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Role of Airway Smooth Muscle
in Inflammation Related to Asthma

and COPD

Hiroaki Kume

Abstract

Airway smooth muscle contributes to both
contractility and inflammation in the patho-
physiology of asthma and COPD. Airway
smooth muscle cells can change the degree of
a variety of functions, including contraction,
proliferation, migration, and the secretion of
inflammatory mediators (phenotype plastic-
ity). Airflow limitation, airway hyperrespon-
siveness, [.-adrenergic desensitization, and
airway remodeling, which are fundamental
characteristic features of these diseases, are
caused by phenotype changes in airway
smooth muscle cells. Alterations between con-
tractile and hyper-contractile, synthetic/prolif-
erative phenotypes result from Ca’* dynamics
and Ca** sensitization. Modulation of Ca?
dynamics through the large-conductance Ca**-
activated K*  channel/L-type  voltage-
dependent Ca?* channel linkage and of Ca’*
sensitization through the RhoA/Rho-kinase
pathway contributes not only to alterations in
the contractile phenotype involved in airflow
limitation, airway hyperresponsiveness, and
[,-adrenergic desensitization but also to alter-
ation of the synthetic/proliferative phenotype

involved in airway remodeling. These Ca’**
signal pathways are also associated with syn-
ergistic effects due to allosteric modulation
between f,-adrenergic agonists and musca-
rinic antagonists. Therefore, airway smooth
muscle may be a target tissue in the therapy
for these diseases. Moreover, the phenotype
changing in airway smooth muscle cells with
focuses on Ca** signaling may provide novel
strategies for research and development of
effective remedies against both bronchocon-
striction and inflammation.
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CaM calmodulin

cAMP 3’-5"-cyclic adenosine
monophosphate

CCh carbachol

cGMP 3’-5’-cyclic guanosine
monophosphate

ChTX charybdotoxin

COPD chronic  obstructive  pulmonary
disease

CPI-17 C-kinase potentiated protein phos-
phatase-1 inhibitor

CTX cholera toxin

GPCRs G protein-coupled receptors

CRAC Ca?* release-activated Ca** current

EETs epoxyeicosatrienoic acids

G, a stimulatory trimeric G protein of
adenylyl cyclase

G; an inhibitory trimeric G protein of
adenylyl cyclase

GDP guanosine diphosphate

GTP guanosine triphosphate

HA-1077  fasudil hydrochloride

20-HETE 20-Hydroxyeicosatetraenoic acid

H,0, hydrogen peroxide

IbTX iberiotoxin

IP;R inositol-1,4,5-triphosphate receptor

K¢, channel large-conductance Ca?*-activated K*
channel

LABA long-acting p,-adrenergic receptor

LAMA long-acting muscarinic receptor
antagonist

Lyso-PC  lysophosphatidylcholine

MCh methacholine

MLC myosin light chain

MLCK myosin light chain kinase

MP myosin phosphatase

MYPTI myosin phosphatase targeting sub-
unit 1

nPo open-state probability

NO nitric oxide

ONOO~  peroxynitrite

PDGF platelet-derived growth factor

PKA protein kinase A

PKC protein kinase C

PKG protein kinase G

PTX pertussis toxin

RhoA a monomeric G protein

ROC receptor-operated Ca* entry
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ROS reactive oxygen species

RyR ryanodine receptor

SOC store-operated capacitative Ca?*
entry

S1P sphingosine 1-phosphate

SR sarcoplasmic reticulum

STOCs spontaneous outward currents

TGF-p1 transforming growth factor beta 1

TRP transient  receptor  potential
channel

VDC channel L-type voltage-dependent Ca*
channel

Y-27632 (R)-4-(1-aminoethyl)-N-(pyridin-
4-yl)cyclohexanecarboxamide
dihydrochloride

9.1 Introduction

Airway smooth muscle contraction contributes to
airflow limitation, which is implicated in the
pathophysiology of asthma and chronic obstruc-
tive pulmonary disease (COPD). Airway smooth
muscle tone is regulated by myosin light chain
(MLC), which is phosphorylated by myosin light
chain kinase (MLCK) and dephosphorylated by
myosin phosphatase (MP). Activation of MLCK
is mediated by an increase in concentration of
intracellular Ca** ([Ca?*];) via Ca’* influx through
various types of Ca®* channels (Ca’*-dependent
mechanisms, Ca?* dynamics). In contrast, inacti-
vation of MP is mediated by an increase in the
sensitivity to intracellular Ca®* via Rho-kinase,
which is a protein affected by RhoA, a mono-
meric G protein (Ca®*-independent mechanisms,
Ca?* sensitization) [1].

Inhibition of both Ca®* dynamics and Ca*
sensitization is associated with the effects of 3,-
adrenergis receptor agonists against muscarinic
contraction [1-3]. Moreover, these agonists relax
airway smooth muscle via 3’-5"-cyclic adenosine
monophosphate  (cAMP)-dependent  protein
kinase (protein kinase A: PKA), leading to inacti-
vation (phosphorylation) of MLCK. Large-
conductance Ca**-activated K* (K,) channels are
markedly activated by PKA-induced phosphory-
lation [4-7] and G,-induced membrane-delimited
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action (G, a stimulatory trimeric G protein of
adenylyl cyclase) (dual pathway) [5-8]. In con-
trast, K¢, channels are suppressed by muscarinic
receptor agonists via G;, an inhibitory trimeric G
protein of adenylyl cyclase (dual regulation by G,
and G;) [8, 9]. The functional antagonism between
B,-adrenergic and muscarinic receptors (G
protein-coupled receptors: GPCRs) may con-
verge on these channels. Since K¢, channels have
a large conductance of outward currents and exist
innumerably on the cell membrane in airway
smooth muscle [10], the opening of these chan-
nels also regulates airway smooth muscle tone
mediated by membrane potential-dependent Ca*
influx (Ca?* dynamics), such as L-type voltage-
dependent Ca?* (VDC) channels [11].

Airway smooth muscle cells play essential
roles in the pathophysiology and therapy for
asthma and COPD because these cells have the
ability to change the degree of various functions,
such as contractility, proliferation, migration, and
synthesis of inflammatory mediators, referred to
as phenotype plasticity [1, 12, 13]. The plasticity
from a contractile phenotype to hyper-contractile
and synthetic/proliferative phenotypes (prolifera-
tion, migration, or secretion of chemical media-
tors) may result in an increase in contractility and
inflammation in the respiratory tracts, leading to
airflow limitation, airway hyperresponsiveness,
and airway remodeling (characteristic features of
asthma and COPD). Therefore, these phenotype
changes in airway smooth muscle cells may be
associated with key characteristics of pathogene-
sis of these diseases.

Alterations of contractile phenotype, which is
a characteristic feature of patients with asthma
and COPD, may result from Ca** signaling (Ca**
dynamics and Ca?* sensitization) and K¢, chan-
nels in airway smooth muscle cells [1, 7, 14-17].
Alterations of synthetic/proliferative phenotype
also results from Ca** dynamics [18, 19] and Ca*
sensitization [1, 16, 17, 20-24]. Clinical trials
have demonstrated that a VDC channel inhibitor
reduces airway remodeling in patients with
severe asthma [25], and that a novel African-
specific coding polymorphism (the 818 T allele)
in B; subunit of K¢, channels is associated with
severity and morbidity of asthma via inactivation

of these channels [26]. In sensitized mice as
asthma model, rottlerin, a K¢, channel agonist,
results in reducing both inflammation and hyper-
responsiveness in the airways [27]. Ca’* signal-
ing and K, channels may contribute not only to
contraction but also to inflammation in the air-
ways. Therefore, these processes may play key
roles in research and development for remedy of
asthma and COPD [28, 29].

In this chapter, the functional characteristics
of airway smooth muscle involved in alterations
of contractile and synthetic/proliferative ability
(phenotype changes) are examined with a focus
on Ca* signaling (Ca** dynamics and Ca*
sensitization) mediated by the G protein/Kc,
channel/VDC channel linkage and the RhoA/
Rho-kinase processes. Moreover, data will be
reviewed in detail from various fields (physiol-
ogy—molecular biology) regarding phenotype
changing in airway smooth muscle cells to seek a
novel strategy for developing more effective
agents for asthma and COPD that are beneficial
both to contraction and to inflammation in the
respiratory tracts.

9.2 Mechanical Characteristics
of Airway Smooth Muscle
9.2.1 General

Contractile agonists acting on G protein-coupled
receptors (GPCRs), such as methacholine (MCh),
histamine, prostaglandins, leukotrienes, and
endothelin, initially cause phasic contraction of
airway smooth muscle, subsequent to tonic con-
traction with increasing concentration of intra-
cellular Ca** ([Ca*];) mediated by Ca*" influx
passing through various Ca?** channels (Ca*
dynamics) [30]. When these agents (ligands) are
connected to the GPCRs, receptor-operated Ca”
(ROC) entry is activated [31], and then Ca’" is
released from sarcoplasmic reticulum (SR) via
the production of inositol-1,4,5-triphosphate
receptor (IP;R) and ryanodine receptors (RyR) in
airway smooth muscle (Fig. 9.1) [32, 33]. This
Ca?* release from SR activates store-operated
capacitative Ca?* (SOC) entry, that is, Ca’*
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Fig. 9.1 Mechanisms of the regulation of airway
smooth muscle tone. P,-Adrenergic receptor agonists
activate K¢, channels via PKA and G, leading to inactiva-
tion of VDC channels. Contractile agonists that act on
GPCRs activate SOC entry, non-SOC entry, and VDC
channels. Ca* signaling (Ca®* dynamics and Ca®* sensiti-
zation) contributes to the functional antagonism between
f3,-adrenergic receptor agonists and these contractile ago-
nists related to GPCRs. MLC phosphorylation (pMLC),
which is regulated by the balance between MLCK and
MP, is fundamental for controlling contraction in airway
smooth muscle. GPCR-related agents cause Ca®* influx
and cause Ca** release from the SR by producing IP;. The
latter process induces Ca’** influx via activation of
SOC. An increase in concentration of intracellular Ca**
mediated by these processes enhances the binding of Ca**
to CaM. A Ca®* — CaM complex (Ca*/CaM) augments
MLCK activity, leading to MLC phosphorylation (Ca**
dynamics: Ca**-dependent mechanisms). Contractile ago-
nists acting on GPCRs activate PKC and RhoA. The PKC/
CPI-17/CPI-17-P processes and the RhoA/GTP-RhoA/
Rho-kinase processes phosphorylate (inactivate) MP,

release-activated Ca>* (CRAC) currents [30].
Although transient receptor potential (TRP)
channels may be involved in the conduction of
SOC influx [34], it is recently considered that the
pore-forming protein Orai 1 is an essential com-
ponent of the CRAC currents [35, 36]. Stromal
interaction molecule 1 (STIM 1), which is Ca**
sensor for store depletion in the SR, activates
SOC entry at the cell membrane formed by Orai

leading to MLC phosphorylation (Ca®* sensitization:
Ca*-independent mechanisms). Muscarinic receptor
antagonists mainly suppress only Ca** dynamics; in con-
trast, B,-adrenergic receptor agonists antagonize both Ca**
dynamics and Ca** sensitization, ultimately inducing the
inhibition of MLCK and muscle relaxation. ACh: acetyl-
choline, LTs: leukotrienes, PGs: prostaglandins, B,: f,-
adrenergic receptors, GPCR: G protein-coupled receptor,
AC: adenylyl cyclase, ROC: receptor-operated Ca®* entry,
SOC: store-operated Ca®* entry, IP;: inositol-1,4,5-
triphosphate, IP;R: IP; receptor, SR: sarcoplasmic reticu-
lum, PKA: protein kinase A, PKC: protein kinase C,
CPI-17: C-kinase potentiated protein phosphatase-1
inhibitor, CaM: calmodulin, MLCK: myosin light chain
kinase, MLC: myosin light chain, MP: myosin phospha-
tase, K¢,: large-conductance Ca**-activated K* channels,
VDC: L-type voltage-dependent Ca** channels, RyR:
ryanodine receptor, STIM 1: Stromal interaction molecule
1, STOCs: spontaneous outward currents. Arrows: activa-
tion, dotted arrows: inhibition. Illustrated based on ref.
[1-5, 11, 30, 32, 33, 37, 39-41, 44, 49-51, 53, 54]

