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Abstract

Free calcium ions within the cytosol serve as a key secondary messenger system for a
diverse range of cellular processes. Dysregulation of cytosolic Ca(2+) handling in
airway smooth muscle (ASM) has been implicated in asthma, and it has been hypoth-
esised that this leads, at least in part, to associated changes in both the architecture
and function of the lung. Significant research is therefore directed towards furthering
our understanding of the mechanisms which control ASM cytosolic calcium, in
addition to those regulating the sensitivity of its downstream effector targets to
calcium. Key aspects of the recent developments in this field were discussed at the
8th Young Investigators' Symposium on Smooth Muscle (2013, Groningen, The

Netherlands), and are outlined in this review.
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Chapter three

Introduction

The concentration of free calcium ions
within the cytosol ([Ca%*]i) of airway
smooth muscle acts as a crucial
secondary messenger for many cellular
processes such as contraction, prolifer-
ation, gene transcription and secretion
of signalling mediators 1. There are two
primary levels of control regarding Ca2*
signalling: the regulation of [Ca2*]; and
the sensitivity of “effector” proteins to
changes in [Ca%*];. Understanding the
molecular mechanisms underlying
these pathways is essential to gain
into  various

insights respiratory

diseases including asthma, chronic
obstructive pulmonary disease (COPD)
and cystic fibrosis (CF) 2, and is the

focus of the current review.

The ability of diverse changes in [Ca2+];
to mediate such a plethora of functions
relies on tightly regulated spatial and
temporal signalling patterns, achieved
intracellular

and Ca?*

The latter are now

primarily through

signalling microdomains
oscillations 1.
believed to encode Ca?* signals in
airway smooth muscle (ASM) cells, and
arise as periodic increases in [Ca2*];
with a time course in seconds. This
temporal variation in [Ca%‘]; may be
important, because sustained eleva-

tions in [Ca2*]; can be harmful to many
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cell types. There are numerous cellular
mechanisms that potentially contribute
to or modulate the generation of Ca2*
oscillations, including but not limited to
store operated calcium entry (SOCE),
receptor operated calcium entry
(ROCE), the sarcoendoplasmic reticu-
ATPase (SERCA),

canonical WNT (wingless-integrase-1)

lum Ca?* non-
signalling and kinases such as protein
kinase C (PKC). In addition, various
factors which modulate and are
influenced by calcium signalling are
outlined with regard to their recent
and for

developments potential

therapeutic targeting.

Ca2+ oscillations in airway
smooth muscle

Ca?* oscillations in ASM cells can be
generated endogenously and experi-
mentally by stimulation with contrac-
tile

histamine, cysteinyl leukotrienes and

agonists such as muscarinic,
purinergic agonists activating G-protein
coupled receptors (GPCR) associated
with Gag, as well as membrane
depolarising agents such as buffers
containing high KCl concentration 3-5.
Activation of GPCR causes Gaq to
dissociate from Gy, and bind to and
activate membrane-bound phospho-
lipase-CB (PLCB) &7 (Fig. 1). PLCPB

generates inositol 1,4,5-trisphosphate



(IP3) and diacylglycerol (DAG) from the
hydrolysis of phosphatidylinositol 4,5-
bisphosphate 8-10, [P3 activates the IP3
receptor (IP3R) expressed on the SR
membrane, causing release of SR Ca2*
and initiating the process.

It has been suggested that ryanodine
receptors (RyR) are crucial to the
initiation but not maintenance of Ca2*
oscillations 11, A proposed model is that
at the start of the Ca?* oscillation, when
sarcoplasmic reticulum (SR) Ca2* levels
are sufficiently high, the open probabil-
ity of RyR can be increased via calcium-
(CICR)
following activation of IP3R 3; this leads

induced calcium release
to emptying of the SR store into the
cytosol. The sarcoendoplasmic reticu-
lum calcium ATPase (SERCA) then
sequesters the CaZ* back into the SR 12.
However, SERCA is unable to fully
restore SR Ca2* to basal levels during
continual IP3R activation. This dimin-
ished SR Ca?* concentration inhibits
RyR opening but has less effect on the
IP3R. Hence, momentarily after the
initial Ca2* oscillation, the periodic
increases in [Ca?*]; may be due entirely
to Ca?* flux through the IP3R. The
importance of the RyR to the initiation
of contractile agonist-induced Ca?*
oscillations has been suggested both
experimentally and through mathemat-

ical modelling 511, although its role is

81

Calcium handling and sensitivity

still contentious and maybe agonist

specificc.  Upon  stimulation  with
histamine, ryanodine did not affect
contraction or the propagation of CaZ*
oscillations however it did inhibit the
slow oscillations induced by KCI 13.
the RyR

ruthenium red completely inhibited

Furthermore antagonist
acetylcholine established oscillations in
porcine tracheal smooth muscle cells 14.
Another proposal is that the endoge-
nously produced nucleotide metabolite
cyclic ADP ribose (cADPR), which is
synthesised by CD38 and enhanced by
inflammatory mediators, increases
basal [Ca?*]; and augments Ca?* signals
induced by muscarinic agonists 1516,
Teasing out the relative contribution of
both the IP3R and RyR experimentally
is a complex matter due to their close
interaction with each other, the non-
specific effects of the pharmacological
tools and the time-scale of events being

measured.

IP3R contains Ca%* binding sites which
when bound to Ca?* increase the IP3R
open probability 7. The result is an
enhanced Ca?* release and a further
increase in [Ca2*]; which initiates a
propagating Ca2* wave in the cell by
stimulating the opening of adjacent
IP3R via CICR. The IP3R also contains a
second, lower affinity Ca2* binding site,

which reduces IP3R open probability
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when [Ca?]; is sufficiently high 1718,
This feedback the
diminished level of SR Ca%* momentari-
ly inactivates the IP3R, enabling SR Ca?*
levels to replenish via the actions
SERCA, and [Ca2*]; to decrease. Howev-

er, as long as IP3 is continuously

negative and

generated by activation of Gaqg-coupled
GPCRs, the IP3R will open once SR Ca2*
level replenishes and [Ca2*]; decreases
to a threshold which favours IP3R
opening 19. It is this CaZ*-regulated
opening and closing of the IP3R that
gives rise to agonist-induced Ca2*
oscillations.

The replenishment of the SR by
SERCA2 is important for the mainte-
nance of Ca?* oscillations as pharmaco-
logical inhibition of it diminishes them
2021, Phospholambin is the most studied
regulator of SERCA2 activity and it has
been shown to disrupt cardiac contrac-
tility by reducing its affinity with Ca%*
22, Human ASM appears to be unique in
SERCA2

phospholambin protein is

respect to regulation as
not ex-
pressed and it has been suggested
CaMKII may play a role 23. If a unique
regulatory mechanism of SERCA2b, the
highest expressed isoform in ASM, is
described it would putatively provide a
Although

SERCA actively pumps CaZ* back into

new therapeutic target.

the SR during Ca?* oscillations, some of
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the Ca?* released into the cytosol is
extruded out of the cells via the
sodium-calcium exchanger (NCX) and
plasma membrane calcium ATPase
pump (PMCA). Hence, for Ca?* oscilla-
tions to persist, Ca%* in the SR must be
replenished from extracellular sources.
In addition to Ca?* entry through DAG-
activated receptor operated mecha-
nisms (ROCE) 2425, entry via store-
(SOCE, see
below) 2627 replenishes the CaZ* stores

operated Ca2* channels
when SR Ca?+* levels decrease below a
threshold, thus

airway contraction during prolonged

certain sustaining
contractile agonist stimulation 427. Very
little is currently known about the role
of the PMCA in ASM tissue and given its
potential to shape calcium dynamics
this must be addressed within the
context of health and disease.

The frequency of Ca?* oscillations is
positively correlated with the strength
of airway ASM cell contraction in mice
42829 rat 30, and human airways 13. The
elevation of [Ca2*]; that results from
Caz* oscillations stimulate the myosin
light chain kinase (MLCK) to phosphor-
ylate the regulatory myosin light chain
(rMLC) which is necessary for myosin-
actin cross-bridge cycling and smooth
muscle contraction 31. The contractile

machinery is the main target for Ca2*



sensitisation pathways and is discussed
later.

Store-operated Ca2+* entry in
airway smooth muscle cells

The finite capacity of the SR necessi-
tates the recruitment of Ca?* from the
extracellular environment in order to
sustain the CaZ* signals required to
generate prolonged contraction of ASM
cells. The gating of Ca%* across the
plasma membrane in response to the
emptying of the SR was first proposed
in 1986 by James Putney Jr. 32 and is
now widely termed store-operated Ca2*
entry (SOCE). However, the molecular
mechanism for sensing store depletion
and transducing this into a Ca2* influx
remained elusive for almost 20 years
after Putney's proposal. Finally, in
2005, two RNAi screens identified STIM
(stromal-interacting molecule) proteins
as the SR-localised Ca2*-sensors 3334, A
year later, the Orai family of proteins
was identified, again from genome-
wide RNAI screens, as the pore-forming
the  SOCE
channels 123536, Fig. 2 illustrates the

subunits  constituting
basic proposed mechanism underlying
SOCE.

In ASM cells STIM1 37 and Orail 3837
appear to be the critical components of
the SOCE siRNA-

response. Using
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mediated knockdown of STIM1 and
STIM2, Peel et al, demonstrated that
STIM1 (but not STIM2) was involved in
SOCE resulting from cyclopiazonic acid
(CPA)-mediated store depletion.
Although SOCE induced by histamine-
mediated SR depletion was similarly
dependent upon STIM1, SOCE following
bradykinin treatment was much less
STIM1-dependent 37, suggesting that
multiple SOCE pathways may exist in
ASM. The role of Orail in ASM SOCE has
been convincingly demonstrated by
siRNA-mediated depletion two
independent studies 3839, Peel et al,

in

also demonstrated that while Orai2 had
in SOCE, Orai3 depletion
resulted in an attenuated store release

no role

and subsequent Ca2* entry following
CPA treatment, suggesting that Orai3
may be involved in regulating store

release and/or basal Ca2* levels 38.

Prior to the discovery of the Orai
family, there was much interest in the
potential for the canonical transient
receptor potential (TRPC) family of ion
channels to mediate SOCE 40, Consider-
able evidence has accrued that they can
interact with STIM and Orai proteins 41,
SOCE

pathways all utilising STIM1 as a sensor

perhaps generating multiple
of store depletion. This may be worthy
of further investigation in ASM cells,

where two distinct components of
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store-operated current (one consistent
with a classical Orai-dependent ICRAC
“ISOC-like”
current, with properties more in line
with a TRPC-mediated current) have

been identified 38.

current and another

Functionally, SOCE has been implicated
in ASM contraction 42 through the
maintenance of Ca?* oscillations 43 and
in regulating migration and prolifera-
tion of ASM cells. SOCE is elevated in
proliferating ASM cells, relative to
quiescent cells 4244 and Orail expres-
sion is also increased in proliferating
cells 4. PDGF and serum-mediated ASM
cell migration has been shown to be
dependent upon STIM1 and Orail
expression, using siRNA approaches
4546, SOCE is also likely to be involved
in the recent links drawn between
sustained contraction inducing
remodelling via TGF-3 release from the
extracellular matrix (ECM) 4748, Given
the potential role of proliferation and
migration in airway remodelling, these
suggest that SOCE

contribute to the structural changes

findings could
occurring in inflammatory, obstructive

airway disease.

In support of this notion, a number of
studies have found that SOCE (or the
molecular components that constitute
it) is

altered under inflammatory
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conditions. Inflammatory mediators
including TNFa, IL-13 and TGFf have
been reported to elevate SOCE and/or
STIM1/0Orail expression in ASM cells
39.49-53 [n many cases, increased SOCE
appears to reflect over-expression of
STIM1/0Orail, but Jia et al., found that
treatment of ASM cells with either
TNFa IL-13 enhanced STIM1
aggregation, that
STIM1/Orail function may also be
regulated under inflammatory condi-

or

suggesting

tions. Furthermore, in ovalbumin-
challenged mice, both Orail and STIM1
protein levels substantially
elevated in ASM cells 45, indicating that
SOCE might contribute to the develop-

ment of asthma. Indeed, experimental

were

studies in animal models of allergen-

induced asthma have provided
evidence that administration of SOCE
blockers such as YM-58483 54 and 3-
fluoropyridine-4-carboxylic acid, FPCA
55 can have anti-inflammatory and
bronchodilatory effects. Although some
of these effects are likely to be mediat-
ed through inhibition of SOCE in non-
ASM cells (e.g. immune cells, epithelial
cells), bronchodilation is likely, at least
in part, to be due to inhibition of Ca2*
entry into ASM cells. Both experimental
4 and mathematical modelling 27
approaches indicate that SOCE influ-
ences the frequency of Ca?* oscillations

in ASM cells, which in turn is responsi-



ble for setting the level of smooth

muscle tone 19,

Receptor operated calcium
entry

Receptor operated calcium entry

(ROCE) also plays a role in maintaining

Ca?* oscillations and force generation in

ASM cells 5657, Ca?*

through receptor-operated

flow mediated
calcium
channels (ROCC) from extracellular
spaces is not dependent on the Ca?*
status of internal stores. Activation of
ROCCs occur either via extracellular
ligand binding or indirectly via
secondary messengers such as DAG 57
as shown in Fig. 2. Furthermore, ROCCs
are insensitive to L-type voltage-gated

calcium channel (VOCC) blockers 57.

