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Abstract 

 

Mechanisms underlying potentiation of murine airway smooth muscle 
contraction by activation of postjunctional M2 muscarinic receptors 

Srijit Ghosh 

 

Postjunctional M2 muscarinic receptors (M2Rs) on airway smooth muscle (ASM) 
outnumber M3 receptors (M3Rs) by approximately 4:1 in most species, yet M3Rs 
are classically considered the primary mediators of acetylcholine (ACh)-induced 
bronchoconstriction. Recent research, however, suggests that M2R stimulation can 
markedly potentiate ASM contractility. The present study investigated the cellular 
and ionic mechanisms underlying M2R-dependent potentiation of nerve-evoked 
contractions of murine ASM using pharmacological and electrophysiological 
approaches. In contrast to the role of M3Rs, which drive IP3-dependent Ca2+ release 
from sarcoplasmic reticulum (SR), we demonstrated that M2R-mediated 
contractions were abolished by the L-type Ca2+ channels (LTCC) blocker nifedipine 
indicating that M2R activation enhanced cholinergic contractions predominantly 
through Ca2+ influx via LTCCs. Further analysis revealed that M2R-LTCC pathway 
was facilitated by inhibition of Kv7 channels and SR Ca2+-ATPase (SERCA) activity, 
along with activation of Ano1 Ca2+-activated Cl⁻ channels. 
  
Potassium channel subtypes Kv7.4 and Kv7.5 were prominently expressed in ASM 
and M2R activation suppressed Kv7.4 and Kv7.5 currents via depletion of PIP2 and 
downregulation of cAMP/PKA, respectively. Inhibition of SERCA pumps with 
thapsigargin mimicked and potentiated M2R-mediated responses. These effects 
were also abolished by nifedipine, indicating that M2R activation likely inhibited 
SERCA activity, reducing subplasmalemmal Ca2+ buffering of Ca2+ entry via LTCC. 
Inhibition of Ano1 with Ani9 suppressed M2R responses, indicating an important role 
for these channels in M2R-dependent contractions. Collectively, these findings 
provide first comprehensive evidence that M2R activation enhances ASM excitability 
through a coordinated mechanism involving the inhibition of Kv7 channels and 
SERCA pumps, as well as the activation of LTCCs and Ano1. This integrated 
pathway sustains depolarisation and Ca2+ influx, contributing to airway 
hyperresponsiveness. The study identifies Kv7.4/7.5 and SERCA2 as potential 
therapeutic targets and establishes a mechanistic framework linking M2R signalling 
to cholinergic airway contraction, offering new avenues for intervention in asthma 
and chronic obstructive pulmonary disease (COPD). 
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1.1. Respiratory Physiology 

The respiratory system plays a pivotal role in maintaining homeostasis by 

orchestrating the precise exchange of oxygen (O2) and carbon dioxide (CO2). This 

intricate process engages multiple physiological components, encompassing 

respiratory muscles, pulmonary structures and neural regulatory mechanisms [1]. 

Respiration is comprised of three main components which include the initial 

transportation of respiratory gases across the gas exchange surface from the 

environment, the subsequent transfer of O2 and CO2 across the respiratory 

epithelium and, finally, the circulation of oxygenated and carbon dioxide-laden blood 

from the lungs to the tissues followed by diffusion of these gases at the cellular level 

[2, 3]. 

 

The respiratory system can be segmented into the upper and lower 

respiratory tracts. The upper respiratory tract includes the nasal passages, oral 

cavity, larynx, and pharynx, while the lower respiratory tract is made up of the 

tracheobronchial tree and the alveoli (figure 1.1) [4]. The tracheobronchial tree 

constitutes an intricate network responsible for conveying gases from the trachea to 

the acini, which are the fundamental gas exchange units within the lungs [5]. This 

system is characterised by various branching levels, extending from the trachea to 

the ultimate terminal bronchioles. The airways serve solely as conduits from the 

trachea to the terminal bronchioles for air and no gas exchange occurs at this point. 

Terminal bronchioles then branch into respiratory or transitional bronchioles, 

featuring occasional alveoli on their walls. These respiratory bronchioles further 

divide into alveolar ducts, completely lined with alveoli, collectively forming the 

acinus. The acinus, comprising respiratory airways, constitutes the functional gas 

exchange units of the lung [4, 6]. 

 

The lungs are enclosed by a double-layered serous membrane, the pleura, 

which consists of the visceral pleura covering the lung surface and the parietal 

pleura lining the thoracic cavity [7]. Between these two layers lies the pleural space, 

a narrow, fluid-filled cavity. The pleural fluid within this space serves multiple 

physiological functions, acting as a lubricant to reduce friction between the pleural 

surfaces during the respiratory cycle, and generating surface tension that helps 

maintain close apposition of the lung surface to the thoracic wall [8, 9]. The negative 
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intrapleural pressure created by the pleural space is essential for lung expansion 

during inspiration, ensuring that the lungs follow the movements of the thoracic cage 

and diaphragm. Additionally, the pleural fluid provides a cushioning effect, protecting 

delicate lung tissue from mechanical trauma. Any disruption to the pleural space, 

such as fluid accumulation (pleural effusion) or air entry (pneumothorax), can 

significantly impair normal respiratory mechanics and gas exchange [9, 10]. 

 

Gas exchange occurs at the level of the alveoli, which are tiny, thin-walled 

sacs optimised for diffusion due to their large surface area and close proximity to 

the pulmonary capillaries [3]. Each alveolus is surrounded by a dense network of 

pulmonary capillaries supplied by pulmonary arterioles and drained by venules. 

Oxygen from the inhaled air diffuses across the alveolar epithelium, basement 

membrane and capillary endothelium into the blood, where it binds to haemoglobin 

within red blood cells. Conversely, carbon dioxide, produced as a metabolic by-

product in tissues, diffuses from the blood plasma into the alveolar space for 

elimination during exhalation [3, 11, 12]. 

 

The alveolar ducts, which arise from respiratory bronchioles, serve as 

conduits lined entirely with alveoli, thereby maximising the available surface area for 

gas exchange. The efficiency of this process is maintained by the minimal thickness 

of the blood-gas barrier and the constant renewal of alveolar air through ventilation. 

Importantly, the matching of alveolar ventilation to pulmonary perfusion (ventilation-

perfusion coupling) ensures that regions of the lung receiving the most airflow are 

also the best perfused with blood, thereby optimising the exchange of gases [3, 13, 

14]. Furthermore, the elastic properties of the alveoli, together with surfactant 

secretion by type II alveolar cells, prevent alveolar collapse during expiration and 

facilitate efficient re-expansion during inspiration [15, 16]. This structural and 

functional specialisation ensures the continuous maintenance of arterial oxygen 

levels and the removal of carbon dioxide, both essential for sustaining cellular 

metabolism and systemic homeostasis [17, 18]. 
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Figure 1.1. Diagram illustrating the human respiratory system. A) The upper and lower respiratory tracts 
as seen from the anterior perspective. B) A microscopic depiction showcasing alveoli and pulmonary 
capillaries. (Figure adapted from Scanlon, V. C., & Sanders, T. (2018). Essentials of anatomy and 
physiology (8th ed.). F.A. Davis Company [19]). 
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1.2. Mechanics of pulmonary ventilation 

The process of breathing adheres to Boyle’s law, which asserts that, at a 

constant temperature, the pressure of a gas diminishes as its volume expands. 

There is an inflow of air and a drop in intrathoracic pressure when the volume of the 

thoracic cavity increases. Relaxation of the inspiratory muscles raises intrathoracic 

pressure leading to exhalation, which reduces the volume of the thoracic cavity [20]. 

 

1.2.1. Muscles responsible for lung expansion and contraction 

Two main processes are involved in the expansion and contraction of the 

lungs: (1) the descent and ascent of the diaphragm (referred to as bucket handle 

motion), which changes the length of the chest cavity; and (2) the elevation and 

depression of the ribs, which changes the anteroposterior diameter of the chest [21]. 

The diaphragm contracts during inhalation to draw the lower lung surfaces 

downward, essentially driving inspiration during normal breathing. The diaphragm 

relaxes during expiration, enabling the lungs to compress and release air due to the 

elastic recoil of the lungs, chest wall and abdominal tissues. In more vigorous 

breathing, additional force is generated by contraction of the abdominal muscles, 

pushing abdominal contents against the diaphragm to aid in lung compression. This 

can be especially important while breathing heavily or exercising, as elastic forces 

might not be enough to cause quick expiration on their own [22, 23]. The second 

technique for expanding the lung entails raising the rib cage, moving the ribs 

(referred to as pump handle motion), and thickening the chest from the 

anteroposterior to the posterior [24]. 

 

1.2.2. Pressures driving the inflow and outflow of air within the lungs 

The lung naturally collapses and expels air through the trachea in the 

absence of any supporting force. Essentially, a thin film of pleural fluid surrounds the 

lung, allowing for smooth mobility as it "floats" inside the thoracic cavity [25]. An 

adhesive-like effect is created between the parietal pleural surface of the thoracic 

cavity and the visceral surface of the lung pleura by the continuous suction of surplus 

fluid into lymphatic channels [26]. This unique arrangement allows the lungs to 

adhere to the thoracic wall as if glued, yet they remain well-lubricated and can slide 

freely during chest expansion and contraction [7]. The pressure in the area between 

the pleura of the lung and the pleura of the chest wall is known as pleural pressure. 
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Pleural pressure is often negative, in the range of -5 cm of H2O at the start of 

inspiration to -7.5 cm of H2O during a typical inspiration [27, 28]. 

 

The pressure inside the lung alveoli (alveolar pressure) is crucial 

for breathing, as alveolar pressure drops to around -1 cm of H2O during inspiration, 

generating a slight negative pressure gradient that allows passive airflow into the 

lungs. On the other hand, during expiration, inspired air is expelled from the lungs 

as alveolar pressure increases to around +1 cm of H2O. The difference between 

alveolar pressure and pleural pressure is termed transpulmonary pressure [29-31].  

 

Transpulmonary pressure = Alveolar pressure - Pleural pressure 

 

This pressure gradient represents the elastic forces within the lungs, 

contributing to their tendency to collapse at each respiratory cycle, known as the 

recoil pressure. Transpulmonary pressure is crucial in maintaining lung elasticity and 

preventing complete lung collapse during expiration. The dynamics of pleural and 

alveolar pressures are crucial aspects of respiratory mechanics [32-34]. 

 

1.2.3. Compliance of the lungs 

A critical component of respiratory physiology is lung compliance, which 

measures the amount of lung expansion for every unit rise in transpulmonary 

pressure [35]. The typical overall compliance of both lungs in a normal adult person 

is around 200 ml air per cm of H2O transpulmonary pressure [36]. Lung compliance 

is not constant throughout the entire range of lung volumes, instead, it varies 

depending on the volume of the lungs. At the extremes of functional residual 

capacity (FRC), compliance is lowest, suggesting that both fully expanded and 

completely deflated lungs have reduced capacity to stretch or distend under a given 

pressure. In normal breathing without any forced effort, the intrapleural pressure is 

approximately -8 cm of H2O at the apex (top) of the lung and -1.5 cm of H2O at the 

base [4]. This indicates that the alveoli at the apex are exposed to a greater 

distending pressure (difference between alveolar pressure and intrapleural 

pressure) compared to those at the base. At the apex, this pressure difference is 8 

cm H2O, while at the base, it is 1.5 cm H2O. This means that the alveoli at the top of 

the lung experience a higher pressure, promoting greater lung expansion and 

distention compared to those at the bottom [4]. 
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1.3. Airway cell composition and roles 

The respiratory airways comprise a highly specialised and heterogeneous 

population of cells that work in concert to maintain pulmonary function and defence. 

Various cell types are present in the airways, including epithelial cells, smooth 

muscle cells, fibroblasts, mast cells, and endothelial cells (Figure 1.2) [37, 38]. The 

cellular composition varies along the tracheobronchial tree depending on the region-

specific physiological demands. Epithelial cells form the first line of defence, 

providing both a physical barrier and active participation in mucociliary clearance 

and host immunity. Structural cells such as fibroblasts and smooth muscle cells 

maintain airway integrity, responsible for extracellular matrix (ECM) production, and 

regulate bronchomotor tone, while resident and recruited immune cells protect 

against pathogens and contribute to inflammatory responses [39-43]. 

 

1.3.1. Epithelial cells 

Human airways are lined with a continuous epithelial layer that varies in 

shape and cellular composition between the respiratory and conducting zones, 

extending from the nasal passage to the alveolar sacs [44]. In the proximal regions 

of the conducting zone, such as the nasal passage, trachea, and bronchi, the airway 

epithelium takes on a columnar, pseudostratified form [45]. At more distal regions of 

the conducting zone, the height of the epithelia diminishes, resembling a cuboidal 

structure in the small airways. The principal cell types within the large airway 

epithelium include goblet cells, which are responsible for mucus production and 

secretion, ciliated cells that facilitate mucus movement through coordinated ciliary 

action, and basal cells that line the basement membrane without contacting the 

apical surface [46]. In the bronchioles, the cuboidal epithelium comprises secretory 

club cells (Clara cells), which have fewer ciliated cells compared to more proximal 

airway segments. Eventually, in the alveolar region, the epithelium is characterised 

by type I and II alveolar epithelial cells (AT1 and AT2, respectively). AT1 cells are 

thin, squamous in shape, and extend over nearly 70% of the alveolar surface, 

making them well-suited for facilitating gas exchange. They are closely associated 

with the pulmonary capillary endothelium through a shared basement membrane, 

together forming the air-blood barrier. The tight junctions between adjacent cells 

help prevent fluid leakage into the alveolar space. In contrast, AT2 cells occupy a 

smaller proportion of the alveolar surface, around 7%, but they are metabolically 
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active. These cuboidal cells contain lamellar bodies that store and release 

pulmonary surfactant, which reduces alveolar surface tension and prevents collapse 

during respiration [16, 45, 47-49]. 

 

The airway epithelium serves as a crucial barrier and passageway, ensuring 

the movement of air between the external environment and the alveoli [50]. Beyond 

its structural role, it is a primary line of defence against inhaled pathogens and 

particulate matter. The coordinated activity of ciliated and secretory cells enables 

effective mucociliary clearance, while additional defence mechanisms support host 

protection. Rather than acting in isolation, the epithelial layer operates in close 

interaction with neighbouring epithelial subtypes, mesenchymal and endothelial 

cells, as well as the extracellular matrix of the bronchial wall. Dysregulation of 

epithelial function is a key feature in the development of several major pulmonary 

diseases, including asthma, chronic obstructive pulmonary disease (COPD), and 

lung cancer, where local immune and inflammatory mediators further influence 

epithelial responses [50, 51]. 

 

1.3.2. Airway smooth muscle cells 

Airway smooth muscle (ASM) forms an integral part of the airway wall, 

extending throughout the bronchial tree from the trachea down to the terminal 

bronchioles. It is also present in alveolar ducts within the lung parenchyma. In the 

trachea, it is confined to the trachealis membrane [52]. Beyond its structural role, 

ASM is central to airway narrowing in asthma, where bronchoconstriction is driven 

largely by mediators such as acetylcholine (ACh), histamine, cysteinyl leukotrienes, 

and prostaglandin D2 released from mast cells. ASM contraction is primarily 

governed by intracellular Ca2+ dynamics. Activation of G-protein-coupled receptors, 

such as muscarinic M3 receptors (M3R), by ACh triggers phospholipase C-mediated 

inositol trisphosphate (IP3) production, leading to Ca2+ release from the 

sarcoplasmic reticulum (SR) and activation of calmodulin-myosin light-chain kinase 

(MLCK) complexes [53-56]. Additional Ca2+ influx occurs via L-type voltage-gated 

Ca2+ channels and receptor-operated channels, sustaining contraction. Potassium 

channels, particularly Kv7 channel maintain resting membrane potential [57]. Their 

dysfunction enhances excitability and hypercontractility of ASM cells, features 

observed in asthma and COPD [58, 59]. Furthermore, the RhoA/ROCK pathway 
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mediates Ca2+ sensitisation by inhibiting myosin light-chain phosphatase (MLCP), 

amplifying contractile responses independent of cytosolic Ca2+ levels [60, 61]. 

 

Asthmatic airways also exhibit an increase in ASM mass, resulting from both 

hyperplasia and hypertrophy, processes fuelled by epithelial and inflammation-

derived growth factors [62]. These changes are particularly prominent in severe 

asthma, where enhanced proliferative activity of ASM has been observed. 

Importantly, ASM cells are highly responsive to mitogenic stimuli, including 

epidermal growth factor, fibroblast growth factor, mast cell proteases (such as 

tryptase), histamine, leukotriene D4, and interleukins such as IL-1 and IL-11 [54, 63]. 

In addition to their contractile properties, ASM cells exhibit a remarkable synthetic 

capacity, releasing a wide spectrum of cytokines, chemokines, and growth factors 

such as IL-6, IL-8, IL-11, eotaxin, GM-CSF, and prostaglandins, thereby actively 

contributing to airway inflammation and remodelling [64, 65]. Experimental studies 

have demonstrated that muscarinic stimulation of ASM with carbachol induced pro-

inflammatory gene expression (IL-6, IL-8, COX-2) and augmented cyclic stretch-

induced responses [66]. Similarly, carbachol and methacholine enhanced the 

release of IL-6 and IL-8 through M3R activation, with methacholine markedly 

amplifying cigarette smoke extract (CSE) induced IL-8 release. These cytokine 

responses are regulated through ERK1/2 and NF-κB signalling pathways, aligning 

with observations in epithelial cells [66, 67]. Some emerging evidence also suggests 

that ASM cells can adopt a synthetic, extracellular matrix (ECM) producing 

phenotype, secreting collagens (majorly type I and III) and are responsible for small-

airway fibrosis, a common trait observed in COPD patients [68-70]. Collectively, 

these findings highlight ASM as not only a contractile element but also a dynamic 

immunomodulatory cell population that significantly influences the pathogenesis of 

airway diseases. 

 

1.3.3. Lung fibroblasts 

Lung fibroblasts are the principal mesenchymal cells responsible for 

producing, organising, and remodelling the ECM that scaffolds the conducting 

airways and alveoli [71]. In healthy lungs, they maintain tissue homeostasis by 

synthesising collagen (e.g., COL1A1, COL3A1), elastin, proteoglycans and 

matricellular proteins, and also by responding to mechanical stress and paracrine 

signals from epithelium, smooth muscle, endothelium and immune cells [72, 73]. 
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Based on gene expression and functional characteristics, fibroblasts in the lung are 

often classified into lipofibroblasts, myofibroblasts, and matrix fibroblasts. 

Lipofibroblasts, typically localised within the alveolar interstitium, are characterised 

by lipid droplet content and expression of PLIN2 and PPARG, enabling them to 

support alveolar type II epithelial cells by storing and transferring neutral lipids for 

surfactant synthesis. Myofibroblasts, defined by the expression of myogenic 

proteins such as ACTA2 (α-SMA) and production of elastin matrix, arise 

predominantly during injury or disease states and are key drivers of pathological 

fibrosis [74-77]. Matrix fibroblasts, in contrast, represent a more diverse population 

with high expression of extracellular matrix genes (collagens, fibronectin, periostin) 

and are enriched around conducting airways and vessels, where they contribute to 

structural integrity and inflammatory signalling [74, 75]. Spatially, alveolar fibroblasts 

largely overlap with lipofibroblasts but can also transition towards matrix-producing 

or myofibroblast phenotypes under stress or injury, while peribronchiolar fibroblasts 

are typically aligned with the matrix fibroblast category and can serve as a source 

of myofibroblasts in airway remodelling [78-80]. 

 

Upon tissue injury or chronic inflammation, fibroblasts can differentiate into 

contractile α-SMA-positive myofibroblasts which is a phenotypic switch driven by 

canonical profibrotic pathways (TGF-β/SMAD and WNT) and reinforced by matrix 

stiffness and mechanical stress [81, 82]. TGF-β is particularly central cytokine as it 

promotes fibroblast proliferation, myofibroblast differentiation, and excessive 

deposition of fibrillar collagens that thicken airway walls and basement-membrane-

like zones [81, 83]. In asthma, TGF-β signalling intersects with type-2 cytokine 

pathways (IL-13, IL-4), linking inflammation to structural change; IL-13 acts directly 

on structural cells including fibroblasts to enhance ECM production, while TGF-β 

shapes myofibroblast phenotype and airway hyperresponsiveness (AHR) [77, 84, 

85] 

 

In COPD, small-airway fibrosis and loss of alveolar attachments narrow 

terminal bronchioles and increase airflow resistance. Cigarette smoke and oxidative 

stress perturb epithelial-mesenchymal signalling and activate fibroblast TGF-β 

pathways, driving ECM remodelling with increased collagen deposition and elastin 

disruption. Circulating and airway levels of profibrotic mediators (including TGF-β 
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and urotensin-II) are elevated in COPD and associate with disease severity, 

supporting a profibrotic milieu [86-91]. 

 
1.3.4. Endothelial cells 

The pulmonary endothelium forms a vast and metabolically active interface 

between the circulation and lung parenchyma, playing essential roles in gas 

exchange, vascular tone, immune regulation, and tissue repair [92]. Endothelial cells 

(ECs) are heterogeneous, encompassing pulmonary arterial and venous ECs as 

well as capillary subsets such as aerocytes (specialised for gas exchange and 

leukocyte trafficking) and general capillary ECs (involved in barrier and matrix 

functions). This heterogeneity allows ECs to integrate haemodynamic cues with 

inflammatory and structural signals in the lung, making them key participants in 

airway disease pathogenesis [93, 94].  

 

One of the primary functions of lung ECs is to regulate vascular smooth 

muscle cell (VSMC) tone through the release of vasoactive mediators. Nitric oxide 

(NO), produced mainly via endothelial nitric oxide synthase (eNOS), is synthesised 

from L-arginine through a two-step oxidation reaction in which L-arginine is first 

converted to Nω-hydroxy-L-arginine and subsequently to L-citrulline with the release 

of NO. This process requires molecular oxygen and NADPH and depends on 

cofactors including tetrahydrobiopterin (BH4), flavin adenine dinucleotide (FAD), 

flavin mononucleotide (FMN) and haem, and is tightly regulated by Ca²⁺/calmodulin 

binding following endothelial stimulation (e.g., shear stress or receptor activation). 

The NO generated diffuses into adjacent VSMCs, where it activates soluble 

guanylate cyclase (sGC), increasing cyclic GMP (cGMP) levels and activating 

protein kinase G (PKG). PKG subsequently reduces intracellular Ca2+ levels and 

promotes MLCP activity, leading to decreased myosin light chain phosphorylation 

and smooth muscle relaxation [95-97]. This mechanism maintains low pulmonary 

vascular resistance and contributes indirectly to airway calibre, as peribronchial 

vessels influence local tissue mechanics [92]. In asthma and COPD, eNOS activity 

is often impaired, while inducible NOS (iNOS) expression is increased, leading to 

an imbalance between protective NO signalling and oxidative/nitrosative stress. 

Reduced NO bioavailability diminishes vasodilation and may contribute to 

pulmonary hypertension in COPD, whereas excessive reactive nitrogen species 

amplify airway inflammation in both diseases [98-100]. 
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Cholinergic pathways also intersect with endothelial regulation. ACh activates 

endothelial muscarinic receptors, particularly M3Rs, which stimulate Ca2+ influx and 

NO production. In healthy lungs, this M3R-NO pathway contributes to vasodilation 

and bronchoprotection [100, 101]. However, in asthma and COPD, altered M3R 

signalling on ECs and VSMCs favours bronchoconstriction and vascular 

dysregulation [102, 103]. Overactivation of M3Rs on ASM drives bronchospasm, 

while impaired endothelial M3R-NO coupling reduces the vasodilatory 

counterbalance, enhancing AHR. This dual role underscores the importance of 

endothelial muscarinic pathways in coordinating vascular and airway tone [92, 104]. 

 

In COPD, chronic cigarette smoke exposure induces oxidative stress, DNA 

damage, and apoptosis in ECs [105, 106]. Loss of endothelial integrity contributes 

to microvascular rarefaction in emphysematous regions, while peribronchiolar ECs 

undergo pathological activation, secreting TGF-β and endothelin-1 that stimulate 

fibroblast and VSMC proliferation. This promotes airway wall fibrosis, vascular 

remodelling, and fixed airflow limitation [92]. Impaired eNOS activity and reduced 

NO bioavailability further exacerbate pulmonary vascular constriction and increase 

the risk of pulmonary hypertension [92, 100]. Evidence also suggests that 

endothelial-to-mesenchymal transition adds to the fibroblast pool in COPD, linking 

vascular injury directly to airway fibrosis [107]. 

 
1.3.5. Immune and inflammatory cells 

The lung immune system is rich with leukocytes that coordinate host defence 

and drive chronic inflammation and remodelling in asthma and COPD. Key effector 

populations like macrophages, neutrophils, eosinophils, mast cells, dendritic cells 

(DCs), T and B lymphocytes communicate intensely with structural cells, especially 

ASM, shaping contractility, growth and ECM deposition [108, 109]. 

 

Macrophages: Alveolar and interstitial macrophages integrate 

environmental stimuli (allergens, smoke, pathogens) and metabolic stress. In 

chronic airways disease, they adopt disease-associated states that produce TGF-β, 

IL-6, TNF-α and chemokines (e.g., CCL2), amplifying leukocyte recruitment and 

fibroblast activation [110, 111]. Oxidative stress and mediator signals from mast cells 

further prime macrophages. Histamine can directly induce macrophage cytokine 

release via H1 receptors, adding to a self-reinforcing inflammatory loop. 
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Macrophage-derived TGF-β promotes ASM synthetic remodelling (ECM production) 

and hypercontractility indirectly via fibroblast cross-talk [112, 113]. 

 

Neutrophils: Prominent in COPD and in steroid-resistant (T2-low) asthma, 

neutrophils deliver proteases (neutrophil elastase, proteinase-3, cathepsin G) to 

form neutrophil extracellular traps (NETs) which damage epithelium, thicken the 

airway wall, and correlate with airflow limitation. Neutrophil elastase also enhances 

ASM calcium (Ca2+) signalling and contractile responsiveness. Neutrophil-dominant 

cytokines (IL-17 axis) are also linked with ASM hyperplasia and steroid insensitivity 

[114, 115]. 

 

Eosinophils: Canonical in allergic (T2-high) asthma, eosinophils are 

recruited by IL-5 and eotaxins. They release cationic proteins (MBP, ECP), lipid 

mediators and TGF-β that injure epithelium and directly potentiate ASM contraction. 

Eosinophil-ASM crosstalk enhances ASM proliferation and chemokine secretion 

(e.g., IL-8), linking inflammation to remodelling and hyperresponsiveness [116, 117]. 