1. This STIM 1/Orai 1 process is associated with
SOC entry in airway smooth muscle (Fig. 9.1)
[37]. Moreover, ROC entry consists of not only
SOC entry but also Ca’* entry independent of the
store-operated mechanisms (non-SOC entry)
[30]. However, relationship between the pathway
of Ca* release from SR (IP;R or RyR) and the
component of contraction (phasic or tonic) is not
so clear in various smooth muscles. On the other
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hand, Ca* entry passing through VDC channels
are mainly activated by membrane depolariza-
tion under the condition of high K* at the extra-
cellular side. VDC channels mainly contribute to
high K*-induced contraction. In contrast, VDC
channels are partly involved in the GPCR-
mediated Ca* entry [11]. p,-Adrenergic receptor
agonists activate K, channels in airway smooth
muscle cells [4, 5]. Since K¢, channels may be
involved in membrane potential, VDC channels
are regulated by K¢, channel activity [11, 38]. An
increase in [Ca®*]; enhances the binding of Ca
to calmodulin (CaM), a calcium-binding mes-
senger protein. Myosin light chain kinase
(MLCK) is activated by a Ca?>-CaM complex
(Ca**/CaM), and Myosin light chain (MLC) is
phosphorylated (activated) by MLCK [1, 16, 29],
leading to contraction of airway smooth muscle
(Ca**-dependent contraction: Ca?** dynamics)
(Fig. 9.1) [1, 16, 29]. After activated MLC is
dephosphorylated (inactivated) by myosin phos-
phatase (MP), contraction is reversed to relax-
ation. On the other hand, contractile agonists
activate RhoA, a monomeric G protein, and pro-
tein kinase C (PKC) mediated by stimulating
GPCRs. RhoA is activated by binding to GTP
(RhoA-GTP: active form of RhoA). Rho-kinase,
a serine/threonine kinase, is activated by RhoA-
GTP, and MP is phosphorylated by Rho-kinase
(MP inactivation) [40, 41]. MP is also phosphor-
ylated by C-kinase potentiated protein phospha-
tase-1 Inhibitor (CPI-17), which is another
potential mediator regulated by PKC [42, 43].
Since MLC activity is sustained, not suppressed,
by loss of MLC dephosphorylation via inactiva-
tion of MP, airway smooth muscle tone is
enhanced without increasing [Ca*]; (Ca**-
independent contraction: Ca® sensitization)
(Fig. 9.1) [39, 44]. Airway smooth muscle tone is
regulated by the degree of MLC phosphorylation
mediated by both MLCK and MP activity.
Alterations of contractile phenotype, which are
caused both by Ca?* dynamics and by Ca*" sensi-
tization, have clinical relevance to airflow limita-
tion, airway  hyperresponsiveness,  and
B,-adrenergic desensitization, which are impli-
cated in the pathophysiology of asthma and
COPD [1, 16, 17, 28, 29].

9.2.2 Ca* Dynamics

9.2.2.1 Membrane Potential-
Independent Ca?* Dynamics

When isometric tension and [Ca**]; are simulta-
neously recorded using fura-2-loaded tissues of
tracheal smooth muscle, various contractile ago-
nists (ACh, histamine, prostaglandins, leukotri-
enes, endothelin, etc.) including contractile
agonists acting on GPCRs increase smooth mus-
cle tension with elevated [Ca?*];in a concentration-
dependent manner [39, 45, 46]. However, since
these agents cause a modest depolarization of the
cell membrane in a microelectrode experiment,
airway smooth muscle contracts by Ca** entry via
membrane potential-independent  pathways.
These Ca’* dynamics with a modest depolariza-
tion are associated with Ca’* entry through SOC
and ROC entry [30, 31]. Depletion of the SR Ca*
stores by thapsigargin, an inhibitor of the SR
Ca?-ATPase, also leads to smooth muscle con-
traction with elevated [Ca**]; in the airways, dem-
onstrating Ca?* entry through SOC entry
(Fig. 9.1) [30]. Since SOC entry is not inhibited
by nifedipine, an inhibitor of VDC channels,
VDC channels are not involved in SOC entry.
GPCR-related agonists (MCh and histamine)
cause further increases in [Ca**]; and tension
under the condition that SOC entry is fully acti-
vated. These agonists activate not only SOC entry
but also Ca** entry independent of SOC and VDC
channels (non-SOC) [30]. The Ca** entry and
contraction resulted from non-SOC is inhibited
by Y-27632, an inhibitor of Rho-kinase. In con-
trast, Y-27632 did not affect SOC entry.

9.2.2.2 Membrane Potential-
Dependent Ca?* Dynamics

When concentrations of extracellular K* are
increased more than 6 mM, smooth muscle ten-
sion is generated with elevated [Ca*']; in a
concentration-dependent manner; high K* (40—
60 mM)-induced contraction is approximately
equivalent to MCh (1pM)-induced contraction in
guinea pig tracheal smooth muscle. Since high
concentrations of K* at the extracellular side
causes membrane depolarization, high K*-
induced contraction results from the excitation-
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contraction coupling, different from
GPCR-related agonists; VDC channels are
involved in this mechanism. Outward K* currents
are suppressed under the condition of higher con-
centrations of extracellular K*; K* channel clos-
ing generates smooth muscle tension. In contrast,
K* channel opening leads to smooth muscle
relaxation. VDC channel/K¢, channel processes
may be involved in the membrane potential—
mediated Ca?* dynamics. Activation of K¢, chan-
nels serves as a brake on vasoconstriction in
pulmonary vessels [47, 48]. Membrane hyperpo-
larization mediated by activation of K¢, channels
is proposed as the mechanism of bitter tastant-
induced relaxation of airway smooth muscle
[49], although an alternative pathway may also
be an explanation. Since the membrane potential
is elevated by inactivation of K¢, channels, air-
way smooth muscle contraction may be caused
by VDC channel activation via membrane depo-
larization [11].

In fura-2-loaded strips of tracheal smooth
muscle, verapamil, an inhibitor of VDC chan-
nels, inhibits MCh-induced contraction with
reduced [Ca”];; however, relaxant effects of
verapamil are not so dramatic. VDC channels are
partly involved in contraction mediated by
GPCR-related agonists. Iberiotoxin (IbTX), an
inhibitor of K¢, channels, enhances muscarinic
contraction with elevated [Ca*]; in airway
smooth muscle. Since these effects of IbTX on
tension and [Ca?*]; are attenuated by verapamil
[11, 38], K¢, channel inactivation results in con-
traction with elevated [Ca*"]; via opening VDC
channels arisen from depolarization of cell
membrane, whereas K¢, channel activation
results in relaxation with reduced [Ca]; via
VDC channel inactivation arisen from hyperpo-
larization of cell membrane.

When [Ca*]; is increased by Ca** entry
resulted from various pathways explained before
(Ca?* dynamics), MLCK is activated by Ca*/
CaM, leading to smooth muscle contraction via
phosphorylation of MLC (Fig. 9.1). In airway
smooth muscle, alteration of contractility regu-
lated by Ca?* dynamics is involved in the patho-
physiology of asthma and COPD, such as airflow
limitation, airway hyperresponsiveness, and f3,-

adrenergic desensitization [1, 16, 17, 28, 29]. It is
useful to suppress Ca?* dynamics for improving
these pathological conditions in the airways.

9.2.3 Ca?* Sensitization

9.2.3.1 Characteristics of RhoA/
Rho-Kinase

An increase in [Ca?']; results in airway smooth
muscle contraction (Ca** dynamics, Ca?*-
dependent contraction) [11, 39]. However, it is
generally considered that muscarinic receptor
agonists and histamine increase tension without
a marked increase in [Ca?*];. This phenomenon is
referred to as Ca®>* sensitization (Ca*-
independent contraction) (Fig. 9.1) [50, 51] and
is associated with G protein-coupled mecha-
nisms. Rho is a monomeric G protein that
belongs to the Ras superfamily. The Rho family
makes up a major branch that contains Rho, Rac,
and CdC42. Rho has isoforms of A-G; however,
most of the function is described based on stud-
ies of RhoA. RhoA exhibits both GDP/GTP
binding activity and GTPase activity, and it acts
as a molecular switch between a GDP-bound
inactive state (GDP-RhoA) and a GTP-bound
active state (GTP-RhoA). When cells are stimu-
lated with agonists related to GPCRs, GDP-
RhoA is converted to GTP-RhoA. RhoA and
Rho-kinase are widely distributed to many
organs, including the respiratory system. Rho-
kinase (160 kDa) is an effector molecule of
RhoA [52, 53]. Rho-kinase activated by GTP-
RhoA interacts with MP, and suppresses MP
activity by phosphorylating threonine 696 and
853 of myosin phosphatase targeting subunit 1
(MYPT1), a myosin-binding subunit (Fig. 9.1)
[54, 55]. Rho-kinase has effects on contraction
resulted from Ca?* sensitization, stress fiber for-
mation due to actin (cytoskeletal) reorganiza-
tion, cell migration, and cell proliferation [40,
56]. These phenomena are implicated in the
major characteristics in the pathophysiological
of asthma and COPD, such as airflow limitation,
airway  hyperresponsiveness, [},-adrenergic
desensitization, eosinophil recruitment, and air-
way remodeling [1, 16, 17, 28, 29].
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9.2.3.2 Role of RhoA/Rho-Kinase
on Tension

Y-27632, a pyridine derivative, was developed as
a specific Rho-kinase inhibitor. Y-27632 relaxes
vascular smooth muscle with reducing sensitivity
to intracellular Ca®* [41]. The effects of Y-27632
on MCh-induced contraction were analyzed by
using strips of guinea pig airway smooth muscle
treated with fura-2. In strips of guinea pig airway
smooth muscle treated with fura-2, Y-27632
inhibits contraction induced by GPCR-related
agonists, such as MCh, histamine, prostaglan-
dins, and leukotrienes, in a concentration-
dependent manner, but there is no significant
decrease in [Ca*]; [39]. Y-27632 inhibits the
phosphorylation of MYPT1, which is an effective
protein for Rho-kinase action on MP in airway
smooth muscle cells, in a concentration-
dependent manner [55]. Fasudil hydrochloride
(HA-1077), a specific inhibitor of Rho-kinase, is
used clinically to suppress cerebral vasospasm
following subarachnoid hemorrhage [57]. In
allergen sensitized mice, HA-1077 suppresses
MCh-induced lung resistance in a dose-dependent
manner [58], indicating that Rho-kinase inhibi-
tion results in a decrease of bronchoconstriction.
Alteration of contractility of airway smooth mus-
cle regulated by Ca** sensitization is also involved
in airflow limitation, airway hyperresponsive-
ness, and ,-adrenegic desensitization [1, 16, 17,
28, 29].

9.2.4 Role of Ca?* Signaling on f},-
Adrenergic Action

B,-adrenergic receptor agonists (isoproterenol,
procaterol, salbutamol) result in a concentration-
dependent inhibition in both tension and Fs,¢/Fsgo
induced by MCh-induced contraction in the fura-
2-loaded tissues of guinea pig tracheal smooth
muscle [2, 3]. However, under the condition that
these f,-adrenergic receptor agonists cause
roughly complete inhibition in tension, the values
of F3,0/Fsq are still higher than that at the basal
level [2, 3]. The concentration-inhibition curves
for these P,-adrenergic receptor agonists against
MCh in tension are significantly dissociated from

those curves in F349/Fsg [2, 3]. These results dem-
onstrate that a reduction in tension is significantly
greater than that in Fj/Fsg in P,-aderenergic
action on airway smooth muscle. The tension—
F40/Fsg0 curve for SKF-96365 (3—100pM), a non-
selective inhibitor of Ca?* influx, against MCh is
on the lower side than those curves for these 3,-
adrenergic receptor agonists. In contrast, the ten-
sion—Fs,/Fsgy curve for Y-27632 (3—-100pM), a
specific inhibitor of Rho-kinase, is on the upper
side than those curves for these [,-adrebergic
receptor agonists. The curves for these f,-
adrenergic receptor agonists exist between the
curves for SKF-96365 and Y-27632 [2, 3]. These
results demonstrate that a decrease not only in
Ca?* dynamics but also in Ca?* sensitization con-
tributes to p,-adrenergic action on airway smooth
muscle. On the other hand, glycopyrronium (a
muscarinic  receptor antagonist) causes a
concentration-dependent inhibition of MCh-
induced contraction with a marked reduction in
[Ca**] in fura-2-loaded tissues of tracheal smooth
muscle [2], different from f,-adrenergic receptor
agonists. The concentration-inhibition curve for
glycopyrronium against MCh in tension is not
dissociated from those curves in Fiu/Fsg [2]. A
decrease in Ca** sensitization may not be involved
in the relaxant effect of a muscarinic receptor
antagonist ~ on  muscarinic  contraction.
Involvement of Ca?* signaling is not consistent
between f,-adrenergic receptor agonists and
muscarinic receptor antagonists.