Prominent members in this category
include the TRP channels, a family of 28
proteins that function as homo or
CaZ+
permeable cation channels 5859 and are
present in ASM 59-63. DAG stimulates
Caz* entry through TRPC3/6/7 6465
the

probability of the channel 66, however

heteromeric non-selective

possibly by increasing open
the exact interaction is yet to be
described. Increased protein expres-
of TRPC3

treatment

sion following TNF-a
in human ASM cells is

thought to be accompanied by a switch
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from ROCE to SOCE 53. Furthermore,
blocking TRPC3 with

prevented membrane depolarisation

antibodies
and methacholine-induced cytosolic
Ca?* flux in ASM cells ¢6. That is not to
say ROCE doesn't play a role in
inflammation as TRPC6~/- mice, in an
allergic model of asthma, displayed
reduced inflammation but enhanced
tracheal contractility ¢7. Discerning the
individual roles of TRPC3 and TRPC6 in
ROCE and SOCE is very challenging due
to the lack of pharmacological tools and
their complementary compensation in
knockout models. Future studies using
airway tissues are essential to further
understand TRPCs role in normal and

diseased airways.

In the last decade, numerous novel
non-TRPC and non-SOCE Ca2* entry
mechanisms have been proposed in
ASM cells. A few notable examples
include arachidonic-acid regulated
(ARC) channels 86° and ATP-gated P2X
receptors 7971, ARC channels are Ca?*
selective ion channels specifically
stimulated by arachidonic acid, a
secondary messenger released due to
phospholipase A2 activation during
low-agonist binding of GPCRs 6869,
While ARC
distribution and function in ASM cells is
still debatable,

unrelated cell types were shown to

channel expression,

these receptors in
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Figure 1. Illustration of our current view of the main intracellular pathways that regulate contraction.
These are thought to be of primary importance in small intrapulmonary airways and the proposed
mechanisms are supported by recent experimental evidence obtained by examining mouse and/or human

lung slices with customised imaging techniques.
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Receptor-operated Ca** entry (ROCE)

Glutamate  Irritants/CS

.\.\. %O. © ©

ARC P2x NMDA-R TRPA1
L

Figure 2. Activation of G protein-coupled receptors (GPCRs) by bronchoconstrictors initiates an intracellu-
lar signalling cascade generating DAG and a burst of IP3 leading to the release of Ca?* from the SR.
Depletion of the SR Ca?* store leads to oligomerisation of STIM1 molecules and translocation into regions
of the SR in close proximity to the plasma membrane. There, they can engage with Orail or TRPC channels,
leading to an influx of Ca?*, termed store-operated Ca?* entry (SOCE). DAG generated by GPCR activation,
along with PIP2 binds to TRPC channels and induces Ca?* influx from extracellular spaces, termed receptor-
operated calcium entry (ROCE). Further ROCE mechanisms involve TRPA1, P2X and NMDA-R. G protein
stimulation also causes release of arachidonic acid (AA) which activates arachidonic acid regulated
channels (ARC). ARC is suggested to regulate STIM1 in a store-independent manner. However, all the

underlying mechanisms are still under investigation.
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mobilise Ca2* entry via STIM1, inde-
pendently of intracellular stores 686972,
While these observations propose the
dual role of STIM1 as a SOCE and ROCE
regulator, depending on the localisation
7374 it still needs to be verified.

ATP

phosphate) can mobilise intracellular

Extracellular (adenosine  tri-
CaZ* in ASM via activating a family of
ligand-gated purinergic ion channels,
the P2X1-4 receptors 707175, ATP acting
these

methacholine-induced

via receptors  potentiated
hyperrespon-
siveness through Rho kinase dependent
CaZ* sensitisation 79, Furthermore, P2X
receptors have been reported to
activate the reverse mode of NCX 7576 in
a STIM1 dependent manner, thus
putatively linking them to SOCE and the
maintenance of Ca2* oscillations 2177,
Therefore ATP is potentially involved
not just in contraction but in other
[Ca%+]; dependent pathophysiological

processes as well 1.

The N-methyl-D-aspartate
(NMDA-R)
potential ankyrin 1 (TRPA1) have been
studied in the

system and are now thought to hold

receptors

and transient receptor

extensively neural

importance in ASM 78-80, Using experi-

mental animal models for allergic

inflammation, the NMDA-R has been
shown to be

involved in airway

88

81,82 and

hyperreactivity recently
TRPA1 in non-neurogenic inflammation
80, Recent research into TRPA1 and
NMDA-Rs provide evidence of a unique
neuronal and
respiratory which further
adds to the diversity of ROCE mecha-

nisms.

cross-talk  between

systems,

WNT signalling

The  WNT

signalling pathway constitutes a family

(wingless-integrase-1)

of secreted glycoproteins that are
heavily modified before entering the
typically
involved in embryonic development
WNT

can activate the [(-catenin

extracellular space and

and tissue homeostasis 83-85,
ligands
dependent (canonical) pathway via the
Frizzled receptor family in concerted
with the

lipoprotein-related

low-density-
5/6.

Activation of this pathway regulates

action
protein
cellular differentiation, proliferation
and self-renewal processes 8¢, Alterna-
tively, WNT ligands may activate f3-
catenin independent (non-canonical)
pathways by either binding to Frizzled
receptors alone or by interacting with
the non-Frizzled tyrosine
receptors Ror2 8788, Ryk 89-92 and PTK7

93, Non-canonical signalling embodies

kinase

at least two signalling branches that in
some regards share certain characteris-



tics as shown in Fig. 3. The Planar Cell
Polarity (PCP) pathway °4, defined by
regulating directed migration and
organised polarisation by shaping the
actin cytoskeleton. Here, WNTs signal
through  Frizzled receptors and
Dishevelled (DVL) via small GTPases
and Jun-N terminal kinase (JNK) to
regulate cell shape and polarity. The
second non-canonical signalling branch
is the WNT-Ca2* pathway, named after
the finding that some WNT ligands
induce endoplasmic reticulum-
mediated Ca?* release 959. Interesting-
ly, all of the described non-canonical
pathways include Ca%* as a second
messenger 9798, where CaZ* is either
rapidly induced upon WNT stimulation,

or directs a more delayed response 9.

The involvement of non-canonical WNT
ligands with Ca?* was first observed in
Zebrafish embryos. Ectopic expression
of WNT-5A enhanced the frequency of
[P3-mediated cytosolic Ca2* oscilla-
tions, whereas WNT-8, a canonical
WNT, did not 99100, [t was later shown
that WNT-5A

Ca?*/calmodulin-dependent
kinase II (CaMKII) and protein kinase C
(PKC, discussed later)

101102, Sybsequent studies

activates

protein

in Xenopus
embryos
revealed that a downstream target is
the pro-inflammatory Ca?* dependent

transcription factor Nuclear factor of
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activated T-cells (NFAT) 103, Enhanced
free cytosolic CaZz* induced by WNT-5A
directs NFAT from the cytosol to the
nucleus, activating gene transcription

and suppressing canonical signalling
104

The available evidence showing direct
involvement of the WNT-Ca2* in smooth
muscle is limited, although many
studies have been conducted that
suggest that pathways are relevant in
this cell type. NFATc1 is differentially
expressed in vascular smooth muscle in
response to various stimuli 105106 such
as driving migratory processes 197 or in
disease 108, Interestingly, overexpres-
sion of a constitutively active GSK3, a
canonical mediator, significantly
delayed the nuclear translocation of
NFATc1 197, Another line of research
has shown that CaMKII is actively
expressed in vascular smooth muscle
109 and is an essential component in

vascular smooth muscle

110,

driving

migration A recent publication
demonstrated the active involvement of
the WNT-Ca?* pathway in an ASM cell
with ~ WNT-5A-

induced rapid

line; treatment
conditioned medium
nuclear translocation of NFATc1 and a
Ca2* dependent increase in fibronectin
and collagen I The
authors attributed a role for TGF-f in

regulating this TGF-B

expression 111,

process, as
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strongly increased the expression of
WNT-5A mRNA.
human pulmonary fibroblasts SERCA2

Furthermore, in
and RyR inhibition can effectively block
TGF-B-induced fibronectin and collagen
I mRNA expression 112, The findings in
these studies may point towards a
general mechanism by which TGF-$
regulates
activation of the WNT-Ca?* pathway.

Considering the aforementioned, it may

ECM production through

well be speculated that non-canonical
WNTs such as WNT-5A regulate ECM
dynamics by enhancing free cytosolic
Ca?* and subsequently activating CaZ*
dependent processes.

While non-canonical WNTs such as
WNT-5A may regulate the production
in ASM through

elevation of cytosolic Ca2*, an opposite

of ECM proteins

relation has also been described. It was
shown that fibronectin binding to
o4B1-integrin activates the WNT-PCP
pathway in vascular smooth muscle to
enhance cellular migration through
RhoA and Rac1 in a Dishevelled (DVL)
dependent matter 113. While the role of
Ca2* in the WNT-PCP pathway is less
definitive, Ca?* may very well play a
role in this process, as small GTPases
have been argued to function in a Ca2*-
dependent manner. For example, WNT-
5A  inhibits

movements by decreasing the Ca2+-

convergent/extension

90

of
Xenopus blastomeres 1% which could

dependent cell adhesiveness
be overcome by overexpression of a
GTPase

Cdc42. Furthermore, treatment with

dominant-negative = small
the dominant-negative Cdc42 could
rescue the inhibitory effects of PKC-a
on convergent/extension movements
115, The authors hypothesised that
Cdc42 normally functions downstream
of WNT-Ca%*-mediated PKC signalling.
A recent paper provided evidence for
the role of Ca?* in the WNT-PCP
pathway. The authors showed that
WNT-5A regulates directional move-
ment in migrating cells (via the WNT-
PCP pathway) by

redistributing proteins into an intracel-

recruiting and

lular polarised structure termed the
WNT-5A-mediated
myosin polarity structure (WRAMP) 116,

receptor-actin-

Furthermore, membrane retraction
directed by WNT-5A mediated WRAMP
assembly was dependent on elevating
free Ca?* levels at the trailing edge of
the cell 117. The authors hypothesised
that during membrane
assembly of the WRAMP structure
recruits the ER, which triggers Caz*
Ca2+

dependent enzymes, allowing substrate

retraction,

release  activating localised
detachment and actomyosin contrac-
tion. WNT-5A treatment increased the
abundance of calpain-2 and phosphory-

lated myosin light chain in the proximi-



ty of WRAMP. Although the findings
from this study were performed in
WM239A melanoma cell lines, they
reported similar WRAMP structures in
the mouse myoblast C2C12 cell line 117,
It is therefore plausible that the
described mechanisms are of relevance
in smooth muscle biology.

