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Abstract
Cigarette smoking is the largest risk factor for developing chronic obstructive pulmonary
disease (COPD), which is associated with hyperresponsiveness of airway smooth muscle.
While it is well established that chronic exposure to cigarette smoke (CS) leads to dysregulated
calcium signalling, airway inflammation and remodelling of the airway smooth muscle, there
is limited information about the acute effects of CS or CS extract (CSE) on human airway
smooth muscle cell (hASMC) function, particularly Ca2+ homeostasis. Dysfunction of the cystic
fibrosis transmembrane conductance regulator (CFTR) anion channel is also linked to disrupted
Ca2+ homeostasis in ASMC, but its role in ASMC function remains poorly understood.
This study investigated the following: (1) The role of CFTR in regulating Ca2+ homeostasis in
ASMC; (2) The acute effects of aqueous CSE on hASMC Ca2+ homeostasis; and (3) The acute
effects of gaseous CS on hASMC Ca2+ homeostasis. The results demonstrate that (1) CFTR
inhibition in rat ASMC had minor effects on store-operated Ca2+ entry and the extent of Ca2+
reuptake; (2) Acute exposure to CSE or CS rapidly elevated cytosolic Ca2+ in hASMC through
stimulation of plasmalemmal Ca2+ influx, but not through the release of calcium from
intracellular sarcoplasmic reticulum stores; (3) Both CSE and CS specifically stimulated Ca2+
influx through the neurogenic pain receptor channel, transient receptor potential ankyrin 1
(TRPA1), but not through L-type or store-operated Ca2+ channels; (4) The CSE/CS-induced
calcium influx through TRPA1 led to myosin light-chain phosphorylation, a key process
regulating ASMC contractility.
Overall, results suggest that CFTR plays a minor role in regulating calcium homeostasis in
ASM. However, this study provides the first experimental evidence that TRPA1 is an important
target of both CSE and CS in hASMC. The CSE/CS-induced activation of TRPA1 may lead to
exacerbated ASMC contraction thus contributing to airway hyperresponsiveness in COPD.
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Chapter 1: Introduction
1.1
1.1.1

Physiology of the human airway
Anatomical and cellular structure of the human airway

The human airway is formed of a continuous tract that transports air between the outside
environment and the lungs, where gas exchange takes place. CO2 from the body, predominantly
a waste product of cellular metabolism, is exchanged with O2 from the outside air to provide
the human body with a constant supply of oxygen, required for cellular respiration to provide
energy for a myriad of cellular functions. In addition to gas exchange, the airway is also the
first line of defence against inhaled allergens, pathogens and environmental irritants, acting to
protect against, and remove, the infiltration of these insults.
Anatomically, the human respiratory tract can be separated into two regions, namely, the upper
and the lower airway. The upper airway is composed of the nasal cavities, pharynx, and larynx,
acting as the entry system of outside air into the respiratory tract. The upper airway importantly
warms and humidifies air, and filters out large particulates and foreign bodies, before air
reaches the lower airway. The lower airway is further divided into the conducting zone
(beginning with the trachea, which branches into the bronchi, bronchioles, and terminal
bronchioles), and the respiratory zone (with subsequent branches of respiratory bronchioles,
alveolar ducts, and finally alveolar sacs), as illustrated in Figure 1.1A (Barrett et al., 2015). The
conducting zone is also termed the anatomical dead space of the lungs, as it is not involved in
gas exchange. The cross-sectional area of the lumen exposed to air increases with each
subsequent generation of branches, and gas exchange takes place in the respiratory zone,
primarily at the alveolar ducts and sacs, where the surface area of exposure is the highest (Figure
1.1B). Gas exchange is a passive process through diffusion of various gases, importantly O2,
CO2, H2O (water vapour), and N2, depending on the partial pressure and concentration gradient.
At the alveoli, O2 constantly diffuses into the bloodstream through the alveolocapillary
membrane, connecting the alveoli to pulmonary capillaries, whereas CO2 is constantly lost,
from the blood into the alveoli, down a CO2 gradient.

* Image removed from e-thesis due to copyright.*
Figure 1.1: Structure and branching of the human lower airway. (A) The levels of branching of the
lower respiratory tract. (B) The cross-sectional surface area of airway lumen increases exponentially as
the airway branches out. Adapted from Barrett et al. (2015). Image removed from e-thesis due to
copyright.
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Anatomically, the structures of the tracheal, bronchial, and bronchiolar walls differ as the
airway branches. The trachea is surrounded anteriorly and laterally by rings of C-shaped hyaline
cartilage, and a smooth muscle layer that completes the ring, located at the posterior end. In
contrast, the bronchi walls contain less cartilaginous support as the airway branches out, and
the smooth muscle layer is continuous, encircling the wall. The contractile tone of the smooth
muscle regulates the calibre of the airway. In the walls of the larger airways, i.e. the trachea and
bronchi, mucus-secreting glands are also present (Figure 1.2). The bronchioles, on the other
hand, lack supporting cartilages as well as mucus-secreting glands, unlike the larger airways
(Figure 1.2).
At a microscopic level, the surface of the lower airway is lined with a layer of heterogenous,
pseudostratified epithelium, attached to a basement membrane, that acts as a protective physical
barrier against inhaled insults (Figure 1.2A). The different types of epithelial cells in this layer
are illustrated in Figure 1.2B. Other than mucus, the secretory airway epithelial cells, including
goblet cells and Clara cells, also release antimicrobials, polysaccharides, and immunoglobulins,
as well as various chemokines and cytokines to recruit immune cells, further strengthening the
defence mechanism of the airway epithelium. Another main physiological function of the
epithelial cells is the maintenance of fluid balance of the airway surface liquid (ASL), by tightly
regulating the transport of ions and fluid.

* Image removed from e-thesis due to copyright.*
Figure 1.2: The cellular architecture of the lower airway. (A) Cross-sectional view of the wall of
different lower airway sections, highlighting the differences in structure, cellular composition, and wall
thickness. Taken from Barrett et al. (2015). (B) The major epithelial cell types in the large and small
airways. The small airways are typically bronchi/bronchioles after 6 generations of branches from the
trachea. The secretory goblet cells shift to a Clara cell type in the smaller airways. Taken from Crystal
et al. (2008).

1.1.2

Regulation of the airway surface liquid

The ASL is formed of a periciliary fluid layer, in which the cilia are bathed, and a mucus layer,
acting to bind and trap inhaled foreign particles (Figure 1.3). Importantly, the ciliated cells and
mucus-secreting cells are essential for mucociliary clearance, acting to remove inhaled foreign
particles. Small foreign particles and pathogens, not filtered out by the nasal hair and nasal
mucosa in the upper airway, can enter the lower airway and deposit onto the walls, and trapped
by the mucus layer of the ASL (Figure 1.3). These agents are transported out of the airway by
the constantly beating cilia, which move the mucus layer upwards, and expelled through spitting,
coughing, or swallowed into the antimicrobial, acidic environment in the stomach. Defects in
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the mucociliary clearance mechanism, for instance dysregulation in the ASL fluid secretion that
affects ciliary motility, lead to the inability of the airway to remove external insults, and hence
predisposes the host to pathogen infections. This is evident in obstructive diseases such as
chronic obstructive pulmonary disease (COPD), whereby impaired mucociliary clearance,
partially due to attenuated ciliogenesis and ciliary beat (Tamashiro et al., 2009; Yaghi et al.,
2012), leads to recurrent bacterial infections (Jansen et al., 1995; Sethi, 2000).

Figure 1.3: The airway surface liquid (ASL) of human airway epithelia. The ASL is propelled by
cilia to remove inhaled agents from the environment. Taken from Ganesan et al. (2013). Permission to
redistribute granted under a CC BY-NC 3.0 license (https://creativecommons.org/licenses/by-nc/3.0/).

The height of the ASL is determined by tightly balanced water absorption and secretion, which
is regulated by the osmotic driving force created by transepithelial ion transport across the
airway epithelia. In particular, absorption of Na+ and secretion of Cl- across the airway epithelia
drive water movement through transcellular and/or paracellular pathways (Figure 1.4; reviewed
in Saint-Criq and Gray (2017)). The main absorptive Na+ channel in airway epithelia is the
epithelial Na+ channel (ENaC), whereas Cl- secretion is primarily mediated by the cystic
fibrosis transmembrane conductance regulator (CFTR) and Ca2+-activated Cl- channels (CaCC)
such as Anoctamin 1 (Ano1; also named TMEM16A) (Figure 1.4). Defective Cl- secretion or
over-active Na+ absorption dehydrate, and hence increase the viscosity of, the ASL, reducing
ciliary beat frequency and mucus clearance (Collawn et al., 2012).

3

Figure 1.4: Regulation of ASL hydration by transepithelial ion and water movement. Water
movement via the transcellular aquaporins (AQP) or paracellular pathways follow the osmotic driving
force created by transepithelial Na+ and Cl- movement. Transcellularly, Na+ is absorbed through
ENaC, while Cl- is secreted through various Cl- channels including CFTR, on the apical membrane.
The basolateral transporters, e.g. K+ channels, Na+/K+ ATPase, Na+-K+-Cl- cotransporter 1 (NKCC1),
anion exchangers (AE), and Na+/bicarbonate cotransporter (NBC), maintain the electrochemical
gradient for transcellular Na+ absorption and Cl- secretion, as well as paracellular passive Cl- and Na+
movement. Taken from Saint-Criq and Gray (2017). Permission to redistribute granted under a CC BY
4.0 license (https://creativecommons.org/licenses/by/4.0/).

1.2

Obstructive airway diseases

A number of defects in the normal function of airway cells, including the epithelial cells and
smooth muscle cells, can lead to pathogenesis of airway diseases. There are two broad classes
of airway diseases, namely, restrictive and obstructive lung disease. In restrictive diseases, the
lungs are restricted from fully expanding, due for example to stiffening of lung tissue or muscle
weakness; a prime example of this is pulmonary fibrosis. On the other hand, obstructive lung
diseases are characterised by obstruction of the airway, for example due to airway narrowing
or excessive inflammation, the most common being cystic fibrosis (CF), COPD, and asthma.
Lung function can be measured through the non-invasive spirometry technique, an instrument
that collects airflow from a human subject performing different ventilation manoeuvres
depending on the test. Modern spirometers directly digitise the collected airflow, both
inspiration and expiration, allowing for quantitative analysis of airflow data. In obstructive
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airway diseases, the ratio of forced expiratory volume in the first second (FEV1) over the forced
vital capacity (FVC; measured by forced inhalation followed by forced expiration) is
significantly lower, typically <70%, compared to the FEV1/FVC of a healthy subject.
1.2.1

Cystic fibrosis and CFTR

CF is a life-threatening, autosomal recessive hereditary disease, with an incidence rate of 1 in
2500 newborns in the UK. The airway of a CF patient exhibits defects that lead to an obstructive
phenotype, including airway hyperresponsiveness (AHR), impaired mucociliary clearance,
mucus plugging, frequent infections, chronic inflammation, thickening of airway walls, and
ASL dehydration. Many of these disease characteristics are similar to those seen in COPD,
most notably AHR, the augmented sensitivity and/or maximal contractile response of the
airway to inhaled stimuli.
Despite being a multiorgan disease, CF is most commonly characterised by progressively
reduced respiratory function, due to defective fluid secretion from airway epithelial cells that
leads to accumulation of viscous mucus in the airway, predisposing patients to infection and
inflammation. This is attributed to loss-of-function mutations in the CFTR gene, which codes
for a Cl- channel that is expressed most notably in the apical surface of secretory epithelial cells
and ionocytes (Montoro et al., 2018; Plasschaert et al., 2018), but also in other cell types such
as airway smooth muscle cells (ASMC). CFTR is a cyclic adenosine monophosphate (cAMP)dependent, protein kinase A (PKA)-activated, ATP-gated anion (primarily Cl-) channel, and as
explained in section 1.1.2, attenuated CFTR-mediated Cl- secretion can lead to ASL
dehydration.
CFTR was first identified and cloned in 1989 (Riordan et al., 1989). It is a member of the ATPbinding cassette (ABC) transporter family, and has two cytoplasmic nucleotide-binding
domains (NBD) that bind and hydrolyse ATP. The binding of ATP at NBD1 causes
conformational change that allows its dimerisation with NBD2; the binding of a second ATP
to this dimer at NBD2 then causes further conformational changes to the transmembrane
spanning domains (TMD1 and TMD2), opening the channel (Hwang and Sheppard, 2009). The
channel closes following the hydrolysis of the second ATP. The opening of the CFTR channel
is also dependent on phosphorylation of its regulatory domain (RD), most prominently by
cAMP-activated PKA.
In the initial molecular cloning analysis, it was found that ~ 70% of CF patients had a specific
mutation: the deletion of phenylalanine at amino acid position 508 (termed F508del) of the
CFTR protein (Kerem et al., 1989). Subsequently, CFTR mutations have been divided into 6
classes according to the functional defect caused by the mutation. These range from defective
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production of CFTR mRNA in the nucleus to defects in CFTR conductance and gating at the
plasma membrane (MacDonald et al., 2007). F508del-CFTR is a class II CFTR mutation,
featuring defective processing or trafficking of the protein to the plasma membrane, and is by
far the most common mutation in the UK (UK Cystic Fibrosis Registry: Annual Data Report
2019, 2020). F508del-CFTR is unable to transport ions at the plasma membrane of epithelial
cells, as it is retained in the ER due to a processing defect (Cheng et al., 1990). However, in
epithelial cells, ER-localised F508del-CFTR retains moderately functional ion transport
capabilities across the ER membrane (Dalemans et al., 1991; Pasyk and Foskett, 1995).
1.2.2

COPD

On the other hand, COPD is a persistent respiratory disease characterised by non-reversible
airflow limitation, and exhibits a wide range of traits including emphysema (destruction of the
alveoli in the lung parenchyma, leading to reduced gas exchange and lung capacity), chronic
bronchitis (long-term inflammation and enhanced mucus production), frequent and recurrent
infections, and AHR. In their latest estimate in 2016, the World Health Organisation (WHO)
listed COPD as the 3rd leading cause of death worldwide. In the UK, COPD represents a £1.9
billion burden for the NHS annually. The pathogenesis of COPD is complex and involves a
variety of cellular processes, including enhanced secretion of inflammatory mediators,
increased number and infiltration of inflammatory cells, protease/anti-protease imbalance,
remodelling and hyperplasia of epithelial and smooth muscle cells, increased basal tone of
ASMC, defective mucociliary clearance, and augmented sensitivity to contractile stimuli. There
are genetic risk factors for the development and progression of COPD (reviewed in Mayer and
Newman (2001); Eisner et al. (2010); Ragland et al. (2019)), but the majority of risk factors
identified are environmental. These include exposure to cigarette smoke, household air
pollution (Fullerton et al., 2008; Gordon et al., 2014), biomass smoke, mineral dust, and various
gases, fumes, metals, and particulates identified from occupational exposure studies (reviewed
in Eisner et al. (2010)). In particular, cigarette smoking has been identified as by far the most
important causal factor (Eisner et al., 2010; Hooper et al., 2012), which is linked to various
cellular processes responsible for pathogenesis of COPD mentioned above (explored below in
section 1.4).
Interestingly, many of these processes that contribute to an obstructive airway phenotype,
including

cell

proliferation,

migration,

secretion

of

inflammatory

mediators,

hyperresponsiveness and ciliary motility are regulated, at least partially, by intracellular
calcium (Ca2+) signalling (Evans and Sanderson, 1999; Bergner et al., 2006; Gerthoffer, 2008;
Mahn et al., 2010; Zou et al., 2011). Most importantly, intracellular Ca2+ is a central signalling
6

molecule for regulating smooth muscle contraction, which modulates the tone, and hence
calibre, of the airway.
1.3
1.3.1

Regulation of Ca2+ signalling and ASMC contraction
Regulation of Ca2+ homeostasis in non-excitable mammalian cells

Calcium is a crucial messenger in mammalian cells, and is required for a wide range of
physiological functions such as muscle contraction, proliferation, gene expression, activation
of ion channels, and inflammation (Berridge et al., 2003; Ribeiro et al., 2005b; Lee and Foskett,
2010; Capiod, 2013). To accommodate such variety of functions, Ca2+ signalling needs to be
very tightly regulated, both spatially and temporally, to deliver specific signals. The diffusion
of Ca2+ across the cytoplasm is slow, and therefore Ca2+ mobilisation is often spatially
organised into cellular microdomains, composed of select channels, organelles, and signalling
proteins, to facilitate efficient and rapid, as well as highly specific, signalling events (Berridge,
2006; Petersen et al., 2017). The dynamic regulation of Ca2+ microdomains, oscillations, or
global Ca2+ transients in response to different stimuli, is complex (reviewed in detail by
Berridge et al. (2003); Berridge (2006); Petersen et al. (2017); Samanta and Parekh (2017)).
Dysregulated calcium homeostasis could lead to a range of diseases, for example airway
hypercontractility brought about by elevated intracellular Ca2+ levels in ASMC (Mahn et al.,
2010; Wylam et al., 2015).
Figure 1.5 presents a general model of Ca2+ homeostasis in non-electrically excitable
mammalian cells, highlighting prominent Ca2+ transporters, signalling pathways, and other
Ca2+-binding proteins of interest. Generally, there are two main sources for elevating
intracellular Ca2+ concentration ([Ca2+]i): Ca2+ influx, via receptor-, voltage-, or store-operated
calcium channels situated on the plasma membrane (ROCC, VOCC, and SOCC, respectively),
and Ca2+ release from intracellular stores, via IP3R or RyR activation. The endoplasmic
reticulum (ER), or sarcoplasmic reticulum (SR) in muscle cells, is generally the largest Ca2+
storage organelle, although the mitochondria, Golgi bodies, and lysosomes also act as Ca2+
stores. After release of Ca2+, ER stores are replenished via the sarco/endoplasmic reticulum
calcium ATPase (SERCA), an active Ca2+ pump. The concentration gradient of extracellular
vs. intracellular Ca2+ is approximately 1mM to 100nM, providing a 10,000-fold gradient
favouring rapid Ca2+ influx when Ca2+-permeable channels open. This gradient is maintained
primarily by the main extrusion (NCX and PMCA) and reuptake (SERCA) pathways, which
are also responsible for bringing intracellular calcium concentration back to basal levels after a
signalling event. The mitochondrial Ca2+ uniporter also plays a small role in calcium reuptake
(Babcock et al., 1997). On the other hand, the lysosome is a notable calcium store, with a high
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resting [Ca2+] of ~0.5mM generated by an active Ca2+ transport pathway, secondary to a proton
gradient generated by the H+-ATPase; a known channel for lysosomal Ca2+ release is TRPML,
or mucolipin (Christensen et al., 2002; Xu and Ren, 2015).

Figure 1.5: Model of mammalian cell Ca2+ homeostasis. Ca2+ influx or release pathways are in green,
Ca2+ extrusion or reuptake pathways are in blue, while other proteins associated in Ca2+ homeostasis are
in yellow. Black arrowheads indicate direction of ion movement. Blue dotted arrowheads indicate
activation. Abbreviations: ER = endoplasmic reticulum; SR = sarcoplasmic reticulum; CFTR = cystic
fibrosis transmembrane conductance regulator; PKA = protein kinase A; cAMP = cyclic adenosine
monophosphate; SOCC = store-operated calcium channel; STIM = stromal interaction molecule;
SERCA = sarco/endoplasmic reticulum calcium ATPase; RyR = ryanodine receptor; IP3R = inositol
triphosphate receptor; PLC = phospholipase C; GPCR = G-protein coupled receptor; M3R = Muscarinic
3 receptor; H1R = Histamine 1 receptor; VOCC = voltage-operated calcium channel; LTCC = L-type
calcium channel; TRPV6 = transient receptor potential vanilloid channel 6; ROCC = receptor-operated
calcium channel; TRPC6 = transient receptor potential canonical channel 6; PMCA = plasma membrane
calcium ATPase; NCX = sodium-calcium exchanger; MCU = mitochondrial calcium uniporter; TRPML
= transient receptor potential cation channel, mucolipin family.

Receptor-mediated Ca2+ release is initiated by binding of agonists, such as acetylcholine (ACh)
and histamine, to their respective receptors, activating PLC, which catalyses the production of
second messengers IP3 and DAG (Berridge et al., 2003). Binding of IP3 to its receptor(s)
(IP3R1-3) on the ER then triggers Ca2+ release from the ER store, hence elevating [Ca2+]i.
Another prominent Ca2+ release channel on the ER, mainly expressed in excitable cells, is the
RyR (RyR1-3). RyR can also be directly activated, and IP3R-mediated Ca2+ release can be
augmented, by intracellular Ca2+ in close proximity to the ER, a process termed Ca2+-induced
Ca2+ release (CICR).
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On the other hand, SOCC, such as Orai1, is activated upon ER/SR store depletion, leading to
store-operated calcium entry (SOCE). A drop in ER Ca2+ levels is detected by the ER-localised
STIM1 proteins, which undergo conformational changes and form oligomers. These STIM1
oligomers migrate to the ER-plasma membrane (PM) junctions, where they physically interact
with Orai1 subunits in the PM, and cause Orai1 to also oligomerise, forming functional Ca2+
influx channels (Parekh, 2010). Other main Ca2+ influx channels include the VOCC (e.g. Ltype Ca2+ channel, which is crucial in cardiac action potential and elevation of [Ca2+]i in SMC)
and the ROCC (e.g. TRPC6, which can be activated by the second messenger DAG).
1.3.2

Regulation of Ca2+ homeostasis in ASMC

Calcium homeostasis in ASMC is regulated in a similar manner as described in Figure 1.5, with
similar influx, extrusion, release, and reuptake pathways (Figure 1.6). Within the ASMC, the
sarcolemma membrane, the SR, and the mitochondria are localised in close proximity to allow
for cross-talks between different regulatory aspects of Ca2+ homeostasis (Figure 1.6). IP3R can
exist as clusters on the SR membrane, and activation of IP3R clusters leads to a high local
release of Ca2+, often termed “calcium puffs”, that subsequently activate nearby RyR via CICR
(Mahn et al., 2010). RyR can be directly activated by Ca2+ from the cytosolic side, and
sensitised by Ca2+ from within the SR lumen; RyR-mediated rapid release of local Ca2+ is
termed “calcium sparks” (Berridge et al., 2003). RyR can also be activated by cADP ribose,
synthesised by the ADP-ribosyl cyclase CD38. In addition, although it is primarily an extrusion
pathway, the NCX can also work in reverse mode to facilitate Ca2+ influx when there is an
outward Na+ gradient, and may contribute to store refilling in ASMC (Algara-Suarez et al.,
2007; Hirota et al., 2007b).
The tightly regulated release, influx, and removal of calcium lead to Ca2+ oscillations, which
modulate downstream effects such as contraction and proliferation. Indeed, the capacity of
ASMC contraction is dependent on the frequency of Ca2+ oscillations, which requires refilling
of intracellular stores primarily via SOCE (Perez and Sanderson, 2005; Chen and Sanderson,
2017).
* Image removed from e-thesis due to copyright.*
Figure 1.6: Model of ASMC Ca2+ homeostasis. Regulated Ca2+ influx, release, reuptake, and removal
lead to Ca2+ oscillations. Influx is mediated via ROC, VOC (not shown), and SOC, removal via NCX
and PMCA, reuptake of excess Ca2+ into the SR and mitochondrial stores, and SR Ca2+ release via IP3R
and RyR. Ca2+ oscillations modulate ASMC function such as contraction and proliferation. In asthma,
a disease featuring prominent airway hyperresponsiveness, various components of Ca2+ homeostasis are
disrupted, such as TRPC (an influx channel), SERCA, and mitochondria. Abbreviations are as in Figure
1.5. Adapted from Mahn et al. (2010).
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1.3.3

Intracellular Ca2+ regulates ASMC contractility

The airway smooth muscle is innervated by the autonomic nervous system, and serves to
regulate the tone, and hence the calibre, of the airway lumen. In ASMC, intracellular Ca2+ acts
as a secondary messenger to activate the contractile machinery, termed excitation-contraction
coupling (Figure 1.7). An elevated [Ca2+]i in response to stimulus activates the Ca2+-binding
protein calmodulin, which in turn binds to and activates myosin light-chain (MLC) kinase
(MLCK). MLCK phosphorylates MLC, leading to the formation and cycling of actin-myosin
cross-bridges that physically generate contractile force. Contraction is terminated by MLC
phosphatase (MLCP), which de-phosphorylates myosin.
However, the elevation of [Ca2+]i by GPCR-coupled Ca2+ release or voltage-gated Ca2+ influx
is usually transient. The sustained contractile response of ASMC is mediated by the Ca2+sensitisation pathway, mainly through the RhoA pathway. RhoA is a GTPase activated by Gaq,
stimulated by GPCR activation, and the GTP loading of RhoA can also be enhanced by
intracellular Ca2+ (Figure 1.7). RhoA then activates Rho-associated coiled-coil protein kinase
(ROCK), which inhibits MLCP, leading to sustained MLC phosphorylation and cross-bridge
formation. Alteration of MLC phosphorylation, at a constant [Ca2+]i, increases Ca2+ sensitivity
of contraction.

* Image removed from e-thesis due to copyright.*
Figure 1.7: Calcium signalling leads to downstream activation of excitation-contraction coupling
in smooth muscle cells. Ca2+ influx (through e.g. voltage-gated Ca2+ channels) or Ca2+ release from the
sarcoplasmic reticulum through IP3R activation initiate the contractile machinery by MLCK-mediated
phosphorylation of MLC. On the other hand, the RhoA-mediated inhibition of MLCP sensitises the
ASMC contractile machinery. CaM = calmodulin; MLCK = myosin light chain kinase; MLCP = myosin
light chain phosphatase; RhoA = Ras homolog gene family, member A; ROCK = Rho-associated coiledcoil protein kinase. Adapted from Erle and Sheppard (2014).

On the other hand, relaxation of ASMC is initiated by a decline in [Ca2+]i through inactivation
of Ca2+ influx channels, removal of Ca2+-agonists, or activation of Ca2+ extrusion or reuptake
mechanisms, depicted in Figure 1.5 and 1.6. Lowering [Ca2+]i reduces the activity of the
MLCK- and RhoA-mediated pro-contractile pathways. Additionally, the relaxation of ASMC
is largely dependent on MLCP to de-phosphorylate MLC. Physiologically, nitric oxide (NO),
produced by airway epithelia and innervation, diffuses through to SMC and activates guanylyl
cyclase which catalyses the conversion of cyclic guanosine monophosphate (cGMP) from
guanosine triphosphate (GTP); cGMP-dependent protein kinase then activates MLCP to
promote relaxation.
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Furthermore, ASMC relaxation is also regulated by elevation of cAMP levels. For instance,
agonist binding to the β2-adrenoceptor, a GS-coupled receptor, activates adenylyl cyclase,
catalysing the production of cAMP by breaking down ATP. cAMP in turn activates PKA, which
is then able to phosphorylate key targets to mediate relaxation. The downstream effects of
cAMP, which may be PKA-mediated, include reduced Ca2+ influx (Prakash et al., 1997; Ay et
al., 2006), inhibition of IP3 formation and IP3R (Ding et al., 1997; Bai and Sanderson, 2006),
increased Ca2+ reuptake and extrusion (Yamanaka et al., 2003; Janssen et al., 2004), activation
of K+ channels to induce hyperpolarisation (Tanaka et al., 2003), reduced affinity of MLCK to
bind to Ca2+ and activated calmodulin (Conti and Adelstein, 1981), and activation of MLCP
(Janssen et al., 2004).
1.4

Cigarette smoke and the pathogenesis of COPD

As mentioned previously, cigarette smoking is known to be by far the largest etiological factor
for the development of COPD. The history and frequency of smoking correlated to rapid decline
in FEV1 in COPD patients, whereas smoking cessation significantly slowed down the decline
in lung function (Anthonisen et al., 1994; Tashkin et al., 1996; Anthonisen et al., 2005).
Moreover, the mortality rate of COPD patients with a smoking history was higher compared to
non-smoking COPD patients (Anthonisen et al., 2005; Tamimi et al., 2012). However, many
of the pathological changes initiated by smoking may not be reversible. For instance, in a
cessation study, the inflammatory profile in COPD lungs was not reversed by 12 months of
smoking cessation, and the levels of inflammatory cells and markers, including number of
neutrophils, leukocytes, and concentration of interleukin (IL)-8 increased after the cessation
period (Willemse et al., 2005). There is now an extensive amount of evidence in the literature
supporting the link between smoking and various aspects of COPD pathogenesis.
1.4.1

Properties and experimental models of cigarette smoke

Cigarette smoke (CS) is a concentrated aerosol produced by combustion of tobacco-based
cigarettes and comprises a complex mix of over 4000 chemicals (Burns, 1991), many of which
are toxic, irritants, or carcinogens. The most prominent of these are nicotine, acrolein, Nnitrosamines, aromatic hydrocarbons, various volatile compounds and heavy metals (reviewed
comprehensively in Centers for Disease Control and Prevention (2010)). Nicotine is highly
associated with addiction, a large driving force for returning to, and chronic smoking (Benowitz,
2010). On the other hand, combustion of cigarettes produces a large number of free radicals,
reactive oxygen and nitrogen species, which can disturb cellular redox balance to initiate
deleterious downstream effects (Pryor, 1992; Valavanidis et al., 2009). Commercial blends of
cigarettes contain different relative concentrations of various constituents, and therefore
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research-grade cigarettes with standardised constituents, such as the 3R4F and 1R6F reference
cigarettes from the University of Kentucky, are typically used for more recent CS research
(Eldridge et al., 2015).
The smoke produced from lighting up a cigarette can be separated into the mainstream (smoke
drawn through the tobacco and inhaled by the user) and sidestream smoke, which is released
from the burning end of the cigarette into the environment (second-hand smoke). Experimental
investigation into the effects of mainstream CS to study the effect of active smoking utilises
one, or both, of its two distinct phases: the gaseous phase and the particulate phase. The gaseous
phase entails the smoke that passes through a glass fibre filter with 0.3 µm pores, while the
particulate phase, also known as the tar phase, consists of the relatively larger aerosol particles
trapped in these pores (Pillsbury et al., 1969). To study the particulate phase of CS, CS
condensate (CSC) can be produced by dissolving weighed particulate matter, trapped on a glass
fibre filter, into DMSO or other solvents. On the other hand, there are two main experimental
delivery methods for the gaseous phase of CS, one of which is direct aerosolisation of
mainstream smoke from a lit cigarette into a closed chamber. This system is commonly used
for animal smoking studies, but has also been employed for in vitro experiments to expose cell
cultures to CS (Rasmussen et al., 2014; Ghorani et al., 2017). Another delivery model is known
as CS extract (CSE), which is produced by bubbling CS into media or a physiological buffer
solution. This can then be diluted and applied to in vitro or ex vivo samples, or collected for
chemical analysis. Direct exposure to gaseous CS, or to diluted CSE, are often reported in the
literature as though to be synonymous, but certain volatile constituents potentially lost through
vigorous bubbling during the production of CSE are retained in the closed chamber in the CS
model. Therefore, one of the aims of the PhD project was to investigate potential differences in
the effect of gaseous CS and CSE exposure on ASMC function.
Another CS-related product of interest is the e-cigarette liquid (e-liquid), a trending substitute
for traditional cigarettes that has been proposed to be a less toxic alternative. However, recent
studies have shown that e-liquid or vaping causes a wide range of adverse pulmonary effects
on various cell cultures and animal models, including toxicity, augmented inflammation and
oxidative stress, disruption of gas exchange, emphysema, perpetuation of nicotine addiction,
and suppression of pulmonary host defence (reviewed in Rowell and Tarran (2015); Hiemstra
and Bals (2016); Herman and Tarran (2020); Miyashita and Foley (2020); Tsai et al. (2020)).
1.4.2

CS exposure leads to inflammation and oxidative stress in the airway

Excessive inflammation of the airways is a hallmark of COPD progression, typically observed
in the smaller airways and the lung parenchyma. An increased number of various inflammatory
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cells, such as neutrophils, macrophages, eosinophils, mast cells, CD4+ T-lymphocytes, CD8+
T-lymphocytes, and natural killer lymphocytes, were found in the glands, epithelium (Saetta et
al., 1997; de Boer et al., 1998; Retamales et al., 2001; Hogg et al., 2004), and subepithelium
(Di Stefano et al., 1996; Di Stefano et al., 1998) layers of the smaller airways and lung
parenchyma, as well as sputum (Keatings et al., 1996), of COPD patients with a smoking
history. These inflammatory cells can be recruited by cytokines such as IL-8 and TGF-b1 (de
Boer et al., 1998), released upon lung injury induced by CS insult, to infiltrate different layers
of the airway walls and promote inflammation of the airway.
Chronic inflammation of the lower airways could lead to deleterious effects on lung function,
including initiation of airway remodelling that leads to emphysema and chronic bronchitis
phenotypes seen in COPD. Inflammatory cells are capable of releasing cytokines to further
recruit other inflammatory cells and guide tissue remodelling, extracellular matrix (ECM)
proteins, and various proteases that could damage the airway walls. Indeed, the number of
macrophages, neutrophils, and various lymphocytes were directly correlated to the degree of
alveolar wall destruction (Retamales et al., 2001), and inversely correlated to FEV1 of smokers
with COPD (Di Stefano et al., 1996; Di Stefano et al., 1998). The mRNA expression or protein
concentration of several pro-inflammatory cytokines, e.g. IL-6, IL-8, TNF-a, monocyte
chemoattractant protein 1 (MCP-1), were elevated in the bronchial epithelium (de Boer et al.,
2000), exhaled breath condensate (Gessner et al., 2005), and the sputum or bronchoalveolar
lavage (Keatings et al., 1996; Mio et al., 1997) of chronic smokers. This augmentation of
inflammatory markers was replicated in a CS-exposed guinea pig model (Kubo et al., 2005).
These cytokines further recruit immune cells and initiate pro-inflammatory processes. In vitro,
treatment with CSE or its constituents also enhanced the secretion of IL-8 in cultured human
bronchial epithelial cells and fibroblasts (Mio et al., 1997; Facchinetti et al., 2007; Miglino et
al., 2012).
Other than initiating chronic inflammation, tobacco smoking has also been shown to elevate
the oxidative stress levels in lung tissue. For instance, elevated levels of H2O2 was found in
exhaled breath condensate of COPD smokers (Dekhuijzen et al., 1996). Also, Zeng et al. (2013)
observed both systemic (plasma) and local (induced sputum) progressive elevation in cellular
antioxidants, including glutathione, superoxide dismutase and GSH peroxidase, in three subject
groups: COPD patients, healthy smokers, and non-smokers. Oxidative stress was sufficient to
induce airway hyperresponsiveness and inflammation in mice, and contributed to mitochondrial
dysfunction in ASMC from COPD smokers (Wiegman et al., 2015). A major source of this
oxidative stress is cigarette smoke, combustion of which releases many reactive oxygen and
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nitrogen species. However, neutrophils and macrophages, as well as airway epithelial cells, can
also release cellular oxidants upon stimulation (Rahman et al., 1996; Noguera et al., 2001;
McGuinness and Sapey, 2017). One of the downstream effects of oxidative stress is the
activation of the transcription factor NF-kB, which can upregulate pro-inflammatory genes
(Adcock et al., 1994). Oxidative stress can also induce production and secretion of proinflammatory cytokines (reviewed in McGuinness and Sapey (2017)), further promoting a
positive feedback loop with airway inflammation. Oxidative stress and inflammation of the
airway are upstream of many processes that govern airway remodelling, which contributes to
emphysema and airway obstruction in COPD.
1.4.3

