membrane

depolarization causes activation of Cav1.1 channels and RyR1 to mediate VICR.

In cardiac myocytes, RyR2-mediated Ca2+ release is initiated by Ca2+ influx via

Cav1.2, i.e., CICR. These Ca2+ release channels are redox sensitive, and redox

modifications can result in either activation or deactivation of the Cav1.2 channel.

RyRs have approximately 100 cysteines per subunit and are also susceptible to

redox modification by oxidation, nitrosylation, or alkylation [9]. Redox-mediated

RyR modifications have been implicated in muscular dystrophy, malignant hyper-

thermic crisis, and heart failure. For example, our group has reported that oxidation

of RyR2 causes dissociation of FKBP12.6 from RyR2, leading to the increased

activity of RyR2 in pulmonary arterial SMCs. Overexpression of glutathione

peroxidase-1 (GPX1), which blocks the generation of reactive oxygen species

(ROSs), prevents dissociation [51]. A similar mechanism has been reported in the

development of muscle weakness in aging [54] and also in a heat-induced sudden
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death model in RyR1 mutant mice [55]. In addition to oxidation, nitrosylation of

RyR1 can also decrease the affinity of FKBP12 to RyRs, causing an SR Ca2+ leak

that is implicated in the muscle weakness of patients with muscular dystrophy [56].

5.2 Regulators of IP3R

Multiple protein kinases, regulatory proteins, and other modulators influence IP3R

activity in SMCs. cGMP-dependent protein kinase (PKG) may inhibit the activity

of IP3Rs via phosphorylation. PKG phosphorylates IP3Rs at serine 1755 and

inhibits IP3-induced Ca2+ release in aortic SMCs [57]. PKG also phosphorylates

IP3Rs via IP3-associated cGMP kinase substrate (IRAG) in tracheal SMCs,

suggesting that PKG/IRAG regulation of IP3R phosphorylation modulates airway

SMC contractility [58].

Evidence indicates that FKBP12 also modulates IP3R activity in addition to that

of the RyRs. It may occur through three effector proteins: calcineurin, FK506, or

mammalian target of rapamycin (mTOR). FKBP12 enhances IP3R activity via

mTOR and inhibits IP3R activity through calcineurin in colonic SMCs, though

this dual effect is tissue specific [59].

In addition to ligands, kinases, and regulators, ROSs also modulate IP3Rs in

SMCs through two main processes: IP3 generation and IP3R affinity. Superoxide

inhibits IP3 hydrolysis, thereby enhancing IP3-induced Ca
2+ release [60]. Similarly,

we have recently unveiled that hydrogen peroxide (H2O2) stimulates IP3R-induced

Ca2+ release, IP3 generation, and IP3R affinity in pulmonary artery SMCs, which

suggests that ROSs are involved in IP3R signaling in SMCs [61]. However, ROS

regulation is multimodal and may also be tissue dependent.

6 Physiological and Pathological Functions

of RyRs and IP3Rs in Airway SMCs

6.1 Role of RyRs

We found that the basal activity of PLC is important for the activity of

RyR-mediated, spontaneous Ca2+ sparks in airway SMCs. There are two distinct

pathways for the role of PLC. One is mediated by PLC-dependent generation of IP3
to induce SR Ca2+ release, which stimulates neighboring RyRs, leading to further

Ca2+ release and Ca2+ sparks. The second pathway occurs via the PLC-mediated

generation of DAG and subsequent activation of protein kinase C-ε (PKCε), which
inhibits the activity of RyRs and attenuates Ca2+ spark generation [22]. The inhibi-

tory effect of PKCε is attributed to its specific interaction with RyR1 [62].
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Further studies in our laboratory demonstrate that membrane depolarization can

induce RyR-mediated local Ca2+ release in airway SMCs. This membrane

depolarization-mediated local Ca2+ release can occur independently of LTCCs;

however, it is due to the direct activation of muscarinic M3 receptors (M3Rs) in the

absence of exogenous agonists. The activation of M3Rs causes an increase in the

activity of PLC, generation of IP3, opening of IP3Rs, Ca2+ release, and then

activation of RyR2, inducing further Ca2+ release [21].

It has been reported that interleukin-13 (IL-13) or IL-4 upregulates the expres-

sion of RyRs and IP3Rs but decreases the expression of SERCA in human bronchial

SMCs. Furthermore, the enlarged ACh-induced increase in [Ca2+]i is reversed by

blocking IP3Rs [63]. It has been demonstrated that SERCA2 is reduced in human

asthmatic subjects. Ca2+ release from the SR or inhibition of SERCA-mediated

Ca2+ reuptake is attenuated in airway SMCs from asthmatics. Knockdown of

SERCA2 mediated by siRNA in airway SMCs has been shown to cause the

secretory and hyperproliferative phenotypes in asthma [64].

Failure of RyR inhibitors to affect agonist-induced increase in [Ca2+]i or con-

traction has also been observed in airway SMCs. For example, exposure to IP3R

antagonist 2-aminoethoxydiphenyl borate (2-APB) inhibits Ca2+ oscillation and

induces airway relaxation in a concentration-dependent manner. However, the

RyR antagonist ryanodine has no significant effect [65]. Tetracaine, another RyR

inhibitor, relaxes agonist-induced contraction and inhibits Ca2+ oscillation but has

no effect on IP3-induced Ca2+ release or wave propagation. Conversely, both

ryanodine and tetracaine completely block slow Ca2+ oscillation induced by KCl

[66]. However, Tazzeo et al. have reported that neither ryanodine nor chloroethyl

phenol inhibits the responses to KCl, cholinergic agonists, or serotonin in airway

SMCs. Airway relaxation induced by agonists including isoproterenol, salmeterol,

and nitric oxide (NO) is also unaffected by ryanodine [67]. Ryanodine also fails to

affect histamine-induced contraction or formoterol-induced relaxation in human

airways [68]. In IL-13-pretreated airway SMCs, the RyR inhibitor ryanodine or

ruthenium red partially blocks leukotriene D4 (LTD4)-induced Ca2+ oscillations.

Ca2+ oscillations are almost completely inhibited by 2-APB at a concentration that

dominantly blocks store-operated calcium entry (SOCE) [69]. Thus, further studies

are needed to fully understand the complex regulation of Ca2+ signaling in

airway SMCs.

6.2 Role of IP3Rs

Enhanced IP3 levels in airway SMCs lead to increased Ca2+ mobilization, airway

hyperresponsiveness and remodeling, and, finally, asthma [70]. In spontaneously

asthmatic rats, IP3-5-phosphatase, which degrades IP3, is downregulated; therefore,

the elevated [IP3]i induces Ca
2+ release, contributing to airway hyperresponsiveness

[71]. IP3Rs may also be involved in extracellular acidification-induced remodeling
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of airway SMCs by increasing connective tissue growth factor production and

extracellular matrix formation [70].

A recent study reported that knockdown of PIP5K1γ, which is the major source

of PIP2 in airway SMCs, can prevent the development of asthma in mice. Instead,

cell-permeable PIP2 increases airway contractility. These effects are mediated by

integrin α9β1 and thus may lead to new treatment strategies for asthma [72].

Cytokines are known to be important factors in asthma, in which IL-13 plays a

key role. It has been shown that IL-13 enhances LTD4-induced Ca2+ oscillation in

human airway SMCs. This effect can be completely blocked by the specific IP3R

inhibitor xestospongin-C and the RyR inhibitor ryanodine or ruthenium red, which

indicates that the role of IL-13 in the involvement of Ca2+ oscillation may be

cooperatively modulated by IP3Rs, RyRs, and, possibly, SOCE [69]. Incubation

with IL-13 or IL-4 upregulates expression of RyRs, IP3Rs, and SERCA2 and

enhances ACh-induced Ca2+ transients in asthmatic airway SMCs. All of these

effects could be reversed by inhibition of IP3Rs [63].

Recently, Deshpande et al. reported that bitter taste receptors are expressed in

human airway SMCs. Inhalation of bitter tastants decreases airway obstruction in

a mouse model of asthma, which may be mediated via IP3R-dependent localized

Ca2+ release and activation of BKCa channels [73].

All of the investigations of the role of IP3Rs in the regulation of intracellular

Ca2+ homeostasis in airway SMCs show the great potential for providing new

therapeutic options for the treatment of asthma.

6.3 Cyclic Adenosine Diphosphate Ribose (cADPR)/CD38

The second messenger cADPR was originally described in sea urchin eggs and can

release Ca2+ from the SR via RyRs [74]. A similar mechanism has been reported in

tracheal SMCs [75]. The levels of cADPR in airway SMCs are substantially

increased by exposure to contractile agonists such as methacholine (mACh), brady-

kinin, endothelin, and histamine [76]. This response is blocked by RyR, but not

IP3R, inhibitors. cADPRmay not only induce Ca2+ release [17] but also enhance the

frequency of Ca2+ oscillation in airway SMCs [75]. 8-bromo-cADPR, an antagonist

of cADPR, inhibits mACh-induced Ca2+ release. Furthermore, in the presence

of 8-NH2-cADPR, another competitive antagonist of cADPR, the mACh-induced

Ca2+ release in airway SMCs is blocked. In the presence of 8-bromo-cADPR, there is

no further attenuation of Ca2+ response upon addition of ryanodine [77]. A similar

effect is either mimicked or antagonized by tacrolimus (FK506), a compound

that increases the activity of RyRs by dissociating its stabilizer FKBP12.6

[51]. In FKBP12.6 null mice, the ability of cADPR to induce Ca2+ release is lost.

These results demonstrate the role of RyR2 in airway SMCs, providing a possible

molecular basis for how cADPR activates RyRs and suggesting that FKBP12.6 may

have a competing binding site for cADPR. It is possible that while IP3Rs initiate

Ca2+ oscillations in airway SMCs and determine the basal [Ca2+]i, cADPR and RyRs
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may amplify or rectify Ca2+ homeostasis. However, the details of molecular

mechanisms are incompletely elucidated. It should also be mentioned that cADPR

can directly activate RyRs in coronary artery smooth muscle [78], and calmodulin

can enhance cADPR-induced Ca2+ release in sea urchin eggs and pancreatic β-cells
[79, 80].

CD38, an enzyme that converts nicotinamide adenine dinucleotide to cADPR,

has been found on the membranes of airway SMCs [81]. In CD38�/� mice, the

contractile responsiveness of airways to mACh and endothelin are lower than that

in wildtype mice [82]. In addition, the Ca2+ response in CD38�/� airway SMCs is

unaffected by 8-bromo-cADPR, indicating the exclusive role of CD38 in the

cADPR-mediated Ca2+ signaling system [82]. Moreover, upregulation of CD38

has been associated with the stimulation of cytokines under inflammatory

conditions, including asthma. For example, it has been shown that tumor necrosis

factor-α (TNF-α), IL-1β, and IFN-γ all increase CD38 expression in cultured

human airway SMCs [83]. Similarly, IL-13, which is a potent factor promoting

airway remodeling, increases CD38 expression [84]. Further work by the same

group has revealed that IL-13 fails to increase the response to mACh in CD38�/�

mice [85]. However, although cADPR does appear to influence the initial peak of

Ca2+ response, it is not clear how this transient response transforms into sustained

contraction and remodeling of airway SMCs.

Apparently, various agonists can mobilize the release of Ca2+ from the SR

through RyRs by increasing production of cADPR in airway SMCs. Supportably,

the pro-proliferative effect of TNF-α on airway SMCs is inhibited by siRNA-

mediated CD38 gene knockdown, while the enhanced SOCE induced by TNF-α
is blunted by CD38 siRNAs and potentiated by CD38 overexpression [86]. These

results indicate a critical role for CD38 in the TNF-α signaling pathway and

associated SOCE. Further work has shown that TNF-α causes a greater induction

of CD38 expression in asthmatic than in nonasthmatic human airway SMCs. This

effect may stem from the reduced activation of JNK/MAPK and increased activa-

tion of ERK/p38 MAPKs [87] but is not associated with a change in NF-κB or AP-1

activation [87] or phosphatidylinositol 3 kinase (PI3K) [88].

7 Conclusion and Perspective

In this chapter, we focused on recent major progress in the studies of RyR and IP3R

Ca2+ signaling in airway SMCs. As illustrated in Fig. 1, RyRs exhibit spontaneous

functional activity; as such, a cluster of approximately 10 RyRs is sufficient to

generate Ca2+ sparks. These local Ca2+ release events may activate multiple

plasmalemmal ion channels including ClCa, TRPC, and BKCa channels. The acti-

vation of ClCa and TRPC channels cause membrane depolarization, opening of

LTCCs, and a further increase in [Ca2+]i. Extracellular Ca
2+ influx through LTCCs

may promote and increase the opening of RyRs, inducing Ca2+ release from the SR,

also known as a CICR process. The increased [Ca2+]i mediates contraction,
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migration, proliferation, and other cellular responses in airway SMCs. BKCa

channels, if activated, lead to membrane hyperpolarization, closure of LTCCs,

and a decrease in [Ca2+]i. This provides a negative feedback mechanism to inhibit

excessive Ca2+ signaling and associated cellular responses.

RyRs can colocalize with IP3Rs, by which these two colocalized Ca2+ release

channels may reciprocally activate each other to render a local CICR process. IP3 is

normally generated from PIP2 by PLC, which is activated following stimulation of

GPCRs. In addition to IP3, PLC also produces DAG by catalyzing PIP2. DAG may

directly activate TRPC channels, contributing to Ca2+ signaling in airway SMCs.

RyRs are also regulated by multiple intracellular molecules such as FKBP12.6,

cADPR, calmodulin, PKC-ε, and ROS in airway SMCs.

Fig. 1 RyR and IP3R Ca2+ signaling in airway SMCs. Ryanodine receptors (RyRs) on the

sarcoplasmic reticulum (SR) can generate spontaneous Ca2+ sparks in airway SMCs. These local

Ca2+ release events activate multiple plasmalemmal ion channels including Ca2+-activated Cl�

(ClCa), big-conductance Ca2+-activated K+ (BKCa), and canonical transient receptor potential

(TRPC) channels. The activation of ClCa and TRPC channels causes membrane depolarization,

opening of L-type voltage-gated Ca2+ channels (LTCCs), and extracellular Ca2+ influx, which

promote the opening of RyRs and induce Ca2+ release from the SR, a process termed Ca2+-induced

Ca2+ release (CICR). The resulting increase in [Ca2+]i mediates contraction, migration, prolifera-

tion, and other cellular responses. BKCa channels, if activated, lead to membrane hyperpolarization

and closure of LTCCs. This provides a negative feedback mechanism to inhibit excessive Ca2+

signaling and associated cellular responses. RyRs can be colocalized with inositol 1,4,5-

trisphosphate receptors (IP3Rs). These two Ca2+ release channels may reciprocally activate each

other to render a local CICR process. IP3 is normally generated from phosphatidylinositol

4,5-bisphosphate (PIP2) by phospholipase C (PLC), which is activated following stimulation of

G protein-coupled receptors (GPCRs). In addition to IP3, PLC also produces diacylglycerol (DAG)

from PIP2. DAG may directly activate TRPC channels. RyRs are also regulated by multiple

intracellular signaling molecules such as FK506 binding protein 12.6 (FKBP12.6), cyclic adeno-

sine diphosphate ribose (cADPR), calmodulin, protein kinase C-ε (PKC-ε), and reactive oxygen

species in airway SMCs
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The Ca2+ signaling generated and regulated by RyRs and IP3Rs is an important

and sophisticated network in the initiation and maintenance of numerous physio-

logical cellular responses in airway SMCs. On the one hand, overactivity of this

Ca2+ signaling network has been shown to contribute to the development of asthma

and, potentially, other respiratory diseases. On the other hand, the current under-

standing of the molecular genesis, regulatory mechanisms, and functional roles of

RyRs and IP3Rs still remain limited in airway SMCs. Indeed, significant

advancements have been made in other types of cells, particularly in cardiac,

skeletal, and even vascular SMCs. However, each organ or tissue has, to a greater

or lesser extent, its own unique structural, functional, and molecular nature. One of

the typical examples is that LTCC blockers are effective in the treatment of

hypertension and other cardiovascular diseases but ineffective for asthma. Clearly,

more efforts in the studies of these potentially important Ca2+ release channels are

very necessary in the field.

It is also conceivable that the use of fluorescence resonance energy transfer,

RNA interference, and other new techniques will allow us to fully elucidate the

molecular mechanisms of both the RyR- and IP3R-mediated Ca2+ signaling net-

work in airway SMCs. Additionally, new transgenic animals and disease models

will be valuable to future studies in this field. We believe that progress will generate

novel and important findings, which might not only enhance our understanding of

the functional importance of RyRs and IP3Rs in airway SMCs but also significantly

aid in the production of innovative and effective therapeutic targets for asthma,

chronic obstructive pulmonary disease, and other respiratory diseases.
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Abstract Potassium channels in airway smooth muscle cells (ASMCs) help to

maintain negative membrane voltages and thereby oppose the opening of voltage-

sensitive calcium channels (VSCCs). There is considerable evidence that an influx

of calcium ions (Ca2+) through L-type VSCCs contributes to induce contraction of

ASMCs and bronchoconstriction of small airways, both physiologically and in

diseases such as asthma in which exaggerated bronchoconstrictor responses are

evident. Suppression of potassium channel activity is one mechanism to promote

Ca2+ influx via VSCCs, though little is known regarding the involvement of potas-

sium channels in bronchoconstrictor signal transduction. Pharmacological enhance-

ment of potassium channel activity is expected to reduce Ca2+ influx via VSCCs and

relax airways, though no K+ channel activators have yet been successfully devel-

oped as therapies for asthma. This chapter summarizes recent evidence that Kv7

(KCNQ family) voltage-activated K+ channels are expressed in ASMCs and that

they serve as signal transduction intermediates in the actions of bronchoconstrictor

agonists. The extent to which these channels contribute to regulation of airway

diameter, the contributions of L-type VSCCs, and the potential to develop novel

bronchodilator therapies based on these biochemical pathways are also discussed.
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Potassium channels have a well-recognized role in cellular physiology. The out-

ward flux of potassium ions (K+ conductance) through these channels in the plasma

membrane establishes a voltage drop, polarizing the plasma membrane to a nega-

tive voltage. In mammalian cells, the voltage would equal a potassium equilibrium

potential of approximately �80 mV in the absence of other ionic conductances [1].

However, other ionic conductances (particularly Na+, Ca2+, and Cl�) are present, and
these tend to depolarize the membrane, rendering the membrane voltage more

positive to �80 mV. In resting cells the magnitude of these other conductances is

typically much less than that of the K+ conductance, and so the membrane voltage

remains very negative (typically between �65 and �45 mV) [2–6].

In airway smooth muscle cells (ASMCs), the negative membrane voltage

established by the activity of potassium channels opposes the opening of L-type

Ca2+ channels, which generally open in a steeply voltage-dependent manner at

voltages positive to�40 mV [7]. Ca2+ influx through L-type voltage-sensitive Ca2+

channels (VSCCs) can activate smooth muscle contraction and in turn produce

bronchoconstriction. Thus, the activity of potassium channels opposes airway

smooth muscle contraction, providing an important braking mechanism that

prevents excessive airway constriction.

In some pathological conditions such as asthma, airways can become hypercon-

stricted [8–10]. The reduction in airway diameter results in increased airway

resistance, impaired breathing, and, in severe cases, death. The role of potassium

channels in the etiology of these diseases is not well characterized, nor has there

been much success in developing therapeutic approaches that increase the opening

of potassium channels to relieve airway hyperconstriction in asthma [11, 12]. How-

ever, the very recent discovery of KCNQ (Kv7) potassium channels in airway

smooth muscle [13] may provide new clues to the contributions of potassium

channels and of L-type VSCCs in airway physiology and disease. KCNQ channel

openers may also represent important new therapeutic agents for the relief of airway

hyperconstriction. This chapter will summarize our current knowledge and provide

perspective for future developments in this exciting new area of airway physiology.

1 L-type VSCCs in Airway Smooth Muscle Cells

To appreciate the importance of potassium channels in the regulation of airway

smooth muscle contraction, we must first examine the role of L-type VSCCs.

Although the expression of L-type VSCCs in ASMCs is well established, there is

considerable disagreement as to the relative contribution of these channels to

ASMC contraction and bronchoconstriction.
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Several pieces of evidence support an important contribution of L-type VSCCs

in ASMC contraction and bronchoconstriction. Robust Ca2+ currents with electro-

physiological and pharmacological characteristics of L-type VSCCs activated

experimentally by membrane depolarization to voltages positive to �40 mV

[14–17]. Bronchoconstrictor agonists have been reported to induce membrane

depolarization to voltages positive to �40 mV [1, 5, 6], providing a potential

stimulus for activation of L-type VSCCs. Treatment of ASMCs with an L-type

VSCC agonist (BAYK-8644) [18, 19], or with elevated external [K+] [20] to induce

membrane depolarization, is sufficient to induce an elevation of [Ca2+]cyt in ASMCs.

High [K+] treatment has also been shown to induce constriction of bronchioles in

precision-cut human lung slices, comparable to that induced by bronchoconstrictor

agonists [21]. Inmany studies, ASMC [Ca2+]cyt or tracheal/bronchial smoothmuscle

contractile responses induced by Gq/11-coupled receptor agonists were inhibited by

specific L-type Ca2+ channel blockers (CCBs) [5, 22–33]. And finally, although

clinical trials of CCBs produced inconsistent results, CCBs were effective at reliev-

ing airway hyperconstriction in a subset of patients in most clinical trials [25, 34].

The story is not quite as clear-cut as it may appear, however, as a number of

published findings have led many investigators to conclude that L-type VSCCs play

only a minor role in ASMC Ca2+ signaling and contraction. For example, it has

been observed that Ca2+ responses measured in ASMCs have characteristics that

indicate that the release of intracellular Ca2+ stores is the primary source of Ca2+

[35]. Moreover, near-maximal concentrations of agonists are required to depolarize

the membrane to voltages that elicit submaximal L-type Ca2+ currents [the latter is

based on current–voltage (I-V) relationships measured in voltage clamp

experiments] [36]. It has also been noted that L-type VSCCs partially inactivate

with sustainedmembrane depolarization (hundreds ofmilliseconds) [14, 17, 37]. The

remaining “window currents” appear to be too small to deliver enough Ca2+ for the

observed agonist-induced airway constriction under physiological conditions, dur-

ing which membrane depolarization often persists for extended periods (minutes to

hours). Agonists have also been reported to activate signaling pathways that are

known to feed back and inhibit L-type Ca2+ currents in ASMCs [38].

Although these latter observations present what seems to be a compelling case

against an important role for L-type VSCCs in airway constriction, there are some

mitigating considerations. The relative contributions of Ca2+ influx and release of

intracellular Ca2+ stores to agonist-induced ASMC contraction clearly varies with

agonist concentration. As discussed earlier, there are numerous studies that have

demonstrated a reduction of agonist-induced [Ca2+]cyt and contraction responses in

the presence of CCBs. Notably, the inhibition by CCBs was almost universally

more prominent when submaximal agonist concentrations were tested. For exam-

ple, data from Janssen [7] show that the CCB nifedipine completely blocked the

contractions induced by a low concentration of carbachol (10 nM) but had no

detectable effect at a maximal [carbachol] of 10 μM. CCBs also more effectively

attenuated histamine- and ACh-induced constriction in dog and guinea pig tracheal

smooth muscle at low doses of agonist [39, 40]. Notably, this is consistent with

findings in vascular smooth muscle that suggest that agonist-induced Ca2+ signaling
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is highly concentration dependent, with low (physiological) concentrations of

agonist acting predominantly via activation of L-type VSCCs and higher (pharma-

cological) concentrations acting predominantly via inositol 1,4,5-trisphosphate-

mediated Ca2+ release [41, 42].

It is worthwhile considering how submaximal concentrations of agonists can

appreciably increase Ca2+ influx through VSCCs when they induce only modest

membrane depolarization. Although agonist-induced depolarization does not

achieve membrane voltages near the peak of the I-V curve (measured under voltage

clamp conditions), even modest membrane depolarization and activation of a small

fraction of available L-type channels will, under physiological (non-voltage-clamp)

conditions, lead to further membrane depolarization (due to Ca2+ influx) and

activation of more channels. Similar mechanisms come into play in arterial circu-

lation, where it is widely accepted that vasoconstrictor agonists activate L-type

VSCCs in vascular smooth muscle cells (VSMCs) to increase Ca2+ influx and

stimulate smooth muscle contraction. The extent of agonist-induced membrane

depolarization in arterial myocytes [43, 44] is similar to that induced by

bronchoconstrictor agonists in ASMCs [1, 5, 6].

Because agonist-induced membrane depolarization persists for periods in excess

of hundreds of milliseconds, inactivation of L-type VSCCs invariably occurs.

The remaining current after L-type VSCC inactivation (window current) is respon-

sible for the sustained Ca2+ influx that determines the physiological responses of

many types of excitable cells, including neurons and cardiac and vascular

myocytes. Although the window current represents a relatively small influx of

Ca2+, this influx might nonetheless be adequate to stimulate contraction [45], either

because of its subcellular localization [46] or because the response is amplified

by recruitment of other Ca2+ sources (e.g., Ca2+-induced Ca2+ release [16]).

Alternatively (or perhaps in addition), sensitization of the contractile apparatus

may occur in parallel such that actin-myosin cross-bridge formation proceeds

at lower [Ca2+]cyt [1, 45]. Feedback inhibition of L-type VSCCs may take place

following agonist exposure, though this is also more likely to occur at maximal

agonist concentrations compared with submaximal concentrations. Feedback

pathways exist in most if not all signaling pathways; these mechanisms are gener-

ally understood to be in place to prevent overactivation of a pathway (e.g., by

maximal agonist concentrations).

Taken as a whole, the available scientific literature suggests an important role of

L-type VSCCs in agonist-induced ASMC contraction and bronchoconstriction,

predominantly at submaximal agonist concentrations. Our own recent findings

clearly support this conclusion. Measuring airway constriction in precision-cut

lung slices (PCLSs) from rat, we found that a submaximal concentration of

methacholine (230 nM) induces significant airway constriction that is fully reversed

by addition of the CCB verapamil, whereas parallel measurements using PCLSs

from the same animals revealed that airway constriction stimulated by a maximal

concentration of methacholine (10 μM) was not appreciably reduced by verapamil

(Fig. 1).
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2 CCBs in Asthma Therapy

Considering the evidence that VSCCs contribute to bronchoconstrictor signal

transduction presented earlier, it would seem likely that CCBs would be an effec-

tive therapy to reduce excessive bronchoconstriction in conditions such as asthma.

CCBs were in fact tested in patients with asthma, but they have now largely been

dismissed as ineffective therapies for this disease. A careful examination of the

results of clinical trials is, however, warranted. In the early to mid-1980s a large

number of clinical trials was conducted to evaluate the efficacy of CCBs in the relief

of asthma symptoms. Most trials were designed to test the responses to bronchial

provocation (inhalation of bronchoconstrictor agonists or cold air, or exercise-

induced bronchoconstriction), comparing placebo-treated with CCB-treated

patients (usually nifedipine or verapamil were administered systemically). The

results were inconsistent, although almost all the clinical trials revealed at least a

subset of patients who benefited from treatment with either verapamil or nifedipine

[25, 34]. Greater benefits might have been obtained were it not for adverse side

effects associated with systemic administration of CCBs, and limitations of formu-

lation that prevent delivery of effective doses of verapamil or nifedipine by

inhalation [25].

An important clue to the inconsistency of CCB therapy in clinical trials may be

found in the observation that the protective effects of CCBs seemed to relate to the

intensity of bronchial provocation. For example, in a cohort of asthmatic patients

subjected to different stimulus intensities (varying rates of isocapnic hyperventila-

tion of cold air), Solway and Fanta observed that nifedipine treatment (20 mg p.o.)

significantly reduced the fall in FEV1 (forced expiratory volume in 1 s) following

Fig. 1 Blocking of L-type voltage-sensitive Ca2+ channels reverses constriction of airways
induced by low, but not high, concentrations of methacholine. Verapamil (10 μM), an L-type Ca2+

channel blocker, fully reversed the constriction induced by 230 nM MC (a) (P < 0.001 one-way

ANOVA, n ¼ 6) but was unable to reverse maximal constriction induced by 10 μMMC (b)
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low or moderate rates of respiratory heat loss but was ineffective at the highest rates

tested [24]. We speculate that the majority of clinical trials utilized relatively

intense bronchial provocation stimuli that tended to obscure the beneficial effects

of CCBs, and this has led to the mistaken conclusion that inhibition of Ca2+ influx

via VSCCs is not a useful therapeutic strategy.

In support of such speculation, a more consistent benefit was apparent when

asthmatic patients were treated with CCBs without exogenous bronchial provoca-

tion. For example, treatment with nifedipine (10 mg t.i.d.) for 4 days significantly

reduced the overnight fall in peak expiratory flow rate compared with placebo-

treated control subjects [47]. Similarly, in asthmatic subjects with chronic stable

asthma and baseline bronchoconstriction, nifedipine treatment significantly

increased basal FEV1 values [48], suggesting that nifedipine has a significant

bronchodilating effect in subjects with chronic stable asthma who have abnormal

lung function.

The pattern of results from clinical trials seems to parallel those from in vitro and

preclinical studies in suggesting that L-type VSCCs play a prominent role in

submaximal bronchial provocation, though this pattern may be overridden by

other mechanisms when greater bronchial challenges are experienced. It is very

important therapeutically to relieve airway hyperresponsiveness that occurs with

submaximal bronchial provocation, which may reflect the more common experi-

ence among asthmatic patients. However, CCBs exhibit adverse side effects when

administered systemically, and effective inhalational formulations have not been

developed, rendering these drugs less than ideal to achieve the desired therapeutic

endpoint. An alternative pharmacological approach, which would have an equiva-

lent effect of inhibiting the activation of VSCCs, would be to administer drugs that

prevent the voltage change that drives activation of VSCCs in airway myocytes.

3 Kv7 Potassium Channels in Airway Smooth Muscle Cells

Activation of VSCCs, and hence the influx of Ca2+, is tightly controlled by

membrane voltage. It is well established that changes in K+ channel activity have

a dramatic effect on ASMC membrane voltage: inhibition of K+ channels results in

membrane depolarization, and activation of K+ channels causes membrane hyper-

polarization [49]. Hence, regulation of K+ channel activity is an important mecha-

nism for the adjustment of membrane voltage to control the activity of VSCCs.

The Kv7 family of voltage-gated K+ channels is encoded by five genes

(KCNQ1-5). In excitable cells like neurons, Kv7 currents are crucial for regulating

membrane excitability [50, 51]. Although Kv7 channels were long thought to be

expressed predominantly in the brain, our laboratory and others recently identified a

pivotal role for these channels in VSMCs. We found that subnanomolar con-

centrations of the vasoconstrictor hormone arginine vasopressin (AVP) suppressed

Kv7 currents in arterial myocytes and provided evidence that this effect mediates

the physiological vasoconstrictor actions of AVP [43, 52, 53].
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Pharmacological alteration of the activity of Kv7 channels has dramatic effects

on VSMC excitability, contraction, and vascular tone [43, 53–56]. We found that

the Kv7 channel modulator flupirtine, a drug that is used clinically to treat acute and

chronic pain [57], enhances Kv7 currents in arterial myocytes; these effects are

associated with corresponding changes in vascular tone in isolated pressurized rat

mesenteric arteries and changes in systemic blood pressure and mesenteric vascular

resistance in vivo [43]. By screening drugs used for other clinical applications, we

have also identified the cyclooxygenase-2 (COX-2) inhibitor celecoxib (Celebrex)

and its COX-2-independent analog 2,5-dimethylcelecoxib as potent and effective

activators of Kv7 channels and inhibitors of L-type VSCCs in vascular smooth

muscle cells [58–60].

We recently extended these findings from the vasculature to the airways,

demonstrating that Kv7 channels are also expressed and functional in ASMCs

and that their activity can also be modulated both by bronchoconstrictor agonists

and by a variety of clinically used drugs [13].

Using real-time RT-PCR, all five mammalian KCNQ subtypes (KCNQ1-5) were

detected in guinea pig and human ASMCs isolated by enzymatic digestion. In the

ASMCs isolated from guinea pig bronchioles, whole-cell perforated patch clamp

electrophysiology revealed Kv7 currents that were larger than their VSMC

counterparts but otherwise very similar, having all the expected characteristics of

Kv7 currents: (1) slow kinetics of activation with no apparent inactivation during a

5 s voltage step; (2) voltage-dependent activation with a very negative threshold

(approximately�60 mV), and a V0.5 ~ �31 mV; (3) reversible enhancement by the

selective Kv7 channel activators flupirtine and retigabine; and (4) complete irre-

versible suppression by the selective Kv7 channel blockers linopirdine and XE991

[13]. We also found that the ASMC Kv7 currents were significantly enhanced by

both celecoxib and 2,5-dimethylcelecoxib [13], which is similar to what we had

observed for VSMC Kv7 currents [59].

Kv7 currents were also recorded from a small number of isolated human

ASMCs. Current densities were relatively small in comparison with Kv7 currents

measured in guinea pig ASMCs. Nevertheless, currents in human ASMCs were

significantly enhanced by 10 μM retigabine (approximately threefold increase over

control at �20 mV) and significantly inhibited by 10 μM XE991 (approximately

70 % inhibition from control at �20 mV) [13].

We also found that two bronchoconstrictors, methacholine (100 nM) and hista-

mine (30 μM), both significantly suppressed Kv7 currents in guinea pig ASMCs.

This effect would be predicted to depolarize the ASMC membrane and thereby

stimulate Ca2+ influx via VSCCs. Importantly, stimulation of Na+ and Ca2+ influx

via nonselective cation channels (e.g., TRPC channels) [3, 61], or activation of

chloride channels [1, 62] may also contribute to membrane depolarization in

response to bronchoconstrictor agonists; these effects would be greatly enhanced

if K+ conductance were simultaneously reduced [53]. Thus, suppression of Kv7

currents in ASMCs may be a common mechanism by which bronchoconstrictor

agonists stimulate membrane depolarization to activate VSCCs.
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More importantly from a therapeutic perspective, the Kv7 channel activator

flupirtine was effective in restoring ASMC Kv7 current amplitudes to near control

levels in the presence of either methacholine or histamine [13]. Based on these

findings we speculate that, in analogy with vascular smooth muscle, contractile

agonists may target Kv7 channels as signal transduction intermediates to induce

ASMC contraction and bronchoconstriction, and these effects may be attenuated by

treatment with clinically used Kv7 channel activators.

Using PCLSs to investigate the physiological relevance of functional Kv7

channels in human airways, we found that the irreversible Kv7 channel blocker

XE991 reproducibly induced robust airway constriction in human PCLS (averaging

60–80 %, depending on the size of the airways). This constriction was not reversed

upon washout of XE991 but was fully reversed by the addition of the L-type VSCC

blocker verapamil (10 μM) (Fig. 2 and [13]), suggesting that suppression of Kv7

currents is sufficient to depolarize the membrane and activate L-type VSCCs,

Fig. 2 Constriction of a human bronchiole by Kv7 channel blocker XE991 is reversed by the
L-type VSCC blocker verapamil. Top panels show images of a cross section of a bronchiole in a

precision-cut human lung slice before (control), during treatment with 10 μM XE991, and

following relaxation with the addition of 10 μM verapamil. The graph shows the time course of

bronchoconstriction and relaxation measured in the same lung slice
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stimulating Ca2+ influx, ASMC contraction, and bronchoconstriction. Application

of 50 nM histamine also induced a significant constriction of small airways in

human PCLSs (as estimated by a reduction of the lumenal area), but the histamine-

induced constriction was significantly attenuated (by approximately 30 % on

average) in the presence of 100 μM flupirtine [13]. These findings provide at least

preliminary evidence that clinically used Kv7 channel activators may be useful

therapeutic agents to relieve airway hyperconstriction.

4 Prospects for Future Developments

These exciting findings prompt a number of important questions that remain to be

answered:

Which Kv7 channel subtypes form the functional channels in ASMCs? Kv7

channels form as tetramers of individual KCNQ gene products. They may

form as homotetramers or as heterotetramers containing more than one Kv7

subtype (e.g., Kv7.2/Kv7.3 [63, 64] or Kv7.4/Kv7.5 [63, 65]). Since all five

KCNQ gene products were detected in guinea pig and human ASMCs, there are

many potential combinations of subunits that could contribute to the Kv7

currents measured in these cells.

Does the expression or function of Kv7 channels change during the development of
airway diseases such as asthma? If ASMCKv7 channel activity were reduced in

asthma, bronchial provocation by pharmacological or mechanical stimulation

would more effectively depolarize the cells to activate L-type VSCCs and

enhance airway constriction. This might account for the observed airway

hyperresponsiveness that is a hallmark of asthma.

What are the signal transduction mechanisms by which bronchoconstrictor
agonists regulate Kv7 channel function in ASMCs? Mechanisms that could

account for suppression of Kv7 currents by Gq/11-coupled receptor agonists

include depletion of phosphatidylinositol 4,5-bisphosphate (PIP2), elevation of

cytosolic Ca2+ concentration, or activation of protein kinase C (PKC) [66]. Our

previous research implicated PKC activation in the regulation of vascular

smooth muscle Kv7 channels and vasopressin-induced Ca2+ signaling/arterial

constriction [43, 52, 53, 67]. Different agonists may regulate the channels via

different mechanisms, as has been observed for neuronal Kv7 channels [66, 68].

Do physiological bronchodilators (e.g., epinephrine acting on β2-adrenergic
receptors or vasoactive intestinal peptide acting on VPAC receptors) enhance
the activity of Kv7 channels to relax ASMCs? These receptors couple to activa-

tion of adenylyl cyclase and activation of protein kinase A (PKA). PKA

mediates the enhancement of Kv7 currents in some cell systems [69, 70], raising

the possibility that this may be another physiological mechanism for regulation

of Kv7 channels in ASMCs.
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Which pharmacological Kv7 channel agonists are most effective in relaxation of
airways, and do they exhibit any selectivity toward ASMC Kv7 channels com-
pared with Kv7 channels expressed in other tissues (e.g., other smooth muscles,
skeletal muscle, neurons, epithelia)? Identifying drugs that selectively activate

Kv7 channels in ASMCs might facilitate development of bronchodilators with

relatively few off-target actions.

Can aerosolized formulations of Kv7 channel activators be used to relax hypercon-
stricted airways and minimize off-target effects? Will these drugs be effective

alone or in combination with other classes of drugs (e.g., β2-adrenergic receptor
agonists, corticosteroids) in the treatment of asthma or other airway diseases?

5 Summary

In summary, the recent discovery that Kv7 potassium channels are expressed and

functional in ASMCs, and that altering their activity can influence airway diameter,

suggests that these channels may play an important role in airway physiology. The

availability of safe and effective clinically used Kv7 channel activators holds great

promise for targeting Kv7 channels to relieve airway hyperconstriction in diseases

such as asthma.
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Abstract Airway smooth muscle cells (ASMCs) are a crucial component of the

airway passage. In ASMCs, an increase in intracellular calcium concentration

([Ca2+]i) acts as a key determinant of force generation, cell proliferation, and

other cellular responses. [Ca2+]i is generated and controlled by numerous ion

channels. Recent studies demonstrate that multiple members of transient receptor

potential (TRP) channels, including TRPC1-6 and TRPV1, 2, and 4, are expressed

and important for the regulation of [Ca2+]i in ASMCs. In particular, TRPC channels

play an important role in the control of the resting [Ca2+]i and extracellular Ca2+

influx. Three Orai molecules, known as the pore-forming subunits of specific store-

operated Ca2+ channels (SOCCs), are expressed in ASMCs. Two stromal-

interacting molecule proteins (Stim1 and Stim2), which serve as the endoplasmic

reticulum Ca2+ sensors and thus are the major molecular components of SOCCs, are

expressed in ASMCs. Identification of TRP, Orai, and Stim molecules involved in

controlling and regulating [Ca2+]i, contractility, and proliferation in ASMCs offers

the exciting prospect of new and novel therapies for the treatment of airway

diseases such as asthma, chronic obstructive pulmonary disease, and others.

Keywords Transient receptor potential channels • Orai molecules • Stromal-

interacting molecule proteins • Store-operated Ca2+ channels • Airway smooth

muscle cells

1 Introduction

Airway smooth muscle cells (ASMCs) are crucial components of the airway

passage, important regulators of lung function, and a determinant factor of patho-

logical changes like asthma, chronic obstructive pulmonary disease, and pulmonary

hypertension, creating important health problems [1]. A hallmark feature of asthma

is variable airflow obstruction caused by contraction of airway smooth muscle

(ASM). The development of more persistent airway obstruction in chronic severe

asthma is attributed to the contribution of ASM hyperplasia and hypertrophy

[2, 3]. In ASMCs, increases in the cytosolic free calcium concentration ([Ca2+]i)

act as a key determinant of force generation and cell proliferation [3–5]. Ca2+ plays

a central role in the pathophysiology of asthma.

Ion channels initiate and regulate contraction and smooth muscle tone. In the

plasma membrane of ASMCs, there are at least three classes of Ca2+ channels:

voltage-dependent Ca2+ channels (VDCCs), receptor-operated Ca2+ channels

(ROCCs), and store-operated Ca2+ channels (SOCCs). Membrane potential plays

a critical role in regulating [Ca2+]i by governing Ca2+ influx via VDCCs. Agonist-

or mitogen-induced Ca2+ influx is mainly caused by receptor-mediated activation of

ROCCs and store depletion-mediated opening of SOCCs [6].

Ca2+ depletion in the sarcoplasmic reticulum (SR) triggers capacitative Ca2+

entry (CCE), a mechanism involved in maintaining sustained Ca2+ influx and
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refilling Ca2+ in the SR. The transient receptor potential (TRP) channel genes have

been demonstrated to be essential for agonist-activated CCE. Expression of TRP

channel genes in mammalian cells results in the formation of Ca2+-permeable

channels that are activated by Ca2+ store depletion. These findings suggest that

the TRP-encoded proteins are the putative SOCCs responsible for CCE [6].

TRP superfamily members are molecular correlates of nonselective cation

channels in smooth muscle cells (SMCs). However, the study of these channels

in vitro in heterologous overexpression systems has given rise to a substantial body

of controversial data concerning channel properties and regulation. The lack of

specific channel blockers has complicated the in situ identification and characteri-

zation of TRP channels in tissues and underlines the need for gene-deficient

mouse models for conclusive in vivo studies. Downregulation of TRP proteins in

primary SMCs has proven to be a valuable tool in identifying native TRP channel

activities [7, 8].

Mammalian cells express two stromal-interacting molecule (Stim) proteins

(Stim 1 and Stim 2) and three Orai proteins (Orai1, Orai2, and Orai3) [9, 10].

Large-scale genomic screens revealed the two fundamental players of SOCCs: Stim

proteins that sense Ca2+ levels in the endoplasmic reticulum (ER) [11, 12] and Orai

proteins that constitute the basic pore-forming subunits of the specific SOCCs

[13–16].

In this chapter, we highlight the important findings of studies on the expression,

function, and regulation of TRP and Orai channels with the addition of Stim

proteins in ASMCs.

2 Expression of TRPs, Orais, and Stims

2.1 General Structural Properties of Mammalian
TRP Channels

After the identification of an expressed sequence tag (EST) with high similarity to

Drosophila trp, the first mammalian TRP channel, classical or canonical TRP-1

(TRPC1) channel, was cloned in 1995 [17]. Subsequently, six other members of the

TRPC family (TRPC2-7) were identified and other TRP families like TRPM (for

melastatin), TRPV (for vanilloid receptor), TRPP (for PKD proteins), TRPML

(for mucolipidins), and TRPA (for ankyrin rich proteins) were described [1].

Glycosylation scanning of heterologously expressed TRPC3 revealed the

topology of TRP proteins in the plasma membrane [18]. TRP channels contain

six transmembrane domains (S1–6) flanked by cytoplasmic N- and C-termini.

Single-ion channel subunits are assembled as homo- and heterotetramers.

A hydrophobic loop between the S5 and S6 segments of each subunit is thought

Transient Receptor Potential and Orai Channels in Airway Smooth Muscle Cells 37



to contribute to a common putative channel pore (Fig. 1). The composition of

functional TRP channel complexes is governed by heteromultimerization and

complex formation via scaffold proteins in vivo. Many differences identified by

comparing the functional properties of TRP channels obtained in heterologous

expression systems with their proposed physiological functions in different tissues

may be explained by these circumstances [1, 19].

2.2 TRPC Channels

The seven family members can be subdivided into four subfamilies on the basis of

their amino acid similarity. While TRPC1 and TRPC2 are almost unique, TRPC4

and TRPC5 share approximately 64 % amino acid identity. TRPC3, 6, and 7 form a

structural and functional subfamily displaying 65–78 % identity at the amino acid

level, and they share a common sensitivity toward activation by diacylglycerol

(DAG) [1, 20, 21].

All TRPC family members harbor an invariant sequence in the C-terminal tail,

called the TRP box (amino acid sequence: EWKFAR), as well as 3–4 NH2-terminal

ankyrin repeats. In general, TRPC channels are nonselective Ca2+-permeable cation

channels (NSCCs), although the selectivity ratio PCa
2+/PNa

+ varies significantly

from nonselective (TRPC1) to slightly selective (range of 1–3: TRPC3, TRPC4,

TRPC5, TRPC7) to more selective (range of 5: TRPC6) (Table 1) [1, 22–24]. TRPC

channels have attracted particular attention because they were the first mammalian

TRP channels proposed as molecular candidates for ROCCs and SOCCs [25, 26].

As summarized in Table 2, TRPC1 mRNA and proteins are expressed in freshly

isolated porcine ASM tissues, primary isolated guinea-pig ASMCs and ASM tissues,

primary isolated rat ASMCs, freshly and primary isolated mouse ASMCs and ASM

tissues, passaged human ASMCs using a standard reverse transcription-polymerase
chain reaction and western blot analysis or immunofluorescence staining [6, 27–30].

Ankyrin
repeats

TRP
box

N-terminus C-terminus

Extracellular

Intracellular

S1 S2 S3 S4 S5 S6P

Fig. 1 Plasma membrane

topology of TRPC channels;

S1–6 transmembrane

domains 1–6, and P putative

channel pore (Modified

from reference [1] with

permission)
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TRPC2 is unique among TRPCs because its complete gene has been lost from

the Old World monkey and human genomes, in which its remnants constitute a

pseudogene. TRPC2 mRNA is expressed in primary isolated guinea-pig ASMCs

and not present in passaged human ASMCs [28, 31].

TRPC3 mRNA and proteins are expressed in freshly isolated porcine ASM

tissues, primary isolated guinea-pig ASMCs and ASM tissues, freshly and primary

isolated mouse ASMCs and ASM tissues, and passaged human ASMCs

[27–33]. TRPC3 belongs to the TRPC3/6/7 subfamily of DAG-activated ROCCs

[20]. Although the channel can be stimulated by DAG, TRPC3 has a high constitu-

tive activity, in contrast to TRPC6 [1].

TRPC4 mRNA and proteins are detected in freshly isolated porcine ASM

tissues, primary isolated guinea-pig ASMCs and ASM tissues, and passaged

human ASMCs [27–29, 31]. In ASM, TRPC5 and TRPC4 mRNA expression

appears to differ between species. For instance, TRPC5 mRNA was expressed in

primary isolated guinea-pig ASMCs but not in passaged human ASMCs in an

earlier study [29]. Inconsistently, TRPC5 mRNA and proteins expressions were

confirmed in passaged human ASMCs in a subsequent study [31]. These data

suggest that the composition of TRPC proteins in ASMCs differs between species.

TRPC1 can form heteromeric complexes with either TRPC4 or TRPC5. These

observations suggest different TRP isoform expression, which will determine the

homomeric and heteromeric TRPC1/TRPC4/TRPC5 channels that are possible in

native smooth muscle in each species and the biophysical, regulatory, and pharma-

cological properties of the functional channels [3, 19, 34].

TRPC6 mRNA and proteins are expressed in primary guinea-pig ASMCs and

ASM tissues and passaged human ASMCs [28, 29, 31–33]. TRPC6 is a

DAG-sensitive, tightly receptor-regulated, and store-independent cation channel,

as opposed to TRPC3 and TRPC7, which display considerable basal activity [1, 20,

21, 35]. Some studies have shown that the expression pattern of TRPC3 and TRPC6

overlaps in most SMC tissues, and a heterotetrameric TRPC3/6 channel complex

may be the native molecular correlate of the receptor-operated, nonselective

cation influx into SMCs. Some findings imply that TRPC3 and 6 are functionally

nonredundant and that TRPC6 plays a unique role in the control of airway and

Table 2 TRP, Orai, and Stim expression in human, guinea pig, rat, mouse, and porcine airway

smooth muscle (Modified from references [3] and [24])

Species

TRP family member

Orai family

member

Stim family

member

C1 C2 C3 C4 C5 C6 C7 V2 V4 1 2 3 1 2

Human + � + + � + N/A + + + + + + +

Guinea pig + + + + + + N/A N/A N/A N/A N/A N/A N/A N/A

Rat + N/A N/A N/A N/A N/A N/A N/A N/A + N/A N/A + N/A

Mouse + N/A + N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A

Porcine + N/A + + + N/A N/A N/A N/A N/A N/A N/A N/A N/A

+ mRNA or protein expression, � no expression, N/A no data available

40 J.-H. Xiao et al.



vascular smooth muscle contractility [1, 36, 37]. TRPC7 expression and physiolog-

ical functions in ASM cells and tissues are vague.

2.3 TRPV1, TRPV2, and TRPV4 Channels

The TRPV subfamily, containing six members (TRPV1–6), are cation-selective

channels, which are Ca2+-permeable and expressed widely in both excitable and

nonexcitable cells, including the heart, lung, kidney, nerves, and endothelial cells

[3, 38, 39]. In contrast to the TRPC family, which has garnered a plethora of

attention in the smooth muscle field, the TRPV channels are positively promiscuous

in the stimuli to which they respond. Whereas TRPCs are predominantly activated

as a result of Gq-coupled receptor occupation or store depletion, TRPVs can be

activated by diverse stimuli, including protons, irritants, lipids, mechanical stimuli,

noxious heat, and changes in cell volume [40].

TRPV1 was the first mammalian member of this family to be identified and the

one that has been studied most intensively [41]. The TRPV1 channel is mainly

expressed in sensory nerves. In ASMCs, TRPV1 expression is yet to be reported by

direct evidence. But TRPV1 immunoreactive axons are present in the tracheal

smooth muscle and the epithelium of the guinea pig and human airway [42].

TRPV2 and TRPV4 mRNA and proteins are expressed in primary cultured

human ASMCs. The role of TRPV2, also expressed by human airways, remains

undefined. Functional TRPV4 is expressed in human ASMCs and may act as an

osmolarity sensor in the airway [43].

2.4 Other TRP Channels

To date, no data have been published on the expression or function of TRPP,

TRPM, TRPML, and TRPA channels in ASMCs.

2.5 Orai Channels

Orai1 mRNA and proteins are expressed in primary cultured human and primary

isolated rat ASMCs [44, 45]. Orai2 and Orai3 mRNA are expressed in primary

cultured human ASMCs [45].

Transient Receptor Potential and Orai Channels in Airway Smooth Muscle Cells 41



2.6 Stim Proteins

Stim1 has been identified as a single transmembrane protein that resides in both the

plasma membrane and the membrane of the SR [46]. Stim1 mRNA and protein

are expressed in primary cultured human and primary isolated rat ASMCs [44, 47,

48]. Stim2 mRNA and protein are expressed in primary cultured human ASMCs

[47, 48].

3 Physiological Functions of TRPs, Orais, and Stims

3.1 Controlling the Resting Membrane Potential
and [Ca2+]i in ASMCs

The resting membrane potential in ASMCs is between �40 and �50 mV, signifi-

cantly less negative than a K+ equilibrium potential of approximately �85 mV

[24]. In freshly and primary isolated mouse ASMCs, specific TRPC3 antibodies and

gene silencing both result in a pronounced hyperpolarization of the resting mem-

brane potential by approximately 14 mV. TRPC3 siRNA-mediated gene silencing

significantly lowers the resting [Ca2+]i in primary isolated ASMCs. Thus, TRPC3-

encoded NSCCs play an important role in the control of the resting membrane

potential and [Ca2+]i in ASMCs [24, 30].

3.2 Regulation of [Ca2+]i in ASMCs

In ASM, Ca2+ influx through ROCCs or SOCCs is believed to mediate long-term

signals, sustained contraction, and the refilling of internal Ca2+ stores [6, 45]. The

mechanisms for activation of ROCCs and SOCCs in ASMCs remain to be

elucidated. In physiological processes of ASMCs, TRPC-encoded NSCCs play an

important role in the control of extracellular Ca2+ influx.

Recent literature has identified the Stim and Orai proteins as key signaling

players in the activation of specific SOCCs (calcium release-activated channels).

Stim1 (and in some instances Stim2), a single transmembrane protein that resides in

both the plasma membrane and the membrane of SR, serves as the ER Ca2+ sensor.

Orais (Orai1, Orai2, and Orai3) function as pore-forming subunits of the specific

SOCCs in ASMCs [44, 45, 47].
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4 Functional Roles of TRPs, Orais, and Stims

in Respiratory Diseases

4.1 Asthma

Asthma is a common disease associated with airway inflammation, bronchial

hyperresponsiveness, and bronchospasm. Airway obstruction due to bronchial con-

striction and airway hyperreactivity is a major cause of acute respiratory incapacity

in patients with asthma. ASMCs are known to switch from a contractile to a

proliferative and so-called synthetic phenotype in culture upon chronic stimulation

by serum and growth factors [1, 49]. Although the involvement of TRP channels in

these processes is unclear, recent reports indicate that TRPC1-6, TRPV1, 2, and

4, Orai, and Stim molecules are expressed in animal and human ASMCs [6, 28–30,

43–48, 50]. TRPC1 mRNA expression was much higher in proliferating bronchial

SMC than in growth-arrested cells, suggesting that TRPC1 may play a role in

ASMC proliferation and airway remodeling [6]. TRPC6-deficient (TRPC6�/�)
mice displayed an increased responsiveness to methacholine and showed a 50 %

reduction in respiration rate at a significantly lower methacholine concentration

than wild-type littermates. A significantly stronger contraction in response to

muscarinic stimulation with methacholine was detected in tracheal rings of

TRPC6�/� mice than in tracheal rings from control mice. Upregulation of TRPC3

in the lungs of TRPC6�/� mice was detected in the observed phenotype [1, 51].

TRPC-encoded NSCCs in ASMCs have been shown to make a significant

contribution to the development of asthma. In passaged human ASMCs, TRPC3

mRNA and protein expression was significantly increased following treatment with

TNFα, an important asthma mediator [31]. These authors have further found that

TRPC3 gene silencing inhibited TNFα-induced Ca2+ influx and an associated

increase in [Ca2+]i as well as a TNFα-mediated augmentation of acetylcholine-

evoked increase in [Ca2+]i [31]. In ovalbumin- sensitized/challenged asthmatic

mice, TRPC1 protein expression level is not changed in freshly isolated asthmatic

ASM tissue. On the other hand, the TRPC3 protein expression level is increased

threefold. The asthmatic membrane depolarization is prevented by TRPC1

antibodies. In spite of having no clear explanation for these interesting but puzzling

results, we would speculate that TRPC1-encoded NSCCs, which are dormant in

normal cells, can be activated by an unknown mechanism in asthmatic cells. We

have also revealed that the asthmatic increase in the activity of constitutively active

NSCCs and depolarization in the membrane potential are both blocked by TRPC3

antibodies. Thus, TRPC3-encoded native constitutively active NSCCs are

upregulated in both the molecular expression and functional activity, contributing

to membrane depolarization and hyperresponsiveness in asthmatic airway SMCs,

whereas TRPC1-encoded NSCCs are only functionally upregulated to mediate the

increase cellular responses in asthmatic airway SMCs [24, 30].
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A possible role for TRPV4 channels in asthma has also been proposed [1, 43, 52].

Because asthma is accompanied by a denudation of the epithelial lining of bronchi

and bronchioles, bronchial SMCs and nerve endings can become exposed to bron-

chial fluid that is hypotonic. TRPV4 responses to systemic osmotic and somatosen-

sory mechanical stimuli are impaired in TRPV4�/� mice [1, 53–55].

Stim1, having no channel-like properties, is believed to be a Ca2+ sensor,

monitoring the Ca2+ content of intracellular stores [56]. Mice lacking Stim1 die

perinatally, whereas mice lacking Stim2 may live for 4 weeks or so [57]. Knockout

of Orai1 in mice produces a severe phenotype [58, 59], similar to that seen with

knockout of Stim1, and mouse knockout models of Orai2 and Orai3 have not yet

been reported [10]. In ASMCs, Orai1 and Stim1 are shown to play important roles

in cell proliferation and migration [44, 48].

4.2 Chronic Obstructive Pulmonary Disease

Polymorphisms in the TRPV4 gene are associated with chronic obstructive pulmo-

nary disease characterized by airway epithelial damage, bronchoconstriction,

parenchymal destruction, and mucus hypersecretion [43].

4.3 Other Diseases

The number of TRPV1 immunoreactive axons in the trachea increases under

allergic inflammatory conditions. TRPV1 expression is upregulated in ASM, but

not in ASMCs, from patients with chronic cough. An increase in TRPV1 activity

may play a role in the airway hypersensitivity seen in chronic cough [42].

5 Conclusion

As ASMCs express a multitude of TRP channels, Orai channels, and Stim

molecules, the complexity in assessing which are the important players in

generating tone, and which, if any, are redundant innocent bystanders in the

process, is a real and present challenge. Heteromultimer formation, as demonstrated

for members of the TRPC family, may be a double-edged sword, complicating

ascribing physiological functions while at the same time offering an enhanced

opportunity for tissue-specific combinations that could be used therapeutically.

The relative ionic permeability of the TRP channels themselves adds to the diffi-

culty of further understanding their physiological roles. For channels with high
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Ca2+-selectivity ratios, this is easier to reconcile, the most obvious conclusion being

that they play a direct role in extracellular Ca2+ entry. However, TRP channels are

much less discriminating in their permeability profile (i.e., nonselective cation

channels) such as certain members of the TRPM family. Activation of these

channels will, in addition to allowing Ca2+ influx, elicit a substantial depolarization,

which in ASMCs may serve to activate VDCCs and simultaneously limit Ca2+ entry

by attenuating the electrical driving force for Ca2+ entry [3].

Much remains to be done to delineate the functional roles of TRPs, Orais, and

Stims in ASMCs. However, identification of their involvement in regulating

contractility and proliferation in ASMCs offers the exciting prospect of new and

novel therapies for the treatment of asthma, chronic obstructive pulmonary disease,

and other respiratory diseases [3].
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Abstract Large-conductanceCa2+-activated K+ (BKCa, MaxiK) channels are

abundantly distributed on the cell membrane and ubiquitously expressed in a variety

of tissues except cardiac muscle. These channels have a conductance of approxi-

mately 250 pS and are intracellular Ca2+- and membrane potential-sensitive. Acti-

vation of these channels causes membrane hyperpolarization mediated by an

increase in outward K+ currents, leading to a reduction in tension in smooth muscle

such as vessels and airways. The BKCa channels are a tetramer of a pore-forming

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

β-subunits (KCNMB1-4). The α-subunit consists of a transmembrane (TM) domain-

sensing membrane potential and conducting ion, and a cytoplasmic domain-sensing

Ca2+. The β-subunits comprise two TMs, and their expression is tissue specific.

In smooth muscle cells, the 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 causes sponta-

neous outward currents (STOCs), leading to relaxation via membrane hyperpolari-

zation. The activity and expression of the BKCa channels are modulated by a variety

of factors such as phosphorylation (e.g., protein kinase A, protein kinase G) and

other metabolites (e.g., reactive oxygen species, estrogen, nitric oxide). Therefore,

altered BKCa channels play a key role in vital body functions (e.g., development,

pregnancy) and diseases (e.g., hypertension, diabetes). These channels may be a

therapeutic target for a variety of diseases.

Keywords BKCa channels • MaxiK channels • STOCs • β-adrenergic receptors

• Muscarinic receptors • Patch-clamp techniques • Protein Kinase A Protein

Kinase G • Ca2þ sparks

Abbreviations

20-HETE 20-Hydroxyeicosatetraenoic acid

4-AP 4-aminopyridine

ACh Acetylcholine

AF-DX 116 11-[[2-[(Diethylamino)methyl]-1-piperidinyl]acetyl]-

5,11-dihydro-6H-pyrido[2,3-b][1, 4]benzodiazepin-6-one

ATP Adenosine triphosphate

BKCa

channels

Large-conductance calcium-activated potassium channels

cAMP Cyclic adenosine monophosphate

CCh Carbachol

cGMP Cyclic guanosine monophosphate

ChTX Charybdotoxin

EETs Epoxyeicosatrienoic acids

GDP-β-S Guanosine 50-O-(2-thio-diphoshate)
Gi Inhibitory G protein of adenylyl cyclase
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Gs Stimulatory G protein of adenylyl cyclase

GTP Guanosine triphosphate

GTP-γ-S Guanosine 50-O-(3-thiotriphosphate)
IbTX Iberiotoxin

IP3 Inositol triphosphate

MCh Methacholine

NO Nitric oxide

nPo Open probability of ion channels

PKA Protein kinase A

PKC Protein kinase C

PKG Protein kinase G

ROS Reactive oxygen species

RyR Ryanodine receptors

SR Sarcoplasmic reticulum

STOCs Spontaneous outward currents

TEA Tetraethylammonium

αs α-subunit of Gs

1 Introduction

Potassium (K+) current across the plasma membrane is considered to have two main

physiological functions, one for determining the membrane potential and the other

regulating the electrical activity. Membrane hyperpolarization reduces the

excitability of the membrane by shifting the membrane potential away from the

threshold for excitation and inhibits, where it exists, calcium (Ca2+) influx through

voltage-gated Ca2+ channels by closing the Ca2+ channel. Outward K+ currents

activated upon depolarization counteract the depolarizing action of inward currents

carried either by Na+ or Ca2+. Therefore, modification of K+ channel activity is

expected to have a significant effect on the excitability of various cells including

smooth muscle.

Ca2+-activated K+ (KCa) channels have an important role in cell excitability by

sensing and reacting to the alteration of intracellular Ca2+ concentrations

[1–3]. These channels are divided into three types: (1) small conductance (SKCa,

4–14 pS), (2) intermittent conductance (IKCa, 32–40 pS), and (3) large conductance

(BKCa, MaxiK, 200–300 pS). Although SKCa and IKCa are membrane potential

independent and intracellular Ca2+ dependent, BKCa 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 a

more negative potential (hyperpolarization) because of a large conductance,

providing a link between the metabolic and electrical state of cells [4]. BKCa

channels are densely distributed in the surface of the cell membrane in smooth

muscle among various tissues and the brain and, furthermore, are observed in a

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

cardiac myocytes.
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The physiological role of BKCa channels is considered to play a key role in

regulating tone in smooth muscle [5] and transmitter release and spike shaping

in neurons [6]. Therefore, BKCa channels may be involved in the pathophysiology

of various diseases such as hypertension [7–9] epilepsy [10], cancer [11], and

asthma [12]. The existence of BKCa channels was reported for the first time in the

Drosophilia slowpoke mutant [13]. The studies concerning KCa channels have

advanced by leaps and bounds since single-channel recordings were established

[14] and the crystal structure of mammalian voltage-gated K+ channels were

clarified [15]. This chapter will focus on the characteristics, function, and regulation

of BKCa expressed on the plasmalemma of smooth muscle.

2 Structure and Function of BKCa Channels

2.1 α-Subunits

BKCa channels are composed of tetramers formed by pore-forming α-subunits
along with accessory β-subunits (Fig. 1b), activated by an increase in the membrane

potential and by an increase in concentrations of intracellular Ca2+. The ubiquitous

expression of the BKCa channels causes multiple abnormalities observed in mice

with targeted deletion of the BKCa channel gene [16–19]. The α-subunit is ubiqui-
tously expressed by mammalian tissues and encoded by a single gene (Slo,

KCNMA1) [20–22]. The α-subunit transmembrane (TM) domain comprises a

seven-membrane-spanning segment (S0–S6) with extracellular loops and shares

homology with all voltage-gated K+ channels with six TM domains (S1–S6) and a

pore helix (Fig. 1a). The S1–S4 domains are arranged in a bundle that carries out the

αα-subunit ββ-subunit
Pore

N C C

C

S6S5S4S3S2S1S0 TM
1

TM
2

C
RCK1 N

C
RCK2

Calcium bowl

β

α α

ββ K+

α α

β

a b

Fig. 1 Structure of BKCa channel. (a) Schema representing topological characteristics of α and β
subunits of BKCa channel as described in text. (b) Model of tetrameric assembly of α subunit

showing K+ in pore with β subunits. Regulate the conductance of K+ (RCK), N-terminal (N),

C-terminal (C)
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voltage-sensing function, and the S5–S6 and pore helices contribute to the pore

formation and the K+ selective filter [23]. The BKCa channels are unique among

voltage-gated K+ channels because they contain an additional S0 to the S1 in the

N-terminal [24] (Fig. 1a). The S0 and N-terminal segment to the S0 are required for

the β1-subunit to modulate the channel.

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 [25] (Fig. 1a). The RCK2 domain contains a Ca2+

bowl domain that is contributed to the sensitivity to intracellular Ca2+ [25a, 25b,

25c, 25d, 25e]. However, the RCK1 domain also has a key role in the high-affinity

binding site for Ca2+ [25f]. 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 [26], coupled to channel opening by tugging on

the pore through a spring like S6-RCK1 linker in response to intracellular Ca2+ [27].

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

activity by modulating the voltage sensor [26, 27a, 27b].

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

factors, including divalent cations, also influence the opening of these channel.

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

involving the voltage sensor and RCK1 domain [28, 29, 29a]. In contrast, an intracel-

lular proton (H+) attenuates the opening of BKCa channels [25e, 31] (see Sect. 5).

Moreover, the redox state influences the gating of these channels [32] (see Sect. 5).

2.2 β-subunits

BKCa channels associate with modulatory β-subunits, which are expressed in a

cell-specific manner and have unique regulatory action on these channels. The

β-subunits bring about the diversity of BKCa channels. There are four distinct

β-subunits (Fig. 1b): β1–4 encoded by KCNMB1, KCNMB2, KCNMB3, and

KCNMB4. These β-subunits in BKCa channels consist of two TM domains with

intracellular N- and C-termini and a long extracellular loop (Fig. 1a). The β1-subunit
was the first β-subunit to be cloned and is primarily expressed in smooth muscle

[27b, 33, 35, 36]. The first TM domain of a β-subunit is located near the S1

domains of an α-subunit, and the second TM domain is located near the S0 domain

[36a, 36b, 36c, 36d]. The β-subunit exits by a neighboring voltage-sensing bundle of
the α-subunit. The extracellular loop of the β-subunit is contributed to variable toxin
resistance, and the intracellular N- and C-termini contribute to variable membrane

potentials [36e, 36f, 36g, 36h]. The β1-subunit influences the gating kinetics of BKCa

channels to favor a more open state mediated by activating the voltage sensor

directly [37, 37a], resulting in less Ca2+ being required to open the BKCa channels

(increasing sensitivity to intracellular Ca2+).

In excitation-contraction coupling of muscle cells, local increases in Ca2+

concentrations occur due to focal releases of Ca2+ through ryanodine receptors
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(RyR) from the sarcoplasmic reticulum (SR), termed Ca2+ sparks [2, 3]. Hundreds

of BKCa channels are opened by the Ca
2+ sparks from SR closed to the sarcolemma,

causing spontaneous outward currents (STOCs) (Fig. 2; see Sect. 4). The coupling

of ryanosine-mediated Ca2+ sparks to the BKCa channel-mediated STOCs is

enhanced by a β1-subunit, resulting in hyperpolarization of smooth muscle cells

and subsequently reducing Ca2+ influx and relaxation. Deletion of the β1-subunit in
mice causes an increase in contraction of vascular smooth muscle and an elevation

of systemic blood pressure [7, 8]. In mice in which the BKCa channel β1-subunit has
been knocked out CCh-induced contraction of trachea was enhanced compared

with wild-type mice and not just the single-channel activity of the BKCa channel in

an inside-out patch; in addition, STOCs in a whole-cell configuration were mark-

edly attenuated in tracheal smooth muscle cells compared with wild-type mice [38].

3 Effects of Outward K+ Currents on Smooth Muscle Tone

Airway smooth muscles isolated from guinea pig and human spontaneously

generate a sustained contraction (muscle tone), sometimes accompanied by small

regular or irregular rhythmic fluctuations of membrane potential (guinea pig

[39–42], human [43–48]). The muscle tone in guinea-pig trachea can be abolished

by blocking endogenous production of prostaglandins with indomethacin or aspirin

Ca2+K+(STOCs)ββ2-agonists

BKCa LCC

Gs (Hyperpolarization)

Ca2+

Ca2+AC RyR (Ca2+ sparks)

Ca2+

IP3RcAMP

b2

Ca2+/CaM
SR

MLCKPKA
MLC MLC

myosin phosphataseinhibition

Fig. 2 Intracellular mechanisms of BKCa channel activation. BKCa channel activity is enhanced

by a localized increase in intracellular Ca2+ (Ca2+ sparks) in the vicinity of these channels via Ca2+

release through ryanodine receptor (RyR) or inositol triphosphate receptor (IP3R) on sarcoplasmic

reticulum (SR). Spontaneous outward currents (STOCs) occur due to hundreds of opened BKCa

channels via coupling of Ca2+ sparks to these channels and result in an inhibition of L-type Ca2+

channel (LCC) mediated via membrane hyperpolarization. BKCa channels are also activated by the

dual pathway, i.e., (1) direct action of stimulatory G protein of adenylyl cyclase (Gs), (2) protein

kinase A (PKA)-dependent phosphorylation, in β2�adreneceptor agonist (β2�agonist)-induced
stimulation. AC adenylyl cyclase, CaM calmodulin, MLCK myosin light chain kinase, MLC
myosin light chain
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[46, 49–53]. On the other hand, in human trachea, the tone is inhibited by a

lipoxygenase inhibitor (AA 861 [48]) or a leukotriene antagonist (FPL 55712

[46]). Since spontaneously generated muscle tone is easily eliminated by removal

of Ca2+ from the external medium but is not significantly affected by L-type Ca2+

channel blocking agents, such as verapamil and nifedipine [54–57], it is possible

that Ca2+ influx through the receptor-operated pathway, activated by endogenous

products of arachidonic acids, is responsible for maintaining the tone. It is still not

clear whether receptor-operated Ca2+ pathways are affected by membrane poten-

tial, but there is some evidence that the production of second messengers, such as

IP3, is decreased by membrane hyperpolarization [58]. It is therefore possible that

membrane potential not only directly affects ionic channel activity but also

modifies production of second messengers by a potential-sensitive enzyme system

in the plasma membrane, secondarily resulting in contraction or relaxation.

In tracheal muscle, sustained contractions elicited by 5-hydroxytryptamine

(0.5–1 μM)were inhibited in a graded fashion depending on the degree of membrane

hyperpolarization produced by anodal currents applied using the sucrose-gapmethod

[59]. A decrease in Ca2+ influx through voltage-gated Ca2+ channels may be respon-

sible for this relaxation, but it is also possible, at least partially, that a receptor-

operated Ca2+ influx pathway activated by 5-hydroxytryptamine is inhibited by

membrane hyperpolarization. Further careful experiments are necessary to examine

the relationship between membrane potential and Ca2+ influx caused by receptor

activation in order to clarify a possible contribution of a second messenger system.

Typical action potentials have not been found in airwaymuscle under physiological

conditions. This has been considered to be due to amarked increase inK+ conductance

of the plasma membrane upon depolarization [60]. Thus, when the K+ conductance of

the membrane is reduced by blocking K+ channels, one would expect an increase in

excitability. It has actually been shown, in airway muscles that are only weakly

excitable, that spontaneous phasic contractions can be initiated in company with

electrical activities by applying several K+ channel blocking agents: tetraethy-

lammonium (TEA), 4-aminopyridine (4-AP), charybdotoxin (ChTX), or iberiotoxin

(IbTX) [61–63]. ChTX and IbTX, toxins in scorpion venom, are selective inhibitors of

BKCa channels. Someof these havebeendemonstrated to beaccompaniedbyelectrical

activity. These results suggest that outwardK+currents passing throughBKCachannels

may serve an important regulatory function in these smooth muscles.

4 Electrophysiological Characteristics of BKCa Channels

4.1 Single-Channel Recording

KCa channels activated by intracellular Ca2+ and membrane depolarization are

ubiquitously distributed in smooth muscle, including airway muscle. The dominant

BKCa channels have a large conductance (approximately 250 pS in symmetrical
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135–150 mM K+ medium). Single-channel currents of BKCa channels have been

recorded using the patch-clamp method from the trachealis of guinea pig [64], dog

[65, 66], ox [67, 68], pig [69–71], rabbit [25e, 72], and equine [73]. BKCa channels

are highly selective for K+ despite a large conductance [74]. The sensitivity to Ca2+

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

be due, at least partially, to differences in experimental conditions. Ca2+ sensitivity

may be increased by intracellular Mg2+, as is the case in vascular muscle [75], by

intracellular alkalinization, as reported for rabbit tracheal muscle [25e], and 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 (140 mMK+,

0.1 μM Ca2+ inside and 6 mM K+, 1.2 mM Ca2+ outside), 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), a fraction of the time during

which the channel is open [64].

The BKCa channels in myocytes isolated from canine trachealis have been

studied (with inside-out patches in symmetrical 135 mM K+ medium, I μM Ca2+

on the cytosolic side). External application of TEA (10 mM) or application of Cs+

to the cytosolic side of the membrane reduced the single-channel conductance

[66]. The conductance of the BKCa channel studied in the outside-out configuration

(140 mMK+ inside and 5.9 mMK+ outside, 0 to + 30 mV) was reduced from 154 to

19.9 pS by TEA (2 mM), but it was not affected by 4-AP (1 mM) applied externally

[76]. 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 [77]. Thus, the blocking kinetics are

similar to, but the reversibility is different from, the results obtained from single

cells of guinea-pig tracheal muscle [64].

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 [68]. 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. In swine tracheal muscle, the

BKCa channels predominate, but channels having a conductance of 90 pS at + 80

mV in symmetrical 140 mM K+ medium (IKCa) were also found [69]. Near the

resting potential, the BKCa channels are considered to be mostly in a closed state,

whereas the IKCa channels remain active, judging from the sensitivity to Ca2+ and

the independence of membrane potential. When studied in inside-out patches in

symmetrical 140 mM K+ medium, the BKCa channels were inhibited by extracellu-

lar TEA with an IC50 of approximately 0.6 mM [71]. On the other hand, intracellu-

lar TEA (20 mM) partially inhibited outward but not inward currents.

In freshly isolated human bronchial smooth muscle cells, single currents of the

BKCa channels were also recorded in a cell-attached patch, inside-out patch, and

outside-out patch [77a, 77b]. These channels have a conductance approximately

210 pS in symmetrical 140 mM K+ medium. The activity of these channels was
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enhanced by the membrane potential and cytosolic concentrations of Ca2+ and

attenuated by external applications of TEA, ChTX, and IbTX.

The effects of intracellular pH (pHi) on BKCa channels have been studied in

rabbit tracheal muscle using inside-out patches [25e]. BKCa channel activity was

markedly inhibited by intracellular acidification, by reducing the sensitivity to

Ca2+, and by shortening the open state of the channel. On the other hand, intracel-

lular alkalinization had an opposite effect (increasing Ca2+ sensitivity and length-

ening the open state of the channel). A decrease in smooth muscle tone with

intracellular alkalinization might be caused at least partially by activation of the

BKCa channels [78].

The effects of some agents known to inhibit calmodulin have been examined on

BKCa channels in canine trachealis [79]. Haloperidol, trifluoperazine, and chlor-

promazine blocked the open channel with dissociation constants of 1.0, 1.4, and

2.0 μM, respectively. Since this order of the drugs differs from their potency as

calmodulin antagonists (trifluoperazine > chlorpromazine > haloperidol [80]),

calmodulin is not considered to be involved in channel activation with Ca2+.

A similar conclusion was reached regarding the BKCa channel in rat myometrium

using W-7, trifluoperazine, W-5, and calmodulin [81].

4.2 Whole-Cell Clamp Recording

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

recoded using the whole-cell clamp method: STOCs, transient outward current (IT),

and steady outward currents (IS) [82]. STOCs were originally demonstrated in

smooth muscle cells of rabbit jejunum and ear artery and have been thought to

represent the opening of BKCa channels in response to Ca
2+ released from intracel-

lular stores (Fig. 2) [83]. 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

[82]. IT and STOCs, but not IS, were suppressed by reducing intrapipette Ca2+

concentration, suggesting that the BKCa channel is the pathway of these currents. IT
and STOCs were also inhibited by 4-AP (10 mM) and nifedipine (100 nM),

a blocker of L-type Ca2+ channels. None of the currents was affected by apamin,

a bee venom toxin.

Three different types of outward current have also been recorded in canine

tracheal muscle [76]. 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

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

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. Slowly inactivated outward currents,
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similar to IT in guinea-pig and dog tracheal smooth muscle, have also been recorded

in cells isolated from human bronchus [84].

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

ration were enhanced by increasing intrapipette Ca2+ concentrations and by increas-

ing depolarization beyond �20 to 0 mV [68]. ChTX (50 nM–1 μM) partially

inhibited outward currents elicited at a large depolarization (beyond + 10 mV).

The results suggest that BKCa channels might not be active at the resting potential

and that it is doubtful whether these channels become significantly activated even

during agonist-induced contraction in bovine trachea. As the authors suggest [68],

however, since the experiments were carried out at 22 �C, it is possible that in the

bovine BKCa channels play an inhibitory role, even under physiological conditions.

In swine tracheal muscle, large and small populations of STOCs could be

observed, probably reflecting the activity of BKCa and SKCa channels, respectively,

found in inside-out patches [69]. 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 consist

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

solution in which Ca2+ was substituted by Mn2+ (2.5 mM) for 1 h, suggesting that

Ca2+ influx is not necessary for STOCs. This differs from the result in guinea-pig

tracheal muscle, where the STOCs were blocked by nifedipine [82]. STOCs in

swine trachealis (which appear to be mainly of the large type) 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 [71].

5 Chemical Modulation of BKCa Channels

5.1 Effects Mediated Through Ca2+ Release

Intracellular second messengers may affect the BKCa channels, either indirectly by

increasing intracellular Ca2+ concentrations or by directly affecting channel activ-

ity. In single cells isolated from porcine tracheal muscle, the BKCa channels were

studied in a cell-attached configuration after permeabilization of the plasma mem-

brane with β-escin, a major constituent of saponins [85]. The channels’ properties

were found to be very similar to those studied in inside-out patches. The BKCa

channels were activated by acetylcholine (ACh, 30 μM), substance P (0.1 μM), or

IP3 (2.4–20 μM), 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 μg/ml), which is

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

channels by ACh (0.01 μM) was also observed in swine tracheal muscle cells in a

cell-attached patch-clamp configuration [71]. Furthermore, in cultured human

bronchial smooth bradykinin (0.01–1 μM), an inflammatory mediator caused

58 H. Kume



bronchoconstriction and activated the BKCa channels in a concentration-dependent

manner, and the augmented currents were inhibited by heparin (10 mg/ml)

[85a]. Ca2+ release from the SR via stimulation of IP3 receptors causes an increase

in activation of BKCa channels in smooth muscle, including airways and vessels.

Two pathways participate in Ca2+ release from the SR, i.e., (1) the RyR and

(2) inositol triphosphate (IP3) receptor. In smooth muscle cells, the IP3 receptor is

more abundant than ryanodine receptor and reacts to IP3 generated by the activation

of G protein-coupled receptors and phospholipase C.

5.2 Stimulatory Effects Mediated by β-Adrenoceptor/G
Protein/Cyclic Adenosine Monophosphate Processes

In rabbit tracheal smooth muscle, the involvement of cyclic adenosine

monophosphate (cAMP)-dependent processes in BKCa channel regulation has

been examined [72]. In the presence of cAMP and adenosine triphosphate (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 changing the amplitude of single-channel currents,

and the recovery from this activation was significantly delayed by okadaic acid,

an inhibitor of protein phosphatases (Figs. 2, 3, and 4) [72, 86, 87]. 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 isoprenaline (0.2 μM) and okadaic acid

(10 μM) also increased activation of the BKCa channels in a cell-attached patch-

clamp configuration [72]. In Xenopus oocytes, similar results were observed in

β-adrenergic action [88]. Moreover, external application of forskolin (10 μM)

activated the BKCa channels in tracheal smooth muscle cells [89]. These results

are in accordance with those obtained in cultured smooth muscle cells of rat aorta

using isoprenaline (10 μM), forskolin (10 μM), and dibutyryl cyclic AMP (100 μM)

in cell-attached patches and using PKA (0.5 μM) and cyclic AMP (1 μM) in inside-

out patches [90]. Similar results were also obtained in the circular muscle cells of

canine colon using the catalytic subunit of PKA and phosphatase inhibitors,

calyculin A and okadaic acid [91].

Activation of BKCa channels by isoprenaline has been shown to be mediated by

the α-subunit (αs) of the stimulatory G protein of adenylyl cyclase (Gs), indepen-

dently of cyclic AMP-dependent protein phosphorylation (Figs. 2 and 4) [92, 93].

In porcine, canine, and ferret tracheal muscle cells, isoprenaline increased activation

of BKCa channels in outside-out patches when guanosine triphosphate (GTP)

(100 μM) was present at the cytosolic side of the patches. A similar increase in

activity was observed even when phosphorylation was inhibited by the nonmeta-

bolizable ATP analog adenosine 50-[β, γ-imido] diphosphate (ATP [β; γ ΝΗ],
AMP-PNP (1 mM)). In inside-out patches with a patch pipette containing
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isoprenaline (1 μM), the nonhydrolyzable GTP analog guanosine 50-O-
(3-thiotriphosphate) (GTP-γ-S, 100 μM) similarly potentiated BKCa channel activity.

An αs preincubated with GTP-γ-S (recombinant αs proteins, 100–1,000 pM)

increased the channel activity in a concentration-dependent manner when applied

to the cytosolic side of inside-out patches. In contrast, an αs preincubated with

guanosine 50-O-(2-thio-diphoshate) (GDP-β-S) had no effect. These results show

that BKCa channels are stimulated directly by αs and that cyclic AMP-dependent

phosphorylation is not required. A direct action of Gs protein on BKCa channels has

also been demonstrated in channels from rat or pig myometrium, incorporated into

planar lipid bilayers, using GTP-γ-S and AMP-PNP [94]. At least two mechanisms

are involved in the activation of BKCa channels following β-adrenoceptor

PKA (10 units/ml)

10 pA

PKA (10 units/ml)

okadaic acid (10 µM)

3 min

pApA
10[K]o /[K]i = 6/130 (mM)

[Ca]i = 0.1 µM

pHi = 6.9

ATP 0.3 mM  

5
cAMP 0.1 mM

PKA
control

–60 –40 –20 0 20 40 60 mV

0

a

b

Fig. 3 (a) A typical record of single BKCa channels enhanced by protein kinase A (PKA) in an

inside-out patch used rabbit tracheal smooth muscle cells at a holding potential of 0 mV. Internal

application of PKA (10 units/mL) reversibly increased the BKCa channel activity with no change

in the amplitude (upper trace). When PKA was washed out in the presence of okadaic acid (5 μM),

the recovery from the activated state was markedly prolonged (lower trace). (b) Current–voltage
relationship for BKCa channels in presence (closed circles) and absence (open circles) of PKA.
The maximal slope conductance was approximately 120 pS at 10–20 mV
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stimulation; one is mediated through cAMP-dependent channel phosphorylation and

the other through direct regulation by Gs protein (cAMP independent) [93].

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

membrane hyperpolarization produced by isoprenaline observed with intracellular

microelectrodes in guinea-pig [41, 42], dog [95], and human tracheal muscles

[47]. This idea is supported by the observations in guinea-pig trachealis that relaxa-

tion by noradrenaline (1 μM) of carbachol (CCh)-induced contraction was nearly

blocked by ChTX (50 nM) [77] and the concentration-relaxation curves to isopren-

aline and salbutamol were selectively shifted to the right by ChTX [64, 96, 97]. After

Gs activity was irreversibly augmented by incubation with cholera toxin in guinea-

pig trachea, methacholine (MCh)-induced contraction was significantly attenuated,

and this effect by Gs was reversed in the presence of ChTX [98]. The Gs/BKCa

stimulatory linkage could be involved in the β-adrenergic relaxation in airway

smooth muscle. When isoprenaline was repeatedly applied in cell-attached patches

to tracheal smooth muscle cells for 5 min every 15 min, the BKCa channel activity

was gradually reduced with no change in unitary amplitude [99]. When isoprenaline

was repeatedly applied to fura-2 loaded tissues of tracheal smooth muscle, the

relaxant action of isoprenaline was also attenuated after repeated application of

this agonist by elevating intracellular Ca2+, and this reduced responsiveness to

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

markedly prevented in the presence of verapamil, an L-type Ca2+ channel blocker

[99, 100]. Desensitization of β-adrenoceptors could be involved in the BKCa/L-type

Ca2+ channel linkage.

Although relaxation produced by β-adrenoceptor activation is generally

accompanied by membrane hyperpolarization, for which activation of the BKCa

channel is thought to be responsible as described previously, the hyperpolarization

may not be entirely responsible for the relaxation. Lower concentrations of isopren-

aline are known to produce relaxation without clear hyperpolarization [41], and

(Intracellular Ca2+- and voltage-sensitive)
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2  Proteinkinase  A 2) Protein kinase C
3) Proteinkinase G
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for regulating BKCa channel
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protein of adenylyl cyclase
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salmetrol, a β2-adrenoceptor agonist, has recently been shown to have relaxant

effects without hyperpolarization [101]. These results suggest that a direct inhibi-

tion of the contractile machinery may play a more important role than membrane

hyperpolarization, at least in β-adrenoceptor-mediated relaxation. In the simulta-

neous record of tension and intracellular Ca2+, isoprenaline caused relaxation of

tracheal smooth muscle by reducing not only the concentration of intracellular Ca2+

but also sensitivity to intracellular Ca2+ [102]. Further studies are needed to

clarify this.

5.3 Inhibitory Effects Mediated by Muscarinic
Receptor/G Protein Processes

Stimulation of muscarinic cholinoceptors inhibits BKCa channel activity

[70, 103]. When MCh (50 μM) 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. 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 BKCa channels, similar to

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

canine colon [104]. The lack of the effect of ChTX- on CCh-induced contractions in

guinea-pig trachealis [77] is in agreement with the finding that muscarinic

cholinoceptor stimulation inhibits BKCa channels. The inhibition of channels

through muscarinic cholinoceptor activation in guinea-pig [82] and swine tracheal

muscle cells [71] may be partly responsible for a prolonged suppression by ACh of

STOCs following a transient increase. This has been observed in longitudinal

muscle cells of the rabbit jejunum [83]. As discussed by Saunders and Farley

[71], this inhibition is difficult to explain by the depletion of intracellular Ca2+

stores because it occurs even during elevated Ca2+ concentration (dog trachealis

[105], porcine trachealis [106]). In porcine and canine trachealis, the inhibition of

BKCa channels produced by muscarinic cholinoceptor stimulation was potentiated

by cytosolic application of GTP (100 μM) and strong, irreversible potentiation was

obtained with GTP-γ-S (100 μM) [70]. On the other hand, when GDP-β-S (1 mM)

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

observed. Incubation (4–6 h) of airway smooth muscle cells with pertussis toxin

(0.1–1.0 μg/ml), which blocks signal transduction through ADP ribosylation of Gi,

the inhibitory G protein of adenylyl cyclase, abolished the channel inhibition by

MCh without reducing channel activity in the control state (Fig. 4). After incubation

of tracheal smooth muscle with pertussis toxin 1.0 μg/ml for 6 h, MCh-induced

contraction was significantly attenuated, and this effect by pertussis toxin was

reversed in the presence of ChTX [98]. The Gi/BKCa inhibitory linkage may be

involved in muscarinic-induced contraction in airway smooth muscle. Similar

modification of the muscarinic cholinoceptor inhibition with GTP and pertussis
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toxin has been reported for canine colonic muscle [107]. 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 cholinoceptors, leading to an inhibition in cAMP. These M2 receptors

exist on the surface in airway smooth muscle cells. A selective M2 receptor

antagonist (AF-DX 116, a benzodiazepine derivative) potentiated relaxation

induced by isoprenaline and forskolin in MCh-precontracted tracheal muscle

[98, 108, 109]. AF-DX116 had no effect on isoprenaline-induced relaxation when

the preparation was precontracted with histamine. The functional antagonism

between isoprenaline (or forskolin) and M2 receptor stimulation may not only be

simply mediated by inhibition of adenylyl cyclase through M2 receptors [108, 109]

but also be exerted by the direct inhibition of BKCa channels by pertussis toxin-

sensitive Gi protein through activation of muscarinic cholinoceptors since there is

evidence that activation of BKCa channels is involved in the relaxation induced by

forskolin and isoprenaline, as already described. Furthermore, M2 receptors

inhibited activity of BKCa channels via the dual pathway of a direct membrane-

delimited interaction of Gβγ and activation of phospholipase C/protein kinase C

(PKC) [110]. In knockout mice of the BKCa channel β1-subunit, contraction and

membrane depolarization induced by CCh were enhanced in tracheal smooth

muscle compared with wild-type mice, and these augmented effects of CCh were

inhibited in the presence of AF-DX116 [98, 110a]. These results indicate that the

BKCa channel β1-subunit plays a functional role in opposing M2 muscarinic

receptor signaling.

5.4 Stimulatory Effects Mediated by Cyclic Guanosine
Monophosphate Processes

The nitric oxide (NO)/cGMP pathway plays an important role in the relaxation of

smooth muscle, including vessels and airways. BKCa channels were markedly

enhanced by cGMP-mediated processes, suggesting that an augmentation of

BKCa channel activity leads to cGMP-induced relaxation of smooth muscle [111,

112]. The BKCa channel in α-subunit-null mice caused an increase in contraction in

tibial arteries compared with wild-type mice [18]. This phenomenon was due to

impaired response to cGMP-dependent vasorelaxation, indicating that the BKCa

channel is an important effector for cGMP-mediated action. NO also augmented

BKCa channel activity in various vascular smooth muscles (Fig. 4) [113, 114].