Contraction
Caz* drives contraction through
calmodulin-dependent activation of

myosin light chain kinase (MLCK) to
phosphorylate the regulatory subunit
of myosin light chain (MLC20) and
initiate cross-bridge cycling (Fig. 1)
118119, Actin polymerisation is also a key
aspect, as if it is blocked with latruncu-
lin or actin decay peptides there is a
of

muscle contraction 120-122, Using an

profound suppression smooth
allergic asthma model in rats it was
found that force generation increases
despite a reduction in smooth muscle
myosin heavy chain (smMHC) 123. The
counter-intuitive result of this study
was later

explained by showing

elevated F-actin polymerisation 124,
Such a change in contractile composi-
tion may relate, in part, to the AHR

observed in asthma.
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Cytoskeleton
Ca?* regulation of actin filament cross-
linking is essential for normal function
and dynamics of the actin cytoskeleton,
and is important for cell structure and
growth 125, By associating with mem-
brane adhesion complexes the ac-
tin/cytoskeleton network can respond
to mechanical or contractile stimuli and
modulate cell stiffness through integrin
interactions with the ECM, determining
airway compliance and responsiveness
126, Focal adhesion kinase (FAK), a 125
kDa

forming part of the adhesion complex

non-receptor tyrosine kinase
127, has also been implicated in regulat-
ing cell migration through the regula-
tion of the Rho family proteins 128, FAK
phosphorylates one or more Rho GEFs
and may therefore increase sensitivity
to Ca?* by activating the RhoA/Rho
kinase pathway 129. Recently, it has
been shown that FAK may also facilitate
of RhoA
activation through its association with
p190RhoGEF and p190RhoGAP 130, The
paper demonstrated that p190RhoGEF
RhoA
adhesion for-

cycles inactivation and

over-expression enhances
activation and focal
mation. Further to this, FAK-/- fibro-
blasts demonstrate reduced
p190RhoGEF and cessation of dysregu-
lated RhoA activity 130.
over-expression of pl90RhoGAP is

RhoA

Conversely,

associated with decreased
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activity and cell motility demonstrating
that FAK expression and activity are
required for the recruitment of
p190RhoGAP to focal adhesions to
promote the RhoA inhibition that is
required for directional migration 131

A new paradigm to treatment of
obstructive airway diseases such as
asthma has been proposed based on
the findings that at short ASM lengths
there is an increase in cytoskeletal
recruitment dissociated from cross-
bridge cycling leading to bronchodila-
tor insensitive airway distensibility 132,
Therefore, targeting the signalling
molecules that are involved in cyto-
skeletal recruitment, such as PIP2, Rho,
Ca?* and adhesion junction proteins
may provide a novel approach to the
of obstructive

treatment airway

diseases.

Calcium sensitisation and RhoA/Rho
kinase
As previously described, [Ca%*]; is the
key driving force behind smooth
muscle contraction. The degree of force
and threshold for contraction can
however be altered in a Ca%* independ-
ent manner termed “Ca?* sensitisation”.
RhoA, a monomeric GTPase and its
downstream  effector =~ Rho-Kinase
increase myosin light chain (MLC)

phosphorylation through inhibition of
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myosin light chain phosphatase (MLCP)
leading to enhanced contraction for a
given [Ca?*]; 133-136, MLCP activity is
regulated by the phosphorylation
status of the myosin binding subunit
MYPT-1. Two key sites, thr 696 and 853
are phosphorylated by Rho-kinase
leading to inhibition of activity 137138, [n
addition to mediating Ca2* sensitisa-
tion, RhoA catalyses the assembly of
adhesome complexes, inducing actin
polymerisation in an essential step
during airway smooth muscle contrac-
tion 139. Indeed, it has been reported
that
robustly suppresses tension develop-

ment with little effect on MLC phos-

inhibition of RhoA activation

phorylation 13,

Tyrosine phosphorylation
The involvement of protein tyrosine
phosphorylation in smooth muscle
contraction and Ca?* sensitisation has
been recognised for a while, though not
the specific members involved 140-142,
With the development of specific
tyrosine kinases inhibitors, it has now
emerged that non-receptor tyrosine
(NRTKs)
regulators of RhoA and Ca?* sensitisa-
tion. NRTKs include the Src family
kinases (Src-FK), which are the largest
subfamily of NRTKs, and FAK. Several

groups have implicated a role for

kinases are important

specific NRTKs in Ca?* sensitisation in
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Co-receptor
Extracellular space

Cell migration
Cell polarity
Smooth muscle contraction

ECM production

Figure 3. A simplified scheme of the B-catenin independent (non-canonical) signalling pathway, as
currently evidenced in ASM. The WNT-Ca?* pathway on the left-hand side acts through Ca?* released from
the SR via the IP3R which activates calmodulin-dependent kinase II (CaMKII) and protein kinase C (PKC),
finally resulting in activation of nuclear factor of activated T cells (NFAT). The Planar cell polarity (PCP)
pathway on the right-hand side triggers activation of small GTPases, leading to actin polymerisation and
microtubule stabilisation. Although limited at this point, there is evidence of an overlap between both

systems, suggesting a role for Ca?* in the PCP pathway as well.
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vascular smooth muscle, in particular
Src Family Kinases (Src-FK) 143144, FAK
has also been implicated in having an
upstream role in the activation of RhoA.
FAK tyrosine phosphorylates one or
more Rho GEFs and may contribute to
the increased CaZ* sensitivity of myosin,
by the activation of RhoA and its
downstream effector, Rho-kinase 145,

Src-FK
Src-family kinases (Src-FK) form a
group of related NRTKs
including Src, yes and fyn 146, that are

closely

expressed in rat pulmonary arterial
smooth muscle cells (PASMC) 143 and
human ASM 147, Inhibition of Src-FK has
been shown to abolish sphingo-
sylphosphorylcholine (SPC) and PGF2a
induced Ca?* sensitisation in vascular
smooth muscle by abolishing Rho-
kinase translocation from the cyto-

143,144, further

plasm Knock et al,
demonstrated that MYPT-1 is phos-
phorylated at the aforementioned key
sites and MLC20 at ser-19 in a Src-FK
dependent manner following PGF2a
stimulation, without affecting basal
phosphorylation 143, Basal phosphory-
lation of MYPT-1 and MLC20 were
however reduced by Rho-kinase
inhibition, suggesting Src-FK involve-
ment only during GPCR stimulation.
Furthermore, when Rho-kinase and

Src-FK were both inhibited, there was
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no additive effect on either PGF2a-
induced MYPT-1 and MLC20 phosphor-
ylation, or PGF2a-induced contraction
suggesting that Rho-kinase and Src-FK

may act on the same pathway.

Both Src-FK and FAK play a role in
signal transduction pathways down-
stream of GPCR activation and it is
possible that Src-FK and FAK provide
the signalling link between G-protein
receptor activation and RhoA activa-
tion. Therefore, targeting NRTKs such
as Src-FK and FAK which have been
shown to activate RhoA and Ca?*
sensitisation pathways, could present a
new and promising therapeutic
intervention for the treatment of
diseases characterised by abnormal

smooth muscle contraction.

The role of PKC in the regula-
tion of airway smooth muscle
contraction

An important upstream signal trans-
duction molecule that regulates smooth
muscle contraction is the protein
kinase C (PKC) family of isoenzymes.
These serine-threonine kinases can be
activated by DAG, increases in [Ca%*];
PKCs) or

neither (atypical PKCs). Since most

(conventional and novel

agonists that stimulate airway contrac-
tion activate PLC-f to synthesise DAG



and IP3 to increase [Ca%*]; (see Fig. 1)
the activation of PKC is thought to play
an important role in the regulation of
demonstrated in

airway tone, as

murine model of asthma 148,

Caz* signalling activated by PKC in
ASM
The role of PKC activation on Ca?*
signalling in small ASM cells was
studied in precision cut lung slices
(PCLS) using confocal microscopy 14°.
PKC activation with phorbol esters
induced repetitive Ca?* oscillations that
persisted in the continuous presence of
the stimuli. The frequency of the
oscillations was 0.5-2.5 cycles/min,
significantly less than the frequency
induced by most contractile agonists
(15-30 These Ca?*
oscillations, as with those induced by
isotonic KCI (50 mM) were blocked by
inhibition of SERCA or by the inhibition
of RyR, indicating that they were

cycles/min).

mediated by Ca2* release from intracel-

4150, In

lular stores through RyRs
the

induced by

contrast, high-frequency Ca2+

oscillations contractile
agonists are IP3 dependent as previ-
ously described 150, Thus, all PKC, KCl,
and agonist-stimulated Ca?* oscillations
are mediated, in part, by Ca?* release
the SR. PKC-activated Ca?*

oscillations, like those induced by KCl,

from

were inhibited by removal of extracel-
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lular Ca?* or by L-type voltage-gated
Ca2* channel (LVGC) blockers such as
nifedipine suggesting that activation of
PKC results in an initial increase in CaZ*
influx through LVGCs.

Relationship between PKC-activated
Ca2+* oscillations and ASM cell
contraction
Simultaneous measurements of Ca?*
signalling and ASM cell contraction in
PCLS showed that the low-frequency
Ca?* oscillations stimulated by PKC
were accompanied by concomitant
ASM cell twitching in small airways 14.
This temporal association between
low-frequency Ca2* oscillations and
ASM twitching is similarly observed
during the stimulation of PCLS with KCI
4, In both cases, ASM twitching resulted
in a very low reduction in airway lumen
area. In contrast, high frequency Ca2*
oscillations induced by contractile
agonists including ACh (or MCh), 5-HT,
histamine, cysteinyl leukotrienes and
endothelin-1 (ET-1) are accompanied
by concentration-dependent sustained
ASM cell contraction that results in a
strong reduction in airway lumen 41328,
This close association between CaZ2*
oscillations and contraction support the
hypothesis that small-airway contrac-
tion is regulated, at least in part, by the
frequency of Ca?* oscillations in ASM
the concomitant

cells.  Similarly,
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reduction in Ca?* oscillation frequency
and increase in airway lumen (relaxa-
tion) during exposure of PCLS to
B2AR

receptor

bronchodilators including
NO, bitter-taste

agonists, and H2S (see below) further

agonists,

support the regulation of ASM cell
contraction by Ca?* oscillation frequen-

cy.

PKC activation induces strong Caz*
sensitisation
Experiments with Ca2*-permeabilised
PCLS from mice suggest that small
airways have a low intrinsic (basal)
Caz+

relaxed under conditions

sensitivity since they remain
in which
there is a sustained increase in ASM cell
[Ca2+]; 2830151, The addition of agonists
to these Ca?*-permeabilised lung slices
elicits a strong airway contraction,
that they Caz+

sensitisation. Similarly, activation of

indicating induce
PKC with phorbol esters induces a

in Ca?*-
149
)

strong airway contraction
permeabilised lung slices in
contrast to the small decrease in lumen
elicited in non-permeabilised lung
slices. Thus, to induce a strong sus-
tained contraction, a stimulus must
substantially increase both the [Ca2+];
and the Ca?+ sensitivity 8 which isn't
achieved by the low frequency oscilla-
esters.

tions induced by phorbol

Similarly, KCl induces low-frequency
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Ca2* oscillations, weak Ca2* sensitisa-
tion and, as a result, ASM twitching and
weak sustained contraction in mouse
Caz+

sensitisation by PKC activation with

small airways. Evidence for
phorbol esters was also obtained in
non-permeabilised (normal) airways.
Thus, pre-exposure of mouse bronchial
rings or lung slices to phorbol esters
increases force development in
response to KCl 149152, A]l the experi-
indicates that PKC

activation in ASM cells induces Ca?*

mental evidence

sensitisation.

Whether contractile agonists, or rather,
other stimuli such as inflammatory
molecules activate the PKC pathway in
ASM cells to increase contraction is still
uncertain. An interesting molecule that
may activate PKC in airway ASM cells is
thrombin. This molecule is a well-
known central protease in the coagula-
tion cascade, however thrombin levels
have been found increased in the small
airways and the alveolar space of
asthma patients compared to those of
controls 153154, In addition, thrombin
can cause airway hyperresponsiveness
in experimental asthma 155 and is
suggested to be involved in its patho-
156, thrombin
Caz+ of the

contraction mediated by stress fibres in
by

genesis Interestingly,

induces sensitisation

retinal pigment epithelial cells



activating PKC and thereby promoting
phosphorylation of the PKC-potentiated
PP1 inhibitory protein of 17 kDa (CPI-
17) and MLC20 157. In small airways
thrombin was found to induce a weak
airway contraction in non-
permeabilised lung slices 1%° and a
strong, PKC dependent contraction in
Ca?* permeabilised slices, suggesting
induction of sensitisation. Furthermore,
thrombin was found to markedly
potentiate the KCl-induced airway
contraction 149, Thus, activation of PKC
in ASM cells in airways exposed to
increase levels of thrombin could
sensitise them to contractile agonists
such that these agonists cause stronger

contraction.

The mechanism of CaZ* sensitisation
In many experimental models, Ca%*
sensitisation in smooth muscle is
initiated by activation of PKC and Rho-
kinase 129. The phosphoprotein CPI-17,
expressed in smooth muscle, is a target
for PKC that, when phosphorylated,
binds to the PP1 subunit of MLCP to
cause its inhibition, thereby causing
Ca?* sensitisation, previously reviewed
158 n the small airways, PKC activation
induces ~60% phosphorylation of CPI-
17 in tissues with “normal” or “Ca%*-
permeabilised” ASM cells 149 suggesting
it is a mediator of PMA-induced Ca?*
sensitisation small 149,

in airways
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Finally, PKC activation was demon-
strated to cause a reversible increase in
MLC20
airways 149, as expected if phosphory-
lated CPI-17 inhibits MLCP. Thus, the
data

phosphorylation in small

in small airways support a
mechanism in which CPI-17 relays the
signal from PKC in the intracellular
cascade that increases MLC20 phos-
phorylation and Ca?* sensitisation in

ASM cells.