CS exposure is linked to airway remodelling

Airway remodelling is directly, and at least partially, responsible for the development of
emphysema and airway obstruction. Remodelling of the airway is associated with pathological
changes in various cell types, including the inflammatory cells mentioned above, as well as
secretory epithelial cells, fibroblasts, and ASMC. In COPD, airway remodelling is usually
found in the smaller airways and lung parenchyma, but there is also evidence of remodelling in
larger airways, whereby thicker layers of the epithelium, basement membrane, larger area of
smooth muscle, and increased deposition of ECM proteins were observed (Tiddens et al., 1995;
Kranenburg et al., 2006; Liesker et al., 2009; Pini et al., 2014). The most notable features of
COPD smaller airways that lead to an obstructive phenotype are increased overall volume of
lung tissue, thickening of airway walls, and mucus plugging (Hogg et al., 2004), whereas
destruction of alveolar wall attachments (Saetta et al., 1985), connective tissue, and other
structural cells contribute to emphysema.
The destruction of healthy lung tissue is a result of several inter-connected processes, including
oxidative stress, inflammatory signals, protease/anti-protease imbalance, inhibition of the repair
pathways, and excess cell death. In lung tissue sections of COPD patients with a smoking
history, increased apoptosis was observed in endothelial, alveolar epithelial, and inflammatory
cells (reviewed in Demedts et al. (2006a)). This was consistent with in vitro experiments
showing that exposure to CSE can initiate apoptosis of fibroblasts (Carnevali et al., 2003),
alveolar epithelial cells (Hoshino et al., 2001; Chen et al., 2015), and ASMC (Yoon et al., 2011).
In the inflamed airway, cytotoxic, CD8+ T-lymphocytes release perforins and TNF-a, signals
that may initiate apoptosis of epithelial cells (Liu et al., 1999). In addition, the growth factor
VEGF is an important regulator of emphysemal apoptosis, as lung-targeted knockdown of
VEGF in mouse led to increased apoptosis of alveolar and bronchial epithelial cell (Tang et al.,
2004). Accordingly, an elevated level of oxidative stress markers, and reduction in VEGF levels,
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in sputum of COPD patients correlated with the severity of the disease (Kanazawa and
Yoshikawa, 2005). Other than initiating apoptosis, exposure to CS condensate also led to
necrosis of alveolar epithelial cells in vitro (Wickenden et al., 2003), whereas in vivo exposure
of rats to CS resulted in excess bronchiolar epithelial cell necrosis, accompanied by DNA strand
breaks (Jung et al., 2000). The epithelial barrier integrity and cell-cell contact was also
disrupted by CSE treatment, further enhancing the destruction of alveolar tissue (Heijink et al.,
2012).
In addition to excessive cell death, defective alveolar regeneration further contributes to
emphysemal insults. One of the main tissue regeneration mechanisms is through migration and
secretion of various growth factors and ECM proteins by fibroblasts, including secretion of
fibronectin and chemotaxis towards fibronectin, and CS exposure induces a number of
fibroblast dysfunctions. For instance, CSE inhibited fibroblast proliferation, and induced
oxidative stress and apoptosis in fibroblasts (Nakamura et al., 1995; Nobukuni et al., 2002;
Miglino et al., 2012). Moreover, fibronectin production, chemotaxis of fibroblasts towards
fibronectin, and fibroblast contraction were inhibited by CSE treatment, specifically by acrolein
and acetaldehyde contained in CS (Nakamura et al., 1995; Carnevali et al., 1998; Togo et al.,
2008). CSE treatment also led to oxidative stress, DNA damage, and apoptosis of lung
fibroblasts, further amplifying defective tissue repair mechanisms (Carnevali et al., 2003; Kim
et al., 2004; Lee et al., 2016). Similar inhibitory effects of CS on the tissue repair functions of
endothelial and epithelial cells have also been reported (reviewed in Rennard et al. (2006)).
Other than direct disruption of cell death/regeneration, the destruction of connective tissue and
ECM, and hence loss of structural integrity, also contribute to airspace enlargement, and hinges
largely on protease/anti-protease imbalance. A number of proteases can directly break down
ECM proteins such as elastin and collagen, leading to loss of airway tissue and elastic recoil of
the lungs. One of the initial indications for the role of proteases in emphysema was a genetic
risk factor for COPD, whereby patients with a deficiency in a1-antitrypsin were pre-disposed
to a higher probability of developing COPD, with worse disease severity (reviewed in
Hatipoglu and Stoller (2016)). A number of proteases, such as neutrophil elastase, proteinase3, and matrix metalloproteinases (MMP)- 1, 8, 9, and 12, were elevated in the sputum or lavage
of COPD patients, which correlated with airflow limitation (Imai et al., 2001; Vernooy et al.,
2004; Molet et al., 2005; Demedts et al., 2006b; Paone et al., 2011). These are mainly secreted
by macrophages and neutrophils, cells that are also elevated in COPD (Finlay et al., 1997;
Russell et al., 2002; Gupta et al., 2016). Indeed, alveolar macrophages are localised to sites of
alveolar wall destruction (Barnes, 2004), and macrophages and neutrophils from COPD
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patients exhibit enhanced elastolytic activity and chemotaxis (Burnett et al., 1987). CS exposure
also induced the expression of MMP-1 and 2 in lung fibroblasts (Ning et al., 2007), as well as
MMP-12 from macrophages (Owen, 2008). Additionally, the ratio of MMP-9 to the tissue
inhibitors of MMP (TIMP) correlated with the amount of smoking in subjects studied,
emphasising the disruption of protease/anti-protease balance by CS (Kang et al., 2003).
Furthermore, oxidative stress from smoking also activates proteases (Owen, 2005) and
deactivates a1-antitrypsin (Taggart et al., 2000). The breakdown of basement membrane and
ECM by MMPs can also lead to anoikis – apoptosis initiated by inadequate or lack of interaction
between cells and ECM, further causing tissue damage (Frisch and Screaton, 2001). Other than
directly breaking down lung tissue, these proteases can also cleave signalling peptides to
generate pro-inflammatory and secretory signals, further contributing to airway remodelling
(reviewed in (Barnes et al., 2003; Barnes, 2014)).
Aside from emphysema, airway remodelling may also lead to an obstructive phenotype in
COPD. For instance, excessive mucus secretion directly blocks the airway lumen, and alters
the balance and surface tension of ASL. This excessive secretion can be attributed to
hyperplasia of the secretory goblet cells seen in the small airways of COPD smokers and rats
exposed to CS (Saetta et al., 2000; Takeyama et al., 2001). The increased mucus plugging is,
at least partially, secondary to airway inflammation, as chemokines e.g. IL-13 and TNF-a, and
neutrophil elastase can stimulate mucin secretion (Takeyama et al., 1998; Smirnova et al., 2000;
Shim et al., 2001). However, CS exposure can also directly activate mucin synthesis and
secretion (Basbaum et al., 1999). At a cellular level, the expression of the mucin protein
MUC5AC was found to be upregulated in epithelial cells by chronic CS exposure, which
activates both the EGFR and the JNK pathways via ROS production (Takeyama et al., 2001;
Gensch et al., 2004; Shao et al., 2004).
In addition to mucus blocking the airway lumen, the airway walls are also thickened in COPD
patients. One of the contributing factors to this is ECM deposition within the airway walls. As
such, it was observed that expression of collagen I, III, and IV and laminin-b2 were significantly
higher in various layers of the bronchial walls in COPD smokers, which correlated with FEV1
measurements (Kranenburg et al., 2006). The growth factor TGF-b, secreted by immune cells
and ASMC, plays an important role in ECM deposition, as it signals for expression of
connective tissue growth factor (CTGF), as well as induces collagen deposition and expression
of anti-proteases to reduce ECM breakdown in the airway walls (reviewed in (Ihn, 2002; de
Boer et al., 2007)).
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Furthermore, airway smooth muscle cells have also been implicated in airway remodelling,
mainly as effector cells responsible for thickening of airway walls. Indeed, the mass of the
smooth muscle layer is increased in COPD small airways, especially in more severe diseased
states (Bosken et al., 1990; Kuwano et al., 1993; Kranenburg et al., 2006), which can be
attributed to ASMC hypertrophy (Ebina et al., 1990) or hyperplasia, as well as thickened ECM
surrounding the smooth muscle cells. ASMC hyperplasia, i.e. augmented proliferation of
ASMC, is one of the main contributors of this thickened layer. Chronic treatment with CSE
promoted ASMC proliferation, through several mechanisms such as upregulating cyclin D1, E,
M2, M3, activating the ERK1/2 signalling pathway (Pera et al., 2010; Xu et al., 2010; Zhang
et al., 2010; Xu et al., 2012; Wylam et al., 2015), upregulating TRPM7 (Lin et al., 2016),
upregulating TRPC6 and α7 nicotinic AChR (Hong et al., 2017; Jiang et al., 2019) and
suppressing CCAAT/enhancer-binding protein (C/EBP)-α expression (Guan et al., 2017).
Other than growth and proliferation, ASMC can also release various cytokines, e.g. IL-8
(Oltmanns et al., 2005), CXCL1 (Chen et al., 2014), and TNF-a (Wylam et al., 2015), MMPs
and collagen (Chen et al., 2014) in response to CSE treatment. Furthermore, signals from the
inflamed airway, e.g. TNF-a and interferon-g, can also cause upregulation of CXCL10, a potent
chemokine for various immune cells, in ASMC, further enhancing the inflammatory profile of
the airway (Hardaker et al., 2004). Indeed, the phenotypic shift of ASMC from a contractile to
a synthetic/proliferative state may underlie airway remodelling in response to CS exposure
(Pera et al., 2010), accompanied by ASMC metabolic reprogramming that supports the
biosynthetic pathways (Michaeloudes et al., 2017). The synthetic ASMC can also directly
produce and secrete ECM proteins such as collagen, fibronectin, elastin, laminin, as well as
regulating the protease/anti-protease balance in ECM of the smooth muscle layer (reviewed in
Parameswaran et al. (2006)). In particular, ASMC secreted MMP-1, -3, and -10, as well as
collagen VIII-a1 in response to CSE treatment (Chen et al., 2014), consolidating a direct link
between CS exposure and airway remodelling and obstruction.
1.4.4

CS exposure disrupts contractility and Ca2+ homeostasis in ASMC

As outlined above, exposure to CS leads to a cascade of downstream signalling events that
contribute to various aspects of COPD pathogenesis. However, in comparison to research on
airway inflammation and remodelling, few studies have investigated the direct effects of CS on
the contractile function of ASMC, even though airway hyperresponsiveness is a major hallmark
of COPD (Tashkin et al., 1992; Tashkin et al., 1996), and is correlated with smoking history as
well as amount of current smoking (Tashkin et al., 1993). AHR is the enhanced sensitivity of
ASMC to contractile stimuli, and may be attributed to alterations in the intrinsic contractility
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of ASMC, or linked to upregulation of pro-contractile signals by other airway cell types and
the outside environment (reviewed by Prakash (2016)). However, the intrinsic contractility of
ASMC in the diseased state is difficult to isolate, since airway inflammation is prominent in
COPD lungs. Indeed, pro-inflammatory cytokines such as IL-1b, IL-13, and TNF-a can directly
alter contractility and Ca2+ homeostasis in ASMC (Rizzo et al., 2002; Deshpande et al., 2003;
Deshpande et al., 2004; Sathish et al., 2009; Sieck et al., 2019).
AHR in response to cholinergic stimulation can be reproduced in CS-exposed models of rat
(Xu et al., 1993) and guinea pig (Wu and Lee, 1999). In addition to in vivo measurements of
AHR, a number of myography studies demonstrated that chronic exposure to CS in vivo (Chiba
et al., 2005), or CSE incubation of the intact airway rings ex vivo (Xu et al., 2010; Xu et al.,
2012; Sathish et al., 2015) sensitised the airway, leading to augmented contractility of human
or rat bronchial or tracheal rings to cholinergic or bradykinin stimulation. Incubation with
acrolein, an irritant present in CS, also led to hypercontractility of rat and human airway rings
(Ben-Jebria et al., 1993; Ben-Jebria et al., 1994; Roux et al., 1998). However, Pera et al. (2010)
observed the opposite effect, with CSE-treated bovine tracheal strips exhibiting lower maximal
contraction in response to metacholine and KCl. However, these contractile studies did not
investigate the intrinsic contractility of ASMC, as the intact airway rings are surrounded by the
epithelium, connective tissue, and immune cells that may release contractile or relaxation
signals. As such, at a cellular level, Yoon et al. (2011) discovered that human bronchial ASMC
treated with CSE were also hypocontractile in a collagen gel contraction assay, and this was
abolished by addition of the antioxidant N-acetylcysteine (NAC).
Although hyperresponsiveness of the ASMC in vivo is dependent on the chronic inflammatory
state of the airway and resulting changes in gene expression, acute exposure to CS may also
directly affect ASMC contractility. A few early studies from the 60s-80s have detected
increased airway resistance and decreased flow, indicative of bronchoconstriction, in both
smoking and non-smoking subjects in response to acute cigarette smoking, but whether ASMC
contractility was directly involved is not known (Zamel et al., 1963; McDermott and Collins,
1965; Sterling, 1967; Higenbottam et al., 1980). Moreover, Andre et al. (2008) found that acute
treatment with CSE led to constriction of the ex vivo guinea pig isolated bronchi. In contrast,
Streck et al. (2010) found that acute CSE administration led to relaxation of mouse lung slices,
and this was partially blocked by a nicotinic receptor antagonist. Similarly, administration of
acrolein caused rapid release of PGE2 from lung epithelia, leading to acute relaxation of mouse
tracheal rings through EP2 receptor activation (Cheah et al., 2014). This acute relaxation due to
PGE2 production may be attributed to activation of TRPA1, a target of acrolein and several
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irritants present in CS; as such, Marsh et al. (2020) demonstrated that TRPA1 agonists
prevented vagally-stimulated bronchoconstriction in vivo of guinea pigs, as well as relaxed preconstricted guinea pig, mouse, and human ex vivo airway.
The contractility of ASMC is governed largely by spatial and temporal regulation of
intracellular Ca2+ levels, and CS exposure brings about long-term changes to ASMC Ca2+
homeostasis. Chronic treatment with CSE augmented GPCR-coupled Ca2+ release and SOCE
in human ASMC (hASMC), which was attributed to increased expression and function of
various Ca2+-homeostatic regulators, namely TRPC3, CD38 (which catalyses synthesis of
cADP ribose, the endogenous activator of RyR), STIM1, and Orai1 (Sathish et al., 2015;
Wylam et al., 2015). Wylam et al. (2015) also observed upregulation of CD38 and TRPC in
the bronchial tissue of chronic smokers, compared to non-smokers. In addition, pre-treatment
with nicotine alone was sufficient to augment both ROCE and SOCE in hASMC (Hong et al.,
2017). Outside of ASMC, CS treatment also disrupted Ca2+ signalling in cardiac and skeletal
myocytes, most notably blunting contractility, and delaying Ca2+ reuptake (Pei et al., 2014;
Robison et al., 2017; Nogueira et al., 2018).
Clearly, the above studies have considered the impact of chronic exposure to cigarette smoke.
However, not many studies have investigated the acute effect of CS exposure on airway smooth
muscle constriction per se and intracellular Ca2+ levels in hASMC. Yoon et al. (2011)
previously observed that CSE administration led to a rise in [Ca2+]i in 64% of hASMC sampled,
whereas Nassini et al. (2012) reported a global [Ca2+]i elevation. The mechanism and response
profiles behind these transient Ca2+ responses were not thoroughly characterised, and therefore
is one of the aims of this project.
1.5
1.5.1

CS exposure disrupts CFTR function and dehydrates the ASL
CS-induced airway dehydration and defective mucociliary clearance in COPD

As described in section 1.2, CF and COPD share similar characteristics in regard to airway
obstruction, including severe mucus plugging, inflammation, airway remodelling, and ASL
dehydration. Importantly, ASL dehydration leads to impaired mucociliary clearance, which can
initiate chronic inflammation and recurrent infections (Collawn et al., 2012; Haq et al., 2016).
The importance of maintaining airway hydration is exemplified in a bENaC-overexpressing
mouse model, where CS-induced characteristics of COPD, such as ASL dehydration, excessive
mucus secretion, inflammation, and emphysema, along with decline in lung function, was
aggravated compared to in wild-type (WT) mice (Seys et al., 2015). Exposure to CS can also
bring about depletion of ASL volume in primary cultures of human airway epithelial cells,
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which correlated to slower ciliary beat frequency and mucociliary transport (Clunes et al., 2012;
Sloane et al., 2012; Raju et al., 2017a). In human patients, the mucus sampled from both the
trachea and smaller airways of chronic smokers was significantly more dehydrated compared
to those from healthy non-smokers (Clunes et al., 2012). On the other hand, rehydration of the
airway, through inhaled hypertonic saline to drive fluid secretion, restored mucociliary
transport in patients with chronic bronchitis (Clunes et al., 2012; Bennett et al., 2016).
This defect in mucociliary clearance, due to impaired ASL hydration, is also a hallmark of CF
airways, suggesting a common aetiology, i.e. CFTR-mediated Cl- secretion. In fact, even before
the CFTR gene was cloned, Welsh (1983) already showed that anion transport was inhibited by
CS exposure. Indeed, measuring the transepithelial nasal and lower airway potential difference
(PD) in vivo of smokers, with or without COPD, revealed that cAMP-activated, Cl--dependent
change in PD was abolished compared to non-smoking subjects, indicating defective Clsecretion, a similar trait seen in CF patients (Cantin et al., 2006b; Clunes et al., 2012; Sloane et
al., 2012; Dransfield et al., 2013). CFTR-mediated sweat Cl- secretion was also impaired in
COPD patients, suggesting a systemic downregulation of CFTR function (Raju et al., 2013;
Courville et al., 2014).
1.5.2

Cigarette smoke disrupts CFTR function and Ca2+ homeostasis in airway epithelial
cells

Over the past decade, evidence has emerged regarding the cellular and molecular mechanisms
of acquired CFTR defects in response to cigarette smoking. In cell cultures, overnight exposure
to CSE inhibited cAMP-activated, CFTR-mediated Cl- secretion in various epithelial cell lines
(Cantin et al., 2006b), primary human bronchial epithelial cells (Kreindler et al., 2005; Sloane
et al., 2012; Raju et al., 2017a), and intact human bronchial tissue (Raju et al., 2017a). This
was replicated by incubating the cells with plasma acquired from smoker, suggesting that CFTR
inhibition was caused by water-soluble, circulating components of CS (Raju et al., 2013). On
the other hand, potentiating CFTR with ivacaftor, or activating cAMP-dependent activation of
CFTR with roflumilast, restored CS-induced downregulation of CFTR activity, as well as ASL
hydration and mucociliary transport (Sloane et al., 2012; Raju et al., 2017a; Raju et al., 2017b).
It has also been shown that exposure to CS condensate inhibited Ca2+-activated Cl- and voltagedependent K+ channels in human and mouse airway epithelial cells, potentially further
amplifying the ASL dehydration in COPD smokers (Virgin et al., 2010; Sailland et al., 2017).
The reduction in CFTR activity was associated with diminished CFTR mRNA and protein
following CS or CSE exposure in human bronchial epithelial cells, with significant
downregulation observed within 10 min of exposure (Cantin et al., 2006b; Clunes et al., 2012;
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Sloane et al., 2012). This is consistent with the finding that CFTR protein expression was
reduced in the lower airway tissues of COPD smokers (Dransfield et al., 2013). The
downregulation of CFTR protein can be attributed to CS-induced internalisation of CFTR into
an aggresome-like perinuclear compartment, with surface expression of CFTR significantly
reduced within 10 min of CS exposure (Clunes et al., 2012; Rasmussen et al., 2014). The
internalisation of CFTR was dependent on the rise in intracellular Ca2+ released from lysosomes,
observed in several epithelial cell lines as well as primary bronchial epithelial cells (Rasmussen
et al., 2014). More recent studies discovered that the internalised CFTR underwent retrograde
trafficking to the ER, mediated by clathrin- and dynamin-dependent endocytosis (Marklew et
al., 2019; Patel et al., 2019). This trafficking mechanism relied on dephosphorylation of CFTR
by calcineurin, a Ca2+-dependent phosphatase, highlighting the importance of Ca2+ signalling
in mediating CS-induced ASL dehydration (Marklew et al., 2019; Patel et al., 2019). This is
especially pertinent as Ca2+ homeostasis is dysregulated in CF airway epithelial cells (see below
in section 1.6.1).
Other than causing internalisation, CS may also directly affect CFTR channel activity. For
instance, acrolein, a component of CS that was found to be higher in the serum of smokers with
COPD, directly inhibited CFTR gating (Raju et al., 2013; Raju et al., 2017a). The inhibitory
effect of acrolein was blunted by the antioxidant NAC, suggesting an involvement of oxidative
stress in inhibiting CFTR function (Raju et al., 2013). Indeed, it has been shown that ROS/RNS
can downregulate CFTR expression and consequently airway epithelial Cl- secretion (Bebok et
al., 2002; Cantin et al., 2006a). Interestingly, however, Wong et al. (2017) reported that acute
exposure to low concentrations of CSE enhanced CFTR-mediate Cl- secretion through ROSmediated cAMP signalling, whereas prolonged exposure led to downregulation of CFTR
functional expression as previously described, indicating time- and concentration-dependency
of the action of CS on CFTR activity.
Altogether, current evidence suggests that CS-induced downregulation of CFTR activity and
function in airway epithelia is, at least partially, responsible for chronic ASL dehydration and
impaired mucociliary clearance in smokers.
1.6
1.6.1

CFTR regulates Ca2+ homeostasis in both airway epithelial cells and ASMC
Dysfunction of Ca2+ homeostasis in CF epithelial cells

Ca2+ homeostasis in CF epithelial cells is disrupted at several levels of Ca2+ signalling. Note
that CF cells in this section refer to epithelial cells expressing homozygous F508del-CFTR,
unless otherwise specified.
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Agonist-mediated calcium mobilisation is dysregulated in CF epithelial cells. Two studies in
the 90’s reported that calcium responses to histamine and PGE2 were attenuated in CF epithelial
cells (Reinlib et al., 1992; Jacquot et al., 1996). However, more recent studies have found
enhanced Ca2+ mobilisation in CF epithelial cells in response to agonists such as ATP, UTP,
bradykinin, and histamine (Paradiso et al., 2001; Ribeiro et al., 2005a; Antigny et al., 2008a;
Antigny et al., 2008b; Antigny et al., 2009; Martins et al., 2011). CFTR-associated Ca2+
signalling may be compartmentalised, as apical, but not basolateral, administration of UTP and
ATP led to a significantly greater Ca2+ response in polarised CF cells (Paradiso et al., 2001;
Ribeiro et al., 2005a).
The source of the enhanced Ca2+ response to these agonists in CF epithelial cells was attributed
to enhanced IP3R activity at the ER (Figure 1.8), as this was inhibited by IP3R inhibitors and
was not dependent on extracellular Ca2+ (Antigny et al., 2008b; Antigny et al., 2009; Philippe
et al., 2015). This augmented IP3R activity was due to ER retention of F508del-CFTR, which
was normalised following correction of F508del-CFTR trafficking to the PM (Norez et al.,
2006; Hybiske et al., 2007; Antigny et al., 2008a; Antigny et al., 2008b). Other than IP3R
activity, ER calcium stores were expanded, and the ER was condensed around the nucleus, in
CF cells (Ribeiro et al., 2005a; Antigny et al., 2008b). Moreover, in a CF bronchial epithelial
(CFBE) cell line, refilling of ER Ca2+ store was faster and of greater amplitude, due to a physical
interaction of CFTR with SERCA2b (Philippe et al., 2015). Interestingly, in contrast,
mitochondrial Ca2+ reuptake was faulty in CF cells due to a depolarised mitochondrial
membrane potential compared to non-CF cells, since mitochondrial Ca2+ uniporter activity is
dependent on membrane potential to drive electrogenic Ca2+ uptake into the mitochondrion
(Gunter and Pfeiffer, 1990; Antigny et al., 2009). This suggests that CFTR may modulate Ca2+
movement across the membrane of intracellular organelles via regulating membrane potential.
Together, these findings provide a mechanistic basis for the modulation of ER/SR Ca2+ stores
by CFTR, possibly by modulating membrane potential or through direct protein-protein
interactions, which is highly relevant for ASMC where CFTR is localised primarily to the SR
(see section 1.6.3 below).

22

Figure 1.8: Multiple components of Ca2+ homeostasis is dysregulated in F508del-CFTR CF airway
epithelial cells. The mutant F508del-CFTR is retained in the ER, and is linked to clustering of IP3R and
IP3R-mediated Ca2+ release, as well as expansion and condensation of the ER. The absence of functional
CFTR at the plasma membrane, which regulates with TRPC6, leads to enhanced TRPC6-mediated Ca2+
influx. Taken from Antigny et al. (2011a). Permission to redistribute granted under open access license
from Frontiers Media SA.

Other than ER Ca2+ release, TRPC6-mediated receptor-activated Ca2+ influx was also
upregulated in CF cells, due to a loss of physical interaction between CFTR and TRPC6 at the
PM (Figure 1.8; (Antigny et al., 2011b)). Similarly, in CF cells, constitutive Ca2+ influx via
TRPV6 was also upregulated (Vachel et al., 2015). On the other hand, as a consequence of a
larger ER Ca2+ store, SOCE was also enhanced in CFBE cells (Philippe et al., 2015).
Interestingly, the increased ER Ca2+ concentration, refilling, and SOCE were normalised
following correction of F508del-CFTR trafficking, suggesting that PM-localisation of CFTR is
important in regulating these processes (Philippe et al., 2015). However, Balghi et al. (2011)
found that cyclopiazonic acid (CPA)-induced store depletion was similar in CF and non-CF
epithelial cells, but SOCE was still greatly elevated in CF cells. This was attributed to increased
exocytotic insertion of Orai1, hence a higher density of Orai1/STIM1 complexes at the PM,
during store depletion in CF cells, which was normalised by correcting the trafficking of
F508del-CFTR (Balghi et al., 2011). They proposed that CFTR may be recruited to the same
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protein microdomain as the Orai1/STIM1 complex following store depletion, where it
modulates insertion of Orai1 and hence SOCE. Therefore, in CF epithelial cells, ER retention
of F508del-CFTR increases IP3R-mediated Ca2+ release, while its absence from the PM
increases TRPC6- and TRPV6-mediated Ca2+ influx as well as Orai1-mediated SOCE.
1.6.2

CFTR in cardiac and skeletal muscle

Although the physiology and function of CFTR has been extensively studied in epithelial cells,
it is also expressed in muscle cells, and this was first discovered in 1992 in the guinea pig
cardiac myocytes (Nagel et al., 1992). CFTR has since been found to be functionally expressed
in both atrial and ventricular myocytes of several mammalian species, including human, rabbit,
and rat (Warth et al., 1996; Yajima et al., 1997; Lader et al., 2000), and is thought to be localised
in clusters on the sarcolemmal membrane (James et al., 2010). CFTR plays an important role
in modulating the cardiac action potential as well as contractility of cardiac myocytes, and is
implicated in various cardiac diseases including heart failure, right ventricular dysfunction,
arrhythmia, and sudden death (Gadsby et al., 1995; Vizza et al., 1998; Wong et al., 2000;
Kuzumoto et al., 2008; Solbach et al., 2008; Duan, 2009; Sellers et al., 2010; Ye et al., 2011;
Jiang et al., 2016).
The skeletal muscle system is also affected in CF; most notably, CF patients showed reduced
muscle strength and mass, and exercise intolerance (Hussey et al., 2002; Lamhonwah et al.,
2010). In human skeletal muscle, CFTR is localised intracellularly and co-localises with IP3R
and RyR, suggesting localisation to the SR (Divangahi et al., 2009; Lamhonwah et al., 2010).
Divangahi et al. (2009) found that genetic deletion and pharmacological inhibition of CFTR in
mouse diaphragm myotubes led to an enhanced Ca2+ increase in response to KCl-induced
depolarisation. This larger response was primarily attributed to greater IP3R-mediated SR Ca2+
release, reminiscent of the enhanced Ca2+ release in F508del-CF epithelial cells (Antigny et al.,
2008b; Divangahi et al., 2009).
1.6.3

CFTR regulates smooth muscle cell Ca2+ homeostasis

In addition, recent evidence has also pointed to the expression of CFTR mRNA and/or protein
in mammalian airway and vascular smooth muscle cells (Robert et al., 2004; Vandebrouck et
al., 2006; Robert et al., 2007; Michoud et al., 2009; Norez et al., 2014; Cook et al., 2016). On
a western blot, CFTR from WT porcine ASMC appeared as a 180kDa protein band known as
band C, representing the fully-glycosylated form of CFTR (Cheng et al., 1990; Cook et al.,
2016). Immunofluorescence studies revealed a diffuse pattern of CFTR expression in both the
PM and intracellularly, with intracellular CFTR localising to the SR (Vandebrouck et al., 2006;
Norez et al., 2014; Cook et al., 2016). In rat tracheal smooth muscle cells, Vandebrouck et al.
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(2006) noted highly similar pharmacological profiles of various CFTR activators and inhibitors
on CFTR-induced ion flux to those in epithelial CFTR in iodide-efflux studies.
CFTR modulates the vascular SM (VSM) tone and contractility, as putative CFTR activators
produced relaxation of rat aortic and intrapulmonary arterial rings, which was severely impaired
in aortic rings from CFTR-/- mice (Robert et al., 2004; Robert et al., 2005; Robert et al., 2007).
Interestingly, Guo et al. (2014) reported reduced aortic vascular tone as well as constriction
response to KCl in homozygous F508del-CFTR piglets, which was recapitulated with the
combined inhibition of RyR and IP3R in WT aorta, suggesting that F508del-CFTR may
negatively regulate the SR Ca2+ release pathways. In terms of Ca2+ homeostasis, F508del-CFTR
VSM cells had diminished Ca2+ response to the agonist angiotensin II, whereas CFTR-/- VSM
had a lower resting Ca2+ baseline (Guo et al., 2014).
On the other hand, CFTR in ASMC also regulates Ca2+ homeostasis, and hence muscular tone
and contractility. In early clinical studies, airway hyperresponsiveness to histamine and
methacholine was found in 40-56% of CF patients studied, suggesting a potential link between
CF and other respiratory diseases involving airway hyperresponsiveness (Mitchell et al., 1978;
Van Asperen et al., 1981; van Haren et al., 1992). More recently, Cook et al. (2016) found that
CFTR inhibition with GlyH-101 significantly increased basal tone of WT airway smooth
muscle strips. Furthermore, isoproterenol treatment led to a ~10% bronchodilation in lung slices
of CFTR-/- pigs, but not WT pigs, at resting state, indicating a basally constricted tone in airway
lacking CFTR function. The increased basal tone may be attributed to elevated baseline levels
of MLC phosphorylation in both the trachealis muscle and cultured primary ASMC from these
CF pigs (Cook et al., 2016).
Other than regulating basal tone, CFTR activators relaxed rat and human epithelium-denuded
tracheal rings pre-constricted by carbachol in a dose-dependent manner (Vandebrouck et al.,
2006; Norez et al., 2014). In both studies, this bronchodilation was inhibited by CFTRinh-172
(Vandebrouck et al., 2006; Norez et al., 2014). Building on this, Cook et al. (2016) reported
that cholinergic-induced bronchoconstriction was inhibited by ~50% when porcine lung slices
were pre-treated with the CFTR potentiator ivacaftor, and this inhibition was not present in
CFTR-/- pigs, indicating specific CFTR-dependent inhibition of bronchoconstriction. Ivacaftor
may be able to stimulate CFTR function even if the protein is localised to the SR, as it is cellpermeable. To explore the impact of these findings on CF patients, Adam et al. (2016) targeted
G551D-CFTR patients, featuring CFTR gating defects, with ivacaftor administration. Within
48 hours of treatment, they found marked improvements in airway function, including reduced
airway obstruction and air trapping, and increased distensibility of small airways.
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However, the cellular mechanisms of CFTR’s regulation of Ca2+ homeostasis and AHR are less
well-characterised. Despite hypercontractility of the CF airway, the trachea of CFTR-/- mice
had reduced sensitivity and contractility in response to carbachol, which was not found using
other agonists, suggesting a specific dysregulation of the cholinergic, IP3-mediated Ca2+ release
from the SR (Bonvin et al., 2008; Wallace et al., 2013). Accordingly, the peak Ca2+ response
to IL-8 and histamine were diminished in F508del-CFTR ASMC (Govindaraju et al., 2008;
Michoud et al., 2009). Interestingly, in contrast, Cook et al. (2016) did not observe a
significantly different peak Ca2+ response to ACh in CFTR-/- ASMC (Figure 1.9A-C). While
Cook et al. (2016) used ASMC from CFTR-/- pigs, the ASMC studied by Michoud et al. (2009)
were isolated from human CF patients, all with the F508del mutation. This suggests that the
regulation of Ca2+ mobilisation by CFTR may well be genotype-dependent. However, a delayed
recovery of [Ca2+]i after the ACh response was noted (Figure 1.9D-E), suggesting that pathways
involved in Ca2+ reuptake or extrusion were impaired in CF ASM. In essence, compared to WT
ASMC, F508del-CFTR ASMC exhibited diminished agonist-mediated Ca2+ response and faster
recovery, while CFTR-/- ASMC had the same peak Ca2+ response but a delayed recovery
(Michoud et al., 2009; Cook et al., 2016). These results suggest that CFTR plays a complex
role in regulating Ca2+ homeostasis, including aspects of Ca2+ influx, SR store release, and
recovery pathways, in ASMC. However, the mechanisms behind this interaction remain unclear,
and so another aim of the thesis was to investigate this in more detail.

* Image removed from e-thesis due to copyright.*
Figure 1.9: Abnormal recovery following ACh-induced Ca2+ response in porcine CFTR-/- ASMC.
(A) Representative traces of ACh-induced (arrowhead) Ca2+ response in ASMC. (B, C) Resting Ca2+
levels (B) and peak Ca2+ response to ACh (C). (D) Normalised recovery of intracellular Ca2+ following
ACh stimulation (arrowhead) over time. (E) Percent peak recovery of intracellular Ca2+ following ACh
stimulation. * = p<0.05. Adapted from Cook et al. (2016).
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1.7

Aims and objectives

In summary, chronic smoking is closely related to the development of chronic bronchitis and
emphysema, two main characteristics of COPD, and CS exposure is directly associated with
various cellular mechanisms contributing to airway inflammation, remodelling, and
hyperresponsiveness. Additionally, CS also disrupts mucociliary clearance through inhibition
of CFTR activity and expression, dehydrating epithelial ASL and aggravating COPD symptoms,
through elevation of [Ca2+]i in airway epithelial cells. CFTR itself also modulates Ca2+
signalling in epithelial cells and ASMC.
However, whether acute exposure to CS/CSE directly affects Ca2+ homeostasis and contractility
in hASMC remains poorly characterised. Also, the role of CFTR in regulating ASMC Ca2+
homeostasis remains an under-explored area. This PhD project aimed to investigate the role of
CFTR, as well as direct effects of cigarette smoke, on ASMC function. The main objectives
are:
•

Investigate the effects of pharmacological modulators of CFTR on Ca2+ homeostasis
in ASMC and airway epithelial cells.

•

Determine the expression and localisation of CFTR in cultured hASMC.

•

Characterise the effects of gaseous CS and diluted CSE on Ca2+ homeostasis and
contractile signalling mechanisms in hASMC isolated from multiple donors.

•

Identify cellular mechanisms responsible for CS-induced disruption in Ca2+
homeostasis and contractile signalling in hASMC.

•

Compare and contrast the effects of gaseous CS and aqueous CSE in disrupting
hASMC function.
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Chapter 2: Materials and Methods
2.1

Reagents

Reagents used in this project were purchased from Sigma-Aldrich (Gillingham, UK) unless
otherwise specified.
2.1.1

Cell culture media

Calu-3 cells were cultured in Eagle’s minimum essential medium (EMEM; Sigma-Aldrich
M2279); HEK293 cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM;
Sigma-Aldrich D5671); rat and human ASMC were cultured in DMEM/Ham’s nutrient mixture
F-12 (DMEM/F-12; Sigma-Aldrich D6421).
All culture media were supplemented with 100 U/ml penicillin, 100μg/ml streptomycin, 2mM
L-glutamine, 1% non-essential amino-acid (NEAA), and 10% fetal bovine serum (FBS).
Smooth muscle cells were serum-starved (same supplements above but without FBS) before
Ca2+ imaging experiments (see section 2.3.3 and 2.3.4).
2.1.2

Antibodies

Details of the antibodies used in this project for Western blotting (WB), immunoprecipitation
(IP), immunofluorescence (IF), and immunohistochemistry (IHC), are listed in Table 2.1.

Primary antibodies
Target

CFTR

CFTR

Species

Mouse

Rabbit

Product

Dilution (WB/IF)

CF Foundation’s Antibody

1:1000 (WB)

CFFT-

Distribution Program

596

(http://cftrantibodies.web.unc.ed

ACL-006

Phosphomyosin light

Source

code

Mouse

3675S

Mouse

M4401

u/; Chapel Hill, USA)

1:1000 (IP)

Alomone Labs (Jerusalem,

1:500-1000 (WB)

Israel)

1:200 (IF)

Cell Signaling Technology
(London, UK)

chain (p-MLC)
Myosin light
chain (MLC)

1:200-300 (IF)

Sigma-Aldrich
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1:500 (WB)

1:1000 (WB)

β-actin
α-smooth
muscle actin
h-caldesmon

Mouse

A5441

Sigma-Aldrich

1:30,000 (WB)

Mouse

A5228

Sigma-Aldrich

1:200-1000 (IF)

Mouse

C4562

Sigma-Aldrich

1:20-50 (IHC)

Secondary antibodies
Mouse IgG,
HRP linked
Rabbit IgG,
HRP linked

Goat

7076S

Cell Signaling Technology

1:2000-3000 (WB)

Goat

7074S

Cell Signaling Technology

1:2000-3000 (WB)

N/A

1610381

Bio-Rad (Watford, UK)

1:5000 (WB)

Goat

A-11032

Goat

A-11034

Protein ladder
for western blot;
HRP linked
Mouse IgG,
Alexa Fluor 594
Rabbit IgG,
Alexa Fluor 488

Thermo Fisher Scientific
(Cramlington, UK)
Thermo Fisher Scientific

1:1000 (IF)

1:1000 (IF)

Table 2.1: Details of the primary and secondary antibodies used in this study.

For immunofluorescence, 4',6-Diamidino-2-Phenylindole (DAPI; 1:1000 dilution, Sigma
Aldrich D-9542) was also used to counterstain the cell nuclei.
2.1.3

Solutions

The composition of the solution used for Ca2+ fluorimetry and Ca2+ imaging experiments was
a HEPES-buffered solution containing (in mM): 130 NaCl, 5 KCl, 1 CaCl2, 1 MgCl2, 10 4-(2Hydroxyethyl)piperazine-1-ethanesulfonic acid sodium salt (NaHEPES), 10 D-glucose, with
pH adjusted to 7.4 using HCl with constant stirring. For the nominally Ca2+-free solution, CaCl2
was omitted and replaced with 1mM ethylene glycol-bis(2-aminoethylether)-N,N,N′,N′tetraacetic acid (EGTA; a Ca2+ chelator). Solutions were stored at 4°C. D-glucose was added
on the day of experiment.
The lysis buffer used for the preparation of Western blot samples was the
radioimmunoprecipitation assay (RIPA) buffer (50mM Tris, 150mM NaCl, 1mM
ethylenediaminetetraacetic acid (EDTA), 1% Triton-X 100, 0.25% sodium deoxycholate, 0.1%
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sodium dodecyl sulfate (SDS)), supplemented with 20μl/ml protease inhibitor (Sigma-Aldrich
P8340) and 5μl/ml phosphatase inhibitor (Sigma-Aldrich P5726) cocktails. RIPA buffer was
stored at -20°C. Protease and phosphatase inhibitors were added on the day of lysate preparation.
The polyacrylamide gel used for Western blotting consisted of the stacking gel (top) and
resolving gel (bottom), made on the day of experiment. The stacking gel composition (for 4x
1.0mm gels; 6.6ml dH2O, 1.66ml 30% acrylamide (Sigma-Aldrich), 2.5ml 1.0M Tris pH 6.8,
100µl 10% SDS, 50µl 10% ammonium persulfate (APS), 18µl tetramethylethylenediamine
(TEMED)) was the same regardless of the acrylamide content in the resolving gel. TEMED
was added immediately before gels was poured, under a fume cupboard. For resolving high
molecular mass proteins (e.g. CFTR), 8% acrylamide gel (9.3ml dH2O, 5.3ml 30% acrylamide,
5.0ml 1.5M Tris pH 8.8, 200µl 10% SDS, 200µl 10% APS, 18µl TEMED) was used. For lower
molecular mass proteins (e.g. phospho-myosin light-chain (p-MLC)), 12% gel was used (6.6ml
dH2O, 8.0ml 30% acrylamide, 5.0ml 1.5M Tris pH 8.8, 200µl 10% SDS, 200µl 10% APS, 18µl
TEMED).
The running buffer (for 1L: 100ml 10x Tris Glycine buffer, 900ml dH2O, 10ml 10% SDS, pH
8.3) for SDS-polyacrylamide gel electrophoresis (SDS-PAGE), as well as the transfer buffer
(for 1L: 100ml 10x Tris Glycine buffer, 200ml methanol, 700ml dH2O, 10ml 10% SDS, pH
8.3) for Western blot transfer, were diluted from a concentrated Tris Glycine buffer (10x Tris
Glycine buffer; 250mM Tris, 1.9M Glycine).
The Tris-buffered saline, Tween 20 (TBS-T; 150mM NaCl, 20mM Tris, 0.1% Tween 20, pH
7.6) was used for Western blot membrane washes and antibody incubation. The phosphatebuffered saline (PBS; in mM: 137 NaCl, 2.7 KCl, 10 phosphate buffer, pH 7.4, Sigma-Aldrich)
was used to wash cell cultures before trypsinisation, as well as washes and antibody incubation
in IF staining.
2.1.4

Primers

PCR primers were designed using the NCBI Primer-BLAST tool, and purchased from
Integrated DNA Technologies (Leuven, Belgium). The primer sequences are listed in Table 2.2.
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Primer
CFTR 1
(forward)

Sequence (5’ to 3’)

Product

Position on

length

mRNA/rRNA template

AGG AGG CAG TCT GTC CTG AA

2363-2382
237

CFTR 1
(reverse)
CFTR 2
(forward)

CAC TGC TGG TAT GCT CTC CA

2580-2599

AAT GTA ACA GCC TTC TGG GAG

1256-1276
391

CFTR 2
(reverse)
TRPA1
(forward)

GTT GGC ATG CTT TGA TGA CGC TTC

1623-1646

GTG GAA CTT CAT ACC AGC TTA GA

3113-3135
99

TRPA1
(reverse)
GAPDH
(forward)

AGA TCT GGG TTT GTT GGG ATA C

3190-3211

TGC ACC ACC AAC TGC TTA GC

476-495
87

GAPDH
(reverse)
18S
(forward)

GGC ATG GAC TGT GGT CAT GAG

542-562

CTC TAG ATA ACC TCG GGC CG

293-312
209

18S
(reverse)

GTC GGG AGT GGG TAA TTT GC

482-501

Table 2.2: Sequences of primers used in qPCR analysis. Primer pairs were designed using the NCBI
Primer-BLAST tool.

