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Abstract In airway smooth muscle (ASM) cells, contractile tone is tightly coupled
to the intracellular calcium (Ca2+) concentration, with Ca®* release from intracel-
lular stores, followed by influx through plasma membrane ion channels providing
the signature Ca”* signal leading to contraction. One such Ca®* influx pathway, via
store-operated calcium (SOC) channels, is particularly prominent in ASM cells.
SOC entry not only supplies Ca>* to replenish the depleted intracellular stores but
also provides a sustained Ca** signal to maintain contraction and potentially initiate
downstream cellular responses. The molecular determinants of store-operated Ca®*
entry were poorly defined until the relatively recent discovery of the central roles of
the stromal interaction molecules and Orai proteins in this pathway. In this chapter,
we describe the current understanding of the mechanism of SOC entry and its
functional significance in ASM cells.
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1 Introduction

Airway smooth muscle (ASM) tone is the critical determinant of bronchial diameter
and, thus, bronchial airflow. At rest, ASM is relatively quiescent, but activation of
ASM cells by bronchoconstrictors (e.g. acetylcholine, histamine) can lead, in
asthmatics, to marked airway constriction and bronchospasm. In asthma, bronchial
hyperresponsiveness is a major cause of respiratory dysfunction, and many com-
mon asthma therapies target ASM to directly regulate airway tone and ameliorate
these symptoms.

In ASM cells, contractile tone is predominantly determined by the intracellular
calcium (Ca*) concentration. Many bronchoconstrictors act through G, protein-
coupled receptors to elevate Ca®* through phospholipase C (PLC) activation and
inositol trisphosphate (IPs)-dependent Ca®* release from intracellular stores
[2]. The tight regulation of intracellular Ca** levels is critical for the regulation
of myriad cellular functions and, ultimately, cell viability [43]. Accordingly, in
ASM cells, Ca®* modulates such key cellular events as contraction, proliferation,
migration and cytokine synthesis. Dysfunction in one or a combination of these
events may initiate, orchestrate and perpetuate the permanent structural changes to
the airways observed in people with chronic asthma. The molecular components
involved in regulating intracellular Ca®* levels in ASM therefore constitute attrac-
tive therapeutic targets in the treatment of asthma (and other airway diseases) and,
as such, have attracted considerable research efforts.

A variety of Ca”*-gating pathways, including voltage-dependent calcium
channels (VDCCs), receptor-operated calcium channels (ROCs) and sodium/cal-
cium exchangers, may be found in the plasma membrane of ASM. However, the
dominant mechanism by which intracellular Ca** is modulated in ASM cells is via
store-operated calcium (SOC) entry (SOCE), and it is this mechanism which
primarily drives ASM contraction [61]. SOCE [formerly referred to as capacitative
calcium entry (CCE)] was first postulated in 1986 by James Putney and is the
process by which a decrease in endoplasmic reticulum (ER) Ca** content signals to
induce an influx of extracellular Ca** via plasma membrane Ca”* channels [51,
55]. The current mediating this Ca”* entry was first identified by Hoth and Penner
([28]), who coined the term Icgac (for calcium release-activated calcium current).

Experimentally, Sarcoplasmic reticulum (SR) Ca* stores may be depleted by a
variety of manipulations, often in combination with the removal of extracellular
Ca®*, including inhibition of the sarcoplasmic/endoplasmic reticulum (SR/ER)
Ca**-ATPase (SERCA) pump (e.g. with thapsigargin [46]); emptying of the SR
by ryanodine or caffeine treatment [3, 4, 10]; exposure to the Ca** chelator ethylene
glycol-bis(p-aminoethyl)-N,N,N’ N'-tetraacetic acid (EGTA); or the activation of
G-protein-coupled receptors (GPCRs), predominantly in response to contractile
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agents and coupled to the G, family of G proteins [8, 24]. In ASM cells, bradykinin
and histamine (acting via the B2 and H1 Gg-protein-coupled receptors, respec-
tively) are commonly used as ligands due to their pathophysiological and clinical
relevance.