9.3 Large-Conductance Ca?*-
Activated K* Channels
9.3.1 General

Large-conductance Ca**-activated K* (Kc,) chan-
nels are densely distributed on smooth muscle
cell membrane in various organs including
human airway smooth muscle [59—-61]. K, chan-
nels have a large conductance of about 250 pS in
symmetrical 135-150 mM K* medium, as com-
pared to other K* channels, and these channels
are highly selective for K* despite their large con-
ductance [62]. In freshly isolated human bron-
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chial smooth muscle cells, single currents of K¢,
channels have been recorded in the electrophysi-
ological technique such as cell-attached patches,
inside-out patches, and outside-out patches [63,
64]. Typical action potentials are not observed in
airway smooth muscle cells under physiological
conditions (weak excitability). This lack of action
potentials may result from a marked increase in
outward K* conductance of the plasma mem-
brane passing through K¢, channels upon depo-
larization [65]. Augmented K* conductance of
the membrane may lead to an inhibition in excit-
ability in airway smooth muscle. Application of a
K* channel opener results in a decrease in lung
resistance (bronchodilation) [66]. Spontaneous
phasic contractions can be generated along with
electrical activities by applying K¢, channel
inhibitors, such as charybdotoxin (ChTX) and
iberiotoxin (IbTX) [67]. Outward K* currents
passing through K¢, channels may be functioning
in an important regulatory role in airway smooth
muscle cells [68]. f,-adrenergic receptor agonists
increase K¢, channel activity, and in contrast,
muscarinic receptor agonists decrease this chan-
nel activity [4, 5, 8, 9]. Therefore, this channel
may be target molecule in the functional antago-
nism between f},-adreneric and muscarinic recep-
tors [1, 16, 17, 28, 29, 69].

9.3.2 Structure

K¢, channels are composed of a tetramer formed
by pore-forming a-subunits along with acces-
sory -subunits, and these channels are activated
by increased membrane potential and increased
[Ca?*];. The a-subunit is ubiquitously expressed
by mammalian tissues and encoded by a single
gene (Slo, KCNMAT) [70, 71]. The a-subunit
transmembrane domains comprise seven
membrane-spanning segments (S0-S6) with
extracellular loops and share homology with all
voltage-gated K* channels with six transmem-
brane domains (S1-S6) and a pore helix. S1-S4
are arranged in a bundle that forms the voltage-
sensing component; S5-S6 and pore helices
contribute to form the pore-forming component
and the K* selective filter [72]. The C-terminal

tail contributes to the Ca**-sensing ability of this
channel with a pair of Ca’*-sensing domains that
regulate the conductance of K* (RCK), that is,
RCK1 and RCK2 [73]. Although the Ca?* sensor
of K¢, channels has high specificity for Ca*,
other factors including divalent cations also
influence the opening of these channels.
Magnesium (Mg?*) enhances activation of these
channels via a distinct binding site in the volt-
age sensor and RCK1 domain [74]. On the other
hand, intracellular protons (H*) attenuate the
opening of K¢, channels [10, 75]. K¢, channels
are associated with modulatory p-subunits,
which are expressed in a cell-specific manner
and have unique regulatory actions on these
channels. The B-subunits bring about diversity

of K¢, channels. There are four distinct
B-subunits, B1-4, which are encoded by
KCNMB1, KCNMB2, KCNMB3, and

KCNMBA4. These p-subunits in these channels
consist of two transmembrane domains with
intracellular N- and C-termini and a long extra-
cellular loop [76].

9.3.3 Electrical Characteristics

The unitary amplitude of K¢, channels is approx-
imately 5 pA under the condition of approxi-
mately 6 mM K* at the cytosolic side and
approximately 130 mM K* at the extracellular
side held at 0 mV in tracheal smooth muscle cells
[4]. Ca** sensitivity of K¢, channels is increased
by intracellular Mg?, as is the case in vascular
muscle [77]; in contrast, Ca®* sensitivity of this
channel is decreased by intracellular H* in tra-
cheal smooth muscle [10]. K¢, channel activity is
markedly inhibited by intracellular acidification
by shortening the open state of the channel. On
the other hand, intracellular alkalization has an
opposite effect (increasing Ca** sensitivity and
lengthening the open state of the channel). In the
single-channel recording using outside-out
patches of guinea pig and canine tracheal muscle
cells, currents of K¢, channels are reversibly
blocked by external application of scorpion
venom such as charybdotoxin (ChTX) or iberio-
toxin (IbTX), selective antagonists of K¢, chan-
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nels. This effect is not a result of reduced current
amplitude; rather, it is caused by reducing the
open-state probability (nPo), the fraction of the
time during which the channel is open [8, 78]. In
contrast, tetraethylammonium (TEA, 1 mM)
strongly reduces the unitary amplitude of single
K¢, channel current, different from the effects of
ChTX (100 nM) on these channels without affect-
ing current amplitude [60]. K¢, channels are not
affected by 4-aminopyridine (4-AP, 1 mM).

9.3.4 Effects on Ca?* Signaling

In excitation-contraction coupling of airway
smooth muscle cells [79], local increases in Ca?*
concentrations occur due to focal releases of
Ca?* through ryanodine receptors (RyR) from
the sarcoplasmic reticulum (SR), termed Ca?
sparks (Fig. 9.1). K¢, channels are markedly
opened by the Ca?* sparks from SR close to the
sarcolemma, resulting in spontaneous outward
currents (STOCs) (Fig. 9.1). The coupling of
ryanodine-mediated Ca** sparks to K¢, channel-
mediated STOCs, which is enhanced by f; sub-
unit, causes hyperpolarization of smooth muscle
cells, leading to smooth muscle relaxation via
reduction of Ca** entry. In K¢, channel f3; subunit
knockout mice, tracheal contraction induced by
a muscarinic receptor agonist is enhanced as
compared to wild-type mice, and not only the
single channel activity of K¢, channels in an
inside-out patch but also STOCs in a whole cell
configuration are markedly attenuated in tra-
cheal smooth muscle cells of knockout mice as
compared to wild-type mice [80]. IbTX (30 nM)
enhances methacholine-induced contraction
with elevating [Ca*]; in airway smooth muscle,
and verapamil, an inhibitor of VDC channels,
suppresses the effect of IbTX on both tension
and [Ca**];, demonstrating that K, channel inhi-
bition augments contraction via a Ca* entry
passing through VDC channels [11]. Therefore,
K¢, channel activity regulates the tone of airway
smooth muscle; however, the Ca?* sparks via
ryanodine receptors may not be directly involved
in this K¢, channel-mediated bronchoconstric-
tion and bronchodilation [81].

9.3.5 Effects on f§,-Adrenergic
Action

B,-Adrenergic receptor agonists cause relaxation
of human and guinea pig tracheal smooth mus-
cles with membrane hyperpolarization in the
intracellular microelectrode technique [82, 83].
These agents also inhibit tracheal smooth muscle
contraction with reducing [Ca*]; in a simultane-
ous recording isometric tension and Fjyy/Fsg
using fura-2-loaded tissues [2, 3]. The relaxant
effects of cAMP-related agents, such as isopro-
terenol and forskolin, on muscarinic contraction
are significantly reduced in the presence of
ChTX, a selective inhibitor of K., channels [84—
86]. This phenomenon may result from Ca*
dynamics based on K¢, channel activation medi-
ated by membrane hyperpolarization (Fig. 9.1).

9.3.5.1 Protein Kinase A

Application of PKA (10 units/mL) to the cyto-
solic side of inside-out membrane patches revers-
ibly increases nP, of K¢, channels with no
changes in the amplitude of single-channel cur-
rents in tracheal smooth muscle cells [4, 5], and
the recovery from this activation is significantly
delayed in the presence of okadaic acid, an inhib-
itor of protein phosphatases [4]. The open state of
K¢, channel may be enhanced by phosphoryla-
tion of this channel protein. External application
of isoproterenol (0.2 pM), a f,-adrenergic recep-
tor agonist, and okadaic acid (10pM) also
increases K¢, channel activity in the cell-attached
patch-clamp configuration, and the recovery
from this activation was also significantly delayed
by okadaic acid [4]. These findings demonstrate
that PKA-mediated phosphorylation of K, chan-
nel protein is involved in the f3,-adrenerigic action
on this channel (Fig. 9.1) [87]. Moreover, exter-
nal application of forskolin (10pM), a direct acti-
vator of adenylyl cyclase, increases K¢, channel
activity in tracheal smooth muscle cells [84].

9.3.5.2 Stimulatory G Protein

of Adenylyl Cyclase
External application of isoproterenol increases
the open state of K, channels without changes in
the unitary amplitude in outside-out patches in
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the presence of guanosine triphosphate (GTP,
100pM) at the cytosolic side of the patch [5, 8].
The recombinant o-subunit (o) of the stimula-
tory G protein of adenylyl cyclase (G;) preincu-
bated with GTP-y-S (o, *GTPyS, 100-1000 pM)
similarly activates K¢, channel in a concentration-
dependent manner when applied to the cytosolic
side of inside-out patches [8]. K¢, channel activ-
ity is directly enhanced by G, (membrane-
delimited action), independent of
cAMP-dependent  protein  phosphorylation
(Fig. 9.1) [5, 8]. The effect of PKA on the gating
kinetics of K¢, channels is distinct from that of «,
that is, PKA acts on the mean duration of the long
openings; in contrast, o acts on the proportion of
long open-time events [5]. K¢, channels are acti-
vated by PKA (cAMP-dependent processes) and
o, (cAMP-independent processes); PKA and o
affect these channels independently, that is, dual
pathway [5] (Fig. 9.1).

B,-Adrenergic receptor agonists cause mem-
brane hyperpolarization in tracheal smooth mus-
cle [82, 83]. This phenomenon may result from
K¢, channel activation by these agents. The relax-
ant effects of cAMP-related agents, such as iso-
proterenol and forskolin, on muscarinic
contraction are reduced in the presence of a
selective inhibitor of K, channels [84-86].
Activation of K¢, channels may be associated
with f,-adrenergic action on airway smooth mus-
cle. After G activity is irreversibly enhanced by
incubation with cholera toxin (2pg/mL) for 6 h,
MCh-induced contraction is significantly attenu-
ated, and this effect of cholera toxin is reversed in
the presence of ChTX [7, 69]. Hence, the G, pro-
tein/Kc, channel stimulatory linkage may con-
tribute to f-adrenergic relaxation in airway
smooth muscle (Fig. 9.1).

9.3.6 Effects on Muscarinic Action

Methacholine (MCh)-induced contraction is sig-
nificantly enhanced with elevating [Ca?']; in the
presence of iberiotoxin, a selective inhibitor of
Kc, channels, in a simultaneous recording of iso-
metric tension and F;,y/Fsg of fura-2-loaded tis-
sues of guinea pig tracheal smooth muscle [11,

38]. Airway muscarinic contraction may result
from Ca* dynamics mediated not only by ROC
processes but also by K, channel inactivation
(VDC processes).

9.3.6.1 Inhibitory G Protein of Adenylyl
Cyclase

External application of MCh causes a marked
inhibition in K¢, channel activity without changes
in the amplitude of single-channel currents in
outside-out patches of porcine or canine tracheal
muscle cells [8, 9, 45]. This MCh-induced inhibi-
tion of K¢, channels is potentiated by application
of GTP in the cytosolic side, and in contrast, is
abolished by incubation (4-6 h) with pertussis
toxin (0.1-1.0pg/mL), which blocks signal trans-
duction through ADP ribosylation of G, the
inhibitory G protein of adenylyl cyclase [9]. The
decreased nP, of K, channels results from a
reduction in channel open times, probably reflect-
ing a decrease in the Ca?* sensitivity of the chan-
nel. The muscarinic inhibition of K¢, channels
may be partly responsible for the prolonged sup-
pression by acetylcholine of STOCs following a
transient increase [88, 89]. MCh-induced con-
traction of tracheal smooth muscle is signifi-
cantly attenuated after incubation with pertussis
toxin (1.0pg/mL for 6 h), and this effect of per-
tussis toxin is reversed in the presence of ChTX
[69]. The G; protein/Kc, channel inhibitory link-
age may be involved in the muscarinic-induced
contraction in airway smooth muscle [1, 16, 17,
28, 29, 69].