 

Mast cells: Mast cells infiltrate ASM bundles in asthma and release 

histamine, cysteinyl-leukotrienes and prostaglandin D2 which are potent 

bronchoconstrictors that acutely raise ASM tone. They also secrete tryptase, PDGF 

and IL-4/IL-13 that drive ASM growth and phenotype switching. Emerging work 

highlights bidirectional signalling with nerves and macrophages, and purinergic 

pathways whereby ATP can trigger mast-cell cysteinyl leukotrienes (cysLT) release 

that feeds back to contract ASM [118, 119]. 

 

Dendritic cells: Airway DCs sample inhaled antigens and migrate to lymph 

nodes to prime naïve CD4+ T cells. In allergic asthma, epithelial alarmins (TSLP, IL-

25, IL-33) condition DCs towards Th2 priming, resulting in IL-4/IL-5/IL-13-dominant 

responses. Through this axis, DCs indirectly modulate ASM by fostering eosinophilia 

and IL-13 exposure (which increases ASM contractility and mucus secretion) [120, 

121]. 

 

T lymphocytes: In classic allergic asthma, Th2 cells dominate the immune 

landscape, releasing IL-4, IL-5 and IL-13. IL-13 enhances ASM contractility 

predominantly through Ca2+ sensitisation mechanisms involving RhoA/ROCK-

mediated inhibition of myosin light chain phosphatase, rather than by upregulating 

classical contractile genes such as ACTA2, MYH11, or CNN1 [122, 123]. IL-5 
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sustains eosinophil survival and activity, further potentiating ASM hyperreactivity 

[124, 125]. In contrast, Th17 cells and their key cytokine IL-17 are closely linked with 

neutrophilic inflammation, steroid-refractory asthma and COPD. IL-17 promotes 

ASM proliferation, chemokine release and contributes to corticosteroid insensitivity, 

features that complicate disease management. Regulatory T cells (Tregs) serve as 

a counterbalance, moderating both Th2 and Th17-driven inflammation; however, 

relative deficiency or functional impairment of Tregs has been associated with 

persistent AHR and structural remodelling [120, 126]. 

B lymphocytes and IgE: IL-4/IL-13 drive class-switch recombination to IgE, 

producing plasma cells that maintain mast-cell and basophil activation on re-

exposure to allergen. There is growing evidence for lung-resident memory B 

cells/plasma cells sustaining local IgE, providing a substrate for chronicity. IgE-

mediated mast-cell activation strongly influences ASM via histamine and 

leukotrienes [120, 127]. 
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Figure 1.2. The figure illustrates the regional distribution of key cell types along the respiratory tract. 
In the trachea and upper bronchi, a pseudostratified epithelium contains basal, ciliated, goblet, and 
club (Clara) cells, supported by underlying smooth muscle. Toward the distal lung and terminal 
bronchioles, the epithelium becomes simpler, with increased club cells and fewer ciliated cells. At the 
bronchiolar-alveolar duct junction, a transitional cell population is present. The alveolar region is 
composed of type I (AT1) cells for gas exchange and type II (AT2) cells for surfactant production, 
alongside fibroblasts, extracellular matrix, and endothelial cells (Figure adapted from Leeman et al. 
(2014) [37]). 
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1.4. Mechanisms underlying bronchoconstriction 

Bronchoconstriction represents force generation by ASM encircling 

intrapulmonary airways. Classically, excitation-contraction coupling begins when 

bronchoconstrictor agonists such as ACh (via vagal stimulation), histamine (from 

mast cells) and cysLT activate Gq/11-coupled receptors (M3R, H1R and CysLT₁) on 

ASM [128, 129]. Activation of Gq/11 stimulates phospholipase Cβ (PLCβ), which 

generates IP3 and diacylglycerol (DAG). IP3 binds to its receptors on the SR and 

releases Ca2+ into the cytosol. The released Ca2+ binds to calmodulin, and this 

calcium-calmodulin complex activates MLCK, which then phosphorylates the 20 

kDa regulatory myosin light chain (MLC), permitting actomyosin cross-bridge cycling 

and ASM shortening (Figure 1.3). In parallel, DAG together with Ca2+ activates 

protein kinase C (PKC). PKC phosphorylates and activates CPI-17, which inhibits 

MLCP, reduces dephosphorylation of the regulatory light chain, increases Ca2+ 

sensitivity, and thereby further strengthens contraction (Figure 1.3) [56, 130]. 

Sustained Ca2+ entry mainly occurs through voltage-gated L-type Ca2+ channels, 

store-operated Ca2+ entry (STIM1-Orai), and TRP channels. Membrane 

depolarisation (e.g., by inhibition of K⁺ currents such as Kv7 or BKCa channels) 

augments this influx and maintains tone.  

 
 

Apart from Gq GPCR-mediated ASM contraction, studies have also shown 

that Gi GPCRs can also participate in ASM contraction, although the exact 

mechanism of action is still unclear. Studies have shown that activation of Gi GPCRs 

inhibits Gs-stimulated AC, lowering cAMP, thereby reducing an important inhibitory 

influence on ASM contraction (Figure 1.3) [56, 131]. Activation of Gi also engages 

pro-contractile pathways. For example, Gi activation stimulates RhoA via Rho-GEFs, 

which promotes actin polymerisation and Ca2+ sensitisation through inhibition of 

MLCP, which enhances contraction at any given Ca2+ level [132, 133]. Beyond these 

effects, Gi-Gq crosstalk can amplify phosphoinositide signalling. For example, Pfeil 

et al. (2020) demonstrated that Gi-derived Gβγ subunits can activate PLCβ and 

mobilise Ca2+ in the presence of Gαq/11, identifying Gαq as a ‘master switch’ that 

enables Giβγ-PLCβ signalling [134]. Fisher et al. (2020) further showed that Gαq and 

Gβγ cooperatively activate PLCβ2/3, with Gαq relieving autoinhibition and Gβγ recruiting 

PLCβ at the membrane [135]. Consistent with this, Sánchez et al. (2022) 
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characterised PLCβ3 as a coincidence detector that integrates inputs from Gq and 

Gi-coupled receptors to drive phosphatidyl inositol hydrolysis [136]. 

 
 

In parallel, RhoA-ROCK signalling increases force at any given [Ca2+]i by 

promoting Ca2+ sensitisation. This pathway is engaged downstream of GPCRs not 

only via Gq/PLC but also critically through G12/13 proteins, which activate RhoA via 

RhoGEF. Activated RhoA (GTP-bound) stimulates Rho-associated coiled-coil 

containing kinase (ROCK1/2), which phosphorylates MYPT1, the regulatory subunit 

of MLCP, thereby inhibiting MLCP activity and maintaining MLC20 phosphorylation 

independently of further increases in intracellular Ca2+. In addition, ROCK can 

directly phosphorylate MLC20 and inhibit MLCP via CPI-17 phosphorylation, further 

amplifying contractile responses. Beyond contractility, ROCK regulates F-actin 

remodelling through LIM kinase (LIMK) mediated inhibition of cofilin, promoting actin 

polymerisation and strengthening cytoskeletal force transmission. These 

cytoskeletal effects also facilitate ASM migration, adhesion and phenotypic 

modulation, processes that contribute to airway remodelling. Importantly, G12/13-

driven RhoA activation provides a parallel and often dominant pathway for sustained 

contraction and Ca2+ sensitisation, particularly under conditions of chronic agonist 

stimulation, thereby linking GPCR signalling to both acute bronchospasm and 

persistent AHR. Collectively, these ROCK-dependent mechanisms represent key 

drivers of both immediate and long term ASM dysfunction, making the RhoA-ROCK 

axis an important therapeutic target [60, 61]. 
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Figure 1.3: Gq and Gi-mediated signalling pathways in ASM contraction. Gq-coupled receptor 
activation stimulates PLC, leading to PIP₂ hydrolysis into IP₃ and DAG. IP₃ induces Ca2+ release from 
the sarcoplasmic reticulum via IP₃ receptors, amplified by ryanodine receptors, while DAG activates 
PKC. Increased intracellular Ca2+ activates calmodulin and MLCK, promoting myosin light chain (MLC) 
phosphorylation and contraction. PKC further sustains contraction by inhibiting MLCP. In parallel, Gi-
coupled receptors inhibit adenylyl cyclase, reducing cAMP and downstream PKA/EPAC signalling, 
thereby suppressing relaxation pathways. Together, these mechanisms enhance ASM contraction and 
bronchoconstriction. Figure created with a licensed version of BioRender.com. AC, adenylyl cyclase; 
ATP, adenosine triphosphate; cAMP, cyclic adenosine monophosphate; EPAC, exchange protein directly 
activated by cAMP; PKA, protein kinase A; PLC, phospholipase C; PIP₂, phosphatidylinositol 4,5-
bisphosphate; DAG, diacylglycerol; IP₃, inositol 1,4,5-trisphosphate; PKC, protein kinase C; IP₃R, 
inositol 1,4,5-trisphosphate receptor; RyR, ryanodine receptor; SR, sarcoplasmic reticulum; Ca²⁺, 
calcium ion; CaM, calmodulin; MLCK, myosin light chain kinase; MLCP, myosin light chain phosphatase; 
MLC, myosin light chain; CPI-17, protein kinase C-potentiated inhibitory protein of 17 kDa; Gα, G protein 
alpha subunit; Gβγ, G protein beta-gamma subunits; CICR, calcium-induced calcium release. 

 

1.5. Lung innervation 

The lungs are innervated by two primary sources: the pulmonary plexus, 

which comprises both parasympathetic and sympathetic nerves, and the phrenic 

nerve which provides motor innervation to the diaphragm [137]. The network of 

autonomic neurons and ganglia that makes up the pulmonary plexus is located at 

the pulmonary hila of each lung and controls blood flow, vascular permeability, 

submucosal glandular mucus production, and bronchial smooth muscle tone. 
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Parasympathetic nerves represent the predominant innervation of ASM in human 

airways, while sympathetic nerves are relatively sparse. The parasympathetic 

innervation results in increased gland secretion, pulmonary vessel dilatation, and 

bronchoconstriction [138-140]. Conversely, sympathetic innervation induces 

bronchial dilation and constriction of the pulmonary vessels [141]. Non-adrenergic, 

non-cholinergic (NANC) nerves induce smooth muscle relaxation through the 

release of NO and vasoactive intestinal peptide (VIP) or contraction via the release 

of neurokinins and substance P. Since human ASM lacks adrenergic nerves, NANC 

nerves are the predominant neural inhibitory pathway responsible for inducing 

smooth muscle relaxation. [142, 143]. 

 

1.5.1. Cholinergic innervation of the Lungs 

 

1.5.1.1. Muscarinic Receptors 

Parasympathetic nerves induce bronchoconstriction by releasing ACh that 

activates muscarinic receptors on ASM cells. Mammalian airways contain M1R, 

M2R, and M3R subtypes [144, 145]. M1Rs are located in peripheral airways, 

bronchial fibroblasts and bronchial epithelial cells in humans [146-148]. M2Rs are 

expressed in human airway epithelial cells, fibroblasts, smooth muscle cells and 

neurons [146, 147, 149-151] while M3R expression has been detected in ASM of 

humans and mice, as well as in human fibroblasts and epithelial cells [146, 147, 

152]. M2Rs are the predominant muscarinic receptor subtype in ASM, with an 

M2R:M3R expression ratio of 4:1 in bovine trachea, equine and porcine bronchi 

[153]. Notably, expression of M1R, M4R, and M5Rs was not identified in human 

ASM [154]. M2Rs are coupled to Gi proteins, whereas M3Rs couple to Gq proteins 

[155]. Although M2Rs outnumber their M3R counterparts, it is the M3Rs that are 

thought to mediate the bronchoconstrictor effects of neurally released ACh [156]. 

However, it is now recognised that M2R also play a significant role in the contraction 

of ASM [153].  

 

1.5.1.1.1. Postjunctional M2 receptor signalling pathways 

M2Rs couple to Gi/o proteins that inhibit adenylate cyclase and reduce cAMP 

levels [55, 157, 158]. The Gi/o protein family contains a range of α-subunits including 

Gαi1-Gαi3 [159]. All members of the Gi/o family contain a cysteine residue close to the 

C-terminus of their α-subunit which becomes covalently attached to an ADP-ribose 
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moiety in pertussis toxin (PTX) that prevents receptor activation of the Gi/o proteins 

[160]. Therefore, PTX is recognised as a valuable tool for the investigation of 

Gi/o signalling pathways, and sensitivity of cholinergic contractions to PTX may imply 

involvement of M2Rs. Kume et al. (1995) [161] and Hirschmann et al. (1999) [162] 

showed that PTX reduced the amplitude of contractions of ASM evoked by 

cholinergic agonists, consistent with a role for M2Rs in these responses. Unno et al. 

(2005) noted that PTX could inhibit contractions of intestinal smooth muscle by the 

cholinergic agonist carbachol (CCh), but only when low concentrations of the agonist 

were employed (70% reduction at 0.1 μM and no reduction at 10 μM CCh) [163]. 

This indicated that M2R/Gi/o signalling was only involved in responses evoked by 

relatively low concentrations of ACh, whereas M3R/Gq/11 signalling prevailed at 

higher agonist concentrations. Semenov et al. (2011) reported that the M2R 

antagonist AFDX-116 inhibited contractions of murine trachea induced by sub-

micromolar concentrations of CCh, but not those evoked by higher concentrations, 

perhaps suggesting that a similar pattern exists in the airways [164]. Further, indirect 

evidence in support of a role for M2Rs in cholinergic contractions of ASM came from 

studies which demonstrated that muscarinic agonists evoked robust contractions of 

ASM taken from M3R knock-out (KO) mice. These responses were not attributed to 

compensatory upregulation of M2Rs, as M2R mRNA expression was not elevated 

in whole lung preparations or tracheal muscle from M3R KO mice [165, 166]; 

however, it should be noted that transcript levels do not necessarily reflect protein 

expression or functional receptor abundance. More definitive evidence in support of 

a role for M2Rs in ASM contraction came from Stuckmann et al. (2003) who showed 

that KO of both M2Rs and M3Rs was required to abolish CCh-evoked contractions 

of tracheal smooth muscle [145]. 

 

A recent study from our laboratory further examined the contribution of 

postjunctional M2Rs to cholinergic contractions of ASM by investigating whether 

their involvement was related to the stimulus parameters used to evoke the 

contractions [153]. It was found that responses to EFS at 2 Hz were affected by the 

stimulus interval. A reduction in the stimulus interval from 100 to 10 s greatly 

augmented the amplitude of contractions (Figure 1.4A). This effect was absent in 

ASM taken from M2R KO mice (Figure 1.4B) and was reversed by application of the 

M2R antagonists methoctramine and AFDX-116 (Figure 1.4C, D), demonstrating 
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that it was mediated by M2Rs. It should also be noted that, although the augmented 

responses to 2 Hz EFS at 10 s intervals were mediated by activation of M2Rs, the 

entire response was abolished by a blockade of M3Rs. This shows that M3R 

activation was still a prerequisite for these neurogenic contractions and suggests 

that activation of postjunctional M2Rs sensitises the M3R response. In contrast to 

the responses to 2 Hz stimulation, contractions evoked by EFS at 20 Hz were 

unaffected by a reduction in the stimulus interval from 100 to 10 s. Also, unlike the 

case for 2 Hz EFS, where methoctramine blocked a proportion of the response 

(Figure 1.4C and D), responses to 20 Hz stimulation were slightly potentiated by 

methoctramine. This was consistent with the blockade of prejunctional autoinhibitory 

M2Rs, which suppress the output of ACh from cholinergic nerves. 

 

 
Figure 1.4. (A) Representative trace showing contractions of murine bronchial rings evoked by EFS 
at 100 and 10 s intervals. Reducing the stimulus interval to 10 s enhanced contraction amplitude. (B) 
Representative trace showing the effect of reducing the stimulus interval from 100 to 10 s on a 
bronchial ring taken from a M2R KO mouse. (C) Effect of the M2R antagonists, methoctramine and 
(D) AFDX116 on contractions of bronchial rings from wild-type mice evoked at 10 s intervals. (Figure 
adapted from Alkawadri et al. (2022) [153]). 
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Overall, these data indicate that cholinergic contractions of ASM rely on 

activation of M3Rs, but they also highlight a prominent role for postjunctional M2Rs 

in responses evoked by low stimulus frequencies and intervals. These observations 

accord with previous studies which indicated that involvement of postjunctional 

M2Rs in cholinergic contractions of ASM was restricted to responses involving low 

concentrations of ACh [163, 164]. This may explain why the contribution of 

postjunctional M2Rs has been underestimated in studies that employ higher-

frequency stimulation or higher concentrations of cholinergic agonists to evoke 

contractions of ASM. 

 

1.5.1.1.2. Prejunctional M2 receptors 

M2Rs are also present on parasympathetic nerve terminals which innervate 

the lungs [167]. Fryer and Maclagan (1984) found that the activation of these 

receptors using muscarinic agonists inhibited vagally mediated bronchoconstriction 

by up to 80% in guinea pigs [156, 167]. Therefore, prejunctional M2Rs are thought 

to act as autoinhibitory receptors that suppress further release of ACh. 

 

Several respiratory diseases are associated with dysfunction of prejunctional 

M2Rs. In a landmark study by Fryer and Jacoby (1991), it was shown that guinea 

pigs inoculated intranasally with parainfluenza type 3 virus exhibited impaired M2R 

function. In these animals, pilocarpine failed to inhibit vagally induced 

bronchoconstriction, and gallamine did not enhance vagally induced 

bronchoconstriction to the same extent as observed in uninfected controls (Figure 

1.5). These findings indicated that prejunctional M2R-mediated inhibition of ACh 

release from parasympathetic nerves in the lungs was diminished in animals 

infected with the parainfluenza virus. Loss of this inhibitory mechanism likely led to 

increased release of ACh from parasympathetic nerves, promoting AHR [168]. Fryer 

and Wills-Karp (1991) reported that pilocarpine also failed to inhibit vagally induced 

bronchoconstriction in guinea pigs that were sensitised and challenged with 

ovalbumin to induce AHR. Additionally, gallamine did not enhance vagally-induced 

bronchoconstriction to the same extent as observed in the control group [169]. 

Furthermore, Larsen et al. (1994) found that repeated allergen exposure in IgE-

immune mice led to a disruption in M2R function, resulting in the loss of their ability 

to regulate ACh release. This dysfunction caused increased release of ACh from 
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cholinergic nerves in immune mice, whereas non-immune mice retained normal 

M2R function [170]. Schultheis et al. (1994) reported that acute ozone exposure in 

guinea pigs also caused loss of M2R function on pulmonary parasympathetic 

nerves, leading to increased ACh release and exaggerated bronchoconstrictor 

responses to vagal stimulation [171]. They speculated that ozone exposure led to 

accumulation of reactive oxygen species (ROS) resulting from lipid peroxidation of 

pulmonary cell membranes. ROS trigger rapid release of cytokines including IL-1β, 

IL-6, IL-33, TNF-α, and TSLP to promote neutrophil infiltration and activation. Once 

activated, neutrophils in the airway mucosa release additional ROS, proteases, and 

cytokines, which can directly damage M2Rs (Figure 1.5) [172-174]. Gambone et al. 

(1994) showed that cyclophosphamide prevented ozone-induced loss of 

prejunctional M2R function by acting as an immunosuppressive agent and reducing 

neutrophil levels [175, 176]. 

 

The role of prejunctional M2R dysfunction in human asthma remains unclear. 

Earlier in vivo studies suggested that prior muscarinic stimulation protects against 

histamine-induced bronchoconstriction through activation of inhibitory prejunctional 

M2R. However, this interpretation did not account for the abundant post-junctional 

M2Rs now known to participate in airway smooth muscle contraction [177]. In 

contrast, research by Okayama et al. (1994) showed that pilocarpine at threshold 

doses (at which M2Rs are activated) significantly inhibited propranolol-induced 

bronchoconstriction, indicating some retained prejunctional M2R function in stable 

asthmatic airways [178]. 

 

Eosinophils are key drivers of asthma exacerbations through IL-5, GM-CSF, 

CCR3-directed chemokines, and interactions with mast cells and neutrophils [179, 

180]. Antigen-induced, vagally mediated AHR has been linked to loss of neuronal 

M2R function. Jacoby et al. (1993) showed that eosinophil granule proteins, such 

as major basic protein (MBP), eosinophil peroxidase (EPO), eosinophil cationic 

protein (ECP) and eosinophil-derived neurotoxin (EDN) bind allosterically to 

negatively charged, sialylated M2Rs, inhibiting their function and promoting excess 

ACh release (Figure 1.5) [150, 181]. This antagonism is reversible: anionic poly-L-

glutamate and heparin displace MBP and reduce vagally-induced 

bronchoconstriction in ovalbumin-challenged guinea pigs, with no effect in controls 

[182]. Preventing eosinophil influx preserves M2R function, anti-IL-5 (TRFK-5) 
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blocks eosinophil migration and maintains pilocarpine-responsive M2R; anti-VLA-4 

(HP1/2) yields similar protection; and anti-MBP prevents MBP-mediated antagonism 

and antigen-induced AHR [183-185]. 

 

Neuronal M2R dysfunction during viral infection is not solely eosinophil 

driven. Parainfluenza neuraminidase removes sialic acids, selectively lowering 

agonist affinity at M2R and enhancing vagally mediated bronchoconstriction [181, 

186]. Moreover, viral infection and IFN-γ reduce M2R mRNA and receptor function, 

increasing ACh release and thereby amplifying bronchoconstriction during viral 

airway disease [187]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.5: Dysfunction of prejunctional M2R in AHR. Prejunctional M2Rs normally act as 
inhibitory autoreceptors that limit ACh release from parasympathetic nerves. Loss or dysfunction of 
M2R signalling leads to excessive ACh release, resulting in enhanced activation of postjunctional 
M3R on ASM and increased contraction. Multiple inflammatory and environmental factors contribute 
to M2R impairment, including viral infections (e.g. parainfluenza virus via neuraminidase and IFN-γ), 
allergen exposure (ovalbumin-induced IgE responses), eosinophil-derived cationic proteins (MBP, 
EPO, ECP, EDN) and oxidative stress from ozone exposure (ROS generation). Together, these 
mechanisms disrupt M2R function, amplifying cholinergic signalling and promoting exaggerated 
bronchoconstriction characteristic of AHR. Figure created with a licensed version of BioRender.com. 
ACh, acetylcholine; IFN-γ, interferon gamma; IgE, immunoglobulin E; MBP, major basic protein; EPO, 
eosinophil peroxidase; ECP, eosinophil cationic protein; EDN, eosinophil-derived neurotoxin; ROS, 
reactive oxygen species. 
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1.5.1.1.3. M3 receptors 

M3Rs couple to Gq/11, activating PLCβ, generating IP3 and DAG. IP3 engages 

IP3 receptors (IP₃R) on the SR to release Ca2+ and then further Ca2+ release via 

RyR2 due to a local Ca2+-induced Ca2+ release (CICR) process. Ca2+ binds with 

calmodulin to form Ca2+-calmodulin complex which further activates MLCK, which 

phosphorylates MLC20 and initiates actomyosin cross-bridge cycling. This pathway 

is the primary driver of cholinergic bronchoconstriction [188, 189]. Beyond this 

mechanism, GPCR-driven receptor-operated Ca2+ entry (ROCE) contributes to M3R 

responses. The TRPC family is a prime candidate. TRPC3/6/7 can be DAG-

activated downstream of the Gq-PLC pathway, whereas TRPC1/4/5 typically form 

heteromers engaged by PLC pathways. In airways, TRPC1/3/6 expression is 

reported and becomes functionally upregulated in disease or growth-factor 

conditions [190-193]. Thus, M3R activation can recruit TRPC currents, depolarise 

the membrane and facilitate voltage-dependent Ca2+ entry. Apart from Ca2+ 

mobilisation, M3R also activates RhoA/ROCK, which phosphorylates MYPT1 and 

inhibits MLCP, increasing Ca2+ sensitivity of contraction. These sensitisation routes 

are key amplifiers of cholinergic bronchoconstriction and are heightened in asthma 

and COPD [194]. 

 

Henrot et al. (2022) reported that approximately one-third of fibrocytes 

isolated from the blood of COPD patients express functional M3R, which on 

activation, induces cellular contraction [152]. Gosens et al. (2009) reported that CSE 

enhanced methacholine-dependent secretion of IL-8 and that these effects were 

inhibited by the M3R antagonists DAU5884 or 4-DAMP, but not the M2R-selective 

antagonist, gallamine [195]. M3R knockout (KO) mice were shown to have 

diminished goblet cell metaplasia in response to OVA challenge, indicating that 

M3Rs may exert a significant influence on allergen-induced airway remodelling 

[196]. 

 

1.5.1.2. Nicotinic Receptors 

Nicotinic acetylcholine receptors (nAChRs) are pentameric ligand-gated 

cation channels assembled from α (α2-α10) and β (β2-β4) subunits. In the 

respiratory tract, they occur on neurons (parasympathetic ganglia, sensory nerves) 

and non-neuronal cells (ASM, epithelium, endothelium, and immune cells) [197]. 

Khalfaoui et al. (2023) demonstrated that α7 nAChRs are functionally expressed on 
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human ASM, with greater α7 abundance in asthmatic tissue. Activation of α7 raised 

intracellular Ca2+ and augmented contractility, indicating a direct role for α7 nAChRs 

in bronchoconstriction in asthma [198]. Borkar et al. (2024) further emphasised α7-

dependent nicotinic effects on airway cells as a key mechanistic axis by which 

nicotine exposure (smoking or vaping) may worsen airway disease [199]. nAChRs 

on epithelium regulate mucus programmes and ion transport. Gundavarapu et al. 

(2012) showed that α7 nAChR signalling is critical for mucous cell hyperplasia and 

MUC5AC upregulation [200]. In parallel, Maouche et al. (2013) found α7 nAChR-

CFTR coupling in airway epithelium, linking nicotinic signalling to ion transport and 

smoking-related chronic lung disease mechanisms [201]. 

 

1.5.2. Adrenergic sympathetic nerves 

The sympathetic nervous system has a less prominent role in the human 

airways compared to the parasympathetic nervous system and is notably 

concentrated near submucosal glands and bronchial arteries. Its primary 

neurotransmitters include noradrenaline and neuropeptide Y (NPY) [202]. ASM 

appears to lack innervation by sympathetic nerves, but they express adrenergic 

receptors and are activated by circulating catecholamines [203, 204]. β-adrenergic 

receptors, which induce bronchorelaxation, are widely distributed in the human lung. 

Human ASM exclusively express β2 adrenergic receptors, with their abundance 

escalating towards the peripheral airways [205]. 