Protein kinase G (PKG) was involved in this activation of BKCa channels via the

NO/cGMP pathway (Fig. 4) [115–117]. Activation of BKCa channels via dopamine

receptors was caused through PKG and has been shown to mediate relaxation in

coronary and renal arteries [118]. PKG may be cross-activated by cyclic AMP to

stimulate BKCa channels [119]. Moreover, the dual pathway of modulation of the

BKCa channel by NO has been demonstrated, i.e., (1) PKG dependent [113, 114,
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120] and (2) direct activation of NO with a channel protein [121, 122]. Since the

stimulatory effect of NO on BKCa channels is abolished by knockdown of the

β-subunit with antisense, the β-subunit acts as a mediator of NO [123].

5.5 Regulation Mediated by Other Factors

As described earlier, BKCa channels are regulated by not only membrane potential

and cations (Ca2+, H+, Mg2+) but also cAMP- and cGMP-dependent processes.

However, these channels may be influenced by other factors shown below and be

related to their physiological roles. The effects of various factors on BKCa channel

activity is summarized in Fig. 4.

5.5.1 Protein Kinase C (PKC)

BKCa channels are activated via phosphorylation of their channels by PKA and

PKG as described earlier (see Sect. 5). However, the effects of PKC on these

channels are still controversial. PKC enhanced activity of the BKCa channels in

rat pulmonary arterial smooth muscle [124]. In contrast, PKC reversed cAMP-

induced activation of these channels (Fig. 4) [125, 126]. Phosphorylation by PKC

acts on the BKCa channels as follows: (1) direct inhibition and (2) a switch to

influence the effects of PKA and PKG [127, 128]. In addition to these, c-Src,

proto-oncogene tyrosin-protein kinase, suppressed activity of the BKCa channels

in coronary and aortic myocytes (Fig. 4) [129], whereas c-Src induced phosphory-

lation augmented these channels in HEK 293 cells [130].

5.5.2 Estrogen

Steroid hormones alter cardiovascular function at least in part by regulating

BKCa channel activity. In electrophysiological methods, estrogen and xenoestrogen

caused an increase in the BKCa channel activity in coronary [131–133], uterine

[134], and cerebral [135] arterial smooth muscle cells (Fig. 4), resulting in dilata-

tion of these vessels [114, 136]. This stimulatory action of estrogen in BKCa

channels was mediated by interaction with the β1-subunit [137], and NO generated

by estrogen enhanced activity of these channels through cGMP/PKG signaling

processes [131, 134]. As another mechanism independent of NO synthesis,

G protein coupled with estrogen receptors activated BKCa channels, leading to

vasorelaxation [133].
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5.5.3 Redox and Reactive Oxygen Species

Reactive oxygen species (ROSs), synthesized in endothelial and smooth muscle

cells, exert physiological and pathophysiological effects on smooth muscle by

altering the intracellular reduction or oxygen (redox) status [138]. Excessive gen-

eration of ROSs is observed in various conditions and diseases such as aging,

diabetes, hypoxia, and hypertension. Redox state was shown to influence the gating

of BKCa channels [32]. However, the effects of redox are complex. Preferential

oxidation of methionine increased activity of BKCa channels, whereas oxidation of

cysteines reduced this channel activity (Fig. 4) [139–142]. The activity of BKCa

channels was enhanced by hydrogen peroxide (H2O2) in pulmonary arterial

smooth muscle, resulting in vasodilation mediated by membrane hyperpolarization

[143, 144]. H2O2 may directly bind to BKCa channels to regulate them. In addition,

H2O2-induced activation of BKCa channels was involved in phospholipase

A2-arachidonic acid pathway and metabolites of lipoxygenase [145]. On the other

hand, H2O2 caused contraction of tracheal smooth muscle in a concentration-

dependent fashion by elevating concentrations of intracellular Ca2+ [146]. More-

over, peroxynitrite (OONO-), an oxidant generated by the reaction of NO and

superoxide, caused contraction of cerebral artery mediated by inhibiting BKCa

channel activity [147, 148].

5.5.4 Arachidonic Acid

Arachidonic acid and its metabolites, such as 20-hydroxyeicosatetraenoic acid

(20-HETE) and epoxyeicosatrienoic acids (EETs), play an important role in the

regulation of vascular tone. Arachidonic acid and EETs caused dilation of vessels

mediated by increasing the BKCa channel activity in smooth muscle cells (Fig. 4)

[149–151]. The vasodilation induced by these two agents was attenuated via sup-

pression of this channel activity [152, 153]. In airway smooth muscle, 20-HETE also

caused relaxation with membrane hyperpolarization via activation of the BKCa

channels [154]. On the other hand, 20-HETE is a vasoconstrictor. The BKCa channel

activity was inhibited by 20-HETE, and this phenomenon was mediated by PKC

(Fig. 4) [155, 156]. The vasoconstriction induced by 20-HETE was also attenuated

by blocking this channel activity [155]. Acute hypoxia reduced generation of

20-HETE, and the subsequent inhibitory action of 20-HETE on the BKCa channels

was removed in cerebral arterial smooth muscle cells [157].

5.5.5 Cholesterol

In human brain cells, cholesterol has been reported to increase after chronic

exposure to ethanol. Ethanol enhanced BKCa channel activity, and cholesterol

abolished this ethanol-induced augmentation of this channel activity [157a].
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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, which has a high affinity for cholesterol

[157b]. Cholesterol repletion also suppressed this channel activity [157c]. 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 [157d], indicating

that this phenomenon explains their action on smooth muscle.

5.5.6 NO, CO

NO, which is generated primarily by nitric oxide synthase (NOS) in the endothe-

lium and causes relaxation of vascular smooth muscle cells via hyperpolarization of

the cell membrane [158, 159]. NO-induced vasodilation was attenuated by block-

ade of the BKCa channel activity (Fig. 4) [113, 114]. As described earlier, NO

activates the BKCa channel mediated by cGMP/PKG processes (see Sect. 5).

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

cells in vessels by metabolism of heme [160]. CO also acts on vessels as a vasodila-

tor, similar to NO. The BKCa channels were activated by CO independent of PKG

(Fig. 4) [161]. Sensitivity to intracellular Ca2+ was augmented via an enhancement

of coupling Ca2+ sparks to the BKCa channels [162]. This CO-induced activation

of the BKCa channels was involved in the α-subunit [163–165], not in the

β-subunit [123].

5.5.7 pH

As described earlier, concentrations of intracellular H+ influence the function of

smooth muscle, including airways and vessels (see Sect. 4). However, the effects

of pH on smooth muscle tone are controversial. Although it is generally consid-

ered that acidification leads to the relaxation of smooth muscle, whereas

alkalization leads to contraction [166], a previous report indicated the opposite

results [78]. BKCa channels were activated by increasing the concentration of

intracellular H+ in coronary and basilar arterial smooth muscle cells [167, 168],

suggesting that acidosis-induced relaxation is due to the activation of these

channels by intracellular H+. In contrast, acidification inhibited the activity of

the BKCa channels in internal mammary and tail arterial smooth muscles [169,

170], similar to tracheal smooth muscle cells [25e]. Little is known about the

physiological relevance of intracellular proton-induced regulation of BKCa

channels on smooth muscle tone.
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6 Effects of BKCa Channels on Physiological

and Pathophysiological Conditions

6.1 Pregnancy

The myogenic tone of the ovine uterine artery is reduced during pregnancy, and this

decreased tone was abolished by blocking BKCa channels [171], indicating that

enhanced activity of BKCa channels plays an important functional role in the

adaptive alteration of uterine circulation. BKCa channel activity was enhanced by

increasing the expression of the β1-subunit during pregnancy [171, 172]. Moreover,

endothelial NO synthases, cGMP, and PKG were activated in the uterine artery

during pregnancy [172, 173]. Thus, NO/cGMP/PKG processes are involved in the

augmented activity of BKCa channels induced by pregnancy [172]. Uterine blood

flow is augmented during the follicular phase of the ovarian cycle [174]. This

phenomenon is also due to an augmentation in BKCa channel activity mediated

by estrogen via cGMP/PKG processes [134].

6.2 Development and Aging

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

affected by development and aging. Vasorelaxation was attenuated by the advance

of age [175], and activation of BKCa channels markedly decreased with aging

[176]. In coronary arterial smooth muscle cells, the current density of the BKCa

channels was significantly attenuated in old rats compared with young rats [177,

178]. The expression of BKCa channels was also markedly reduced in aged human

coronary arterial myocytes [179]. Moreover, iberiotoxin-vasoconstriction in the

coronary artery was blunted in old rats compared with young rats [177, 178],

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 blood to perfuse to the lung. BKCa channels may be

involved in this phenomenon. In fetal ovine and rabbit pulmonary arterial smooth

muscle cells, BKCa channel activity was markedly enhanced by elevating the

oxygen partial pressure [180, 181].

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

channel were recorded in an inside-out patch in a symmetrical 140 mMK+ medium,

i.e., (1) 200-, (2) 150-, (3) 100-pS channels [181a]. The BKCa channels of 200 pS

had characteristics identical to those found in freshly isolated human adult bron-

chial smooth muscle cells. In contrast, two other BKCa channels did not exist in

these freshly dispersed adult bronchial myocytes but were observed in adult
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bronchial myocytes proliferating in culture [77b]. These results suggest that these

two BKCa channels of smaller conductance are associated with the proliferation and

growth of human airway smooth muscle cells.

6.3 Hypoxia

It is generally considered that acute hypoxia causes constriction in pulmonary

vessels and, in contrast, dilation in systemic vessels [182]. Under conditions of

acute hypoxia, the BKCa channels were inhibited in pulmonary arterial myocytes

[183, 184]; in contrast, these channels were potentiated in cerebral and pial arterial

smooth muscle cells [157, 185]. In chronic hypoxia, impaired BKCa channel

function was also observed in rat and human pulmonary arteries [186, 187].

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

membrane in adult pulmonary arterial smooth muscle [188]. However, prolonged

exposure to hypoxia causes contraction of these myocytes by reducing the BKCa

channel function, leading to pulmonary hypertension. Chronic hypoxia resulted in a

reduction in expression of not only the α-subunit [189] but also the β1-subunit [190]
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

[186]. However, the physiological relevance of hypoxia-induced regulation of these

channels remains to be elucidated. Since the generation of ROSs and 20-HETE is

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

complexly.

6.4 Shock

In both endotoxic and hemorrhagic shock, the membrane potential of vascular

smooth muscle cells was hyperpolarized when mediated by an increase in the

BKCa channel activity [191, 192]. Although reduced responsiveness to norepineph-

rine occurs in vessels under the condition of shock, BKCa channel blockers restored

vascular contractility in response to epinephrine, suggesting that BKCa channel

activity is involved in the development of hypotension. Endotoxin lipopoly-

saccharide enhanced the activity of BKCa channels [193]; furthermore, this channel

activity was augmented in hemorrhage shock animals [192].

6.5 Hypertension

Since activation of BKCa channels leads to hyperpolarization in cell membranes and

relaxation in smooth muscles, dysfunction of these channels in vessels may
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contribute to the development of hypertension. However, the role of BKCa channels

in causing hypertension is unclear. In gene knockout methods, it has been reported

that targeted gene deletion of both the α-and β1-subunit of these channels caused

increases in vascular tone and systemic blood pressure [7, 8, 19]. In spontaneously

hypertensive rats (SHR), expression of the β1-subunit was decreased in cerebral

arterial myocytes [194], suggesting impairment of the coupling of Ca2+ sparks to

the BKCa channels. However, hypertension did not develop in β1 null mice [195],

indicating that deletion of the β1-subunit may be insufficient to cause hypertension.

Involvement of BKCa channel β1-subunits in hypertension is still controversial. On

the other hand, decreased expression of the α-subunit was observed in vascular

smooth muscle cells from rats made hypertensive with Nω-nitro-L-arginine

[196]. Furthermore, in hypertensive animal models, other reports demonstrated

that the BKCa channel function was conversely upregulated [197, 198] and that

the expression of α- or β1-subunits was also augmented [199, 200]. It was thought

that the upregulated BKCa channel function might be caused as a compensatory

mechanism for excessive vasoconstriction in hypertension [199].

6.6 Diabetes

Myogenic tone was increased in cerebral artery from type 1 and type 2 diabetic

animals [201, 202], 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, iberiotoxin did not significantly enhance

agonist-induced contraction in mesenteric artery, and NS 1619, an opener of BKCa

channels, also did not markedly hyperpolarize the cell membrane compared with

nondiabetic animals [203]. In streptozotocin-induce diabetic rats, similar results

were observed [201, 204, 205]. Moreover, loss of the BKCa channel function was

demonstrated in both type 1 [201, 204] and type 2 [206, 207] 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 the β1-, but not α-, subunit of the BKCa channels was attenuated

in type 1 [208, 209] and type 2 [204, 207] diabetes, and a diminished β1-subunit
caused a reduction in Ca2+ and voltage sensitivity in these channels [201, 204, 207,

208], leading to impairment of the coupling of Ca2+ sparks to these channels

[201]. Since diabetes enhanced the generation of ROSs in vascular smooth muscle

cells [210], BKCa channels could be influenced by ROSs in this disease. ROSs

suppressed the BKCa channel activity with a response similar to the deletion of the

β1-subunit [211]. Hyperglycemia also has an effect on the development of BKCa

channel dysfunction in diabetes.
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6.7 Bronchial Asthma

In airway smooth muscle cells, BKCa channels were markedly activated by

β-adrenoceptor action [72, 92, 93, 96–98], suggesting that these channels contribute
to suppressing bronchoconstriction in this disease. Moreover, the BKCa channels

were inhibited by muscarinic receptor stimulation [70, 92, 98, 103, 110], suggesting

that these channels contribute to airway hyperresponsiveness implicated in the

pathophysiology of this disease. On the other hand, 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 BKCa

channel activity, whereas IL-13 caused modest activation of these channels

[212]. These results indicate that BKCa channels may be involved in a variety of

pathophysiologies in bronchial asthma. However, the role of these channels in this

awaits elucidation in future studies.

7 Conclusions

In this chapter, the electrophysiological and structural characteristics of BKCa

channels were described in detail. These channels are abundantly distributed on

the cell surface in ubiquitous tissues and regulate membrane potential via intracel-

lular Ca2+- and voltage-sensitive outward currents (large conductance). Hence,

BKCa channels might play a unique role in Ca2+ signaling related to mechanisms

underlying various vital bodily functions and diseases. Recently, an activator of

BKCa channels was clinically used as a medicine for glaucoma because this agent

inhibits an increase in the concentrations of intracellular Ca2+ in nerve cells. These

channels also cause membrane hyperpolarization and relaxation via a reduction in

intracellular Ca2+ in smooth muscle cells. However, little is currently known about

the clinical relevance of BKCa channel activity in hypertension, bronchial asthma,

and other diseases. Furthermore, experiments are needed to precisely clarify the

involvement of BKCa channels in the physiological and pathophysiological

conditions. Novel studies such as on the polymorphisms of the BKCa channel

β1-subunit may foster a gradual advance toward a solution to these problems.
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Abstract Emerging functional evidence demonstrates the importance ofmembrane

potential in the regulation of many intracellular signaling processes. The efflux of

chloride through the plasma membrane has been identified as a major contributor to

plasma membrane depolarization in airway smooth muscle. Early studies

demonstrated that calcium arising from intracellular sources and released by

ryanodine or IP3 receptor activation on the sarcoplasmic-reticulum-induced plasma

membrane chloride currents. Moreover, external calcium entry through voltage-

dependent calcium channels was shown to augment calcium-activated chloride

currents. One of the earliest studies in this area suggested a role for chloride

influencing uptake and release of calcium from the sarcoplasmic reticulum in

addition to chloride flux’s effect on plasma membrane electrical potential. Recently

the elusive proteins responsible for calcium-activated chloride currents in many
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cells (TMEM16/anoctamin family) were cloned, which has renewed interest in the

field of calcium-activated chloride channels (CaCCs). Anoctamin 1 has been

identified on the apical side of airway epithelium, is critical to fluid secretion, and

has been associated with increased mucin secretion in asthmatics. Anoctamin 1 is

critical to the development of the trachea as global knockout mice exhibit severe

tracheomalacia. Anoctamin 1 has been immunochemically localized to airway

smooth muscle and human bronchi were shown to contract less effectively in the

presence of benzbromarone, an antagonist of these channels. Studies of the

TMEM16/anoctamin family of CaCCs are revolutionizing the understanding of

calcium-activated chloride currents in many cell types, and emerging evidence

suggests that this channel also contributes to the regulation of airway smooth

muscle tone.

Keywords TMEM16/Anoctamin • Electrophysiology • Niflumic acid

• Benzbromarone • Membrane potential • Sarcoplasmic reticulum

1 Introduction

Emerging functional evidence is demonstrating the importance of membrane

potential in the regulation of many intracellular signaling processes. While the

contribution of K+ and Ca2+ cation channels to membrane potential and airway

smooth muscle function has been extensively studied, the contribution of anion

(i.e., Cl�) channels has received less scrutiny. In particular, although the efflux of

chloride through the plasma membrane has been identified as the major contributor

to plasma membrane depolarization, the fundamental importance of chloride flux to

airway smooth muscle membrane potential and contractile tone has been

questioned [1, 2]. However, recent advances in molecular cloning identifying the

elusive protein responsible for calcium-activated chloride currents has renewed

interest in the field of calcium-activated chloride channels (CaCCs). As such, there

is new emerging functional evidence that suggests these channels may contribute to

contractile tone in airway smooth muscle.

2 Background: Importance of Membrane Potential

and Chloride Flux in Airway Smooth Muscle Function

The importance of plasma membrane chloride ion channels in airway smooth

muscle must be considered in the context of the contribution of membrane electrical

potential and ion flux to the control of contractile function. Skepticism concerning

the relative importance of membrane potential to contractile force originated in part

from early work directed at voltage-dependent L-type calcium channels, one of the
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earliest discovered voltage-dependent channels in airway smoothmuscle [3]. Unlike

vascular smooth muscle, dihydropyridine therapies directed against this channel

ultimately proved ineffective at treating asthma [4, 5] despite early promising

effects in exercise-induced asthma [6–10] and ex vivo studies in human airway

smooth muscle [11]. This dismissal of the therapeutic potential of the voltage-

sensitive calcium channel occurred despite the accepted principle that external

calcium entry is required to maintain contraction (likely via both voltage- gated

and store-operated calcium entry). This external calcium is required to refill internal

stores and perhaps amplify the intracellular calcium concentrations achieved by

calcium release from IP3 receptor and ryanodine-receptor-mediated SR stores.

Moreover, extensive ex vivo functional (organ bath) [12] and electrophysiologic

[13] evidence demonstrates a role for voltage-sensitive calcium channels in both

function and membrane potential gating in airway smooth muscle. Perhaps the

failure of therapy directed toward this voltage-gated calcium channel in asthma was

due to the relative contribution of intracellular calcium stores versus extracellular

calcium in the initiation of airway smooth muscle contraction [14].

Decades of research has demonstrated that airway smooth muscle is different

from other smooth muscle beds (e.g., vascular) in terms of the relative importance

of membrane potential and coupling to voltage-sensitive ion channels. For example,

cholinergic contraction occurs despite blockade of voltage-sensitive calcium

channels [15] or chloride channels [16] and antagonists of voltage-dependent

calcium channels were ineffective in clinical trials in asthma [4, 5]. However, this

does not mean that membrane potential is not important in airway smooth muscle,

particularly during the maintenance phase of a contraction. In an elegant review,

Hirota et al. suggest that depolarization to �40 mV is optimal for a persistent

low-level, voltage-dependent calcium influx and for calcium entry via the reverse

mode of the Na+/Ca2+ exchanger [17]. Moreover, the true effect of membrane

potential changes may be upon receptor and second messenger systems not directly

linked to ion channels.

At least six findings continue to support a mechanistic importance for membrane

potential in the control of airway smooth muscle tone: (a) a component of β-agonist
relaxation of airway smooth muscle involves K+ efflux through calcium-activated

potassium channels (KCa) inducing relative plasma membrane hyperpolarization

[18]; (b) refilling of sarcoplasmic reticulum (SR) with Ca2+ following a classic

contractile agonist exposure involves opening of voltage-sensitive plasma

membrane Ca2+ channels [stored-operated calcium entry (SOCE)] likely including

nonselective cation channels of the transient receptor potential (TRP) family

of which both TRP-C [19] and TRP-V [20] members were recently identified

on airway smooth muscle; (c) the recent discovery that bitter taste receptors

relax airway smooth muscle despite an increase in intracellular Ca2+ through a

hypothesized opening of KCa (a membrane hyperpolarizing event) [21]; (d) changes

in membrane potential have been shown to activate both M3 muscarinic receptors

(Gq-coupled) in airway smooth muscle cells [22] and M2 muscarinic receptors

[23, 24] (Gi-coupled) independent of receptor occupancy by ligand; (e) T-type

calcium channels [25] that are activated within membrane potential ranges
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achieved during agonist-induced airway smooth muscle contraction and depolari-

zation have been characterized in airway smooth muscle [15]; (f) our laboratory

recently discovered the expression of both GABAA [26] and glycine [27] chloride

channels on airway smooth muscle that modulate maintenance of contractile tone.

Moreover, evidence that inositol phosphates can in turn regulate membrane

potential [28, 29] and that IP release of SR calcium can activate plasma membrane

chloride channels suggests that second messenger regulation of intracellular SR

calcium release and plasma membrane potential do not operate in isolation.

Furthermore, membrane potential regulation of Rho kinase activity has been

described. Rho kinase-mediated deactivation of myosin light-chain phosphatase

increases contractile sensitivity to cytoplasmic calcium influx regardless of whether

the calcium arises from extracellular or intracellular sources. Depolarization

induced by electric field stimulation [30] or pharmacologically (i.e., potassium

chloride; [31]) has demonstrated increases in Rho kinase activity and increases in

muscle force generation. Thus, depolarization of the cytoplasmic membrane not

only has a traditional role in plasma membrane ion channel activation but also

regulates key G-protein-coupled intracellular calcium pathways and phosphoryla-

tion of contractile proteins sensitive to calcium, resulting in enhanced muscle force

generation.

3 Families of Chloride Channels and Functional

Heterogeneity

Perhaps the most widely studied plasma membrane chloride channel is the

ligand-gated GABAA channel, which mediates the predominant inhibitory ion

current in mature neurons. However, proteins that move chloride (including

channels, transporters, exchangers, and even secreted proteins), represent a wide

array of proteins that play critical roles in a myriad of physiologic processes. At least

eight families of chloride channels have been identified as membrane or intracellular

chloride channels/binding proteins; they include the ligand-gated chloride channels

(e.g., GABAA and glycine), cystic fibrosis transmembrane conductance regulator

(CFTR), CLC [32], bestrophins [33], calcium-activated chloride channel regulator

(CLCA) [34], chloride intracellular channel (CLIC), Tweety, and the most recently

characterized TMEM16/anoctamin family. However, only four of these chloride

channel families contain members regulated by calcium (CLC, bestrophins,

anoctamins, and CLCA) [35] and members of only one family (anoctamin) contain

members (ANO1 and ANO2) that display the electrophysiologic properties of

calcium and voltage regulation long attributed to CaCCs. While a great deal of

research has focused on these protein families, there still exists considerable dis-

crepancy between features observed experimentally and the molecular identity of a

given family. This apparent discrepancy exists because many assigned members of

these families have poorly defined functions as chloride channels. CLIC are
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intracellular chloride channels, bestrophin-1 may be an SR chloride channel

coupling to STIM and Orai-1 proteins modulating SOCE [36], and some of the

CLCAmembers are soluble and secreted proteins [37]. This seeming paradox exists

in part because advances in electrophysiology preceded and have outpaced

molecular cloning efforts. Thus, while sophisticated electrophysiology helped

characterize broad differences in gating and kinetic properties, pharmacological

responsiveness, and variable modes of regulation of what is presumed to be

distinct chloride channel families, the actual molecular identity for many of these

chloride channel families remains unclear.

4 Electrophysiologic and Functional Identity

of Calcium-Activated Chloride Channels

One particular class of chloride channels that has proved particularly elusive and

has been the source of considerable controversy involves the CaCC family. Despite

its clear involvement in several important physiological functions (including olfac-

tion, smooth muscle contraction, photoreception, and fluid secretion), many

attempts to accurately identify the protein family that possessed all of the observed

electrophysiologic features associated with the classic description of a Ca2+-

activated Cl� channel family have failed. The original description of a CaCC

dates back to the early 1980s. In 1982, Miledi et al. described an outward chloride

current in Xenopus laevis oocytes [38]. They demonstrated that under voltage

clamp conditions, when a voltage ramp was applied, an outward current appeared

at approximately �20 mV. They also demonstrated that while reducing external

calcium did diminish this outward current, increasing intracellular calcium greatly

enhanced the current. In the intervening year after this initial publication, both [39]

and [40] extended these electrophysiological findings to show antagonism of the

current under calcium chelation or competitive ionic antagonism. This work

established certain electrophysiological criteria for CaCCs, namely, that activation

of the observed chloride current occurred under induced membrane potential

changes and that intracellular Ca2+ concentrations played a critical role in enhanc-

ing the current. Subsequent studies also established that CaCCs display a sensitivity

to Cl� channel blockers, show small channel conductances, and exhibit a voltage-

dependent Ca2+ sensitivity [41] and a preferential halide flux that follows the

sequence I� > Br� > Cl� > F� [42]. Time and again molecular candidates were

put forward that failed to fully satisfy these electrophysiologic criteria [43, 44].

Perhaps the most unique feature from this list of attributes concerns

characteristics related to CaCC calcium sensitivity and kinetics. With regard to

calcium sensitivity, many studies have illustrated that CaCC currents can be evoked

when intracellular Ca2+ ranges from 0.2 to 5 uM [39, 45]. However, the kinetics

displayed vary depending on the concentration of intracellular Ca2+, with a notably
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slow activation time required to achieve steady state at lower concentrations

(approximately 2 s when intracellular Ca2+ concentrations are less than 1 uM).

This intracellular Ca2+ threshold also exhibits coupling to voltage, where CaCC

current is voltage-dependent when the intracellular Ca2+ concentration is less than

1 uM. Furthermore, this current/voltage (I/V) relationship exhibits outward rectifi-

cation at intracellular Ca2+ of less than 0.5 uM, which greatly diminishes when

intracellular Ca2+ concentrations exceed 1 uM [40].

In addition, over the years, several other studies followed that have expanded our

knowledge concerning the modulation and regulation of CaCC currents. There is

convincing evidence that CaCC enhancement of current is feasible from both direct

and indirect effects of calcium. These earlier studies employed three different

approaches: lysed cell patch electrophysiology, enzymatic blockade of calcium-/

calmodulin-dependent protein kinase type II (CaMKII), or photo-induced release of

caged calcium. Operating on the premise that “excised cell” or “inside-out”

membrane preparations are devoid of ATP, these studies examined whether

CaCC activity displayed any attenuation over time, as would be expected if

calcium-mediated activation was dependent upon a modulating enzymatic process.

Given the observed maintenance of calcium-induced chloride current in these

specialized electrophysiologic membrane preparations, it appears that at least in

cardiac muscle [46], mesangial kidney [47], pulmonary endothelium [48], salivary

glands [49], and liver cells [50], there is evidence for direct gating. Confirmatory

findings in support of direct gating by calcium were also observed in rat parotid

cells where CaCC currents induced by ionomycin were maintained under

conditions of CaMKII or calmodulin blockade [51] as well as in acinar cells,

where local apical release of caged Ca2+ led to immediate CaCC current [52].

Despite strong support for the idea that calcium has a direct effect on CaCC

activation, there is also compelling evidence that in some tissues CaCC activity is

also regulated in part by other second messengers. The majority of this work has

focused on the role of phosphorylation induced by CaMKII. In studies performed

by Wang et al. using equine airway myocytes, these investigators observed discor-

dance in decay rates of CaCC current induced by caffeine-mediated calcium levels

in the presence or absence of dialyzed ATP. Using nonhydrolyzable ATP analogs

and direct and indirect inhibitors of CaMKII, these investigators provided evidence

that CaMKII phosphorylation of CaCC results in the inactivation of these channels

[53]. Furthermore, by employing a separate group of studies under sustained

elevated calcium release mediated by ionomycin (in the presence or absence of

phosphorylation inhibition), they uncovered dual mechanisms affecting CaCC

closed-state probability: (1) a closed state is induced by reductions in intracellular

Ca2+ (in the absence of CaMKII activity) and (2) CaMKII phosphorylation of CaCC

leads to a closed state (in the absence of a decline in intracellular Ca2+). Interest-

ingly, in other tissues CaMKII activity has been shown to be a positive activator of

CaCC currents. Tissues in which CaMKII has been shown to enhance CaCC current

include epithelium (from the airway [54], pancreas[55], and biliary ducts [56]),

human immune cells (T-cells [57], macrophages [58]), and colonic tumor cells

[59, 60]. These studies employed either CaMKII inhibitors (showing reductions in
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current) or, alternatively, showed that dialyzing purified preparations of CaMKII

led to an enhancement of CaCC current. Interestingly, variability of enzymatic

regulation as a function of tissue type was also illustrated in a study by Arreola et al.,

which showed differential effects of CaMKII blockade on CaCC currents obtained in

T84 colonic tumor cells as compared with those found in parotid acinar cells

[51]. While CaCC current was suppressed by either direct CaMKII inhibitors

(KN-62) or by using a calmodulin-binding domain peptide (290–309) in T84 cells,

these approaches failed to suppress CaCC current in parotid cells. The variability

among these studies suggests that either different protein candidates (e.g., anoctamin

1 versus anoctamin 2) or splice variants in a given protein (e.g., splice forms of

anoctamin 1 [61]) likely underlie this disparity in experimental observations.

5 Role of Chloride Flux in Airway Smooth Muscle

While calcium-activated chloride currents have been measured in airway smooth

muscle cells since the early 1990s, incriminating CaCCs in the control of airway

smooth muscle tone has historically been hampered by limitations in the specificity

of pharmacologic reagents. In an excellent review by Large et al., the inherent lack

of specificity of many reagents touted as CaCC blockers (e.g., NPPB, niflumic acid,

etc.) is illustrated [62]. The lack of specific CaCC antagonists has limited the

enthusiasm for research targeting CaCCs and other Cl� channels and has been a

major reason why anion-directed research has being neglected for so long. Yet, the

functional importance of these currents for smooth muscle function and the recent

molecular identity of the proteins responsible for these currents warrant renewed

inquiry into the fundamental roles that CaCCs play in airway smooth muscle

physiology.

Early studies demonstrated that calcium arising from intracellular sources and

released by ryanodine or IP3 receptor activation on the SR induced plasma

membrane chloride currents. Moreover, external calcium entry through voltage-

dependent calcium channels was shown to augment calcium-activated chloride

currents [13]. However, even one of the earliest studies in this area suggested a

role for chloride influencing uptake and release of calcium from the SR in addition

to chloride flux’s effect on plasma membrane electrical potential [16]. Although

acetylcholine has been the most commonly studied Gq-coupled ligand inducing

chloride flux in airway smooth muscle [16, 63–66], histamine [67] and substance P

[68] also induce chloride currents. Calcium-induced chloride currents have been

demonstrated in canine [16], porcine [66], equine [64, 69], guinea pig [16, 70],

murine [71], and human [63] airway smooth muscle. A key cellular signaling event

responsible for the termination of these chloride currents in airway smooth muscle is

phosphorylation mediated by Ca2+/calmodulin-dependent kinase II [53].

The resting membrane potential of airway smooth muscle is approximately

�60 mV, and since the chloride equilibrium potential (ECl) is in the range of �40

to �20 mV [72], the opening of a chloride channel at resting membrane potential
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would lead to chloride efflux and contribute to plasma membrane depolarization

[63]. If the cell has depolarized to membrane potentials more positive than ECl, then

channel opening would allow for chloride influx and a relative membrane

hyperpolarization.

Chloride channels have been shown to play a central role in airway smooth

muscle electrophysiologic events including spontaneous transient inward currents

(Fig. 1), [16] depolarization-induced oscillations in membrane potential [73], and in

some cases associated with oscillations of intracellular calcium [66] mediated by

inositol phosphate receptors located on the SR [74]. The depolarization phase of

these slow waves is mediated by voltage-dependent calcium channels while the

repolarization phase is mediated by CaCCs [75]. These electrical slow waves in

airway smooth muscle are remarkably similar to electrical slow waves in gut smooth

muscle, which are thought to underlie phasic contractions. Specialized cells, known

as interstitial cells of Cajal, are interposed between nerve terminals and gut smooth

muscle cells and are the origin of this spontaneous electrical activity [76]. The

anoctamin 1 CaCCs are critical to the generation of this slow wave activity from

cells of Cajal [77]. In airway smooth muscle electrophysiological recordings at

resting membrane potential (�60 mV) have demonstrated transient spontaneous

outward currents [thought to be mediated by calcium-activated potassium (KCa)

channels] alternating with transient spontaneous inward currents (STICs) thought to

be activated by calcium-activated chloride currents [78], both of which are increased

by intracellular calcium. In mouse tracheal myocytes, STICs were shown to be

spatiotemporally regulated by calcium sparks that activate chloride channels located

in close proximity to ryanodine receptors on the SR [71].

Fig. 1 Representative tracing of spontaneous transient inward current attributed to calcium-

activated chloride channels in human airway smooth muscle cell under current clamp at
�60 mV. This spontaneous current is reversibly inhibited by the chloride channel blocker niflumic

acid (50 uM)
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While a large amount of research has focused on the electrophysiologic effects of

calcium regulation of chloride flux at the plasma membrane, considerably less is

known regarding the contribution of these currents to excitation-contraction cou-

pling. Acetylcholine contractions were shown to occur despite pretreatment with the

chloride channel blocker niflumic acid in isolated guinea pig tracheal myocytes.

However, the proportion of cells that could repetitively contract in response to

acetylcholine was influenced by the intracellular concentration of chloride

[16]. In a subsequent study these same authors demonstrated that STICs (attributed

to chloride channels) were associated with rhythmic contractile behavior in a limited

number of isolated guinea pig or canine tracheal smooth muscle cells studied at

25 �C [78]. Intact porcine or bovine tracheal smooth muscle pretreated with two

different chloride channel blockers, niflumic acid or NPPB, contracted normally to

subsequent carbachol-induced contractions, but repetitive acetylcholine-induced

contractions were inhibited by NPPB but not niflumic acid [12]. Moreover, while

both nifedipine and niflumic acid suppressed caffeine-induced contractile responses,

implicating a role for Ca2+ influx in these responses, NPPB was more potent than

niflumic acid in suppressing caffeine-induced contractions.

Although the role of plasma membrane chloride channels in the electrophysio-

logical events of STICs and membrane electrical slow waves has been studied,

considerably less attention has focused on a possible role of chloride channels in

intracellular organelles. The movement of calcium into and out of the SR is electro-

genic requiring a commensurate neutralization of the potential difference. Chloride is

a candidate anion that could move to neutralize the potential charge generation

occurring with calcium movement as demonstrated by the depletion of intracellular

chloride resulting in impairment in repetitive acetylcholine contractions in intact

airway smooth muscle [12]. Indeed calcium movement into the SR of permeabilized

gastric smooth muscle was inhibited by NPPB [79]. The identification of chloride

channels on the SR of airway smooth muscle has not been directly demonstrated, but

if such a channel needs to balance the charge generation of calcium movement, a

chloride channel stimulated by calcium (a CaCC) would make functional sense.

Members of the CLCA family of chloride channels were initially postulated to be

the chloride channels in airway smooth muscle responsible for calcium-induced

chloride currents. The mouse CLCA4 channel is expressed in a high percentage of

smooth muscle cells from many organs including bronchi, and heterologous expres-

sion of this channel resulted in robust calcium-activated chloride currents

[80]. Another member of this family (mCLCA3/hCLCA1) generated a great amount

of research interest since it was upregulated in mouse models of asthma [81], and

hCLCA1 is upregulated in the airway epithelium of asthmatics [82–84]. Genetic

reduction of these channels by antisense [85] or pharmacologic blockade with

niflumic acid [86] prevented allergen-induced mucus overproduction and airway

hyperresponsiveness. However, deletion of mCLCA3 did not change airway

hyperresponsiveness, and this protein has been discovered to be a secreted protein

rather than a membrane protein functioning as a chloride channel [37]. Thus, despite

decades of electrophysiologic and functional evidence for a role of CaCCs in airway

smooth muscle, the molecular identity of this channel remained elusive.
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6 Revolution in Molecular Identity of TMEM16A

(Anoctamin1, DOG1) in 2008

Since the 1980s, when the first description of CaCC currents was published, a series

of attempts to correlate potential chloride channel candidates with the experimen-

tally observed electrophysiologic characteristics followed. However, since CaCCs

play a fundamental role in fertilization to prevent polyspermia, the Xenopus oocyte
proved an unacceptable expression system and therefore delayed cloning efforts.

Yet even after adopting other cloning expression systems the search for the putative

CaCC protein family spanned many years as several investigators sought to incrim-

inate the CLCA, CLC-3, bestrophin, and 20 family members [87]. Unfortunately, in

reconstituted cell systems these proteins did not demonstrate requisite activation

under induced membrane potential changes or an outward rectifying current at

submaximal Ca2+ concentrations. Within the airway smooth muscle literature, these

studies also created considerable controversy as to the putative channel responsible

for the chloride-mediated contribution to contractile force reported during an

airway smooth muscle contraction [12]. This also paralleled extensive electrophys-

iologic studies in airway smooth muscle showing “classic” calcium-induced chlo-

ride efflux contributing to the depolarization of the plasma membrane during the

initiation phase of contraction [16, 63–66]. Furthermore, a wide variety of ligands

(acetylcholine, histamine, substance P) and regulators of intracellular calcium (e.g.,

caffeine) were similarly shown to induce calcium-dependent chloride efflux,

suggesting a significant procontractile role for CaCCs in airway smooth muscle.

In 2008, three separate laboratories independently discovered that one member

of the TMEM16 or anoctamin family of proteins demonstrated electrophysiologic

and pharmacologic characteristics typical of classic CaCCs, a discovery that has

transformed CaCC studies in many cell types [41, 88, 89]. These three labs each

took unique experimental approaches to independently arrive at the same conclu-

sion. Extrapolating the observation that most salamander axolotl oocytes permit

polyspermia (and since CaCCs are thought to be critical determinants for the

suppression of polyspermia in Xenopus oocytes) Schroeder et al. demonstrated

that no CaCC current was induced following UV flash activation of caged IP3.

Using size-fractionated Xenopus oocyte polyA RNA these investigators employed a

subtractive cloning approach to determine the fraction of Xenopus RNA that

induced CaCC currents in axolotl oocytes. A directional cDNA library then yielded

a single clone that when expressed was found to induce voltage-dependent CaCC

currents, exhibit outward rectifying currents at submaximal intracellular calcium

levels and a linear I/V relationship at high Ca levels, to be antagonized by classic

CaCC blockers (NFA, DIDS), and demonstrate a large anion preference for flux.

Equally elegant, yet experimentally distinct, Caputo et al.’s approach capitalized on

the finding that bronchial epithelial cells exposed to IL-4 exhibit increased calcium-

dependent chloride channel activity. Using focused microarray gene analysis

limited to membrane proteins regulated by IL-4 coupled to siRNA knockdown in

a pancreatic cell line with robust, endogenous CaCC activity, this group of
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investigators was able to incriminate anoctamin (ANO) 1 by anion flux assays

utilizing halide-sensitive yellow fluorescent protein and whole-cell patch

techniques that recapitulated many of the classic CaCC features. Screening gene

databases for a candidate with multiple transmembrane-spanning domains (consis-

tent with an ion channel) that also possessed several known human homologs with

sequence tags from tissues known to have CaCC activity, Yang et al. used a

heterologous HEK expression system to confirm that ANO1 possessed classic

CaCC features. Of particular interest to the airway, they also showed convincing

data that GCPR agonists (including carbachol and histamine) were capable of

generating CaCC currents in HEK cells and, moreover, that the ANO1 protein

was present in epithelial cells of the peripheral mouse lung.

The cloning of the ANO1 CaCC in 2008 transformed the molecular understand-

ing of calcium regulation of chloride flux in many cell types. The anoctamin family

has ten members, each of which is predicted to have eight transmembrane domains,

and most (all except ANO8 and ANO10) are predicted to have a large intracellular

loop between transmembrane domains 5 and 6, believed to play a role in ion

selectivity [89]. ANO3–7 were shown to be expressed intracellularly, and these

members failed to produce chloride currents in response to calcium in transfected

HEK293 cells [90]. ANO9 and 10 depressed baseline Cl� conductances, and

coexpression of ANO1 and 9 abolished ANO1 activity in transfected thyroid cells

[91]. Special features of some of the anoctamin familymembers include a 20-amino-

acid stretch of negative charges (glutamic and aspartic acid residues) within the

cytosolic loop between transmembrane domains 5 and 6, while its cytosolic

carboxyl-terminus is unusually abundant in prolines (56 out of 282 total residues).

ANO5 is mutated in a rare disease of bone calcification, gnathodiaphyseal dysplasia

(also known as GDD1) [92], and has been linked to several limb-girdle muscular

dystrophies [93–95]. ANO7 has been implicated in prostate cancer [96].

Despite the relative similarity among these ten members, it is somewhat reveal-

ing that only two members (ANO1 and 2) have clearly been shown to function as

plasma-membrane-associated CaCCs [87, 97]. Transient transfection of anoctamins

in HEK293 cells yield conflicting results regarding the subcellular localization of

ANO4, 6, and 7 [90, 98], and some anoctamin family members function as lipid

scramblases [97, 99]. There may be a phylogenetic basis to this difference in

functionality since anoctamin 1 and 2 exhibit a distinct divergence from the other

family members and indeed share a common branch point in the family tree

[41, 100]. Given the lack of homology with other anion channels altogether,

perhaps ANO1 and 2 are the molecular equivalent to what is more commonly

termed in comparative biology as convergence (where the same functional trait

emerges from distinct and genetically unrelated lineages). Could the ANO1 and

2 family members be the analogous equivalent to the KCa channel (with regard to

voltage and calcium sensing), as is observed in birds, insects, and bats (with regard

to their shared capacity for flight)? Darwinian considerations aside, ANO1 and 2 do

demonstrate functional differences in chloride conductance and sensitivity to cal-

cium. The unitary conductance of ANO2 and the native olfactory CaCC [101] is

approximately eightfold lower than the value of 8.3 pS shown for ANO1 [102], the
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kinetics of anoctamin 2 is faster, and the affinity of ANO2 for calcium is less

affected by membrane potential than ANO1 [103, 104]. At positive membrane

potentials, the EC50 for calcium activation is in the micromolar versus nanomolar

ranges from ANO2 versus ANO1.

With regard to this heightened calcium sensitivity it is interesting that the

molecular motifs of the originally reported sequence for ANO1 were seemingly

devoid of the typical direct calcium binding sites described for voltage-gated

calcium channels or calmodulin (EF hands and IQ motif, respectively) [41]. How-

ever, given the lack of sequence homology ANO1 shares with other channels, it

should not be surprising that ANO1 may possess unique calcium-sensing

mechanisms. Recent work by Xiao et al. [105] reveals that a novel amino acid

motif in the first intracellular loop plays a critical role in ANO1’s calcium-mediated

activation. Since calcium sensing in two other unrelated calcium-activated channels

[Best-1 and large conductance KCa (BK)] are composed of a high percentage of

acidic amino acids, these researchers screened the ANO1 sequence for a region that

resembled this sequence. They found a similar domain in the first intracellular loop

(Fig. 2) that was composed of the following sequence: 466EEEEEAVK473. While

other studies have shown that individual amino acids can influence ion permeability

[41] or voltage dependence [88], this site is unique in that this region contains

components important for both calcium and voltage sensing. In particular, they

found that deleting 470EAVK decreased calcium sensitivity, while deleting the

adjacent segment 466EEE removed the intrinsic voltage dependence without altering

calcium sensitivity. While it does remain unclear whether 466EEEEEAVK473 is a

component of the Ca2+/voltage sensor or a region affecting these biophysical

properties, these findings are important because they provide a mechanistic link

for the observed coupling between membrane potential and calcium, which is one of

the distinct hallmarks attributed to CaCCs. Another example of the complexity that

governs ANO1 calcium sensing involves the functional impact that alternative

splicing may exert on ANO1 calcium sensitivity. For example, Ferrera et al. dem-

onstrate a reduction in Ca2+ sensitivity of ANO1 when the b splice form is expressed

[61] (Fig. 2). While the possibility that alternative splicing can functionally alter the

biophysical properties of the channel is exciting, the exact mechanism by which this

occurs is still incompletely understood and may involve potential interactions with

calmodulin-binding domains [106]. Furthermore, the effect of calcium and mem-

brane potential on ANO1 underscores the possible importance of this protein in

tissues that exhibit electromechanical coupling (e.g., airway smooth muscle),

whereby it may act as an interlink between metabotropic and ionotropic signaling.

Other potential features that have remained largely unexplored that might affect

the functionality of ANO1 include findings derived from sequence analysis of this

protein. Yang et al. confirmed that consensus analysis revealed multiple protein

kinase (A, C, and G) as well as casein kinase phosphorylation sites at intracellular

protein segments [41]. In addition, there is a conserved Asn predicted to be a

glycosylation site [107], all of which illustrates that the regulation of this CaCC

may be far more complex than we currently appreciate. Even more complexity of

functional regulation is apparent when considering the structure of ANO1.
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Two recent studies provide convincing evidence that ANO1 forms a homodimer

that is maintained by noncovalent interactions [108, 109] that likely involve a

dimerization domain in the N-terminal region of this protein [110].

7 Evidence for ANO1 Expression and Function

in Many Cell Types

While it has been irrefutably shown that TMEM16A does possess classic features

of a CaCC, this does not eliminate the possibility that other protein targets might

also exist that possess these features. Despite the large number of EST clones

Fig. 2 Proposed topology of TMEM16A (anoctamin 1) calcium-activated chloride channel.

At least four splice variants exist denoted as A, B, C, and D. Functional contributions of individual
amino acids to voltage [87, 105], ion selectivity [87], and calcium sensing [105] are highlighted.

In addition, putative phosphorylation sites for CaMKII are included [36]. Numbering refers to

full-length (1,008 amino acids) sequence published as supplemental data in [88]. It should be

noted that studies by Yu et al. suggest that the span of residues illustrated to form the third

extracellular loop (denoted here as ? extracellular) between transmembrane domains 5 and 6 may

instead be located in the cytoplasm with the pore domain lying between transmembrane domains

6 and 7 [126]
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thought to be splice forms of ANO1 that have been deposited from over 20 distinct

tissues [61], protein expression or functional confirmation of ANO1 has not been

convincingly established in many of the tissues where mRNA expression has

been documented. However, there is good evidence linking this protein in various

tissues with the respective CaCC activity previously documented in these tissues.

In their landmark study defining ANO1 as a CaCC, Yang et al. showed immuno-

histochemical evidence for ANO1 in epithelial cells of the kidney and lung, acinar

cells of the pancreas and salivary gland, and sensory neurons [41]. Furthermore,

they provided functional evidence that siRNA knockdown of ANO1 reduced both

native CaCC currents and pilocarpine-induced saliva production in mice. Caputo

et al. also showed that endogenous CaCC activity in pancreatic CFPAC-1 cells was

functionally inhibited following treatment with siRNA against ANO1 [88].

Huang et al. found robust expression of ANO1 on epithelial cells (of exocrine

origin), the smooth muscle cells of the oviduct and ductus epididymis, as well as on

the interstitial cells of Cajal (pacemaker cells in the gastrointestinal tract)

[111]. They also demonstrated the potential importance of ANO1 in gastrointestinal

peristalsis by demonstrating reduced rhythmic contractions in gastric smooth mus-

cle from TMEM16A knockout mice [111]. Correlative findings by Espinosa et al.
utilizing a monoclonal antibody directed against DOG-1 (aka ANO1) also found

ANO1 to be a sensitive marker for GIST tumors [which are derived from gastroin-

testinal pacing cells (interstitial cells of Cajal (ICC))] [112]. Moreover, ANO1 has

also been linked to proliferation and possibly metastatic progression of certain

cancers including prostate [113], squamous cell tumors of the head and neck

[114], human pancreatic cancer cell line CFPAC-1[115], and GIST tumors [116].

8 ANO1 in Airway Epithelium

ANO1 has been identified on the apical side of airway epithelium [111], is critical

to fluid secretion, and has been associated with increased mucin secretion in

asthmatics [117]. Airway epithelium recovered from ANO1 knockout mice studied

at 3–5 days of age demonstrated a reduced UTP-induced short-circuit current [118]

and absent calcium-stimulated chloride secretion in response to carbachol [119].

Studies using pharmacologic inhibitors of ANO1 suggested that this channel was

responsible for a small component of calcium-induced chloride conductances under

basal conditions [120, 121] in airway bronchial epithelial cells. However, in

primary human bronchial epithelial cells, siRNA knockdown of ANO1 was suffi-

cient to markedly inhibit calcium-activated chloride currents [122]. However,

following IL-4 exposure, the expression and function of ANO1 was remarkably

upregulated and modulated by activators and inhibitors of ANO1 in primary human

bronchial epithelial cells [120]. Airway secretory cells appear to have even greater

abundance and basal function of ANO1. Under basal conditions airway submucosal

glands were responsive to activators and inhibitors of ANO1 [120]. Airway goblet

cells demonstrated an increase in both ANO1 and MUC5AC following IL-4
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exposure [122]. The link between IL-4 exposure and increased ANO1 expression

and function is of particular interest in asthmatic airways because this cytokine has

been linked to airway hyperresponsiveness [123]. Indeed, the seminal discovery of

ANO1 by one group followed the IL-4-induced increase in bronchial epithelial cell

chloride currents [88]. In agreement with the finding of greater expression of ANO1

in secretory cells as opposed to bronchial epithelium, asthmatics were found to have

a greater expression of ANO1 in secretory cells of the airway epithelium. More-

over, IL-13-induced mucin secretion in normal human bronchial epithelial cells

grown at an air/liquid interface was reduced by ANO1 blockers [117].

9 Anoctamins in Airway Smooth Muscle

ANO1 is critical to the development of the trachea because global ANO1 knockout

mice die within 1 month of birth and exhibit severe tracheomalacia, including a

defect in airway smooth muscle development on the posterior wall of the trachea

and a failure of airway epithelial stratification [124]. ANO1 has been immuno-

chemically localized to mouse airway smooth muscle colocalizing with α-smooth

muscle actin [111]. Human bronchi were shown to contract less effectively in the

presence of benzobromarone, an antagonist of ANO1 channels [117]. However,

many pharmacologic ligands used as inhibitors of ANO1 have not been shown to be

devoid of antagonism at other chloride or other ion channels. More recently, Zhang

et al. used an ovalbumin-sensitized mouse model of chronic asthma to demonstrate

selective upregulation of TMEM16A. This group also showed that treatment with

niflumic acid or benzbromarone attenuated methacholine-induced airway contrac-

tion and correlated this finding with an absence of calcium spark-induced transient

inward currents in isolated airway smooth muscle cells from neonatal TMEM16A

knockout mice [125]. While this study suggests a fundamental link between

sarcoplasmic calcium release and procontractile electrophysiologic phenomena, it

still remains unclear whether these observations apply to human airway smooth

muscle physiology.

10 Concluding Remarks

Plasma membrane electrical potential regulates multiple intracellular signaling

events known to mediate airway smooth muscle tone. Chloride channels join

their K+ and Ca2+ cation channel cousins as contributors to airway smooth muscle

membrane potential. While much ambiguity remains in the classification and

understanding of many families of chloride channels, the seminal discovery of

TMEM16A/ANO1 finally identified a long sought after molecular candidate
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of calcium-activated chloride currents. Studies of ANO1 are revolutionizing our

understanding of calcium-activated chloride currents in many cell types, and

emerging evidence suggests that this channel also contributes to the regulation of

airway smooth muscle tone.
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Abstract Potentially fatal asthma attacks may result from airway

hyperresponsiveness (AHR), which is the exaggerated contractile response of

airway smooth muscle cells (ASMCs) to nonspecific stimuli. A better understand-

ing of Ca2+ signaling in ASMC contraction can help develop advanced therapeutics

for asthma. A common elementary form of Ca2+ signaling is the Ca2+ spark (i.e., a

local transient Ca2+ release event). Ca2+ sparks occur as a result of the coordinated

opening of a cluster of ryanodine receptors (RyRs) and play a fundamental role in

skeletal, cardiac, and smooth muscle cells. This chapter summarizes the recent

advances from our work and that of others in studies of Ca2+ sparks in ASMCs.

Ca2+ sparks have been observed in equine, porcine, guinea-pig, and mouse ASMCs.

Classical parasympathetic stimulation or membrane depolarization will activate

native Gq protein-coupled muscarinic M3 receptors (M3Rs) and phospholipase C

(PLC), generating inositol 1,4,5-trisphosphate (IP3) and diacylglycerol (DAG) from
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phosphatidylinositol 4,5-bisphosphate (PIP2) in ASMCs. IP3 will activate IP3
receptors (IP3Rs), inducing Ca2+ release, which may locally induce further Ca2+

release from RyR2, increasing Ca2+ sparks and associated contraction. Meanwhile,

DAG activates protein kinase C-ε (PKCε), which inhibits Ca2+ sparks and contraction
through RyR1. Calcineurin (CaN) promotes Ca2+ sparks and contraction through

RyR1, in contrast to the role of PKCε. In ASMCs, basal Ca2+ sparks directly mediate

a contractile force, as seen during RyR activation. These local Ca2+ events are

also capable of regulating membrane potential through spontaneous transient

inward currents (STICs) and spontaneous transient outward currents (STOCs).

At rest with the membrane potential closer to K+ equilibrium potential (EK), Ca
2+

sparks will preferentially activate TMEM16A-encoded Ca2+-activated Cl� channels,

depolarizing the cell membrane and promoting contraction. As the membrane poten-

tial rises closer to Cl� equilibrium potential (ECl), Ca
2+ sparks will begin to activate

big-conductance Ca2+-activated K+ (BK) channels, leading to cell hyperpolarization

and preventing contraction. A disruption in this balancing of cell excitability could

play a role in asthmatic AHR. During asthma, Ca2+ sparks, TMEM16A expression,

and STICs are increased, providing a mechanistic setting for AHR, whereas the

STOC pathway cannot maintain balance and a lower level of cell excitability,

resulting in excessive contraction. Therefore, Ca2+ sparks and the associated signal-

ing axis in ASMCs may become new and effective targets for asthma therapeutics.

Keywords Ca2+ sparks • Ryanodine receptor • Inositol 1,4,5-trisphosphate receptor

• Protein kinase C-ε, calcineurin • Spontaneous transient outward current • Sponta-

neous transient inward current

Abbreviation

ACh Acetylcholine

AHR Airway hyperresponsiveness

AP Action potential

ASMC Airway smooth muscle cell

BiMPT Biphasic membrane potential transient

BK Big-conductance Ca2+-activated K+ channel

Ca2+ Calcium

[Ca2+]i Intracellular calcium concentration

cADPR Cyclic ADP-ribose

CaMKII Ca2+/calmodulin-dependent kinase II

CaN Calcineurin

CICR Calcium-induced calcium release

ClCa Calcium-activated chloride channel

CRU Calcium release unit

DAG Diacylglycerol

ECl Chloride equilibration potential
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EGTA Ethylene glycol tetraacetic acid

EK Potassium equilibration potential

FKBP12/12.6 FK506 binding protein 12/12.6

IP3 Inositol 1,4,5-trisphosphate

IP3R Inositol 1,4,5-trisphosphate receptor

M3R Muscarinic type 3 receptor

mACH Methacholine

PIP2 Phosphatidylinositol 4,5-bisphosphate

PKC Protein kinase C

PLC Phospholipase C

RyR Ryanodine receptor

SR Sarcoplasmic reticulum

STIC Spontaneous transient inward current

STOC Spontaneous transient outward current

STOIC Spontaneous transient outward/inward currents

VDCC Voltage-dependent calcium channel

1 Introduction

Respiratory diseases are a widespread and significant cause of death around the

world. Biomedical research is needed to further our understanding of the human

respiratory system and discover the molecular nature of the various pathologies we

suffer from. Asthma, considered to be the most common respiratory disease among

children, is currently a large active area of investigation. Potentially fatal asthma

attacks result from airway hyperresponsiveness (AHR), which is the exaggerated

contractile response of airway smooth muscle cells (ASMCs) to nonspecific

normally nonharmful stimuli. To better prevent and treat AHR, we need to study

ASMC contraction.

Up until the early 1990s, muscle contraction was thought to be dependent on

large-scale, cell-wide fluctuations in intracellular calcium (Ca2+). However, the

biomedical world was confounded as to how Ca2+ could affect multiple other

cellular signaling processes within a muscle cell. Then, in 1993, subcellular local

transient Ca2+ release events, termed Ca2+ sparks, were first observed in single rat

heart cells using a laser scanning confocal microscope [1]. Ca2+ sparks generate

from the spontaneous opening of ryanodine receptors (RyRs) on the sarcoplasmic

reticulum (SR). When triggered, they can summate, generating a propagating wave

of Ca2+, resulting in cardiomyocyte contraction. Over two decades of research in

“Ca2+ sparkology” has revealed their importance in many high-threshold, Ca2+-

dependent processes like cardiac and skeletal muscle excitation-contraction

coupling, vascular tone regulation, membrane excitability, and neuronal secretion,

making them a very active area of biomedical research [2]. Since their initial

discovery, numerous other types of local Ca2+ signals have been observed, such

as quarks, embers, spikes, sparklets, puffs, blips, marks, scraps, blinks, skraps, and
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pulsars [3, 4]. These phenomena are generated by ion channels on the cell, SR, or

mitochondrial membrane; however, they are not well studied in ASMCs and thus

not the main focus of this chapter.

To better understand ASMC contraction and the pathological mechanism

underlying AHR, we needed to investigate the potential molecular nature, regula-

tion, and role of Ca2+ sparks in ASMCs. Although Ca2+ sparks have been studied in

many smooth muscle tissues, differences exist from one type to another, requiring

investigation at a tissue-specific level. Ca2+ sparks have been observed in equine

[5], porcine [6, 7], guinea-pig [8], and mouse ASMCs [9], and it is the primary

intent of this chapter to review the significant progress made by our laboratory and

other investigators in the field.

2 Molecular Nature of Ca2+ Sparks

As stated previously, muscle contraction is dependent on an increase in intracellular

Ca2+ concentration ([Ca2+]i). At rest [Ca
2+]i is approximately 0.1 μM, with extra-

cellular Ca2+ approximately 2 mM, roughly four orders of magnitude higher.

The main cellular Ca2+ store is the SR, which holds Ca2+ at levels roughly

equivalent to the extracellular fluid. The SR possesses two Ca2+-selective ion

channels, the RyR and inositol 1,4,5,-trisphosphate receptor (IP3R). Mammalian

RyRs exist in three isoforms encoded by three distinct genes sharing approximately

65 % homology. All three isoforms exist as homotetramers of four 565 kDa

subunits [10, 11]. Skeletal muscle cells mainly express RyR1, heart muscle cells

predominantly express RyR2, and smooth muscle cells express all three subtypes

(RyR1, RyR2, and RyR3). The RyR is a high-conductance Ca2+ release channel

(approximately 100 pS for pCa2+) opening for longer durations than the IP3R,

releasing about 20-fold more Ca2+ per individual channel opening [12]. Ca2+ sparks

have been observed in all three types of muscle cell and generate from the

spontaneous opening of RyRs as distinct, isolated, and localized events, usually

covering <3 μm [13].

All three subtypes of RyR are likely to be expressed in ASMCs, as is evident by

the discovery of RyR1, RyR2, and RyR3 mRNAs in porcine tracheal smooth

muscle tissues using standard reverse transcription-polymerase chain reaction

(RT-PCR) [14]. We have run real-time quantitative RT-PCR and obtained similar

observations for RyR1, RyR2, and RyR3 mRNA levels in mouse ASMCs (unpub-

lished data). Western blot analysis and immunofluorescence staining indicate that

RyR1, RyR2, and RyR3 proteins are present as well in ASMCs [5, 15, 16]. Within a

given SMC, there are multiple spark-generating sites termed Ca2+ release units

(CRUs) discharging at random, with each locus made up of a heterogeneous mix of

RyR1 and RyR2 (but perhaps not RyR3). Interestingly, it is noted that individual

Ca2+ spark currents ranged over fivefold, suggesting the involvement of anywhere

from 1 to 50 RyRs in a single CRU [17]. Along these lines, the number of RyRs

present in a CRU dictates the extent of Ca2+ current and amplitude. The amplitude
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of a spark at a given CRU is generally constant; however, the spark-site-to-spark-

site variance is significantly different [18]. The average number of Ca2+ spark sites

is thought to be on the order of 300–400 per cell, making their interplay and

propensity for spark formation a topic of great interest [19].

3 Regulation of Ca2+ Sparks

Ca2+ sparks occur spontaneously in ASMCs at rest as a result of RyR channel

opening. RyRs are localized subcellularly and can undergo posttranscriptional and

translational modifications, generating structural and functional diversity [20].

Roughly, four-fifths of the RyR amino acid sequence at the N-terminus comprises

an enormous cytoplasmic domain that serves as a scaffold for accessory proteins,

while the remaining fifth at the C-terminus forms the channel pore within the SR

[21]. The ability of the RyR to interact with a variety of accessory proteins that are

capable of augmenting the channel function allows the RyR to act as a convergence

point for many intracellular signal pathways. One example of accessory proteins is

the FK506 binding protein 12.6 (FKBP12.6), which associates with and function-

ally modulates RyR2 channel function. Treatment with FK506 to remove

FKBP12.6 from RyR2 results in an increase in spontaneous Ca2+ sparks, and

treatment with cyclic ADP-ribose (cADPR) produces a similar effect. FK506 or

cADPR is proposed to bind to and remove FKBP12.6 from RyR2, effectively

increasing its channel gating properties, which physiologically results in an

increase in contraction to methacholine (mACH) in ASMCs [5].

Another mechanism for regulating Ca2+ sparks in ASMCs is the action of the

IP3R, of which there are three subtypes [1–3, 22]. In 1996, it was shown that IP3Rs

are necessary for acetylcholine (ACh)-induced contraction in porcine ASMCs

[23, 24]. We have found that within mouse ASMCs, the basal activity of G protein

subunit Gqα results in phospholipase C (PLC) activation, which in turn generates

inositol 1,4,5-trisphosphate (IP3) from phosphatidylinositol 4,5-bisphosphate

(PIP2). IP3 then binds with IP3Rs, resulting in a Ca2+ release that subsequently

activates neighboring RyRs through a local Ca2+-induced Ca2+-release (CICR)

mechanism promoting Ca2+ spark formation [9]. ACh activates the classic musca-

rinic M3 receptors (M3Rs) through Gqα to induce cellwide transients (Ca2+ waves)

in ASMCs via the IP3R-mediated CICR. The frequency and amplitude of these

waves are dependent on the SR Ca2+ stores and the time required to refill the stores

[25]. The mechanism of IP3R-mediated Ca2+ release has been further supported by

experiments in which photolytic release of caged IP3 in the absence of agonists

causes the generation of Ca2+ waves and contraction in ASMCs [26, 27].

Moreover, mACH treatment or membrane depolarization selectively activates

RyR2 via the Gqα-PLC-IP3-IP3R pathway [15]. Previous studies indicated that

membrane depolarization activated voltage-dependent calcium channels (VDCCs),

resulting in Ca2+ influx, which in turn triggers Ca2+ release from RyRs. Our results,

however, demonstrate that such a mechanism is not operative in ASMCs. Our data
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indicate that depolarization first activates M3R, which then triggers the

Gqα-PLC-IP3-IP3R signaling pathway and, finally, selectively activates the RyR2

subtype (but not RyR1 or RyR3) in ASMCs, resulting in an increase in Ca2+ sparks,

leading to contraction.

Another pathway, PLC/diacylglycerol (DAG)/protein kinase C (PKC), is also

involved in the regulation of Ca2+ sparks. In mouse ASMCs, DAG, generated by

PLC activity, activates PKC subtype-epsilon (PKCε). As seen in Fig. 1, PKCε
selectively inhibits Ca2+ sparks through its specific effects on RyR1, but not RyR2

or RyR3. This inhibition of Ca2+ sparks reduces the contractile response of ASMCs

to mACH. We have further found that FKBP12.6 is not involved in this process

[28]. Taken together, Ca2+ spark activity is independent of extracellular Ca2+ influx

and regulated by Gq/PLC/IP3/IP3R-RyR2 (excitatory) and Gq/PLC/DAG/PKCε/
RyR1 (inhibitory) signaling pathways. Unlike in arterial smooth muscle cells, Ca2+

sparks result in airway muscle contraction. Furthermore, our new unpublished data,

as shown in Fig. 2, demonstrate that the protein phosphatase calcineurin (CaN) can

upregulate Ca2+ sparks through the specific RyR1 subtype in a coordinated kinase-

phosphatase mechanism opposing the action of PKCε on mouse ASMC Ca2+

sparks. Inhibition of CaN with the specific synthetic CaN-autoinhibitory peptide

(CAIP) reduces maximal contraction of isolated tracheal rings to 10 μM mACH.

These findings provide new insights into the regulatory pathways governing ASMC

Ca2+ spark frequency.

RyRs are gated by a wide range of the endogenous ligand Ca2+, which activates

RyRs in the low hundreds of nanomolar range and inhibits in the ~1 mM range;

thus, Ca2+ release from one RyR can promote Ca2+ release from a neighboring RyR,

until an array of RyRs at one loci is triggered to open synchronously, generating a

detectable spark from a functional CRU [29, 30]. It has been noted that removal of

extracellular Ca2+ using nominally Ca2+-free bath solution with 50 μM ethylene

glycol tetraacetic acid (EGTA) resulted in no significant decrease in Ca2+ sparks.

Similarly, removal of extracellular Ca2+ did not affect spontaneous Ca2+ spark

frequency in porcine ASMCs [6]. The lack of a role for extracellular Ca2+ on Ca2+

spark frequency suggests the importance of internal store, SR content.

Noticeably, there is evidence that increases in SR Ca2+ content will result in an

enhancement in Ca2+ spark frequency in ventricular myocytes of rabbit, rat, and

mouse [31, 32]. Thus, Ca2+ sparks are regulated by SR load and its electrochemical

gradient for Ca2+ movement out of the SR through RyR-based CRUs.

Furthermore, various other studies align themselves with or propose alternatives

to the current findings. Within the heart, FK506 and rapamycin, which are

macrolide immunosuppressants capable of disrupting interactions between RyRs

and FKBP12/12.6, resulted in increased RyR channel leakiness, providing support

for the similar role of FKBP12.6 seen in ASMCs [33]. Similarly to ASMC, IP3Rs

were also found to promote Ca2+ spark formation in rabbit portal vein smooth

muscle cells. Tonic activation of PLC at the plasma membrane will generate

cytosolic IP3. IP3 will then function as a Ca2+ mobilizing second messenger by

binding to the IP3R activating it, generating Ca2+ puffs. These small IP3R-generated

Ca2+ transients will trigger local RyRs coexisting in the SR to activate and open
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Fig. 1 RyR1 gene deletion abolishes the effect of specific PKCε inhibition on Ca2+ sparks in
airway SMCs in the absence of functional IP3Rs. (a) Expression of smooth muscle-specific actin

and RyR1 in cells isolated from embryonic RyR1+/+ mice. Cells were initially incubated with

anti-RyR1 antibody, anti-actin (smooth muscle) antibody or without either antibody (control), and

then with Alexa Fluor 488–conjugated anti-mouse antibody. Immunofluorescent staining was

examined using a Zeiss laser scanning confocal microscope. (b) Effect of PKCε peptide inhibitor
on Ca2+ sparks in embryonic RyR1+/+ cells after treatment with xestospongin-C to functionally

remove IP3Rs. Original recordings of Ca
2+ sparks were made in an RyR1+/+ cell before and after

application of 100 μM PKCε peptide inhibitor (PKCε pept) for 8 min in the presence of

xestospongin-C (10 μM). Bar graphs summarize the effects of PKCε peptide inhibitor on the

frequency and amplitude of Ca2+ sparks in RyR1+/+ cells. *P < 0.05 compared with control

(before application of PKCε pept). Numbers in parentheses indicate the number of cells examined.

(c) Effect of PKCε peptide inhibitor (100 μM) on Ca2+ sparks in embryonic RyR1+/+ cells after

treatment with xestospongin-C (10 μM) for 8 min (Adapted from Liu et al. [28], 663–671)
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increasing Ca2+ spark formation, releasing more Ca2+ in the cytosol through a local

CICR mechanism [34]. However, reported inhibition of PLC by U73122 does not

inhibit the frequency of spontaneous Ca2+ sparks in pulmonary arterial smooth

muscle cells, indicating that tonic activation of PLC will not enhance spontaneous

Ca2+ sparks in this tissue type [35]. Another possibility was seen in guinea-pig vas
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Fig. 2 Calcineurin upregulates Ca2+ sparks and contraction in airway SMCs. (a) Original

confocal line scan images of Ca2+ sparks in an ASMC before and after treatment with CAIP

(10 μM) for 8 min in the presence of xestospongin-C (10 μM). Bar graph represents the average

frequency and amplitude of Ca2+ sparks before and after CAIP in the presence of xestospongin-C.
*P < 0.05 compared with control. Numbers in parentheses indicate the number of cells examined.

(b) Bar graph represents the average frequency and amplitude Ca2+ sparks from CaN-Aα+/+ and

CaN-Aα�/� cells. (c) Muscle tension generation to 10 μM mACH in isolated tracheal ring before

and after treatment with saline or CAIP (20 μM) for 45 min
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deferens, whereby basal activation of IP3Rs inhibited Ca2+ spark formation

[36]. Therefore, the regulatory pathways differ in different cell types and need to

be elucidated individually. Another example of these tissue-specific differences is

seen by the varying role of PKC in regulating Ca2+ sparks. Within cerebral arterial

smooth muscle cells, 1-oleoyl-2-acetyl-glycerol (OAG) and phorbol-12-myristate-

13-acetate (PMA), which are PKC activators, decreased the frequency of spontane-

ous Ca2+ sparks [37]. On the other hand, in pulmonary arterial smooth muscle cells,

the PKC inhibitor staurosporine and the activator OAG had no effect on spontane-

ous Ca2+ sparks [35].

Another mechanism involved in the regulation of Ca2+ sparks not mentioned so

far is the role of VDCCs. Skeletal, cardiac, and smooth muscle cells all express

VDCCs, which will mediate Ca2+ influx when triggered by a depolarizing current.

In skeletal muscle cells, VDCCs physically couple with RyRs such that the activa-

tion of VDCCs will directly affect the structural conformation of the RyR activating

it, resulting in the appearance of Ca2+ sparks [38, 39]. In heart cells, membrane

depolarization will activate VDCCs, generating extracellular Ca2+ influx in the

form of Ca2+ sparklets, which will then participate in CICR-activating RyRs,

resulting in the formation of Ca2+ sparks [40]. In smooth muscle cells, VDCCs

and RyRs are loosely coupled. For example, in the case of bladder smooth muscle

cells, Ca2+ influx via VDCCs results in a global Ca2+ rise, which will then activate

RyRs to generate Ca2+ sparks [41].

Studies within ASMCs have shown a specific role for FKBP12.6, IP3Rs, PKC,

CaN, and Ca2+ store content in regulating Ca2+ sparks; however, this is only

scratching the surface. The RyR is a true convergence point for numerous cellular

signaling pathways, including Ca2+, cAMP, and nitric oxide [42], while a low pH

[43], ATP [44], high temperature [45], cADPR [46], and reactive oxygen species

[47] promote sparks, whereas Mg2+ inhibits spark formation [48]. Further work is

needed to better understand the regulatory mechanisms governing ASMC Ca2+

sparks and how they play into the contractile response of airways.

4 Role of Ca2+ Sparks

Prior to the original discovery of Ca2+ sparks in 1993, Benham and Bolton in 1986

recorded spontaneous transient outward currents (STOCs) in rabbit jejunum and ear

artery smooth muscle cells. These STOCs are generated by big-conductance Ca2+-

activated K+ (BK) channels and can be abolished by dialysis of EGTA into the cell

and enhanced by extracellular application of caffeine, ACh, or noradrenalin. Thus,

the occurrence of STOCs is primarily dependent on a rise in intracellular Ca2+

released from RyRs on the SR [49]. Such STOCs were then noted in portal vein

SMCs [50–52]. STOCs were thought to be dependent on a spontaneous rise in

intracellular Ca2+. Indeed, Nelson et al. in 1995 confirmed that STOCs were

activated by Ca2+ sparks and found that they resulted in the relaxation of rat

cerebral arterial SMCs [53]. Thus, Ca2+ sparks activate BK channels, allowing K+
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efflux to generate STOCs, which results in membrane hyperpolarization; this in turn

leads to VDCC inactivation, preventing Ca2+ influx, thereby causing relaxation.

Studies within frog stomach smooth muscle cells showed that at a holding potential

of 0 mV, application of caffeine at a low concentration (0.5 mM) increased spark

frequency by 2.2-fold, which correlated well with a 2.4-fold increase in STOC

frequency; however, not every spark always causes a STOC [17]. Relatively small

sparks can generate large STOCs and relatively large sparks might fail to elicit

STOCs, as seen by approximately 21 % of Ca2+ sparks failing to elicit STOCs in the

aforementioned frog stomach smooth muscle cells. An extension of these studies

within the frog stomach demonstrated that a STOC event results from an exposure

to >10 μM Ca2+ with an upper limit of approximately 150 μM in an area less than

1 μm2 roughly 150–300 nm2 ~ 0.28 μm2 [18]. This spark-STOC microdomain is

perfectly capable of having local Ca2+ elevations sufficient to activate localized BK

channels while not changing the resting intracellular Ca2+.

Similar to STOCs, spontaneous transient inward currents (STICs) have also been

observed in guinea-pig mesenteric and rabbit portal vein smooth muscle cells, and

STICs are caused by Ca2+-activated chloride (ClCa) channels triggered by release

of Ca2+ from the SR [54, 55]. During a STIC, Cl– efflux depolarizes the cell

membrane, making it easier to activate VDCCs, promoting Ca2+ release and con-

traction. The ability of smooth muscle cell Ca2+ sparks to regulate STIC and STOC

currents, which play a role in regulating membrane excitability, has led us to

question whether any or all of these findings are applicable to those in ASMCs.

We have found that STOCs generate in ASMCs with a high frequency at a more

depolarized membrane potential and are significantly increased by the activation of

VDCCs; [56] more interestingly, muscarinic stimulation inhibits the generation of

STOCs, presumably causing membrane depolarization and then promoting cell

contraction [56]. In support of these findings, excised inside-out patch clamp

recordings have revealed that the open probability of single BK channels is signifi-

cantly decreased in ASMCs following muscarinic stimulation [57, 58], and

functional studies indicate that muscarinic contraction is due, at least in part, to

the inhibition of BK channels [58]. This unique inhibition of BK channels by

muscarinic stimulation in ASMCs is likely to be mediated by the muscarinic M2

receptor/BK-channel-dependent coupling mechanism [59].

STICs take place with STOCs in ASMCs [60, 61]. The former preferentially

occur at membrane potentials more negative to �40 mV, whereas the latter events

happen at membrane potentials more positive to �30 mV [62]. The activity of

STICs is controlled by Ca2+/calmodulin-dependent kinase II (CaMKII) [63]; as

such, the activity of CaMKII is likely to be enhanced following asthmatic stimuli,

which causes STICs, membrane depolarization, extracellular Ca2+ influx, and cell

contraction, contributing to the development of asthma.

Within guinea-pig ASMCs using the perforated patch clamp in conjunction with

wide-field Ca2+ imaging [8], at a holding potential of �96 mV, roughly EK sponta-

neous Ca2+ sparks synchronously triggered STICs. These STICs were prevented by

treatment with niflumic acid, a known blocker of ClCa channels, suggesting that a

single Ca2+ spark will activate STICs by initiating Cl� efflux through ClCa
2+
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channels. At 0 mV, Ca2+ sparks were accompanied by STOCs, mediated by the BK

channel. At holding potentials between EK and ECl approximately�30 mV, a single

spontaneous Ca2+ spark triggered a biphasic current with an outward cation efflux

believed to be the result of BK channel activation followed by anion efflux resulting

from ClCa activation. A single spark site could trigger STOCs, STICs, and biphasic

transients termed STOICs (because the outward preceded the inward current)

depending on the membrane potential. It was also interesting to note that the peak

STOC current was reached before the Ca2+ spark peak and decayedmuch faster, too,

whereas the STIC current more closely paralleled the rise and fall of the Ca2+ spark

yet occurred second in measured STOICs, suggesting differences in the spatial

arrangement, coupling, and activation of BK and ClCa channels to Ca2+ sparks.

This work showed the possibility for a single spark at a single spark site to elicit both

BK-mediated STOCs and ClCa channel STICs, suggesting that Ca2+ sparks in

guinea-pig ASMCs function to stabilize membrane potential. At membrane

potentials closer to the resting membrane potential, a STIC will dominate and

depolarize the cell membrane, but at less negative potentials closer to ECl (usually

around�30 to�20 mV in smooth muscle cells) the STOCmay dominate, providing

negative feedback hyperpolarizing the cell membrane. The ability of Ca2+ sparks to

induce depolarizing and hyperpolarizing currents suggests a significant role in

regulating a cell’s contractile state.

In mouse ASMCs, Lifshitz et al. [64] showed that ClCa channels have an

activation threshold greater than 120 nM Ca2+ and are exposed to 2.4 μM Ca2+ or

greater during a spark with an EC50 of 3.3 μM (similar to the ClCa currents seen in

Xenopus oocytes and olfactory neurons), with the spark Ca2+ current spreading out

with a 600 nm radius. The STIC amplitude does not correlate with spark amplitude,

allowing both large and small STICs to be generated from variable sized sparks,

and not all sparks generate STICs such that the maximum current of the STIC is

not necessarily dependent on the spark size but on the number of ClCa channels

present near the CRU. This leads us to believe that ClCa channels are distributed

nonuniformly along the cell membrane. Furthermore, it was suggested that all ClCa
channels present in a mouse ASMC on the order of approximately 20,000 would

localize within this 600 nm radius with a density as high as 300 channels/μm2, albeit

a little farther away from the CRU than BK channel clusters. The number of RyRs

in a CRU is suggested to be in a range of approximately 10, and unlike in skeletal

and cardiac muscles, these mouse ASMC CRU-based RyRs do not open in concert.

In comparison to the localized coupling of ClCa to Ca2+ sparks as just shown, dual

immunocytochemistry staining was used to visualize the distribution of RyR

isoforms and BK channels. In ASMCs, RyR1 and RyR2 form clusters at the cell

periphery, with RyR3 at the cell interior. These clusters of RyRs in a CRU will

activate two to three clusters of BK channels within a similar 600 nm radius, as

stated in the previously cited studies on ClCa channel coupling.

Ca2+ sparks have been found to be associated with biphasic membrane potential

transients (BiMPTs) in mouse ASMCs [65]. At a resting membrane potential of

�46.3 mV, a single Ca2+ spark hyperpolarized the membrane by �20 mV and

successively depolarized the membrane by 10 mV, thus regulating the membrane
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potential by approximately 30 mV. Similar to the studies from frog stomach smooth

muscle cells years earlier, there was a weak correlation between Ca2+ spark signal

strength and the voltage changes just mentioned, suggesting a large diversity in the

coupling of Ca2+ sparks and their target channels. Paxilline and niflumic acid were

able to block the hyperpolarization and depolarization phases, respectively,

indicating the role of BK and ClCa channels in BiMPTs. No single BiMPT was

observed to depolarize beyond ECl �15 mV or hyperpolarize below EK �80 mV,

thereby acting to prevent extreme changes in membrane potential. ASMCs are

known not to fire action potentials (APs), and the application of short depolarizing

currents failed to elicit an AP; however, in the presence of ryanodine, to effectively

block Ca2+ sparks and BiMPTs, that same stimulus generated an AP that was

subsequently blocked by nifedipine, indicating a role for VDCCs in the generation

of APs. Disrupting the balance between BK and ClCa channel activity can hinder

cells to regulate and manage membrane potential excitability, leading to alterations

in contractility and possible pathological consequences.

STICs are dependent on a spontaneous rise in intracellular Ca2+ and are Cl–

transients passing through the TMEM16A channels in ASMCs [66–68]. These Ca2+

spark-activated STICs will induce membrane depolarization and can activate

VDCCs, resulting in Ca2+ influx, leading to contraction. It has been shown that

cADPR treatment to remove FKBP12.6 from RyR2 results in an increase in STICs

in ASMCs and increased contractile responses to mACH [5]. TMEM16A is

expressed in ASMCs, and selective inhibition with benzbromarone inhibited the

contractile response of tracheal rings to mACH in a range of 1–100 μM, but not to

KCl, suggesting that TMEM16A is specifically activated and participates in ASMC

contraction due to Ca2+ release from G-protein-coupled muscarinic receptor acti-

vation [69]. By tipping the balance of activation in favor of BK or TMEM16A

channels, the relaxed or contracted state, respectively, might be favored, and it is

therefore an essential part of asthma and other related respiratory diseases.

5 Conclusions and Perspectives

The original discovery of Ca2+ sparks in cardiac muscle cells has illustrated an

innovative example of so-called microdomain Ca2+ signaling. When a cardio-

myocyte is stimulated, individual Ca2+ sparks will fuse together, summating as a

large local elevation in [Ca2+]i and generating a propagating Ca2+ wave across the

cell, inducing contraction. Ca2+ sparks are caused by the opening of RyR2 in cardiac

cells. Distinctively, ASMCs express all three subtypes of RyRs. As illustrated

in Fig. 3, at least RyR1 and RyR2 are involved in the generation of Ca2+ sparks in

ASMCs. Interestingly, Ca2+ sparks due to the opening of RyR1 are downregulated

by PKCε and upregulated by CaN. This novel kinase/phosphatase regulatory mech-

anism is important for the adequate generation of Ca2+ sparks and associated cellular

functions. It should be pointed out that RyR1-mediated Ca2+ sparks are negatively

regulated by the basal activity of PLC/DAG-dependent PKCε. RyR2-mediated Ca2+
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sparks are significantly upregulated by Ca2+ release from neighboring IP3Rs.

This local CICR plays a significant role in cell force generation. Stimulation of

muscarinic receptors by parasympathetic nerves, which provides a major neural

control of ASMCs, also remarkably enhances RyR2-mediated Ca2+ sparks, thereby

making a significant contribution in muscarinic cellular functions. Stimulation of

muscarinic receptors may also activate PKCε through the PLC/DAG pathway and

then inhibit Ca2+ sparks through RyR1 to regulate muscarinic responses.

Fig. 3 Role and regulation of local Ca2+ signaling in ASMCs. The left panel portrays a summary

of our work in the studies of the regulatory mechanisms of Ca2+ sparks. Activation of classic M3Rs

by the neurotransmitter ACh from parasympathetic nerves will trigger a Gqα-coupled activation of
PLC, resulting in the generation of IP3 and DAG from PIP2. IP3 will bind to IP3Rs inducing Ca2+

release. This Ca2+ will trigger a local CICR through RyR2 increasing Ca2+ sparks and then

inducing contraction. At the same time, DAG will activate PKCε which will inhibit Ca2+ sparks

through RyR1 and muscarinic contraction. Opposing PKCε, CaN promotes Ca2+ sparks and

contraction through RyR1. In the right panel, Ca2+ sparks generate from the coordinated opening

of RyRs in a functional Ca2+ release unit (CRU). This local Ca2+ signaling will participate in the

activation of contractile machinery by effectively regulating the cells membrane potential. At rest,

Ca2+ sparks will preferentially activate TMEM16A-encoded Ca2+-activated Cl- channels, leading

to Cl- efflux, depolarizing the membrane. As the cell membrane is depolarized, Ca2+ sparks

activate BK channels, resulting in K+ efflux, which hyperpolarizes the membrane. A disruption

in this balance can change the cell excitability. As suggested by our own work and the recent

publications by others, it is believed that in asthma, local Ca2+ signaling is increased. This scenario

can provide a mechanistic setting for the excessive contraction to nonspecific stimuli, airway

hyperresponsiveness and asthma attacks. The STOC pathway is no longer able to stabilize

membrane transients, resulting in the increased responsiveness
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At rest, Ca2+ sparks spontaneously occur and preferentially generate

depolarizing STICs in ASMCs. The spontaneous Ca2+ release and subsequent

Ca2+ influx associated with STICs could synergistically cause contraction; as

such, ASMCs are maintained at a slight contractile status. On the other hand,

Ca2+ sparks produce STOCs as well at more depolarized membrane potentials.

These hyperpolarizing currents prevent excessive Ca2+ influx and contraction,

thereby preserving a dynamic state of cell contraction and relaxation. It is also

worth stating that stimulation of muscarinic and other G-protein-coupled receptors

triggers a spatial and temporal integration of local Ca2+ release events through RyR

channels, inducing Ca2+ oscillations that crisscross the entire cell, generating a

contractile tone [7]. Thus, specific regulation of RyR1 and RyR2 to control Ca2+

sparks may serve as a novel signaling mechanism for multiple physiological and

pathological cellular responses in ASMCs. The importance of RyR-based Ca2+

signaling has been further appreciated by its involvement in various diseases. For

example, more than 100 mutations within RyR1 have been linked to the develop-

ment of malignant hypothermia, making it hypersensitive to agonists such as Ca2+,

cADPR, caffeine, and halogenated anesthetics [70, 71]. Over 80 mutations have

been found in the RyR2 gene underlying heart disorders such as stress-induced

arrhythmia [72]. These sets of mutations are clustered in similar regions of the RyR

gene and cause weakened interdomain interactions, enhanced phosphorylation

by protein kinases, altered sensitivity to Ca2+, and modified interactions with

accessory proteins [33]. Furthermore, the RyR-related models of heart failure are

dependent on a Ca2+ leak pathway, reducing systolic contractile effects [73]. How-

ever, there is no report on the occurrence of RyR1 or RyR2 mutations in ASCMs

and their association with asthma and other relevant lung diseases. Potentially life-

threatening asthma attacks are caused by the exaggerated contractile response

to nonspecific stimuli. Our very recent studies have shown that Ca2+ sparks are

significantly upregulated in ASMCs from an ovalbumin-induced mouse model

of asthma, and the increased frequency of Ca2+ sparks strongly correlates with

augmented airway resistance (data not published). These results reveal that the

increased Ca2+ signaling is critical for the excessive contractile responses in

ASMCs and asthma. The increased Ca2+ sparks also cause more STICs,

contributing to the development of asthma. Our work further indicates that RyR1

gene deletion prevents the development of ovalbumin-induced asthma in mice.

In line with our findings, a recent report showed that the ClCa channel gene

TMEM16A is upregulated in airway smooth muscle from ovalbumin-evoked

asthmatic mice [74]. Blockers of ClCa channels such as niflumic acid and benz-

bromarone are able to block airway hyperresponsiveness; deletion of TMEM16A

reduces caffeine- and mACH-induced cell shortening. Without a doubt, it would be

intriguing to decipher the relative contributions of RyR-dependent Ca2+ sparks and

ClCa channels. Ca
2+ sparks in ASMCs are an ongoing area of biomedical research,

and while great strides have been made, diligent focus and efforts must be

employed to bring these findings to the bedside with the identification of novel

drug targets for asthma and other respiratory diseases.
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Abstract An examination of the physiology of airway smooth muscle cells (SMCs)

in lung slices from mice, rats, and humans with laser scanning microscopy reveals

that agonist-induced airway SMC contraction is driven by Ca2+ oscillations. An

increase in the frequency of Ca2+ oscillations correlates with an increase in airway

contraction. In addition, contractile agonists simultaneously increase airway SMC

Ca2+ sensitivity to enhance the action of the Ca2+ oscillations. These Ca2+

oscillations are primarily mediated by the activity of the inositol trisphosphate

receptor (IP3R). Although airway SMCs contract in response to membrane
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depolarization, Ca2+ influx via voltage-gated Ca2+ channels does not appear to have

a major role in agonist-induced airway SMC contraction. Airway relaxation induced

by β2-adrenergic receptor agonists involves both a reduction in the Ca2+ oscillation

frequency and Ca2+ sensitivity.

Keywords Confocal microscopy • Inositol trisphosphate receptor • Contraction

• Ca2+ oscillation frequency

1 Introduction

Asthma is a common lung disease characterized by airway hyperresponsiveness, a

response mediated by the excessive contraction of airway smooth muscle cells

(SMCs) [1]. Consequently, the goal of our research is to understand the basic

mechanism controlling SMC contractility to determine how changes in this regula-

tion might be responsible for aberrant SMC behavior. While it has been known for

some time that SMC contraction is regulated by [Ca2+]i, the correlation between

[Ca2+]i dynamics, SMC contraction, and the caliber of intrapulmonary airways has

only recently been appreciated.

A summary of the basic mechanisms regulating airway SMC contraction is

shown in Fig. 1. Force development is regulated by the phosphorylation of the

regulatory myosin light chain (MLC). When MLC is phosphorylated, myosin can

undergo cross-bridge cycling with actin to generate filament sliding and force.

Conversely, dephosphorylation of MLC prevents myosin-actin interaction and

results in airway SMC relaxation. MLC phosphorylation is mediated by Ca2+/

calmodulin activation of MLC kinase (MLCK). The dynamics and regulation of

the Ca2+ changes leading to MLCK activation will be addressed. MLC dephosphor-

ylation is mediated by MLC phosphatase, which in turn is regulated by a number

of other phosphorylation pathways. The role of these pathways in augmenting

Ca2+-dependent MLC phosphorylation will also be considered.