2.1.5

Pharmacological agents

Thapsigargin, forskolin, CFTRinh-172, GlyH-101, HC-030031, felodipine, and cyclopiazonic
acid (CPA) were purchased from Tocris (Abington, UK). These drugs were dissolved in
dimethyl sulfoxide (DMSO) at the following stock concentrations: 2mM thapsigargin; 100mM
forskolin; 50mM CFTRinh-172; 100mM GlyH-101; 50mM HC-030031; 100mM felodipine;
100mM CPA, and stored at -20°C.
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Tannic acid and adenosine 5′-triphosphate disodium salt (ATP) were from Sigma-Aldrich, and
were dissolved in distilled water on the day of experiment at a concentration of 100mM for
both agents.
2.1.6

Cigarettes

3R4F reference cigarettes were procured from the Kentucky Tobacco Research & Development
Centre, University of Kentucky, USA. This cigarette is a mixture of several tobacco blends
(Flue Cured 35.41%, Burley 21.62%, Oriental 12.07%, Maryland 1.35%, Reconstituted
(Schweitzer Process) 29.55%, Glycerine (dry-weight basis at 11.6% oven volatiles) 2.67%,
Isosweet (sugar) 6.41%). Cigarettes were stored at 4°C, and warmed up to room temperature
on the day of experiment.
2.2

Ethical approval

Human tracheal rings were procured from non-smoker excess donor lungs or explanted lungs
from Freeman Hospital, Newcastle upon Tyne and the Cystic Fibrosis Centre, UNC Chapel
Hill. Ethical approval was obtained for tissue collection from non-smoking unused donor lungs
(16/NE/0230), or explanted lungs (11/NE/0291), from Newcastle and North Tyneside Local
Regional Ethics Committee, and the University of North Carolina Institutional Review Board
(tissue procurement was done in accordance to protocol 03-139 as described previously
(Randell et al., 2011)). Informed consent was obtained for procurement of these tissues.
Adult male Sprague-Dawley rats (325-375g) were ordered from Charles River (Margate, UK),
and animals were housed in the Comparative Biology Centre, Newcastle University for at least
7 days before culling and tissue collection. Ethical approval for collection of rat tissue was
obtained from the Animal Welfare and Ethical Review Board (AWERB; Project ID 628),
Newcastle University. Rats were euthanised via CO2 overdose in accordance to Schedule 1 of
Animals (Scientific Procedures) Act 1986, performed by CBC technicians.
2.3

Cell culture

All cell lines and cultured primary cells used in this study were grown in a humidified incubator
at 37°C with 5% CO2. Culture media was replaced every 48-72 hours, performed in aseptic
conditions under a class II laminar flow hood.
Cells were typically passaged at 70-90% confluence under aseptic conditions. After removing
culture media, cells were washed twice using PBS, and incubated at 37°C for 5 min with 5ml
(for T75 culture flask) or 2ml (for T25 culture flask) trypsin solution (0.05% trypsin, 0.02%
EDTA) to detach the cells. For Calu-3 cells, 2-3 trypsinisation cycles (15 min each instead of
5 min) were required. Then, the trypsin was inactivated by adding an equal volume of the
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complete cell culture media, and cells were centrifuged (1,500g for 5 min). The pellet was
resuspended in complete culture media and seeded into cell culture flasks or plates as required.
The seeding density for various cell culture vessels is listed in Table 2.3.

Cell type

Media

Culture vessel

volume (ml)

T75 culture flask
25mm glass coverslips, in 6Calu-3

well culture plate (per well)
6.5mm Transwells (per well)

15

3 x 106

2

1 to 5 x 105

0.5 apical, 1.5
basolateral

1 x 105

15

1 x 105

2

0.5 x 105

T25 culture flask

8

1 x 105

T75 culture flask

15

1 to 3 x 105

2

0.3 to 1 x 105

0.8

6 x 103

T75 culture flask
HEK293

Seeding density (# of cells)

25mm glass coverslips, in 6well culture plate (per well)

rASMC/

25mm glass coverslips, in 6-

hASMC

well culture plate (per well)
8-well glass chamber slide
(per well)

Table 2.3: Seeding density for Calu-3 cells, HEK293 cells, and cultured rat and human ASMC
grown in different cell culture vessels. Variation in seeding density was dependent on when cells
would be needed for experiments.

2.3.1

Calu-3

The human lung adenocarcinoma cell line, Calu-3, was cultured in T75 cell culture flasks as
described above, and used for experiments up to passage 48.
For Ca2+ fluorimetry and imaging, as well as IF experiments, cells were grown on 25mm glass
coverslips in 6-well plates. Cells were used for experiments when they have formed a confluent
monolayer (Figure 2.1). For Ussing chamber experiments, cells were grown on 6.5mm semipermeable inserts (Corning Costar® Transwells®, Sigma-Aldrich) until a confluent polarised
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monolayer was formed, and cells were used for experiments 10-14 days after seeding. Care was
taken to not physically rupture the monolayer when replacing apical media.

Figure 2.1: Phase contrast image of a confluent Calu-3 monolayer grown on glass coverslip.
Photo was acquired at 10x magnification.

2.3.2

HEK293 cells

The human embryonic kidney (HEK) 293 cell line was cultured in T75 cell culture flasks as
described above. For Ca2+ fluorimetry experiments, cells were grown on 25mm glass coverslips,
and used for experiments when a confluent monolayer was formed.
2.3.3

rASMC

The intact trachea was surgically removed from adult male Sprague-Dawley rats following
Schedule 1 culling, and placed in sterile PBS on ice. Connective tissue around the trachea was
carefully removed, and the tracheal tube was cut open on the anterior side into a sheet. The
cartilage portions were trimmed as much as possible, leaving the sheet of smooth muscle,
located posteriorly.
The isolation protocol of ASMC was modified from Panettieri (2001). Briefly, dissected
smooth muscle tissue was digested using an enzyme mix (2 mg/ml collagenase IV (Thermo
Fisher Scientific 17104019), 3 mg/ml elastase (LS002292 Worthington Biochemical, Reading,
UK), 1 mg/ml trypsin inhibitor (Sigma-Aldrich T6522), 1mM EGTA dissolved in M199 media)
at 37°C for at least 60 min with constant shaking, until the released cells and tissue debris were
visible in the media. The mixture was then filtered through a 100 µm cell strainer to exclude
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large tissue pieces, and an excess volume (at least 5x enzyme mixture volume) of the complete
DMEM/F-12 culture media was added to deactivate the enzymes. The mixture was centrifuged
(1,500g for 5 min), the pellet resuspended in DMEM/F-12 media, and cells were seeded into a
T25 culture flask.
Cells typically attached within 48 hours, and the typical elongated morphology of ASMC was
observed 3-5 days post-isolation (Figure 2.2). Excess rASMC in passage 1 were frozen down
(2.5 x 105 cells per 1ml vial) using freezing media (50% complete DMEM/F-12 media, 40%
FBS, 10% DMSO). The vials of cells were placed in a Nalgene Mr. FrostyTM Freezing
Container, filled with isopropanol, and kept in -80°C overnight, before being transferred to
liquid nitrogen for long-term storage.

Figure 2.2: Phase contrast images of isolated rat ASMC grown in a T25 cell culture flask, at
different stages after isolation. The elongated morphology was observed typically 3-5 days postisolation. Photos were acquired at 10x magnification.

Cultured primary rASMC were stained for a-smooth muscle actin (a-SMA) and imaged by IF
(Figure 2.3A), and h-caldesmon by IHC (Figure 2.3B), to ascertain smooth muscle identity of
the isolated cells (see section 2.11 and 2.12 for IF/IHC methods). Cultured rASMC up to
passage 8 were used for experiments. For IHC staining, cells were grown on glass chamber
slides (Falcon 8 well culture slide, Scientific Laboratory Supplies, Nottingham, UK) until 3050% confluence. For Ca2+ imaging and IF experiments, cells were grown on 25mm glass
coverslips until ~60-90% confluence (Ca2+ imaging) or ~40-60% confluent (IF). Culture media
was replaced with serum-free DMEM/F-12 (DMEM/F-12-FCS) for 48-72 hours before Ca2+
imaging experiment, in order to promote a contractile instead of proliferative smooth muscle
phenotype (Ma et al., 1998).
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Figure 2.3: Smooth muscle markers in cultured primary rASMC. (A) Representative
immunofluorescence image of methanol-fixed rASMC at passage 5, stained for a-smooth muscle actin
(red; 1:1000 dilution). Cell nuclei were stained with DAPI (blue). Photo was acquired at 63x
magnification and scale bar represents 50µm. (B) Representative immunohistochemistry image of
methanol-fixed rASMC at passage 6, stained for h-caldesmon (brown; 1:20 dilution). Photo was
acquired at 20x magnification and scale bar represents 20µm.

2.3.4

hASMC

Primary hASMC were isolated from tracheal rings procured from non-smoking adult donor
lungs. The tracheal ring was immersed in ice cold PBS, and a piece of smooth muscle tissue,
located posteriorly, was cut from the tracheal ring. The cartilage of the ring was discarded. The
piece of smooth muscle was carefully trimmed free of connective tissue, and cut into small
(~1mm cubes) pieces. The pieces of smooth muscle tissue were enzymatically digested, and
released cells filtered and seeded into a T25 culture flask, as described in the rASMC section.
Isolated hASMC typically attached within 24 hours, exhibiting the typical elongated ASMC
morphology 1-3 days post-isolation (Figure 2.4). Excess cells were frozen down as described
above. Isolated hASMC from a total of 7 non-smoking donors were used for experiments
presented in this thesis, with the distribution of usage indicated in Table 2.4; most of the major
results were replicated in cells from at least 3 independent donors (indicated in figure legends
in results).
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Figure 2.4: Phase contrast image of isolated human ASMC grown in a T25 cell culture flask, 14
days after isolation. The elongated morphology was observed typically 1-3 days post-isolation. Photo
was acquired at 10x magnification.

Donor

Used for experiments presented in:

NCL 1

Figure 10, 11 in Chapter 3.

NCL 2

All Figures except 4, 16, 19 in Chapter 4.

NCL 3

Figure 7, 12 in Chapter 4.

UNC 1

All Figures in Chapter 5.

UNC 2

UNC 3
UNC 4

Figure 2, 3, 4, 5, 6, 7, 8, 10, 11, 16, 18, 19, 20, 21, 22, 23, 24, 25 in Chapter 4. All
Figures except 3, 6, 7A-B, 12 in Chapter 5.
Figure 2, 3, 4, 5, 6, 7, 8, 10, 13, 16, 18, 19, 20, 21, 22, 23, 25. All Figures except 3, 4, 5,
6, 7A-B, 12 in Chapter 5.
All Figures except 3, 7A-B, 12 in Chapter 5.

Table 2.4: Distribution of hASMC from 7 non-smoking donors in experiments presented in this
thesis. NCL = tissue acquired in Newcastle; UNC = tissue acquired in Chapel Hill, USA.

Cultured primary hASMC were also stained with a-SMA (Figure 2.5A) and h-caldesmon
(Figure 2.5B) for validation of smooth muscle lineage. a-SMA staining was detected in IF for
all donors used for experiments, up to passage 8 of subculture in the same donor (NCL 2; Figure
2.5A). hASMC up to passage 8 were used for experiments. For IHC staining, cells were grown
on glass chamber slides until 30-50% confluence. For Ca2+ imaging experiments, shRNA
transfection, and IF, hASMC were seeded onto 25mm glass coverslips, and grown in 6-well
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plates until ~60-90% confluent (Ca2+ imaging) or ~40-60% confluent (transfection, IF). For the
MLC phosphorylation assay, hASMC were seeded directly onto 6-well plates until fully
confluent. Cells were serum-starved for 48-72 hours before Ca2+ imaging experiments or MLC
phosphorylation assay.

Figure 2.5: Smooth muscle markers in cultured primary hASMC. (A) Representative
immunofluorescence image of methanol-fixed hASMC, from 7 different donors and various passage
numbers (indicated by “P”), stained for a-smooth muscle actin (red; 1:500 dilution). Cell nuclei were
stained with DAPI (blue). Photos were acquired at 63x magnification for NCL donors and 40x
magnification for UNC donors. Scale bars represent 50µm. (B) Representative immunohistochemistry
image of methanol-fixed hASMC, stained for h-caldesmon (brown; 1:20 dilution). Photo was acquired
at 20x magnification and scale bar represents 20µm.

2.4
2.4.1

Measurement of intracellular Ca2+
Ca2+ fluorimetry

Intracellular Ca2+ ([Ca2+]i) was measured using the ratiometric Ca2+-sensitive fluorescent
indicator fura-2-acetoxymethylester (fura-2-AM; Thermo Fisher Scientific) (Grynkiewicz et al.,
1985). Cells grown on 25mm glass coverslips were washed twice with HEPES-buffered
solution, incubated with 5µM fura-2-AM for 60 mins at room temperature (Calu-3 and HEK293
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cells) or 37°C (rat and human ASMC). Cells were then washed twice with HEPES-buffered
solution, and left for 15 mins to de-esterify. The coverslip was then placed into a plastic
chamber, and mounted onto a Nikon epifluorescence microscope with a 40x oil-immersion lens,
equipped with filter wheels for appropriate wavelengths and a photomultiplier to collect emitted
fluorescence. Fura-2 was excited alternately, for 250ms each, at 340nm (excites the Ca2+-bound
form of fura-2) and 380nm (excites the Ca2+-unbound fura-2) of light, and emission was
captured at 510nm; the 340/380 emission ratio (F340/380) of fura-2 fluorescence reflects
intracellular Ca2+ levels. Ca2+ measurements were recorded continuously, at room temperature
in a dark room, controlled using the InCyt Pm2™ software (Intracellular Imaging Inc., Ohio,
USA). Background fluorescence reading was performed at the start of each experiment day,
using cells that were not loaded with fura-2, and this reading was subtracted from the total
fluorescence measurements. A perfusion system utilising peristaltic pumps was set up at an
exchange rate of 3ml/min, with a total bath volume of 1ml, to allow for changes in perfusion
solutions during an experiment.
The raw data was exported to Excel, and parameters of Ca2+ responses were analysed by
manually selecting appropriate data points (illustrated in Figure 2.6). The rate of Ca2+ responses
was estimated by linear regression, fitted onto the steepest portion of the [Ca2+]i increase.
Degree of fit was validated through R2 values, typically >0.9.
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Figure 2.6: Quantification of Ca2+ response parameters. Analysis of different parameters is
illustrated through a typical store-operated Ca2+ entry response in Calu-3 cells. Baseline value was taken
as average of red points (typically 30 s before a calcium response was initiated through switching
perfusion solution). Peak value was taken as average of blue points (at least 5 points at the peak). The
amplitude of a Ca2+ response was calculated as peak – baseline. Rate of influx was acquired by
performing linear regression (green line, fitted to the steepest increase).

2.4.2

Ca2+ imaging

Cells grown on glass coverslips were loaded with fura-2-AM as described above. Coverslips
were placed into a plastic chamber, and mounted onto a Nikon epifluorescence microscope
equipped with a 20x lens and appropriate filters for excitation and collection of fura-2
fluorescence. Real-time images of the cells were visualised and acquired through a Princeton
Instruments (for experiments performed in Newcastle) or Hamamatsu (experiments performed
in Chapel Hill) CCD camera, and controlled through the Molecular Devices MetaFluor® or the
Hamamatsu HCImage software, respectively. From the images, single cells were circled as
regions of interest (ROI; typically 10-20 cells were randomly selected, and were as evenly
spaced as possible to include cells from each quadrant), as illustrated in Figure 2.7. Image
acquisition was not continuous in order to minimise photobleaching. Images were acquired
every 15 s; this interval was changed to 5 s for the influx phase of rapid Ca2+ responses (e.g.
ATP-induced Ca2+ response, CSE-activated Ca2+ influx). The F340/380 ratios of single cells in
the same experiment were averaged for each time point, and data was analysed on the averaged
trace. The analysis of Ca2+ response parameters was performed similarly as illustrated in Figure
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2.6, but fewer points (typically 5 points for baseline, and 1 point for peak) were used for
measurement of baseline and peak values, due to longer interval between image acquisitions.

Figure 2.7: Representative illustration of ROI selection in Ca2+ imaging experiments. Cells grown
on glass coverslips were imaged under 20x magnification. Single cells were circled, with equal number
of cells circled in each quadrant wherever possible.

For experiments involving exposure to CS, cells were left in a static bath (1 ml HEPES-buffered
solution) and were covered with a customised chamber with tubing connected to the smoke
machine for CS delivery (see section 2.5.2). For other experiments, a perfusion system was set
up as described in the Ca2+ fluorimetry section, with an exchange rate of 2ml/min. All
experiments were performed at room temperature.
2.5
2.5.1

Exposure to CS and CSE
Preparation of CSE

The stock solution of 100% CSE was produced by bubbling one 3R4F reference cigarette into
25ml of the HEPES-buffered solution. This was performed manually using a 50ml syringe, with
tubing connected to the bud of the cigarette, to aspirate smoke from a lit cigarette, and then the
smoke was bubbled into the HEPES-buffered solution (Figure 2.8A). The stock CSE solution
was made fresh at the beginning of each day of experiments and kept on ice throughout the day.
CSE was diluted into HEPES-buffered solution (with 1mM Ca2+ or 0Ca2+ depending on
experiment) for use immediately prior to each experiment.
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Figure 2.8: Schematic representation of CSE preparation (A) and exposure to gaseous CS (B). The
particulate phase of the mainstream smoke was filtered before bubbling into a buffer solution (A) or
direct exposure through a smoke chamber (B).

A glass fibre Cambridge filter pad (0.3µm pore size) was placed in the tubing to filter out the
particulate tar phase, since the particulate phase was autofluorescent at wavelengths exciting
fura-2, even when diluted to working concentrations as low as 5% on a blank coverslip in the
absence of any cells or dye (Figure 2.9A). After filtering the smoke before bubbling into
solution, the autofluorescence deflection induced by 100% CSE was minimal, in contrast with
that induced by 100% unfiltered CSE (Figure 2.9B). At 10%, filtered CSE had no effect on the
baseline of fura-2 fluorescence ratio (Figure 2.9C).
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Figure 2.9: CSE containing the particulate phase is autofluorescent at wavelengths exciting fura2. All four traces are Ca2+ imaging traces with empty, cell-free coverslips, perfused with diluted CSE of
various concentrations and filtering procedures. (A) Unfiltered CSE. (B) CSE produced with the
particulate phase filtered out using the Cambridge filter pad, in contrast with unfiltered CSE. (C)
Working concentration of particulate-filtered CSE is not autofluorescent.

2.5.2

Exposure to gaseous CS

CS generated from one Kentucky 3R4F reference cigarette was delivered through a Borgwaldt
LM1 smoke engine (Hamburg, Germany), into a closed chamber in which hASMC were
situated (Figure 2.8B), with the particulate phase filtered out as described above. Exposure of
hASMC to CS was carried out in 13 puffs with a 30 s interval in between; each puff was 35ml,
delivered over a duration of 2 s, in accordance to the standard agreed upon by the International
Standardization Organization (International Organization for Standardization, 2012). CS
persists in the closed chamber after delivery for the full duration of each experiment. Exposure
to room air, with identical puff delivery conditions, but with a different set of tubing and
chamber not previously exposed to CS, was used as a control.
2.6

Ussing chamber

Media was removed from both apical and basolateral sides of polarised Calu-3 cells, grown on
6.5mm semi-permeable inserts, and these were washed twice with HEPES-buffered solution.
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The washed inserts were mounted onto the EasyMount Ussing Chamber Systems (EM-CSYS6; Physiologic Instruments, San Diego, USA); up to 6 inserts were mounted to perform
experiments in parallel, according to manufacturer’s instructions. Cells were bathed in HEPESbuffered solution on both the apical and basolateral side, bubbled with 100% O2, and
maintained at 37°C using a circulating water bath. Cells were left to equilibrate for at least 30
minutes before the start of experiment. Addition of pharmacological agents was performed
according to experimental protocols, directly into either the apical or basolateral side of the
bath.
Voltage (Ag-AgCl pellet electrode) and current (Ag wire electrode) electrodes were immersed
in 3M KCl solution, topped with an agar salt bridge (4% agar in 3M KCl). One of each electrode
was attached to each side of the Ussing chamber, and connected to a VCC MC6 multichannel
clamp (Physiologic Instruments) to monitor transepithelial resistance (TER) and short-circuit
current (ISC) across the epithelial membrane. The membranes were voltage-clamped to 0 mV,
and real-time measurements of TER and ISC were recorded by injecting current pulses across
the membrane every 10 s, through the Acquire and Analyze software (Physiologic Instrument).
The ISC, representing the summation of ion currents across the membrane, was normalised to
the membrane area of 0.33cm2.
2.7
2.7.1

shRNA-driven knockdown
Isolation of plasmid DNA from bacterial stocks

Glycerol stocks of bacteria carrying the plasmid vector encoding shRNA targeted against
TRPA1 (TV) or the empty control vector (EV) were procured from Lenti-shRNA Core Facility,
UNC Chapel Hill, and stored at -80°C until use. The target sequence and oligo sequences of
each shRNA construct are presented in Table 2.5.
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Clone ID

Target Sequence

Oligo sequence (5’ to 3’)

(5’ to 3’)

Forward: CCG GCG AGA CTA TTA TAT CGA GTA TCT

TRCN00

CGA GAC TAT

00044799

TAT ATC GAG

“A12”

TAT

TRCN00

GCA ATG TTC

00044800

TTG AAT GGA

“B1”

TTA

TRCN00

CCA CAA ATA

00044801

ATA GCG AAG

“B2”

CAT

TRCN00

CCT CCG AAA

00044802

CTT CAA CAT

“B3”

GAT

CGA GAT ACT CGA TAT AAT AGT CTC GTT TTT G
Reverse: AAT TCA AAA ACG AGA CTA TTA TAT CGA
GTA TCT CGA GAT ACT CGA TAT AAT AGT CTC G
Forward: CCG GGC AAT GTT CTT GAA TGG ATT ACT
CGA GTA ATC CAT TCA AGA ACA TTG CTT TTT G
Reverse: AAT TCA AAA AGC AAT GTT CTT GAA TGG
ATT ACT CGA GTA ATC CAT TCA AGA ACA TTG C
Forward: CCG GCC ACA AAT AAT AGC GAA GCA TCT
CGA GAT GCT TCG CTA TTA TTT GTG GTT TTT G
Reverse: AAT TCA AAA ACC ACA AAT AAT AGC GAA
GCA TCT CGA GAT GCT TCG CTA TTA TTT GTG G
Forward: CCG GCC TCC GAA ACT TCA ACA TGA TCT
CGA GAT CAT GTT GAA GTT TCG GAG GTT TTT G
Reverse: AAT TCA AAA ACC TCC GAA ACT TCA ACA
TGA TCT CGA GAT CAT GTT GAA GTT TCG GAG G

Table 2.5: Target sequence and oligo sequence of shRNA constructs targeting TRPA1 (transcript
ID NM_007332.2).

Glycerol stocks of bacteria were expanded in lysogeny broth (LB) medium (3µl glycerol stock
in 500ml LB) overnight on an orbital shaker at 37°C, supplemented with ampicillin (100µl/ml)
as the selection agent. Plasmid DNA was isolated from the harvested bacterial cultures using
Plasmid Maxi Kit (Qiagen, Germantown, USA) following manufacturer’s instructions.
Precipitated DNA was dissolved in nuclease-free water and stored at -20°C until use.
2.7.2

shRNA transfection

Cultured hASMC were transfected with plasmids encoding TRPA1-targeted shRNA or the
empty vector using the Lipofectamine 3000 transfection reagent kit (Thermo Fisher Scientific)
according to manufacturer’s instructions. Plasmid DNA (1.5µg/well) and P3000 reagent
(3µl/well) were diluted in 125µl Opti-MEM (125µl/well; Thermo Fisher Scientific), and the
Lipofectamine 3000 reagent was also diluted in Opti-MEM (3.75µl/well). The two diluted
reagents were mixed together, and incubated at room temperature for 20 min. The complete
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culture media DMEM/F-12 on hASMC was replaced with 1ml DMEM/F-12 without
penicillin/streptomycin (DMEM/F-12-P/S) per well prior to transfection. The transfection mix
was added drop-wise onto each well, swirled, and cells were left overnight in the incubator.
DMEM/F-12-P/S was replaced with complete DMEM/F-12 after the transfection period. Cells
were studied in Ca2+ imaging experiments 72 hours post-transfection.
2.8
2.8.1

Real-time quantitative PCR (qPCR) analysis
RNA extraction

Cell lysis and RNA extraction was performed using the RNeasy Mini Kit (Qiagen) according
to manufacturer’s instructions. Isolated RNA was eluted in nuclease-free water, and the
concentration of RNA was quantified using a NanoDrop Spectrophotometer. Isolated RNA was
stored at -80°C.
2.8.2

cDNA synthesis

300ng RNA from each sample was subjected to DNAse (0.5 U/µl; Roche, Welwyn Garden City,
UK) treatment (10 min at 37°C) to remove DNA contamination. Reverse transcription was
performed by incubating 300ng of the DNase-treated RNA with a mix of random primers
(6.25µg/µl; Promega, Southampton, UK), RNasin ribonuclease inhibitor (0.5 U/µl; Promega),
Deoxynucleotide Triphosphates (300µM; New England Biolabs, Hitchin, UK) and MoloneyMurine Leukemia Virus Reverse Transcriptase (M-MLV, 5 U/µl; Promega) for 60 min at 37°C
to obtain complementary DNA (cDNA). cDNA was stored at -20°C.
2.8.3

Real-time qPCR

Real-time qPCR was performed by mixing the cDNA (1.5µl), forward and reverse primers (2
µM each), and 2X LightCycler® 480 SYBR Green I Master mix (7.5µl; Roche), to a total
volume of 15µl in each well of a 96-well plate. The housekeeping genes 18S and GAPDH were
used as internal controls. Sequences for the primer pairs are listed in Table 2.2. The PCR was
ran using a standard protocol consisting of the activation stage (95°C for 10 min), followed by
45 cycles of amplification (95°C for 10 s, 60°C for 20 s, 72°C for 1 s) before cooling down.
The cycle threshold (CT) values for the detection of each sample was calculated using the builtin Second Derivative Maximum Method in the LightCycler® 480 programme (Roche).
Relative quantification of TRPA1 in shRNA-transfected samples was performed using the 2ΔΔCT

method (Livak and Schmittgen, 2001), normalising to the two different housekeeping

genes (ΔCT), and then normalised to the average TRPA1 ΔCT of samples transfected with the
EV in the same plate, day/donor-matched.
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2.9
2.9.1

Western blotting
Lysate preparation

Cells were lysed using ice-cold RIPA buffer, supplemented with protease and phosphatase
inhibitors; volume of RIPA buffer added depended on the size of cell culture vessel (Table 2.6).

Cell culture vessel

Area (cm2)

RIPA buffer added (µl)

T25 culture flask

25

500

T75 culture flask

75

1000

6-well culture plate

9.6

200

Table 2.6: Volume of RIPA lysis buffer added for each type of culture vessel.

Cell lysis was performed on ice to minimise protein degradation. After addition of RIPA buffer,
cells were scraped using plastic cell scrapers (Corning CLS3010), and lysates transferred to
1.5ml Eppendorf tubes, vortexed, and incubated at 4⁰C for 1 h. Lysates were centrifuged at
12,000g for 15 min at 4⁰C, and pellets were discarded. Protein concentration was quantified
through the BCA assay (Pierce BCA Protein Assay Kit, Thermo Fisher Scientific) according to
manufacturer’s instructions. 1/3 volume of 4X Laemmli buffer (Bio-Rad), supplemented with
10% β-mercaptoethanol as a reducing agent (Sigma-Aldrich), was added to the cell lysates.
Samples were vortexed and stored at -20⁰C until use.
Cell lysates were either incubated in a water bath (37⁰C, 30 min; for samples to be probed for
CFTR) or boiled (95⁰C, 5 min; for samples to be probed for p-MLC and MLC). Then, lysates
were diluted, using RIPA buffer with Laemmli buffer (LB) added, to desired concentrations for
gel loading (total volume 40µl each well; 1.0mm gel, Mini-PROTEAN Tetra electrophoresis
system, Bio-Rad).
2.9.2

SDS-PAGE, transfer, and membrane staining

The Mini-PROTEAN Tetra electrophoresis chamber (Bio-Rad) was assembled and filled with
running buffer according to manufacturer’s instructions. A protein ladder (5µl protein ladder +
35µl RIPA+LB; Precision Plus Protein WesternC Blotting Standards, Bio-Rad 1610376), or
cell lysates, were loaded into each well on an SDS-PAGE gel (8% gel for CFTR, 12% gel for
p-MLC and MLC). Gel electrophoresis was ran at 70V for 30 min followed by 150V for 60
min (CFTR), or 150V for 60 min (p-MLC and MLC). Gels and PVDF membranes (GE
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Healthcare Life Sciences, UK; activated using 100% methanol) were equilibrated in cold
transfer buffer for 10 min, and protein was transferred to PVDF membranes under semi-dry
conditions using the Bio-Rad Trans-Blot Turbo Transfer System (0.1A constant, 60 min for
CFTR; 25V constant, 10 min for p-MLC and MLC).
Following transfer, membranes were blocked with 5% milk (for CFTR and MLC) or 5% BSA
(for p-MLC) in TBS-T for 1 hour at room temperature (CFTR and p-MLC) or overnight (MLC).
Membranes were then incubated with primary antibody diluted in 1% milk (for CFTR and MLC)
or 1% BSA (for p-MLC) TBS-T (dilutions indicated in Table 2.1) at 4⁰C overnight (CFTR and
p-MLC) or 1 hour at room temperature (MLC). After 3 washes in TBS-T, secondary antibodies
(Table 2.1) were incubated for 1 hour at room temperature. Membranes were washed 3x, and
incubated with enhanced chemiluminescence (ECL; Bio-Rad) for 2 min at room temperature.
Excess ECL was removed, and membranes were developed on a Fujifilm LAS-3000 imager.
2.9.3

Myosin light-chain phosphorylation assay

After 1 h equilibration in HEPES-buffered solution, confluent hASMC grown in 6-well plates
were subjected to treatment with a positive control cocktail (100µM ATP, 10µM CPA, and
10mM Ca2+) or CSE for various durations to stimulate myosin light-chain phosphorylation. For
the negative control samples, cells were treated with the HEPES-buffered solution only. Lysates
were then processed as described above and Western blot probing for p-MLC was performed.
For parallel processing of phospho- and total MLC, membranes were cut vertically to perform
staining with two different antibodies (p-MLC and MLC) on the same protein sample run on
the same gel. Protein bands were quantified using ImageJ software. Band density of p-MLC
was normalised to band density of total MLC of the same protein sample.
2.10 Immunoprecipitation
Immunoprecipitation of CFTR was performed on Calu-3 and hASMC lysates. Cell lysates were
extracted as indicated in the Western blotting section. CFFT-596 primary antibody was added
to cell lysates (1:1000 dilution), vortexed, and incubated at 4°C overnight with constant shaking.
Protein A-Sepharose (PAS) beads (P9424 Sigma-Aldrich) were washed before use, by adding
100µl of RIPA buffer to 100µl PAS beads, then centrifuging at 2,000g for 2 mins. The
supernatant was discarded, and pellet resuspended in 100µl RIPA buffer. 100µl washed PAS
beads were added to 1ml primary antibody-bound cell lysate, vortexed, and incubated at 4°C
for 1 h with constant shaking. Then, lysates were centrifuged (2,000g for 2 mins), and washed
3x with 1ml ice cold RIPA buffer, with supernatant discarded after each wash. The supernatant
was aspirated using a 2ml syringe with 21G needle to avoid loss of beads.
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50µl 1X Laemmli buffer was added to the washed PAS beads bound with the protein of interest,
vortexed, and incubated at room temperature for 15 minutes. The samples were then centrifuged
at 13,000g for 2 mins to release the immunoprecipitated proteins from the beads. The
supernatant was collected and stored at -20°C until use.
2.11 Immunofluorescence
Immunofluorescence staining was performed on cells grown on 25mm glass coverslips, to 4060% confluence before fixing. Cells were washed 3x with ice-cold PBS (5 mins each on a
benchtop shaker at 60 rpm), supplemented with 1mM CaCl2 and 1mM MgCl2 (PBS++), then
fixed in 100% ice-cold methanol in –20°C for 10 minutes. After washing 3x with PBS++, cells
were incubated with the blocking solution (5% normal goat serum (NGS) and 1% bovine serum
albumin (BSA) in PBS++) for 1 hour at room temperature. Cells were then incubated with the
primary antibody at 4°C overnight in a moisturised chamber to minimise evaporation. After 3x
washing with PBS++, cells were incubated with the secondary antibody for 1 hour at room
temperature. Primary and secondary antibodies were diluted in 0.5% BSA PBS++; dilutions of
antibodies are presented in Table 2.1. Finally, cells were washed 3x in PBS++, with 1:1000
DAPI included in the second wash.
Imaging was performed on the Leica SP8 confocal microscope, operated through the Leica
Application Suite (LAS) X software (Leica Microsystems, Milton Keynes, UK). Glass
coverslips containing stained cells, immersed in PBS, were mounted onto an oil-immersion lens
with 63x magnification. Images were acquired sequentially to avoid spectral overlap. Images
were exported, and scalebars added, using the LAS X software.
2.12 Immunohistochemistry
Immunohistochemical staining was performed on cells grow on glass chamber slides, using the
ImmPRESSTM Universal Antibody Detection Kit (MP-7500 Vector Laboratories, Burlingame,
USA) according to manufacturer’s instructions. Cells were washed 2x with PBS, fixed with
100% ice-cold methanol at -20°C for 10 min, and washed 2x with PBS. After removing PBS,
slides were incubated with the ImmPRESS ready-to-use 2.5% normal horse serum solution for
10 min at room temperature. Blocking solution was removed, and slides were incubated with
primary antibody, diluted in TBS, for 60 min at room temperature. Slides were washed 2x with
TBS, then incubated for 30 min at room temperature with the ImmPRESSTM Universal antimouse IgG Reagent. After washing 2x in TBS, slides were incubated with 3'-Diaminobenzidine
(DAB) for 1 min, washed in running tap water, then counterstained in Mayer’s Haematoxylin
for 30 s. After washing in running tap water, slides were blued in Scott’s Tap Water substitute
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for 30 s. Slides were washed one last time in running tap water, then subjected to serial
dehydration in graded concentrations of ethanol (30 s each in 70%, 90%, 99% ethanol). Slides
were cleared in xylene for 5 min, then one drop of DPX mountant was added to the slide, and
a glass coverslip was mounted on top of the samples. Slides were left to dry overnight prior to
imaging through light microscopy.
2.13 Statistical analysis
Summary data is presented as mean ± SEM. For experiments involving cultured rat or human
ASMC, the number of donors (biological replicates) was included in the respective figure
legends. n in figure legends denotes number of repeated independent experiments (technical
replicates).
Statistical analysis was performed using GraphPad Prism 8 (GraphPad Software, San Diego,
USA), with statistical significance indicated by an alpha value of p<0.05. The type of analysis
for each dataset, including post-hoc analysis, is indicated in the respective figure legend. The
choice between parametric or non-parametric statistical tests was selected by performing the
package of normality tests (Anderson-Darling test, D’Agostino & Pearson test, Shapiro-Wilk
test, Kolmogorov-Smirnov test) provided by GraphPad Prism to test for Gaussian distribution;
if the majority of datasets examined followed a Gaussian distribution, then parametric tests
were performed. Dose-response curves and associated EC50 values presented were computed
through built-in equations in GraphPad Prism 8, with a standard Hill Slope set to 1.0.
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Chapter 3: Role of CFTR in regulation of calcium homeostasis in
epithelial cell lines and cultured ASMC
3.1

Introduction

To date, there has been extensive literature linking disruption in CFTR function to alterations
in Ca2+ homeostasis. As explored in the section 1.6.1 of the Introduction chapter, these include
changes in Ca2+ store release, reuptake, and influx, in both human primary CF airway epithelial
cells (mostly with the F508del mutation), and CF airway epithelial cell lines, compared to nonCF airway epithelial cells expressing WT-CFTR (Paradiso et al., 2001; Ribeiro et al., 2005a;
Antigny et al., 2008a; Antigny et al., 2008b; Antigny et al., 2009; Antigny et al., 2011b; Balghi
et al., 2011; Martins et al., 2011; Philippe et al., 2015; Vachel et al., 2015). More recently, this
link has been extended to ASMC. For instance, blunted histamine-coupled Ca2+ release in
cultured CF hASMC (Michoud et al., 2009), and delayed Ca2+ reuptake in freshly isolated CF
porcine ASMC (Cook et al., 2016), have been reported. However, the functional role of CFTR
in regulating Ca2+ homeostasis in ASMC remains poorly understood, partially due to the
reported intracellular localisation of CFTR in ASMC (Vandebrouck et al., 2006; Michoud et
al., 2009; Cook et al., 2016), in contrast to the plasma membrane-bound CFTR in airway
epithelia.
More recently, an important connection between cigarette smoking, Ca2+ signalling, and CFTR
has emerged, with reports that direct exposure to CS caused a sustained increase in [Ca2+]i in
several epithelial cell types, including airway cells, which led to clathrin/dynamin-mediated
internalisation of CFTR from the plasma membrane (Rasmussen et al., 2014; Marklew et al.,
2019; Patel et al., 2019). However, whether CS exposure disrupts Ca2+ homeostasis and/or
CFTR expression, localisation, and function in ASMC has not been reported.
In addition, despite many reports linking CFTR dysfunction with alterations in Ca2+ signalling,
very few studies have investigated the effects of pharmacological modulation of CFTR on
calcium signalling in non-CF epithelial cells such as smooth muscle cells. Furthermore, the
characterisation of pharmacological modulation of CFTR activity on cellular Ca2+ signalling is
an important gap in knowledge to fill, as these agents have been used as primary tools for
studying CFTR function in many cell types. Agents that elevate intracellular cAMP, including
forskolin, 3-isobutyl-1-methylxanthine (IBMX), vasoactive intestinal peptide (VIP), and
salbutamol are able to stimulate CFTR activity. A specific small-molecule potentiator of CFTR,
ivacaftor (VX-770), emerged just a decade ago, and it increases the open probability of CFTR
(Van Goor et al., 2009). As the current standard treatment for CF, particularly for patients with
F508del-CFTR mutation, ivacaftor is administered alongside correctors such as lumacaftor,
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tezacaftor, and elexacaftor, which facilitate the folding and transport of F508del-CFTR to the
cell membrane (Middleton et al., 2019; Bose et al., 2020). On the other hand, early studies
utilised diphenylamine-2-carboxylate (DPC) and glibenclamide to inhibit CFTR, but these
drugs often have off-target effects on other ion channels (Alton et al., 1991; Kubo and Okada,
1992; Sheppard and Welsh, 1992; Sakamoto et al., 1996; Yamazaki and Hume, 1997). More
recently, two relatively selective inhibitors have emerged: CFTRinh-172 and GlyH-101 (Ma et
al., 2002; Muanprasat et al., 2004), and these have since become staple inhibitors for studying
the role of CFTR in laboratory settings. It is worth noting, however, that these putative CFTR
modulators have been primarily tested on CFTR expressed on the plasma membrane, and thus
may not be fully functional in modulating intracellular CFTR as observed in ASMC.
Since CFTR has been extensively studied in epithelial cells, Calu-3 cells, a human epithelial
cell line with high CFTR expression (Shen et al., 1994), was selected to conduct initial
characterisation of the effects of several CFTR modulators on intracellular Ca2+ signalling. The
initial focus of this chapter investigated store-operated calcium entry (SOCE). This is a core
mechanism in maintaining Ca2+ homeostasis in mammalian cells, including epithelial-derived
cells such as Calu-3 cells (Prakriya and Lewis, 2015; Lewis, 2020). It is also a prominent
mechanism regulating Ca2+ refilling in SMC (Flores-Soto et al., 2013) and has been reported
to be enhanced in ASMC treated with CSE (Wylam et al., 2015).
3.2

Aims and objectives

The main aim of the chapter was to explore the role of CFTR in regulating Ca2+ homeostasis in
human epithelial as well as rat and human ASMC. The objectives of the chapter were:
•

To characterise the effects of pharmacological modulators of CFTR, specifically
forskolin and CFTRinh-172, on Ca2+ homeostasis in Calu-3 cells.