 

Activation of β2 receptors induces activation of the alpha subunit of Gs 

proteins, which separates and reattaches to AC, activating the enzyme to catalyse 

the conversion of ATP into cyclic adenosine monophosphate (cAMP). cAMP 

releases the protein kinase catalytic subunit (PKA) that phosphorylates different 

proteins, such as phospholamban (PLB), involved in the relaxation of smooth 

muscles in the airways [206-210]. In addition, cAMP activates exchange protein 

directly activated by cAMP (EPAC) which also induces ASM relaxation by 

decreasing MLC phosphorylation due to inhibition of RhoA/ROCK signalling [211, 

212]. Chen et al. (2019) found that EPAC provides a protective function against 

airway inflammation and remodelling in murine models of asthma [213]. 

 

A recent study by Alkawadri et al. (2022) demonstrated that M2R-dependent 

ASM contractions were directly inhibited by β-adrenoceptor activation (Figure 1.6) 
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[214]. β₁-adrenergic receptor activation suppressed M2R-dependent contraction, 

and KO of M2Rs reduced the efficacy of β-adrenergic receptor agonists against 

cholinergic contractions, implicating post-junctional M2R signalling as a determinant 

of β-agonist responsiveness [214]. 

 

 

 

 

 

 

 

 

 

 

Figure 1.6: Model depicting M2R-dependent contractions of ASM are inhibited by activation 
of β-adrenoceptors. Parasympathetic nerve stimulation releases ACh, which activates 
postjunctional M3R on ASM to induce contraction. M2R on ASM further contribute to contractile 
responses by enhancing excitability and limiting relaxation pathways. In contrast, activation of β-
adrenoceptors opposes contraction by promoting bronchodilatory signalling, thereby inhibiting M2R 
and M3R-mediated effects. The balance between cholinergic contraction and β-adrenergic relaxation 
determines overall ASM tone. (Figure adapted from Alkawadri et al. (2022) [214]). 

 

1.6. Ion channels and receptors involved in ASM contraction 

ASM cells express a plethora of ion channels which regulate ASM excitability. The 

role of these channels will be discussed below. 

 

1.6.1. L-Type Ca2+ Channels 

LTCC serve as the predominant pathway for Ca2+ entry in ASM [215-217]. 

LTCC are activated by numerous signalling pathways. For example, activation of 

GqPCRs leads to the formation of IP3 and DAG, and DAG further activates PKC 

which can activate LTCC [218]. LTCC exhibit Ca2+-dependent inactivation (CDI), a 

feedback process which results in the inactivation of the channels when the 

concentration of intracellular Ca2+ rises. CDI of LTCC are essential for preventing 

excessive Ca2+ entry, helping to maintain cellular homeostasis and regulate various 

physiological processes [219-221]. 
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It is widely accepted that ACh-induced contractions of ASM rely on Ca2+ 

release from intracellular stores via IP3 receptors and ryanodine receptors (RyRs) 

[222-225]. However, the role of Ca2+ entry via LTCC in these responses is 

controversial as there is a discrepancy in the reported contribution of LTCC to 

contractions of ASM induced by cholinergic stimuli [226-228]. For example, the 

cholinergic agonist CCh was reported to induce sustained Ca2+ entry via LTCC in 

bovine ASM [229], but ACh-induced contractions of guinea-pig trachea were 

unaffected by blockade of LTCC with nifedipine [230]. Flores-Soto et al. (2013) 

observed that cholinergic contractions of murine and guinea pig airways were also 

unaffected by nifedipine [231]. Similarly, Ahmed et al. (1985) found that contractions 

induced by ACh and histamine in guinea pig trachea were resistant to nifedipine 

[232]. Studies on canine trachea showed that the effect of the LTCC inhibitor 

verapamil on ACh-induced contractions of canine trachea was dependent upon the 

concentration of ACh used to evoke the contraction. Verapamil inhibited contractions 

evoked by low concentrations (<1 µM) of ACh but did not affect contractions induced 

by higher ACh concentrations [233]. Similarly, Byron et al. (2013) found that low 

concentrations of agonist appear to act predominantly via activation of LTCCs, while 

higher concentrations act predominantly via IP3-mediated Ca2+ release from the SR 

[234]. This also fits with the observation that contractions induced by low 

concentrations of cholinergic agonists were inhibited by membrane 

hyperpolarisation, while those evoked by high concentrations were entirely resistant 

to this intervention [235]. It is noteworthy that in ileum strips from M3R KO mice, 

nicardipine abolished contractions initiated by CCh, whereas no inhibition was 

observed in M2R KO mice. This suggests that LTCC may be involved in M2R-

mediated contractions, but not those brought about by M3R activation [236]. 

 

1.6.2. Non-selective cation channels 

Non-selective cation channels (NSCC) facilitate the transit of cations, 

including Na+, K+, and Ca2+. Transient Receptor Potential (TRP) channels are a 

superfamily of 31 cation channels  [237, 238], categorised into 10 families based on 

structural similarity: TRPC (canonical), TRPM (melastatin), TRPA (ankyrin), TRPP 

(polycystin), TRPN (no mechanoreceptor potential C), TRPML (mucolipin), TRPQ 

(Quartet), TRPY (yeast), TRPV (vanilloid) and TRPS (soromelastatin) [239]. Within 

ASM, the three most prominent and well-studied subfamilies are TRPC, TRPV, and 
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TRPM. These channels play a role in facilitating Ca2+ influx, thereby regulating both 

contraction and proliferation [227].  

 

The TRPC family comprises seven members which are subdivided into four 

subtypes: TRPC1, TRPC2, TRPC4/5, and TRPC3/6/7. Recent evidence indicates 

the prevalence of mRNA encoding TRPC1, TRPC3, TRPC4, TRPC5, and TRPC6 in 

human ASM cells [240, 241], with TRPC2 mRNA showing enrichment in pig ASM 

cells [242]. White et al. (2006) observed a substantial rise in both TRPC3 mRNA and 

protein expression in human ASM cells treated with TNF-α compared to untreated 

controls. Additionally, it was shown that inhibition of TRPC3 reduced the ACh-

induced elevation of intracellular Ca2+ in TNF-α treated human ASM cells [240]. Xiao 

et al. (2010) demonstrated a three-fold upregulation in the protein expression of 

TRPC3 in a murine model of asthma challenged with OVA when compared to 

controls. Conversely, no change in TRPC1 protein expression was observed [191]. 

In gastrointestinal smooth muscle, stimulation of M2Rs by ACh leads to activation 

of TRPC4 channels, resulting in the generation of cation currents (mICAT). This 

process induces cell depolarisation, serving as a crucial trigger for stimulation of 

voltage-dependent Ca2+ channels [243, 244]. 

 

The TRPV subfamily comprises six homologous members, each with distinct 

functions. TRPV1-TRPV4 are nonselective cation channels believed to be involved 

in nociception, whereas TRPV5 and TRPV6 play a role in maintaining epithelial Ca2+ 

homeostasis [245]. Jia et al. (2004) demonstrated that TRPV2 and TRPV4 acted as 

osmolarity sensors in human airways [246]. TRPV1 channel agonists elicit 

bronchoconstriction in both humans and animal models [247, 248] and research 

indicates that activation of TRPV4 channels may directly lead to constriction of ASM 

[249]. Bonvini et al. (2013) demonstrated that a selective TRPV4 channel activator 

induced contraction of both human and guinea pig ASM. Moreover, in anaesthetised 

guinea pigs with severed vagal nerves, the TRPV4 activator triggered 

bronchoconstriction. These findings suggest an important role for TRPV4 channels 

in bronchoconstriction observed in asthma [250]. 

 

The TRPM subfamily encompasses eight members (TRPM1-TRPM8) [251] 

and there is evidence that both TRPM4 and TRPM5 control membrane 

depolarisation and are involved in cellular proliferation, temperature sensing, 
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vascular development, and inflammation [252, 253]. Earley (2013) showed that 

TRPM4 channels are present in rat ASM [254], however little is known about the 

distribution and functional role of TRPM channels in ASM. 

 

1.6.3. Ano1 Ca2+-Activated Cl− Channels 

Ano1 is a member of the anoctamin (ANO1-ANO10) family of paralogous 

proteins. TMEM16A encodes Ano1 Ca2+-activated Cl− channels (CACC) [255] and 

is widely expressed in ASM and epithelial cells and is upregulated in inflammatory 

airway diseases such as COPD and asthma [256, 257]. Furthermore, AHR has also 

been linked to dysregulation of Ano1 function [255, 258]. Danielsson et al. (2019) 

showed that the transcriptional expression of Ano1 was approximately eight times 

higher in human ASM than in the epithelium [259]. Immunostaining of the Ano1 

protein in ASM indicated that Ano1 was upregulated in ASM cells from OVA-

sensitised mice by 48%, in comparison to control animals [260]. Furthermore, Ano1 

currents were enhanced by the cytokines IL-4 and IL-13, which are highly elevated 

in asthma [256]. Cabrita et al. (2019) found that the expression of Ano1 and Ano6 

plays a significant role in the regulation of mucus secretion in the airways. When 

both genes were knocked down, MUC5AC production was severely impaired [261].  

 

In smooth muscle cells, intracellular Cl⁻ concentration (~55 mM) is 

substantially higher than would be predicted by passive distribution when compared 

to extracellular levels (~135 mM), unlike skeletal muscle where intracellular Cl⁻ is 

low (~4 mM) and closely follows passive Donnan equilibrium. This elevated 

intracellular Cl⁻ in smooth muscle is maintained by active transport mechanisms, 

including Na⁺-K⁺-Cl⁻ cotransport and Cl⁻/HCO₃⁻ exchange, as well as an additional 

Cl⁻ influx pathway (historically termed “Pump III”), which sustains Cl⁻ accumulation 

even when the major transporters are inhibited. As a result, the Cl⁻ equilibrium 

potential (ECl) is more positive than the resting membrane potential (Em), creating a 

favourable electrochemical gradient for Cl⁻ efflux under resting conditions [262-264]. 

Upon activation of CACCs such as Ano1, Cl⁻ exits the cell, leading to membrane 

depolarisation and subsequent activation of voltage-dependent pathways. Although 

several Cl⁻ channels are expressed in smooth muscle, including bestrophins, ClC3 

channels and CFTR channels, Ano1 is considered the functional channel mediating 
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Ca²⁺-dependent Cl⁻ efflux in ASM, thereby contributing to excitation-contraction 

coupling [262-264]. 

 

Wang et al. (2018) showed that genetic KO of Ano1 greatly attenuated 

contractile responses to histamine and the thromboxane agonist, U46619. In 

contrast, responses induced by maximal concentrations of methacholine were 

unaffected in Ano1 KO mice. However, responses induced by lower concentrations 

of methacholine were 50% smaller than those in wild-type mice [265]. Several 

studies concluded that Ano1 channels are important for excitation coupling of 

responses to cholinergic agonists in ASM, even at higher concentrations [256, 259, 

266]. However, these studies relied, at least in part, on the Ano1 blocker 

benzbromarone, the specificity of which has since been questioned [267]. Dwivedi 

et al. (2023) found that benzbromarone inhibited CCh-induced contractions over the 

concentration range of 0.1-10 μM. Worryingly, however, it had a markedly greater 

inhibitory effect than nifedipine and a further inhibitory effect in tissues that had 

already been exposed to nifedipine. These data indicated that benzbromarone had 

one or more off-target effects beyond blocking the membrane depolarisation 

responsible for activating LTCCs. On the other hand, the selective Ano1 blocker, 

Ani9 had no effects on CCh-evoked contractions when used at a concentration 

range of 0.1-10 μM, although it abolished phasic contractions induced by 5-HT 

[267].  

 

1.6.4. Potassium channels 

Potassium channels are classified into four primary types based on their 

structure and function: voltage-gated potassium channels (Kv), Ca2+-activated 

potassium channels (KCa), ATP-sensitive potassium channels (KATP), and inward 

rectifier potassium channels (KIR) [268]. The KCa channels are further divided into 

three types: small conductance (SKCa, 4-14 pS), intermediate conductance (IKCa, 

32-40 pS), and large conductance (BKCa or Maxi K, 200-300 pS) [269]. 

 
 

1.6.4.1. BKCa channels 

The name "big conductance" reflects the high permeability of BKCa channels 

to potassium ions [270]. These channels are widely expressed in epithelial cells, 

endothelial cells, smooth muscle cells and in motor and sensory neurones [271-
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274]. They have been found in abundance in ASM cells of murine, canine, bovine, 

swine, and human airways where they are believed to regulate tone [275-278]. BKCa 

channels depend on both Ca2+ and voltage for activation. Their activation in smooth 

muscle cells is triggered by spontaneous Ca2+ release from the peripheral SR, 

contributing to the regulation of cellular excitability and membrane potential [269, 

279]. Activation of Gs proteins that lead to the formation of cAMP also activates BKCa 

channels to cause vasodilation in VSMC [280]. Barman et al. (2003) found that 

activation of PKC hindered cAMP-induced activation of BKCa channels in pulmonary 

arterial smooth muscle [281]. Modulation of BKCa channels in ASM contributes to 

bronchoconstriction, plasma extravasation and cough [282]. Recent research has 

determined that inflammation upregulates BKCa channel expression which further 

potentiates Ca2+ signalling in ASM [283-285]; however, increased expression does 

not necessarily equate to potentiated Ca²⁺ signalling, as BKCa channels are Ca2+-

activated K⁺ channels that typically act as a negative feedback mechanism to limit 

membrane depolarisation and Ca2+ influx. Thus, their functional impact depends on 

factors such as channel coupling to Ca2+ sources, subcellular localisation and 

regulatory signalling pathways rather than expression levels alone. Zhou et al. 

(2018) found that Gβγ dimers released from activated M2Rs inhibited BKCa channel 

activity via direct effects on the BKCa channel α-subunit and via activation of PKCs 

via the PLCβ pathway [286]. However, although cholinergic agonists were able to 

inhibit BKCa via M2Rs, another study suggested that this mechanism plays only a 

minor role in mediating the contractions of ASM induced by M2Rs [164]. Activation 

of BKCa channels has been identified as a factor that suppresses airway 

inflammation and improves symptoms associated with asthma [287]. 

 

1.6.4.2. Kv7 channels 

Kv7 channels are voltage-gated K+ channels which serve as crucial 

determinants of membrane potential (Em) as they activate at relatively negative 

potentials, compared to other K+ channels and play a crucial role in controlling 

smooth muscle contractility [288]. Activation of these channels results in 

hyperpolarisation and relaxation of smooth muscle cells by reducing the activity of 

voltage-gated Ca2+ channels and diminishing Ca2+ influx [288]. The Kv7 family 

comprises five recognised members (Kv7.1-Kv7.5) encoded by distinct genes 

(KCNQ1-5) [289]. In lung tissues, Kv7 channels are expressed in pulmonary artery 
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smooth muscle cells, ASM cells and airway epithelial cells [290]. Notably, qRT-PCR 

of human tracheal muscle showed that Kv7.1 expression is highest in human 

trachea, followed by Kv7.4 and Kv7.5 [291]. Evseev et al. (2013) found that Kv7.1 

was the predominant Kv7 subtype expressed in mouse airway tissues, followed by 

Kv7.4, with Kv7.5 showing weak expression. In rat trachea, Kv7.1 expression was 

also highest, but Kv7.5 mRNA levels exceeded those of Kv7.4, and low levels of 

Kv7.3 were additionally detected, which were largely absent in mice. Similarly, 

Guinea pig ASM cell also express Kv7 channels with relative abundance order of 

Kv7.2 > Kv7.5 > Kv7.4 > Kv7.3 > Kv7.1 [292]. 

 

Cholinergic agonists have long been known to suppress Kv7 channel activity, 

most prominently through inhibition of the neuronal M current, a non-inactivating, 

subthreshold K+ current mediated predominantly by Kv7.2-Kv7.5 channels. 

Activation of muscarinic receptors, particularly M1R in neurons, leads to a reduction 

in M current, resulting in membrane depolarisation and enhanced cellular excitability 

[293, 294]. Several mechanisms may underlie cholinergic suppression of Kv7 

currents. Firstly, all KV7 subtypes bind to phosphatidylinositol 4,5-bisphosphate 

(PIP2), which facilitates channel opening; hence, PIP2 depletion closes the channel 

[295]. Zhang et al. (2003) found that in excised inside-out patches from cells 

expressing Kv7 channels, bath application of PIP2 diC8 (an exogenous analogue of 

PIP2) restored rundown and robustly activated the channels, demonstrating direct 

PIP2 dependence [296]. Similarly, Li et al. (2005) found that in CHO cells expressing 

Kv7.2-Kv7.4, inside-out patch recordings showed that PIP2 diC8 increased open 

probability well above cell-attached levels, confirming direct activation by PIP2 [297]. 

Therefore, activation of M3Rs could, via activation of PLC, inhibit Kv7 channels with 

resultant depolarisation. It has also been shown that cAMP, working via both PKA 

and EPAC, increased Kv7 channel open probability [298, 299]. Hence, a reduction 

in cAMP levels via activation of Gi/o could provide a possible link between M2R 

stimulation and inhibition of Kv7 channels. 

 

1.6.4.2.1. Kv7 channel structure 

The structure of Kv7 channels resembles that of other Kv channels, with each 

functional channel forming homo or heterotetramers of six transmembrane (S1-S6) 

domains (Figure 1.7) [298]. The S1-S4 transmembrane domains have regions that 

are responsible for sensing the voltage difference across the membrane, with S4 
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possessing many charged residues, which are essential for voltage-sensing. The 

S5 and S6 domains, along with the pore loop region, form the ion conduction 

pathway through which the ions pass when the channels are in an activated and 

open state [300, 301]. In the tetrameric arrangement, the S6 domain forms the inner 

lining of the pore. Both the C and N termini are cytosolic in this channel. The C-

terminal of Kv7 channels is quite large and is involved in tetramerisation of the 

channels [300, 301]. It also has special regions called A-D helices, which act as 

docking stations for calmodulin (CaM) and other regulatory proteins to bind. 

Calmodulin binding is essential for the channel to fold correctly and reach the cell 

surface. Depending on Ca2+ levels, CaM can also change how easily the channel 

opens [302]. The N-terminal is shorter than the C-terminal but plays an important 

role in the control of channel gating and phosphorylation. For example, in Kv7.5, the 

N-terminus contains a key PKA phosphorylation site (Serine 53) which causes a 

conformation change that makes the PIP2 binding site more susceptible to bind to 

PIP2 [299, 303, 304]. PIP2 is essential for Kv7 channel opening, and its binding sites 

are spread across several key regions of the protein. These include the intracellular 

S2-S3 linker and S4-S5 linker, which connect the voltage-sensing parts of the 

channel to the pore, as well as the proximal end of the S6 helix, which lines the inner 

pore (Figure 1.7) [305-307]. In addition, clusters of positively charged residues in 

the proximal C-terminal helices (A/B domain) help anchor PIP2. Together, these sites 

form a binding pocket where PIP2 stabilises the channel in its open state by linking 

voltage sensor movement to pore opening. When PIP2 is depleted, for example by 

muscarinic receptor activation and PLC-mediated hydrolysis, these stabilising 

interactions are lost, causing the channel to close. Several kinases fine tune the 

channel, for example, PKA usually enhances Kv7 currents by phosphorylating 

specific serine residues (e.g., N-terminal Serine 53 in Kv7.5), which makes the 

channel open more easily [308, 309]. PKC often inhibits Kv7 activity via 

phosphorylation sites in the C-terminal (Serine 541 in Kv7.2) and promotes 

muscarinic suppression of Kv7 currents [310, 311]. In contrast, PKG (protein kinase 

G), activated by the NO-cGMP pathway, increases Kv7 currents in vascular smooth 

muscle, leading to relaxation, although the exact residues it phosphorylates are less 

clearly known [312, 313]. 
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Formation of Kv7 heterotetramers is restricted to certain combinations. The 

most well-characterised heteromer is Kv7.2/Kv7.3, which accounts for functional M-

type currents in many neurons [314, 315]. In vascular smooth muscle cells, Kv7.4 

and Kv7.5 are often co-expressed, and dominant negative experiments suggest that 

native currents frequently depend on heteromeric Kv7.4/Kv7.5 assemblies rather 

than pure homomers [316, 317]. Chadha et al. (2014) further reported that 

Kv7.4/Kv7.5 heteromers largely underlie intrinsic myogenic responses and 

vasodilation in arteries, reinforcing their physiological relevance in vascular tone 

control [317]. Oliveras et al. (2014) demonstrated that Kv7.1 and Kv7.5 can also 

form functional heterotetramers with distinct electrophysiological and 

pharmacological properties in vascular smooth muscle cells [318]. Heteromerisation 

can also occur with Kv7.2/Kv7.5 or Kv7.3/Kv7.5 in certain tissues, expanding the 

diversity of channel properties [319]. Other combinations (e.g. Kv7.4 with Kv7.2 or 

Kv7.3) are more restricted, likely due to structural compatibility or trafficking 

constraints. Structural studies suggest that the C-terminal A-domains of Kv7 

subunits modulate promiscuous assembly and may restrict certain heteromeric 

partnerships [320]. Functionally, heteromerisation often yields channels with 

intermediate gating and conductance properties, and can magnify current densities 

compared to some homomers, particularly in Kv7.2/Kv7.3 assemblies [321].  

 

1.6.4.2.2. KCNE subunits 

The KCNE family (also called MiRPs) consists of small single-

transmembrane “β-subunits” that do not form ion channels by themselves but 

associate with Kv7 α-subunits to modulate their plasmalemmal expression, 

biophysical properties and pharmacology (Figure 1.7) [322-324]. Co-expression of 

KCNE1 with Kv7.1 markedly alters channel behaviour. It increases Kv7.1 current 

density, induces a positive shift in the voltage activation threshold, and slows both 

activation and deactivation kinetics [325, 326]. Mechanistic studies demonstrated 

that KCNE1 stabilises the open conformation of the Kv7.1 pore by modifying 

interactions between the pore helix, the selectivity filter, and the S5/S6 domain [327]. 

Beyond Kv7.1, Roura-Ferrer et al. (2009) found that KCNE1 has also been shown 

to increase Kv7.5 currents in HEK293 cells [328] and Abbott (2015) discovered that 

KCNE1 mildly augments Kv7.4 currents when co-expressed in Xenopus oocytes 

[329].  
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KCNE2 was also found to alter the gating mechanism of Kv7.1 channels [330] 

and the Kv7.1/KCNE2 complex was found to play an essential role in establishing 

the resting membrane potential in parietal cells of the gastric glands [331]. Later, 

Lundby et al. (2009) found that KCNE2 makes the Kv7.1 channels constitutively 

open [326].  The effects of KCNE3 vary among different isoforms of Kv7 channels. 

In mammalian cells, co-expression with Kv7.1 produces little change in the current-

voltage (I-V) relationship [332]. However, KCNE3 strongly suppresses Kv7.5 

currents in HEK293 cells and markedly inhibits Kv7.4 activity in Xenopus oocytes 

[328, 329]. KCNE4 is predominantly inhibitory to Kv7.1, suppressing current 

amplitude at physiologically relevant voltages in both mammalian cells and Xenopus 

oocytes [333]. Interestingly, in stably transfected HEK293 cells, KCNE4 increased 

Kv7.4 current amplitude and produced a negative shift in the V1/2 of activation [334]. 

In native tissue, proximity ligation assays demonstrated that KCNE4 co-localises 

with Kv7.4 and Kv7.5 in freshly isolated mesenteric smooth muscle cells, supporting 

a role for KCNE4 in regulating cell-surface expression and Kv7.4 function [335]. 

 
Figure 1.7. Schematic representation of the Kv7 channel α-subunit topology, illustrating the six 
transmembrane segments (S1-S6) embedded within the lipid bilayer. The upper panel shows a top-
down view of the tetrameric assembly, while the lower panel depicts a single α-subunit monomer with 
its voltage-sensing domain (S1-S4) and pore-forming domain (S5-S6). Key regulatory interactions 
are highlighted, including intracellular PIP₂ binding sites, constitutively associated calmodulin (CaM), 
and the single-pass accessory KCNE β-subunit, all of which collectively modulate channel gating, 
kinetics and membrane trafficking. Figure created with a licensed version of BioRender.com. 
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Finally, KCNE5 produces a marked depolarising shift in Kv7.1 activation, such 

that Kv7.1/KCNE5 channels activate only at voltages >+40 mV, leaving them 

effectively closed under physiological conditions [336, 337]. KCNE5 was also 

reported to inhibit Kv7.4 currents by about 65% in CHO cells, although no significant 

effects were observed in Xenopus oocytes [334, 336]. Co-expression of Kv7.5 with 

KCNE4 or KCNE5, in either oocytes or mammalian cells, produced no major 

functional changes [328]. 

 

1.6.5. Intracellular Ca2+ stores 

Intracellular Ca2+ is stored in organelles, including the SR [338]. Within ASM 

cells, release of intracellular Ca2+ from stores is a crucial process which is facilitated 

by two types of Ca2+ release channels residing on the SR: RyRs and IP3Rs. These 

channels play a pivotal role in orchestrating the controlled release of Ca2+, 

influencing various cellular functions in ASM cells [339]. 

 

1.6.5.1. IP3 receptors (IP3Rs) 

IP3Rs form a family of tetrameric Ca2+ release channels situated on the SR 

membrane in nearly all mammalian cell types, including smooth muscle cells [340]. 

Stimulation of ASM by histamine, methacholine or carbachol stimulates PLC, 

resulting in the generation of IP3 and release of Ca2+ from the SR via IP3Rs [341].  

Mammalian smooth muscle cells express three different isoforms of IP3R, namely 

IP3R1, IP3R2, and IP3R3 [342]. IP3R activation produces a broad range of Ca2+ 

signals, including puffs, waves, ripples, sparks, and global [Ca2+]i [340]. Expression 

studies revealed that activation of M2Rs can also stimulate PLC which initiates the 

breakdown of PIP2 into IP3 and DAG [343]. Asthma is linked to increased intracellular 

IP3, heightened IP3R signalling and enhanced contractility in ASM cells. This 

association contributes to AHR and remodelling. In Fisher rats, utilised as an asthma 

animal model, there is a reduction in both the expression and activity of IP3,5-

phosphatase, resulting in elevated levels of [IP3]i and heightened IP3R-mediated 

Ca2+ release in ASM cells [340, 344]. 