Originally, and out of necessity to address the behavior of otherwise inaccessible

small airway SMCs, many experiments were conducted with isolated or cultured

individual SMCs or with muscle strips obtained from the large airways (trachea or

bronchi). Although these isolated preparations were very informative, they could

not be used to determine if the physiology of the SMCs from the upper airways

represented that of SMC in the smaller airways, how SMC behavior modified

airway size, or how SMC activity was influenced by surrounding cells, the extra-

cellular matrix, and lung parenchyma. An additional problem has always been that

SMCs often alter their phenotype when in culture, a response complicating the

extrapolation of data to the intact animal.
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More recently, progress has been made toward understanding airway SMC

physiology by the development of advanced microscopy techniques such as confo-

cal and two-photon microscopy and our further development of living lung slices

from mice, rats, and humans that maintain inherent SMC function. Consequently,

the objective of this chapter is to emphasize what we have learned from the Ca2+

imaging studies of lung slices in relation to airway contraction and how this relates

to earlier results from isolated SMCs. Extensive reviews of Ca2+ signaling in

isolated or cultured cells are available elsewhere [29, 33, 42].
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Fig. 1 The regulation of airway smooth muscle cell (SMC) contraction: agonists stimulate

G-protein-coupled receptors (GPCRs) and phospholipase C (PLC) to synthesize inositol

trisphosphate (IP3) from membrane phosphatidylinositol 4,5-bisphosphate (PIP2). IP3 releases

Ca2+ from the sarcoplasmic reticulum (SR) via the IP3 receptor (IP3R), Ca
2+ is returned to the

SR by sarcoplasmic/endoplasmic reticulum Ca2+ ATPase (SERCA) pumps; Ca2+ release and

uptake lead to Ca2+ oscillations. The ryanodine receptor (RyR) mediates KCl-induced Ca2+

oscillations and may contribute to initial agonist-induced Ca2+ oscillations. Ca2+ oscillations

stimulate myosin light chain (MLC) kinase (MLCK) via calmodulin to phosphorylate MLC and

initiate contraction. Agonists inactivate MLC phosphatase (MLCP) via receptors, protein kinase C

(PKC), or Rho-activated kinase (ROCK) to decrease MLC dephosphorylation and enhance

contraction. Airway SMC relaxation is induced by reducing Ca2+ oscillation frequency by

increasing cAMP/cGMP, which results in the inhibition of the IP3R or by stimulating MLCP

activity via cAMP. MLCK activity can also be modulated by phosphorylation
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2 Preparation of Lung Slices

The rationale for using lung slices is that airways and their SMCs in lung slices

better reflect the in vivo state of SMCs than do isolated SMCs growing in plastic

dishes. Therefore, the method of lung slice preparation is relatively important. The

techniques used with mouse, rat, and human lungs are essentially the same [41].

Briefly, lungs are inflated with warm agarose (approximately 2 %) to a volume that

is below total lung capacity (to avoid barotrauma). Some air is introduced into the

lung after the agarose to clear the agarose from the airways into the alveoli.

The tissue is cooled to solidify the agarose and stiffen the lungs for slicing. Multiple

lung slices (approximately 170–250 μm) are cut with a vibratome and suspended in

culture medium without serum in a humidified incubator at 37 �C with 10 % CO2

for up to 3 days until use. Individual lung slices are mounted in perfusion chambers

for microscopy observation. Only lung slices with actively beating airway cilia are

used for the experiments.

In comparison to isolated SMCs, lung slices have not been exposed to enzymes

that degrade extracellular matrix and cell interactions. Thus, it is likely that SMCs

within lung slices have all their membrane receptors relatively intact. Furthermore,

the normal recoil forces opposing SMC contraction, mediated by the extracellular

matrix, remain, and these can be exploited to study airway relaxation. All other key

cell types that might influence SMC activity, such as epithelial cells or mast cells,

are present in their correct relative proportions and positions [27, 41]. One caveat of

the lung slice preparation might be that cell trauma has occurred at the slice edge.

However, it is unreasonable to suggest that this damage is worse than that experi-

enced by isolated cells. On the contrary, most cells of the lung slice are undamaged.

Clearly, drug application to a lung slice does not mimic drug inhalation, and drugs

have ready access to the SMCs. But, again this is no different from isolated cell

preparations. A major difference between whole lungs and lung slices is that the

alveoli of lung slices are filled with agarose rather than air [27]. This is essential to

maintain the inflated state of the lung slice, but it may alter the recoil forces acting

on the SMCs. On the other hand, cultured SMCs are adhered to rigid plastic while

muscle strips are commonly observed with isometric tension; these are conditions

that must be accepted if experiments are to be attempted.

3 Morphology of Airways and SMCs in Lung Slices

Within the lung slice, airways and adjacent arterioles are easily identified by their

relatively large circular shape (in transverse cross section) that contrasts with

finer mesh work of the alveoli tissue (Fig. 2). The airway usually has a larger

diameter than the arteriole. Although not a focus of this chapter, this anatomical

association of the airway and arteriole provides a unique ability to perform compar-

ative physiology of airway and arteriole SMCs [35, 36]. The airways are
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Fig. 2 Contraction of airways and arterioles in a lung slice (a) Phase-contrast image of a mouse

lung slice showing larger airway with adjacent arteriole surrounded by alveoli parenchyma. (b)

Contraction of airway (black trace) and arteriole (gray trace) in response to increasing

concentrations of 5HT (10�8–10�5 M), 100 mM KCl, and 10�5 acetylcholine (ACh). Contraction

of the airway and arteriole increases and saturates with increasing agonist concentration. In

response to KCl, the airway shows twitchy contractions with little change in lumen size, whereas

the arteriole displays a substantial decrease in lumen size. The airway contracts in response to

ACh, whereas the arteriole is unresponsive
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characteristically lined with a ciliated, cuboidal epithelium. In healthy lung slices,

the cilia are highly active, and lung slices can serve as an ideal preparation to observe

ciliary activity [19]. The orientation of the lung slice can also be manipulated to

be longitudinal to the airways to view ciliary activity in profile. However, a trans-

verse cut is better for SMCs in order to minimize the numbers of circular SMCs

being sliced. Staining for SMC α-actin localizes the SMCs directly below the

epithelium [36]. Pulmonary veins are also found within lung slices, but these are

identified by their solitary or isolated location.

4 Contraction of Airways in Lung Slices

Airway contraction and relaxation is routinely observed in lung slices with phase-

contrast optics and time-lapse recordings in response to a variety of contractile

agonists (Fig. 2). In mice and rats, we have observed a rapidly developing,

prolonged airway contraction induced by acetylcholine (ACh), methacholine

(MCh), carbachol, serotonin (5HT), ATP, and endothelin [5, 9, 10, 34–36].

In addition, histamine and leukotriene D4 induced contraction in human lung slices

[39]. However, there are species-dependent differences as well as muscle-type

differences in agonist stimulation; mouse airways are responsive to 5HT but not

histamine. Similarly, mouse arteriole SMCs are responsive to 5HT but not

MCh. Following the removal of most agonists, airway relaxation occurs and airways

regain their original size. Contraction induced with endothelin [34] or LTD4 [39]

occurs at low concentrations (approximately 10 nM) and is slow to reverse.

SMC contraction is commonly believed to be strongly associated with

membrane depolarization; hence, KCl is often used as a contractile stimulant

(Fig. 2). While in rat and human airways KCl contractions were obvious, they

were associated with an underlying “twitching” response of individual SMCs.

In mouse airway SMCs, the uncoordinated SMC twitching induced by KCl usually

did not generate substantial sustained airway contraction [2, 5, 35, 36, 39]. Thus, for

airway SMCs, it appears that membrane depolarization is less important or potent

than agonist-receptor stimulation for sustained airway contraction.

5 Agonist-Induced Ca2+ Signaling Airway SMCs

It is well recognized that Ca2+ increases stimulate airway SMC contraction, but

our understanding of the nature of this Ca2+ signal has dramatically changed.

Traditionally, it was thought that Ca2+ increased in a biphasic manner, an initial

spike in Ca2+ correlating with the onset of contraction followed by a decreased Ca2+

plateau associated with sustained contraction. With the advent of improved Ca2+

reporters and Ca2+ imaging systems with high temporal and spatial resolution,

agonist-induced Ca2+ changes in isolated SMCs have been observed to occur as
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oscillations rather than changes in steady-state levels [29, 38]. The frequency of

these Ca2+ oscillations increased with increased agonist concentration. Because it is

difficult to extrapolate findings with isolated cells to airway mechanics, we sought

to determine if such changes occurred in airway SMCs in lung slices. For these

studies, it is essential to use confocal or two-photon microscopy to overcome light

scattering and poor image contrast induced by the increased thickness of lung slice

tissues. We constructed a custom-built microscopy system [40] especially for this

purpose, but commercial systems may also be used if they have sufficient temporal

resolution.

Agonist-induced Ca2+ oscillations: it is important to emphasize that all the con-

tractile agonists we have investigated with mice, rat, or human lung slices have

induced Ca2+ oscillations in airway SMCs (Fig. 3). It is equally interesting that the

agonists 5HT and endothelin also induced Ca2+ oscillations in intrapulmonary

blood vessel SMCs [34, 35]. These Ca2+ oscillations occurred as local increases

in Ca2+ that propagate along the cells as Ca2+ waves, a behavior observed by line-

scan analysis (Fig. 4a). The initiation site for each Ca2+ wave is often located

toward one end of the cell. However, Ca2+ waves do not always propagate the full

length of the cell (Fig. 4a). When a Ca2+ wave terminates prematurely, it is common

to observe a new Ca2+ wave initiating from the opposite end of the cell. Subse-

quently, the initial propagation direction resumes as this appears to be the dominant

process, which suggests that Ca2+ oscillations are driven by pacemaker activity. It is

not clear why the initiation sites are organized toward one end of the cell, but it may

reflect a higher density of IP3Rs [45].

Frequency of Ca2+ oscillations: a second important property of agonist-induced

Ca2+ oscillations is that their frequency increases with agonist concentration and

that this increased frequency correlates with increased airway (and arteriole)

contraction (Fig. 3). This correlation has led to the idea that the extent of airway

contraction is a function of frequency-modulated (FM) regulation [12]. The advan-

tage of FM signaling over analog signaling is a better discrimination of the control

signal over background noise.

Although airway contraction appears to be FM regulated, the exact FM

relationship between the Ca2+ oscillation frequency and airway contraction appears

to be dependent on the agonist, tissue, and species (Fig. 3). For example, 5HT

(at equal concentrations) induces relatively fast Ca2+ oscillations in airway SMCs

but slower Ca2+ oscillations in arteriole SMCs, yet arteriole SMCs display a greater

contraction. Likewise, human airway SMCs show lower Ca2+ oscillation frequen-

cies in response to histamine than mouse airway SMCs in response to MCh,

but human airways show greater contraction. These observations indicate that

while the frequency of Ca2+ oscillations is important in determining relative airway

contraction, the extent of airway contraction is modulated by additional

mechanisms (i.e., Ca2+ sensitivity, considered later). The frequency of the Ca2+

oscillations is temperature dependent; in mouse, the frequency of the Ca2+

oscillations increased from approximately 17 to approximately 67 min�1

(stimulated with 200 nM MCh) as the temperature increased from 20 �C to
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37 �C [5]. Surprisingly, airway contraction did not show a correlative increase; in

fact, airway contraction appeared independent of temperature. This, again,

underscores the idea that the FM regulation of airway contraction involves addi-

tional mechanisms. In this case, we believe the opposing relaxation process of

SMCs, mediated by MLCP (Fig. 1), is also temperature dependent and is increased

in a compensating manner to offset the increased activity of MLKC such that MLC

phosphorylation is not significantly altered.
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From our mathematical modeling (see chapter by Sneyd et al.), it appears that a

major factor contributing to airway SMC force generation is the shape of the Ca2+

oscillation itself [45]. Basically, spikelike Ca2+ oscillations generate more force

than flatter domelike Ca2+ oscillations. Because the shape of Ca2+ oscillations

changes with their frequency, it is likely that the Ca2+ oscillation shape influences

force generation more than a simple frequency component.

KCl-induced Ca2+ oscillations: although the weak and uncoordinated contractile

responses of mouse airways to KCl were unexpected, these responses can be

explained by the perhaps equally surprising Ca2+ changes induced by KCl. The

opening of voltage-gated Ca2+ channels (VGCC) is often associated with the

depolarization of membrane potential. As a result, a sustained increase in Ca2+

was expected to accompany KCl exposure. Instead of a rapid increase in Ca2+,

mouse airway SMCs displayed a slow increase in Ca2+ that culminated in the

stimulation of Ca2+ oscillations from an elevated Ca2+ baseline with a low fre-

quency (1–2 min�1) but long duration [36] (Fig. 4). Each Ca2+ oscillation correlated
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Fig. 4 Ca2+ oscillations induced by KCl (a) Line scan of methalcholine-induced Ca2+ oscillations

in mouse SMC. Horizontal axis: time; vertical axis: distance along SMC; slightly sloping white
lines: Ca2+ oscillations propagating along cell. Most lines are oriented toward top right, and the

gradient of the slope represents wave propagation velocity.White arrow: premature termination of

Ca2+ wave. The next wave has a slope oriented toward bottom right, indicating a reversed

direction. (b) KCl-induced Ca2+ oscillations appear as broad bands and occur with a lower

frequency. Smaller Ca2+ signals (white arrows) occur prior to the initiation of the major Ca2+

wave. (c) KCl-induced Ca2+ oscillations in mouse SMCs are inhibited by ryanodine while basal

Ca2+ is elevated
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with a twitch contraction of a SMC, an uncoordinated transient and localized

contraction of only part of the airway mediated by individual SMC. Similarly,

low-frequency Ca2+ oscillations were induced by KCl in rat and human airway

SMCs, as well as mouse intrapulmonary arteriole SMCs [5, 35, 39]. KCl-induced

Ca2+ oscillations also propagated as Ca2+ waves along the cell. Prior to the

propagation of KCl-induced Ca2+ oscillations, smaller, localized increases in

Ca2+ were observed to occur in the region of wave initiation (Fig. 4). The size

and frequency of these Ca2+ elemental events increased until a Ca2+ wave was

initiated. After the passage of a Ca2+ wave, these small Ca2+ events were abolished

but resumed again with time.

6 Variation in Airway Contraction

A key advantage of using lung slices to evaluate airway contraction is the ability to

investigate small airway responses. However, the diameter of small airways within

the lung slice varies, decreasing toward the periphery. By collecting serial lung

sections and analyzing the responses of the same airway that runs through these

serial sections, we were able to characterize the response of airway SMCs with

respect to their location along the respiratory tract [6]. The more centrally located

regions of the airways were the most responsive to contractile agonists. This

contractile response was matched by a maximal Ca2+ oscillation frequency in the

central region. It is not clear why the central region SMCs might be more sensitive

to agonist stimulation. However, an important implication of these results for

experimentation is that care should be taken to compare the physiology of similar

sized airways. While this is a simple issue when using lung slices from the same

species, it is more complicated when comparing responses between species.

Clearly, the airway diameter within a central location is different between mice

and humans. The question of whether it is best to compare airways with a similar

size or similar airway generation remains a matter for debate with respect to a

comparison of either structural or functional similarity.

In addition to variation in SMC contraction along the airway, SMC contraction

can also vary between mouse strains. In mice, the strains A/J and C3H/HeJ were

found to be hypo- and hyperresponsive to an inhaled MCh challenge, respectively

[28]. Our comparison of the responses of airways in lung slices to MCh from these

mice resulted in an opposite rating: C3H/HeJ > BALB/C > A/J [11]. This differ-

ent order may be the result of direct access to the SMCs in lung slices or the use of

halothane in the earlier in vivo study; we found that this anesthetic inhibited SMC

contraction. Irrespective of this contractile order, we were surprised to find that the

frequencies of the Ca2+ oscillations were similar in each strain. The implication of

this is that airway responsiveness does not solely reflect Ca2+ dynamics. As will be

discussed, the mechanism of Ca2+ sensitivity is likely to play a key role in

determining the contractile response.
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Because asthma is characterized by airway hyperresponsiveness, it is an obvious

step to examine the responses of airways in lung slices from a mouse model of

asthma. Unfortunately, our attempts to observe airway hyperresponsiveness in

mouse lung slices have not met with success. Enhanced contraction of airways

in lung slices from ovalbumin-sensitized mice and T-bet KO mice [23] was not

observed (unpublished data). Similarly, increased airway reactivity has not been

observed in mouse lung slices after treatment with a variety of inflammatory factors

(unpublished data). The reasons for this remain unclear. However, others have

reported contractile changes in such lung slices [8].

7 Mechanisms Underlying Agonist-Induced Ca2+

Oscillations and Waves

Involvement of IP3R: in numerous other nonexcitable cell types, Ca2+ oscillations

have been found to be mediated by the opening activity of the inositol

trisphosphate receptor (IP3R) of the sarcoplasmic reticulum (SR) [13, 14]. All of

our experiments have indicated that the IP3R also plays a dominant role in airway

SMC Ca2+ oscillations [2]. In the absence of extracellular Ca2+ or presence of Ca2

+ channel blockers (e.g., nifedipine), Ca2+ oscillations induced in mouse SMCs

with MCh or 5HT, rat SMCs with MCh, or human SMCs with histamine

continued for multiple cycles, indicating a primary reliance on SR Ca2+ release

rather than Ca2+ influx. However, the rundown of the Ca2+ oscillations indicates

there is some need for Ca2+ influx to maintain Ca2+ oscillations for extended

periods [36]. The inhibition of Ca2+ oscillations with the IP3R antagonist 2-APB

and the stimulation of Ca2+ oscillations with the photolytic release of IP3 from

inactive caged IP3 more directly implicate the importance of the IP3R. The

stimulation of Ca2+ increases by flash photolysis of caged IP3 was also inhibited

by 2-APB [2]. These results are consistent with the fact that most of the agonist

receptors we studied are linked to G-protein receptor, Gq/11, and the activation of

PLCβ and IP3 production [31].

Involvement of RyR: in cardiac and striated muscle cells, as well as systemic

vascular SMCs, the ryanodine receptor (RyR) of the SR plays a significant role in

Ca2+ release and contraction [22]. While some studies reported a role for RyR

in airway SMCs [16, 24, 37], our results, by contrast, indicated that the role for the

RyR in Ca2+ oscillations of normal mouse, rat, and human airway SMC in lung

slices was minimal [2, 39]. The agonist ryanodine is commonly used to inactivate

the RyR, but exposure of airway SMCs displaying ongoing agonist-induced Ca2+

oscillations to ryanodine had no effect on either the frequency of the Ca2+ oscilla-

tion or Ca2+ wave propagation. Although the RyR is usually stimulated to open by

increases in Ca2+, a failure of ryanodine to alter the Ca2+ signaling, which requires

an open RyR to be effective (use dependence), indicates that agonist-induced Ca2+

increases did not evoke any RyR activity. This failure is underscored by the fact
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that during the several minutes of observation, cytosolic Ca2+ increased more than

20 times per minute.

Other RyR inhibitors, such as tetracaine and procaine, appear to inhibit human

airway SMC Ca2+ signaling [16, 17]. While these compounds also relax airways

and inhibit Ca2+ signaling in mouse lung slices, these compounds appear to act

nonspecifically and inhibit IP3 production instead of inhibiting RyRs [2]. This is

consistent with the known anesthetic properties of tetracaine and procaine. Support

for this idea is provided by the fact that photolytic release of IP3 in the presence of

ryanodine or tetracaine still resulted in a Ca2+ increase, indicating the IP3R was

functional.

8 Mechanisms Underlying KCl-Induced Ca2+ Oscillations

The characteristics of KCl-induced Ca2+ oscillations are significantly different from

those of agonist-induced Ca2+ oscillations and have a different underlying mecha-

nism. KCl-induced Ca2+ oscillations are dependent on Ca2+ influx and are abolished

by both Ca2+-free conditions and Ca2+ channel blockers [36]. The occurrence of

smaller elemental Ca2+ events before the peak of the Ca2+ oscillations reflects the

activity of RyR in other cells, in particular cardiac cells, responding to overloading

of the SR store with Ca2+. Importantly, ryanodine abolished KCl-induced Ca2+

oscillations (Fig. 4). The elevated baseline in cytosolic Ca2+ is also consistent with

the inhibition of the RyR in a partially open state. These results suggest that

KCl-induced Ca2+ waves are the result of Ca2+-induced Ca2+ release (CICR) via

the RyR. Support for this hypothesis is provided by the photolytic release of caged

Ca2+. In normal conditions, a photolytic local increase in Ca2+ has a minimal effect

on airway SMC. However, in the presence of KCl, where the SR Ca2+ content is

hypothesized to be elevated, a similar photolytic release of Ca2+ initiates a single

Ca2+ wave [3]. The nonspecific actions of tetracaine can be reexamined with

KCl-induced Ca2+ oscillations. While tetracaine inhibited KCl-induced Ca2+

oscillations, it did so without elevating baseline Ca2+ and was reversible, results

differing from RyR inhibition by ryanodine [2].

9 Interplay Between IP3R and RyR

With the insight from KCl experiments showing that RyRs are present and

functional in airway SMCs, the conundrum as to why ryanodine has little effect

on agonist-induced signaling must be addressed, especially since both receptors are

interconnected via the SR. Our initial approach to this problem was to construct a

mathematical model that includes both the IP3R and RyR [44, 45]. The model

successfully simulates the experimental data describing Ca2+ oscillations mediated

by the IP3R and RyR in response to agonist and KCl [45].
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The power of the modeling approach is its ability to predict experimental

behavior and cellular activity that are not observable in our experiments.

For example, we measure changes in cytosolic Ca2+, but these changes are a

complex function of the activities of many components including the IP3R, RyR,

SR Ca2+ content, and membrane Ca2+ pumps. Because the model can isolate the

contribution of each component to agonist-induced Ca2+ oscillations, we were

alerted to the possibility of an early involvement of the RyR in these Ca2+

oscillations when the SR Ca2+ content was high, a condition under which the

RyR is more responsive to cytosolic Ca2+ [45]. At the initiation of agonist-induced

Ca2+ oscillations, the SR Ca2+ content is high and the RyR appears to contribute to

the first few Ca2+ transients; the small amount of Ca2+ released by the IP3R, in

response to IP3, is proposed to trigger the opening of the sensitized RyR. How-

ever, the SR content becomes substantially reduced with time during agonist-

induced Ca2+ oscillations operating via the IP3R, and this renders the RyR

insensitive to cytosolic Ca2+. This is consistent with our findings that the applica-

tion of ryanodine during ongoing agonist-induced Ca2+ oscillations has no effect.

However, a major model prediction was that ryanodine needed to be added prior

to the agonist if it is to be available to act on the early Ca2+ transients. Our

preliminary data with this experimental approach indicate that while a Ca2+

increase still occurs (Ca2+ flows out of the SR through the IP3R), ryanodine can

inhibit Ca2+ oscillations. The importance of this result is that it emphasizes

the role of the SR in regulating the Ca2+ oscillations. While ryanodine may inhibit

agonist-induced Ca2+ oscillations, these Ca2+ oscillations do not take place via the

RyR. The underlying explanation is that a decreased SR Ca2+ content, due to

partially open RyR, results in an alteration of the activity of the IP3R. Details of

the experimental results and model predictions are described in the chapter by

Sneyd et al.

10 Ca2+ Sensitivity: The Other Mechanism Regulating

Airway SMC Contraction

While increases in Ca2+ are important to drive SMC contraction, the complementary

mechanisms that determine the effectiveness of the [Ca2+]i change, collectively

known as Ca2+ sensitivity, are equally important [43]. Airway SMC contraction is

proportional to the degree of MLC phosphorylation (Fig. 1). While MLC phosphor-

ylation is primarily increased by Ca2+-dependent MLCK activity, the efficacy of this

reaction is influenced by the rate of MLC dephosphorylation by MLCP. Thus, for a

given Ca2+ oscillation frequency or Ca2+ level, the activity of MLCP modulates the

extent of contraction. However, the activity of MLCP is controlled by multiple

mechanisms; phosphorylation ofMLCP or accessory proteins by Rho kinase or PKC

generally reduces MLCP activity to enhance MLC phosphorylation and contraction

(increased Ca2+ sensitivity) (Fig. 1).
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To study the relationship between contraction and Ca2+ sensitivity, it is neces-

sary to clamp the cytosolic Ca2+ of airway SMCs to a fixed concentration by

disabling or bypassing the normal Ca2+ signaling mechanisms. A common

approach has been to permeabilize the cell membranes to Ca2+ with detergent or

toxins. However, this can be disruptive and result in the loss of other cell

constituents. Consequently, we developed a method of Ca2+ permeabilization

that exploits the cells’ own inherent influx Ca2+ channels (normally used to refill

SR), and this involves treatment of the lung slice with caffeine (20 mM) and

ryanodine (50 μM) [4, 5, 39]. The fact that this approach works underscores our

early perception that functional RyRs must be present in airway SMCs. Caffeine

stimulates the opening of RyR by increasing their sensitivity to Ca2+ [25]. Thus, in

the presence of ryanodine, the open RyR is locked (inhibited) in a partially open

state, and this allows Ca2+ to leak from the SR. This results in the emptying of the

SR, which is believed to stimulate the opening of membrane store-operated Ca2+

(SOC) channels with an influx of Ca2+ [15, 30]. Although caffeine and ryanodine

are washed away before further experimentation, the effect of ryanodine is irre-

versible. Consequently, the cell has a constant Ca2+ influx, which leads to a

constant elevated cytosolic Ca2+; the cytosolic Ca2+ is proportional to the external

Ca2+ concentration.

Although this permeabilization method is very simple, the initial responses of

mouse SMCs to this treatment appear confusing but are in fact very informative.

The expected response of the airway SMCs to a sustained increase in Ca2+ would be

sustained contraction. However, exposure to caffeine and ryanodine initiates a

transient contraction, resulting in airway relaxation [4]. The explanation for this

has two parts: first, caffeine, in addition to its ability to release Ca2+, serves as a

potent but readily reversible relaxant of agonist-contracted airway SMCs. This was

first described by [4]. Second, high sustained Ca2+ in mouse airway SMCs also

induces SMC relaxation (Fig. 5). Thus, in the presence of caffeine and ryanodine,

the mouse airway SMCs are fully relaxed. Even when caffeine is washed away, the

airway remains relaxed due to the high Ca2+.

The best experimental way to use Ca2+-permeabilized airway SMCs is to wash

away excess ryanodine and caffeine with Ca2+-free saline (Fig. 5). This provides a

starting point of low Ca2+ within the SMCs with the corresponding relaxed state.

Upon addition of extracellular Ca2+, the cytosolic Ca2+ increases and the airway

SMCs contract as expected. However, with sustained increased Ca2+, the airway

SMCs subsequently relax (Fig. 5) [4, 5]. This response is proposed to result from a

Ca2+-dependent decrease in Ca2+ sensitivity (perhaps by increased MLCP activity),

but the details of this mechanism are not clear. Importantly, if the lung slice is now

exposed to a contractile agonist, a contractile response (proportional to the agonist

concentration) is once again observed but without a change in cytosolic Ca2+

(Fig. 5); this represents an agonist-dependent increase in Ca2+ sensitivity (decreased

MLCP activity).
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11 Comparative Ca2+ Sensitivity

Like variations in the Ca2+ oscillation frequency, the level of Ca2+ sensitivity varies

between SMC types. This is clearly observed in lung slices when comparing the

responses of an arteriole that is adjacent to the airway (Fig. 5). The airway and

arteriole are identically exposed to caffeine and ryanodine and both show a sustained

Ca2+ increase. However, with high Ca2+ the airway becomes relaxed, whereas the

arteriole is partially contracted [4]. The addition of a contractile agonist induces

the airway to contract and induces the arteriole to contract further (Fig. 5). Thus, the

arteriole appears to have an inherent higher Ca2+ sensitivity than the airway.
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Fig. 5 Ca2+-permeabilized lung slices (a) Airway and arteriole imaged with laser scanning

microcopy after permeabilization with caffeine and ryanodine. (b) Addition of extracellular

Ca2+ increases cytosolic Ca2+ to a steady state (d) but induces a transient contraction of airway

and sustained contraction of arteriole. Removal of Ca2+ results in arteriole relaxation. (c) After

addition of Ca2+, the relaxed airway and partially contracted arteriole are induced to contract

further in response to an agonist (5HT). Removal of agonist, followed by removal of Ca2+, result in

airway relaxation. During agonist addition there is no change in cytosolic Ca2+
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Interestingly, the airways of both rats and humans behave more like that of

mouse arterioles and have a higher intrinsic Ca2+ sensitivity [5, 39]. This increased

Ca2+ sensitivity probably explains why rat and human airways display greater

contraction in response to a lower rate of Ca2+ oscillation (Fig. 3). Similarly,

increased Ca2+ sensitivity can also explain why the low rate of Ca2+ oscillation

induced by KCl results in a stronger contraction of rat or human airways and

arterioles as compared to only a “twitch” response in mouse airway SMCs.

In mouse, rat, and human airway SMCs, agonist stimulation substantially

increases Ca2+ sensitivity. Thus, an agonist acts through two mechanisms to develop

contraction: increased MLCK activity mediated by Ca2+ oscillations and decreased

MLCP activity mediated by ROCK and PKC (Fig. 1).

12 Airway SMC Relaxation

A key therapy for asthma is the relaxation of contracted airway SMCs, and this has

traditionally been achieved with β2-adrenegeric receptor agonists. While these

agonists are known to increase cAMP levels, their mode of action in bringing about

SMC relaxation is less clear. A major hypothesis for their action was that cAMP

increases resulted in the phosphorylation and activation of membrane K+ channels

[26]. The resulting membrane hyperpolarization was proposed to decrease the activ-

ity of VGCC and thereby decrease cytosolic Ca2+. However, as discussed earlier,

many agonists induce airway SMC contraction by stimulating Ca2+ oscillations that

recycle internal Ca2+ and do not directly rely on Ca2+ influx through VGCCs.

On the other hand, cAMP-dependent activation of K+ channels could counter

KCl-induced depolarization and mediate relaxation of SMCs contracted with KCl.

An alternative mechanism for inducing membrane hyperpolarization that is poten-

tially available in SMCs is by a localized Ca2+ release via a cluster of RyRs (a Ca2+

spark) and the nearby activation of Ca2+-activated K+ channels; a Ca2+ spark results

in a brief outward K+ current. Ca2+ sparks are common in vascular and cardiac cells

and also occur in tracheal SMCs [7, 46]. However, Ca2+ sparks generally occur

spontaneously and often in cells that are subject to Ca2+ overload. The increased

Ca2+ content of the SR leads to RyR sensitization and spontaneous release events.

It is highly feasible that Ca2+ sparks help cells counter Ca2+ overload (excess Ca2+

influx), but the activation of Ca2+ sparks by β2-adrenergic compounds in agonist-

contracted airway SMCs has not been observed. Furthermore, based on our

characterization of agonist- and KCl-induced Ca2+ signaling in airway SMCs, it

is likely that the SR Ca2+ content is inadequate for RyR sensitization during

ongoing Ca2+ oscillations [45]. Importantly, we have never observed Ca2+ sparks

in airway SMCs in lung slices under resting or contracted conditions. However,

our imaging systems can clearly visualize Ca2+ sparks in HeLa cells or atrial

myocytes (unpublished data).

Although Ca2+ sparks do not appear to play a major role in the relaxation of

agonist-contracted airway SMCs, this conclusion emphasizes the caveat that it is
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extremely important to understand the mechanism stimulating airway SMC

contraction, if the mechanism of relaxation is also to be understood and exploited

for therapy. Unfortunately, it is not known which agonist or stimulus is directly

responsible for inducing human airway SMC contraction during an asthmatic

episode. While the range of contractile stimulants is broad, including neuro-

transmitters, cytokines, leukotrienes, growth factors, and hormones, we have

found that sustained SMC contraction is often associated with the presence of

Ca2+ oscillations. Consequently, we further characterized the mechanism of action

of bronchodilators on agonist-induced airway SMC Ca2+ oscillations.

Exposure of mouse, rat, and human airway SMCs, contracted with MCh, 5HT, or

histamine, to short- (albuterol) or long-acting (formoterol) β2-receptor agonists

induced airway relaxation that was correlated with a reduction in the frequency

of Ca2+ oscillations [3, 18, 20, 21, 39] (Fig. 6). The efficacy of formoterol was

substantially greater than albuterol at all concentrations examined; a near full

airway relaxation was achieved with 5 nM formoterol compared to 1 μM albuterol.

The β-receptor agonist isoproterenol also induced airway relaxation, but this

response was transient in comparison to albuterol or formoterol, most likely

because of receptor desensitization or degradation [3].

While albuterol and formoterol both influenced Ca2+ oscillations, formoterol

was more likely than albuterol to abolish Ca2+ oscillations. Although albuterol

could transiently abolish Ca2+ oscillations, Ca2+ oscillations would commonly

reappear, albeit at a lower frequency. While this reduction in Ca2+ oscillation

activity correlates with the extent of airway relaxation, formoterol was also able

to substantially relax contracted airway SMCs at very low concentrations (<5 nM,

Fig. 6) with minimal effect on the Ca2+ oscillations. This suggested that

β2-adrenergic compounds might also modulate Ca2+ sensitivity. This mechanism

of action was confirmed using Ca2+-permeabilized lung slices. Both albuterol and

formoterol relaxed agonist-contracted airways that had sustained high Ca2+, but

formoterol again had a greater effect.

The concept of short- and long-acting agonists is also reflected in the lung slice.

Airway relaxation induced by albuterol persisted while albuterol was present, but

airway contraction quickly returned when albuterol was removed. By contrast, the

action of formoterol persisted for some time after removing it from human lung

slices (Fig. 6). The ability of formoterol to act at low concentrations suggests it has a

high affinity binding site and therefore might be harder to wash out of the prepara-

tion. Long-acting β-agonists have also been thought to have slower onset times, but

we found there was little difference in the time taken to initiate relaxation between

albuterol and formoterol. The difference in the duration of action of formoterol also

suggests a different mode of action in mice and humans. The idea that the action of a

long acting b2 agonist is the result of an increased accumulation (solubility) of the

agent in the SMC membrane does not appear to be supported because it seems

unlikely that this would be significantly different between mice and humans.

NO-induced airway relaxation: a second potent mechanism that can relax SMCs is

the stimulation of cGMP production by nitric oxide (NO). Accordingly, agonist-
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contracted airways relaxed and displayed a decreased Ca2+ oscillation frequency in

response to NO donors [32]. The action of NO was enhanced with phosphodiester-

ase inhibitors and prevented by the inhibition of soluble guanylyl cyclase.

Mechanism of action of β2-adrenergic receptor agonists: to determine whether a

reduction in the Ca2+ oscillation frequency involved the IP3R, we examined the effect
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Fig. 6 Formoterol-induced relaxation of human airways (a) Airways were contracted with

histamine and relaxed with different concentrations of formoterol (1, 2.5, and 100 nM). Greater

and faster relaxation was obtained with increasing formoterol concentration. The time taken for the

airway to recontract after formoterol removal was increased with concentration. (b) Formoterol

(100 nM) abolished histamine-induced Ca2+ oscillations. After removal of formoterol, Ca2+

oscillations were not reestablished within recording time of 28 min, which is consistent with the

prolonged relaxation induced by 100 nM formoterol
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of IP3 photolysis in the presence of β2-adrenergic receptor agonists and forskolin

(an adenylyl cyclase activator used to increase cAMP). In all cases, we found that

after the Ca2+ oscillations had slowed or stopped, the addition of IP3 (by photolysis)

reinitiated the Ca2+ oscillations [3, 21, 39]. Similar results were obtained with NO

[32]. These results indicate that the sensitivity of the IP3R for IP3 was diminished by

increased cAMP or cGMP. An alternative explanation for the slowing of the Ca2+

oscillations is that there was an insufficient amount of Ca2+ available in the SR due to

decreased Ca2+ influx. However, if the Ca2+ influx was increased in the presence of

forskolin, the low-frequency Ca2+ oscillations were further slowed or abolished.

Thus, it appears that the IP3R also became more sensitive to inhibition by Ca2+

[3]. It is also possible that the production of IP3 was decreased by the inhibition of

PLC. It is not yet clear how formoterol decreases Ca2+ sensitivity.

13 Summary

The lung slice, in conjunction with scanning laser microcopy, has proved to be a

highly valuable and robust preparation with which to study small airway SMC

physiology. The SMCs in the lung slice appear to be representative of SMCs in vivo

and display dynamic Ca2+ signaling that correlates with airway contraction and

relaxation. Agonist-induced sustained airway contraction is mediated by high-

frequency Ca2+ oscillations, whereas KCl-induced contraction can be irregular

and is mediated by low-frequency Ca2+ oscillations. Agonist-induced Ca2+

oscillations are mediated primarily through IP3R activity, whereas KCl-induced

Ca2+ oscillations involve the RyR. However, the activity of each receptor appears

interlinked by SR Ca2+ content. In parallel, changes in Ca2+ sensitivity can modu-

late the extent of airway contraction induced by Ca2+ changes. Airway relaxation is

achieved by reducing the frequency of the Ca2+ oscillations by inhibiting IP3R

activity and by reducing Ca2+ sensitivity. Clearly, the lung slice has greatly

facilitated our understanding of normal SMC physiology, and its use in further

exploring airway disease is certain.
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Abstract This chapter discusses how variation in intracytoplasmic Ca2+ concen-

tration ([Ca2+]i) over time can be considered as a signal for the contractile machin-

ery. It presents an overview of the literature that describes the Ca2+ response pattern

to different contractile or relaxant agonists in several types of airway smooth

muscle cells (ASMCs) depending on the species and location in the airway tree

and recording methods, insisting on the temporal aspects of this response. Since the

dynamics of the Ca2+ signal depends on the dynamics of the mechanisms
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responsible for this signal, the chapter presents an overview of the main

mechanisms responsible for Ca2+ homeodynamics in ASMCs. By analyzing some

examples, it shows how the kinetics of these mechanisms determine the pattern of

the Ca2+ signal. The consequence of cell-to-cell variations in the Ca2+ signal is also

discussed, with special attention to oscillatory versus nonoscillatory responses. The

last part of the chapter presents the relationship between the parameter of the Ca2+

signal and the pattern of the contractile response. The mechanisms of the contractile

apparatus itself will not be detailed, this question being beyond the scope of the

chapter, but the temporal relationship between the Ca2+ signal and the subsequent

contraction is analyzed.

Keywords Calcium dynamics • Oscillations • Kinetics • Model • Contraction

1 [Ca2+]i Variations as a Signal

1.1 What Makes Ca2+ Variation a Signal?

A Ca2+ signal is, by definition, a variation over time or space of the intracellular

Ca2+ concentration that is detected by a given intracellular machinery, so that the

behavior of the cell is altered according to the variation in Ca2+ concentration.

In this chapter, we consider only temporal variation of cytosolic Ca2+ concentration

([Ca2+]i), which is a major determinant of airway smooth muscle cells (ASMC)

contraction. Though the Ca2+ signal may encode for several cell functions, such as

contraction, proliferation, and secretion, this chapter will consider only the contrac-

tile response of ASMCs as a cell function.

Time-dependent variations in [Ca2+]i is considered a signal insofar as they carry

information that the intracellular machinery is able to decipher, i.e., is able to

demonstrate a behavior specifically dependent on these [Ca2+]i variations, and

that is why biologists study temporal variation in [Ca2+]i. Hence, what is of interest

for biologists is what makes sense for the cell. This determines which parameters

should be used to characterize Ca2+ signals and the relevant correlations that can be

established between the variation in the intensity of stimulation and the [Ca2+]i
response on the one hand, and between the parameters of the Ca2+ signal and the

cellular functional response on the other hand. The scheme of the signaling pathway

can be summarized as follows:

agonist½ � 1ð Þ ! Ca2þsignal 2ð Þ ! contractile response,
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where the first step (1) corresponds to the encoding of the Ca2+ signal and the

second step (2) to the decoding of the Ca2+ signal. A signal can be basically defined

as the oriented relationship through a communication channel between an issuing

system (source) and a recipient system (receptor). The information is what modifies

the state or the evolution of the system, and the message is the expression of this

information. A given Ca2+ signal may carry several distinct messages, insofar as the

Ca2+ signal can be deciphered by distinct recipient systems. For example, a Ca2+

signal may induce contraction, proliferation, or secretion, for example, each

behavior being determined by a given effector system capable of deciphering the

Ca2+ signal. This chapter focuses on the contractile apparatus.

According to this scheme, in ASMCs, the source of the contractile information

is the agonist/agonist receptor complex and the recipient system or final receptor is

the contractile apparatus. A time-dependent variation in [Ca2+]i is the signal that

carries the message, i.e., the contractile information. Hence, the temporal aspects of

Ca2+ signals are at the heart of the notion of Ca2+ signal.

1.2 Signal and Message

The signal is the change in time or space of the cytosolic Ca2+ concentration. The

message is the contractile information encoded in the signal. Hence, it is important

to determine what makes a time-dependent variation in the concentration of

free Ca2+ in the cytosol a message for the contractile machinery. Whatever the

complexity of the mechanisms activated by an increase in [Ca2+]i, Ca
2+ ions by

themselves carry a message only if they bind to a target molecule. Hence, variation

in [Ca2+]i is a message only if it induces a correlated change in Ca2+ binding to a

transmitter molecule, a Ca2+-binding signaling protein. This corresponds to the

schematic reaction

Ca2þ þMÐ
kþ

k�
Ca2þ‐M

where M is the signaling molecule, and k+ and k� are the kinetic constants of the

reaction. Accordingly, any change in [Ca2+]i induced by an increase or decrease in

the total amount of Ca2+ in the cytosol will induce a change in the concentration of

the Ca2+-M complex. Hence, variations in [Ca2+]i can be viewed as carrying a

message. However, this does not mean that the temporal pattern of the Ca2+-M

complex, i.e., the message, is similar to that of the Ca2+ signal. This is true only if k+
and k� are such that the reaction can be considered as instantaneous. Additionally,

it should be noted that a given Ca2+ signal can carry distinct messages, not only

in the sense that it activates different cell systems but also by the fact that the

temporal sensitivity of the signaling molecules of the different recipient systems

may differ.
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1.3 Deciphering the Code

A signal is an encoded message. Deciphering the code entails determining how

the cell converts the spatiotemporal change in [Ca2+]i into a given change in the

contractile status of theASMCs.More precisely, the identification of themechanisms

responsible for the changes in [Ca2+]i upon ASMC stimulation corresponds to the

identification of the encoding mechanisms used by the Ca2+ homeodynamic system

to convert the stimulation induced by the agonist into a Ca2+ signal, and the identifi-

cation of the mechanisms responsible for the Ca2+-contraction coupling means

decrypting the code used by the cell to carry contractile information.

About the decryption of the Ca2+ code, it should be noted that the choice in the

parameters used to describe the Ca2+ signal determines the underlying hypotheses

on the nature of the coding system. Indeed, decryption of the code is done by

establishing correlations between the contractile response and parameters of the

Ca2+ signal. Since correlation cannot be established with unstudied parameters,

exclusion of parameters should be based on explicit and relevant hypotheses on the

possible encoding significance of such parameters. What may appear as a signal for

the investigator may not be a message for the cell. For example, several studies use

average [Ca2+]i recording on tissue containing several ASMCs. This average [Ca2

+]i response can provide information on cell physiology. However, this [Ca2+]i
response is the average of the [Ca2+]i signal of each ASMC but cannot be consid-

ered as a signal, even as a signal of whole tissue contraction, because it carries no

information for each ASMC contractile apparatus. In addition, the area of the Ca2+

response, i.e., the integral of the [Ca2+]i curve, in some studies called the Ca2+ index

[1], gives no information on the dynamics of the Ca2+ response. Hence, considering

it as a parameter of the Ca2+ signal for the cell requires the underlying hypothesis

that the information carried by the Ca2+ signal is independent of the dynamics of

the signal. Change in the Ca2+ index can be viewed as a sign that the Ca2+ signal is

altered but not as a signal of a message in itself if the contractile apparatus is

sensitive to the dynamics of [Ca2+]i variations.

How can we decipher the contractile code? Description of the signal is not the

same thing as understanding the message. Identification of the quantitative relation-

ship between the parameters of the Ca2+ signal is a way of deciphering the contractile

code. However, identification of correlation does notmean identification of the causal

relationship between Ca2+ and contraction. Mathematical modeling is a useful tool

for investigating the causal relationships between the pattern of the Ca2+ signal and

that of the subsequent contraction, which is the decryption of the contractile code.

1.4 Different Temporal Aspects of Ca2+ Signal

The temporal dimension is included in the concept of a Ca2+ signal itself. The

temporal aspect of a Ca2+ signal appears at different stages of the stimulation-

response pathway. First, insofar as [Ca2+]i change is an intracellular message
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induced by the stimulation of the cell by an extracellular agonist, and is hence a

consequence of the activation of a network of intracellular mechanisms that deter-

mine the pattern of [Ca2+]i variations, the temporal dimension of these interactions

is critical for the shape of the Ca2+ signal and, hence, its informative content. This

represents the encoding of the Ca2+ signal. Second, in as much as [Ca2+]i variations

represent a signal for the contractile machinery, in the sense that they determine the

contractile behavior of ASMCs, both in amplitude and time, the time-dependent

parameters that describe the Ca2+ signal should be considered information on

contraction, i.e., information that can be detected by the contractile system. This

represents the decoding of the Ca2+ signal, which depends on the kinetics of the

functional interactions in the contractile system.

Hence, the temporal aspects of the Ca2+ signal include several distinct issues:

(1) the temporal aspects of the Ca2+ signal pattern itself; (2) upstream of the Ca2+

signal, the temporal aspects of Ca2+ signal encoding, i.e., the dynamics of the

mechanisms involved in the Ca2+ response to cell stimulation; and (3) downstream

of the Ca2+ signal, the dynamics of the decoding machinery associated with the

contractile apparatus that determines the pattern of the contractile response to Ca2+

signaling.

2 Overview of ASMC Ca2+ Handling

2.1 General Scheme: Bow-Tie Architecture

Free cytosolic Ca2+ concentration is the consequence of the balance between the

ON mechanisms that tend to increase [Ca2+]i and the OFF mechanisms that tend to

decrease it. Signaling pathways that induce a Ca2+ signal can be viewed as acting on

the ON/OFF balance and, by doing so, inducing a spatiotemporal change in [Ca2+]i
corresponding to the encoding of the Ca2+ signal. This Ca2+ signal can be “read” by

the contractile machinery, and the resulting change in contraction corresponds to

the decoding of the Ca2+ signal. This decoding process can be viewed also as a

combination of ON mechanisms that tend to increase contraction for a given Ca2+

signal and OFF mechanisms that tend to decrease contraction. The Ca2+ signal is

hence at the node of encoding and decoding processes, acting upstream and

downstream of the Ca2+ signal, respectively, on which cell stimulation acts, and

excitation-contraction coupling can be analyzed in the conceptual framework of

this general scheme [2]. Such a scheme, called a bow-tie architecture, initially used

to analyze engineered systems, is also useful for analyzing the information network

that commands cell behavior such as excitation-contraction coupling [3–6]. This

scheme is presented in Fig. 1a. According to this scheme, the structure involved in

Ca2+ homeodynamics is the ON and OFF encoding mechanisms. They are

summarized in Fig. 1b.
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Fig. 1 General mechanisms of Ca2+ handling in ASMCs. (a) Representation of bow-tie

architecture applied to ASMC excitation-contraction coupling. The Ca2+ signal pattern is deter-

mined by the temporal balance between ON and OFFmechanisms. The Ca2+ signal is also decoded

by ON and OFF mechanisms on which depends the contraction. Contractant and relaxant agonists

may act on the ON and OFF mechanisms of both encoding and decoding of the Ca2+ signal.

(b) General scheme of main ON and OFF mechanisms of Ca2+ handling. The main ON

mechanisms are (1) Ca2+ release from the SR through InsP3 receptors (InsP3R) activated by

agonists (A) acting on membrane receptors coupled to PLC (R) or through ryanodine receptors

(RyRs) and (2) extracellular Ca2+ influx through several Ca2+ channels (VOC, ROC, and SOC).

The main OFF mechanisms are (1) Ca2+ extrusion through PMCA and NCX, (2) Ca2+ pumping

into the SR by SERCA, (3) Ca2+ uptake by mitochondrial Ca2+ uniporter, and (4) Ca2+ binding to

fast kinetics–low affinity cytosolic proteins (SPr) and slow kinetics–high affinity cytosolic proteins

(BPr)
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2.2 Encoding Mechanisms of Ca2+ Signal

2.2.1 ON Mechanisms

The ON mechanisms, by which [Ca2+]i is increased upon ASMC stimulation, are

basically Ca2+ release in the cytosol from the sarcoplasmic reticulum (SR) and

extracellular Ca2+ influx through the plasma membrane. The major contractile

agonists, such as acetylcholine and histamine, act primarily via Inositol 1,4,5-

trisphosphate (InsP3) production and Ca2+ release from the cytosol via InsP3
receptors (InsP3R) located in the sarcolemma [7–11]. Ca2+ release from the SR

can also be due to the opening of the ryanodine receptors (RyR), which can be

activated by [Ca2+]i increase, the so-called Ca2+-induced Ca2+ release (CICR), and

cyclic ADP-ribose [12–14]. External Ca2+ influx can occur via different types of

Ca2+ channel. L-type voltage-operated Ca2+ channels (VOCs) are present in

ASMCs and are activated by membrane depolarization [15, 16]. Receptor-operated

channels (ROCs) are activated by binding of the agonist on membrane receptors

[17]. Both ROCs and VOCs can be physiologically involved in the Ca2+ response to

airway smooth muscle stimulation [18]. For example, extracellular adenosine

triphosphate (ATP) acts directly on P2X receptors, whose opening induces Ca2+

and Na+ influx, which in turn depolarizes the plasma membrane, hence indirectly

activating VOCs and subsequent additional Ca2+ influx [19]. Store-operated Ca2+

channels (SOCs) are activated by the emptying of intracellular Ca2+ stores [20,

21]. Though SOCs have been detected in ASMCs and contribute to general Ca2+

homeodynamics, their direct contribution to the physiological Ca2+ signal upon cell

stimulation remains unclear [21–23].

2.2.2 OFF Mechanisms

A decrease in [Ca2+]i results from Ca2+ extrusion out of the cell, Ca2+ uptake by

intracellular organelles, or Ca2+ buffering by cytosolic Ca2+-binding proteins. Ca2+

extrusion against its electrochemical gradient in ASMCs is mainly due to the

activity of the plasma membrane Ca2+-ATPase (PMCA) and the Na+-Ca2+

exchanger (NCX), though the contribution of the latter to the Ca2+ signal is debated

[24], contributing to either Ca2+ extrusion but also, in reverse mode, to Ca2+ influx

[25–28]. Ca2+ storage in intracellular compartments is due to Ca2+ pumping into the

SR by sarco-/endoplasmic Ca2+-ATPase (SERCA) [24, 29] and to Ca2+ uptake into

the mitochondria by the mitochondrial Ca2+ uniporter [2, 30, 31]. Another mecha-

nism that should not be underestimated is free Ca2+ buffering by cytosolic proteins

[32]. Two main types of Ca2+-binding proteins have been identified: fast

kinetics–low affinity Ca2+-binding proteins, so-called signaling proteins, and slow

kinetics–high affinity Ca2+-binding proteins, so-called buffering proteins. Actually,
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these two types of Ca2+-binding sites can coexist on the same protein [6]. Though

the Ca2+ bound to these proteins remains in the cytosol, these Ca2+-binding proteins

can be functionally viewed as a cell compartment of Ca2+ sequestration since they

remove free Ca2+ from the cytosol [2, 31].

3 Temporal Characterization of Ca2+ Signal in ASMCs

3.1 Overview of Biological Material and Methods

For the last two decades, a large number of studies have been published on the

characterization of the cytosolic Ca2+ response to several agonists in ASMCs. The

heterogeneity of these studies concerns the biological material used for these

investigations, the type and mode of cell stimulation, and the methodology used

for [Ca2+]i recordings. Investigations were performed on ASMCs for different

species, mainly rat [2, 8, 9, 19, 33–36], mouse [7, 33, 37–43], guinea-pig [25, 29,

44, 45], pig [12–14, 21, 22, 46, 47], horse [48, 49], cow [21, 50, 51], dog [24,

52–54], and human ASMCs [55–58], and interspecies differences have been

demonstrated. Experiments were performed on either cultured cells or freshly

isolated cells, and in some cases single cells in situ, for example in lung slides.

These different conditions may be responsible for differences in the Ca2+ response

pattern since it has been shown in rat tracheal cells that Ca2+ homeodynamics can

be critically altered by cell culture, even for a short period (48 h) [19], and in situ

recordings maintain cell-to-cell interactions that are disrupted in isolated myocytes.

In most of the studies cited earlier, [Ca2+]i recordings were done using intracellular

Ca2+ probes such as indo-1 or fura-2 or similar fluorescent dyes, for which [Ca2+]i
variation is estimated by changes in fluorescence intensity or intensity ratio. These

molecules allow real-time measurement of [Ca2+]i variations, but, insofar as they

are Ca2+-binding molecules, their presence may alter the amount of free Ca2+ in the

cytosol and, hence, the pattern of the Ca2+ response. Some studies have used an

alternative electrophysiological method based on whole-cell patch clamp recording

of Ca2+-activated Cl� currents (IClCa) [11, 59, 60]. Comparison of the Ca2+ signal

profile obtained with both techniques indicates that fluorescent probes, at the usual

concentrations, have no detectable effect on the [Ca2+]i response pattern.

For example, in freshly isolated rat trachea myocytes, similar [Ca2+]i response

patterns were obtained using indo-1 fluorescent probe or electrophysiological

recording of IClCa [60].
Some differences may be due to the location along the airway tree. Studies have

been performed either on tracheal or intrapulmonary bronchial myocytes, but few

studies have compared the responses of these different cells in similar conditions.

Since the histological organization of airways differs between trachea, extralobular,

and intralobular bronchi, differences in ASMC [Ca2+]i response depending on their

location cannot be excluded. In rat airways, differences in contraction patterns and
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stimulation-contraction mechanisms have been evidenced in response to purinergic

stimulation [19]. In mouse airways, a difference in Ca2+ signaling has been

evidenced depending on bronchial generations [40].

3.2 General Pattern of [Ca2+]i Response

Taken together, notwithstanding the differences observed in the Ca2+ signal

depending on species, agonists, location along the airway tree, and recording

methods, the results obtained from the literature show that a general Ca2+ pattern

can be identified. Examples of original Ca2+ traces of ASMCs from different

species in response to different agonists are presented in Fig. 2. Recordings on

single cells show that the response is characterized by an initial fast and transient

[Ca2+]i rise. The first [Ca
2+]i peak can be followed either by a progressive decay to a

more or less steady-state value below the maximum of the [Ca2+]i peak but above

the resting value, the so-called plateau, or by a succession of transient [Ca2+]i peaks,

the so-called Ca2+ oscillations. These Ca2+ oscillations can be superimposed on the

plateau phase, i.e., [Ca2+]i does not return to baseline between two oscillations.

Fluorescent probes give an estimate of the variations in [Ca2+]i, but the absolute

[Ca2+]i value requires calibration, which was not done in all studies that

investigated the Ca2+ response. When performed, the calculations give a resting

[Ca2+]i of around 100–200 nM, and the amplitude of the Ca2+ peak usually ranges

up to 1 μM above the resting value. The time-to-peak, i.e., the time needed to reach

the maximum [Ca2+]i, is usually not given, indicating that the authors pay more

attention to the amplitude of the peak than to its timing. However, considering

the few studies that have measured this value [2], and the estimation that can be

made from the original traces shown in the others, the top of the Ca2+ peak is

obtained within a few seconds.

The dynamics of [Ca2+]i decay has been quantified by some studies [2, 24, 29].

They show that this decay follows a more or less exponential profile, the decay

being faster when the stimulation is stopped before the decay begins, but the general

pattern remains similar whether cell stimulation goes on or is stopped.

In the case of nonoscillatory response, the slow decay reaches a plateau, which is

part of the Ca2+ signal, that is above the resting value. However, several studies

have focused on the peak and on the oscillations, paying little attention to the

plateau. Its significance in terms of contraction response is discussed later. Usually

this plateau, when observed, persists as long as the stimulation continues and drops

within seconds to baseline when it stops. Observations of original traces show that

the plateau is not strictly constant over time and exhibits irregular variations. This

can be attributable to stochastic variations in Ca2+ release and uptake, whose

consequences for the overall Ca2+ signal is exacerbated by a clustering of SR

Ca2+ channels [61]. In some cases, it slowly decreases even upon stimulation, for

example upon ATP stimulation in rat tracheal myocytes [19]. In other cases, the

Ca2+ signal may persist for several seconds after the end of the stimulation, as
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Fig. 2 Original typical traces of Ca2+ signals in freshly isolated ASMCs from several

species: oscillatory (a) and nonoscillatory (b) Ca2+ response of rat tracheal myocyte to 10�5 M

ACh. (c) Ca2+ response of rat tracheal myocyte to 110 mM KCl. (d) Ca2+ response of rat tracheal

myocytes to 10�4 M ATP. (e) Ca2+ response of horse bronchial myocyte to 10�5 M ACh. (f) Ca2+

response of human bronchial myocyte to 10�5 M ACh. Cells were obtained from fresh tissues

by enzymatic dissociation followed by mechanical dispersion and used within 1 day. [Ca2 +]i
was measured by microspectrofluorimetry using the fluorescent dye Indo 1 (for the methods,

see [19])
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noticed in the same cell type with endothelin-1 [8]. In the case of oscillatory

responses, the oscillations may be damped, with a progressive decay in their

amplitude, or sustained as long as stimulation persists. Oscillatory responses have

been evidenced in ASMCs from several species, such as mouse [42], guinea pig

[29], pig [47, 62], and rat (with nonoscillatory responses as well) [9], whereas

nonoscillatory responses have been observed in cow [50] and dog ASMCs [24].

In human airways, nonoscillatory Ca2+ responses have been described by some

studies on isolated ASMCs [55, 57], whereas a recent in situ study describes an

oscillatory Ca2+ signal [58].

The frequency of oscillations depends on species, agonists, and agonist concen-

tration. In physiological conditions, oscillation frequency ranges between 2 and

3 per minute and 25–30 oscillations per minute. Some pathological conditions

like exposure to oxidizing pollutants increase oscillation frequency [36]. Usually,

oscillation frequency correlates, when recorded, with the intensity of contraction,

and it is usually acknowledged that oscillation frequency encodes for the amplitude

of contraction [34, 36–39, 42, 58, 63]. The mechanisms responsible for Ca2+

oscillations in ASMCs and their significance in contraction encoding are discussed

later in the chapter.

3.3 Mechanisms Responsible for Ca2+ Peak and Plateau

3.3.1 ON Mechanisms

As shown earlier, the first step for the Ca2+ peak and plateau phases, for a large

majority of agonists, is a fast Ca2+ increase followed by progressive decay that can

usually be fitted by an exponential equation. This Ca2+ peak is observed with a quite

similar profile whatever the source of Ca2+, i.e., extracellular Ca2+ influx or Ca2+

release from the SR [42, 64]. In both cases, the elevation of [Ca2+]i is due to a

sudden increase in the amount of Ca2+ in the cytosol caused by the opening of Ca2+

channels, either located in the plasmalemma or in the sarcolemma. This influx is

rapid because, when opened, these channels allow exergonic Ca2+ movement and

the electrochemical gradient highly favors cytosolic Ca2+ influx. Mathematical

modeling of Ca2+ influx through voltage-operated Ca2+ channels and InsP3R or

RyR, based on experimental characterization of these channels, predicts a fast

increase in [Ca2+]i, as observed in Pulmonary artery smooth muscle cell

(PASMC) studies [2, 31, 65]. In the case of InsP3-induced Ca
2+ release, the kinetics

of the Ca2+ response depend on the kinetics of the enzymatic reactions of InsP3
production catalyzed by PLC. Hence, at the molecular level, the mechanisms

responsible for [Ca2+]i increase due to InsP3R stimulation are slower than that

due to VOC activation. The velocity of [Ca2+]i increase, however, depends not only

on the kinetics of the molecular reactions that govern the opening and closure of

Ca2+ channels but also on the ratio between the transmembrane fluxes and the

volume of the cytosol. Experiments show that the kinetics of the Ca2+ peak induced
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by InsP3-mediated agonist are almost similar to direct InsP3 stimulation in both

cases in ASMCs, indicating that, in this cell type, the enzymatic kinetics of InsP3
production are not a limiting factor for [Ca2+]i increase velocity [8].

3.3.2 OFF Mechanisms

The Ca2+ peak involves not only a rise in [Ca2+]i but also the decrease in [Ca
2+]i that

follows. Then, the OFF mechanisms responsible for cytosolic Ca2+ clearance are as

important as the ON mechanisms responsible for [Ca2+]i increase. Experimental

results on the respective roles of SR Ca2+ uptake, mitochondria, and cytosolic

buffering capacity are presented in Fig. 3. Intuitively, Ca2+ decay is linked to the

closure, at least partial, of Ca2+ channels and subsequent activation of mechanisms

that remove Ca2+ from the cytosol, in particular Ca2+ pumping into the SR. Studies

of the dynamics of Ca2+ handling in ASMCs have proven this intuitive representa-

tion to be largely wrong.

First, as far as the stimulation persists, the Ca2+ channels remain open, at least in

the first step of the stimulation. The end of the Ca2+ increase and the beginning of

the Ca2+ decrease do not correspond to the closure of the Ca2+ channels. It has been

established, for example, that the [Ca2+]i peak, including the decay phase, induced

by caffeine stimulation is not due to fast opening and closure of RyRs but to

persistent RyR opening associated with simultaneous mechanisms of cytosolic

Ca2+ clearance [2]. In the case of RyR closure, the exponential decay is faster

than when RyRs remain open, but the profile is similar in both cases, as shown in

Fig. 3a. Both experimental and theoretical studies have shown that the profile of the

[Ca2+]i peak is a consequence of the balance between ON and OFF mechanisms [2,

24, 29, 31, 66]. In this balance, the kinetics of the buffering capacity of OFF

mechanisms are a critical determinant of the Ca2+ peak profile.

Role of Ca2+ Pumping in SR by SERCA

In the buffering system, Ca2+ pumping back into the cytosol is usually considered

the most important aspect [67]. This is actually true in the sense that the SR as a

Ca2+ store is important for cell physiology, but Ca2+ pumping back by SERCA is

not the major determinant of the Ca2+ decay. Actually, if Ca2+ efflux from the

cytosol is activated, then Ca2+ pumping back by SERCA cannot in principle

account for [Ca2+]i decreases since as soon as Ca
2+ is pumped back into the cytosol

it leaks through the opened Ca2+ channels. Accumulation of Ca2+ would require that

the velocity of Ca2+ pumping against the concentration gradient would be higher

than that of a passive Ca2+ leak, which is not the case [66]. Even when the Ca2+

channels are closed during the decay phase, as occurs for short (1 s) stimulations,

inhibition of SERCA does not significantly modify the dynamics of the [Ca2+]i
clearance, as shown in Fig. 3b.
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Fig. 3 Influence of OFF mechanisms on kinetics of Ca2+ signal. (a) Kinetics of [Ca2 +]i decay

following Ca2+ peak induced by 5 mM caffeine stimulation for 1 s (left trace, light gray squares),
5 s (dark gray squares, middle trace), and 30 s (right trace, black square). (b) Influence of SERCA
inhibition by cyclopiazonic acid (CPA) on the kinetics of [Ca2 +]i decay following 5 mM caffeine

stimulation (1 s). Black circles: control; open circles: 10�5 M CPA. (c, d) Influence of mitochon-

drial Ca2+ uptake inhibition by 5.10�6 M FCCP on (c) the kinetics of [Ca2+]i decay following

5 mM caffeine stimulation (1 s) (black circles: control; open circles: FCCP) and (d) the percentage
of oscillating Ca2+ responses to 10�5 M ACh stimulation. (e, f) Influence of increased cytosolic

Ca2+ buffering by 5.10�5 M BAPTA-AM on (e) the percentage of oscillating Ca2+ responses and

(f) the frequency of Ca2+ oscillations to 10�5 M ACh stimulation. Cells were obtained from fresh

tissues by enzymatic dissociation followed by mechanical dispersion and used within 1 day.

[Ca2 +]i was measured by microspectrofluorimetry using the fluorescent dye Indo 1 (for the

methods, see Roux and Marhl [2]). *P < 0.05 (Student’s t-test)



Role of Ca2+ Uptake in Mitochondria by Ca2+ Uniporter

It has been shown that SERCA is neither the only nor the fastest mechanism of free

cytosolic Ca2+ clearance. When [Ca2+]i increases, Ca
2+ uptake into mitochondria

by the mitochondrial Ca2+ uniporter plays a more important role than Ca2+ uptake

by SERCA, even when SR Ca2+ channels are closed, because Ca2+ uptake by

mitochondria occurs faster than that by the SR [30, 68–70]. As shown experimen-

tally, for short caffeine stimulations, inhibition of SERCA does not significantly

modify the slope of the [Ca2+]i decay, whereas inhibition of the mitochondrial

uniporter by Trifluorocarbonylcyanide phenylhydrazone (FCCP) does, as illus-

trated in Fig. 3c. Mitochondria seem also to be involved in the occurrence of

oscillations since FCCP decreases the percentage of oscillatory response to ACh

stimulation in freshly isolated rat tracheal myocytes (personal data) (Fig. 3d).

Role of Ca2+ Buffering by Cytosolic Ca2+-Binding Proteins

Though significant, the effect of mitochondrial inhibition on the shape of the [Ca2+]i
decay following caffeine stimulation is modest, and theoretical analysis has shown

that the shape of the [Ca2+]i decay, as well as the amplitude of the Ca2+ peak,

critically depends on Ca2+ binding to cytosolic proteins capable of buffering free

cytosolic Ca2+ [2, 65, 66]. Though few experimental studies have been dedicated to

investigating the role of cytosolic buffering capacity on the pattern of the Ca2+

signal, manipulation of the buffering capacity of the cytosol by BAPTA, a Ca2+

chelator, shows that an increase in the buffering capacity of the cytosol can alter

Ca2+ signaling [71]. As shown in Fig. 3e, f, increased cytosolic Ca2+ buffering

capacity by the Ca2+ chelator BAPTA decreases both the percentage of oscillating

cells and the frequency of oscillations in response to cholinergic stimulation

(personal data).

3.3.3 Integrated View of Ca2+ Handling upon ASMC Stimulation

Hence, besides [Ca2+]i decay following an initial [Ca2+]i increase, multiple Ca2+

buffering mechanisms act simultaneously, but not instantaneously. According to

the theoretical analysis of Ca2+ handling, a fast [Ca2+]i increase is followed by free

cytosolic Ca2+ buffering by cytosolic proteins and Ca2+ uptake by the mitochondria

prior to Ca2+ uptake in the cytosol, even in the case of cell stimulation and Ca2+

release into the cytosol [66]. This has several consequences for our understanding

of Ca2+ signaling.

First, the temporal aspects of the multiple mechanisms involved in the profile of

the Ca2+ signal are critical determinants of its timing and amplitude. Indeed, the

amplitude of the Ca2+ peak depends on the buffering capacity of the so-called

signaling proteins (fast kinetics Ca2+-binding proteins). The sequential description

of the mechanisms of the Ca2+ signal according to which Ca2+ is first released in the
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cytosol, then buffered by cytosolic protein, later taken up by the mitochondria, and

eventually pumped back into the SR is only a metaphorical way to express the fact

that these mechanisms have different kinetics that should not hide the fact that they

occur simultaneously. Cell stimulation disrupts the dynamic equilibrium responsi-

ble for the [Ca2+]i resting value, and the Ca2+ peak is the result of the subsequent

transitory nonequilibrium state. The Ca2+ plateau is the consequence of the new

dynamics of Ca2+ handling when the new equilibrium state is reached. Fast kinetics

mechanisms are critical for the peak shape, whereas the plateau value is dependent

on the relative buffering capacity of each cell compartment, even if the kinetics of

these buffering reactions are slow. It should be noted that even if the plateau value

seems slightly different from the resting [Ca2+]i value, the equilibrium state may be

quite different in both cases, with great differences in the amount of Ca2+ in the

various intracellular compartments at rest versus upon cell stimulation.

The second consequence is that, although [Ca2+]i values return to baseline within

seconds after the end of cell stimulation, this does not mean that the cell is already

back to its initial Ca2+ homeodynamic state. Theoretical studies, in correlation with

experiments, show that complete Ca2+ refilling of the SR requires several minutes

[2], as illustrated in Fig. 4. As a consequence, two successive cell stimulations
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triggering Ca2+ release from the SR will not result in similar Ca2+ response as long

as Ca2+ handling is not back at its initial state, and the time needed to recover to this

initial state corresponds to a relative refractory period. The delay needed for the

return to resting equilibrium, which is determined by the temporal characteristics of

the mechanisms of cytosolic Ca2+ clearance, has a quite opposite consequence for

cell homeostasis depending on the source of Ca2+. In the case of Ca2+ release from

internal Ca2+ stores, repeated stimulations result in progressive depletion of the SR

and subsequent decrease in stimulus responsiveness, whereas in the case of external

Ca2+ influx, they would result in progressive Ca2+ overloading if the mechanisms of

Ca2+ extrusion were saturated [2, 72].

In conclusion, it should be emphasized that the peak and the plateau involve

similar mechanisms responsible for Ca2+ homeodynamics. The difference between

the peak and the plateau profiles corresponds to two different phases of the

transition between two equilibrium states of the Ca2+ handling, at rest and upon

stimulation. The peak is a consequence of the transient nonequilibrium phase of the

activated state, whereas the plateau corresponds to the state of the system when

equilibrium is reached. When stimulation ends, return to the initial resting state is

longer than the return of [Ca2+]i to baseline, due to silent Ca2+ fluxes between the

Ca2+ buffering elements that occur at constant free cytosolic Ca2+ concentration.

3.4 Mechanisms of Ca2+ Oscillations

As indicated earlier, Ca2+ oscillations have been reported in a variety of ASMCs,

though it should not be forgotten that in some species, including humans, the Ca2+

signal can be a nonoscillatory one. In ASMCs, Ca2+ oscillations have been mainly

observed in response to contractile agonists acting on G-protein-coupled receptors

and InsP3 production, such as ACh, 5-HT, endotheline-1, and ATP [9, 11, 13, 19,

42, 43, 73]. Additionally, experiments using direct stimulation by InsP3 have shown

that nonoscillatory InsP3 concentration was able to generate oscillatory Ca2+

responses [8]. However, Ca2+ oscillations have also been noticed in response to

stimulation acting via external Ca2+ influx [42]. Figure 5a, b compares Ca2+

oscillations induced by cholinergic stimulation and by direct InsP3 exposure.

Basically, Ca2+ oscillations can be explained by asynchronous coupling between

ON and OFF mechanisms. Since oscillations are observed in response to InsP3,

much attention has been paid to the kinetic properties of InsP3R. Several isoforms of

InsP3R have been identified, types 1, 2, and 3. These isoforms are sensitive to both

cytosolic InsP3 and Ca2+. Both types 2 and 3 exhibit a sigmoid-shaped sensitivity

curve to Ca2+ concentration, whereas type 1 has a bell-shaped sensitivity curve: for

low [Ca2+]i, sensitivity to Ca2+ increases with [Ca2+]i, whereas for high [Ca2+]i, an

increase in [Ca2+]i decreases InsP3P opening [74–77]. Moreover, this loss in sensi-

tivity for high [Ca2+]i is delayed. InsP3R by itself seems to be an asynchronous

ON/OFF switch capable of generating oscillations, an idea supported by the fact

that InsP3R inhibition abolishes Ca2+ oscillations [7]. Several theoretical models
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have been developed to explain how InsP3R can be a molecular oscillator [78].

However, the mechanisms of Ca2+ oscillations have appeared to be more complex

and could not be attributed to the properties of the InsP3R type 1 alone. First,

experimental studies have shown that type 1 InsP3R expression can be associated

with nonoscillatory Ca2+ signals [57]. On the other end, studies in vascular SMCs

showed intercellular variation in InsP3R isoform expression and that InsP3R alone

cannot generate Ca2+ oscillations, which requires a mixture of type 1 and type

2 isoform expression in the same cell [79]. In rat ASMCs, an immunofluorescence

study suggested that such a heterogeneous expression is observed, with 100 % of

ASMCs expressing type 1 isoform, 27 % type 2, and 40 % type 3 (personal data).

Theoretical modeling of the InsP3-induced Ca2+ response indicates that both

oscillatory and nonoscillatory Ca2+ signals can be predicted in cells expressing a

mixture of type 1 and type 3 InsP3R, depending on the total amount of InsP3R and the

type1/type3 ratio, and the presence of cytosolic Ca2+-binding proteins [65]. The role

of the isoform ratio in the occurrence of Ca2+ oscillations is illustrated in Fig. 5c, d.
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RyRs have also been shown to contribute to ACh-induced as well as KCl-induced

Ca2+ oscillations [12, 13, 72].

It appears, then, that Ca2+ oscillations in ASMCs are not due to the intrinsic

property of one specific molecular oscillator whose presence determines their

occurrence. Rather, the occurrence of Ca2+ oscillations is an emerging property

of the machinery of Ca2+ handling, and oscillations may appear when asynchronous

ON/OFF mechanisms are simultaneously active. As shown by theoretical

investigations, one cell may occupy different possible positions in the phase

space, at one moment being in an oscillatory phase space and at another moment

in a nonoscillatory space phase, depending on the intensity of cell stimulation [65,

72]. In a cell population, interindividual variations in InsP3R expression and in the

ratio of isoform expression generate the distribution of the cells in the different

phases of the space, so that heterogeneous cell behavior, oscillatory and

nonoscillatory Ca2+ signals, may be the consequence of a homogeneous cell type

associated with inherent cell-to-cell variations [65].

Oscillatory Ca2+ responses have been reported in some cases in response to KCl

stimulation [42]. In the case of forced membrane depolarization, the mechanisms

responsible for the Ca2+ signal, i.e., Ca2+ influx through VOCC and CICR through

RyRs, are different from that activated by agonists acting on G-coupled membrane

receptors like muscarinic receptors. This emphasizes the fact that oscillations may

occur as a consequence of the activation of distinct pathways. However, in the

case of KCl, Ca2+ oscillations require simultaneous involvement of ON/OFF

mechanisms, unlike with InsP3. Oscillations have also been reported in vascular

SMCs, and theoretical modeling, including voltage-dependent Ca2+ influx and RyR

activation, accounts for this oscillatory profile [80]. Though these models have been

developed for vascular SMCs, the mechanisms they describe also account for what

is observed in ASMCs, as was confirmed by recent modeling of KCl-induced

oscillations in ASMCs [72].

Taken together, these results indicate that the pattern of the Ca2+ signal is

critically determined by the kinetic constants of each element involved in ASMC

Ca2+ handling. Perturbation of the functional properties of any of these structures

may lead to loss of the oscillatory response, which does not mean that this structure

is the element that determines the Ca2+ profile, but it is one element, among others,

where functional properties contribute to shape the Ca2+ signal.

4 Decoding of Ca2+ Signals

4.1 Contractile System

How is a message carried by the Ca2+ signal? In other words, how does the Ca2+

signal determine the behavior of the contractile apparatus? What is, in the time-

dependent variations of [Ca2+]i that occur upon cell stimulation, information for the
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contractile machinery, and what type of information is it? The object of this part of

the chapter is not to detail the contractile apparatus and its regulation pathways but

to present an overview of the “semantics” of the Ca2+ signal in terms of contraction.

Basically, a rise in [Ca2+]i activates the contractile apparatus by the following

pathways, summarized in Fig. 6. Ca2+ binds to the cytosolic protein calmodulin

(CaM), which can bind to the myosin light chain kinase (MLCK), and the Ca2+-

CaM-MLCK complex is the active form of MLCK. When activated, MLCK

phosphorylates the 20 kDa regulatory myosin light chain (MLC20), and this phos-

phorylation is required for the formation of the actin-myosin cross bridge and,

hence, contraction. Dephosphorylation of MLC20 is ensured by myosin light chain

phosphatase (MLCP). Both MLCK and MLCP activity can be up- and

downregulated by several kinase- and phosphatase-dependent pathways [81]. The

canonical way that controls contraction in ASMC is the Ca2+-CaM-MLCK pathway

[34, 82]. The other regulatory mechanisms are grouped into the so-called concept of

regulation of Ca2+ sensitivity since they modify the contractile response for a given

Ca2+ signal. Though useful, this distinction between the Ca2+-induced contraction

pathway on the one hand and the regulation of Ca2+ sensitivity on the other hand is

somewhat artificial since regulation of Ca2+ sensitivity can itself be Ca2+-

dependent [83].

PKC

A + M A + Mp

Ca2+

AM

MLCP

AMp

Rho kinaseCa2+-CaM-MLCK

− −

Fig. 6 General mechanisms of Ca2+-contraction coupling in ASMCs. Ca2+ binds to calmodulin

(CaM) and MLCK. The Ca2+-CaM-MLCK complex is the active form of MLCK, which catalyzes

MLC20 (M ) phosphorylation. Phosphorylated MLC20 (Mp) binds to actin (A) to form the actin-

myosin bridge (AMp) that can later be dephosphorylated (AM). Dephosphorylation is achieved by

MLCP, whose activity is modulated by several kinases, mainly PKC and RhoK
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4.2 Contractile Significance of Ca2+ Signal

The semantics of the Ca2+ signal have long been investigated by correlating

contraction with the Ca2+ signal parameters, mainly the Ca2+ peak, the plateau,

and, when present, the oscillations [9, 19, 35–37, 42, 64]. Regarding the contraction

itself, several distinct parameters are used to describe it. Usually, the intensity of the

steady-state response is used to characterize the contractile response, measured by

either isometric recording [19, 34, 36, 45, 51, 83–85] or changes in the trans-

sectional area of the bronchial lumen [33, 40, 43], but other parameters are also

used to describe the temporal aspects of the contractile response, such as shortening

velocity in isotonic measurements [86, 87] or half-time maximal contraction

(the time needed to achieve 50 % of the maximal contraction) in isotonic recording

[34, 83, 86, 87].

Peak, plateau, and oscillation frequency all vary with the intensity of agonist

stimulation, as does the amplitude of contraction. It is hence difficult to determine

experimentally the specific message carried by each Ca2+ signal parameter because

of the difficulty of varying one parameter independently of the others. Theoretical

modeling is a way to investigate the specific significance of the distinct parameters

of the Ca2+ signal since it is possible, in contrast to experimentation, to vary them

independently [34, 83, 87–89].

4.2.1 Contractile Message of Initial Ca
2+

Peak

Realistic computational modeling of Ca2+-contraction coupling, including both the

canonical MLCK pathway and MLCP regulation by RhoK and PKC, indicates that

the amplitude of the Ca2+ peak determines the velocity of the early phase of the

contraction [34, 83]. This may explain why ASM contraction develops slower for

low than for high levels of agonist concentration. However, according to the model,

the contractile apparatus is much less sensitive to a transient [Ca2+]i rise than to a

sustained one, and the peak does not determine the amplitude of contraction. This is

basically due to the inertia of the MLCK-dependent activation of the contractile

apparatus compared with the velocity of the Ca2+ peak, both in its increase and

decrease, so that during the Ca2+ peak, the MLC phosphorylation rate decreases

before phosphorylated MLC has reached its maximal value.

4.2.2 Contractile Message of Ca
2+

Plateau

The amplitude of the plateau is, according to the model, the major determinant of

the amplitude of contraction [34, 83]. Since the plateau is a stable [Ca2+]i value, the

system can reach its equilibrium. Usually, the amplitude of the plateau is consid-

ered small compared with the maximal peak value. However, both theoretical

and experimental studies indicate that the level of phosphorylated MLC is not
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linearly related to the steady-state [Ca2+]i value, and this explains the fact that

the amplitude of the plateau is a critical determinant of the amplitude of the

contraction [34].

4.2.3 Contractile Message of Ca2+ Oscillations

Experimental studies have demonstrated statistical correlations between the

frequency of Ca2+ oscillations and the amplitude of contraction, suggesting that

the Ca2+ oscillation frequency determines the amplitude of contraction [9, 19, 33,

35, 39, 43, 63]. However, such correlations do not establish an unequivocal causal

relationship since, as stated earlier, other parameters simultaneously correlate with

contraction intensity [9, 35]. Moreover, the meaning of frequency encoding should

be clarified. Indeed, Ca2+ oscillations induce an average [Ca2+]i increase that may

induce contraction whether this increase is oscillating or not. Thus, if we consider

oscillations as carrying a specific message, this means that the contractile apparatus

is specifically sensitive to the dynamics of Ca2+ oscillations. In other words, the

contractile system is oscillation-frequency-sensitive only if the contractile response

to an oscillatory signal differs from that of a nonoscillatory signal with an identical

average [Ca2+]i value, i.e., for which the surface area under an oscillating trace is

equal to that under a nonoscillating trace. It is hard, if not impossible, to design an

experimental protocol to compare these two conditions. Additionally, since airway

smooth muscle contraction is the response at the tissue level, the question arises as

to whether the observed nonoscillatory contractile response at the tissue level is the

consequence of the summation of asynchronous oscillatory responses at the cellular

level or results from the integration at the cellular level of an oscillatory Ca2+

message into a nonoscillatory contractile response. For both questions, mathemati-

cal modeling is a useful tool to test these hypotheses. Computational modeling with

realistic kinetic constants indicates that oscillation frequency within the range

observed in experiments (5–30 oscillations min�1) generates a nonoscillatory

contractile response [34, 83]. Hence, it seems that the oscillatory message is

integrated at the cellular level by the contractile machinery. This integration occurs

at different steps of Ca2+-contraction coupling, illustrated in Fig. 7. Model predic-

tion indicates that the temporal pattern of MLCK activity is oscillating and follows

more or less that of the Ca2+ signal, though MLCK activity decay might be slightly

slower than Ca2+ decay (Fig. 7b). In contrast, the temporal pattern of MLC

phosphorylation, though oscillatory, exhibits smoothed oscillations, the level of

phosphorylated MLC remaining high between two oscillations (Fig. 7c). This is due

to the inertia of the system, i.e., physiological MLCP activity is not sufficient to

trigger an immediate drop in phosphorylated MLC when MLCK activity decreases

between two Ca2+ oscillations. The second, and most important, step of the integra-

tion of the Ca2+ signal is the formation of actin-myosin bridges. Computational

modeling predicts that the amount of actin-myosin bridges, which corresponds to

isometric contraction, remains high between two Ca2+ peaks even if the amount of

phosphorylated MLC tends to decrease. This is due to the fact that actin-myosin
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binding can be maintained even if MLC is dephosphorylated because of the low

kinetic constant for the rupture of the dephosphorylated myosin-actin bridge, the

so-called latch bridge. When the next Ca2+ peak and its subsequent rise in MLC

phosphorylation occur before a significant drop in the actin-myosin bridge, which

depends on the balance between oscillation frequency and the kinetics of actin-

myosin bridge cycling, actin-myosin bridges tend to accumulate until an equilib-

rium is reached, and this corresponds to a slow additional increase in contraction

(Fig. 7d). Changing the oscillation frequency within the physiological range in the

model predicts an oscillation-frequency-dependent increase in contraction. It can

hence be concluded that the oscillations actually encode for the intensity of ASM

contraction since ASMC modeling predicts that the contractile system is specifi-

cally sensitive to oscillation frequency independent of the average [Ca2+]i value.

However, if we compare, as shown in Fig. 8, the sensitivity of the contractile

machinery to the peak value (or transient [Ca2+]i increase), the plateau value

(or the average [Ca2+]i value), and the oscillation frequency, the model prediction
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is that the contractile apparatus will be much more sensitive to the plateau value

than to the frequency of Ca2+ oscillation per se. Hence, the importance of the

plateau phase or, in the case of oscillatory Ca2+ signals, of the average [Ca2+]i
value over time independently of Ca2+ oscillations should not be underestimated.

The sensitivity to a transient [Ca2+]i rise is quite low, as shown in Fig. 8b, which

explains the fact that, for a standard biphasic Ca2+ response, the amplitude of the

Ca2+ peak does not determine the amplitude of the contraction, which depends on

the plateau, but not its velocity (Fig. 8a).

It is tempting to speculate about the advantage of frequency encoding versus

amplitude encoding in cell physiology. For example, it has been hypothesized that

oscillation encoding may be more precise than amplitude encoding, hence ensuring

more accurate functional response to cell stimulation, especially for low agonist

concentrations [90]. Though this may be true in principle, one should be cautious,

however, when speculating about the putative advantage of oscillatory versus
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nonoscillatory encoding, and at least in ASMCs, there is no clear evidence that

oscillatory signaling may be advantageous. The main argument against such a

speculation is that, in various species, ASMCs exhibit nonoscillatory Ca2+ signals.

Additionally, analysis of cell-to-cell variability of the Ca2+ signal has shown, as a

general property, high interindividual variations in the Ca2+ response to the same

stimulation [91]. The Ca2+ signal appears, then, to be highly noisy, and it is hard to

imagine the specific evolutionary advantage of highly precise decoding of a highly

noisy signal. Robustness to the noise of the signal would, in principle, be more

advantageous.

Functional analysis shows that Ca2+ oscillations can appear as an emerging

property of the system responsible for intracellular Ca2+ handing and that these

oscillations have functional consequences for the contractile apparatus. Whether

the occurrence of an oscillating Ca2+ signal is a byproduct of the functional

constraint of the system controlling Ca2+ homeodynamics [92] or a consequence

of a selective pressure that has designed this system for the production of

frequency-encoded Ca2+ signal is purely speculative and has no real support.

5 Conclusion

In conclusion, the temporal aspects of Ca2+ signals are inherent in the concept of

Ca2+ signal, which is, by definition, a spatiotemporal change in [Ca2+]i. Temporal

variations upon contractile stimulation exhibit a general pattern characterized by a

transient Ca2+ peak followed either by a steady-state phase or Ca2+ oscillations.

This pattern is the consequence of simultaneous, but not instantaneous, interactions

between all the elements involved in Ca2+ handling, both ON and OFF mechanisms.

Among the latter, Ca2+ pumping back into the SR is not the only important

mechanism, and Ca2+ uptake by mitochondria and Ca2+ binding to cytosolic

proteins are critical determinants of the Ca2+ signal. The transient peak is the

consequence of a transitory nonequilibrium phase between the resting and

the activated states of Ca2+ homeodynamics. If an equilibrium is reached, then

[Ca2+]i stabilizes with respect to the plateau, whereas if asynchronous interactions

between ON and OFF occur, Ca2+ oscillations appear. These different parameters

of the Ca2+ signal are contractile messages. According to theoretical analysis, the

amplitude of the Ca2+ peak encodes for the velocity of contraction, whereas

the plateau determines the amplitude of the contraction. When they exist,

oscillatory signals seem to be integrated at the cell level, leading to nonoscillatory

contractions due to the temporal inertia of the MLC dephosphorylation process and

dephosphorylated myosin-actin bridges. Oscillation frequency seems to encode

specifically for the amplitude of contraction, but the contractile system is less

sensitive to Ca2+ oscillation frequency per se than to the average Ca2+ value over

time, whether or not the Ca2+ signal is oscillatory.
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Abstract In airway smooth muscle (ASM) cells, contractile tone is tightly coupled

to the intracellular calcium (Ca2+) concentration, with Ca2+ release from intracel-

lular stores, followed by influx through plasma membrane ion channels providing

the signature Ca2+ signal leading to contraction. One such Ca2+ influx pathway, via

store-operated calcium (SOC) channels, is particularly prominent in ASM cells.

SOC entry not only supplies Ca2+ to replenish the depleted intracellular stores but

also provides a sustained Ca2+ signal to maintain contraction and potentially initiate

downstream cellular responses. The molecular determinants of store-operated Ca2+

entry were poorly defined until the relatively recent discovery of the central roles of

the stromal interaction molecules and Orai proteins in this pathway. In this chapter,

we describe the current understanding of the mechanism of SOC entry and its

functional significance in ASM cells.
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1 Introduction

Airway smooth muscle (ASM) tone is the critical determinant of bronchial diameter

and, thus, bronchial airflow. At rest, ASM is relatively quiescent, but activation of

ASM cells by bronchoconstrictors (e.g. acetylcholine, histamine) can lead, in

asthmatics, to marked airway constriction and bronchospasm. In asthma, bronchial

hyperresponsiveness is a major cause of respiratory dysfunction, and many com-

mon asthma therapies target ASM to directly regulate airway tone and ameliorate

these symptoms.

In ASM cells, contractile tone is predominantly determined by the intracellular

calcium (Ca2+) concentration. Many bronchoconstrictors act through Gq protein-

coupled receptors to elevate Ca2+ through phospholipase C (PLC) activation and

inositol trisphosphate (IP3)-dependent Ca2+ release from intracellular stores

[2]. The tight regulation of intracellular Ca2+ levels is critical for the regulation

of myriad cellular functions and, ultimately, cell viability [43]. Accordingly, in

ASM cells, Ca2+ modulates such key cellular events as contraction, proliferation,

migration and cytokine synthesis. Dysfunction in one or a combination of these

events may initiate, orchestrate and perpetuate the permanent structural changes to

the airways observed in people with chronic asthma. The molecular components

involved in regulating intracellular Ca2+ levels in ASM therefore constitute attrac-

tive therapeutic targets in the treatment of asthma (and other airway diseases) and,

as such, have attracted considerable research efforts.

A variety of Ca2+-gating pathways, including voltage-dependent calcium

channels (VDCCs), receptor-operated calcium channels (ROCs) and sodium/cal-

cium exchangers, may be found in the plasma membrane of ASM. However, the

dominant mechanism by which intracellular Ca2+ is modulated in ASM cells is via

store-operated calcium (SOC) entry (SOCE), and it is this mechanism which

primarily drives ASM contraction [61]. SOCE [formerly referred to as capacitative

calcium entry (CCE)] was first postulated in 1986 by James Putney and is the

process by which a decrease in endoplasmic reticulum (ER) Ca2+ content signals to

induce an influx of extracellular Ca2+ via plasma membrane Ca2+ channels [51,

55]. The current mediating this Ca2+ entry was first identified by Hoth and Penner

([28]), who coined the term ICRAC (for calcium release-activated calcium current).