Upon extracellular exposure to a contractile agonist such as bradykinin or
histamine, an initial rise in intracellular Ca®t is observed, which is a direct result
of Ca** being released from intracellular SR stores (via the IP3R) into the cyto-
plasm. This rise in intracellular Ca®* causes the ASM cell to contract. The
subsequent influx of Ca** from the extracellular milieu is largely via SOCE, and
this process is central to the maintenance of contraction [61], although the contri-
bution of L-type VDCC, ROC and reverse-mode Na*/Ca®* exchange to Ca®*
homeostasis/contraction in ASM cells has also been demonstrated [15, 16].
SOCE is also crucial in enabling the cell to re-establish its levels of Ca®* to those
appropriate for each intracellular location and, hence, allows the cell to return to a
basal state.

Refilling of intracellular stores is clearly a crucial stage of Ca®* homeostasis, and
in the past decade understanding of the molecules and mechanisms involved has
advanced rapidly with the discovery of the STIM and Orai families of proteins and
increased understanding of the roles of transient receptor potential (TRP) channels.
In this chapter we will describe the current understanding of STIM, Orai and
canonical TRP (TRPC) channels and how they orchestrate store refilling. We will
also address some of the emerging evidence for the involvement of SOCE in ASM
cell physiology and pathophysiology. Although some general concepts may be
drawn from studies in non-ASM cells, where possible we will focus on what is
known specifically in ASM cells.

2 Icrac and Igoc

In the absence of a molecular definition of the mechanism of SOCE, considerable
efforts went into biophysically characterizing the currents underlying Ca®* entry,
with the Icrac current representing the best characterized SOCE current. Icgrac 1S
defined as a small-conductance (0.02 pS), non-voltage-gated, inwardly rectifying
and highly Ca**-selective (approx. 1,000-fold selective for Ca** over Na*) current
[44]. In ASM cells, a small, transient inward current, consistent with Icrac (i.€. a
positive reversal potential and limited outward rectification) was identified
[46]. However, in common with many other cell types, including vascular smooth
muscle [1], larger, less Ca**-selective SOC currents (Isoc) have been observed in
ASM cells. Indeed, store depletion with cyclopiazonic acid (CPA) has been shown
to elicit a larger, more outwardly rectifying cation current in both bovine [25] and
human [45, 46, 61] ASM cells. These findings highlight that ASM cells can utilize
multiple pathways to gate Ca®" in response to store depletion, adding further
complexity to the task of dissecting the molecular determinants of SOCE.
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3 STIM

Stromal interaction molecules (STIM) STIM1 and STIM2 were first reported in
1996 [42]; however, a role for STIM in Ca®* signalling was not suggested until
2005, when two RNAI screens highlighted STIM as a modulator of Ca®t [32, 52].
The field has since advanced rapidly, and STIM is now recognized as the key
molecule alerting cells to increase the flow of Ca?* across the plasma membrane
following depletion of intracellular stores.

The domain architecture of STIM1 and STIM2 has been carefully researched
and is shown in Fig. 1. Apart from a small proportion of STIM1 molecules which
have been observed on the plasma membrane, STIMs consist of one transmembrane
region with the N-terminus located in the lumen of the ER store and the soluble
C-terminus projecting into the cytosol [59]. Systematic mutagenesis experiments
have revealed the protein domains which are crucial for Ca®* sensing, subcellular
reorganization, punctae formation and facilitation of a CRAC current. The step-by-
step role of STIM in the regulation of SOCE was recently reviewed by Michael
Cahalan [11] and is summarized schematically in Fig. 2.