9.3.6.2 Muscarinic M, Receptors

G; protein couples with the M, subtype of musca-
rinic receptors, leading to an inhibition in
cAMP. These muscarinic M, receptors exist on
the surface of airway smooth muscle cells. A
selective muscarinic M, receptor antagonist (AF-
DX 116, a benzodiazepine derivative) suppresses
MCh-induced contraction of tracheal smooth
muscle in a concentration-dependent manner
[69]. Muscarinic M; receptors, which are coupled
with G, are the major muscarinic receptors that
coupled to muscarinic receptor agonists.
However, muscarinic M, receptors also contrib-
ute to airway smooth muscle contraction; Kc,
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channels regulate this M, muscarinic action [9,
69, 90].

9.3.7 Dual Regulation by G Proteins

Kc. channel antagonists attenuate f,-adrenergic
relaxation [69, 85, 86], and in contrast, enhance
muscarinic contraction in tracheal smooth mus-
cle [11, 69]. K¢, channel activity is markedly
increased by P,-adrenergic receptor agonists, and
in contrast, this channel activity is markedly sup-
pressed by muscarinic receptor agonists under
the experimental condition that these two agents
are sequentially applied to identical outside-out
patches with GTP at the cytosolic side [8].
Moreover, internal application of GTP causes an
activation of K¢, channel in the presence of B,-
adrenergic receptor agonists at extracellular side
in insideout patches, and in contrast, causes Kc,
channel suppression in the presence of musca-
rinic receptor agonists in the same condition [8].
The activation process is mediated by the stimu-
latory G protein, Gg; in contrast, the suppression
process is mediated by the inhibitory G protein,
G;,, that is, dual regulation by G proteins con-
nected to 3,-adrenergic and muscarinic M, recep-
tors [8]. The functional antagonism between
B,-adrenergic and muscarinic action converges
on a single K¢, channel current. Therefore, K,
channels may be key molecules in the regulation
of airway smooth muscle tone [1, 16, 17, 28, 29,
69].

9.3.8 Regulation by Other Factors

9.3.8.1 NO, cGMP

Nitric oxide (NO), which is primarily generated
by nitric oxide synthase (NOS) in the endothe-
lium, results in smooth muscle relaxation on
vessels via hyperpolarization of the cell mem-
brane [91, 92]. NO also increases K¢, channel
activity in vascular smooth muscle; NO-induced
vasodilation is attenuated by blockade of Kc,
channel activity [93]. The NO/3’-5"-cyclic gua-
nosine monophosphate (cGMP) pathway plays

an important role in smooth muscle relaxation in
vessels and airways. K¢, channel activity is mark-
edly enhanced by cGMP-mediated processes,
suggesting that cGMP-induced relaxation of
smooth muscle results from activation of these
channels [94, 95]. Vascular smooth contraction is
enhanced in the K, channel a-subunit null mice
as compared to wild-type mice [96]. This phe-
nomenon is caused by an impaired response to
cGMP-dependent vasorelaxation, indicating that
K¢, channels are an important effector for cGMP-
mediated action, similar to the cAMP/PKA pro-
cesses (see 3.5.1.). Protein kinase G (PKG)
increases K¢, channel activity via the NO/cGMP
pathway [97, 98]. Mechanisms of NO-induced
K¢, channel activation consists of dual pathway,
that is, PKG-dependent phosphorylation [99] and
NO direct action (PKG-independent) on channel
protein [100]. PKG may also be cross-activated
by cAMP to stimulate K¢, channels [101]. Since
the stimulatory effect of NO on K¢, channels is
abolished by knockdown of the p-subunit with
antisense, the B-subunit acts as a mediator of NO
[102].

9.3.8.2 Reactive Oxygen Species

Reactive oxygen species (ROS), which are syn-
thesized during oxidative stress in endothelial
and smooth muscle cells, exerts physiological
and pathophysiological effects on smooth muscle
via altering the intracellular reduction and/or oxi-
dation (redox) status [103]. The redox state leads
to the gating of K¢, channels [104]. However, the
effects of redox are complex. Preferential oxida-
tion of methionine increases the activity of K,
channels, whereas oxidation of cysteines reduces
the channel activity [102, 106]. K¢, channel
activity is enhanced by hydrogen peroxide (H,O,)
in pulmonary arterial smooth muscle, resulting in
vasodilation mediated by membrane hyperpolar-
ization [107]. H,O, may directly bind to K¢,
channels to regulate them, or it may increase this
channel activity via the phospholipase A,-
arachidonic acid pathway and metabolites of
lipoxygenase [108]. On the other hand, H,0,
causes contraction of tracheal smooth muscle
with elevating [Ca*]; in a concentration-
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dependent fashion [109]. Moreover, peroxynitrite
(ONOO"), an oxidant generated by the reaction
of NO and superoxide, causes smooth muscle
contraction in cerebral arterial resulted from
inhibiting K¢, channel activity [110].

9.3.8.3 Arachidonic Acid

Arachidonic acid and its metabolites such as
20-hydroxyeicosatetraenoic acid (20-HETE)
and epoxyeicosatrienoic acids (EETs) contrib-
ute to regulation of vascular smooth muscle
tone. Arachidonic acid and EETs cause vasodi-
lation as a result of an augmentation in Kc,
channel activity [111, 112]. 20-HETE also
causes relaxation of airway smooth muscle with
membrane hyperpolarization resulted from acti-
vation of K¢, channels [113]. Acute hypoxia
reduced the generation of 20-HETE, and subse-
quently the inhibitory action of 20-HETE on
K, channels results in relaxation of cerebral
arterial smooth muscle [114]. On the other hand,
20-HETE acts as a vasoconstrictor via a decrease
in K¢, channel activity in renal arterial smooth
muscle, and PKC is involved in this phenome-
non [115].

924 Characteristic Action

of Bronchodilators

on Airway Smooth Muscle
9.4.1 General

GPCR-related agents such as [,-adrenergic
receptor agonists and muscarinic receptor antag-
onists are generally used as bronchodilators to
improve symptoms and lung function for patients
with asthma and COPD. The potency of these
GPCR-related agents depends on its receptor
affinity and intrinsic efficacy, which are influ-
enced by pathophysiology of diseases and exces-
sive administration. Therefore, alteration of
affinity to its receptor and intrinsic efficacy may
result in decreases/increases in the effects that
these GPCR-related agents originally have.
Although these issues are clinically important,
little is known about clinical relevance of affinity
to its receptor and intrinsic efficacy.

9.4.2 Intrinsic Efficacy

Intrinsic efficacy (intrinsic activity) refers to the
ability of an agent to activate its receptors with-
out regard for their concentration. Some agonists
completely activate their receptors (full agonists),
while other agonists activate their receptors only
partially (partial agonists). The two subtypes of
partial agonists are weak partial agonists, which
have lower efficacy, and strong partial agonists,
which have higher efficacy [16, 17, 28, 29, 116,
117]. Therefore, partial agonists need to occupy a
large fraction of these receptors to produce an
equivalent effect that full agonists achieve by
occupying many fewer receptors. When the num-
ber of these receptors is decreased, and the func-
tion of these receptors is disordered, the ability of
partial agonists to relax airway smooth muscle
becomes less than their initial effect [16, 17, 28,
29, 116, 117]. On the other hand, full agonists
resist reducing their responsiveness even under
the conditions of reduced receptor number and
disordered receptor function [16, 17, 28, 29, 116,
117]. Intrinsic efficacy would provide an impor-
tant parameter for the rational clinical use of
bronchodilators.

Intrinsic efficacy is commonly measured indi-
rectly as a response to activation of the post-
receptor signal transduction pathways; this
response can be physiological (change in smooth
muscle relaxation in vitro and airway resistance
in vivo) [118]. Intrinsic efficacy depends mark-
edly on variable factors in the target cells, such as
the number of receptors and functional antago-
nism (activation of an opposing signal transduc-
tion process) [116]. In cells with a higher number
of receptors (spare receptors), activation of a
small fraction of receptors is sufficient to gener-
ate a full response [16, 17, 28, 29, 116, 117]. On
the other hand, in cells with a lower number of
receptors or functional antagonisms (desensitiza-
tion or contraction of airway smooth muscle),
even though a higher fraction of the receptors is
activated, a full response may not be achieved
[16, 17, 28, 29, 116, 117]. Many patients with
COPD are older patients. Not only excessive
exposure to bronchodilators, but also aging con-
tributes to reduced receptor numbers and disor-
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dered receptor functions. Hence, in the clinical
use of bronchodilators, intrinsic efficacy may
affect the expression of the effects of these agents
on airway smooth muscle. The ECs, and the max-
imal effects in the concentration-inhibition
curves for an agent against MCh express its
potency and intrinsic efficacy, respectively [16,
17, 28,29, 116]. When the functional antagonism
was intensified by application of MCh (10pM,
roughly 90% of the maximal contraction), iso-
proterenol causes complete relaxation against
this contraction, indicating that isoproterenol
behaves as a full agonist. In contrast, complete
inhibition did not occur with other p,-adrenergic
receptor agonists [16, 17, 28, 29, 116, 117]. The
maximal effects in the curves for these other ago-
nists (excluding isoproterenol) are attenuated,
indicating that these other agonists behave as par-
tial agonists. Based on values of their intrinsic
efficacy, they are classified into two types, that is,
strong partial agonists (indacaterol, formoterol,
procaterol, olodaterol vilanterol) and weak par-
tial agonists (salbutamol, salmeterol, tulobuterol)
[16, 17, 29]. Isoproterenol, a full agonist, causes
B,-aderergic desensitization greater than partial
agonists, indicating that excessive application of
a full agonist leads to reduced responsiveness to
B,-adrenergic receptor agonists in airway smooth
muscle [11, 17, 28, 29, 38, 119]. In contrast,
tulobuterol, which is the weakest partial agonist,
causes a modest reduction in the relaxant effect,
even in cases of repeatedly excessive exposure to
tulobuterol [17, 28, 29, 120]. However, a loss of
B,-adrenergic action in partial agonists after
exposure to these agonists is less potent in ago-
nists with higher values of intrinsic efficacy
(strong partial agonists) than in agonists with
lower values of intrinsic efficacy (weak partial
agonists) [17]. In a meta-analysis, indacaterol,
which has a highest value of intrinsic efficacy in
partial agonists, is most effective in improving
lung function and clinical symptoms in patients
with COPD [121].

On the other hand, in concentration-inhibition
curves, muscarinic receptor antagonists (atro-
pine, tiotropium, glycopyrronium, umeclidin-
ium) cause complete inhibition against MCh (10
pM)-induced contraction of tracheal smooth

muscle; values of ECs, are not significantly dif-
ferent in these muscarinic antagonists [38]. These
antagonists behave as full antagonists. In a meta-
analysis compared to placebo, these muscarinic
receptor antagonists have no significant differ-
ence in increasing lung function for patients with
COPD [122].