Experimentally, Sarcoplasmic reticulum (SR) Ca2+ stores may be depleted by a

variety of manipulations, often in combination with the removal of extracellular

Ca2+, including inhibition of the sarcoplasmic/endoplasmic reticulum (SR/ER)

Ca2+-ATPase (SERCA) pump (e.g. with thapsigargin [46]); emptying of the SR

by ryanodine or caffeine treatment [3, 4, 10]; exposure to the Ca2+ chelator ethylene

glycol-bis(β-aminoethyl)-N,N,N0,N0-tetraacetic acid (EGTA); or the activation of

G-protein-coupled receptors (GPCRs), predominantly in response to contractile
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agents and coupled to the Gq family of G proteins [8, 24]. In ASM cells, bradykinin

and histamine (acting via the B2 and H1 Gq-protein-coupled receptors, respec-

tively) are commonly used as ligands due to their pathophysiological and clinical

relevance.

Upon extracellular exposure to a contractile agonist such as bradykinin or

histamine, an initial rise in intracellular Ca2+ is observed, which is a direct result

of Ca2+ being released from intracellular SR stores (via the IP3R) into the cyto-

plasm. This rise in intracellular Ca2+ causes the ASM cell to contract. The

subsequent influx of Ca2+ from the extracellular milieu is largely via SOCE, and

this process is central to the maintenance of contraction [61], although the contri-

bution of L-type VDCC, ROC and reverse-mode Na+/Ca2+ exchange to Ca2+

homeostasis/contraction in ASM cells has also been demonstrated [15, 16].

SOCE is also crucial in enabling the cell to re-establish its levels of Ca2+ to those

appropriate for each intracellular location and, hence, allows the cell to return to a

basal state.

Refilling of intracellular stores is clearly a crucial stage of Ca2+ homeostasis, and

in the past decade understanding of the molecules and mechanisms involved has

advanced rapidly with the discovery of the STIM and Orai families of proteins and

increased understanding of the roles of transient receptor potential (TRP) channels.

In this chapter we will describe the current understanding of STIM, Orai and

canonical TRP (TRPC) channels and how they orchestrate store refilling. We will

also address some of the emerging evidence for the involvement of SOCE in ASM

cell physiology and pathophysiology. Although some general concepts may be

drawn from studies in non-ASM cells, where possible we will focus on what is

known specifically in ASM cells.

2 ICRAC and ISOC

In the absence of a molecular definition of the mechanism of SOCE, considerable

efforts went into biophysically characterizing the currents underlying Ca2+ entry,

with the ICRAC current representing the best characterized SOCE current. ICRAC is

defined as a small-conductance (0.02 pS), non-voltage-gated, inwardly rectifying

and highly Ca2+-selective (approx. 1,000-fold selective for Ca2+ over Na+) current

[44]. In ASM cells, a small, transient inward current, consistent with ICRAC (i.e. a

positive reversal potential and limited outward rectification) was identified

[46]. However, in common with many other cell types, including vascular smooth

muscle [1], larger, less Ca2+-selective SOC currents (ISOC) have been observed in

ASM cells. Indeed, store depletion with cyclopiazonic acid (CPA) has been shown

to elicit a larger, more outwardly rectifying cation current in both bovine [25] and

human [45, 46, 61] ASM cells. These findings highlight that ASM cells can utilize

multiple pathways to gate Ca2+ in response to store depletion, adding further

complexity to the task of dissecting the molecular determinants of SOCE.
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3 STIM

Stromal interaction molecules (STIM) STIM1 and STIM2 were first reported in

1996 [42]; however, a role for STIM in Ca2+ signalling was not suggested until

2005, when two RNAi screens highlighted STIM as a modulator of Ca2+ [32, 52].

The field has since advanced rapidly, and STIM is now recognized as the key

molecule alerting cells to increase the flow of Ca2+ across the plasma membrane

following depletion of intracellular stores.

The domain architecture of STIM1 and STIM2 has been carefully researched

and is shown in Fig. 1. Apart from a small proportion of STIM1 molecules which

have been observed on the plasma membrane, STIMs consist of one transmembrane

region with the N-terminus located in the lumen of the ER store and the soluble

C-terminus projecting into the cytosol [59]. Systematic mutagenesis experiments

have revealed the protein domains which are crucial for Ca2+ sensing, subcellular

reorganization, punctae formation and facilitation of a CRAC current. The step-by-

step role of STIM in the regulation of SOCE was recently reviewed by Michael

Cahalan [11] and is summarized schematically in Fig. 2.

Under basal conditions, STIMs likely exist as dimers with Ca2+ ions bound to the

cEF-hand domain in the N-terminus. The combined sterile-α motif (SAM) and

EF-hand domains function as highly sensitive Ca2+ sensors, and when ER Ca2+

stores are depleted, these Ca2+ ions are released from STIMs, resulting in a

conformational change. When the exodus of Ca2+ from ER stores leads to an ER

luminal concentration of less than approx. 300 μM, the “empty-handed” STIMs

cEF hEFS SAM TM CC1 CC2 P/S KN C

cEF hEFS SAM TM CC1 CC2 P/S KN C

STIM1

STIM2

Intraluminal domain Cytoplasmic domain

High homology  region Variable region

SOARCa2+

Ca2+

Fig. 1 Schematic illustration of molecular domains of STIM1 and STIM2. Both proteins consist

of a single transmembrane domain (TM), separating cytoplasmic and intraluminal portions of the

proteins. The N-terminal signal peptides (S) are cleaved during translation. The intraluminal

domains contain canonical Ca2+-binding EF-hand domains (cEF), non-Ca2+-binding hidden

EF-hand domains (hEF) and a sterile α-motif (SAM). The cytoplasmic domains contain two

coiled-coil domains (CC1 and CC2), a proline/serine-rich domain (P/S) and a C-terminal lysine-

rich domain (K ), involved in phospholipid interactions. The STIM-Orai-activating region (SOAR)
within STIM1 is also indicated
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Fig. 2 The role of STIM1 and Orai in Ca2+ store refilling in ASM. The four images (a–d) illustrate

the sequential process of intracellular Ca2+ release, store-operated Ca2+ entry and Ca2+ store

refilling in response to activation of the B2 bradykinin receptor in ASM cells. In each case, the

graph in the bottom left-hand corner demonstrates the relative Ca2+ concentration in the cytoplasm

occurring under the conditions depicted in the corresponding figure. (a) Under basal conditions the

vast majority of STIM1 molecules are found spanning the membrane of intracellular stores with

the SOAR-containing C-terminus located in the cytoplasm and the SAM- and EF-domain-

containing N-terminus located inside the intracellular store. At resting levels of Ca2+ within the

ER store (~400 μM), STIM1 is believed to exist as a dimer. Ca2+ ions bound to the EF-hand

regions of STIM1 maintain the localization and conformation observed under basal conditions.

SERCA pumps maintain basal Ca2+ levels within the ER stores by actively pumping Ca2+ ions into

the store. (b) Exposure of the ASM cell to an agonist such as bradykinin promotes activation of the

bradykinin B2 GPCR and of its downstream signaling pathway [via Gαq and PLC-induced inositol

1,4,5-trisphosphate (IP3) generation], resulting in activation of the IP3 receptor (IP3R). (c) Activa-

tion of IP3R drives the release of Ca2+ ions from the ER stores into the cytoplasm, resulting in a net

drop in ER store Ca2+ concentration. When the concentration reaches ~300 μM, the lost contact

between Ca2+ ions and the EF-hand domains of the STIM1 molecules prompts STIM1 to undergo

conformational changes, exposing the SOAR domain. STIM1 also rapidly oligomerizes and

translocates along the ER membrane to regions in close proximity to the plasma membrane.

(d) The exposure of the SOAR domain allows Orai molecules on the plasma membrane to be

harnessed, resulting in punctae containing STIM1 and Orai. They are believed to exist in a 1:1 ratio

of STIM1 dimers to Orai subunits, i.e. eight STIM1 molecules interacting with one tetrameric

Orai molecule. As a result of these interactions, extracellular Ca2+ enters the cell via the Orai

channel, increasing intracellular Ca2+ and allowing the refilling of ER stores via SERCA activity.

As intracellular Ca2+ returns to resting levels, the localization and conformation of STIM1 and

Orai also return to the basal conditions depicted in Fig. 2a
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undergo a conformational change exposing the STIM-Orai activating region

(SOAR) domain. These “empty handed” STIMs are driven to oligomerize and

then translocate along the ER membrane to regions where the ER membrane is in

close proximity (one study suggests 10–25 nm [65]) to the plasma membrane

(shown schematically in Fig. 2 and in human ASM cells in Fig. 3). In addition to

conformational changes in STIMs, the mechanism by which STIMs translocate

along the ER membrane following store depletion also involves remodeling of the

ER, and the details of this process were revealed by elegant experimentation and

systematically reviewed in 2011 by Shen et al. [54].

As the name suggests, the SOAR domain of STIMs is that responsible for the

interaction between STIMs and Orai (Orai is described below in Sect. 4).

As observed and described in Figs. 2 and 3, aggregates of STIM and Orai molecules

form junctional assemblies, resulting in an influx of extracellular Ca2+ into the

cytoplasm. Although not yet confirmed in ASM cells, in other cell systems a

number of binding and regulatory proteins have been identified which can also

Fig. 3 To observe the cellular localization of STIM and Orai, researchers commonly use

recombinant versions fused to fluorescent proteins which can be transiently expressed in cells.

In this series of images from our laboratory, the same human ASM cell is shown overexpressing

STIM1 fused to a yellow fluorescent protein (YFP) and Orai fused to a cyan fluorescent protein

(CFP) (STIM1-YFP and Orai-CFP respectively). The top row of images (a, c, e, and g) shows

STIM1-YFP, whereas the bottom row (b, d, f, and h) shows Orai-CFP. Each vertical set of panels

represents a different time point, with a and b imaged at time 0, c and d at 1 min, e and f at 6 min

and g and h at 8 min. Thus, in human ASM cells under basal conditions and in the presence of low

(0.1 mM) extracellular Ca2+, STIM1-YFP exhibits a cytoplasmic distribution (panel a), whereas

Orai-CFP localizes more to the plasma membrane (panel b) [7]. Following store depletion induced

by combined exposure to 1 μM bradykinin (acting via the mechanisms depicted in Fig. 2) and the

SERCA pump inhibitor 1 μM thapsigargin, both STIM1-YFP and Orai-CFP alter their cellular

locations and co-localize in punctae (panels c–f). Removal of bradykinin and thapsigargin from the

extracellular environment, combined with perfusion of buffer containing 2 mM extracellular Ca2+

into the system, causes the punctae to disperse, and both STIM1-YFP and Orai-CFP begin to return

to their initial cellular locations (g and h)
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modulate this process. These include junctate, calmodulin, CRAC regulatory

protein 2A, Golli and SOCE-associated regulatory factor; their putative roles

have recently been reviewed [56, 58]. Roles for these proteins have been

demonstrated in both the formation and dissociation of junctional assemblies.

Whilst Orai channels appear to be turned off by a calcium-dependent inactivation

(CDI) process involving the STIM1 cytoplasmic inhibitory domain region, STIM1

itself returns to its resting conformation and location following the increase in Ca2+

concentration within the ER stores [56].

Peel et al. confirmed the expression of STIM1 and STIM2 in human cultured

ASM cells in 2006 [45]. Using siRNA specifically targeted against STIM1 or

STIM2, a functional role was found for STIM1 (but not STIM2), with STIM1

knockdown leading to decreased store-operated Ca2+ influx following store deple-

tion by CPA. Interestingly, the functional importance of STIM1 varied according to

the mechanism by which intracellular stores were depleted, with Ca2+ re-entry

following histamine-mediated store depletion being much more susceptible to

STIM1 knockdown than that following exposure to bradykinin [45].

4 Orai

Following on from the identification of the STIM proteins as key mediators in the

SOCE process, a further significant advance was made with the discovery of

the Orai family of proteins [20]. Named after the sisters guarding the gates of

heaven in Greek mythology, three Orai genes have been identified (Orai1–3) from

genome-wide RNAi screens, each encoding a protein containing four transmem-

brane domains, with both N- and C-termini located intracellularly (Fig. 4) [20, 63,

69]. This topology did not immediately suggest that the Orai proteins were ion

channels, yet Orai1 (also known as CRACM) appears to constitute the pore-

forming subunits of ICRAC channels. A modified linkage analysis identified a single

point mutation in Orai1 (R91W), which leads to severe combined immunodefi-

ciency (SCID) syndrome through the disruption of Ca2+ entry in T-cells [20]. The

executive role of Orai1 in SOCE is further supported by the findings that ICRAC
activity is rescued in SCID patients’ T-cells by expression of wild-type Orai1 [20]

and that the R91W mutation in Orai1 ablates ICRAC in cells [20, 63, 69]. Finally,

when recombinant Orai1 is co-expressed with STIM1, large ICRAC currents can be

detected with properties very similar to those of native ICRAC [36, 47, 57, 69].

The functional roles of Orai2 and Orai3 remain somewhat unclear, but both can

couple with STIM1 to generate ICRAC-like channels, with properties slightly differ-

ent from those of the Orai1-containing channels [17, 33]. In addition, functional

Orai channels appear to exist as tetramers [29, 37], with hetero-oligomerization

between Orai isoforms likely to generate further diversity [33]. How these multiple

potential channels relate to the variety of SOC channels observed in vivo remains to

be established.
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Using an approach identical to that adopted for investigations into the role of

STIMs in human cultured ASM cells, Peel et al. uncovered the contribution of the

Orai proteins to store refilling [46]. Expression studies confirmed that all three Orai

isoforms were present at the level of mRNA in ASM. However, due to a lack of

availability of antibodies against Orai2 or Orai3 at that time, only the presence of

Orai1 could be confirmed at the protein level. Subsequent siRNA-based experiments

revealed a role for Orai1 but not Orai2 in both CPA- and thapsigargin-mediated Ca2+

influx. The role of Orai1 in ASM cell SOCE (in response to CPA) was recently

confirmed by Sathish et al. [53] using siRNA targeting Orai1. Interestingly, Peel

et al. [46] also found that Orai3 knockdown resulted in a decrease in both

CPA-mediated store release and subsequent Ca2+ influx, suggesting that this isoform

could regulate basal Ca2+ levels or Ca2+ release from stores.

Electrophysiologically, cultured human ASM cells exhibited a two-component,

store-operated current following exposure to the SERCA inhibitor CPA [46]. The

first component was a small, transient inward current with characteristics typical of

ICRAC (very positive reversal potential with limited outward rectification), while a

subsequent component was more similar to the ISOC currents previously reported in

human bronchial smooth muscle cells [61]. The initial ICRAC-like current was

inhibited by Orai1 depletion, whilst the ISOC-like current was relatively unaffected

[46]. These findings suggest a key role for Orai1 in the ICRAC-like current, consis-

tent with findings in other systems [20, 63, 69], but the molecular nature of the

larger ISOC-like current remains unclear. It is likely that one or more of the five

TRPC homologues identified in human ASM cells (TRPC1, 3, 4, 5 and 6) [14, 40,

64] might contribute to this current (see Sect. 5 for further discussion).

TM
4

TM
2

TM
1

TM
3

N
C

Glycan

STIM1
Caveolin

STIM1

Orai1

Extracellular

Intracellular

Fig. 4 Schematic illustration of Orai1. Orai1 consists of four transmembrane domains (TM1–TM4),
with intracellular N- and C-termini. The second extracellular domain (between TM3 and TM4) is
heavily glycosylated, and the C-terminus contains a coiled-coil (CC) domain. The C-terminus of

Orai1 (in particular the coiled-coil domain) plays a critical role in STIM1 binding, but the role of the

N-terminus in association with STIM1 is less clear (see [19] for review)
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In addition to STIM1, numerous other Orai1 binding partners have been

identified [see [58] for a review]. For instance, the N-terminus of Orai1 has

been demonstrated to interact with caveolin-1 to regulate dynamin-dependent

internalization of the channel in oocytes [67]. An interaction between caveolin-1

and Orai1 may be important in regulating SOCE in ASM cells, as it was recently

reported that caveolin-1 over-expression enhanced Orai1 levels and elevated

SOCE, whilst siRNA-mediated knockdown of caveolin-1 blunted SOCE and

reduced Orai1 expression [53]. The mechanism of this regulation by caveolin-1

has not been investigated, but given the findings in oocytes [67], it would be

interesting to examine whether manipulations in caveolin-1 expression altered the

internalization of the channel in ASM cells.

5 TRPC

The TRPC family consists of seven genes (TRPC1–7), which have been proposed

as key molecular components of the non-selective cation currents (NSCCs) found in

a variety of excitable and non-excitable cells [38]. In human ASM cells,

five members of the TRPC family (TRPC1, 3, 4, 5 and 6) have been identified

at the mRNA level, with TRPC1, 4, 5 and 6 confirmed at the protein level [14,

40, 64]. However, the functions of these TRPC channels in ASM are less

well defined.

In human ASM cells, Corteling et al. [14] observed a histamine-induced Ca2+

entry pathway with characteristics similar to those of TRPC-dependent entry, while

the large ISOC currents identified in ASM cells [46, 61] were also consistent with

TRPC channel activity. Indeed, Sweeney et al. found that TRPC1 mRNA was

elevated under conditions in which ISOC was enhanced (in proliferating cells),

suggesting a role for TRPC1 in mediating at least part of the observed ISOC current.

However, a causal link between TRPC1 mRNA levels and ISOC was not firmly

established, so this remains speculative. In contrast, TNFα treatment selectively

increased TRPC3 expression in human ASM cells, which was demonstrated to be

responsible for an elevated basal intracellular Ca2+ and enhanced SOCE, suggesting

a pathophysiological role for TRPC3 in inflammatory airway disease [64].

But which TRPC isoforms are involved in gating Ca2+ in healthy ASM cells?

The role of TRPC6 was investigated in guinea pig ASM cells, using siRNA to

knock down the channel [23]. The researchers found that TRPC6 depletion had no

effect on oleyl acetyl glycerol (OAG)-mediated Ca2+ entry, suggesting that TRPC6

is not a primary Ca2+-conducting channel in ASM cells. However, the authors

suggested that the channel could still be contributing to NSCCs without directly

gating Ca2+ if Na+ ions were the main conductance through TRPC6, as has been

demonstrated in human embryonic kidney (HEK) cells [18].

In contrast, TRPC3 was reported to be crucial in generating NSCCs (whose

constitutive activity at rest contributes to the relatively depolarized resting
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membrane potential) in normal mouse ASM cells, with an emerging role for

TRPC1 in an asthmatic mouse model [66]. This differs somewhat from the findings

of White et al. [64], who only found a significant expression/function of TRPC3

following TNFα treatment, but this may reflect the different species used in the two

studies. The role of TRPC isoforms in mediating Ca2+ entry in ASM cells therefore

remains unresolved. Indeed, it has been argued that the major cellular role of TRPC

channels is not in SOCE but in receptor-operated Ca2+ entry, as a result of their

sensitivity to diacylglycerol, generated predominantly by PLC activity (see [50]

and references therein).

The potential for TRPC channels to interact with STIM and Orai proteins

adds a further layer of complexity to the study of their role in Ca2+ homeostasis

and may partly explain the difficulties in clearly identifying their functions. It is

possible that STIM1 provides a common mechanism for sensing store depletion

and stimulating the activity of an array of store-operated currents, since it has

been shown to interact with TRPC1-6, in addition to the Orai family (see [11]

and [68] for a review). For instance, TRPC1 and TRPC4 have recently been

demonstrated to interact with STIM1 and form functional store-operated channels

in murine and human lung endothelial cells [60]. Furthermore, Orai1 has been

reported to regulate or contribute to TRPC currents in a variety of systems [30, 31,

41]. So what is the nature of the relationship between STIM1, Orai1 and TRPC

channels and how does it relate to the range of store-operated currents and Ca2+

signals observed in cells?

It has been established in a number of cell backgrounds that while the interaction

between STIM1 and Orai1 generates an ICRAC current, the ISOC current requires the

expression of STIM1, Orai1 and TRPC1 [12, 13, 30]. As a result, in Jurkat cells,

where ICRAC is the predominant store-operated current, only Orai1 (and STIM1) is

required to mediate SOCE [30]. However, in other cells (such as HEK-293 cells),

SOCE also requires TRPC1 expression as a result of a dependence on ISOC for Ca2+

entry [12, 30]. Kim et al. [30] found that Orai1 and TRPC1 were mutually

dependent upon each other for their interaction with STIM1 and concluded that

they were present within the same complex in HEK-293 cells. However, Cheng

et al. [13] presented an alternative model in human salivary gland cells, in which

STIM1 complexes with TRPC1 and Orai1 separately (to generate ICRAC and NSCC

currents respectively). They propose that Ca2+ entry through ICRAC is necessary for

the insertion of TRPC1 into the plasma membrane, generating a subsequent NSCC

through TRPC1/STIM1 complexes. Intriguingly, they reported that ICRAC and the

NSCC performed distinct functions within the cell, with ICRAC leading to nuclear

factor of activated T-cell (NFAT) stimulation and the NSCC being responsible

for NFκB stimulation and sustained KCa channel activity [13]. The potential for

generating multiple intracellular signals via distinct SOCE pathways would be

worthy of investigation in ASM cells, where two components of store-operated

current have been isolated [46].
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6 Plasma Membrane Sodium/Calcium Exchanger

The plasma membrane sodium/calcium exchanger (NCX) is an ion transporter

protein which imports three sodium ions into a cell in exchange for one calcium

ion via an electrochemical gradient. However, an excess of sodium within the cell

can force the NCX into reverse mode and hence play a role in Ca2+ influx into the

cell. While this system has been extensively researched in other cells, most notably

cardiomyocytes, only a few studies have researched the role of NCX transporters in

ASM. Studies using KB-R7943, a relatively selective antagonist of the reverse

mode of NCX, reveal a role for this transporter in store refilling as exposure

to KB-R7943 decreased ASM contraction induced by acetylcholine, histamine,

5-hydroxytryptamine or caffeine [15, 26, 27, 34]. However, it should be noted that

KB-R7943 has recently been shown to block L-type VDCCs in addition to NCX

[21]. In the light of the potential role of L-type VDCCs in ASM Ca2+ homeostasis,

e.g. [15], results obtained using KB-R7943 should perhaps be interpretedwith caution.

The NCX transporter is encoded for by three genes (NCX1, 2 and 3), with NCX1

occurring as diverse splice variants. In human ASM cells only NCX1 has been

identified and, unlike cardiomyocytes in which NCX1.1 is the predominant func-

tional variant, it is variant NCX1.3 which is present in human ASM [34, 48]. Liu

et al. observed that NCX1.3 was functional in human ASM cells in both forward

and reverse mode, and these currents could be inhibited by both KB-R7943 and

siRNA-mediated knockdown [34]. The similar effects of KB-R7943 and NCX1.3

siRNA suggest that, at least in these experiments, KB-R7943 was acting through

NCX inhibition. Interestingly, siRNA-mediated knockdown of STIM1 also

inhibited the observed outwardly rectifying current, providing the first potential

link between SOC and NCX1.

7 Functional Significance of SOCE in ASM Cells

As discussed earlier, ASM intracellular Ca2+ levels impact such physiologically

critical functions as contraction, migration, proliferation, cytokine secretion and

cell adhesion. While the roles of STIM, Orai and SOCE have yet to be dissected for

many of these aspects of cell biology, significant evidence has accrued on their role

in ASM proliferation. Zou et al. utilized a short hairpin RNA (shRNA) approach to

specifically knock down STIM1 and Orai1 and found this to attenuate SOCE, as

expected, but also to inhibit serum- and PDGF-BB-induced ASM cell proliferation

[70]. Further evidence for the involvement of SOCE in ASM proliferation was

provided by Gao et al. [22], who found that IL-13 increased thapsigargin-stimulated

SOCE in rat bronchial smooth muscle cells. This effect on SOCE partially

contributed to the pro-proliferative effects of IL-13 on ASM cells, suggesting that

enhanced SOCE could be implicated in inflammatory remodeling of the airways,

such as occur in asthma [22].
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Interestingly, SOCE was observed to be higher in proliferating ASM cells when

compared with quiescent cells, as was expression of Orai1 [70]. Sweeney et al. [61]

also reported that SOCE was enhanced in proliferating porcine ASM cells, while

similar results have been obtained in vascular smooth muscle cells [5]. This seems

to contrast with the well-established notion that SOCE is substantially attenuated

during mitosis [49, 62]. It is possible that this discrepancy indicates a difference in

Ca2+ handling during cell division in smooth muscle. However, it is worth noting

that studies in ASM cells to date have relied upon the relatively crude approach of

comparing SOCE in serum-starved versus serum-replete cells, whereas a more

detailed dissection of SOCE/ICRAC during different phases of the cell cycle

(e.g. [62]) has led to the consensus in other cell types that SOCE is lost in cells

undergoing mitosis.

Direct evidence for the role of SOCE in ASM contraction is surprisingly limited,

but Sweeney et al. [61] investigated the contribution of SOCE to acetylcholine

(ACh)-induced constriction in rat bronchial rings. They found that in the absence of

extracellular Ca2+, only a weak, transient constriction was observed in response to

ACh. When extracellular Ca2+ was restored, however, a 2.8-fold greater (and more

sustained) contraction was obtained, highlighting the significant contribution of

SOCE to cholinergic bronchoconstriction [61]. In addition, Ohga et al. reported that

the novel SOCE blocker YM-58483/BTP-2 attenuated ovalbumin-mediated

bronchoconstriction in guinea pigs, illustrating that SOCE may also be important

for in vivo bronchoconstriction [39].

8 Ca2+ Oscillations in ASM

Physiological levels of bronchoconstrictors often trigger sustained oscillations in

intracellular Ca2+ levels, rather than large, global elevations [6]. While it is gener-

ally accepted that these oscillations predominantly result from Ca2+ store release,

they require Ca2+ influx to support them, and it is believed that this influx is via

SOCE [9, 50]. Indeed, Putney has recently proposed that SOCE may do more than

simply replenish the pool of Ca2+ available for oscillatory release and that in some

cases Ca2+ entry through Orai channels may directly generate Ca2+ oscillations and

drive downstream signaling events [50].

In human ASM cells, asynchronous Ca2+ waves can occur through repetitive

cycles of SR Ca2+ release and reuptake by SERCA [15]. These Ca2+ waves

are important in generating contraction in intact human bronchial smooth muscle

bundles and were shown to rely upon ROC/SOC entry (as well as Na+/Ca2+

exchanger and, to a lesser extent, L-type VDCCs), as they could be abolished by

the ROC/SOC channel blocker SKF96365 [15]. A similar profile was observed in

porcine tracheal smooth muscle bundles [16]. In addition, inhibition of SOCE

ablated LTD4-induced Ca2+ oscillations in human ASM cells [35]. However,

these experiments were performed on cells pretreated with IL-13, an inflammatory

mediator known to enhance SOCE [22]. It may, therefore, be that the role of SOCE
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in Ca2+ oscillations was exaggerated in this instance, but since the IL-13

pretreatment could (to some extent) mimic the inflammatory environment found

in asthmatic airways, this study might provide an indication of the contribution of

SOCE to asthmatic ASM hyper-contractility [35]. Whether SOCE-derived Ca2+

acts in an executive (as proposed by Putney) or facilitatory (as commonly believed)

manner in ASM cells remains to be established. The pharmacological tools utilized

in the aforementioned studies are relatively poorly selective, so the use of more

selective molecular techniques (e.g. siRNA targeting STIM and Orai family

members) might provide stronger evidence for the role of SOCE in Ca2+ signal-

ing/contraction, as well as greater mechanistic insight into the link between Ca2+

entry and downstream cellular function.

9 Summary

In this chapter we have discussed the mechanisms underlying Ca2+ store refilling in

ASM. SOCE-mediated Ca2+ homeostasis appears to be the most functionally

important Ca2+-handling process in ASM, controlling key physiological endpoints

including contraction, proliferation and cytokine release. Although some key

participants in SOCE have been identified and their role assessed in ASM

(e.g. STIM, Orai1), there remains a significant amount of mechanistic information

which has only been demonstrated in other cell systems. Whether the process of

SOCE, so elegantly dissected in cell lines, occurs in the same manner in ASM cells

is as yet largely unknown. Unanswered questions include the following: (1) In what

combination do STIM1, Orai1 and the variety of TRPC channels expressed in ASM

cells assemble to generate the observed SOCE signals? (2) Do distinct Ca2+ entry

pathways generate discrete intracellular signals, each coupled to the regulation of a

different subset of downstream effectors? (3) What role do Orai2 and Orai3 play in

ASM cells? (4) What is the contribution of SOCE to pathophysiological changes

(e.g. in contractile hyperresponsiveness) in ASM cells? These (and many other)

questions provide the challenge for future research in the field of ASM Ca2+

signaling.
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Abstract Calcium is known to play a key role in excitation–contraction coupling

of airway smooth muscle (ASM) and may also be important in other cellular

responses, such as gene expression, migration, proliferation, and apoptosis. The

sarcoplasmic reticulum acts as an agonist-releasable store of Ca2+ and as a sink to

buffer changes in cytosolic [Ca2+]i. ASM also expresses, in great abundance, other

Ca2+-mobilizing effectors such as voltage-dependent Ca2+ channels (Cav) and

sodium/calcium exchangers (NCX) on the plasmalemma, as well as ryanodine

receptors (RyRs) on the SR membrane. These three had long been held to be

important in mediating electromechanical coupling (Cav), extrusion of cytosolic

Ca2+ (NCX) and Ca2+-induced Ca2+ release (RyR), respectively. However, more

recent data and careful consideration have challenged those associations. In this

chapter, we explore the novel hypothesis that all three contribute to refilling of the

SR, perhaps orchestrated or powered by electrical slow waves (which are also found

in ASM of all species studied to date).
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Keywords Excitation–contraction coupling • Ca2+ handling • Airway smooth

muscle

Abbreviations

[Ca2+]i Cytosolic concentrations of calcium

ASM Airway smooth muscle

Cav Voltage-dependent calcium channel

CICR Ca2+-induced Ca2+ release

EM Electromechanical

MLC Myosin light chain

MLCK Myosin light chain kinase

NCX Na+/Ca2+ exchange

RyR Ryanodine receptor

SERCA Sarcoplasmic/endoplasmic reticulum Ca2+-ATPase

SR Sarcoplasmic reticulum

1 Introduction

Despite decades of development of asthma therapies, there is still a need for a better

bronchodilator. Generally, asthma is well controlled by the use of inhaled steroids,

but all asthmatics will on occasion need treatment for acute symptoms (at times

life-threatening or lethal). When rapid relief of asthma symptoms is required,

inhaled β-agonists remain the most widely used. These exert their beneficial effect

by rapidly improving airflow obstruction predominately by relaxing constricted

airway smooth muscle (ASM). β-agonists are effective in most circumstances but

are not fully sufficient: severe exacerbations continue to occur (even in mild

asthmatics on average every 1–2 years [86]) and cause considerable morbidity

and mortality. Also, there are growing concerns about the safety of frequent or

regular β-agonist use [100, 101].
A number of other classes of bronchodilators were introduced several decades

ago, including anti-cholinergics, anti-leukotrienes, and phosphodiesterase inhibi-

tors. Anti-cholinergics are routinely added to inhaled β-agonists in the treatment of

very severe acute asthma in hospital setting [68, 102], but only inhaled β-agonists
are recommended for the treatment of airflow obstruction in the day-to-day man-

agement of asthma. No substantially new pharmacological agent targeting ASM

has appeared in the past several decades. Any truly new advances have been aimed

at controlling airway inflammation, which is also important but should not eclipse

efforts aimed at controlling bronchoconstriction directly. Bronchial thermoplasty

has recently been introduced to ablate the ASM itself using thermal energy [20,

21, 82, 89], but it is relatively invasive and currently can only be applied to the

first few generations of airways. Others have proposed chemical agents which
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specifically target and reduce ASM mass in all airway generations (e.g., silencing

RNA, promoters of programmed cell death), but nothing is yet on the horizon.

Altogether, then, we have made very little progress over the past several decades

with respect to finding novel forms of bronchodilator therapy. This impasse is

largely due to the limitations of our current knowledge of ASM physiology. Further

progress will require a better understanding of the mechanisms underlying ASM

contraction and the identification of new therapeutic targets.

Ultimately, contraction of ASM is triggered by elevation of [Ca2+]i, which

leads to phosphorylation of myosin light chain (MLC) via activation of Ca2+/

calmodulin-dependent MLC kinase (MLCK) [6, 47]. Ca2+ can be stored within an

intracellular organelle and released in a carefully regulated fashion (described in

Sect. 3). Alternatively, Ca2+ can enter cells from the extracellular space but must

first cross the plasmalemma via some form of ion channel or exchanger

(described in more detail in Sect. 4). In what follows, we describe these various

Ca2+-mobilization pathways in more detail. In the course of doing so, we will call

particular attention to four different entities which are present in ASM from all

species studied to date: electrical slow waves, L-type voltage-dependent Ca2+

channels (Cav), ryanodine receptors (RyRs), and the sodium/calcium exchanger

(NCX). Their ubiquity in ASM from all species would suggest that they play

some key roles in ASM physiology. However, as we shall show below, all four

are still very poorly understood. In the course of presenting these four entities in

the context of Ca2+ handling in ASM physiology, we will lay out a hypothesis in

which they work together to maintain the filling state of the internal Ca2+ store

(which has more recently been recognized as the prime trigger for ASM

contraction).

2 Membrane Potential and Electrical Slow Waves

In cardiac, skeletal, gastrointestinal, lymphatic, and vascular smooth muscles,

resting membrane potential is well below the threshold required for Cav activation.

In those tissues, excitatory stimuli trigger action potentials which depolarize the

membrane into the positive range, resulting in Cav activation as well as a more

slowly developing inactivation (note: these two are different processes, not opposite
processes). Within tens of milliseconds, though, the action potential disappears,

the membrane repolarizes, inactivation reverses, and the membrane is able to

generate another action potential.

In ASM, on the other hand, membrane potential rarely depolarizes into the positive

range, even during excitation. Instead, in those preparations in which this has been

studied – human [52], guinea pig [1, 4, 14, 18, 39, 51, 104, 106], dog [57, 58, 60, 70],

cow [16, 69, 106], ferret [84], and mouse (Fig. 1) – ASM exhibits quasi-sinusoidal

oscillations centred around �35 mV, with amplitudes of up to 25 mV and frequency

of less than 10 Hz [26, 57–61]. The depolarizing and hyperpolarizing phases

comprise Cl- and K+ currents, respectively [60, 63]; interestingly, L-type Ca2+
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channel blockers and Ca2+-free media also seem to disrupt slow wave activity

[39, 40, 60, 69, 103]. In in vivo recordings, their frequency is increased by vagal

stimulation and decreased by sympathetic stimulation [8, 70, 78]. In isolated tissues,

their frequency is increased by submaximal concentrations of acetylcholine or

histamine (supramaximal concentrations depolarize the membrane so much that

slow waves disappear [1, 14, 16, 18, 69, 103]) and decreased by β-adrenergic
stimulation [3, 51, 103], agents which act through adenylate cyclase [51, 103] or

agents which directly hyperpolarize the membrane [4, 51, 104].

The presence of electrical slow waves in the ASM of all species studied to date

suggests that they play an important role in the unique aspects of ASM physiology

and might therefore be exploited in developing effective airway-specific agents to

modulate bronchoconstriction. However, their role in ASM physiology has not yet

been adequately explained [74]. In what follows, we propose novel roles for Cav
and NCX, which are critically dependent on membrane potential and electrical slow

wave activity.

3 Release of Internally Sequestered Ca2+

The sarcoplasmic reticulum (SR) plays a key role in Ca2+ handling, acting as a sink

to buffer cytosolic [Ca2+]i and an agonist-releasable store of Ca2+ to trigger

contractions [105] (Fig. 2). Bronchoconstrictors cause generation of IP3 which

opens Ca2+ channels on the SR, leading to recurring Ca2+ waves [41, 42, 62]. It is

the frequency of those Ca2+ waves, rather than their amplitude, which determines

the degree of contraction, being increased by bronchoconstrictors [9, 10, 72, 85, 90,

91, 93, 98] and decreased by bronchodilators [7]; this regulatory mechanism is

elaborated more fully within this compendium by Dr. M. Sanderson in the chapter

“Novel Mechanisms in Ca2+ Homeostasis and Internal Store Refilling of Airway

Smooth Muscle.”

Fig. 1 Electrophysiological recording in mouse bronchial smooth muscle. Membrane potential

and electrical slow waves in murine bronchial smooth muscle recorded using an intracellular

microelectrode before and after 20 mM Tetraethylammonium (TEA)
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SR membranes also express a second group of Ca2+-release channels, known as

ryanodine receptors (RyRs) for their pharmacological sensitivity to that plant

alkaloid. These are activated by cytosolic Ca2+, a process often referred to as

Ca2+-induced Ca2+ release (CICR). RyRs are also activated by caffeine, which

enhances the Ca2+ sensitivity of RyRs such that even basal [Ca2+]i is sufficient to

trigger CICR. Finally, cyclic ADP ribose can also activate RyRs, prompting some

researchers to propose the latter as the endogenous ligand for these channels [29,

92, 113, 115], just as IP3 is the endogenous ligand for the other Ca2+-release

pathway. Once again, the pervasive presence of RyRs in ASM of all species

would suggest an important role in ASM physiology, but that role is still unclear

and highly disputed: some claim they mediate contraction [24, 25, 30, 31, 45], while

others refute this [53, 112] or even claim a role in relaxant mechanisms [32, 107,

117]. We have presented evidence [107] which suggests that RyRs are involved in

discharging Ca2+ from an overly filled SR but preferentially direct that discharge

toward the plasmalemma (perhaps because RyRs are preferentially expressed on

those portions of the SR juxtaposed to the plasmalemma), where it can be extruded

by the plasmalemmal Ca2+-ATPase or Na+/Ca2+ exchange, without triggering a

mechanical response. Conversely, in the following section, we speculate on the

possibility that RyRs might work in concert with Cav and electrical slow waves to

mediate refilling of the SR.

Fig. 2 Ca2+ release and uptake by sarcoplasmic reticulum (SR). Ca2+ can be released from the SR

via IP3-gated Ca2+ channels (activated by agonist-induced phosphoinositide cascade) or from

RyRs (which in turn might be triggered by IP3-mediated Ca2+ release). STIM1 and Orai1 then

orchestrate a tight apposition and interaction between the depleted SR and the plasmalemma,

forming a tight, diffusionally constrained space. Ca2+ entry via Orai1 and possibly other sources

(Fig. 3) provide a source of Ca2+ which can be taken up by SERCA
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4 Influx of External Ca2+ via Plasmalemmal Ion Channels

Once the SR releases stored Ca2+, it must be refilled. A protein in the SR membrane

(STIM1) senses the depletion state of the SR, via an EF-hand domain extended into

the SR lumen, and orchestrates a close interaction between the SR and

plasmalemmal membranes, forming a highly diffusionally constrained space.

At the same time, it also stimulates opening of a plasmalemmal Ca2+ channel

(Orai1) which markedly raises [Ca2+] in that constrained space, from which Ca2+

can then be taken up by a unique Ca2+ pump on the SR: the sarcoplasmic/endoplas-

mic reticulum Ca2+-ATPase (SERCA). This entire process is outlined in more detail

by Dr. I. Hall et al. in this compendium (see the chapter “Mechanisms Underlying

Ca2+ Store Refilling in Airway Smooth Muscle”).

ASMs from all species express another class of plasmalemmal channels which

are activated by depolarization [38, 50, 55, 71, 77, 114, 116]. These voltage-

dependent Ca2+ channels (Cav) are identical to those found in cardiac, skeletal,

vascular, lymphatic, and gastrointestinal smooth muscles. In all those other smooth

muscle cell types, Cav play a central role in electromechanical (EM) coupling, as

was mentioned earlier in the context of electrical slow waves (Sect. 2). As such,

Ca2+ channel blockers and K+ channel openers are invaluable in controlling tone in

many disease states in which there is unwanted smooth muscle contraction, includ-

ing, for example, cardiovascular hypertension, stroke, myocardial infarction, and

gastrointestinal motility disorders [33, 36, 95]. The facts that ASM cells also

express those same channels in abundance and that excitation of ASM is often

accompanied by some degree of membrane depolarization (caused by opening of

Ca2+-dependent Cl channels and suppression of K+ conductances [54, 65]) might

suggest that a similar EM coupling mechanism operates in ASM. However, there is

a tremendous body of evidence suggesting otherwise (reviewed in detail elsewhere

[56]), including the facts that (1) membrane potential rarely reaches into the range

of voltages needed to substantially activate Cav [55, 60], (2) in vitro contractions of

ASM preparations are seemingly unaffected by Cav blockers [12, 13, 28, 34, 67] or

by clamping the membrane potential to very negative values [66] and (3) muscarinic

agonists can actually suppress Cav currents [109, 118]. Most importantly, there is

mixed opinion regarding the value of Ca2+ channel blockers in asthma; some find

them to be useful [15, 17, 22, 23, 35, 79–81, 87, 88, 96], while others do not [6, 19,

43, 44]. Altogether, it seems that EM coupling and voltage-dependent Ca2+ influx

through Cav is of minor importance in ASM; we feel it is time to consider other

roles for these channels in ASM physiology.

Cav may contribute to SR refilling [12, 13, 27, 48, 66, 75, 94, 119] during

extreme levels of excitation since submaximal stimulation elicits little or no

membrane depolarization. For example, we have shown that voltage pulses allowed

SR refilling in ASM pretreated with the SERCA inhibitor cyclopiazonic acid [66] at

a concentration found elsewhere to maximally inhibit that Ca2+ pump [5, 108,

120]. This was quite surprising since innumerable studies of Ca2+ uptake in a

wide variety of cell types have all shown SERCA to be the only type of Ca2+
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pump on the SR, and no study has identified a SERCA which is insensitive to

cyclopiazonic acid. As such, it seemed that Ca2+ somehow transitioned from the

extracellular space directly into the SR, bypassing SERCA altogether, through

some unknown SR entry pathway. Based on recent developments in this field, we

have hypothesized that this pathway into the SR might comprise RyRs [46, 64].

That is, entry of external Ca2+ into the diffusionally constrained space formed

between the SR and plasmalemma (see Sect. 3 and Fig. 3) would raise [Ca2+]i to

a level well above that within the depleted SR. With the Ca2+ concentration gradient

across the SR membrane reversed in this way, opening of any Ca2+-permeable

channels on the SR would provide a pathway for that subplasmalemmal Ca2+ to

enter the depleted SR in retrograde fashion. RyRs are activated by cytosolic Ca2+

and highly conductive to Ca2+ (tenfold more so than IP3-gated ones). Du et al. have

provided indirect evidence for a functional interaction between Cav and RyR in rat

ASM [30], although they did not use direct electrophysiological approaches to

characterize this. Also, STIM1 can interact directly with Cav1.2 in vascular smooth

muscle [110].

Fig. 3 Novel roles for Cav, NCX, RyR in Ca2+ store refilling of airway smooth muscle (ASM).
Excitation of ASM leads to several important changes, including (1) activation of plasmalemmal

non-selective cation channels (NSC), with consequent Na+ influx; (2) membrane depolarization;

(3) orchestration by STIM1 and Orai1 of a tight apposition and interaction between the depleted

sarcoplasmic reticulum (SR) and the plasmalemma, forming a tight, diffusionally constrained

space. Ca2+ entry into this space – via Cav and reverse-mode NCX, which are in turn coordinated

by electrical slow waves – raises [Ca2+]i well above that within the depleted SR. With the

concentration gradient for Ca2+ across the SR membrane now reversed, Ca2+ can enter the SR

via passive diffusion through RyRs (which have been opened by the elevated subplasmalemmal

[Ca2+]i) or via active uptake by SERCA
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Electrophysiological studies of voltage-dependent ion currents will sometimes

point to a very narrow range of voltages in which the current of interest can persist

presumably indefinitely (i.e., absent other regulatory mechanisms such as

phosphorylation of the channel). This range is just above those needed to activate

the channels and yet just below those at which the channels become inactivated. In

the case of Cav in ASM, this narrow band ranges from approx. �40 to + 10 mV,

which almost perfectly envelops the range of potentials circumscribed by the

electrical slowwaves seen in all ASMs during excitation. It may be that the electrical

slow waves repeatedly sweep the membrane potential into just the range needed to

partially activate Cav, and the constant recursion to more hyperpolarized potentials

would continuously remove inactivation, thereby preventing the accumulation of

inactivated states, allowing repeated spurts of Ca2+ influx at regular intervals

(~1 Hz). At face value, this hypothesis is also vulnerable to the rebuttal that

activation of Cav requires voltages considerably more positive than those typically

recorded in ASM. However, protein–protein interactions such as the two mentioned

in the preceding paragraph (i.e., Cav�RyR and Cav�STIM1) could alter the activa-

tion/inactivation properties of the Cav channels – shifting the voltage dependence of

activation a fewmillivolts more negative or the voltage dependence in inactivation a

few more millivolts positive – such that Cav became more available at physiologi-

cally relevant membrane voltages.

5 Influx of Ca2+ via NCX

A decade or more ago, NCX was seen to contribute primarily toward extrusion of

internal Ca2+, using the energy liberated from allowing sodium to flow down its

concentration gradient to drive Ca2+ “uphill” against its concentration gradient. The

plasmalemmal Ca2+-ATPase, on the other hand, accomplishes this same Ca2+ flux

using the energy liberated by hydrolysis of ATP. The turnover rate of NCX is

approx. tenfold higher than that of the plasmalemmal Ca2+ pump (100–150 s�1

vs. 5,000 s�1, respectively [11, 99]), suggesting that NCX is far more suited to rapid

and massive bulk movements of Ca2+ out of the cell (and, as we will see below, into
the cell). However, the affinity of the plasmalemmal (and SR) Ca2+ pump for Ca2+

is approx. tenfold higher than that of NCX (approx. 0.3:M versus approx. 6:M,

respectively [11, 99]), making those pumps much more suited to fine-tuning

[Ca2+]i. The molecular biology and pharmacology of NCX has been outlined in

detailed elsewhere [11] and will not be recapitulated here.

However, in the context of ASM physiology, membrane potential, and electrical

slow waves, it is well worth considering carefully the electrophysiological pro-

perties of NCX. NCX exchanges Na+ ions on one side of a membrane for Ca2+

ions on the other side and can mediate this exchange equally well in either direction.

Moreover, this process is electrogenic: three Na+ ions are exchanged for each Ca2+

ion. As such, Ca2+ extrusion is favoured at very negative membrane potentials, but

Ca2+ influx occurs at more depolarized potentials or when cytosolic [Na+] rises
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[46]. In the past, Ca2+ influx through “reverse-mode” NCXwas seen to be simply an

interesting phenomenon attainable only under highly non-physiologically relevant

experimental conditions (e.g., patch-clamp electrophysiological studies). However,

it came to be realized that there could be marked compartmentalization within cells,

produced in part by the arrangement of organelles and placement of homeostatic

enzymes, including the diffusionally constrained compartment referred to

previously. During excitation by muscarinic or other agonists which activate

non-selective cation currents [37, 65, 111], Na+ entering into this space could

accumulate to remarkably high levels, at least briefly. Concurrently, excitation

also brings on a degree of membrane depolarization. When the reversal potential

for NCX is calculated for a physiologically relevant range of voltage, [Na+] and

[Ca2+], it can be seen that the electrical slow waves seen in ASM sweep the

membrane potential back and forth across the reversal potential for NCX [46, 49,

97], allowing the latter to alternate between the forward and reverse modes and to be

exquisitely modulated by changes in cytosolic [Na+] and [Ca2+]. Our group and

others have examined the effects of selective inhibitors of reverse-mode NCX

activity – particularly KRB7943 and SEA0400 – on contractile responses in intact

tissues and have concluded that Ca2+ influx via NCX works in concert with SERCA

to mediate SR refilling [2, 48, 49]: we would now propose that retrograde flux into

the SR via RyRs might contribute to this refilling as well (as proposed in Sect. 4

above). Interestingly, NCX expression is increased in a murine model of asthma

[73]; this may reflect a compensatory change for the decreased expression of

SERCA which was found in asthmatic ASM [76].

6 Conclusion

Although some debate whether ASM plays any important role at all in normal
airway physiology [83], very few would contest that ASM is a major problem in

asthma. Whether that problem is due to an altered function of individual ASM cells

or hyperplasia of the whole airway wall tissue, bronchodilation (or inhibition of

contraction) is the singular goal of rescue asthma therapy. Ca2+ homeostasis is

critical to both ASM contraction and relaxation. The current understanding of ASM

Ca2+ handling and excitation–contraction coupling are presently inadequate to fully

explain many of the data already available. ASM expresses Cav, RyR, and NCX in

abundance, and these three had long been held to be important in mediating EM

coupling (Cav), CICR-mediated contraction (RyR), and extrusion of cytosolic Ca2+

(NCX), respectively. However, more recent data and careful consideration have

challenged these associations. Instead, all three can now be proposed to contribute

to refilling of the SR, perhaps orchestrated or powered by electrical slow waves.

Further studies are crucial to bridge the gaps and will undoubtedly provide the basis

for the development of new approaches to relax ASM and provide symptomatic

relief for asthmatic patients.
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Abstract Excitation–contraction coupling represents a cascade of events that connects

the initiating signal, an elevation of cytosolic Ca2+ concentration ([Ca2+]cyt), with the

ensuing cross-bridge recruitment and cycling that underlies ATP-consuming mechani-

cal work. Mitochondria are the power plant of the cell. An elevation in [Ca2+]cyt is

followed by an increase in mitochondrial Ca2+ ([Ca2+]mito). Moreover, an increase in

[Ca2+]mito leads to an increase in ATP production. Therefore, the relationship between

elevations in [Ca2+]cyt and [Ca2+]mito reflects a coupling between energy demand and

energy supply. Accordingly, mitochondrial Ca2+ regulation mediates excitation–energy
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coupling in ASM. To this end, mitochondrial movement within ASM cells may help

couple ATP production to localized differences in energy demand.

Keywords Excitation–Contraction Coupling • ATP • Metabolism • Mitochondrial

Ca2+ • Cytosolic Ca2+

1 Introduction

Airway smooth muscle (ASM) is recognized as being a major end effector of acute

airway narrowing in asthma [42, 123, 124, 126]. The mechanisms that underlie the

enhanced ASM contractility observed in inflamed airway in conditions such as

asthma remain unknown [91, 108, 124, 126]. In this context, it is important to better

understand the mechanisms underlying excitation–contraction coupling in ASM,

which describes the physiological process of converting a stimulus into a

mechanical response (i.e., contraction) [118, 123, 124].

Excitation–contraction coupling involves both an increase in cytosolic Ca2+

concentration ([Ca2+]cyt) and an increase in the demand for energy in the form of

adenosine triphosphate (ATP). In this regard, mitochondria have a tremendous

potential to exert a central role in excitation–contraction coupling.

It is well known that mitochondria produce most of the ATP used in mammalian

cells. Mitochondrial pathways leading to ATP production [e.g., intramitochondrial

dehydrogenases associated with the tricarboxylic acid (TCA) cycle] are Ca2+

dependent [35]. Accordingly, the relationship between cytosolic and mitochondrial

Ca2+ has attracted considerable interest [13, 17, 33, 37, 38, 49, 51].

The regulation of [Ca2+]cyt is a complex process that involves sarcoplasmic

reticulum (SR) Ca2+ release and reuptake and Ca2+ plasma membrane fluxes

[7, 8, 54, 62, 91, 103, 105, 108, 120, 124, 125, 127]. It has been shown in many

cell types, including ASM, that an increase in [Ca2+]cyt is followed by an increase in

intramitochondrial Ca2+ concentration ([Ca2+]mito) [23, 32, 36, 38]. Significantly,

an increase in [Ca2+]mito plays an important role in the control of the rate of ATP

production [13, 46, 50]. In summary, an increase in [Ca2+]cyt leads to an increase of

[Ca2+]mito, which stimulates ATP synthesis. In this regard, mitochondria exert an

excitation–energy coupling, which mirrors excitation–contraction coupling with

Ca2+ as a key regulator. Recent studies in ASM cells have also shown that changes

in [Ca2+]mito regulation can alter [Ca2+]cyt [23, 32], suggesting a close relationship

between both Ca2+ signals and potential feedback mechanisms [13]. Mitochondria

also display dynamic tubular networks undergoing constant fission and fusion,

which are essential to maintain normal morphology and mitochondrial function

[22, 88]. Recent studies suggest that Ca2+ plays a primary role in modulating

mitochondrial dynamics (fission and fusion events, movement). The dynamics
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of mitochondria are believed to couple ATP synthesis to localized differences in

energy demand within the cell [13, 22, 50, 88].

2 Mechanisms Underlying [Ca2+]cyt Response

An increase in [Ca2+]cyt is the main initiating step in excitation–contraction

coupling, leading to cross-bridge formation and muscle contraction in response to

agonist stimulation. Agonists induce a transient increase in [Ca2+]cyt via multiple

mechanisms, including SR Ca2+ release and plasma membrane Ca2+ influx. The

subsequent decrease in [Ca2+]cyt is achieved by SR Ca2+ reuptake and plasma

membrane Ca2+ efflux.

2.1 SR Ca2+ Release

Agonists binding to Gq/G11 protein- or tyrosine-kinase-coupled receptors activate

phospholipase C (PLC) that cleaves phosphatidylinositol 4,5-biphosphate (PIP2)

into diacylglycerol (DAG) and inositol 1,4,5-trisphosphate (IP3). IP3 is soluble and

diffuses through the cytosol, while DAG remains bound to the membrane. Activa-

tion of Gαq and Gαi-type G-protein-coupled receptors leads to the production of

cyclic ADP-ribose (cADPR) synthesized from NAD+ by the bifunctional

ectoenzymes of the CD38 family (ADP-ribosyl cyclases) (Fig. 1). IP3 and cADPR

in turn trigger release of Ca2+ from the SR through IP3 receptor (IP3R) and ryanodine

receptor (RyR) channels, respectively [3, 69, 105, 106, 127]. The initial release of

Ca2+ from the SR activates nearby clusters of IP3R and RyR channels to amplify the

elevation in [Ca2+]cyt, an amplification and propagation process called Ca2+-induced

Ca2+ release (CICR) [105, 124] (Fig. 1). The kinetics of IP3R and RyR channel

opening and closing are modulated by [Ca2+]cyt levels where [Ca2+]cyt has the

potential for either positive or negative feedback – the relationship of channel

open probability to [Ca2+]cyt is represented by a bell-shaped curve. The open

probability of the RyR channels can also be modulated by cADPR as well as

ryanodine, caffeine, and FK 506-binding proteins [68, 106, 127, 140, 145].

The role of the CD38-cADPR-RyR pathway in SR Ca2+ release in ASM is not as

well characterized as IP3 [3, 69, 105, 106, 127]. It appears that agonists binding to

Gαi-protein-coupled receptors activate CD38 [67], which is a bifunctional

ectoenzyme that mediates the synthesis of cADPR from nicotinamide adenine

dinucleotide (NAD+) via ADP-ribosyl cyclase activity [110]. CD38 is also respon-

sible for the hydrolysis of cADPR to ADPR. cADPR is soluble and diffuses through

the cytosol to interact with RyRs at the SR to increase their open probability. It is

likely that this interaction with SR RyRs is mediated by removal of FKPB12.6,

which normally binds to RyR2 [139]. Suppression of CD38 by siRNA decreases

ADP-ribosyl cyclase activity, cADPR levels, and Ca2+ response to various agonists

The Role of Mitochondria in Calcium Regulation in Airway Smooth Muscle 213



such as acetylcholine (ACh), histamine, and bradykinin [127]. cADPR-induced

elevation of [Ca2+]cyt in human ASM is blocked by the cADPR receptor antagonist

and by RyR channels blockers, but not by IP3R channel blockers [106].

2.2 SR Ca2+ Reuptake

Following agonist stimulation, sarcoplasmic/endoplasmic reticulum Ca2+ ATPase

(SERCA) is the major mechanism for replenishing the SR Ca2+ store, with two Ca2+

ions pumped into the SR for every ATP consumed against a gradient of approxi-

mately 1 mM in the SR lumen [79]. The mammalian SERCA family contains three

tissue-specific members, SERCA1, SERCA2, and SERCA3, of which SERCA2

is expressed in muscle cells. The predominant isoform expressed in ASM is

SERCA2B [76]. Regulation of SERCA activity controls the extent of SR Ca2+

reuptake and, thereby, the subsequent [Ca2+]cyt response [121, 122]. SERCA activ-

ity is inhibited by phospholamban (PLB) in cardiac muscle [134] and in various

Fig. 1 Schematic illustration of major mechanisms involved in agonist-induced Ca2þ increase.
Agonists binding to phospholipase C (PLC)-coupled receptor lead to production of inositol 1,4,5-

trisphosphate (IP3) and diacylglycerol (DAG). Agonist stimulation also leads to production of

cyclic ADP-ribose (cADPR) by the ADP-ribosyl cyclase CD38. IP3 and cADPR trigger release of

Ca2þ from the sarcoplasmic reticulum (SR) through IP3 receptor (IP3R) channels and ryanodine

receptor (RyR) channels, respectively. DAG may activate receptor-operated channels. The initial

elevation in [Ca2þ]cyt consequently activates RyRs to amplify the elevation in [Ca2þ]cyt, referred
to as Ca2þ-induced Ca2þ release (CICR). The depletion of SR Ca2þ causes STIM1 aggregation

and activates store-operated channel (SOC) Orai1, trigging store-operated Ca2þ entry. The

increase in [Naþ] due to the activation of SOC drives Naþ/Ca2þ exchange by NCX on the plasma

membrane, resulting in Ca2þ influx. Increase in [Ca2þ]cyto leads to an increase in [Ca2þ]mito and

stimulates ATP synthesis by the mitochondria. The SR Ca2þ-ATPases (SERCA), NCX, the plasma

membrane Ca2þ ATPases (PMCA) and mitochondrial Ca2þ uptake are involved in reducing

[Ca2þ]cyto. Additionally, mitochondrial Ca2þ uptake and release near Ca2þ channels might affect

the kinetics of these channels
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smooth muscles [111, 112]. However, in human ASM, PLB protein is not

expressed, although PLB mRNA is detected [122]. Recently it was shown that

SERCA was phosphorylated via calmodulin-dependent protein kinase II (CaMKII)

in human ASM and that this enhances SERCA activity [122]. When human ASM

cells were exposed to the CaMKII antagonist KN-93, the rate of fall of ACh- or

bradykinin-induced [Ca2+]cyt transients was slowed, indicating CaMKII-mediated

SERCA regulation. Exposure of human ASM to proinflammatory cytokines (TNFα
and IL-13) decreases SERCA expression and slows the rate of fall of agonist-

induced [Ca2+]cyt transients. However, cytokine exposure does not appear to affect

CaMKII-mediated SERCA phosphorylation [122].

2.3 Plasma Membrane Ca2+ Fluxes

In addition to SR Ca2+ release, Ca2+ influx occurs through voltage-gated [143] and

receptor-gated [86] Ca2+ channels, as well as in response to agonist-induced SR

Ca2+ depletion [i.e., store-operated Ca2+ entry (SOCE) or capacitative Ca2+ entry]

[3, 89, 127].

After agonist-induced elevation of [Ca2+]cyt the subsequent decline in [Ca2+]cyt
is primarily mediated by SERCA; however, plasma membrane Ca2+ ATPases and

the bidirectional plasma membrane Na+/Ca2+ exchanger (NCX) also contribute to

the reduction in [Ca2+]cyt [57, 62, 63, 74, 120, 121] (Fig. 1).

2.3.1 Receptor-Gated and Voltage-Gated Channels

Agonists binding to G-coupled receptors stimulate the production of DAG or its

derivatives such as arachidonic acid to activate receptor-operated, nonselective

cation channels (permeable to both Na+ and Ca2+). Plasma membrane Ca2+ influx

through these channels may precede or accompany Ca2+ influx in response to SR

Ca2+ depletion (SOCE) [54, 81, 85, 86]. Not all the molecular identities of all

receptor-operated channels in ASM are fully characterized. Transient receptor

potential (TRP) proteins appear to constitute some or part of these Ca2+ channels

[114]. The TRP protein superfamily comprises multiple subfamily members.

In ASM, three subfamilies (TRPC, TRPM, and TRPV) have been proposed to

form agonist-activated, cation-permeable channels that participate in mediating

Ca2+ influx [48]. The permeability to cations differs greatly across the various

family members [114]. TRP proteins assemble into homo- or heteromeric tetramers

to form channels [102] that are activated by a wide variety of stimuli and may be

regulated by growth factors and cytokines [64, 71, 141].

Another major mechanism for Ca2+ influx across the plasma membrane are

voltage-operated Ca2+ channels (L-type) [57, 120]. Activation of voltage-dependent

Ca2+ influx alone does not trigger contraction in ASM. However, voltage-dependent

Ca2+ influx very likely contributes to the initial elevation of [Ca2+]cyt induced by
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agonists, and such voltage-dependent Ca2+ influx may trigger subsequent Ca2+-

induced SR Ca2+ release as well as contribute to SR Ca2+ refilling [7, 62].

2.3.2 Na
+
/Ca

2+
Exchanger

NCX is an ion transporter expressed in the plasma membrane that exchanges Na+

and Ca2+ in either Ca2+ efflux or Ca2+ influx modes, depending on the transmem-

brane ion gradients for Na+ and Ca2+ and membrane potential [9]. In the bidirec-

tional exchange mode, NCX uses the energy within the trans-plasma membrane

Na+ gradient to exchange one Ca2+ for three Na+ ions. NCX normally utilizes the

Na+ concentration gradient across the cell membrane to move Ca2+ out of the cell.

However, accumulation of Na+ on the inner surface of the plasma membrane with

depolarization can reduce Ca2+ extrusion and even force the NCX into the reverse

Ca2+ influx mode [57, 74, 120]. In ASM, SR Ca2+ store depletion activates SOCE

channels. These channels are permeable to both Na+ and Ca2+. Elevation of Na+

therefore causes a reverse mode of the NCX and Ca2+ entry [57]. Both inward

exchange and outward exchange modes of NCX have been examined in human

ASM and contribute to [Ca2+]cyt responses to agonist stimulation [120]. Further-

more, NCX Ca2+ influx mode may be linked to SR Ca2+ store depletion via the

regulatory protein STIM1 in ASM [74]. NCX has been found to contribute to

enhanced [Ca2+]cyt response to agonists in inflamed airways [120].

2.3.3 Store-Operated Calcium Entry

Contractile agonists induce SR Ca2+ release and depletion of SR Ca2+, triggering

subsequent Ca2+ influx via Ca2+ release-activated Ca2+ (CRAC) channels located in

the plasma membrane and SOCE [3, 103, 127]. SOCE is generally slow, with

delays ranging from tens to hundreds of seconds following IP3-induced SR Ca2+

release [101]. The stromal interaction molecule (STIM) proteins were identified

as an essential intracellular link between the SR and the plasma membrane

[73, 115]. Two mammalian homologs, STIM1 and STIM2, have been identified

[100, 142]. STIM proteins function as sensors for SR [Ca2+] and with SR Ca2+

depletion, STIM proteins aggregate (oligomerize) adjacent to the plasma, where

they organize the highly Ca2+ selective Orai channels into clusters and activate

these channels to initiate SOCE [16] (Fig. 2). Orai proteins form Ca2+-selective

channels across the plasma membrane and participate in activating SOCE [43, 130]

(Fig. 2). Three Orai homologs – Orai1, Orai2, and Orai3 – have been identified in

human ASM cells [103]. Orai1 was identified as being critical for the activation of

SOCE in human ASM since siRNA suppression substantially inhibits SOCE, while

suppression of Orai2 or Orai3 does not appear to affect SOCE [103]. Orai1 is a

pore-forming subunit of CRAC channels [109]. Orai1 is predominantly expressed

in the plasma membrane in human ASM [119] and interacts with STIM1 after store

depletion [83].
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3 Relationship Between Cytosolic and Mitochondrial

Ca2+ Responses

In ASM, as in many others cell types, an increase in [Ca2+]cyt is temporally related

to an increase in [Ca2+]mito (~10 s) (Fig. 3) and is often referred to as mitochondrial

Ca2+ buffering [23–25, 32, 34, 56, 61, 70, 117, 133]. However, the idea that

mitochondrial Ca2+ uptake might serve to buffer [Ca2+]cyt is controversial. Inhibi-

tion of mitochondrial Ca2+ uptake increases [Ca2+]cyt in ASM [32]. Indeed,

mitochondrial Ca2+ uptake or mitochondrial Ca2+ release in proximity to SR IP3
or RyR Ca2+ channels may affect their open probability and thereby affect local

[Ca2+]cyt (referred as Ca
2+ microdomains). Similarly, mitochondrial Ca2+ uptake or

release may affect NCX at the plasma membrane.

More importantly, mitochondrial Ca2+ is a potent regulator of the metabolic

pathways involved in ATP synthesis. Therefore, while an elevation of [Ca2+]cyt
is an essential component of excitation–contraction coupling, a corresponding

increase in [Ca2+]mito may be important in coupling excitation and its associated

increase in ATP consumption to mitochondrial ATP production (i.e., excitation–

energy coupling).

Fig. 2 STIM1 and Orai1. STIM1 is located in the sarcoplasmic reticulum (SR) membrane. The

N-terminus of STIM1 toward the SR lumen contains a Ca2+-binding EF-hand motif and SAM

domains. Orai1 is a four-transmembrane segment protein localized in the plasma membrane (PM)

with its N- and C-termini extended to the cytoplasm. STIM1 senses SR Ca2+ store depletion via

EF-hand motif. The depletion of the SR Ca2+ store causes STIM1 oligomerization and interacts

with Orai1 at the SR–plasma membrane junction, triggering store-operated Ca2+ entry
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3.1 Mitochondrial Ca2+ Transport Mechanisms

Mitochondrial Ca2+ transport into mitochondria involves the movement of Ca2+

ions across two membranes, the outer and inner membranes. Influx of Ca2+ across

the outer membrane of mitochondria into the intermembrane space is now

thought to be regulated via voltage-dependent anion channels (VDAC or mito-

chondrial porin) at the outer membrane [58]. Three mechanisms or modes of Ca2+

influx and two Ca2+ efflux modes have been characterized in the inner membrane

[58] (Fig. 4).

3.1.1 Mitochondrial Ca2+ Uptake or Influx

The main mechanism of mitochondrial Ca2+ influx across the inner membrane is

the mitochondrial Ca2+ uniporter (MCU) [50, 113]. MCU facilitates passive

transport of Ca2+ down its electrochemical gradient without coupling Ca2+ trans-

port to another ion. Therefore, mitochondrial Ca2+ uptake is driven by membrane

potential (ΔΨm) [50, 113]. The MCU, which is sensitive to ruthenium red,

presents the electrophysiological characteristics of a low-affinity but highly selec-

tive Ca2+ channel. An oxygen-bridged dinuclear ruthenium amine complex,

ruthenium 360 (Ru360), has been widely used to specifically inhibit

MCU-mediated mitochondrial Ca2+ uptake [58, 80]. In human ASM, Ru360 has

no effect on basal [Ca2+]mito but significantly reduces the increase in [Ca2+]mito

Fig. 3 An increase in [Ca2+]cyt is temporally related to an increase in [Ca2+]mito. In cells loaded
with both fluo-3 (cytosolic Ca2+, [Ca2+]cyt, red) and rhod-2 (mitochondrial Ca2+; [Ca2+]mito, blue),
1 μM ACh-induced [Ca2+]cyt oscillations that were reflected by delayed (approx. 10 s), dampened

[Ca2+]mito oscillations
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induced by histamine [32]. Interestingly, Ru360 has a more pronounced effect on

histamine-induced [Ca2+]mito responses measured in mitochondria localized in the

perinuclear area compared to mitochondria localized in more distal regions of

cells [32]. The molecular identity of MCU was recently reported [5, 30], and this

should lead to a better understanding of the regulation of mitochondrial Ca2+

uptake.

Studies using isolated mitochondria have suggested that MCU does not transport

Ca2+ below a threshold [Ca2+]cyt level in the 200–250 nM range [50]. Therefore,

MCU-mediated mitochondrial Ca2+ influx is unlikely to be activated under resting

or baseline [Ca2+]cyt conditions (~100 nM). Maximal activation of MCU requires

[Ca2+]cyt levels that are much higher than normally achieved during physiological

stimulation (Kd of 20–30 μM). However, agonist-induced [Ca2+]cyt increase is

followed by an increase in [Ca2+]mito in many cell types, including human ASM

[23–25, 32, 34, 56, 61, 70, 117, 133]. This apparent inconsistency was recently

reconciled by the Ca2+ hotspot theory, where the [Ca2+]cyt near the SR IP3 or RyR

Ca2+ channels and plasma membrane Ca2+ influx channels can transiently increase

to much higher levels [17, 36, 45]. Different studies have since confirmed the

existence of Ca2+ hotspots or microdomains where [Ca2+]cyt was five to ten times

higher than elsewhere in the cytosol and up to 100 μM [45]. Mitochondria are

typically located in close proximity to the SR and plasma membrane, and thus the

MCU are transiently exposed to much higher [Ca2+]cyt levels sufficient for higher

levels of MCU activation.

The second mechanism of Ca2+ influx across the inner mitochondrial membrane

is termed rapid-uptake mode (RaM). The RaM mechanism has not been fully

characterized, but it appears that RaM-mediated mitochondrial Ca2+ influx is faster

Fig. 4 Mitochondrial Ca2+ transport mechanisms and ATP production in mitochondria. MCU
mitochondrial Ca2+ uniporter, mRyR mitochondrial ryanodine receptor, RaM rapid-uptake mode,

mNCX mitochondrial sodium calcium exchanger, TCA cycle tricarboxylic acid cycle, ETC elec-

tron transport chain, ΔΨ mitochondrial membrane potential, ANT adenine nucleotide transporter
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(millisecond time scale) and accounts for more rapid changes in [Ca2+]mito in

response to changes in [Ca2+]cyt [50, 58]. RaM-mediated mitochondrial Ca2+ influx

is activated at lower [Ca2+]cyt levels and responds to small, rapid changes in

[Ca2+]cyt [50, 58]. However, RaM-mediated Ca2+ influx is rapidly inactivated,

thereby restricting the time course of mitochondrial Ca2+ entry. As such, RaM-

mediated Ca2+ influx is well suited to respond to small-amplitude transient

increases in [Ca2+]cyt such as Ca2+ sparks [90, 91, 125].

The third mechanism of mitochondrial Ca2+ influx is the mitochondrial

ryanodine receptor (mRyR). Antibodies against RyR channels identified a

600 kDa protein in the inner mitochondrial membrane. These mRyR channels

were shown to bind [3H]ryanodine with high affinity (Kd ¼ 9.8 nM). The open

probability of mRyR channels is increased at sub to low micromolar [Ca2+] levels

and is inactivated at very high [Ca2+] (more than 50 μM), the range that also favors

MCU activation [50]. As might be expected, the mRyR channels display a bell-

shaped Ca2+ dependency of ryanodine binding with a half-activation concentration

of approximately 2 μM [50]. In the microdomains encompassing SR and

mitochondria, [Ca2+]cyt may fluctuate between 1 and 100 μM during agonist

stimulation [45, 50]; thus the Ca2+ sensitivity of mRyR is well within the physio-

logical range. It has been speculated that the mRyR could be activated in the lower

half of a projected microdomain range of [Ca2+]cyt (less than 50 μM), while MCU

would be inactivated or less effective [50, 58]. In the higher range (more than

50 μM), MCU would be activated and mRyR inactivated.

3.1.2 Mitochondrial Ca2+ Release or Efflux

Efflux of Ca2+ from mitochondria in excitable cells is mainly achieved by Ca2+

exchange for Na+ (Li+ may substitute for Na+), with subsequent exchange of Na+

out of the matrix for protons [50] (Fig. 4). As a result mitochondrial Ca2+ efflux

changes mitochondrial membrane potential (ΔΨm) [50, 94]. The mitochondrial

Na+/Ca2+ exchanger (mNCX) was recently identified and is distinct from the

plasma membrane Na+/Ca2+ exchanger [94, 95]. It appears that substantial efflux

of Ca2+ can be accomplished via the mNCX [26–28]. Mitochondrial efflux of Ca2+

via the mNCX has a sigmoidal dependence on [Na+] concentration, with an EC50 in

the physiological range and a relatively high Vmax [26–28, 50].

A second mechanism of mitochondrial Ca2+ efflux is Na+ independent but

instead is linked to an exchange of protons. It appears that this Ca2+/H+ efflux

mechanism exchanges two H+ ions for a single Ca2+ ion [50, 58]. Most descriptions

of this mitochondrial Ca2+ efflux mechanism are for nonexcitable cells such as liver

and kidney, but there is little evidence for such a mechanism in ASM.
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3.2 Mitochondria and SR Ca2+ Release

Depending on the cell type, mitochondria have been found to either inhibit or

promote SR Ca2+ release [4, 18, 19, 24, 25, 56, 61]. Given that the open probability

of IP3R and RyR channels is influenced by [Ca2+]cyt and that the relationships for

both channels are represented by bell-shaped curves, an elevation of [Ca2+]cyt has

the potential for either positive or negative feedback. In smooth muscle other than

ASM, inhibition of mitochondrial Ca2+ uptake has been reported to either prevent

or not alter Ca2+ release via IP3R channels [4, 18, 19, 25]. Inhibition of mitochon-

drial Ca2+ uptake also increases the frequency of Ca2+ sparks, suggesting that

mitochondria normally exert an inhibitory effect on RyR channel activity via

buffering [Ca2+]cyt levels [60, 92]. RyRs are activated by 1–10 μM [Ca2+]cyt [41],

and it is possible that mitochondrial Ca2+ uptake reduces local [Ca2+]cyt in

SR/mitochondria microdomains below this level [60, 92]. It has also been shown

that depolarization of mitochondrial membrane potential reduces the frequency of

Ca2+ sparks in arterial smooth muscle cells [24]. Mitochondrial depolarization

reduces Ca2+ efflux, and this might also reduce local [Ca2+]cyt, which in turn

reduces the open probability of RyR channels [24].

Mitochondrial reactive oxygen species (ROS) generation, while thought to be

damaging byproducts of cellular respiration, is also proposed to be important for a

multitude of cell signaling processes [12]. An increase in [Ca2+]mito is believed to

stimulate ROS generation [13]. However, the exact mechanism of Ca2+-induced

ROS generation is unclear [12, 13]. Modulation of the mitochondrial bioenergetics

(i.e., ATP synthesis) or mitochondrial biogenesis, exposure to cytokines, change in

oxygen concentration (particularly hypoxia), or agonist such as histamine can all

affect mitochondrial ROS generation [23, 104]. In cardiac or vascular smooth

muscle cells, an increase in endogenous mitochondrial ROS leads to an elevation

in [Ca2+]cyt [23, 72, 104]. Inhibition of RyR channels blunts ROS-induced increases

in [Ca2+]cyt [72], suggesting that ROSs increase the open probability of RyR

channels. Furthermore, RyR has a critical thiol residue involved in the gating of

the Ca2+ channel that can be modified by ROSs [39].

3.3 Mitochondria and SR Ca2+ Reuptake

The physical proximity of mitochondria and SR has led several researchers to

explore the possible interactions between mitochondria and SERCA [19, 56, 61,

116]. One hypothesis is that mitochondria alter SR Ca2+ refilling by competing with

SERCA pumps for removal of cytosolic Ca2+ [96]. It has been proposed that

mitochondrial Ca2+ uptake could generate microdomains of low [Ca2+]cyt next to

SERCA pumps [47, 78]. Changes in [Ca2+]mito can also affect ATP synthesis and,

thereby, SERCA activity. In endothelial cells, mitochondrial Ca2+ uptake was

found to be essential for SR Ca2+ refilling [78]. In ASM, inhibition of mitochondrial
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Ca2+ uptake was found to slightly alter the rate of decay of a caffeine-induced

increase in [Ca2+]cyt [116]. Although these investigators concluded that this effect

was not mediated by a decrease in maximum SERCA activity, they did not exclude

the possibility that diminished ATP availability was an underlying cause.

3.4 Mitochondria and Plasma Membrane Ca2+ Fluxes

In addition to SR Ca2+ release and reuptake, plasma membrane Ca2+ influx/efflux is

a major component of [Ca2+]cyt regulation. There is evidence in non-ASM tissues

that mitochondria can influence SOCE [59, 82, 97]. The extent of Ca2+ influx via

SOCE is not simply dependent on local plasma membrane Ca2+ gradients but is

regulated by the state of SR repletion and even by other intracellular signaling

cascades (e.g., DAG) [97]. Several studies have shown that mitochondrial Ca2+

uptake stimulates SOCE [84, 96, 97]. The main hypothesis is that by taking up Ca2+

released from SR, mitochondria can enhance store depletion and thereby sustain

SOCE [84, 96, 97]. A recent study suggests that mitochondrial Ca2+release is also

important to SOCE regulation in endothelial cells [87]. In contrast, mitochondrial

depolarization does not affect SOCE in several cell types [66, 87, 98, 135]. The

physiological purpose of SOCE enhancement by mitochondria, however, is not

clear. Recently, the relation between mitochondria and STIM1/Orai1 (the major

components of SOCE) has been investigated. Inhibition of mitochondrial Ca2+

uptake was found to impair STIM1 aggregation and to reduce Orai1 activity

[55, 87]. On the other hand, in cells where STIM1 protein is reduced, mitochondrial

Ca2+ uptake is also reduced [55]. The tethering of mitochondria to the SR through

the mitochondrial dynamin-related protein Mfn 2 was found to be essential for

STIM1 aggregation [128]. In contrast, proximity of the mitochondria to the plasma

membrane or mitochondria motility does not seem to affect SOCE or STIM1

aggregation [87]. Recent studies also suggest that mitochondrial ROS generation

following agonist stimulation activates STIM1 aggregation [23, 55]. The cysteine

56 residue of STIM1 is proposed to act as a sensor for oxidant-dependent activation

of STIM1.

4 Excitation–Contraction Coupling

In smooth muscle, contraction requires cyclic attachment and detachment of the

myosin head to actin (i.e., cross-bridge cycling) and the hydrolysis of ATP by actin-

activated myosin ATPase (actomyosin ATPase) [65, 123, 124]. When ASM cells

are exposed to ACh or other agonists, the resulting transient increase in [Ca2+]cyt
leads to muscle contraction, with a delay of several hundred milliseconds [124].

Ca2+-dependent regulation of cross-bridge recruitment requires phosphorylation of

the regulatory domain of myosin (MLC20) by myosin light chain kinase (MLCK).
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MLCK activity is stimulated by an increase in [Ca2+]cyt through the binding of Ca
2+

to calmodulin (CaM). The extent of MLC20 phosphorylation is also regulated by

myosin light chain phosphatase (MLCP), which is not Ca2+ dependent but is

regulated by the Rho kinase pathway [131]. As a consequence, the phosphorylation

of MLC20 reflects the balance between MLCK and MLCP activities and, therefore,

Ca2+-dependent and independent (i.e., Ca2+ sensitivity) mechanisms.

The delay between the agonist-induced increase in [Ca2+]cyt and contraction

reflects the time required for a cascade of events: (1) mobilization of CaM,

(2) binding of Ca2+ to CaM and subsequent activation of MLCK, (3) phosphoryla-

tion of regulatory myosin light chain MLC20, and finally (4) cross-bridge recruit-

ment (Fig. 5). The relative contribution of each of these four components to the

overall delay in excitation–contraction coupling in ASM was quantified by measur-

ing the response to rapid (virtually instantaneous) release of caged compounds by

flash photolysis [124]. It was found that mobilization of CaM provides the most

significant delay, while the delay due to phosphorylation of MLC20 and cross-

bridge recruitment is relatively minor [124] (Fig. 5). Thus, following an increase in

[Ca2+]cyt the demand for ATP driven by cross-bridge cycling occurs within several

hundred milliseconds (less than 1 s).

Given that an elevation in [Ca2+]cyt leads to an increase in [Ca2+]mito, which in

turn stimulates ATP synthesis, the spatial and temporal aspects of agonist-induced

[Ca2+]cyt increase will likely influence both excitation–contraction coupling and

excitation–energy coupling. Agonist-induced increases in [Ca2+]cyt are transient

and also display other dynamic features such as propagating Ca2+ oscillations.

Thus, simplification of contractile responses to global and homogeneous elevation

Fig. 5 Schematic illustration of excitation–contraction coupling time frame and time delays
between elevation in [Ca2+]cyt and force generation. Delay 1: mobilization of calmodulin

(CaM). Delay 2: binding of Ca2+ to CaM and subsequent activation of myosin light chain kinase

(MLCK). Delay 3: phosphorylation of regulatory myosin light chain MLC20. Delay 4: cross-bridge

recruitment. MLCP myosin light chain phosphatase
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of [Ca2+]cyt across smooth muscle cells may not accurately reflect the dynamic

nature of ASM Ca2+ signaling (Fig. 3) [105, 124]. The dynamic interplay between

SR Ca2+ release via IP3R or RyR channels and SR Ca2+ uptake via SERCA, in ASM

cells, leads to transient changes in [Ca2+]cyt in the form of propagating Ca2+

oscillations at a frequency that ranges from approx. 5 to 40 min–1 and an amplitude

that ranges from approx. 100 to 800 nM of [Ca2+]cyt [105, 107, 125]. Local [Ca
2+]cyt

oscillations induced by agonist stimulation propagate to adjacent regions of the cell

as a traveling wave of [Ca2+]cyt. The Ca
2+ wave usually originates from a site within

an ASM cell in which there is increased frequency of spontaneous Ca2+ sparks and

maintains the same wave front direction across the cytosol [90, 91, 105, 107, 125].

These spatial and temporal aspects of cytosolic Ca2+ waves are likely to play an

important role in regulating energy supply by the mitochondria. As mentioned,

spontaneous yet spatially isolated [Ca2+]cyt transients or Ca
2+ sparks are observed at

discrete locations within ASM cells. The Ca2+ spark is a stochastic event that

represents the most elementary Ca2+ release event within a cell and is attributed

to the activation kinetics of RyR channels [90, 91, 125].

5 Excitation–Energy Coupling

Several decades ago, it was proposed that an accumulation of Ca2+ by the

mitochondria stimulates ATP synthesis [129, 138]. Since then, it has been shown

that physiological elevation in [Ca2+]cyt leads to an increase in [Ca2+]mito that

stimulates ATP synthesis [13, 17, 35, 36].

Mitochondria produce most of the ATP used in cells through oxidative

phosphorylation. Nicotinamide Adenine Dinucleotide (H) (NADH) donates

electrons to the electron transport chain within the inner membrane of the

mitochondria (Fig. 4). As the electron transport chain catalyzes electron flow, H+

ions are pumped against their concentration gradient out of the mitochondrial

matrix. The final stage of the electron transport chain requires O2 as an electron

acceptor and produces H2O (at complex IV). A small percentage of electrons

directly leaks to oxygen, resulting in the formation of ROS. Electrons flowing

through the electron transport chain result in O2 consumption and the formation

of a proton motive force (pmf), which has electrical (ΔΨ) and chemical (ΔpH)
features. The pmf favors the flow of protons into the mitochondrial matrix. The

electrochemical gradient across the membrane is used to drive ATP synthesis from

ADP and inorganic Phosphate (Pi) by the ATP synthase (complex V). Synthesized

ATP is then transported to the cytosol in exchange for cytosolic ADP by the adenine

nucleotide transporter (ANT) (Fig. 4).

There is substantial evidence to support a role for Ca2+ as an important effector of

mitochondrial ATP production (other effectors include ADP [20, 21], Pi [11], O2, and

substrate availability [15]). An emerging consensus is that an elevation of [Ca2+]mito

stimulates mitochondrial NADH production, which in turn stimulates ATP produc-

tion. The mechanisms behind this response are not completely understood. Several
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key enzymes are involved in ATP synthesis, including intramitochondrial

dehydrogenases [pyruvate dehydrogenase (PDH), NAD-isocitrate dehydrogenase

(ICDH), and oxoglutarate dehydrogenase (OGDH)] as well as ANT. Activity of

these enzymes is stimulated by an increase in [Ca2+]mito [13, 35]. Finally, an increase

in [Ca2+]mito can also increase NADH levels in the mitochondria by stimulating the

glycerol phosphate shuttle [35] and the aspartate/glutamate transporters [93].

6 Mitochondrial Dynamics

Mitochondria are spatially dynamic due to their ability to move along the cytoskel-

eton within the cytosol and through continuous fission and fusion, which leads to a

wild spectrum of possible ultrastructures or shapes – from individual punctate

structures to continuous, tubular networks (Fig. 6). Mitochondrial dynamics (fission

and fusion events and movement) are essential to couple [Ca2+]cyt and [Ca2+]mito,

and therefore ATP synthesis, to the localized energy demand of local cytosolic

regions. Changes in mitochondrial dynamics have been observed in a number of

pathophysiological conditions, most notably in neurodegenerative diseases,

indicating that a “normal” relationship between mitochondrial structure and func-

tion is essential for normal physiology [88]. While a unique relationship between

fission/fusion, mitochondrial shape, and ATP production has not been clearly

defined, it has been observed that changes in mitochondrial shape usually accom-

pany changes in ATP production and vice versa [6, 44]. A growing number of novel

proteins that regulate mitochondrial dynamics have been identified [88]. The bal-

ance between fission and fusion is notably regulated by a set of large GTPase

proteins. Mitofusin (Mfn) 1, Mfn2, and optic atrophy 1 (OPA1) mediate mitochon-

drial fusion. Mutations in Mfn1 lead to small fragmented mitochondria, whereas

mutations in Mfn2 lead to large fragmented mitochondria located near the nucleus

[88]. The dynamin-related protein1 (Drp1) has been reported to be involved in

Fig. 6 Mitochondrial fusion and fission in human ASM. Fluorescent images of human ASM cells

loaded with MitoTracker Green AM showing filamentous mitochondrial network corresponding to

fusion events and fragmented mitochondrial network corresponding to fission events
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fission events. Overexpression of Drp1 induces mitochondrial fragmentation and

impairs mitochondrial Ca2+ uptake during agonist stimulation [132].

In addition, mitochondrial volume may affect mitochondrial functions. In liver

cells, an increase in [Ca2+]mito was shown to increase mitochondrial volume and

stimulate ATP production [52, 53]. In asthma, severe mitochondrial ultrastructural

changes such as loss of cristae and swelling have been observed [1, 75]. Little is known

about mitochondrial movement and fission/fusion in ASM. An increase in mitochon-

drialmass has also been reported in asthma and associatedwithASM cell proliferation

andairway remodeling.Anumberof factors regulatemitochondrialmass,most notably

peroxisome-proliferator-activated receptor γ coactivator-1α (PGC-1α), which has

been found to be stimulated by increased levels of [Ca2+]cyt [136].

Another important but often overlooked aspect of mitochondria is their motility,

which plays an important role in fission/fusion events and allows mitochondria to

accumulate where high amounts of energy are needed [31, 88, 137]. Mitochondrial

movements can be categorized into two groups: random/wiggling motions and

directed motion trajectories. Rapid and long-range movements require cytoskeletal

tracks, particularly microtubules and microtubule-associated motors, such as

kinesin and dynein. F-actin and intermediate filaments could also be involved

[2, 10, 144]. Mitochondrial movement is believed to be correlated to [Ca2+]cyt.

Several studies have shown that the pattern of mitochondrial movement follows the

spatial and temporal pattern of transient [Ca2+]cyt responses, which result in a

redistribution of mitochondria to areas of high [Ca2+]cyt [2, 10, 144]. In addition,

mitochondrial movements within cells are inhibited by depleting local ATP levels.

This suggests that [Ca2+]cyt and ATP may coordinate recruitment of mitochondria

[14]. In a study examining porcine ASM cells using electron microscopy, van

Breemen and colleagues reported that the proportion of mitochondria near (less

than 30 nm) the SR membrane decreases with agonist stimulation [29]. However,

no data correlating these changes to mitochondrial Ca2+ uptake were provided.

These results are in sharp contrast to findings in other cell types using techniques

other than electron microscopy, where it has been reported that agonist stimulation

leads to an increase in mitochondrial density near the SR [14, 77]. In human ASM,

preliminary studies in our lab indicate that histamine stimulation increases the

longer-range, directed movements of mitochondria from more distal compartments

of the cell to the perinuclear region of the cell. In contrast, we observed a decrease

in the random wiggle-type movements of mitochondria during histamine stimula-

tion. This decrease was more pronounced in the perinuclear region versus distal

regions, again suggesting heterogonous subpopulations of mitochondria.

Mitochondria are generally not homogeneously distributed within cells. In ASM

and in other cells, a significant proportion of the mitochondrial population is

observed in close proximity to the SR and the nucleus [29, 32]. Mitochondrial

movements play an important role in dynamic mitochondrial redistribution. The

main hypothesis is that mitochondria strategically situate near regions of high ATP

demand or regions with the potential for Ca2+ signal sensing and regulation such as

the SR, plasma membrane, or the nucleus [14, 32, 40, 99, 144]. A mitochondrial

subpopulation very close to the SR (which is dynamically recruited from the total

226 P. Delmotte et al.



population) is likely employed in excitation–energy coupling; however, the

influence of other factors in the context of ASM cells, including heterogeneity of

the [Ca2+]cyt response or cytoskeleton remodeling associated with ASM contrac-

tion, pose interesting questions for further study.

7 Summary and Conclusions

Smooth muscle appears to be optimized for maximum energy efficiency, whereas

the skeletal muscle contractile response is optimized for maximum power output.

Therefore, efficient matching of energy supply with energy demand may be a more

significant governing factor for the ASM contractile response. The ASM cell is a

physiological model of energy efficiency, especially in comparison to skeletal

muscle. The dynamic nature of the ASM cell allows for adaptation to various

stimuli while maintaining a stable time course of muscle force. Given evidence

that a change in metabolite levels is not detectable in smooth muscle cells, credit

must also be given to the processes that supply energy in just the right amount at the

right time. The main feature of this process includes a linkage between an elevation

of [Ca2+]cyt and [Ca2+]mito with subsequent decoding of [Ca2+]mito into increased

ATP production (Fig. 7).