Under basal conditions, STIMs likely exist as dimers with Ca** ions bound to the
cEF-hand domain in the N-terminus. The combined sterile-a motif (SAM) and
EF-hand domains function as highly sensitive Ca®* sensors, and when ER Ca®*
stores are depleted, these Ca®" ions are released from STIMs, resulting in a
conformational change. When the exodus of Ca>* from ER stores leads to an ER
luminal concentration of less than approx. 300 pM, the “empty-handed” STIMs
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Fig. 1 Schematic illustration of molecular domains of STIM1 and STIM2. Both proteins consist
of a single transmembrane domain (TM), separating cytoplasmic and intraluminal portions of the
proteins. The N-terminal signal peptides (S) are cleaved during translation. The intraluminal
domains contain canonical Ca2+—binding EF-hand domains (cEF), non—Ca2+—binding hidden
EF-hand domains (hEF) and a sterile a-motif (SAM). The cytoplasmic domains contain two
coiled-coil domains (CCI and CC2), a proline/serine-rich domain (P/S) and a C-terminal lysine-
rich domain (K'), involved in phospholipid interactions. The STIM-Orai-activating region (SOAR)
within STIM1 is also indicated
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Fig.2 The role of STIM1 and Orai in Ca*" store refilling in ASM. The four images (a—d) illustrate
the sequential process of intracellular Ca>* release, store-operated Ca®* entry and Ca®* store
refilling in response to activation of the B2 bradykinin receptor in ASM cells. In each case, the
graph in the bottom left-hand corner demonstrates the relative Ca>* concentration in the cytoplasm
occurring under the conditions depicted in the corresponding figure. (a) Under basal conditions the
vast majority of STIM1 molecules are found spanning the membrane of intracellular stores with
the SOAR-containing C-terminus located in the cytoplasm and the SAM- and EF-domain-
containing N-terminus located inside the intracellular store. At resting levels of Ca®* within the
ER store (~400 uM), STIMI is believed to exist as a dimer. Ca?* ions bound to the EF-hand
regions of STIM1 maintain the localization and conformation observed under basal conditions.
SERCA pumps maintain basal Ca** levels within the ER stores by actively pumping Ca”" ions into
the store. (b) Exposure of the ASM cell to an agonist such as bradykinin promotes activation of the
bradykinin B2 GPCR and of its downstream signaling pathway [via G4q and PLC-induced inositol
1,4,5-trisphosphate (IP3) generation], resulting in activation of the IP; receptor (IP3R). (¢) Activa-
tion of IP5R drives the release of Ca>* ions from the ER stores into the cytoplasm, resulting in a net
drop in ER store Ca®* concentration. When the concentration reaches ~300 pM, the lost contact
between Ca>* jons and the EF-hand domains of the STIM1 molecules prompts STIMI1 to undergo
conformational changes, exposing the SOAR domain. STIMI1 also rapidly oligomerizes and
translocates along the ER membrane to regions in close proximity to the plasma membrane.
(d) The exposure of the SOAR domain allows Orai molecules on the plasma membrane to be
harnessed, resulting in punctae containing STIM1 and Orai. They are believed to exist in a 1:1 ratio
of STIMI dimers to Orai subunits, i.e. eight STIM1 molecules interacting with one tetrameric
Orai molecule. As a result of these interactions, extracellular Ca®* enters the cell via the Orai
channel, increasing intracellular Ca** and allowing the refilling of ER stores via SERCA activity.
As intracellular Ca®* returns to resting levels, the localization and conformation of STIM1 and
Orai also return to the basal conditions depicted in Fig. 2a
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Fig. 3 To observe the cellular localization of STIM and Orai, researchers commonly use
recombinant versions fused to fluorescent proteins which can be transiently expressed in cells.
In this series of images from our laboratory, the same human ASM cell is shown overexpressing
STIMI1 fused to a yellow fluorescent protein (YFP) and Orai fused to a cyan fluorescent protein
(CFP) (STIM1-YFP and Orai-CFP respectively). The top row of images (a, c, e, and g) shows
STIM1-YFP, whereas the bottom row (b, d, f, and h) shows Orai-CFP. Each vertical set of panels
represents a different time point, with a and b imaged at time 0, ¢ and d at 1 min, e and f at 6 min
and g and h at 8 min. Thus, in human ASM cells under basal conditions and in the presence of low
(0.1 mM) extracellular Ca**, STIM1-YFP exhibits a cytoplasmic distribution (panel a), whereas
Orai-CFP localizes more to the plasma membrane (panel b) [7]. Following store depletion induced
by combined exposure to 1 pM bradykinin (acting via the mechanisms depicted in Fig. 2) and the
SERCA pump inhibitor 1 pM thapsigargin, both STIM1-YFP and Orai-CFP alter their cellular
locations and co-localize in punctae (panels c—f). Removal of bradykinin and thapsigargin from the
extracellular environment, combined with perfusion of buffer containing 2 mM extracellular Ca>*