•

To establish a robust protocol for applying CFTR modulators to study Ca2+ signalling
in ASMC, informed by results from Calu-3 cells.

•

To validate the global expression of CFTR in rat and human ASMC.

•

To visualise the localisation of CFTR protein in rat and human ASMC and investigate
the effects of CFTR modulators on ASMC Ca2+ homeostasis.

3.3
3.3.1

Results
Pharmacological inhibition of CFTR reduced SOCE in Calu-3 cells in a timedependent manner

To investigate the effect of CFTR inhibition on SOCE, a repeated Ca2+ addback protocol was
employed to study the effect of the selective CFTR inhibitor, CFTRinh-172 (Ma et al., 2002),
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on SOCE in Calu-3 cells. Figure 3.1 illustrates a control experiment, with the vehicle DMSO,
using this protocol. To activate SOCE, ER calcium stores were first depleted with 200nM
thapsigargin (Tg), a SERCA inhibitor, for 15 mins in the absence of external Ca2+ (nominally
Ca2+-free solution; white bars). Calcium was then added back (1mM Ca2+ solution; black bars)
to measure SOCE #1, the reference SOCE before pharmacological intervention. After reaching
a peak, extracellular calcium was removed and [Ca2+]i was allowed to return to baseline levels.
SOCE #2 was initiated and monitored following 10-min treatment of DMSO. Then, external
Ca2+ and DMSO were removed for 15 mins before SOCE #3 was measured, to examine
potential reversibility of effects. Using this protocol, Figure 3.1 shows that in cells treated with
the vehicle alone, multiple reproducible SOCE in Calu-3 cells could be recorded, in which peak
amplitude and rate of Ca2+ entry was similar to SOCE #1. This reproducibility allowed for
paired analysis of pre- and post-treatment SOCE. In subsequent Ca2+ fluorimetry traces shown
in this chapter, the Tg portion of the trace was curtailed to focus more on the individual SOCE
responses.

Figure 3.1: Ca2+ fluorimetry protocol for measuring multiple SOCE. Representative Ca2+
fluorimetry traces tracking changes in [Ca2+]i following a Tg (200nM)-activated, repeated Ca2+ addback
protocol, alternating between nominally Ca2+ free solution (white bars) and adding back 1mM Ca2+
(black bars) to initiate SOCE.

The same protocol was applied to examine the effect of a 10-min treatment with 20µM
CFTRinh-172, a reportedly selective CFTR inhibitor, on SOCE (Figure 3.2). In 3/6 experiments,
no visible inhibition of SOCE #2 was observed (e.g. Figure 3.2A), whereas in the other half,
this treatment attenuated the second SOCE (e.g. Figure 3.2B). Interestingly, in all 6 experiments,
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SOCE #3 (following a 15-min washout of inhibitor) had a lower peak compared to SOCE #1,
indicating that the inhibitory effect of CFTRinh-172 on SOCE was not reversible in the shortterm. Moreover, in the 3 experiments where SOCE #2 was not affected, SOCE #3 was reduced,
suggesting that the inhibition by CFTRinh-172 may be time-dependent.

Figure 3.2: The effects of CFTRinh-172 treatment on SOCE in Calu-3 cells. Representative Ca2+
fluorimetry traces tracking changes in [Ca2+]i following a Tg-activated, repeated Ca2+ addback protocol.
Cells were exposed to the vehicle 20µM CFTRinh-172 in a nominally Ca2+ free solution (white bars) for
10 mins before the second SOCE was induced by adding back 1mM Ca2+ (black bars). The agents were
removed from the perfusing solution for 15 mins before the third SOCE was activated. (A) shows an
experiment where CFTRinh-172 treatment did not affect SOCE #2, whereas it was reduced in (B).
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To investigate the time-dependency of SOCE inhibition by CFTRinh-172, a shorter (3-min;
Figure 3.3A) and a longer (30-min; Figure 3.3B) exposure to CFTRinh-172 was applied. The
frequency of a visible inhibition of SOCE #2 was notably higher in cells treated for 30-min
with CFTRinh-172. Repeated-measure ANOVA with multiple comparisons was performed to
examine the effect of CFTRinh-172 on SOCE (SOCE #1 vs. SOCE #2), as well as any potential
reversibility (SOCE #1, 2 vs. SOCE #3); the summary data for the peak amplitude and rate of
each SOCE is presented in Table 3.1.
In the vehicle control experiments, with data from various treatment durations pooled together,
the amplitudes of the 3 repeated SOCE were not significantly different (p>0.05 for all multiple
comparisons), validating the reproducibility of this repeated-addback protocol. However, the
rates of SOCE #2 and 3 were significantly higher than that of SOCE #1 (p<0.05, SOCE #2 and
3 vs. 1), suggesting that longer exposure to a Ca2+-free external solution may have further
depleted Ca2+ stores.
In terms of inhibition of SOCE peak amplitude by CFTRinh-172, both SOCE #2 and 3 were not
significantly lower than SOCE #1 in the cells pre-treated for 3-min with the drug (p>0.05 for
all multiple comparisons). On the other hand, SOCE #2 was significantly attenuated only in the
30-min exposure group (p<0.05, SOCE #2 vs. 1), and this was not reversible following 30-min
washout of the compound (p<0.05, SOCE #3 vs. 1). In contrast, in the 10-min treatment group,
SOCE #3 was significantly lower than both SOCE #1 and 2 (p<0.05 for SOCE #3 vs. 1 and 2),
again suggesting that CFTRinh-172 requires >10 minutes to consistently exert an irreversible
inhibitory effect on SOCE. Although none of the multiple comparisons between SOCE rates
returned statistical significance, similar trends were observed – the rate of SOCE #2 was visibly
lower than SOCE #1 in the 30-min treatment group, while only SOCE #3 appeared to be lower
than SOCE #1 in the 3- and 10-min exposure experiments.
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Figure 3.3: CFTRinh-172 inhibits SOCE in Calu-3 cells in a time-dependent manner in Calu-3 cells.
Representative Ca2+ fluorimetry traces tracking changes in [Ca2+]i following a Tg-activated, repeated
Ca2+ addback protocol, with 3-min (A) or 30-min (B) CFTRinh-172 pre-treatment before the second
SOCE was activated.
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Amplitude

Rate

Treatment

DMSO
3 mins
CFTRinh-172
10 mins
CFTRinh-172
30 mins
CFTRinh-172

SOCE #1

SOCE #2

SOCE #3

SOCE #1

SOCE #2

SOCE #3

0.33±0.03

0.35±0.03

0.35±0.03

0.24±0.03*$

0.31±0.04

0.31±0.04

0.21±0.04

0.24±0.03

0.13±0.03

0.15±0.04

0.18±0.04

0.09±0.03

0.34±0.04$

0.25±0.04$

0.14±0.03

0.28±0.08

0.21±0.06

0.08±0.02

0.42±0.07*$

0.23±0.05

0.26±0.06

0.27±0.05

0.11±0.03

0.18±0.06

Table 3.1: Summary data of SOCE peak amplitude and rate in cells pre-treated for different
durations with the vehicle DMSO or CFTRinh-172. Data from different durations of DMSO treatment
were pooled together. n=4-14. Repeated-measure one-way ANOVA with Holm-Sidak multiple
comparisons tests was performed across the three SOCE, within each of the four datasets. Data presented
as mean ± SEM. * = p<0.05 vs. SOCE #2; $ = p<0.05 vs. SOCE #3.

Examining the percentage inhibition, from SOCE #1 to SOCE #2, revealed a significantly
greater inhibition of SOCE amplitude by 10-min and 30-min exposure to CFTRinh-172,
compared to 3-min exposure and the vehicle control experiments (Figure 3.4A; p<0.05, HolmSidak multiple comparisons). Similarly, the inhibition of SOCE rate was significantly greater
in cells treated with CFTRinh-172 for 30-min, compared to those cells treated for 3-min with
CFTRinh-172 or with DMSO (Figure 3.4B; p<0.05, Holm-Sidak multiple comparisons). To
investigate whether treatment duration correlated with an increased inhibition, a chi-square test
was performed. A -10% change was used as the threshold for significant inhibition, as it was
observed that in all experiments, the vehicle control and the 3-min treatment with CFTRinh-172
caused less than 10% inhibition (Figure 3.4A, B). For both peak amplitude (Figure 3.4C) and
rate (Figure 3.4D), the frequency of >10% inhibition increased as duration of exposure
increased. The chi-square test was statistically significant for the frequency distribution of both
parameters, suggesting a time-dependency of SOCE inhibition by CFTRinh-172 in Calu-3 cells.
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Figure 3.4: Duration of CFTRinh-172 exposure determines the extent and frequency of SOCE
inhibition in Calu-3 cells. (A-B): Summary of percentage change in SOCE peak amplitude (A) and
rate (B), from SOCE #1 to SOCE #2, following DMSO or CFTRinh-172 treatment of different durations.
One-way ANOVA with Holm-Sidak multiple comparisons tests was performed across the four groups.
Data presented as mean ± SEM. * = p<0.05 vs. DMSO; # = p<0.05 vs. 3 mins. (C-D) Frequency of >10%
inhibition of SOCE amplitude (C) and rate (D) by DMSO or CFTRinh-172 treatment of different
durations. n = 4-14. A chi-square test was performed across the four groups. χ = p<0.05 for chi-square
test.

3.3.2

Forskolin and CFTRinh-172 additively inhibit SOCE in Calu-3 cells

As the CFTR inhibitor significantly reduced SOCE in Calu-3 cells, the dependency of this
response on CFTR activity was further investigated. The repeated addback protocol was applied
to study the effects of pre-treating the cells with forskolin (Figure 3.5B), an indirect activator
of CFTR. This enabled the examination of whether a purported increased CFTR activity would
augment SOCE given that the CFTR inhibitor CFTRinh-172 reduced SOCE. Moreover, the
specificity of any potential effects of forskolin was studied by blocking CFTR with CFTRinh58

172 before forskolin exposure (Figure 3.5D). Experiments where cells were exposed to
CFTRinh-172 only for 10- or 30-min, shown above in Table 3.1, were also included (Figure
3.5C), as a reference to identify any additional effects of forskolin following CFTRinh-172
treatment. The summary of peak amplitude and rate of individual SOCE in each treatment group
is presented in Table 3.2.
The vehicle control for this set of experiments also exhibited reproducible SOCE, where all 3
SOCE response reached a similar amplitude (Figure 3.5A). However, the influx rate was
significantly higher in SOCE #2 and 3 (p<0.05, SOCE #2 and 3 vs. 1), consistent with the trend
observed in Table 3.1. On average, a 10-min pre-treatment with 5µM forskolin did not
significantly alter the peak SOCE response (p>0.05 for all multiple comparisons), but did
attenuate the influx rate (p<0.05, SOCE #2 vs. SOCE #1), indicating that forskolin alone slowed
down Ca2+ influx.
On the other hand, pooling together data from 10- or 30-min treatment with CFTRinh-172, the
amplitude, but not rate, of SOCE #2 was significantly reduced (p<0.05 for amplitude, SOCE
#2 vs. SOCE #1). However, the inhibition of the peak amplitude and rate were significant after
an extended period, following washout (p<0.05, SOCE #1 vs. 3). Surprisingly, a 10-min
exposure to the combination of forskolin and CFTRinh-172, after 20-min treatment with
CFTRinh-172 (30-min total for CFTRinh-172), induced a significant, irreversible inhibition of
both the amplitude and rate of SOCE (p<0.05 for both amplitude and rate, SOCE #2 and 3 vs.
1).
Comparing the percentage change in amplitude (Figure 3.5E) and rate (Figure 3.5F) from SOCE
#1 to SOCE #2, all three treatment groups induced significantly greater inhibition on both the
amplitude and rate of SOCE compared to the vehicle control group (p<0.05 for both amplitude
and rate, for all treatment groups vs. DMSO). Treatment with CFTRinh-172 inhibited the peak
SOCE amplitude to a greater extent than forskolin, but the % change in rate was similar between
the two groups, consistent with the significant inhibition of SOCE rate, but not amplitude, by
forskolin shown in Table 3.1. More interestingly, the percentage reduction in SOCE amplitude
exerted by the combination of 172+fsk was significantly higher than by either forskolin or
CFTRinh-172 individually; the same was observed for the rate of 172+fsk against CFTRinh-172treated SOCE. These results were surprising as forskolin treatment was hypothesised to
augment SOCE, as CFTRinh-172 alone inhibited SOCE; instead, the significant differences in
the efficacy of SOCE inhibition when cells were exposed to both agents suggest that forskolin
acts additively with CFTRinh-172 to inhibit SOCE in Calu-3 cells.
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Figure 3.5: Forskolin and CFTRinh-172 additively inhibit SOCE in Calu-3 cells. (A-D)
Representative Ca2+ fluorimetry traces tracking changes in [Ca2+]i following a Tg-activated, repeated
Ca2+ addback protocol, with a pre-treatment with DMSO for 10 or 30 mins (A); 5µM forskolin for 10
mins (B); 20µM CFTRinh-172 for 10 or 30 mins (C); or CFTRinh-172 for 20 mins followed by addition
of forskolin for 10 mins (D) before the second SOCE was induced. (E-F) Summary of percentage change
in SOCE peak amplitude (E) and rate (F), from SOCE #1 to SOCE #2, following treatment of DMSO
or CFTR modulators as described above. One-way ANOVA with Holm-Sidak multiple comparisons
tests was performed across the four groups. * = p<0.05 vs. DMSO; $ = p<0.05 vs. 172; # = p<0.05 vs.
172+fsk. n = 9-14. Data presented as mean ± SEM.
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Amplitude

Treatment

Rate

SOCE #1

SOCE #2

SOCE #3

SOCE #1

SOCE #2

SOCE #3

DMSO

0.33±0.03

0.35±0.03

0.35±0.03

0.24±0.03*$

0.31±0.04*$

0.32±0.04

Forskolin

0.38±0.05

0.33±0.04

0.33±0.05

0.37±0.07*

0.17±0.03

0.21±0.04

CFTRinh-172

0.39±0.05*$

0.24±0.03*$

0.21±0.04

0.27±0.04$

0.24±0.03

0.21±0.04

0.26±0.02

0.06±0.01

0.05±0.01

0.20±0.02*$

0.01±0.00

0.02±0.00

Forskolin +
CFTRinh-172

Table 3.2: Summary data of SOCE peak amplitude and rate in cells pre-treated with the vehicle
DMSO or different CFTR modulators, as detailed in Figure 3.5. Data from various durations (10 or
30-min) of DMSO/CFTRinh-172 treatment was pooled together, including data from Table 3.1.
Repeated-measure one-way ANOVA with Holm-Sidak multiple comparisons tests was performed
across the three SOCE, within each of the four datasets. n=9-14. Data presented as mean ± SEM. * =
p<0.05 vs. SOCE #2; $ = p<0.05 vs. SOCE #3.

3.3.3

Inhibition of SOCE in epithelial cells does not require CFTR

The surprising observation that both forskolin and CFTRinh-172 had additive inhibitory effects
on SOCE suggests that the action of one or both of these agents was independent of CFTR. To
investigate whether the inhibitory effects of CFTRinh-172 and forskolin required CFTR, the
HEK293 cell line was studied as these cells have been reported to not express CFTR (Domingue
et al., 2014).
To validate that HEK cells do not express CFTR, qPCR analysis was performed to study mRNA
levels. Two different primers were used to detect CFTR, whereas the housekeeping genes
GAPDH and 18S were used to ensure even loading. The amplification curves for these genes
are displayed in Figure 3.6A. The two CFTR primers detected expression in Calu-3 cell samples
with a CT value of 25.8 and 28.3, respectively. In contrast, in HEK cell samples, the CT values
were 39.2 and 34.7, respectively, close to the maximum detection CT range (40) for the
LightCycler 480 system used.
In addition, the lack of CFTR protein expression in HEK cells was validated by Western
blotting, using a widely applied CFTR antibody from the CF Foundation, CFFT-596 (Mall et
al., 2004). Calu-3 cells, which have a very high expression of CFTR (Shen et al., 1994), were
used as a positive control. With the same amount of loaded protein, a diffuse ~180kDa band
was observed in Calu-3 cell lysates, which was absent in lysates of HEK cells (Figure 3.6B).
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Therefore, the Western blot and qPCR results provide evidence that HEK cells do not express
appreciable levels of CFTR.

Figure 3.6: HEK cells do not express CFTR. (A) Amplification curves for CFTR, using two different
primers, and housekeeping genes GAPDH and 18S, in qPCR analysis. Each sample was ran in duplicates.
(B) Western blot image of samples probed for CFTR expression using the CFFT-596 primary antibody
(n = 1). The molecular mass of fully glycosylated (Band C) CFTR is ~180kDa.
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To ascertain whether the inhibition of SOCE by CFTRinh-172 was dependent on CFTR, HEK
cells were exposed to CFTRinh-172 for 30 mins in the repeated SOCE protocol shown above
(Figure 3.7B). The vehicle DMSO was used as a negative control (Figure 3.7A). The peak
amplitude and rate of individual SOCE is summarised in Table 3.3.
Similar to in Calu-3 cells, the vehicle control experiments in HEK cells also had reproducible
SOCE amplitude and rate (p>0.05 for all multiple comparisons). However, the higher influx
rate in SOCE #2 and 3, compared to SOCE #1, was still observed, although this did not reach
statistical significance.
Despite HEK cells not expressing CFTR, 30-min treatment with CFTRinh-172 caused a
significant inhibition of SOCE (p<0.05 for amplitude and rate, SOCE #2 vs. 1). This inhibition
was not reversible following 30-min washout of the compound (p<0.05 for amplitude and rate,
SOCE #3 vs. 1), suggesting that CFTRinh-172 exerted an off-target effect, i.e. not involving
CFTR, to inhibit SOCE.

Figure 3.7: CFTRinh-172 also inhibited SOCE in HEK293 cells. Representative Ca2+ fluorimetry
traces tracking changes in [Ca2+]i following a Tg-activated, repeated Ca2+ addback protocol, with pretreatment of DMSO (A) or 20µM CFTRinh-172 (B) for 30 mins.
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Amplitude

Treatment

Rate

SOCE #1

SOCE #2

SOCE #3

SOCE #1

SOCE #2

SOCE #3

DMSO

0.14±0.03

0.15±0.04

0.14±0.03

0.11±0.02

0.16±0.04

0.15±0.03

CFTRinh-172

0.19±0.02*$

0.08±0.01$

0.05±0.00

0.21±0.03*$

0.06±0.01

0.03±0.00

GlyH-101

0.11±0.01*$

0.06±0.01

0.04±0.01

0.11±0.01*$

0.04±0.01$

0.01±0.00

Tannic acid

0.20±0.01$

0.09±0.02

0.03±0.00

0.19±0.01

0.01±0.00*$

0.01±0.00

Table 3.3: Summary data of SOCE peak amplitude and rate in HEK293 cells pre-treated with the
vehicle DMSO or different chloride channel inhibitors. Data from various durations of DMSO
treatment (10 or 30 mins) was pooled together. Repeated-measure one-way ANOVA with Holm-Sidak
multiple comparisons tests was performed across the three SOCE, within each of the four datasets. n =
4-6. Data presented as mean ± SEM. * = p<0.05 vs. SOCE #2; $ = p<0.05 vs. SOCE #3.

To investigate if the off-target effect of CFTRinh-172 was unique to this compound or evident
in other supposed CFTR-specific agents, the effect of GlyH-101 (Muanprasat et al., 2004), a
pore blocker of CFTR, on SOCE was studied (Figure 3.8A). Similar to CFTRinh-172, a 10-min
pre-treatment with 10µM GlyH-101 significantly inhibited the amplitude and rate of SOCE #2
in HEK cells (Table 3.3; p<0.05, SOCE #2 vs. 1), and this inhibition was also irreversible
(p<0.05, SOCE #3 vs. 1), indicating that SOCE inhibition may be a wider off-target effect of
CFTR blockers.
To investigate whether inhibitors of chloride channels other than CFTR exhibit a similar offtarget effect, the impact of tannic acid, an inhibitor of calcium-activated chloride channels
(CaCC), that does not block CFTR (Namkung et al., 2010), on SOCE was examined (Figure
3.8B). HEK293 cells are not known to conduct CaCC currents, or to express appreciable levels
of TMEM16A protein, the putative CaCC in epithelial cells (Tian et al., 2011). It was observed
that a 10-min treatment with 100µM tannic acid did not significantly inhibit the amplitude of
SOCE #2 (Table 3.3; p>0.05, SOCE #2 vs. 1), but SOCE #3 was significantly attenuated
(p<0.05, SOCE #3 vs. 1) – a similar delayed inhibition as seen in 10-min exposure to CFTRinh172. However, the rate of SOCE was significantly and irreversibly inhibited by tannic acid
(p<0.05, SOCE #2 and 3 vs. 1).
In terms of the percentage change from SOCE #1 to SOCE #2, all three chloride channel
blockers exerted significantly greater inhibition on both the amplitude and rate of SOCE,
compared to the vehicle DMSO (Figure 3.8C-D; p<0.05 for both amplitude and rate, for all
treatment groups vs. DMSO). The percentage change in both parameters was comparable
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amongst the three compounds, with no significant difference between any of the three drugs.
Together, these data indicate that several chloride channel inhibitors reduce SOCE in HEK293
cells, independent of CFTR.

Figure 3.8: Distinct chloride channel blockers inhibit SOCE in HEK293 cells. (A-B) Representative
Ca2+ fluorimetry traces tracking changes in [Ca2+]i following a Tg-activated, repeated Ca2+ addback
protocol, with pre-treatment with 10µM GlyH-101 (A) or 100µM tannic acid (B) for 10 mins before the
second SOCE was activated. (C-D) Summary of percentage change in SOCE peak amplitude (C) and
rate (D), from SOCE #1 to SOCE #2, following treatment of DMSO or various chloride channel
inhibitors as described above. n = 4-6. One-way ANOVA with Holm-Sidak multiple comparisons tests
was performed across the four groups. Data presented as mean ± SEM. * = p<0.05 vs. DMSO.

The unexpected off-target effect of supposedly selective CFTR inhibitors on SOCE presented
an obstacle for using these agents to investigate the effects of CFTR function on Ca2+ handling
in ASMC. In the original screening study that characterised CFTRinh-172, the CFTR current
was inhibited within 2 minutes after drug exposure (Ma et al., 2002). However, the timedependency of CFTRinh-172 inhibition of SOCE presented an opportunity to shorten the
exposure time to the drug to study CFTR-specific effects, before such off-target effects
manifested. Since the results in Figure 3.3 showed that a 3-min exposure did not significantly
inhibit SOCE, this treatment duration could be used to examine the effects of specific CFTR
inhibition on SOCE or other aspects of Ca2+ homeostasis in ASMC.
To ascertain the efficacy of CFTR inhibition by CFTRinh-172 within 3 minutes, Ussing chamber
experiments were performed using polarised Calu-3 cells, and CFTR-dependent short-circuit
current (ISC) was measured. Under a basolateral to apical Cl- gradient, addition of 5µM forskolin
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induced a rapid, biphasic increase in ISC, and the second phase of the response reached a stable
plateau after 10 minutes (Figure 3.9A). After the plateau was reached, 20µM CFTRinh-172 (or
DMSO as the vehicle control) was added to inhibit the portion of the fsk-induced current
specific to CFTR. The inhibition of CFTR-specific currents reached a new plateau within 10
minutes (Figure 3.9A), with a maximal change in ISC of 60.6±9.0 µA/cm2 that was significantly
greater than the change induced by DMSO alone (Figure 3.9B; p<0.05, DMSO vs. 172). This
maximal change was used to normalise the percent inhibition over time, with 100% being the
change in ISC after 10 mins of CFTRinh-172 exposure for each individual experiment. At 1 min,
CFTRinh-172 inhibited 13.5±2.6% of CFTR-specific currents, and this reached 60.1±5.7% at 3
mins (Figure 3.9C). Such significant inhibition of CFTR currents within 3 mins lent confidence
using this exposure duration for studying the effects of CFTR modulation by CFTRinh-172 on
Ca2+ signalling in cultured ASMC.

Figure 3.9: Inhibition kinetics of CFTRinh-172 on CFTR-mediated short circuit current (ISC) in
Calu-3 cells. (A) Representative Ussing chamber traces tracking ISC in polarised Calu-3 cells. Amiloride
was added in the beginning of each experiment to block ENaC currents. A Cl- gradient of 134mM
basolateral to 0mM apical was applied to amplify Cl- secretion. (B) Summary of peak negative change
in ISC induced by DMSO or 20µM CFTRinh-172. Unpaired t-test was performed between the two
treatment groups. (C) The percentage of peak change in ISC induced by CFTRinh-172 over time, with
100% being the maximal ΔISC at 10 mins. n = 5-6. Data presented as mean ± SEM.
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3.3.4

CFTR is expressed in rat and human ASMC

As detailed in the Introduction chapter, CFTR has been reported to be expressed in rat and
human ASMC, and localised intracellularly. Before studying CFTR in ASMC, the expression
of CFTR was validated in isolated rat and human ASMC. The global expression of CFTR was
examined by Western blot analysis, and lysates from Calu-3 cells were used as the positive
control. The CFFT-596 antibody, which detected mature, fully glycosylated (Band C; ~180
kDa) CFTR in Calu-3 cells (Figure 3.6B), was not able to pick up CFTR in rASMC and hASMC.
Using a different, rabbit polyclonal antibody from Alomone Labs, ACL-006, the partially
glycosylated form of CFTR (Band B; ~160 kDa) was clearly detected in Calu-3 cells (Figure
3.10A). This CFTR band was not present in the negative control, where blots were probed
without the primary antibody (right panels in Figure 3.10). However, under the same exposure
conditions, only a faint band was observed in rASMC lysate, and no bands were detected in
hASMC. After prolonged exposure, Band B was detected in both rat and human ASMC (Figure
3.10A). Another notable result from Figure 3.10A was the prominent low molecular mass bands
(~110 and 90 kDa) in all three samples that were inconsistent with the mass of the two distinct
CFTR bands, which may be attributed to non-specific binding of the antibody, or degradation
products of CFTR in these samples. These are not likely to be Band A, the non-glycosylated
form, of CFTR (~130 kDa). These low molecular mass bands were also faintly present in the
negative control under longer exposure.
To circumvent the potential non-specific binding of ACL-006, cell lysates were first
immunoprecipitated using CFFT-596 prior to Western blot analysis with ACL-006. This
protocol combined the sensitivity of ACL-006 and the specificity of CFFT-596, as Western
blotting with CFFT-596 did not produce low molecular mass bands (Figure 3.6B), but was not
able to detect CFTR in rASMC and hASMC. Following immunoprecipitation, a prominent
Band C, along with a faint Band B, was observed in Calu-3 cell lysates, and low molecular
mass bands were mostly undetectable (Figure 3.10B). With a prolonged exposure, Band C was
also detected in hASMC lysates (Figure 3.10B). Therefore, CFTR is expressed in rat and human
ASMC, but expression levels are low relative to in Calu-3 cells.
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Figure 3.10: CFTR is expressed in cultured rat and human ASMC. (A) Representative Western blot
images of samples probed for CFTR using the ACL-006 primary antibody (1:1000 dilution). n = 3 for
Calu-3 and rASMC, n = 2 for hASMC. Longer exposure durations were applied to rASMC and hASMC
samples to detect CFTR. (B) Representative Western blot images demonstrating detection of mature
CFTR through immunoprecipitation (n = 2). Lanes labelled “IP” were samples that were
immunoprecipitated using the CFFT-596 primary antibody before Western blotting. Samples were
probed for CFTR using the ACL-006 primary antibody (1:1000 dilution). A longer exposure duration
was applied to the immunoprecipitated hASMC sample to detect CFTR. The molecular mass for fully
glycosylated CFTR is 180 kDa (Band C); the 160 kDa band (Band B) is partially glycosylated CFTR;
the non-glycosylated form of immature CFTR appears as Band A (130 kDa). Right panels are negative
control blots for the left panels, probed without the primary antibody.

After confirming the expression of CFTR in rat and human ASMC, its cellular localisation was
investigated by immunofluorescence. The relatively specific antibody, CFFT-596, was not able
to detect CFTR by immunofluorescence labelling in rASMC after multiple attempts. Therefore,
ACL-006 was used to stain for CFTR in rASMC, while CFFT-596 was used to probe for
hASMC CFTR. In Calu-3 cells, both ACL-006 (Figure 3.11A) and CFFT-596 (Figure 3.11B)
produced perinuclear fluorescent staining patterns, with signals detected in both the plasma
membrane and intracellular compartments of the cells. In contrast, in rASMC and hASMC, the
CFTR staining was mostly intracellular, with no obvious plasma membrane staining. These
results indicate that CFTR is predominantly expressed intracellularly in rat and human ASMC.
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Figure 3.11: Cellular localisation of CFTR in cultured rat and human ASMC. Representative
immunofluorescence images of methanol-fixed Calu-3 cells, rASMC (A), and hASMC (B) stained for
CFTR using the ACL-006 (A; 1:100 dilution) or the CFFT-596 (B; 1:300 dilution for Calu-3 and 1:200
for hASMC) primary antibody. 2-3 independent experiments were performed for rASMC and hASMC,
and images from at least 2 fields of view were gathered. Cell nuclei were stained with DAPI. Scale bars
are 50µm.
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3.3.5

The effects of pharmacological CFTR inhibitor on SOCE and Ca2+ store release in
rASMC

After confirming that CFTR was expressed in cultured rat and human ASMC, the role of CFTR
in ASMC Ca2+ homeostasis was examined. The repeated Ca2+ addback protocol used previously
on Calu-3 cells was applied to cultured rASMC, with 3-min exposure to CFTRinh-172, to
investigate the effects on SOCE (Figure 3.12B). The summary data is presented in Table 3.4.
A similar vehicle control protocol (Figure 3.12A) was also applied to demonstrate
reproducibility of repeated SOCE responses. In rASMC, this reproducibility was maintained
across 3 repeated SOCE, with no significant difference between any of the three response
amplitude or rate (Table 3.4; p>0.05 for all multiple comparisons).
On the other hand, a 3-min pre-treatment with CFTRinh-172 did not significantly reduce the
peak amplitude of SOCE #2 (Table 3.4; p>0.05, SOCE #2 vs. 1). However, the rate of SOCE
was significantly attenuated by CFTRinh-172 treatment (p<0.05, SOCE #2 vs. 1). This inhibition
was not reversible (p<0.05, SOCE #3 vs. 1), but the persistent effects of CFTRinh-172 on SOCE
#3 may be non-specific. The significant inhibition in the rate of SOCE, despite the short
treatment duration of 3 mins, suggests that the effect of the inhibitor was potentially CFTRspecific.

Figure 3.12: CFTRinh-172 reduces the rate of SOCE in rASMC. Representative Ca2+ imaging traces
tracking changes in [Ca2+]i following a Tg-activated, repeated Ca2+ addback protocol, with 3-min pretreatment of DMSO (A) or 20µM CFTRinh-172 (B) before the second SOCE was activated.
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Amplitude

Rate

Treatment
SOCE #1

SOCE #2

SOCE #3

SOCE #1

SOCE #2

SOCE #3

DMSO

0.19±0.05

0.16±0.04

0.16±0.04

0.09±0.03

0.07±0.02

0.06±0.02

CFTRinh-172

0.22±0.07

0.15±0.03

0.13±0.03

0.10±0.02*$

0.04±0.01

0.04±0.01

Table 3.4: Summary data of SOCE peak amplitude and rate in rASMC pre-treated for 3 mins
with the vehicle DMSO or CFTRinh-172. Repeated-measure one-way ANOVA with Holm-Sidak
multiple comparisons tests was performed across the three SOCE. n = 6-7. Data presented as mean ±
SEM. * = p<0.05 vs. SOCE #2; $ = p<0.05 vs. SOCE #3.

In addition to SOCE, Ca2+ release from intracellular stores, another core component of Ca2+
homeostasis, was investigated. In particular, the effect of CFTR activation and inhibition on
GPCR-coupled Ca2+ store release, a major mechanism in initiating ASMC contraction, was
examined. Here, rASMC were exposed to 100µM ATP to activate Ca2+ release following a 3min pre-treatment with the vehicle DMSO (Figure 3.13A), forskolin (Figure 3.13B), CFTRinh172 (Figure 3.13C), or both (Figure 3.13D). As repeated exposures to ATP was not possible
due to receptor desensitisation, an unpaired approach comparing separate individual
experiments was used. Day-matched controls were performed to minimise variability for these
unpaired comparisons, with the same number of experiments for each treatment group per day,
with cells from the same plate. A summary of the peak amplitude, rate, recovery rate, and extent
of recovery are presented in Table 3.5.
A 3-min pre-treatment with forskolin, CFTRinh-172, or the combination did not produce any
significant effects on the amplitude or rate of ATP-induced Ca2+ release, compared to the
vehicle control (Table 3.5; p>0.05 vs. DMSO for all 3 groups). Similarly, the recovery rates
following the peak of the ATP response were also similar in all four groups (p>0.05 for all
multiple comparisons).
However, an elevated plateau following recovery of ATP-induced Ca2+ release was observed
in ASMC that were treated with 172+fsk (Figure 3.13D). Analysis of the amplitude of this
elevated plateau, in relation to the baseline ratio prior to ATP stimulation, revealed a
significantly higher plateau in the 172+fsk-treated group, compared to the vehicle-treated, fsktreated, and the 172-treated group (Table 3.5). Moreover, exposure to forskolin or CFTRinh-172
individually also resulted in a higher post-recovery plateau compared to the vehicle control
experiments, in which the plateau was slightly lower than baseline before ATP stimulation
(p<0.05 for DMSO vs. 172 or fsk). These data suggest that CFTRinh-172 and forskolin,
individually or in combination, inhibited the extent, but not the rate, of calcium reuptake in
rASMC.
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Figure 3.13: CFTR activation and inhibition do not markedly affect ATP-induced Ca2+ store
release in rASMC. Representative Ca2+ imaging traces tracking changes in [Ca2+]i following
stimulation of Ca2+ store release with 100µM ATP, with 3-min pre-treatment of DMSO (A); 5µM
forskolin (B); 20µM CFTRinh-172 (C); or the combination of forskolin and CFTRinh-172 (D).