Pharmacological targeting and
modulators of Caz+ oscillations
and sensitisation

Most, if not all, bronchodilators studied
reduce [Ca%*]; in the ASM cells of small
as well as large airways exposed to
contractile agonists 13159-166_ Further-
more, simultaneous measurements of
airway contraction and Ca?* signalling
in ASM cells in PCLS has shown that
inhibition of agonist-induced intracellu-
lar Ca2* oscillations is quickly followed
by airway relaxation, during exposure

161-167,  Because

to bronchodilators
agonist-induced Ca?* oscillations are
initiated and maintained by cyclic Ca2*
release through IP3R (and perhaps
RyR), it is not surprising that many
bronchodilators inhibit Ca2* oscillations
by inhibiting IP3R activity (Fig. 1).
However, all
inhibit the IP3R activity by the same

not bronchodilators
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mechanisms. Below we describe the

experimental evidence for each
bronchodilator studied that suggest
that inhibition of Ca?* release through
IP3R and Ca?* oscillations is a common
cellular mechanism for bronchodilation
and that the IP3R in the airway smooth
muscle is a common target for most

bronchodilators.

Beta-2 adrenergic receptor (3:AR)
(B2AR)
agonists exert their effects via dissocia-

Beta-2 adrenergic receptor
tion of the Gas subunit from the
receptor which
cyclase (AC) to generate cAMP. The

increase

activates adenylyl

in cAMP can activate the
cAMP-
dependent protein kinase A (PKA)

canonical effector molecule
and/or the exchange protein directly
activated by cAMP (Epac) 168, The
downstream effects are regulation of
Ca?* signalling, Ca2* sensitivity, and
rMLC phosphorylation in airway ASM
cells to induce bronchodilation (Fig. 1).
There have been many emerging
concepts regarding (32AR pharmacology
which is of great interest to the
respiratory field, such as using full
agonists comprised of a single enanti-
omer to off-set loss of desensitisation
through an increased spare receptor
reserve 169, Or using an inverse agonist
to suppress inflammation and persis-

tent AHR while maintaining the use of
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agonists as rescue therapy taking
advantage of the “sensitising” effect of
the inverse agonist 170, Such revelations
are still clinically unproven but could
improve the clinical outcome for many
patients.

The B2AR agonists formoterol and

salbutamol decrease the frequency of

contractile agonist induced CaZ*
oscillations in a  concentration-
dependent fashion 13160163 cAMP

partially inhibits Ca2?* entry through
plasma membrane Ca?* channels but
Ca2+

ryanodine receptor activation 160, The

not release stimulated by
effect of cAMP was further explored in
the small airways of mice using the
PCLS technique with a variety of
agonists 161163, Relaxation of pre-
contracted airways and a simultaneous
reduction in oscillation frequency was
demonstrated. The authors proposed
that ;AR agonists and cAMP elevating
inhibit Ca?*
reducing the IP3R sensitivity to IP3, as

agents oscillations by
release of caged [P3 partially reversed
the effect (Fig. 1). There is still a lack of
consensus on the role of the primary
downstream effectors of cAMP signal-
ling, PKA and Epac (Fig. 1) on cAMP-
induced inhibition of Ca?* signalling
and ASM cell relaxation. The role of
these signalling molecules have been
reviewed in detail 171172,



B2AR agonists induce CaZ* desensiti-
sation in airway smooth muscle
The first suggestion of B2AR agonists
affecting Ca2+ sensitisation were shown
by measuring higher levels of relaxa-
tion than the simultaneously measured
decrease in [Ca2*]; 173. In subsequent
studies in lung slices with a clamped
[CaZ+];,
induced relaxation of MCh-contracted
[Ca2*];
changes, indicating that these (AR

salbutamol and formoterol

airways in the absence of
agonists caused Ca2* desensitisation
162,163, [mportantly, in human lung slices
with Ca?* permeabilised airway ASM
cells, formoterol relaxed histamine-
contracted airways, indicating that
formoterol induces Ca?+ desensitisation
in the ASM cells of human small
airways 13. In conclusion ;AR agonists,
by elevating the intracellular cAMP
concentration, cause Ca?* desensitisa-
tion and this mechanism contributes to

the bronchodilation effect.

Nitric oxide (NO)
Nitric oxide (NO) is produced in the
small airways by epithelial cells,
resident immune cells, and endothelial
cells of neighbouring intrapulmonary
arteries, and relaxes ASM (Fig. 1). NO
enters the cytosol of ASM cells where it
stimulates the soluble guanylyl cyclase
(sGC) to produce cGMP, leading to

relaxation of the airways in a protein
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kinase G (PKG) dependent manner 164,
Exposure of agonist-contracted airways
to NO rapidly and strongly inhibited
agonist-induced Ca?* oscillations and
induced airway relaxation. In the first
minute following NO addition, NO
caused an immediate and complete
suppression of Ca?* oscillations; these
subsequently resumed but with a lower
frequency than prior to NO addition.
Concomitant with the changes in Ca%*
oscillations, NO induced a biphasic
airway relaxation with a rapid and
strong relaxation that peaked in the
first minute followed by partial
contraction 164, These results suggest
that NO-induced airway relaxation is at
least in part mediated by a reduction in
the frequency of Ca?* oscillations. A
in the [CaZ;

muscle is expected to result in a

decrease in smooth
reduction in activated Ca?*-calmodulin
that regulates MLCK and therefore in a
decrease in MLC20 phosphorylation
that regulates contraction. However,
whether inhibition of Ca?* oscillations
by NO is accompanied by a reduction in
MLC20 phosphorylation has not been

investigated in the small airways.

In the presence of NO both IP3-induced
Ca?* release and airway contraction
were fully inhibited and these effects
were reversed by NO washout 164
suggesting that NO inhibits Ca%* release
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via IP3R to reduce the frequency of Ca2+
The effect PKG
dependent, however the precise
interplay between NO/cGMP/PKG to
inhibit the IP3R has not been investi-
gated. A putative candidate is the PKG
substrate protein IRAG, present in the
SR membrane of ASM. When IRAG is
phosphorylated by PKG it associates
with the IP3R and blocks IP3R activa-
tion by IP3 and Ca2* 174175, Contrary to
B2AR agonists, NO failed to induce

relaxation after clamping of [Ca?*];

oscillations. was

suggesting it plays no role in sensitisa-

tion 164,

Hydrogen sulphide
Hydrogen sulphide (H.S) is a gaseous
molecule that is produced in the
cytosol. It appears to regulate diverse
cell physiological processes including
smooth muscle contractility 176177 and
has been linked with asthma in both
adult and paediatric patients 178179, In
ASM (CSE)

produces H»S 178 and its expression as

cystathionine y-lyase
well as the levels of endogenous H»S in
lung tissue are reduced in rodent
models of allergic asthma 180181 As in
vascular ASM cells, H2S relaxed ASM
cells in mice 182, and exogenous
treatment with H,S improved lung
function and decreased airway
inflammation in an allergic murine

model of asthma 180, These findings
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suggest that the CSE/H>S system plays
a critical protective role in the devel-

opment of asthma.

believed to mediate ASM
independently of KATP
channel activation 182-184 yia inhibition
of IPs-induced Ca?+

oscillations akin to AR agonists 165,

HaS is

relaxation
release and
The IP3Rs have cysteine residues in
their luminal side that are redox
sensitive 185, Significant conformational
changes in this part of the protein
induced by a reducing agent such as
H2S could alter its affinity for regulato-
ry proteins 186187, Relaxations induced
by H.S were reversed by the addition of
the
mimicked by the thiol-reducing agent
dithiothreitol (DTT) 165,

oxidising agent diamide and

The effect of H2S on Ca?* sensitisation
was investigated in PCLS with CaZ?*
permeabilised ASM cells. However, H»S
induced only a small and slow airway
relaxation in these slices suggesting
that CaZ*

major mechanism that mediates the

desensitisation is not the

airway relaxation induced by H>S 165. In
conclusion, endogenous H,S is a potent
bronchodilator that blocks Ca?* release
through the IP3R and thus inhibits
agonist-induced Ca?* oscillations to

relax airway ASM cells.



Bitter taste receptors

Recently, several members of the

TAS2R Dbitter-taste
found expressed on human 188, mouse

receptors were
166,189 and guinea pig 1°0 ASM cells and
reversed bronchocon-
TAS2R
activation is linked to the activation of
PLCB2 IP3R-mediated
increases in [Ca2+]; 191192, which would
be expected to induce ASM cell
While TAS2R agonist-
induced Ca?* signalling has been
observed in ASM cells 166188189 it has

only occurred in the absence of any

its agonists

striction. In taste-bud cells,

leading to

contraction.

contractile agonist and usually when
of
TAS2R agonist are used. Under these

high millimolar concentrations
conditions, it is difficult to ascertain
whether TAS2R agonist-mediated Ca2+
the ability of
TAS2R agonists to reverse contractile

signalling underlies

agonist-induced ASM contraction.

Hence, it is possible that TAS2R

agonist-mediated Ca?* signals only
occur with high agonist concentration
and when the SR Ca?* store is full.
However, when the SR Ca2?* store is
partially empty or when the IP3Rs are
in an open state, such as the case
during Ca?* oscillations, TAS2R agonists
do not alter IP3R open probability or
Caz+ efflux rate 166189, This has been

demonstrated where in the presence of
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methacholine, TAS2R agonist applica-
tion did not augment methacholine-
induced Ca?* but

inhibited Ca2+ signals 166189, Important-

signals, instead
ly, this inhibitory effect on methacho-
line-induced Ca2+ signalling is con-
sistent with the mechanism of other
known  bronchodilators discussed
above, and indicates that TAS2R also
mediate bronchodilation via common
pathways. Similar to B2AR agonists,
TAS2R agonists also decreases Ca2*
sensitisation in small ASM cells 166, This
dual inhibitory action makes TAS2R
agonists  effective  bronchodilators.
However, further studies are required
to determine the exact consequence of
TAS2R agonist-induced Ca?* signals in
the absence of contractile agonists
since clearly they do not induce ASM

cell contraction.

SOCE
Targeting a process involved in both
hyper-contractility and aspects of ASM
cell remodelling occurring in an
inflammatory environment could have
great therapeutic potential. However
the difficulty in designing high affinity
and selective SOCE blockers on top of
the ubiquitous nature of the process
poses drug development problems.
Recent work has identified novel
pyrazole compounds that selectively

target Orail-mediated Ca2* entry 193,



Chapter three

which might facilitate further rational
drug design to develop therapeutically
viable SOCE blockers.

selectivity to the lung, local administra-

To address

tion of drugs (e.g. in aerosols) or an
‘antedrug’ (a ligand that is rapidly

metabolised could be

194,

in plasma)

exploited Alternatively, further
clarification of the potential contribu-
tion of additional subunits to SOCE in
an asthmatic setting in ASM cells such
as TRPC3 53 or other Orai members
might provide more ASM-selective

molecular targets.

ROCE
ROCCs hold tremendous promise as
new drug targets in airway diseases.
However, much is still to be learnt, such
as the complex multimerisation of the
TRP family proteins leading to distinct
biophysical characteristics. Presence of
multiple ROCC combinations reflect (in
part) the heterogeneity of [Ca%];
patterns that arise upon stimulation
The of
several novel non-TRP ROCE mecha-
nisms in ASM such as the ARC, P2X and
NMDA channels may provide additional

with agonists. emergence

targets for modulating Ca?* dynamics.
How they correlate with the altered
ASM phenotype observed in respirato-
ry diseases and the potential for
therapeutic intervention is still to be

elucidated.
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Rho kinase
Inhibitors of Rho kinase have been
instrumental in furthering the under-
standing of the Rho kinase signalling
Caz+

Inhibitors of Rho kinase relax elevated

pathway and sensitisation.
airway smooth muscle contraction and
may prevent cellular migration thus
providing attractive therapeutic targets
for both

diseases 195196, Their effectiveness to

respiratory and vascular

reduce AHR and inflammation in in
vivo animal models of asthma have
been well described in the literature
197-199, Current research is focussing on
the upstream regulation of Rho kinase
and its activation with the aim to
identify a new class of bronchodilators
with  potentially anti-inflammatory

effects.