into the system, causes the punctae to disperse, and both STIM1-YFP and Orai-CFP begin to return
to their initial cellular locations (g and h)

undergo a conformational change exposing the STIM-Orai activating region
(SOAR) domain. These “empty handed” STIMs are driven to oligomerize and
then translocate along the ER membrane to regions where the ER membrane is in
close proximity (one study suggests 10-25 nm [65]) to the plasma membrane
(shown schematically in Fig. 2 and in human ASM cells in Fig. 3). In addition to
conformational changes in STIMs, the mechanism by which STIMs translocate
along the ER membrane following store depletion also involves remodeling of the
ER, and the details of this process were revealed by elegant experimentation and
systematically reviewed in 2011 by Shen et al. [54].

As the name suggests, the SOAR domain of STIMs is that responsible for the
interaction between STIMs and Orai (Orai is described below in Sect. 4).
As observed and described in Figs. 2 and 3, aggregates of STIM and Orai molecules
form junctional assemblies, resulting in an influx of extracellular Ca** into the
cytoplasm. Although not yet confirmed in ASM cells, in other cell systems a
number of binding and regulatory proteins have been identified which can also
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modulate this process. These include junctate, calmodulin, CRAC regulatory
protein 2A, Golli and SOCE-associated regulatory factor; their putative roles
have recently been reviewed [56, 58]. Roles for these proteins have been
demonstrated in both the formation and dissociation of junctional assemblies.
Whilst Orai channels appear to be turned off by a calcium-dependent inactivation
(CDI) process involving the STIM1 cytoplasmic inhibitory domain region, STIM1
itself returns to its resting conformation and location following the increase in Ca**
concentration within the ER stores [56].

Peel et al. confirmed the expression of STIM1 and STIM2 in human cultured
ASM cells in 2006 [45]. Using siRNA specifically targeted against STIMI1 or
STIM2, a functional role was found for STIM1 (but not STIM2), with STIM1
knockdown leading to decreased store-operated Ca>* influx following store deple-
tion by CPA. Interestingly, the functional importance of STIM1 varied according to
the mechanism by which intracellular stores were depleted, with Ca®* re-entry
following histamine-mediated store depletion being much more susceptible to
STIM1 knockdown than that following exposure to bradykinin [45].

4 Orai

Following on from the identification of the STIM proteins as key mediators in the
SOCE process, a further significant advance was made with the discovery of
the Orai family of proteins [20]. Named after the sisters guarding the gates of
heaven in Greek mythology, three Orai genes have been identified (Orail-3) from
genome-wide RNAI screens, each encoding a protein containing four transmem-
brane domains, with both N- and C-termini located intracellularly (Fig. 4) [20, 63,
69]. This topology did not immediately suggest that the Orai proteins were ion
channels, yet Orail (also known as CRACM) appears to constitute the pore-
forming subunits of Icgac channels. A modified linkage analysis identified a single
point mutation in Orail (R91W), which leads to severe combined immunodefi-
ciency (SCID) syndrome through the disruption of Ca** entry in T-cells [20]. The
executive role of Orail in SOCE is further supported by the findings that Icrac
activity is rescued in SCID patients’ T-cells by expression of wild-type Orail [20]
and that the R91W mutation in Orail ablates Icrac in cells [20, 63, 69]. Finally,
when recombinant Orail is co-expressed with STIMI, large Icrac currents can be
detected with properties very similar to those of native Icrac [36, 47, 57, 69].