Treatment

Amplitude

Rate

Recovery rate

Recovery extent

DMSO

0.80±0.15

8.90±3.77

-0.48±0.11

-0.03±0.00

Forskolin

0.87±0.15

7.44±1.94

-0.40±0.05

-0.01±0.01*$

CFTRinh-172

0.64±0.11

4.93±0.91

-0.30±0.07

-0.01±0.01*$

0.73±0.10

7.92±1.61

-0.48±0.09

0.06±0.01*

Forskolin +
CFTRinh-172

Table 3.5: Summary of peak amplitude, rate, recovery rate, and extent of recovery of ATPcoupled Ca2+ release in rASMC following treatment with different CFTR modulators. Extent of
recovery was calculated as level of plateau above the pre-ATP-stimulated baseline. One-way ANOVA
with Holm-Sidak multiple comparisons tests were performed across the four treatment groups. n = 6.
Data presented as mean ± SEM. * = p<0.05 vs. DMSO; $ = p<0.05 vs. fsk+172.
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3.4

Discussion

The results presented in this chapter indicate that activation of CFTR with forskolin in Calu-3
cells significantly reduced the rate of SOCE, while specific inhibition of CFTR with a short
exposure to CFTRinh-172 did not affect SOCE. In addition, previously unknown off-target
effects of several Cl- channel inhibitors were identified. Specifically, two inhibitors of CFTR,
CFTRinh-172 and GlyH-101, exerted CFTR-independent, time-dependent inhibition of SOCE
in human epithelial cells, which was also observed with a blocker of another Cl- channel, tannic
acid. After characterising these off-target effects, it was established that a short-exposure to
CFTRinh-172 was suitable for studying CFTR-specific effects, as a 3-min exposure to CFTRinh172 inhibited cAMP activated ISC, but did not significantly attenuate SOCE in Calu-3 cells.
Furthermore, CFTR was found to be expressed, and localised intracellularly, in both rat and
human ASMC. Using the short-exposure protocol for CFTRinh-172, it was observed that CFTR
inhibition in cultured rASMC significantly attenuated the rate, but not the capacity, of SOCE,
as well as the extent, but not the rate, of [Ca2+]i recovery following ATP-induced store release.
A number of previous studies have demonstrated that CF epithelial cells exhibit enhanced Ca2+
mobilisation (explored in section 1.6.1). Notably, Balghi et al. (2011) showed that F508delCFTR epithelial cells had upregulated SOCE compared to non-CF cells. However, the effect of
CFTR activation on SOCE has not been reported. In this current study, activation of CFTR in
Calu-3 cells by forskolin irreversibly inhibited the rate, but not the peak amplitude, of SOCE
(Figure 3.5), which could be attributed to CFTR activation, or other downstream signalling
pathways as a result of elevated intracellular cAMP levels. From an electrochemical perspective,
cAMP-activated Cl- efflux by CFTR would significantly depolarise the membrane potential to
near the equilibrium potential for Cl- (ECl; ~35mV assuming 30mM intracellular Cl-), reducing
the electrochemical driving force for Ca2+ entry (Devor et al., 1999).
In a study investigating the link between SOCE and CF, Balghi et al. (2011) reported an
increased exocytic insertion of the SOCC, Orai1, at the plasma membrane in CF human
epithelial cells, which contributed to augmented SOCE, which was reversed by the rescue of
F508del-CFTR trafficking to the plasma membrane. They proposed that the presence of CFTR
protein, but not its activity, at the plasma membrane was responsible for regulation of SOCE,
by showing that CFTRinh-172, added at the same time as Ca2+ was added back following store
depletion, did not affect SOCE in CFBE cells transduced with WT-CFTR. However, this
protocol did not allow enough time for CFTRinh-172 to take effect, since CFTRinh-172 is an
allosteric inhibitor that needs to cross the plasma membrane and bind to the cytoplasmic NBDs
of CFTR (Ma et al., 2002), and therefore its actions are not immediate; for instance, in Calu-3
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cells, only <20% inhibition was observed after a 1 min treatment with CFTRinh-172 (Figure
3.9). The protocol in this current study thus pre-treated the cells with the inhibitor for a certain
duration before SOCE was initiated, and the results were in agreement with Balghi et al. (2011),
that the intended specific inhibition of CFTR activity at the plasma membrane did not
significantly affect SOCE in human epithelial cells expressing functional WT-CFTR.
On the other hand, the off-target inhibition of SOCE by CFTRinh-172 was validated in HEK293
cells, a cell line that does not express CFTR. The lack of CFTR expression was confirmed in
the current study using qPCR analysis (Figure 3.6A), which demonstrated high CT values for
amplification of CFTR, using two different primers, in HEK cell samples. The maximum
detection CT range for the LightCycler 480 system used was 40, and signals detected at cycles
close to the maximal detection range (last 5 cycles according to the LightCycler 480 software)
have high uncertainty as expression levels are either too low to be reliably detected, or may be
due to artefacts such as cross-contamination or non-specific amplification (Nolan et al., 2006;
Burns and Valdivia, 2008). Thus, the expression of CFTR mRNA in HEK cells was negligible,
especially compared to the high CFTR expression levels in Calu-3 cells. Using these HEK cells,
it was demonstrated that CFTRinh-172 and GlyH-101, two supposedly selective CFTR
inhibitors, exerted an off-target effect to reduce SOCE. However, despite the results on HEK
cells, it is not certain whether the SOCE-inhibitory effects of CFTRinh-172 on Calu-3 cells are
completely independent of CFTR.
The specificity of both CFTRinh-172 and GlyH-101 has previously been questioned. Melis et
al. (2014) showed that, in addition to CFTR, these agents also inhibited volume-sensitive Clchannels (VSCC), and GlyH-101 inhibited CaCC, in both CFTR-expressing kidney cells and
the non-CFTR-expressing PS120 cell line. Moreover, GlyH-101, but not CFTRinh-172, was also
shown to inhibit SLC26A9, a member of the Solute-Linked Carrier transporter family, which
facilitates Cl- conductance in epithelial cells (Bertrand et al., 2009). Outside of Cl- channels,
both CFTRinh-172 and GlyH-101 have also been shown to induce ROS production and
mitochondrial membrane depolarisation in cells lacking functional CFTR, including human CF
lung epithelial cells and non-CFTR-expressing cell lines (Kelly et al., 2010). However, the
results in this chapter are the first report of the off-target inhibitory effects of several chloride
channel inhibitors on SOCE in epithelial cells. Interestingly, CFTR itself has shown to be
indirectly activated by Ca2+ (reviewed in Billet and Hanrahan (2013)). For instance, Ca2+
activates several isoforms of adenylyl cyclase (1 and 8), which catalyses cAMP production
(reviewed in Halls and Cooper (2011)), as well as Pyk2/Src, tyrosine kinases that directly
phosphorylate CFTR, and inhibit dephosphorylation of CFTR (Billet et al., 2013). Therefore,
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the inhibitory effects of CFTRinh-172 and GlyH-101 on CFTR-mediated anion transport may
be partially attributed to the off-target downregulation of [Ca2+]i.
An interesting aspect of this inhibitory effect of CFTRinh-172 on SOCE was the time lag. In the
original study that identified the compound, Ma et al. (2002) found that it reversibly inhibited
CFTR current within 2 minutes in airway epithelial cells. However, as shown in Figure 3.2-3,
a 3-min and 10-min exposure was not always sufficient to attenuate SOCE, and this inhibition
was not reversed following 15-30 minutes of washout. This delayed effect suggests that
CFTRinh-172 is unlikely to be a pore-blocker of SOCC. The inhibition of SOCE may involve
binding to SOCC leading to allosteric changes in channel gating (similar to how CFTRinh-172
inhibits CFTR), or changes in the function, expression and/or spatial localisation of SOCErelated proteins, specifically the STIM1/Orai1 complex. Another possible explanation is the
involvement of ROS in regulating SOCE, as CFTRinh-172 and GlyH-101 treatment led to ROS
production (Kelly et al., 2010). Moreover, the time-lag of CFTRinh-172 in reducing SOCE in
the present study corresponded with the time-course of intracellular ROS elevation reported by
Kelly et al. (2010), detectable after 5-min and peaking after 30-min following CFTRinh-172 or
GlyH-101 treatment. However, the literature on the interaction between ROS and SOCE
presents conflicting results, which appeared to be cell-type specific. Oxidative stress and ROS
were shown to enhance SOCE in rat arterial SMC (Chen et al., 2017), healthy primary human
prostate epithelial cells (Holzmann et al., 2015), and DT40 chicken B-cell line (Hawkins et al.,
2010), but attenuated SOCE in mouse hippocampal cells (Henke et al., 2013), human T-helper
cells (Bogeski et al., 2010), and prostate cancer cell lines (Holzmann et al., 2015). Calu-3 cells
and HEK293 cells used in the present study were most similar to human prostate cancer cells
in Holzmann et al. (2015); the inhibition of SOCE by CFTRinh-172 and GlyH-101, which
elevate intracellular ROS levels, in the present study was consistent with the inhibition of SOCE
by H2O2 in prostate cancer cells. To further validate this mechanism, the kinetics of intracellular
ROS concentration elevation could be measured following CFTRinh-172 or GlyH-101 exposure,
and the effect of ROS scavengers (e.g. N-acetylcysteine) on disrupting the CFTRinh-172/GlyH101-induced inhibition of SOCE could be investigated.
As outlined in the Introduction chapter, CFTR has been shown to be expressed in cultured rat
ASMC (Vandebrouck et al., 2006), cultured human ASMC (Michoud et al., 2009; Norez et al.,
2014), and freshly isolated porcine ASMC (Cook et al., 2016), and all four studies have reported
diffuse intracellular localisation of CFTR protein, distinct from the predominantly plasma
membrane localisation in epithelial cells. It is worth noting, however, that both Vandebrouck
et al. (2006) and Michoud et al. (2009) used a different CFTR antibody (clone 24-1, R&D
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systems) than the two used in the current study. The detectable expression, as well as
immunofluorescence signals predominantly within the cytoplasmic space reported here, are
consistent with the results from these studies (Figure 3.10). However, there was uncertainty
regarding the specificity of the ACL-006 primary antibody, which detected low molecular mass
bands that were removed by immunoprecipitation with the CFFT-596 antibody. Therefore,
immunofluorescent staining results of rASMC using ACL-006 should be validated using other
specific antibodies, or techniques such as in-situ hybridisation to examine localisation of CFTR
mRNA. In terms of specific localisation to cell organelles, Cook et al. (2016) demonstrated that
CFTR co-localised with markers of the SR in porcine ASMC using the CFFT-596 antibody.
Similarly, it is likely that rat and human ASMC CFTR localises to the SR, but this requires
further investigation. It would also be informative to examine the endogenous processing and
trafficking of the CFTR protein in ASMC, for example by transfecting fluorescent-tagged
CFTR, to examine the time-lapse expression pattern and localisation of CFTR to intracellular
organelles.
Another direction for future experiments, would be to investigate the effect of cigarette smoke
on the localisation of CFTR in ASMC, as CFTR was shown to be internalised from the plasma
membrane following smoke exposure (Rasmussen et al., 2014). In epithelial cell models, this
internalisation of CFTR, which then underwent retrograde trafficking to the ER, was
clathrin/dynamin-mediated, and dependent on dephosphorylation of CFTR by calcineurin, a
Ca2+-dependent phosphatase (Marklew et al., 2019; Patel et al., 2019). In ASMC, where CFTR
is not predominantly expressed on the sarcolemma membrane, CS exposure could potentially
induce a different mechanism and direction of CFTR trafficking. Understanding the potential
changes in the trafficking of CFTR could further elucidate how functional CFTR regulates Ca2+
homeostasis in ASMC, as well as its role in the pathophysiology of CS-related airway diseases.
Using the protocol established following characterisation of the off-target effects of CFTRinh172, it was observed that blocking CFTR activity in rASMC significantly inhibited the rate, but
not peak amplitude, of SOCE (Figure 3.12). This finding was surprising, since activation of
CFTR by forskolin also attenuated the rate of SOCE in Calu-3 cells (Figure 3.5), and CF
epithelial cells were found to have upregulated SOCE (Balghi et al., 2011). A possible
explanation for these discrepancies is the difference in cell types, and the reported differences
in the localisation of CFTR, as SR-localised CFTR in ASMC may serve a different cellular
function than the plasmalemmal CFTR in epithelial cells. For instance, Cl- channels on the SR
membrane of SMC could act to neutralise any build-up of positive charges resulting from SR
Ca2+ release or plasmalemmal Ca2+ influx, through Cl- efflux from the SR, as detailed in section
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1.6.3 of the Introduction chapter. This is coupled with Cl- efflux through plasmalemmal Clchannels, to dissipate the accumulation of negative charges across the SR membrane from SR
Cl- efflux, further enhancing SR Ca2+ release (reviewed in (Janssen, 2002; Hirota et al., 2007a;
Janssen, 2012)). Indeed, Barro-Soria et al. (2010) have proposed that bestrophin-1, a CaCC
localised on the ER membrane that enhanced purinergic-induced Ca2+ release in airway
epithelial cells, facilitates counterion flux to balance changes in ER membrane potential caused
by Ca2+ release and reuptake. Therefore, the counterion flux facilitated by SR-bound Clchannels could participate in enhancing the driving force for plasmalemmal Ca2+ influx, and
hence could explain the inhibitory effect of CFTRinh-172 on SOCE in rASMC observed in the
current study. Indeed, the role of Cl- channels, primarily CaCC, in regulating Ca2+ homeostasis
and ASMC contraction has long been documented (reviewed in Kitamura and Yamazaki (2001);
Janssen (2002)). Specifically, Cl- channel blockers, including tannic acid, niflumic acid, DIDS,
and NPPB, are known to attenuate agonist-induced contraction, and potentiate relaxation, in
various smooth muscle cell types, including human and rat airway smooth muscle (Criddle et
al., 1996; Nelson et al., 1997; Wang et al., 1997; Yuan, 1997; Lamb and Barna, 1998; Yim et
al., 2013; Bernstein et al., 2014; Danielsson et al., 2014). Classically, the activation of CaCC
in SMC has been shown to depolarise cells, thereby activating voltage-gated Ca2+ channels,
allowing influx of Ca2+ to facilitate SMC contraction (reviewed in Leblanc et al. (2005)).
More recently, TMEM16A has been identified as the protein responsible for prevalent Ca2+activated Cl- currents in a variety of cell types (reviewed in Jin et al. (2016)). However, despite
predominantly plasma membrane expression in epithelial cells (Schroeder et al., 2008),
TMEM16A was shown to localise intracellularly in mouse VSMC (Davis et al., 2010) and
hASMC (Gallos et al., 2013), and functionally regulate ASMC Ca2+ homeostasis and airway
contraction. In particular, it was reported that antagonism of TMEM16A by potent blockers,
e.g. niclosamide and benzbromarone, or TMEM16A knockdown, inhibited airway smooth
muscle depolarisation and contraction, reduced Ca2+ influx and SR Ca2+ release, and induced
bronchodilation of maximally contracted airways under inflamed conditions (Huang et al.,
2012; Gallos et al., 2013; Zhang et al., 2013; Dam et al., 2014; Danielsson et al., 2015; Miner
et al., 2019). In contrast, activation of TMEM16A was reported recently to elevate [Ca2+]i, and
led to significant contraction of human airway smooth muscle and guinea pig tracheal rings,
further supporting the importance of Cl- flux in modulating ASMC calcium homeostasis
(Danielsson et al., 2020). However, the limited literature on the role of CFTR in regulating
ASMC Ca2+ homeostasis provided results contradicting data from these recent TMEM16A
studies. For instance, potentiators of CFTR were shown to facilitate relaxation of preconstricted human bronchial rings and inhibition of cholinergic-induced airway narrowing in
77

porcine lung slices, and improved airway distensibility in CF patients (Norez et al., 2014; Adam
et al., 2016; Cook et al., 2016). These results suggest that although both TMEM16A and CFTR
were shown to be functional Cl- channels that are localised predominantly intracellularly in
ASMC (Vandebrouck et al., 2006; Michoud et al., 2009; Gallos et al., 2013; Norez et al., 2014;
Cook et al., 2016), the physiological role of these two channels at regulating ASMC
contractility may employ distinct mechanisms.
On the other hand, experiments studying the effects of CFTR modulation on ATP-induced Ca2+
release revealed that CFTRinh-172 and forskolin, individually and in combination, significantly
inhibited the extent, but not rate, of Ca2+ reuptake/extrusion in rASMC (Figure 3.13). Moreover,
no significant effects of CFTRinh-172 or forskolin on the amplitude and rate of Ca2+ release was
observed. These findings are in contrast to a number of studies in the literature. For instance,
reduced SR Ca2+ release was reported by Michoud et al. (2009) in CF hASMC, as well as nonCF hASMC treated with the relatively non-selective CFTR blockers glibenclamide and DPC.
Similarly, Hirota et al. (2006) showed that blocking Cl- channels with NPPB or depletion of
intracellular Cl- reduced the peak amplitude of caffeine-induced SR Ca2+ release in bovine ASM,
which was not observed here with ATP-induced Ca2+ release. Moreover, Pollock et al. (1998)
reported that blocking Cl- channels, albeit using the relatively non-selective Cl- channel
inhibitors NPPB and indanyloxyacetic acid 94, as well as substituting extracellular Cl- with
SO42-, reduced the rate of SR Ca2+ refilling in saponin-permeabilised rabbit gastric SMC. A
slower rate of Ca2+ reuptake following a cholinergic-agonist challenge was also observed by
Cook et al. (2016) in isolated CF porcine ASMC, compared to non-CF ASMC. It is worth
noting, however, that in both Pollock et al. (1998) and Hirota et al. (2006), SR Ca2+ release was
not inhibited by niflumic acid, suggesting that the functional SR Cl- channel in SMC modulating
SR Ca2+ store release is not likely to be TMEM16A.
Moreover, the seemingly paradoxical effect of forskolin, which activates CFTR, in also
inhibiting the extent of Ca2+ reuptake additively with CFTRinh-172, was surprising, especially
considering the important role of cAMP in ASMC relaxation. Indeed, one of the primary
bronchorelaxation mechanism is through stimulation of b2-adrenoceptors, which leads to
increased production of cAMP. One of the downstream actions of cAMP is the activation of
cAMP-dependent PKA, phosphorylating phospholamban; the dephosphorylated form of
phospholamban normally inhibit SERCA, and so elevated intracellular cAMP levels would
activate SERCA, and thus the reuptake of cytosolic Ca2+ (Bers, 2002; MacLennan and Kranias,
2003). Therefore, the inhibition of Ca2+ reuptake by forskolin, which increases intracellular
cAMP levels, is likely due to cAMP-independent mechanisms. However, it is worth noting that
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the expression of phospholamban in rASMC has not been reported, although phospholamban
protein was detected in murine and bovine ASMC (Koller et al., 2003; McGraw et al., 2006),
but expression levels in hASMC were very low (Sathish et al., 2009).
On the other hand, the relatively low expression of CFTR in ASMC may underlie the lack of
effect of CFTR inhibition on the maximal extent of SOCE, ATP-induced Ca2+ release, and rate
of Ca2+ reuptake. It is also possible that, although a 3-min exposure to CFTRinh-172 rapidly
inhibited over 60% of CFTR-specific currents in Calu-3 cells (Figure 3.9), the same degree of
inhibition may not have been reached in ASMC due to the intracellular localisation of CFTR,
which may require more time for the compound to cross multiple membranes and bind to CFTR.
Moreover, the results obtained using CFTRinh-172 cannot be deemed absolutely CFTR-specific,
despite limiting exposure to 3-min to circumvent the off-target effects observed. Other
alternative techniques to modify CFTR function, such as genetic silencing using shRNA and
CRISPR/Cas9 technology, as well as investigating primary ASMC isolated from CF
patients/animals, are required to validate these findings. In addition, a limitation of the
experiments described in this chapter was that the ATP experiments were unpaired, and this
introduced relatively more variability compared to the repeated SOCE protocol; if possible,
reproducible Ca2+ release manoeuvres should be performed within the same experiment to
validate these results, potentially using other GPCR agonists such as histamine, serotonin,
bradykinin, and various cholinergic agonists.
Based on the results in this chapter, there remains a number of crucial research questions that
need to be investigated, specifically, validating the findings obtained using CFTRinh-172 with
genetic techniques, further exploring the localisation and function of CFTR in ASMC, and
examining the effects of CFTR modulation on any CS/CSE-induced change in calcium
homeostasis. However, the low endogenous expression of CFTR in ASMC, coupled with
concerns over specificity of CFTRinh-172 and the relatively minor effects of CFTR modulators,
made continuing future experiments on the role of CFTR in ASMC problematic. Therefore, the
majority of this thesis instead focused on studying the effects of CS and CSE on calcium
signalling in ASMC, as it directly relates to the pathophysiology of CS-related airway diseases.
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Chapter 4: Cigarette smoke extract (CSE) disrupts calcium
homeostasis in hASMC
4.1

Introduction

Given the challenges involved in fully characterising the role of CFTR in hASMC Ca2+
signalling, the remainder of this thesis will focus on exploring the effects of CS on hASMC
Ca2+ homeostasis and contractile signalling. As reviewed in the Introduction chapter, ASMC is
partially responsible for airway remodelling and is the central effector of airway
hyperresponsiveness, which has been extensively linked to tobacco smoking (Hogg et al., 2004;
Chiba et al., 2005; Caramori et al., 2015; Jones et al., 2016; Prakash, 2016). Therefore,
clarifying the effects of CS on ASMC function is a key objective to this thesis.
The two common experimental models of CS delivery, namely direct aerosolisation of gaseous
CS and aqueous CSE, are described in section 1.4.1. CSE is generated by bubbling mainstream
smoke into a physiological solution. It can be argued that CSE is a more physiological model
for investigating the effects of cigarette smoking on ASMC, since these cells would not be
directly exposed to CS during smoking as the airway smooth muscle layer is situated deep
within the airway submucosa. Rather, the water-soluble and lipophilic constituents of CS could
diffuse through the epithelial barriers of the airway and enter the circulation, and dissolve in
the blood similar to CSE. The dissolved constituents could then diffuse through the endothelial
walls, and through the submucosa, to exert effects on ASMC. Another advantage of the CSE
model is the relative ease and precision with which researchers can tightly control the delivery
and removal of diluted CSE via fluid perfusion systems. This is especially useful for studying
dose-response relationships, investigating reversibility of action, etc. Therefore, the first
approach, described in this chapter, focuses on experiments utilising CSE.
As detailed in the section 1.4, chronic exposure to CSE can lead to a wide range of adverse
effects to the ASMC that contribute to inflammation and airway remodelling, and more
importantly, the intrinsic contractility and Ca2+ homeostasis of ASMC (Oltmanns et al., 2005;
Pera et al., 2010; Xu et al., 2010; Yoon et al., 2011; Yoshiyama et al., 2011; Xu et al., 2012;
Chen et al., 2014; Sathish et al., 2015; Wylam et al., 2015). However, the acute effects of CSE
exposure on hASMC Ca2+ homeostasis have not been fully characterised, aside from two
studies that reported increased [Ca2+]i in hASMC following transient exposure to diluted CSE
(Yoon et al., 2011; Nassini et al., 2012). In particular, the involvement of various calcium
signalling pathways, and the subsequent downstream effects of disrupted Ca2+ homeostasis on
the contractile signalling mechanisms of hASMC, have not been thoroughly explored.
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Additionally, both of these studies have used hASMC procured from commercial sources, and
gave no indication of investigating variability between multiple donors.
4.2

Aims and Objectives

The main aim of this chapter was therefore to explore in detail the effects of acute exposure to
diluted aqueous CSE on Ca2+ homeostasis in primary hASMC isolated from multiple donors.
The objectives of this chapter are:
•

To examine whether acute CSE exposure, on its own, elicits a change in [Ca2+]i in
primary hASMC.

•

To investigate the effect of CSE on various components of hASMC intracellular Ca2+
signalling, including Ca2+ influx pathways and SR Ca2+ store release.

•

To investigate the potential impact of acute CSE exposure on downstream contractile
signalling mechanisms of hASMC.

It was hypothesised that acute CSE treatment would elicit a significant elevation in [Ca2+]i in
hASMC, leading to downstream exacerbation of ASMC contraction.
4.3
4.3.1

Results
CSE elevates [Ca2+]i in a concentration-dependent manner, and requires
extracellular Ca2+

To investigate the effects of CSE on [Ca2+]i in isolated primary hASMC, diluted CSE was
delivered to hASMC through a perfusion system at a rate of 2 ml/min. CSE was produced as
described in section 2.5.1. Briefly, one 3R4F reference cigarette was manually aspirated, and
bubbled into 25 ml of HEPES-buffered solution to produce 100% CSE, which was then diluted
before perfusing onto hASMC in Ca2+ imaging experiments.
As previously discussed, there was little evidence in the literature pointing to a direct, acute,
effect of CSE on hASMC [Ca2+]i. Additionally, there was no consensus on the concentration of
CSE to use in acute exposure experiments. For instance, Yoon et al. (2011) used 10% CSE for
acute treatment of hASMC, whilst a range of concentrations (from 1-15%) are common for
chronic exposure studies (Pera et al., 2010; Xu et al., 2010; Xu et al., 2012; Sathish et al., 2015;
Wylam et al., 2015). To investigate whether diluted CSE elicits a change in [Ca2+]i on its own,
and to determine the optimal CSE concentration to apply in subsequent experiments, cultured
hASMC were exposed to incremental doses of CSE for 10 mins each (Figure 4.1A). Across 3
independent experiments, 0.1% CSE did not change [Ca2+]i; at 1% CSE, hASMC [Ca2+]i began
to rise within the 10-min perfusion window (Figure 4.1A). The activation threshold for CSE81

induced Ca2+ response therefore appeared to be between 0.1 and 1%. Subsequently, exposure
to 10% and 50% CSE induced a further, concentration-dependent rise in [Ca2+]i, with an EC50
value of 2.1% (95 CI = 0.9-5.1%) (Figure 4.1A, B).

Figure 4.1: Diluted CSE elevates intracellular Ca2+ in hASMC in a concentration-dependent
manner. (A) Representative trace tracking changes in [Ca2+]i following perfusion with incremental
concentrations of diluted CSE. Each concentration of CSE was perfused onto the cells for 10 minutes.
(B) Dose-response curve for the normalised amplitude of Ca2+ responses induced by different
concentrations of CSE (normalised as % of the response elicited by 50% CSE; final point); n=3, from 1
donor. Data presented as mean ± SEM. Experiments were performed by undergraduate students Helena
Gowing and Sophie Davies.
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In independent experiments, a rapid response profile was observed when hASMC were acutely
exposed immediately to only 10% or 50% CSE in the presence of 1mM extracellular Ca2+
(Figure 4.2A). Such a profile allowed calculation of the steady-state magnitude and also the
rate of CSE-induced Ca2+ elevation. Consistent with the concentration-dependency from Figure
4.1B, the amplitude and rate of the response induced by 50% CSE was significantly greater
than that induced by 10% CSE (Figure 4.2A, B; p<0.05 for both amplitude (0.44±0.05 vs.
0.28±0.03) and rate (0.32±0.07 vs. 0.10±0.02), 50% vs. 10% CSE in 1mM Ca2+). This response
typically reached a peak within 3.4±1.2 mins of exposure to 50% CSE, and 6.2±1.3 mins
following exposure to 10% CSE. The calcium response induced by 50% CSE typically
recovered to a raised plateau within 3.9±1.5 mins, by 14-51% from the peak amplitude.
To investigate the source of this [Ca2+]i elevation, hASMC were exposed to 10% CSE in a
nominally Ca2+-free solution (0Ca2+; Figure 4.2A). The 10% CSE-induced change in [Ca2+]i
was abolished by the removal of extracellular Ca2+, when compared to the change induced by
the same concentration of CSE in the presence of 1mM Ca2+ (Figure 4.2A, B; p<0.05 for both
amplitude (0.28±0.03 vs. 0.01±0.00) and rate (0.10±0.02 vs. 0.00±0.00), 10% CSE in 1mM
Ca2+ vs. in 0Ca2+). This points to calcium influx from the extracellular space as the primary
source of the CSE-induced calcium response, and that intracellular Ca2+ stores are not likely to
contribute to this response.
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Figure 4.2: CSE-induced elevation of intracellular Ca2+ in hASMC requires extracellular Ca2+. (A)
Representative traces tracking changes in [Ca2+]i for individual experiments, following perfusion with
diluted CSE with or without extracellular Ca2+. (B) Summary of amplitude and rate of CSE-induced
[Ca2+]i changes. One-way ANOVA with Holm-Sidak’s multiple comparisons test was performed
amongst the 3 groups (3 independent donors; n=9-14). Data presented as mean ± SEM. * = p<0.05.
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4.3.2

CSE does not deplete CPA-sensitive Ca2+ stores

Since previous work has shown that CS induces intracellular Ca2+ release in human airway
epithelial cells (Rasmussen et al., 2014), the effect of CSE on intracellular SR Ca2+ stores was
investigated. To do this, CPA, a SERCA pump inhibitor, was added to cells following a 15-20
min exposure to CSE, using both 1mM extracellular Ca2+ or 0Ca2+ solution (Figure 4.3A, C).
In the presence of 1mM extracellular Ca2+, without CSE exposure, CPA induced a prominent,
transient rise in [Ca2+]i (Figure 4.3A, dotted curve). Following exposure to 10% or 50% CSE,
CPA treatment was still able to elicit a similar response (Figure 4.3A, dashed and solid curves).
However, although CPA-sensitive SR calcium stores were not depleted by CSE (Figure 4.3A),
the CPA response following 15-min exposure to 50% CSE was significantly attenuated
compared to the CPA response after exposure to 10% CSE (Figure 4.3B; p<0.05, 0.15±0.01 vs.
0.26±0.04, 50% vs. 10% CSE in 1mM Ca2+). Similarly, the CPA response in 0Ca2+ was
significantly smaller in cells pre-exposed to 50% CSE than to 10% CSE (Figure 4.3D; p<0.05,
0.05±0.00 vs. 0.11±0.01, 50% CSE vs. 10% CSE in 0Ca2+), suggesting that although there was
no evidence of intracellular Ca2+ store release in the absence of extracellular Ca2+, SR Ca2+
stores were somewhat diminished.
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Figure 4.3: CSE does not deplete CPA-sensitive SR Ca2+ stores. (A) Representative Ca2+ imaging
traces tracking changes in [Ca2+]i following perfusion with diluted CSE, or negative control without
CSE (-CSE). 10µM CPA was added at the end of each experiment to examine effects on Ca2+ store
release. Black bar indicates presence of 1mM extracellular Ca2+. (B) Summary of amplitude of CPAinduced Ca2+ release at the end of each experiment from (A). Kruskal-Wallis test with Dunn’s multiple
comparisons was performed amongst the 3 groups (1-3 independent donors; n=3-14). (C) Representative
Ca2+ imaging traces tracking changes in [Ca2+]i following perfusion with diluted CSE in a nominally
0Ca2+ solution (indicated by the white bar), with 10µM CPA added at the end. (D) Summary of
amplitude of CPA-induced Ca2+ release at the end of each experiment from (C). Mann-Whitney test was
performed between the two groups (1-3 independent donors, n=3-12). Data presented as mean ± SEM.
* = p<0.05.
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4.3.3

Continual presence of CSE is not required for maintained Ca2+ influx

It was established that CSE activates Ca2+ influx in hASMC, but an accurate estimation of the
Ca2+ influx amplitude and rate was challenging due to asynchronous activation of the influx
pathway in individual cells. Figure 4.4 illustrates raw data tracings from individual cells within
one experiment (black traces), as well as the averaged response across all cells (red traces).
When cells were exposed to CSE in 1mM extracellular Ca2+, asynchronous activation of [Ca2+]i
elevation was observed (Figure 4.4A), presenting a challenge to accurately estimate the rate of
Ca2+ influx from the averaged trace. To circumvent this issue, a calcium-addback protocol was
developed. Since a 5-min exposure to CSE appeared sufficient to activate Ca2+ influx (Figure
4.2A), cells were first exposed to CSE in 0Ca2+ for 5 mins to synchronise activation of Ca2+
influx pathway for the population of cells examined, then 1mM Ca2+ was added back (Figure
4.4B), achieving temporal synchronisation of Ca2+ influx. Exposure to CSE in 0Ca2+ before
Ca2+ addback therefore reduced inter-experiment variability in response profiles and influx rate
estimation.
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Figure 4.4: Synchronisation of CSE-induced Ca2+ influx using the Ca2+ addback protocol.
Representative single-cell traces tracking changes in [Ca2+]i following perfusion with diluted CSE in the
presence of 1mM extracellular Ca2+ (A; n=18) or the Ca2+ addback protocol (B; n=20). The red dashed
lines are the mean traces of all single-cell traces within one independent experiment. The peak amplitude
and rate of CSE-induced Ca2+ influx can be more accurately estimated when the influx is synchronised
(B).

To examine whether the continual presence of CSE was required to maintain Ca2+ influx, the
addback protocol was employed, first activating Ca2+ influx with 10% CSE in 0Ca2+, then
adding back 1mM Ca2+ with (Figure 4.5A) or without (Figure 4.5B) 10% CSE. A rapid influx
was observed following calcium addback under both conditions. Moreover, a prompt decrease
in [Ca2+]i, likely due to calcium efflux, was observed when external Ca2+ was removed,
suggesting that the CSE activated Ca2+ influx pathways, which remained active for at least 20
mins after the initial 5-min CSE exposure. More interestingly, CSE-activated Ca2+ influx, in
the immediate short term, did not require the continued presence of CSE in the 1mM Ca2+
solution (Figure 4.5C; n.s. for both amplitude (0.50±0.08 vs. 0.46±0.06) and rate (0.64±0.17 vs.
0.46±0.09), with vs. without CSE). However, the recovery profiles for the two groups were
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different – in 3/6 experiments with CSE in the 1mM Ca2+ solution, the recovery was rather slow
and noisy (e.g. Figure 4.5A), rather than that seen in Figure 4.5B, whereby 8/8 experiments
without CSE present at the influx phase exhibited this rapid recovery followed by a stable raised
plateau. Indeed, the extent of recovery from peak, as a percentage of the peak amplitude,
without the continual presence of CSE was significantly higher (Figure 4.5D; p<0.05, 59.3±3.4%
vs. 35.9±4.7%, without vs. with CSE).

Figure 4.5: CSE-activated Ca2+ influx does not require the continuous presence of CSE. (A, B)
Representative traces tracking changes in [Ca2+]i following calcium addback, with (A) or without (B)
the presence of 10% CSE, after 5-min perfusion with 10% CSE in the 0 Ca2+ solution. (C) Summary of
amplitude and rate of [Ca2+]i changes of the calcium addback responses. (D) Summary of percentage
recovery from peak of the calcium addback responses ((peak – plateau)/amplitude * 100%). Data
presented as mean ± SEM. Unpaired t-test was performed between the two groups (n=6-8, from 1 donor).
* = p<0.05.

4.3.4

A reproducible Ca2+ influx can be achieved after removal of CSE

Another aspect of CSE-activated Ca2+ influx of interest was its reversibility, which was
investigated using a repeated addback protocol following a prolonged duration of CSE removal
(Figure 4.6A). Following an extended washout period (at least 25 mins after removing CSE),
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both the amplitude (0.33±0.06 vs. 0.22±0.04) and rate (0.40±0.08 vs. 0.17±0.03) of the Ca2+
addback response were attenuated (Figure 4.6B; p<0.05, influx 1 vs. 2), but not abolished,
suggesting that activation of the Ca2+ influx pathway by CSE was likely to be ultimately
reversible.

Figure 4.6: CSE-activated Ca2+ influx is attenuated following removal of CSE. (A) Representative
trace tracking changes in [Ca2+]i following multiple calcium addbacks, after 5-min perfusion with 10%
CSE. Influx 2 was after a 15-min washout period in 0Ca2+. (B) Amplitude and rate of Ca2+ influx
following two calcium addbacks. Wilcoxon matched-pairs signed rank test was performed between the
two paired influx in the same experiment (3 independent donors; n=14). * = p<0.05.
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4.3.5

Donor and passage variability of CSE-induced Ca2+ response in hASMC

Data presented in this chapter were collected from experiments on hASMC isolated from 4
independent donors, used for calcium imaging studies between passage 2-8. The variability of
Ca2+ responses amongst donors was examined for three different protocols as shown in Figure
4.7. There was no significant donor-donor variability in the amplitude and rate of the Ca2+
response elicited by 10% or 50% CSE in the presence of 1mM extracellular Ca2+ (Figure 4.7A,
B; p>0.05 for all multiple comparisons tests). However, a certain degree of variability was
observed in experiments using the addback protocol (Figure 4.7C; p<0.05 for multiple
comparisons). Specifically, cells from donor 2 exhibited significantly higher amplitude and rate
of CSE-activated Ca2+ response, whilst cells from donor 4 had the lowest responses. However,
it is worth noting that cells from donor 4 were included only in one subset of experiments shown
in this chapter (specifically, in Figure 4.13).

Figure 4.7: Donor-donor variability of CSE-induced Ca2+ responses. Summary of amplitude and
rate of CSE-induced Ca2+ responses in hASMC isolated and cultured from different donors, using three
different protocols: (A) 10% CSE in 1mM extracellular Ca2+; (B) 50% CSE in 1mM extracellular Ca2+;
(C) Ca2+ addback after 5-min perfusion of 10% CSE in 0Ca2+ solution. Data presented as mean ± SEM.
Kruskal Wallis test with Dunn’s multiple comparisons was conducted between each individual donor;
n=3-18. * = p<0.05.
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On the other hand, the CSE-activated Ca2+ responses in cells from different passages were
examined. A regression analysis revealed no significant trends or differences in the responses
in cells from passages 2-8 (Figure 4.8).

Figure 4.8: Passage-passage variability of CSE-induced Ca2+ responses. Summary of amplitude (A)
and rate (B) of CSE-induced Ca2+ responses in cultured primary hASMC at different passages, using
the Ca2+ addback protocol. Data presented as mean ± SEM. Linear regression was performed on each
curve to examine potential linear correlations. n=1-7.

4.3.6

CSE does not activate Ca2+ influx in Calu-3 cells

To examine if CSE-activated Ca2+ influx was cell-type specific, the effect of CSE exposure was
investigated in Calu-3 cells. Previous works from other groups have shown that exposure to
gaseous CS elevates [Ca2+]i in epithelial cells, including Calu-3 cells (Rasmussen et al., 2014;
Sassano et al., 2017), but the effects of diluted CSE on epithelial Ca2+ signalling have not been
characterised.
Using the same protocol as in Figure 4.5, following 10% CSE exposure, adding back 1mM Ca2+
did not trigger an observable, rapid Ca2+ influx (Figure 4.9B). The lack of a prominent influx
after Ca2+ addback was similar to that seen in Calu-3 cells without the CSE challenge (Figure
4.9A), indicating that diluted CSE does not activate the opening of a Ca2+ influx pathway in
Calu-3 cells.
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Figure 4.9: CSE does not activate a Ca2+ influx pathway in Calu-3 cells. Representative traces
tracking changes in [Ca2+]i following calcium addback without CSE challenge (A), or after 5-min
perfusion with 10% CSE (B). 10µm CPA was added at the end of the experiment as a positive control.