Fig. 7 Excitation–contraction coupling is mirrored by an excitation–energy coupling performed
by mitochondria. Both processes are initiated by elevated [Ca2+]cyt levels and result in

the production of ATP during a contractile response. Spatial and temporal heterogeneity of the

[Ca2+]cyt response, contraction-associated cytoskeleton remodeling and cross-bridge cycling, and

cytoskeleton-based mitochondrial motility and fission/fusion events might influence these

relationships
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The control of mitochondrial energetics in ASM is far from being established

and is at this stage speculative. However, a few key observations support the idea

that mitochondria perform an excitation–energy coupling function, thereby cou-

pling energy demand with energy supply. An elevation of [Ca2+]cyt signals muscle

contraction and concomitant ATP hydrolysis. The coordinated elevation of

[Ca2+]mito leads to an increase in mitochondrial ATP production, thereby matching

the increase in ATP consumption. Mitochondrial dynamics and redistribution likely

determine the quality of mitochondrial Ca2+ sensing, and therefore mitochondrial

compartmentalization might ensure appropriate and efficient ATP production to

localized cytosolic regions.
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Abstract Caveolae are flask-shaped invaginations of the plasma membrane that

are rich in lipids and serve as microdomains to facilitate interactions between

proteins at the membrane as well as intracellular components, thus modulating

signal transduction, protein and lipid transport, and other processes. Constituent

caveolar proteins such as caveolins and cavins also have scaffolding domains that

anchor and regulate protein function. There is now evidence that caveolae and their

constituent proteins are present in airway smooth muscle in a variety of species.

Caveolae in airway cells contain or interact with molecules such as receptors, ion

channels, and regulatory proteins that are key to the roles of airway epithelium and
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smooth muscle in regulating airway structure and function. Furthermore, caveolar

protein expression and regulation appear to be important in mediating and

modulating the effects of inflammation on the airway, thereby contributing to the

pathophysiology of diseases such as asthma.

Keywords Caveolae • Caveolin • Cavin • Airway

1 Caveolae, Caveolins, and Cavins

Lipid rafts are unique and distinct from nonraft phospholipid bilayers by being in a

liquid-ordered state [1, 2], a result of enrichment of cholesterol and sphingolipids.

Unlike planar membranes, caveolae, a subset of lipid rafts, are flask or omega-

shaped membrane invaginations that can be viewed using microscopy techniques.

The importance of caveolae lies in their recognized role as signaling organizers in a

variety of cell types [3–5]. By virtue of the clustering of receptor, signaling

molecules, ion channels, and other proteins, caveolae function as cell signaling

modulators and additionally play a role in regulating vesicle transport kinetics and

the movement of other plasma membrane proteins.

Caveolae contain caveolin proteins as a major structural element that makes

them unique. Caveolin-1 (Cav1), caveolin-2 (Cav2), and caveolin-3 (Cav3) [6]

have been identified, and higher-order oligomers of these isoforms within plasma

membrane are critical for the invagination of caveolae. While Cav1 and Cav2 have

been shown to be present in most cell types, Cav3 is expressed primarily in muscle,

especially skeletal and cardiac muscle. Cav1 is the most studied isoform in terms of

its regulation. Although how Cav1 is trafficked to the plasma membrane is not

entirely understood, interactions with signaling intermediates such as ARF1

(in Caenorhabditis elegans) and proteins such as amyloid beta, insulin, and Na/K

ATPase have been shown to regulate Cav1 trafficking and stabilization. Cav2 is

thought to provide a “supporting” role in helping Cav1 form invaginations and in

most cell types is coexpressed with Cav1. On the other hand, in striated muscle,

Cav3 is localized to the sarcolemma and is critical for caveolar formation even

without Cav1.

More recently, a new family of proteins called cavins (cavin1–4) has been

identified as being key to caveolar formation and shape and caveolin function.

The significance of caveolins and cavins in the formation of caveolae is

underscored by the fact that genetic disruption of these proteins results in loss of

caveolar formation [7–9]. Cavin1 (also known as PTRF – polymerase I transcript

releasing factor, or Cav-p60) is thought to be an integral component of caveolar

biogenesis [4, 8] in that sequestration of intracellular Cav1 into caveolae requires

cavin1. Furthermore, loss of cavin1 increases the lateral mobility of Cav1 to

noncaveolar rafts followed by accelerated lysosomal degradation. Cavin1

colocalizes with Cav1 within lipid rafts but does not directly interact with Cav1,
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although indirect interactions mediated by cytoskeletal proteins cannot be ruled

out. Cavin2 [also known as serum deprivation protein response (SDPR)] is also

enriched in caveolae and colocalizes with Cav1. However, unlike with cavin1,

overexpression of cavin2 does not increase caveolae number per se but induces

changes in caveolar morphology, resulting in extensively distended tubule forma-

tion. Conversely, cavin2 downregulation induces loss of Cav1 and cavin1 expres-

sion, indirectly leading to decreased caveolar formation. Similarly, cavin3

[sdr-related gene product that binds to c-kinase (SRBC)] has been shown to

associate with Cav1 and facilitate intracellular trafficking of Cav1 and may thus

be important for endocytosis of Cav1, especially in liver and brain. Cavin4 has been

found to be associated with sarcolemmal caveolae in striated muscle. Reduced

cavin4 expression has been reported in muscle diseases associated with Cav3

dysfunction, suggesting a functional role for this protein.

Caveolin isoform expression depends on the type of smooth muscle, with all

three isoforms expressed in vascular smooth muscle [10], while human airway

smooth muscle (ASM) expresses only Cav1 and Cav2 [11, 12]. Limited data in

airway epithelium suggest expression of both Cav1 and Cav2 [13, 14]. There is

currently very limited information on cavins in ASM or airways [15]. In ongoing

studies, we have found substantial expression of PTRF/cavin1 and SRBC/cavin3,

while only mRNA for SDPR/cavin2 can be detected, findings that we confirmed

in mouse airways [16]. However, their role or interactions with Cav1 in modulating

airway structure or function is not known. Furthermore, there is currently no

information on cavin isoform expression in airway epithelium.

2 Regulation of Caveolin and Cavin Expression

In other cell types, activation of the extracellular signal-regulated kinases (ERK)

pathway plays a critical role in Cav1 expression [17], potentially by inhibiting

transcription of the cav1 gene via phosphorylation of key transcription factors.

Growth factors tend to inhibit Cav1 expression via the ERK pathway [18, 19].

Activation of Src family kinases and cyclic AMP (cAMP)-dependent protein kinase

have also been implicated in reducing Cav1 [20, 21]. Lipid molecules can

positively or negatively regulate Cav1 expression. For example, transcription is

enhanced by free cholesterol [22, 23], while high-density lipoproteins decrease

Cav1 expression [23, 24]. Cav2 expression is linked to Cav1, but, unlike transcrip-

tional regulation of Cav1 expression, it is increased degradation of Cav2 in the

absence of Cav1 that is responsible. Normal regulation of caveolin isoform expres-

sion in the airway has not been examined. In a previous study, we found that

pharmacological inhibition of MAP kinases, especially ERK, as well as NFκB
reduces Cav1 protein expression in human ASM cells [12].
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There are currently limited data on the regulation of cavin expression in any cell

system. Importantly, oxidative stress upregulates cavin1 expression [25] through

unknown mechanisms. Separately, cytoskeletal disruption and cholesterol deple-

tion also decrease cavin1 expression [26], as can factors such as insulin, while

isoproterenol increases expression [27]. Serum deprivation reduces cavin2 and 3;

however, the mechanism that regulates their expression is not known. There is

currently no information on cavin isoform expression in airway epithelium or ASM.

Figure 1 provides a model of the role of cavins and Cav1 in caveolar morphology

and function.

Fig. 1 Caveolins and cavins in airway smooth muscle (ASM). Unlike striated muscle, ASM

largely expresses caveolin-1 and caveolin-2. Regulation of caveolin expression is complex and

can occur at the level of gene and protein expression, as well as by protein insertion into the plasma

membrane. In this regard, besides modulators such as cytokines and growth factors, recently

identified cavin proteins appear to be important. Cavin1 regulates caveolin insertion, cavin2 the

shape of caveolae, cavin3 internalization of caveolins, and cavin4 the interaction of caveolae with

intracellular structures, particularly the sarcoplasmic reticulum
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3 Functional Roles of Caveolins and Cavins

As invaginations harboring a variety of proteins, caveolae can facilitate interactions

between the plasma membrane and intracellular organelles, such as the endoplas-

mic reticulum and mitochondria, as well as components such as the cytoskeleton.

Although caveolins are relatively small (21–24 kDa), their distinct scaffolding

region is an essential part of their ability to bind many signaling proteins [4, 7].

Similarly, domains on cavin proteins are important for protein–protein interactions.

Caveolins bind and shuttle cholesterol and other proteins to/from the plasma

membrane [5]. In smooth muscle cells, including those of the airway, caveolae

contain proteins that regulate intracellular Ca2+ ([Ca2+]i) and contractility, as well

as cellular proliferation [28–31]. Caveolae in canine ASM express binding proteins

for L-type Ca2+ channels and plasma membrane Ca2+ ATPase [32], while human

ASM caveolae harbor agonist receptors (e.g., muscarinic M3 and histaminergic

H1), Ca2+ influx mechanisms (e.g., transient receptor potential canonical (TRPC)

channels and Orai1) [11], and proteins such as RhoA that regulate force [11, 33]. In

human ASM cells, we previously showed that caveolar muscarinic and histaminer-

gic receptors are critical for [Ca2+]i responses to these bronchoconstrictor agonists

[11] such that the Ca2+ responses are substantially blunted in the presence of Cav1

siRNA or when Cav1 function is inhibited using a scaffolding domain inhibitory

peptide. Cav1 also appears to be important for TRPC channel localization and

function, and in human ASM, depletion of Cav1 inhibits store-operated calcium

entry (SOCE) [34]. Furthermore, the SOCE regulatory protein (indeed, perhaps

even the channel) Orai1 is expressed within caveolae in human ASM. Importantly,

the sensor for sarcoplasmic reticulum (SR) Ca2+ levels, STIM1, interacts with Cav1

and Orai1 within caveolae to regulate SOCE. In addition to these roles in regulating

[Ca2+]i, Cav1 is also important for the regulation of Ca2+ sensitivity for force

generation. In porcine ASM, we demonstrated that caveolar depletion with cyclo-

dextrin or Cav1 scaffolding domain inhibitor peptide decreased force responses to

acetylcholine (ACh). Inhibiting RhoA with fasudil or Y27632, is more pronounced

in the absence of Cav1 signaling.

In endothelial cells, nitric oxide synthase (NOS) is a classic caveolae-associated

signaling enzyme. Direct interaction between Cav1 and endothelial nitric oxide

synthase (eNOS) has been demonstrated, with targeting of eNOS to the caveolae

dependent on posttranslational lipid modifications of eNOS [35, 36]. Importantly,

under basal conditions, Cav1 inhibits eNOS activity [36], which is overcome by

elevation of [Ca2+]i (e.g., by inducers of nitric oxide such as ACh or ATP),

recruitment of calmodulin, and involvement of phosphoinositide-3 (PI3)/Akt.

While the role of epithelial NO as a bronchodilator is less clear, a similar role for

Cav1 in regulating epithelial NOS has not been well studied. Using Cav1 knockout

(KO) mice, we recently reported [16] the surprising finding that hypercontractility

of the Cav1 KO airway (which contrasts with the in vitro human ASM work) may

involve impaired Cav1/NOS interactions. However, further examination of Cav1 in

epithelium is yet to be done.
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In addition to G-protein-coupled receptors (GPCRs), receptor tyrosine kinase

pathways, which are activated by factors such as epidermal growth factor (EGF),

insulin-like growth factor (IGF), and platelet-derived growth factor (PDGF), are

localized in caveolae and regulate cell proliferation and differentiation. Further-

more, regulation of kinase cascades such as PI3/Akt and mitogen-activated protein

kinases (MAPK) are dependent on raft/caveolae integrity [5]. Cav1 inhibits

Raf/MEK-1/ERK-2 signaling to the nucleus [17]. Studies in human ASM [29]

have demonstrated a role for caveolae in ERK signaling. Although Gosens

et al. showed that upon activation p42/p44 MAP kinase appears to be localized to

caveolae-free membrane domains, some of the upstream molecules important for

ERK signaling remained within caveolae. In contrast, we demonstrated in porcine

ASM the importance of Cav1 in the regulation of ASM contractility [37] and did

not find a role for ERK signaling. A dynamic association between protein kinase C

(PKC) and caveolae has also been demonstrated in other cell types [8, 38] and may

need to be explored in ASM. In this regard, similar to eNOS association, caveolin

peptides that bind to the Cav1 scaffolding domain inhibit PKC activity [39]. More-

over, PKC-mediated vasoconstriction is increased in some arteries of Cav1-

deficient mice [40]. Importantly, SDPR (cavin2) and SRBC (cavin3) bind to

PKCα and PKCδ, and thus caveolar association of PKC may be mediated in part

by cavins.

Of the four cavins identified, PTRF/cavin1 [8, 41], SDPR/cavin2 [42], and

SRBC/cavin3 [43] appear to be important in caveolar formation and shape, while

MURC/cavin4 [44, 45] helps enhance interactions with intracellular structures.

Considering their novelty, there is currently very limited information on cavins in

ASM or airways [46]. We demonstrated the presence of cavin1–3 in mouse lung

[16]. However, their role or interactions with Cav1 in modulating airway contrac-

tility is not known. Furthermore, there is no information in regard to cavin expres-

sion and their role in airway epithelium.

4 Caveolae in Airway Inflammation

Airway inflammation leads to increased contractility and enhanced [Ca2+]i
responses of ASM. The effect of inflammation on caveolae and caveolins in the

inflamed airway have only recently been examined and are thought to be important

[47]. In a mostly biochemical study using human ASM, it has been shown that lipid

rafts are important in tumor necrosis factor alpha (TNFα)-mediated effects [48].

In that study, tumor necrosis factor receptor 1 (TNFR1) was localized to both lipid

raft and nonraft plasma membrane regions. Lipid rafts are important for TNFR1-

mediated activation of RhoA but not NFκB and MAPK. However, this study did

not examine the functional role of Cav1 during airway inflammation. In ovalbumin-

sensitized/challenged mice, Cav1 is necessary for IL-4-mediated enhancement of

transforming growth factor beta (TGFβ) signaling, but this study did not examine

airway reactivity per se [49]. Cav1 can regulate NFκB and inflammatory responses
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to sepsis [47]. Previous studies have demonstrated a role for caveolins in regulation

of p42/44 MAP kinase [29] and RhoA and Rho kinase signaling [50], thereby

modulating cellular proliferation, relevant to diseases such as asthma. Cytokines

such as TNFα can enhance muscarinic receptor activation as well as Ca2+ influx

mechanisms [51–53]. We recently demonstrated that such cytokine effects involve

Cav1 [12], where TNFα and IL-13 increase Cav1 expression in human ASM.

Importantly, downregulation of Cav1 expression blunted cytokine-induced

enhancement of [Ca2+]i responses. Interestingly, the effects on IL-13 are not as

profound as with TNFα. The reason for the relative smaller effect appears to be due

to the fact that the IL-13 receptor is not expressed within caveolae of human ASM

(in comparison to TNFα receptor). In a recent study, we also found that although

both Orai1 and STIM1 play an important role in TNFα-induced enhancement of

SOCE, caveolar Orai1 is particularly important in mediating cytokine effects.

Figure 2 demonstrates the importance of caveolae and Cav1 in [Ca2+]i regulation

and airway inflammation.

In different smooth muscle types such as vascular, gallbladder, and intestine, as

well as airway, caveolins play a role in force regulation [28, 30, 37, 54–56].

We further demonstrated recently that TNFα enhancement of ASM contractility

is dependent on RhoA and involves Cav1, such that cyclodextrin or Cav1 siRNA

blunts cytokine effects [37]. Previous studies examining cell proliferation have

Fig. 2 Caveolins are important in airway smooth muscle signaling. By harboring a number of

regulatory proteins including agonist receptors, Ca2+ influx channels (e.g., TRPC and store-

operated channel Orai1) and the RhoA pathway for Ca2+ sensitization. In turn, caveolins can

regulate intracellular signaling cascades such as ERK and NFkB, thereby modulating the response

of inflammation, relevant to diseases such as asthma
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reported Cav1 regulation of p42/44 MAP kinase [29] as well as RhoA and Rho

kinase signaling [50], which are important in mediating cytokine effects on ASM.

While much of the work on caveolins in ASM has been done in vitro, what is

interesting is that the data from in vivo models such as the Cav1 KO mouse actually

demonstrate airway hyperresponsiveness in the absence of Cav1. In a recent study

using ovalbumin-sensitized and challenged Cav1 KO mice, we showed increased

airway reactivity to methacholine compared to wild-type controls [16] and further

demonstrated a complex role for epithelial caveolins involving a balance between

arginase and NOS in terms of L-arginine metabolism. Wild-type mice that were

sensitized/challenged showed increased Cav1 in both ASM and epithelium, consis-

tent with in vitro findings using inflammatory cytokines. A potential confounding

factor that underlies the discrepancy between in vitro and in vivo findings may be a

time- and context-dependent role for Cav1 that has not been explored. Short-term

alterations in Cav1 expression as done in vitro may demonstrate different effects in

comparison to the permanent absence of this important protein throughout life

in vivo. Regardless, what does happen is that airway inflammation leads to

upregulation of cavins, consistent with their known function in enhancing caveolar

structure and function [8, 42, 43, 57]. Interestingly, Cav1 KO airways showed a

dramatic decrease in the expression of cavins, suggesting a transcriptional modula-

tion of these proteins by Cav1 and their potential role in contractile responses of the

airway. However, these issues remain to be examined.

5 Summary and Conclusions

Caveolae are present in the airway, and a variety of caveolin and cavin isoforms are

expressed. Cav1 appears to be important in harboring a number of key proteins,

such as receptors and ion channels, that regulate [Ca2+]i and force in the airway.

Furthermore, Cav1 itself signals intracellularly to regulate contractility and cell

proliferation. Importantly, caveolins are modulators and mediators of inflammatory

signaling in the airway, which is relevant to diseases such as asthma. However, their

role in the airway is certainly complex and remains to be completely elucidated.
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Abstract Nicotinamide adenine dinucleotide (NAD) metabolites, cyclic

ADP-ribose (cADPR), and nicotinic acid adenine dinucleotide phosphate

(NAADP) have been identified as calcium-releasing second messengers. In smooth

muscle including that of airways, cADPR plays a vital role in the dynamic regulation

of intracellular calcium and contraction. CD38, a 45 kDa bifunctional transmem-

brane protein, possesses enzymatic activities (ADP-ribosyl cyclase and cADPR

hydrolase) necessary for the synthesis and degradation of cADPR. Together,

CD38 and cADPR form a signaling cascade in agonist-induced calcium elevation
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in airway smooth muscle (ASM) cells similar to well-established phospholipase C

and inositol trisphosphate (PLC/IP3) pathway. CD38/cADPR is considered an

endogenous activator of calcium release from the sarcoplasmic reticulum via

ryanodine receptor channels. Most importantly, findings from ex vivo and in vivo

studies have established the contribution of CD38/cADPR-mediated calcium

release to the regulation of contractile responsiveness of airways and respiratory

function. CD38 expression is regulated by inflammatory cytokines, microRNAs, and

exogenous drugs such as corticosteroids. Changes in CD38 expression and cADPR

production have significant consequences in ASM functions and also contribute to

hyperresponsiveness seen during airway inflammatory conditions such as asthma.

This chapter describes numerous studies that have established signaling, functional,

and pathophysiological roles of CD38/cADPR in ASM.

Keywords CD38 • cADPR • Cyclase • Cytokine • miRNA

Cyclic ADP-ribose (cADPR), a nicotinamide adenine dinucleotide (NAD) metabo-

lite, has been identified as a calcium-releasing second messenger in a variety of cell

types including smooth muscle cells. In airway smooth muscle (ASM) cells,

calcium release from intracellular stores such as the sarcoplasmic reticulum

(SR) plays a prominent role during agonist responses. The principal pathways of

SR calcium release involve activation of the inositol 1,4,5-trisphosphate receptors

(IP3Rs) and the ryanodine receptors (RyRs). Recent studies on the mechanisms

underlying SR calcium release through RyRs have shown that both calcium and

cADPR are involved in the activation of these channels. Furthermore, the capacity

for [Ca2+]i regulation through this mechanism in ASM cells is significantly altered

during inflammation and appears to depend on the expression of a cell-surface

protein CD38. CD38 expression and its function determine the magnitude of

cADPR-mediated calcium responses in ASM cells to a variety of agonists that act

via G-protein-coupled receptors (GPCRs). We will outline evidence from studies

from our laboratory as well as from others that the CD38/cADPR signaling is

relevant in calcium homeostasis in ASM cells and that this pathway is highly

regulated by inflammatory cytokines that are relevant in asthma. The functional

significance of CD38/cADPR-mediated calcium release in the regulation of respi-

ratory functions under normal and airway diseases is also discussed.

ASM contraction and relaxation are regulated by a complex, coordinated action

of receptors, ion channels, and effector molecules within a cell. When excited

by neurotransmitters or agonists of inflammatory origin, smooth muscle contrac-

tion occurs via actin and myosin cross-bridge cycling. This excitation–contraction

(EC) coupling is preceded by an elevation in [Ca2+]i. Relaxing agents, in contrast,

in part mediate their effect by inhibiting calcium elevation in ASM. Elevation of

[Ca2+]i is a prerequisite for the subsequent steps in cross-bridge cycling and

contraction. Under basal conditions, ASM cells maintain a low level of calcium

(approx. 100–200 nM) resulting from a balance between calcium-elevating and

reuptake mechanisms. Depending on the agonist and duration of stimulation, the

magnitude of [Ca2+]i rise varies. Multiple mechanisms mediate processes by which
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ASM cells maintain [Ca2+]i at a low baseline level, elevate [Ca2+]i upon agonist

stimulation, and then return [Ca2+]i to resting levels upon withdrawal of the

stimulus. The key elements dictating the rise and fall of global [Ca2+]i include

sources of calcium, calcium-release channels, second messengers, pumps, and

exchangers. The resultant calcium level in the cell is a complex interplay of calcium

source and second messengers that are released inside the ASM cell. Activation and

inactivation kinetics of all these regulatory molecules render calcium homeostasis a

very complex phenomenon. In this context, cADPR, a calcium-releasing second

messenger, has been identified as a key player in ASM cells [13].

Calcium signaling in ASM can be initiated by electrical changes on the plasma

membrane but is most commonly caused by stimulation of cells by select GPCR

agonists [10]. Gq-coupled GPCR agonists are primary regulators of calcium signal-

ing and contraction of ASM cells [23]. Each of these agonists (either released by

nerve terminals or infiltrating inflammatory cells) activates its cognate receptors to

induce calcium signaling and, subsequently, contraction of ASM. A known endog-

enous GPCR agonist is acetylcholine (ACh), which is released from parasympa-

thetic nerve terminals and mediates its effect via Gq-coupled m3 muscarinic

receptors (m3mAChRs). Other Gq-coupled receptors that ASM cells express and

are physiologically and pathologically important include H1 histamine receptors

(H1HRs), BK1 receptors (activated by bradykinin), CysLT1Rs (cysteinyl

leukotrienes), PARs (thrombin), 5-HT2c receptors (serotonin), and D2 receptors

(dopamine). Activation of all these receptors results in an elevation of free cyto-

plasmic calcium in ASM cells. Proton-sensing receptors such as OGR1 are also

expressed on ASM, and activation by acidic pH results in an elevation of calcium

and contraction of ASM cells [54]. Ligand-gated channels such as GABAA,

GABAB, and glycine receptors are known to modulate ASM calcium homeostasis

and contractility [43, 45, 64]. A recent study revealed the that expression of taste

receptor type 2 (TAS2R) on human ASM cells and activation of ASM cells by a

number of bitter tastants results in an elevation of [Ca2+]i [12].

Activation of Gq-coupled receptors on ASMmembrane by agonists results in the

accumulation of calcium-releasing second messenger molecules. In the context of

Gq-coupled GPCRs, agonists such as ACh, histamine, and LTD4 cause the accu-

mulation of 1,4,5-trisphosphate (IP3) in ASM cells [5]. Similar findings have been

demonstrated for ASM strips obtained from trachea and bronchi [6, 7]. Studies from

our laboratory and others revealed accumulation of cADPR in ASM upon stimula-

tion with agonists such as ACh, bradykinin, endothelin-1, and histamine [33]. Simi-

lar observations were found in longitudinal smooth muscle of gastrointestinal

(GI) tract and vascular smooth muscle [15, 35]. Agonist-induced increase in

cADPR concentration in ASM cells suggests a potential second messenger role

for cADPR in ASM, similar to IP3.

cADPR is synthesized by the action of ADP-ribosyl cyclase and degraded by

cADPR hydrolase [39]. Interestingly, both enzyme activities are associated with a

single-membrane-bound protein, CD38 in ASM [62] (Fig. 1). Membrane-bound

ADP-ribosyl cyclase and cADPR hydrolase activities are present in membrane

preparations obtained from human, murine, and porcine ASM [11, 14, 62].
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CD38 is the primary source for cADPR production in ASM, although non-CD38

ADP-ribosyl activities have also been described in other cell types [42].

An increase in CD38 expression results in increased levels of cADPR in ASM.

Furthermore, siRNA-mediated knockdown or genetic ablation of CD38 results in

diminished levels of cADPR in ASM, suggesting a role of CD38 in mediating

cADPR production [14, 55]. A low level of cADPR is present in ASM cells from

CD38-deficient mice, suggesting a potential source of non-CD38 ADP-ribosyl

cyclases in ASM [14]. Agonist stimulation results in increased ADP-ribosyl cyclase

activity in ASM, corresponding to increased cADPR accumulation. The

mechanisms that regulate the cADPR hydrolase activity of CD38 are not clearly

understood. Future studies are needed to establish the time kinetics of cADPR

synthesis and degradation in ASM cells. Most importantly, agonist stimulation

seems to favor cADPR synthesis in ASM cells.

The role of G proteins in the activation of CD38 has been investigated

extensively in smooth muscle cells. Incubation of small-intestine smooth muscle

with GDP-γS resulted in inhibition of agonist-induced accumulation of cADPR

[35, 36]. Similar findings were demonstrated in cardiac myocytes using GTP-γS or

cholera toxin [22]. Agonist activation of CD38 activity and cADPR accumulation

Fig. 1 CD38 expression and ADP-ribosyl activity in airway smooth muscle (ASM). Western blot

analysis (a) using membrane lysates prepared from human and mouse ASM reveal expression of

CD38. Treating ASM with cytokine IL-13 (left panel) results in increased expression of CD38.

Incubating ASM membrane preparations isolated from wild-type, and not CD38 null, mice with

NGD, a substrate for ADP-ribosyl cyclase, results in a time-dependent increase in the production

of cGDPR (b). These data suggest that CD38 is the primary source of ADP-ribosyl cyclase activity

in ASM (Figures reproduced with permission [9, 14])
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in ASM provide indirect evidence for the involvement of G proteins. However, no

direct evidence for such an interaction has been established in ASM. Receptor

subtype specificity for CD38/cADPR-mediated calcium release has also been

investigated. cADPR accumulation is seen in ASM cells stimulated with both m2

and m3 mACh receptors [33]. Another study using 8-bromo-cADPR suggested

sensitivity for cADPR antagonism for m2 mACh receptor activation [63]. Studies

from our laboratory demonstrated inhibition of calcium response by ACh and ET-1

and not histamine by cADPR antagonist [63]. Although receptor subtype specificity

for CD38/cADPR coupling has been shown in smooth muscles of arteries

(m1 mAChR) [18] and seminiferous tubules (ETB) [3], the precise mechanism

and significance in ASM need further investigation.

Agonist-stimulated increase inADP-ribosyl cyclase (which potentiates synthesis of

cADPR) has also been established in ASM cells [33]. Agonists such as ACh, bradyki-

nin, endothelin, histamine, cholecystokinin, angiotensin, adenosine trisphosphate,

nitric oxide, glucose, oxytocin, and isoproterenol modulate ADP-ribosyl activity.

Phosphorylation, ADP-ribosylation, or S-nitrosylation of specific amino acid residues

on ADP-ribosyl cyclase could result in an increase or decrease in enzyme activity.

In bifunctional enzymes such as CD38, it is intriguing how specific enzyme

activities are differentially and selectively modulated by agonist stimulation. More

studies are needed to establish whether any or all of these mechanisms are involved

in the activation of CD38 in ASM. Nevertheless, agonist stimulation appears to

increase ADP-ribosyl activity and cADPR accumulation in ASM cells. Collectively,

extensive investigations in ASM provide evidence for the CD38/cADPR second

messenger pathway that is activated upon stimulation of ASM by a variety of

calcium-elevating Gq-coupled GPCR agonists, similar to the well-established

PLC/IP3 pathway.

1 Calcium Regulation by cADPR

Three different modalities of calcium signals based on temporal and spatial features

are described for smooth muscle cells, including ASM cells. These include global

calcium increase, calcium oscillations, and calcium sparks [26]. A global calcium

increase upon activation of ASM by an agonist such as ACh is characterized by a

biphasic [Ca2+]i response, an initial transient rise in calcium followed by a decline

to a steady-state level that remains above the basal concentration. Using membrane-

permeable cADPR antagonist and ASM cells obtained from CD38-deficient mice,

studies have demonstrated the role of cADPR in mediating agonist-induced calcium

responses in ASM cells [14]. Stimulation of human ASM cells with agonists such as

ACh, histamine, bradykinin, or thrombin results in a biphasic increase in global

calcium (Fig. 2). Preincubation of cells with 8-bromo-cADPR, a cell-permeable

cADPR antagonist, significantly inhibits agonist-induced [Ca2+]i responses in

human ASM cells [11]. Similar findings were observed in freshly isolated porcine

ASM cells [52, 63]. Although findings from one study [63] indicated agonist

specificity for cADPR-mediated calcium release, this does not seem to be the
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case in human ASM cells, where the CD38/cADPR pathway seems to be utilized by

multiple agonists.

Another line of evidence in support of a role of cADPR in the regulation of

[Ca2+]i in ASM cells comes from studies using cADPR analogs (Fig. 2). Addition

of cADPR to permeabilized porcine ASM cells causes a concentration-dependent
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Fig. 2 cADPR-mediated calcium responses in airway smooth muscle (ASM). Addition of cADPR
to permeabilized ASM cells results in a concentration-dependent increase in intracellular calcium

concentration (a). Stimulating ASM cells with acetylcholine (ACh) generates an oscillatory

calcium rise and fall in a localized region of the cell and the addition of 8-amino-cADPR, a

cADPR antagonist, abrogates ACh-induced calcium oscillations (b). Preincubation of human

ASM cells with 8-bromo-cADPR, a membrane-permeant cADPR antagonist, significantly inhibits

ACh-induced calcium responses (c). cADPR antagonist is effective in inhibiting TNF-α-induced
calcium hyperresponses in human ASM cells. These data provide pharmacological evidence for

cADPR-mediated calcium release in ASM cells (Figures reproduced with permission [11, 52])
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increase in [Ca2+]i [52]. Similar findings were observed in studies using bovine

ASM cells [16]. Interestingly, cADPR-mediated calcium release in porcine ASM

cells is not sensitive to heparin, an IP3 receptor antagonist, whereas pretreatment

with ryanodine or ruthenium red abolished cADPR-induced calcium release. These

findings suggest that cADPR mediates calcium release via RyR channels and not

IP3R channels in ASM. The [Ca2+]i responses induced by cADPR require the

addition of micromolar concentrations of cADPR to permeabilized tracheal smooth

muscle cells. A number of technical limitations and the purity of compounds used in

the studies might account for the relatively low affinity of cADPR for calcium

release. Interestingly, cADPR-mediated calcium responses were transient in nature.

Nevertheless, these studies provide substantial direct evidence for the role of

cADPR in regulating ASM calcium homeostasis. Overexpression of CD38 in

ASM cells [55] or inflammatory cytokine-induced increase in CD38 expression

[11, 55] results in enhanced calcium responses to GPCR agonists, suggesting the

critical role of CD38 in the generation of cADPR and regulating dynamic calcium

homeostasis in ASM cells. The augmented [Ca2+]i responses to agonists following

treatment with inflammatory cytokines in human ASM cells is inhibited by the

membrane-permeant cADPR antagonist 8-bromo-cADPR (Fig. 2) [9, 11]. This

provides further evidence for CD38-derived cADPR in the regulation of calcium

homeostasis.

The contribution of cADPR to [Ca2+]i regulation in ASM cells was also

demonstrated in studies using airway myocytes from CD38-deficient mice

[14]. Calcium responses to ACh and endothelin-1 were significantly diminished

in ASM cells isolated from CD38-deficient mice trachea compared to wild-type

counterparts (Fig. 3). Downregulation of CD38 expression by antisense CD38

expression [31] and siRNA transfection [55] in ASM cells significantly attenuates

agonist-induced calcium responses in ASM cells (Fig. 3). Taken together these

findings provide genetic evidence for the role of CD38/cADPR-mediated calcium

release in ASM calcium homeostasis.

Our understanding of the mechanisms involved in dynamic [Ca2+]i regulation in

ASM cells has changed significantly with our ability to measure [Ca2+]i in real time

using confocal microscopy. The enhanced spatial and temporal resolution features

of confocal microscopy has revealed that exposure of ASM cells to ACh induces

regenerative and propagating intracellular calcium oscillations [51]. Recent studies

using lung slices have also demonstrated oscillatory patterns of calcium release in

ASM upon agonist stimulation [2, 4, 50]. These [Ca2+]i oscillations originate at a

location within an ASM cell and propagate to the ends of the cell. The peak-to-

trough amplitude of a [Ca2+]i oscillation within a given region of the ASM cell is

constant but varies across different regions of the cell, regardless of the concentra-

tion of the agonist used to induce the event. However, as the concentration of the

agonist increases, the basal [Ca2+]i increases such that the apparent peak-to-trough

amplitude of the oscillation decreases. Furthermore, the propagation velocity of

[Ca2+]i oscillations increases as the basal calcium increases with increasing agonist

concentration. Raising the basal [Ca2+]i by exposing the permeabilized ASM cells

to increasing extracellular calcium concentration also increases the frequency and
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propagation velocity of [Ca2+]i oscillations. The addition of cADPR to

permeabilized ASM cells also increases the basal [Ca2+]i and results in an increased

frequency and propagation velocity of [Ca2+]i oscillations [52]. In contrast, the

frequency and amplitude of calcium oscillations are compromised when cells are

pretreated with 8-bromo-cADPR, a cADPR antagonist. These observations

provided some important mechanistic insights into dynamic [Ca2+]i regulation by

cADPR in ASM cells during agonist stimulation. The spatiotemporal integration of

[Ca2+]i oscillations in the entire cell is reflected as mean calcium, which increases

with agonist concentration. The biphasic elevation of [Ca2+]i measured in the whole

cell and reported in earlier studies (described earlier) is in reality the spatiotemporal

integration of calcium-release events in the entire cell.

Another modality of calcium signaling is called calcium sparks, which are

defined as spontaneous, transient elevations of calcium in a very finite area of a

cell. Calcium sparks in a cell are minimal and asynchronous in nature and reported

in ASM cells [65, 66]. Calcium sparks are generated primarily by calcium release

via RyR channels and not dependent on calcium influx from the extracellular space.

However, the role of cADPR in mediating calcium spark activity needs further

investigation. Calcium sparks are known to induce spontaneous transient inward

currents (STICs) and spontaneous transient outward currents (STOCs) [41, 65]. The

addition of cADPR to equine tracheal smooth muscle cells resulted in increased

amplitude and frequency of STICs, suggesting spontaneous release of calcium by
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Fig. 3 Role of CD38 in cADPR-mediated calcium release. Downregulation of CD38 in human

airway smooth muscle (ASM) cells using antisense CD38 transduced by viral infection method

resulted in a significantly attenuated calcium responses to bradykinin in ASM cells (b) compared

to controls (a). Similarly, stimulation of ASM cells obtained from CD38 null mice elicited a

diminished calcium response to ACh stimulation (d) compared to the responses in ASM cells from

wild-type mice (c). These data support the hypothesis that CD38 is the primary source of cADPR-

mediated calcium release in ASM cells (Figures reproduced with permission [14, 31])
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cADPR in ASM cells [61]. The calcium sparks in ASM cells appear to occur often

in clusters within a given region of a cell. These sparks may coalesce into large

[Ca2+]i oscillations that propagate to other regions of the cell. The exposure of

the ASM cells to ACh causes initiation of large [Ca2+]i oscillations that often

originate within regions of intense calcium spark activity. We believe that calcium

sparks in ASM cells give rise to [Ca2+]i oscillations, and regions of intense calcium

spark activity may be the site of origin of these oscillations. Whether these regions

are endowed with a high density of calcium-release channels in the SR is not

currently known.

The studies described previously highlight the role of the CD38/cADPR path-

way in mediating calcium release from intracellular stores, predominantly SR via

RyR channels. Recent investigations have focused on identifying the role of

cADPR in store-operated calcium entry (SOCE) in ASM cells. The findings of a

study by Ay et al. [1] using porcine ASM cells suggest a role of both IP3R- and

RyR-mediated SR calcium release in store-operated calcium influx via plasma

membrane store-operated calcium channels (SOCCs). Subsequent studies identified

Transient Receptor Potential (TRP) channels as mediators of store-operated cal-

cium influx [19]. SOCE in ASM is increased under inflammatory conditions

(as demonstrated by treatment of ASM cells with TNF-α), and siRNA-mediated

downregulation of CD38 expression attenuates cytokine-induced increase in SOCE

[55]. These studies indirectly demonstrate the role of CD38/cADPR second mes-

senger pathway in mediating SOCE in ASM.

2 cADPR Binding Sites

Several lines of evidence suggest that cADPR-mediated calcium release occurs via

activation of RyR channels on the SR [19, 52] (Fig. 4). Unlike IP3R-mediated

calcium release that is dependent on the binding of IP3 to its receptors on the SR,

there is no well-understood endogenous RyR ligand. One proposed mechanism for

RyR-mediated calcium release involves calcium-induced calcium release (CICR)

wherein the initial calcium released via IP3R acts as a ligand to open RyR channels

[34]. Studies from different smooth muscle preparations clearly identified cADPR

as an endogenous ligand for RyRs and a potential candidate to modulate the

CICR mechanism [13]. This hypothesis is supported by the observation that

cADPR added exogenously to ASM cells induces calcium release, and cADPR-

induced calcium increase is blunted by RyR antagonists but not IP3R antagonists

[52]. High-affinity binding of 32P-cADPR to permeabilized smooth muscle cells

and tissue lysates provides the experimental evidence for cADPR–SR interaction

[35]. Furthermore, cADPR binding to the SR membrane is inhibited by unlabeled

cADPR, ryanodine, and ruthenium red, but not IP3, suggesting an interaction of

cADPR and RyRs [35]. Another line of evidence comes from studies carried out

using reconstituted RyRs. Campell’s group reconstituted RyRs in lipid bilayers, and

when cADPR was added exogenously, the open probability of RyR channels was
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increased [40]. Biochemical and pharmacological evidence suggests the interaction

of cADPR and RyR on the SR membrane to mobilize calcium.

The involvement of accessory proteins, such as calmodulin (CaM) and FK506

binding protein (FKBP12.6), as cADPR binding partners on RyRs has also been

investigated (Fig. 4). CaM was proposed based on studies using sea urchin egg

microsomes [38], and pharmacological evidence was provided in pancreatic islet

cells in which cADPR-mediated calcium release was inhibited by the incubation of

islet cells with a CaM inhibitor, W-7 [46, 47, 57]. However, no evidence was

obtained for the involvement of CaM in cADPR-mediated calcium release in

ASM cells. Another intermediary protein of interest in the actions of cADPR is

FKBP12.6. RyR channels are stabilized by the interaction with FKBP, and during

activation of RyR, FKBP dissociates to increase the open probability of RyRs [37].

FKBP12.6 is the predominant isoform in ASM. Biochemical studies revealed

Fig. 4 Model depicting CD38/cADPR-mediated calcium release and functional effect in airway
smooth muscle (ASM): Stimulation of ASM cells with GPCR agonists such as ACh results in

the production of inositol 1,4,5-trisphosphate (IP3), which in turn binds to its receptors on the

sarcoplasmic reticulum (SR). cADPR produced by the catalytic action of ADP-ribosyl cyclase

(part of membrane-bound protein CD38) acts as a calcium-releasing second messenger, presum-

ably via ryanodine receptors (RyRs) on the SR membrane. Extracellularly produced cADPR is

believed to enter the cell via membrane channel formed by dimer of CD38 or connexin-43.

Accessory proteins such as FKBP12.6 and calmodulin (CaM) are known to be involved in

cADPR-mediated calcium release. Recent studies have established the role of cADPR in store-

operated calcium entry via TRP channels on the plasma membrane. cADPR-mediated calcium

release is involved in the regulation of global as well as local/compartmentalized (e.g.,

oscillations) calcium homeostasis in ASM cells. In vivo studies using CD38 null mice confirmed

the functional role of CD38/cADPR-mediated calcium release in the regulation of

bronchomotor tone
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dissociation of FKBP12.6 upon addition of cADPR to the arterial smooth muscle

and pancreatic acinar cells [44, 56]. Furthermore, cADPR activation of RyR channels

is significantly inhibited by pretreatment with FK506, suggesting a potential role of

FKBP12.6 in cADPR–RyR interaction. Further evidence came when cADPR failed

to release calcium in ASM isolated from FKBP12.6 knockout mice [61].

In summary, studies in ASM cells have demonstrated the following: (1) CD38/

cADPR is activated upon agonist stimulation of ASM; (2) cADPR analogs increase

whereas cADPR antagonists inhibit calcium release in ASM; (3) cADPR-mediated

calcium release is involved in the regulation of store-operated calcium release,

calcium oscillations, global calcium responses, and calcium sparks; and

(4) cADPR-mediated calcium release can occur by direct or indirect (via accessory

proteins) binding to RyRs.

3 Regulation of CD38 Expression and Effect

on Calcium Homeostasis

In principle, any change in the expression of CD38 or enzyme activity associated

with CD38 should result in the altered production of cADPR and calcium release

from the SR. The altered expression and function of CD38 have been demonstrated

in various pathological conditions. Diseases such as diabetes, hypoxia-induced

vasoconstriction, hematopoietic malignancies, and thyroiditis are associated with

altered CD38 expression or activity [13, 42]. We hypothesized that CD38/cADPR

pathway in ASM played a critical role in aberrant calcium regulatory mechanisms

seen during airway inflammation. For these studies, we used an in vitro cell culture

model and well-established inflammatory and TH2 cytokines. Asthma is an inflam-

matory disease characterized by release of inflammatory and TH2 cytokines in the

lungs, resulting in structural and functional changes in resident effector cells

[53]. Pretreatment of ASM cells with different concentrations of inflammatory

(TNF-α, IL-1β, IFN-γ) or TH2 (IL-13) cytokines resulted in increased CD38

expression and cADPR production [9, 11]. Calcium responses to different

Gq-coupled GPCR agonists were significantly higher in cytokine-treated ASM

cells compared to controls, suggesting ASM hyperresponsiveness. Interestingly,

cell-permeable cADPR antagonist was able to reverse cytokine-induced ASM

hyperresponsiveness. These studies for the first time demonstrated the potential

pathological role of the CD38/cADPR pathway in airways (Table 1). The augmen-

tation of CD38 expression, and therefore the capacity for CD38/cADPR signaling,

is significantly greater following TNF-α exposure in ASM cells derived from

asthmatics than in cells from nonasthmatics [29].

TNF-α-induced increase in CD38 expression in ASM cells has been

demonstrated by other laboratories [55, 60]. Ex vivo treatment of tracheal rings

with TNF-α resulted in increased contractility to ACh exposure in wild-type mice

and not in CD38 null mice, suggesting a critical role of CD38 in cytokine-induced
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airway hyperresponsiveness (AHR) [25]. The in vivo relevance of cytokine-induced
CD38 upregulation was also investigated using mouse models (described in detail

in the next section). Similarly, inflammatory cytokine (TNF- α) treatment increased

SOCE in ASM, and downregulation of TNF-α-induced CD38 expression by siRNA
reversed a TNF-α-induced increase in SOCE [55]. These studies provided genetic

evidence for CD38/cADPR pathway in regulating ASM hyperresponsiveness.

Glucocorticoids (the drug of choice in asthma treatment) inhibit cytokine-induced

CD38 expression [32] and cADPR-mediated calcium release (unpublished obser-

vation). This provides evidence for the clinical application of the CD38/cADPR

pathway in airway diseases. Collectively, the studies described earlier demonstrate

that an increase in CD38 expression in ASM by cytokines results in altered calcium

homeostasis and may contribute to airway hyperresponsiveness.

4 Transcriptional and Posttranscriptional Regulation

of CD38 Expression

Our laboratory undertook detailed investigations related to the regulation of CD38

expression in human ASM cells (Fig. 5 and Table 1). These investigations involved

cells from both nonasthmatics and asthmatics. The latter group was comprised of

cells from subjects with a history of clinical asthma as well as from fatal asthmatics.

In initial studies, we examined the transcription factors and signaling mechanisms

through MAP kinases in the regulation of CD38 expression. The promoter region of

the CD38 gene has response elements for the transcription factors NF-κB and AP-1

[58]. In studies involving the transfection of ASM cells with a promoter-luciferase

construct, we showed that NF-κB and AP-1 were critical for TNF-α-induced
activation of the promoter [58]. The mutation of either of the transcription factor

binding sites within the CD38 promoter resulted in a loss of TNF-α-induced
activation of the promoter. Transcriptional regulation is critical in cytokine-induced

Table 1 Regulation of CD38

expression and effect on

calcium dynamics in ASM

Factors CD38 expression Calcium responses

Cytokines

IL-1β " ""
TNF-α """ """"
IFN-γ " "
IL-13 "" """
Glucocorticoids ## ##
Micro RNAs

miR-140-3p ### ND

miR-708-5p ND ND

miR-499-5p ND ND

miR-155 ND ND

Up arrow: increase, down arrow: decrease, ND: not

determined
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overexpression of the CD38 gene. Cytokine signaling in ASM involves multiple

mechanisms. We investigated the role of various MAP kinases in cytokine-induced

CD38 expression [28, 30]. The exposure of growth-arrested ASM cells to TNF-α
caused a significant induction of CD38 expression in a concentration- and time-

dependent fashion and activation of the MAP kinases. Pretreatment of the cells with

inhibitors of various MAP kinases or transfection with dominant negative

constructs for ERK and JNK MAP kinases resulted in a significant attenuation of

CD38 expression induced by the inflammatory cytokine. Furthermore, in the

presence of inhibitors of p38 or JNK MAP kinases, there was significant inhibition

of transcription factor activation and CD38 expression. In the presence of inhibitors

of p38 and ERK MAP kinases, there was significant attenuation of stability of

CD38 transcript. These observations indicate that CD38 expression in human ASM

cells is regulated by TNF-α through both transcriptional and posttranscriptional

mechanisms, the latter involving specific MAP kinases.

There is considerable interest in the posttranscriptional regulation of gene

expression in mammalian cells, especially by microRNAs as they pertain to physi-

ological and pathological functions. We examined the specific roles of microRNAs

in the posttranscriptional regulation of CD38 expression. Multiple Web-based

target prediction algorithms were used to determine potential microRNA binding

sites within the 3’UTR of CD38. Among the predicted microRNA binding sites, we

initially evaluated the effect of miR-140-3p in the regulation of CD38 expression

[27]. The rationale for pursuing this specific microRNA for the initial studies was

that it is expressed at high levels in human ASM cells and its expression is regulated

by TNF-α [11, 55, 60]. Exposure of ASM cells to TNF-α results in downregulation

of miR-140-3p expression, and this downregulation is greater in cells from

asthmatics. In human ASM cells transfected with a miR-140-3p mimic, there was

a concentration-dependent inhibition of CD38 expression. The magnitude of inhi-

bition of CD38 expression by the miR-140-3p mimic in cells from asthmatics and

nonasthmatics was comparable. Thus, the differential induction of CD38

AP-1

NF-kB

3kb 2kb 1kb +1 ATG miR-140-3p

miR-708-5p miR-499-5p miR-155
147 390229

3’ UTR (bp)Coding regionPromoter region (kbp)

Fig. 5 Organization of CD38 gene and potential regulatory sites. Genomic analysis of CD38

gene reveals the presence of transcription factor binding sites upstream of the start codon, ATG.

Full-length CD38 mRNA has binding sites for several microRNAs, suggesting potential posttran-

scriptional regulation of CD38 expression. An increase in the expression of CD38 results in altered

calcium homeostasis, hypercontractility of ASM, and bronchoconstriction. Understanding tran-

scriptional and posttrascriptional regulation of CD38 expression is critical to exploiting CD38 as a

potential antiasthma therapeutic target
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expression by TNF-α in asthmatic ASM cells that we reported earlier may not be

due to the greater reduction of miR-140-3p expression in these cells but may arise

from other mechanisms. We next undertook studies to examine the mechanisms by

which miR-140-3p regulates CD38 expression. The binding of miR-140-3p mimic

to 3’UTR of CD38 was studied by transfecting HEK290 or NIH3T3 cells with the

3’UTR-luciferase construct. Following transfection with the miR-140-3p mimic,

there was slight reduction of luciferase activity that was reversed by mutation of the

miR-140-3p binding site within the 3’UTR. Although the magnitude of reduction in

luciferase activity by the miR-140-3p mimic was marginal, inhibition of CD38

expression in human ASM cells by the same concentration of the mimic was

profound. Therefore, we examined whether activation of transcription factors and

MAP kinases that regulate CD38 expression were involved in the effects of

miR-140-3p in HASM cells. Our results indicated that in ASM cells transfected

with the miR-140-3p mimic, there was marginal reduction of p38 MAP kinase

activation as well as NF-κB activation [27]. Taken together, our results indicated

that both direct binding of miR-140-3p to 3’UTR of CD38 and indirect mechanisms

involving decreased activation of transcription factors and MAP kinases account

for the microRNA regulation of CD38 expression in human ASM cells. Whether or

not altered expression of CD38 by miR-140 results in changes in calcium homeo-

stasis in ASM needs to be determined. Our results do not rule out the contribution of

other transcription factors in the effects of miR-140-3p in regulation.

In summary, in ASM cells, (1) CD38 expression is regulated by inflammatory

cytokines that are relevant in asthma; (2) cytokine-induced CD38 expression results

in increased cADPR production and calcium release; (3) augmentation of CD38/

cADPR by cytokines is significantly greater in ASM cells derived from asthmatics

than in nonasthmatics; (4) transcriptional regulation of CD38 expression involves

the activation of p38 and JNK MAP kinases; (5) posttranscriptional regulation via

transcript stability involves the activation of p38 and ERK MAP kinases;

(6) microRNAs play a critical role in the regulation of CD38 expression; and

(7) the overexpression of miR-140-3p in HASM cells causes a significant reduction

in CD38 expression induced by TNF-α, indicating a potential therapeutic role for

this microRNA in reversing the asthmatic phenotype.

5 CD38 and Airway (Hyper) Responsiveness

The hallmarks of asthma include airway inflammation, remodeling, and AHR

[24]. ASM plays an active role in the development and progression of asthmatic

symptoms, and, most importantly, ASM assumes a hypercontractile, hyperproli-

ferative, and hypersecretory phenotype [24, 67]. We and others have investigated

the role of CD38/cADPR-mediated calcium release in asthma pathogenesis

by determining the role of the CD38/cADPR signaling in cytokine-induced

changes in ASM functions using cultured human ASM cells and animal models.

First, human ASM cells exposed to TNF-α, IL-1β, or INF-γ showed higher CD38
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expression and ADP-ribosyl cyclase activity compared with controls and developed

exaggerated [Ca2+]i responses to the contractile agonists acetylcholine, bradykinin,

and thrombin (see earlier section) [11]. Subsequently, similar observations were

made in cultured human ASM cells exposed to IL-13 with the additional finding

that the cADPR antagonist 8-bromo-cADPR significantly attenuated the [Ca2+]i
responses to bradykinin, histamine, and thrombin [9]. Both IL-13 and TNF-α cause

ASM hyperresponsiveness to carbachol and KCl and hyporesponsiveness to iso-

proterenol (IL-13 only) as demonstrated in murine tracheal ring experiments [20,

21, 59]. The change in responsiveness to carbachol, but not to isoproterenol, is

significantly attenuated in tracheal rings from CD38-deficient (CD38 KO) mice

compared to wild-type controls [20, 21]. It has also been demonstrated that the

expression of proinflammatory genes (IL-6, RANTES) in ASM cells exposed to

TNF-α is differentially regulated (IL-6 increased, RANTES decreased) by

IFN-β-dependent activation of the CD38/cADPR signaling pathway [60]. Emerging

evidence shows that TNF-α significantly increases CD38 expression, enzyme

activity, and cADPR synthesis by human ASM cells obtained from asthmatic

subjects as compared to ASM cells from nonasthmatics [29]. These studies clearly

demonstrate that the CD38/cADPR signaling system is targeted by and contributes

to the effects of key cytokines thought to mediate the asthmatic phenotype.

Taking advantage of the CD38 KO mice, studies have confirmed that CD38 is a

critical source of cADPR in the lungs and contributes to bronchomotor tone (Fig. 6)

[14]. The CD38/cADPR signaling pathway has an important role in cytokine-

mediated AHR, as demonstrated in mice intranasally challenged with IL-13 or

TNF-α [20, 21]. The absence of CD38 did not affect the magnitude or the nature of

the inflammatory cell infiltrate in both the BAL fluid and in the lung parenchyma as

well as cytokine/chemokine (IL-5, IL-6, IL-10, IL-12, IL-13, IFN-γ, eotaxin, and
MCP-1) concentrations in BAL fluid. However, the length of exposure of the lungs

to TNF-α did influence the inflammatory responses and airway responsiveness to

methacholine in a CD38-dependent and independent manner. A single exposure to

TNF-α caused no changes in inflammatory cells and cytokine/chemokine

concentrations in the BAL fluid of both wild-type and CD38 KO mice but induced

CD38-dependent AHR as occurred only in the wild-type animals. Extending the

airway exposure to TNF-α to 1 week caused CD38-independent bronchoalveolar

(predominantly neutrophilic) inflammation and AHR since both occurred similarly

in wild-type and CD38 KO mice. A 4-week exposure caused bronchoalveolar

inflammation (neutrophilic/eosinophilic) as well as parenchymal inflammation

but with no AHR in either the wild-type or the CD38 KO mice. Taken together,

these findings demonstrate that CD38 KO mice were able to mount robust inflam-

matory responses to key cytokines involved in the asthmatic phenotype, despite the

fact that the CD38/cADPR signaling system plays important roles in the regulation

of innate and adaptive immune responses in vivo [8, 48, 49]. Thus, CD38-mediated

responses of the resident airway cells, likely the ASM, rather than its role in

inflammatory cell functions, appear to be most relevant to AHR induced by directly

exposing the airways to cytokines.
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The function of CD38 in pulmonary inflammation and AHR associated with

inhaled allergens has been examined in two distinct murine models of airway

inflammation [17, 21]. First, airway inflammation and responsiveness to

methacholine were determined in WT and CD38 KO mice intranasally challenged

with IL-13 three times on alternate days. Following such a challenge, both wild-

type and CD38 KO mice developed robust airway inflammation, characterized by

increased numbers of cells, including eosinophils in the bronchoalveolar fluid. The

concentrations of some chemokines in the lungs were similar following IL-13

challenge in both wild-type and CD38 KO mice. However, the methacholine

responsiveness of the airways was significantly attenuated in the CD38 KO mice

compared to wild-type mice, indicating a role of CD38 in the development of AHR.

The role of CD38 in AHR was also examined in a model of ovalbumin-induced

airway inflammation [15]. Intranasal ovalbumin challenge following intraperito-

neal sensitization caused increased total inflammatory cell numbers in the BAL

fluid of both CD38 KO and wild-type mice [17]. However, here the inflammatory

cell infiltrate was characterized predominantly by macrophages in CD38 KO and

eosinophils and neutrophils in the wild-type mice. Differences were also found in

the serum levels of OVA-specific IgE, in cytokine (IL-4, IL-5, and IL-13)

IL-13TNF-αVehicle Ovalbumin

Wild-type CD38 deficient

Inflammation Robust Robust

Airway reactivity Bronchoconstriction
AHR
Bronchodilation

Bronchoconstriction
AHR
Bronchodilation

Fig. 6 Functional role of CD38 in the regulation of airway tone during normal and asthmatic
conditions. Acetylcholine-induced bronchoconstriction is decreased in CD38-deficient mice com-

pared to wild-type mice, suggesting a functional role of CD38 in the regulation of bronchomotor

tone. The induction of asthma phenotype using allergen (ovalbumin) sensitization and challenge or
direct administration of cytokines such as IL-13 and TNF-a resulted in a substantial increase in

bronchoconstrictor response to cholinergic challenge in wild-type, and not CD38 null, mice. These

studies suggest a pathological role of CD38 in airway inflammation
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concentrations in supernatants of cells obtained from peribronchial lymph nodes of

sensitized and challenged mice and subsequently cultured for 4 days in the presence

OVA, and in the parenchymal inflammatory response. Nonetheless, AHR to inhaled

methacholine occurred only in the wild-type mice. Furthermore, reconstitution of

CD38 KO mice with wild-type bone marrow did not restore AHR to the wild-type

level. Together, these studies indicate that CD38 is not as critical for the inflamma-

tory response as it is for the AHR induced by exposing the airways to allergens.

In summary, ASM can orchestrate and perpetuate pulmonary inflammation in

addition to being an essential regulator of bronchomotor tone in healthy and

asthmatic airways (Fig. 6). The CD38/cADPR signaling system has a prominent

role in cytokine- and allergen-induced AHR that is independent of its function in

inflammatory cell responses. The substantial evidence for a potential role of CD38

in the pathophysiology of human chronic inflammatory airway diseases such as

asthma awaits direct confirmation.
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Abstract Influx of extracellular calcium through calcium channels in the plasma

membrane contributes to the sustained phase of [Ca2+]i elevation following agonist

stimulation. The interactions between channel proteins like TRPC, STIM1, and

Orai1, as well as protein and regulatory molecules including reactive oxygen species

(ROSs), have been shown to be involved in the opening of calcium entry channels.

The contribution of endogenous hydrogen peroxide (H2O2) to agonist-induced

intracellular calcium oscillation was first reported as early as 2002 in vascular

endothelial cells. While both the receptor-operated calcium channel and store-

operated calcium channel proteins possess cysteine residues, they could also be

potential targets of ROSs. Mitochondria-derived H2O2 was shown to work as a
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cofactor together with STIM1 tomediate histamine-stimulated Ca2+ influx in airway

smooth muscle cells. Furthermore, intracellular ROSs can interact with members

of transient receptor potential (TRP) superfamilies and contribute to Ca2+ influx.

ROS-induced TRP intracellular translocation has been suggested as a critical

underlying mechanism of TRP activation, which could be a clue to explain how

intracellular ROSs cooperate with STIM1 tomediate Ca2+ influx. The cooperation of

ROSs and calcium signaling has magnified physiological or pathological effects.

Keywords Oxidant • Cooperation • Calcium influx

Abbreviations

[Ca2+]i intracellular calcium concentration

ASMC airway smooth muscle cell

SR sarcoplasmic reticulum

IP3 inositol 1,4,5-trisphosphate

ROS reactive oxygen species

VDCC voltage-dependent calcium channels

ROC receptor-operated calcium channel

SOC store-operated calcium channel

CCE capacitative Ca2+ entry

PIP2 phosphatidylinositol biphosphate

Tg thapsigragin

ICRAC calcium-release-activated calcium current

TRP transient receptor potential

STIM stromal interaction molecule

TRPC TRP canonical

Trx thioredoxin

CRAC Ca2+ release-activated channel

SCID severe combined immune deficiency

NADPH nicotinamide adenine dinucleotide phosphate

RNS reactive nitrogen species

RyR ryanodine receptor

mtDNA mitochondrial DNA

EB ethidium bromide

IGF-1 insulin-like growth factor 1

EGF endothelial growth factor

AVP arginine vasopressin

VCAM vascular cell adhesion molecule
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1 Introduction

In airway smooth muscle cells (ASMCs), a relatively low intracellular calcium

concentration ([Ca2+]i) is maintained in resting conditions. The elevation of [Ca2+]i
is required for the contractile response of ASMCs, which is of fundamental

importance to physiological respiratory function as well as airway hyperrespon-

siveness. The mechanisms underlying control of [Ca2+]i homeostasis in ASMCs

have been uncertain.

The elevation of [Ca2+]i in ASMCs following contractile agonist stimulation is

typically a biphasic process characterized by an initial rapid and transient rise in

calcium followed by a sustained steady-state concentration above the basal level.

Both the calcium influx through ion channels located in the plasma membrane and

the calcium release from the sarcoplasmic reticulum (SR) are involved in this

biphasic process. Earlier studies attributed the initial phase of [Ca2+]i response

to release from the SR via inositol 1,4,5-trisphosphate (IP3) and ryanodine

receptors (RyRs) [1], while the sustained phase of response was thought to be due

to influx from the extracellular space via voltage- and receptor-gated channels

in the plasma membrane, as well as by a store-operated calcium entry (SOCE)

mechanism [2–4]. The opening of calcium entry channels involves the activation

of diverse signaling pathways and the interactions between proteins and proteins

as well as protein and regulatory molecules including reactive oxygen species

(ROSs) [5, 6].

2 Channels Mediate Ca2+ Influx in the Plasma

Membrane of Airway Smooth Muscle Cells

2.1 Voltage-Dependent Calcium Channels

Many studies have recorded inward Ca2+ currents using myocytes from both

tracheal and bronchial smooth muscle from a variety of species. Among the various

forms of voltage- dependent calcium channels (VDCCs), the L-type channel is

probably the most important one in most smooth muscle types. The channels are

formed by hetero-oligomeric complexes consisting of an α1 subunit, which

forms the pore of the channel and provides the extracellular binding site for most

agonists and antagonists together with a β, α2-δ, and possibly γ subunit. Croxton

et al. [7] showed that peripheral airway smooth muscle was more resistant to

dihydropyridine-sensitive (L-type) VDCC antagonists than tracheal smooth muscle,

indicating that L-type VDCCs are the predominant mechanism for Ca2+ entry in

tracheal smooth muscle, while Janssen [8] found T-type VDCCs as well as L-type
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VDCCs in canine bronchial smooth muscle cells by using the whole-cell patch

clamp technique. The presence of a T-type Ca2+ current is not ubiquitous in airway

smooth muscle. The significance of T-type channels lies in two aspects of airways

activity: the maintenance of smooth muscle tone and the physiological and patho-

logical action of airway modulators. Spontaneous oscillations of membrane poten-

tial occur in bronchial smoothmuscle cells in the range of the T-type window current

[9], and this would support a route for Ca2+ influx and maintenance of tone. The role

of T-type Ca2+ channels and their interaction with a Ca2+-activated outward current

in this activity, however, remains to be established.

Although VDCCs can be readily identified in freshly isolated airway myocytes

and channel activity is increased by cholinergic agents such as methacholine, the

overall contribution of these channels to agonist-induced contractile responses

seems small [10]. The prolonged rise in [Ca2+]i seen following stimulation with

agonists such as histamine is insensitive to classical VDCC antagonists. In addition,

these agents are poor bronchodilators. Unlike the importance of voltage-dependent

channels in Ca2+ homeostasis of vascular smooth muscle, the sustained Ca2+ influx

inspired by agonists in ASMCs is more dependent on non-voltage-dependent

pathways, including receptor-operated calcium (ROC) channels and store-operated

calcium (SOC) channels.

2.2 Receptor-Operated Calcium (ROC) Channels

The term receptor-operated channel was simultaneously proposed by Bolton [11]

and Van Breemen et al. [12] to define any plasma channel that was opened as a result

of agonist binding to its receptor and independent of a previous change in membrane

potential. To date, in order to distinguish between ROC and SOC, it is generally

admitted that a ROC corresponds to a Ca2+ permeable nonselective cation channel

that is opened by an agonist but not by depleting intracellular Ca2+ stores. Inversely,

a SOC can be activated without any agonist acting at membrane receptors by using

Ca2+-ATPase inhibitors (thapsigargin, cyclopiazonic acid) or caffeine that depletes

intracellular Ca2+ stores [13]. Moreover, ROCs have a unitary conductance four

to five times larger than that of SOC. ROC includes, on the one hand, the classic

ligand-gated channel (P2X) in which the ligand binding site and the cationic pore are

contained within the same protein and, on the other hand, themore diversified family

of metabotropic receptors that are structurally separated from the cation channel

(i.e., separate receptor-operated channels) and where the latter is activated by

various transduction mechanisms. A main characteristic of ROCs is that, at the

physiologic resting membrane potential, the channel current is a nonselective cation

current (Icat) carrying both mono- and divalent cations with varying degrees of

calcium selectivity.
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2.3 Store-Operated Calcium (SOC) Channels

Store-operated calcium entry was originally proposed by Putney, who used the term

capacitative Ca2+ entry (CCE) to describe the phenomenon of coupling between

endoplasmic reticulum (ER) Ca2+ concentration and the activation of membrane

Ca2+ entry channels in nonexcitable cells. In this respect, Ca2+ store depletion

activates Ca2+ entry through plasma membrane channels to refill the store, as in a

capacitor [14]. Hence, these channels have been called store-operated calcium

(SOC) channels. This Ca2+ entry pathway was demonstrated to be ubiquitously

present in all excitable and nonexcitable cells.

Under physiological conditions, SOCE is activated in response to stimulation

of membrane receptors that lead to the hydrolysis of PIP2, IP3 generation, and

IP3-mediated Ca2+ release from the ER via activation of the IP3 receptor. Use of the

ER Ca2+ pump inhibitor thapsigargin (Tg) demonstrated that SOCE activation is

regulated by depletion of the intracellular Ca2+ store rather than proximal events

associated with receptor-dependent PIP2 hydrolysis. Thus, the term store-operated

calcium entry, or capacitative Ca2+ entry, was coined. Although the Ca2+ influx

SOC channel replenishes the ER-Ca2+ store, it also regulates a number of critical

physiological functions such as secretion, cell proliferation, endothelial cell migra-

tion, T-cell activation, and mast cell degranulation.

The first store-operated current to be measured and the one often studied in

greatest detail is the calcium-release-activated calcium current (ICRAC) identified

in T lymphocytes and hematopoietic cells. Various SOC channels with diverse

biophysical characteristics, ranging from nonselective to relatively Ca2+ selective,

have been identified in many different cell types, suggesting the possibility that a

variety of distinct channels may be involved in SOCE. Previous studies on vascular

smooth muscle have shown a relation between depletion of internal Ca2+ stores and

the rate of Ca2+ influx across the plasmalemmal membrane [15]. Subsequently,

several functional studies in smooth muscle showed that there were Ca2+ perme-

able, non-voltage-dependent cation conductances that are activated following store

depletion and carry a sufficient amount of Ca2+ ions to activate contraction.

However, it is evident that our knowledge of SOC in smooth muscle cells is

considerably less than in many other cell types due in part to the difficulty of

recording specifically the ionic current activated by store depletion in this cell type.

Kume and colleagues [16] reported another Ca2+ influx pathway called

stretch-activated cation channels in human bronchial smooth muscle cells, which

is activated by mechanical stretch, and the inhibitory effect of ruthenium red on this

stretch-induced Ca2+ response suggested the involvement of transient receptor

potential vanilloid (TRPVs) in this pathway. However, intracellular second

messengers, such as PLC and IP3, have not been shown to be involved. Details of

the Ca2+ channels are described in other chapters of this book.
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3 Signal Cooperation in Calcium Influx in Airway

Smooth Muscle Cells

3.1 Cooperation Among TRP, STIM1, and Orial

Agonist-stimulated Ca2+ influx in ASMCs is a complex process, and diverse channel

proteins have been shown to be involved in and interact with each other for channel

activation. The transient receptor potential (TRP), stromal interaction molecule

(STIM), and Orai1 are the most key components of agonist-induced calcium entry

channel reported in the last 10 years. They have been shown to work together

cooperatively and contribute to Ca2+ influx in a variety of cell types including

ASMCs.

The long search for the channel-mediating SOC first led to the identification of

mammalian TRP channels. Members of the TRPC (TRP canonical) subfamily were

proposed as candidate channels for SOC based on their activation by stimuli

that lead to PIP2 hydrolysis. The TRPC subfamily consists of seven members

(TRPC1-7) that display diverse properties, modes of regulation, and physiological

functions. It has also been suggested that they are assembled as homomeric or

heteromeric channels, although there is little information regarding the status of

endogenous TRPC channels. While it is generally accepted that TRPC channels are

activated downstream of agonist-stimulated PIP2 hydrolysis, there is considerable

discrepancy regarding their activation mechanisms.

In ASMCs, the existence of the three biggest and most characterized subfamilies

(TRPC, transient receptor potential melastatin, TRPV) of TRP has been proposed,

and it has been suggested that they form agonist-activated, cation-permeable

channels that contribute to Ca2+ influx to regulate contraction and proliferation

[17]. The members of TRP families reported to be expressed in human ASMs are

TRPC1, -3, -4, -5, -6, TRPM4, -7, and TRPV1, -2, -4 [18–21].

In other types of smooth muscle cells, TRPC1 is expressed in the vasculature and

is linked to Ca2+ entry as a ROC and a SOC. Expression and knockdown data support

the theory that TRPC1 forms heteromultimeric channels with TRPC3–5 and TRPP2

in the vasculature. Further, TRPC1 may be the key isoform responsible for SOC that

causes pulmonary vasoconstriction and stimulates pulmonary artery smooth muscle

cells (PASMCs) proliferation. Previous studies have demonstrated that TRPCs can

function as SOCs as well as ROCs.

TRPC3 and 6 are expressed in vascular tissues and are believed to function

primarily as ROCs, although TRPC6 may also form heterotetrameric channels with

other TRP isoforms that can be activated by store depletion in pulmonary vascular

smooth muscle and endothelial cells. TRPC6 is expressed in vascular smooth

muscle cells (VSMCs) in the systemic and pulmonary vasculature. Knockout of

TRPC6 abrogates the hypoxic pulmonary vasoconstriction and hypoxia-induced

cation influx. TRPC4 is predominantly expressed in the endothelium and is

important in regulating lung microvascular permeability, agonist-dependent
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vasorelaxation, and gene transcription. While TRPC4 is expressed at a lower level

in VSMCs, it may play a role in regulating contraction and proliferation in both

store- and receptor-mediated manners. TRPC5 expression in VSMCs is unclear.

Some researchers describe TRPC5 protein and transcript expression in PASMCs

and pulmonary artery endothelial cells, whereas other researchers show conflicting

data. TRPC7 is thought to contribute to both ROC and SOC formation. The

mechanism involved in transmitting the signal of store depletion to the channels

located on the plasma membrane remained elusive until the stromal interaction

molecule (STIM) was identified in independent groups in 2005 [22, 23]. STIM1 is a

685-amino-acid-long single-transmembrane protein that is expressed on the SR/ER

membrane and plasma membrane. STIM1 is believed to be a Ca2+ sensor, which

monitors the Ca2+ content of intracellular stores. Near the N-terminus of STIM1 is

an EF-hand domain that senses [Ca2+]i. When Ca2+ is not bound to the EF-hand

domain when, for example, the SR/ER Ca2+ store is depleted, STIM1 undergoes a

conformational change, which allows it to multimerize and translocate to the

SR/ER–plasma membrane junction (or puncta), binds with Orai1 tetramers on the

plasma membrane, and activates SOC.

Orai1 is a four-transmembrane domain plasma membrane protein identified in

2006 through genome-wide RNAi screening in Drosophila S2 cell for Ca2+-release-

activated channel (CRAC)-associated proteins and by genetic linkage analysis

in severe combined immune deficiency (SCID) patients [24, 25]. In Greek, Orai

means the keepers of the gates of heaven. As a doorkeeper, knockdown of Orai1

decreased CRAC channel function in S2 cells, while a single point mutation in

Orai1 (R91W) was associated with loss of ICRAC and defect in the Ca2+ signaling of

T lymphocytes obtained from SCID patients.

Strong evidence suggests that only when Orai1, STIM1, and TRP cooperate, they

could form a functional calcium entry channel. Although reports on the interaction

of these three molecules are very limited from investigations of ASMCs, some basic

mechanisms of their cooperation have been revealed from studies of other tissues of

smooth muscle cells.

Coexpression of STIM1 with Orai1 in HEK-293 cells resulted in large increases

in SOCE and ICRAC compared to vector control cells [26]. Coimmunoprecipitation

data show that STIM1 and Orai1 interact, and store depletion significantly increases

the amount for interaction. However, the localization of native STIM1 and Oria1 in

resting and stimulated cells has not yet been conclusively described.

STIM1 also cooperates or interacts with and modulates the activity of TRPC1

and other members of the TRPC channel family [27–29]. Knockdown of STIM1 in

several cell types reduces endogenous TRPC1 function stimulated by store

depletion. Furthermore, coexpression of TRPC1 and STIM1 increases SOCE.

STIM1 immunoprecipitates with TRPC1, and this association increases upon

stimulation of cells either with an agonist or thapsigargin [30–32]. As in the case

of Orai1, a mutant of STIM1 also induces the constitutive activation of TRPC1. Two

regions of STIM1 have been suggested as interacting with TRPC1: the ERM (ezrin/

radixin/moesin) domain [28], which is involved in interactions with TRPC1, and

the STIM1 polybasic tail (684KK685) residues, which interact electrostatically with
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the negatively charged residues in the C-terminus of TRPC1 (639DD640), resulting

in gating of the channel [32]. Thus, STIM1 has distinct gating mechanisms for

TRPC1 and Orai1, and it appears to be a central molecule that mediates the dynamic

assembly of a TRPC1-STIM1-Oria1complex in response to store depletion.

Together, these data highlight the critical contributions of STIM1, Orai1, and

TRPC1 to SOCE. While the role of STIM1 in regulating TRPC1 has now been

resolved, the exact functional cooperation or interaction between TRPC1 and Orai1

is not yet known. A study in human platelets cells suggested that Orai1 mediated

the communication between STIM1 and TRPC1 since, in the absence of Orai1,

TRPC1 functions as a store-independent channel [33]. Another study suggested

that Orai1 acted as a regulatory subunit of TRPC channels based on findings

that Orai1 physically interacts with the N- and C-termini of TRPC3 and TRPC6

to transform store-insensitive channels into store-operated channels [34]. Further

studies will be required to elucidate the exact contribution of Orai1 to TRPC1–SOC

function.

3.2 Oxidative Stress Cooperates with STIM1
in Calcium Influx in Airway Smooth Muscle Cells

Oxidative stress is an important pathogenic factor in airway diseases, particularly

when inflammation is prominent. Inflammatory mediators such as histamine are

contractile agonists playing critical roles in pathophysiological conditions with

airway hyper-responsiveness.

A number of publications have suggested that, in a variety of cell types, intracel-

lular ROSs may directly participate in intracellular calcium regulation. One of the

earliest reports, from 2002, about the potential significance of endogenous hydrogen

peroxide (H2O2) in agonist-induced intracellular calcium signaling was in vascular

endothelial cells [35]. In that study, histamine-induced calcium oscillation

in endothelial cells was inhibited by blocking of nicotinamide adenine dinucleotide

phosphate (NADPH) oxidase-generated ROS production but restored by exposing

the cell to 10 μMH2O2, which by itself did not alter intracellular calcium signaling.

Thus, NADPH oxidase-derived ROSs are critical to the generation of calcium

oscillations in human artery endothelial cells during histamine stimulation. How-

ever, the mechanism of how ROSs contribute to calcium oscillation has not been

fully elucidated. ROSsmay affect intracellular calcium signaling by directly causing

extracellular Ca2+ influx or activating IP3 or RyRs, leading to Ca
2+ release from SR

and a subsequent extracellular Ca2+ influx.

Concerning how H2O2 induced intracellular Ca2+ mobilization, the pathway by

which Ca2+ was released from the internal store is better understood. Several

studies reported stimulation of IP3 receptor-mediated Ca2+ release from internal

stores in response to ROSs [36]. The modification of cysteine residues in the IP3
receptor by the thiol reagent, thimerosal, causes Ca2+ spikes through increasing IP3
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receptor sensitivity to the resting levels of IP3 [37]. Subsequent reports showed that

physiological levels of cellular ROSs produced through membrane-associated

NADPH oxidase (NOXs) could increase the sensitivity of the IP3 receptor to IP3
[38]. Another major Ca2+-release channel, RyRs, has been shown to be modified by

compounds affecting sulfhydryl groups with consequences for channel function

[36, 39, 40]. RyR isoforms can be activated by S-nitrosylation [41, 42]. Exogenous

addition of redox compounds, as well as endogenous production of ROSs or

reactive nitrogen species (RNSs), modifies RyRs on cysteine residues and causes

their activation. Experimental evidence in skeletal muscle suggests that Cys3635 is

involved in RyR1 redox sensing, and the modification of this residue causes RyR1

activation and provides protection from calmodulin-binding-mediated inhibition at

high Ca2+ concentrations [43, 44]. Furthermore, S-nitrosylation of the Cys3635-

containing calmodulin binding domain is responsible for RyR1 activation by NO at

physiologically relevant oxygen tensions [41]. Other studies suggested that endog-

enous ROSs produced via NOX enzymes activate Ca2+ release through RyRs [45].

Meanwhile, to our knowledge, both the ROC and SOC channel proteins can

be the potential targets of ROSs because STIM1 proteins possess several cysteine

residues, and all three Orai isoforms possess predicted extracellular and intracellu-

lar cysteines that could be targets for modification. It is not hard to speculate that

ROSs may also have direct effects on extracellular calcium entry.

Although investigations about the regulatory role of ROSs on ASMC Ca2+ influx

is just starting, some promising signs have already appeared. Using the strategy of

mitochondrial DNA (mtDNA) depletion, our investigation first reported the

role of mitochondria-generated ROSs in ASMC Ca2+ influx. We established

mtDNA-depleted ASMCs by exposing rat ASMCs to low levels (200 ng/ml) of

ethidium bromide (EB) and supplemented with pyruvate and uridine. Mitochondria

were shown to be the main source of intracellular ROS generation in histamine-

stimulated ASMCs, and histamine-stimulated intracellular H2O2 generation was at

a level equivalent to 0.1 μM extracellular H2O2 application. In mtDNA-depleted

ASMCs, mitochondria-driven ROS production was diminished. Upon 2 μM
histamine exposure, there was no sustained plateau following the peak [Ca2+]i,

increasing as in most intact ASMCs but with an altered decrease phase of [Ca2+]i
peak response, and quickly returned to the basal level in mtDNA-depleted ASMCs.

However, the external application of 0.1 μM H2O2, which does not affect [Ca2+]i
by itself, reversed almost all the alterations in [Ca2+]i kinetics in mitochondria-

depleted ASMs.

To the best of our knowledge, the H2O2 concentration used in our study was

much lower than the lowest concentration reported to effectively activate PLC on

cell membranes and subsequently initiate IP3 cascades. It appears that IP3 cascade

turnover was not the mechanism underlying the role of 0.1 μM H2O2 in Ca
2+ influx

in our study. We suspect that a low level of H2O2-induced IP3 sensitization or

activation helped maintain the depletion status of the ER Ca2+ store and

consequently facilitated STIM1-mediated extracellular Ca2+ influx. To explore

the mechanism by which a low level of H2O2 contributes to the sustained phase

of the histamine response, STIM1-sepecific shRNAi/GFP constructs were used in
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a mtDNA-depleted system. The interesting result was that the reversion of the

abolished [Ca2+]i plateau by extracellular application of H2O2 in mitochondria-

depleted ASMCs could only happen in the presence of STIM1 but not in the

absence of STIM1. These results indicate that H2O2 may be necessary but insuffi-

cient for a sustained histamine-stimulated [Ca2+]i response. In other words,

mitochondria-derived H2O2 may work as a cofactor together with STIM1 to

mediate histamine-stimulated Ca2+ influx in ASMCs. But how mitochondria-

derived H2O2 cooperates with STIM1 to maintain Ca2+ influx in ASMCs still

needs to be elucidated by further investigations. Some recent studies have reported

that intracellular ROSs can interact with members of TRP families and contribute to

Ca2+ influx. They also suggested that ROS-induced TRP intracellular translocation

was an important underlying mechanism of TRP activation, which may explain

why intracellular H2O2 cooperates with STIM1 to mediate Ca2+ influx in ASMCs.

3.3 Oxidative Stress Cooperation with TRPC
in Calcium Influx

The TRPC members expressed in ASMCs have been identified as TRPC1, 3, 4, and

6 [18]. TRPC6 has already been suggested as having a potentially important role

in the control of contractile response for its involvement in receptor-stimulated

calcium influx in a variety of VSMCs. Among the TRPCs that have been shown to

express in human ASMCs, TRPC6 may also play a similar role in airway smooth

muscle function.

In many cases, the amount of TRP channels at the plasma membrane is altered in

response to physiological stimuli. Controlled translocation between intracellular

compartments and the plasma membrane of TRP channels is one of the major

mechanisms by which the number of active TRPs is regulated. TRP channel

translocation between cell compartments was observed initially for murine

TRPV2 upon stimulation with insulin-like growth factor-I (IGF-1) [46]. In recent

years, regulated translocation from intracellular compartments to the plasma

membrane formembers of other TRP families has also been demonstrated, including

most members of the TRPC family, such as TRPC1, TRPC3, TRPC4, TRPC5, and

TRPC6. The stimulation of TRPC protein trafficking to the plasma membrane has

been suggested as a downstream mechanism for physiological TRPC channel

activation through a phospholipase C pathway following activation of G-protein-

coupled receptors or receptor tyrosine kinases [47].

Thrombin has been shown to be one of the stimuli regulating TRPC

translocation. In human pulmonary artery endothelial cells, application of thrombin

activates IP3 triggers calcium release from the ER and activates Rho, which in turn

forms a complex with IP3 receptors and TRPC1 that translocate to the plasma

membrane in an actin polymerization-dependent manner and mediates sustained

calcium influx [48]. In addition, endothelial growth factor (EGF) turns out to be
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a common stimulator that activates the translocation of TRPC3, 4, and 5, although

using different signaling pathways. In COS-7 cells, TRPC4 appears to be activated

and translocated to cell membranes depending on the Src family of tyrosine

kinases [49]. Instead, the mechanism of TRPC5 translocation in HEK-293 cells

was suggested by Bezzerides et al. to be attributable to EGF-facilitated exocytosis

through PI3 kinase-Rac1-PIP kinase pathway activation [50]. However, although

EGF was also reported to induce translocation of TRPC3 to the cell membrane of

HEK-293 cells, the translocation of TRPC3 appears not to be a major mechanism

for regulating calcium influx via TRPC3 [51]. In addition, the translocation

of TRPC6 to the plasma membrane was observed in HEK-293 cells following

stimulation of carbachol through a G-protein cascade or stimulation by thapsigargin

with ER-store depletion. In addition, TRPC6 translocation was supposed to be the

main mechanism for controlling calcium influx since the surface accumulation of

TRPC6 is rather fast and parallels the increase in [Ca2+]i [52].

Recent studies have called attention to the modulation of TRP channels by

cellular redox [53–56], suggesting a novel possible mechanism for agonist-initiated

cellular response. A very recent investigation carried out by Graham et al. [57]

showed that extracellular application of H2O2 from 0.01 to 100 μM did not affect

calcium ER release, but it did evoke calcium entry response in a dose-dependent

manner in TRPC6 over expressed HEK-293 cells. Their findings also suggest

that both exogenous and physiologically generated H2O2 in response to arginine

vasopressin (AVP) can activate TRPC6 channels through promotion of TRPC6

protein trafficking to the plasma membrane as well as through modification of

protein thiol groups and enhancement of the TRPC6 sensitivity to diacylglycerol.

Their results from two lines of experiments supported the physiological relevance

of the redox regulation of TRPC6 channels. On one hand, ROS generated by

activation of the AVP V1R pathway contributed to TRPC6 channel activation,

including plasma membrane translocation and enhancement of sensitivity, in a

heterologous expression system. On the other hand, endogenous TRPC6 in smooth

muscle cells fully contributed to H2O2-stimulated membrane currents. An impor-

tant clue from these findings is that full activation of TRPC6 by an agonist might

require a certain level of intracellular H2O2. In other words, in agonist-stimulated

physiological responses, TRPC6 channels should cooperate with endogenously low

levels of H2O2 to carry out their full activation and mediate calcium influx.

The latest study in the same lab [58] demonstrated the essential role of the

interplay of ROSs and TRPC6 in regulating agonist-induced calcium entry and cell

contraction in VSMCs. They found that AVP-induced calcium entry was

comparably suppressed by knockdown of TRPC6 or NADPH oxidase inhibitors

in A7r5 cells. Moreover, H2O2 can mimic AVP response, and the ROS-dependent

responses were significantly inhibited by either knockdown of TRPC6 or blocking

of the TRPC6 channel with a specific antibody. They further proved the importance

of the cooperative effect of these two signals in controlling vascular function by

using primary aortic VSMCs from TRPC6 knockout (KO) or wild-type mice.

Meanwhile, in another study, Weissmann and his colleagues [59], using NOX2

and TRPC6 gene KO mice, also proved the importance of TRPC6 activation by
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NOX2-driven ROS production in ischemia-reperfusion-induced calcium entry in

endothelial cells. Thus, the cooperation of ROS and TRPC6 might be a common

mechanism of agonist-stimulated calcium entry. Besides the direct modification of

specific groups of channel protein, stimulating the translocation of channel vesicles

to the plasma membrane may also be a key pathway.

Several other members of the TRP subfamilies have also been demonstrated to be

redox sensitive, including TRPA1, TRPM2, TRPC3, TRPC4, and TRPC5. Studies

on TRPC3 and TRPC4 channels expressed in HEK-293 cells showed that they

formed redox-sensitive cation channels upon H2O2 stimulation [60]. It has been

suggested that H2O2 may indirectly activate TRPC3 and TRPC4 channels through

activation of phospholipase C. However, it is unknown if the activation is dependent

on the oxidation–reduction of cysteine thiol groups. In endothelial cells, TRPC3

and TRPC4 are believed to be capable of forming heteromeric channels that are

redox sensitive. In these cells, tertbutyl hydroperoxide leads to membrane depolari-

zation with currents that resemble TRP currents in terms of cation selectivity, La3+

sensitivity, and a lack of voltage dependence. Further, expression of the N-terminal

fragment, but not the C-terminal fragment, of human TRPC3 abolished the oxidant-

induced cation current. These data suggest that TRPC3 forms channels that are

activated by ROSs in porcine aortic endothelial cells [61]. Later, in porcine aortic

endothelial cells and HEK-293 cells, the same group showed that TRPC3 and

TRPC4 associated to form heteromeric channels [62]. These TRPC3/4 heteromeric

channels were activated by cholesterol oxidase, suggesting that they are regulated by

redox state. However, no direct evidence links TRPC4 itself to redox regulation.

TRPC5 homotetrameric channels and TRPC5/TRPC1 heterotetrameric channels

have also been reported to be activated by extracellular Trx. The proposed

mechanism was suggested to consist of reduced Trx’s breaking a disulfide bond in

the extracellular loop adjacent to the ion selectivity filter of TRPC5 and then

increasing the ion conductivity of the channel. It is interesting to note that as EGF

is a stimulus of TRPC3 and TRPC4 translocation, specific inhibition of H2O2

production nearly abolishes the response induced by EGF [63]. Thus, intracellular

H2O2 may also contribute to the plasma translocation of TRPC3 and 4.

Together, evident from the previously cited studies on the regulatory effects of

ROSs on TRPC activation, the translocation of TRPCs could be a key mechanism

of intracellular H2O2 cooperating with STIM1 in ASMCs.

4 Biological Significance and Prospect of Signal

Cooperation

ROSs and calcium are critical messenger molecules that mediate most of a cellular

signal cascade, leading to diverse physiological or pathological cellular effects. It is

generally accepted that various pathways activated by ROSs are convergent to

influence intracellular calcium signaling, while changes in intracellular calcium
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might also impact ROS generation [64]. It is not hard to speculate that cooperation

between two interacting signal molecules should be more notable than the linear

summation of two separate signals. This was already partially proved by previous

studies [65, 66]. It was found that histamine stimulation markedly enhanced

the efficiency of calcium-oscillation-regulated gene expression of VCAM1 and

NFκB versus calcium oscillations alone in the absence of histamine stimulation.

In addition, blocking histamine-stimulated generation of intracellular ROSs

abolished this effect. This result strongly suggests an augmented effect of signal

cooperation on downstream events.

As two universal signal molecules, we can speculate that the crosstalk of ROSs

and calcium could be involved in a wide range of intracellular signal transduction

pathways. The augmented downstream event from signaling cooperation may have

more profound significance for a wide range of diverse physiological or pathologi-

cal process.
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Abstract Changes in the contractility of airway smooth muscle (ASM) play

important roles in bronchoconstriction and airway hyperresponsiveness associated

with the pathophysiology of asthma and possibly, in part, chronic obstructive

pulmonary disease (COPD). A common feature associated with ASM contraction

is phosphorylation of myosin light chain (MLC), which is determined by the

balance between MLC kinase (MLCK) and MLC phosphatase (MLCP) activities.
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MLCK is activated by increases in the intracellular Ca2+ concentration ([Ca2+]i),

whereas MLCP is inactivated by Rho-kinase, a target protein of RhoA, indepen-

dently of [Ca2+]i. The latter mechanism, contraction due to MLCP inhibition

mediated by RhoA/Rho-kinase, is a major type of Ca2+ sensitization. Phosphoryla-

tion of the 17-kD myosin phosphatase inhibitor protein by protein kinase C is

another mechanism of Ca2+ sensitization via MLCP suppression. This chapter

focuses on recent evidence regarding regulation of ASM contraction by the

RhoA/Rho-kinase pathway and the possible roles of this pathway in the pathogene-

sis of asthma and COPD.