The functional roles of Orai2 and Orai3 remain somewhat unclear, but both can
couple with STIM1 to generate Icgrac-like channels, with properties slightly differ-
ent from those of the Orail-containing channels [17, 33]. In addition, functional
Orai channels appear to exist as tetramers [29, 37], with hetero-oligomerization
between Orai isoforms likely to generate further diversity [33]. How these multiple
potential channels relate to the variety of SOC channels observed in vivo remains to
be established.
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Fig.4 Schematic illustration of Orail. Orail consists of four transmembrane domains (TM/-TM4),
with intracellular N- and C-termini. The second extracellular domain (between TM3 and TM4) is
heavily glycosylated, and the C-terminus contains a coiled-coil (CC) domain. The C-terminus of
Orail (in particular the coiled-coil domain) plays a critical role in STIM1 binding, but the role of the
N-terminus in association with STIM1 is less clear (see [19] for review)

Using an approach identical to that adopted for investigations into the role of
STIMs in human cultured ASM cells, Peel et al. uncovered the contribution of the
Orai proteins to store refilling [46]. Expression studies confirmed that all three Orai
isoforms were present at the level of mRNA in ASM. However, due to a lack of
availability of antibodies against Orai2 or Orai3 at that time, only the presence of
Orail could be confirmed at the protein level. Subsequent siRNA-based experiments
revealed a role for Orail but not Orai2 in both CPA- and thapsigargin-mediated Ca>*
influx. The role of Orail in ASM cell SOCE (in response to CPA) was recently
confirmed by Sathish et al. [53] using siRNA targeting Orail. Interestingly, Peel
et al. [46] also found that Orai3 knockdown resulted in a decrease in both
CPA-mediated store release and subsequent Ca>* influx, suggesting that this isoform
could regulate basal Ca** levels or Ca>* release from stores.

Electrophysiologically, cultured human ASM cells exhibited a two-component,
store-operated current following exposure to the SERCA inhibitor CPA [46]. The
first component was a small, transient inward current with characteristics typical of
Icrac (very positive reversal potential with limited outward rectification), while a
subsequent component was more similar to the Isoc currents previously reported in
human bronchial smooth muscle cells [61]. The initial Icgrac-like current was
inhibited by Orail depletion, whilst the Isoc-like current was relatively unaffected
[46]. These findings suggest a key role for Orail in the Icgrac-like current, consis-
tent with findings in other systems [20, 63, 69], but the molecular nature of the
larger Isoc-like current remains unclear. It is likely that one or more of the five
TRPC homologues identified in human ASM cells (TRPC1, 3, 4, 5 and 6) [14, 40,
64] might contribute to this current (see Sect. 5 for further discussion).
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In addition to STIMI, numerous other Orail binding partners have been
identified [see [58] for a review]. For instance, the N-terminus of Orail has
been demonstrated to interact with caveolin-1 to regulate dynamin-dependent
internalization of the channel in oocytes [67]. An interaction between caveolin-1
and Orail may be important in regulating SOCE in ASM cells, as it was recently
reported that caveolin-1 over-expression enhanced Orail levels and elevated
SOCE, whilst siRNA-mediated knockdown of caveolin-1 blunted SOCE and
reduced Orail expression [53]. The mechanism of this regulation by caveolin-1
has not been investigated, but given the findings in oocytes [67], it would be
interesting to examine whether manipulations in caveolin-1 expression altered the
internalization of the channel in ASM cells.

S TRPC

The TRPC family consists of seven genes (TRPC1-7), which have been proposed
as key molecular components of the non-selective cation currents (NSCCs) found in
a variety of excitable and non-excitable cells [38]. In human ASM cells,
five members of the TRPC family (TRPCI, 3, 4, 5 and 6) have been identified
at the mRNA level, with TRPCI, 4, 5 and 6 confirmed at the protein level [14,
40, 64]. However, the functions of these TRPC channels in ASM are less
well defined.