 

1.6.5.2. Ryanodine receptors (RyRs) 

RyRs are intracellular Ca2+ release channels located on the SR membrane in 

various types of smooth muscle cells [345]. While RyRs and IP3Rs possess a similar 

architectural framework, RyRs have developed additional domains within their 
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cytosolic region. Due to their substantial size, RyRs can be regulated by a multitude 

of proteins and small molecules, influencing the opening and closing of the channels 

[346]. RyRs exist in three isoforms (RyR 1-3) and are named after the plant alkaloid 

ryanodine [347, 348]. Hyvelin et al. (2000) found that human bronchial smooth 

muscle cells only express the RyR3 isoform [349], while all the RyR isoforms are 

expressed in rat and mice ASM cells with the expression of RyR1 being elevated in 

cases of chronic asthma [350, 351]. These channels have been implicated in the 

amplification of Ca2+ transients triggered by opening of LTCC or IP3Rs in smooth 

muscle cells [345]. Additionally, RyRs appear to play a role in regulating BK channel 

activity [345]. Du et al. (2005) demonstrated that both RyR1 and RyR3 are 

expressed in mouse ASM and are involved in mediating bronchoconstriction 

induced by the muscarinic receptor agonist, CCh. When RyR isoforms were 

inhibited using ryanodine at concentrations greater than 200 μM, the contractile 

responses of mouse bronchial rings and Ca2+ responses of ASM cells to various 

concentrations of CCh (ranging from 50 nM to over 3 μM) were attenuated. 

Conversely, inhibiting only RyR1 and RyR3 with dantrolene (25 μM) attenuated the 

responses induced by high CCh concentrations (>500 nM) but not by low 

concentrations [352]. 

 

1.6.5.3. SERCA 

The Sarcoplasmic/Endoplasmic Reticulum Ca2+-ATPase (SERCA) pump has 

three primary isoforms that are expressed in smooth muscle; SERCA2b is the most 

prevalent (91%), whereas SERCA2a (6%) and SERCA3 (3%) are present in lower 

quantities [353]. Maintenance of intracellular free Ca2+ levels within a physiological 

range relies on SERCA-mediated Ca2+ uptake into stores. Furthermore, 

sequestration of Ca2+ by SERCA facilitates relaxation of smooth, cardiac and 

skeletal muscles [354]. Janssen et al. (1999) demonstrated that Ca2+ entry through 

LTCC in canine tracheal myocytes is strongly buffered by SERCA pumps located on 

the superficial sarcoplasmic reticulum, which lies in close proximity to the plasma 

membrane [355]. This arrangement allows the superficial SR to rapidly sequester 

incoming Ca2+ before it can diffuse to the contractile apparatus, a process described 

as the superficial buffer barrier (SBB) hypothesis [356-358]. In vascular smooth 

muscle, inhibition of this barrier has been proposed to enhance agonist-induced 

contraction by permitting greater Ca2+ access to the myofilaments following opening 
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of voltage-gated Ca2+ channels [355]. However, whether the SBB mechanism 

contributes to force generation in airway smooth muscle remains unclear. Mahn et 

al. (2009) demonstrated that ASM cells from individuals with asthma displayed 

reduced levels of SERCA2 expression, and this reduction was found to be 

associated with the severity of the disease. When healthy ASM cells were subjected 

to siRNA-induced knockdown of SERCA2, they exhibited characteristics similar to 

those observed in asthmatic ASM cells, such as delayed recovery from an increase 

in [Ca2+]i, increased cellular motility, proliferation and secretion [359]. Clark et al. 

(2010) provided findings supporting the idea of two distinct functionally separated 

SR Ca2+ stores within pulmonary arterial smooth muscle cells. One of these stores 

was positioned in proximity to the plasma membrane, likely regulated by SERCA2b, 

and releasing Ca2+ via RyR1, to facilitate pulmonary artery dilation. In contrast, the 

second store was centrally located, served by SERCA2a, and released Ca2+ via 

RyR3. This release may trigger recruitment of RyR2 through Ca2+-induced Ca2+ 

release, initiating a propagating global Ca2+ wave and subsequent pulmonary artery 

constriction [360]. 

 

1.6.5.4. Calcium Release Activated Calcium (CRAC) channels 

CRAC channels serve as a pivotal pathway for Ca2+ signalling within cells. 

Their activation is triggered by depletion of Ca2+ from the endoplasmic reticulum 

(ER) / SR by a phenomenon referred to as Store-Operated Ca2+ Entry (SOCE) [361]. 

It is now known that the [Ca2+]SR sensor STIM1 dynamically reorganises its spatial 

structure into aggregate clusters in response to a decrease in Ca2+ concentration in 

the ER. These aggregate clusters interact with Orai channels in the plasmalemma 

to enable CRAC [362]. STIM1 and Orai1 could be important targets for 

ASM remodelling in asthma, as decreased expression of these proteins resulted in 

considerable inhibition of chemotactic migration and smooth muscle cell proliferation 

[363-365]. In addition, expression of STIM1 and Orai1 proteins was increased in 

smooth muscle cells from tracheal and bronchial tissue derived from OVA-

challenged mice with asthma. 

 

1.7. Obstructive Airway Diseases 

Obstructive airway diseases such as asthma and COPD are characterised by 

reduced airflow during exhalation. Key indicators including forced expiratory volume 
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in the first second (FEV1), FEV1/FVC ratio and forced expiratory flow between 25% 

to 75% of FVC (FEF25-75) fall below expected levels [366]. Forced vital capacity 

(FVC) refers to the total volume of air that can be forcibly exhaled from the lungs 

after a maximal inspiration and reflects lung function. Changes in the contractile 

properties and mass of ASM can result in airway inflammation, 

hyperresponsiveness, and remodelling, which are major characteristics of COPD 

and asthma [367]. 

 

1.7.1. Asthma 

Asthma is an obstructive airway disease characterised by impaired relaxation 

and enhanced bronchoconstriction in response to relatively little provocation, which 

is denoted as airway hyperresponsiveness (AHR) (Figure 1.4) [368]. Thus, in 

response to low-level stimuli, the contractile response of ASM in asthma causes 

severe bronchoconstriction and airflow blockade [54, 368, 369]. Substantial loss of 

heat and water through respiration during exercise in temperate or cold conditions 

can also induce bronchoconstriction. This is likely facilitated by increased activity of 

cholinergic nerves [370-373] or release of inflammatory mediators from mast cells 

in response to exposure to a hyperosmolar environment [368]. Understanding the 

cellular processes that underlie excitation-contraction coupling of ASM is crucial to 

better understand the disease. 

 

In normal lung function, muscarinic receptors regulate ASM tone, mucus 

production, vasodilation and inflammation. However, in conditions like asthma and 

COPD, cholinergic pathways exacerbate bronchoconstriction and mucus secretion, 

leading to airflow restriction [374]. Under physiological conditions, muscarinic 

receptor activation maintains airway tone primarily through M3R-mediated Ca2+ 

mobilisation and myosin phosphorylation. In asthma, however, this pathway 

becomes hyperresponsive, leading to exaggerated ASM contraction. Enhanced Gq-

coupled M3R signalling augments IP3-dependent Ca2+ release and DAG-driven 

PKC activation, which sustains myosin light-chain phosphorylation via CPI-17 

mediated inhibition of MLCP. Collectively, these changes amplify cholinergic 

bronchoconstriction and contribute to airway hyperreactivity [375, 376]. 

 

Enhanced proliferation and secretion of pro-inflammatory chemokines result 

in ASM remodelling that is often regulated by [Ca2+]i. Release of these mediators is  
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significantly influenced by Ca2+ signalling. For example, it was found that IL-13 

caused secretion of eotaxin-1 from ASM following the knockdown of SERCA, which 

recruited eosinophils and perpetuated airway inflammation [377]. Furthermore, 

M3Rs on ASM play a crucial role in airway remodelling by promoting smooth muscle 

proliferation and migration. In addition, ASM from asthmatic individuals shows 

heightened responsiveness to cholinergic stimulation, indicating that M3R activation 

can drive pathological changes in muscle mass and structure [378]. M3R activation 

also contributes to altered ASM mechanobiology including changes in the stiffness, 

ECM coupling and force‐transmission of ASM have been linked to enhanced 

muscarinic responsiveness, implicating M3Rs in the shift of ASM phenotype in 

asthma [54, 378]. Beyond the local effects on muscle, cholinergic stimulation 

through M3Rs can also modulate vagal reflex sensitivity, thereby amplifying 

parasympathetic tone and contributing to the excessive airway narrowing 

characteristic of AHR [379]. 

 

1.7.2. COPD 

COPD encompasses a range of conditions characterised by airflow 

obstruction and respiratory difficulties, including emphysema and chronic bronchitis 

(figure 1.8) [380]. Like asthma, COPD patients have a thickened ASM layer 

surrounding the airways [381]. However, in COPD, the smooth muscle layer also 

experiences a rise in ECM, which makes it more difficult for air to pass through the 

airways and causes irreversible breathing problems [382]. The size of the ASM cell 

or the expression of the contractile proteins like alpha-actin, smooth muscle myosin 

heavy-chain isoforms, myosin light-chain kinase, and the phosphorylated form of the 

regulatory light chain of myosin does not increase, according to bronchoscopy 

biopsies, in contrast to individuals with severe chronic asthma [383, 384]. The 

stiffness of the airway wall is determined by its passive and active components. 

While the active component results from smooth muscle contraction, the passive 

component is based on the physical characteristics of the tissues (such as smooth 

muscle and ECM) in the airway wall. The distensibility or flexibility of the airway wall 

is decreased in COPD, making it less able to expand while breathing. This is 

especially true for those who have emphysema [382, 385, 386]. In the lungs of 

persons with COPD, a process known as airway remodelling takes place where the 

structure of the airways alters in response to chronic inflammation and other 
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variables. The remodelling process can result in a variety of modifications to the 

airways, including thickening of the smooth muscle layer and airway walls. However, 

it has been noted that the ASM thickening is similar to COPD as in asthma [387]. 

The main reason behind this may be because the airflow restriction in COPD is not 

only due to ASM changes, but several variables, such as inflammation, airway 

constriction brought on by the creation of mucus and emphysema [387, 388]. 

Furthermore, in asthma, ASM thickening is more prominent in the larger airways, 

whereas in COPD, it is more pronounced in the small airways [389, 390]. However, 

similar to asthma, patients with COPD also exhibit reduced SERCA activity [391]. 

Nguyen et al. (2005) found that severe COPD elicited marked decreases in SERCA1 

isoform and no change in SERCA2 isoform content was seen in airway skeletal 

muscles [392]. 

 

Due to heightened cholinergic activity in COPD, long-acting muscarinic 

antagonists (LAMA) are utilised to primarily target M3 receptors (M3R). These 

receptors play key roles in bronchoconstriction, mucus secretion, and inflammation, 

contributing to COPD pathophysiology [393, 394]. The 2022 report from the Global 

Initiative for Chronic Obstructive Lung Disease (GOLD) suggests starting 

pharmacological therapy with either a long-acting muscarinic antagonists (LAMA) or 

a long-acting β2-agonist (LABA) for most patients [395]. As prolonged usage of LABA 

may eventually result in diminished effectiveness and receptor desensitisation and 

most LAMAs do not show signs of intolerance, LAMAs are the mainstay therapeutic 

agents for the control of COPD exacerbations [396]. For those experiencing more 

severe symptoms, regardless of their exacerbation history, dual bronchodilator 

therapy (LABA/LAMA) is recommended. In Europe, three LAMAs- tiotropium 

bromide, glycopyrronium bromide, and aclidinium bromide have been approved for 

the treatment of COPD [394]. 

 

1.7.3. Are M2R involved in Obstructive Airway Diseases? 

Asthma and COPD are associated with increased activity of parasympathetic 

cholinergic nerves and increased hyperresponsiveness to ACh agonists [397-400]. 

However, despite the upregulation of cholinergic activity in asthma, this does not 

appear to be associated with a change in M3R functionality. For example, Whicker 

et al. (1990) showed that antigen challenge in guinea pig ASM led to increased 

sensitivity to CCh, but this was not associated with a change in the binding of a 
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radiolabelled muscarinic receptor ligand [401]. Similarly, Haddad et al. (1996) 

showed that there was no significant difference in the affinity or the density of 

muscarinic receptors in peripheral lung samples taken from asthmatics compared 

with non-asthmatics [402]. In addition, single-nucleotide polymorphisms in the 

promoter region of the human M3R gene did not appear to be associated with 

asthma as there was no difference in the recorded frequency of SNPs among 

asthmatic patients and healthy control subjects [403]. Therefore, although ASM in 

asthmatic patients is hyperresponsive to ACh, this enhanced responsiveness is 

unlikely to result from increased M3R expression or receptor affinity, but rather from 

downstream signalling alterations or impaired regulatory mechanisms that amplify 

cholinergic responses. 

 

It is well established that asthma and COPD are associated with dysfunction 

in prejunctional M2Rs; however, there is also some indication that postjunctional 

M2Rs may also play a role in the pathogenesis of these conditions. The primary 

lines of evidence in this regard are the sensitivity of heightened cholinergic 

responses of ASM to PTX and the increased expression of Gi/0 proteins that couple 

to M2Rs in experimental models of asthma. For example, Hakonarson et al. (1995) 

showed that rabbit tracheal smooth muscle that was passively sensitised with serum 

from atopic asthmatics had enhanced contractile responses to ACh that were 

attenuated by PTX. Furthermore, Giα subunit expression was increased in tissues 

treated with serum from atopic asthmatics [404]. Similarly, Chiba et al. (2001) 

demonstrated that augmented responses to ACh in antigen-treated ASM of rats 

were reduced by PTX and that Giα3 protein levels were greatly enhanced [405]. The 

inflammatory mediators, IL-1β and TNF-α, play important roles in the pathogenesis 

of the airway inflammatory response in asthma [406-409]. Hakonarson et al. (1996) 

showed that IL-1β and, to a lesser extent, TNF-α attenuated β-AR-mediated 

relaxations of ASM that were precontracted with ACh. It was suggested that the 

effects of IL-1β were due to activation of an M2R-signalling pathway as 

methoctramine potentiated isoproterenol-induced relaxations of tissues treated with 

IL-1β, but not controls. This study also found that the expression of Giα2 and Giα3 

subunits was enhanced in ASM treated with IL-1β [410]. Therefore, it is possible that 

postjunctional M2Rs may not be directly upregulated in airway disease, but that 

M2R-dependent signalling pathways could be enhanced as a result of increased Giα 

subunit expression and enhanced Giα/M2R coupling. 
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Figure 1.8: Diagram Comparative schematic illustrating the structural and functional differences 
between a normal lung and a lung affected by COPD. In the normal lung, intact alveolar walls, 
compliant smooth muscle and unobstructed airways permit unrestricted airflow. In COPD, a 
combination of pathological changes, including alveolar wall destruction, alveolar hyperinflation, 
smooth muscle contraction and airway fibrosis, collectively result in significant obstruction of airflow, 
reflecting the hallmark progressive airflow limitation characteristic of the disease (Figure adapted 
from Bhatt et al. (2021) [411]). 
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1.8. Project aims and objectives 

The contractile effects of ACh are mediated by activation of muscarinic receptors on 

ASM cells. ASM express both M2Rs and M3Rs, although the M2Rs outnumber the M3Rs 

by a ratio of 4:1 in most species. Despite this, it is widely considered that it is the M3Rs 

that mediate the contractile effects of ACh on ASM. Instead, the M2Rs were thought to be 

redundant, apart from being able to offset relaxations induced by activation of β-

adrenergic receptors. However, there is now growing evidence that postjunctional M2Rs 

have a pivotal role in sensitising ASM to stimulation of M3Rs [153]. Furthermore, it has 

also been shown that β-adrenergic receptor-mediated inhibition of ACh-induced 

contraction of ASM is brought about by inhibition of M2R-dependent responses. 

Therefore, M2Rs have an important role in ASM contractions induced by cholinergic 

stimulation, but little is known about the mechanisms that underlie their effects.  

 

The overarching aim of this study was to elucidate the mechanisms underlying M2R-

dependent contractions of ASM. 
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Chapter 2 

Materials and Methods 
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2.1. Tissue preparation 

Male and female wild-type (WT) C57BL/6 mice (aged between 9-14 weeks 

old) were humanely euthanised by intraperitoneal injection of phenobarbitone 

sodium (100 mg/kg), in accordance with EU Directive 2010/63/EU and with the 

approval of Dundalk Institute of Technology Animal Ethics Committee. 

Environmental conditions within the animal facility were maintained using a closed-

circuit system with temperature ranging between 18-20°C and 50% humidity.  

 

The airways were removed and pinned on a Sylgard base petri dish 

containing Krebs solution. The bronchial tree was exposed by sharp dissection 

under a dissection microscope to remove surrounding blood vessels, fats, and lung 

tissue. The left and right primary bronchi were cut into two pieces to form four 

bronchial rings of approximately 2-3 mm in length. 

 

2.2. Transgenic mice 

M2 muscarinic receptor knockout (M2R KO) mice were obtained from The 

Jackson Laboratory. The M2R knockout allele was originally generated by Jürgen 

Wess through targeted disruption of the CHRM2 gene on chromosome 6. The 

colony was backcrossed onto a C57BL/6 background for at least ten generations. 

Heterozygous mice were intercrossed to generate wild-type, heterozygous, and 

homozygous littermates. Genotypes were confirmed using standard PCR-based 

methods from ear tissue samples. Murine bronchi isolated from M2R KO mice were 

used for the experiments described in Chapter 3 (Figure 3.4B). 

 

2.3. Isometric tension recording 

Bronchial rings were mounted in water-jacketed organ baths using two ‘S’ 

shaped hooks, perfused with warmed Krebs solution (37°C) bubbled with 95% O2 

and 5% CO2 to maintain a pH of 7.4. Tissues were placed between two platinum 

electrodes (5 mm length, 2.5 mm apart; Fig. 2.1) for electric field stimulation (EFS). 

A resting tension of 5 mN was applied and rings were allowed to equilibrate for 1 

hour. Isometric tension was recorded using a multi-channel Myobath system, and 

data acquired using Labscribe v4 software (World Precision Instruments). EFS was 

used to excite transmural nerves via a MultiStim system-D330 stimulator (Digitimer 

Ltd, England), which delivered trains of pulses (pulse amplitude 20 V, nominal; pulse 



 

55 
 

width 0.3 ms; 1 s duration) at a frequency of 2 Hz, at intervals of 10 or 100 s. Mean 

contraction amplitude was measured by averaging the peak contraction amplitude 

of ten EFS-induced contractions during each parameter, before and during drug 

addition (when they had their maximal effect). In addition, the contraction area (area 

under the curve, AUC) was quantified using LabScribe by integrating the force-time 

trace. Cursor 1 was positioned at the baseline at the beginning of the response, and 

cursor 2 was initially placed at the end of the drug effect to obtain the total AUC. 

Cursor 2 was then shifted leftwards to define a specific time window (e.g. the final 

10 min of the response), and the corresponding AUC was recorded. The AUC for 

the defined period was subsequently calculated by subtracting the smaller area from 

the total area, thereby isolating the contractile response over the selected time 

interval. All the experiments were carried out in the presence of the non-selective 

cyclooxygenase (COX) inhibitor, indomethacin (10 µM) to prevent the release of 

endogenous prostaglandins by COX 1 and 2. 
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Figure 2.1 Illustration of the isometric tension setup and the Myobath system. Bronchial rings (2-3 

mm) were mounted between two “S” shaped hooks and connected to the tension transducer. The 

tissue was submerged in Krebs solution within the organ bath. A stable temperature (37°C) was 

maintained by the water jacket surrounding the organ bath. 
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2.4. Cell dispersion and Immunocytochemistry  

Murine ASM cells were isolated from primary bronchi which were chopped 

into smaller pieces for cell dispersal. Tissue pieces were incubated in a 

collagenase/papain mixture consisting of a primary dispersal medium of 1 mg/ml 

papain (Sigma-Aldrich), 1 mg/ml bovine serum albumin (Sigma-Aldrich) and 1 mg/ml 

dithioerythritol (Sigma-Aldrich) for ∼30 minutes at 37°C without any agitation. The 

suspension was washed thoroughly with Ca2+-free dissection solution prior to being 

subjected to incubation in a second enzyme mixture, comprising 1 mg/ml 

collagenase (Sigma-Aldrich type II) and 1 mg/ml bovine serum albumin (Sigma-

Aldrich) for approximately 5 minutes at 37°C. Digested tissues were further washed 

with Ca2+-free dissection solution and rested on ice for 10 minutes. ASM cells were 

released by gentle trituration using glass pipettes of gradually decreasing diameters. 

Isolated cells were preserved in a Ca2+-free dissection solution, with the addition of 

Ca2+ to achieve a concentration of 100 μM, and stored at 4°C. 

 

Coverslips (22x22 mm, #1.5, VWR) were prepared by treatment with poly-L 

lysine (Sigma Aldrich) for 30 minutes, followed by multiple washes with double-

distilled water. After coverslips were left to completely air-dry, they were placed in a 

six-well plate. A volume of 150-200 µl of suspension containing isolated ASM cells 

was pipetted onto each coverslip and allowed to settle for 45 minutes on ice. Cells 

were fixed in 2 ml of 2% paraformaldehyde (PFA, Sigma Aldrich) made up in 

phosphate buffered saline solution (PBS, Gibco) for 13 minutes at room 

temperature. Cells were washed three times with PBS for 5 minutes and 

permeabilised with 0.1% Triton X-100 (Sigma Aldrich) for 10 minutes at 4°C. Three 

x 5-minute washes with PBS were performed prior to the blocking step, which 

required blocking the cells with 50% SEA Block (Thermofischer) for 2 hours at 4°C. 

Antibody incubation solution (20% SEA Block, 0.05% Triton X and 1% BSA) was 

prepared and mixed with the primary antibodies (Rabbit polyclonal anti-

SERCA2/ATP2A2 antibody (27311-1-AP, Proteintech), 1:200 dilution; Rabbit 

polyclonal anti-KCNQ1 antibody (A2174, ABclonal), 1:200 dilution; Rabbit polyclonal 

anti-KCNQ4 antibody (APC-164, Alomone Labs), 1:200 dilution; Rabbit polyclonal 

anti-KCNQ5 antibody (PA1-941, Thermo Fisher Scientific), 1:200 dilution; and 

mouse monoclonal smooth muscle actin (M0851, Agilent), 1:100 dilution. A volume 

of 50 µl of the primary antibody solution was pipetted onto the antibody tray and 
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coverslips were carefully placed using forceps. Antibody trays were transferred to a 

glass mega-dish and the antibodies were left to incubate overnight at 4°C. 

Coverslips were removed from the antibody trays and placed in the six-well plate, 

where the primary antibody was removed by three x 5-minute washes with 20% SEA 

Block. Secondary antibody solution (Alexa Fluor 488, 1:1000 dilution (Invitrogen), 

Alexa Fluor 555, 1:1000 (Life Technologies) in PBS) was pipetted onto the antibody 

trays and the coverslips were carefully placed using forceps. Cells were incubated 

in secondary antibodies for 2 hours in the dark at room temperature. Coverslips were 

placed back in the six-well plates and the cells were washed with ice-cold PBS for 

5 minutes (x 4). A drop of a mounting medium (VectaShield, Vector Laboratories) 

was added to slides (0.8-1 mm, VWR) labelled with the respective antibodies and 

the coverslips were carefully placed on the slides and sealed using nail varnish. 

Control coverslips were simultaneously prepared by omitting the primary antibody 

incubation step (secondary antibody only). Control dishes were imaged using the 

same experimental parameters for each image to ensure no positive 

immunoreactivity occurred. Immunofluorescence of isolated ASM cells was imaged 

with an Olympus IX31 microscope (Olympus Life Science) using an oil-immersed 

60x objective lens (for Figure 6.1A) and with Axioskop 2 LSM 510 Meta confocal 

microscope (Zeiss, Germany; for Figure 4.5C). Using a laser, excitation wavelengths 

of 488 and 561 nm were used to visualise immunoreactivity in cells. Images were 

analysed using ImageJ (version 1.48, National Institute of Health, MD, USA) 

software. 

 

2.5. Validation of antibodies 

Mouse monoclonal smooth muscle actin (M0851) from Agilent was validated 

by the manufacturer, showing prominent staining in colonic smooth muscle cells but 

not in epithelia. We also showed that it positively stained isolated airway smooth 

muscle cells, but not HEK293 cells or colonic epithelial cells [412]. Rabbit polyclonal 

anti-SERCA2/ATP2A2 (27311-1-AP, Proteintech), anti-KCNQ1 (A2174, ABclonal), 

anti-KCNQ4 (APC-164, Alomone labs) and anti-KCNQ5 (PA1-941, Thermo Fisher 

Scientific) were validated by the manufacturer (validation data present on their 

websites). 
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2.6. Molecular biology 

2.6.1. mRNA extraction 

Bronchi from three wild-type mice (identical age and sex) were pooled to 

create a single RNA sample in order to generate sufficient RNA for PCR analysis. 

Tissues were stored in Trizol at -80°C. Total RNA from the tissue samples was 

extracted using the TRIZOL method (Invitrogen). Tissue pieces were flash frozen in 

liquid nitrogen and homogenised using a chilled pestle and mortar. Homogenised 

tissues were transferred into a micro-centrifuge tube free of ribonuclease (RNase) 

containing 1 ml of Trizol. The mixture was incubated at room temperature for 5 

minutes. Further homogenisation was accomplished by passing the tissue through 

an 18-gauge needle and then a 21-gauge needle. After adding chloroform to the 

tissue homogenate in Trizol, the mixture was centrifuged for 15 minutes at 4°C 

(13,000 rpm). RNA was retained in the top aqueous phase, while proteins 

accumulated in the heavier organic phase and interphase at the bottom of the micro-

centrifuge tube. The aqueous phase was then carefully transferred to a clean 

RNase-free vial. RNA precipitation occurred by introducing isopropanol (500 μl) and 

centrifuging at 4°C for 10 minutes, yielding a pellet. This resulting pellet underwent 

a washing step with 75% ethanol (1 ml) and was then allowed to air-dry. The pellet 

was resuspended in TE buffer (30 μl) and stored at -80°C. The RNA concentration 

was assessed using a Nanodrop 2000 spectrophotometer (Thermo Scientific). 

 

2.6.2. cDNA synthesis 

Complementary DNA (cDNA) refers to double-stranded DNA synthesised 

from single-stranded RNA; a process catalysed by the enzyme reverse 

transcriptase. RNA extracted from primary bronchi tissues underwent cDNA 

synthesis using SuperScript-II RNase-H reverse transcriptase from Invitrogen. The 

reverse transcription utilised random hexamers (200 μg/μl) to reverse transcribe (5-

10 μl / 1 ng- 5 μg) of total RNA, conducted in a TECHNE thermal cycler. The reaction 

began heating at 65°C for five minutes, followed by a brief ice chill (2 minutes) and 

addition of first-strand buffer and 0.1 M dithiothreitol (DTT). The mixture was 

vortexed and allowed to incubate at 25°C for 2 minutes. Following this, SuperScript-

II RT (200 units) was introduced, and the resulting mixture underwent incubation at 

25°C for an additional 10 minutes. Initial activation of SuperScript-II occurred at 42°C 
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for 50 minutes, followed by an inactivation step at 70°C for 15 minutes. The obtained 

cDNA was subsequently stored at -20°C. 