Keywords Asthma • Chronic obstructive pulmonary disease • Ca2+ sensitization

• RhoA • Rho-kinase • Myosin light chain phosphatase

Abbreviations

ASM airway smooth muscle

[Ca2+]i intracellular Ca2+ concentration

COPD chronic obstructive pulmonary disease

CPI-17 17-kD myosin phosphatase inhibitor protein

GAP GTPase-activating protein

GDI guanine nucleotide dissociation inhibitor

GDP guanosine diphosphate

GEF guanine nucleotide exchange factor

G protein GTP-binding protein

GTP guanosine trisphosphate

IL interleukin

IP3 inositol 1,4,5-trisphosphate

MBS myosin-binding subunit

MLC myosin light chain

MLCK myosin light chain kinase

MLCP myosin light chain phosphatase

PDGF platelet-derived growth factor

PKA protein kinase A

PKC protein kinase C

Ser serine

S1P sphingosine 1-phosphate

SR sarcoplasmic reticulum

Thr threonine

TNF-α tumor necrosis factor-α
TRP transient receptor potential
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1 Introduction

Contraction of airway smooth muscle (ASM) plays a central role in airway

narrowing during an acute asthma attack. An increase in intracellular Ca2+

concentrations ([Ca2+]i) followed by activation of myosin light chain kinase

(MLCK) is the main initiation of ASM contraction in response to contractile

stimuli, such as acetylcholine, inflammatory mediators, and cytokines. Phosphory-

lation of the 20-kDa regulatory myosin light chain (MLC) at serine (Ser)19 by

MLCK generates the contraction of smooth muscle cells [50], and inactivation of

MLCK abolishes ASM contractions mediated by [Ca2+]i elevation [56, 62]. There-

fore, Ca2+/calmodulin-dependent MLCK plays a central role in Ca2+-dependent

smooth muscle contraction.

In contrast, dephosphorylation of MLC is mediated by myosin light chain

phosphatase (MLCP). Inactivation of MLCP by RhoA and Rho- kinase, the down-

stream effector of RhoA, enhances smooth muscle contraction without affecting

[Ca2+]i [80, 149, 161]. This mechanism, referred to as “Ca2+ sensitization”, has

been intensively investigated for more than two decades. This chapter will summa-

rize current information on the role of RhoA and Rho-kinase in ASM cell functions,

specifically contraction, and describe possible involvement of Ca2+ sensitization in

the pathophysiology of asthma and chronic obstructive pulmonary disease (COPD).

2 Mechanisms of Airway Smooth Muscle Contraction

2.1 Role of Intracellular Ca2+ Concentrations in Smooth
Muscle Contraction

[Ca2+]i regulates a variety of ASM cell functions, not only contraction but also

proliferation, migration, and cytokine production [69, 70, 98, 99, 123, 153,

154, 174]. Agonists for Gq- or G12/13-coupled receptor, cytokines, and growth

factors, which are closely related to the pathogenesis of asthma, induce ASM

contraction in conjunction with [Ca2+]i elevation [36, 123, 128]. Ca2+ release

from intracellular sarcoplasmic reticulum (SR) stores and Ca2+ influx through

plasma membrane Ca2+ channels are the main elevators of [Ca2+]i. There are two

different mechanisms for release from SR Ca2+ stores, inositol 1,4,5-trisphosphate

(IP3)-induced Ca2+ release via IP3 receptors and Ca2+-induced Ca2+ release via

ryanodine receptors [76]. Activation of Gq-coupled receptors and subsequent acti-

vation of phospholipase C induces production of IP3, which binds to IP3 receptors

on SR Ca2+ stores to promote Ca2+ release [55]. In addition, Ca2+ influx via voltage-

dependent Ca2+ channels due to membrane depolarization causes Ca2+ release from

ryanodine-sensitive SR Ca2+ stores [166].
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There are multiple Ca2+ influx pathways through the plasma membrane,

including voltage-dependent Ca2+ channels, receptor-operated Ca2+ entry, store-

operated Ca2+ entry (originally introduced as capacitative Ca2+ entry [125]), and

stretch-activated Ca2+ entry into ASM cells [63, 70, 106, 123]. The reverse mode of

the Na+/Ca2+ exchanger is another route for Ca2+ influx [93]. Stimulation of

Gq-coupled receptors is closely linked to receptor-operated Ca2+ entry activation

[18, 66, 123]. As in other cell types, Orai1 and STIM1 are the plasma membrane

Ca2+ channel and SR Ca2+ sensor, respectively, for store-operated Ca2+ entry in

ASM cells [120, 121, 153]. Transient receptor potential (TRP) superfamily

channels are candidate molecules for receptor-operated Ca2+ entry and stretch-

activated Ca2+ entry [18, 63, 68, 123, 167]. Please see other chapters of this
textbook for details on Ca2+ regulation in ASM cells.

2.2 Ca2+ Sensitivity in Smooth Muscle Contraction

In addition to the Ca2+-dependent pathway, Ca2+-independent mechanisms are also

involved in smooth muscle contraction [77, 149–151]. This process, referred to as

Ca2+ sensitization, is mostly regulated by inhibition of MLCP. MLCP, a type-1

protein phosphatase, mediates dephosphorylation of MLC, which leads to smooth

muscle relaxation [39, 124]. Thus, the degree of MLC phosphorylation that

determines smooth muscle contractile force is regulated by the balance between

MLCK and MLCP activities [148, 151] (Fig. 1).

The contraction of ASM occurs in a phasic manner, followed by a tonic

(sustained) contractile response. The initial phasic response is mostly dependent

on Ca2+ release from the SR, and the tonic response relies on Ca2+ influx as well as

inactivation of MLCP [21, 61, 122, 127, 138]. MLCP activity is suppressed by Rho-

kinase, the downstream effector of RhoA [28, 58, 80, 100]. Previous studies

revealed that an increase in MLC phosphorylation levels via inhibition of MLCP

by the RhoA/Rho-kinase pathway is the main mechanism of Ca2+ sensitization in

smooth muscle contraction [19, 34, 80, 83, 161].

3 RhoA and Rho-kinase

3.1 Regulation of RhoA Activity

RhoA belongs to the Rho family of small GTPases that includes Rho, Rac1, and

Cdc42 [142]. The Rho family proteins are ubiquitous key regulators of a variety of

cell functions such as cytoskeletal dynamics, cell migration, adhesion, and contrac-

tion [75, 142]. Among them, RhoA is highly expressed in smooth muscle cells and

plays the most important role in smooth muscle contraction. RhoA activity is
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enhanced by the stimulation of receptors coupled to heterotrimeric GTP-binding

(G) proteins, specifically G12/13 and Gq proteins [28, 124, 142]. In ASM cells,

stimulation of Gq- or G12/13-coupled receptors, including M3 muscarinic receptors,

histamine H1 receptors, cysteinyl leukotriene-1 receptors, sphingosine 1-phosphate

(S1P) S1P2 and S1P3 receptors, prostanoid FP, TP, and EP1 receptors, and

endothelin-1 ETA and ETB receptors, induces contraction [8, 90, 129, 143].

Similar to other G proteins, RhoA has a high affinity for GTP and GDP. The

GTP-bound RhoA (GTP-RhoA) located in the cell membrane is an active form,

while the GDP-bound form (GDP-RhoA) located in the cytoplasm is inactive

[28, 124]. Thus, RhoA activity is determined by translocation of GTP-RhoA to

the cell membrane. Switching between the GDP- and GTP-bound forms is

regulated by guanine nucleotide exchange factors (GEFs), GTPase-activating

proteins (GAPs), and guanine nucleotide dissociation inhibitors (GDIs) [9, 22].

In resting (inactivated) cells, GDI binds to GDP-RhoA and transports GDP-RhoA

from the plasma membrane to the cytosol. When a Gq- or G12/13-coupled receptor

on the plasma membrane is stimulated, GDP-RhoA is converted to GTP-RhoA by

GEFs. On the other hand, GAPs are negative regulators of RhoA. GAPs accelerate

the intrinsic GTPase activity of RhoA and convert it back to GDP-RhoA

Fig. 1 Intracellular pathways for contraction of airway smooth muscle. The agonist for Gq- or

G12/13-coupled receptor induces intracellular Ca
2+ mobilization, which leads to MLCK activation.

On the other hand, activation of Rho-kinase by GTP-bound RhoA (active RhoA) inhibits MLCP.

Both MLCK activation and MLCP inhibition result in an increase in the levels of MLC phosphor-

ylation (P-MLC). The latter mechanism, inactivation of MLCP by RhoA/Rho-kinase indepen-

dently of Ca2+, is called Ca2+ sensitization
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[28, 124]. Moreover, geranylgeranylation of RhoA by geranylgeranyltransferases is

essential for this membrane translocation and anchoring of RhoA [162]. Indeed,

inhibitors of 3-hydroxy-3-methylglutaryl-coenzyme A (HMG-CoA) reductase

(statins), which are used widely to treat hypercholesterolemia, inactivate RhoA

by inhibiting its geranylgeranylation [92].

3.2 Rho-kinase and Myosin Light Chain
Phosphatase Activity

Rho-kinase, also known as ROCα or ROCK, is a cytoplasmic Ser/threonine (Thr)

protein kinase that was identified as an effector of RhoA [58, 91, 100]. Other

effectors of RhoA include protein kinase N, p140 mDia, citron kinase, and rhotekin

[28]. Rho-kinase has a kinase domain in its N-terminal, a coiled-coil domain in its

middle portion, and a putative pleckstrin-homology domain in its C-terminal.

The Rho-binding domain of Rho-kinase is located in the C-terminal portion of

the coiled-coil domain. Binding of GTP-RhoA to the Rho-binding domain enhances

Rho-kinase activity [100].

The main mechanism of smooth muscle contraction mediated by Rho-kinase

is primarily based on the inhibition of MLCP (Fig. 1). As described earlier, MLCP

is responsible for MLC dephosphorylation. MLCP consists of three subunits: a

37-kDa type-1 phosphatase catalytic subunit, a 130-kDa myosin-binding subunit

(MBS), and a 20-kDa subunit (M20) [40]. MBS, also called myosin phosphatase

target subunit (MYPT), was identified as a substrate of Rho-kinase [100]. When

Rho-kinase is activated by the binding of GTP-RhoA to its Rho-binding domain,

Rho-kinase phosphorylates MBS of MLCP, which results in MLCP inactivation

[80] (Fig. 1). The major sites of MBS phosphorylation by Rho-kinase have been

identified as Thr695/697, Ser849/854, and Thr850/855 [26, 79]. Moreover,

Rho-kinase is able to directly phosphorylate MLC at Ser19 independently of Ca2+

and MLCK in vitro [1]. Other substrates of Rho-kinase are LIM kinase [115] and

Na+-H+ exchanger [159].

3.3 RhoA and Rho-kinase in Ca2+ Sensitization

Previous studies showed that contractions induced by Gq agonists were larger than

those due to membrane depolarization by a high K+ solution at the same [Ca2+]i in

smooth muscle tissues [10, 44]. An extracellular solution containing high

concentrations of K+ is widely used to induce membrane depolarization in studies

assessing smooth muscle functions [65, 117]. Karaki and his coworkers measured

contraction and [Ca2+]i simultaneously using a Ca2+-sensitive fluorescent dye, fura-

2, in intact smooth muscle tissues [77, 118, 132, 133]. They showed that Ca2+
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sensitivity was increased by the muscarinic receptor agonist carbachol compared

with a high K+-induced contraction in canine ASM tissues [117]. Based on these

findings, this phenomenon, Ca2+ sensitization, has been considered to be mediated

by a Gq-coupled mechanism in smooth muscle contraction, including those in

airways.

A series of studies by Somlyo and coworkers has clarified the mechanisms of

Ca2+ sensitization using smooth muscle tissue preparations permeabilized by incu-

bation with α-toxin or β-escin. Because the [Ca2+]i becomes identical to the Ca2+

concentration of the extracellular solution in permeabilized (skinned) tissue, this

technique is useful to compare Ca2+ sensitivity directly. Gq agonists and GTPγS, a
nonhydrolyzable GTP analog, increase the contraction of permeabilized smooth

muscle at a constant [Ca2+]i. These findings clearly reveal increased Ca2+ sensitiv-

ity in Gq-mediated smooth muscle contraction [11, 27, 29, 34, 53, 56, 82, 83, 170].

The Gq-mediated increase in Ca2+ sensitivity is blocked by inhibitory toxins

specific for Rho family proteins, such as Clostridium botulinum exoenzyme C3,

Clostridium difficile toxin B, and Staphylococcal toxin EDIN [34, 45, 96, 111,

116]. Furthermore, the introduction of GTPγS-Rho or the constitutively active

form of RhoA into permeabilized smooth muscle increases contraction at a constant

[Ca2+]i [34, 45]. The findings from these earlier studies demonstrate the pivotal role

of RhoA in the Ca2+ sensitization of smooth muscle.

Several compounds, such as Y-27632, fasudil (HA-1077), hydroxyfasudil

(HA-1100), and H-1152P, have been developed as specific Rho-kinase inhibitors

[23, 59, 131, 161]. In 1997, Y-27632 was introduced as the first Rho-kinase

inhibitor that inhibits Ca2+ sensitization in vascular smooth muscle and reduces

arterial blood pressure in spontaneously hypertensive rats [161]. In that study,

fasudil and H-7, originally developed as an inhibitor of multiple Ser/Thr protein

kinases in 1984 [43], were also demonstrated to be potent inhibitors of Rho-kinase.

Y-27632 and fasudil selectively inhibit Rho-kinase in a manner competitive with

adenosine triphosphate (ATP) [161]. Hydroxyfasudil, a metabolite of fasudil, is

more specific for Rho-kinase than fasudil [60]. Use of these cell-permeable phar-

macological inhibitors enables evaluation of Rho-kinase in smooth muscle cell

functions. Recently, two aminofurazan-based compounds, GSK269962A and

SB-7720770-B, were identified as a novel class of specific Rho-kinase inhibitor

[23]. Although these new compounds are more potent in inhibiting Rho-kinase, it is

still unknown how they affect ASM functions.

3.4 RhoA and Rho-kinase in Airway Smooth
Muscle Contraction

As in other smooth muscle cells, activation of the RhoA/Rho-kinase pathway

contributes to the contraction of ASM via Ca2+ sensitization. The RhoA inhibitor

Clostridium botulinum C3 toxin inhibits contraction induced by acetylcholine,

endothelin-1, or GTPγS in porcine tracheal smooth muscle tissues permeabilized
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with α-toxin or β-escin [19]. Pharmacological studies in various mammalian

species, including humans, cows, pigs, guinea pigs, rabbits, and rats, have

demonstrated that the Rho-kinase inhibitors Y-27632 and fasudil attenuate the

contraction of ASM tissues mediated by these Gq agonists and GTPγS by reducing

Ca2+ sensitivity [17, 56, 61, 66, 101, 168, 170]. It should be noted that the relative

contribution of RhoA/Rho-kinase to contraction depends on species and agonists/

ligands. Moreover, ATP or S1P enhances methacholine-induced contraction, which

is inhibited by Y-27632, in guinea-pig tracheal smooth muscle [90, 113]. Therefore,

Ca2+ sensitization mediated by Rho-kinase could be involved in the agonist syner-

gism in ASM contraction [30, 90, 113].

RhoA/Rho-kinase is also activated by cytokines and growth factors, which

couple receptors different from G-protein-coupled receptors. Hunter

et al. demonstrated that tumor necrosis factor (TNF)-α increases Ca2+ sensitivity

with RhoA activation in guinea-pig ASM [52]. Because the translocation of

GTP-RhoA and phosphorylation of MYPT-1 by TNF-α are rapidly increased,

stimulation of TNF-α receptors directly activates the RhoA/Rho-kinase. In human

bronchial and guinea-pig tracheal smooth muscle, contraction induced by growth

factors or insulin is dependent on Rho-kinase [36, 139, 140]. Similarly, activation

of RhoA by receptor tyrosine kinase is found in vascular smooth muscle cells

[112]. Regulation of Rho-GEFs by receptor tyrosine kinase activation is proposed

for the mechanism underlying growth-factor-receptor-mediated RhoA activation

[124]. Chiba et al. reported that treatment of mouse bronchi with IL-13 for 12 h

induced RhoA protein expression with a transient STAT6 phosphorylation

[16]. IL-17A, a cytokine derived from T helper 17 cells, enhances ASM contraction

with upregulation of the RhoA/Rho-kinase pathway through NF-κB activation in

mice [87]. Therefore, IL-13 and IL-17A, cytokines important for inflammatory

responses in asthma pathogenesis, increase Ca2+ sensitivity by upregulating RhoA

expression levels via activating transcription factors in mice.

Furthermore, several studies have proposed the involvement of the RhoA/Rho-

kinase pathway in receptor-independent contraction of ASM. Inhibition of

Rho-kinase reduces high K+-induced contraction both in airway and vascular

smooth muscle [36, 72, 95, 126]. Contraction mediated by oxidative stress due to

hydrogen peroxide is also inhibited by Y-27632 in a concentration-dependent

manner in guinea-pig tracheal smooth muscle [84]. Additionally, contractions

induced by mechanical stretch, called resting tone, are blocked by Y-27632 or a

potent inhibitor of RhoA, simvastatin, in guinea-pig ASM [64]. Consistent with

these results, Schaafsma et al. [135, 138] found that Y-27632 decreased the basal

resting tone in ASM of both allergen-sensitized and normal guinea pigs. One

possible reason is that inhibition of constitutive Rho-kinase activity causes ASM

relaxation. Another plausible reason is that the release of mediators or

neurotransmitters such as prostanoids via autocrine or paracrine mechanisms may

activate RhoA/Rho-kinase [124].
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RhoA/Rho-kinase also regulates ion flux pathways such as Ca2+ homeostasis

and ion channels. The inhibition of Rho-kinase by Y-27632 and fasudil partially

but significantly reduces [Ca2+]i due to agonists in guinea-pig tracheal smooth

muscle [61, 66]. This is consistent with findings in vascular smooth muscle

contraction mediated by α1-adrenergic receptors [32, 165]. Regulation of

TRPC5 by Rac1 and the Na+-H+ exchanger and volume-regulated anion channels

by RhoA/Rho-kinase has been reported [6, 109, 159]. However, the mechanisms

of Ca2+ channel regulation by RhoA/Rho-kinase in smooth muscle cells remain to

be elucidated.

4 Other Mechanisms of Ca2+ Sensitization

4.1 Role of Protein Kinase C

A physiological role for protein kinase C (PKC) in agonist-induced Ca2+ sensitiza-

tion in smooth muscle contraction has long been proposed [77, 150]. PKC, which

was first characterized on the basis of its activation in vitro by Ca2+, phospholipids,

and diacylglycerol [110], represents a family of various lipid-dependent Ser/Thr

kinases that can be divided into three categories: conventional, novel, and atypical

PKCs [108]. Application of 4β-phorbol 12,13-dibutyrate, one of the phorbol ester

PKC activators, directly increases Ca2+ sensitivity in permeabilized rabbit

ASM tissues [24, 56]. Ca2+ sensitization induced by GTPγS and acetylcholine is

partially blocked by PKC inhibitors in permeabilized ASM tissues of dogs, pigs, and

rabbits [11, 56]. In intact murine lung slices, methacholine-induced ASM contrac-

tion is relaxed by GF-109203X, a PKC inhibitor, without altering [Ca2+]i [4].

In contrast, methacholine-induced contraction or an increase in [Ca2+]i was not

affected by GF-109203X in nonpermeabilized guinea-pig tracheal smooth muscle

tissues [61]. Therefore, the involvement of PKC in agonist-induced Ca2+ sensitiza-

tion may depend on the species and agonists. The 17-kD myosin phosphata-

se–inhibitor protein CPI-17 was found to be both a target of PKC and negative

regulator of MLCP [25]. PKC-dependent phosphorylation of CPI-17 inhibits MLCP

activity, which leads to increased Ca2+ sensitivity in smooth muscle contraction

[25, 81, 130]. Morin et al. demonstrated that a knockdown of CPI-17 with siRNA

inhibited contraction of human bronchial smooth muscle by decreasing Ca2+ sensi-

tivity [104]. Additionally, CPI-17 can be phosphorylated by Rho-kinase [86]. Taken

together, PKC-CPI-17 activation is involved in the mechanisms of Ca2+ sensitiza-

tion. However, its contribution appears to be less than that of RhoA/Rho-kinase in

ASM contraction [56].
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4.2 Ca2+ Desensitization by β-agonist and cAMP

Agonists activating β2-adrenergic receptors, β2-agonists, are the drugs of choice for
inhibiting bronchoconstriction in patients with asthma or COPD. The β2-adrenergic
receptor, as well as prostanoid EP2 and EP4 receptors, couples to Gs protein, which

links not to RhoA activation but to adenylate cyclase. Activation of adenylate

cyclase increases intracellular cAMP generation and activates protein kinase A

(PKA). PKA plays a central role in the regulation of ASM cell functions by

β2-adrenergic receptor [33, 85, 169]. In addition, Epac, a Rap1 GEF, another

downstream effector of cAMP action [20], regulates ASM cell functions

[78, 173]. Several studies have shown that β-agonists and other cAMP-increasing

agents reduce not only [Ca2+]i but also Ca2+ sensitivity in ASM contraction

[7]. Janssen and colleagues showed that the β1- and β2-agonist isoproterenol

reduces carbachol-mediated Ca2+ sensitization with enhanced MLCP activity in

porcine and bovine ASM tissues [71]. In guinea-pig ASM, isoproterenol or an

activator of adenylate cyclase forskolin inhibits methacholine-induced contraction

with reduction of both [Ca2+]i and Ca2+ sensitivity [114]. Moreover, formoterol, a

long-acting β2-agonist used for treatment of asthma and COPD, inhibits histamine-

induced ASM contraction by decreasing Ca2+ sensitivity at low concentrations and

by attenuating Ca2+ oscillations at higher concentrations in human lung slices

[127]. Theophylline, which elevates cytosolic cAMP levels by inhibiting phospho-

diesterase, significantly reduces carbachol-induced contraction without a signifi-

cant decrease in [Ca2+]i in porcine ASM [57]. In α-toxin permeabilized rabbit

ASM tissues, cAMP analog, 8-bromo-cAMP, partially attenuates carbachol- or

leukotriene D4-induced contraction [24]. These findings further support a role for

cAMP in Ca2+ desensitization in ASM contraction. Moreover, activation of Epac

inhibits Ca2+ sensitization induced by carbachol, endothelin-1, and bradykinin in

mouse bronchi [173]. Taken together, both PKA and Epac are likely involved in

cAMP-mediated Ca2+ desensitization in ASM relaxation.

Liu et al. demonstrated that RhoA and Rho-kinase activities stimulated by

carbachol were partially but significantly inhibited by isoproterenol and a long-

acting β2-agonist, salmeterol, in bovine tracheal smooth muscle tissues [94].

Furthermore, lysophosphatidylcholine decreases the relaxing effects of isoprotere-

nol via Ca2+ sensitization mediated by Rho-kinase in guinea-pig tracheal smooth

muscle [89]. Although the mechanism is still uncertain, reduced Ca2+ sensitivity by

cAMP and a β2-agonist and desensitization of β2-adrenergic receptors may partially

depend on RhoA/Rho-kinase inactivation.

Another possible mechanism of reduced sensitivity to Ca2+ by β-agonists is the
inhibition of actin polymerization independently of the RhoA/Rho-kinase pathway.

Indeed, activation of the cAMP/PKA pathway by isoproterenol and prostaglandin

E2 inhibits the actin cytoskeleton in ASM cells [3, 47, 48, 85]. Actin dynamics are

essential for maintaining the contractile force of smooth muscle, and

cytochalasin D, an inhibitor of F-actin polymerization, blocks ASM contraction

without inhibiting [Ca2+]i [66]. Komalavilas et al. showed that phosphorylation of
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HSP20 by PKA decreased phosphorylation of cofilin, leading to actin disruption

and relaxation of ASM [85]. Thus, actin depolymerization via HSP20 phosphory-

lation may be involved in the mechanism of cAMP/PKA-mediated Ca2+ desensiti-

zation in ASM cell contraction.

5 Role of RhoA/Rho-kinase in Airway Smooth Muscle

Functions Other Than Contraction

5.1 Cytoskeleton and Mechanical Properties

The RhoA/Rho-kinase pathway participates in the regulation of the actin cytoskel-

eton [46, 75]. Contractile G-protein-coupled receptor agonists enhance actin poly-

merization by activating the RhoA/Rho-kinase pathway in ASM cells [46, 147].

The actin stress fiber formation mediated by RhoA/Rho-kinase activation is mostly

regulated via MLC phosphorylation [28].

Cytoskeletal proteins, including actin, intermediate filaments, and microtubules,

regulate the mechanical properties of cells [42, 68, 105, 152, 157]. Because ASM is

dynamically stretched during tidal breathing, it is important to characterize the

mechanical properties of ASM in a dynamic condition (i.e., stiffness) as well as a

static condition (i.e., isometric force). An et al. demonstrated that cell stiffness is

significantly reduced by the actin disruptor cytochalasin D, Y-27632, and C3 toxin

in cultured rat ASM cells [2]. Similar to the findings in cultured cells, tissue

stiffness is significantly reduced by fasudil and cytochalasin D in guinea pigs

[67]. Thus, regulation of both cell and tissue stiffness by Rho-kinase is closely

associated with actin cytoskeleton and contractile prestress.

5.2 Role of RhoA and Rho-kinase in Cell Proliferation
and Migration

The increase in ASM mass due to enhanced proliferation of ASM cells has been

implicated in the pathogenesis of airway hyperresponsiveness and remodeling in

patients with asthma [35, 49, 73, 74, 155, 158]. Involvement of the RhoA/Rho-

kinase pathway in ASM cell proliferation has been proposed. The proliferation

stimulated by fetal bovine serum is attenuated by Y-27632 and a potent RhoA

inhibitor, simvastatin, in cultured human ASM cells [155]. Similarly, Rho-kinase

has been implicated in the proliferation of vascular smooth muscle cells [134].

In contrast, Y-27632 does not inhibit basal or platelet-derived growth factor

(PDGF)-induced proliferation in bovine ASM cells [36]. Moreover, among the

Rho family, Rac and Cdc42, rather than RhoA, regulate PDGF-induced proliferation
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in bovine ASM cells [5]. Therefore, the contribution of RhoA/Rho-kinase to ASM

cell proliferation might depend on mitogen and species.

ASM cell migration toward the airway epithelium in response to inflammatory

mediators might contribute to airway remodeling [31, 97]. The dynamics of the

cytoskeleton and signal transduction pathways, including RhoA/Rho-kinase and

[Ca2+]i, are involved in the processes of ASM cell migration [31, 153]. Rho-kinase

inhibition by Y-27632 significantly inhibited cell migration induced by PDGF or

leukotriene E4 in cultured human ASM cells [119]. In contrast, interestingly,

PDGF-induced migration of human ASM cells is not inhibited by MLCK inhibitors

[12]. Thus, it is possible that RhoA/Rho-kinase regulates cell migration, possibly

via the actin cytoskeleton, independently of MLC phosphorylation. Further studies

are necessary to identify the downstream pathways of Ca2+ and RhoA/Rho-kinase

in ASM cell migration.

6 Effects of Mechanical Stress on RhoA Activation

Mechanical stresses such as mechanical stretch and compression affect ASM cell

functions by activating a signal transduction cascade and Ca2+ influx pathways

[63, 105, 144, 145, 147]. Recent evidence that mechanical stress contributes to the

pathogenesis of airway remodeling in asthma has been reported [38, 160]. Using a

cell stretch apparatus, Smith et al. demonstrated that the RhoA/Rho-kinase pathway

was activated in response to cyclic stretching in cultured canine ASM cells [147].

Stretch-mediated RhoA/Rho-kinase activation leads to actin polymerization,

transforming growth factor-β1 expression, cell alignment, and contraction via

Ca2+ sensitization of ASM cells [14, 103, 144, 146, 147]. Because mechanical

stress within the airway is enhanced by bronchoconstriction, the RhoA/Rho-kinase

activation of ASM cells may lead to further contraction and airway remodeling.

7 RhoA and Rho-kinase as Therapeutic Targets

for Airway Diseases

Because RhoA/Rho-kinase plays a key role in ASM contraction, this pathway is

expected to be a novel therapeutic target for asthma and COPD [15, 17, 88, 141].

In animal models of allergic asthma, RhoA protein expression is increased in

bronchi of rats and guinea pigs [15, 138]. Administration of the Rho-kinase

inhibitors Y-27632 and fasudil inhibits airway hyperresponsiveness in rodent

models of ovalbumin-sensitized and challenged allergic asthma [41, 135, 138,

156]. Moreover, airway hyperresponsiveness and inflammation due to an ovalbu-

min challenge were significantly reduced in heterozygous Rho-kinase isoform

(ROCK1, ROCK2) knockout mice (ROCK1+/�, ROCK2+/�) compared with
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wild-type mice [172]. These findings from animal studies suggest that RhoA/Rho-

kinase is involved in the pathogenesis of airway hyperresponsiveness and inflam-

mation in asthma. Nevertheless, the contribution of RhoA/Rho-kinase to the path-

ophysiology of asthma in humans is still unknown.

In animal models, the Rho-kinase inhibitors are effective as bronchodilators.

Inhaled Y-27632 significantly reduced airway resistance induced by acetylcholine

or ovalbumin in guinea pigs in vivo [54]. Moreover, inhalation of Y-27632 effec-

tively reversed airway hyperresponsiveness to histamine and PGF2α following an

allergen challenge in guinea pigs [135]. Importantly, Y-27632 and the β2-agonists
salbutamol and terbutaline additively relaxed methacholine-induced contraction

of bovine tracheal smooth muscle [107]. Thus, Rho-kinase inhibitors could be

a novel bronchodilator, and the combination of a Rho-kinase inhibitor with a

β2-agonist could be more potent in inhibiting bronchoconstriction than β2-agonist
monotherapy during an acute asthma attack [13].

Statins such as simvastatin and atorvastatin, which inhibit RhoA activity, are

also good candidate drugs for the treatment of asthma and COPD. Simvastatin

inhibits cell proliferation and extracellular matrix synthesis in human ASM cells

in vitro [88, 137, 155, 164]. However, two negative reports have been published

regarding the administration of statins to patients with asthma [51, 102]. Hothersall

et al. reported that the addition of atorvastatin to inhaled corticosteroids resulted in

no short-term improvement in the control of atopic asthma [51]. In a study by

Menzies et al., simvastatin did not have anti-inflammatory activity in patients with

asthma [102]. In contrast, statin treatment could be beneficial for COPD by

inhibiting inflammation and reducing cancer mortality [163, 171]. Thus, it is likely

that the beneficial effects of statins on COPD are not caused by altering ASM

functions.

8 Conclusion and Perspectives

Since Rho-kinase was identified as a target protein of RhoA, considerable progress

has been made in characterizing the mechanisms of ASM contraction. It is now

widely known that Ca2+ sensitization via the RhoA/Rho-kinase pathway in con-

junction with [Ca2+]i regulates ASM contraction. Therefore, RhoA/Rho-kinase

could be a novel therapeutic target for the treatment of asthma and COPD. Never-

theless, it is still unclear whether RhoA/Rho-kinase is upregulated in the airway and

lungs of patients with asthma and COPD. Moreover, the mechanisms of the Ca2+-

desensitizing effects of cAMP/PKA have not yet been elucidated. Future studies are

required to establish the role of Rho/Rho-kinase and Ca2+ sensitization in the

pathogenesis of asthma and COPD.
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Abstract Integrins are a large family of transmembrane proteins that constitute the

main receptors for extracellular components and are important in mediating intra-

cellular signaling events that govern cell adhesion, shape, polarity, growth, differ-

entiation, migration, and cell survival. Less well known is their involvement in

regulating calcium signaling that may influence cell contraction. This chapter

provides an overview of the current state of knowledge of the signaling mechanisms

by which integrins may regulate calcium signaling with a focus on airway smooth

muscle cells.
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1 Integrins

Integrins are a family of heterodimeric transmembrane receptors consisting of

noncovalently linked α and β subunits. Currently there are 19 α- and 8 β-subunits
that combine to form 25 different integrin receptors in mammals [26]. The most

common extracellular matrix (ECM) ligands for integrin binding are shown in

Fig. 1. The domain structure of the α- and β-subunits contain three parts: an

extracellular domain that contains a divalent cation binding site required for

ligand-receptor interactions, a hydrophobic transmembrane domain required

for membrane anchoring, and a cytoplasmic domain responsible for mediating

downstream signaling [3, 30].

Integrins bind to ECM components in a manner that is dependent upon both

affinity and avidity and is influenced by the composition of the integrin heterodimer

and ECM conformation. ECM-integrin binding affinity is determined by several

factors. First, there are integrin recognition sequences in the ECM. The most

recognizable sequence found in the majority of ECM proteins, including collagen,

fibronectin, and vitronectin, is identified as an Arg-Gly-Asp (RGD) sequence. Other

sites in the ECM that are responsible for binding with certain integrins include, but

are not limited to, YIGSR (laminin), DGEA (native collagen, laminin), KQAGV

(fibrinogen), and EILDV (fibronectin, VCAM). The presence of these unique

Fig. 1 Schema showing ECM binding partners for integrins. For clarity, those integrins that bind

other adhesion proteins (e.g., VCAM) are omitted. COLL collagen, COLL* denatured collagen,

FN fibronectin, LN laminin, OSP osteopontin, TN tenascin, VN vitronectin
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sequence-binding sites in the ECM provides additional binding selectivity for ECM

families. Second, the presence of a region that binds divalent cations such as Mg2+

andMn2+ allows for physiological ligand binding at a broad range of concentrations.

Third, the activation state of the integrin can also affect the ECM-integrin binding

affinity. Integrins must be in the activated state to undergo adhesion and binding to

the ECM at appropriate times to induce “outside-in” signals to the cell. This is

achieved through the switching of integrins from a low to a high affinity state. The

switching of affinity state is in turn determined by “inside-out” signals acting to

release intracellular constraints exerted on the integrin cytoplasmic tails [25, 43].

Integrin knockout studies have provided some insights into the role of integrin in

the regulation of calcium signaling in muscle cells. In cardiomyocytes, integrin β1
knockout mice showed calcium deposition in the ventricular wall [45]. In support,

integrin β1 and dystrophin double knockout mice showed more calcified lesions and

precipitation on cardiomyocytes compared with dystrophin knockout mice alone

[18]. In skeletal muscle cells, Guo and colleagues demonstrated that integrin α7 and
dystrophin double knockout mice had massive calcification in the diaphragm,

whereas muscle calcification was only occasionally seen in dystrophin knockout

mice. Collectively, the authors suggest that the absence of integrin may affect

calcium homeostasis in muscle cells [22].

2 Integrin Expression in Airway Smooth Muscle

Integrins play an essential role in lung development. For example, integrin α3β1 is

the main laminin-binding integrin that connects alveolar and bronchial epithelial

cells to the basement membrane at all stages of human fetal and adult lung

development. Under basal, unstimulated conditions, airway smooth muscle

(ASM) cells in culture express a plethora of integrins. However, the proportions

of integrin subunits that are expressed on ASM appear to vary significantly between

studies. This is likely due to variations in cell culture conditions. Nonetheless, the

range in expression of individual integrin that has been reported for ASM cells,

relative to the ubiquitous expression of the β1-subunit (considered as 100 %), is

30–60 % for α1, 60–80 % for α2, 30–60 % for α3, approx. 30 % for α4, 100 % for

α5, approx. 40 % for α6, approx. 45 % for α7, 60–100 % for αv, 100 % for β1, and
less than 1 % for β2-4 [19, 20, 35, 48, 49]. It is worth noting that changes in receptor
expression have been reported under stimulated conditions (e.g., in response to the

growth factor PDGF [49]). Moreover, we have shown that the laminin-binding α7
integrin subunit is exclusively needed to promote contractile phenotype acquisition

in differentiated human ASM cells [48]. It remains to be explored whether changes

in integrin receptor abundance and expression profile for ECM components in ASM

cells are associated with disease progression.
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3 Integrin Signaling and ASM Function

Integrin activation via ECM binding promotes the assembly of actin filaments and

reorganization of actin filaments into large stress fibers (Fig. 2). The intracellular

actin cytoskeleton, together with integrins and signaling molecules, forms

aggregates known as focal adhesion [10, 21]. Focal adhesion consists of various

signaling molecules in which integrin transmits signals through protein tyrosine

kinases, such as focal adhesion kinase (FAK) and integrin-linked kinase (ILK), that

regulate various downstream signaling pathways. This includes ASM phenotype

and functional plasticity, transduction of mechanical force, proliferation, hypertro-

phy, apoptosis, immune modulation, and cell adhesion and migration [48].

Integrins not only function independently but can associate with growth factor

receptors to produce a response. Integrin αvβ3 has been shown to associate with

insulin, PDGF, and VEGF receptors, whereas integrin α5β1 associates with EGF

receptors [41, 47, 53]. There is also a link between integrins with various types of

ion channels (e.g., Na/H antiporter and potassium channels). But the physiological

importance of this connection remains to be determined [2, 39, 42]. Collectively,

these findings suggest that crosstalk of integrins with other receptors exists and may

regulate various functions of ASM cells.

4 Calcium Signaling in ASM Contraction

In the lung, smooth muscle is the major contractile tissue of the airways. Contrac-

tion of ASM cells is regulated through active force generation and cell shortening.

Most importantly, the shortening ability of unloaded bronchial smooth muscle cells

from asthmatics is increased and can therefore contribute to airway hyperrespon-

siveness in asthma [31]. In support, passive sensitization of human bronchi with

atopic serum increases maximal contractility and sensitivity to agonists with a

concomitant increase in myosin light chain kinase (MLCK) expression [1]. In

addition, ASM retains a capacity for other functions, including growth, migration,

and synthesis of a vast array of regulatory molecules as part of the normal

contractile and repair programming of ASM [24]. Under disease conditions such

as asthma, these functions become dysregulated.

Smooth muscle contraction is regulated by phosphorylation and dephosphoryla-

tion of myosin and smooth muscle α-actin in response to cytosolic calcium concen-

tration. Levels of cytosolic calcium concentration are determined by calcium influx

from the extracellular space and calcium release from the intracellular calcium

stores on the sarcoplasmic reticulum via the IP3-activated calcium channel and

ryanodine receptor (RyR) activation [13, 27]. Cytosolic calcium then binds to

calmodulin, and the complex formed then activates MLCK. Activated MLCK

phosphorylates myosin light chain (MLC20), which is a prerequisite for ASM

cross-bridge cycling and contraction [13, 27]. The extent of MLC20
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Fig. 2 Schema showing possible pathways for which integrins may regulate calcium signaling to

influence contraction signaling. Integrin activation causes the phosphorylation of FAK and

association with paxillin, which is essential for actin polymerization and the recruitment of linker

proteins for tension development. Integrin activation also increases intracellular calcium
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phosphorylation is determined by the balance of MLCK and MLC phosphatase

(MLCP) activities, which causes MLC dephosphorylation [13]. Two main

pathways regulate MLCP: (1) activation of RhoA and Rho-kinase by G-protein-

coupled receptor (GPCR) agonists and (2) by diacylglycerol (DAG) and protein

kinase C, via CPI-17 phosphorylation [13]. These pathways inhibit MLCP, and the

net result is an enhancement of MLC phosphorylation and an augmented level of

contraction at a fixed concentration of calcium, a phenomenon known as calcium

sensitization.

Rhythmic contraction of ASM cells is driven by a cytosolic calcium oscillator.

The cytosolic calcium oscillator is responsible for the periodic release of calcium

from the sarcoplasmic reticulum. The initiation of calcium oscillator is modulated

by neurotransmitters (e.g., acetylcholine) and hormones (e.g., endothelin-1)

[6]. Neurotransmitters and hormones enhance the formation of IP3 and DAG that

are necessary for oscillatory activity [6]. Oscillatory activity is largely dependent

on calcium entry into the cells. Calcium influx varies between cell types. For

example, in ASM cells, members of the Cav3 family of T-type channels are

responsible for the calcium entry [37]. Calcium entry sensitizes the IP3 and RyR

receptors on the sarcoplasmic reticulum to initiate calcium release. This is then

amplified by regenerative calcium release either by IP3 or RyR receptor, resulting in

global calcium signal [15, 40]. This global calcium signal then activates signaling

events that culminate in ASM cell contraction. The recovery phase of calcium

signaling depends on two pumps: (1) plasma membrane calcium-ATPase (PMCA),

which pumps calcium out of the cell, and (2) sarcoplasmic reticulum calcium-

ATPase (SERCA), which pumps calcium back into the SR [6].

5 Integrin and Calcium Signaling in ASM cells

Integrin-induced calcium signaling is observed in numerous different cell types

(neurons, endothelial cells, T cells, vascular smooth muscle). Table 1 summaries

some of the known functional consequences of integrin-induced calcium signaling

in various cell types. What remains to be further investigated is the role of integrin-

induced calcium signaling in ASM cells. However, the fact that the same integrins

are expressed on ASM cells is impetus for further study. Whether integrins can

induce calcium signaling in ASM cells remains to be investigated. However, a

Fig. 2 (continued) concentration to cause phosphorylation of MLCK and activation of

myosin ATPase activity and cross-bridge cycling. Cav3 Cav3 family of T-type channels,

DAG diacylglycerol, ECM extracellular matrix, FAK focal adhesion kinase, IP3 inositol

1,4,5-triphosphate, MLC20 20-kDa myosin light chain, MLCK myosin light chain kinase, PIP2
phosphatidylinositol 4,5-bisphosphate, PLC phospholipase C, PMCA plasma membrane calcium-

ATPase, RyR ryanodine receptor, SERCA sarco-endoplasmic reticulum calcium-ATPase, TRP
transient receptor potential

⁄�
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number of signaling mechanisms may be inferred from studies taken from vascular

smooth muscle cells. Studies from vascular smooth muscle cells showed that

integrin-induced calcium signaling required focal adhesion proteins (Fig. 2)

[14, 50, 54]. The focal adhesion proteins consist of paxillin, talin, Src, and FAK

[14, 54]. This is supported by a study done by Wu and colleagues [54], who showed

that FAK blocking antibody was able to block the regulation of calcium current by

the integrin α5β1. This suggests that regulation of calcium current by integrins

involves the activation of an integrin and recruitment of focal adhesion proteins.

Similarly, cytoskeleton linkage is required for integrin-induced calcium signaling

in vascular smooth muscle cells [4, 32, 54]. The mechanisms by which integrins

induce calcium signaling in vascular smooth muscle cells (which may also be

relevant to ASM cells) include calcium release from ryanodine-sensitive calcium

store and calcium influx through an L-type calcium channel [4, 11, 50, 54, 55]. Cal-

cium influx is dependent on the type of integrins expressed on arteriolar smooth

muscle cells. A study done on cremaster muscle arterioles showed that activation of

the integrin α5β1 increases the calcium influx, whereas activation of the integrin

αvβ3 decreases the calcium current [55]. Whether differences in the expression of

integrins on ASM cells differentially regulate calcium influx remains to be

determined.

Dekkers and colleagues showed that exogenous laminin sustains a contractile

phenotype of ASM cells and prevents proliferation of bovine tracheal smooth

muscle cells [17]. Using a guinea-pig model of chronic asthma to further explore

the role of laminins in ASM remodeling in vivo, the authors treated the animals

with the specific soluble laminin competing peptide YIGSR and showed that

YIGSR did inhibit allergen-induced ASM accumulation [16]. However, in contrast

Table 1 Functional consequences of integrin-induced calcium signaling in different cell types

Cell type Integrin

Mechanism of calcium

signaling Functional consequences References

MDCK αvβ3 IP3 dependent and IP3
independent

Adhesion of MDCK cells [46]

Neurons α5β1 Voltage-dependent NMDA

receptor and voltage-

sensitive calcium channel

Synaptic plasticity in

forebrain neurons

[29]

Jurkat α6β1 IP3 and cADPR T cell binding to endothelial

cells, migration

[44]

Endothelial αvβ3 IP3 Increased vascular perme-

ability, cytokine release,

leukocyte adhesion

[7]

Skeletal

muscle

α7β1 IP3 and L-type calcium

channels

Acetylcholine clustering

required for neuromuscu-

lar junction formation

[8, 9, 28]

Vascular

smooth

muscle

αvβ3 RGD dependent Vasodilation [33]
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to their previous in vitro studies, soluble YIGSR promoted a hypercontractile

phenotype. Whether this process involved calcium regulation was not investigated.

The authors reasoned that the microenvironment of the peptide is an important

factor; thus, even though the effects of the peptide are consistent with disrupting

laminin-ASM interactions in vitro and ex vivo conditions, the response to artificial

laminin competing mimetic in tissue (in vivo) may not be as straightforward

because there are multiple cell types involved and the in vivo system is subject to

immune regulation. Thus, as with any pharmacological intervention, the develop-

ment of peptide compounds that target ASM-laminin interactions will require

careful assessment of the impact on all aspects of airway hyperresponsiveness,

airway inflammation, and remodeling.

5.1 Integrin and GPCR Crosstalk in the Regulation
of ASM Calcium Signaling

There is emerging interest in crosstalk between integrins and GPCRs in calcium

signaling. These studies have been carried out in endothelial cells and myocytes,

but similar findings might be found in ASM cells. In endothelial cells, the regula-

tion of MAPK activity by integrins and the P2Y class of Gq/11-coupled receptors

involved the activation of PKC and calcium [34]. As for atrial myocytes,

β2-adrenergic receptor stimulation of calcium current was shown to be enhanced

by the β1 integrin via inhibition of cAMP/PKA and activation of Gi/ERK/cPLA2/

AA signaling [36]. Cheng and coworkers also elegantly demonstrated the relation-

ship between β1 integrin and β-adrenergic receptor regulation of L-type calcium

current in neonatal rat ventricular myocytes. Moreover, overexpression of the β1
integrin impedes β-adrenergic-receptor-induced calcium current via inhibition of

AC/cAMP activity [12]. A similar observation was also obtained in adult cat atrial

myocytes [51]. It has been shown that a diseased heart is linked with increased

integrin expression, suggesting an important role for integrins and β-adrenergic
receptor crosstalk in this diseased state. GPCRs and integrins are both expressed on

ASM cells. Either one alone is linked to ASM contraction signaling. Given that

crosstalk between integrins and GPCRs in calcium signaling is found in endothelial

cells and mycocytes, it is likely that crosstalk between integrins and GPCRs can

exist to regulate ASM contraction. However, studies have not been carried out in

ASM cells as yet. Moreover, contractile human ASM cells exhibit omega-shaped

plasma invaginations known as caveolae (developed from lipid rafts that bind

caveolin-1 protein) [23]. Caveolin-1 in caveolae is able to bind to integrin

α-subunits and has been shown to regulate GPCR-mediated signaling such as

cAMP signaling [38, 52]. Moreover, caveolae are found in close proximity to

peripheral sarcoplasmic reticulum and mitochondria [5]. This suggests that

crosstalk between integrin and GPCR may exist in caveolae and play a role in the

spatial coordination of calcium-handling channels and organelles. Collectively,
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these suggest that caveolae may mediate ASM contractile response by aiding

integrin and GPCR crosstalk in the regulation of calcium signaling.

In summary, integrin-induced calcium signaling is observed in many different

cell types. What remains to be further investigated in detail is the role of integrin-

induced calcium signaling in ASM cells and the functional relevance of this

signaling mechanism to diseases such as asthma. Further understanding of the

role of integrins in the regulation of calcium signaling will enhance the develop-

ment of more tailored therapies for diseases where ASM plays a role.

References

1. Ammit, A., Armour, C., and Black, J. (2000). Smooth-muscle myosin light-chain kinase

content is increased in human sensitized airways. Am J Respir Crit Care Med 161, 257–263.
2. Arcangeli, A., Becchetti, A., Mannini, A., Mugnai, G., De Filippi, P., Tarone, G., Del Bene, M.

R., Barletta, E., Wanke, E., and Olivotto, M. (1993). Integrin-mediated neurite outgrowth in

neuroblastoma cells depends on the activation of potassium channels. J Cell Biol 122,
1131–1143.

3. Argraves, W.S., Suzuki, S., Arai, H., Thompson, K., Pierschbacher, M.D., and Ruoslahti,

E. (1987). Amino acid sequence of the human fibronectin receptor. J Cell Biol 105,
1183–1190.

4. Balasubramanian, L., Ahmed, A., Lo, C.M., Sham, J.S., and Yip, K.P. (2007). Integrin-

mediated mechanotransduction in renal vascular smooth muscle cells: activation of calcium

sparks. Am J Physiol Regul Integr Comp Physiol 293, R1586–1594.
5. Bergdahl, A., and Sward, K. (2004). Caveolae-associated signalling in smooth muscle. Can J

Physiol Pharmacol 82, 289–299.
6. Berridge, M.J. (2008). Smooth muscle cell calcium activation mechanisms. J Physiol 586,

5047–5061.

7. Bhattacharya, S., Ying, X., Fu, C., Patel, R., Kuebler, W., Greenberg, S., and Bhattacharya,

J. (2000). alpha(v)beta(3) integrin induces tyrosine phosphorylation-dependent Ca(2+) influx

in pulmonary endothelial cells. Circ Res 86, 456–462.
8. Burkin, D.J., Gu, M., Hodges, B.L., Campanelli, J.T., and Kaufman, S.J. (1998). A functional

role for specific spliced variants of the alpha7beta1 integrin in acetylcholine receptor cluster-

ing. J Cell Biol 143, 1067–1075.
9. Burkin, D.J., Kim, J.E., Gu, M., and Kaufman, S.J. (2000). Laminin and alpha7beta1 integrin

regulate agrin-induced clustering of acetylcholine receptors. J Cell Sci 113 ( Pt 16),
2877–2886.

10. Burridge, K., and Chrzanowska-Wodnicka, M. (1996). Focal adhesions, contractility, and

signaling. Annu Rev Cell Dev Biol 12, 463–518.
11. Chan, W.L., Holstein-Rathlou, N.H., and Yip, K.P. (2001). Integrin mobilizes intracellular Ca

(2+) in renal vascular smooth muscle cells. Am J Physiol Cell Physiol 280, C593–603.
12. Cheng, Q., Ross, R.S., and Walsh, K.B. (2004). Overexpression of the integrin beta

(1A) subunit and the beta(1A) cytoplasmic domain modifies the beta-adrenergic regulation

of the cardiac L-type Ca(2+)current. J Mol Cell Cardiol 36, 809–819.
13. Chiba, Y., and Misawa, M. (2004). The role of RhoA-mediated Ca2+ sensitization of bronchial

smooth muscle contraction in airway hyperresponsiveness. J Smooth Muscle Res 40, 155–167.
14. Clark, E.A., and Brugge, J.S. (1995). Integrins and signal transduction pathways: the road

taken. Science 268, 233–239.

Role of Integrins in the Regulation of Calcium Signaling 317



15. Dai, J.M., Kuo, K.H., Leo, J.M., van Breemen, C., and Lee, C.H. (2006). Mechanism of

ACh-induced asynchronous calcium waves and tonic contraction in porcine tracheal muscle

bundle. Am J Physiol Lung Cell Mol Physiol 290, L459–469.
16. Dekkers, B.G., Bos, I.S., Halayko, A.J., Zaagsma, J., and Meurs, H. (2010). The laminin beta1-

competing peptide YIGSR induces a hypercontractile, hypoproliferative airway smooth mus-

cle phenotype in an animal model of allergic asthma. Respir Res 11, 170.
17. Dekkers, B.G., Schaafsma, D., Nelemans, S.A., Zaagsma, J., and Meurs, H. (2007). Extracel-

lular matrix proteins differentially regulate airway smooth muscle phenotype and function. Am

J Physiol Lung Cell Mol Physiol 292, L1405–1413.
18. Elsherif, L., Huang, M.S., Shai, S.Y., Yang, Y., Li, R.Y., Chun, J., Mekany, M.A., Chu, A.L.,

Kaufman, S.J., and Ross, R.S. (2008). Combined deficiency of dystrophin and beta1 integrin in

the cardiac myocyte causes myocardial dysfunction, fibrosis and calcification. Circ Res 102,
1109–1117.

19. Fernandes, D.J., Bonacci, J.V., and Stewart, A.G. (2006). Extracellular matrix, integrins, and

mesenchymal cell function in the airways. Curr Drug Targets 7, 567–577.
20. Freyer, A.M., Johnson, S.R., and Hall, I.P. (2001). Effects of growth factors and extracellular

matrix on survival of human airway smooth muscle cells. Am J Respir Cell Mol Biol 25,
569–576.

21. Giancotti, F., and Ruoslahti, E. (1999). Integrin signaling. Science 285, 1028–1032.
22. Guo, C., Willem, M., Werner, A., Raivich, G., Emerson, M., Neyses, L., and Mayer, U. (2006).

Absence of alpha 7 integrin in dystrophin-deficient mice causes a myopathy similar to

Duchenne muscular dystrophy. Hum Mol Genet 15, 989–998.
23. Halayko, A., Tran, T., and Gosens, R. (2008). Phenotype and functional plasticity of airway

smooth muscle: role of caveolae and caveolins. Proc Am Thorac Soc 5, 80–88.
24. Hirst, S.J., Walker, T.R., and Chilvers, E.R. (2000). Phenotypic diversity and molecular

mechanisms of airway smooth muscle proliferation in asthma. Eur Respir J 16, 159–177.
25. Hughes, P.E., Diaz-Gonzalez, F., Leong, L., Wu, C., McDonald, J.A., Shattil, S.J., and

Ginsberg, M.H. (1996). Breaking the integrin hinge. A defined structural constraint regulates

integrin signaling. J Biol Chem 271, 6571–6574.
26. Humphries, M. (2000). Integrin structure. Biochem Soc Trans 28, 311–339.
27. Janssen, L.J., and Killian, K. (2006). Airway smooth muscle as a target of asthma therapy:

history and new directions. Respir Res 7, 123.
28. Kwon, M.S., Park, C.S., Choi, K., Ahnn, J., Kim, J.I., Eom, S.H., Kaufman, S.J., and Song,

W.K. (2000). Calreticulin couples calcium release and calcium influx in integrin-mediated

calcium signaling. Mol Biol Cell 11, 1433–1443.
29. Lin, C.Y., Hilgenberg, L.G., Smith, M.A., Lynch, G., and Gall, C.M. (2008). Integrin regula-

tion of cytoplasmic calcium in excitatory neurons depends upon glutamate receptors and

release from intracellular stores. Mol Cell Neurosci 37, 770–780.
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Abstract The influence of sex hormones (estrogen, progesterone, testosterone) in

the biology and pathophysiology of various organ systems is being increasingly

recognized. While sex steroid effects, especially estrogens, on the cardiovascular

system have been well studied, clinical and emerging bench research evidence

exists for the role of sex hormones in airway and lung physiology and in diseases

such as asthma, chronic obstructive pulmonary disease, and pulmonary fibrosis.

In this chapter, we briefly define what sex differences exist in airway or lung

structure and function under normal conditions, the potential role of sex steroids

at different time points in life and in specific disease states, setting the stage to

Y.S. Prakash, M.D., Ph.D. (*) • V. Sathish, Ph.D.

Departments of Physiology and Biomedical Engineering, Mayo Clinic, 4-184 W Jos SMH

200 First St SW, Rochester, MN 55905, USA

Anesthesiology College of Medicine, Mayo Clinic, Rochester, MN, USA

e-mail: prakash.ys@mayo.edu

E.A. Townsend, Ph.D.

Department of Anesthesiology, Columbia University, New York, NY, USA

Y.-X. Wang (ed.), Calcium Signaling In Airway Smooth Muscle Cells,
DOI 10.1007/978-3-319-01312-1_17, © Springer International Publishing Switzerland 2014

321

mailto:prakash.ys@mayo.edu


explore whether and how sex hormone signaling mechanisms may be contributory.

We focus on the mechanisms by which estrogens, progresterone, and testosterone

influence airway smooth muscle and epithelium in regulating airway tone and the

potential contribution of these hormones in airway remodeling.

Keywords Lung disease • Asthma • Female • Gender • Estrogen

1 Introduction

The Institute of Medicine has highlighted the idea that sex is or should be a

biological variable in bench research, clinical research, and clinical practice

norms (“Exploring Biological Contributions to Human Health: Does Sex Matter?”;

http://www.nap.edu/openbook.php?isbn¼0309072816). The importance of sex or

gender differences was also highlighted in a recent article entitled “Putting Gender

on the Agenda” [1]. In this regard, sex differences in cardiovascular structure and

function under normal conditions and in disease states are well recognized [2],

and the physiological effects of sex steroids (especially estrogens) have been

examined extensively. However, surprisingly less attention is paid to the respiratory

system and to airway and lung diseases despite the wide range of diseases, such as

asthma and chronic obstructive pulmonary disease (COPD), that show sex

differences in incidence and severity. Here, the role of sex steroids on airway

structure and function in mediating these differences is also still under investiga-

tion. The importance of sex differences or steroid effects in the airway lies in known

inherent differences in airway structure and function from early in life throughout

the human lifespan and the impact of hormonal changes (especially in women).

Furthermore, epidemiological evidence suggests a role for sex in the incidence,

susceptibility, and severity of a variety of airway diseases and highlights the

importance of recognizing and understanding the potential contribution of sex

steroids. In this chapter, we introduce the concept of sex differences in the airway

under normal conditions at different life points and in asthma and explore the

mechanisms by which sex steroids (estrogen, progesterone, and testosterone) may

influence airway structure and function under these conditions. The summary of

current knowledge on sex steroid influences on the airway is illustrated in Fig. 1.

2 Sex Differences in the Airway

Sex differences in the airway occur as early as 16–24 weeks’ gestation [3], with the

number of bronchi being fewer in female fetuses compared to males. In addition to

inherent sex differences in utero, maternal or fetal sex steroids can also have effects
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(see [4–6] for an in-depth review of this fascinating topic briefly presented here).

The fetal lung is exposed to circulating steroid precursors produced by maternal and

fetal adrenal glands [e.g., androstenedione, dehydroepiandrosterone (DHEA)],

placental estradiol, and fetal testosterone [7]. Circulating testicular androgen levels

peak prior to lung surfactant production, with male lungs being exposed to higher

levels compared to females [4]. Later, both males and females are exposed to

increased levels of maternal estradiol. Branching lung morphogenesis involves

androgens [8], but androgens can delay lung maturation. In contrast, estrogens

have stimulatory effects on lung maturation. Thus, the airways of female fetuses

mature faster than those of male fetuses, and small airways in females maintain

patency better than males due to the earlier production of surfactants. As a result,

neonatal females have higher expiratory flow rates at birth, which are maintained

throughout their lifespan. The reader is referred to other in-depth reviews on this

Fig. 1 Sex steroid effects on airway epithelium and smooth muscle. Estrogens may have

detrimental effects on airway structure/function by enhancing epithelial and airway smooth

muscle proliferation, but they may alleviate bronchoconstriction by reducing [Ca2+]i in smooth

muscle via multiple mechanisms, as well as enhancing epithelial NO. However, these effects may

be complicated by the sometimes additive, sometimes opposing effects of progesterone, which

also enhance cell proliferation but can reduce exhaled NO. Overall, testosterone has effects

opposite to those of female sex steroids, at least in the epithelium, but does enhance ASM

proliferation. AR androgen receptor, ER estrogen receptor, PR progesterone receptor
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fascinating topic [4, 5]. The relevance of such intrinsic and sex-steroid-induced

differences in airway/lung development lies in the greater susceptibility of prema-

ture male infants to respiratory distress syndrome [9] and bronchopulmonary

dysplasia. Furthermore, early establishment of differences in lung structure and

function may underlie or impact the course of respiratory diseases, such as asthma

in childhood, while postpubertal changes in sex steroid levels may modulate lung

function and disease states in adulthood.

During childhood and adolescence, female airways and lung parenchyma grow

proportionally, whereas males exhibit dysanaptic growth wherein airway growth

lags behind growth of the lung (disproportionately fewer alveoli per number of

airways). Accordingly, dysanaptic growth results in narrower airways in males,

while, conversely, proportional airway growth in females contributes to lower

specific airway resistance and larger forced expiratory flow rates. Following

puberty, the greater expiratory flow rate is less obvious in young women, but still

women generally maintain a greater FEV1/FVC ratio. As adults age, independently

of disease pathology, age-related changes, such as decreased elastic recoil of large

airways and increased connective tissue with an associated decrease in maximal

expiratory flow rate, are all greater in men compared to women, with these changes

also occurring but more slowly in women. These topics were recently reviewed [10].

Overall, based on relatively larger sizes with slower changes throughout life,

female airways should function better than male airways. Yet, there are paradoxical

differences in airway diseases such as asthma in boys versus girls and women

versus men, underlining a potential modulating role for sex steroids in airway

structure and function. There is currently limited information regarding such

effects, which are discussed here.

3 Sex Differences in Airway Diseases

Prepubertal boys have a greater incidence of asthma compared to girls, while

following the onset of puberty and during the reproductive years in females,

women have more asthma [10, 11]. Even with COPD, women may be more

susceptible to cigarette smoke and may respond with greater airway disease as

opposed to the parenchymal changes observed in males. It is of course difficult to

attribute these data to intrinsic versus sex-steroid-induced differences in airway

diseases of adults, and even here sex steroid effects on different cell types in the

airway may be contributory (see [10] for a recent review). Nonetheless, some key

features potentially relevant to sex steroid effects on the airway are noteworthy,

especially in women.

Girls with early menarche are at higher risk for developing asthma [12].

However, girls with Turner’s syndrome (characterized by low serum levels of

estrogen) display greater airway responsiveness to carbachol compared to normal

age-matched girls. Furthermore, treatment with exogenous estrogen resolves

airway hyperresponsiveness in girls with Turner’s syndrome. Thus, even in the
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peripubertal phase, the relationship between sex steroids and airway reactivity is

not all that clear. In adult women, cyclical variations in estrogens and progesterone

during the menstrual cycle also influence asthma symptoms (premenstrual asthma

occurring in approx. 40 % of asthmatic women), although the temporal relationship

between fluctuations in progesterone and estrogen and worsening of symptoms is

not clear. Regardless, airway responsiveness to bronchodilator is lower [11], while

premenstrual asthma exacerbations can be reduced by suppressing hormone

fluctuations with oral contraceptives. During pregnancy, estrogen and progesterone

concentrations rise steadily and peak during the third trimester [11], but only

approx. 10 % of asthmatic women have acute exacerbations, approx. 30 % show

improvement, another 30 % demonstrate worsening, and the remainder show no

changes [13]. At menopause, asthma in women decreases [14], while hormone

replacement generally increases asthma symptoms. Compared to women, the

severity of asthma in men is relatively stable from puberty until later in life,

when decreasing serum testosterone at age >50 years can increase asthma. These

important differences between males and females at different time points in life

were recently reviewed by our group [10].

Overall, the previously cited data suggest that in addition to inherent sex

differences, sex steroids may play a modulatory role in airway diseases such as

asthma, this topic has been examined in animal models [15], but these data are not

entirely consistent with clinical human data, as highlighted in our recent review

[10]. In animal models, androgens have a protective role, with estrogens being

proinflammatory. Ovalbumin-sensitized/challenged female mice show greater air-

way reactivity, higher IgE levels, greater inflammation, and relative resistance to

glucocorticoid. Conversely, castration in males exacerbates disease, while ovariec-

tomy or estrogen receptor blockade in females alleviates it. However, exogenous

progesterone worsens allergic airway disease. Furthermore, estrogens appear to

have opposing effects on airway inflammation (increase) versus reactivity (reduc-

tion) [16, 17]. Overall, these animal data verify a role for sex steroids in asthma as

observed in humans, but the discrepant inflammation versus responsiveness data

suggest that differential effects of sex steroids on specific airway cell types (e.g.,

epithelium vs. smooth muscle) should be considered.

4 Sex Steroid Signaling

The pathways involved in the synthesis of sex steroids are well known [18, 19].

Local tissue concentrations are determined by both circulating (gonadally derived)

and locally produced sex steroids [20]. In tissues other than the airways, both

genomic and nongenomic effects of sex steroids have been studied [21, 22].

Classically, estrogens activate two estrogen receptors (ERα and ERβ), progesterone
targets two receptors as well (PR-A and PR-B), and testosterone targets the androgen

receptor (AR), all of which are members of the superfamily of nuclear receptors

that also includes the classical glucocorticoid receptor. Ligand binding results in
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cytoplasmic to nuclear receptor translocation, with homo- or heterodimerization.

Typically, ERα is a transcriptional activator, whereas ERβ may antagonize ERα,
although this may not be the case in the airways (see below). Nuclear heterodimers

can occur between ERα and ERβ, and even ERα with AR, making sex steroid

signaling fairly complex. With progesterone, PR-B is the main transcriptional

activator, and PR-A is a repressor. Both testosterone and the more active metabolite

5α-dihydrotestosterone (DHT) can bind the AR.

Rapid, nongenomic sex steroid signaling involves membrane-localized or

cytoplasmic steroid receptors or the more recently recognized G-protein-coupled

receptors (GPCRs), which can bind sex steroids (e.g., the estrogen-sensitive

GPCR30). The topic of nongenomic sex steroid signaling has been reviewed exten-

sively [21, 22]. A major aspect of nongenomic signaling is the regulation of intracel-

lular calcium ([Ca2+]i) [21, 23], which is highly relevant to the airway as well. [Ca
2+]i

regulation by sex steroids can involve increasing Ca2+ via the PLC-DAG-IP3 signal-

ing cascade or, more commonly, reducing Ca2+ by inhibiting influxmechanisms such

as L-type Ca2+ channels [24], K+ channels [25], or chloride currents [26].

Sex steroids can mediate their cellular effects via activation of cyclic nucleotides,

PKC, PKA, and PKG as well as a myriad of signaling pathways such as mitogen-

activated protein kinases (MAPKs), tyrosine kinases, and lipid kinases. These

pathways can provide feedback regulation subsequent to steroid receptor activation

via ligand-independent activation or via direct phosphorylation of receptors. Estra-

diol activates ERK 1/2, p38, and JNK pathways, resulting in both c-Jun and c-Fos

transcription. Thus, rapid, nongenomic actions of estrogens can potentially exhibit

genomic downstream effects as well. PR-B (usually an activator) can crosstalk with

ERs by priming them to activate the Src-Ras-ERK pathways. Additionally, PRs can

activate p42, MAPK, and PI3K in some cases. ARs activate the c-Src, Raf-1, and

ERK-2 pathways, and thus MAPKs. In addition to these signaling intermediates,

genomic effects can be fine-tuned by a range of coregulators such as heat shock

proteins and other chaperones and recently identified coactivators and corepressors

– a topic of growing importance, but beyond the scope of this chapter. Nonetheless, it

is clear that the different sex steroid receptors can activate a number of pathways

relevant to the regulation of airway structure and function under both normal

conditions and disease states, especially those involving inflammation.

5 Sex Steroid Effects in the Airway

5.1 Bronchial Epithelial Cells

The bronchial epithelium serves as a barrier and early responder to external stimuli

(allergens, pollutants, and pathogens) and as a modulator of airway tone. Further-

more, epithelial inflammation is involved in the pathogenesis of airway diseases,

such as asthma and bronchitis. Accordingly, the sex steroid effects on bronchial

epithelial cells (BECs) are important to understand but has hardly been examined.
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Airway epithelial cells express both ERα and ERβ [27]. In vascular endothelium,

estrogens facilitate dissociation of endothelial nitric oxide synthase (eNOS) from

caveolae and activate the NO pathway, potentiating vasodilation. Epithelial NO

can be a bronchodilator [28, 29], and exhaled NO is an indicator of airway

inflammation typically via inducible iNOS from BECs. Using receptor-specific

ligands (R,R)-5,11-diethyl-5,6,11,12-tetrahydro-2,8-chrysenediol ((R,R)-THC)

and diaryl-propionitrile (DPN) for ERα and ERβ, respectively, we recently reported
that ER activation acutely (within minutes) increases NO production in human

BECs [27] via eNOS phosphorylation. These effects appear to involve increases in

[Ca2+]i via enhanced sarcoplasmic reticulum Ca2+ release through IP3 receptor

channels and involve caveolin [27]. In an epithelial cell line, estradiol increases

conversion of L-arginine to L-citrulline through eNOS, an effect inhibited by the

ER antagonist ICI 182,780 [30]. Furthermore, we found that in bronchial rings

derived from female patients, physiologically relevant concentrations of estrogens

(<10 nM) produce substantial bronchodilation, an effect blunted but not eliminated

by epithelial denudation [27]. These limited data suggest that estrogens are capable

of inducing NO in bronchial epithelium via nongenomic mechanisms and produc-

ing bronchodilation, akin to vasodilation.

Whether PRs or ARs are expressed in airway epithelium has barely been

examined. A single recent study [31] reported that both male and female human

airway epithelial cells expressed comparable levels of PR-B (with much less

expression of PR-A). Interestingly, PR expression was found to be restricted to

the proximal region of cilia in these cells, and progesterone decreased ciliary beat

frequency. Perhaps more interesting is the fact that the inclusion of 17β-estradiol
prevented progesterone-induced reduction of ciliary motility in these studies. These

very limited data suggest a need to further explore sex steroid effects on airway

epithelium relevant to airway function and the interactions between sex steroids.

A few studies that have explored testosterone have found epithelium-

independent effects on airway tone (see below), but that does not necessarily rule

out expression of ARs or other actions of male sex hormones on the epithelium.

Whether or not airway epithelium expresses ARs is unknown.

In other organs, estrogens, progesterone, and testosterone are all known to

modulate cell proliferation [22]. There is currently little information on airway

epithelium. A single study found that estrogen increases the proliferation of some

types of immortalized epithelial cells [32]. There are no data on the effects of

androgens or progesterone on epithelial proliferation or migration.

5.2 Airway Smooth Muscle

Given clinical data on sex differences in asthma and airway-predominant COPD, an

increasing, albeit limited, number of studies has been conducted on the role of sex

steroids in the modulation of airway smooth muscle (ASM) structure and function.

Among the steroids, estrogens have probably been examined the most in depth.
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The general consensus from in vitro work, including our own, is that estrogens

are bronchodilatory, but these data should be interpreted carefully based on the

concentrations of agonist used as well as whether acute or chronic effects are being

reported. This issue was recently reviewed [10]. For example, it has been reported

that estradiol, testosterone, and progesterone can acutely potentiate isoprenaline-

induced relaxation in isolated pig bronchus, suggesting an enhancement of

β2-agonist-induced bronchodilation. However, if anything, supraphysiologic

concentrations of estradiol appear to be effective. On the other hand, in rats, chronic

exposure to low levels of estradiol decreased acetylcholine (ACh)-induced enhance-

ment of airway resistance, but high-dose estradiol (100 μg/kg) increased

responsiveness to ACh. None of these earlier studies specifically examined the

mechanisms by which estradiol imposes its effects, and an epithelium-independent

versus epithelium-dependent mechanism needs to be distinguished. Estradiol-

induced relaxation of rabbit trachea parallels findings in the rat and probably

involves direct effects on ASM. For example, relaxation of ACh-precontracted

rabbit trachea by 100 μM estradiol (a supraphysiologic concentration) is not

prevented by NOS inhibition or epithelial denudation, suggesting a direct effect on

ASM. The underlying mechanisms appear to involve prostaglandin synthesis and

cGMP modulation of ASM tone [33]. This is significant because both cGMP

and estrogens can influence Ca2+ influx channels and, thus, synergistically enhance

bronchodilation. Similarly, prostaglandins modulate cAMP levels, which can also

be influenced by estrogens, thus potentiating bronchodilation. Indeed, in a recent

study, we reported that physiologically relevant concentrations of estradiol

(1–10 nM) increase cAMP levels in human ASM cells and potentiate the effects of

isoproterenol on intracellular Ca2+, suggesting an enhancement of bronchodilation

[10]. Accordingly, these limited in vitro data highlight a potentially important

role for the direct effects of estradiol on ASM in producing bronchodilation.

The mechanisms underlying the direct effects of estrogens on ASM tone have

been examined only to a limited extent. In mouse ASM, estrogens enhance

the activity of Ca2+-activated K+ channels via the NO-cGMP-PKG pathway

producing membrane hyperpolarization and thus indirectly reducing [Ca2+]i and

blunting carbachol-induced bronchoconstriction [16]. Conversely, female mice

lacking ERα displayed enhanced airway responsiveness to methacholine [15], but

the effect was considered to be indirect. However, this is in contrast to effects in

human ASM. We have reported that in human ASM cells, concentrations as low as

100 pM can substantially decrease Ca2+ responses to ACh and other bronchocon-

strictor agonists [24], working predominantly via ERα, although human ASM

expresses comparable levels of ERβ as well. At least in human ASM, estrogens

appear to inhibit L-type channels as well as store-operated Ca2+ entry (mediated by

mechanisms such as STIM1 and Orai1) [24]. Interestingly, estrogens do not appear

to significantly affect intracellular Ca2+ release or reuptake in human ASM.

These limited data suggest that estrogens can nongenomically produce

bronchodilation by reducing ASM [Ca2+]i. Furthermore, given the clinical findings

of sex differences in airway reactivity between males and females and the findings

reported earlier in ASM, one potential explanation may be the differences in ASM
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ER expression. In ongoing studies, we have found that both male and female human

ASM expresses ERα and ERβ to comparable extents, as in the lungs of male and

female mice [34]. Unfortunately, in spite of in vitro data suggesting estrogen-

induced bronchodilation, in vivo studies in mice are not entirely consistent, espe-

cially given the confounding effects of steroids on other airway cell types in models

of airway inflammation. Male C57BL/6 mice show more hyperresponsiveness than

females, but a direct protective effect of estrogens cannot be proven. Indeed, female

mice conversely exhibit more airway inflammation. Overall, the limited in vitro and

in vivo data suggest that estrogen effects on ASM may be complex and context-

dependent and remain to be further explored in the context of airway inflammation.

Compared to estrogen, the effects of progesterone on ASM have been studied

even less. In isolated, constricted pig bronchial rings, high levels of progesterone

(likely nonphysiological) potentiates isoprenaline-induced bronchodilation [35],

albeit not to the same extent as estradiol. In guinea-pig trachea, both progesterone

and, to a lesser extent, 5β-pregnenalone reverse agonist-induced contraction [36] by
direct inhibition of Ca2+ influx. Thus, like estrogens, progesterone can be bron-

chodilatory at least in vitro. However, as with estrogen, in vivo data are not

consistent. For example, in ovalbumin-sensitized male mice, progesterone

exacerbates airway hyperreactivity [37], but direct effects on ASM per se are not

clear. Furthermore, it is currently unknown whether ASM of mice express PR.

Recent studies have examined the nongenomic effects of androgens on ASM

[38, 39] and have found that physiologic concentrations of testosterone can also

produce bronchodilation. However, epithelium denudation can attenuate the

response to testosterone, while inhibition of AR with flutamide has no effect.

On the other hand, in male guinea-pig and bovine trachea, DHT-induced relaxation

is epithelium independent [39]. These effects of testosterone are thought to involve

the inhibition of voltage-gated Ca2+ channels [39]. As with female sex steroids,

in vivo animal data are confounding. Male C57BL/6 mice are more hyperrespon-

sive than female mice [40], while castrated male mice have lower airway

responsiveness to methacholine. These data suggest that airway responsiveness is

controlled through different physiologic mechanisms in male and female mice.

Increased ASM mass and hyperplasia are also important aspects of airway

remodeling in diseases such as asthma. What would be interesting, but has been

examined only to a limited extent, is whether sex steroids also had genomic effects

on ASM in terms of airway remodeling. Although some cues may be taken from

steroid effects on vascular smooth muscle, effects in the airway are not entirely the

same. Pretreatment of ASM with physiologic concentrations of testosterone, estra-

diol, and progesterone (1 nM–1 μM) has been reported to have no effect on

thrombin-induced ASM cell proliferation [41]. Furthermore, in rat tracheal smooth

muscle, testosterone and the estrogen precursor dehydroepiandrosterone (DHEA)

inhibit platelet-derived growth-factor-induced proliferation. On the other hand, a

recent study reported that physiologic concentrations of both testosterone and

17β-estradiol substantially enhanced proliferation of rabbit ASM cells [42].

In ongoing studies using human ASM cells, we have also found that chronic

exposure (days) to 1–10 nM estradiol can enhance cell proliferation. The contrast
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between the acute bronchodilatory effects of female sex steroids versus chronic

worsening of airway remodeling by cell proliferation should be noted, but it

remains to be determined whether sex steroids are actually beneficial or detrimental

to airway structure and function.

6 Implications, Future Directions, and Conclusions

Although data are still emerging, it is clear that sex differences exist in the airways

of males versus females, and more importantly, sex steroids have substantial effects

on airways, particularly epithelium and ASM. Based on animal data, androgens

may have a protective role while estrogens may be proinflammatory yet

bronchodilatory. These dual effects may be particularly important in women

undergoing large variations in sex steroid levels such as during the menstrual

cycle or pregnancy. Furthermore, estrogens and progesterone seem to sometimes

produce similar effects on airway epithelium and ASM and could therefore

synergize in their overall effect, a topic that remains to be explored. However, in

terms of cell proliferation, the two sex steroids may have opposing effects. Accord-

ingly, depending on their relative concentrations, receptor expression, and the

context of exposure, interactions between estrogen and progesterone may contrib-

ute to asthma exacerbations or alleviation. Furthermore, sex steroid effects on

airway cells may be modulated by inflammation. These topics have not yet been

systematically examined.
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Abstract Airway smooth muscle (ASM) plays an important role in the regula-

tion of airway tone at all stages of life. While there has been much examination of

the mechanisms by which adult ASM contracts and relaxes, especially given its

importance in diseases such as asthma, there has been substantially less exploration

of immature ASM. Here, given the fact that embryonic/fetal and postnatal lung

development is associated with substantial and rapid changes in airway structure

and size, the immature ASM must maintain the capability to contract/relax as well

as proliferate. Beyond this obvious physiological relevance, the clinical importance

of understanding the developing ASM lies in its potential role in diseases of the

newborn that predispose infants to adult problems such as asthma. In this chapter

we briefly describe the current state of knowledge regarding immature ASM and

mechanisms that regulate its contractility.
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1 Airway Smooth Muscle in Developing Lung

In the developing lung, airway smooth muscle (ASM) appears early on epithelial

tubules as the lung buds from the foregut in the pseudoglandular phase. Interest-

ingly, even at this early stage of differentiation, the developing ASM has intrinsic

contractile function, although neural control develops more slowly as nerves follow

the growth of the branching airways. Unlike the tonic contractility of postnatal

ASM, fetal ASM exhibits intrinsic rhythmic contractions [1] that may contribute to

the further formation and remodeling of the developing airway and growth of the

lung. Beginning as thin sheets encircling the developing airways, ASM cell prolif-

eration and migration along the extending airways results in compact, crisscrossed

bundles that eventually resemble postnatal airway bundles [2]. Interestingly,

the maturation of ASM begins at the terminal tubules and progresses toward the

trachea. Overall, the ASM layer forms a continuous, syncytial network of

interlocking ASM bundles that continues to grow postnatally.

Given species differences in sizes of developing airways at different matura-

tional stages, most studies on functional changes in ASM during development have

used maximum contractility measurements (see [3] for a review). In general, there

appears to be significant differences between species in the extent and pattern of

age-related changes in ASM contractility, some of which may be attributable to

intrinsic changes in ASM G-protein-coupled receptor maturations (which may

themselves be agonist specific) or to differences in the relative contribution of

contractility per se versus the opposing elastic forces within the airway (a more

complex relationship). Nonetheless, in most species, there is an initial increase in

contractility at birth, with subsequent increases or decreases with maturation. In the

pig trachea, unit force production increases early during development but then

decreases. Interestingly, airways of 4-week postnatal piglets show higher sensitivity

to cholinergic and histaminergic stimulation compared to fetal pigs or even adult

swine [4]. Force responses to ACh are also higher in early postnatal piglets,

increasing in the first few weeks of life but then becoming smaller in young

swine [3]. This effect of increased contractility (even normalized for ASM size)

appears to be intrinsic to the neonatal ASM, mediated partly by enhanced acetyl-

choline (ACh) release by parasympathetic nerves. Downstream muscarinic receptor

coupling may in fact be impaired at birth and develops postnatally, while reductions

in ACh responsiveness with age appears to involve increased acetylcholinesterase

activity. These in vitro data are matched by in vivo airway resistance measurements

in response to histamine [3]. A similar pattern of early increased sensitivity to

bronchoconstrictor agonist followed by later reductions in sensitivity has been

reported in guinea-pig airway both in vitro and in vivo. For example, LTD4 is a

more potent bronchoconstrictor in immature guinea-pig airway compared to mature
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animals [5], an effect inhibited by indomethacin. Importantly, in both porcine and

guinea-pig airways, responsiveness to KCl is not altered with age, highlighting the

maturational changes in bronchoconstrictor agonist expression and receptor signal-

ing per se. Similar observations of initially higher contractility have been observed

in dog, sheep, and rabbit (see [3] for a review). However, response to ACh

continues to increase in sheep, while responses to histamine increase in dogs.

Regardless of the species differences in age-related changes to ASM contractil-

ity, what is clear is that prior to and at birth, ASM is capable of contraction. What is

less clear is whether the mechanisms that control contractility, particularly [Ca2+]i,

are just quantitatively different in the developing ASM or whether the relative

contribution of specific mechanisms differ. In this chapter, we briefly discuss what

is known regarding these issues.

2 [Ca2+]i Regulation in ASM

Many, if not all, of the chapters in this book extensively report on the mechanisms

that regulate [Ca2+]i in adult ASM. Briefly, both plasma membrane Ca2+ influx

mechanisms, as well as intracellular Ca2+ release and reuptake, are involved in the

[Ca2+]i responses of ASM cells to agonist. Although the relative contribution of

specific mechanisms may differ between ASMs of different species, in general Ca2+

influx is mediated by L-type Ca2+ channels, receptor-operated channels, nonspe-

cific cation channels, Na+/Ca2+ exchange, and store-operated Ca2+ entry [6, 7].

The last influx mechanism may involve a variety of transient receptor potential

(TRP) channels, especially TRPC1, 3, and 6 [8]. Intracellular Ca2+ release can

occur via both IP3 receptor (IP3R) and ryanodine receptor (RyR) channels on the

sarcoplasmic reticulum (SR), the former being activated by the PLC-IP3 pathway,

and the latter by the CD38/cADPR mechanism. Reduction in [Ca2+]i can occur

through SR reuptake via the Sarco-endoplasmic reticulum calcium ATPase

(SERCA) pump, or extrusion across the plasma membrane via Na+/Ca2+ exchange

and plasma membrane Ca2+ ATPase. Other mechanisms, such as mitochondria and

lysosomes, may also play a role in modulating and buffering [Ca2+]i. Overall, adult

ASM has a myriad of [Ca2+]i regulatory mechanisms by which bronchoconstrictor

agonists, for example ACh, histamine, and endothelin-1, can mediate their effects.

3 [Ca2+]i Regulation in Developing ASM

While a large number of studies, including our own, have examined the roles of

different mechanisms in adult ASMof different species under normal conditions and

under conditions of inflammation, oxidant stress, and other insults relevant to airway

diseases, (e.g., [6, 7, 9, 10]) there is currently limited information on which of the

[Ca2+]i regulatory mechanisms are involved in mediating bronchoconstriction in
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the developing airway. Here, the interesting findings that airway contractility is

enhanced in early postnatal development would suggest an increased contribution of

[Ca2+]I, but this has not been systematically examined. An alternative mechanism

may be enhanced Ca2+ sensitivity of the contractile apparatus (the Ca2+-calmodulin-

myosin light chain kinase/RhoA-MLC pathways); however, this has also not been

systematically examined.

Based on the observation that early fetal airways demonstrate spontaneous

contractions (airway peristalsis, presumably to facilitate fluid movement within

the developing passages), a few studies have explored such contractions [11–13].

For example, McCray [11] used explants of developing tubules from postmortem

fetuses during the first trimester and examined such contractions under light

microscopy. Interestingly, contractions were observed to originate at the same

region of a tubule and spread in the same direction at regular intervals. Furthermore,

inhibition of neural input using tetrodotoxin had no effect on spontaneous

contractions, suggesting an intrinsic mechanism. However, inhibition of L-type

Ca2+ channels with nifedipine or nonspecific inhibition of influx with CdCl2

stopped spontaneous contractility, suggesting a large role for influx. On the other

hand, muscarinic stimulation produced tetany, suggesting a functional cholinergic

system early in airway development. In a subsequent, elegant study using embry-

onic rat lungs loaded with fluorescent Ca2+ indicator fluo-4, Featherstone et al. [12]

reported that spontaneous airway contractions that spread along the tracheobron-

chial tree involves travelling [Ca2+]i waves. Intercellular communication and

propagation of these waves along the airway were thought to be mediated by action

potentials and gap junctions. Inhibition of L-type Ca2+ channels as well

TEA-sensitive K + channels (i.e., voltage-gated or large-conductance BK

channels) or removal of extracellular Ca2+ prevented spontaneous [Ca2+]i waves,

suggesting a large role for plasma membrane Ca2+ influx. However, inhibition of

IP3R channels with 2-APB or RyR channels with ryanodine were also effective in

blocking spontaneous waves, suggesting the additional involvement of SR Ca2+

mechanisms. These findings highlight the fact that even in the first trimester, the

early developing ASM contains many of the [Ca2+]i regulatory mechanisms that are

present in adult ASM, which can contribute to spontaneous and ACh-induced

[Ca2+]i oscillations, as we and others have reported in adult ASM [10, 14].

Changes in postnatal ASM have also been largely examined in terms of contrac-

tility as described earlier. However, a few studies have examined the underlying

mechanisms. For example, in 2-week-old rabbit ASM, where maximal contractility

and sensitivity to carbachol is higher than in adult, accumulation of IP3 is also

higher, largely due to the lesser breakdown of this second messenger [15]. While

binding of IP3 to IP3R is comparable between these ages, the effect of Ca2+ is

different than that in adult rabbit ASM; higher levels of [Ca2+]i will inhibit IP3R but

enhance IP3R activity in immature ASM [16]. Thus the combination of increased

IP3 and IP3R activity likely contribute to greater contractility in the immature ASM.

Furthermore, the potent bronchoconstrictor endothelin-1 also appears to have

greater effects in immature rabbit ASM, working via enhanced IP3 production,

greater Ca2+ influx via L-type Ca2+ channels, and an increased role of PKC [17].
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There is currently no information on maturational changes in RyR channels or their

regulation in ASM.

In addition to intracellular regulatory mechanisms, studies in ASM of various

animals suggest a significant role for plasma membrane, especially those deter-

mined by membrane potential. For example, 2-week-old bovine tracheal ASM has a

resting membrane potential similar to that of adult animals, but the contribution of

the electrogenic Na+/K + pump is greater in the immature airway [18]. Separately,

in guinea pig, both fetal and newborn extrathoracic tracheal ASMs are more

sensitive to the L-type Ca2+ channel agonist BAYK8644, suggesting a greater

role for this influx mechanism [19]. Overall, these data suggest that the early

postnatal airway may be more sensitive to bronchoconstrictor agonists. The teleo-

logical relevance of such increased airway sensitivity to stimuli could be to prevent

aspiration, especially of gastric contents.

While spontaneous [Ca2+]i oscillations and contractions have been noted early in

airway development, ASM for later gestational stages have been less examined,

particularly in humans, due to a lack of tissue availability and our increasing ability

to rescue premature infants at even earlier gestations such as 23 weeks. In a recent

study, we characterized [Ca2+]i responses in human fetal ASM cells from 18- to

22-week aborted fetuses (canalicular stage) [20]. This stage of airway development

is particularly important given the fact that premature babies are particularly

susceptible to neonatal respiratory distress syndrome and are at risk of developing

bronchopulmonary dysplasia due to exposure to high inspired oxygen levels

(hyperoxia) or mechanical ventilation [21]. Here, detrimental effects on airway

structure and function can have immediate and long-term effects on airway reac-

tivity with predisposition to asthma. While many studies use adult human ASM

cells or tissues with interventions such as hyperoxia, this may not be a proper

surrogate. In our study, we examined the regulation of [Ca2+]i and cellular prolifer-

ation in response to hyperoxia and found that fetal ASM cells expressed substantial

smooth muscle actin and myosin as well as several Ca2+ regulatory proteins,

including M3 muscarinic and H1 histaminergic receptors, IP3R, RyR, and

SERCA protein, and some of the store-operated Ca2+ influx mechanisms. However,

compared to adult human ASM, these proteins were relatively less abundant,

especially SR Ca2+ release proteins, suggesting a greater dependence on Ca2+ influx

mechanisms. Correspondingly, [Ca2+]i responses to ACh and histamine were robust

but substantially smaller and slower than in adult ASM. On the other hand, the

proliferative potential of such fetal ASM cells was substantially greater than for

adult ASM, consistent with their role in the growing airway. Interestingly, moderate

levels of hyperoxia, less than 60 %, enhanced proliferation (also increasing [Ca2+]i
responses to agonist), while higher levels of oxygen induced apoptosis. These data

suggest that oxygen can have profound effects on ASM [Ca2+]i and airway structure

during a critical period of airway development. Such effects of hyperoxia have also

been noted in the early postnatal airway in animal models. For example, exposure

of 21-day-old rats to 95 % hyperoxia for 8 days (a substantial exposure) resulted in

increased in vivo airway responsiveness to methacholine, with changes in airway

architecture akin to asthma: increased epithelial and ASM thickness [22].
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4 Relaxation in Developing Airways

Compared to the substantial examination of bronchodilatory mechanisms in adults

(given their alleviating role in asthma), much less is known regarding mechanisms

that contribute to relaxation in immature airways. In many species, a parasympa-

thetic nonadrenergic, noncholinergic (NANC) mechanism has been demonstrated,

while in some species such as guinea pig an additional adrenergic response might

also occur. In humans, NANC-based relaxation is particularly important.