In human ASM cells, Corteling et al. [14] observed a histamine-induced Ca?t
entry pathway with characteristics similar to those of TRPC-dependent entry, while
the large Isoc currents identified in ASM cells [46, 61] were also consistent with
TRPC channel activity. Indeed, Sweeney et al. found that TRPC1 mRNA was
elevated under conditions in which Igoc was enhanced (in proliferating cells),
suggesting a role for TRPC1 in mediating at least part of the observed Isoc current.
However, a causal link between TRPC1 mRNA levels and Isoc was not firmly
established, so this remains speculative. In contrast, TNFa treatment selectively
increased TRPC3 expression in human ASM cells, which was demonstrated to be
responsible for an elevated basal intracellular Ca** and enhanced SOCE, suggesting
a pathophysiological role for TRPC3 in inflammatory airway disease [64].

But which TRPC isoforms are involved in gating Ca®* in healthy ASM cells?
The role of TRPC6 was investigated in guinea pig ASM cells, using siRNA to
knock down the channel [23]. The researchers found that TRPC6 depletion had no
effect on oleyl acetyl glycerol (OAG)-mediated Ca* entry, suggesting that TRPC6
is not a primary Ca®*-conducting channel in ASM cells. However, the authors
suggested that the channel could still be contributing to NSCCs without directly
gating Ca®* if Na* ions were the main conductance through TRPC6, as has been
demonstrated in human embryonic kidney (HEK) cells [18].

In contrast, TRPC3 was reported to be crucial in generating NSCCs (whose
constitutive activity at rest contributes to the relatively depolarized resting
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membrane potential) in normal mouse ASM cells, with an emerging role for
TRPCI in an asthmatic mouse model [66]. This differs somewhat from the findings
of White et al. [64], who only found a significant expression/function of TRPC3
following TNFa treatment, but this may reflect the different species used in the two
studies. The role of TRPC isoforms in mediating Ca®* entry in ASM cells therefore
remains unresolved. Indeed, it has been argued that the major cellular role of TRPC
channels is not in SOCE but in receptor-operated Ca** entry, as a result of their
sensitivity to diacylglycerol, generated predominantly by PLC activity (see [50]
and references therein).

The potential for TRPC channels to interact with STIM and Orai proteins
adds a further layer of complexity to the study of their role in Ca** homeostasis
and may partly explain the difficulties in clearly identifying their functions. It is
possible that STIM1 provides a common mechanism for sensing store depletion
and stimulating the activity of an array of store-operated currents, since it has
been shown to interact with TRPC1-6, in addition to the Orai family (see [11]
and [68] for a review). For instance, TRPC1 and TRPC4 have recently been
demonstrated to interact with STIM1 and form functional store-operated channels
in murine and human lung endothelial cells [60]. Furthermore, Orail has been
reported to regulate or contribute to TRPC currents in a variety of systems [30, 31,
41]. So what is the nature of the relationship between STIMI, Orail and TRPC
channels and how does it relate to the range of store-operated currents and Ca®*
signals observed in cells?

It has been established in a number of cell backgrounds that while the interaction
between STIM1 and Orail generates an Icgac current, the Isoc current requires the
expression of STIM1, Orail and TRPC1 [12, 13, 30]. As a result, in Jurkat cells,
where Icrac is the predominant store-operated current, only Orail (and STIM1) is
required to mediate SOCE [30]. However, in other cells (such as HEK-293 cells),
SOCE also requires TRPC1 expression as a result of a dependence on Igoc for Ca>*
entry [12, 30]. Kim et al. [30] found that Orail and TRPC1 were mutually
dependent upon each other for their interaction with STIM1 and concluded that
they were present within the same complex in HEK-293 cells. However, Cheng
et al. [13] presented an alternative model in human salivary gland cells, in which
STIM1 complexes with TRPC1 and Orail separately (to generate Icgac and NSCC
currents respectively). They propose that Ca>* entry through Icgac is necessary for
the insertion of TRPCI into the plasma membrane, generating a subsequent NSCC
through TRPC1/STIM1 complexes. Intriguingly, they reported that Icgrac and the
NSCC performed distinct functions within the cell, with Icgac leading to nuclear
factor of activated T-cell (NFAT) stimulation and the NSCC being responsible
for NFxB stimulation and sustained K¢, channel activity [13]. The potential for
generating multiple intracellular signals via distinct SOCE pathways would be
worthy of investigation in ASM cells, where two components of store-operated
current have been isolated [46].
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6 Plasma Membrane Sodium/Calcium Exchanger