 

2.6.3. Primer design 

Primers for SERCA isoforms, KCNQ subtypes and KCNE subunits were used 

to perform qPCR. SERCA2a and b primers were designed as described previously 

by Fransen et al. (2020) [413]. SERCA3 a, b, c and KCNE5 were designed in-house 

using NCBI primer design and Benchling software. KCNQ1-5 primers were designed 

as described previously by Mercer et al. (2025) [414]. KCNE1-4 primers were 

adapted from studies by Pluteanu et al. (2020) and Roepke et al. (2011),  [415, 416]. 

Primer sequences are detailed in Table 2.1. The length of each primer varied 

between 16 to 24 bp and the predicted amplicon size ranged from 85 to 274 bp. The 

melting temperature for each primer was between 49-57°C and the guanine-

cytosine (GC) content ranged between 40-65%. Primers were designed to 

encompass exon-exon boundaries whenever feasible. Primers were synthesised by 

Invitrogen and were stored at -20°C. 

 

Primer specificity was initially verified in silico using BLAST analysis to ensure 

target selectivity. For primer efficiency, 10 µM primer stocks were used and brain 

cDNA was serially diluted to 1:10, 1:30, 1:100 and 1:300. qPCR was then performed 

for each dilution, and a standard curve was generated by plotting cDNA dilution on 

the x-axis against Ct values on the y-axis. The slope of the standard curve was 

recorded, and primer efficiency was calculated using the formula: Efficiency (%) = 

(10(-1/slope) - 1) × 100. Primer specificity was also assessed by examination of melt 

curves to confirm the presence of a single amplification product. Only primers 

exhibiting efficiencies within the acceptable range of 90-110% were used for further 

experiments. 

 

Primer 
name 

Genbank ID Sequence 
Size 
(bp) 

Amplicon 
size (bp) 

SERCA2A 
FWD 

NM_009722.3 CACTTCTTGATCCTCTACGTGGAA 24 

168 
SERCA2A 
REV 

NM_009722.3 CTCCAGTATTGCGGGTTGTTC 21 
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SERCA2B 
FWD 

NM_001110140.3 CACTTCTTGATCCTCTACGTGGAA 24 

178 
SERCA2B 
REV 

NM_001110140.3 CAGGCTGCACACACTCTTTACC 22 

SERCA3A 
FWD 

NM_001163336.1 GTGGTGCTTCAGATGTCTCTGC 22 

85 
SERCA3A 
REV 

NM_001163336.1 CCTTTTTTTCATCCATGTGATTCC 24 

SERCA3B 
FWD 

NM_016745.3 GTGGTGCTTCAGATGTCTCTGC 22 

158 
SERCA3B 
REV 

NM_016745.3 CCTTTTTTTCCGGTGTGGTATGG 23 

SERCA3C 
FWD 

NM_001163337.1 GTGGTGCTTCAGATGTCTCTGC 22 

166 
SERCA3C 
REV 

NM_001163337.1 TTTTCCAAGAAGCCAACCCGG 21 

KCNQ1 
FWD 

NM_008434.2 AGCACACCCCATTTCTTGAG 20 

274 
KCNQ1 
REV 

NM_008434.2 ACTGATCCAGCCTTCTCTGT 20 

KCNQ2 
FWD 

NM_010611.3 CGGCAGAATTCAGAAGAAGCA 21 

211 
KCNQ2 
REV 

NM_010611.3 CCGAGTACTGTTCGATGACG 20 

KCNQ3 
FWD 

NM_152923.2 CCAGCAGTCTCCAAGGAATG 20 

204 
KCNQ3 
REV 

NM_152923.2 GCCCCCTTAGTTGGGTAGTA 20 

KCNQ4 
FWD 

NM_001081142.2 CGATCACACTGACGACCATT 20 

216 
KCNQ4 
REV 

NM_001081142.2 ACGCAGCCTGGATGAGATTA 20 

KCNQ5 
FWD 

NM_001160139.1 TCTTGGCTCAGGTTTTGCAT 20 

193 
KCNQ5 
REV 

NM_001160139.1 CTTCTGATTGGTAGGGCTGC 20 

KCNE1 
FWD 

NM_008424.4 
ATGAGCCTGCCCAATTCCAC 

20 

108 

KCNE1 
REV 

NM_008424.4 
GAGCTGAGACTTACGAGCCA 

20 
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KCNE2 
FWD 

NM_134110.3 
CACATTAGCCAATTTGACCCAGA 

23 

175 

KCNE2 
REV 

NM_134110.3 
GAACATGCCGATCATCACCAT 

21 

KCNE3 
FWD 

NM_001190869.1 
GGCTCTGAACACAACCCTTC 

20 

205 
 

KCNE3 
REV 

NM_001190869.1 
TTTGTCCACTTTGCGTGAAC 

20 

KCNE4 
FWD 

NM_021342.2 
CTTTGCTCGATGGAAGGGGAC 

21 

126 

KCNE4 
REV 

NM_021342.2 
GCTGTCGTTGAGAGGCGTC 

19 

KCNE5 
FWD 

NM_021487.1 
GCTGCAAACCCTCTTGAACC 

20 

156 

KCNE5 
REV 

NM_021487.1 
TAAGCGTCGTTACCCTTGGC 

20 

Β-ACTIN 
FWD 

NM_007393.3 CTAGGCACCAGGGTGTG 17 

205 
Β-ACTIN 
REV 

NM_007393.3 GTGAGCAGCACAGGGT 16 

 

 

 

2.6.4. Real-time quantitative polymerase chain reaction (qPCR) 

PCR is a method used to amplify cDNA fragments for the identification of 

target genes of interest (GOI). In the presence of the target GOI within the cDNA 

sequence, PCR facilitates the exponential amplification of the designated DNA 

sequence, generating millions of copies of the specific DNA fragments. qPCR was 

employed to assess the relative transcriptional expression of selected genes of 

interest in murine bronchial tissue. qPCR was performed using a QUANTICA real-

time PCR system (TECHNE) using SYBR Green PCR Master Mix (Applied 

Biosystems) which contains the necessary components needed to complete PCR 

(such as DNA polymerase, deoxynucleotide triphosphates (dNTPs) and a buffer 

solution). The cycling conditions were as follows: an initial 5-minute denaturation at 

95°C was followed by 40 cycles of: denaturation at 95°C for 30 s, annealing at 52-

56°C for 1 minute and extension at 72°C for 45 s. Tissue samples were analysed in 

Table 2.1 List of primer sequence (5’-3’) and amplicon size used in this study  
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triplicate with cDNA obtained from nine different mice. β-Actin was used as an 

endogenous standard to determine the transcriptional expression levels of 

SERCA2a, 2b, 3a-c, KCNQ1-5 and KCNE1-5 in murine ASM. The expression levels 

of the mRNA, relative to β-actin, were calculated using 2-ΔCt analyses. 

 

In addition, non-template controls (NTC) were included for all primer sets. 

After real-time qPCR, a dissociation curve (70-90°C) was obtained. Subsequent 

analysis of the individual melting curves allowed us to verify the specificity of primer 

sets.  

 

A typical qPCR reaction mix consisted of the following: 

Reagents                                                                Volume (µl) 
 

SYBR Green 

PCR grade water 

Sense primer 

Anti-sense primer 

Template cDNA 
 

 

 

 

2.7.  Cell culture 

Human embryonic kidney (HEK293) cells are widely employed as host 

systems for the heterologous expression of recombinant ion channel proteins, 

enabling detailed investigation of their structural, biophysical, and pharmacological 

properties [417, 418]. HEK293 cells are particularly well-suited for membrane 

protein expression due to their efficient post-translational modification machinery, 

which ensures proper protein folding and biological activity. Compared to CHO cells, 

HEK293 cells exhibit higher transfection efficiency, accurate translation, and 

superior protein processing, resulting in elevated recombinant protein yields [419]. 

Their favourable characteristics, including uniform morphology, rapid proliferation 

rate, ease of maintenance, and the capacity to express transgenic receptor proteins 

and ion channels with high fidelity have established HEK293 cells as the preferred 

heterologous system for electrophysiological studies [420, 421]. 

 

12.5 

8.5 

1 

1 

2 

Table 2.2 A typical qPCR reaction mix 
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HEK293 cells were maintained in a mixed medium of Dulbecco’s Modified 

Eagle Medium (DMEM) and Minimum Essential Medium (MEM) supplemented with 

10% foetal bovine serum (FBS) and 1% penicillin-streptomycin. Cultures were 

incubated at 37°C in a humidified atmosphere containing 5% CO₂. Subculturing was 

performed by rinsing confluent cultures with sterile 1× PBS followed by enzymatic 

detachment using 0.05% Trypsin-EDTA (Gibco, Thermo Fisher Scientific) for 2-3 

minutes. 

 

Initially, HEK293 cells were cultured in 100 mm culture dishes. A confluent 

100 mm dish typically contains approximately 8-10 × 106 cells [422]. After 

trypsinisation, the cell suspension was resuspended in 9 ml of fresh growth medium. 

Cells were then seeded into 35 mm dishes containing 2 ml of growth medium per 

dish, at a density of 1 × 105 cells per dish. After 18-24 hours of seeding, each 35 mm 

dish contained 40-50% of cell density (4 x 105). At this stage, the dishes were 

transfected with the desired plasmids. 

 

For cryopreservation, detached HEK293 cells were mixed with an equal 

volume of growth medium containing 10% dimethyl sulfoxide (DMSO) to achieve 

gradual freezing. The mixture was cooled slowly at -80°C for approximately 30 

minutes before being transferred to liquid nitrogen for long-term storage. 

 

For revival, frozen vials were rapidly thawed in a 37°C water bath and 

immediately transferred to a 15 ml Falcon tube containing 5 ml of pre-warmed 

growth medium. The suspension was centrifuged at 2,000 rpm for 3 minutes to 

remove residual DMSO, and the resulting cell pellet was resuspended in 5 ml of 

fresh growth medium. The cells were then plated into a T25 flask and maintained 

under standard culture conditions for expansion. 

 

2.8. Transfection 

HEK293 cells were transfected with the plasmid cDNA for human Kv7.1, 

Kv7.4 or Kv7.5, with and without M2R plasmid cDNA. The Kv7 plasmids were kindly 

supplied as gifts from Prof. Søren Peter Olesen, University of Copenhagen, 

Denmark, while the mouse M2R plasmid (pRP[Exp]-Neo-CAG>mChrm2) was 

designed and synthesised by VectorBuilder. The day before transfection, cells were 

plated in 35 mm dishes at 30-40% density. 
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Plasmid construct (Kv7 and M2R) complexes were diluted in 100 μl serum-

free media. In another tube, lipofectamine reagent (0.3 μl for 100 ng DNA) was 

diluted in 100 μl serum-free media. These two solutions were mixed together and 

incubated for 30 minutes at room temperature. Cells were replaced with serum and 

antibiotic-free media before transfection. Following 20 minutes of incubation at room 

temperature, the 200 μl transfection mixture was added to the dish, drop by drop. 

After a further 3 hours, the transfection was stopped by replacing the media in each 

dish with fresh growth media. 

 

Transfection efficiency was monitored by co-transfection with a fluorescent 

reporter plasmid (e.g. GFP) and the proportion of fluorescent cells was assessed 

using fluorescence microscopy 24-48 hours post-transfection. In addition, 

successful expression of Kv7 and/or M2R constructs was functionally confirmed by 

patch-clamp electrophysiology through the presence of characteristic Kv7 currents 

and their modulation by pharmacological agents. 

 

2.9. Electrophysiology 

In this study, all electrophysiology experiments were carried out at room 

temperature using the whole-cell patch clamp technique as described previously 

[423]. The voltage clamp method was employed throughout to permit the cell voltage 

across the membrane to be controlled and the resultant currents from voltage steps 

to be measured.  

 

To carry out voltage clamp recording on HEK293 cells in this study, a glass 

pipette containing a chlorided silver wire electrode was filled with whole-cell K+ 

pipette solution. A similar silver electrode was present in the bath which acted as an 

earth electrode. The pipette was then steered towards the surface of the HEK293 

cell under study and an attempt was made to form a gigaseal between the cell 

membrane and the glass pipette. To help promote gigaseal formation, gentle suction 

was applied after the tip of the pipette touched the surface of the HEK293 cell. 

Typically, these gigaseals had an electrical resistance of more than 10 gigaohms 

(GΩ), prior to breaking into the cell. The formation of such a high resistance seal not 

only isolates the membrane patch from the external solution and thus allows the 

experimenter to record ionic currents across the cell membrane, but it also ensures 

that background noise is reduced. Strong suction was also used to rupture the cell 
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membrane after generating a gigaseal in this configuration, thus allowing the pipette 

to have direct contact with the cytoplasm, permitting the flow of currents across the 

cell membrane to be recorded. 

 

The electrode and pipette were electrically continuous and connected to the 

negative input (-) of the patch-clamp amplifier, while the command potential (Vcom), 

representing the experimenter’s applied voltage, was connected to the positive input 

(+). A feedback resistor between the amplifier’s output and negative input enabled 

real-time comparison of the pipette potential (Vp) with Vcom. Whenever a difference 

occurred between these two potentials, a compensatory current was automatically 

injected into the cell through the feedback circuit to maintain Vp = Vcom. This 

compensatory current reflects the net ionic flux across the cell membrane and forms 

the basis of current recordings in whole-cell patch-clamp experiments. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.2. Diagrammatic representation of the whole-cell patch clamp electrophysiology setup, 

illustrating the key components required for recording ionic currents from isolated cells. A glass 

pipette, connected via an Ag/AgCl wire to a patch amplifier (incorporating a feedback resistor, Rf), 

is positioned onto a cell within a perfusion chamber, where continuous solution exchange is 

facilitated by a dual-channel perfusion system. A grounded Ag/AgCl reference electrode maintains 

a stable electrical reference in the bath solution, while the inset depicts the critical gigaohm (GΩ) 

seal formed between the pipette tip and the cell membrane which is a prerequisite for high-

resolution, low-noise current recordings under precise voltage-clamp conditions. 
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Throughout the experiment, the bath chamber was continuously perfused 

with Hanks’ balanced salt solution. Drugs were applied using a custom-designed, 

gravity-fed drug perfusion system. Multiple 20 ml syringes containing test solutions 

were mounted above the bath, each connected via fine-bore tubing to a central 1 ml 

manifold syringe. The individual tubes terminated within this manifold and were 

sealed in place using silicone adhesive, which was allowed to cure overnight before 

use. A glass pipette (200-300 μm in diameter) was connected to the manifold via 

silicone tubing and positioned approximately 300 μm from the recorded cell, allowing 

rapid and localised delivery of test solutions or pharmacological agents. Switching 

between control and drug-containing solutions was achieved with an approximate 

dead-space time of five seconds, ensuring precise temporal control of drug 

application. 

 

2.9.1. Patch clamp recordings 

Whole-cell patch-clamp recordings were performed on single HEK293 cells 

transiently expressing human Kv7.1, Kv7.4, or Kv7.5 channels, with or without co-

expression of M2R, 24-48 hours post-transfection. During recordings, cells were 

continuously superfused with Hanks’ balanced salt solution, using the gravity-fed 

drug delivery system. All experiments were conducted at room temperature (~22-24 

°C). Patch pipettes were fabricated from thin-walled borosilicate glass capillaries 

(1.5 mm OD × 1.17 mm ID; Clark Medical Instruments) using a Sutter P-97 

micropipette puller, yielding tip diameters of approximately 1-1.5 μm and resistances 

of ~2.5 MΩ when filled with the appropriate internal solution. Voltage-clamp 

protocols were delivered via an Axopatch 200B amplifier (Axon Instruments), and 

signals were digitised using a Digidata 1550B AD/DA converter (Axon Instruments). 

Data acquisition and analysis were performed using pCLAMP software (Clampex 

and Clampfit 10). Currents were sampled at 10 kHz and filtered at 2 kHz. 

 

Leak currents were manually subtracted offline. Electrical interference at 50 

Hz was minimised using a HumBug noise eliminator (Quest Scientific) placed 

between the amplifier and digitiser. Series resistance was not routinely 

compensated; however, associated voltage errors were estimated to be less than 

15 mV and thus unlikely to significantly affect data interpretation. 
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2.9.2. Current, voltage and resistance 

The electrical activity of a cell arises from the movement of charged ions such 

as Na⁺, Ca2+, K⁺, and Cl⁻ across the plasma membrane. Because the lipid bilayer is 

impermeable to ions, their movement occurs through specific ion channels 

embedded in the membrane. 

 

Current (I) represents the movement of ions across the membrane and is 

driven by the electrochemical gradient, often referred to as the driving force. Voltage 

(V, measured in millivolts, mV) is the electrical potential difference that provides the 

energy required to move these ions, while resistance (R, measured in ohms, Ω) 

describes the opposition to ion flow. The relationship between these three 

parameters is described by Ohm’s law: 

V=IR 

 

Rearranging the equation gives: 

 

I=V/R 

 

This indicates that the current is directly proportional to voltage and inversely 

proportional to resistance. 

 

An example of this relationship is when a constant voltage step of 5 mV was 

applied to the patch pipette before it contacted the cell, a current of approximately 

2.0 nA was recorded, indicating low resistance. As the pipette touched the cell 

surface, resistance increased, resulting in a marked decrease in current. When 

gentle suction was applied to form a high-resistance seal (gigaseal) between the 

pipette and the cell membrane, current flow dropped further, reflecting the increased 

resistance at the pipette tip. 

 

Using Ohm’s law, the pipette resistance before seal formation can be 

calculated as: 

R = (5 x 10-3) V / (2.0 x 10-9) A 

= 2.5 MΩ 

After the gigaseal was formed, the same voltage pulse produced a current of 

less than 5 pA, corresponding to a seal resistance exceeding 1 GΩ. This illustrates 

how an increase in resistance drastically reduces current flow at a constant voltage. 
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2.9.3. Series resistance 

During whole-cell patch-clamp recordings, a series circuit is established that 

includes the pipette resistance (Rp), access resistance (Ra), and membrane 

resistance (Rm). The combined resistance of Rp and Ra is referred to as the series 

resistance (Rs). High series resistance can introduce significant voltage errors, 

particularly when recording large currents [424]. 

 

Rs is typically determined by applying a hyperpolarising voltage protocol 

consisting of successive 10 mV step increments from a holding potential of -80 mV 

and analysing the resulting passive current transients. The time constant () of the 

capacitive current decay is used to calculate Rs as described by: 

 

 

 

Membrane capacitance (Cm) is calculated using the formula below, where Qc 

is the total charge transferred during the capacitive transient and ΔVm is the applied 

change in membrane voltage: 

 

 

 

In the present study, the mean series resistance recorded from HEK293 cells 

was approximately 4 MΩ (Ra ≈ 1.5 MΩ; Rp ≈ 2.5 MΩ). This resulted in an estimated 

uncompensated voltage error of ~10 mV, as series resistance compensation could 

not be applied. To minimise voltage errors, cells exhibiting current amplitudes 

greater than 4 nA at +50 mV under control conditions were excluded from analysis. 

 

2.10. Data analysis 

All the experiments were carried out in the whole-cell configuration [425]. 

Cells were routinely held at -80 mV and stepped from -100 mV to +50 mV for 1 s in 

10 mV increments, with a 10 s interval between steps. Activation curves were 

constructed from the tail currents generated by repolarisation back to -120 mV 

following the depolarisation voltage steps. The expressed summary data were in 

mean ± SEM. G-V relationships were fitted with the Boltzmann equation below: 
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where G was the conductance at test potential, Gmax was the maximal 

conductance, V1/2 was the membrane potential at which there was half maximal 

activation and Vm was the membrane potential. G was calculated as follows: G = 

I/(Vm – Ek), where Ek is the calculated Nernst potential for K+ and I is the current 

recorded. 

 

2.11. Statistical analysis 

Experimental series were obtained from four or more animals; n refers to the 

number of tissue strips studied and N to the number of animals. The minimum N 

number used was 4 and the minimum experimental run (n) conducted was 3 for 

molecular biology (pooled samples) and 6 for all other experiments. Data were 

analysed using GraphPad Prism 9 software. Summary data are presented as mean 

± standard error of mean (SEM). Statistical comparisons were performed on original 

(non-normalised) data using either Student’s paired t-test or, if three experimental 

groups were compared, one-way ANOVA followed by Bonferroni post hoc test. Data 

sets were considered statistically significant when p<0.05 (*p<0.05, **p<0.01, 

***p<0.001, and ***p<0.0001). 

 

2.12.  Solutions and drugs 

Concentrations within parentheses are mM, unless stated otherwise. 

 

2.12.1. Solutions 

Krebs solution 

120 mM NaCl, 5.9 mM KCl, 25 mM NaHCO3, 1.2 mM NaH2PO4·2H2O, 5.5 mM 

glucose, 1.2 mM MgCl2, and 2.5 mM CaCl2. pH was adjusted to 7.4 by bubbling the 

solution with 95% O2–5% CO2. 

 

Ca2+-free dissection solution 

80 mM monosodium glutamate, 55 mM NaCl, 6 mM KCl, 10 mM glucose, 2 mM 

MgCl2.6H2O and 10 mM HEPES. pH was adjusted to 7.3 using NaOH and HCl. 

 

Hanks’ Solution 

125 mM NaCl, 5.4 mM KCl, 10 mM Glucose, 2.9 mM Sucrose, 4.2 mM NaHCO₃, 

0.4 mM KH₂PO₄, 0.3 mM NaH₂PO₄, 0.5 mM MgCl₂·6H₂O, 1.8 mM CaCl₂·2H₂O, 0.4 

mM MgSO₄, 10 mM HEPES; pH adjusted to 7.4 with NaOH. 
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Potassium whole-cell patch pipette solution 

133 mM KCl, 1.0 mM MgCl₂·6H₂O, 0.5 mM EGTA, 10 mM HEPES, 1.0 mM Na₂ATP, 

0.1 mM NaGTP, 2.5 mM Na2-phosphocreatine; pH adjusted to 7.2 with KOH. In 

some experiments (mentioned in the chapter), PIP2 diC8 (200 µM) was also included 

in the pipette solution. 

 

2.12.2. Drugs 

Drugs were prepared in stock solutions using either distilled water, ethanol, 

or DMSO, following the manufacturer's guidelines, and stored at the recommended 

temperature (Table 2.2). Serial dilutions of the stock solutions were conducted daily 

when lower concentrations were required. 

Drugs Mechanism of Action Supplier 

Carbachol Non-selective muscarinic receptor agonist Sigma Aldrich 

Indomethacin Cyclooxygenase (COX) inhibitor Abcam 

4-DAMP Selective M3R antagonist Tocris 

Methoctramine Selective M2R antagonist Sigma Aldrich 

Nifedipine L-type Ca²⁺ channel blocker Tocris 

FPL64176 L-type Ca²⁺ channel activator Tocris 

Verapamil L-type Ca²⁺ channel blocker Ascent scientific 

GSK7975A ORAI (CRAC) channel inhibitor Sigma Aldrich 

Pyr3 TRPC3 channel inhibitor Tocris 

HC070 TRPC4/5 channel inhibitor MedChem Express 

HC067047 TRPV4 channel antagonist MedChem Express 

Iberiotoxin BKCa channel blocker Smartox Biotechnology 

Thapsigargin SERCA inhibitor Tocris 

Ani9 Ano1 (CaCC) channel inhibitor Tocris 

CaCCinh-A01 Ano1 (CaCC) channel inhibitor MedChem Express 

XE991 Kv7 channel blocker Tocris 

Retigabine Kv7 channel activator Tocris 

Tetrodotoxin 

citrate 
Voltage-gated Na⁺ channel blocker Alomone labs 
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Atropine 
Non-selective muscarinic receptor 

antagonist 
Sigma Aldrich 

Compound X BKCa channel activator Manufactured In-house 

Zinc pyrithione Kv7.1/7.2/7.4/7.5 channel activator Sigma Aldrich 

ML213 Kv7.2/7.4/7.5 channel activator Tocris 

ICA069673 Kv7.2/7.3/7.4 channel activator MedChem Express 

ML277 Kv7.1 channel activator MedChem Express 

Chromanol 293B Kv7.1 channel blocker MedChem Express 

6MB-cAMP PKA activator (cAMP analogue) 
Biolog Life Science 

Institute 

PIP2 diC8 Membrane-permeable PIP2 analogue Echelon Biosciences 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 2.2. List of drugs used in the study along with their mechanism of action and suppliers.  
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Chapter 3 

 

Contribution of Ca2+ influx and Ca2+ release pathways to M2 

muscarinic receptor-dependent contractions of murine airway 

smooth muscle 
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3.1. Introduction 

Contraction of ASM is regulated by the release of ACh from parasympathetic 

nerves [156]. ASM contains both M2R and M3R; however, while the M2Rs 

outnumber their M3R counterparts by a ratio of 4:1 in the airways of most species, 

it is the M3Rs that are thought to mediate the bronchoconstrictor effects of ACh [153, 

426, 427]. Nevertheless, recent studies from our lab by Alkawadri et al. (2022) 

showed that activation of M2Rs in mouse ASM augmented cholinergic nerve-

induced contractions of ASM which were initiated by activation of M3Rs [153]. These 

effects were observed when the stimulus interval was reduced from 100 to 10 

seconds, but only at a low (2 Hz) stimulus frequency. When a higher stimulus 

frequency (20 Hz) was employed, no increase in contraction amplitude was 

observed upon the reduction in stimulus interval. Therefore, it is apparent that 

activation of postjunctional M2Rs can make a significant contribution to ASM 

contraction induced by cholinergic nerves, under specific conditions. However, the 

cellular mechanisms that underpin the effects of M2R-dependent contractions of 

ASM have not been elucidated. Ca2+ is the principal mediator of smooth muscle 

contraction, as elevations in intracellular Ca2+ activate calmodulin and myosin light 

chain kinase, driving actin-myosin cross-bridge cycling [339, 428]. Hence, 

identifying how Ca2+ entry and release are regulated downstream of M2R activation 

is essential in understanding ASM contractility. In the present study, we investigated 

the contribution of distinct Ca2+ influx pathways, including L-type voltage-gated Ca2+ 

channels and non-selective cation channels, as well as intracellular Ca2+ release 

from stores to M2R-dependent contractions of murine ASM. 
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3.2. Results 

 

3.2.1. Contribution of Ca2+ influx via L-type Ca2+ channels to M2R dependent 

contractions of ASM 

Experiments were performed to investigate the contribution of LTCC to M2R-

mediated contractions of ASM evoked by EFS (2 Hz). Data shown in Figure 3.1 

compares the effect of nifedipine (1 µM) on contractions of ASM evoked by EFS at 

100 s intervals, which does not involve activation of M2Rs, versus those at 10 s 

intervals, which does involve M2R activation. Figure 3.1A is a representative tension 

recording showing that application of nifedipine (1 µM), an LTCC blocker, had no 

effect on the amplitude of contractions of ASM induced by EFS at 100 s intervals. In 

contrast, Figure 3.1B shows that a decrease in the stimulus intervals, from 100 to 

10 s, increased the amplitude of EFS-induced contractions of ASM and that this 

effect was reversed by nifedipine. Summary data for these experiments are shown 

in Figures 3.1C and D, respectively. The reduction in stimulus interval resulted in an 

increase in mean contraction amplitude from 0.79 ± 0.09 to 1.6 ± 0.13 mN 

(p<0.0001, n=9) and addition of nifedipine (1 µM) reduced mean contraction 

amplitude to 0.83 ± 0.1 mN (p<0.0001, n=9) (Figure 3.1D). There was no statistical 

difference between the mean amplitude of contractions at 100 s intervals under 

control conditions versus those in the presence of nifedipine at 10 s intervals. Similar 

results were achieved with a different LTCC blocker, verapamil which also reversed 

the enhancement of contractions induced by a reduction in stimulus intervals to 10 

s (Figure 3.2A). Verapamil decreased mean contraction amplitude from 1.8 ± 0.25 

to 0.32 ± 0.05 mN (p<0.0001, n=6) (Fig. 3.2B). 