Future directions

There is still a lot to be learnt with
regard to this rapidly advancing field,
which due to its universal nature has
the potential to translate into numer-
ous other tissues and diseases. Very
little is still known about the extent
many proteins play in dictating Ca%*
dynamics within the ASM such as the
PMCA pump. While the Ca2+ buffering
capacity of SERCA2 is well described

and its expression has been reported to



be altered in asthma 20, the field is in
need of a thorough characterisation of
the role of PMCA. Furthermore, the
emerging roles of mechanisms outlined
in this review which have been more
extensively described in other systems,
the WNT
pathway and various ROCE pathways,
need to be better defined in ASM.
Structural components such as the

such as non-canonical

mitochondria 201202, ]lysosomal stores
203 and caveolae 39204 all further add to
the complexity of calcium signalling,
and their influence must be considered
in future research. An area of potential-
ly great therapeutic promise are those
mechanisms that lead to changes in
ASM Ca?+ sensitivity in asthma, which is
likely to play a significant role in AHR.

There are practical limitations involved
in measuring Ca?* oscillations in
tandem with other functional end-
points such as Ca?* sensitivity, there-
fore results often have to be extrapo-
lated from single transients, to oscilla-
tions and finally to cellular function.
These assumptions have largely been
validated in in vitro experiments by
correlating various CaZ* parameters
such as decreased peaks, prolonged
sequestration and enhanced basal
concentration to functional endpoints
enhanced

including proliferation,

secretion of inflammatory mediators
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200205, The development and wider
spread usage of PCLS has produced
interesting revelations in the last few
years and further technical advances to
come will highlight the true complexity
of this system.

Conclusions

Many physiologically relevant contrac-
tile agonists including acetylcholine, 5-
endothelin-1,

histamine, and cysteinyl leukotrienes

hydroxytriptamine,

elevate [Ca2+]; in the form of intracellu-
lar Ca%* oscillations, and concomitantly
increase Ca?* sensitivity in small ASM
cells 341328154 [n contrast, bronchodila-
tors such as (2-agonists, nitric oxide
(NO), TAS2R agonists, and endogenous
hydrogen sulfide (H:S) induce airway
relaxation by inhibiting one or both of
these processes 161163-165  Sybsequent
can affect other

such as WNT
profound physiological

changes in [Ca?];

signalling pathways
leading to
changes. The regulation of ASM [Ca?*];
and Ca?+ sensitivity is highly complex.
However, recent work has sought to
fully describe the cellular mechanisms
that mediate changes in Ca?* handling,
sensitivity and the formation of the
contractile apparatus which forms an
important part of ASM migration and
airway remodelling. Full characterisa-

tion of the signalling pathways de-
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scribed here will undoubtedly provide
new, interesting avenues for therapeu-

tic intervention.

Acknowledgements

Tim Koopmans is funded by ZonMW -
Vidi #016.126.307. Vidyanand Anaparti
is supported by Manitoba Health
Research Council (MHRC) and Manito-
ba Institute of Child Health (MICH).
Polina larova is supported by Asthma
UK (Grant numbers 09/028 and
11/052). Isabel Castro-Piedras and Jose
Perez-Zoghbi are supported by the
American Heart Association
#11SDG5670050. Nneka Irechukwu is
supported by The Medical Research
Council UK and The Wellcome Trust
(WT087776MA). Jeremy Ward is
supported by The Medical Research
Council UK, Asthma UK and the
Wellcome Trust. David Wright is
supported by The Medical Research
Council UK, Asthma UK, Him-Lee
Studentship and Astma  Fonds
(634100).

104



References

Mahn, K. et al. Ca(2+) homeostasis and structural
and functional remodelling of airway smooth
muscle in asthma. Thorax 65, 547-552 (2010).
Koziol-White, C. ]. & Panettieri, R. A. Airway
smooth muscle and immunomodulation in acute
exacerbations of airway disease. Immunol. Rev.
242,178-185 (2011).

Bergner, A. & Sanderson, M. ]. Acetylcholine-
induced calcium signaling and contraction of
airway smooth muscle cells in lung slices. J. Gen.
Physiol. 119, 187-198 (2002).

Perez, J. F. & Sanderson, M. J. The frequency of
calcium oscillations induced by 5-HT, ACH, and KCl
determine the contraction of smooth muscle cells
of intrapulmonary bronchioles. J. Gen. Physiol. 125,
535-553 (2005).

Wang, I. Y, Bai, Y., Sanderson, M. . & Sneyd, J. A
mathematical analysis of agonist- and KCl-induced
Ca(2+) oscillations in mouse airway smooth mus-
cle cells. Biophys. . 98,1170-1181 (2010).

Jhon, D. Y. et al. Cloning, sequencing, purification,
and Gq-dependent activation of phospholipase C-
beta 3. J. Biol. Chem. 268, 6654-6661 (1993).
Smrcka, A. V. & Sternweis, P. C. Regulation of
purified subtypes of phosphatidylinositol-specific
phospholipase C beta by G protein alpha and beta
gamma subunits. J. Biol. Chem. 268, 9667-9674
(1993).

Grandordy, B. M. Cuss, F. M, Sampson, A. S,
Palmer, ]. B. & Barnes, P. J. Phosphatidylinositol
response to cholinergic agonists in airway smooth
muscle: relationship to contraction and muscarinic
receptor occupancy. J. Pharmacol. Exp. Ther. 238,
273-279 (1986).

Chilvers, E. R, Batty, I. H., Barnes, P. ]. & Nahorski,
S. R. Formation of inositol polyphosphates in

airway smooth muscle after muscarinic receptor

105

10.

11.

12.

13.

14.

15.

16.

17.

18.

Calcium handling and sensitivity

stimulation. J. Pharmacol. Exp. Ther. 252, 786-791
(1990).

Marmy, N., Durand-Arczynska, W. & Durand, J.
Agonist-induced production of inositol phosphates
in human airway smooth muscle cells in culture. J.
Physiol. Paris 86, 185-194 (1992).

Sneyd, ], Cao, P, Tan, X. & Sanderson, M. J. in
Calcium Signaling In Airway Smooth Muscle Cells
(ed. Wang, Y.-X.) 341-357 (Springer International
Publishing, 2014). doi:10.1007/978-3-319-01312-
1.19

Feske, S. et al. A mutation in Orail causes immune
deficiency by abrogating CRAC channel function.
Nature 441, 179-185 (2006).

Ressmeyer, A.-R. et al. Human airway contraction
and formoterol-induced relaxation is determined
by Ca2+ oscillations and Ca2+ sensitivity. Am. J.
Respir. Cell Mol. Biol. 43,179-191 (2010).

Kannan, M. S. Prakash, Y. S. Brenner, T.,
Mickelson, J. R. & Sieck, G. C. Role of ryanodine
receptor channels in Ca2+ oscillations of porcine
tracheal smooth muscle. Am. J. Physiol. 272, L659-
664 (1997).

Deshpande, D. A. et al Modulation of calcium
signaling by interleukin-13 in human airway
smooth muscle: role of CD38/cyclic adenosine
diphosphate ribose pathway. Am. J. Respir. Cell Mol.
Biol. 31, 36-42 (2004).

Wang, Y.-X. et al. FKBP12.6 and cADPR regulation
of Ca2+ release in smooth muscle cells. Am. J.
Physiol. Cell Physiol. 286, C538-546 (2004).

lino, M. Biphasic Ca2+ dependence of inositol
1,4,5-trisphosphate-induced Ca release in smooth
muscle cells of the guinea pig taenia caeci. J. Gen.
Physiol. 95,1103-1122 (1990).

Suematsu, E. Hirata, M., Hashimoto, T. &
Kuriyama, H. Inositol 1,4,5-trisphosphate releases
Ca2+ from intracellular store sites in skinned

single cells of porcine coronary artery. Biochem.

Biophys. Res. Commun. 120, 481-485 (1984).



Chapter three

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Wang, I. et al. A mathematical model of airway and
pulmonary arteriole smooth muscle. Biophys. J. 94,
2053-2064 (2008).
Prakash, Y. S, Kannan, M. S. & Sieck, G. C.
Regulation of intracellular calcium oscillations in
porcine tracheal smooth muscle cells. Am. J. Phys-
iol. 272, C966-975 (1997).

Dai, J. M,, Kuo, K.-H,, Leo, ]. M,, van Breemen, C. &
Lee, C.-H. Mechanism of ACh-induced asynchro-
nous calcium waves and tonic contraction in
porcine tracheal muscle bundle. Am. J. Physiol.
Lung Cell. Mol. Physiol. 290, L459-469 (2006).
MacLennan, D. H. & Kranias, E. G. Phospholamban:
a crucial regulator of cardiac contractility. Nat. Rev.
Mol. Cell Biol. 4, 566-577 (2003).

Sathish, V. et al Effect of proinflammatory
cytokines on regulation of sarcoplasmic reticulum
Ca2+ reuptake in human airway smooth muscle.
Am. J. Physiol. Lung Cell. Mol. Physiol. 297, L26-34
(2009).

Hall, I. P. Second messengers, ion channels and
pharmacology of airway smooth muscle. Eur.
Respir. J. 15,1120-1127 (2000).

Murray, R. K., Fleischmann, B. K. & Kotlikoff, M. L.
Receptor-activated Ca influx in human airway
smooth muscle: use of Ca imaging and perforated
patch-clamp techniques. Am. J. Physiol. 264, C485-
490 (1993).

Ay, B, Prakash, Y. S., Pabelick, C. M. & Sieck, G. C.
Store-operated Ca2+ entry in porcine airway
smooth muscle. Am. J. Physiol. Lung Cell. Mol.
Physiol. 286,1.909-917 (2004).

Croisier, H. et al. Activation of store-operated
calcium entry in airway smooth muscle cells:
insight from a mathematical model. PloS One 8,
€69598 (2013).

Perez-Zoghbi, J. F. & Sanderson, M. ]. Endothelin-
induced contraction of bronchiole and pulmonary
arteriole smooth muscle cells is regulated by

intracellular Ca2+ oscillations and Ca2+ sensitiza-

106

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

tion. Am. J. Physiol. Lung Cell. Mol. Physiol. 293,
L1000-1011 (2007).

Sanderson, M. J., Bai, Y. & Perez-Zoghbi, J. Ca(2+)
oscillations regulate contraction of intrapulmo-
nary smooth muscle cells. Adv. Exp. Med. Biol. 661,
77-96 (2010).

Bai, Y. & Sanderson, M. . The contribution of Ca2+
signaling and Ca2+ sensitivity to the regulation of
airway smooth muscle contraction is different in
rats and mice. Am. J. Physiol. Lung Cell. Mol. Physiol.
296, L947-958 (2009).

Sobieszek, A. Ca-linked phosphorylation of a light
chain of vertebrate smooth-muscle myosin. Eur. J.
Biochem. 73,477-483 (1977).

Putney, J. W. A model for receptor-regulated
calcium entry. Cell Calcium 7, 1-12 (1986).

Liouy, J. et al. STIM is a Ca2+ sensor essential for
Ca2+-store-depletion-triggered Ca2+ influx. Curr.
Biol. CB 15,1235-1241 (2005).

Roos, J. et al. STIM1, an essential and conserved
component of store-operated Ca2+ channel func-
tion. J. Cell Biol. 169, 435-445 (2005).

Vig, M. et al. CRACM1 is a plasma membrane
protein essential for store-operated Ca2+ entry.
Science 312, 1220-1223 (2006).

Zhang, S. L. et al. Genome-wide RNAi screen of
Ca(2+) influx identifies genes that regulate Ca(2+)
release-activated Ca(2+) channel activity. Proc.
Natl. Acad. Sci. U. S. A. 103, 9357-9362 (2006).
Peel, S. E,, Liu, B. & Hall, I. P. A key role for STIM1
in store operated calcium channel activation in
airway smooth muscle. Respir. Res. 7, 119 (2006).
Peel, S. E.,, Liu, B. & Hall, I. P. ORAI and store-
operated calcium influx in human airway smooth
muscle cells. Am. J. Respir. Cell Mol. Biol. 38, 744-
749 (2008).

Sathish, V. et al. Caveolin-1 regulation of store-
operated Ca(2+) influx in human airway smooth

muscle. Eur. Respir. ]. 40,470-478 (2012).



40.

41.

42,

43.

44,

45,

46.

47.

48,

49.

50.

Parekh, A. B. & Putney, ]J. W. Store-operated

calcium channels. Rev. 85, 757-810
(2005).
Yuan, J. P. et al. TRPC channels as STIM1-regulated

SOCs. Channels Austin Tex 3, 221-225 (2009).

Physiol.