9.4.3 Allosteric Effects

Allosteric modulators connect to GPCRs (seven
transmembrane receptors) at the allosteric site
that is topographically distinct from the ortho-
steric site, and they result in an alteration in
receptor conformation. Allosteric GPCR modula-
tors impact on the orthosteric binding pocket and
alter association or dissociation rates of an ortho-
steric ligand (affinity modulation). Allosteric
effects also affect intracellular responses and
alter the signaling capacity (intrinsic efficacy) of
an orthosteric ligand (efficacy modulation)
[123.124]. Antagonism of agonist response is
caused by a reduction in affinity and/or efficacy
resulted from allosteric effects. Isoproterenol (a
full B,-adrenergic agonist) competitively antago-
nizes MCh (10pM)-induced  contraction,
indicating that this agent acts on orthosteric sites,
not on allosteric sites in [,-adrenergic receptors
[17, 28, 29, 38]. In contrast, partial f,-adrenergic
agonists, such as formoterol, procaterol, inda-
caterol, olodaterol, vilanterol, salmeterol, and
salbutamol, noncompetitively antagonize MCh
(10pM)-induced contraction (efficacy is attenu-
ated by stimulating allosteric site), indicating that
these agonists behave as allosteric modulators
against (,-adrenergic receptors (Fig. 9.2) [17, 28,
29, 38, 125]. Since allosteric modulators merely
tune the signal in the receptors and have no
effects on the receptors without endogenous
ligands, partial agonists that act as allosteric
modulators are less potent in causing tachyphy-
laxis (desensitization) after excessive exposure
[17, 28, 29, 38, 125]. In concentration-inhibition
curves for an agent, a reduction in maximal per-
cent inhibition from complete inhibition indi-
cates efficacy modulation with an agent
(inhibition in response to orthosteric site involve-
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Fig. 9.2 Role of allosteric modulation in the synergis-
tic effects between f,-adrenergic receptor agonists and
muscarinic receptor antagonists. Antagonism of the
agonist response is observed via allosteric effects by a
reduction in affinity and/or efficacy. Full p,-adrenergic
agonists act only on orthosteric sites, and do not act on
allosteric sites in their receptors. On the other hand, par-
tial P,-adrenergic agonists act not only on orthosteric sites
but also on allosteric sites in their receptors. Partial (3,-
adrenergic agonists behave as allosteric modulators. By
acting on allosteric sites in f,-adrenergic receptors, this
allosteric effect causes reduced responsiveness to agonists
in orthosteric sites via affinity and/or efficacy modulation.
Therefore, intrinsic efficacy is reduced with the use of
partial p,-adrenergic agonists. Muscarinic receptor antag-

ment). The ranking of alterations in efficacy
modulation of partial f,-adrenergic agonists is in
reverse order to values of their intrinsic efficacy.
In concentration-inhibition curves for an agent,
value of ECs, of an agent is lower than that of
isoproterenol, indicating that an agent causes an
augmentation in affinity (association rate) to a
ligand at an orthosteric site. The rank of augmen-
tation in affinity modulation of partial f,-
adrenergic agonists is also in reverse order to
values of their ECs,. On the other hand, all of
muscarinic receptor antagonists cause complete
inhibition against muscarinic contraction, and
values of ECs, are not significantly different
between these four antagonists [38]. Affinity and
intrinsic efficacy of muscarinic receptor antago-
nists may not depend on each agent. Muscarinic
receptor antagonists operate upon orthosteric

onists act not only on orthosteric sites of muscarinic
receptors but also on allosteric sites of p,-adrenergic
receptors, and this allosteric action increases affinity and
intrinsic  efficacy of partial [,-adrenergic agonists.
Therefore, muscarinic receptor antagonists markedly
enhance effects of [,-adrenergic receptor agonists.
Allosteric GPCR modulation is involved in the synergisti-
cally relaxant effects of combination of these two agents
via crosstalk of their receptors. f: f,-adrenergic receptor,
M: muscarinic receptor, ACh: acetylcholine, LABA: long-
acting p,-adrenergic receptor agonist, LAMA: long-acting
muscarinic receptor antagonist, GPCR: G protein-coupled
receptor. (a): affinity, (b): efficacy. Arrows: activation,
dotted arrows: inhibition. Illustrated based on ref. [17, 29,
38, 123-125, 132]

sites, and do not act on allosteric sites on musca-
rinic receptors (Fig. 9.2) [38, 125].

9.4.4 Synergistic Effects
of Bronchodilators

The COPD consensus report states that a combi-
nation of bronchodilators of different pharmaco-
logical classes may improve effectiveness and
decrease the risk of adverse reactions compared
to increasing the dose of a single bronchodilator.
The two different types of bronchodilators, that
is, long-acting f,-adrenergic receptors (LABASs)
and long-acting muscarinic receptor antagonists
(LAMA:G), are widely used as therapy for this dis-
ease, and a combination of these two agents has
pharmacological rationale as a bronchodilator
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therapy [16, 17, 28, 29, 38, 126-128]. Clinical
trials have demonstrated that LABA/LAMA
combination is beneficial to therapy for COPD
(improving symptoms and lung function, and
reducing exacerbations) [129-132].

Protein allosterism is the change in protein
reactivity at one site arising from a molecule
binding on the protein at another site. When one
agent acts on its specific GPCRs, the effect of
another agent on its specific GPCRs is altered.
The effects of these two agents are mutually
enhanced, leading to synergistic effects.
Allosteric GPCR modulators lead to alteration in
pharmacological properties such as affinity, effi-
cacy, and agonism/inverse agonism [123, 124].
Since allosteric effects may be caused by the
interaction mediated by ligands for GPCRs [123,
133], synergistic effects between f,-adrenergic
receptor agonists and muscarinic receptor antag-
onists against muscarinic contraction may result
from allosteric GPCR modulation in airway
smooth muscle [17, 28, 29, 38]. Treated with per-
tussis toxin and application of AF-DX 116 mark-
edly shift the concentration-inhibition curves for
isoproterenol against MCh to the left, and values
of ECs at each condition are markedly decreased.
Muscarinic M, antagonism enhances affinity for
,-adenergic receptor agonists via acting on allo-
steric sites on P,-adenergic receptors (Fig. 9.2)
[17, 28, 29]. In contrast, ChTX markedly shifts
these curves for isoproterenol to the right, indi-
cating that antagonists of K¢, channels reduce
affinity for f,-adenergic receptor agonists by
muscarinic M, receptor activation [17, 28, 29].

In concentration-inhibition curves, isoproter-
enol completely antagonizes muscarinic contrac-
tion [17, 28, 29, 38], and the complete inhibition
is not attenuated at higher concentrations that
produce the maximal relaxation. Isoproterenol
operates orthosteric sites on f,-adrenergic recep-
tors, and does not operate on these receptors,
demonstrating that isoproterenol acts as a full
agonist [16, 17, 28, 29, 38, 117]. In contrast,
since f},-adrenergic receptor agonists except for
isoproterenol and adrenaline incompletely antag-
onize muscarinic contraction, these agonists
cause an inhibition in the signal capacity induced
by efficacy modulation (reduced responsiveness

to orthosteric sites via allosteric effects) (Fig. 9.2)
[16, 17, 28, 29, 38, 117]. These P,-adrenergic
agonists cause a concentration-dependent con-
traction at higher concentrations that produce the
maximal relaxation [38]. These agonists reduce
intrinsic efficacy via operating allosteric sites on
f,-adrenergic receptors as allosteric modulators
(partial agonists) (Fig. 9.2) [38]. In the
concentration-inhibition curves for these partial
f,-adreneric receptor agonists with lower con-
centrations of these muscarinic receptor antago-
nists, values of ECs, for these curves are markedly
decreased; the maximal effects of these partial
,-adreneric receptor agonists are markedly aug-
mented to complete inhibition at each experi-
mental condition [38]. Moreover, these partial
f,-adreneric receptor agonists do not cause con-
traction in a concentration-dependent manner at
higher concentrations that produce the maximal
relaxation (complete inhibition), different from
the curves without lower concentration of musca-
rinic receptor antagonists [38]. Muscarinic recep-
tor antagonists may act not only upon orthosteric
sites on muscarinic receptors but also upon allo-
steric sites on f,-adrenergic receptors, and these
antagonists enhance both affinity and efficacy to
,-adrenergic receptor agonists; as a result, syn-
ergistic effects may be generated via crosstalk
between these two GPCRs (Fig. 9.2) [38]. This
synergism causes independent of the effects of
muscarinic receptor antagonists on orthosteric
sites on their receptors.

9.5 Role of Airway Smooth
Muscle on Inflammation
(Phenotype Plasticity)

9.5.1 General

Airway smooth muscle cells in culture have the
ability to change the degree of various functions
such as contractility, proliferation, migration, and
the synthesis of inflammatory mediators (Fig. 9.3)
[1, 12, 13, 29]. Contractile mediators result in
shortening and contraction of airway smooth
muscle, and airway smooth muscle has long been
regarded as tissues that mainly contract passively
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Fig. 9.3 Phenotype switching in airway smooth mus-
cle cells. Important factors for phenotype switching are
shown. Inflammatory processes alter phenotype of airway
smooth muscle between the contractile phenotype and the
synthetic/proliferative or hyper-contractile phenotype.
These phenotype changes enhance contractility, migra-

in response to various mediators for bronchocon-
striction released from other cells. Increased con-
tractile property of tracheal smooth muscle may
be fundamental abnormality of asthma.
Contractile response to muscarinic agonists and
histamine in human bronchial smooth muscle
from patients with asthma is greater than that
from healthy subjects. This phenomenon is
caused by increased proliferation of airway
smooth muscle cells because an increase in thick-
ening of airway wall, which is resulted from an
increased airway smooth muscle mass, contrib-
utes to contractile hyperresponsiveness. Airways
smooth muscle cells change to a proliferative
phenotype in response to contractile agents,
inflammatory mediators, and growth factors. In
the presence of proliferating stimuli, airway
smooth muscle cells change into a synthetic phe-
notype; these cells release several inflammatory
mediators under various conditions of stimula-
tion. Alteration of airway smooth muscle cells
from a contractile to a synthetic or a proliferative
phenotype is involved in the pathophysiology of
asthma and COPD, such as in airflow limitation,
airway  hyperresponsiveness,  [,-adrenergic
desensitization, and airway remodeling (Fig. 9.3).

remodeling

tion, proliferation, and synthesis of inflammatory sub-
stances in airway smooth muscle cells, resulting in
hyperresponsiveness and remodeling in the airways that
cause an increase in the severity of asthma. Illustrated
based on ref. [1, 12, 13, 29]

9.5.2 Contractile Phenotype

In airway smooth muscle cell culture, phenotype
plasticity is observed when cells grow to sub-
confluence in the presence of serum. A prolifera-
tive phenotype develops in airway smooth muscle
cells under these conditions that is characterized
by decreased expression of contractile proteins
including smooth muscle—myosin heavy chain
(sm-MHC), calponin, smooth muscle a action
(sm-a actin), desmin, MLCK, and caldesmon
[12, 29]. In contrast, airway smooth muscle cells
with a contractile phenotype are characterized by
augmented expression of contractile proteins and
retain their ability to contract in response to vari-
ous spasmogens. Trangestin (SM22), soothelin,
metavinculin, and caveolin-1 are involved in
modulation of airway smooth muscle cells toward
a contractile phenotype [12, 29].

9.5.3 Synthetic and Proliferative
Phenotypes

In addition to the effects of these endogenous
factors, airway smooth muscle can change from
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one phenotype to another after exposure to vari-
ous exogenous stimuli including extracellular
matrix (ECM, in particular collagen type 1 and
fibronectin), PDGF, and TGF-f [13, 134]. Airway
smooth muscle cells derived from healthy donors
are less proliferative than those derived from
asthmatic donors, who show alteration toward a
more proliferative phenotype [135, 136]. After
exposure to IL-13 and PDGF-BB, expression of
the SR Ca?* ATPase (a Ca?* transporter) is attenu-
ated, leading to recapitulation of a more secretory
and proliferative phenotype [137]. A synthetic
phenotype is characterized by an increase in syn-
thetic organelles for protein and lipid synthesis
such as the Golgi apparatus and numerous mito-
chondria, leading to an augmented proliferative
capacity. Modulation toward proliferative and
synthetic phenotypes is also associated with an
increase in non-muscle MHC, l-caldesmon,
vimentin, a/B-PKC, and CD44 homing cellular
adhesion molecule [12]. Cells with this pheno-
type show increased proliferative capacity with a
diminished abundance of contractile proteins,
leading to attenuation of responses to contractile
agents [12]. In airway smooth cell culture,
20-60% of the cells have a secretory phenotype;
on the other hand, approximately 50% of the
cells express proliferative capacity, indicating
that cytokine production and proliferation may
be overlapping and not independent functions
[138].

9.5.4 Hyper-Contractile Phenotype

In contractile and proliferative states, intermedi-
ate or extreme phenotypes of each state may
exist. Previous reports have demonstrated that
prolonged starvation of canine airway smooth
muscle causes a hyper-contractile phenotype (a
third putative phenotype) [139, 140], which may
contribute to hyperresponsiveness although this
phenotype has not been replicated in human air-
way smooth muscle. Markers for this phenotype
include a lack of smooth muscle myosin-B (SM-
B; an isoform of MHC), and increases in expres-
sion of MLCK and muscarinic M; receptors. In
human airway smooth muscle cells, prolonged

serum starvation causes an increase in expression
of muscarinic Mj; receptors on the surface of cells
derived from healthy volunteers, but not on cells
derived from patients with asthma. On the other
hand, exposure to muscarinic receptor agonists
for a longer period reduces expression of contrac-
tile proteins and responsiveness of airway smooth
muscle cells [141].