 

The idea that M2R-dependent contractions of ASM involved Ca2+ influx via 

LTCC was examined further by comparing the effects of nifedipine and FPL64176 

(an LTCC activator) on CCh-evoked contractions of ASM that were performed in the 

presence of 4-DAMP to inhibit M3Rs. Addition of 4-DAMP converted sustained 

contractions induced by CCh into a series of oscillatory contractions. Figure 3.3A is 

a representative isometric tension recording showing that nifedipine abolished 4-

DAMP-resistant contractions of ASM induced by 300 nM CCh. Addition of nifedipine 

reduced mean contraction area from 1907 ± 190 to 59 ± 71 mN.s (p<0.0001, n=10, 

Figure 3.3C). In contrast, FPL64176 (300 nM) augmented the 4-DAMP-resistant 

contractions (Figure 3.3B). Mean contraction area increased from 880.1 ± 204.9 to 
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2566 ± 407.3 mN in FPL64176 (p<0.05, n=6, Figure 3.3D). These data suggest that 

M2R-dependent contractions of ASM rely on Ca2+ influx via LTCC. 

 

To rule out the possibility that the inhibitory effects of nifedipine involved an 

action on nerves, these experiments were repeated in the presence of the voltage-

gated Na+ channel (Nav) blocker, tetrodotoxin (TTX, 1 µM). Figures 3.4A and B show 

that TTX did not affect the oscillatory contractions of ASM induced by CCh or the 

inhibitory effects of nifedipine on these responses. Experiments were also 

performed on tissues taken from M2R KO mice to confirm that the CCh-induced 

contractions that remained in the presence of the M3R antagonist 4-DAMP were 

mediated by M2Rs. In this case, blockade of M3Rs with 4-DAMP did not result in 

any oscillatory contractions (Figure 3.4B) and the mean contraction area was 

reduced from 3355 ± 288.2 mN.s before, to -36.5 ± 76.5 mN.s during 4-DAMP 

treatment (p<0.0001, n = 8; Figure 3.4D). 

 

3.2.2. Contribution of Ca2+ release from intracellular stores to M2R dependent 

contractions of ASM 

Figure 3.5A shows the effect of GSK7975A, an inhibitor of Ca2+ release-

activated Ca2+ channels [429], on EFS-evoked contractions of ASM. Inhibition of 

SOCE would be expected to deplete intracellular Ca2+ stores. We reasoned that if 

EFS-evoked contraction of ASM relied on Ca2+ release from stores, then depletion 

of these stores with GSK7975A should inhibit these responses. The data in Figure 

3.5A shows that GSK7975A (10 µM) did not inhibit contractions of ASM induced by 

EFS at 10 s intervals. However, subsequent addition of nifedipine abolished the 

enhanced contractions. Summary data in Figure 3.5C shows that GSK7975A had 

little effect on mean contraction amplitude (1.76 ± 0.21 mN under control conditions 

versus 1.73 ± 0.2 mN in GSK7975A, ns, n=7), whereas nifedipine (1 µM) reduced 

the mean contraction amplitude to 0.21 ± 0.05 mN (p<0.001, n=7). Conversely, in 

another set of experiments when nifedipine was added first, before GSK7975A 

(Figure 3.5B), we found that GSK7975A had an additional inhibitory effect to 

nifedipine on EFS-evoked contractions. Summary data in Figure 3.5D shows that 

nifedipine decreased the mean contraction amplitude from 2.04 ± 0.36 to 0.7 ± 0.15 

mN (p<0.05, n=6) and addition of GSK7975A further reduced contraction amplitude 

to 0.18 ± 0.03 mN (p<0.05, n=6). 
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3.2.3. Effect of Transient Receptor Potential (TRP) channel blockers on M2R-

mediated contractions evoked by EFS 

Experiments were performed to elucidate the mechanisms by which 

activation of M2Rs could depolarise cells sufficiently to activate LTCC. M2Rs are 

coupled to pertussis toxin-sensitive Gi proteins [430, 431] and ACh has been shown 

to activate pertussis toxin-sensitive cation currents in tracheal smooth muscle cells 

[432]. Therefore, it was possible that the stimulatory effects of M2R activation 

observed in the present study could be mediated by activation of a non-selective 

cation current. ASM expresses several members of the TRP family, including TRPC3 

[191, 240, 433], TRPC4/5 [242, 434] and TRPV4 [246], which encode non-selective 

cation channels and are involved in cholinergic responses in smooth muscle [435]. 

However, data shown in Figure 3.6 indicate that blockers of these channels did not 

inhibit EFS-induced contractions of murine ASM, indicating that they were unlikely 

to account for the contractile effects of M2R stimulation in murine ASM. Figures 3.6A 

and B show that Pyr3 (10 M), a pyrazole compound that inhibits TRPC3 and 

TRPC6 channels [436, 437] had a little effect on the amplitude of EFS-evoked 

contractions induced by 2 Hz EFS at 10 s intervals. In 7 experiments, mean 

contraction amplitude was 2  0.33 mN before and 1.84  0.33 mN in Pyr3 (ns, n=7). 

Similarly, HC070, a highly potent TRPC4/5 channel blocker showed small reduction 

on EFS-evoked contractions (Figures 3.6C and D). In 6 experiments, the mean 

contraction amplitude was 2.42  0.47 mN before and 2.21  0.46 mN (1 µM, ns, 

n=6) in HC070. Finally, HC067047, which inhibits TRPV4 channels, also failed to 

significantly reduce the amplitude of EFS responses in murine ASM. Mean 

contraction amplitude was 2.74  0.57 mN before, compared to 2.67  0.57 mN in 

HC067047 (1 µM, Figures 3.6E and F, ns, n=6). 

 

The effects of the TRP channel blockers on M2R-dependent contractions of 

ASM were tested further by examining their effects on contractions induced by CCh 

in the presence of 4-DAMP. Figure 3.7A and B show representative traces and 

summary data for the effect of Pyr3 (10 µM) on M2R-mediated oscillatory 

contractions. Pyr3 had no significant effect on the oscillatory activity; however, 

subsequent addition of nifedipine (1 µM) completely abolished the response. 

Addition of carbachol (300 nM) to the tissues elevated the mean contraction area to 

3816 ± 584.4 mN.s and addition of 4-DAMP reduced the mean contraction area to 
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1583 ± 203.1 mN.s (p<0.05, n=6). Mean area slightly increased to 1931 ± 189.1 

mN.s in Pyr3 (ns, n=6) whereas nifedipine reduced it to 40.86 ± 88.63 mN.s 

(p<0.001, n=6; Figure 3.9B). Similarly, application of HC-070 (1 µM; Figure 3.7C and 

D) and HC-067047 (1 µM; Figure 3.7E and F) failed to suppress the oscillatory 

contractions, which were again abolished upon nifedipine treatment. These findings 

indicate that TRPC3, TRPC4/5 and TRPV4 channels do not make a major 

contribution to M2R-mediated ASM contractions. 

 

We also assessed whether the effects of Pyr3 on ASM contraction could be 

unmasked when SOCE was inhibited by GSK7975A, since Ca2+ release from the 

sarcoplasmic reticulum can induce CDI of TRP channels and potentially limit their 

activity [438-441]. However, the combination of Pyr3 and GSK7975A did not cause 

a significant reduction in the amplitude of ASM contractions evoked by EFS at 10 s 

intervals. The representative isometric tension recordings shown in Figures 3.8A 

and B illustrate the impact of applying GSK7975A followed by Pyr3, and the reverse 

order (Pyr3 followed by GSK7975A), respectively, in murine bronchial rings. 

Summary data in Figure 3.8C demonstrate that addition of 10 µM GSK7975A 

reduced the mean contraction amplitude from 1.30 ± 0.11 mN to 1.23 ± 0.10 mN (ns, 

n = 7). Subsequent application of Pyr3 (10 µM) produced a further small decrease 

to 1.05 ± 0.09 mN (ns, n = 7). Similarly, when Pyr3 was applied first (Figure 3.8D), 

contraction amplitude decreased modestly from 2.21 ± 0.31 mN to 2.05 ± 0.30 mN 

(ns, n = 6), with further addition of GSK7975A reducing the amplitude to 1.90 ± 0.30 

mN (ns, n = 6). These results indicate that neither Pyr3 nor GSK7975A, alone or in 

combination, significantly affected the amplitude of EFS-induced ASM contractions, 

suggesting that TRP channels and SOCE make only a limited contribution to ASM 

contractions under these conditions. 

 

3.2.4. Role of postjunctional M2Rs in neostigmine potentiated ASM responses 

To further investigate the mechanism underlying cholinergic contractions of 

ASM, we examined the effects of the reversible acetylcholinesterase (AChE) 

inhibitor, neostigmine which prolongs the lifetime of ACh in the synaptic cleft by 

preventing its enzymatic degradation. We applied cumulative concentrations of 

neostigmine (1 nM-1 µM) during EFS-evoked contractions at 100 s intervals (Figure 

3.9A). Neostigmine produced a concentration-dependent increase in the amplitude 
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of nerve-evoked contractions and on basal tone. The largest enhancement of nerve-

evoked responses was observed at 100 nM. At 1 µM neostigmine, no further 

increase in contraction amplitude was observed but the mean contraction amplitude 

was significantly higher than that of the control. Mean contraction amplitude 

increased from 1.12 ± 0.12 mN in control to 2.13 ± 0.3 mN (p<0.05, n=6) in 1 µM 

neostigmine (Figure 3.9B). A marked elevation in overall mean contraction area was 

observed at 1 µM neostigmine (as compared to control) from 32.29 ± 4.3 to 3272 ± 

307.7 mN.s (p<0.01, n=6; Figure 3.9C). Based on these observations, 1 µM 

neostigmine was selected for subsequent experiments as is the case in other 

studies where it was employed to elicit smooth muscle contraction [442, 443]. 

 

Next, we examined the specific contribution of M2R and M3Rs to 

neostigmine-mediated contractions of ASM. Application of 1 µM neostigmine during 

EFS-evoked responses at 100 s intervals increased basal tone and the amplitude 

of EFS responses. The overall contraction area increased from 37.44 ± 9.3 mN.s to 

4723 ± 634.1 mN.s in neostigmine (p<0.01, n=6; Figure 3.10A and B). Subsequent 

addition of methoctramine (100 nM) reduced contraction area to 2592 ± 352.7 mN.s 

(p<0.05, n=6), however, the EFS responses remained intact. Addition of 4-DAMP 

diminished the remaining contractions and reduced mean contraction area to 80.35 

± 50.2 mN.s (p<0.01, n=6). Experiments were then performed to isolate the M2R-

dependent component of the neostigmine response by blocking M3Rs with 4-DAMP. 

Application of 1 µM neostigmine produced a sustained tonic contraction, as shown 

in the representative isometric tension recording (Figure 3.11A). Subsequent 

addition of 4-DAMP (300 nM) induced oscillatory contractions, similar to the effects 

of 4-DAMP on CCh responses. Further addition of methoctramine in the presence 

of 4-DAMP abolished the oscillatory component, confirming involvement of M2Rs in 

these responses. Summary data presented in Figure 3.11C demonstrate that 4-

DAMP reduced the mean contraction area induced by neostigmine from 7972 ± 

525.5 to 2928 ± 546.5 mN.s (p<0.0001, n=6). Further addition of methoctramine 

reduced the mean contraction area to 86.1 ± 51.6 mN.s (p<0.01, n=6). Finally, to 

examine if the M2R-dependent component of the neostigmine response was 

mediated by Ca2+ influx via LTCC, we examined the effect of nifedipine. In the 

presence of neostigmine and 4-DAMP, addition of nifedipine abolished the M2R-

mediated oscillations and reduced mean contraction area from 2189 ± 222.3 mN.s 
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to 105.7 ± 83.35 mN.s (p<0.01, n=6, Figure 3.11B and D), confirming involvement 

of Ca2+ influx through LTCC in these responses. 

 

3.3. Discussion 

The results in this chapter demonstrate that M2R-mediated contractions of 

ASM primarily depend on Ca2+ influx through LTCC, rather than Ca2+ release from 

intracellular stores or TRP channel-mediated cation entry. The data also indicate 

that post-junctional M2Rs contribute significantly to the enhanced cholinergic 

responses induced by neostigmine, further supporting a role for M2R-LTCC coupling 

in sustaining airway contractility. 

 

It is widely accepted that ACh-induced contractions of ASM rely on Ca2+ 

release from intracellular stores via IP3R and RyRs [444]. ASM also possess LTCC; 

however, their contribution to cholinergic contractions of ASM is disputed [226]. 

Many studies advocate an important role for LTCCs in cholinergic contractions of 

ASM (comprehensively reviewed in Byron et al., 2014) [234], but results from early 

clinical trials with Ca2+ channel blockers (CCBs) for treating asthma were relatively 

disappointing compared to their therapeutic efficacy in hypertension and angina 

[445, 446]. M3Rs are coupled, via Gq/11, to PLC that generates production of IP3, 

which, in turn, causes SR Ca2+-release. Therefore, it is easy to see how cholinergic 

contractions of ASM could occur independently of LTCCs. This led some 

researchers to conclude that pharmaco-mechanical coupling is the predominant 

mechanism responsible for mediating cholinergic contractions of ASM and that 

electromechanical coupling is only of minor importance. One possible explanation 

for these disparate findings is to take into account the protocols used extensively in 

pharmacological experiments. A careful reading of the literature revealed that CCBs 

are much more effective at reducing responses to submaximal, physiological 

concentrations of cholinergic agonists than responses elicited by maximal, 

pharmacological concentrations [233, 234, 267]. Hence, as discussed by Byron et 

al. (2014), low concentrations of agonist appear to act predominantly via activation 

of LTCCs, while higher concentrations act predominantly via IP3-mediated Ca2+ 

release from the SR [234]. This also fits with the observation that contractions 

induced by low concentrations of cholinergic agonists can be inhibited by membrane 
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hyperpolarisation, while those evoked by high concentrations are entirely resistant 

to this intervention [235].  

Our findings align with previous work by Alkawadri et al. (2022), which 

demonstrated that postjunctional M2Rs make a greater contribution to cholinergic 

nerve-induced bronchoconstriction than previously appreciated. Using low-

frequency EFS (2 Hz), they showed that M2R activation sensitises ASM to M3R 

stimulation, effectively doubling the force of M3R-dependent contractions. 

Importantly, they reported that reducing the stimulus interval from 100 s to 10 s 

potentiated nerve-evoked contractions, an effect abolished by M2R antagonists 

(methoctramine and AFDX116) and absent in M2R knockout mice. In contrast, the 

M3R antagonist 4-DAMP abolished the entire EFS-evoked contraction. These 

findings indicate that while M3Rs are essential for initiating cholinergic contraction, 

M2Rs play a critical modulatory role by amplifying M3R-dependent responses [153]. 

Consistent with this framework, we found that nifedipine, an LTCC blocker, 

had no effect on EFS responses evoked at 100 s intervals, indicating that these 

M3R-dependent responses did not involve Ca2+ influx via LTCCs (Figure 3.1A). In 

contrast, nifedipine completely reversed the increase in contraction amplitude 

induced by reducing the stimulus interval to 10 s (Figure 3.1B). As the enhancement 

in contraction amplitude is mediated by activation of M2Rs [153], it is apparent that 

M2R-dependent potentiation of cholinergic contractions of ASM relies on Ca2+ influx 

via LTCC. This idea was supported by the finding that verapamil, another LTCC 

inhibitor, also inhibited contractions of ASM evoked at 10 s intervals. Furthermore, 

CCh-evoked contractions that remained in the presence of the M3R antagonist, 4-

DAMP were abolished by nifedipine (Figure 3.3A and C) and enhanced by the LTCC 

opener FPL64176 (300 nM; Figure 3.3B and D). Taken together, these results 

support the idea that M2R-mediated contractions rely on Ca2+ influx through LTCCs, 

while these channels contribute only a little to M3R-dependent responses. 

 

The contribution of M2Rs to cholinergic contractions of ASM is heavily 

dependent upon the stimulus protocol used to evoke the response [153]. Hence, the 

contribution of M2Rs to cholinergic contractions of ASM has been underestimated 

in studies that use high-frequency EFS or high concentrations of agonist to induce 

contractions. Since the M2R responses are mediated by LTCC, we believe that this 
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may also contribute to the disparity in the effects of LTCC blockade in previous 

studies. A feature of LTCC is that they can become inactivated by high levels of 

[Ca2+]i [447]. This phenomenon of CDI of LTCC provides a feedback mechanism to 

prevent Ca2+ overload and therefore pathways that activate LTCC are negated under 

these conditions. Unno et al. (2005) suggested that the relative lack of involvement 

of M2Rs in contractions of ileal smooth muscle induced by high frequency EFS was 

due to inactivation of LTCC following Ca2+ release from intracellular stores following 

M3R activation [236, 448]. The present study demonstrates that M2R-dependent 

contractions of ASM are mediated by Ca2+ influx via LTCC, therefore it is possible 

that these responses could also be susceptible to inhibition by Ca2+ released from 

stores following M3R stimulation. If so, this may explain why LTCC blockers exert 

greater inhibitory effects on cholinergic contractions of ASM when intracellular Ca2+ 

stores have been depleted as observed in experiments using GSK7975A (Figure 

3.5A) [449]. It may also explain why the contribution of M2Rs to ACh-induced 

bronchoconstriction is more prominent in tissues lacking functional M3Rs compared 

to wild-type controls [145]. 

 

ASM cells express a wide range of TRP channels, including TRPA1, TRPC, 

and TRPV isoforms [241, 246, 450] and these channels have been implicated in 

cholinergic responses resulting in aggravated bronchoconstriction in asthma and 

COPD. For example, TRPV4 channels are widely expressed in human ASM and 

have been found to increase ASM contraction [246, 249]. Nassini et al. (2012) 

reported that stimulation of TRPA1 channels with CSE led to the release of IL-8 from 

cultured human ASM cells [451] and Zhang et al. (2018) found that TRPC3 

expression was upregulated in asthmatic mouse ASM cells and increased the Ca2+ 

concentration and cell viability of asthmatic mouse ASM cells [452]. Moreover, 

Belvisi et al. (1992) showed that activation of TRPV1 channels contracted isolated 

guinea pig tracheal smooth muscle [453]. However, we found that Pyr3 (TRPC3/6 

antagonist), HC-070 (TRPC4/5 antagonist) and HC-067047 (TRPV4 antagonist) 

had little effects on M2R-mediated contractions of ASM (Figure 3.6). Therefore, 

although the M2R responses involve activation of voltage-dependent Ca2+ channels, 

these effects do not appear to involve activation of TRP channels. Our results 

contrast to those of Xiao et al. (2010) which advocated an important role for TRPC3 

channels in cholinergic contractions of mouse ASM cells [191]. Precise reasons for 
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this difference are unclear, but it may be due to the effects of cell culture as they 

studied the effects of TRPC1 and TRPC3 in ASM cells after 72 hours of culture, 

whereas we used fresh bronchial rings in isometric tension studies. The lack of effect 

of Pyr3 on contractions evoked by EFS at 10 s intervals could also be attributed to 

the possibility that TRPC3 channels are involved in the M3R, but not M2R-

dependent responses, as TRPC3 channels are activated by cytosolic DAG and PKC 

[454, 455], which are formed following M3R activation [188]. 

 

The contribution of M2Rs to cholinergic contractions of ASM was investigated 

using neostigmine which acts as a reversible AChE inhibitor that prolongs the 

lifetime of ACh in the synaptic cleft by preventing its enzymatic degradation. 

Neostigmine (1 µM) elicited two main responses: an increase in basal tone and an 

increase in the amplitude of nerve-evoked responses. We found that its effects on 

basal tone were reversed by methoctramine, whereas effects on the EFS responses 

were abolished by 4-DAMP. One explanation for these results is that M3Rs 

represent the primary target for ACh released from cholinergic nerves, whereas 

M2Rs are located extrajunctionally, but may be activated by overspill of ACh from 

nerve-muscle junctions that may occur when the stimulus interval was reduced or 

when AChE was inhibited. Therefore, postjunctional M2Rs may contribute to ASM 

contractions evoked by ACh release from non-neuronal sources such as airway 

epithelial cells, endothelial cells, and immune/inflammatory cells like macrophages, 

lymphocytes and mast cells [456-459]. The M2R-component of the neostigmine 

response was also inhibited by nifedipine, further supporting the idea that M2R-

dependent contractions of ASM rely on Ca2+ influx via LTCC. 

 

In conclusion, the findings from the current study indicate that the 

enhancement of cholinergic nerve mediated contractions in ASM through M2R 

activation is dependent on Ca2+ influx via LTCC and does not involve significant 

contributions from intracellular Ca2+ store release or TRP channel activation. We 

also found that neostigmine-induced enhancement of ASM tone is primarily 

mediated by postjunctional M2Rs, highlighting their potential role in modulating 

cholinergic airway tone and as a therapeutic target in asthma. 
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Figure 3.1. Effect of LTCC inhibitor, nifedipine on EFS-evoked contractions of ASM. 

(A) Representative isometric tension recording showing the effects of nifedipine (1 µM) on 

EFS-evoked contractions at 100 s interval. (B) Nifedipine (1 µM) reversed the M2R-

mediated increase in contraction amplitude induced by reducing the EFS interval to 10 s. 

(C) Summary bar chart showing that nifedipine had no effect on contractions evoked by 

EFS at 100 s intervals (ns, non-significant, n=6, N=6, paired t-test). (D) Summary bar chart 

showing the effect of nifedipine on contractions of ASM evoked at 10 s intervals 

(****p<0.0001, n=9, N=6, one-way ANOVA). 
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Figure 3.2. Effect of LTCC inhibitor, verapamil on EFS-evoked contractions. 