The plasma membrane sodium/calcium exchanger (NCX) is an ion transporter
protein which imports three sodium ions into a cell in exchange for one calcium
ion via an electrochemical gradient. However, an excess of sodium within the cell
can force the NCX into reverse mode and hence play a role in Ca®* influx into the
cell. While this system has been extensively researched in other cells, most notably
cardiomyocytes, only a few studies have researched the role of NCX transporters in
ASM. Studies using KB-R7943, a relatively selective antagonist of the reverse
mode of NCX, reveal a role for this transporter in store refilling as exposure
to KB-R7943 decreased ASM contraction induced by acetylcholine, histamine,
5-hydroxytryptamine or caffeine [15, 26, 27, 34]. However, it should be noted that
KB-R7943 has recently been shown to block L-type VDCCs in addition to NCX
[21]. In the light of the potential role of L-type VDCCs in ASM Ca** homeostasis,
e.g. [15], results obtained using KB-R7943 should perhaps be interpreted with caution.

The NCX transporter is encoded for by three genes (NCX1, 2 and 3), with NCX1
occurring as diverse splice variants. In human ASM cells only NCX1 has been
identified and, unlike cardiomyocytes in which NCX1.1 is the predominant func-
tional variant, it is variant NCX1.3 which is present in human ASM [34, 48]. Liu
et al. observed that NCX1.3 was functional in human ASM cells in both forward
and reverse mode, and these currents could be inhibited by both KB-R7943 and
siRNA-mediated knockdown [34]. The similar effects of KB-R7943 and NCX1.3
siRNA suggest that, at least in these experiments, KB-R7943 was acting through
NCX inhibition. Interestingly, siRNA-mediated knockdown of STIMI1 also
inhibited the observed outwardly rectifying current, providing the first potential
link between SOC and NCXI.

7 Functional Significance of SOCE in ASM Cells

As discussed earlier, ASM intracellular Ca®* levels impact such physiologically
critical functions as contraction, migration, proliferation, cytokine secretion and
cell adhesion. While the roles of STIM, Orai and SOCE have yet to be dissected for
many of these aspects of cell biology, significant evidence has accrued on their role
in ASM proliferation. Zou et al. utilized a short hairpin RNA (shRNA) approach to
specifically knock down STIM1 and Orail and found this to attenuate SOCE, as
expected, but also to inhibit serum- and PDGF-BB-induced ASM cell proliferation
[70]. Further evidence for the involvement of SOCE in ASM proliferation was
provided by Gao et al. [22], who found that IL-13 increased thapsigargin-stimulated
SOCE in rat bronchial smooth muscle cells. This effect on SOCE partially
contributed to the pro-proliferative effects of IL-13 on ASM cells, suggesting that
enhanced SOCE could be implicated in inflammatory remodeling of the airways,
such as occur in asthma [22].
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Interestingly, SOCE was observed to be higher in proliferating ASM cells when
compared with quiescent cells, as was expression of Orail [70]. Sweeney et al. [61]
also reported that SOCE was enhanced in proliferating porcine ASM cells, while
similar results have been obtained in vascular smooth muscle cells [5]. This seems
to contrast with the well-established notion that SOCE is substantially attenuated
during mitosis [49, 62]. It is possible that this discrepancy indicates a difference in
Ca** handling during cell division in smooth muscle. However, it is worth noting
that studies in ASM cells to date have relied upon the relatively crude approach of
comparing SOCE in serum-starved versus serum-replete cells, whereas a more
detailed dissection of SOCE/Icgrac during different phases of the cell cycle
(e.g. [62]) has led to the consensus in other cell types that SOCE is lost in cells
undergoing mitosis.