Sweeney, M. et al. Role of capacitative Ca2+ entry
in bronchial contraction and remodeling. J. Appl
Physiol. Bethesda Md 1985 92, 1594-1602 (2002).
Matsumoto, H. et al. Interleukin-13 enhanced Ca2+
oscillations in airway smooth muscle cells. Cyto-
kine 57,19-24 (2012).

Zou, ], Gao, Y., Geng, S. & Yang, ]. Role of
STIM1/Orail-mediated store-operated Ca2+ entry
in airway smooth muscle cell proliferation. J. Appl.
Physiol. Bethesda Md 1985 110, 1256-1263
(2011).

Spinelli, A. M. et al. Airway smooth muscle STIM1
and Orail are upregulated in asthmatic mice and
mediate PDGF-activated SOCE, CRAC currents,
proliferation, and migration. Pflugers Arch. 464,
481-492 (2012).

Suganuma, N. et al STIM1 regulates platelet-
derived growth factor-induced migration and Ca2+
influx in human airway smooth muscle cells. PloS
One 7,e45056 (2012).

Oenema, T. A. et al. Bronchoconstriction Induces
TGF-B Release and Airway Remodelling in Guinea
Pig Lung Slices. PloS One 8, 65580 (2013).
Kistemaker, L. E. M. et al. Muscarinic M; receptors
contribute to allergen-induced airway remodeling
in mice. Am. J. Respir. Cell Mol. Biol. 50, 690-698
(2014).

Gao, Y.-D., Zheng, ].-W.,, Li, P., Cheng, M. & Yang, .
Store-operated Ca2+ entry is involved in trans-
forming growth factor-f1 facilitated proliferation
of rat airway smooth muscle cells. J. Asthma Off. J.
Assoc. Care Asthma 50, 439-448 (2013).

Gao, Y. et al. Promoting effects of IL-13 on Ca2+

release and store-operated Ca2+ entry in airway

107

51.

52.

53.

54.

55.

56.

57.

58.

59.

Calcium handling and sensitivity

smooth muscle cells. Pulm. Pharmacol. Ther. 23,
182-189 (2010).

Jia, L. et al. Effects of the inflammatory cytokines
TNF-a and IL-13 on stromal interaction molecule-
1 aggregation in human airway smooth muscle
intracellular Ca(2+) regulation. Am. J. Respir. Cell
Mol. Biol. 49, 601-608 (2013).

Sieck, G. C. et al. Regulation of store-operated Ca2+
entry by CD38 in human airway smooth muscle.
Am. ]. Physiol. Lung Cell. Mol. Physiol. 294, L378-
385 (2008).

White, T. A. et al. Role of transient receptor
potential C3 in TNF-alpha-enhanced calcium influx
in human airway myocytes. Am. J. Respir. Cell Mol.
Biol. 35, 243-251 (2006).

Ohga, K. et al. The suppressive effects of YM-
58483 /BTP-2, a store-operated Ca2+ entry block-
er, on inflammatory mediator release in vitro and
airway responses in vivo. Pulm. Pharmacol. Ther.
21,360-369 (2008).

Sutovska, M. et al. The long-term administration of
Orai 1 antagonist possesses antitussive, broncho-
dilatory and anti-inflammatory effects in experi-
mental asthma model. Gen. Physiol. Biophys. 32,
251-259 (2013).

Hirota, S., Helli, P. & Janssen, L. J. Ionic mechanisms
and Ca2+ handling in airway smooth muscle. Eur.
Respir. J. 30, 114-133 (2007).

Gonzalez-Cobos, J. C. & Trebak, M. TRPC channels
in smooth muscle cells. Front. Biosci. Landmark Ed.
15,1023-1039 (2010).

Moran, M. M., McAlexander, M. A, Bir6, T. &
Szallasi, A. Transient receptor potential channels
as therapeutic targets. Nat. Rev. Drug Discov. 10,
601-620 (2011).

Wang, Y.-X. & Zheng, Y.-M. Molecular expression
and functional role of canonical transient receptor
potential channels in airway smooth muscle cells.

Adv. Exp. Med. Biol. 704, 731-747 (2011).



Chapter three

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

Ong, H. L. & Barritt, G. ]J. Transient receptor
potential and other ion channels as pharmaceuti-
cal targets in airway smooth muscle cells. Respirol.
Carlton Vic 9, 448-457 (2004).

Gosling, M., Poll, C. & Li, S. TRP channels in airway
smooth muscle as therapeutic targets. Naunyn.
Schmiedebergs Arch. Pharmacol. 371, 277-284
(2005).

Perez-Zoghbi, J. F. et al lon channel regulation of
intracellular calcium and airway smooth muscle
function. Pulm. Pharmacol. Ther. 22, 388-397
(2009).

Corteling, R. L. et al Expression of transient
receptor potential C6 and related transient recep-
tor potential family members in human airway
smooth muscle and lung tissue. Am. J. Respir. Cell
Mol. Biol. 30, 145-154 (2004).

Lemonnier, L., Trebak, M. & Putney, J. W. Complex
regulation of the TRPC3, 6 and 7 channel subfami-
ly by diacylglycerol and phosphatidylinositol-4,5-
bisphosphate. Cell Calcium 43, 506-514 (2008).
Hofmann, T. et al Direct activation of human
TRPC6 and TRPC3 channels by diacylglycerol.
Nature 397, 259-263 (1999).

Xiao, J.-H., Zheng, Y.-M., Liao, B. & Wang, Y.-X.
Functional role of canonical transient receptor
potential 1 and canonical transient receptor po-
tential 3 in normal and asthmatic airway smooth
muscle cells. Am. J. Respir. Cell Mol. Biol. 43, 17-25
(2010).

Sel, S. et al. Loss of classical transient receptor
potential 6 channel reduces allergic airway re-
sponse. Clin. Exp. Allergy ]. Br. Soc. Allergy Clin.
Immunol. 38, 1548-1558 (2008).

Sanderson, M. ]., Delmotte, P., Bai, Y. & Perez-
Zogbhi, ]. F. Regulation of airway smooth muscle
cell contractility by Ca2+ signaling and sensitivity.
Proc. Am. Thorac. Soc. 5, 23-31 (2008).
Shuttleworth, T. J., Thompson, J. L. & Mignen, O.

ARC channels: a novel pathway for receptor-

108

70.

71.

72.

73.

74.

75.

76.

77.

78.

activated calcium entry. Physiol. Bethesda Md 19,
355-361(2004).

Oguma, T. et al. Roles of P2X receptors and Ca2+
sensitization in extracellular adenosine triphos-
phate-induced hyperresponsiveness in airway
smooth muscle. Clin. Exp. Allergy J. Br. Soc. Allergy
Clin. Immunol. 37,893-900 (2007).

Nagaoka, M. et al. Regulation of adenosine 5'-
triphosphate (ATP)-gated P2X(4) receptors on
tracheal smooth muscle cells. Respir. Physiol.
Neurobiol. 166, 61-67 (2009).

Shuttleworth, T. J., Thompson, J. L. & Mignen, O.
STIM1 and the noncapacitative ARC channels. Cell
Calcium 42, 183-191 (2007).

Liao, Y. et al. A role for Orai in TRPC-mediated
Ca2+ entry suggests that a TRPC:Orai complex
may mediate store and receptor operated Ca2+
entry. Proc. Natl. Acad. Sci. U. S. A. 106, 3202-3206
(2009).

Horinouchi, T. et al. Different binding property of
STIM1 and its novel splice variant STIM1L to
Orail, TRPC3, and TRPC6 channels. Biochem.
Biophys. Res. Commun. 428, 252-258 (2012).
Flores-Soto, E. et al In airways ATP refills
sarcoplasmic reticulum via P2X smooth muscle
receptors and induces contraction through P2Y
epithelial receptors. Pflugers Arch. 461, 261-275
(2011).

Flores-Soto, E. et al PPADS, a P2X receptor
antagonist, as a novel inhibitor of the reverse
mode of the Na*/Ca?* exchanger in guinea pig
airway smooth muscle. Eur. J. Pharmacol. 674,
439-444 (2012).

Liu, B, Peel, S. E,, Fox, ]. & Hall, I. P. Reverse mode
Na+/Ca2+ exchange mediated by STIM1 contrib-
utes to Ca2+ influx in airway smooth muscle
following agonist stimulation. Respir. Res. 11, 168
(2010).

Dickman, K. G., Youssef, ]. G., Mathew, S. M. & Said,

S. L. Ionotropic glutamate receptors in lungs and



79.

80.

81.

82.

83.

84,

85.

86.

87.

88.

airways: molecular basis for glutamate toxicity.
Am. ]. Respir. Cell Mol. Biol. 30, 139-144 (2004).
Nassar, T. et al. Regulation of airway contractility
by plasminogen activators through N-methyl-D-
aspartate receptor-1. Am. J. Respir. Cell Mol. Biol.
43,703-711 (2010).

Nassini, R. et al Transient receptor potential
ankyrin 1 channel localized to non-neuronal
airway cells promotes non-neurogenic inflamma-
tion. PloS One 7, e42454 (2012).

AntoSova, M. & Strapkova, A. Study of the
interaction of glutamatergic and nitrergic signal-
ling in conditions of the experimental airways
hyperreactivity. Pharmacol. Rep. PR 65, 650-657
(2013).

Strapkova, A. & Antosova, M. Glutamate receptors
and the airways hyperreactivity. Gen. Physiol.
Biophys. 31,93-100 (2012).

Smolich, B. D., McMahon, J. A, McMahon, A. P. &
Papkoff, ]. Wnt family proteins are secreted and
associated with the cell surface. Mol. Biol. Cell 4,
1267-1275 (1993).

Willert, K. et al. Wnt proteins are lipid-modified
and can act as stem cell growth factors. Nature
423, 448-452 (2003).

Nusse, R. Wnt signaling in disease and in
development. Cell Res. 15, 28-32 (2005).

Kikuchi, A., Yamamoto, H., Sato, A. & Matsumoto, S.
New insights into the mechanism of Wnt signaling
pathway activation. Int. Rev. Cell Mol. Biol. 291,
21-71 (2011).

Hikasa, H., Shibata, M., Hiratani, I. & Taira, M. The
Xenopus receptor tyrosine kinase Xror2 modu-
lates morphogenetic movements of the axial
mesoderm and neuroectoderm via Wnt signaling.
Dev. Camb. Engl. 129, 5227-5239 (2002).

Xu, Y. K. & Nusse, R. The Frizzled CRD domain is
conserved in diverse proteins including several
receptor tyrosine kinases. Curr. Biol. CB 8, R405-
406 (1998).

109

89.

90.

91.

92.

93.

94,

95.

96.

97.

98.

Calcium handling and sensitivity

Bonkowsky, J. L, Yoshikawa, S., O’Keefe, D. D,
Scully, A. L. & Thomas, J. B. Axon routing across the
midline controlled by the Drosophila Derailed
receptor. Nature 402, 540-544 (1999).

Hovens, C. M. et al RYK, a receptor tyrosine
kinase-related molecule with unusual kinase
domain motifs. Proc. Natl. Acad. Sci. U. S. A. 89,
11818-11822 (1992).

Lu, W,, Yamamoto, V., Ortega, B. & Baltimore, D.
Mammalian Ryk is a Wnt coreceptor required for
stimulation of neurite outgrowth. Cell 119, 97-108
(2004).

Wouda, R. R, Bansraj, M. R. K. S, de Jong, A. W. M.,
Noordermeer, J. N. & Fradkin, L. G. Src family
kinases are required for WNT5 signaling through
the Derailed/RYK receptor in the Drosophila
embryonic central nervous system. Dev. Camb.
Engl. 135, 2277-2287 (2008).

Lhoumeau, A.-C., Puppo, F., Prébet, T. Kodjab-
achian, L. & Borg, ].-P. PTK7: a cell polarity recep-
tor with multiple facets. Cell Cycle Georget. Tex 10,
1233-1236 (2011).

Seifert, J. R. K. & Mlodzik, M. Frizzled/PCP
signalling: a conserved mechanism regulating cell
polarity and directed motility. Nat. Rev. Genet. 8,
126-138 (2007).

Kohn, A. D. & Moon, R. T. Wnt and calcium
signaling:

Cell Calcium 38, 439-446 (2005).

beta-catenin-independent pathways.
Slusarski, D. C. & Pelegri, F. Calcium signaling in
vertebrate embryonic patterning and morphogen-
esis. Dev. Biol. 307, 1-13 (2007).

Strutt, D. Frizzled signalling and cell polarisation
in Drosophila and vertebrates. Dev. Camb. Engl
130, 4501-4513 (2003).

Wallingford, J. B., Fraser, S. E. & Harland, R. M.
Convergent extension: the molecular control of
polarized cell movement during embryonic devel-

opment. Dev. Cell 2, 695-706 (2002).