4.3.7

CSE-induced Ca2+ influx is significantly inhibited by gadolinium

To ascertain if the CSE-activated Ca2+ influx pathway in hASMC involved a plasma membrane
(PM) Ca2+ permeable channel, the effect of gadolinium (Gd3+), a lanthanide ion that nonspecifically blocks Ca2+-permeable channels, was tested. Using the addback protocol, hASMC
were pre-treated with 100µM Gd3+ for 10 mins, then perfused with 10% CSE in 0Ca2+ for 5
mins (15 min total Gd3+ pre-treatment before addback), before calcium was added back (Figure
4.10A). Gd3+ was present throughout the experiments. As Gd3+ was dissolved in distilled water,
a vehicle control was not needed, and so the negative control experiments were simply standard
addback experiments without Gd3+. Pre-treatment and continuous presence of Gd3+
significantly attenuated both the amplitude (0.44±0.05 vs. 0.11±0.02; 74.8% inhibition) and
rate (0.49±0.06 vs. 0.12±0.03; 76.0% inhibition) of CSE-activated Ca2+ influx in hASMC
(Figure 4.10B; p<0.05 control vs. Gd3+-treated), suggesting that Ca2+ influx through PM-bound
channels was the likely pathway facilitating this response.
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Figure 4.10: CSE-induced Ca2+ influx was blocked by Gd3+. (A) Representative traces tracking
changes in [Ca2+]i following calcium addback (1mM Ca2+; black bar) after 5-min perfusion with 10%
CSE in a nominally Ca2+-free solution (0 Ca2+; white bar), with or without 10-min pre-treatment with
100µM Gd3+, which was also present throughout the experiment. (B) Summary of amplitude and rate of
[Ca2+]i changes corresponding to experiments in (A). Data presented as mean ± SEM. Unpaired t-test
was performed between the control group and the Gd3+-treated group (3 independent donors; n=13-20).
* = p<0.05.
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4.3.8

Validation of LTCC blockers

To further explore plasmalemmal molecular candidates underlying the CSE-activated Ca2+
influx in hASMC, the potential contributions of voltage-gated L-type Ca2+ channels (LTCC)
and store-operated Ca2+ channels (SOCC) were investigated, since both of these channels play
an important role in refilling SR Ca2+ stores in ASMC (Flores-Soto et al., 2013).
Using a similar protocol to the experiments with Gd3+ (Figure 4.10), hASMC were pre-treated
with the LTCC blocker nifedipine (Gould et al., 1983; Sorkin et al., 1985), before CSEactivated Ca2+ influx was triggered by calcium addback (Figure 4.11A). The negative control
experiments included both vehicle control, and some CSE-activated addback experiments
without any solvents, performed on cells from the same donor. Surprisingly, both the amplitude
(1.06±0.05 vs. 0.46±0.06) and rate (1.71±0.58 vs. 0.46±0.09) were markedly higher after pretreatment with nifedipine (Figure 4.11B; p<0.05 control vs. nifedipine). This enhancement of
CSE-induced Ca2+ influx may be due to an off-target effect of nifedipine. Therefore, whether
nifedipine on its own was able to produce a Ca2+ response in hASMC was then investigated.
Indeed, 10µM nifedipine, in the presence of 1mM extracellular Ca2+, led to a rapid increase in
[Ca2+]i (Figure 4.11C). Even when the concentration was lowered to 1µM, the elevation in
[Ca2+]i was smaller and slower but still rather prominent (Figure 4.11C, D). Two different
batches of nifedipine, from Sigma and Tocris respectively, were tested, and each gave similar
results. This off-target effect prevented further use of nifedipine in this study.
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Figure 4.11: The LTCC blocker nifedipine induced an elevation in [Ca2+]i. (A) Representative traces
tracking changes in [Ca2+]i following calcium addback after 5-min perfusion with 10% CSE in a 0Ca2+
solution, with or without 10-min pre-treatment with 10μM nifedipine, which was also present
throughout the experiment. Control experiments were either with equal volume of DMSO, or simply
CSE-activated addback without solvents. (B) Summary of amplitude and rate of [Ca2+]i changes
corresponding to experiments in (A). Unpaired t-test was performed between the nifedipine-treated
group and the vehicle control group (n=3-8, from 1 donor). (C) Ca2+ imaging traces following perfusion
with 1 or 10μM nifedipine on its own, in the presence of 1mM extracellular Ca2+. (D) Summary of
amplitude and rate of nifedipine responses in (C); n=2, from 1 donor. Data presented as mean ± SEM.
* = p<0.05.
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Since nifedipine was unsuitable, another dihydropyridine, felodipine, which specifically blocks
LTCC in favour of other VOCC, was tested (Furukawa et al., 1999). To pre-empt the same
problem as nifedipine, it was first tested whether felodipine increased [Ca2+]i on its own, and
whether it was able to sufficiently block LTCC. The activity of LTCC was determined by
measuring the Ca2+ influx in response to depolarisation, induced by perfusing the cells with a
high-K+ (80mM) solution. For these experiments, cells were pre-treated with 1μM BayK-8644
before depolarisation. BayK-8644 binds to the LTCC in the resting state, and prolongs singlechannel open times (Bechem and Hoffmann, 1993), thereby amplifying the calcium signal
(Figure 4.12A). The inhibition of BayK-8644-primed, depolarisation-induced Ca2+ influx in
hASMC by 1μM felodipine was not statistically significant (Figure 4.12B; p=0.06 for both
amplitude and rate, DMSO- vs. felodipine-treated). However, in every occasion, felodipinetreated depolarisation-induced Ca2+ influx had lower amplitude (86.7% on average) and rate
(94.3% on average). Such effective and consistent inhibition gave sufficient confidence to use
felodipine to investigate the involvement of LTCC in CSE-induced Ca2+ influx.
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Figure 4.12: 1μM felodipine is sufficient to block LTCC in hASMC. (A) Representative traces
tracking changes in [Ca2+]i following BayK-8644-activated, KCl-induced Ca2+ influx, with or without
10-min pre-treatment with 1μM felodipine, which was also present throughout the experiment. Equal
volumes of DMSO was used for vehicle control. (B) Summary of amplitude and rate of [Ca2+]i changes
corresponding to experiments in (A). Data presented as mean ± SEM. Mann-Whitney test was
performed between the felodipine-treated group and the vehicle control group (n=3-4, from 1 donor).
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4.3.9

Inhibiting LTCC does not attenuate CSE-induced Ca2+ influx

After validating the efficacy of felodipine, the potential role of LTCC was examined using a
similar protocol to that was used in Figure 4.10, by pre-treating the cells with 1µM felodipine
for 10 mins before CSE-activated Ca2+ addback. The response profiles of the felodipine-treated
cells were similar to those of vehicle control experiments (Figure 4.13A). Indeed, neither the
amplitude (0.19±0.03 vs. 0.19±0.04) nor the rate (0.24±0.06 vs. 0.25±0.06) of CSE-activated
Ca2+ influx were significantly attenuated by felodipine (Figure 4.13B; n.s. for both amplitude
and rate, DMSO- vs. felodipine-treated), suggesting that LTCC does not mediate CSE-induced
Ca2+ influx.
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Figure 4.13: Inhibiting LTCC does not attenuate CSE-induced Ca2+ influx. (A) Representative
traces tracking changes in [Ca2+]i following calcium addback after 5-min perfusion with 10% CSE in a
0Ca2+ solution, with or without 10-min pre-treatment with 1μM felodipine, which was also present
throughout the experiment. Equal volumes of DMSO was used for vehicle control. (B) Summary of
amplitude and rate of [Ca2+]i changes corresponding to experiments in (A). Data presented as mean ±
SEM. Unpaired t-test was performed between the felodipine-treated group and the vehicle control group
(4 independent donors; n=19-23).
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4.3.10 Validation of SOCC blockers
To investigate the potential contribution of SOCC to the CSE-induced Ca2+ influx, two reported
specific SOCC inhibitors were studied. The first one was the pyrazole derivative BTP2, also
known as YM-58483 (Ishikawa et al., 2003; Zitt et al., 2004). Preliminary experiments showed
that a 10-min pre-treatment with 10μM BTP2 did not attenuate the response (Figure 4.14A, B).
To ascertain that BTP2 was effective in blocking SOCE in these cells, a repeated CPA-activated
SOCE protocol was employed, similar to that described in the previous chapter, with (Figure
4.14C) or without (Figure 4.14D) acute (10-min) pre-treatment with BTP2 before the second
influx. This manoeuvre did not significantly inhibit SOCE (Figure 4.14F; multiple comparisons
n.s., 0.48±0.11 vs. 0.49±0.05, acute BTP2 vs. vehicle control). Since several studies that have
used BTP2 employed a longer pre-treatment period, ranging from 30 mins to 24 hours before
experiments (Ishikawa et al., 2003; Zitt et al., 2004), a longer exposure to BTP2 was also tested.
BTP2 was added to the cells during fura-2AM loading, ~1h before the start of experiment (~80
mins before SOCE was triggered). This longer exposure to BTP2 did cause an attenuated
amplitude of SOCE in 4/6 experiments, but 2/6 of the responses appeared to be in the normal
range (Figure 4.14E; both traces were after 1h pre-treatment with BTP2). Overall, the difference
between the BTP2-treated set (0.33±0.08) and the vehicle control set (0.49±0.05) was not
consistent or statistically significant (Figure 4.14F; multiple comparisons n.s.). Of note, the
vehicle control in Figure 4.14 was pooled from experiments with repeated SOCE (e.g. Figure
4.14D; the second SOCE) as well as experiments with only one SOCE (i.e. vehicle control for
Figure 4.14E, with 1h pre-treatment of DMSO). Due to this inconsistency, other
pharmacological options were explored.
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Figure 4.14: BTP2 was ineffective in blocking SOCE in hASMC. (A) Representative trace tracking
changes in [Ca2+]i following calcium addback after 5-min perfusion with 10% CSE in a 0Ca2+ solution,
with or without 10-min pre-treatment with 10μM BTP2, which was also present throughout the
experiment. Control experiments were either with equal volume of DMSO, or simply CSE-activated
addback without solvents. (B) Summary of amplitude and rate of [Ca2+]i changes corresponding to
experiments in (A); n=2-8, from 1 donor. (C, D) Representative Ca2+ imaging traces following repeated
CPA-activated SOCE, the second of which was after acute perfusion with 10μM BTP2 (C) or equal
volumes of DMSO (D). (E) Representative Ca2+ imaging traces following CPA-activated SOCE after
1-hour pre-treatment with BTP2, which was also present throughout the experiment. (F) Summary of
amplitude of [Ca2+]i changes corresponding to experiments in (C-E). Kruskal-Wallis with Dunn’s
multiple comparisons was performed amongst the three groups in (F); n=3-6, from 1 donor. Data
presented as mean ± SEM.
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Synta-66 is a relatively highly specific SOCC inhibitor, with a reported IC50 of 26nM in human
VSMC (Li et al., 2011). Using the same protocol as in Figure 4.14C and D, it was, however,
discovered that Synta-66 in a 0Ca2+ solution increased fura-2 fluorescence ratio (Figure 4.15A).
Upon closer inspection, Synta-66 appeared to be autofluorescent at the wavelengths used for
exciting fura-2, as fluorescence intensity for both 340nm and 380nm went up, and the ratio
changed when Synta-66 was perfused onto a coverslip without any cells or fura-2 present
(Figure 4.15B). Filtering solutions containing Synta-66 through a 0.22μm sterile filter abolished
the autofluorescence (Figure 4.15C). However, a 10-min pre-treatment with 10μM Synta-66
did not inhibit SOCE (Figure 4.15D; n.s., influx 1 vs. influx 2). The data from both filtered and
unfiltered Synta-66 were pooled for analysis. Due to time constraints it was decided not to
explore other pharmacological inhibitors.

103

Figure 4.15: Synta-66 was ineffective in blocking SOCE in hASMC. (A) Representative trace
tracking changes in [Ca2+]i following repeated CPA-activated SOCE, the second of which was after
acute perfusion with 10μM Synta-66. (B) Autofluorescence of Synta-66 at various concentrations,
perfused onto a coverslip without cells or fura-2 present. (C) Representative trace tracking changes in
[Ca2+]i following the same protocol as (A), but with Synta-66 solutions filtered through a 0.22μm sterile
filter. (D) Summary of amplitude of [Ca2+]i changes corresponding to experiments in (A) and (C). Paired
t-test was performed between the SOCE without Synta-66 (influx 1) and the SOCE after 10-min
perfusion with Synta-66 (influx 2); n=2-3, from 1 donor.
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4.3.11 CSE-induced Ca2+ influx utilises a different pathway from SOCE
Since use of a suitable inhibitor of SOCC with high enough efficacy was not established, the
potential involvement of SOCC was investigated by observing whether CSE could still elicit a
similar change in [Ca2+]i after SOCC activation. For these experiments, SR calcium stores were
depleted to activate SOCC by treating the cells with 10µM CPA. After store depletion and the
subsequent SOC influx had reached a plateau, cells were then perfused with 10% CSE; if CSEinduced Ca2+ influx relied solely on SOCC, exposure to CSE after SOCC activation would be
predicted to lead to a smaller response compared to the vehicle control experiment, where
SOCC were minimally active. Figure 4.16A shows that the amplitude of the CSE response after
SOCC activation was similar to the vehicle control (0.23±0.04 vs. 0.16±0.02), but the rate was
significantly attenuated after SOCC activation (Figure 4.16B; p<0.05 for rate, 0.14±0.01 vs.
0.06±0.02, DMSO- vs. CPA-treated). The lower rate may be due to a potential role of SOCC
in facilitating CSE-induced Ca2+ influx, or an artefact produced by the relatively smaller inward
concentration gradient for Ca2+ influx after SOCE had elevated [Ca2+]i. Either way, SOCC is
unlikely to be a major contributor to this response, as the extent of CSE-induced Ca2+ influx
(amplitude) was similar between the two datasets. Altogether, these data suggest that SOCC
and LTCC, two prominent Ca2+ channels regulating SMC store refilling, do not make major
contributions to the CSE-induced Ca2+ influx.
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Figure 4.16: CSE-induced Ca2+ influx utilises a different pathway from SOCE. (A) Representative
traces tracking changes in [Ca2+]i following perfusion with 10% CSE after 15-min treatment with 10μM
CPA. Equal volumes of DMSO was used for vehicle control. (B) Summary of amplitude and rate of
CSE-induced [Ca2+]i changes corresponding to experiments in (A). Unpaired t-test was performed
between the CPA-treated group and the vehicle control group (2 independent donors; n=5-7). * = p<0.05.
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4.3.12 CSE-induced Ca2+ influx is inhibited by a specific pharmacological blocker of TRPA1,
HC-030031
After establishing that SOCC and LTCC were unlikely targets activated by CS/CSE, a possible
alternative candidate was TRPA1, a Ca2+-permeable cation channel that is primarily associated
with noxious cold and mechanical sensation as well as inflammatory pain. TRPA1 has been
shown to mediate CSE-induced [Ca2+]i elevation in a number of other cell types, including
various neuronal cells and lung epithelial cells (Andre et al., 2008; Nassini et al., 2012; Lin et
al., 2015; Nie et al., 2016). To study the involvement of TRPA1, the potent and selective
inhibitor HC-030031 was used (McNamara et al., 2007). In the present study on hASMC, the
effective concentration of HC-030031 that inhibited Ca2+ influx elicited by gaseous CS was
determined to be 30-50μM (see Fig. x; explored in Chapter 5). However, one important channel
that was not tested in the initial screening studies listed above was SOCC, and so whether HC030031 had any off-target effects on SOCC was first investigated. At 50μM, a 10-min exposure
to HC-030031 did not significantly inhibit SOCE (Figure 4.17A, B; n.s., DMSO- vs. HC030031-treated), lending more confidence in using this compound to study TRPA1.

Figure 4.17: HC-030031 does not inhibit SOCE in hASMC. (A) Representative traces tracking
changes in [Ca2+]i following CPA-activated SOCE with or without 10-min pre-treatment with 50μM
HC-030031, which was also present throughout the experiment. Equal volumes of DMSO was used for
vehicle control. (B) Summary of amplitude and rate of [Ca2+]i changes corresponding to experiments in
(A). Data presented as mean ± SEM. Mann-Whitney test was performed between the HC-treated group
and the vehicle control group; n=3, from 1 donor.
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Following again a similar protocol, a 10-min pre-treatment with 50μM HC-030031 almost
completely abolished the CSE-activated Ca2+ influx response (Figure 4.18A). Both amplitude
(0.33±0.03 vs. 0.06±0.01; 83.3% inhibition) and rate (0.53±0.06 vs. 0.01±0.00; 97.6%
inhibition) of CSE-induced Ca2+ influx in hASMC were significantly reduced by HC-030031
(Figure 4.18B; p<0.05, DMSO- vs. HC-030031-treated). Such significant inhibition by a potent
TRPA1 inhibitor indicated strongly that TRPA1 was the major facilitator of CSE-activated Ca2+
influx.

Figure 4.18: The TRPA1 channel blocker HC-030031 inhibited CSE-induced Ca2+ influx. (A)
Representative traces tracking changes in [Ca2+]i following calcium addback after 5-min perfusion with
10% CSE in a 0Ca2+ solution, with or without 10-min pre-treatment with 50μM HC-030031, which was
also present throughout the experiment. Equal volumes of DMSO was used for vehicle control. (B)
Summary of amplitude and rate of [Ca2+]i changes corresponding to experiments in (A). Data presented
as mean ± SEM. Unpaired t-test was performed between the HC-treated group and the vehicle control
group (3 independent donors; n=9). * = p<0.05.
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4.3.13 TRPA1 mRNA expression correlates with amplitude and rate of CSE-induced Ca2+
influx
Despite rather effective inhibition, there was residual Ca2+ influx that was not completely
blocked by HC-030031 (~6.0-31.0%). Moreover, the concentration used in this study (50μM)
was higher than the 10μM that was screened for off-target effect in the initial studies
(McNamara et al., 2007; Eid et al., 2008). Hence, an additional approach was taken to
investigate the putative role of TRPA1 in mediating CSE-induced Ca2+ influx. TRPA1 was
knocked down using transient transfection of shRNA targeted towards the gene, as described
in section 2.7 of Chapter 2. Out of the three shRNA constructs provided, the one that gave the
highest knockdown efficiency (construct “B2”) was selected (Figure 4.19). Several transfection
conditions, specifically ratio of plasmid DNA to Lipofectamine 3000, were tested to optimise
for maximal knockdown efficiency (Figure 4.19). Cells transfected with the vector containing
shRNA construct targeted (TV) against TRPA1, grown on coverslips, were subjected to Ca2+
imaging studies following a simple CSE-activated calcium addback protocol previously
established. Cells transfected with a shRNA sequence containing an empty vector (EV)
construct, under the same growth and transfection conditions and used on the same days for
Ca2+ imaging experiments, were used as a control for the transfection process, controlling for
any changes associated with the transfection process itself that may have altered CSE-induced
Ca2+ responses. After Ca2+ imaging experiments, cells were lysed, and mRNA were collected
for qPCR analysis to ascertain knockdown of TRPA1. Briefly, relative expression of TRPA1
in shRNA-transfected samples was normalised to two different housekeeping genes (ΔCT), and
then normalised to the average TRPA1 ΔCT of samples transfected with the empty vector in
the same plate, day/donor-matched.
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Figure 4.19: Optimisation of transient TRPA1-targeted-shRNA transfection in primary hASMC.
Transfection was performed using the empty vector plasmid, or three different plasmids (B1, B2, B3)
containing shRNA targeted towards TRPA1, using different amounts of plasmid DNA and
Lipofectamine 3000 reagent. Relative expression of TRPA1 in transfected hASMC is presented as 2ΔΔCT
, normalised to a housekeeping gene (either TBP or GAPDH), then normalised to the day/donormatched empty vector control (1.0; indicated by the dotted horizontal line). Data presented as mean ±
SEM. n=5-7, from 2 independent donors.
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The Ca2+ imaging results were quite inconsistent even when the same transfection conditions
were applied. In 12/15 experiments, the TRPA1-shRNA-transfected cells exhibited attenuated
CSE-induced Ca2+ influx compared to the average day/donor-matched EV-transfected cells (e.g.
Figure 4.20A), but in 3/15 of the experiments the cells transfected with the TV shared a similar
response profile with the EV control (e.g. Figure 4.20B). Cells transfected with the TV had a
lower amplitude (0.39±0.04 vs. 0.49±0.02, T vs. E; p<0.05) of response, but the influx rate
(0.71±0.09 vs. 0.86±0.06, T vs. E; n.s.) was not significantly attenuated (Figure 4.20C). The
degree of inhibition of the calcium response from TRPA1 knockdown was less (20.6%/17.7%
for amplitude and rate, respectively) than the inhibition by HC-030031 (83.3%/97.6%).
Inspecting the relative expression of TRPA1 after shRNA-driven knockdown revealed that the
knockdown was, on average, only 8.8% efficient when normalised to GAPDH, and 40.3% when
normalised to 18S (Figure 4.20D; p<0.05 for T vs. E, normalised to 18S). Moreover, some
TRPA1-shRNA-trasfected samples were not knocked-down (2-ΔΔCT close to or greater than 1.0).
In addition, it was interesting to note that the 2-ΔΔCT values for GAPDH and 18S for the
knocked-down samples appeared different (0.91 vs. 0.60, GAPDH vs. 18S); i.e. when
normalising to 18S, the knockdown was significantly greater than when normalising to GAPDH.
This may be due to the TRPA1-targeted shRNA also targeting GAPDH. To rule out such
potential confounding factor, the raw CT values of GAPDH and 18S between the cells
transfected with the T and E vectors were compared. The CT values for both housekeeping
genes were not significantly different between the different transfected vectors, and therefore
GAPDH may still be a valid housekeeping gene for normalisation of TRPA1 knockdown
efficiency (Figure 4.20E; n.s. T vs. E for both genes).
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Figure 4.20: The effect of TRPA1 knockdown on CSE-induced Ca2+ influx is inconsistent. hASMC
were transfected with shRNA containing either the empty (E) vector, or the vector targeted (T) towards
TRPA1. (A, B) Representative traces tracking changes in [Ca2+]i following calcium addback after 5-min
perfusion with 10% CSE in transfected hASMC. Pairs of E and T are day/donor matched. (C) Summary
of amplitude and rate of CSE-activated Ca2+ influx in transfected hASMC. (D) Knockdown efficiency
of TRPA1 in transfected hASMC, reported as 2-ΔΔCT. (E) Raw CT values of housekeeping genes GAPDH
and 18S for shRNA-transfected hASMC. Data presented as mean ± SEM, containing of cells from 3
independent donors (n=17-18). Unpaired t-test was performed between the groups transfected with
empty vector and those transfected with the TRPA1 targeted vector (C, D, E). * = p<0.05.
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As samples without significant knockdown obviously affected the ability to determine the role
of TRPA1 in the CSE-induced Ca2+ response, the removal of these data was carefully explored.
Before removing data, whether TRPA1 expression actually correlated with both the amplitude
and rate of CSE-induced Ca2+ influx, regardless of knockdown, was validated. Plotting
normalised CT values of TRPA1 against the amplitude and rate of CSE-induced Ca2+ influx
revealed an inverse correlation (Figure 4.21). The Pearson’s r values (-0.25 to -0.50) indicated
a moderate negative correlation. That is, higher ΔΔCT, i.e. lower mRNA expression,
significantly correlated to lower Ca2+ responses, in 3 out of the 4 comparisons (Figure 4.21;
p<0.05 for all but rate vs. ΔΔCT to GAPDH). Additionally, data points from hASMC
transfected with the empty vector (black symbols) and with the targeted vector (red symbols)
appeared to cluster differentially – black symbols generally located to the top-left (high
amplitude/rate and low CT/high TRPA1 expression) and red symbols bottom-right (vice
versa). Such correlations suggested that the knockdown had generally worked and that TRPA1
expression plays a role in CSE-induced calcium influx, providing a rationale for excluding the
data where TRPA1 knockdown was minimal.

Figure 4.21: CSE-induced Ca2+ influx is correlated to TRPA1 mRNA expression. Amplitude (left
panels) and rate (right panels) of CSE-induced Ca2+ influx were correlated vs. TRPA1 ΔΔCT values
(raw TRPA1 CT was normalised to CT of GAPDH (A, B) or 18S (C, D), then normalised to ΔCT of the
average empty vector-transfected cells, day/donor-matched). Pearson’s correlation analysis was
performed between each pair of the parameters indicated (3 independent donors; n=17-18). * = p<0.05.
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Considering the relatively low average knockdown efficiency, especially the low knockdown
efficiency when normalised to GAPDH, it would be logical to exclude experiments where 2ΔΔCT

normalised to both genes are high, in order to preserve usable data. The threshold for

excluding TRPA1-shRNA-transfected samples with minimal knockdown was set to be of 0.75
to both housekeeping genes, i.e. < 25% knockdown in mRNA expression. Based on this
criterion, 6 out of 18 experiments were removed from the subsequent analysis (Figure 4.22A;
labelled as “Targeted, excluded”). The excluded experiments, on average, had similar 2-ΔΔCT
values to samples transfected with the empty vector (1.33±0.19 vs. 1.06±0.09 normalised to
GAPDH and 0.91 ±0.09 vs. 1.06±0.08 normalised to 18S; n.s.), but had significantly higher 2ΔΔCT

than the remaining TRPA1-targeted samples (0.69±0.12 normalised to GAPDH and

0.44±0.06 normalised to 18S; p<0.05). The knockdown efficiency after removing these data
points was 30.6%/56.1% (normalised to GAPDH/18S). Following a similar trend, the excluded
experiments exhibited significantly higher amplitude (0.54±0.07 vs. 0.31±0.04; 42.5%
inhibition) and rate (0.99 ±0.16 vs. 0.57±0.10; 42.5% inhibition) of CSE-induced Ca2+ influx
when compared to the remaining samples transfected with the targeted shRNA (Figure 4.22B;
p<0.05, T excluded vs. T). The observation that the Ca2+ imaging results from the T excluded
group were similar to the E control group, and both were significantly different from the T
group where relatively efficient TRPA1 knockdown was achieved, validated the decision to
remove these data from subsequent analyses. Removing the confounding factor of the
inefficient transfection process would aid in studying the role of TRPA1 with more clarity.
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Figure 4.22: Validating removal of experiments with minimal TRPA1 knockdown. (A) Knockdown
efficiency of TRPA1 in transfected hASMC, reported as 2-ΔΔCT. hASMC transfected with the TRPA1targeted shRNA (T) that had 2-ΔΔCT values >0.75 normalised to both housekeeping genes, indicated by
the dashed horizontal line, were excluded for subsequent analyses (T, excluded). (B) Summary of
amplitude and rate of CSE-activated Ca2+ influx in transfected hASMC. Data presented as mean ± SEM,
containing of cells from 3 independent donors (n=17-18). One-way ANOVA with Holm-Sidak’s
multiple comparisons tests were performed amongst the three groups (E, T, and T, excluded). * = p<0.05.

4.3.14 shRNA-driven knockdown of TRPA1 attenuates CSE-induced Ca2+ influx
After removal of data with minimal TRPA1 knockdown, the relative expression of TRPA1
mRNA, normalised to two housekeeping genes, was significantly lower in cells transfected
with the shRNA targeted to TRPA1 than those transfected with the empty vector (Figure 4.23A;
p<0.05, T vs. E for both housekeeping genes). In cells where TRPA1 was significantly
knocked-down, both the amplitude (0.31±0.04 vs. 0.49±0.02; 36.4% inhibition) and rate
(0.57±0.10 vs. 0.86±0.06; 34.0% inhibition) of CSE-induced Ca2+ influx were significantly
attenuated (Figure 4.23B; p<0.05, T vs. E). Collectively, these data add to the results from HC030031 experiments and suggest that TRPA1 is the major contributor to this calcium influx.
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Figure 4.23: TRPA1 knockdown significantly attenuated CSE-induced Ca2+ influx. (A)
Knockdown efficiency of TRPA1 in transfected hASMC, reported as 2-ΔΔCT. (B) Summary of amplitude
and rate of CSE-activated Ca2+ influx in transfected hASMC. Experiments with minimal knockdown
were excluded for analysis. Data presented as mean ± SEM, containing of cells from 3 independent
donors (n=17-18). Unpaired t-tests were performed between the samples transfected with the empty
vector (E) and those transfected with the TRPA1-targeted vector (T). * = p<0.05.

4.3.15 TRPA1-mediated, CSE-induced Ca2+ influx activates MLC phosphorylation in
hASMC
A persistently elevated level of [Ca2+]i could bring about deleterious downstream effects to the
function of ASMC, including the contractile mechanisms of these muscle cells, which is tightly
regulated by [Ca2+]i. An important downstream event subsequent to elevated [Ca2+]i is the
phosphorylation of MLC (explored in section 1.3.3). To investigate whether CSE-induced Ca2+
influx is sufficient to activate MLC phosphorylation, a Western blot-based MLC
phosphorylation assay was performed as described in section 2.9, utilising a phospho-specific
antibody that detects p-MLC.
To initially study the effects of CSE on MLC phosphorylation, a time-course protocol was
applied to determine the optimal exposure time that elicited the strongest WB signal. After
testing several different CSE and protein concentrations, a protocol was established that
consistently detected p-MLC in the hASMC lysates (Figure 4.24A; 18 kDa band). However,
whether or not CSE treatment led to an increased phosphorylation was not clear, as the HEPESonly (negative control) showed similar signals, especially at 2 and 10 mins, to 50% CSE-treated
and postive control sets (Figure 4.24A). This may be attributed to the rapid change of solution
(culture media to HEPES-buffered solution) over the relatively short treatment period. To
ensure that cells had time to equilibrate after being placed in the HEPES-buffered bathing
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solution, they were left in this solution for an hour before various treatments, or collecting the
negative control lysate. After these modifications, the p-MLC lanes for the negative control
lanes usually had minimal detectable bands, with signals below those of the positive control or
CSE-treated samples under the same exposure time, although most comparison sets were not
statistically significant, probably due to a low sample size (Figure 4.24B, C). In addition,
treatment with 50% CSE was able to elicit MLC phosphorylation to a similar level to that of
the positive control at all time points (Figure 4.24C; all comparisons 50% CSE vs. +ve n.s.),
providing evidence that CSE-induced Ca2+ influx initiated MLC phosphorylation and, therefore,
downstream activation of the contractile machinery in hASMC. In terms of the time-course, a
2- or 10-min exposure to 50% CSE generally led to higher levels of p-MLC expression than a
30-s exposure, whilst there was little difference between 2- and 10-min (Figure 4.24C). From
these preliminary data, a 2-min treatment with 50% CSE was used to capture near-maximal
levels of MLC phosphorylation in subsequent experiments.

Figure 4.24: Assay optimisation and time-course of MLC phosphorylation in hASMC. (A) Initial
western blot image for the MLC phosphorylation assay without equilibrating cells in fresh buffer
solution before experiments. (B) Representative western blot image for MLC phosphorylation assay
following equilibration of cells in HEPES-buffered solution for an hour prior to assay. (C) Semiquantitative analysis of MLC phosphorylation following different exposure durations to the positive
control cocktail or 50% CSE. Density was normalised to β-actin (density for p-MLC/density for β-actin).
Data presented as mean ± SEM. Data points with the same symbol represent day/donor matching.
Friedman’s test with Dunn’s multiple comparisons was applied to HEPES vs. all other groups (2
independent donors; n=3). * = p<0.05.
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To ascertain the involvement of the CSE-induced activation of TRPA1-dependent Ca2+ influx
in facilitating MLC phosphorylation, cells were pre-treated with 50µM HC-030031 (or 0.1%
DMSO for vehicle control) for 15 minutes before lysis (for the negative control untreated with
CSE; UT), or exposed to 50% CSE, with or without HC-030031, for 2 minutes before lysis
(Figure 4.25A). As an internal control for the abundance of MLC protein, total levels of MLC
protein was used to normalise the band density of p-MLC (same sample, run on the same gel,
and probed with two different MLC antibodies). In the negative control, HC-030031 did not
significantly affect the band density of p-MLC (Figure 4.25B; 0.54±0.24 vs. 0.57±0.17, UT HC vs. UT +HC). In contrast, pre-treatment with HC-030031 significantly reduced the band
density of p-MLC in CSE-treated samples (Figure 4.25B; p<0.05, 1.24±0.13 vs. 0.70±0.10, 50%
CSE -HC vs. 50% CSE +HC), suggesting that CSE-induced Ca2+ influx activates downstream
phosphorylation of MLC, which is primarily mediated by TRPA1.

Figure 4.25: CSE induces MLC phosphorylation in hASMC, downstream of TRPA1-mediated
Ca2+ influx. Cells were equilibrated with HEPES-buffered solution for 1 hour, and lysed after treatment
for protein extraction. For the negative control samples without CSE exposure (UT; untreated), cells
were treated with 0.1% DMSO (-HC) or 50µM HC-030031 (+HC) for 15 minutes before lysis. For the
CSE experiments, cells were pre-treated with 0.1% DMSO (-HC) or 50µM HC-030031 (+HC) for 15
minutes, and then exposed to 50% CSE, with or without HC-030031, for 2 minutes before lysis. 15µg
of protein was loaded into each well for gel electrophoresis and western blot analysis. (A) Representative
western blot image for MLC phosphorylation assay described above. All 8 lanes shown were part of the
same blot, cut vertically to perform staining with two different antibodies. The 4 lanes in the top panel
(p-MLC) match the 4 lanes in the bottom panel (total MLC), i.e. the same protein sample run on the
same gel, processed under identical blotting and exposure conditions. (B) Semi-quantitative paired
comparison of CSE-induced phospho-MLC protein levels with or without pre-treatment with HC030031. Band density of p-MLC was normalised to the density of total MLC of the same protein sample
(3 independent donors; n=4-7). * = p<0.05, Wilcoxon matched-pairs signed rank test.
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Altogether, the results provide a mechanistic understanding of CSE-induced disruption of Ca2+
homeostasis in primary hASMC, chiefly through TRPA1, which led to downstream MLC
activation and likely to ASMC contractile mechanisms and hence, potentially, altering the
reactivity and tone of ASMC.
4.4

Discussion

The results in this chapter showed that acute exposure to diluted CSE stimulates Ca2+ influx in
primary hASMC through activation of TRPA1 channels, which induced downstream
phosphorylation of myosin light-chain, presenting TRPA1 as an important link between
smoking and airway hyperresponsiveness. This activation of a Ca2+ influx pathway appeared to
be cell-type specific, as the same CSE-activated Ca2+ addback protocol did not change [Ca2+]i
in Calu-3 cells (Figure 4.9). TRPA1 is a non-selective cation channel that is primarily
associated with noxious cold and mechanical sensation as well as inflammatory pain. Several
groups have previously reported that CSE mobilises calcium in neuronal cells, lung epithelia
and fibroblasts via TRPA1 (Andre et al., 2008; Nassini et al., 2012; Lin et al., 2015; Nie et al.,
2016). However, the results presented in this study are the first to show that CSE activates Ca2+
influx via TRPA1 using both pharmacological and genetic tools, in primary hASMC isolated
from multiple human donors. Furthermore, due to the significant donor-donor variability
(Figure 4.7), the usage of cells from multiple donors for the majority of the datasets presented
in this chapter is advantageous compared to studies where cells from a single donor was used.
The data strongly demonstrated that the primary source of CSE-induced Ca2+ response was Ca2+
influx from extracellular space. However, results from Figure 4.3 indicated that acute exposure
to 50% CSE reduced the amplitude of SR Ca2+ store release compared to 10% CSE. This
suggests that although SR Ca2+ release may not be the dominant source of CSE-induced Ca2+
response, high concentrations of CSE may partially deplete SR Ca2+ stores, either directly or
through Ca2+-induced Ca2+ release mechanisms activated by elevated [Ca2+]i from CSE-induced
Ca2+ influx.
The calcium influx activated by CSE did not require the continual presence of CSE, but the
recovery profile and extent was affected by the presence of CSE at the peak of the influx (Figure
4.5). The potential role of CSE in modulating recovery suggests that CSE not only activates
Ca2+ influx, but may also maintain the open state of such pathways for continual influx. Another
possible explanation for this observation was that CSE may inhibit the SERCA, PMCA, or
NCX, and so removing CSE would allow these Ca2+ removal/reuptake mechanisms to balance
out CSE-induced Ca2+ influx.
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One complication encountered during the search for an effective LTCC blocker was the offtarget effect of nifedipine in activating a Ca2+ response (Figure 4.11). It has previously been
reported that nifedipine at 100µM inhibited Ca2+-sensitive K+ channels (Kaji, 1990). More
likely, however, nifedipine in these experiments did not block LTCC sufficiently, but could
potentially activate other Ca2+ influx pathways. A report in 2001 (Raicu and Florea, 2001)
indicated that nifedipine induced significant SOCE in cultured human aortic SMC, which is
consistent with the off-target effect observed here in hASMC.
During the optimisation process for the MLC phosphorylation assay, a high p-MLC signal in
negative control experiments was first observed (Figure 4.24). This was then minimised by
equilibrating the cells in the HEPES-buffered solution, by which CSE and pharmacological
agents were delivered, for 60 min. This suggested the p-MLC signal in the negative control
could be physiological, as cells could be responding to physical addition of the HEPES-buffered
solution during transfer of the cells from culture media. Indeed, a few studies have shown
previously that shear stress causes direct changes in intracellular Ca2+ signalling in SMC
(Sharma et al., 2002; Song et al., 2014).
TRPA1 is known to be activated by several water-soluble CS components, namely acrolein,
crotonaldehyde, extracellular ROS, and nicotine, and is required to mediate neurogenic
inflammation and pain following CS exposure (Bautista et al., 2006; Andre et al., 2008;
Talavera et al., 2009; Centers for Disease Control and Prevention, 2010; Lin et al., 2015;
Prandini et al., 2016). These constituents, individually or together, are likely responsible for
CSE-induced acute activation of TRPA1 in hASMC; further exploration studying the role of
each individual constituent on hASMC Ca2+ influx, as well as modulation of physiological Ca2+
responses, is therefore warranted. In particular, acrolein has long been implicated in inducing
ASMC hyper-contractility in human and rat airway tracheal/bronchial rings, which was
attributed partly to augmented Ca2+ signalling, in response to cholinergic agonists (Ben-Jebria
et al., 1993; Ben-Jebria et al., 1994; Roux et al., 1998).
At a cellular level, these CSE constituents may regulate TRPA1 channel open probability or
inhibit channel de-activation mechanisms. For instance, acrolein was found to covalently
modify cysteine and lysine residues on TRPA1 that led to sustained membrane current being
activated (Bautista et al., 2006; Hinman et al., 2006; Macpherson et al., 2007).
Electrophysiologically, Talavera et al. (2009) showed that nicotine stabilised the open state and
destabilised the closed state of stably expressed mouse and human TRPA1. However, TRPA1
electrophysiology has not been explored in smooth muscle cells. Accordingly, patch-clamping
hASMC to study the kinetics, channel activation/deactivation profiles, and Ca2+ permeability
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of endogenous TRPA1 would help elucidate the molecular mechanisms of CSE-induced
TRPA1 activation.
In addition to showing that the highly selective TRPA1 inhibitor HC-030031 blocked most of
the downstream effects of CSE, a genetic approach to investigate the contribution of TRPA1 to
CSE-activated Ca2+ response was also employed. The shRNA-driven knockdown of TRPA1
was not fully efficient (mean 2-ΔΔCT for TRPA1-shRNA transfected cells was 0.44-0.69), and
experiments where the knockdown efficiency was <25% when normalised to both
housekeeping genes were excluded. Although a ~40% attenuation of CSE-induced Ca2+ influx
was detected with this knockdown model, a complete knockout animal or cell model would
provide more definitive evidence of this interaction. CSE and its components were reported to
activate TRPA1-mediated Ca2+ influx in sensory neurons of WT, but not TRPA1-deficient,
mice (Bautista et al., 2006; Andre et al., 2008); it is therefore reasonable to hypothesise that
ASMC from TRPA1-deficient rodents would not respond to CS/CSE challenge.
In this study, only the water-soluble gaseous phase of CS was bubbled into the CSE, as the
particulate tar phase was filtered out. However, certain constituents of the particulate phase are
cytotoxic or carcinogenic, and can deposit in the respiratory tract and the lungs (Centers for
Disease Control and Prevention, 2010); it is therefore possible that acute exposure to the
particulate phase could also impact ASMC Ca2+ homeostasis. To investigate this possibility in
the future, the CS condensate (CSC) should be utilised; the CSC was not studied in the present
study due to the technical issue of the particulate matter being autofluorescent at wavelength
exciting fura-2 (Figure 2.9, Chapter 2), but this can be circumvented in future studies by using
other calcium indicators excited by wavelengths at different regions of the spectrum at which
CSC is not autofluorescent.
In summary, this chapter explored the direct effects of acute CSE exposure on primary hASMC
Ca2+ homeostasis, particularly the mechanism of action of CSE-induced elevation in [Ca2+]i,
concluding that this response requires extracellular calcium, and is not facilitated primarily by
LTCC or SOCC. TRPA1 was identified to underly the CSE-induced Ca2+ response in primary
hASMC, which led to downstream MLC phosphorylation. This elevation of [Ca2+]i could
potentially lead to ASMC contraction, and hence exacerbated pulmonary obstruction during
smoking, especially under inflamed conditions such as those seen in COPD. The results
obtained from these experiments then informed the experimental design of the next chapter,
which focuses on the effects of gaseous CS, and how the two models differed.
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Chapter 5: Effect of acute gaseous cigarette smoke (CS) exposure
on calcium homeostasis in hASMC
5.1

Introduction

In Chapter 4, the effects of CSE on hASMC Ca2+ homeostasis and subsequent downstream
signalling on the hASMC contractile mechanisms were explored. However, although CSE is a
valid model for simulating the aqueous components of CS dissolved in the bloodstream of a
smoker, it does not capture the volatile constituents that may be potentially lost through the
vigorous bubbling process in producing CSE. Therefore, another delivery model that aims to
capture these volatiles is required. In the CS model, gaseous CS is delivered to cells placed in
a closed chamber. The frequency and volume of puffing one whole cigarette follows a
standardised protocol agreed by the ISO (International Organization for Standardization, 2012),
and is designed to simulate the frequency and volume of a smoking session of a typical smoker.
The CS model has been commonly used for acute or chronic animal smoking studies, as well
as in vitro experiments. However, to date, there are no published studies that have investigated
the effect of direct gaseous CS exposure on isolated ASMC, unlike the existent, albeit limited,
literature on acute effects of CSE on ASMC function. Therefore, characterising the effect of
CS on Ca2+ homeostasis would help elucidate the potential role of volatile CS constituents not
captured by the CSE model, and whether CS causes similar and/or additional effects on Ca2+
homeostasis, other than stimulating Ca2+ influx.