(A) Representative isometric tension recording showing the effects of 10 µM verapamil on 

EFS evoked contractions at 10 s intervals. Verapamil blocked the M2R-mediated increase 

in contraction amplitude (B) Summary bar chart showing the effect of verapamil on EFS-

evoked contractions at 10 s intervals (**p<0.01, ****p<0.0001, n=6, N=4, one-way ANOVA).
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Figure 3.3. Effects of the nifedipine and LTCC activator, FPL64176 on CCh-evoked 

contractions of murine bronchial rings in the presence of 4-DAMP. (A) Representative 

isometric tension recording showing the effects of 4-DAMP (3 nM) and nifedipine (1 µM) on 

ASM contractions induced by CCh (300 nM). 4-DAMP reduced contraction amplitude and 

converted the sustained CCh response into a series of oscillatory contractions. The 4-

DAMP-resistant activity was abolished by nifedipine. (B) shows that 300 nM FPL64176 

converted the M2R-mediated oscillatory contractions to a sustained tonic contraction with 

rapid phasic contractions superimposed. (C) Summary bar chart plotting CCh contraction 

amplitude (measured by area under the curve) before and during the presence of 4-DAMP 

and 4-DAMP + nifedipine (****p<0.0001, n=10, N=6, one-way ANOVA). (D) Summary bar 

chart plotting CCh contraction amplitude (measured by area under the curve) before and 

during the presence of 4-DAMP and 4-DAMP + FPL64176 (*p<0.05, **p<0.01, n=6, N=5, 

one-way ANOVA). 
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Figure 3.4. Effects of nifedipine and 4-DAMP on CCh-evoked contractions of murine 

bronchial rings. (A) Representative isometric tension recording showing effect of TTX on 

CCh (300 nM)-induced contractions in the presence of 4-DAMP (3 nM). Subsequent 

addition of nifedipine (1 µM) abolished the 4-DAMP-resistant oscillations. TTX (1 µM) was 

added into bath before start of the experiment. (B) Representative trace from M2R KO 

bronchial tissue showing that addition of 4-DAMP in the presence of CCh (300 nM) failed to 

evoke oscillatory contractions, confirming the dependence on postjunctional M2Rs. (C) 

Summary bar chart plotting CCh contraction amplitude (measured by area under the curve) 

before and during the presence of 4-DAMP and 4-DAMP + nifedipine (**p<0.01, ***p<0.001, 

****p<0.0001, n=6, N=6, one-way ANOVA). (D) Summary data showing the reduction in 

mean contraction area following 4-DAMP addition in M2R knockout tissues (****p<0.0001, 

n=8, N=6, paired t-test). 
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Figure 3.5. Effect of CRAC Channel Inhibitor, GSK7975A and nifedipine on EFS-

evoked contractions of ASM at 10 s intervals. (A) Representative isometric tension 

recording showing the effects of GSK7975A (10 µM) on contractions of ASM evoked by 

EFS at 10 s intervals. Non-significant change in contraction amplitude was observed with 

GSK7975A, but addition of nifedipine (1 µM) significantly reduced the effects. (B) 

GSK7975A induced an additional inhibitory effect on EFS-evoked contractions of ASM 

when applied in the presence of nifedipine. (C) Summary bar chart showing the effect of 

nifedipine and GSK7975A on EFS-evoked contractions at 10 s intervals (***p<0.001, 

****p<0.0001, n=7, N=5, one-way ANOVA). (D) Summary bar chart depicting the effect of 

nifedipine and GSK7975A on EFS 10 s contractions (*p<0.05, **p<0.01, n=6, N=5, one-way 

ANOVA). 
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Figure 3.6. Effect of different TRP channel inhibitors on EFS-evoked contractions at 

10 s intervals. (A) Representative isometric tension recording showing that 10 µM Pyr3, 

had no effect on EFS-evoked contractions of mice bronchial rings at 10 s intervals. (B) 

Summary bar graph of the effect of Pyr3 on mean contraction amplitude (ns, non significant, 

**p<0.01, n=7, N=5, one-way ANOVA). (C) trace showing that 1 µM HC070 (TRPC4/5 

inhibitor) did not inhibit EFS-evoked contractions at 10 s interval. (D) Summary bar graph 

showing the effect of HC070 on mean contraction amplitude (ns, non-significant, *p<0.05, 

n=6, N=4, one-way ANOVA). (E) shows that HC067047 (1 µM) did not inhibit EFS 

contractions evoked at 10 s intervals. (F) Summary bar graph showing the effect of 

HC067047 on EFS-evoked contractions at 10 s intervals (ns, non-significant, **p<0.01, n=6, 

N=5, one-way ANOVA). 
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Figure 3.7. Effect of TRP channel inhibitors on M2R-dependent contractions of 

murine bronchial rings induced by CCh in the presence of 4-DAMP. (A) Representative 

isometric tension recording showing that M2R-dependent contractions of murine bronchial 

rings induced by CCh (300 nM) in the presence of 4-DAMP ( 3 nM) were unaffected by the 

Pyr3 (10 µM) but abolished by nifedipine (1 µM). (C) HC-070 (1 µM) similarly failed to inhibit 

4-DAMP-resistant contractions, whereas further addition of nifedipine abolished these 

responses. (E) HC-067047 (1 µM) also had no significant effect on M2R-mediated 

contractions but the effects were inhibited by nifedipine. (B, D and F) Summary bar graphs 

showing mean contraction area (mN.s) for each condition (ns, non-significant, *p<0.05, **p 

< 0.01, ***p < 0.001; one-way ANOVA). 
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Figure 3.8. Effect of GSK7975A and Pyr3 on EFS mediated contractions at 10 s 

intervals. (A) and (B) Representative isometric tension recordings showing the effect of 10 

µM GSK7975A and 10 µM Pyr3 on EFS-evoked contractions of mice bronchial rings at 10 s 

intervals. Addition of both the drugs did not abolish the M2R mediated contractions (C) and 

(D) Summary bar graphs showing the effect of GSK7975A and Pyr3 (n=7, N=5) and Pyr3 

and GSK7975A (n=6, N=6) on mean contraction amplitude, respectively (ns, non-significant, 

*p<0.05, **p<0.01, ****p<0.0001, one-way ANOVA). 
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Figure 3.9. Concentration-dependent effects of neostigmine on EFS-evoked 

contractions. (A) Representative isometric tension recording showing the cumulative 

concentration-response effect of neostigmine (1 nM-1 µM) on EFS-evoked contractions of 

ASM at 100 s intervals. Neostigmine progressively enhanced contraction amplitude and 

induced a tonic rise in baseline tension at higher concentrations. (B) Summary bar graph 

showing mean contraction amplitude at each neostigmine concentration compared with 

control values (ns, not significant, *p<0.05, ***p<0.001; n=6, N=3; one-way ANOVA). (C) 

Summary bar graph showing changes in total contraction area (mN.s) with increasing 

concentrations of neostigmine (ns, not significant; *p<0.05, **p<0.01; n=6, N=3; one-way 

ANOVA). Maximal enhancement of contraction amplitude occurred at 100 nM neostigmine, 

while tonic activity increased markedly at 1 µM.
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Figure 3.10. Effect of methoctramine and 4-DAMP on neostigmine-induced 

enhancement of EFS-evoked contractions in murine bronchial rings. (A) 

Representative isometric tension recording showing the effect of neostigmine (1 µM) on 

EFS-evoked contractions applied at 100 s intervals. Neostigmine increased both the tonic 

component and EFS-induced contraction amplitude. Subsequent addition of methoctramine 

(100 nM) abolished the tonic response, while 4-DAMP (10 nM) abolished the nerve-evoked 

contraction amplitude. (B) Summary bar graph showing mean contraction area (mN.s) 

under control conditions (EFS at 100 s intervals), after neostigmine addition and during 

methoctramine and 4-DAMP treatment (*p<0.05, **p<0.01, ***p<0.001; n=6, N=5; one-way 

ANOVA). 
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Figure 3.11. Effect of methoctramine and nifedipine on neostigmine and 4-DAMP-

mediated oscillatory contractions of murine bronchial rings. (A) Representative 

isometric tension trace showing the effect of methoctramine and 4-DAMP on neostigmine-

induced contractions of ASM. Subsequent addition of the 4-DAMP (3 nM) converted the 

sustained neostigmine-induced contraction into oscillatory activity. The selective M2R 

antagonist methoctramine (100 nM) abolished these oscillations. (B) Representative trace 

showing that addition of nifedipine (1 µM) inhibited the 4-DAMP-resistant M2R oscillatory 

contractions. (C and D) Summary bar graphs showing mean contraction area (mN.s) for 

neostigmine alone and following 4-DAMP and either methoctramine (C) or nifedipine (D) 

treatment (**p<0.01, ***p<0.001, ****p<0.0001; n = 6, N = 5; one-way ANOVA). 
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Chapter 4 

 

Contribution of potassium channels to M2R-dependent 

contractions of murine ASM 

 

  



 

96 
 

4.1. Introduction 

Data in chapter 3 showed that M2R-mediated contractions of ASM relied on 

Ca2+ influx through LTCC. However, the mechanisms that coupled stimulation of 

M2Rs to activation of LTCC were not resolved. K+ channels act as regulators of 

membrane potential and therefore have the capacity to influence smooth muscle 

contraction by affecting the activity of voltage-dependent Ca2+ channels (VDCC). 

Opening of K+ channels in ASM cells, at physiological membrane potentials, exerts 

a hyperpolarising influence on membrane potential and opposes Ca2+ entry via 

VDCC, whereas closure of K+ channels promotes membrane depolarisation and 

bronchoconstriction [234]. ASM cells possess an array of K+ channels including 

BKCa channels [460] and members of the Kv7 family of voltage-gated K+ channels 

[58, 234, 292]. Zhou et al. (2008) demonstrated that the activation of M2R in murine 

ASM resulted in the suppression of BKCa channels [286]. Kv7 channels underlie the 

neuronal M-current, so named because it is inhibited by activation of muscarinic 

receptors [461, 462] and Brueggemann et al. (2012) revealed that stimulation of 

muscarinic receptors in ASM cells decreased Kv7 current amplitude [286, 292]. As 

M2R-dependent contractions of ASM are mediated by activation of LTCC, it is 

possible that this involves inhibition of Kv7 channels or BKCa channels. However, 

although cholinergic agonists can suppress ASM Kv7 currents [292, 463, 464], the 

muscarinic receptor subtype underlying this effect was not investigated and M2R-

mediated inhibition of Kv7 channels has not been reported previously. The purpose 

of the present study was to investigate the involvement of BKCa and Kv7 channels 

in M2R-dependent potentiation of cholinergic nerve-mediated contractions of murine 

ASM. 
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4.2. Results 

 

4.2.1. Effect of BKCa channel modulators on EFS-evoked contractions of ASM 

Zhou et al. (2008) showed that activation of M2Rs in murine ASM led to 

inhibition of BKCa channels [286]. Therefore, we investigated if activation of BKCa 

channels could reverse the M2R-dependent potentiation of cholinergic nerve-

evoked contractions of ASM. Figure 4.1A is a representative tension recording 

showing that application of the BKCa channel opener, compound X reduced the 

M2R-mediated enhancement of contraction amplitude induced by reducing the 

stimulus interval from 100 to 10 s intervals. The summary data in Figure 4.1C show 

that the reduction in stimulus interval to 10 s resulted in an increase in mean 

contraction amplitude from 1.7 ± 0.17 mN to 4.2 ± 0.3 mN (p<0.001, n=6), and 

subsequent addition of compound X (3 µM) reduced mean contraction amplitude to 

2.2 ± 0.3 mN (p<0.01, n=6). Conversely, we reasoned that if the enhanced 

contractions induced by the reduction in stimulus interval from 100 to 10 s resulted 

from inhibition of BKCa channels, then application of the BKCa channel inhibitor, 

iberiotoxin should exert similar stimulatory effects as those induced by the interval 

change. However, the data shown in Figure 4.1B demonstrated that iberiotoxin (300 

nM) only induced a small increase in amplitude of contractions evoked at 100 s 

intervals. Mean contraction amplitude was 1.16 ± 0.2 mN before, compared to 1.55 

± 0.2 mN (ns, n=7) in iberiotoxin (Figure 4.1D). In contrast, the reduction in stimulus 

interval to 10 s (under control conditions) increased mean contraction amplitude to 

2.21 ± 0.4 mN (p<0.05, n=7). Therefore, it seems unlikely that inhibition of BKCa 

channels in ASM cells was responsible for the increase in contraction amplitude 

brought about by the switch from 100 to 10 s stimulus intervals. 

 

ASM cells express Kv7 channels and activation of muscarinic receptors 

reduced Kv7 current amplitude in guinea-pig and rat ASM cells [292, 464]. 

Furthermore, contractions of rat airways induced by the cholinergic agonist 

methacholine were inhibited by three structurally unrelated Kv7 channel activators 

[463]. It is also known that inhibition of PKA reduces the activation of Kv7 channels 

[298, 465]. We hypothesised that M2R activation may inhibit Kv7 channels leading 

to activation of LTCC and ASM contraction. Data in Figure 4.2A and B show that 

application of the Kv7 channel blocker, XE991 (10 µM) increased mean amplitude 



 

98 
 

of contractions induced by EFS at 100 s intervals from 1.4 ± 0.2 mN to 2.5 ± 0.3 mN 

(p<0.01, n=8). Subsequent addition of nifedipine reduced contraction amplitude to 

1.2 ± 0.2 mN (p<0.001; Figure 4.2B). Therefore, inhibition of Kv7 channels mimicked 

the effect of M2R stimulation by increasing contraction amplitude, albeit to a lesser 

extent than that induced by a reduction in stimulus interval to 10 s.  

 

Next, we investigated the effect of XE991 on EFS-induced contractions when 

the stimulation interval was already reduced to 10 s. As shown in Figure 4.3A and 

B, application of XE991 (10 µM) during EFS-evoked contractions at 10 s intervals 

produced no significant change in contraction amplitude. The representative trace 

and summary data (Figure 4.3A and B) confirm that XE991 did not further enhance 

the amplitude of contractions evoked at 10 s intervals when M2R were already 

activated (p>0.05, n=7). 

 

4.2.2. Combined effect of XE991 and iberiotoxin on EFS-evoked contractions 

of ASM 

A series of experiments was carried out to examine the combined effect of 

XE991 and iberiotoxin on EFS-evoked contractions of ASM at 100 s intervals. As 

displayed in Figure 4.4A, XE991 (10 µM) increased the amplitude of EFS-evoked 

contractions. Addition of 300 nM iberiotoxin, in the continued presence of XE991, 

induced a dramatic increase in basal tone and in the amplitude of EFS responses. 

Data in Figure 4.4B shows that 10 µM XE991 increased mean contraction amplitude 

from 0.85 ± 0.21 to 1.31 ± 0.25 mN (p<0.05, n=6) and addition of iberiotoxin further 

elevated mean contraction amplitude to 2.25 ± 0.37 mN (p<0.05, n=6). Application 

of nifedipine abolished the stimulatory effects of XE991 & Iberiotoxin, reducing mean 

contraction amplitude to 0.82 ± 0.16 mN (p<0.05, n=6), suggesting that these effects 

were reliant on activation of LTCC. 

 

 

Next, we checked if the excitatory effects of XE991 & iberiotoxin, on basal 

tone and EFS responses, were mediated by an effect on nerves. Figure 4.4C shows 

that addition of the neurotoxin tetrodotoxin (100 nM) abolished all EFS responses, 

but that the increase in basal contractile activity was little affected. Application of 

tetrodotoxin reduced mean EFS-evoked contraction amplitude from 2.36 ± 0.39 to 

0.3 ± 0.09 mN (p<0.001, n=6, Figure 4.4D). Figure 4.4E shows that EFS responses 

in the presence of XE991 & Iberiotoxin were also inhibited by addition of the 
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muscarinic receptor antagonist, atropine. However, atropine did not affect tone. The 

data in Figure 4.4F shows that addition of atropine (1 µM) reduced the mean EFS-

induced contraction amplitude from 1.36 ± 0.19 to 0.3 ± 0.06 mN (p<0.01, n=6). 

 

4.2.3. Examination of the expression of Kv7 and KCNE subtypes in airway 

smooth muscle cells 

There are five members of the Kv7 channel family (Kv7.1-Kv7.5), each encoded by 

a single KCNQ gene (KCNQ1-KCNQ5). All five subtypes have previously been 

detected at the transcriptional level in guinea-pig, mouse, and human ASM, with 

Kv7.4 (KCNQ4) and Kv7.5 (KCNQ5) representing the most abundant isoforms. To 

characterise their expression in murine airways, we examined the transcriptional 

profile of KCNQ1-5 in mouse bronchial tissues using real-time qPCR. As shown in 

Figure 4.5A, detectable expression of KCNQ1, KCNQ4, and KCNQ5 was observed, 

whereas KCNQ3 showed minimal expression and KCNQ2 was undetectable. 

Protein expression of Kv7.1, Kv7.4 and Kv7.5 was confirmed using 

immunocytochemistry in isolated ASM cells (Figure 4.5C). The identity of ASM cells 

was verified by positive staining with anti-α-smooth muscle actin, a specific marker 

for smooth muscle cells. KCNE subunits associate with Kv7 α-subunits to alter their 

plasmalemmal expression, biophysical properties and pharmacology [322-324]. We 

determined the transcriptional expression of KCNE subunits in mice bronchial 

tissues. Figure 4.5B shows that KCNE3 expression was the highest in mice bronchi, 

followed by KCNE4 and KCNE1. 

 

4.2.4. The Kv7 channel activator, zinc pyrithione activates Kv7.1, 7.4 and 7.5 

channels 

Since Kv7.1, Kv7.4, and Kv7.5 subtypes are predominantly expressed in 

ASM cells, we sought to investigate the effect of opening of these channels using 

the Kv7 channel activator, zinc pyrithione which is reported to selectively activate 

Kv7.1, Kv7.2, Kv7.4 and Kv7.5, with no effect on Kv7.3 [466]. We examined the 

effects of zinc pyrithione on Kv7.1, Kv7.4, and Kv7.5 currents recorded from 

HEK293 cells expressing each subtype using patch clamp electrophysiology.  

 

Whole-cell currents were recorded using the voltage protocol illustrated in the 

inset of Figure 4.6. Cells were held at -80 mV and then stepped through a series of 

test potentials ranging from -100 mV to +50 mV. Tail currents were subsequently 
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recorded during a step to -120 mV. Figures 4.6A and B display representative 

families of currents from HEK293 cells transfected with Kv7.4, recorded under 

control conditions and following application of zinc pyrithione (10 µM). Summary 

activation (G/Gmax) curves, derived from tail currents, revealed that zinc pyrithione 

increased the mean Gmax of Kv7.1 currents by 61.6% (p<0.05, n=7), accompanied 

by a negative shift in the V1/2 of activation from -29.9 ± 1.5 mV (control) to <-50 mV 

in the presence of zinc pyrithione (Figure 4.6C). Additionally, the deactivation time 

constant increased from 83.4 ± 8.1 msec in control to 241.9 ± 40.07 msec in zinc 

pyrithione (Figure 4.6D). Similarly, zinc pyrithione significantly increased the mean 

Gmax of Kv7.4 currents from 1.0 to 2.17 ± 0.35 (p<0.05, n=7; Figure 4.7C) and 

prolonged the deactivation time constant from 30.6 ± 4.6 msec to 108.2 ± 11.7 msec 

(p<0.001, n=7; Figure 4.7D). Likewise, the Gmax of Kv7.5 currents increased from 

0.97 ± 0.01 to 2.26 ± 0.24 (p<0.01, n = 6; Figure 4.8C) and the time constant of 

deactivation increased from 52.2 ± 3.7 to 118.8 ± 11.3 msec (p<0.01, n=6; Figure 

4.8D). It was also evident that zinc pyrithione negatively shifted the activation V1/2 of 

Kv7.4 and Kv7.5 currents (<-70mV and <-134mV, respectively); however, it was not 

possible to determine the precise V1/2 of activation of Kv7.4 and Kv7.5 in the 

presence of zinc pyrithione as these data were not well fit with a Boltzmann 

equation. 

 

4.2.5. Effect of zinc pyrithione on M2R-mediated ASM contractions 

Since the Kv7 channel blocker XE991 was able to partially replicate the 

effects of M2R activation on cholinergic nerve-induced contractions of ASM, we 

reasoned that stimulation of M2Rs may induce contraction via inhibition of Kv7 

channels. This idea was investigated by examining the effects of zinc pyrithione on 

M2R-dependent contractions of ASM, induced by reducing the stimulus interval to 

10 s and by applying CCh, or neostigmine, in the presence of the M3R antagonist, 

4-DAMP. The representative trace in Figure 4.9A shows that zinc pyrithione (3 μM) 

did not inhibit EFS contractions elicited at 100 s intervals (which do not involve 

M2Rs). The data in Figure 4.9C shows that the mean contraction amplitude was 

1.62 ± 0.16 mN under control conditions compared to 1.7 ± 0.2 mN in the presence 

of zinc pyrithione (ns, n=6). In contrast, zinc pyrithione reversed the M2R-mediated 

enhancement in the contraction amplitude evoked by EFS at 10 s intervals (Figure 

4.9B). The summary data in Figure 4.9D show that the mean contraction amplitude 
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during EFS at 10 s intervals decreased significantly from 2.08 ± 0.5 mN under 

control conditions to 0.65 ± 0.20 mN in the presence of zinc pyrithione (p<0.05, n=7). 

 

Data in Figure 4.10A show that zinc pyrithione had little effect on contractions 

evoked by CCh alone. However, when it was applied following the addition of 4-

DAMP, it abolished the 4-DAMP-resistant contractions. In six preparations, zinc 

pyrithione markedly reduced mean contraction area recorded in the presence of 4-

DAMP from 2641 ± 443.9 to 188.8 ± 142.1 mN.s (p<0.01, n=6). Furthermore, zinc 

pyrithione also abolished 4-DAMP-resistant contractions evoked by neostigmine 

(p<0.001, n=6; Figure 4.11A and B). 

 

4.2.6. Zinc pyrithione can activate Kv7 and BKCa channels 

Although most studies describe zinc pyrithione as a selective activator of Kv7 

channels, Eid and Gurney (2018) reported that zinc pyrithione also activated BKCa 

channels in rat pulmonary artery smooth muscle cells [467]. To determine whether 

a similar mechanism operates in ASM, we investigated the effect of zinc pyrithione 

in the presence of XE991. As shown in Figure 4.12A, addition of zinc pyrithione 

gradually reduced the amplitude of contractions evoked by EFS (10 s intervals) in 

the presence of XE991. Mean contraction amplitude was reduced from 3.8 ± 0.8 to 

0.76 ± 0.3 mN; p<0.05, n=6, Figure 4.12C). These data suggest that zinc pyrithione 

can inhibit cholinergic-nerve contractions of ASM, even when Kv7 channels are 

blocked. To evaluate whether BKCa channels were involved in this effect, we 

examined the effects of zinc pyrithione in the presence of the BKCa channel blocker, 

iberiotoxin. As illustrated in Figure 4.12B and D, zinc pyrithione again caused a 

gradual decrease in contraction amplitude over time (p<0.01, n=7), indicating that 

its relaxant effects persisted even when the BKCa channels were inhibited. The 

effects of zinc pyrithione were investigated further by examining its effects on tissues 

that were treated with both XE991 and iberiotoxin. As shown in Figure 4.13A and B, 

zinc pyrithione did not affect contractions when it was applied in the presence of 

both XE991 and iberiotoxin. Application of iberiotoxin alone increased mean 

contraction area from 1185 ± 90.07 to 2590 ± 340.1 mN.s (p<0.05, n=7) and addition 

of XE991 further enhanced mean contraction area to 3382 ± 265.7 mN.s (p<0.05, 

n=7). Addition of zinc pyrithione did not significantly reduce mean contraction area 

under these conditions (3166 ± 310.2 mN.s, ns, n=7). Similarly, when the order of 

drug application was reversed (XE991 applied first, followed by iberiotoxin; Figure 
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4.14A), both blockers again produced a marked increase in contraction area and 

addition of zinc pyrithione failed to reduce the contractile response. These findings 

suggest that zinc pyrithione exerts its inhibitory effects on cholinergic contractions 

of ASM via effects on both Kv7 and BKCa channels. 

 

4.2.7. Effect of M2R activation on Kv7 channel activity 

The experiments above suggest that M2R-dependent contractions of ASM 

may involve inhibition of Kv7 channels. Previous studies demonstrated that M1R 

activation inhibits Kv7.2/7.3 (M-current) channels when co-transfected in tsA-201 

cells [468] therefore, we examined whether M2R activation produced a similar 

inhibitory effect on Kv7.1, Kv7.4, and Kv7.5 currents. HEK293 cells were co-

transfected with plasmids encoding M2Rs and individual Kv7 subtypes, and whole-

cell patch-clamp recordings were performed to assess whole cell currents before 

and after M2R stimulation with CCh (10 µM). 

 

Figures 4.15, 4.16 and 4.17 are representative current traces recorded from 

HEK293 cells co-expressing M2Rs with either Kv7.1, Kv7.4, or Kv7.5 channels, 

respectively. Families of currents were recorded under control conditions and in the 

presence of CCh. G/Gmax activation curves constructed from these currents 

demonstrated that CCh significantly reduced the mean Gmax of Kv7.1 currents by 

54% (p<0.001, n=8). However, the activation V1/2 was similar under both conditions 

(-23.6 ± 0.95 mV under control vs. -25.7 ± 6.2 mV in CCh; p>0.5; Figure 4.15C). 

Similarly, for Kv7.4, CCh caused a 53% reduction in Gmax (p<0.0001, n=8), with no 

significant change in V1/2 of activation (-21.0 ± 1.1 mV before vs. -26.6 ± 3.5 mV in 

CCh; ns; Figure 4.16C). Figure 4.17C shows that CCh reduced the mean Gmax of 

Kv7.5 currents in HEK293 cells co-expressing M2Rs and Kv7.5 by 63% (p<0.0001, 

n=8) and positively shifted the V1/2 of activation (from -41.7 ± 0.9 mV in control 

conditions to -34.3 ± 3.4 mV in CCh, ns, n=8). Collectively, these data demonstrate 

that M2R activation reduces the maximal conductance (Gmax) of Kv7.1, Kv7.4, and 

Kv7.5 currents, and positively shifts the voltage-dependence of activation of Kv7.5 

(although this did not reach statistical significance), but not Kv7.1 or Kv7.4 currents. 
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4.3. Discussion 

In this chapter, we assessed the contribution of Kv7 and BKCa channels to 

M2R-dependent contractions of ASM. We found that M2R-dependent enhancement 

of cholinergic nerve-induced contractions of ASM was mimicked by blockade of Kv7 

channels with XE991, but not BKCa channels with iberiotoxin. However, XE991 had 

little effect on contractions that were already enhanced by reducing the EFS interval 

to 10 s intervals. Mouse ASM expressed Kv7.1, 7.4 and 7.5 channels and patch 

clamp experiments showed that zinc pyrithione enhanced Kv7.1, 7.4 and 7.5 

currents recorded from HEK293 cells. Zinc pyrithione inhibited M2R-dependent 

contractions of ASM. These effects were absent in tissues treated with XE991 and 

iberiotoxin, but not individual application of either blocker, suggesting that zinc 

pyrithione can activate both Kv7 and BKCa channels, but that activation of either 

channel is able to compensate for the inhibitory effects induced by blockade of the 

other. Finally, we showed, for the first time, that activation of M2Rs in HEK293 with 

CCh reduced the activity of Kv7.1, 7.4 and 7.5 currents. 

 

There is evidence that M2R activation is associated with closure of BKCa 

channels. Zhou et al. (2008) demonstrated that Gβγ dimers from M2Rs inhibit BKCa 

channel activity through two mechanisms. Firstly, they directly interact with the BKCa 

channel α subunits or an associated protein, reducing the open probability of the 

channel. Secondly, they activate PKC via the PLCβ pathway, further contributing to 

inhibition of channel activity [286]. In addition, Semenov et al. (2011) demonstrated 

that the β1-subunit of the BKCa channel substantially restrains M2R-mediated ASM 

contraction. Mechanistically, β1-subunit-containing BKCa channels normally oppose 

M2R-mediated depolarisation as they help maintain a more negative resting 

membrane potential, preventing activation of LTCCs. Without the β1-subunit, the 

resting potential is shifted toward depolarisation, thereby augmenting M2R-driven 

Ca2+ influx via LTCCs and enhancing ASM contraction. This indicates that BKCa β1-

subunits play a key modulatory role in M2R signalling [164]. Further, studies by 

Suzuki et al. (2013) found a direct coupling phenomenon between LTCC and BKCa 

channels in VSMC [469]. We found that opening BKCa channels with compound X 

inhibited M2R-dependent contractions of ASM, similar to effects previously reported 

on histamine-induced responses by Bradley et al. (2018) [275]. However, blocking 

BKCa channels with iberiotoxin only slightly elevated the amplitude of contractions 
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evoked by EFS at 100 s intervals. Therefore, it appears that inhibition of BKCa 

channels does not recapitulate the effects of M2R activation on cholinergic-nerve 

evoked contractions, but that opening of these channels can suppress M2R 

responses. These data suggest M2R-dependent inhibition of BKCa channels is not 

the primary mechanism by which M2Rs functionally couple to LTCC. It was 

noteworthy that blockade of BKCa channels with iberiotoxin exerted greater effects 

when Kv7 channels were blocked with XE991 and when M2Rs were activated by 

the reduction in stimulus interval. Therefore, it is possible that the effects of closure 

of BKCa channels were compensated for by activation of Kv7 channels. Similar 

findings were reported in rabbit urethral smooth muscle cells, whereby the effects of 

Kv2 channel activation were only revealed when BKCa channels were blocked [470]. 

A similar interaction between these channels was described by Zavaritskaya et al. 

(2020), who showed in rat arteries that the relaxant effect of a BKCa channel opener 

(GoSlo-SR compounds) was only fully inhibited when both BKCa and Kv7 channels 

were blocked, implying functional interplay between the two channel types [423]. It 

was also notable that, in addition to increasing the amplitude of EFS-evoked 

contractions, that co-application of XE991 and iberiotoxin led to a rise in the basal 

contractile activity. This effect was reversed by nifedipine suggesting that both 

channels could have a role in the regulation of ASM contractility by regulating 

membrane potential and Ca2+ influx via LTCC. 