In contrast to the relatively higher bronchoconstrictive capability of immature

airways, relaxation appears to be less, with gradual maturation in bronchodilatory

mechanisms. For example, in immature rabbits, relaxation of precontracted tra-

chea by electrical field stimulation is almost absent at 1 week postnatal, present at

2–4 weeks, but is much greater in adults [23]. Similarly, in rats, substance

P-induced relaxation in precontracted airways is greater in adults than in neonates

[24], an effect that appears to involve NANC-derived NO. Here, there is strong

evidence from multiple species that SP, working via NK1 receptors, induces NO

release, especially by tracheal epithelium. Furthermore, even if the role of NO as

a bronchodilator in adults is less obvious (unlike its well-known role in the

vasculature), there is a known role for NO in bronchodilation in early postnatal

ages. In addition to this induced relaxation following bronchoconstrictor agonist,

in guinea pig, which shows baseline airway tone, spontaneous relaxation of ASM

during sustained electrical field stimulation is less in 1–3 week-old animals than

in adults, a difference that is abolished by inhibiting cyclooxygenase [25]. This

could also involve NO due to prostaglandin activation of NO synthase. Overall,

the limited data suggest that bronchodilatory mechanisms such as NO may be

active, albeit to a lesser extent, in immature airway, with some of these

mechanisms being enhanced with adulthood. Thus, the caliber and tone of imma-

ture airways are perhaps driven to a greater extent by constrictor mechanisms as

relaxant pathways develop.

5 Conclusions

Clearly, even from the early stages of development, immature ASM contains many

of the mechanisms required for the regulation of contraction. What appears to be

interesting is the relatively larger role of Ca2+ influx mechanisms in the immature

airway, perhaps reflecting a lesser or slower development of the SR. In this regard,

it is possible that the plasma membrane is more susceptible to insults, such as

inflammation, hyperoxia, and reactive oxygen species, that can contribute to airway

diseases of the newborn. Further examination is required to more thoroughly

understand these mechanisms and the potential interactions with other cells within

the airway, especially the epithelium.
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Abstract Oscillations in the concentration of free cytoplasmic calcium ([Ca2+]i)

play a vital role in the generation and maintenance of force by airway smooth

muscle (ASM) cells. Mathematical models have an important role to play in the

study of such complex dynamic phenomena, and can be used to construct and test

hypotheses for how such oscillations might occur, and how properties such as the

oscillation period might be controlled. We briefly discuss the underlying principles

of the construction of mathematical models of calcium dynamics, and show how

our current model can be used to understand how oscillations of [Ca2+]i in ASM are
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the result of a complex interplay between inositol trisphosphate receptors (IP3R) and

ryanodine receptors (RyRs). Agonist-stimulated production of inositol trisphosphate

(IP3) opens IP3R, resulting in the release of Ca2+ from the endoplasmic reticulum

(ER). This released Ca2+ stimulates the release of additional Ca2+ from both IP3R and

RyR, leading to cycles of Ca2+ release and reuptake from the ER. In the absence of

IP3 (no agonist), when the ER is overloaded with Ca2+ these cycles of release and

reuptake are mediated primarily by the RyR. Conversely, in the presence of IP3 (with

agonist), when the ER is partially depleted of Ca2+, these cycles are mediated

primarily by the IP3R. Thus, an understanding of both IP3R and RyR is required

for an understanding of how [Ca2+]i oscillations are controlled in ASM.

Keywords Calcium oscillations • Calcium waves • Inositol trisphosphate receptor

• Ryanodine receptor

1 Introduction

Airway smooth muscle (ASM) is one of the most important cell types in the study of

airway hyperresponsiveness, as major breathing difficulties occur when the con-

traction of ASM is either too strong or too sensitive.

The Ca2+ dynamics of ASM are particularly important for the understanding of

contraction in ASM because it is a rise in Ca2+ that causes contraction of ASM.

Thus, it is vital to understand the mechanisms involved in the control of Ca2+

in ASM.

Fortunately for mathematical modelers, the concentration of free cytosolic Ca2+

([Ca2+]i) in ASM exhibits a number of complex properties that can only be

understood with a combination of theoretical and experimental approaches. In

response to agonist stimulation, [Ca2+]i displays a range of complex spatiotemporal

behaviors, including periodic waves of varying period [2, 19, 23, 25]. It is simply

not possible to understand such complex behavior without recourse to a quantitative

model, although any such model must, of course, be based on experimental results.

In addition to helping us understand experimental results, models can also guide

further experiments.

Although there is already a large body of literature on how to model generic Ca2+

dynamics in a variety of cell types [8, 13], there is a considerably smaller body of

literature on the modeling of Ca2+ dynamics in ASM. Previous work in this area is

summarized in [15, 16, 24] and focused on the electrical properties of ASM. We,

however, take a rather different point of view because our experiments indicate

only a minor role for membrane electrical potential in contraction. Instead, we

focus on the interactions between the two major internal Ca2+ release channels – the

inositol trisphosphate receptor (IP3R) and the ryanodine receptor (RyR).

342 J. Sneyd et al.



Our primary goal is to show how the experimental data implicating IP3R and

RyR can be explained by a relatively simple model in which Ca2+ oscillations are

mediated primarily by IP3R but significantly modulated by RyR.

In early studies, agonist-induced Ca2+ oscillations were observed in isolated

smooth muscle cells, but these oscillations were thought to be mediated via the RyR

with the IP3R having only a minor modulating or initiating role [18, 21, 22].

To correlate smooth muscle Ca2+ dynamics with airway contraction, we examined

ASM cells in lung slices and found that increased frequencies of Ca2+ oscillations

and waves correlated with airway contraction. However, the mechanisms driving

these Ca2+ oscillations were highly dependent on IP3 and IP3R, with RyRs having

little impact on ongoing Ca2+ oscillations [2, 3, 20, 23, 26, 30]. The experimental

evidence for these conclusions is also reviewed in another chapter in this volume

(Sanderson). Perhaps the differences lie in the cell preparation (isolated or in lung

slices) or more simply are due to the experimental technique. We have learned to

appreciate, as will be addressed later, that the interaction of these two receptor types

can thwart experiments designed to elucidate the responses of just a single receptor.

In this respect, mathematical modeling has provided the necessary tool to disentan-

gle such interactions.

Before we address ASM in particular, we first present a short description of the

methods for constructing generic Ca2+ models, including both spatially homoge-

neous and spatially distributed models.

2 Generic Modeling of Calcium Dynamics

There are two major types of model of Ca2+ dynamics: a spatially homogeneous

model, which assumes a well-mixed cell, and a spatially inhomogeneous model,

which allows for spatial variation of [Ca2+]i. Within each of these divisions, models

can be deterministic or stochastic and can contain a large number of parameters and

dependent variables.

It is important to note that the type of model one constructs is not necessarily

dependent on what is believed to be the “real” situation. For example, it is well

known that cells are not well mixed and that [Ca2+]i is not homogeneous. Never-

theless, a well-mixed model can still be a useful tool, guiding new experimental

results and making testable predictions. Similarly, we also know that, at a higher

level of detail, the release of Ca2+ through either IP3R or RyR is inherently a

stochastic, not a deterministic, process. In some situations this matters, and sto-

chastic models must be used. In other cases, stochastic aspects are less important.

In other words, we construct models, not to be the most detailed and accurate

representation of what we believe is the true situation, but to be useful tools to guide

our understanding.
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2.1 Spatially Homogeneous Models

If the cell is assumed to be well mixed, a typical equation for [Ca2+]i expresses

simply the conservation of Ca2+. Thus, if we let c denote the concentration of Ca2+

in the cytoplasm, [Ca2+]i, then we have

dc

dt
¼ Jinto � Jout; (1)

where Jinto and Jout denote, respectively, all the fluxes of Ca
2+ into and out of the

cytoplasm.

It remains simply to specify which are the fluxes into the cytoplasm and which

are the fluxes out of the cytoplasm. Each flux comes with its own model description,

which can be substituted into (1) to obtain the complete equation for c.
A simple example is shown in Fig. 1, in which there are five fluxes into or out of

the cytoplasm. Two of those fluxes, Jin (a generic influx of Ca2+, possibly through

store-operated channels, agonist-operated channels, or voltage-dependent Ca2+

channels) and Jpm [the flux through the plasma membrane (PM) ATPase pumps],

are across the PM, while the other three, JRyR (the flux through RyR), JPR (the flux

through IP3R) , and Jserca (the flux through the sarcoplasmic/endoplasmic reticulum

calcium ATPase (SERCA) pumps) are across the ER membrane.

In this case, (1) becomes

dc

dt
¼ Jin � Jpm þ γðJIPR þ JRyR � JsercaÞ; (2)

Ca2+

Jin

Jpm

Jserca

JIPR

JRyR

ER

Fig. 1 Schematic diagram of a simple spatially homogeneous Ca2+ dynamics model, with five

fluxes. In this model, Ca2 + is pumped into the endoplasmic reticulum (ER) from the cytoplasm by

SERCA ATPase pumps (Jserca), is pumped out of the cell by plasma membrane ATPase pumps

(Jpm), enters the cytoplasm from the outside through some unspecified entry pathway (Jin), and
enters the cytoplasm from the ER through two channels, the IP3R and the RyR
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where the factor γ is required because all the fluxes have units of concentration per

unit time and the volume of the ER is different from the volume of the cytoplasm.

To this equation it is usually necessary to add a second equation describing the rate

of change of the Ca2+ concentration in the ER (ce);

dce
dt

¼ �JIPR � JRyR þ Jserca: (3)

Now one selects whichever model one wishes for each of the individual fluxes to

complete the model construction. In general, each of these fluxes will involve other

dynamic variables, which increases the total number of differential equations.

Simpler models will have only two equations, while more complex models typi-

cally have as many as eight, or even more.

We emphasize that, although this simple model omits a vast amount of the

known complexity in Ca2+ signalling (such as microdomains, the influence of the

mitochondria, and direct effects of the membrane potential), it is still (as we shall

see) a useful tool for the study of the mechanisms underlying Ca2+ oscillations, in

some conditions.

One important hidden feature of the foregoing simple model is the inclusion of

Ca2+ buffering. Although it appears that Ca2+ buffers are not included in (1), this is

in fact not necessarily true. If the buffers are fast, linear, and unsaturated, then they

contribute only the same constant factor to each flux. Hence, the fluxes should be

interpreted as effective Ca2+ fluxes, i.e., that part of the actual flux that contributes to
a change in the concentration of free Ca2+.

2.2 Inclusion of Diffusion

To turn this simple spatially homogeneous model into a model that allows for a

spatially varying [Ca2+]i (to reflect reality), the model equations must be adapted to

include the diffusion of Ca2+. Although this can be complicated by the presence of

Ca2+ buffers, if we assume again that the buffers are fast, linear, and unsaturated,

then the diffusion equation for c remains linear, using only an effective diffusion

coefficient (which is typically around 10 μm2/s, instead of the approximately

300 μm2/s that is the diffusion coefficient for unbuffered Ca2+ in an aqueous

solution).

Making this simplifying assumption gives

@c

@t
¼ Deffr2cþ Jin � Jpm þ γðJIPR þ JRyR � JsercaÞ; (4)

where it is assumed that the cell is thin enough so that Ca2+ entering across the

membrane is effectively seen by the entire width of the cell immediately. If one

wishes to model a fully three-dimensional cell, with fluxes across the PM that are

Mathematical Modeling of Calcium Dynamics in Airway Smooth Muscle Cells 345



effectively separated from the fluxes into and out of the ER, then more complicated

boundary conditions are required. However, this is not relevant for the discussion

here, and so these mathematical details are omitted.

3 Modeling of Calcium Dynamics in Airway

Smooth Muscle

To turn this simple generic model into a model specific for ASM involves the

choice of which fluxes to include and which models to use for these fluxes. Ideally,

all these choices should be governed by specific experimental data, but in this case,

as in most cases, there are significant gaps in the data that need to filled by

convenient assumptions.

For our initial spatially homogeneous model we make the following

assumptions:

• Calcium is removed from the cytoplasm in two ways. It is pumped out of the

cells by ATPase pumps on the PM, and it is pumped into the ER by SERCA

ATPases. This assumption means that we ignore the influence of mitochondria

on Ca2+ removal. Although it has been shown that mitochondria probably play

an important role in Ca2+ removal [15], we have yet to determine how inclusion

of these effects will affect our results. Our focus throughout is more on the

interplay between the Ca2+ entry pathways, and, for an initial approximation, we

believe it to be sufficient to model Ca2+ removal in a simpler way. The PM

pumps and the SERCA pumps are both modeled by Hill functions, with Hill

coefficients of four and two, respectively.

• Calcium entry into the cell from outside is via two pathways, one voltage-

dependent, the other not. The voltage-dependent pathway is a voltage-gated

Ca2+ channel, with the reversal potential given by the Goldman–Hodgkin–Katz

equation and a single activation gating variable that is a time-independent

increasing function of the membrane potential.

• The voltage-independent pathway is via Ca2+ channels that are opened by agonist

stimulation (most likely using the arachadonic acid pathway, although this is not

necessary), ignoring any effects of store-operated channels. This is an important

assumption of the model and deserves slightly more discussion. Although it is

known that store-operated channels are activated when the Ca2+ concentration in

the ER gets very low, this is often not the case for the types of agonist stimulation

that result in periodic waves mediated by the IP3R [17, 27]. At lower agonist

concentrations there is indeed increased Ca2+ entry, but this is controlled by

chemical pathways that go through arachadonic acid. Thus, for simplicity, we

model this influx as a simple increasing function of agonist concentration,

ignoring the complexities of the intermediate biochemistry.

However, although Ca2+ influx is an important model component, it remains

true that the Ca2+ oscillations and waves are caused by the release and reuptake
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of Ca2+ from the ER, not by Ca2+ transport across the PM. This is clear from the

fact that the oscillations persist in the absence of extracellular Ca2+ [19].

• Calcium moves from the ER to the cytoplasm through RyRs and IP3Rs. The Ca
2

+ flux through the IP3R is the most difficult and complex part of the model. There

is still controversy over which model of the IP3R should be used. Recent models

of the IP3R are based on single-channel data [10, 28], but these data might well

miss important nonstationary effects, leading to model inaccuracies. However,

older models, such as those of DeYoung and Keizer [5], Atri et al. [1], LeBeau

et al. [14], and Sneyd and Dufour [29], suffer from their own problems, such as

inactivation time constants that differ significantly from those measured experi-

mentally. We do not yet have specific data about the IP3R in ASM to be able to

resolve this controversy with any authority.

Even if the details of the IP3R model turn out to be incorrect, if the model

makes predictions that can be tested and confirmed, it is likely that the model has

abstracted some important properties of ASM, incorrect details notwithstanding.

Thus, for simplicity, much of our work on Ca2+ dynamics in ASM has used the

model of DeYoung and Keizer [5] to describe the IP3R.

• There are two principal components of the RyR model. First, it exhibits Ca2+-

induced Ca2+ release (CICR), as the flux through the receptor is an increasing

function of c. This CICR can be modeled in a number of ways; we have chosen

to use the model of Friel [9], which is an excellent quantitative description of

CICR through RyR, although in a different cell type. The second important

component of the RyR model is the fact that the RyR Ca2+ flux is dependent on

the concentration of Ca2+ in the ER, ce. As ce increases, so does the RyR flux,

whereas, conversely, as the ER gets depleted, the RyR flux decreases rapidly.

This feature of the RyR is borrowed from similar models in cardiac cells,

where it is well known that overloading of the SR leads to a much greater

spontaneous release of Ca2+ through the RyR [4].

• We do not include a detailed model of the ionic fluxes across the cell membrane,

or of the membrane potential. This is because our focus here is on the Ca2+

dynamics rather than the electrical properties of the cell. Although the mem-

brane potential affects the Ca2+ dynamics via the flux through voltage-gated

channels, this effect can be incorporated in a relatively simple way, without

requiring detailed models of all the ionic currents.

Given the foregoing assumptions, one can substitute the various submodels into

(2)–(4) to obtain the overall model of the Ca2+ dynamics. We do not give the full

details here; they can all be found in [34].

3.1 Interplay Between IP3R and RyR

Typical model solutions showing oscillations and waves of increased [Ca2+]i are

shown in Fig. 2. In response to an agonist, there is an initial release of Ca2+ through

the IP3R. This initial release causes a larger release of Ca
2+ through the RyR, via a
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process of CICR, which depletes the ER Ca2+ concentration, at least partially. This

decrease in ER Ca2+ concentration inactivates the RyR but has much less effect on

the IP3R, which initiates a cycle of Ca2+ release and reuptake to and from the ER,

leading to Ca2+ oscillations and periodic waves. The Ca2+ flux through the RyR

continues to oscillate, but only with very small amplitude.

Fig. 2 Experimental results and model simulations. Basic oscillations under control conditions.

(a) Application of acetylcholine (ACh) causes sustained oscillations in [Ca2 +]i in mouse ASM.

These oscillations occur on a raised baseline. (b) Model simulation of ACh-induced [Ca2 +]i
oscillations. ACh is simulated by an increase in [IP3]. Although the model shows good qualitative

agreement with the experimental results in panel a, the quantitative agreement is poor, with a large

initial peak, and with the oscillations not occurring on a raised baseline. (c) Application of KCl to

the ASM cell causes depolarization of cell membrane, entry of Ca2 + through voltage-gated

channels, and cycles of Ca2 + release and reuptake. These Ca2 + oscillations are quite different

from ACh-stimulated oscillations (panel a), being much wider, with a larger period. (d) Model

simulation of response to depolarization. Ca2 + oscillations occur with a much larger period
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The cycles of Ca2+ release through the IP3R occur by the same mechanism as in

all previous models of Ca2+ oscillations based on the De Young–Keizer model

[5]. An increase in [Ca2+]i increases the open probability of the IP3R, leading to a

positive feedback cycle that operates on a subsecond time scale. However, the IP3R

also inactivates in response to increased [Ca2+]i, but on a slower time scale. The

interaction between the fast activation and the slower inactivation leads to cycles of

IP3R opening and closing. The small-amplitude oscillations in the RyR flux are

purely a response to the IP3R-based oscillations and play little role in the control of

the oscillation period. The function of these oscillations and waves shall be consid-

ered later.

This model also reproduces the response to KCl (Fig. 2), which depolarizes the

cell, leading to an increased influx of Ca2+. In this case, the ER overloads with Ca2+,

leading to spontaneous release of Ca2+ through the RyR, subsequent depletion of

the ER, inhibition of the RyR, and termination of the Ca2+ transient. Once the Ca2+

transient ends, the ER can recover and the cycle can repeat, leading to long-period

oscillations, quite different in nature from those caused by agonists that activate the

IP3R. In this case, because the concentration of IP3 is zero (or at least very low), the

IP3R are not able to sustain high-frequency Ca2+ oscillations.

There is thus a close interplay between the RyR and the IP3R. In some cases

oscillations are governed by one receptor type, in other cases the other receptor type

is more important, and during the initial response to agonist both RyR and IP3R play

a role. The dominant receptor type is essentially determined by the concentration of

Ca2+ in the ER. When the ER is overfilled, the RyR predominate; when the ER Ca2+

concentration is lower, the IP3R predominate.

By applying agonist, KCl, and ryanodine in various orders, we can explore these

interactions further. If KCl is applied first, followed by methacholine (MCh), then

the model predicts that long-period oscillations (mediated by the RyR) will be

replaced by short-period oscillations (mediated by IP3R). Conversely, if MCh is

applied first, followed by KCl, the KCl will have no significant effect on the

oscillatory pattern. Model simulations and the experimental verification are

shown in Fig. 3. The intuitive explanation of these results is as follows.

• Upon application of KCl, Ca2+ entry increases, which overloads the SR, leading

to spontaneous activation of the RyR and long-period spiking. Although there is

some temporary depletion of the SR at the peak of the Ca2+ spike, the SR, on

average, remains overloaded.

• When MCh is added, the IP3R also opens, leading to increased Ca2+ flux from

the SR into the cytoplasm. Because of this, the ER is, on average, depleted,

which inactivates the RyR, leading to oscillations mediated almost soley by the

IP3R.

• Conversely, if MCh is added first, then the SR is depleted. Subsequent addition

of KCl, despite increasing the Ca2+ influx, is unable to cause an overload of the

SR, and thus the RyR remains inactivated.
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We can also use the model to predict the effects of adding ryanodine (Fig. 4a).

Ryanodine acts in a slightly unusual manner in that it locks the RyR open, but only

once it has already been opened – ryanodine has no effect on a closed RyR. If we

include that effect in the model, then we see that pretreatment with ryanodine will

eliminate agonist-induced Ca2+ oscillations. This is because the initial agonist-

induced release of Ca2+ through the IP3R causes the RyR to open (via Ca2+-induced

Fig. 3 (a) Model simulations, predicting response when KCl is applied first, followed by MCh

(simulated by an increase in [IP3]). The model predicts that the Ca2 + oscillations will speed up and

decrease in magnitude. (b) Experimental confirmation of model prediction. Note that the model is

predicting [Ca2 +]i, while the experiments measure the fluorescence ratio. This difference is the

cause of some of the quantitative discrepancy. (c) Model simulations predicting the response of the

application of MCh first, followed by KCl. The model predicts that the oscillations will remain

practically unchanged. (d) Experimental confirmation of model prediction
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Ca2+ release), but these RyRs are then locked in the open state by ryanodine,

resulting in a large leak of Ca2+ out of the ER, which can then not support

oscillations through the IP3Rs. Again, this model prediction is confirmed experi-

mentally (Fig. 4b).

Conversely, the addition of ryanodine has surprisingly little effect on

MCh-induced oscillations (see the chapter by Sanderson in this volume). This is

due to the fact that the addition of MCh results in a depletion of the ER and

subsequent closure of most of the RyRs. Thus, when ryanodine is added to a cell

exhibiting MCh-induced oscillations, there are few open RyRs upon which to act,

and so the effect of the ryanodine is minimal. When ryanodine is added before
MCh, this is not the case; the initial Ca2+ spike opens up a substantial fraction of the

RyRs, which are then locked open by the ryanodine, leading to ER depletion and

cessation of the oscillations. Hence the order of application of MCh and RyR is of

crucial importance.

There is thus a close interplay between the IP3R and the RyR in the control of

Ca2+ oscillations, and this interplay occurs since both channel types are releasing

Fig. 4 (a) Model simulations predicting response when ryanodine is applied first, followed by

MCh. After an initial peak, the Ca2 + response shows no oscillations in response to MCh. (b)

Experimental confirmation of model predictions
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Ca2+ from the same internal store, the ER. The amount of Ca2+ in the ER is

controlled by both IP3R and RyR, and, in turn, the ER Ca2+ concentration

modulates release through both these Ca2+ channels. In this way, although

MCh-induced oscillations are mediated primarily by the IP3R, they are significantly

affected by the RyR, via the control of how much Ca2+ is in the ER, and vice versa.

3.2 Periodic Waves in Model

When Ca2+ diffusion is included in the model, assuming that the Ca2+ buffers are

fast and unsaturated, these oscillations turn into periodic waves (Fig. 5). In this

case, each part of the cytoplasm is an autonomous oscillator, weakly linked to its

neighbors by diffusion of Ca2+. The appearance of periodic waves is a standard

mathematical feature of such models.

However, there is one feature here of particular interest: in the cell, the periodic

waves are often observed changing direction, as can be seen in the leftmost panel of

Fig. 5a. Waves in different directions are separated by abortive waves that do not

Fig. 5 (a) Experimental periodic waves of Ca2 + in response to three agonists. Lighter colors

denote higher [Ca2 +]i. In the response to 5-HT one can see that the wave reverses direction. Often,

the waves in different directions are separated by abortive waves that do not travel the full length

of the cell. Such abortive waves can also be seen in the response to KCl, where they are marked by

arrows. (b) Model simulation of MCh-induced periodic Ca2 + waves. The model waves also

reverse direction periodically. Lighter colors denote higher [Ca2 +]i. (c) Model simulations of

KCl-induced periodic Ca2 + waves. Lighter colors (i.e., red and orange) denote higher [Ca2 +]i
(Reproduced (with permission) from [34])
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travel the full length of the cell. It is not possible (without additional intervention)

to reproduce this qualitative feature in the model if the density of IP3R is the

same throughout the cell. Instead, the model predicts that the density of IP3R will

be higher at one end of the cell than the other. With such an IP3R density gradient,

one end of the cell is trying to oscillate at a slightly higher frequency than the other

end. Although the higher-frequency oscillation can drive the lower-frequency

oscillation for a short time, eventually it gets so far ahead that the wave traveling

from the high-frequency end encounters a refractory region propagating from the

low-frequency end, which aborts the wave. Then, before the high-frequency end

can initiate the next wave, the low-frequency end initiates the next wave, resulting

in a wave that moves in the opposite direction. However, this wave direction cannot

be maintained for long because of the intrinsic frequency differences between

the ends.

Given the observed symmetry of the ASM cells, this prediction is somewhat

surprising because there is no obvious reason to suppose that the IP3R density is

asymmetrical in this way. Only additional experimental work will be able to answer

this question.

3.3 Remaining Questions

Although the model appears to have considerable predictive power, and although it

does seem to describe well the interactions between IP3Rs and RyRs, many

questions remain.

3.3.1 Model Accuracy

The model oscillations, although they seem to capture a number of qualitative

features, suffer from poor quantitative agreement with experiment. This is not

necessarily a significant disadvantage for the present study, but when we wish to

use the Ca2+ model to drive a cross-bridge model to generate force (see below), the

shape of the oscillations becomes important. Thus, more work is needed to con-

struct a Ca2+ model that is more quantitatively accurate. One likely explanation for

at least some of the quantitative discrepancy is the fact that the model output is the

Ca2+ concentration, while experiments measure instead the fluorescence ratio.

Since dye fluorescence is not linearly related to [Ca2+]i but will instead show

such effects as saturation and nonlinear binding, we expect a priori for there to be

significant quantitative differences between the model predictions and the experi-

mental results. However, this is almost certainly not the only cause of these

differences.
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3.3.2 Model Choice

The most recent models of the IP3R [28] are based on single-channel data from

single receptors in vivo and thus have a much more solid biophysical basis than any

of the earlier models, such as the one used here. However, these recent models have

shown that the slow time scale that is so important in the earlier models, i.e., the

slow inactivation of the IP3R by Ca2+, does not appear to exist. All the observed

time scales in these recent models are much faster, and thus use of these models

does not lead to Ca2+ oscillations of the correct period. There are a number of

possible resolutions to this conundrum. First, it may be that the single-channel data,

having been collected over a relatively short time, cannot measure the longer time

constants, even though they are an important part of the IP3R response. Second, the

steady-state nature of the single-channel data precludes measurement of nonsta-

tionary data, such as the transient response to a step increase in [Ca2+]i. Third, it

may be that other mechanisms, in addition to simple modulation of the IP3R by Ca2

+, play a major role in the control of oscillations in ASM. Which, if any, of these

possibilities will turn out to be the most useful one is left for future work.

3.3.3 Stochastic or Deterministic

IP3Rs and RyRs, by their intrinsic nature, are stochastic. It is known that stochastic

processes can organize themselves in such a way as to appear to be deterministic

oscillations [7, 31, 32], and it might be the case here that the Ca2+ oscillations are in

fact the result of underlying stochastic opening of the IP3Rs and RyRs. We are

currently doing simulations to test this hypothesis, and preliminary results suggest

this is not the case for ASM, but as yet we have no clear answer.

3.3.4 Species Differences

Human ASM, the cell type we are ultimately interested in, behave differently from

mouse or rat ASM. In addition, oscillation periods at room temperature are longer

than at body temperature. Thus, to construct a quantitatively accurate model for use

in a multiscale model of ASM contraction, we need to modify the current model to

take both species and temperature into account. It is not yet clear whether this can

be accomplished simply by changes in parameter values or whether more structural

changes to the model will be required.

4 Downstream of Calcium

The principal reason we are interested in the dynamics of Ca2+ in ASM is that an

increase in Ca2+ activates the myosin cross bridges [via the activation of myosin light

chain kinase (MLCK)], which bind to actin and, thus, generate a contractile force.
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It is outside the scope of this chapter to discuss cross-bridgemodels in detail. Suffice it

to say that myosin cross bridges are usually modeled by a variant of the Hai–Murphy

model [11], which is itself an adaptation of the Huxley cross-bridge model originally

designed for skeletal muscle [12].

The most detailed model of the activation of MLCK by Ca2+ is that of [6]. In this

model, four Ca2+ ions bind to calmodulin (CaM) to activate it, and then Ca4CaM

activates MLCK, which then phosphorylates the myosin light chain to allow

binding to actin. Their model derives rate constants in a detailed binding model

of CaM.

The strength of ASM contraction is governed by a number of different factors, in

which both Ca2+ oscillation period and average amplitude are important [33]. As

the agonist concentration increases, so does both the Ca2+ oscillation frequency and

the average Ca2+ amplitude (averaged over one oscillation cycle), and these

increases translate to a stronger contraction. Increasing the oscillation frequency

while keeping the same average amplitude also results in increased force, and thus

force generation is frequency dependent, at least to some extent.

Most interestingly, periodic waves of Ca2+ generate a different force than do

spatially homogeneous oscillations of the same period [33]. This is because the

exact shape of the wave – for example, its rate of rise and rate of decay – have

significant effects on force generation because the Ca2+ signal is translated to force

through a highly nonlinear process.

5 Conclusions

We have constructed a mathematical model of Ca2+ oscillations in ASM cells and

used the model to show how IP3Rs and RyRs interact to control the oscillations.

When Ca2+ entry is high and the IP3Rs are closed (as is the case upon the

application of KCl), the ER becomes overloaded with Ca2+, resulting in cycles of

Ca2+ release and reuptake from the ER via the RyRs. Such oscillations are large and

wide, with large period. However, when the IP3Rs open (upon, say, the application

of MCh or similar agonist), the ER empties, the RyRs are mostly shut, and the Ca2+

oscillations are mediated by the opening and closing of the IP3R. Such

MCh-induced Ca2+ oscillations have a much smaller period than those induced

by KCl and occur on a raised baseline.

The IP3Rs and RyRs thus interact principally via their common access to the

ER. Depletion of the ER by Ca2+ flux through one receptor type will affect the Ca2+

flux through the other receptor type, leading to interdependence and complex

dynamic behavior. Thus, for example, even though application of ryanodine prior

to application of MCh will eliminate Ca2+ oscillations, it is not the case that

MCh-induced oscillations are mediated by RyRs. Instead, elimination of the

oscillations occurs via depletion of the ER.

Although the model, in some aspects, lacks quantitative accuracy, it is neverthe-

less a useful predictive tool. A series of model predictions has been confirmed

Mathematical Modeling of Calcium Dynamics in Airway Smooth Muscle Cells 355



experimentally and led to a greatly increased understanding of how Ca2+

oscillations in ASM are controlled. Other model predictions, such as the expected

spatial distribution of IP3R and RyR densities, remain untested as of yet but provide

a clear guide to experiments that will play an important role in advancing our

understanding of the Ca2+ dynamics of ASM.
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(ASMCs) contributes to airway hyperresponsiveness, a cardinal feature of asthma.
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([Ca2+]i) transients in ASMCs is Ca2+ release from the sarcoplasmic reticulum

(SR) via the inositol 1,4,5-trisphosphate (IP3) receptor and ryanodine receptor

(RyR). Ca2+ depletion in SR then triggers store-operated Ca2+ entry (SOCE),

Ca2+ influx from extracellular space. These mechanisms are modulated by inflam-

matory cytokines, such as tumor necrosis factor (TNF)-α and interleukin (IL)-13,

which have pivotal roles in asthma and chronic obstructive pulmonary disease

(COPD).

TNF-α upregulates Gq and Gi protein expression, and interleukin (IL)-13

enhances histamine H1 receptor and cysteinyl leukotriene receptor 1, which

enhances agonist-induced IP3/IP3 receptor signaling. Expression of CD38, which

affects Ca2+ release from the SR via RyR, is upregulated with TNF-α, IL-13, and, to
a lesser extent, interferon-γ and IL-1β pretreatment. TNF-α and IL-13 also augment

SOCE and expression of caveolin-1, a scaffolding protein in caveolae, flask-shaped

plasma membrane invaginations, which play a key role in Ca2+ signaling. Further-

more, both TNF-α and IL-13 decrease the expression of sarcoendoplasmic reticu-

lum Ca2+ ATPase SERCA2, which transfers Ca2+ from the cytosol of the cell to the

lumen of the SR to replenish Ca2+ in the SR. The downregulation of SERCA2

mimics altered Ca2+ homeostasis observed in asthma. This chapter describes

the mechanisms that underlie the inflammatory cytokine-mediated modulation of

[Ca2+]i in ASMCs.

Keywords Cytokines • Interleukin-13 • Tumor necrosis factor-α • Thymic stromal

lymphopoietin • CD38

Abbreviations

ACh Acetylcholine

AHR Airway hyperresponsiveness

ASMC Airway smooth muscle cell

β2AR β2 adrenergic receptor
BKCa High-conductance Ca2+-activated potassium

[Ca2+]i Intracellular Ca2+

cADPR Cyclic ADP-ribose

CICR Ca2+-induced Ca2+ release

COPD Chronic obstructive pulmonary disease

CysLT1R Cysteinyl leukotriene receptor

DAG 1,2-diacylglycerol

ERK Extracellular signal-regulated kinase

HASMC Human ASMC

IFN Interferon

IL Interleukin

IP3 Inositol 1,4,5-trisphosphate
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JAK Janus kinase

JNK c-Jun N-terminal kinase

LTD4 Leukotriene D4

MLCK Myosin light chain kinase

MLCP Myosin light chain phosphatase

PKA Protein kinase A

PKC Protein kinase C

ROCC Receptor-operated Ca2+ channels

ROCE Receptor-operated Ca2+ entry

RyR Ryanodine receptor

SERCA Sarcoendoplasmic reticulum Ca2+ ATPase

STAT Signal transducer and activator of transcription

STIM Stromal-interacting molecule

SOCC Store-operated Ca2+ channel

SOCE Store-operated Ca2+ entry

SR Sarcoplasmic reticulum

TGF Transforming growth factor

TNF Tumor necrosis factor

TNFR Tumor necrosis factor receptor

TRPC Transient receptor potential channels

TSLP Thymic stromal lymphopoietin

VOCC Voltage-operated Ca2+ channel

1 Introduction

Airway hyperresponsiveness (AHR) is a cardinal feature of asthma. The airway

smooth muscle cells (ASMCs) from patients with asthma may be intrinsically

different, which potentially contributes to airway hypersensitivity in asthma. The

ASMCs derived from patients with asthma are more contractile than those from

healthy subjects, when assessed using freshly isolated single cells [52] or in

gel contraction assays where cultured ASMCs are embedded [58]. Ca2+ homeostasis

of cultured ASMCs derived from patients with asthma differs from those derived

from control subjects [92, 54]. More importantly, however, AHR is enhanced by

crosstalk between airway inflammation and ASMCs [84]. Recent advances in this

research area have uncovered several mechanisms that underlie the causal links

between inflammatory cytokines and increased intracellular Ca2+ ([Ca2+]i) or Ca
2+

sensitivity in ASMCs that exhibit ASM contraction [5, 81]. This chapter describes

the mechanisms that underlie the inflammatory cytokine-mediated modulation of

[Ca2+]i and Ca2+ sensitivity in ASMCs, in particular via tumor necrosis factor

(TNF)-α and interleukin (IL)-13, which have pivotal roles in asthma and chronic

obstructive pulmonary disease (COPD), where glucocorticoids are largely

ineffective.
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Unlike gastrointestinal smooth muscle cells, bladder smooth muscle cells, or

cardiac myocytes, ASMCs are relatively electrically quiescent and do not generate

an action potential, although voltage-operated Ca2+ channels (VOCCs) are present

in human ASMCs (HASMCs), and excitation of ASMCs is accompanied by

membrane depolarization. However, agonist-induced sustained contraction and

Ca2+ influx into ASMCs are relatively insensitive to VOCC inhibitors, in particular

those directed at L-type VOCCs [56, 36]. Thus, the contribution of excitation-

contraction coupling via VOCCs is limited in ASMCs. Instead, Ca2+ is released

from the intracellular Ca2+ store in the sarcoplasmic reticulum (SR) via store-

operated Ca2+ entry (SOCE), which is often caused by physiologically activated

substances. Therefore, pharmacomechanical coupling is the major cause of ele-

vated [Ca2+]i and ASM contraction.

1.1 Ca2+ Release from Intracellular Ca2+ Store

The main putative mechanism underlying increased [Ca2+]i in ASMCs is Ca2+

release from the SR [38, 74]. Major agonists, including acetylcholine (Ach),

histamine, leukotriene D4/E4, and neurokinin, are relevant to the pathophysiology

of asthma by binding Gq or Gi-protein-coupled receptors [15]. After agonists bind

to these receptors, phospholipase C is activated to generate 1,2-diacylglycerol

(DAG) and inositol 1,4,5-trisphosphate (IP3). IP3 then acts on IP3 receptors to

release Ca2+ from the SR, which leads to an initial peak in [Ca2+]i. A subsequent

steady-state level of [Ca2+]i or an intracellular Ca2+ oscillation is maintained by

intracellular Ca2+ release from the SR via the IP3 receptor [12] or ryanodine

receptor (RyR) as well as extracellular Ca2+ influx [9, 42, 68]. Details of the Ca2+

oscillation are described in another chapter.

Several lines of evidence confirm an important role for CD38/cyclic ADP-ribose

(cADPR) signaling during Ca2+ release from the SR via RyR in HASMCs [21].

In addition to IP3, cADPR is a calcium-mobilizing second messenger molecule

[68]. CD38, a 45-kDa transmembrane glycoprotein, possesses an ADP-ribosyl

cyclase activity that converts β-nicotinamide adenine dinucleotide to cADPR and

is involved in the synthesis of cADPR. CD38 also has a cADPR hydrolase activity

that converts cADPR to ADPR. In CD38-deficient mice where the ADP-ribosyl

cyclase activity is absent [21], the AHR to methacholine and airway eosinophilic

inflammation are attenuated [25], which suggests that CD38 and cADPR have

important roles in AHR and airway inflammation in asthma. In ASMCs, Ca2+

responses to ACh and endothelin-1 are also dependent on CD38 [21].

In cultured HASMCs, TNF-α [82], IL-13 [20], and, to a lesser extent, interferon

(IFN)-γ and IL-1β [19] increase CD38 expression and ADP-ribosyl cyclase activity.
Exposure to these cytokines also increases the Ca2+ response to contractile agonists,

which is significantly attenuated by the cADPR antagonist 8Br-cADPR [19]. Details

are provided later.
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1.2 Store-Operated Ca2+ Entry

Ca2+ influx from extracellular space can be mediated by VOCCs, receptor-operated

Ca2+ channels (ROCCs), store-operated Ca2+ channels (SOCCs), Ca2+-dependent

Cl�, nonselective cation channels, and Na+/Ca2+ exchangers. Details of the Ca2+

channels are described in another chapter. Of these, SOCC is thought to be essential

for the regulation of Ca2+ homeostasis in ASMCs. SOCE is triggered by Ca2+

depletion in the SR. The mechanisms underlying SOCE are not fully understood

because of the lack of highly selective SOCE blockers [56]. Instead, inhibitors of

sarcoendoplasmic reticulum Ca2+ ATPase (SERCA) have been used to determine

the mechanisms associated with SOCE, i.e., thapsigargin or cyclopiazonic acid,

which inhibit the active uptake of Ca2+ into the SR, thereby leading to the passive

depletion of the SR.

Stromal-interacting molecule (STIM)1 and Orai1 were recently identified

SOCE-related molecules [51]. The SR membrane protein STIM1 acts as a sensor

of Ca2+ release from the SR, whereas Orai1 is a pore-forming subunit in Ca2+-

release-activated Ca2+ channels. After sensing [Ca2+]i and [Ca2+]SR, STIM1 is

thought to translocate to SOCC, where it activates STIM1-Orai1 (Ca2+-selective

channels) and STIM1-transient receptor potential channels (TRPC) (nonselective

cation channels). Both TNF-α [82, 95] and IL-13 [26] augment SOCE, and the

contribution of SOCE-related molecules to enhanced SOCE has been elucidated in

TNF-α signaling in ASMCs [78].

1.3 Ca2+ Sensitivity and Caveolae

Ca2+ sensitivity is an important factor in AHR and force generation in ASMCs,

which is independent of [Ca2+]i [94]. Ca
2+ sensitivity in ASMCs is determined

mostly by the balance between myosin light chain kinase (MLCK)-dependent

phosphorylation of myosin light chain (MLC) and its dephosphorylation by MLC

phosphatase (MLCP). The details of its regulatory mechanisms in ASMCs remain

unclear, but the Rho-kinase or protein kinase C (PKC)/CPI-17 pathways play a key

role in Ca2+ sensitivity in ASMCs. Activation of Gq, Gi, or G12/13-coupled

receptors stimulates the RhoA/Rho-kinase pathway to phosphorylate MYPT1, a

subunit of MLCP, to inhibit MLCP activity [15, 79]. The PKC pathway activated by

DAG phosphorylates CPI-17, a 17-kDa inhibitory protein, which also inhibits

MLCP activity and increases Ca2+ sensitivity [74, 94].

Caveolae are 50–100-nm flask-shaped plasma membrane invaginations that are

rich in cholesterol, sphingolipids, and integral membrane proteins known as

caveolins. Human and canine ASMCs express caveolin-1 and 2 but not caveolin-3.

Caveolin-2 associates with caveolin-1 and is thought to modulate the function of

caveolin-1, a major scaffolding protein in caveolae. Caveolae contain several

proteins, including Orai1 [78], TRPC [69], and RhoA [77], which are important in
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Ca2+ signaling [35]. Depletion of cellular cholesterol using cyclodextrins leads to the

disruption of caveolae, which significantly decreases isometric force generation in

response to ACh in porcine ASM strips [77].

Both TNF-α [34] and IL-13 [17] enhance Ca2+ sensitivity via the RhoA/Rho-

kinase pathway and caveolin-1 expression via the NF-κB and mitogen-activated

protein kinase (MAPK) pathways [76]. RhoA activation depends on caveolae, so

there is expected to be a close relationship between Ca2+ sensitivity and caveolae.

However, the link between Ca2+ sensitivity, RhoA, and caveolae has only been

observed for TNF-α, as described below.

1.4 SERCA

SERCA, a Ca2+ ATPase that resides in the SR, transfers Ca2+ from the cytosol of

the cell to the lumen of the SR via ATP hydrolysis against a 10,000-fold gradient

difference in [Ca2+] across the membrane. In HASMCs, the replenishment of Ca2+

in the SR depends solely on the activity of SERCA. Of the three SERCA isoforms,

the main isoform in ASMCs is SERCA2. In cultured ASMCs derived from patients

with asthma, the expression of SERCA2 is lower compared with healthy subjects,

and the extent of its reduction is associated with the severity of the asthma.

In ASMCs from patients with asthma, the return to baseline [Ca2+]i after stimula-

tion with bradykinin is delayed compared with ASMCs from healthy subjects.

Moreover, the knockdown of SERCA2 using siRNA in ASMCs from healthy

subjects increases cell spreading, eotaxin-1 release, and cell proliferation, which

shows that the downregulation of SERCA2 in ASMCs is involved in the patho-

physiology of asthma [54].

Exposure to TNF-α or IL-13 (20 ng/mL, overnight for each cytokine) decreases

the protein expression of SERCA2 and slows Ca2+ reuptake in HASMCs (with zero

extracellular Ca2+ and blocking plasma membrane Ca2+ fluxes) [75] (Figs. 1 and 2),

which also shows that SERCA2 downregulation is involved in altered Ca2+ homeo-

stasis observed in asthma [55, 70].

1.5 Relaxation

ASMC relaxation is one of the ultimate goals of asthma treatment. The activation of

adenylyl cyclase via β2 adrenergic receptor (β2AR), the only G stimulatory-protein-

coupled receptor, increases cAMP, which activates protein kinase A (PKA). The

activation of G stimulatory (Gs) stimulates high-conductance Ca2+-activated potas-

sium (BKCa) channels in cAMP-dependent and independent manners, which allows

the efflux of K+ from the cell [49]. Furthermore, cAMP attenuates SOCE in a

PKA-dependent manner in HASMCs [10]. An elegant study of Ca2+ oscillations by

Bai and Sanderson demonstrated the interaction between cAMP and Ca2+ homeo-

stasis during airway relaxation. cAMP-elevating agents decreased the frequency of
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Ca2+ oscillation and relaxed the airways of mice lung slices potentially via a

reduction in Ca2+ release from the Ca2+ store via the IP3 receptor [11].

Asthma is characterized by airway obstructions, which are variable and revers-

ible after the inhalation of β2AR agonists. However, an impaired response to β2AR
agonists is observed during virus-associated exacerbations. If HASMCs are

incubated with media conditioned by rhinovirus-infected primary human airway

epithelial cells, the β2AR agonist-induced cAMP formation in HASMCs is

attenuated without changing the number of β2ARs [93]. The direct inoculation of

rabbit ASMCs with rhinovirus also led to an impaired response to β2AR, which was
mediated via the upregulation of Gi protein [31].

IL-1β [80], IL-13 [50], TGF-β [65], and TNF-α [33, 61] are known to induce

β2AR desensitization in HASMCs (Fig. 3). These cytokines attenuate the

isoproterenol-induced accumulation of cAMP and the isoproterenol-induced

relaxation of ASMCs via the PKA-dependent phosphorylation of β2AR, leading
to its uncoupling from Gs-protein-mediated cAMP production or via the

upregulation of Gi protein [30, 33]. IL-4 does not affect the isoproterenol-induced

formation of cAMP.

Fig. 1 Putative mechanisms underlying the potentiating effect of TNF-α on agonist-induced

[Ca2+]i in airway smooth muscle cells. ACh acetylcholine, cADPR cyclic ADP-ribose, CaM
calmodulin, CICR Ca2+-induced Ca2+ release, DAG 1,2-diacylglycerol, IP3 inositol 1,4,5-

trisphosphate, IP3R IP3 receptor, M3R muscarinic acetylcholine receptor M3, MLCK myosin

light chain kinase, NAD nicotinamide adenine dinucleotide, PIP2 phosphatidylinositol

4,5-bisphosphate, PLC phospholipase C, RyR ryanodine receptor, SERCA sarcoendoplasmic

reticulum Ca2+ ATPase, SOCE store-operated Ca2+ entry, SR sarcoplasmic reticulum, STIM
stromal-interacting molecule, TNFR tumor necrosis factor receptor
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Fig. 2 Putative mechanisms underlying the potentiating effect of IL-13 on agonist-induced

[Ca2+]i in airway smooth muscle cells (ASMCs). CysLT1R cysteinyl leukotriene receptor

1, LTD4 leukotriene D4. Observed in *murine ASMCs

Fig. 3 Effects of inflammatory cytokines on membrane channels and G-protein-coupled receptors

in airway smooth muscle cells (ASMCs). β2AR β2 adrenergic receptor, BKCa high-conductance

Ca2+-activated potassium channel, M2R muscarinic acetylcholine receptor M2, ROCC receptor-

operated Ca2+ channel, SOCC store-operated Ca2+ channel, VOCC voltage-operated Ca2+ channel.

Observed in *rabbit ASMCs and {murine ASMCs
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2 TNF-α

TNF-α is a representative proinflammatory cytokine that is elevated in the airways

of patients with severe asthma and COPD. It is also secreted by many cells

including macrophages, T-cells, and mast cells. Mast cells infiltrate the airway

smooth muscle layer in patients with asthma [16], so interactions between TNF-α
and ASMCs are relevant to asthma. TNF-α is a pleiotropic cytokine that is also

involved in the induction of AHR. In normal subjects [86] or patients with mild

asthma [87], AHR to inhaled methacholine and airway inflammation was enhanced

24 h after inhalation of recombinant human TNF-α compared with the control. Most

evidence shows that TNF-α potentiates the agonist-induced increase in contractile

responses [6, 85] and [Ca2+]i [6], while it also increases the contractile response to

electrical field stimulation [8]. Exposure to TNF-α (25 ng/mL for 16 h) potentiates

the contractile response to ACh in isolated human bronchial segments (HASMs) by

approximately 27 % compared with the vehicle [85].

Of the many inflammatory cytokines, TNF-α may be the most potent modulator

of Ca2+ homeostasis in ASMCs. Several mechanisms that underlie the potentiating

effect of TNF-α on agonist-induced [Ca2+]i are described below (Fig. 1).

2.1 Ca2+ Release from Intracellular Ca2+ Store

Since the early 1990s, Amrani et al. have shown that TNF-α has direct effects on

HASMC contractility in a nonspecific and TNF-α-receptor-dependent manner.

TNF-α (10 ng/mL for 24 h) enhances carbachol- [2], bradykinin- [1, 4], and

thrombin-induced [4] increases in [Ca2+]i, mainly via its cell-surface receptor

TNFR1 (55 kDa) [3]. The nonspecific potentiation of agonist-induced [Ca2+]i by

TNF-α may be explained partly by its direct activation of G-protein-mediated

signal transduction in TNF-α-treated HASMCs. Ca2+ mobilization in response to

NaF, an agent that directly activates G proteins, is enhanced by TNF-α. Further-
more, the incubation of HASMCs with TNF-α (10 ng/mL for 72 h) significantly

upregulates Gqα protein expression by 39 % and Gαi2 protein expression by

107 % [33].

Kannan et al. highlighted the role of CD38 in the potentiation of agonist-induced

[Ca2+]i by TNF-α. As described earlier, CD38 expression is upregulated in

TNF-α-treated HASMCs. One of the studies of the mechanisms underlying CD38

induction by TNF-α [39, 40, 88, 89] showed that the extent of CD38 induction by

TNF-α in ASMCs from asthma patients was different from that in ASMCs from

healthy subjects [37]. In basal conditions, there was no detectable CD38 mRNA

expression or ADP-ribosyl cyclase activity in the ASMCs of subjects with or

without asthma. After stimulation with 10 and 20 ng/mL TNF-α, however, CD38
expression and ADP-ribosyl cyclase activity in ASMCs from patients with asthma
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were significantly higher than those in ASMCs from healthy subjects. Thus, the

upregulation of CD38 by TNF-α could be a target for asthma treatments.

Glucocorticoid, a key treatment used for asthma, attenuates TNF-α-induced
CD38 expression and ADP-ribosyl cyclase activity, potentially via the inhibition

of NF-κB and the induction of MKP-1, which dephosphorylates and inactivates

activated MAPKs [41]. It is notable that the steroid sensitivity of CD38 induced by

TNF-α is abrogated when HASMCs are treated concurrently with TNF-α and IFN-γ,
i.e., cytokines that are known to be elevated in COPD. The concurrent treatment with

TNF-α and IFN-γ induces the decoy glucocorticoid receptor β. As a consequence,
fluticasone fails to induce the transcription of the glucocorticoid-responsive

element-dependent gene and suppresses CD38 expression [91].

2.2 Store-Operated Ca2+ Entry

Exposure to TNF-α enhances SOCE. The enhanced SOCE in TNF-α-treated
HASMCs (20 ng/mL, 24 h) is attenuated by knockdown of the expression of

TRPC3 [95] and CD38 [82], but not TRPC1, 4, 5, or 6. Thus, TRPC3 and CD38

are responsible for SOCE in TNF-α-treated HASMCs. In contrast to SOCE, the

receptor-operated Ca2+ entry (ROCE) activated by DAG that elicits nonselective

cation entry (Na+ and Ca2+ entry) is reduced in TNF-α-treated HASMCs [95]. TRPC

is colocalized with caveolin-1 [69] and interacts with Orai1 [45], so the association

between caveolae and SOCE has been explored further, as described below.

Exposure to TNF-α (20 ng/mL, 48 h) significantly increases SOCE after SR Ca2+

depletion, which is accompanied by an increase in the expression of two major

SOCE-related molecules, Orai1 and STIM1, without changing their distributions

[78]. Orai1 is localized mainly in the plasma membrane, while STIM1 is localized

in the SR. The TNF-α-mediated enhancement of SOCE is thought to be mediated

via Orai1 because Orai1 blocking with siRNA substantially attenuates SOCE. The

expression of Orai1 and SOCE is decreased significantly when caveolin-1 expres-

sion is inhibited using siRNA, whereas caveolin-1 overexpression increases the

expression of Orai1 and SOCE [78]. These findings support the potential

interactions between TNF-α, SOCE-related proteins, and caveolae.

2.3 Ca2+ Sensitivity and Caveolae

Exposure to TNF-α also enhances Ca2+ sensitivity. Long-term exposure and brief

exposure (30–45 min) to TNF-α enhances the agonist-induced contraction of

bovine [64] or guinea-pig [66] tracheal smooth muscle. In a study of rats, AHR

was increased by as early as 90 min after exposure to aerosolized recombinant
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human TNF-α [46]. These observations indicate that the induction of Ca2+

sensitivity by TNF-α is not necessarily mediated by de novo protein synthesis or

by the Ca2+ mobilization induced by longer pretreatment. In HASMCs, TNF-α
increases the Rho-kinase-mediated phosphorylation of MYPT-1, a subunit of

MLCP, which is followed by an increase in Ca2+-activated MLC phosphorylation

[34]. MYPT-1 phosphorylation, which inhibits MLCP activity and increases Ca2+

sensitivity, reaches its maximal 4.7-fold activation within 5 min, while there is a

slight decrease by 15 min, although it remains elevated even after 60 min. This

TNF-α-induced Ca2+ sensitization is inhibited by the RhoA/Rho-kinase inhibitor

Y27632. CPI-17, another pathway of Ca2+ sensitivity, is also involved in the

induction of Ca2+ sensitivity by TNF-α [62].

A topological study of TNFR1 showed that the lipid rafts of caveolae were

essential for the TNF-α-mediated activation of RhoA [35]. In HASMCs, TNFR1 is

localized to the lipid raft and nonraft regions of the plasma membrane, while the

TNFR1 from lipid rafts coprecipitated with caveolin-1. After TNF-α binding to

TNFR1, the specific adaptor proteins TRADD, TRAF-2, and RIP are recruited into

the lipid rafts, which then activate the RhoA/Rho-kinase pathway because RhoA is

constitutively localized in lipid rafts. Depletion of cholesterol from the rafts causes

a redistribution of TNFR1 to the nonraft plasma membrane and prevents

TNF-α-mediated activation of RhoA. The NF-κB and MAPK pathways are not

affected by the depletion of cholesterol, suggesting that these pathways are inde-

pendent of the lipid rafts, although they are similarly activated by TNF-α.
Caveolin-1 is involved in TNF-α-induced Ca2+ sensitization, which is mediated

via RhoA. Pretreatment of porcine ASM strips with TNF-α (50 ng/mL, overnight)

enhances Ca2+ sensitization and force generation in response to Ach, which is

decreased by RhoA inhibition. Disruption of caveolae further attenuates Ca2+

sensitization and force generation induced by TNF-α pretreatment [77].

In HASMCs, exposure to TNF-α (20 ng/mL for 24 h) increases the expression of

caveolin-1 and 2, while disruption of caveolae leads to a significant decrease in

agonist-induced Ca2+ responses [76]. Overall, lipid rafts and caveolin-1 play a

significant role in TNF-α-induced Ca2+ sensitization.

3 IL-13

IL-13, a representative Th2 cytokine that is crucial in asthma, is involved in airway

inflammation, remodeling, and steroid insensitivity [73]. The clinical administra-

tion of anti-IL-13 antibody improves airflow limitations in patients with asthma

who are inadequately controlled by inhaled corticosteroid treatments [18]. It has

been established that IL-13 plays a critical role in allergen-induced AHR and Ca2+

mobilization in HASMCs (Fig. 2).
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3.1 Ca2+ Release from Intracellular Ca2+ Store

With the exception of one report [26], it has not been shown that IL-13 alone can

change the baseline levels of [Ca2+]i [63] or the resting stiffness of HASMCs [72],

whereas exposure to IL-13 increases agonist-induced Ca2+ transients and force

generation. Exposure to IL-13 (100 ng/mL, 24 h) increases the carbachol- and

KCl-induced maximal force generation in murine tracheal rings. In cultured

HASMCs, exposure to IL-13 (50 ng/mL, 24 h) augments bradykinin-, histamine-,

and carbachol-induced increases in [Ca2+]i by 60 %, 35 %, and 26 %, respectively

[90]. Pretreatment with a lower concentration of IL-13 (10 ng/mL, 24 h) also

increases histamine-induced [Ca2+]i transients and increases cell stiffness, which

is a proxy for force generation in cells, in cultured HASMCs [72]. Taken together,

IL-13 and TNF-α may prime ASMCs for nonspecific increases in [Ca2+]i.

TNF-α does not increase the cell-surface expression of muscarinic receptor [2],

whereas exposure to IL-13 upregulates the expression of the histamine H1 receptor

[72] and cysteinyl leukotriene receptor (CysLT1R) [22, 59], which contributes to

increases in agonist-induced [Ca2+]i by IL-13.

As with TNF-α, CD38 plays a crucial role in potentiating the effect of IL-13 on

agonist-induced [Ca2+]i [20, 29, 59]. Exposure to IL-13 (50 ng/mL, 22 h) increases

the expression of CD38 protein and the ADP-ribosyl cyclase activity in HASMCs,

so the bradykinin-, thrombin-, and histamine-induced increase in [Ca2+]i is

enhanced in IL-13-pretreated HASMCs. This potentiating effect of IL-13 on

agonist-induced [Ca2+]i is abolished by the cADPR antagonist 8Br-cADPR

[20]. In CD38-deficient mice, intranasal exposure to IL-13 reduces airway reactiv-

ity to inhaled methacholine and the rate of force generation with carbachol com-

pared with wild-type mice[29].

The effect of IL-13 on [Ca2+]i transients is bell-shaped, with its maximum at

50 ng/mL, followed by a decline when HASMCs are preincubated with high doses

(100 ng/mL) of IL-13 [43]. HASMCs constitutively express the receptor complex

IL-4Rα/IL-13Rα1, which mediates IL-4/IL-13 signaling. HASMCs also express

IL-13Rα2, a decoy receptor with high affinity for IL-13. If HASMCs are incubated

with IL-13 (0, 50, and 100 ng/mL), the expression of IL-13Rα2 increases in a

concentration-dependent manner, whereas the expression of IL-13Rα1 does not

differ with 50 or 100 ng/mL of IL-13. An imbalance between the expression of

IL-13Rα1 and IL-13Rα2 may reduce the effect of high doses of IL-13 on [Ca2+]i
transients [43].

The Janus kinase (JAK)/signal transducer and activator of transcription (STAT)

6 pathway has been proposed as the main pathway in IL-13 signaling. However, the

JAK2 inhibitor AG490, STAT6 inhibitor leflunomide, and antisense oligonucleo-

tide for STAT6 fail to inhibit the potentiation of histamine-induced increase in

[Ca2+]i by IL-13. Instead, concurrent inhibition of c-Jun N-terminal kinases (JNK)

and extracellular-signal-regulated kinases (ERKs) prevents the IL-13-induced

potentiation of [Ca2+]i transients. These findings suggest little involvement of the

JAK/STAT6 pathway in the potentiation of histamine-induced increases in [Ca2+]i
by IL-13 compared with the secretion of eotaxin by IL-13 [67].
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3.2 Store-Operated Ca2+ Entry

SOCE is also upregulated in T-bet knockout mice that mimic an IL-13-enriched

milieu compared with wild-type mice [14]. In HASMCs, exposure to IL-13 (10 ng/

mL, 24 h) augments the basal [Ca2+]i, Ca
2+ release from the SR, and the Ca2+ influx

via SOCE. Unlike TNF-α, IL-13 does not increase Orai1, STIM1, or TRPC1 at the

mRNA level. The enhanced Ca2+ release from SR and SOCE with IL-13 is

attenuated by dexamethasone and salbutamol, but not salmeterol. The inhibitory

effect of salbutamol on SOCE, which is augmented by IL-13, is mediated by the

cAMP/PKA pathway [26].

Matsumoto and Hirata et al. demonstrated that exposure to IL-13 (10 ng/mL,

24 h) enhanced the frequency of leukotriene D4 (LTD4)-induced Ca2+ oscillations

in cultured HASMCs and increased the number of oscillating cells with upregulated

expression of CysLT1R and CD38. Both xestospongin C, a specific inhibitor of IP3
receptors, and ryanodine or ruthenium red, inhibitors of RyR, partially blocked

LTD4-induced Ca2+ oscillations, while LTD4-induced Ca2+ oscillations were

inhibited completely by 50 μM of 2-APB, which dominantly blocks SOCE at this

concentration. These findings suggest that IL-13 cooperatively modulates the IP3
receptor and RyR systems, and possibly SOCE, which leads to enhanced frequency

of LTD4-induced Ca2+ oscillations [59].

3.3 Ca2+ Sensitivity and Caveolae

Ca2+ sensitization is also involved in the potentiation of the agonist-induced

increases in [Ca2+]i by IL-13, although the evidence is limited. Exposure to IL-13

increases RhoA protein expression by approximately threefold in cultured

HASMCs. The IL-13-induced increase in RhoA expression is accompanied by

the augmentation of ACh-induced contraction in murine bronchial tissues and the

enhancement of AHR in naı̈ve BALB/c mice. Increased RhoA expression is

inhibited by the STAT6 inhibitor leflunomide [17].

Similar to TNF-α pretreatment, pretreatment with IL-13 (50 ng/mL for 24 h)

enhances caveolin-1 and 2 expression, while suppression of caveolin-1 decreases

the agonist (ACh, histamine, and bradykinin)-induced increase of [Ca2+]i in IL-13-

treated HASMCs [76]. However, the extent of the modulation of caveolin-1 expres-

sion by IL-13 is lower than that with TNF-α pretreatment (20 ng/mL, 24 h). The

difference between TNF-α and IL-13 may reflect differences in their distribution or

the regulation of receptors for each cytokine. TNFR1 is localized to the lipid raft/

caveolae and upregulated after 24 h exposure to TNF-α, whereas the receptor

complex L-4Rα/IL-13Rα1, a receptor of IL-13, is absent from caveolae and is not

upregulated by exposure to TNF-α or IL-13.
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4 IL-4

IL-4 is another representative Th2 cytokine that shares a receptor complex IL-4Rα/
IL-13Rα1 with IL-13. In contrast to IL-13, however, the effects of IL-4 on Ca2+

homeostasis are largely inhibitory.

In bovine ASMCs, brief exposure to IL-4 (50 ng/mL for 20 min), but not IL-13,

inhibits Ca2+ transients in response to carbachol by depleting the SR Ca2+ via RyR

[23, 24, 53]. The inhibitory effect of IL-4 may be partly explained by its stimulatory

effect on rapid large increases in BKCa channels. BKCa channels are plasma

membrane ion channels that are highly sensitive to an increase in [Ca2+]i. When

they are activated, the BKCa channels allow the efflux of K+ from the cell, which

leads to cell hyperpolarization and a decrease in cell excitability (Fig. 3). It is

notable that IL-13 has little effect on BKCa channel activity and that it inhibits the

effect of IL-4 [57].

5 Transforming Growth Factor (TGF)-β

TGF-β, a pleiotropic cytokine, induces a contractile phenotype in HASMCs. TGF-β
increases the cell size, total protein synthesis, expression of α-smooth muscle actin

and smooth muscle myosin heavy chain, formation of actomyosin filaments, and

cell shortening in response to ACh in HASMCs [28]. However, there is limited

evidence of its effects on Ca2+ homeostasis.

Exposure to TGF-β (12.5 ng/mL, 18 h) significantly enhances bradykinin-

induced Ca2+ signals in cultured HASMCs [44]. This potentiating effect of

TGF-β on agonist-induced [Ca2+]i potentially occurs via the upregulation of brady-
kinin B2 receptor protein expression.

6 IL-1β

IL-1β is another proinflammatory cytokine that is particularly important in rhinovi-

rus infections [27], which are a common trigger of asthma and COPD exacerbations.

The effect of IL-1β on HASMC contractility is inconsistent and depends on the

agonists applied. Exposure to IL-1β increases the contractile response to substance

P [13] but has no effect with ACh [85], while it decreases the contractile response to

histamine [71]. IL-1β has potent inhibitory effects on the isoproterenol-induced

accumulation of cAMP and relaxation in HASMCs via the desensitization of β2AR
[80, 81] or via the upregulation of Gi protein [30]. However, the effects of IL-1β on
Ca2+ homeostasis remain elusive.
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7 IFN-γ

IFN-γ is a representative Th1 cytokine that plays an important role in COPD, which

is also critical for innate and adaptive immunity against viral and intracellular

bacterial infections.

IFN-γ increases the neurokinin A/neurokinin 2 receptor expression and increases
methacholine-induced AHR in mice [47]. Exposure to IFN-γ also increases LTD4-

induced, but not bradykinin-induced, cell stiffness by increasing the cell-surface

expression of CysLT1R in HASMCs [7]. However, the effects of IFN-γ on Ca2+

homeostasis remain unknown.

8 Thymic Stromal Lymphopoietin (TSLP)

TSLP, a recently identified IL-7-like cytokine, is genetically associated with asthma

[32]. TSLP leads to dendritic cells favoring and maintaining Th2 immunity, but

TSLP is induced via smoking in airway epithelial cells and is also upregulated in

the airways of patients with COPD [96].

Both overnight exposure to cigarette smoking extract and exposure to TSLP

potentiated a histamine-induced increase in [Ca2+]i. Each response was attenuated

by TSLP and TSLP-receptor antibodies, which suggests there is a functional

linkage between the cigarette-smoke-induced increase in ASM contractility and

TSLP [83].

9 Conclusions

Recently, our understanding of the mechanisms underlying the altered Ca2+ homeo-

stasis in TNF-α- and IL-13-enriched conditions has deepened. However, the

alterations of Ca2+ homeostasis modulated by other relevant cytokines in severe

asthma and COPD such as IL-17A, which enhances HASMCs contraction [48] and

mediates steroid-resistant airway inflammation and AHR [60], remain unknown.

Further pharmacological studies are warranted that target the altered Ca2+ homeo-

stasis induced by crosstalk between inflammatory cytokines and HASMCs,

particularly in severe asthma and COPD.
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Abstract Adenosine 50-triphosphate (ATP) acts as an extracellular mediator with

direct biological effects mediated by purinergic 2 (P2) receptors in different tissues,

including the respiratory system. ATP is hydrolyzed by ectonucleotidases, enzymes

bound to the plasma membrane. There are three major families of ATP-hydrolyzing

ectonucleotidases: the ectonucleotide triphosphate diphosphohydrolases, the

ectonucleotide pyrophosphatase/phosphodiesterases, and the alkaline phos-

phatases. ATP induces a biphasic response (a contraction followed by a relaxation)

in airway smooth muscle of different species (guinea pig and rat), including human

bronchial rings. In the majority of the species, ATP-induced contraction is

associated to an increment of intracellular Ca2+ concentration ([Ca2+]i) mediated

by stimulation of P2Y or P2X receptors in the airway smooth muscle. In the guinea-

pig airway smooth muscle the contraction is mediated by bronchoconstrictor

prostaglandins (thromboxane) and involves P2Y4 and P2Y6 receptors on the airway
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epithelium. However, epithelium removal prevents ATP-induced contraction and,

paradoxically, induces relaxation without affecting the Ca2+ signaling. This

ATP-induced relaxation occurs by smooth muscle prostaglandin production

(PGE2), which involves a Gs protein activation and the subsequent enhancement

of voltage-dependent K+ and Ca2+-dependent K+ channels. Activation of these K+

channels occurs through adenylyl cyclase-cAMP pathway. The physiological role

of P2X and P2Y receptors in airway smooth muscle is complex and species

dependent, and it would be expected to change during inflammation. Thus, further

research is required in asthma to determine the purinoceptors’ role during this

pathology.

Keywords Airway smooth muscle • ATP • Purinergic receptors • P2X receptors

• P2Y receptors

1 Introduction

Adenosine 50-triphosphate (ATP) acts as an extracellular mediator with direct

biological effects mediated by purinergic 2 (P2) receptors in different tissues,

including the respiratory system. P2 receptors are classified in P2X1�7 and

P2Y1, 2, 4, 6, 11, 12, 13, 14 subunits [8]. P2X receptors are ligand-gated channels

[31], and P2Y receptors are coupled to G proteins linked to IP3 or cAMP second

messengers [5, 8, 17].

ATP is hydrolyzed by ectonucleotidases, enzymes bound to the plasma

membrane. There are three major families of ATP-hydrolyzing ectonucleotidases:

the ectonucleotide triphosphate diphosphohydrolases (NTPDase), the ectonu-

cleotide pyrophosphatase/phosphodiesterases (NPP), and the alkaline phosphatases

(AP). Eight different genes have been cloned for the members of NTPDases. In four

of them (NTPDase1, 2, 3, 8) the catalytic sites are oriented to the extracellular

surface of the plasma membrane and metabolize ATP and ADP at physiological

pH. The remaining four nucleotidases (NTPDase4, 5, 6, 7) also hydrolyze

nucleotides other than ATP. NTPDase5 and 6 are also secreted as soluble enzymes

[36]. The NPP family includes seven members, three (NPP1, 2, 3) are also attached

to plasma membrane with their catalytic sites facing the extracellular space and

metabolize ATP and other nucleotides [23, 38]. Finally, four isoenzymes

recognized as AP include the intestinal AP (IAP), the tissue nonspecific AP

(TNAP or NSAP), the placental AP (PLAP), and the germlike AP; all of them are

known to metabolize ATP, ADP, and AMP [26]. TNAP and PLAP are localized in

human airway epithelium; TNAP is found in the mucosal and serosal surface of

epithelial cells from the trachea through the alveoli [34]. NTPDase1 and 3 are found

along the whole respiratory epithelial barrier, except for the alveolar region, which
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only expresses NTPDase1 [12, 33]. NTPDases5 and 6 are secreted as soluble

enzymes and have been found in cultured human bronchial epithelial cells

[33]. Finally, NPP2 and 3 have been found in lung parenchyma [20, 37]; NPP1,

2, and 3 were described to be present in cultures from bronchial epithelial cells [33];

indeed, NPP2 is secreted by the epithelium as a soluble enzyme [18].

The hydrolysis of ATP seems to play an essential role in allergic bronchospasm

in guinea pigs. We found recently that ectonucleotidase inhibition with ARL-67156

greatly augmented the lung resistance after an antigenic challenge. Thus, these

results indicate that the ATP amount released during the antigenic challenge could

be enough to produce a severe bronchospasm, but in the absence of ARL-67156, the

airway obstruction is prevented by the fast hydrolysis of ATP through

ectonucleotidases [9]. Therefore, these findings point out the need to investigate

whether ectonucleotidase activity is related to asthma severity.

2 ATP Induces Contraction

It is well documented that ATP induces a biphasic response (a contraction followed

by a relaxation) in the airway smooth muscle of different species (guinea pig and

rat), including human bronchial rings [19, 29].

Most authors have associated the contractile effect of ATP to an increment of

intracellular Ca2+ concentration ([Ca2+]i) mediated by the stimulation of P2Y or

P2X receptors in airway smooth muscle [5, 17, 24, 29]. More recently, the

ATP-induced contraction of the guinea-pig trachea was found to be mediated by

bronchoconstrictor prostaglandins, such as thromboxane production, and to involve

P2Y4 and P2Y6 receptors on the airway epithelium [1, 9, 13, 15]. Thus, the

contraction induced by ATP is an indirect effect that does not involve a direct

stimulation of purinergic receptors on smooth muscle cells [15].

3 P2X Receptors

P2X receptors are mainly activated by extracellular ATP but not by ADP, AMP,

adenosine, or uridine nucleotides. These receptors are ligand-gated ion channels,

and when they are activated, their nonselective cation channel opens rapidly

(microseconds). These channels are permeable to Na+, K+, and Ca2+ and are

modulated by Ca2+, Mg2+, H+, or metallic ions such as Zn2+ or Cu2+ [31]. As a

result of their rapid response and their relative low ATP affinity (in the micromolar

range), P2X receptors mediate fast ATP signaling over short distances [21]. These

purinoceptors are organized as trimers to form functional channels [22] and can be

formed by the same (homomeric) or different (heteromeric) subunits, giving rise to
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a diverse population of channels with specific pharmacological and physiological

properties for each combination; this population of channels becomes even

more diverse if one considers alternative splicing and species differences [3].

The properties of P2X receptors have been determined generally in studies using

recombinant receptors, but a detailed characterization of P2X native receptors has

been hindered by a lack of selective agonists and antagonists for receptor subtypes

[3, 22, 31]. Nevertheless, other molecular biology techniques are expected to be

useful tools in identifying the role of purinoceptors in airway smooth muscle.

The physiological role of P2X receptors in airway smooth muscle has been

scantily studied. The first publication on this topic, by Mounkaı̈la et al., appeared in

2005 [29]. These researchers proposed that P2X receptors in rat and human airway

smooth muscle were involved in the contraction induced by ATP based on the fact

that α-β-methylene ATP, a P2X agonist, produced a similar contractile response to

ATP. They suggested that stimulation of P2X receptors triggered external Na+ entry

and depolarized the plasma membrane, activating L-type voltage-operated Ca2+

channels (Cav1.2) to induce contraction. Later on, it was proposed that P2X

receptors were involved in airway hyperresponsiveness through Ca2+ sensitization

Rho/Rho-kinase pathway [32]. Subsequently, in 2009, Nagaoka et al. [30], using

immunohistochemistry, reverse transcription/polymerase chain reaction analysis

(RT-PCR), and Western blot analysis, showed the presence of P2X4 receptors in

porcine airway smooth muscle. In this work, the authors found that ATP induced a

sustained inward current, an increase in intracellular Ca2+ concentration [Ca2+]i,

and smooth muscle contraction, suggesting that Ca2+ influx through P2X4 receptors

plays an important role in airway smooth muscle contraction (Fig. 1).

Recently, in guinea-pig tracheal smooth muscle we found, by Western blot, the

presence of P2X1 and P2X3 and, to a lesser extent, P2X2 receptors. Activation of

these purinoceptors by ATP induces a [Ca2+]i increment mostly by two

mechanisms: the opening of ligand-gated channels and by activation of the reverse

mode of the Na+/Ca2+ exchanger (NCX). This exchanger is an integral membrane

protein that mediates Ca2+ influx and Na+ extrusion in its reverse mode [11]. One of

the requirements to activate the reverse mode of the NCX is the Na+ entry through

nonselective cation channels, leading to a large subplasmalemmal rise in Na+

concentration near the NCX [6, 10]. P2X1, P2X2, and P2X3 receptors are

ATP-gated nonselective cation channels permeable to Ca2+ and Na+, and when

activated they favor Na+ accumulation in the subplasmalemmal space. It is essential

to point out that the purpose of the [Ca2+]i increment induced by both the activation

of P2X receptors and the reverse mode of the NCX in guinea-pig airway smooth

muscle is to refill the sarcoplasmic reticulum (SR) (and not to produce contraction),

facilitating Ca2+ availability for bronchoconstrictor agonists that act through the

PLC-IP3 pathway (Fig. 1) [15].

Finally, the physiological role of P2X receptors in airway smooth muscle seems

to be species dependent, and further research is required to determine what subunits

are present and to explore their functional roles in human airway smooth muscle.
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4 P2Y Receptors

P2Y receptors are activated in the nanomolar range of purine derivates such as ATP

and ADP and by pyrimidine nucleotides like UTP and UDP. P2Y1,6,12 are mainly

activated by nucleoside diphosphates, whereas P2Y2,4 are activated by nucleoside

triphosphates. In this context, P2Y2,4,6 are activated by both purine and pyrimidine

nucleotides, and other purinoceptors such as P2Y1,11,12 are activated only by

purine nucleotides [8].

Metabotropic P2Y receptors, which have seven transmembranal domains, are

coupled to G proteins. P2Y1,2,4,6 bind to Gq/11 and activate the PLC-IP3 pathway

and Ca2+ release from the SR. P2Y11 can couple to both Gq/11 and Gs, which
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Fig. 1 P2X receptors induce contraction in airway smooth muscle. P2X receptor stimulation with

ATP in human and rat airway smooth muscle (ASM) increases [Na+]i and induces a cell depolari-

zation. L-type voltage-dependent Ca2+ channels (Cav1.2) are opened, augmenting the [Ca2+]i,

inducing ASM contraction. Activation of P2X receptors in guinea-pig airways also participates in

ASM hyperresponsiveness through the RhoA–Rho-kinase/ROCK pathway. The P2X4 receptor has

been defined as being responsible for [Ca2+]i increments in pig ASM contraction induced by ATP.

Recently, P2X1, P2X2, and P2X3 receptors were found to activate the Na
+/Ca2+ exchanger reverse

mode (NCXREV) in guinea-pig ASM to promote sarcoplasmic reticulum (SR) Ca2+ refilling

(for details see text). Abbreviations: RhoGDI GDP dissociation inhibitor, Rho GEF guanine

nucleotide exchange factor, RhoA-GTP monomeric G protein, ROCK Rho-kinase,MYPT1myosin

phosphate regulator,MLCPmyosin light chain phosphate, RLC20 regulatory light chain of myosin

II,MLCK Ca-CAM activation of myosin light chain kinase by Ca2+ binding to calmodulin, SERCA
Ca2+ATPase from sarcoplasmic reticulum
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stimulate adenylyl cyclase, while P2Y12, P2Y13, and P2Y14 couple to Gi,,

which inhibits adenylyl cyclase [8]. Because P2Y receptors trigger second-

messenger cascade and can detect low ATP concentrations far from the site of

release, they are able to serve a long-lasting modulatory function [21].

The first studies showing that ATP induced a Ca2+ transient in cultured rat

tracheal smooth muscle cells, through P2 receptors, were conducted by Micheaud

et al. [24, 25]; however, the contractile response of these cells was not investigated

until 2002 by Bergner and Sanderson [5], who found that ATP induced [Ca2+]i
increase with oscillation and contraction in mice airway smooth muscle and also

proposed that P2Y2 and P2Y4 receptors were involved based on a pharmacological

approach. It was not until 2005 that Govindaraju et al. [17] reported, in human

airway smooth muscle, using RT-PCR and Western blot analysis, the presence of

the P2Y1,2,4,6 receptors. These authors also reported that the stimulation of human

smooth muscle cells with ATP, UTP, ADP, and UDP produced an increase of

[Ca2+]i and contraction, demonstrating that these nucleotides directly stimulate

purinoceptors in smooth muscle to induce contraction (Fig. 2). In the context of

[Ca2+]i increment induced by purinergic receptors, it has been reported in cultured

human bronchial epithelial cells [4] that the activation of P2Y2 receptors stimulates

the capacitative Ca2+ entry pathway as a result of SR Ca2+ depletion. Thus, the

ATP-induced [Ca2+]i increase in airway smooth muscle of rat, mice, and human,

involving SR Ca2+ depletion, could promote capacitative Ca2+ entry through

nonselective cation channels (store-operated Ca2+ channels), allowing external

Na+ and Ca2+ entry. This ionic flux through the membrane could induce depolari-

zation and the subsequent activation of Cav1.2. Nevertheless, ATP-induced

contraction in airway smooth muscle seems to involve different mechanisms that

depend on the species studied. As previously described, ATP-induced contraction

in guinea-pig airway smooth muscle is related to bronchoconstrictor prostaglandins

such as thromboxane production, which involves P2Y4 and P2Y6 receptors on the

airway epithelium [1, 9, 13, 15]. Various observations indicate that ATP-induced

contraction in this species is an indirect effect and does not involve a direct

stimulation of purinergic receptors on smooth muscle cells (Fig. 3). Thus, we

found in guinea-pig tracheal strips that ATP induced a [Ca2+]i increment followed

by a sustained contraction during simultaneous measurements. However, when

tissues were incubated with indomethacin, the contraction induced by ATP was

abolished but the Ca2+ transient did not change. Additionally, epithelium removal

from the strips prevented ATP-induced contraction and, paradoxically, induced

relaxation without affecting the Ca2+ signaling [15].

5 ATP Induces Relaxation

ATP has been reported to induce relaxation in tracheal smooth muscle from guinea

pig, rabbit, mouse, and rat, and human bronchial rings. In the majority of these

studies, the ATP-induced relaxation was tested in tissues previously contracted with

acetylcholine, methacholine, or histamine. This response has been proposed to be
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dependent on purinoceptor desensitization, prostaglandin E2 production, and PKA

activation [2, 14, 16, 19, 28, 29]. However, it was not until 1994 that Aksoy and

Kelsen [2] proposed for the first time, in rabbit tracheal smooth muscle, that P2

receptors on the airway epithelium were involved in ATP-induced relaxation, an

effect that was mediated in part by the release of one or more cyclooxygenase

products [2]. Nevertheless, in 1996 Pipper and Hollingsworth [35] suggested that

guinea-pig tracheal smooth muscle relaxation at higher ATP concentrations

occurred through enzymatic hydrolysis of this nucleotide to adenosine involving

P1 receptors.

Recently, our research group, using Western blot and immunofluorescence,

found that during the relaxation induced by ATP in guinea-pig tracheal smooth

muscle, P2Y2 and P2Y4 were the main purinergic receptors involved in this

response. We also found that this ATP-induced relaxation occurred by

epithelium-independent smooth muscle prostaglandin production (PGE2), which
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Fig. 2 P2Y receptors induce contraction in airway smooth muscle. P2Y (1,2,4,6) receptor

stimulation with ATP, UTP, ADP, or UDP in human and rat ASM activates the PLCβ-IP3 signaling

pathway, increasing [Ca2+]i. SR Ca2+ depletion could cause the opening of nonspecific cationic

channels (capacitative Ca2+ entry), allowing external Na+ and Ca2+ entry. This ionic flux through

the membrane could induce depolarization, activating the L-type voltage-dependent Ca2+ channels

(Cav1.2). Additionally, increment of Na+ could favor the reverse mode of the Na+/Ca2+ exchanger.

Abbreviations: PLCβ, phospholipase Cβ, PIP2, phosphatidylinositol 4,5- bisphosphate, IP3 inositol

1,4,5- trisphosphate, MLCK Ca-CAM activation of myosin light chain kinase by Ca2+ binding to

calmodulin, SERCA Ca2+ATPase from sarcoplasmic reticulum, SOC store-operated channel,

NCXREV reverse mode of Na+/Ca2+ exchanger
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involves a Gs protein activation and the subsequent enhancement of voltage-

dependent K+ and Ca2+-dependent K+ channels. Activation of these K+ channels

occurs through the adenylyl cyclase-cAMP pathway [28].

As described earlier, we found that ATP-induced relaxation in guinea-pig

tracheal smooth muscle occurs without affecting Ca2+ signaling [15]. A possible

explanation of this phenomenon is as follows: ATP stimulates P2Y2 and P2Y4

receptors in airway smooth muscle, and these purinergic receptors are coupled to

Gq/11 and activate the PLC-IP3 pathway, inducing a [Ca2+]i increment. Boeynaems

and Pearson [7] postulated, in vascular smooth muscle, that the activation of P2Y

receptors with ATP induced a [Ca2+]i increment, which in turn activated the

membrane phospholipase A2 (PLA2), resulting in an enhanced synthesis and release

of prostacyclin (PGI2). Therefore, the ATP-induced [Ca2+]i increment due to

the stimulation of P2Y receptors in airway smooth muscle could also activate

PLA2 and then favor the production of PGE2 to induce relaxation (Fig. 4).
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Fig. 3 Contraction pathways activated by ATP in guinea pig airway smooth muscle. In guinea-pig

airway smooth muscle, ATP induces an indirect contraction through epithelial production of

TXA2. Intracellular Ca
2+ increases in the epithelium activate PLA2, favoring TXA2 synthesis;

hence this prostanoid will induce contraction of smooth muscle via the PLC-IP3 pathway.

Abbreviations: PLCβ phospholipase Cβ, PIP2 phosphatidylinositol 4,5-bisphosphate, IP3 inositol

1,4,5-trisphosphate, MLCK Ca-CAM activation of myosin light chain kinase by Ca2+ binding to

calmodulin, PLA2 phospholipase A2, PGG2, prostaglandin G2, PGH2 prostaglandin H2, ER endo-

plasmic reticulum, TP prostanoid receptor, SR sarcoplasmic reticulum
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The physiological role of P2X and P2Y receptors in airway smooth muscle is

complex and species dependent, and it would be expected to change during

inflammation. In this context, in a guinea-pig model of allergic airway inflamma-

tion, we recently found that the sensitization procedure to the antigen caused an

upregulation of P2Y4 and P2Y6 receptors in the airway epithelium. The increased

expression of these receptors would favor a more intense response to ATP or other

nucleotides released during antigenic challenge [9].

The role of ATP in asthma has scarcely been investigated. Airway hyperrespon-

siveness is a cardinal feature of asthma, which is a functional abnormality favoring

exaggerated smooth muscle contraction in response to several stimuli. In a recent

study in our laboratory, we found that a cholinergic agonist, histamine, and seroto-

nin, all three well known as contractile agonists of airway smooth muscle, induced

airway hyperresponsiveness to ATP [27]. These results were surprising because

these agonists are not considered as mediators causing airway hyperresponsiveness.

Thus, these findings revealed that ATP exerts multiple interactions with airway
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Fig. 4 Relaxation pathways activated by ATP in guinea pig airway smooth muscle. In airway

smooth muscle (ASM), the Gαq-coupled P2Y receptors are stimulated by ATP, inducing [Ca2+]i
increases through the PLCβ-IP3 pathway. This [Ca2+]i increment activates PLA2 that releases

arachidonic acid (AA) from plasma membrane phospholipids. AA is the substrate for the synthesis

of prostaglandin E2 (PGE2). Gαs-coupled PGE2 receptors (EP2) on ASM are autocrinely stimulated

by PGE2, generating cyclic AMP (cAMP) through activation of the adenylyl cyclase

(AC) enzyme. cAMP then activates protein kinase A (PKA) responsible for phosphorylating the

Ca2+ dependent (BK+) and the delayed rectifier K+ channels (Kv). These PKA-mediated phosphor-

ylations increase the channels’ opening probabilities, and when K+ efflux augments, the ASM is

hyperpolarized. During this stage, Cav1.2 remains closed. Abbreviations: PLCβ phospholipase Cβ,
PIP2 phosphatidylinositol 4,5-bisphosphate, IP3 inositol 1,4,5-trisphosphate, PLA2 phospholipase

A2, PGG2 prostaglandin G2, PGH2 prostaglandin H2, SR sarcoplasmic reticulum, Cav1.2,L-type
voltage-dependent Ca2+ channels
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smooth muscle contraction mediators in asthma, and further research on this topic is

of paramount importance.
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Abstract Asthma is characterized by airway remodeling. One of the most

important manifestations of airway remodeling is an increased mass of airway

smooth muscle cells (ASMCs), which is mainly due to hyperplasia (increased cell

number). Hyperplasia can result from an increase in cell proliferation, an increase

in migration, or a decrease in cell apoptosis. Understanding of the mechanisms

underlying ASMC remodeling may give rise to novel avenues for the therapy of

asthma and other respiratory diseases. Recent studies from our group and others

suggest that Ca2+ signaling is important in airway remodeling. Gene and protein

expression of Ca2+ pump sarco/endoplasmic reticulum Ca2+ ATPase 2 (SERCA2)

has been shown to be reduced in ASMCs from patients with moderately severe

asthma. Conversely, transient receptor potential canonical 3 (TRPC3) channel

expression and activity are significantly increased in asthmatic ASMCs, resulting
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in increased extracellular Ca2+ influx, activation of the protein tyrosine kinase

2 (PTK2)/nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB)/
calcineurin signaling axis, increased cyclin D1 transcription and proliferation, and,

ultimately, airway remodeling. Orai1-encoded Ca2+-release-activated Ca2+

(CRAC) channels and stromal interacting molecule 1 (STIM1) also appear to

participate in mediating platelet-derived grow factor (PDGF)-dependent store-

operated Ca2+ entry (SOCE) and the proliferation and migration of ASMCs in

asthma. This increased Ca2+ signaling may augment the activity of Ca2+/calmodu-

lin-dependent protein kinase II (CaMKII) to phosphorylate cyclic adenosine

monophosphate (cAMP) response element binding (CREB) and activate various

genes that regulate the cell cycle, thereby leading to asthmatic airway remodeling.

Airway remodeling may also be associated with an increased size of ASMCs

(hypertrophy). This cellular response is mediated by phosphoinositide 3-kinase

(PI3K)/mammalian target of rapamycin (mTOR)/eukaryotic translation initiation

factor 4E (eIF-4F), ribosomal S6 kinase (RSK)/S6-related kinase, and glycogen

synthase kinase 3β (GSK3β) signaling pathways, all of which are Ca2+ dependent.

Evidently, continual studies in the field will significantly improve our current

knowledge regarding the molecular mechanisms of asthma and other airway

disorders.

Keywords TRPC3 channels • Calcium signaling • NF-κB • Airway remodeling

• Asthma

Abbreviations

4E-BP 4E-binding protein

Ach Acetylcholine

ASM Airway smooth muscle

ASMC ASM cell

CaM Calmodulin

CaMK Ca2+/CaM-dependent kinase

cAMP Cyclic adenosine monophosphate

CICR Ca2+-induced Ca2+ release

CRAC Ca2+-release-activated Ca2+

CREB cAMP response element binding

DAG Diacylglycerol

EGR1 Early growth response protein 1

eIF2B Eukaryotic translation initiation factor 2B

eIF-4F Eukaryotic translation initiation factor 4E

ERK Extracellular signal-regulated kinase

GPCR G-protein-coupled receptor

GSK Glycogen synthase kinase

IP3 Inositol trisphosphate
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IP3R IP3 receptor

[Ca2+]i Intracellular Ca2+ concentration

JNK2 C-Jun amino-terminal kinase 2

mACH Methacholine

M3AChR Muscarinic M3 acetylcholine receptor

MKP1 Mitogen-activated protein kinases phosphatase 1

mTOR Mammalian target of rapamycin

NFAT Nuclear factor of activated T-cells

NF-κB Nuclear factor kappa-light-chain-enhancer of activated B cells

NSCC Nonselective cation channel

PAI1 Plasminogen activator inhibitor-1

PDGF Platelet-derived growth factor

PI3K Phosphoinositide 3-kinase

PIP2 Phosphatidylinositol 4, 5-bisphosphate

RSK Ribosomal S6 kinase

RyR Ryanodine receptor

SERCA Sarco/endoplasmic reticulum Ca2+ ATPase

SOCC Store-operated Ca2+ channel

SOCE Store-operated Ca2+ entry

SR Sarcoplasmic reticulum

STIM Stromal interacting molecule

TRPC Transient receptor potential canonical

VDCC Voltage-dependent Ca2+ channel

1 Introduction

Asthma is a common chronic lung disease characterized by airway obstruction,

which may occur due to airway remodeling, which refers to a combination of

functional and structural changes. A key feature of asthmatic structural changes is

an increase in the mass of airway smooth muscle cells (ASMCs) [1]. In asthma, the

increased mass of ASMCs can result in enhanced contraction following exposure to

certain environmental stimuli and thus further restrict air flow through the airway

[1]. Moreover, ASMCs can release inflammatory factors that induce leukocyte

infiltration and cause immune injury in the local airway [2, 3]. The increased

mass of ASMCs may primarily result from the increased number or proliferation

of ASMCs (termed hyperplasia) and size of ASMCs (hypertrophy). Although much

recent experimental evidence indicates that the imbalance between survival and

apoptosis of ASMCs may play a role in the increased mass of ASMCs [4–7], one

study revealed that survival and apoptosis of these cells were not significantly

different between subjects with and without asthma [8]. Increased migration of

ASMCs is also thought to be involved in asthmatic airway remodeling. Indeed, a

number of in vitro experiments have demonstrated that inflammatory factors that
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are involved in asthma can promote migration of ASMCs, and myofibroblasts

derived from ASMCs contribute to the excessive ASMC mass [9–13].