9.5.5 Ca? Handling

The plasticity of cells that allows them to change
from a contractile phenotype to other phenotypes
(proliferation, migration, or secretion of chemi-
cal mediators) may be associated with Ca”
dynamics [18, 19] and Ca?* sensitization [20-24].
Phenotype plasticity in airway smooth muscle
cells is associated with an alteration in the expres-
sion of ion channels such as voltage-gated
sodium, inward rectifying K*, and K¢, channels
[64]. K¢, channels that are regulated by G pro-
teins (G,, Gj) contribute to Ca** dynamics, by
regulating the passage of Ca** through VDC
channels via membrane potential. In contrast, the
phenotype plasticity in vascular smooth muscle
cells is associated with various Ca* handling
regulators such as SOC, ROC, transient receptor
potential channel type C (TRCP), Orai 1 and
Stromal interacting model 1 (STIM1) [142]. On
the other hand, since RhoA/Rho-kinase acts on
contractility and proliferation in airway smooth
muscle, Ca** sensitization induced by this path-
way may also contribute to phenotype change in
this tissue. Exposure of airway smooth muscle to
S1P results in airway hyperresponsiveness
(hyper-contractile phenotype) that is mediated by
Ca*" sensitization via inactivation of myosin
phosphatase, which links G; and RhoA/Rho-
kinase processes [55]. Inhibition of airway
smooth muscle cell proliferation (proliferative
phenotype) by simvastatin is due to prevention of
geranylgeranylation of RhoA, which causes an
increase in Ca®" sensitization not by farnesylation
of Ras, independent of reducing cholesterol syn-
thesis. The inhibitory effect of simvastatin on cell
proliferation is caused by Rho-kinase-induced
Ca?* sensitization [21].
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9.5.6 Regulation of Phenotype
Switching

Phenotype switching in airway smooth muscle is
regulated by dynamic processes that are influ-
enced by changes in the microenvironment of the
cells. In vitro cell proliferation is increased by
various factors such as peptide growth factors,
agonists of Gy-involved GPCRs, inflammatory
mediators and ECM proteins (collagen type I and
fibronectin) [143—-146]. Many of these factors are
increased in the vicinity of the airway smooth
muscle by structural cells of the airways, includ-
ing by airway smooth muscle cells themselves in
asthma [147-150]. In contrast, cell proliferation
is inhibited by various factors such as glucocorti-
costeroids, agonists of G-involved GPCRs, NO,
insulin, PGs, and ECM proteins (chondroitin sul-
fate, decorin, and laminins) [151-156]. Moreover,
prolonged serum deprivation, insulin, and TGF
induce a hypercontractile phenotype character-
ized by decreased proliferative response,
increased contractive response, and enhanced
expression of contractile proteins, such as sm-a-
actin, sm-MHC, sm-MLCK, and calponin
[157-159].

9.5.7 Modulation of Cell Phenotype
by Cell Culture

Since phenotype change is markedly influenced
by the surrounding conditions, this phenomenon
may be due to the experimental environment
used for analysis of the cell biology of airway
smooth muscle in vitro. After single cells are iso-
lated from airway smooth muscle bundles, these
cells transiently enhance expression of contrac-
tile markers, and rapidly change to a synthetic/
proliferative phenotype under the condition of
exposure to serum-rich medium [13]. It is there-
fore possible that such phenotype change is an
artifact of cell culture conditions in vitro. Little
is known regarding whether this phenotype
change occurs in vivo. This problem still remains
to be solved. Although airway smooth muscle
cell models using classical 2-dimensional cell
type culture systems have provided a controlled

environment suitable for assessing long-term
control of cellar responses [160], there may be a
limit as to what can be clarified using this
method. Further research is required to increase
the physiological relevance of these models
[161].

9.5.8 Interaction Between Airway
Smooth Muscle

and Inflammatory Cells

Contractility of airway smooth muscle cells is
altered by exposure to tryptase and S1P, which
are released from mast cells, and Lyso-PC, which
is synthesized in the membrane of various inflam-
matory cells (Fig. 9.4) [55, 162-164]. Ca’* sensi-
tization by  RhoA/Rho-kinase  processes
contributes to this alteration of contractility. In
sensitized mice by allergen challenges, eosino-
phil infiltration and responsiveness to MCh are
markedly increased in the airways; pre-treatment
with Rho-kinase inhibitors such as Y-27632 or
fasudil hydrochloride (HA-1077) markedly sup-
presses increases in eosinophil recruitment and
MCh-induced lung resistance in the respiratory
tracts in a dose-dependent manner (Fig. 9.4) [58].
Thalidomide also inhibits both hyperresponsive-
ness and eosinophil inflammation in the respira-
tory tracts in sensitized mice by allergen
challenges [165]. Pre-exposure of Lyso-PC and
S1P to tracheal smooth muscle results in reduced
responsiveness to P,-aderenergic receptor ago-
nists via the Rho-kinase-induced Ca*" sensitiza-
tion [163, 164], and administration of Lyso-PC to
guinea pigs enhances eosinophil recruitment and
resistance in the respiratory system (Fig. 9.4)
[166]. S1P also increases mRNA and protein
expression of vascular cell adhesion molecule
(VCAM)-1 when S1P is applied to pulmonary
endothelial cells, leading to eosinophil infiltra-
tion to the airways, and this upregulation of
VCAM-1 is attenuated by C3 exoenzyme and
Y-27632 [167]. Y-27632 reduces not only the
number of eosinophils but also macrophages and
neutrophils in an animal model of allergic asthma
[22]. Hence, S1P causes eosinophil recruitment,
hyperresponsiveness, and remodeling in the air-
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Fig. 9.4 Role of inflammatory cells on airway smooth
muscle cells in the pathophysiology of asthma and
COPD. In the respiratory tracts, inflammatory cells
(eosinophils, mast cells) release interleukins, growth fac-
tors (PDGF, TGF-f,), lipid mediators (Lyso-PC, S1P),
and serine protease (tryptase). Oxidative stress generates
isoprostanes, H,0,, and ONOO-. Injured epithelium
releases ATP and these growth factors. These substances
contribute to alterations of airway smooth muscle func-
tions by affecting Ca®* dynamics due to the G protein/Ke,
channel/VDC channel linkage and by affecting Ca®* sen-
sitization due to the RhoA/Rho-kinase processes. These
inflammatory processes cause not only alterations in con-
tractility but also changes to the proliferative phenotype in
airway smooth muscle, referred to as a phenotype change.
Contractility change is involved in airflow limitation, air-

ways by RhoA/Rho-kinase processes [55, 167,
168].

After exposure to adenosine triphosphate
(ATP), MCh-induced contraction is markedly
enhanced without elevating [Ca*]; in fura-2-
loaded tissues of guinea pig tracheal smooth
muscle (Fig. 9.4) [169]. This phenomenon is
inhibited by Y-27632, a selective inhibitor of
Rho-kinase, and suramin, a non-selective P2
receptor inhibitor [169]. Pre-incubation with
ATPyS, a non-hydrolysable analogue of ATP and
o,p-meATP, a P2X agonist, also significantly

way hyperresponsiveness, and ,-adrenergic desensitiza-
tion; proliferative change is involved in airway remodeling
due to cell proliferation and cell migration. Therefore, the
G protein/K¢, channel/VDC channel linkage and the
RhoA/Rho-kinase processes are involved in almost all of
the principal mechanisms of asthma and COPD. These
pathways involved in Ca** dynamics and Ca?* sensitiza-
tion are molecular targets for therapy of these diseases.
Lyso-PC: lysophosphatidylcholine, S1P: sphingosine
1-phosphate, PDGF: Platelet-derived growth factor, TGF-
B;: transforming growth factor beta 1, IL: interleukin,
H,0,: hydrogen peroxide, ONOO™: peroxynitrite, VDC:
L-type voltage-dependent Ca’>* channels, K, large-
conductance Ca**-activated K* channels. Illustrated based
on ref. [1, 17, 20, 21, 24, 54, 55, 58, 109, 136, 144-147,
162-169, 171, 176-188, 195-197]

increase methacholine-induce contraction [169].
In asthma, eosinophils are infiltrated to around
the airway, leading to injury and detachment of
airway epithelium. ATP released from these
injured epithelial cells act on airway smooth
muscle, resulting in airway hyperresponsiveness
by RhoA/Rho-kinase-induced Ca* sensitization
via the P2X receptors. Therefore, Ca®* sensitiza-
tion by RhoA/Rho-kinase processes contributes
to the interaction between airway smooth muscle
and inflammatory cells related to asthma [1, 16,
23, 24, 29, 170].
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9.6 Role of Airway Smooth
Muscle
in the Pathophysiology
of Asthma and COPD
9.6.1 General

An alteration of phenotype (contractile ~ syn-
thetic/proliferative) in airway smooth muscle
cells is caused by the inflammatory processes in
the airways related to the pathophysiology of
obstructive pulmonary diseases, such as asthma
and COPD (Fig. 9.3). Ca®* signaling by both Ca**
dynamics and Ca®* sensitization is involved in
this phenotype change of airway smooth muscle
cells resulted from interaction with airway con-
stituent cells (inflammatory cells and epithelial
cells), leading to airflow limitation, airway hyper-
responsiveness, [,-adrenergic desensitization,
and airway remodeling associated with these dis-
eases (Fig. 9.4).

9.6.2 Airflow Limitation
(Bronchoconstriction)

Airway smooth muscle contraction caused by
various spasmogens (ACh, histamine, prosta-
glandins, or leukotrienes) is associated with air-
flow limitation, which is a characteristic feature
of asthma and COPD. These agonists generate
force in airway smooth muscle with increasing
[Ca?*]; by Ca?* dynamics via Ca’* entry passing
through SOC, non-SOC, and VDC (Fig. 9.1).
Sphingosine 1-phosphate (S1P: a bioactive lyso-
phospholipid) [55], tryptase (trypsin-like neutral
serine-class protease) and SLIGKV (non-
enzymatic activator of protease-activated recep-
tor 2, PAR2) [162] released from mast cells cause
airway smooth muscle contraction with increas-
ing [Ca**]; (Fig. 9.4). Therefore, S1P and tryptase
may be involved in the pathophysiology of
asthma as novel mediators. ATP is released from
injured airway epithelium during the inflamma-
tory processes implicated in the pathophysiology
of asthma. Extracellular ATP causes contraction
of airway smooth muscle with increasing [Ca®'];
(Fig. 9.4) [169]. Furthermore, oxidative stress

and mechanical stress are related to the patho-
physiology of not only COPD but also asthma.
8-iso-prostaglandin F,,, an isoprostane [171],
and hydrogen peroxide (H,O,) [109] produced by
oxidative stress cause contraction of airway
smooth muscle by increasing [Ca®*]; (Fig. 9.4).
Therefore, ATP, H,0,, and 8-iso-prostaglandin
F,, may be involved in the pathophysiology of
asthma as novel mediators.

Y-27632 suppresses smooth muscle contrac-
tion induced by spasmogens such as MCh, hista-
mine, prostaglandins, and leukotrienes, which
are involved in the pathophysiology of asthma
and COPD, in a concentration-dependent man-
ner, with no significant decrease in [Ca®*]; in
strips treated with fura-2 in guinea pig trachealis
[30, 39]. Y-27632 also inhibits the following fac-
tors in a concentration-dependent manner with a
modest effect on [Ca**];: 1) contraction due to
SIP and tryptase released from mast cells [55,
162]; 2) contraction due to isoprostanes and
hydrogen peroxide (H,0,) produced by oxidative
stress [109, 171]; and 3) contraction due to ATP
synthesized in injured airway epithelium [169].
These factors of contractility, which are impli-
cated in the pathophysiology of asthma and
COPD, cause force generation in airway smooth
muscle via both Ca** dynamics and Ca?* sensiti-
zation [172]. Force maintenance is caused by
Ca?* sensitization induced by Rho-kinase [173].
PKC, which is an intracellular signal transduc-
tion pathway for GPCR activation, also causes
contraction of airway smooth muscle mediated
by both Ca?* dynamics and Ca?* sensitization [42,
43].