Chapter three

99.

100.

101.

102.

104.

105.

106.

Ault, K. T., Durmowicz, G., Galione, A., Harger, P. L.
& Busa, W. B. Modulation of Xenopus embryo
mesoderm-specific gene expression and dorsoan-
terior patterning by receptors that activate the
transduction

phosphatidylinositol cycle signal

pathway. Dev. Camb. Engl. 122, 2033-2041
(1996).

Slusarski, D. C., Corces, V. G. & Moon, R. T.
Interaction of Wnt and a Frizzled homologue
triggers
signalling. Nature 390, 410-413 (1997).

Kiihl, M., Sheldahl, L. C., Malbon, C. C. & Moon, R. T.

G-protein-linked  phosphatidylinositol

Ca(2+)/calmodulin-dependent protein kinase II is
stimulated by Wnt and Frizzled homologs and
promotes ventral cell fates in Xenopus. J. Biol
Chem. 275,12701-12711 (2000).

Sheldahl, L. C., Park, M., Malbon, C. C. & Moon, R. T.
Protein kinase C is differentially stimulated by Wnt
and Frizzled homologs in a G-protein-dependent

manner. Curr. Biol. CB9, 695-698 (1999).

. Adcock, I. M. Glucocorticoid-regulated transcrip-

tion factors. Pulm. Pharmacol. Ther. 14, 211-219
(2001).

Saneyoshi, T., Kume, S., Amasaki, Y. & Mikoshiba, K.
The Wnt/calcium pathway activates NF-AT and
promotes ventral cell fate in Xenopus embryos.
Nature 417, 295-299 (2002).

Liu, Z., Dronadula, N. & Rao, G. N. A novel role for
nuclear factor of activated T cells in receptor
tyrosine kinase and G protein-coupled receptor
agonist-induced vascular smooth muscle cell
motility. J. Biol. Chem. 279, 41218-41226 (2004).
Yellaturu, C. R. et al. A potential role for nuclear
factor of activated T-cells in receptor tyrosine
kinase and G-protein-coupled receptor agonist-
induced cell proliferation. Biochem. J. 368, 183-
190 (2002).

. Chow, W, Hou, G. & Bendeck, M. P. Glycogen

synthase kinase 3beta regulation of nuclear factor

of activated T-cells isoform c1 in the vascular

110

108.

109.

110.

111.

112.

113.

114.

115.

smooth muscle cell response to injury. Exp. Cell
Res. 314, 2919-2929 (2008).

Liu, Z., Zhang, C.,, Dronadula, N., Li, Q. & Rao, G. N.
Blockade of nuclear factor of activated T cells
activation signaling suppresses balloon injury-
induced neointima formation in a rat carotid
artery model. . Biol. Chem. 280, 14700-14708
(2005).

Abraham, S. T., Benscoter, H., Schworer, C. M. &
Singer, H. A. In situ Ca2+ dependence for activation
of Ca2+/calmodulin-dependent protein kinase II in
vascular smooth muscle cells. J. Biol. Chem. 271,
2506-2513 (1996).

Pauly, R. R. et al Role of calcium/calmodulin-
dependent protein kinase II in the regulation of
vascular smooth muscle cell migration. Circulation
91,1107-1115 (1995).

Kumawat, K. et al. Noncanonical WNT-5A signaling
regulates TGF-B-induced extracellular matrix
production by airway smooth muscle cells. FASEB
J. Off. Publ. Fed. Am. Soc. Exp. Biol. 27, 1631-1643
(2013).

Mukherijee, S., Kolb, M. R. ]., Duan, F. & Janssen, L. ].
Transforming growth factor-f3 evokes Ca2+ waves
and enhances gene expression in human pulmo-
nary fibroblasts. Am. J. Respir. Cell Mol. Biol. 46,
757-764 (2012).

Perez, V. A. de J. et al. BMP promotes motility and
represses growth of smooth muscle cells by activa-
tion of tandem Wnt pathways. J. Cell Biol. 192,
171-188 (2011).

Torres, M. A. et al. Activities of the Wnt-1 class of
secreted signaling factors are antagonized by the
Wnt-5A class and by a dominant negative cadherin
in early Xenopus development. J. Cell Biol. 133,
1123-1137 (1996).

Choi, S.-C. & Han, J.-K. Xenopus Cdc42 regulates
convergent extension movements during gastrula-
tion through Wnt/Ca2+ signaling pathway. Dev.
Biol. 244, 342-357 (2002).



116.

117.

118.

119.

120.

121.

123.

124.

125.

Witze, E. S, Litman, E. S, Argast, G. M., Moon, R. T.
& Ahn, N. G. Wnt5a control of cell polarity and
directional movement by polarized redistribution
of adhesion receptors. Science 320, 365-369
(2008).

Witze, E. S. et al. Wnt5a directs polarized calcium
gradients by recruiting cortical endoplasmic
reticulum to the cell trailing edge. Dev. Cell 26,
645-657 (2013).

Dillon, P. F., Aksoy, M. 0., Driska, S. P. & Murphy, R.
A. Myosin phosphorylation and the cross-bridge
cycle in arterial smooth muscle. Science 211, 495-
497 (1981).

Hai, C. M. & Murphy, R. A. Ca2+, crossbridge
phosphorylation, and contraction. Annu. Rev.
Physiol. 51, 285-298 (1989).

Kim, H. R, Gallant, C., Leavis, P. C., Gunst, S. ]. &
Morgan, K. G. Cytoskeletal remodeling in differen-
tiated vascular smooth muscle is actin isoform
dependent and stimulus dependent. Am. J. Physiol.
Cell Physiol. 295, C768-778 (2008).

Mehta, D. & Gunst, S. ]. Actin polymerization
stimulated by contractile activation regulates force

development in canine tracheal smooth muscle. J.

Physiol. 519 Pt 3, 829-840 (1999).

. Zhang, W,, Wy, Y, Du, L., Tang, D. D. & Gunst, S. J.

Activation of the Arp2/3 complex by N-WASp is
required for actin polymerization and contraction
in smooth muscle. Am. J. Physiol. Cell Physiol. 288,
C1145-1160 (2005).

Moir, L. M. et al. Repeated allergen inhalation
induces phenotypic modulation of smooth muscle
in bronchioles of sensitized rats. Am. J. Physiol.
Lung Cell. Mol. Physiol. 284, L.148-159 (2003).
McVicker, C. G. et al. Repeated allergen inhalation
induces cytoskeletal remodeling in smooth muscle
from rat bronchioles. Am. J. Respir. Cell Mol. Biol.
36, 721-727 (2007).

Furukawa, R. et al Calcium regulation of actin

crosslinking is important for function of the actin

111

126.

128.

129.

130.

131.

133.

134.

135.

Calcium handling and sensitivity

cytoskeleton in Dictyostelium. J. Cell Sci. 116, 187-
196 (2003).

Zhang, W. & Gunst, S. ]. Interactions of airway
smooth muscle cells with their tissue matrix:
implications for contraction. Proc. Am. Thorac. Soc.

5,32-39 (2008).

. Luttrell, D. K. & Luttrell, L. M. Not so strange

bedfellows: G-protein-coupled receptors and Src
family kinases. Oncogene 23, 7969-7978 (2004).
Schaller, M. D. Cellular functions of FAK kinases:
insight into molecular mechanisms and novel
functions. J. Cell Sci. 123,1007-1013 (2010).
Somlyo, A. P. & Somlyo, A. V. Ca2+ sensitivity of
smooth muscle and nonmuscle myosin II: modu-
lated by G proteins, kinases, and myosin phospha-
tase. Physiol. Rev. 83, 1325-1358 (2003).

Lim, Y. et al PyK2 and FAK connections to
p190Rho guanine nucleotide exchange factor
regulate RhoA activity, focal adhesion formation,
and cell motility. J. Cell Biol. 180, 187-203 (2008).
Arthur, W. T. & Burridge, K. RhoA inactivation by
p190RhoGAP regulates cell spreading and migra-
tion by promoting membrane protrusion and

polarity. Mol. Biol. Cell 12,2711-2720 (2001).

. Kim, H. R, Liu, K,, Roberts, T. ]. & Hai, C.-M. Length-

dependent modulation of cytoskeletal remodeling
and mechanical energetics in airway smooth
muscle. Am. J. Respir. Cell Mol. Biol. 44, 888-897
(2011).

Somlyo, A. P. & Somlyo, A. V. Signal transduction
and regulation in smooth muscle. Nature 372,
231-236 (1994).

Somlyo, A. P. & Somlyo, A. V. From pharmacome-
chanical coupling to G-proteins and myosin phos-
phatase. Acta Physiol. Scand. 164, 437-448 (1998).
Fukata, Y., Amano, M. & Kaibuchi, K. Rho-Rho-
kinase pathway in smooth muscle contraction and
cytoskeletal reorganization of non-muscle cells.

Trends Pharmacol. Sci. 22, 32-39 (2001).



Chapter three

136.

137.

138.

139.

140.

141.

142.

143.

144.

Gong, M. C. et al Role of guanine nucleotide-
binding proteins--ras-family or trimeric proteins
or both--in Ca2+ sensitization of smooth muscle.
Proc. Natl. Acad. Sci. U. S. A. 93, 1340-1345 (1996).
Kimura, K. et al. Regulation of myosin phosphatase
by Rho and Rho-associated kinase (Rho-kinase).
Science 273, 245-248 (1996).

Velasco, G., Armstrong, C., Morrice, N., Frame, S. &
Cohen, P. Phosphorylation of the regulatory subu-
nit of smooth muscle protein phosphatase 1M at
Thr850 induces its dissociation from myosin. FEBS
Lett. 527,101-104 (2002).

Zhang, W., Huang, Y. & Gunst, S. J. The small
GTPase RhoA regulates the contraction of smooth
muscle tissues by catalyzing the assembly of
cytoskeletal signaling complexes at membrane
adhesion sites. J. Biol. Chem. 287, 33996-34008
(2012).

0zaki, Y., Yatomi, Y., Jinnai, Y. & Kume, S. Effects of
genistein, a tyrosine kinase inhibitor, on platelet
functions. Genistein attenuates thrombin-induced
Ca2+ mobilization in human platelets by affecting
polyphosphoinositide turnover. Biochem. Pharma-
col. 46, 395-403 (1993).

Di Salvo, J., Pfitzer, G. & Semenchuk, L. A. Protein
tyrosine phosphorylation, cellular Ca2+, and Ca2+
sensitivity for contraction of smooth muscle. Can. J.
Physiol. Pharmacol. 72, 1434-1439 (1994).

Ward, J. P. T. & Knock, G. A. in Textbook of
Pulmonary Vascular Disease (eds. Yuan, J. X.-]. et
al.) 147-165 us, 2011).
doi:10.1007/978-0-387-87429-6_10

(Springer

Knock, G. A. et al. Interaction between src family
kinases and rho-kinase in agonist-induced Ca2+-
sensitization of rat pulmonary artery. Cardiovasc.
Res. 77, 570-579 (2008).

Nakao, F. et al. Involvement of Src family protein
tyrosine kinases in Ca(2+) sensitization of coro-

nary artery contraction mediated by a sphingo-

112

145.

147.

148.

149.

150.

151.

152.

sylphosphorylcholine-Rho-kinase pathway. Circ.
Res. 91, 953-960 (2002).

Bence, K., Ma, W,, Kozasa, T. & Huang, X. Y. Direct
stimulation of Bruton’s tyrosine kinase by G(q)-
protein alpha-subunit. Nature 389, 296-299

(1997).

. Sakai, H. et al. Involvement of Src family kinase

activation in angiotensin IlI-induced hyperrespon-
siveness of rat bronchial smooth muscle. Peptides
31, 2216-2221 (2010).

Pertel, T. et al. Expression and muscarinic receptor
coupling of Lyn kinase in cultured human airway
smooth muscle cells. Am. J. Physiol. Lung Cell. Mol.
Physiol. 290, L492-500 (2006).

Morin, C. Fortin, S. & Rousseau, E. Bronchial
inflammation induced PKC{ over-expression:
involvement in mechanical properties of airway
smooth muscle. Can. J. Physiol. Pharmacol. 90,
261-269 (2012).

Mukherjee, S. et al Ca2+ oscillations, Ca2+
sensitization, and contraction activated by protein
kinase C in small airway smooth muscle. J. Gen.
Physiol. 141, 165-178 (2013).

Bai, Y., Edelmann, M. & Sanderson, M. J. The
contribution of inositol 1,4,5-trisphosphate and
ryanodine receptors to agonist-induced Ca(2+)
signaling of airway smooth muscle cells. Am. J.
Physiol. Lung Cell. Mol Physiol. 297, L347-361
(2009).