5.2

Aims and Objectives

The main aim of this chapter was to explore the direct, acute, effects of gaseous CS on hASMC
Ca2+ homeostasis. The objectives were:
•

To ascertain whether acute CS exposure elevates [Ca2+]i in hASMC.

•

To characterise the cellular mechanisms of any CS-induced changes in Ca2+
homeostasis.

•

To compare and contrast any effects of CS with that of CSE on hASMC intracellular
Ca2+ signalling.
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5.3
5.3.1

Results
Acute CS exposure elevates [Ca2+]i in hASMC, and requires extracellular Ca2+

To investigate whether gaseous CS could elevate [Ca2+]i in isolated primary hASMC, similar
to the effects induced by diluted CSE, the cells were exposed to CS from one Kentucky 3R4F
reference cigarette as described in the Methods section. Briefly, one 3R4F reference cigarette
was combusted and delivered, through an automated smoke machine with a pre-programmed
protocol, onto hASMC situated in a closed chamber. Room air puffed with the same
volume/frequency was used as a control to account for the physical changes in airflow/pressure
in the chamber. Any changes in cytosolic Ca2+ were estimated using a calcium imaging setup
with the ratiometric calcium indicator fura-2, similar to that used in Chapter 4.
In the presence of 1mM extracellular Ca2+, exposure to the gaseous phase of one whole cigarette
led to a rise in hASMC [Ca2+]i (Figure 5.1). Interestingly, in the Ca2+ imaging traces averaged
from 10-20 single cells in the same experiment, two different recovery profiles were observed
following the initial peak (Figure 5.1A). In 12/25 of the experiments, the averaged [Ca2+]i of
the sampled cells did not rapidly recover following the initial peak, whilst in 13/25 of the
experiments, a rapid recovery of [Ca2+]i occurred to a raised plateau higher than the initial
baseline. Figure 5.1B and C illustrate the responses in individual cells that averaged into the
sustained plateau profile (B) or the rapid recovery profile (C), respectively. Although the singlecell response profiles were diverse in Figure 5.1B, with [Ca2+]i in some cells recovering after
the initial peak while others were sustained, the mean trace (red dashed line) did not average
into a rapid recovery profile. In contrast, the [Ca2+]i in the majority of cells sampled in Figure
5.1C rapidly recovered, which was unified and rapid enough to be reflected in the averaged
trace.
The CS-induced increase in [Ca2+]i typically began after 8-10 puffs (on average 4.4±0.1 mins),
and reached an initial peak 4.5-8 mins (on average 6.4±0.1 mins) after the first puff. On average,
the initial peak amplitude (0.42±0.04 vs. 0.07±0.01) and rate (0.30±0.04 vs. 0.00±0.00) of the
[Ca2+]i elevation was significantly greater than the change in [Ca2+]i elicited by puffing room
air, wherein no visible response was observed (Figure 5.1D, E; p<0.05 for both amplitude and
rate, CS vs. air in 1mM Ca2+). More importantly, the CS-induced [Ca2+]i increase required
extracellular Ca2+, as the response was abolished when CS was administered in a nominally
Ca2+-free solution (Figure 5.1D, E; p<0.05 for both amplitude (0.42±0.04 vs. 0.13±0.03) and
rate (0.30±0.04 vs. 0.01±0.00), CS in 1mM Ca2+ vs. 0Ca2+). These results suggest that similar
to CSE exposure, acute CS exposure activates a Ca2+ influx pathway to facilitate entry from the
extracellular space, and that intracellular Ca2+ stores do not contribute to this response.
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Figure 5.1: Acute CS exposure elevates intracellular Ca2+ in hASMC, and requires extracellular
Ca2+. (A) Representative mean traces from two independent experiments tracking changes in [Ca2+]i
following puffing one whole cigarette, in the presence of 1mM extracellular Ca2+ (black bar), showing
different response profiles using the same protocol. (B, C) Representative single-cell traces of the two
distinct response profiles shown in (A). The red dashed line is the mean trace of all the single-cell traces
(n=19 and 11 for (B) and (C), respectively). (D) Representative Ca2+ imaging traces following puffing
one whole cigarette, or room air, with or without 1mM extracellular Ca2+. (E) Summary of amplitude
and rate of CS- or room air-induced [Ca2+]i changes. One-way ANOVA with Holm-Sidak’s multiple
comparisons test was performed amongst the 3 groups (4 independent donors; n=7-25). Data presented
as mean ± SEM. * = p<0.05.
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5.3.2

Donor and passage variability of CS-induced Ca2+ response

For the majority of results presented in this chapter, experiments were performed with hASMC
isolated from at least 3 independent donors, used for experiments between passages 2-7. Donorand passage-variability of the amplitude and rate of the CS-induced Ca2+ response was
examined. Similar to that observed for the CSE-induced Ca2+ responses, there was a certain
degree of donor-donor variability in both the amplitude and rate of CS-induced Ca2+ responses
(Figure 5.2A). However, the results from donor 3 were only included in a subset of experiments
in this chapter (Figure 5.1 (n=4) and the shRNA experiments (n=5)). On the other hand, in
terms of passage variability, there was a trend that the CS-activated Ca2+ response was highest
in passages 3 and 4, compared to the earlier passage 2 and the higher passages (Figure 5.2B,
C).

Figure 5.2: Donor and passage variability of CS-induced Ca2+ responses. (A) Summary of amplitude
and rate of CS-induced Ca2+ responses in the presence of 1mM extracellular Ca2+, in hASMC isolated
and cultured from different donors. Kruskal Wallis test with Dunn’s multiple comparisons was
conducted between each individual donor; n = 4-23. * = p<0.05. (B, C) Summary of amplitude (B) and
rate (C) of CS-induced Ca2+ responses in cultured primary hASMC at different passages (at least 2
independent donors for each passage). Linear regression was performed on each curve to examine
potential linear correlations. n=5-14. Data presented as mean ± SEM.
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5.3.3

CS-induced Ca2+ influx is blocked by gadolinium

To further investigate the underlying mechanism of the CS-induced increase in cytosolic Ca2+,
the effect of Gd3+ was tested by pre-treating the cells with Gd3+ for 10 mins prior to a CS
challenge. Unlike the CSE-induced Ca2+ response, however, pre-treatment with 100µM Gd3+
did not inhibit the amplitude (0.72±0.05 vs. 0.65±0.05) or the rate (0.56±0.10 vs. 0.42±0.07) of
the CS-induced [Ca2+]i elevation (Figure 5.3B; p>0.05 for both amplitude and rate, Gd3+-treated
vs. control).

Figure 5.3: 100µM Gd3+ did not inhibit CS-induced Ca2+ influx. (A) Representative traces tracking
changes in [Ca2+]i following puffing one whole cigarette, in the presence of 1mM extracellular Ca2+
(black bar), with or without 10-min pre-treatment with 100µM Gd3+, which was also present throughout
the experiment. (B) Summary of amplitude and rate of [Ca2+]i changes corresponding to experiments in
(A). Data presented as mean ± SEM. Mann-Whitney test was performed between the control group and
the Gd3+-treated group (n=4-5, from 1 donor).
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However, when the concentration of Gd3+ was increased to 500µM, it now significantly reduced
the amplitude (0.20±0.02 vs. 0.42±0.05; 52.6% inhibition) and rate (0.13±0.03 vs. 0.23±0.02;
43.8% inhibition) of the CS-induced Ca2+ response in hASMC (Figure 5.4A, B; p<0.05 for both
amplitude and rate, Gd3+-treated vs. control). In addition to blocking the rapid influx of Ca2+,
500µM Gd3+ also delayed the onset of the response (from an average of 4.7±1.0 minutes in
untreated cells to 6.8±1.0 minutes in Gd3+-treated cells; p<0.05, Mann-Whitney test). This
Gd3+-sensitivity suggests that the CS-induced Ca2+ response consists primarily of Ca2+ influx
through PM-bound channels.

Figure 5.4: CS-induced Ca2+ influx was inhibited by Gd3+. (A) Representative traces tracking changes
in [Ca2+]i following puffing one whole cigarette, in the presence of 1mM extracellular Ca2+ (black bar),
with or without a 10-min pre-treatment with 500µM Gd3+, which was also present throughout the
experiment. (B) Summary of amplitude and rate of [Ca2+]i changes corresponding to experiments in (A).
Data presented as mean ± SEM. Unpaired t-test was performed between the control group and the Gd3+treated group (3 independent donors; n=6-11). * = p<0.05.
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5.3.4

Inhibiting LTCC does not attenuate CS-induced Ca2+ influx

Following a similar approach described for CSE, the involvement of LTCC and SOCC were
also investigated to help identify the protein responsible for the CS-induced Ca2+ influx. LTCC
were inhibited by pre-treating hASMC with 1µM felodipine. A 10-min pre-treatment (and
continual presence) of felodipine did not significantly affect the CS-induced Ca2+ influx (Figure
5.5A, B; p>0.05 for both amplitude (0.48±0.10 vs. 0.57±0.09) and rate (0.35±0.11 vs.
0.29±0.06), felodipine- vs. DMSO-treated, providing evidence that LTCC do not facilitate CSinduced Ca2+ influx.

Figure 5.5: Inhibiting LTCC does not attenuate CS-induced Ca2+ influx. (A) Representative traces
tracking changes in [Ca2+]i following puffing one whole cigarette with or without 10-min pre-treatment
with 1µM felodipine, which was also present throughout the experiment. An equal volume of DMSO
was used for vehicle control. (B) Summary of amplitude and rate of [Ca2+]i changes corresponding to
experiments in (A). Data presented as mean ± SEM. Unpaired t-test was performed between the
felodipine-treated group and the vehicle control group (3 independent donors; n=8-9).
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5.3.5

CS-induced Ca2+ influx utilises a different pathway from SOCE

The potential involvement of SOCC in mediating the CS-induced Ca2+ influx was studied using
the same approach described in the previous chapter. Here, SOCE was first activated with CPA,
and the subsequent effect of CS exposure then examined; Figure 5.6A shows that CS was able
to instigate an additional elevation in [Ca2+]i when SOCC were already active, similar to the
vehicle control, where SOCC were not activated. Indeed, there was no significant difference in
either amplitude (0.35±0.07 vs. 0.33±0.03) or rate (0.24±0.05 vs. 0.17±0.01) between the CPAtreated cells and the vehicle control (Figure 5.6B; p>0.05 for both amplitude and rate). Together
with results from Figure 5.5, these data suggest that LTCC and SOCC do not contribute to CSactivated Ca2+ influx.
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Figure 5.6: CS-induced Ca2+ influx utilises a different pathway from SOCE. (A) Representative
traces tracking changes in [Ca2+]i following puffing one whole cigarette after 15-min treatment with
10μM CPA. An equal volume of DMSO was used for the vehicle control. (B) Summary of amplitude
and rate of the CS-induced [Ca2+]i changes corresponding to experiments in (A). Unpaired t-test was
performed between the CPA-treated group and the vehicle control group (2 independent donors; n=45).
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5.3.6

CS-induced Ca2+ influx was inhibited by the TRPA1 inhibitor HC-030031

After excluding LTCC and SOCC, the potential role of TRPA1 in mediating the CS-induced
Ca2+ influx was investigated. Similar to the CSE experiments described in Chapter 4, hASMC
were first pre-treated with HC-030031 for 10 minutes before CS was puffed onto the cells.
Figure 5.7A shows a typical dose-response to increasing concentrations of HC-030031, ranging
from 1-50µM; a full summary of the dose-response data obtained from 1 donor is presented in
Figure 5.7B. Inhibition of the CS-induced Ca2+ influx amplitude was observed with 1µM HC030031 (10.5% inhibition), but the rate of influx was not attenuated (Figure 5.7A, B). On the
other hand, 10µM (29.5/22.2% inhibition in amplitude/rate) and 30µM (75.6/83.1% inhibition
in amplitude/rate) HC-030031 formed the linear phase of the dose-response curve (Figure 5.7B).
The calculated IC50 for blocking CS-induced Ca2+ influx was 16.6±3.9µM for amplitude and
16.3±4.1µM for rate (Figure 5.7B). At 50µM, HC-030031 almost completely attenuated CSinduced Ca2+ influx (79.5/94.5% inhibition of amplitude/rate, respectively), and therefore this
concentration was used to investigate further the role of TRPA1 in mediating the CS-induced
increase in [Ca2+]i.
After repeating the experiment with hASMC from 3 additional donors, the average inhibition
of the CS-induced Ca2+ influx by 50µM HC-030031 was 71.2% (0.19±0.02 vs. 0.67±0.06) for
the amplitude and 94.7% (0.02±0.01 vs. 0.46±0.06) for the rate (Figure 5.7C; p<0.05, HC030031- vs. DMSO-treated). This substantial inhibition by a highly selective TRPA1 blocker
indicates that TRPA1 plays a major role in mediating this CS-induced Ca2+ influx.

131

Figure 5.7: CS-induced Ca2+ influx was inhibited by HC-030031 in a concentration-dependent
manner. (A) Representative traces tracking changes in [Ca2+]i following puffing one whole cigarette
with or without 10-min pre-treatment with various concentrations of HC-030031, which was also
present throughout the experiment. An equal volume of DMSO was used for the vehicle control. (B)
Dose response curves for the normalised amplitude and rate of the CS-induced Ca2+ influx (normalised
to % of the mean amplitude/rate of DMSO control) at different concentrations of HC-030031, presented
as mean ± SEM (n=3-10, from 1 donor). (C) Summary of the amplitude and rate of the CS-induced
[Ca2+]i changes following pre-treatment with 50μM HC-030031, or DMSO. Data presented as mean ±
SEM. Unpaired t-test was performed between the HC-treated group and the vehicle control group (3
independent donors; n=13-16). * = p<0.05.

5.3.7

TRPA1 mRNA expression correlates with the amplitude and rate of CS-induced Ca2+
influx

Similar to the results with CSE, HC-030031 did not completely abolish the CS-induced Ca2+
influx. Therefore, genetic knockdown of TRPA1 was applied to further investigate the role of
TRPA1 in mediating this influx, using the same shRNA-driven transient transfection approach
as described in Chapter 4. After transfection, hASMC were exposed to CS for Ca2+ imaging
experiments, and then cells were lysed to extract mRNA for qPCR analysis. Knockdown
efficiency was calculated using the 2-ΔΔCT method as previously described.
Knockdown of TRPA1 did not consistently attenuate the CS-activated Ca2+ influx. 25/32 of the
targeted vector (TV)-transfected hASMC exhibited a smaller CS-induced Ca2+ response
132

compared to the average of the day/donor-matched empty vector (EV)-transfected cells (e.g.
the pair shown in Figure 5.8A), while 7/32 had similar or higher responses than the average of
the EV controls (e.g. the pair shown in Figure 5.8B). Even with such inconsistency, the hASMC
transfected with the TV, on average, had a lower amplitude (0.38±0.04 vs. 0.53±0.04, T vs. E)
and rate (0.11±0.01 vs. 0.18±0.03, T vs. E) of CS-induced Ca2+ response compared to the EV
control (Figure 5.8C; p<0.05 for both amplitude and rate), despite the large spread in values.
However, the average inhibition was relatively low (27.0/39.8% inhibition for amplitude/rate,
respectively) compared to that exerted by 50µM HC-030031 (71.2/94.7% for amplitude/rate,
respectively). qPCR analysis revealed that the relative expression of TRPA1 was only
significantly knocked down when normalised to GAPDH (25.9% efficient, 0.74±0.03 vs.
1.00±0.05, T vs. E; p<0.05), but not 18S (5.6% efficient, 0.94±0.10 vs. 1.00±0.07, T vs. E;
p>0.05) (Figure 5.8D). Moreover, cells from 9/32 coverslips transfected with the TV had a 2ΔΔCT

value higher than 1.0, indicating no knockdown of TRPA1 (Figure 5.8D). However, the

raw CT values for both housekeeping genes were not significantly different between the cells
transfected with the TV and the EV (Figure 5.8E; p>0.05 for both GAPDH and 18S, T vs. E),
indicating that 18S was not significantly altered by the transfection process, and thus remained
a valid housekeeping gene for normalisation of relative TRPA1 expression.
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Figure 5.8: The effect of TRPA1 knockdown on CS-induced Ca2+ influx was also inconsistent.
hASMC were transfected with shRNA containing either the empty (E) vector, or the vector targeted (T)
towards TRPA1. (A, B) Representative traces tracking changes in [Ca2+]i following puffing one whole
cigarette onto transfected hASMC. Pairs of E and T are day/donor matched. (C) Summary of amplitude
and rate of CS-activated Ca2+ influx in transfected hASMC. (D) Knockdown efficiency of TRPA1 in
transfected hASMC, reported as 2-ΔΔCT. (E) Raw CT values of housekeeping genes GAPDH and 18S for
shRNA-transfected hASMC. Data presented as mean ± SEM, from 4 independent donors (n=26-32).
Unpaired t-test was performed between the groups transfected with empty vector and those transfected
with the TRPA1 targeted vector (C, D, E). * = p<0.05.
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As the average TRPA1 knockdown efficiency was low, especially when normalised to 18S, and
a number of experiments had 2-ΔΔCT>1.0 (Figure 5.8D), removal of experiments where the
knockdown was not apparent, may more accurately represent the dataset, and thus could better
characterise the role of TRPA1 in mediating CS-induced Ca2+ influx. Before data removal,
initial analysis was performed to ascertain that TRPA1 expression actually correlated with the
CS-induced Ca2+ response, regardless of knockdown efficiency. Similar to the results shown in
Chapter 4, inverse correlations were observed by plotting TRPA1 ΔΔCT, normalised to
GAPDH or 18S, against the amplitude and rate of CS-induced Ca2+ influx (Figure 5.9). The
Pearson’s r values were between -0.27-0.34, indicating moderate negative correlations, that is,
higher relative expression of TRPA1 correlated to lower CS-induced Ca2+ influx. More
importantly, the correlations for all four comparisons were statistically significant (Figure
5.9A-D; p<0.05). There was also differential clustering observed for E (black) vs. T (red),
especially in Figure 5.9A and B, whereby black points clustered towards the top left quadrant
(relatively higher Ca2+ responses and higher TRPA1 expression), whereas red points clustered
towards the bottom right (lower Ca2+ responses and lower TRPA1 expression). This significant
correlation between TRPA1 relative expression and the amplitude and rate of CS-induced Ca2+
influx indicated that TRPA1 expression likely plays a role in this response, thus strengthening
the argument for excluding data where TRPA1 knockdown was inefficient.

Figure 5.9: CS-induced Ca2+ influx is correlated to TRPA1 mRNA expression. Amplitude (left
panels) and rate (right panels) of CS-induced Ca2+ influx were correlated vs. TRPA1 ΔΔCT values (raw
TRPA1 CT was normalised to CT of GAPDH (A, B) or 18S (C, D), then normalised to ΔCT of the
average empty vector-transfected cells, day/donor-matched). Pearson’s correlation analysis was
performed between each pair of the parameters indicated (4 independent donors; n=26-32). * = p<0.05.
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5.3.8

shRNA-driven TRPA1 knockdown attenuated CS-induced Ca2+ influx

Data removal from samples transfected with the TV where TRPA1 knockdown was minimal
followed the same criteria as described in Chapter 4, that is, 2-ΔΔCT > 0.75 when normalised to
both housekeeping genes (>25% knockdown on TRPA1 relative expression). After applying
this selection criteria, 10 out of 32 experiments were excluded from subsequent analysis (“T,
excluded” in Figure 5.10). The average 2-ΔΔCT values for this excluded group (0.91±0.06
normalised to GAPDH; 1.37±0.22 normalised to 18S) were similar to those for the EVtransfected samples (1.03±0.05 normalised to GAPDH; 1.05±0.07 normalised to 18S) (Figure
5.10A; p>0.05, T excluded vs. E). In contrast, the 2-ΔΔCT values for the excluded group were
significantly higher than those for the remaining samples transfected with the TRPA1-targeted
shRNA vector (0.67±0.02 normalised to GAPDH; 0.75±0.08 normalised to 18S), validating the
data removal manoeuvre as samples with minimal knockdown efficiency were separated as a
statistically different group (Figure 5.10A; p<0.05, T excluded vs. T). On the other hand, the
amplitude (0.50±0.06 vs. 0.53±0.04) and rate (0.17±0.02 vs. 0.18±0.03) of Ca2+ influx
following CS exposure were also similar between the T excluded group and the E group (Figure
5.10B; p>0.05, T excluded vs. E), further supporting that hASMC with minimal TRPA1
knockdown responded to CS challenge in a similar manner to the negative control, and hence
supporting the removal of this group of results from those with significant TRPA1 knockdown.
Removing this confounding factor of inefficient knockdown enabled clearer investigation into
TRPA1’s contribution to the CS-induced Ca2+ influx.
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Figure 5.10: Validating removal of experiments with minimal TRPA1 knockdown. (A) Knockdown
efficiency of TRPA1 in transfected hASMC, reported as 2-ΔΔCT. hASMC transfected with the TRPA1targeted shRNA (T) that had 2-ΔΔCT values >0.75 normalised to both housekeeping genes, indicated by
the dashed horizontal line, were excluded for subsequent analyses (T, excluded). (B) Summary of
amplitude and rate of CS-activated Ca2+ influx in transfected hASMC. Data presented as mean ± SEM,
consisting of cells from 4 independent donors (n=10-26). One-way ANOVA with Holm-Sidak’s
multiple comparisons tests were performed amongst the three groups (E, T, and T, excluded). * = p<0.05.

After the data removal in Figure 5.10, the TRPA1 knockdown was significant in hASMC
transfected with the TV (2-ΔΔCT 0.67±0.02 normalised to GAPDH; 0.75±0.08 normalised to 18S)
compared to cells transfected with the EV (2-ΔΔCT 1.03±0.05 normalised to GAPDH; 1.05±0.07
normalised to 18S) (Figure 5.11A; p<0.05, T vs. E for both housekeeping genes). These cells
where TRPA1 was significantly knocked down exhibited an attenuated amplitude (0.33±0.04
vs. 0.53±0.04; 37.4% inhibition) and rate (0.08±0.02 vs. 0.18±0.03; 55.8% inhibition) of Ca2+
influx in response to CS exposure, compared to the negative control (Figure 5.11B; p<0.05 for
both amplitude and rate, T vs. E), demonstrating the likely role of TRPA1 in mediating Ca2+
influx in response to CS.
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Figure 5.11: TRPA1 knockdown significantly attenuated CS-induced Ca2+ influx. (A) Knockdown
efficiency of TRPA1 in transfected hASMC, reported as 2-ΔΔCT. (B) Summary of amplitude and rate of
CS-activated Ca2+ influx in transfected hASMC. Experiments with minimal knockdown were excluded
for analysis. Data presented as mean ± SEM, consisting of cells from 4 independent donors (n=22-26).
Unpaired t-tests were performed between the samples transfected with the empty vector (E) and those
transfected with the TRPA1-targeted vector (T). * = p<0.05.

5.3.9

Comparison between Ca2+ responses elicited by CS and CSE

To examine any potential differences between the two tobacco delivery models, a direct
comparison of the amplitude and rate of CS-induced Ca2+ influx to that activated by 10% or
50% CSE was performed. The peak amplitude of the three groups did not significantly differ
(Figure 5.12A; p>0.05 for all multiple comparisons pairs), but the rate of the CS- (0.30±0.04)
and 50% CSE-induced (0.32±0.07) Ca2+ response were both significantly greater than that
elicited by 10% CSE (0.10±0.02) (Figure 5.12A; p<0.05 for both multiple comparisons pairs).
In Chapter 4, it was observed that the Ca2+ influx activated by CSE was concentrationdependent and did not saturate at 10% CSE, as 50% CSE was able to induce a further elevation
in [Ca2+]i (Figure 4.1, Chapter 4). Moreover, both the amplitude (0.42±0.04 vs. 0.43±0.05) and
rate (0.30±0.04 vs. 0.32±0.07) of CS-induced Ca2+ influx were similar to that induced by 50%
CSE (Figure 5.12A; p>0.05 for both amplitude and rate). To investigate if CS was able to
elevate [Ca2+]i after a 10% CSE exposure, one whole cigarette was puffed onto hASMC after a
30-min exposure to 10% CSE (Figure 5.12B). As expected, an additional Ca2+ response was
observed following the CS exposure. However, although not statistically significant, on every
occasion the amplitude of this subsequent CS response was lower than the initial response
elicited by 10% CSE (Figure 5.12C; p>0.05 for the paired responses).
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Figure 5.12: Comparison between CS- and CSE-induced Ca2+ influx. (A) Summary of amplitude
and rate of CS- or CSE-induced [Ca2+]i changes in the presence of 1mM extracellular Ca2+. (B)
Representative trace tracking changes in [Ca2+]i following exposure to 10% CSE, then puffing one whole
cigarette onto hASMC. (C) Paired summary of amplitude and rate of CSE and CS responses from
experiments in (B). Wilcoxon matched-pairs signed rank test was performed between the two groups
(n=4, from 1 donor).

5.4

Discussion

In this chapter, the cellular mechanisms underlying the CS-induced changes in hASMC
intracellular Ca2+ signalling was investigated. Using a combination of pharmacological and
genetic approaches, the results provide the first known evidence that acute exposure of gaseous
CS directly onto hASMC activated Ca2+ influx in hASMC primarily through the TRPA1
channel, in the populations of hASMC sampled. At the single-cell level, however, the response
profiles varied (e.g. Figure 5.1B, C); the Ca2+ imaging traces presented were cumulated means
from 10-20 single cells in each independent experiment. Nonetheless, despite such variability
in single-cell response profiles, the mean amplitude and rate of the [Ca2+]i changes in cell
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populations provided consistent overall trends that were sufficient to distinguish statistical
significance in various datasets.
As shown in Figure 5.1A-C, two distinct response profiles were observed by direct CS
stimulation. The obvious mechanisms that underlie the rapid recovery profile are changes in
TRPA1 gating, or changes in the calcium extrusion/reuptake pathways (e.g. SERCA, PMCA,
NCX). However, the former is unlikely as the TRPA1 channels likely remain open after the
initial activation, for at least 15 minutes, and facilitates efflux of cytosolic calcium (Figure 4.6,
Chapter 4). On the other hand, active calcium extrusion/reuptake pathways could lead to the
rapid recovery profile, and these may be modulated by CS or its constituents. For instance, a
delayed recovery was observed in CS- or crotonaldehyde-treated mouse skeletal muscle and
cardiomyocytes (Pei et al., 2014; Nogueira et al., 2018), and ROS, contained in CS, was shown
to inhibit SERCA and PMCA function (Xu et al., 1997; Zaidi and Michaelis, 1999; GutierrezMartin et al., 2004; Kumosani et al., 2008; Pande and Grover, 2014; Gorlach et al., 2015).
However, in the present study, SERCA activity was unlikely to underly the transient CS
response profile, as the rapid recovery was still observed consistently (5/5 experiments) after
SERCA was blocked with CPA (Figure 4.16). Therefore, ruling out the involvement of SERCA
and the changes in the intrinsic regulation of TRPA1, the mechanism that underly the rapid
recovery following CS stimulation is likely to be PMCA or NCX. A simple method to ascertain
this speculation would be pharmacological inhibition of PMCA or NCX; if one of these
pathways was indeed responsible for the rapid recovery, inhibition of the pathway would
convert the transient response profile to a sustained profile.
The results from both Chapter 4 and 5 indicated that TRPA1 was the main pathway activated
by both CS and CSE to facilitate Ca2+ influx. However, the CS model used in this chapter is
likely to have delivered considerably higher concentrations of active constituents to hASMC,
compared to the CSE model, since one cigarette was puffed into a total buffer volume of 1ml
(i.e. the final volume of buffer added to the cells before experiment), whereas the stock CSE
solution was made using one cigarette per 25 ml. Assuming no loss of gaseous CS from the
closed chamber, efficient diffusion and site access, this was equivalent to 2500% CSE.
However, it is worth noting that controlling the amount and dissipation rate of gaseous CS,
even with a smoke machine and fixed volume in a closed chamber, is relatively challenging,
and so this theoretical concentration may not be accurate. Despite the CS model potentially
delivering up to 50 times higher concentration of active constituents, direct exposure to gaseous
CS and 50% CSE produced comparable Ca2+ responses in hASMC (Figure 5.12A), possibly
due to saturation of these active constituents. This was supported by the observation that CS
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was still able to elicit a further elevation of [Ca2+]i after the initial response induced by 10%
CSE (Figure 5.12B), a similar effect as 50% CSE (Figure 4.1, Chapter 4), the putative saturating
concentration. In these experiments (Figure 4.1, Chapter 4 and Figure 5.12 here), it is possible
that a proportion of channels have shut after the initial activation by 10% CSE, and a second,
higher, dose of 50% CSE or CS re-activated these channels, as well as potentially additional
channels that were not activated initially by 10% CSE. Another possible explanation for the
similar response amplitude/rate for 50% CSE and CS is that the overwhelming concentration
discrepancy may have been counterbalanced by the low bath volume in the CS model, as
Bourgeois et al. (2016) showed that higher volumes of CSE, at the same nominal concentration,
were more cytotoxic. However, despite a similar peak amplitude and rate of the Ca2+ response,
the greater concentration in the CS model compared to the CSE model may underlie the
inability of 100µM Gd3+ to inhibit CS-induced Ca2+ influx (Figure 5.3). In contrast, the same
concentration of Gd3+ significantly inhibited the CSE-induced Ca2+ response (Figure 4.10,
Chapter 4). Moreover, even at a higher Gd3+ concentration (500µM vs. 100µM), a lower
percentage inhibition by Gd3+ (52.6/43.8% vs. 74.8/76.0%; by amplitude/rate) was observed in
the CS model.
On the other hand, despite a higher nominal concentration, the average CS-activated Ca2+
response had a longer time lag before the initial rise, as well as a longer time to peak, in
cytosolic Ca2+. After exposure to 10% or 50% CSE, [Ca2+]i started to rise within a minute;
whereas in the CS model, there was a noticeable time lag of 4.4±0.1 mins before [Ca2+]i began
to elevate. Indeed, on average, it took longer for the CS-induced Ca2+ response to reach a peak
than the 50% CSE-induced response (6.4±0.1 mins vs. 3.4±1.2 mins), but not the 10% CSEinduced response (6.2±1.3 mins). The difference in time lag between the two delivery systems
could be attributed to the CS model relying on passive diffusion of water-soluble components
into the bathing solution, as opposed to the vigorous bubbling in the CSE model, and therefore
it may take longer for the active compounds to equilibrate and reach a threshold concentration
for TRPA1 activation.
Out of the CS constituents speculated to exert effects on TRPA1 (see Discussion of Chapter 4),
acrolein and crotonaldehyde are aldehydes, and classed as volatile organic compounds (VOCs),
that readily evaporate (Centers for Disease Control and Prevention, 2010). Therefore, a portion
of the VOCs are likely lost from vigorous bubbling in the process of CSE production. Thus, in
the CS model where these volatiles are contained within a closed chamber, the concentrations
of acrolein and crotonaldehyde are likely to be higher, even under the same nominal CSE
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concentration, which may account for the differences in Ca2+ responses observed using the two
delivery models.
The TRPA1 inhibitor used in this study, HC-030031, has been reported to be highly selective.
At 10µM, the compound did not inhibit other Ca2+ channels and protein targets, including
LTCC, NTCC, TRPV1, TRPV3, TRPV4, TRPM8, P2X receptors, GABAA and GABAB
receptors (McNamara et al., 2007; Eid et al., 2008). The calculated IC50 for inhibition of CSinduced Ca2+ influx by HC-030031 in this study was ~16µM, for both amplitude and rate
(Figure 4.18B), which is ~2-3 times higher than reported in the initial screening studies (4.97.5 µM), albeit in different cell types and against different agonists (McNamara et al., 2007;
Eid et al., 2008). Therefore, it is possible that the 50µM concentration used in this study may
potentially block non-TRPA1 targets, and hence why a genetic approach was taken to validate
the findings with HC-030031. Due to the relatively low knockdown efficiency obtained using
the shRNA-driven approach in this study, other potentially more efficient genetic manipulation
techniques, such as the siRNA silencing approach or CRISPR-Cas9 gene editing, could be
employed to ascertain the effect of TRPA1 knockdown, or knockout, on CS-induced Ca2+ influx.
Despite clear evidence that TRPA1 was the primary mediator of the CS-induced Ca2+ influx,
neither HC-030031 nor TRPA1 knockdown completely abolished this response. Therefore,
potential contribution from other Ca2+ channels must be considered. An interesting candidate
to investigate is TRPV1, since a recent paper provided evidence that TRPV1 was expressed,
and mediated CSE-induced Ca2+ influx in airway epithelial cells along with TRPA1 (Wang et
al., 2019b). However, this was contradicted by two other studies that reported TRPV1 was not
involved in CSE-induced Ca2+ influx in rat sensory neurons, and its expression in human and
mouse airway tissue was absent (Andre et al., 2008; Nassini et al., 2012). Investigating the
involvement of TRPV1 in hASMC would better elucidate the potential additive effect of
TRPV1 and TRPA1 in facilitating CS-induced Ca2+ influx. Other potential targets that were not
investigated in the present study include other TRPV channels such as TRPV4 (Jia et al., 2004),
various members of the TRPC family (Chow et al., 2011; Jiang et al., 2019), and the reversemode NCX (Algara-Suarez et al., 2007), all of which are functionally expressed in hASMC.
As CS-induced Ca2+ influx was blocked by Gd3+, the TRP channels that were shown to be
insensitive or poorly sensitive to Gd3+ may be ruled out (e.g. TRPM2, TRPM7, TRPV1, TRPV6,
TRPC5), whilst Gd3+-sensitive channels (TRPC1, TRPC6, TRPC7, TRPM3, TRPM4, TRPM8,
TRPV2, TRPV3, TRPV4, TRPV5, TRPML1) could be further explored (reviewed in Bouron
et al. (2015)). Indeed, both TRPV1 and TRPV4 were shown to be activated by CSE to promote
ATP release (Baxter et al., 2014), and TRPM8 was activated by CSE directly to facilitate Ca2+
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influx and cytokine release in human epithelial cells (Wang et al., 2019a); these therefore are
prime candidates to study in hASMC. It is worth nothing, however, that there is no evidence of
TRPM8 expression in human airway smooth muscle tissue (Maher et al., 2015). In addition,
the Ca2+ entry mode of NCX was shown to be activated by 4-(methylnitrosamino)-1-(3pyridyl)-1-butanone (NNK), a potent carcinogen derived from tobacco smoke, in human
esophageal squamous cell carcinoma cells (Wen et al., 2016). The thorough examination of the
role of these channels in CS-induced Ca2+ influx could be performed using similar
pharmacological and genetic methodologies presented in this chapter, applying inhibitors that
exhibit high specificity and potency, as well as shRNA-driven or other genetic
knockdown/knockout approaches.
In summary, the results in this chapter have characterised the effects and cellular mechanisms
of CS-induced disruption in Ca2+ homeostasis, complementing data from Chapter 4. In addition,
although there were differences in Ca2+ responses between the two tobacco delivery models,
which could be attributed to differences in the concentration of active constituents, acute
exposure to CS and CSE both activated TRPA1 to facilitate rapid Ca2+ influx in hASMC, thus
showing that they shared a similar response profile.
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Chapter 6: Concluding Discussion
6.1