It is well established that Ca2+ signaling, i.e., an increase in intracellular Ca2+

concentration ([Ca2+]i), is important for multiple cellular responses, including gene

expression, cell proliferation, hypertrophy, and contraction in a variety of cells.

In ASMCs, stimulation of G-protein-coupled receptors (GPCRs) such as the musca-

rinic M3 acetylcholine receptor (M3AChR) induces activation of phospholipase C

(PLC), hydrolysis of phosphatidylinositol 4, 5-bisphosphate (PIP2), and inositol

trisphosphate (IP3) and diacylglycerol (DAG) production [14, 15]. IP3 binds to a

specific receptor (IP3R) located on the sarcoplasmic reticulum (SR) membrane and

triggers Ca2+ release [16]. Other Ca2+ store release factors also contribute to the

increased [Ca2+]i in ASMCs. It has been reported that agonist-induced increase in

[Ca2+]i is not abolished by heparin, an IP3R antagonist [17], andM3AChR-mediated

oscillations in [Ca2+]i are inhibited by antagonists of ryanodine receptors (RyRs)/

Ca2+ release channels, such as ryanodine and ruthenium red [18]. These findings

demonstrate that Ca2+ release from RyRs cooperates with IP3Rs to mediate agonist-

induced Ca2+ release. Furthermore, Ca2+ released from IP3Rs can induce Ca2+

release from RyRs, termed Ca2+-induced Ca2+ release (CICR) [19]. CICR could

increase Ca2+ levels in the cytosol and thus further amplify IP3R function in ASMCs.

In addition to Ca2+ store release, extracellular Ca2+ influx is an important part of

ASMC signaling. Nonselective cation channels (NSCCs) play an important role in

Ca2+ influx. Using permeabilized patch clamp recording in combination with simul-

taneous measurement of cytosolic Ca2+ in equine ASMCs, a constitutively activated

single channel is recorded during application of acetylcholine (Ach) or

methacholine (mACH). This channel is permeable to both sodium and Ca2+, with

a higher permeability to the former ion [20]. It has also been demonstrated that

NSCCs are sensitive to Ca2+ store depletion, GqPCR activation, membrane stretch,

intracellular Ca2+, pH, phospholipids, and other factors [21]. More recently, our

group has found that NSCCs are observed in freshly isolated mouse ASMCs using

excised inside-out single-channel recording [22]. In addition to NSCCs, other

factors contribute to the sustained rise in cytosolic Ca2+. First, the reverse mode of

Na+/Ca2+ exchanger provides a source of Ca2+ influx from the extracellular space

following agonist stimulation [23, 24]. As mentioned earlier, agonists cause the

opening of NSCCs and then accumulation of Na+ within the cell, which forces the

activation of the Na+/Ca2+ exchanger into the reverse mode, leading to the influx of

Ca2+ from the extracellular domain. Activation of voltage-dependent Ca2+ channels

(VDCCs) can induce Ca2+ influx in ASMCs as well [25, 26]. STIM/Orai-mediated

store-operated Ca2+ entry (SOCE) contributes to the sustained rise in [Ca2+]i. SOCE

is the process of replenishing the Ca2+ of SR by agonist-induced Ca2+ influx, which

has been identified as being driven by both Orai family proteins [27–29] and STIM1

[30–32]. Orai1 proteins form a highly Ca2+-sensitive store-operated channel in

plasma membrane that is responsible for Ca2+-release-activated Ca2+ current

(ICRAC). STIM1 is a Ca2+-binding membrane protein in the SR where it appears

to function as a Ca2+ sensor monitoring and modulating the Ca2+ content of SR.
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A fall in SR Ca2+ leads to the aggregation of STIM1 into punctuate structures within

the SR, but close to plasma membrane, where it can interact with Orai1 [33, 34].

The importance of Ca2+ signaling in airway remodeling has not been recognized.

Thus, in this chapter, we discuss how Ca2+ signaling mediates airway remodeling,

particularly focusing on proliferation and hypertrophy of ASMCs.

2 Role of Sarco/Endoplasmic Reticulum Ca2+ ATPase

in Airway Smooth Muscle Remodeling

The sarco/endoplasmic reticulum Ca2+ ATPase (SERCA) pump plays a critical role

in rapid reuptake of Ca2+ back into intracellular store. Interestingly, Mahn

et al. reported that SERCA2 expression is decreased in ASMC from patients with

moderately severe asthma, which is strongly related to the increased [Ca2+]i
in asthmatic ASMCs, potentially leading to ASMC proliferation in asthma [35].

Moreover, reports from Lewis’s group suggest that the generation of Ca2+

oscillations by SERCA2 could activate transcription factors such as nuclear factor

of activated T-cells (NFAT) and nuclear factor kappa-light-chain-enhancer of

activated B cells (NF-κB), providing a potential mechanism for asthmatic ASMC

proliferation [36].

3 Contribution of TRPC3 Channels to Enhanced

Ca2+ Influx in Airway Smooth Muscle Remodeling

Transient receptor potential canonical (TRPC) channels are a subfamily of the

transient receptor potential (TRP) channels family, which is a group of ion channels

permeable to cations. Among seven members of the TRPC family, TRPC3 channels

are not only believed to be a store-operated Ca2+ channel (SOCC), but it can also be

activated by DAG via the GqPCR signaling pathway described earlier.

It has been reported that TRPC3 channels play a predominant role among other

TRPC members in inducing Ca2+ influx in ASMCs [22]. In asthmatic ASMCs,

increased protein expression and mRNA levels of TRPC3 channels are observed

[22]. Our unpublished data indicate that mouse TRPC3 channel gene knockdown

leads to significantly reduced ASMC proliferation in a model of remodeling

compared with wild-type mice as assessed by immunostaining. How do TRPC3

channels affect ASMC remodeling? On the one hand, increased [Ca2+]i as a result of

the enhanced expression of TRPC3 channels in ASMCs is likely to be a critical

factor in ASMC remodeling. Increased [Ca2+]i activates Ca
2+-sensitive transcription

factors, which initiate proliferation gene expression in asthma. It has been shown

that Ca2+ influx through TRPC channels can directly activate Pyk2 [37], which is

critical in the activation of extracellular signal-regulated kinases (ERKs) in vascular
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smooth muscle cells [38]. Hence, following phosphorylation of ERK induced by

Pyk2, it translocates to the nucleus, binding with transcription factor SP1 and

resulting in cyclin D1 expression. Because SOCCs can directly activate ERK

(thapsigargin-induced SOCC phosphorylates ERK) in vascular smooth muscle

cells [39, 40] and TRPC3 channels may play a functional role as SOCCs in

ASMCs, TRPC3 channels might activate ERK as well. Activated ERK can also

enhance CREB phosphorylation by activating ribosomal S6 kinase 2 (RSK2) [41];

phosphorylated CREB plays a role as a transcriptional factor of many SMC prolif-

eration genes. Ca2+ may also bind to calmodulin (CaM) to form a complex that

activates calcineurin to start this signaling pathway. Activated calcineurin depho-

sphorylates NFAT, leading to a proliferationmode by starting pro-proliferation gene

transcription. Taken together, increased [Ca2+]i induced by enhanced expression of

TRPC3 channels in asthma could initiate ASMC proliferation by activating

pro-proliferative transcription factors. On the other hand, TRPC channels have

been reported to be involved in the activation of NF-κB through the CaM-CaMKK-

β-AMPK-IKKβ/p38-phosphorylated p65 pathway [42], and p65 can increase cyclin
D1 expression by binding to its promoter region in a variety of cells [43, 44].

Published data also show that in TRPC3 channel-knockdown Hek293 cells,

TNFα significantly induces IκB expression level; in other words, NF-κB activity

decreases [45]. Therefore, overexpression of TRPC3 channels might produce less

TNFα-induced IκB, which indicates that overexpression of TRPC3 channels

enhances activation of NF-κB. Because our unpublished data indicate that NF-κB
activity is significantly increased in asthmatic ASMC remodeling, we believe that

TRPC3 channel/NF-κB could play an important role in Ca2+-induced ASMC

remodeling. Taken together, we provide a diagram (Fig. 1) showing all the afore-

mentioned three potential signaling pathways that are involved in the role of TRPC3

channels in ASMC proliferation and remodeling.

4 Potential Involvement of Orai1 and STIM1

in Airway Smooth Muscle Remodeling

Store-operated Ca2+ entry (SOCE) is another important Ca2+ influx in a variety of

cells and appears to be particularly important in ASMC. Generally speaking, Ca2+

store depletion may activate stromal interaction molecule 1 (STIM1), located on the

sarco/endoplasmic reticulum. The activated STIM1 is translocated to the cell plasma

membrane, where it interacts with Orai1, a Ca2+ channel that permits Ca2+ influx

from the extracellular space [36, 46–48]. STIM1 and Orai1 work together as

mediators of SOCE in ASMCs. SOCE has been shown to increase in proliferative

ASMCs accompanied by a modest increase in STIM1 mRNA expression and

significant increase in Orai1 mRNA expression [46]. Gene knockdown of STIM1

or Orai1 by shRNAs significantly attenuate proliferation of ASMCs [46]. Moreover,

it has been reported that STIM1 and Orai1 are involved in PDGF-mediated SOCE
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and Ca2+-release-activated Ca2+ (CRAC) channels [47]. Gene knockdown of STIM1

or Orai1 inhibits PDGF-activated CRAC currents, potentially leading to inhibition

of ASMC proliferation and migration in response to PDGF [47].

5 Calcineurin/NFAT Signaling Axis in Airway

Smooth Muscle Remodeling

In addition to acting directly on target proteins, for example, PKC, the effects of

Ca2+ can be mediated via intracellular Ca2+-binding proteins such as CaM. CaM is a

148-amino-acid, highly conserved Ca2+-binding protein that contains four EF-hand

Ca2+-binding motifs [48]. As illustrated in Fig. 2, CaM can bind to calcineurin and

Ca2+/CaM-dependent kinases (CaMKs). Calcineurin is a heterodimer composed of a

catalytic subunit, calcineurin A, and a Ca2+-binding regulatory subunit, calcineurin

B [49–51]. These two subunits are tightly bound, being dissociated only by denatur-

ation, and both subunits are essential for calcineurin function. Calcineurin A and B

complex has the major function as Ca2+/CaM-dependent phosphatase, which

Fig. 1 TRPC3 channels mediate the role of Ca2+ signaling in airway smooth muscle cell
proliferation. Ca2+ influx through TRPC3 channels may play an important role in airway smooth

muscle cell proliferation via three Ca2+-dependent (Pyk2-, NF-κB-, and calcineurin-mediated)

signaling pathways
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dephosphorylates NFAT, leading to a translocation of NFAT to nucleus as a

transcriptional factor. Many factors regulate NFAT activation and translocation.

For example, Ca2+ influx through TRP, Orai, or VDCCs can activate calcineurin in

many types of cells [52–55]. C-Jun amino-terminal kinase2 (JNK2) can phosphory-

late nuclear NFAT and promote its nuclear export in freshly isolated cerebral artery

smooth muscle cells [56]. It has been shown that NFAT regulates Ca2+-dependent

gene expression in smooth muscle cells. Interestingly, recently published data

suggest that NFAT has the same function in airway hyperresponsiveness and

pulmonary hypertension, where smooth muscle cells play a predominant role [56]

and an NFAT1 knockout mouse shows reduced airway hyperresponsiveness after

agonist stimulation [57]. Collectively, NFAT may exert the same function in

AMSCs as in vascular smooth muscle cells, triggering remodeling.

Fig. 2 The role of calcium signaling in controlling proliferation of airway smooth muscle cells is
mediated by Ca2+/CaM/calcineurin/NFAT and Ca2+/CaM/CaMKII/CREB pathways. Intracellular
Ca2+ entered from VDCC and TRPC3 channel can be bound to CaM and then activate the

calcineurin/NFAT pathway, leading to proliferation of ASMCs. In addition, Ca2+ may also

activate CaMKII, which phosphorylates CREB, mediating of ASMC proliferation gene expres-

sion, and then proliferation
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6 CaMKII/CREB Signaling Pathway in Airway Smooth

Muscle Remodeling

The multifunctional Ca2+/CaM-dependent kinases (CaMKs) are a family of serine/

threonine protein kinases that include CaMKI, CaMKII, and CaMKIV [58, 59].

These kinases have an amino-terminal catalytic domain followed by a carboxyl-

terminal regulatory domain. The regulatory domain consists of overlapping

autoinhibitory and Ca2+/CaM binding domains. Similar to calcineurin, the auto-

inhibition is relieved upon Ca2+/CaM binding. Ca2+-cyclic AMP response element

binding protein (CREB) regulates transcription through binding to Ca2+-cyclic

AMP-response elements (CREs) in the promoter of many genes [60, 61]. Phosphor-

ylation of CREB at serine-133 promotes its binding to CREs [62]. CREB activation

induced by Ca2+ influx from VDCCs has been demonstrated in both cultured SMCs

and cerebral arteries [63].

Activation of CaMKII through Ca2+-bound CaM can phosphorylate CREB [61].

Phosphorylated CREB can bind to the promoter region of cyclin D1 and increase

cyclin D1 expression [64, 65]. Because cyclin D1 is one of the most important cell

cycle mediators that have profound effects in the ASMC cycle, increased expres-

sion of cyclin D1 by Ca2+/CaM/CaMKII/CREB pathway could play an important

role in ASMC remodeling. Furthermore, published data suggest that CREB has the

function of activating pro-proliferative genes such as early growth response protein

1 (EGR1), MAPK phosphatase 1 (MKP1), FOS, and plasminogen activator

inhibitor-1 (PAI1) when CREB binds to CREs in the promoter of those genes

leading to vascular smooth muscle proliferation [66–68], and it is highly possible

that ASMCs may have similar mechanisms in their proliferation. Figure 2

summarizes the aforementioned Ca2+-dependent signaling pathways that are

involved in proliferation of ASMCs.

7 Phosphoinositide-3 Kinase Signaling in Airway

Smooth Muscle Remodeling

Another potentially important aspect of ASMC remodeling is an increase in its size;

hypertrophy has been reported in specimens from fatal [69], severe [70], and allergic

[71] asthma. By contrast, ASMCs may not exhibit hypertrophy in mild to moderate

asthma [72]. As shown in Fig. 3, ASMC hypertrophy [73] may be mediated by three

distinct signaling pathways, i.e., PI3 kinase (PI3K)/mammalian target of rapamycin

(mTOR)/4E-binding protein (4E-BP)/transcription factor eukaryotic translation ini-

tiation factor 4E (eIF4E) [74], S6 kinase/S6 [75], and glycogen synthase kinase

(GSK-3β) [76]. Interestingly, the activation of PI3 kinase, S6 kinase, and GSK-3β
are all Ca2+-dependent in smooth muscle cells. Su and his colleagues have reported

that activation of PI3-kinase is involved in a Ca2+/MLC phosphorylation-dependent

and independent pathway for contraction in vascular smooth muscle cells [77].
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An intracellular Ca2+-activated p70 S6 kinase has been reported in liver epithelial

cells [78] and vascular smooth muscle cells [79, 80]. Moreover, a study fromWelsh

et al. implies that in ASMCs, hypertrophy can take place when GSK-3β is

inactivated by Ca2+-activated PI3 kinase/Akt phosphorylation, leading to eukaryotic

translation initiation factor 2B (eIF2B) dephosphorylation and then activation,

followed by enhancement of translation initiation [81]. Collectively, three major

pathways that are involved in ASMC hypertrophy are affected by Ca2+, indicating

that a change in Ca2+ signaling will change ASMC remodeling in the aspect of cell

hypertrophy.

8 Conclusions

Airway remodeling may occur due to ASMC hyperplasia and hypertrophy. This

chapter focuses on Ca2+-mediated signaling pathways that affect ASMC prolifera-

tion and hypertrophy. TRPC3 channels and SERCA2 are expressed and make

important contributions to the control of [Ca2+]i in ASMCs. These two important

Agonist stimulation 
membrane depolarization

PI3 kinase

mTOR

4E-BP

eIF4E

S6 kinase

S6 

Akt

Ca2+

GSK3-beta

eIF2B

eIF2

hypertrophy

Fig. 3 Calcium signaling
mediates airway smooth
muscle cell hypertrophy
through three distinct
pathways. This figure is
modified from a previous

publication [73]
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Ca2+ signaling molecules appear to impact ASMC proliferation. In terms of ASMC

hypertrophy, three signaling pathways known to induce hypertrophy are regulated

by Ca2+ as well. Therefore, altered [Ca2+]i in ASMCs is likely to be important for

airway remodeling.
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Abstract Recent studies have demonstrated the expression of bitter taste receptors

(BTRs) on airway smooth muscle (ASM) using human, mouse, and guinea-pig

airways. BTRs, belonging to the Tas2R family, are activated by a wide range of

synthetic and natural compounds. However, these receptors are evolved with low,

but broad-spectrum affinity for their ligands. Stimulation of BTRs with known

bitter tastants results in an elevation of basal intracellular calcium concentration in

cultured human ASM cells, similar to stimulation with other Gq-coupled G protein

coupled receptors. Studies in human and murine ASM cells have demonstrated that

bitter tastant-induced calcium elevation is Gβγ-, phospholipase C-, inositol

trisphosphate (IP3)-, and IP3-receptor dependent. Very interestingly, bitter tastants

induce efficacious ASM relaxation and bronchodilation in airways obtained from

human, mouse, and guinea-pig lungs. At least two potential mechanisms for bitter-

tastant-induced ASM relaxation have been proposed: (1) activation of calcium-

activated potassium channels by calcium induced by bitter tastants, resulting in

membrane hyperpolarization and ASM relaxation, and (2) inhibition of calcium
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entry via voltage-dependent calcium channels upon stimulation of ASM with

contractile agonists, thereby inhibiting contraction. Nevertheless, the paradoxical

effect of bitter tastants on ASM tone is intriguing and establishes Tas2 receptors as
a novel class of therapeutic targets in the treatment of obstructive airway diseases

such as asthma and chronic obstructive pulmonary disease.

Keywords Taste receptors • Bitter • Tas2 • Gustducin • Chloroquine

1 Introduction

Airway smooth muscle (ASM) cells express a variety of receptors, and activation of

these cell surface receptors by cognate ligands, released endogenously at nerve

terminal or by inflammatory cells, results in functional changes in ASM. G protein

coupled receptors (GPCRs) play an important role in the regulation of contraction,

relaxation, and proliferation of ASM cells. Most importantly, GPCRs are the

primary target of most medications used to treat airway obstructive diseases such

as asthma and chronic obstructive pulmonary disease (COPD) [11]. Recent studies

have identified expression of a new class of receptors on ASM and determined the

functional role of these receptors. These include bitter taste receptors (BTRs)

[12, 29], proton-sensing receptors [33], and γ-aminobutyric acid (GABA) [22–24]

receptors. This chapter describes the signal transduction, calcium regulation, and

functional role of bitter taste receptors, a novel class of receptors on ASM cells.

2 Bitter Taste Receptors

Chemosensory cells primarily responsible for detecting the taste of food or inhaled

chemicals are involved in gustatory and olfactory functions in the body. Aggregates

of specialized cells form taste buds distributed throughout the oral cavity. These

cells are endowed with the responsibility of chemosensation. The activation of

taste cells by a variety of chemical agents elicits a series of neuronal reflexes that

dictate ingestion or aversion of food and coordinate various effector functions

necessary to either digest food or expel. The chemosensory cells express receptor

and signal transduction machinery necessary to mediate chemosensation. Recent

studies have identified the presence of chemosensory receptors and components of

signal transduction in a variety of nongustatory cells and organs [4, 16].

Taste qualities are divided into five different categories: salt, sour, sweet, bitter,

and umami [5, 17]. Salt and sour tastes are believed to be detected by change in ion

channel activities, resulting in changes in membrane potential. Sweet, bitter, and

umami (meaning “delicious” in Japanese and involves the detection of the taste of
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glutamate) tastes involve activation of GPCRs. Two families of taste receptors

exist: the Tas1R (T1R), for sweet and umami, and Tas2Rs (T2R), for bitter. T1Rs
are classified as T1R1, T1R2, and T1R3. Sweet and umami receptors form

heterodimers, T1R2/T1R3 for sweet and T1R1/T1R3 for umami, and heterodimer

formation is necessary for the function of T1Rs. A detailed discussion of sweet and

umami receptor physiology, biochemistry, and pharmacology is beyond the scope

of this chapter.

Bitter taste is mediated by the receptors expressed by the Tas2R gene family

[1]. Functionally, T2Rs are expressed as monomers and evolved as low-affinity

(micromolar to millimolar range) receptors compared with other GPCRs [21, 25].

Nearly 30 subtypes of T2Rs are identified in mammals with a broad range of

agonistic activity. Although recent studies have identified the role of a carboxy

terminal in agonist selectivity, more studies are needed to establish structure-

function relationship in T2Rs [7, 30, 35]. T2Rs are largely expressed on taste

buds in the oral cavity. However, expression of T2Rs in the respiratory system

has been recently identified [5, 16, 38]. Presumably, activation of respiratory T2Rs

evokes reflex responses to avert inhalation of toxic chemicals and support

chemoprotection. Several lines of experimental evidence suggest the expression

of T2Rs on vomeronasal neuroepithelium [42], solitary chemosensory cells (SCC)

[36], ciliary epithelium [34], and tracheal brush cells [38]. Recently we identified

the expression of T2Rs on human ASM cells, and subsequently two different

groups of investigators demonstrated expression of BTRs on mouse [44] and

guinea-pig [29] ASM (Table 1). Using real-time PCR we have shown expression

of six different subtypes of T2R in isolated human ASM at levels greater than or

equal to that of the β2AR adrenergic receptor (AR). Three subtypes are highly

expressed (T2R10, T2R14, T2R31), and three more are moderately expressed

(T2R5, T2R4, T2R19) in ASM [12]. Expression of some of these subtypes was

further confirmed by immunofluorescence studies. Mouse ASM cells express

T2R107 on their membrane [44]. The mechanisms that regulate expression of

BTRs are not clearly understood. Future studies are needed to ascertain why

different subtypes of T2Rs are expressed at different levels in ASM. Multiple

members of the T2R family are present in each taste-responsive cell, thereby

making these cells respond to multiple agonists and not restrict the responsiveness

Table 1 Subtypes of bitter

taste receptors expressed

in ASM

Human Guinea pig Mice

TAS2R10 TAS2R3 TAS2R107

TAS2R31 TAS2R4

TAS2R5 TAS2R14

TAS2R4 TAS2R16

TAS2R19

TAS2R3

TAS2R20

TAS2R45
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to specific agonists [21]. For example, quinine activates T2R10, 14, 31, 4, whereas

chloroquine activates only 1 receptor, i.e., T2R10, on ASM cells. A list of potential

BTR agonists has been given in Table 2. A recent study found a correlation between

the expression of T2Rs and asthma severity using leukocytes obtained from

asthmatics and healthy controls [28]. These findings are valuable in exploiting

T2Rs as potentially new therapeutic targets in asthma.

3 Intracellular Signaling by T2R

The signaling components that are necessary for functions evoked by T2Rs include

G protein such as α-gustducin, phospholipase Cβ2, IP3 receptor, and cation channel
TrpM5. Expression of T2Rs is typically associated with the expression of signal

transduction components. Therefore, the expression of α-gustducin or TrpM5 is

used as a marker of chemoresponsive cells. In human ASM cells, we demonstrated

that T2R expression is associated with the expression of α-gustducin. A recent

study using murine ASM confirmed the expression of α-gustducin, Gβ3, and Gγ13
in ASM [44]. Mice that lack α-gustducin show significantly attenuated bitter taste

sensory response, and lack of α-gustducin is also associated with decreased expres-
sion of T2Rs in the taste cells. These studies demonstrate the pivotal role of

α-gustducin in chemosensation. However, the functional role of α-gustducin in

the signal transduction of bitter taste receptors in ASM cells needs further experi-

mental evidence based on either knockdown of expression or using α-gustducin null
mice. It is important to note that several cell types that do not express α-gustducin
are found to be positive for other components of taste receptor signal transduction

[20, 36]. Therefore, cells that are negative for α-gustducin do not necessarily lack

an ability to respond to bitter tastants. Gα14 and Gα-transducins are another closely
related family of G proteins that are thought to be involved in taste receptor

signaling [14, 20, 37].

Table 2 Bitter taste receptor subtypes expressed on human ASM and examples of cognate

agonists (Source: http://bitterdb.agri.huji.ac.il/bitterdb/dbbitter.php#Home). A number of poten-

tial BTR agonists (e.g., 31 agonists for T2R10) have been identified

Receptor Agonists (number, examples)

TAS2R10 31 Quinine, denatonium, camphor, coumarin, papaverine,

chlorpheniramine

TAS2R14 43 Quinine, aristolochic acid, papaverine, dihydramine

TAS2R31 8 Quinine, aristolochic acid, saccharin, diphenidol

TAS2R5 1 Phenanthroline

TAS2R4 15 Quinine, camphor, yohimbine, colchicine

TAS2R19 0

TAS2R3 1 Chloroquine

TAS2R20 2 Diphenidol, cromolyn

TAS2R45 0
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Taste receptor binding leads to activation of a heterotrimeric G protein, which

consists of Gα-gustducin (α-gust) [8, 19] and its βγ partners, β3γ13 [15]. When a

bitter tastant binds to its receptor, the heterodimer, β3γ13, is released from tastant-

bound receptors separating itself from α-gustducin. The effector molecule that

drives signaling and function in taste cells is the β3γ13 complex. β3γ13 stimulates

phospholipase Cβ2 (PLCβ2) [8, 31, 32] and produces inositol trisphosphate (IP3),

which in turn activates the IP3 receptor (IP3R) to release stored calcium (Ca2+).

Expression of Gβ3, Gγ13, and PLCβ2 in ASM was recently demonstrated using

murine ASM [44]. Identification of G-protein subunits and effector enzyme,

PLCβ2, in ASM reiterates the presence of canonical BTR signaling in ASM.

Studies from our laboratory demonstrated that stimulation of human ASM cells

with a panel of known bitter tastants (chloroquine, quinine, saccharin, denatonium,

colchicine, aristolochic acid, and yohimbine) results in a dose-dependent increase

in intracellular calcium concentration. Furthermore, rechallenging cells with other

Gq-coupled GPCR agonists (e.g., histamine) after washing bitter tastants evokes

calcium responses suggesting that the bitter tastants do not damage cell membrane

or alter calcium homeostasis (Fig. 1b). In freshly isolated murine ASM cells, Zhang

et al. demonstrated a modest increase in intracellular calcium upon stimulation with

BTR agonist, chloroquine [44]. These investigations also revealed no damage to

ASM cells, although bitter tastants were used at a relatively high concentration.

Human ASM cells maintained in the calcium-free buffer were also able to elicit

bitter-tastant-induced calcium responses, suggesting that calcium responses evoked

upon T2R activation results from the release of calcium from intracellular stores

such as the sarcoplasmic reticulum (SR) (Fig. 1a). Similarly, in native murine ASM

cells, chloroquine elicited calcium responses in ASM cells in the absence of

extracellular calcium [44]. Furthermore, a bitter tastant, saccharin, failed to evoke

any calcium response in human ASM cells after depletion of SR calcium by
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Fig. 1 Global calcium rise in human ASM cells maintained in culture by saccharine when the

cells were maintained in calcium-free buffer (a). Stimulation of cultured human ASM cells with

chloroquine results in the elevation of intracellular calcium concentration. Application of hista-

mine to cells after washing out chloroquine results in an expected rise in the intracellular calcium

concentration (b). These data suggest that bitter tastants do not damage ASM cell membranes
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thapsigargin pretreatment. These experiments further confirmed our assertion that

bitter tastant-induced calcium response involves the release of calcium from intra-

cellular stores. Pretreating human ASM cells with βγ-inhibitor, gallein, PLC inhib-

itor, U73122, or an IP3 receptor antagonist, Xestospongin, significantly inhibited

bitter tastant-induced calcium responses. These data suggest that T2R-induced

calcium signaling in ASM cells involves activation of PLC in a βγ-dependent
manner and release of calcium via IP3R channels on the SR. In freshly dissociated

murine ASM cells, BTR agonist-induced calcium responses were found to be

sensitive to pretreatment of ASM cells with pertussis toxin, gallein, Gβγ blocking

peptide, U73122, and 2-aminoethoxydiphenyl borate (2-AP) [44]. Collectively,

studies from cultured human ASM and freshly isolated murine ASM cells confirm

the presence of canonical taste receptor signaling in ASM (Fig. 2).

In taste cells, IP3-mediated calcium release by bitter tastants is followed by

calcium-dependent activation of a cation channel, transient receptor potential

channel M5 (TrpM5) [26, 27, 45]. This leads to membrane depolarization and

generation of action potential [16, 40]. The role of TrpM5 in T2R signal transduc-

tion in ASM is not established. The expression and functional role of TrpC and

TrpV channels in the regulation of ASM calcium homeostasis and membrane

potential have been investigated [13]. These channels are believed to play a role

Fig. 2 Calcium regulation by bitter taste receptors. Stimulation of TAS2Rs on cultured human

ASM cells results in the activation of trimeric G protein and separation of Gα-gustducin from Gβγ
complex. Gβ3γ13 activates phospholipase C and converts phosphoinositide bisphosphate (PIP2)
into inositol trisphosphate (IP3), which in turn binds to IP3 receptors on the sarcoplasmic reticulum

to release calcium. Interestingly, TAS2R activation does not modulate cyclic AMP levels in ASM

cells. Bitter taste receptor activation is also known to activate TRP channels in gustatory cells of

the oral cavity. The role of TRP channels in TAS2R signaling in ASM has not been established
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in store-operated calcium entry or receptor-operated calcium entry [13]. However,

very little is known with regard to the expression or function of TrpMs (TrpM2,

TrpM3, TrpM4, and TrpM5). If expressed in ASM, they could modulate calcium

influx via both voltage-dependent and voltage-independent calcium-permeable

channels. TrpM5 expression was not detected in human airway ciliated epithelial

cells in which T2R activation by bitter tastants increased ciliary beat frequency

[34]. TrpM5-deficient mice maintain responsiveness to various tastes including

bitter taste [10]. These data suggest that the functional effects of T2Rs are not

exclusively dependent on the expression of TrpM5 channels.

Using high-resolution confocal microscopy we determined the spatial and tem-

poral distribution characteristics of calcium responses elicited by bitter tastants. In

fluo-3-loaded human ASM cells, saccharin exposure resulted in a rapid and

localized calcium elevation near the cell membrane. Exposure of ASM cells to

histamine, a Gq-coupled contractile GPCR agonist, resulted in a slower but global

increase in intracellular calcium. Furthermore, line-scan images confirmed the

occurrence of localized calcium events near the membrane upon stimulation of

ASM cells with saccharin. These studies suggested the unique spatial distribution of

calcium events in ASM by bitter tastants. However, studies of murine ASM cells

did not reveal localized calcium events such as sparks or puffs [44]. In all the cells

tested, the authors observed a global increase in calcium upon stimulation with

bitter tastants like chloroquine. These differences could be due to differences in

species or cell preparation (native versus cultured) used in the studies. Taste

receptor signaling has been shown to be different among different species [36, 38].

4 Dual Signaling and the Role of the Gα-subunit

α-Gustducin activated upon bitter tastant stimulation is believed to alter cyclic-

adenosine monophosphate (cAMP) levels in taste cells. Therefore, taste receptor

signal transduction involves the rapid metabolism of dual second messenger

systems. Bitter tastants inhibit cAMP levels in vallate and foliate tissue in a

α-gustducin-dependent manner [9, 41]. Several studies have established the role

of cAMP levels in taste signal transduction, including the potential activation of

cyclic nucleotide-gated (CNG) channels and activation of phosphodiesterase

[16]. In human ASM cells, bitter tastants did not increase cAMP levels and activate

protein kinase A (PKA). Similar findings were observed in guinea-pig ASM

(Fig. 2). The role, if any, that α-subunit-mediated signaling plays in ASM is not

clearly established. cAMP/PKA-mediated intracellular signaling is the predomi-

nant mechanism by which known Gs-coupled GPCR agonists relax ASM. Bitter

tastants, in contrast, relax ASM but do not invoke cAMP/PKA activation.
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5 Functional Effects of Bitter Taste Receptor Activation:

ASM Relaxation

Based on the elevation of calcium by bitter tastants in human ASM cells, it is

reasonable to hypothesize that T2R activation results in the contraction of ASM

cells, airways, and bronchoconstriction. This phenomenon has been demonstrated

in studies involving bronchial ciliated epithelial cells. Exposure of bronchial

ciliated epithelial cells to bitter tastants results in elevation of calcium and increased

ciliary beat frequency [34]. However, the addition of bitter agonists such as

chloroquine, quinine, or denatonium to tracheal or bronchial rings precontracted

with methacholine resulted in a robust relaxation. Similar effects were observed

when airways were precontracted with serotonin, another Gq-coupled GPCR

agonist. We also further demonstrated that the relaxation effect of BTR agonists

is completely reversible. Using magnetic twisting cytometry we determined the

effects of bitter tastants on ASM cell stiffness. T2R agonists inhibited ASM cell

stiffness, suggesting that the relaxation of airways observed in ex vivo experiments

was due to the direct effect of bitter tastants on ASM cells. Fourier transform

traction microscopy was used to measure spatiotemporal changes in the contractile

stress generated by an individual human ASM cell. When ASM cells were exposed

to the T2R agonist chloroquine, the traction forces in most of the intracellular areas

were reduced [2]. Using two complementary techniques we confirmed the direct

effect of T2R agonists on ASM cells. In freshly isolated murine ASM cells, Zhang

et al. demonstrated the reversal of methacholine-induced cell shortening by BTR

agonists chloroquine and denatonium [44]. The authors also observed a tendency of

BTR agonists to decrease the basal tension of isolated murine airways. Pulkkinen

and coinvestigators carried out similar studies using airways obtained from guinea-

pig lungs [29]. A panel of bitter tastants robustly relaxed guinea-pig airways

precontracted with multiple contractile agents. Three independent laboratories

have confirmed the airway relaxation effects of T2R agonists using mouse [43],

guinea-pig [29], and human [6] airways.

Studies from our laboratory and Pulkkinen et al. demonstrated that

T2R-mediated relaxation of airways is not dependent on cAMP generation and

activation of PKA in ASM cells [12, 29]. PKA plays a central role in ASM

relaxation by other airway relaxing agents such as β2-adrenergic receptor agonists
[11]. The presence of indomethacin, a cyclooxygenase inhibitor, had no effect on

the relaxation responses of T2R agonists in mice airways, whereas the relaxation

effects of denatonium and thiamine, but not chloroquine, were enhanced in guinea-

pig airways [29]. Furthermore, the removal of epithelium did not influence airway

relaxation by T2R agonists, suggesting no significant contribution of paracrine

effect of epithelium-derived airway relaxing agents. Collectively, studies using

isolated airway rings and cultured ASM cells demonstrated that the T2R agonists

act directly on ASM cells to relax airways.

Pretreating mice and human airways with a large-conductance potassium

channel (BKCa) inhibitor, iberiotoxin, resulted in the partial inhibition of
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chloroquine-induced airway relaxation [2, 12, 29] (Fig. 3). In guinea-pig airways,

iberiotoxin partially inhibited denatonium, but not chloroquine-induced airway

relaxation [29]. In mechanics studies on isolated human ASM cells using magnetic

twisting cytometry and Fourier transform traction microscopy, it was demonstrated

that BKCa channel inhibitor partially ablated a chloroquine-induced decrease in

ASM cell stiffness or intracellular contractile force [2]. More studies are needed to

ascertain how hyperpolarization of ASM induced by BTR agonists results in ASM

relaxation, especially when the ASM is stimulated with BTR agonists in the

presence of other Gq-coupled GPCR agonists. However, Zhang et al., using murine

airways, did not observe the inhibitory effect of iberiotoxin on chloroquine-

mediated airway relaxation [43]. Electrophysiological recording in murine ASM

cells did not reveal BKCa currents upon exposure of murine ASM cells to chloro-

quine. Therefore, T2R-mediated effects on ASM are more complex and involve

multiple mechanisms, although BKCa activation by localized Ca
2+ events promoted

by T2R agonists is one part of a complex mechanism by which these receptors relax

ASM. Additional studies will be required to ascertain other partners in this multi-

factorial airway relaxation response. In fact, a recent study by Zhang et al.

demonstrated that stimulation of murine ASM cells with BTR agonists inhibited

methacholine-induced increase in intracellular calcium elevation, although BTR

Fig. 3 Two proposed models of ASM relaxation by BTR agonists. Bitter taste receptor activation

(left side) results in elevation of intracellular calcium, which in turn activates large-conductance

calcium-dependent potassium (BKCa) channels, hyperpolarization of ASM membrane, and relax-

ation. In a recent study using freshly isolated murine ASM cells, Zhang et al. demonstrated that

contractile agents (right side) elevate intracellular calcium (followed by contraction) via release of

calcium from sarcoplasmic reticulum stores and influx of calcium from extracellular space through

voltage-dependent calcium channels (VDCCs). BTR activation inhibits calcium entry via VDCC

in a βγ-dependent fashion that results in the inhibition of ASM contraction
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agonists by themselves increased basal calcium levels modestly [44]. Using

electrophysiology and imaging techniques the investigators demonstrated that

BTR agonists inhibited methacholine-induced activation of L-type voltage-

dependent calcium channels and calcium influx in ASM (Fig. 3). Interestingly,

the inhibition of L-type calcium channels by BTR agonists was also dependent on

Gβγ [44]. Although two potential mechanisms (activation of BKca channels and

inhibition of L-type calcium channels) of BTR-mediated ASM relaxation have been

proposed, it is plausible that BTRs utilize multiple targets in ASM to induce

relaxation.

In vivo lung function studies in mice revealed an efficacious bronchodilatory

effect of T2R agonists when administered by an aerosol route [12]. We further

carried out experiments using ovalbumin-sensitized and challenged mice to deter-

mine whether the bitter taste receptor pathway is compromised by airway inflam-

mation. The T2R agonists denatonium and chloroquine effectively relieved

methacholine-induced bronchoconstriction in normal and asthmatic mice [12].

These studies suggest that agonists of BTRs can be exploited as a new class of

antiasthma drugs. In fact, several features of BTRs and BTR agonists are favorable

in exploiting BTRs as potential antiasthma drug targets: multiple receptors are

expressed, a wide range of natural and synthetic pharmacological agents with

established pharmacological and toxicological properties are available, they are

effective in asthma (at least in animal models), have high efficacy, may play a

role in mucociliary clearance, and induce effective airway relaxation under

β2-adrenergic receptor agonist tachyphylaxis. Long-term use of bronchodilatory

β2-adrenergic receptor agonists results in tachyphylaxis and a gradual loss of

bronchoprotective effect. Under conditions of β2-adrenergic tachyphylaxis,

T2R-mediated ASM relaxation effects are well maintained [3]. These studies

support the idea that bitter tastants could be used to treat asthmatics as an adjunct

therapy when β2-adrenergic agonists (mainstay antiasthma therapeutics) fail to

provide relief from bronchoconstriction.

Taste sensation is a sophisticated, complex, and well-appreciated biological

phenomenon. The primary role of gustation is to accept or reject chemicals for

ingestion, and hence it acts as a protective mechanism in preventing the consump-

tion of toxic agents. Nongustatory (gastrointestinal and respiratory) taste receptors

are also believed to be involved in evoking protective reflexes in response to toxic

stimuli. Bitter taste receptors expressed on different parts of airways, including

SCCs, are innervated by cholinergic neurons, and the activation of taste receptors

by bitter tastants decreases the rate of respiration [36, 39]. The other potential

reflexes include a change in ciliary beat frequency and activation of brush cells

[34]. Airway brush cells are predominantly connected to cholinergic innervations.

Brush cells also initiate respiratory reflexes when exposed to bitter tastants

[18]. Recent studies on bitter taste receptors on ASM, and specifically the effica-

cious bronchodilatory effects of bitter tastants, underscore the clinical use of bitter

tastants as potential therapies in airway diseases.
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Abstract There is no doubt that airway smooth muscle (ASM) is a key player in

asthma pathophysiology, as demonstrated by its heightened sensitivity to both

direct and indirect contractile stimuli, which leads to exaggerated airway narrowing

and airflow obstruction. The therapeutic benefit in severe asthmatics provided by

bronchial thermoplasty, a therapy that attenuates bronchoconstriction via reduction

of ASM mass, has provided additional support for the concept that ASM function
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could be abnormally contracting in asthma. The mechanisms in ASM leading to this

exaggerated sensitivity to G-protein-coupled receptor (GPCR) agonists, known as

bronchial hyper-responsiveness, are still unknown. A number of studies, however,

have demonstrated that a direct action of two key pro-asthmatic cytokines, TNFα
and IL-13 on ASM, leads to exaggerated ASM contractility via the modulation of

GPCR-associated calcium signalling. This chapter reviews the evidence

demonstrating a role of both TNFα and IL-13 in driving airway hyperrespon-

siveness at three different levels: in experimental animal models of asthma, in

isolated airway preparations and in isolated ASM cells.

Keywords Cytokines • Calcium metabolism • G-protein-coupled receptor • Rho

pathway • Allergen challenge

1 Introduction

The advent of monoclonal antibody therapy has allowed preclinical and clinical

trials to strongly support the role of TNFα and IL-13 in driving many features of

allergic asthma, including airway inflammation, mucus hypersecretion and airway

hyperresponsiveness (AHR) [1–3]. These studies have shown that a direct action of

TNFα and IL-13 on airway resident cells, including airway smooth muscle (ASM)

cells, could play a role in asthma pathogenesis. In addition, countless reports using

cultured ASM cells have demonstrated the expression of functional receptors for

IL-13 and TNFα and their ability when activated to stimulate a variety of

pro-asthmatic responses, including inflammatory gene expression and ASM

hyperresponsiveness [4–6]. In this chapter, we will discuss the reports from the

literature describing how cytokines play a role in driving ASM hyperresponsiveness

seen in asthma. We will show strong evidence of a direct effect of IL-13 and TNFα
on ASM sensitivity to different G-protein-coupled receptor (GPCR) agonists and

the underlying potential mechanisms. This chapter will strongly support the current

concept that cytokine changes in ASM function, an effector cell thought to solely

regulate bronchomotor tone [7], may be regarded as a key player in the develop-

ment of bronchial hyperresponsiveness, the main feature of allergic asthma. The

molecular mechanisms by which both cytokines increase ASM sensitivity and

contractility to GPCR agonists have not been clearly established. We will also

review the different cytokine-associated pathways in ASM cells implicated in

changes in GPCR responsiveness. It is likely that these studies may provide new

insight into the design of novel therapeutic approaches for abnormal lung function

in asthma.
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2 Evidence Suggesting a Role of TNFα in Allergen-Induced

Airway Hyperresponsiveness in Experimental Models

of Asthma

The report by Renzetti and colleagues was the first pharmacological evidence to

support a role of TNFα in allergic asthma [8]. The authors showed the therapeutic

value of a soluble TNFα antagonist, called Ro 45-2081, in two different models of

allergic asthma, i.e. guinea pigs and brown Norway rats sensitised and challenged

with ovalbumin [8]. Ro45-2081 (used 1–3 mg/kg i.p.) is a TNFα receptor 2 fusion

protein which suppressed allergen-induced AHR to substance P in sensitised guinea

pigs. Ro45-2081 also had a marked effect on allergen-associated infiltration

of inflammatory cells, including eosinophils and neutrophils, in the airways.

Subsequent studies using monoclonal antibodies as a blocking strategy provided

additional evidence for a role of TNFα in the development of key allergic features in

asthma. In an animal model that displays both early and late asthmatic responses to

ovalbumin, Choi and colleagues reported that an anti-TNFα monoclonal antibody

called MP6.XT22.11 markedly inhibited late AHR and lung eosinophilia responses.

Because the authors showed that activation of cPLA2 activity in the allergic lungs

was dependent on TNFα, it was suggested that cPLA2-dependent metabolites were

playing a central role in the allergic responses driven by TNFα [9]. Additional

studies using infliximab (a monoclonal antibody) or etanercept (a fusion protein)

confirmed the implication of TNFα in the development of allergen-induced AHR in

different animal models [10–14]. The mechanisms underlying the beneficial action

of anti-TNFα therapy in asthma have not been completely elucidated. The inhibi-

tory action of TNFα blockade on allergen-induced lung eosinophilia and IgE

production was shown to be dependent on the stage of the disease, with etanercept

treatment being effective only in the animal model with severe asthma while no

effect was observed in the mild/moderate model [11]. A reduction of allergen-

associated airway mucus hypersecretion has been described as one beneficial effect

of TNFα blockade [15]. A similar suppressive action of anti-TNFα therapy on

ovalbumin-induced mucus hypersecretion and airway inflammation was recently

confirmed in mice treated with TNFα antisense oligonucleotide [16]. Interestingly,

the authors showed that TNFα blockade led to an enhancement of regulatory T-cell-

mediated immune tolerance, potentially explaining the therapeutic benefit of

anti-TNFα therapy in asthma. In guinea-pigs sensitised and challenged ovalbumin,

the inhibitory effect of etanercept on allergen-induced AHR was attributed to the

downregulation of muscarinic M2 receptor in the parasympathetic neurons within

the airways [14]. In this study, antigen-induced AHR to methacholine was not

reduced by etanercept suggesting a direct effect of TNFα on the nerves. Another

report confirmed earlier findings that therapeutic action of etanercept is linked to the

inhibition of allergen-induced TH2 cytokines and infiltration of inflammatory cells
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(eosinophils) within the airways [13]. Together, anti-TNFα strategies are effective

in various animal models of allergic asthma induced by different types of allergen

including ovalbumin [10, 13, 14] or house dust extracts [12].

The therapeutic action of anti-TNFα therapy described in preclinical studies

cannot be attributed to one particular mechanism. The use of anti-TNFα drugs

demonstrated that TNFα exerts strong pro-inflammatory actions in allergic

responses that include an induction of TH2 responses (possibly via the activation

of regulatory T-cells), recruitment of eosinophils in the airways and regulation of

mucus hypersecretion and AHR (studies that have used anti-TNFα strategies in

experimental asthma are summarised in Table 1).

Table 1 Anti-TNFα strategies in preclinical studies

TNFα blockers Experimental model Outcome Author

Ro 45–2081 Ovalbumin-sensitized and

challenged male

guinea-pigs and rats

# AHR to substance P Renzetti

et al. [8]TNFR1-FcIgG1

fusion protein

# Neut., Eos. in the BAL

MP6-XT22.11 Ovalbumin-sensitized and

challenged male

BALB/C mice

# Late AHR to

methacholine

Choi et al.

[9]Anti-TNFα mono-

clonal antibody # Eos. in BAL

Etanercept,

XENP1595, or

XENP346

Ovalbumin-sensitized and

challenged C57BL/6

wild-type

# AHR to methacholine Maillet et al.

[13]# Eos. and Lymphocytes

in BAL

Etanercept Ovalbumin-sensitized and

challenged guinea-pigs

# AHR to electric vagal

stimulation

Nie et al.

[14]

# Eos. in the BAL, blood,

nerves and within ASM

Etanercept Short term (ST) and long

term (LT) model of

ovalbumin-sensitized

and challenged mice

# Eos., and IL-5 in the

BAL (ST)

Hutchison

et al. [11]

# serum IgE (ST)

# IL-5 in the BAL (LT)

Infliximab Ovalbumin-sensitized and

challenged male mice

# Eos. in the BAL Deveci et al.

[10]# Cytokines in BAL and

lung tissues

Rat anti-TNFα
monoclonal

antibody

House dust-sensitized and

challenged female

BALB/C mice

# AHR to methacholine Kim et al.

[12]" Th2 cytokines

# Eos., Neut., and

lymphocytes in BAL

Anti-TNFα antibody Ovalbumin-sensitized and

challenged BALB/c

mice

# AHR to methacholine Busse et al.

[15]#MUC-5AC expression

#Goblet cell number

Eos eosinophils, Neut neutrophils, BAL brochoalveolar lavage, AHR airway hyper-responsiveness,

ST short term model of asthma, LT long term model of asthma, ∅ no effect
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3 Evidence Suggesting a Direct Action of TNFα
on Airway Structural Tissues in Inducing Airway

Hyperresponsiveness

There is undeniable evidence from preclinical studies that TNFα is a key player in

asthma pathogenesis. The contribution of TNFα in driving AHR has also been

investigated ex vivo in isolated airway preparations (mostly tracheal rings) from

different animal species. Studies using guinea-pig tracheal rings, for example,

showed that the effect of TNFα on methacholine-evoked contractile responses

was dependent on treatment duration. It was shown that a short-term treatment

(30 min) with TNFα was sufficient to significantly increase the contractile

responses to methacholine, in part via the autocrine action of platelet-activating

factor (PAF) [17]. A more recent report using tracheal tissues treated with TNFα for

1, 2 and 4 days failed to notice any effects on methacholine, although responses to

serotonin (5-HT) and electric field stimulation (EFS) were markedly augmented

[18]. Only two studies performed in human bronchial rings, possibly due to the

difficulty in obtaining human tissues, reported that TNFα alone or in combination

with IL-1β exerted similar effects in human bronchi by enhancing EFS- or

acetylcholine-associated contractility [19, 20]. These studies suggest that short-

term treatment with TNFα involves an effect on ASM, while long-term treatment

may involve an action on ASM and nerve cells. In ovine tracheal airway

preparations, TNFα combined with IL-1β augmented the responses to acetylcholine

and neurokinin A by involving an effect dependent on changes in calcium metabo-

lism in ASM [21]. Most of the evidence showing an enhancing action of TNFα on

ASM contractility comes from studies performed in mice. Our original demonstra-

tion that murine isolated tracheal rings with TNFα led to enhanced contractile

responses to muscarinic M3 agonist [6, 22, 23] was recently confirmed by other

groups [24, 25], while others showed that TNFα also enhanced responses to

other GPCR agonists such as bradykinin [26] or serotonin [27]. Despite this

growing evidence of ex vivo effect of TNFα on airway structural tissues, the precise

mechanism by which TNFα contributes to the development of AHR in vivo has not

been yet fully investigated. Increased expression or activity of the ectoenzyme

CD38, in part mediated via autocrine action of IFNβ, or up-regulation of caveolin-1
have been described as potential mechanisms mediating TNFα-enhancing effects

from studies using isolated airways [23, 28, 29]. We also showed the implication of

pertussis-toxin-sensitive pathways in TNFα effects [22], while others demonstrated

that increased expression of bradykinin B2 receptor was key in mediating TNFα
action on ASM contractility [26]. Additional studies are still needed to pinpoint the

mechanisms by which TNFα increases ASM contractility in isolated airways.
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4 Direct Effect of TNFα on ASM Cells

Because Ca2+ plays a central role in regulating ASM contractile function, it is likely

that alterations in Ca2+ regulatory mechanisms induced by TNFα will lead to

impaired ASM contractility (reviewed in [7]). In the early 1990s, we provided the

first evidence of a deleterious effect of TNFα on calcium handling in both animal

and human cultured ASM cells [30–33]. A number of recent studies have indeed

confirmed this hypothesis and provided potential mechanisms underlying the

potentiation of GPCR-agonist-evoked calcium transients induced by TNFα.
In recent years, Prakash’s group at the Mayo Clinic made a number of original

findings about TNFα-enhancing mechanisms by describing the implication of

different cellular factors, including the calcium-buffering action of mitochondria

[34], the activity of Na(+)/Ca(2+) exchanger (NCX) [35] or the expression levels of

caveolin-1 [29] or sarco-/endoplasmic reticulum Ca2+-ATPase (SERCA) [36].

The latter finding is interesting because a reduced SERCA expression in ASM

was shown to play a role in airway remodelling in severe asthmatics [37]. White

and colleagues showed that calcium influx was altered in TNFα-treated cells as a

consequence of the up-regulation of the transient receptor potential C3 (TRPC3)

[38]. Other studies have shown the implication of small monomeric G-protein

RhoA, which can enhance ASM contractility to any agonists by increasing levels

of MLC phosphorylation via the Rho-activated kinase (ROCK)-dependent

suppression of MLC phosphatase [39]. Importantly, this Rho-dependent calcium

sensitization can be activated by TNFα in human ASM cells [40–43]. An alternative

mechanism by which TNFα modulates GPCR-evoked calcium signalling is via the

up-regulation of CD38, an ectoenzyme that stimulates calcium signalling via

cADPr [44]. How these different pathways contribute to the overall effects of

TNFα on ASM contractile responses is still an open question. Nonetheless, these

studies have highlighted a number of potential mechanisms that can increase ASM

responsiveness to GPCR agonists.

5 Evidence Suggesting a Role of IL-13 in Allergen-Induced

Airway Hyperresponsiveness in Experimental Models

of Asthma

Since the first demonstration of a role of IL-13 in mediating allergen-induced AHR

[45, 46], a number of subsequent studies using different blocking strategies and

various animal models have supported the implication of IL-13 in allergic asthma

[2]. In mice where sensitization and challenge were performed solely in the upper

airways (intranasal instillation), a polyclonal anti-IL-13 antibody had a suppressive
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effect on allergen-associated inflammation of both nasal and lung compartments

and on the development of AHR [47]. Additional studies on ovalbumin-challenged

BALB/c mice have validated the therapeutic value of other forms of inhibitory

strategies such as anti-IL-13 Fab fragment, which blocked not only AHR but other

key asthmatic features such as airway inflammation and airway remodelling

[48, 49]. Anti-IL-13 therapy seems to be beneficial in treating mice chronically

challenged with the house dust mite [50] or ovalbumin [51] for periods greater than

7 weeks. In these models, IL-13 blockade could be effective when given either

preventively and therapeutically on an established disease, with the exception of

AHR, which was not affected by the prophylactic treatment [50]. In addition to

preventing AHR, IL-13 blockade also reduced markers of airway remodelling such

as subepithelial fibrosis, mucus hyperplasia and progression of inflammation

[51]. This was a landmark finding as current anti-asthma therapies appear to have

little effect on airway remodelling in asthma [52, 53]. The concept that anti-IL-13

therapy was effective in chronic models of asthma, thought to closely resemble

human asthmatic features, has been somewhat challenged by two reports. The study

by Goplen and colleagues showed that anti-IL-13 treatment had little therapeutic

effect in mice sensitised and challenged with multiple allergens (dust mite, ragweed

and Aspergillus species) [54], where the allergic features, including lung structural

changes and hyperresponsiveness, persist for longer periods after allergen

exposure. The lack of anti-IL-13 actions was attributed to the heightened

dendritic-cell-dependent activation of T-cells seen in the lungs of mice exposed

to multiple allergens. Another study comparing acute and chronic challenges but

with a single allergen also failed to notice a beneficial effect of anti-IL-13 blockade

using a fusion protein on AHR in the chronic model [55]. The opposite effect of

IL-13 was also reported where IL-13 blockade using a similar approach prevented

the late asthmatic responses but not the early asthmatic reactions in previously

sensitised animals [56]. The differential effects of anti-IL-13 therapy in these

preclinical studies could be attributed to a variety of experimental factors that

include types of animal strain, the nature/number of allergens, the treatment/routes

of administration and the approach to assessing lung function.

IL-13 seems to be a key player in driving the severity of AHR induced by the

respiratory syncytial virus (RSV) [57, 58]. This study suggests anti-IL-13 therapy

could be beneficial in preventing asthma exacerbations in patients experiencing

respiratory infections by viruses. Also, IL-13 was also involved in mediating

rhinovirus (RV)-induced experimental AHR [59]. Together, these different studies

provide undeniable evidence supporting a central role of IL-13 in driving both

allergen- and virus-induced AHR. It is important to mention that the contribution

of anti-IL-13 therapy seems to be highly dependent on the stage or intensity of the

disease. The precise mechanism by which IL-13 regulates AHR in asthma has not

been yet clearly established, and possible scenarios have been proposed including an

effect on lung tissues (studies that have used anti-IL-3 strategies in experimental

asthma are summarised in Table 2).
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6 Evidence Suggesting a Direct Action of IL-13

on Airway Structural Tissues in Inducing Airway

Hyperresponsiveness

In 2003, we tested the hypothesis that IL-13 could contribute to the exaggerated

airway responsiveness seen in asthma by acting directly on lung structural cells/

tissues. Indeed, we provided the first evidence that murine tracheal rings incubated

with IL-13 exhibited increased contractile responses to carbachol [60]. Since then, a

number of investigators have provided additional evidence supporting this novel

concept of a direct action of IL-13 on airway structural tissues as a potential

mechanism underlying the abnormal airway responsiveness seen in allergic asthma.

Kannan’s group provided a number of original findings regarding the mechanisms

involved in driving IL-13-induced AHR by uncovering a unique role of CD38-

dependent pathways [61, 62]. CD38 is an approximately 45 kDa transmembrane

glycoprotein that catalyses the cyclization of the intermediary metabolite nicotin-

amide adenine dinucleotide to putative second Ca2+-mobilising messengers cADPr

and nicotinic acid adenine dinucleotide phosphate, thus impacting on calcium

signalling (reviewed in [5]). Work done earlier by Grunstein’s group in rabbit

airways showed that in addition to impairing relaxation to beta-2-adrenergic agonist,

IL-13 significantly augments ASM contractility to muscarinic agonists via an IL-5-

dependent mechanism [63]. This observation suggests that the enhancing effect of

IL-13 in isolated airways may be indirect via the action of secreted factors which act

in an autocrine manner. Recently, the same group reported that IL-13-induced

increased contractility to acetylcholine was sensitive to cortisol, in part because of

an increased expression of 11beta-hydroxysteroid dehydrogenase (11beta-HSD)-1;

11beta-HSD-1 is responsible for the conversion of inactive cortisone into cortisol,

the bioactive hormone [64]. A recent study added another level of complexity

regarding the underlying mechanisms that modulate cytokine-induced AHR. By

comparing wild-type and knockout murine tracheal rings, Kudo and colleagues

identified the milk fat globule-EGF factor 8 protein (mfge8), a member of the

discoidin family, as a novel counter-regulatory factor capable of suppressing the

augmenting effect of IL-13 on methacholine-induced contractile responses

[24]. This protective effect exerted by mfge8 was, at least in part, due to the

inhibition of Rho-dependent calcium sensitization induced by IL-13. The implica-

tion of Rho-kinase pathways in mediating IL-13-induced ex vivo AHR was previ-

ously reported using the Rho-kinase inhibitor Y-27632 [65]. The fact that the Rho

pathway also regulates key features of airway remodelling [66] could explain the

therapeutic action of IL-13 blockade on airway remodelling reported in preclinical

studies [51]. The decreased expression of mfge8 in airway biopsies of asthmatic

patients raises the possibility that loss of mfge8 might play a significant role in

the exaggerated airway sensitivity seen in asthma [24]. Another factor recently

described to suppress IL-13-induced increased contractile responses to

methacholine is a mast cell product called mouse mast cell protease-4 (mMCP-4)

[67]. This is a surprising finding knowing the emerging role of mast cells in the
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pathogenesis of severe asthma, including the development of AHR [68]. The obser-

vation that mMCP-4 inhibitory action was only seen in epithelium-denuded isolated

trachea strongly suggests that the bronchoprotector action of mMCP-4 is due to a

direct effect of mMCP-4 on ASM.

In addition to isolated tracheal rings, the increased sensitivity of the airways to

GPCR agonists induced by IL-13 has also been described using a more elegant

experimental approach called the precision-cut lung slice model (PCLS) (elegantly

reviewed in [69]). Similar to the effect seen in isolated airway preparations,

incubation of murine or human PCLS with IL-13 leads to increased contractility

to different GPCR agonists, including methacholine [70–72] or serotonin [73].

In this model, PI3Kγ has been described as an important player in mediating

IL-13-induced augmented bronchoconstrictor responses to acetylcholine [73].

7 Direct Effect of IL-13 on ASM Cells

As described for TNFα, cultured ASM cells incubated with IL-13 exhibit enhanced

calcium signals to a variety of GPCR agonists, including muscarinic M3 agonists

[60, 62, 74], histamine [29, 34, 60, 75, 76], LTD4 [77], bradykinin [29, 60] and

oxytocin [78]. The underlying mechanisms of IL-13-inducible non-specific ASM

hyperresponsiveness have not been elucidated. Recent studies have uncovered that

de novo protein synthesis was indispensable in IL-13 action. In addition to the

increased expression of cell surface proteins such as GPCR receptors (OXTR or

CysLT1R) [77, 78], IL-13 also increases the protein expression of caveolin-1 [29]

and sodium-calcium exchanger NCX1, which regulates Ca2+ fluxes [35]. siRNA

strategies have indeed confirmed the implication of both proteins in mediating

IL-13-induced enhanced GPCR-evoked calcium signals. This is an important

finding as caveolin-1 was recently described as essential for ASM to maintain a

contractile phenotype [79]. Up-regulation of the ectoenzyme CD38 was also shown

to be critical for IL-13 effects on calcium signalling [62]. IL-13 also regulates the

intracellular expression of key calcium regulatory proteins such as ryanodine

receptors, IP3 receptor or the calcium ATPase SERCA in murine ASM [74],

although one study performed in human ASM cells found that SERCA2 expression

was, in contrast, decreased following IL-13 treatment [36]. The exact pathway by

which these different Ca2+ regulatory proteins contribute to the overall augmented

Ca2+ responses is a challenging question that remains to be further investigated.

8 Conclusion

There is now increasing evidence to suggest that both TNFα and IL-13 are key

players in asthma pathogenesis. These cytokines participate in the pathogenesis

of asthma through multiple mechanisms, including the recruitment or activation of
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inflammatory cells and induction of structural changes in the lungs known as airway

remodelling (Fig. 1). Current preclinical and clinical studies support the fact that

TNFα and IL-13 also contribute to the development of AHR via mechanisms

that have yet to be characterised. We have here provided supporting evidence that

a local action of TNFα and IL-13 on airway structural cells represents one plausible

mechanism contributing to exaggerated airway responsiveness. Although the over-

all effect of cytokines is likely to result from an action on different airway tissues/

cell types, a direct action on ASM, the main effector regulating bronchomotor tone,

is now regarded as one of the most plausible mechanisms driving impaired airway

responsiveness. Our lab has provided the first demonstration that both TNFα
and IL-13 directly modulate GPCR-induced contractility in isolated airways and

calcium signalling in cultured ASM cells. Since then, a number of elegant reports

have indeed confirmed this attractive concept that modulation of calcium metabo-

lism is one common mechanism driving cytokine-induced AHR in asthma (Fig. 2).

TNFa
IL-13

Airway smooth muscle
≠ GPCR-induced

contractility

Allergen

Airway
inflammation

Recruitment and activation
of inflammatory cells

• Eosinophils
• Neutrophils
• Mast cells

Airway hyper-responsiveness

Chemokines

Cytokines

Lung structural changes
Goblet cell Hyperplasia

Mucus production
Pulmonary fibrosis

Steroid therapy

Airway Remodelling

Mast cells
T lymphocytes
Epithelial cells

Cytokines

Fig. 1 Role of TNFα and IL-13 in the pathogenesis of severe asthma: Potential cellular sources of

TNFα and IL-13 include allergen-induced IgE-dependent activation of mast cells, activation of

lung infiltrated of inflammatory cells, or epithelial cells. Following release, both cytokines

contributes to asthma pathogenesis through the regulation of airway inflammation possibly as a

consequence of the recruitment and/or activation of different inflammatory cells including

eosinophils, neutrophils and T lymphocytes. Products released by these activated infiltrated cells

could promote airway hyper-responsiveness in part by acting on airway smooth muscle. A direct

modulatory action of TNFα and IL-13 on airway smooth muscle could perpetuate the inflamma-

tory process via additional secretion of a variety of chemokines. TNFα and IL-13 could play a role

in mediating allergen-induced airway hyper-responsiveness by increasing the responsiveness of

airway smooth muscle to a variety of contractile G-Protein Coupled Receptor (GPCR) agonists.

By their ability to regulate mucous production, goblet cell hyperplasia and lung fibrosis, anti-IL-13

blockade and some extend anti-TNFα therapy may be useful in treating some features of airway

remodelling which are known to be resistant to current therapies and involved in the development

of persistent airflow obstruction

Modulation of Airway Smooth Muscle Contractile Function. . . 433



Additional studies are clearly needed to better characterise the common targets that

are altered by TNFα and IL-13; this will likely lead to the design of novel therapies

for the treatment of allergic asthma.
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Abstract Airway smooth muscle has been conventionally regarded as a contractile

partner in bronchoconstriction. It also interacts dynamically with its environment,

especially under inflammatory conditions, modulates the pathological processes in

the development of chronic obstructive pulmonary disease (COPD). Airway

smooth muscle cells are able to proliferate, to secrete cytokines, growth factors,

prostanoid, and extracellular matrix proteins, and to adapt to these functions by
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changing its phenotype from contractile to synthetic. In COPD, smooth muscle in

the small airways exhibit hyperresponsiveness and higher contractility in calcium-

dependent and -independent mechanisms. Airway smooth muscle cell hyperplasia

and hypertrophy as well as increased deposition of extracellular matrix (ECM)

proteins contribute to airway remodeling and thickening. Many inflammatory

mediators and growth factors, including interleukins, tumor necrosis factor-α
(TNF-α), leukotrienes, prostaglandins, acetylcholine, platelet-derived growth fac-

tor (PDGF), transform growth factor β (TGFβ), connective tissue growth factor

(CTGF), endothelin, and reactive oxygen species (ROS), contribute to the

alterations of airway smooth muscle in COPD. Investigating the mechanism and

regulatory pathways of airway smooth muscle malfunction may provide novel

options for the prevention and treatment for airflow obstruction in COPD.

Keywords Airway • Smooth muscle • Inflammation • Bronchoconstriction

• Remodeling

1 Introduction

Chronic obstructive pulmonary disease (COPD) is a progressive and debilitating

inflammatory disease that affects between 10 and 24 million adults and is the third

leading cause of death in the United States [1]. The most important pathological

features in the pathogenesis ofCOPD are airflow limitation,which is caused by airway

obstruction due to small airway remodeling and increased airway smooth muscle

(ASM) contractility, and structural changes of the lung, including emphysema. The

alterations of smooth muscle of the small airways in COPD have been ignored for a

long time. ASM has been conventionally regarded as a contractile partner in

bronchoconstriction. Overwhelming evidences indicate that ASM interacts

dynamically with its environment, especially under inflammatory conditions, and

orchestrates the pathological processes in the development of COPD. ASM cells are

able to proliferate, to migrate, to secrete chemokines, cytokines, growth factors and

extracellular matrix proteins, and, most importantly, to adapt to these functions by

changing its phenotype from contractile to proliferative/synthetic. This chapter will

review the recent advances in the alterations of ASM cells and the inflammatory

factors that affect ASM functions in the pathogenesis of COPD.

2 Alterations of Airway Smooth Muscle Cells in COPD

2.1 Increased Contractility of Airway Smooth Muscle
in COPD

Altered ASM contractility contributes to the pathogenesis of COPD [2, 3].

Peripheral airways of COPD have an increased ability to generate force [2]. Airway

hyperresponsiveness is present in a considerable number of COPD patients,
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though it is regarded as a hallmark of asthma [4, 5]. Calcium-dependent and

calcium-independent mechanisms contribute to the increased contraction of

ASM in COPD.

Calcium-dependent mechanism: calcium mediates smooth muscle contraction.

The response of ASM to diverse stimuli including inflammatory mediators is

controlled by changes in the concentration of free cytosolic calcium ([Ca2+]i).

Elevation of [Ca2+]i can result from increased Ca2+ influx from extracellular fluid

and Ca2+ release from the sarcoplasmic reticulum (SR). In smooth muscle cells,

excitation-contraction (E-C) coupling involves depolarization of the plasma mem-

brane to open voltage-gated calcium channels. However, the voltage-dependent

calcium channels do not appear to strongly influence ASM contraction, though

maintaining agonist-induced contraction requires the presence of extracellular

calcium [6, 7]. Agonist-induced calcium release is largely from the SR [6, 7].

Ca2þ efflux from the SR is mediated by the SR-Ca2+ release channel, known as

ryanodine receptor (RyR) [8]. Cyclic-ADP-ribose (cADPR) is an endogenous

ligand and a potent activator of RyR [9]. A 12.6-kDa FK506-binding protein

(FKBP12.6) is associated with type 2 ryanodine receptors (RyR2) protein

[10]. FKBP12.6 stabilizes the RyR2 channel in the closed state and reduces its

activity. Binding of cADPR results in the activation of RyR2 and Ca2+ efflux from

the SR by dissociating FKBP12.6 from the RyR2 complex [11]. RyR, cADPR, and

FKBR could be therapeutic target to reverse bronchoconstriction in COPD.

Calcium-independent mechanism: calcium-independentmechanisms are characterized

by augmented contraction at a fixed Ca2+ concentration, which is referred to as

Ca2+ sensitization. The RhoA/Rho-kinase cascade, a key regulatory pathway of

Ca2+ sensitivity in ASM, can be activated by G-protein-coupled receptors such

as muscarinic M2, muscarinic M3 , and endothelin ETA and ETB receptors in

COPD [12–14]. RhoA and Rho-kinase augment agonist-induced contraction by

inactivating myosin light chain phosphatase (MLCP) or directly affecting myo-

sin light chain phosphorylation and actin cytoskeletal dynamics [15]. MLCP is

inhibited by the direct phosphorylation of its regulatory myosin-binding binding

subunit by Rho-kinase. MLCP is also inhibited by binding to the phosphoprotein

CPI-17, which is targeted for phosphorylation by both Rho-kinase and

PKC [16].

2.2 Airway Smooth Muscle Remodeling in COPD

One of the key pathological features of COPD is the thickening of airway walls.

This thickening is largely due to the result of ASM cell hyperplasia and hypertro-

phy as well as increased deposition of extracellular matrix (ECM) proteins such as

collagens, elastin, laminin, and proteoglycans around the smooth muscle. The

increases in ASM mass observed in COPD could in part be mediated by inflam-

matory mediators and peptide growth factors, which are released from
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inflammatory cells, such as eosinophils and macrophages as well as epithelium,

extravasated plasma, and the ASM itself. In response to inflammatory mediators

and growth factors, several signal pathways are activated in ASM cells. The most

investigated pathways include mitogen-activated protein kinase (MAPK), nuclear

factor-kappa B (NF-kB), Janus kinases and signal transducers and activators of

transcription (JAK/STATs), SMADs, and β-catenin pathways [17–22]. Activation

of these pathways leads to ASM cell proliferation, migration, and ECM protein

production and secretion of cytokine and chemokines. In turn, these secretory

mediators may affect ASM proliferation and contractility in a vicious cycle.

Excessive deposition of collagen in the airway contributes to thickening and

increased stiffness of the bronchial wall, predisposing to airway obstruction in

COPD [23, 24].

2.3 Contractile Versus Synthetic Phenotype of Airway
Smooth Muscle in COPD

Mature ASM cells retain their capacity for phenotype plasticity to shift between

contractile and synthetic phenotype. ASM phenotype modulation is regulated by

inflammatory mediators, growth factors, and acetylcholine [25, 26]. In vitro, ASM

cells and intact tissue strips switch to a less contractile, more proliferative pheno-

type when exposed to high concentrations of fetal bovine serum or growth factors

[27]. Such a phenotype shift is accompanied by a dramatic decrease in the expres-

sion of specific contractile proteins, such as smooth muscle myosin heavy chain,

calponin, and α-actin [27]. In contrast, induction of a contractile (mature) pheno-

type in cultured ASM cells is characterized by an accumulation of contractile

proteins and contraction regulatory proteins [27, 28]. RhoA/Rho-kinase signaling

plays an essential role in driving the transcription of genes encoding for contractile

proteins in ASM [29]. Serum response factor (SRF) has emerged as a pivotal

transcriptional activator of these smooth-muscle-specific promoters [30]. Localiza-

tion and activation of SRF in the nucleus and subsequent induction of smooth-

muscle-specific genes are importantly regulated by RhoA/Rho-kinase signaling in

ASM [29], presumably through Rho/Rho-kinase-induced actin polymerization, a

process that is required for the activation of SRF [31].

In COPD, small airways exhibit hyperresponsiveness and higher contractility

while ASM mass is increased [5, 32–34]. These findings seem paradoxical in

regards to whether ASM cells in COPD exhibit contractile or synthetic phenotype.

It might be inappropriate to refer higher contractility to contractile phenotype and

hyperplasia to synthetic phenotype. Contractile versus synthetic phenotype is a

manifestation of ASM cells under culture conditions that can be manipulated

in vitro. In the airways of COPD, the dynamics of phenotypic switching of smooth

muscle depends on its dynamic interaction with the inflammatory environment.

The in vivo behavior of ASM in COPD deserves continued study and discussion.

444 Y. Su



3 Mediators That Are Synthesized/Secreted by ASM

or Affect ASM Function in COPD

3.1 Interleukins

The interleukins that are involved in airway inflammation include interleukin-1β
(IL-1β), IL-6, IL-8, and IL-10. These interleukins are produced by a number of

cell populations, including activated bronchial epithelial cells, macrophages,

neutrophils, and ASM cells [35, 36].

IL-1β is one of the major cytokines involved in the initiation and persistence of

inflammation in COPD and its exacerbations. The macrophage/monocyte is a

primary source of IL-1, but many other cells, including fibroblasts, T-cells,

neutrophils, and bronchial and alveolar epithelial cells, also produce IL-1β. IL-1β
is synthesized as 31-kD precursor, pro-IL-1β. The active, mature IL-1β is produced
upon cleavage of pro-IL-1β by a specific IL-1β–converting enzyme (ICE or

caspase-1) or by proteases such as matrix metalloprotease-9 (MMP-9 or gelatinase

B). IL-1β gene polymorphisms are associated with susceptibility to COPD

[37]. IL-1β enhances the production of neutrophil-attractant CXC chemokines KC

(CXCL1) and MIP-2 (CXCL2) as well as of matrix metalloproteases MMP-9 and

MMP-12 in the lungs [38]. Over-expression of IL-1β is sufficient to induce lung

inflammation, enlargement of distal airspaces, mucus metaplasia, and ASM

thickening and fibrosis in adult mice [38].

IL-6 is a potent proinflammatory cytokine produced by a diverse set of cell

populations includingASMcells [32]. In animalmodels, its expression can be induced

by LPS, rhinovirus 16 (RV16), and respiratory syncytial virus [39, 40]. IL-6 exerts

proinflammatory effects by activating both leukocytes and structural cells including

pulmonary epithelial cells. The levels of IL-6 are increased in the induced sputum,

bronchoalveolar lavage, and blood of patients with COPD [41]. Its levels have been

reported to be even higher during exacerbation [41]. IL-6 levels in plasma are consis-

tently associated with impaired lung function [42]. In a murine model, IL-6

overexpression resulted in emphysema like airspace enlargement, airway inflamma-

tion, airway hyperresponsiveness, and bronchial wall thickening [43].

IL-8, which is also called chemokine (C-X-C motif) ligand 8 (CXCL-8), is a

potent chemoattractant for neutrophils and monocytes and, depending on the

anatomical location, may contribute to the mobilization of these leukocyte

populations into the lung [44]. In some studies, the levels of IL-8 are increased in

the induced sputum of patients with COPD, and the levels appear to correlate with

the proportion of neutrophils and are also increased in the sputum during

exacerbations [45, 46].
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3.2 Tumor Necrosis Factor-α (TNF-α)

Tumor Necrosis Factor-α (TNF-α) is a potent proinflammatory mediator in COPD

[47, 48]. TNF-α is produced by many different cell types. The main sources in vivo

are stimulated monocytes, fibroblasts, and endothelial cells. Macrophages, T-cells,

B-lymphocytes, granulocytes, smooth muscle cells, and eosinophils also produce

TNF-α after stimulation. The synthesis of TNF-α can be stimulated by IL-1β,
bacterial endotoxins, and platelet-derived growth factor (PDGF). The activation

of TNF-α receptors induces the production and release of a number of inflammatory

mediators such as reactive oxygen species (ROS), CXCL10, vascular cell adhesion

molecule one (VCAM-1), and intercellular adhesion molecule one (ICAM-1),

which in turn induce additional inflammatory effects [49, 50]. In addition, TNF-α
contributes to airway hyperresponsiveness by altering ASM Ca2+ responses to

agonist stimulation such as acetylcholine and bradykinin [51–53]. TNF-α induces

the expression of transient receptor potential (TRP) channel family proteins that

function as channels through which receptor-operated and store-operated Ca2+

entry (SOCE) occurs [54]. TNF-α induces Ca2+ sensitization of MLC20 phosphor-

ylation in ASM cells by an inhibition of the smooth muscle myosin light chain

phosphatase activity via Rho-kinase activation [52].

3.3 Leukotrienes

Leukotrienes are synthesized in cells from arachidonic acid (AA) by the enzyme

5-lipoxygenase. 5-lipoxygenase first converts AA into 5-hydroperoxyeicosatetraenoic

acid (5-HPETE), which spontaneously reduces to 5-hydroxyeicosatetraenoic acid

(5-HETE). The enzyme 5-lipoxygenase acts again on 5-HETE to convert it into

leukotriene (LTA4), an unstable epoxide. In neutrophils and monocytes, LTA4 is

then converted by LTA4 hydrolase into the dihydroxy acid leukotriene LTB4.

In mast cells and eosinophils, LTA4 is conjugated with the tripeptide glutathione to

form the cysteinyl leukotrienes, LTC4, under the catalysis of LTC4 synthase.

Outside of cells, LTC4 can be converted by ubiquitous enzymes to form LTD4

and LTE4. The levels of leukotrienes are increased in the lungs, sputum, and

exhaled breath condensate in stable COPD and its exacerbations [32, 55, 56].

Leukotrienes are extremely potent mediators of airway hyperresponsiveness and

inflammation, producing smoothmuscle contraction, especially bronchoconstriction,

increased vascular permeability, and migration of leukocytes to areas of

inflammation.
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3.4 Prostaglandins

Prostaglandins are products of the metabolism of AA by cyclooxygenase (COX).

There are two major COX isoenzymes: COX-1 is expressed constitutively (con-

stantly) in most tissues, whereas COX-2 is induced by inflammation. Both COX-1

and COX-2 use AA to generate the same product, prostaglandin H2. A number of

enzymes further modify this product to generate bioactive lipids (prostanoids)

such as prostacyclin (PGI2), thromboxane A2 (TXA2), prostaglandin D2 (PGD2),

prostaglandin E2 (PGE2), and prostaglandin F2α (PGF2α). PGD2, PGE2, PGF2α,

PGI2, and TXA2 bind to prostanoid DP, EP, IP, and TP receptors, respectively,

which belong to the family of rhodopsin like seven transmembrane receptors.

PGD2, PGE2, PGF2α, and TXA2 are mainly produced by monocytes,

macrophages, neutrophils, lung parenchyma, and platelets as well as ASM. The

levels of prostaglandins are increased in the lungs, sputum, and exhaled breath

condensate in stable COPD and its exacerbations [57, 58]. PGD2, PGF2α, and

TXA2 induce strong bronchoconstriction and contribute to airway hyperrespon-

siveness in COPD [59–61]. In addition, TXA2 is a potent stimulator of ASM cell

proliferation, which leads to bronchial smooth muscle hyperplasia and airway

remodeling [62].

3.5 Acetylcholine

Acetylcholine is the primary parasympathetic neurotransmitter in the airways. The

major source of acetylcholine in the airways is the vagal nerve. The release of

acetylcholine from the vagal nerve is regulated by a variety of prejunctional

receptors, including autoinhibitory muscarinic M2 receptors [3, 63] . Muscarinic

M2 autoreceptor dysfunction is mediated by eosinophils. This mechanism may be

more prominent in asthma and COPD acute exacerbations than in stable COPD

[64]. Inflammatory mediators such as prostaglandins, histamine, bradykinin, sero-

tonin, adenosine, and endothelin can augment acetylcholine release from choliner-

gic nerve endings by prejunctional facilitation [65]. Recent studies indicate that

acetylcholine is also released from nonneuronal origins. Bronchial epithelial cells,

T- and B-lymphocytes, mast cells, monocytes, granulocytes, alveolar macrophages,

and ASM cells contain acetylcholine or express its synthesizing enzyme, choline

acetyltransferase (ChAT) [66, 67].

Acetylcholine acts through both Gi-coupled muscarinic M2 and Gq-coupled

muscarinic M3 receptors on ASM. Muscarinic receptor signaling increases ASM

contractility, ASM proliferation and differentiation, and production of ECM

proteins. Parasympathetic activity is increased in airway inflammation, which is

the basis for the use of anticholinergic therapy in COPD. The increased muscarinic

activity is caused by exaggerated release of neuronal acetylcholine due to neuronal

mechanisms associated with inflammation. Increased expression and enhanced
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function of signaling molecules essential for muscarinic receptor mediate ASM

contraction and proliferation. In COPD, muscarinic receptor-linked signaling

pathways that regulate the Ca2+ sensitivity of ASM cells are enhanced. The

expression and function of RhoA, CPI-17, and CD38 are increased by

proinflammatory cytokines in vitro and in animal models of COPD [68]. Muscarinic

receptor signals augment the mitogenic responses of ASM to EGF and PDGF,

contributing to the increase in ASM mass observed in COPD [69].

3.6 PDGF

PDGFs are dimers of disulfide-linked polypeptide chains (PDGF-AA, PDGF-AB,

or PDGF-BB). PDGFs bind via two receptor tyrosine (Tyr) kinase receptors

(PDGFR-α and PDGFR-β). PDGFRs contain common domain structures, including

five extracellular immunoglobulin loops and a split intracellular Tyr kinase domain.

Ligand binding promotes receptor dimerization, which allows for receptor

autophosphorylation on Tyr residues in the intracellular domain and initiation of

signaling. Autophosphorylation of PDGFR provides docking sites for downstream

signaling molecules and propagates signals through protein-protein interactions

through specific domains, such as Src homology domain (SH2) and

phosphotyrosine binding domains (PTBs). PDGF binding to PDGFR-α
and PDGFR-β engages several signaling pathways, such as Ras-MAPK, PI3K,

and PLC-γ [70, 71]. Elevated expressions of PDGFs and PDGFR have been

found in COPD [72, 73]. PDGF and acetylcholine act synergistically and induce

ASM proliferation in COPD [69].

3.7 TGFβ

TGFβ is produced by a range of cells including platelets, macrophages, epithelial

cells, and ASM. TGFβ1 is synthesized as an inactive latent precursor called the

small latent TGFβ1 complex, which is composed of an N-terminal latency-

associated peptide (LAP) and a C-terminal mature TGFβ1 [74]. After secretion

from the cells, the small latent TGFβ1 complex binds to a latent TGFβ1 binding

protein (LTBP). Latent TGFβ1 must be activated into a mature form for receptor

binding and subsequent activation of signal transduction pathways. Latent TGFβ1
can be activated either by removing LTBP extracellularly through proteolytic

cleavage by various proteases such as plasmin, thrombin, plasma transglutaminase,

or endoglycosylases [75], or by physical interactions of the LAP with other

proteins, such as thrombospondin-1 [76], or by an integrin-induced conformational

change in the small latent TGFβ1 complex [77, 78]. Recently, we found that calpain

activates TGFβ1 by cleaving latent TGFβ1 [79]. We have reported that PDGF
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induces activation of intracellular TGFβ1 in the Golgi and triggers an intracrine

TGFβ/Smad signal pathway [79].

TGFβ1 first binds to TGFβ1 receptor type II (TGFβRII) and induces the

assembly of type I and type II receptors into complexes, within which TGFβRII
phosphorylates TGFβ1 receptor type I (TGFβRI). TGFβRI expressed in smooth

muscle cells is activin-receptor-like kinase 5 (ALK5) [80]. Phosphorylation of

ALK5 activates its kinase and subsequently causes Smad2/3 phosphorylation

[81]. Smads have intrinsic transcription-inducing activity. In the basal state,

Smad2/3 are found in the cytoplasm, but after phosphorylation/activation, they

form a complex with Smad4 and are shuttled to the nuclei, where they bind to a

number of transcription factor sites on the COL1A1 and COL1A2 gene promoter

[82]. Besides inducing COL1A1 and COL1A2 gene transcription, TGFβ1 also

increases collagen synthesis through posttranscriptional and translational

mechanisms. TGFβ1 increases COL1A1mRNA by stabilizing the mRNA through

p38 MAPK signaling [83, 84]. TGFβ1 also induces the genes that regulate the

transport and metabolism of L-arginine and L-proline [85, 86], which provide

crucial substrates for collagen synthesis. TGFβ1 stimulates smooth muscle

proliferation at low concentrations, whereas at higher concentrations, it induces

smooth muscle differentiation and the expression of α-actin and calponin

[87–89].

The TGFβ1/Smad pathway is upregulated in COPD [90–92]. Inhibition of

TGFβ1 signaling attenuates airway remodeling [93]. TGFβ-induces collagen syn-

thesis and proliferation in the ASM cells [90]. TGFβ stimulates the expression of

connective tissue growth factor (CTGF) and IL-6 in ASM [90, 94]. Coordinating

with CTGF and inflammatory mediators, the TGFβ1/Smad pathway plays an

important role in the pathogenesis of airway remodeling in COPD [90].

3.8 CTGF

CTGF belongs to the family of Cyr61/CTGF/Nov (CCN) proteins, structurally

related secreted matricellular proteins with functions in adhesion, migration, pro-

liferation, and extracellular matrix synthesis [95]. The expression of CTGF is

potently induced by TGFβ [90]. CTGF mediates TGFβ-induced expression of

collagen types I and IV, fibronectin, elastin, and the chondroitin sulfate

proteoglycans biglycan and decorin in ASM [90]. CTGF is synthesized in the

alveolar epithelial cells, small airway epithelial cells, stromal cells, and inflamma-

tory cells in lung tissues [92]. Its expression is increased in the lungs of COPD

patient, and smokers [91, 92, 96]. CTGF stimulates connective tissue deposition in

the airway inflammatory response in COPD [22, 91].
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3.9 Endothelin

Endothelin (ET) was first identified as a vasoactive peptide. Investigators have

unveiled its wider biological activities. ET interacts with various cytokines, cellular

elements, and oxidative processes in COPD. Three isoforms of endothelin have

been described in humans and other mammals, ET-1, ET-2, and ET-3. The most

common ET in humans is ET-1 because it is the only ET to be produced in

endothelial cells and is also produced in smooth muscle cells. ET-1 acts locally

as a paracrine factor. ET-1 levels in sputum and plasma are elevated in

exacerbations of COPD [41]. Endothelins exert their action via receptors,

endothelin type A (ETA) and type B (ETB). The ETB receptors are further divided

into two subtypes, ETB1 and ETB2. Endothelin receptors are linked to G proteins,

which leads to increased levels of inositol 1,4,5-trisphosphate (IP3) and 1,2

diacylglycerol (DAG), as well as increased levels of cAMP. These processes result

in increased cytosolic free calcium concentration, stimulation of phospholipase A2

(PLA2), activation of protein kinase C (PKC), and ROS production [97–99]. Acti-

vation of ETA and ETB2 receptors induces SMC contraction, proliferation, and

migration [99–104]. ET also participates in inflammatory processes by inducing

IL-6 synthesis in ASM cells [105].

3.10 ROS

In COPD, ROS are released from activated inflammatory cells or structural cells

such as epithelial, endothelial, and smooth muscle cells [106, 107]. ROS may

also be present in tobacco smoke [108]. The ROS formed in COPD include

superoxide, H2O2, hydroxyl, and peroxynitrite. Superoxide anions are converted

to H2O2 by superoxide dismutase (SOD). H2O2 is then dismuted to water by

catalase. Superoxide and H2O2 may interact in the presence of free iron to form

the highly reactive hydroxyl radical. The increased ROS formation is from

mitochondria, NADPH oxidase, or xanthine oxidase, three major sources of

ROS in cells [94, 109].

ROS play an important role and underlie the pathological processes in COPD.

Oxidative stress directly damages cellular components such as lipids, proteins, and

DNA, which may result in the death of bronchial epithelial cells and capillary

endothelial cells [110, 111]. Oxidative stress can cause the activation of

metalloproteases and inactivation of antiproteases (such as α1-antitrypsin or secre-

tory leukoprotease inhibitor), leading to degradation of the ECM surrounding the

peripheral airspace [112]. ROS activate redox-sensitive transcription factor such as

nuclear factor-kappaB, which switches on multiple inflammatory genes, resulting in

amplification of the inflammation in the terminal airway [113]. More importantly,

ROS participate in ASM cell proliferation and deposition of ECM, such as collagen

[114]. The signal transduction of ROS is related to the activation of extracellular

signal-regulated kinases, c-Src, and MAPK [109].
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4 Summary

The secretory mediators from inflammatory cells, airway epithelial cells, and ASM

cells per se affect ASM proliferation and contractility in a vicious cycle in COPD

pathogenesis. Targeting the signaling pathways associated with these mediators

may hold promise as a therapeutic intervention in airway hyperresponsiveness and

remodeling in COPD.
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