9.6.3 Airway Hyperresponsiveness

Airway hyperresponsiveness is a hallmark of
asthma, and any therapy cannot cure this charac-
teristic feature of this disease. Airway hyperre-
sponsiveness is also observed in some patients
with COPD [174, 175]. This airway disorder is
clinically defined as increased responsiveness to
muscarinic receptor agonists (ACh and MCh)
and histamine using provocation test. Airway
hyperresponsiveness is due to various inflamma-
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tory stimulations involved in the pathophysiol-
ogy of asthma, such as antigens, chemical
mediators, cytokines, and eicosanoids. In a post-
mortem study of airway smooth muscle strips of
patients with asthma, the response to histamine
and ACh is greater than in healthy individuals
[176]. In human airway smooth muscle passively
sensitized with human asthmatic serum,
histamine-induced contraction is significantly
elevated [177]. When airway smooth muscle is
exposed for an extended period of time to inter-
leukin (IL)-5, IL-13, IL-17, or tumor necrosis
factor (TNF),, which are released from inflam-
matory cells and epithelial cells in airways, con-
traction due to muscarinic receptor agonists and
KCl is significantly increased (Fig. 9.4) [178—
180]. This enhancement of contractility induced
by TNF, may be involved in Ca*" sensitization
via RhoA/Rho-kinase [181]. In the presence of a
lower concentration of leukotriene C,, KCI-
induced contraction is markedly augmented, and
this enhanced contraction due to high concentra-
tions of K* is attenuated by Y-27632, a selective
inhibitor of Rho-kinase [182]. After airway
smooth muscle is exposed to S1P released from
mast cells or ATP released from damaged epithe-
lial cells, MCh-induced contraction is markedly
increased without an increase in [Ca?*];, and its
augmented response to MCh is markedly sup-
pressed by Y-27632 (Fig. 9.4) [55, 169, 183].
Furthermore, pre-treatment of 8-iso-
prostaglandin E,, an isoprostane, causes an
increase in response to CCh in airway smooth
muscle, and its augmented contractility is also
suppressed by Y-27632 (Fig. 9.4) [184]. After
cultured human bronchial smooth muscle cells
were exposed for 15 min to serum-free medium
in the absence (control) and presence of S1P
(3pM), relative proportion of RhoA-GTP to total
RhoA (RhoAGTP/total RhoA) is significantly
increased compared with the control [21, 55].
S1P (0.3-3pM) causes a concentration-depen-
dent increase in MYPT1 (Thr®?) phosphoryla-
tion in the cultured human bronchial smooth
muscle cells. An increase in phosphorylation of
MYPTI1 (Thr%% by 3uM SIP is significantly
inhibited in the presence of Y-27632 (0.1-1.0pM)
in a concentration-dependent manner [55]. These

observations indicate that airway hyperrespon-
siveness is caused by direct interactions among
inflammatory cells, airway epithelial cells, and
airway smooth muscle cells. Ca* sensitization
due to Rho-kinase-induced MYPT1 phosphory-
lation is involved in the airway hyperresponsive-
ness [54, 55]. Geranylgeranyltransferase activates
RhoA activity [21]; airway hyperresponsiveness
is attenuated by suppression of geranylgeranyl-
transferase in mice [185]. Alterations of sensitiv-
ity to Ca?" in airway smooth muscle may play a
key role in this phenomenon. Therefore, inflam-
matory processes involved in asthma directly
affect the function of airway smooth muscle cells
via the RhoA/Rho-kinase processes. In airway
smooth muscle cells, this phenotypic change for
contractility induced by not only Ca* sensitiza-
tion but also cytoskeleton reorganization (cell
stiffness), which are caused by Rho-kinase, may
cause an augmented response to contractile ago-
nists (airway hyperresponsiveness) [1, 186, 187].
Lung resistance in response to MCh is increased
in mice sensitized by allergen challenges more
than in control mice (airway hyperresponsive-
ness). Fasudil hydrochloride (HA-1077), an
inhibitor of Rho-kinase, significantly inhibits the
augmented response to MCh by allergen chal-
lenges [58]. On the other hand, Ca?* dynamics
also results in an alteration in the contractile phe-
notype of airway smooth muscle, leading to
increased responsiveness to contractile agonists
(airway hyperresponsiveness) [ 188]. Acidification
of esophageal lumen increases the contractile
response to ACh and KCl in guinea pig trachealis
mediated by activation of VDC channels and
Rho-kinase [189], indicating that both Ca*
dynamics and Ca’* sensitization play key roles in
airway hyperresponsiveness (Fig. 9.4).

9.6.4 Desensitization of f§,-
Adrenergic Receptors

An excessive activation of p,-adrenergic recep-
tors results in reduced responsiveness to an ago-
nist. This phenomenon is referred to as
desensitization of f,-adrenergic receptors. The
phosphorylation of f,-adrenergic receptors leads



160

H. Kume

to desensitization to an agonist via uncoupling G
from the receptors. This mechanism is involved
in two protein kinases, that is, cAMP-dependent
PKA and cAMP-independent protein kinases
such as P,-adrenergic receptor kinase (BARK)
[190]. PKA-induced phosphorylation contributes
to heterologous desensitization (a nonspecific
reduced response to other agonists involving
cAMP). This type of desensitization is caused by
exposure to a low concentration of f3,-adrenergic
receptor agonists [191]. On the other hand,
BARK-induced phosphorylation contributes to
homologous desensitization (a specific reduced
response to 3,-adrenergic receptor agonists). This
type of desensitization is caused by exposure to a
high concentration of p,-adrenergic receptor ago-
nists [192]. These phenomena are also observed
in tracheal smooth muscle, including human tis-
sues [11, 119, 193, 194]. Reduced responsiveness
to P,-adrenergic receptor agonists (f,-adrenergic
desensitization) occurs subsequent to continuous
[119, 195, 196] or repetitive administration [11,
119, 194] of an agonist, and to exposure to sub-
stances related to the inflammatory processes in
asthma, including inflammatory cytokines such
as IL-1P [195], growth factors such as transform-
ing growth factor (TGF)-B1 [196] and platelet-
derived growth factor (PDGF) [197], lipid
mediators such as Lyso-PC, a lysophospholipid
produced by phospholipase A, [163], and S1P
[164], or PAR2 agonists such as tryptase and
SLIGKV (Fig. 9.4) [162]. Therefore, p,-
adrenergic desensitization in airway smooth
muscle is an extremely important phenomenon
that occurs due to both the treatment and the
pathophysiology of asthma.

In human tracheal smooth muscle, continuous
exposure to isoproterenol for an extended period
(45 min) causes a marked reduction in the relax-
ant action of isoproterenol (0.3uM) against MCh
(1pM)-induced contraction [119]. However, pre-
incubation of the tissue with cholera toxin (2pg/
mL) for 6 h prevents this subsequent reduction in
the inhibitory effects of isoproterenol after exces-
sive exposure to the agonist [119]. As isoproter-
enol with MCh is repeatedly administered for 10
min every 30 min, the relaxant action of isopro-

terenol is gradually diminished in human and
guinea pig tracheal smooth muscle [119, 194].
However, pre-incubation with cholera toxin also
prevents this subsequent reduction in the effect of
isoproterenol [17, 119, 196]. Since cholera toxin
irreversibly activates G; protein coupled to f,-
adrenergic receptors, P,-adrenergic desensitiza-
tion can be avoided by pre-activation of G
protein [17, 192, 194, 198, 199]. In contrast, {3,-
adrenergic desensitization is markedly enhanced
in the presence of ChTX or IbTX, selective inhib-
itors of K¢, channels [119, 194]. Therefore, inac-
tivation of the G/K¢, channel linkage plays an
important role in P,-adrenergic desensitization.
As repeated exposure to forskolin and theophyl-
line (agents not mediated by f3,-adrenergic recep-
tors) with MCh in the same way, relaxant effects
of these agents are not reduced, different from
isoproterenol [11]. In single channel recording
using tracheal smooth muscle cells, extracellular
application of isoproterenol (1pM) markedly
activates K¢, channels in the cell-attached con-
figuration; mean values of open probability (nP,)
increases to approximately 9.6-fold. However,
after repeated exposure to isoproterenol for 5 min
every 15 min, isoproterenol-induced K¢, channel
activation is gradually attenuated with no change
in unitary amplitude of this channel. The values
of fold stimulation of this channel by isoprotere-
nol are deceased approximately 1.6-fold at the
sixth application [11]. In contrast, application of
10 U/mL PKA to inside-out patches results in an
augmentation of K¢, channel activity [11]. Mean
values of nP, increase to approximately 5.2-fold,
and activation of this channel is gradually
enhanced with no change in unitary amplitude of
this channel after repeated exposure to PKA. The
values of fold stimulation of this channel by PKA
at the sixth application are increased to approxi-
mately 9.6-fold [11]. These results demonstrate
that B,-adrenergic receptor/G, protein processes
are involved in reduced responsiveness to f3,-
adrenergic receptor agonists after excessive
exposure to airway smooth muscle, cAMP/PKA
processes are not. f,-aderenergic desensitization
is suppressed by an augmentation of G, and Kc,
channels in airway smooth muscle.
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9.6.4.1 Effects of Ca?* Dynamics

In fura-2-loaded tissues of guinea pig tracheal
smooth muscle, the relaxant effect of isoproter-
enol is gradually attenuated with increasing
[Ca*); as isoproterenol with MCh is repeatedly
applied for 10 min every 30 min [11, 119], and
this reduced responsiveness to isoproterenol is
prevented by pre-exposure to cholera toxin or
the addition of verapamil with no change in
[Ca*]; [11]. In contrast, as forskolin, db-cAMP
and theophylline (agents not mediated by f,-
adrenergic receptors) are repeatedly applied with
MCh, the relaxant effect of these cAMP-related
agents is not diminished with no change in
[Ca**]; (homologous desensitization) [11, 119].
Furthermore, pre-exposure to PDGF results in a
marked reduction in the relaxant effect of isopro-
terenol against MCh-induced contraction with
increasing [Ca*"];, and this reduced responsive-
ness to isoproterenol is reversed by verapamil,
an inhibitor of VDC channels [197]. The relax-
ant effects of not only p,-adrenergic receptor
agonists but also forskolin are markedly dimin-
ished with increasing [Ca®*]; after exposure to
growth factors, such as TGF-f; and PDGF (het-
erologous desensitization). In contrast, the relax-
ant effects of db-cAMP and theophylline are not
attenuated after exposure to TGF-f; and
PDGF. These results indicate that f§,-adrenergic
desensitization is caused by dysfunction of the
receptor/Gy/adenylyl cyclase processes in airway
smooth muscle and that the cAMP-independent
pathway contributes to this phenomenon [4, 5, 8,
16, 17]. Furthermore, Ca*" entry through VDC
channels is associated with f,-adrenergic desen-
sitization, and VDC channel activity may be
enhanced by dysfunction of the G/K¢, channel
stimulatory linkage.

9.6.4.2 Effects of Ca?* Sensitization

In fura-2-loaded tissues of guinea pig tracheal
smooth muscle, pre-exposure to Lyso-PC results
in a marked reduction in the relaxant effect of
isoproterenol against MCh-induced contraction
with no changes in [Ca?*]; [163]. This phenome-
non is reversed to the control response in the
presence of Y-27632, a selective inhibitor of Rho-
kinase, in a concentration-dependent manner. In

contrast, the relaxant effect of cAMP-related
agents (not mediated by [3,-adrenergic receptors)
such as forskolin, theophylline, and db-cAMP, is
not attenuated after exposure to Lyso-PC (homol-
ogous desensitization). Reduced responsiveness
to isoproterenol with no changes in [Ca?*]; is also
caused after the exposure to tryptase and SLIGKV
[162] and S1P [164]. The relaxant effects of for-
skolin are not reduced by pre-exposure to trypt-
ase and SLIGKYV; in contrast, these relaxant
effects are markedly reduced by pre-exposure to
S1P, indicating that the receptor/Gy/adenylyl
cyclase process is also associated with the dys-
function of B,-adrenergic receptors in airway
smooth muscle; cAMP activity may be intact
under this condition. Furthermore, in the pres-
ence of bisindolylmaleimide, a membrane-
permeable  inhibitor of PKC, reduced
responsiveness to isoproterenol is not reversed
after exposure to an agonist [119, 163, 194].
Therefore, tolerance to f,-adrenergic receptor
agonists caused by pre-exposure to lipid media-
tors and PAR2 agonists is involved in Ca?" sensi-
tization via the RhoA/Rho-kinase processes, not
via PKC.