Bai, Y. & Sanderson, M. J. Modulation of the Ca2+
sensitivity of airway smooth muscle cells in mu-
rine lung slices. Am. J. Physiol. Lung Cell. Mol. Phys-
iol. 291, 1L208-221 (2006).

Sakai, H., Kurihara, Y., Hashimoto, Y., Chiba, Y. &
Misawa, M. Involvement of multiple PKC isoforms
in phorbol 12,13-dibutyrate-induced contraction
during high K(+) depolarization in bronchial
smooth muscle of mice. /. Smooth Muscle Res.

Nihon Heikatsukin Gakkai Kikanshi 46, 225-233
(2010).



153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

Kanazawa, H. & Yoshikawa, T. Up-regulation of
thrombin activity induced by vascular endothelial
growth factor in asthmatic airways. Chest 132,
1169-1174 (2007).

Gabazza, E. C. et al. Thrombin in the airways of
asthmatic patients. Lung 177, 253-262 (1999).
Wagers, S. S. Extravascular

et al fibrin,

plasminogen activator, plasminogen activator
inhibitors, and airway hyperresponsiveness. J. Clin.
Invest. 114, 104-111 (2004).

de Boer, J. D., Majoor, C. ], van 't Veer, C., Bel, E. H.
D. & van der Poll, T. Asthma and coagulation. Blood
119, 3236-3244 (2012).

Ruiz-Loredo, A. Y., Lopez, E. & Lopez-Colomé, A. M.
Thrombin stimulates stress fiber assembly in RPE
cells by PKC/CPI-17-mediated MLCP inactivation.
Exp. Eye Res. 96,13-23 (2012).

Wright, D. B. et al. Regulation of GPCR-mediated
smooth muscle contraction: implications for asth-
ma and pulmonary hypertension. Pulm. Pharma-
col. Ther. 26,121-131 (2013).

Prakash, Y. S., Kannan, M. S. & Sieck, G. C. Nitric
oxide inhibits ACh-induced intracellular calcium
oscillations in porcine tracheal smooth muscle.
Am. J. Physiol. 272, .588-596 (1997).

Prakash, Y. S., van der Heijden, H. F,, Kannan, M. S.
& Sieck, G. C. Effects of salbutamol on intracellular
calcium oscillations in porcine airway smooth
muscle. J. Appl. Physiol. Bethesda Md 1985 82,
1836-1843 (1997).

Bai, Y. & Sanderson, M. J. Airway smooth muscle
relaxation results from a reduction in the frequen-
cy of Ca2+ oscillations induced by a cAMP-
mediated inhibition of the IP3 receptor. Respir.
Res. 7,34 (2006).

Delmotte, P. & Sanderson, M. |. Effects of albuterol
isomers on the contraction and Ca2+ signaling of
small airways in mouse lung slices. Am. J. Respir.

Cell Mol. Biol. 38, 524-531 (2008).

113

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

Calcium handling and sensitivity

Delmotte, P. & Sanderson, M. ]. Effects of
formoterol on contraction and Ca2+ signaling of
mouse airway smooth muscle cells. Am. J. Respir.
Cell Mol. Biol. 42, 373-381 (2010).

Perez-Zoghbi, ]. F., Bai, Y. & Sanderson, M. ]. Nitric
oxide induces airway smooth muscle cell relaxa-
tion by decreasing the frequency of agonist-
induced Ca2+ oscillations. J. Gen. Physiol. 135,
247-259 (2010).

Castro-Piedras, 1. & Perez-Zoghbi, J. F. Hydrogen
sulphide inhibits Ca2+ release through InsP3
receptors and relaxes airway smooth muscle. J.
Physiol. 591, 5999-6015 (2013).

Tan, X. & Sanderson, M. J. Bitter tasting compounds
dilate airways by inhibiting airway smooth muscle
calcium oscillations and calcium sensitivity. Br. J.
Pharmacol. 171, 646-662 (2014).

Goldklang, M. P. et al. Treatment of experimental
asthma using a single small molecule with anti-
inflammatory and BK channel-activating proper-
ties. FASEB J. Off. Publ. Fed. Am. Soc. Exp. Biol. 27,
4975-4986 (2013).

Billington, C. K. & Hall, I. P. Novel cAMP signalling
paradigms: therapeutic implications for airway
disease. Br. J. Pharmacol. 166, 401-410 (2012).
Charlton, S. J. Agonist efficacy and receptor
desensitization: from partial truths to a fuller
picture. Br. J. Pharmacol. 158, 165-168 (2009).
Walker, J. K. L., Penn, R. B, Hanania, N. A,, Dickey,
B. F. & Bond, R. A. New perspectives regarding
B(2) -adrenoceptor ligands in the treatment of
asthma. Br. J. Pharmacol. 163, 18-28 (2011).
Dekkers, B. G. ], Racké, K. & Schmidt, M. Distinct
PKA and Epac compartmentalization in airway
function and plasticity. Pharmacol. Ther. 137, 248-
265 (2013).

Billington, C. K, Ojo, 0. 0., Penn, R. B. & Ito, S. cAMP
regulation of airway smooth muscle function.

Pulm. Pharmacol. Ther. 26,112-120 (2013).



Chapter three

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

Oguma, T. et al. Involvement of reduced sensitivity
to Ca in beta-adrenergic action on airway smooth
muscle. Clin. Exp. Allergy ]. Br. Soc. Allergy Clin.
Immunol. 36,183-191 (2006).

Ammendola, A., Geiselhoringer, A, Hofmann, F. &
Schlossmann, ]. Molecular determinants of the
interaction  between  the inositol 1,4,5-
trisphosphate receptor-associated cGMP kinase
substrate (IRAG) and cGMP kinase Ibeta. J. Biol.
Chem. 276, 24153-24159 (2001).

Schlossmann, J. et al. Regulation of intracellular
calcium by a signalling complex of IRAG, IP3 recep-
tor and cGMP kinase Ibeta. Nature 404, 197-201
(2000).

Li, L., Rose, P. & Moore, P. K. Hydrogen sulfide and
cell signaling. Annu. Rev. Pharmacol. Toxicol. 51,
169-187 (2011).

Wang, R. Physiological implications of hydrogen
sulfide: a whiff exploration that blossomed. Phys-
iol. Rev. 92, 791-896 (2012).

Wang, P, Zhang, G., Wondimu, T., Ross, B. & Wang,
R. Hydrogen sulfide and asthma. Exp. Physiol. 96,
847-852 (2011).

Wu, R, Yao, W, Chen, Y., Geng, B. & Tang, C.
[Plasma level of endogenous hydrogen sulfide in
patients with acute asthma]. Beijing Da Xue Xue
Bao 40, 505-508 (2008).

Zhang, G., Wang, P, Yang, G., Cao, Q. & Wang, R. The
inhibitory role of hydrogen sulfide in airway
hyperresponsiveness and inflammation in a mouse
model of asthma. Am. J. Pathol. 182, 1188-1195
(2013).

Chen, Y.-H. et al. Endogenous hydrogen sulfide
reduces airway inflammation and remodeling in a
rat model of asthma. Cytokine 45, 117-123 (2009).
Kubo, S., Doe, I, Kurokawa, Y. & Kawabata, A.
Hydrogen sulfide causes relaxation in mouse
bronchial smooth muscle. . Pharmacol. Sci. 104,

392-396 (2007).

114

183.

184.

185.

186.

187.

188.

189.

190.

191.

192.

Jiang, X. et al Differential regulation of
homocysteine transport in vascular endothelial
and smooth muscle cells. Arterioscler. Thromb.
Vasc. Biol. 27,1976-1983 (2007).

Rashid, S, Heer, J. K., Garle, M. ], Alexander, S. P. H.
& Roberts, R. E. Hydrogen sulphide-induced relax-
ation of porcine peripheral bronchioles. Br. J.
Pharmacol. 168, 1902-1910 (2013).

Foskett, J. K., White, C., Cheung, K.-H. & Mak, D.-O.
D. Inositol trisphosphate receptor Ca2+ release
channels. Physiol. Rev. 87,593-658 (2007).

Kang, S. et al. Effects of redox potential and Ca2+
on the inositol 1,4,5-trisphosphate receptor L3-1
loop region: implications for receptor regulation. J.
Biol. Chem. 283, 25567-25575 (2008).

Kabil, 0. & Banerjee, R. Redox biochemistry of
hydrogen sulfide. J. Biol. Chem. 285, 21903-21907
(2010).

Deshpande, D. A. et al. Bitter taste receptors on
airway smooth muscle bronchodilate by localized
calcium signaling and reverse obstruction. Nat.
Med. 16, 1299-1304 (2010).

Zhang, C.-H. et al. The cellular and molecular basis
of bitter tastant-induced bronchodilation. PLoS
Biol. 11, 1001501 (2013).

Pulkkinen, V., Manson, M. L., Séfholm, J., Adner, M.
& Dahlén, S.-E. The bitter taste receptor (TAS2R)
agonists denatonium and chloroquine display
distinct patterns of relaxation of the guinea pig
trachea. Am. J. Physiol. Lung Cell. Mol. Physiol. 303,
L956-966 (2012).

Réssler, P., Kroner, C.,, Freitag, J., Nog, ]. & Breer, H.
Identification of a phospholipase C beta subtype in
rat taste cells. Eur. J. Cell Biol. 77, 253-261 (1998).

Zhang, Y. et al. Coding of sweet, bitter, and umami

tastes: different receptor cells sharing similar

signaling pathways. Cell 112, 293-301 (2003).

. Schleifer, H. et al. Novel pyrazole compounds for

pharmacological discrimination between receptor-



194.

195.

196.

197.

198.

199.

200.

201.

202.

operated and store-operated Ca(2+) entry path-
ways. Br. J. Pharmacol. 167,1712-1722 (2012).
Biffen, M. et al. Biological characterization of a
novel class of toll-like receptor 7 agonists designed
to have reduced systemic activity. Br. . Pharmacol.
166, 573-586 (2012).

Fernandes, L. B, Henry, P. ]. & Goldie, R. G. Rho
kinase as a therapeutic target in the treatment of
asthma and chronic obstructive pulmonary dis-
ease. Ther. Adv. Respir. Dis. 1, 25-33 (2007).
Parameswaran, K. et al Cysteinyl leukotrienes
promote human airway smooth muscle migration.
Am. ]. Respir. Crit. Care Med. 166, 738-742 (2002).
Righetti, R. F. et al. Effects of Rho-kinase inhibition
in lung tissue with chronic inflammation. Respir.
Physiol. Neurobiol. 192, 134-146 (2014).
Schaafsma, D., Bos, L. S. T., Zuidhof, A. B., Zaagsma,
J. & Meurs, H. The inhaled Rho kinase inhibitor Y-
27632 protects against allergen-induced acute
bronchoconstriction, airway hyperresponsiveness,
and inflammation. Am. J. Physiol. Lung Cell. Mol.
Physiol. 295, L214-219 (2008).

Yoshii, A. et al. Relaxation of contracted rabbit
tracheal and human bronchial smooth muscle by
Y-27632 through inhibition of Ca2+ sensitization.
Am. J. Respir. Cell Mol. Biol. 20,1190-1200 (1999).
Mahn, K. et al Diminished sarco/endoplasmic
reticulum Ca2+ ATPase (SERCA) expression con-
tributes to airway remodelling in bronchial asth-
ma. Proc. Natl. Acad. Sci. U. S. A. 106, 10775-10780
(2009).

Carafoli, E. The fateful encounter of mitochondria
with calcium: how did it happen? Biochim. Biophys.
Acta 1797, 595-606 (2010).

Delmotte, P. et al Inflammation alters regional
mitochondrial Ca2+ in human airway smooth
muscle cells. Am. J. Physiol. Cell Physiol. 303, C244-
256 (2012).

. Berridge, M. ], Bootman, M. D. & Roderick, H. L.

Calcium signalling: dynamics, homeostasis and

115

204.

205.

Calcium handling and sensitivity

remodelling. Nat. Rev. Mol. Cell Biol. 4, 517-529
(2003).

Halayko, A. ], Tran, T. & Gosens, R. Phenotype and
functional plasticity of airway smooth muscle: role
of caveolae and caveolins. Proc. Am. Thorac. Soc. 5,
80-88 (2008).

Fantozzi, 1. et al. Hypoxia increases AP-1 binding
activity by enhancing capacitative Ca2+ entry in
human pulmonary artery endothelial cells. Am. J.
Physiol. Lung Cell. Mol. Physiol. 285, L1233-1245
(2003).



	Chapter 3