Direct evidence for the role of SOCE in ASM contraction is surprisingly limited,
but Sweeney et al. [61] investigated the contribution of SOCE to acetylcholine
(ACh)-induced constriction in rat bronchial rings. They found that in the absence of
extracellular Caz+, only a weak, transient constriction was observed in response to
ACh. When extracellular Ca>* was restored, however, a 2.8-fold greater (and more
sustained) contraction was obtained, highlighting the significant contribution of
SOCE to cholinergic bronchoconstriction [61]. In addition, Ohga et al. reported that
the novel SOCE blocker YM-58483/BTP-2 attenuated ovalbumin-mediated
bronchoconstriction in guinea pigs, illustrating that SOCE may also be important
for in vivo bronchoconstriction [39].

8 Ca?* Oscillations in ASM

Physiological levels of bronchoconstrictors often trigger sustained oscillations in
intracellular Ca®* levels, rather than large, global elevations [6]. While it is gener-
ally accepted that these oscillations predominantly result from Ca”* store release,
they require Ca®* influx to support them, and it is believed that this influx is via
SOCE [9, 50]. Indeed, Putney has recently proposed that SOCE may do more than
simply replenish the pool of Ca®* available for oscillatory release and that in some
cases Ca”* entry through Orai channels may directly generate Ca>* oscillations and
drive downstream signaling events [50].

In human ASM cells, asynchronous Ca** waves can occur through repetitive
cycles of SR Ca®* release and reuptake by SERCA [15]. These Ca** waves
are important in generating contraction in intact human bronchial smooth muscle
bundles and were shown to rely upon ROC/SOC entry (as well as Na*/Ca®*
exchanger and, to a lesser extent, L-type VDCCs), as they could be abolished by
the ROC/SOC channel blocker SKF96365 [15]. A similar profile was observed in
porcine tracheal smooth muscle bundles [16]. In addition, inhibition of SOCE
ablated LTD4-induced Ca®* oscillations in human ASM cells [35]. However,
these experiments were performed on cells pretreated with IL-13, an inflammatory
mediator known to enhance SOCE [22]. It may, therefore, be that the role of SOCE
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in Ca®" oscillations was exaggerated in this instance, but since the IL-13
pretreatment could (to some extent) mimic the inflammatory environment found
in asthmatic airways, this study might provide an indication of the contribution of
SOCE to asthmatic ASM hyper-contractility [35]. Whether SOCE-derived Ca®*
acts in an executive (as proposed by Putney) or facilitatory (as commonly believed)
manner in ASM cells remains to be established. The pharmacological tools utilized
in the aforementioned studies are relatively poorly selective, so the use of more
selective molecular techniques (e.g. siRNA targeting STIM and Orai family
members) might provide stronger evidence for the role of SOCE in Ca®* signal-
ing/contraction, as well as greater mechanistic insight into the link between Ca®*
entry and downstream cellular function.

9 Summary

In this chapter we have discussed the mechanisms underlying Ca** store refilling in
ASM. SOCE-mediated Ca** homeostasis appears to be the most functionally
important Ca**-handling process in ASM, controlling key physiological endpoints
including contraction, proliferation and cytokine release. Although some key
participants in SOCE have been identified and their role assessed in ASM
(e.g. STIM, Orail), there remains a significant amount of mechanistic information
which has only been demonstrated in other cell systems. Whether the process of
SOCE, so elegantly dissected in cell lines, occurs in the same manner in ASM cells
is as yet largely unknown. Unanswered questions include the following: (1) In what
combination do STIM1, Orail and the variety of TRPC channels expressed in ASM
cells assemble to generate the observed SOCE signals? (2) Do distinct Ca** entry
pathways generate discrete intracellular signals, each coupled to the regulation of a
different subset of downstream effectors? (3) What role do Orai2 and Orai3 play in
ASM cells? (4) What is the contribution of SOCE to pathophysiological changes
(e.g. in contractile hyperresponsiveness) in ASM cells? These (and many other)
questions provide the challenge for future research in the field of ASM Ca®*
signaling.
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