9.6.5 Airway Remodeling

In asthma, airway inflammation, which is mainly
associated with mast cells and eosinophils, acts
on the epithelium, subepithelium, and smooth
muscle layers; bring about characteristic struc-
tural changes in the airways. Subepithelial fibro-
sis is resulted from the deposition of collagen
fibers and proteoglycans under the basement
membrane (thickening of the airway wall). This
phenomenon leads to airway remodeling, which
is thought to be related to asthma severity. In air-
way smooth muscle, mass formation is caused by
cell proliferation and migration, resulting in air-
way remodeling [200, 201]. Increased prolifera-
tion of airway smooth muscle cell is not
suppressed by glucocorticosteroids because of
CCAAT/enhancer-binding protein (C/EBP)-a
deficiency in airway smooth muscle cells of
patients with asthma, different from them of nor-
mal subjects [202].
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9.6.5.1 Cell Proliferation

Factors that cause proliferation of airway smooth
muscle cells are divided into the following two
groups: 1) polypeptide growth factors of tyrosine
kinase receptors (RTKSs), such as epidermal
growth factor (EGF) and PDGF, and 2) contrac-
tile agents of GPCRs, such as leukotriene D,,
thromboxane A,, and endothelin. When ligands
bind to growth factor receptors, tyrosine kinase is
activated, followed by Ras and extracellular reg-
ulated kinase (ERK)1/2, to transmit information
to the nucleus [143]. Next, DNA synthesis and
cell proliferation result from cyclin D1 activation
[203]. In addition to this main pathway for
smooth muscle proliferation, phosphatidylinosi-
tol 3-kinase (PI3K) activity is caused by gross
factors via RTKs. Activation of the PI3-K/Akt
signaling is also associated with the proliferation
of airway smooth muscle cells [143]. Moreover,
cross-talk between RTKs and GPCRs results
from PI3K, p70S6 kinase, and glycogen synthase
kinase-3 (GSK-3) [143, 204]. Involvement of the
Rho family (RhoA, Rac, and Cdc42) is still
unclear in the control mechanisms of airway
smooth muscle cell proliferation. EGF- and
PDGF-induced cell proliferation is not reduced
by inactivation of RhoA/Rho-kinase signaling
[186]; in contrast, activation of RhoA, not Rac or
cdc42, results in the proliferation of human bron-
chial smooth muscle cells that are stimulated
with serum. This proliferative reaction is reduced
by Y-27632, C3 exoenzyme, and simvastatin, an
HMG-CoA reductase inhibitor, which attenuate
proliferation via the geranylgeranylation of RhoA
(Fig. 9.4) [21]. Statins, inhibitors of
3-hydroxy-3-methylglutaryl-coenzyme A
(HMG-CoA) reductase, have pleiotropic effects,
and results in an inhibition in cell growth in air-
way smooth muscle cells, independent of lower-
ing the concentration of plasma cholesterol. The
antiproliferative activity of statins may be caused
by suppressing the synthesis of isoprenoids, such
as farnesylpyrophosphate (FPP) and geranylgera-
nylpyrophosphate (GGPP), which are associated
with activation of small GTPases Ras and Rho
families, respectively. Another factor, muscarinic
M, receptor, causes the proliferation of airway
smooth muscle cells [205, 206]. A clinical study

has indicated that an antagonist of VDC channels
suppresses airway remodeling in patients with
severe asthma [25]. Ca** entry through VDC
channels is enhanced since K¢, channel activity is
reduced by G; coupled to muscarinic M, recep-
tors when muscarinic receptor agonists are
applied to airway smooth muscle [8, 9]. These
results demonstrate that both Ca?* dynamics (Gy/
K¢, channel/VDC channel linkage) and Ca** sen-
sitization ~ (RhoA/Rho-kinase pathway) is
involved in the proliferation of airway smooth
muscle cells (Fig. 9.4).

9.6.5.2 Cell Migration

Cell migration is a characteristic function of
inflammatory cells, fibroblasts, and smooth mus-
cle cells, and this function results in inflamma-
tory cell recruitment and smooth muscle
hyperplasia in the airways [207]. The extracellu-
lar matrix enhances the migration of airway
smooth muscle cells [208]. Cell migration arises
from contraction involving actin, myosin reac-
tions, and actin reorganization. Since RhoA/Rho-
kinase processes are an important factor in the
regulation of the cytoskeleton of airway smooth
muscle cells and other cells [209], these path-
ways may regulate the migration of airway
smooth muscle cells due to changes in the cyto-
skeleton. Hence, RhoA/Rho-kinase may be asso-
ciated with airway remodeling mediated not only
by cell proliferation but also by cell migration
(Fig. 9.4). Urokinase, PDGF, leukotrienes, and
lysophosphatidic acid cause migration of human
airway smooth muscle cells [20, 210-212].
Moreover, heat shock protein, PI3K, p38
mitogen-activated protein kinase, prostaglandin
D,, and IL-13 cause the airway smooth muscle
migration [210, 213, 214]. Y-27632 significantly
inhibits the increased migration of airway smooth
muscle cells, due to PDGF or leukotrienes [143,
211]. Ca** sensitization related to the RhoA/Rho-
kinase signaling is involved in regulation of cell
migration. On the other hand, Ca’* dynamics also
regulate the migration of airway smooth muscle
cells and inflammatory cells (Fig. 9.4). Ca’* entry
through SOC channels contributes to PDGF-
induced migration of airway smooth muscle cells
[19], and an increase in [Ca®*]; due to other mech-
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anisms also causes the substance P-induced cell
migration of airway smooth muscle [18]. Since
IL-13 causes Ca** oscillation in airway smooth
muscle cells, cell migration induced by IL-13
may be associated with Ca?* dynamics [215].

9.7 Bronchodilators on Airway

Inflammation

Airway smooth muscle cells have the ability to
alter the degree of various functions, such as con-
tractility, proliferation, migration, and synthesis
of inflammatory mediators [1, 12, 13, 29]. The
plasticity from a contractile phenotype to other
phenotypes (proliferation, migration, or secretion
of chemical mediators) may enhance airway
inflammation, leading to airway remodeling,
which is also characteristic features of asthma
and COPD (Fig. 9.3). Both Ca?* dynamics [18,
19] and Ca?* sensitization [20-24] may result in
this phenotype change. Airway smooth muscle
cells are associated with airway remodeling by
mass formation due to proliferation and migra-
tion [25, 200]. Since isoproterenol inhibits mus-
carinic contraction mediated by a reduction in
both Ca** concentrations and Ca** sensitization
[2], B,-adrenerguc receptor agonists may have
effects on not only tension, but also inflammation
in the airways. Formoterol, a long-acting f,-
adrenergic receptor agonist (LABA), suppresses
infiltration of eosinophils and migration of myo-
fibroblasts in the airway of patients with asthma
(Fig. 9.5) [216]. Repeated contraction induced by
muscarinic  receptor  agonists  contraction
independent of inflammation results in airway
remodeling in patients with asthma (Fig. 9.5)
[217]. These clinical trials have indicated that
glucocorticosteroids have no effect on these phe-
nomena, and that f§,-adrenergic receptor agonists
may have prophylactic effects against airway
remodeling. Moreover, since activation of mus-
carinic M, receptors causes the proliferation of
airway smooth muscle cells [205, 206], musca-
rinic receptor antagonists may inhibit airway
remodeling. f,-Adrenergic action on airway
smooth muscle competes with G/K, channel
inhibitory linkage connected to muscarinic M,

receptors [8, 9, 17, 45, 69]. A clinical trial has
demonstrated that an antagonist of VDC channels
suppresses airway remodeling in patients with
severe asthma [25]. Ca** entry through VDC
channels is antagonized by activation of K,
channels, that is, the K, channel/VDC channel
inhibitory linkage [11]. p,-adrenergic receptor
agonists activate K¢, channels via G, and PKA [4,
5, 8, 69], indicating that these agonists may be
useful for preventing airway remodeling resulted
from a reduction in VDC channel activity [218].
Since atropine, a muscarinic receptor antago-
nist, suppresses Gi/K, channel inhibitory linkage
induced by muscarinic M, receptors [8, 9], these
antagonists may have effects not only against ten-
sion, but also against inflammation in the air-
ways, similar to [3,-adrenergic receptor agonists.
Acetylcholine production in the airways is not
restricted to the parasympathetic nervous system;
acetylcholine is also released from non-neuronal
origins, such as the bronchial epithelium and
inflammatory cells [219, 220]. Furthermore, ace-
tylcholine (either neuronal or non-neuronal) may
cause inflammation and remodeling in the air-
ways in asthma and COPD; muscarinic M; recep-
tors may be associated with the pathophysiology
of these diseases [221-224]. Long-acting musca-
rinic receptor antagonists (LAMAS) may sup-
press airway inflammation related to these
diseases. However, it still remains to be deter-
mined clinically whether muscarinic receptor
antagonists are useful for the inflammation and
the remodeling in these diseases. Even though
long-acting  f,-adrenergic receptor agonists
(LABAs) are partial agonists, these agents can
antagonize muscarinic action [17, 28, 29]. There
is no signal transduction pathway that is unre-
sponsive to f,-adrenergic receptor agonists in
muscarinic action. Both Ca?* dynamics and Ca*
sensitization are involved in the inhibitory effect
of LABAsS; in contrast, Ca** sensitization is not
involved in that of LAMAS [2, 3, 29]. Therefore,
combination of LABA and LAMA may be bene-
ficial to improving contraction and inflammation
in the airways [17, 28, 29, 38, 126-128]. LABAs
have effects on an imbibition of migration of
myofibroblasts, which are associated with airway
remodeling [24]; in contrast, glucocorticoste-
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Fig. 9.5 Airway remodeling related to asthma inde-
pendent of eosinophil inflammation in the respiratory
tracts. Eosinophil inflammation causes remodeling in the
respiratory tracts; inhaled glucocorticosteroids (ICS) is
beneficial to this inflammatory disorder. However,
repeated muscarinic contraction and myofibroblast migra-
tion causes thickening of airway smooth muscle, resulting

roids do not (Fig. 9.5). Therefore, LABAs may be
useful for preventing airway remodeling related
to asthma. Moreover, LABAs may have an effect
on an increase in glucocorticosteroid action in
airway smooth muscle [225]. Since effects of
LABAs are synergistically increased in the pres-
ence of LAMAs [17, 28, 29, 38, 125-128], the
effect of inhaled glucocorticsteroid may be fur-
ther enhanced by combination of LABA and
LAMA [226]. Arrows: activation, dotted arrows:
inhibition.

9.8 Conclusions

Ca?* signaling (Ca?* dynamics and Ca* sensitiza-
tion) is associated with alterations of contractil-
ity, proliferation, and migration in airway smooth
muscle cells, resulting in airway disorders (air-
flow limitation, airway hyperresponsiveness, f,-
adrenergic  desensitization, and  airway
remodeling), which are characteristic features of
asthma and COPD (Figs. 9.1 and 9.4). This phe-
nomenon is caused by induction of a change from
contractile to synthetic/proliferative and hyper-
contractility phenotypes (Fig. 9.3). These pheno-

in airway remodeling independent of eosinophil inflam-
mation. Long-acting muscarinic receptor antagonists
(LAMAS5) and long-acting f3,-adrenergic receptor agonists
(LABAG) are effective for these phenomena, respectively;
in contrast, ICS is not. Arrows: activation, dotted arrows:
inhibition. Illustrated based on ref. [216, 217]

type changes based on Ca** dynamics and Ca*
sensitization are due to the intracellular signal
transduction pathways, such as G protein/Kc,
channel/VDC channel and RhoA/Rho-kinase
pathways (Figs. 9.1 and 9.4).

Allosteric effect, which is a pharmacological
characteristic in GPCRs, has not been taken into
consideration so far in the use of f,-adrenergic
receptor agonists and muscarinic receptor antag-
onists for asthma and COPD. Allosteric GPCR
modulation, which is caused by the G protein/Kc,
channel/VDC channel pathway, is associated not
only with B,-adrenergic intrinsic efficacy but also
with synergistic effects between [,-adrenergic
receptor agonists and muscarinic receptor antag-
onists (Fig. 9.2). These two types of bronchodila-
tors may be useful for preventing airway
remodeling in asthma via inhibitions of musca-
rinic contraction and myofibroblast migration
because glucocorticosteroids are not effective for
these phenomena (Fig. 9.5).

Therefore, Ca** dynamics modulated by the G
protein/K¢, channel/VDC channel pathway and
Ca?* sensitization regulated by RhoA/Rho-kinase
processes may be therapeutic targets for asthma
and COPD, and research in these areas (pheno-
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type changes and allosteric effects) may provide
novel strategies in the development of agents for
these diseases that will be effective for both bron-
choconstriction and airway inflammation.
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