Summary of key findings and strengths/weaknesses of the work

COPD and CF are obstructive airway diseases that share multiple similarities in disease
manifestation, including AHR, airway dehydration, prominent inflammation, and recurrent
infections. The largest risk factor for the pathogenesis of COPD is chronic cigarette smoking,
which is extensively linked to a number of processes including inflammation, remodelling,
mucus plugging, infection, and AHR. On the other hand, the pathophysiology of CF is
associated with loss-of-function mutations in the CFTR gene, which codes for an epithelial Clchannel that regulates Cl- and fluid secretion. An important link between CF and COPD is that
CS exposure induces downregulation of CFTR function in airway epithelia, leading to airway
dehydration, reminiscent of CF airway, in COPD smokers, through elevation of [Ca2+]i (Clunes
et al., 2012; Sloane et al., 2012; Raju et al., 2013). Furthermore, CFTR itself also functionally
regulates intracellular Ca2+ homeostasis in both airway epithelial and various muscle cells,
including ASMC (see section 1.6).
The ASMC is the effector of airway hyperresponsiveness, or enhanced sensitivity, to contractile
stimuli; changes in ASMC Ca2+ homeostasis, which affects the activity of downstream
contractile signalling mechanisms, regulates the calibre of the airway. CFTR was reported to
be functionally expressed in rat and human ASMC (Robert et al., 2004; Vandebrouck et al.,
2006; Michoud et al., 2009; Norez et al., 2014; Cook et al., 2016), but its role in modulating
various aspects of ASMC Ca2+ homeostasis was poorly understood. Additionally, chronic CS
exposure is associated with long-term changes in multiple components of ASMC Ca2+
signalling (Sathish et al., 2015; Wylam et al., 2015), but the direct effects of acute exposure to
CS, or CSE, on ASMC Ca2+ signalling and contractility have not been fully characterised. This
project therefore aimed to investigate the role of CFTR in regulating, as well as the mechanisms
of acute CS/CSE exposure in disrupting, ASMC Ca2+ homeostasis.
6.1.1

CFTR plays a minor role in modulating GPCR-coupled Ca2+ release and SOCE in
ASMC (Chapter 3)

Investigation into the role of CFTR in regulating ASMC Ca2+ signalling began with
characterising the effects of various pharmacological modulators of CFTR on epithelial Ca2+
homeostasis, in order to establish a robust protocol for subsequent application of these agents
in ASMC experiments, and compare and contrast these effects in the two different cell types in
which CFTR is differentially localised. Surprisingly, an off-target inhibition of SOCE by
CFTRinh-172 and GlyH-101, two of the most commonly-used and considered to be relatively
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selective CFTR inhibitors in current use, was observed. This was validated in HEK293 cells
which do not express CFTR. There appeared to be a time-dependency to this off-target action
and, therefore, to circumvent this, a short exposure protocol to CFTRinh-172 was established in
order to isolate CFTR-specific effects.
In rat ASMC, treatment with CFTRinh-172 was found to inhibit the rate, but not maximal
amplitude, of SOCE. Furthermore, activation and inhibition of CFTR did not affect the
amplitude, rate, or recovery rate of ATP-coupled Ca2+ release in rASMC, but had minor effects
on the post-response [Ca2+]i steady-state level following recovery. The lack of substantial
effects could be attributed to low CFTR expression in rASMC, in which it was difficult to detect
CFTR protein by both Western blot and immunofluorescence. Despite these technical
difficulties, the immunofluorescence results corroborated multiple reports showing that CFTR
is expressed primarily intracellularly in both rat and human ASMC, likely localising to the SR
(Vandebrouck et al., 2006; Michoud et al., 2009; Norez et al., 2014).
The main novelty from results presented in Chapter 3 was the surprising off-target effects of
two commonly used pharmacological inhibitors in CFTR-related research, which may have
major implications for past and future studies in the field (discussed in section 6.2 below).
Additionally, this was the first study to investigate the effects of CFTR modulation on rASMC
Ca2+ store release and SOCE, contributing to the presently poorly characterised model of how
CFTR activity regulates ASMC Ca2+ signalling.
The main weakness of the work shown in this chapter was the various technical difficulties,
such as the lack of specific pharmacological inhibitors and low CFTR expression, that
discouraged substantial effort into further investigating the regulatory contribution of CFTR in
various pathways involved in maintaining Ca2+ homeostasis. Therefore, it cannot be concluded,
from these results alone, that CFTR does not play a major role in regulating calcium
homeostasis in ASMC. A number of future experiments that could shine more light into this
subject matter was outlined in the Discussion of Chapter 3, most notably utilising genetic tools
to validate the results presented, and to visualise localisation of endogenous CFTR mRNA and
protein in ASMC. More importantly, studies that could show direct evidence of SR membrane,
CFTR-mediated, Cl- flux could further consolidate CFTR as a counterion channel that
modulates Ca2+ transport across the SR membrane. Another limitation of this work was that the
investigation of CFTR modulation on rASMC Ca2+ signalling was performed on one
preparation of isolated rASMC, and so biological variation in the effects observed was not
explored.
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6.1.2

Direct, acute exposure to gaseous CS, or diluted CSE, evoked TRPA1-mediated Ca2+
influx and activation of hASMC contractile signalling (Chapter 4 and 5)

On the other hand, acutely exposing cultured primary hASMC, isolated from multiple nonsmoking human donors, to gaseous CS generated from one research cigarette, or diluted CSE,
led to rapid Gd3+-sensitive Ca2+ influx that was dependent on extracellular Ca2+. This is the first
study that has described the acute effects of gaseous CS directly on hASMC Ca2+ signalling.
Using a repeated Ca2+ addback protocol, it was shown that CSE-activated Ca2+ influx in
hASMC was poorly reversible in the short-term. Additionally, experiments utilising a number
of pharmacological agents suggested that LTCC and SOCC did not contribute significantly to
CS/CSE-induced Ca2+ influx. Using the potent TRPA1 pharmacological inhibitor HC-030031,
as well as transient shRNA-driven knockdown, it was discovered that the Ca2+ influx activated
by exposure to CS/CSE was likely to be mediated primarily through TRPA1, a cation channel
that has mostly been associated with pain and nociception, in response to environmental
irritants, in sensory neurons. Since ASMC contraction is tightly regulated by [Ca2+]i, it was
postulated that CS/CSE-induced Ca2+ influx would activate the intrinsic contractile machinery
of hASMC. Indeed, the results presented in this thesis showed that CSE treatment significantly
increased the levels of p-MLC, which was reduced by HC-030031, providing an important
mechanistic link between the TRPA1-dependent rise in cytosolic Ca2+ by CS/CSE and rapid
downstream activation of contractile signalling mechanisms in hASMC.
The most notable strength of this study was the novelty of demonstrating a direct molecular and
cellular link between TRPA1 activation by CS and ASMC contractile signalling mechanisms,
presenting TRPA1 as an important molecular target for CS constituents, and hence an important
contributor to the pathogenesis of CS-related airway diseases. Moreover, multiple analogous
experiments were performed using both gaseous CS and aqueous CSE, allowing for direct
comparison between different CS delivery models.
Another strength of the results presented in Chapters 4 and 5 was that the majority of the main
experiments were performed using cultured hASMC isolated from at least 2-3 human donors,
capturing biological variation (Table 2.4). As expected for most complex biological model
systems, donor variability in the intracellular Ca2+ elevation in response to CS/CSE exposure
was observed (Figure 4.7 and Figure 5.2). Despite the donor variability, clear biological effects
were consistently identified across experiments with multiple donors, thus strengthening the
evidence presented. On the other hand, passage variability observed for magnitude and rate of
CS/CSE-induced Ca2+ influx pointed to a potential limitation of this study, as multiple
passaging of isolated cells was required to obtain materials for sufficient technical replication.
146

However, the statistically significant results detected reflect apparent biological effects, despite
the passage variability, which may have under-estimated the impacts observed.
Although MLC phoshorylation is an essential process in initiating ASMC contraction, a notable
weakness of this study was that the direct coupling between intracellular Ca2+ elevation and
physical contraction of hASMC, in response to acute CSE challenge, has not been demonstrated.
Simple tissue myography experiments using ex vivo human tracheal/bronchial rings challenged
with CS/CSE could provide a simple proof of concept, but signalling from other cell types in
the intact airway may be involved, and therefore direct effects on ASMC contraction per se
would be difficult to isolate. Several techniques that could be used to investigate this include
the cell contraction assay to measure shortening of ASMC suspended in a collegen gel lattice
(Wu et al., 2017), or atomic force microscopy to study the contractile stiffness and rheology of
SMC (Smith et al., 2005; Hemmer et al., 2008).
Another weakness of the work was that all CS/CSE used for experiments shown in Chapters 4
and 5 were generated using the 3R4F reference cigarette. However, the exact compositions of
commercially available cigarettes are far from standardised (Centers for Disease Control and
Prevention, 2010; Eldridge et al., 2015), and therefore whether the reference cigarette was an
accurate model for commercially available cigarettes was not established. To address this
limitation, the effect of CSE from three popular brands (Mayfair, Benson and Hedges (B&H),
and Malboro) on [Ca2+]i in hASMC was tested (Figure 6.1A). Perfusion with 50% extract from
commercial cigarettes was able to elicit a similar rise in [Ca2+]i as CSE from the 3R4F reference
cigarette (Figure 6.1B; Holm-Sidak multiple comparisons n.s. for all three brands), suggesting
that active constituents responsible for CSE-induced Ca2+ influx are present in these
commercially available cigarettes.
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Figure 6.1: Extract from common commercial cigarettes also activate Ca2+ influx in hASMC. (A)
Representative Ca2+ imaging traces tracking changes in [Ca2+]i following perfusion with 50% CSE,
made from the Kentucky 3R4F reference cigarette or 3 different commercial brands of cigarettes, in the
presence of 1mM extracellular Ca2+. (B) Summary of amplitude and rate of [Ca2+]i changes
corresponding to experiments in (A). One-way ANOVA with Holm-Sidak’s multiple comparisons test
was ran between Reference and each of the brands (2 independent donors; n=7 for each brand). 16/28
of these experiments were performed by undergraduate students Helena Gowing and Sophie Davies.

6.2

Implications of off-target effects of various CFTR inhibitors for the field of CF
research

In characterising the effects of CFTR modulators on Ca2+ signalling in epithelial cells, it was
surprisingly discovered that CFTRinh-172 and GlyH-101 exerted a previously unknown offtarget effect and inhibited SOCE, which was independent of CFTR expression. The specificity
of both of these inhibitors for CFTR has been previously challenged, with evidence of VSCC,
CaCC, and SLC26A9 (GlyH-101 only) inhibition (Bertrand et al., 2009; Melis et al., 2014), as
well as induction of ROS production and mitochondrial dysfunction (Kelly et al., 2010) in
epithelial cells. This lack of specificity for CFTR of these inhibitors was already alarming for
distinguishing CFTR-mediated anion conductances from those facilitated through other
plasmalemmal channels, especially for research into epithelial ion transport in relation to CF.
Moreover, the ability of these inhibitors to induce oxidative stress makes it difficult to isolate
any effects of long-term CFTRinh-172/GlyH-101 treatment solely to alteration in CFTR
function. Adding to these complications, the off-target inhibition of SOCE reported here raises
additional caution in interpreting experimental results obtained using these inhibitors, since
blocking SOCE and disrupting Ca2+ homeostasis could affect a myriad of downstream
processes. In the context of studying CFTR-mediated ion transport, a number of Ca2+dependent ion transport pathways, such as CaCC or Ca2+-activated K+ channels, could
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potentially be inhibited by CFTRinh-172/GlyH-101, adding confounding variables in
interpreting electrophysiological results. Therefore, studies that utilised these inhibitors, as sole
evidence for the involvement of CFTR to address biological questions, may need to be revisited
using complementary tools, such as comparison with CF models or genetic knockout.
6.3
6.3.1

Clinical relevance of findings for CS-related airway diseases
CS-induced effects on Ca2+ homeostasis are cell-type dependent

The results in Chapters 4 and 5 demonstrate that acute exposure of isolated hASMC to diluted
CSE, or gaseous CS, activated rapid Ca2+ influx. In stark contrast, there was no change in [Ca2+]i
when Calu-3 cells, a human lung carcinoma epithelial cell line, were exposed to the same
concentrations of CSE.
The lack of effect of CSE in Calu-3 was surprising because previously, Rasmussen et al. (2014)
showed contradicting results that exposing human primary airway epithelial cells and various
epithelial cell lines to gaseous CS, using the same protocol as presented in Chapter 5, produced
a relatively slow and sustained increase in [Ca2+]i, reaching a peak after ~15 mins of the initial
CS puff (Rasmussen et al., 2014). Moreover, they showed that extracellular Ca2+ chelation did
not diminish the CS response, and that CS exposure did not activate ER and mitochondrial Ca2+
release. Instead, the main source of the cytosolic Ca2+ elevation in lung epithelia was thought
to be lysosomal, as the CS-induced Ca2+ response was attenuated by bafilomycin A1, which
indirectly blocks lysosomal Ca2+ acculumation (Rasmussen et al., 2014). The results in Chapter
5 do not support an intracellular origin of the CS-induced Ca2+ increase in hASMC, based on
the lack of response in the absence of extracellular Ca2+.
The slow, sustained response profile observed by Rasmussen et al. (2014) in CS-exposed
epithelial cells, including Calu-3 cells, was clearly very different to the rapid influx observed
in CS-exposed hASMC, and the complete lack of response in CSE-exposed Calu-3 cells
observed here. The distinct response profile and Ca2+ source in hASMC suggests that activation
of TRPA1 by CS is cell-type dependent, which is supported by the observation that TRPA1 is
functionally expressed in a number of human lung epithelial cell types (Nassini et al., 2012;
Buch et al., 2013; Lin et al., 2015; Nie et al., 2016), despite CS not stimulating a rapid influx
(Rasmussen et al., 2014), and CSE not activating any Ca2+ changes in Calu-3 cells. It is possible
that TRPA1 in human airway epithelial cells is differentially regulated than in hASMC, but this
requires further investigation. On the other hand, the lack of response to CSE in Calu-3 cells
can be attributed to the difference in delivery method, as volatile constituents of CS may have
been lost during vigorous bubbling when producing CSE. Additionally, there are no known
reports of functional TRPA1 expression in Calu-3 cells.
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6.3.2

Cigarette smoking sessions may induce acute airway constriction

The experimental models for CS and CSE exposure used in this study were based on the
assumption that water-soluble, lipophilic constituents of mainstream CS could reach, and exert
effect on, the ASMC following a typical smoking session. This could occur through diffusion
of constituents into the circulation during gas exchange at the alveoli, which are then diffused
to the ASMC from the circulation. Additionally, these constituents could directly diffuse
through the lung submucosa and reach the smooth muscle layer, akin to the delivery of inhaled
bronchodilators targeting ASMC (Borghardt et al., 2018). Physiologically, a number of watersoluble CS constituents can pass through the epithelial barrier in the lungs and diffuse into the
circulation, and can be detected in the pancreatic juice of smokers (Prokopczyk et al., 2002;
Yamaguchi et al., 2007). Indeed, it has been reported that CS constituents such as acrolein,
sodium peroxynitrite, as well as various nitrosamines and oxidants, can permeate alveolar walls
and remain stable in the circulation (Prokopczyk et al., 2002; Yamaguchi et al., 2007; Raju et
al., 2013). In particular, acrolein can form adducts with proteins and DNA, and can accumulate
in the body; indeed, elevated levels of acrolein and acrolein-protein adducts were found in
serum, and deposited in the lungs, of both healthy and COPD smokers (Kitaguchi et al., 2012;
Raju et al., 2013), potentially altering TRPA1-regulated ASMC Ca2+ homeostasis both acutely
and chronically. The concentration of these putative TRPA1 activators in CSE could be
estimated using biochemical methods such as High-Performance Liquid Chromatography
(HPLC). Comparing the concentration of these active constituents in CSE and in the circulation
of acute or chronic smokers could potentially reveal the pathophysiological relevance of these
findings, and conversely, future experiments could investigate whether hASMC TRPA1 would
be directly activated by physiological concentrations of these constituents.
Following exposure to gaseous CS, hASMC exhibited varied temporal profiles of global [Ca2+]i
elevation, with either a transient [Ca2+]i peak followed by rapid recovery, or a sustained peak
without significant recovery (Figure 5.1). This would be expected to produce an airway
constrictive response. In a study that simultaneously measured vessel diameter and [Ca2+]i of
rat mesenteric arteries, the vessels remained maximally constricted for at least 1 min after
recovery of a transient endothelin-1-induced Ca2+ response (Shaw et al., 2004). More
importantly, two studies by the same group showed that during Ca2+ agonist stimulation that
led to a transient global Ca2+ signal, the contractile force of human mesenteric arteries (Dai et
al., 2010) and, more relevantly, human bronchial strips (Dai et al., 2007), began to develop
after the peak of the Ca2+ transient, and sustained, maximal contraction was observed after
recovery of the Ca2+ transient. These simultaneous measurements of smooth muscle tissue
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contraction and [Ca2+]i demonstrate that there is a time lag between recovery of [Ca2+]i and
decoupling of the actin-myosin cross-bridges in smooth muscle cells following transient Ca2+
agonist stimulations, most likely due to RhoA-mediated Ca2+ sensitisation. Thus, despite the
transient nature of the CS-induced global [Ca2+]i elevation, CS exposure could potentially
evoke sustained tonal contraction of hASMC, especially considering the narrowing of the
airway lumen depends on the spatial summation of all individual ASMC, and some of the cells
studied exhibited a sustained CS-activated Ca2+ elevation. This was supported by the elevation
of p-MLC levels detected in hASMC treated with CSE for 2 mins (Figure 4.25).
However, a cautionary note is that these high experimental concentrations of CS/CSE that may
not be wholly reflective of the physiological conditions of smoking. Assuming a blood volume
of 5 L, efficient diffusion across the epithelial barriers, and that constituents are stable in the
bloodstream, typical consumption of one cigarette would result in a maximum potential
concentration of 0.5% CSE in blood; this is 20 times lower than 10% CSE used for most
experiments presented in Chapter 4. It was observed that acute exposure to 0.1% CSE did not
produce a rapid, detectable Ca2+ response, while 1% CSE led to a slow and small elevation in
[Ca2+]i (Figure 4.1). Thus, it is unlikely that smokers would experience detrimental spontaneous
asthma-like airway constriction upon smoking one cigarette; indeed, early studies have shown
that acute cigarette smoking led to minor, but detectable, changes in airway resistance and
airflow in both smokers and non-smokers (Zamel et al., 1963; McDermott and Collins, 1965;
Sterling, 1967; Higenbottam et al., 1980). However, stable circulating active constituents could
accumulate in the blood, especially for heavy smokers, for whom it is common to smoke a pack
a day. Therefore, smoking multiple cigarettes in quick succession may introduce and deposit
active CS constituents above the activation threshold for TRPA1-mediated Ca2+ influx, leading
to airway narrowing events. Furthermore, the data presented in Figure 4.6 suggests that CSEinduced Ca2+ influx was poorly reversible after 25 min of washout, indicating that activation of
TRPA1 is likely sustained in the short-term. Smoking in quick succession could therefore lead
to sustained elevation of ASMC Ca2+ levels and hence long-term airway constriction,
independent of the inflammatory status and signalling from other cell types of the airway.
However, physiologically, ASMC does not function in isolation, and so the complex crosstalk
with neighbouring cell types must be considered, especially as chronic exposure to CS/CSE has
been extensively linked to adverse effects in various airway cell types (Tamimi et al., 2012;
Caramori et al., 2015; Crotty Alexander et al., 2015). Previously, two groups have reported
conflicting results about airway smooth muscle contraction/relaxation in response to acute CSE
exposure (Andre et al., 2008; Streck et al., 2010). However, it is important to note that both
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studies used the ex vivo intact airway, complete with surrounding extracellular matrix, epithelial
cells, immune cells, and neurons, which could all modulate ASMC contractility, and so the
intrinsic contractility of ASMC was not focused on. Indeed, Andre et al. (2008) previously
concluded that the rapid contraction they observed was due to a TRPA1-mediated neurogenic
inflammatory response. Moreover, the intricate crosstalk network between different airway cell
types may underlie why conflicting results have been published regarding airway smooth
muscle contractility following chronic CSE treatment in organ and cell cultures (Pera et al.,
2010; Xu et al., 2010; Yoon et al., 2011; Xu et al., 2012). The fact that both studies using rat
airways reported hyper-contractility (Xu et al., 2010; Xu et al., 2012), while the studies using
bovine airway strips and hASMC reported hypo-contractility, may indicate species-difference
of CSE-induced AHR (Pera et al., 2010; Yoon et al., 2011). Hyper-contractility may be the
result of upregulation of proteins involved in Ca2+ signalling, the contractile machinery, and
inflammation, while hypo-contractility may be due to excess ASMC cell death and the shift to
a proliferative phenotype. The transition between SMC proliferative and contractile phenotypes
is another convoluted signalling network, and may be dependent on a number of factors in these
cultured ASMC and ex vivo airway, including culture conditions as well as CSE preparation
protocol, concentration, and incubation time. Another possibility for the discrepancy of hypervs. hypo-contractility in response to chronic CSE exposure is the vasodilatory effects of TRPA1
activation, as it was reported that activating TRPA1 in sensory nerves or the endothelium led
to vasodilation of rodent mesenteric and cerebral arteries (Bautista et al., 2005; Earley et al.,
2009; Pozsgai et al., 2010). More pertinently, TRPA1 agonism has been shown to induce PGE2
production from both airway epithelial and non-epithelial cells, leading to acute airway
relaxation and protection against bronchoconstriction (Cheah et al., 2014; Marsh et al., 2020).
Such TRPA1-mediated smooth muscle relaxation, albeit through signalling from other cell
types, may provide a counter-balancing force for TRPA1-mediated ASMC contraction in
response to cigarette smoking.
6.3.3

Potential chronic effects of disrupted Ca2+ homeostasis in COPD pathogenesis

The hASMC used for experiments in this thesis were isolated from donors who were not
currently smoking, and were not diagnosed with COPD. Nonetheless, exposure to CS or CSE
was able to elicit significant hASMC Ca2+ influx and MLC phosphorylation. However, the
COPD airway is typically already obstructed due to structural remodelling and mucus plugging;
therefore, even a small stimulation leading to airway constriction could significantly impact
lung function and gas exchange. Moreover, the COPD lung is hyperinflammatory, and
treatment with inflammatory cytokines such as TNF-a, IL-1b, IL-13, interferon-g was found to
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disrupt multiple aspects of ASMC Ca2+ homeostasis, including augmentation of GPCR-coupled
Ca2+ release, upregulation of CD38 (Deshpande et al., 2003; Tliba et al., 2003), enhanced IP3
production (Hotta et al., 1999), increased density of bradykinin receptors (Schmidlin et al.,
1998), upregulation of TRPC3-mediated Ca2+ influx (White et al., 2006), upregulation of LTCC
(Ding et al., 2019), downregulation of SERCA (Sathish et al., 2009), and reduced sensitivity
of b2-adrenoceptors that facilitate ASMC relaxation (Shore and Moore, 2003). Inflammation is
also associated with increased Ca2+ sensitivity, for instance, upregulation of contractile proteins
and augmented actin polymerisation, that leads to AHR (Sieck et al., 2019). Therefore, under
inflamed conditions with upregulated Ca2+ signalling and sensitivity, acute CS exposure could
potentially bring about greater Ca2+ influx and/or activation of contractile mechanisms in
hASMC of COPD patients, aggravating airway constriction during smoking. An interesting
direction for future experiments would be to examine the responses to CS/CSE in COPD
hASMC, and investigate whether CS/CSE would acutely activate additional Ca2+ influx or
release pathways in addition to TRPA1-mediated influx.
In addition to the acute effects on Ca2+ signalling and ASMC contractility, chronic CS exposure
was reported to upregulate the expression of TRPA1 in guinea pig tracheal epithelia and in
human epithelial cells (Zhong et al., 2015; Nie et al., 2016). It would be interesting to
investigate whether TRPA1 expression is upregulated in CS-exposed ASMC, or in chronic
smokers with COPD. If TRPA1 is chronically upregulated in smokers, the augmentation in
TRPA1-mediated Ca2+ influx by CS may not only lead to aggravated ASMC contraction in the
short term, but also sustained sensitivity, due to increased channel availability, to Ca2+ influx
in response to further challege of CS or other TRPA1-sensitive irritants, forming a positive
feedback loop. On top of this enhanced TRPA1-mediated Ca2+ influx, chronic CS/CSE
exposure could also upregulate other aspects of Ca2+ homeostasis, such as the augmentation of
SOCE and ROCE, as well as expression of STIM1, Orai1, TRPC3, and CD38 (Sathish et al.,
2015; Wylam et al., 2015). Combining the upregulation of Ca2+ signalling by CS, and the
augmentation of Ca2+ signalling by airway inflammation, smoking can exert adverse effects on
hASMC Ca2+ homeostasis, and enhanced sensitivity and tone, in the long term.
Aside from disrupting the intrinsic Ca2+ sensitisation and contractility of ASM, chronic
smoking is intimately linked to long-term cellular changes that ultimately establish the
hyperinflammatory, remodelled and obstructed airway phenotype in COPD. For instance,
chronic CS/CSE exposure was reported to enhance ROS generation (Wylam et al., 2015),
chemokine secretion (Oltmanns et al., 2005; Chen et al., 2014; Wylam et al., 2015), collagen
deposition (Chen et al., 2014), proliferation (Pera et al., 2010; Xu et al., 2010; Xu et al., 2012;
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Wylam et al., 2015; Guan et al., 2017; Hong et al., 2017; Jiang et al., 2019), migration (Yoon
et al., 2011; Yoshiyama et al., 2011), and inhibition of wound-healing (Chen et al., 2014).
Importantly, many of these processes are dependent on Ca2+ signalling (Ribeiro et al., 2005b;
Gerthoffer, 2008; Mahn et al., 2010; Zou et al., 2011). In fact, nicotine-activated augmentation
of ASMC proliferation was dependent on elevation of [Ca2+]i, mediated through TRPC3 (Jiang
et al., 2019) and TRPC6 (Hong et al., 2017). Combining the upregulation of Ca2+ signalling
and the shift towards a pro-inflammatory and remodelling profile in hASMC, it is clear how
chronic smoking can lead to AHR and airway obstruction from many different facets. The range
of both acute and chronic adverse effects of CS exposure on ASMC function that contributes
to the pathogenesis of COPD is illustrated in Figure 6.2.

Figure 6.2: Acute and chronic adverse effects of CS exposure on ASMC function. Acute effects are
denoted by solid arrowheads; long-term changes that are directly associated with chronic CS exposure
are denoted by dotted arrowheads; chronic changes associated with elevation of [Ca2+]i, or inflammation,
are denoted by dashed arrowheads. CS contains constituents, such as acrolein, crotonaldehyde, and
nicotine, that could directly activate TRPA1 to induce Ca2+ influx. Transient elevation of [Ca2+]i
activates the contractile signalling mechanism, by Ca2+ binding to calmodulin, which activates MLCK,
which then phosphorylates MLC; p-MLC forms cross-bridges with actin filaments, and the cycling of
actin-myosin cross-bridges generates contractile force, that may lead to airway constriction. Chronic CS
exposure induces changes in ASMC that contribute to COPD pathogenesis, such as increased ROS
generation, proliferation, various aspects of airway remodelling, upregulation of Ca2+ signalling,
inflammation, and airway hyperresponsiveness. Additionally, expression of pro-inflammatory genes,
cytokine secretion, proliferation, and ASMC hyperresponsiveness are all regulated by intracellular Ca2+
signalling. Inflammation is also linked to AHR, as well as disruption of Ca2+ homeostasis.
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6.4
6.4.1

Implications for COPD therapeutics
Current treatments for COPD

COPD is characterised by a wide range of disease manifestation and severity, and may involve
sudden exacerbation of symptoms. Currently, complete cure of COPD is not possible, due to a
number of irreversible structural changes and tissue injury in the airway. However, for CSassociated COPD, smoking cessation may be able to partially restore lung function, delay
disease progression, and reduce mortality in the long-term (Anthonisen et al., 1994; Anthonisen
et al., 2005; Willemse et al., 2005). On the other hand, pharmacological treatment options can
help to manage COPD symptoms and reduce exacerbations. The current most common therapy
for managing stable COPD, according to the guidelines of most European countries, is
bronchodilators such as long-acting b2-agonist (LABA; e.g. salmeterol (Rossi et al., 2008)) and
long-acting muscarinic antagonist (LAMA; e.g. tiotropium (Tashkin et al., 2008)), or the
combination of the two (Rosenberg and Kalhan, 2017; GOLD, 2020). LABA directly activates
cAMP-mediated

bronchodilation,

whereas

LAMA

blocks

endogenous

cholinergic

bronchoconstriction. The combination treatment demonstrated higher efficacy to reduce COPD
symptoms, frequency and severity of exacerbations, and to improve FEV1, than either LABA
or LAMA alone (reviewed in Calzetta et al. (2013); Rosenberg and Kalhan (2017); GOLD
(2020)). Other classes of drugs that were found to bring relatively smaller improvements in
lung function and mortality, such as inhaled corticosteroids, antibiotics, methylxanthines and
mucolytic agents, are reviewed in Drummond et al. (2008); Miravitlles et al. (2016); GOLD
(2020). In light of results from the present study, it would be interesting to investigate the
potential protective effects of these agents, especially LABA and LAMA, against CS/CSEinduced acute airway constriction, e.g. in ex vivo tissue myography.
Moreover, recent research on the role of CS-induced CFTR defects, the emerging role of CFTR
in regulating ASMC contractility, as well as the present findings of CS-activated TRPA1mediated Ca2+ influx, advocate that potential novel therapeutic options targeting these
processes should be considered.
6.4.2

CFTR activators promote airway hydration and bronchorelaxation

CS-induced CFTR deficiency leads to airway dehydration and disrupted mucociliary clearance
in COPD smokers, and restoring ASL hydration has been recently explored as a potential
treatment for COPD with chronic bronchitis (Bennett et al., 2016; Solomon et al., 2017). The
clinical benefits of rehydrating the ASL were apparent in a few studies (Clunes et al., 2012;
Anderson et al., 2015), where inhaled hypertonic saline, to drive fluid secretion, improved
mucus transport and clearance in COPD patients with chronic bronchitis. On the other hand,
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due to acquired CFTR defects in COPD smokers, restoring CFTR function using the potentiator
ivacaftor reversed CS-induced reduction in CFTR currents, ASL hydration, ciliary beat
frequency, and mucus transport in primary human airway epithelial cultures (Sloane et al., 2012;
Raju et al., 2017a). However, in a pilot clinical study, detectable, but non-significant,
improvements in sweat chloride and nasal PD by ivacaftor were observed in COPD patients
with chronic bronchitis, raising questions about the effectiveness of CFTR potentiation in
restoring CS-induced defects in Cl- secretion in a clinical setting (Solomon et al., 2016); larger
scale clinical trials are now underway to validate these findings.
On the other hand, several selective cyclic nucleotide phosphodiesterase 3 and/or 4 (PDE3/4)
inhibitors, which elevate intracellular cAMP levels by reducing cAMP metabolism, and hence
activate CFTR, are clinically approved as add-on therapy for severe exacerbations in COPD
with chronic bronchitis (Rabe, 2010; Page and Spina, 2012; Abbott-Banner and Page, 2014;
Cazzola et al., 2016). In particular, long-term treatment with roflumilast, a PDE4 inhibitor,
significantly improved lung function and reduced exacerbations in severe COPD patients
(Calverley et al., 2009; Fabbri et al., 2009). Roflumilast was found to restore CFTR-dependent
anion transport, fluid secretion, and ciliary beat frequency in CS-exposed human bronchial
epithelial cells, as well as in a chronic smoking mouse model (Lambert et al., 2014; Schmid et
al., 2015; Raju et al., 2017b). Nonetheless, the development of airway hydration strategies as
treatment for COPD is still at its infancy, and several factors, such as the severity and phenotype
of COPD, smoking history, and CFTR function of the patient, need to be considered before
deploying the treatment.
Other than airway rehydration, which is regulated predominantly by the airway epithelia,
pharmacological activators of CFTR have also shown bronchodilating properties. Agents that
activate CFTR through elevation of intracellular cAMP levels, such as b2-adrenergic agonists,
theophylline and forskolin (Norez et al., 2014), are obvious bronchodilators since cAMP
regulates several downstream pathways that facilitates ASMC relaxation (see section 1.3.3).
However, CFTR activity might be directly involved in bronchodilation. Norez et al. (2014)
reported that MPB-104, which activates CFTR independent of cAMP (Becq et al., 1999),
relaxed pre-constricted human bronchial rings denuded of the epithelium; this
bronchorelaxation was inhibited by CFTRinh-172. Furthermore, the specific CFTR potentiator
ivacaftor has also been shown to inhibit cholinergic-induced narrowing of WT porcine lung
slices (Cook et al., 2016). Extending beyond ex vivo and animal models, it was discovered that
in CF patients with the G551D-CFTR mutation, which leads to a gating defect, acute
administration of ivacaftor rapidly increased the distensibility of smaller airways and relaxed
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vascular tone (Adam et al., 2016). However, it was not clear whether the functional expression
of CFTR could directly alter the intrinsic Ca2+ signalling and contractility of ASMC, since these
papers did not study isolated ASMC. It is possible that the bronchodilating effect of CFTR
activation involves signalling through other neighbouring cell types. In this thesis, it was shown
that CFTR activation did not affect ATP-induced Ca2+ store release, whereas inhibition of
CFTR slowed down the rate of SOCE; both of these findings, in addition to the low expression
of CFTR protein, do not support a major role of CFTR in lowering ASMC [Ca2+]i and therefore
airway smooth muscle tone. Nonetheless, these studies provide a promising justification for repurposing CFTR activators as COPD treatment, although further fundamental understanding of
CFTR’s role in regulating ASMC Ca2+ signalling, or CFTR-dependent signalling through other
cell types to facilitate bronchodilation, is required.
6.4.3

TRPA1 as a potential therapeutic target for COPD

Since Ca2+ influx from the extracellular space represents an important mechanism of regulating
[Ca2+]i, plasmalemma-bound Ca2+ channels have also been considered as drug targets for
modulating airway smooth muscle tone. For instance, the potential for various TRP channels
expressed in ASMC, many of which are permeant to Ca2+ and regulate various aspects of
ASMC function, as drug targets for treating airway diseases have been considered (Gosling et
al., 2005; Grace et al., 2014; Belvisi and Birrell, 2017). However, the findings in the present
study may enthuse interest in targeting TRPA1 in ASMC as its role in modulating ASMC Ca2+
signalling becomes evident.
Due to the prevalent expression of TRPA1 in sensory neurons, the potential and challenges of
TRPA1 modulators in pain therapy has long been suggested and discussed (Viana and FerrerMontiel, 2009; Andrade et al., 2012; Chen and Hackos, 2015; Belvisi and Birrell, 2017).
However, despite promising pre-clinical data, very few of these modulators have proceeded to
clinical trials (notably GRC-17536, ODM-108, CB-625), and none have advanced beyond
phase 2 (reviewed in Koivisto et al. (2018); Heber and Fischer (2019)). More recently, in light
of emerging evidence for the role of TRPA1 in modulating the function of a range of airway
cell types, both acutely and chronically, the potential for TRPA1 to be a therapeutic target for
respiratory disorders should be considered (reviewed in Jha et al. (2015); Mukhopadhyay et al.
(2016); Belvisi and Birrell (2017)). Notably, TRPA1 in sensory neurons was reported to
facilitate neurogenic inflammation (Andre et al., 2008; Hox et al., 2013), cough reflex (Birrell
et al., 2009; Mukhopadhyay et al., 2014), and bronchoconstriction reflex (Andre et al., 2008;
Raemdonck et al., 2012; Hox et al., 2013) in the airway. On the other hand, in non-neuronal
airway cells, TRPA1 activation led to increased secretion of IL-8 from airway epithelial cells,
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ASMC, and fibroblasts (Nassini et al., 2012), and was associated with upregulation of
inflammatory genes, generation of intracellular ROS and cell injury in human airway epithelial
cells (Lin et al., 2015; Prandini et al., 2016; Wang et al., 2019b).
Considering the key finding in the present study that acute CS exposure directly activated
TRPA1-mediated Ca2+ influx, which may directly evoke airway constriction, the potential for
a long-acting TRPA1 antagonist as a supplementary bronchodilator for managing the symptoms
of CS-related COPD should be considered, in addition to its potential anti-inflammatory effects.
This potential is supported by results from asthma rodent model studies, whereby TRPA1 KO
mice, as well as HC-030031-treated WT mice and rats, exhibited reduced inflammation and
bronchoconstriction in response to ovalbumin challenge (Caceres et al., 2009; Raemdonck et
al., 2012). A recent 2020 study provided more insights into the role of TRPA1 in COPD
pathogenesis, as Hajna et al. (2020) demonstrated that TRPA1 KO mice were protected against
CSE-induced emphysema and decline in lung function. It is, therefore, possible that inhibiting
TRPA1 in the long-term would protect against CS-induced airway narrowing by directly
blocking ASMC Ca2+ influx, as well as slowing emphysema progression and reducing
inflammation of the airway. However, there are also evidence against TRPA1 antagonism as
an effective target for treating hyperresponsive airway diseases; for instance, putative TRPA1
agonism led to acute relaxation of the ex vivo airway (Cheah et al., 2014; Marsh et al., 2020),
and TRPA1 KO mice were more susceptible to lipopolysaccharide-evoked pneumonitis and
AHR (Hajna et al., 2020). These complex, and at times contradicting, results, as well as halted
clinical trials for TRPA1 antagonists in the field of pain therapy, suggest that further
understanding of TRPA1 pharmacology, electrophysiology, drug delivery, and most
importantly its composite role in the cascade of airway cell types, is required before exploring
this potential.
6.5

Concluding remarks

The present study investigated smoking-induced changes to ASMC Ca2+ homeostasis and
contractility, and whether CFTR, which is inhibited by CS in airway epithelia, also plays a part
in regulating ASMC function. The results in Chapter 3 show that CFTR played a minor role in
modulating GPCR-coupled Ca2+ release and SOCE, but evidence is accumulating to point to a
possible role of Cl- channels in SR ion homeostasis during periods of Ca2+ flux, and therefore
in overall regulation of Ca2+ dynamics and ASMC contraction. The exact mechanisms, however,
remain to be resolved and offer many opportunities for future experimentation.
More importantly, the results in Chapter 4 and 5 demonstrate that the nociceptive pain receptor
channel, TRPA1, was the major Ca2+ channel that contributed to CS/CSE-induced Ca2+
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response in primary hASMC from multiple non-smoking donors. This acute, rapid elevation of
[Ca2+]i led to downstream phosphorylation of MLC, providing a mechanistic link between
CS/CSE exposure, disruption of hASMC Ca2+ homeostasis, and hASMC contractility. It is
therefore speculated that acute airway narrowing events could occur in response to cigarette
smoking, and this could be aggravated under inflamed conditions in chronic smokers with
COPD. The acute, TRPA1-mediated changes in cytosolic Ca2+ observed in this study may also
serve as an initiating factor for further, more chronic pathological effects. For instance, the
elevated [Ca2+]i induced by accumulated CS constituents could increase the expression of Ca2+
homeostatic regulators in ASMC, in addition to augmenting adverse responses, such as
secretion of inflammatory mediators, ROS generation, proliferation, migration, and ECM
deposition, each of which may contribute to chronic airway hyperresponsiveness and
remodelling seen in COPD (summarised in Figure 6.2). These results from the present study
therefore suggest that TRPA1 has the potential to be a therapeutic target for treating CSassociated airway diseases, such as COPD.
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