 

Previous qPCR studies on cDNA obtained from rat trachea showed that 

KCNQ1 was the most abundantly expressed KCNQ subtype, closely followed by 

KCNQ5 and KCNQ4, with low expression of KCNQ3 and no detectable KCNQ2 

[464]. In human trachealis muscle, KCNQ1 expression predominates, with modest 

levels of KCNQ4 and KCNQ5, while KCNQ2 and KCNQ3 transcripts are absent 

[292]. In mouse bronchial tissues, we found that KCNQ5 showed the highest 

expression, followed by KCNQ4 and KCNQ1. These three subtypes were also 

abundantly expressed in ASM cells. This expression profile is consistent with 

previous reports demonstrating that KCNQ4 and KCNQ5 are the predominant Kv7 

subtypes in smooth muscle cells [471, 472]. Brueggemann et al. (2018) also 

reported the highest mRNA expression of KCNQ5 in cultured human ASM cells 

using qRT-PCR [299]. We also examined the expression of KCNE subunits in ASM, 

which are known to modulate both the expression and biophysical properties of Kv7 
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channels. In our study, KCNE3 was the most abundantly expressed subunit among 

the KCNE family members. Previous studies reported that, in mammalian cells, co-

expression of KCNE3 with Kv7.1 produces minimal alterations in the I-V relationship 

[332]. In contrast, KCNE3 markedly suppresses Kv7.5 currents in HEK293 cells and 

strongly inhibits Kv7.4 channel activity in Xenopus oocytes [328, 329]. These 

findings suggest that, in ASM, the presence of KCNE3 may contribute to a partially 

inhibited state of Kv7.4 and Kv7.5 channels under basal conditions. Consequently, 

activation of M2Rs could further suppress these already restrained Kv7 subtypes, 

leading to enhanced membrane depolarisation and contractile responses. 

 

Our expression data showed that Kv7.1, Kv7.4, and Kv7.5 were the 

predominant subtypes in ASM. To investigate if opening of these channels could 

affect M2R-dependent contractions of ASM, we investigated the effects of zinc 

pyrithione as it has been shown to activate these channels. This was confirmed by 

our patch clamp experiments which showed that zinc pyrithione increased the 

amplitude and negatively shifted the voltage-dependence of activation of Kv7.1, 

Kv7.4, and Kv7.5 currents recorded from HEK293 cells. A distinctive feature of Kv7 

channels is their dependence on PIP2 for maintaining the open state. Thus, agents 

that deplete PIP2 generally suppress channel activity [473]. Several Kv7 activators, 

such as retigabine, require sufficient intracellular PIP2 levels to exert their effects 

[474, 475]; however, zinc pyrithione activates Kv7.1, Kv7.4, and Kv7.5 channels 

independent of PIP2 availability. Since M3R activation triggers PIP2 hydrolysis 

through the Gq/PLC pathway, we opted to use zinc pyrithione instead of drugs like 

retigabine which selectively activate Kv7.2-Kv7.5 but not Kv7.1. Our experiments 

showed that zinc pyrithione did not affect EFS-evoked contractions at 100 s intervals 

or on CCh-induced responses in the absence of 4-DAMP, which do not involve 

activation of M2Rs. However, it was effective in inhibiting responses evoked by EFS 

at 10 s intervals and it abolished 4-DAMP-resistant contractions induced by CCh or 

neostigmine. Therefore, zinc pyrithione was effective at inhibiting M2R-dependent 

contractions of ASM. However, the effects of zinc pyrithione were not reversed by 

selective blockade of either Kv7 channels with XE991 or BKCa channels with 

iberiotoxin but were absent in tissues treated with both blockers. This suggests that 

zinc pyrithione can modulate both Kv7 and BKCa currents (as reported by Eid & 

Gurney (2018) [467] and that blockade of both channels was required to suppress 

its effects on EFS-evoked contractions of ASM.  
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Zinc pyrithione did not affect EFS-evoked contractions at 100 s intervals or 

on CCh-induced responses in the absence of 4-DAMP. This is likely due to the fact 

that such contractions are primarily mediated by M3R activation (PLC activation 

leading to IP3-mediated Ca2+ release and RhoA/ROCK/PKC-dependent Ca2+ 

sensitisation), processes that render force generation relatively membrane 

potential-insensitive [476, 477]. Under these conditions, even though zinc pyrithione 

can open Kv7 and BKCa channels, the dominant M3R-driven Ca2+ sensitisation and 

PKC-mediated inhibition of BKCa channels prevent membrane hyperpolarisation 

from translating into a reduction in force. It is also important to note that zinc 

pyrithione is not a selective Kv7 channel opener. As demonstrated by Betrie et al. 

(2021), zinc pyrithione acts as a zinc ionophore and exerts multiple off-target effects, 

including activation of TRPA1-dependent sensory pathways, modulation of 

endothelial prostanoid signalling, and inhibition of LTCC [478]. These additional 

mechanisms can independently influence smooth muscle tone and Ca²⁺ handling, 

complicating the interpretation of its pharmacological effects. In contrast, M2R-

mediated contractions depend more on membrane potential-regulated Ca2+ entry 

via LTCC and involve minimal Ca2+ sensitisation [412]. Consequently, zinc 

pyrithione, by opening Kv7 (and BKCa) channels, promotes membrane 

hyperpolarisation, reduces Ca2+ influx and thereby diminishes contractile force, 

although contributions from its off-target actions cannot be excluded. 

 

Several studies have indicated that activation of muscarinic receptors can 

affect Kv7 channel activity in heterologous expression systems. For example, 

Shapiro et al. (2000) co-expressed the M1R with Kv7.2/7.3 channels in tsA-201 cells 

(a HEK293-derived line) and demonstrated that activation of M1Rs with 

oxotremorine-M suppressed Kv7 currents [468]. Similarly, Kosenko et al. (2012) 

used CHO-hM1 cells, which stably express the human M1R, and transiently 

transfected them with wild-type or mutant Kv7.2 channels to investigate muscarinic 

receptor-mediated inhibition of M-currents [479]. Beyond Kv7 channels, Zhou et al. 

(2008) utilised HEK293 cells stably expressing M2Rs and transiently co-transfected 

them with the BKCa channel α-subunit and studied the behaviour of the BKCa channel 

upon M2R activation [286]. However, M2R-dependent modulation of Kv7 channels 

has not been previously reported in either native tissues or heterologous expression 

systems. To address this gap, we examined whether M2R activation could inhibit 
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Kv7 channel activity by co-expressing M2Rs with either Kv7.1, Kv7.4, or Kv7.5 in 

HEK293 cells. Application of CCh to these co-transfected cells led to a pronounced 

reduction in the current amplitude of Kv7 currents, without significantly altering the 

V1/2 of activation of Kv7 channels (Figure 4.15B, 4.16B and 4.17B). This indicates 

that M2R activation could decrease the number or open probability of functional 

Kv7.1, Kv7.4 and Kv7.5 channels, rather than altering their voltage-sensitivity of 

gating. 

 

These findings provide the first direct evidence that M2R activation inhibits 

Kv7 channel activity when co-expressed in a heterologous system and may play a 

role in coupling stimulation of M2Rs to activation of LTCC to induce contraction of 

ASM. Our next objective was to investigate the mechanisms by which activation of 

M2Rs could lead to inhibition of Kv7 channels. 
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Figure 4.1. Effect of BKCa channel activator, compound X and blocker, iberiotoxin on 

EFS-evoked contractions of ASM. (A) Representative isometric tension trace showing 

that Compound X (3 µM) attenuated the M2R-mediated enhancement of EFS-evoked 

contractions at 10 s stimulation intervals. (B) Representative trace illustrating that 

iberiotoxin (300 nM) failed to augment EFS-evoked contraction amplitude significantly at 

100 s intervals. (C) Summary bar chart showing the effect of compound X on EFS 

contractions at 10 s intervals (ns, non-significant, **p<0.01, ***p<0.001, n=6, N=4, one-way 

ANOVA). (D) Summary bar chart depicting the response of iberiotoxin on EFS contractions 

at 100 s interval (ns, non-significant, *p<0.05, **p<0.01, n=6, N=5, one-way ANOVA).
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Figure 4.2. Effect of Kv7 channel inhibitor, XE991 on EFS-evoked contractions of 

ASM. (A) Representative isometric tension recording showing the effects of XE991 (10 µM) 

on EFS-evoked contractions at 100 s intervals. (B) Summary bar chart showing that XE991 

enhanced the mean amplitude of contractions evoked by EFS at 100 s intervals and this 

effect was reversed by nifedipine (*p<0.05, **p<0.01, ***p<0.001, n=8, N=6, one-way 

ANOVA). 
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Figure 4.3. Effect of XE991 on EFS-evoked contractions of ASM. 

(A) Representative trace showing that XE991 (10 µM) applied during EFS-evoked 

contractions at 10 s intervals produced no significant additional effect on contraction 

amplitude. (B) Summary bar graphs showing the effect of XE991 on EFS-evoked 

contractions at 10 s intervals (ns, non-significant, **p<0.01, ***p<0.001; n=7, N=5; one-way 

ANOVA).
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Figure 4.4. Effects of XE991 and iberiotoxin on EFS-evoked contractions of ASM. 

(A) and (B) Representative trace and summary bar chart showing effects of nifedipine (1 

µM) on contractions of ASM evoked by EFS at 100 s intervals that were augmented by co-

addition of 10 µM XE991 and 300 nM iberiotoxin (n=6, N=5, *p<0.05, one-way ANOVA). (C) 

and (D) Representative trace and summary bar chart showing effects of tetrodotoxin (100 

nM) on contractions of ASM evoked by EFS at 100 s intervals that were augmented by co-

addition of XE991 and iberiotoxin (n=6, N=5, *p<0.05, **p<0.01, ***p<0.001, one-way 

ANOVA). (E) and (F) Representative trace and summary bar chart showing effects of 

atropine (1 µM) on contractions of ASM evoked by EFS at 100 s intervals that were 

augmented by co-addition of XE991 and iberiotoxin (n=6, N=4, *p<0.05, **p<0.01, 

***p<0.001, one-way ANOVA).
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Figure 4.5. Expression analysis of Kv7 subtypes and KCNE subunits in mice bronchi 

tissue and ASM cells. (A) Summary bar chart showing relative expression of kv7 subtypes 

from murine bronchial tissues using real-time quantitative PCR, relative to β-actin (n=5, 

N=15). (B) Results from quantitative PCR experiments showing expression of KCNE 

subunits in murine bronchial tissues, relative to β-actin (n=4, N=12). C) 

Immunocytochemistry experiments showing immunofluorescence of freshly isolated airway 

smooth muscle cells stained with antibodies against Kv7.1, Kv7.4 and Kv7.5.
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Figure 4.6. Effects of Kv7 channel activator, zinc pyrithione on Kv7.1 currents. 

(A) Typical families of currents obtained from wildtype Kv7.1 channels expressed in 

HEK293 cells. Voltage clamp protocol is illustrated in the inset. Dotted lines represent the 

zero current levels. (B) Effect of zinc pyrithione (10 µM) on currents from the same cell. (C) 

Summary activation curves obtained by measuring tail currents in seven cells before (black 

circles) and during (red circles) application of zinc pyrithione (n=7). The curves were fit with 

the Boltzmann equation. (D) Summary graph showing the increase in the deactivation time 

constant (𝜏) following zinc pyrithione treatment (**p<0.01, n=7, paired t-test).
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Figure 4.7. Effects of zinc pyrithione on Kv7.4 currents. 

(A) Typical families of currents obtained from wildtype Kv7.4 channels expressed in 

HEK293 cells. Dotted lines represent the zero current levels. (B) Effect of zinc pyrithione 

(10 µM) on currents from the same cell. (C) Summary activation curves obtained by 

measuring tail currents in seven cells before (black circles) and during (red circles) 

application of zinc pyrithione (n=7). The curves were fit with the Boltzmann equation. (D) 

Summary graph showing the increase in the deactivation time constant (𝜏) following zinc 

pyrithione treatment (***p<0.001, n=7, paired t-test).
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Figure 4.8. Effects of zinc pyrithione on Kv7.5 currents. 

(A) Typical families of currents obtained from wildtype Kv7.5 channels expressed in 

HEK293 cells. Dotted lines represent the zero current levels. (B) Effect of zinc pyrithione 

(10 µM) on currents from the same cell. (C) Summary activation curves obtained by 

measuring tail currents in six cells before (black circles) and during (red circles) application 

of zinc pyrithione (n=6). The curves were fit with the Boltzmann equation. (D) Summary 

graph showing the increase in the deactivation time constant (𝜏) following zinc pyrithione 

treatment (**p<0.01, n=6, paired t-test).
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Figure 4.9. Effect of zinc pyrithione on EFS-evoked contractions of ASM. 

(A) Representative isometric tension recording showing the effects of zinc pyrithione (3 µM) 

on EFS-evoked contractions at 100 s intervals. (B) Representative trace showing that zinc 

pyrithione reversed the M2R-mediated increase in contraction amplitude on EFS 

contractions induced by reducing the stimulus interval from 100 s to 10 s. (C) Summary bar 

chart showing the effect of zinc pyrithione on EFS 100 s contractions (ns, non-significant, 

n=6, N=4, paired t-test). (D) Summary bar chart showing the effect of zinc pyrithione on 

mean contraction amplitude evoked by EFS at 10 s intervals (*p<0.05, n=7, N=4, one-way 

ANOVA). 
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Figure 4.10. Effect of zinc pyrithione on carbachol induced contractions of ASM. 

(A) and (B) Representative traces showing the effect of zinc pyrithione (3 µM) on 

contractions of ASM induced by CCh in the absence and presence of 4-DAMP, respectively 

(C) Summary bar chart showing that zinc pyrithione had no significant effect on CCh-

mediated contractions (ns, non-significant, n=6, N=6, paired t-test). (D) Summary bar chart 

showing mean contraction area evoked by CCh in the presence of 4-DAMP and 4-DAMP 

plus zinc pyrithione (**p<0.01, n=6, N=5, one-way ANOVA). 
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Figure 4.11. Effect of zinc pyrithione on neostigmine-evoked contractions of ASM. 

(A) Representative isometric tension recording showing the effects of zinc pyrithione (3 µM) 

on contractions of ASM evoked by neostigmine in the presence of 4-DAMP. (B) Summary 

bar chart showing that zinc pyrithione (3 µM) significantly reduced the mean contraction 

area of neostigmine-evoked contractions that remained in the presence of 4-DAMP 

(**p<0.01, ***p<0.001, n=6, N=4, one-way ANOVA). 
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Figure 4.12. Effect of zinc pyrithione on EFS-evoked contractions of ASM in the 

presence of XE991 and iberiotoxin. (A) Representative isometric tension trace showing 

that zinc pyrithione (3 µM) reduced contraction amplitude even in the presence of the Kv7 

channel blocker, XE991 (10 µM) during EFS-evoked contractions at 10 s intervals. (B) 

Representative isometric tension trace showing that zinc pyrithione (3 µM) reduced 

contraction amplitude even in the presence of BKCa channel blocker, iberiotoxin (300 nM) 

during EFS-evoked contractions at 10 s intervals. (C) Summary bar graph showing the 

effect of XE991 and zinc pyrithione on EFS-evoked contractions at 10 s intervals (ns, non-

significant, *p<0.05; n=6, N=5, one-way ANOVA). (D) Summary bar graph showing the 

effect of iberiotoxin and zinc pyrithione on EFS-evoked contractions at 10 s intervals 

(**p<0.01; n=7, N=6, one-way ANOVA).
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Figure 4.13. Effect of zinc pyrithione on EFS-evoked contractions of ASM evoked at 

10 s intervals in the presence of iberiotoxin and XE991. (A) Representative isometric 

tension trace showing that zinc pyrithione (3 µM) had no significant effect when added in the 

presence of iberiotoxin (300 nM) and XE991 (10 µM) during EFS-evoked contractions at 10 

s intervals. (B) Summary bar graph showing the effect of zinc pyrithione on mean 

contraction amplitude when added in the presence of iberiotoxin and XE991 at EFS 10 s 

response (ns, non-significant, **p<0.01, ***p<0.001, ****p<0.0001; n=7, N=5, one-way 

ANOVA). (C) Summary bar graph showing the effect of zinc pyrithione on mean contraction 

area when added to the EFS-mediated contractions at 10 s intervals in the presence of 

iberiotoxin and XE991 (ns, non-significant, *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001; 

n=7, N=5, one-way ANOVA).
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Figure 4.14. Effect of zinc pyrithione on EFS-evoked contractions of ASM evoked at 

10 s intervals in the presence of XE991 and iberiotoxin. (A) Representative isometric 

tension trace showing that zinc pyrithione (3 µM) had no significant effect when added in the 

presence of XE991 (10 µM) and iberiotoxin (300 nM) during EFS-evoked contractions at 10 

s intervals. (B) Summary bar graph showing the effect of zinc pyrithione on mean 

contraction amplitude when added to the EFS-mediated contractions at 10 s intervals in the 

presence of XE991 and iberiotoxin (ns, non-significant, **p<0.01, ****p<0.0001; n=6, N=4, 

one-way ANOVA). (C) Summary bar graph showing the effect of zinc pyrithione on mean 

contraction area when added to the EFS-mediated contractions at 10 s intervals in the 

presence of XE991 and iberiotoxin (ns, non-significant, **p<0.01, ***p<0.001, ****p<0.0001; 

n=6, N=4, one-way ANOVA).
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Figure 4.15. Effects of carbachol (10 µM) on M2R and Kv7.1 currents. 

(A) Families of currents, recorded from HEK293 cells co-expressing M2R with Kv7.1. 

Dotted lines represent the zero current levels. (B) Families of currents, recorded in the 

presence of carbachol (10 μM) from the same HEK293 cells co-expressing M2R with Kv7.1 

(C) Summary activation curves obtained by measuring tail currents before (black circles) 

and during (red circles) application of carbachol (n=8). The curves were fit with the 

Boltzmann equation.
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Figure 4.16. Effects of carbachol (10 µM) on M2R and Kv7.4 currents. 

(A) Families of currents, recorded from HEK293 cells co-expressing M2R with Kv7.4. 

Dotted lines represent the zero current levels. (B) Families of currents, recorded in the 

presence of carbachol (10 μM) from the same HEK293 cells co-expressing M2R with Kv7.4 

(C) Summary activation curves obtained by measuring tail currents before (black circles) 

and during (red circles) application of carbachol (n=8). The curves were fit with the 

Boltzmann equation.

123



C

-100 -50 0 50 100

0.5

1.0

V (mV)

G
/G

m
a
x

✱✱✱✱

Control

CCh

V1/2= -34.27±3.4

V1/2= -41.72±0.9

Figure 4.17. Effects of carbachol (10 µM) on M2R and Kv7.5 currents. 

(A) Families of currents, recorded from HEK293 cells co-expressing M2R with Kv7.5. 

Dotted lines represent the zero current levels. (B) Families of currents, recorded in the 

presence of carbachol (10 μM) from the same HEK293 cells co-expressing M2R with Kv7.5 

(C) Summary activation curves obtained by measuring tail currents before (black circles) 

and during (red circles) application of carbachol (n=8). The curves were fit with the 

Boltzmann equation.
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Chapter 5 

 

Contribution of Kv7 subtypes to M2R-mediated contractions of 

ASM 
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5.1. Introduction 

The data presented in chapter 4 indicated that M2R-mediated contractions of 

ASM may involve inhibition of Kv7 channels, leading to enhanced Ca2+ influx via 

LTCC. However, the contribution of individual Kv7 subtypes to these responses was 

not established, nor were the intracellular signalling mechanisms which could link 

activation of M2Rs to inhibition of Kv7 channels. Kv7 channels account for the 

neuronal M-current, so named because it is inhibited by activation of muscarinic 

receptors (Brown & Adams, 1980 and Constanti & Brown, 1981). Suppression of 

Kv7 currents in neurones by M1R or M3R activation is primarily driven by depletion 

of membrane PIP₂, following activation of PLC by Gq/11  subunits [480-482]. PIP2 

is an essential cofactor for Kv7 channel opening and its depletion leads to Kv7 

current inhibition and increased neuronal excitability. Kv7 channels are also directly 

modulated by G-protein βγ subunits and PKC-dependent phosphorylation events 

[468, 483]. Unlike M1R or M3Rs, M2Rs primarily couple to Gi/o proteins, which inhibit 

adenylyl cyclase and reduce intracellular cAMP and PKA activity [484, 485]. 

Activation of M2Rs, therefore, has the potential to alter Kv7 channel gating by 

shifting the phosphorylation balance or by promoting PIP2 hydrolysis through βγ 

subunit-mediated PLC activation [486, 487]. However, whether such mechanisms 

operate in ASM following M2R activation has not been elucidated.  

 

 Given that M2R-mediated enhancement of cholinergic contractions of ASM 

depends on LTCC activation, and that Kv7 inhibition promotes depolarisation and 

Ca2+ influx, it is plausible that M2R activation suppresses Kv7 activity. The purpose 

of this chapter was to: 1) investigate the contribution of different Kv7 subtypes 

expressed in ASM (Kv7.1, Kv7.4 & Kv7.5) to M2R-dependent contractions, and 2) 

elucidate the cellular mechanisms underlying M2R-mediated inhibition of Kv7 

channels in ASM. To achieve this, a combination of pharmacological approaches 

was employed to examine the contribution of G-protein subunits, PKA inhibition and 

PIP2 depletion in the regulation of Kv7 activity following M2R stimulation. 

Understanding this mechanistic link will provide new insights into muscarinic 

receptor regulation of ASM excitability and may identify potential therapeutic targets 

for AHR in obstructive lung diseases. 
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5.2. Results 

 

5.2.1. Contribution of Kv7.1 channels in M2R-mediated contractions of ASM 

Data in Chapter 4 reported that Kv7.1, Kv7.4 and Kv7.5 were expressed in 

ASM and that activation of M2Rs inhibited Kv7.1, Kv7.4 and Kv7.5 currents when 

co-expressed with each of these subtypes in HEK293 cells. We targeted these three 

Kv7 subtypes to examine their involvement in M2R-mediated contractions of ASM. 

Experiments were first performed to examine the involvement of Kv7.1 channels in 

M2R-mediated ASM contractions. The selective Kv7.1 channel blocker, chromanol 

293B (30 µM), was applied during EFS-induced contractions delivered at 100 s 

intervals. In contrast to the effects of the non-selective Kv7 blocker XE991 (Figure 

4.2), application of chromanol 293B did not enhance the amplitude of ASM 

contractions evoked by EFS at 100 s intervals (Figure 5.1A and B). Mean contraction 

amplitude induced by EFS at 100s intervals was 1.8 ± 0.2 mN, compared to 1.9 ± 

0.3 mN in chromanol 293B (ns, n = 6). To further test the role of Kv7.1 channels, we 

examined the effect of the Kv7.1 activator ML277 (10 µM) on ASM during EFS 

stimulation at 10 s intervals, to induce M2R-dependent potentiation of the 

responses. Figure 5.2A shows that addition of ML277 failed to reduce contraction 

amplitude. Mean contraction amplitude was 3.97 ± 0.3 mN under control conditions 

(at EFS 10 s intervals), compared to 3.9 ± 0.3 mN in the presence of ML277 (ns, n 

= 6; Figure 5.2C). M2R-dependent contractions of ASM evoked by carbachol, in the 

presence of the M3R antagonist 4-DAMP, were also unaffected by ML277 (Figure 

5.2B and D). These findings indicate that blocking Kv7.1 channels did not enhance 

contractions of ASM and that activation of Kv7.1 channels did not reduce the 

amplitude of M2R-dependent contractions of ASM, suggesting that Kv7.1 channels 

were unlikely to have a major role in M2R-mediated contractions of ASM. 

 

5.2.2. Effect of the Kv7.4 channel activator, ICA069673 on M2R-mediated ASM 

contractions 

Brueggemann et al. (2014) reported that ICA069673 robustly activated Kv7.4 

channels but was significantly less effective on homomeric Kv7.5 channels [471]. 

We investigated the effects of ICA069673 on Kv7.4 and Kv7.5 currents recorded 

from HEK293 cells. Currents were evoked using the voltage protocol illustrated in 

the inset of Figure 5.3. Application of ICA069673 (30 µM) markedly enhanced Kv7.4 

current amplitude, produced a negative shift in the voltage-dependence of 



 

128 
 

activation, and slowed current deactivation. Representative families of currents, 

recorded under control conditions and during ICA069673 application, are shown in 

Figures 5.3A and B, respectively. The corresponding activation curves (Figure 5.3C) 

demonstrate that ICA069673 shifted the V1/2 of activation from -33.8 ± 1.5 mV to -

79.3 ± 3.7 mV (p<0.01, n=7). Furthermore, the mean tau of deactivation of Kv7.4 tail 

currents recorded at -120 mV increased from 18.3 ± 2.6 msec (control) to 91.7 ± 9.1 

msec in the presence of ICA069673 (p<0.001, n=7; Figure 5.3D). In contrast, 

ICA069673 had minimal effects on Kv7.5 currents (Figure 5.4A and B). The 

summary activation curves in Figure 5.4C show only a slight shift in the V1/2 of 

activation from -45.4 ± 0.9 mV to -47.1 ± 4.3 mV (ns, n=6). Similarly, the mean tau 

of deactivation showed no notable alteration, changing from 59.7 ± 13.1 msec under 

control conditions to 63.7 ± 11.4 msec in the presence of ICA069673 (ns, n=6; Figure 

5.4D). These results confirm that ICA069673 enhanced Kv7.4 channel activity with 

little effect on Kv7.5, indicating that it is a useful pharmacological probe to examine 

the contribution of Kv7.4 channels to M2R-mediated ASM contraction. The 

experiments summarised in Figure 5.5 demonstrate that ICA069673 could also 

reverse the inhibitory effects of carbachol on Kv7.4 currents recorded from HEK293 

cells co-expressing M2Rs and Kv7.4, as established in Figure 4.16. Summary 

activation (G/Gmax) curves showed that CCh reduced the Gmax of Kv7.4 currents at 

+50 mV from 1.0 ± 0 to 0.61 ± 0.07 (p<0.01, n=7) and subsequent addition of 

ICA069673 increased the Gmax to 0.9 ± 0.07 (p>0.05, n=7; Figure 5.5B).  

 

Next, we examined the effects of ICA069673 on M2R-dependent potentiation 

of EFS-evoked contractions of ASM. Figure 5.6A is a representative trace which 

shows that ICA069673 (30 μM) partially reversed the stimulatory effects induced by 

reduction in stimulus interval from 100 to 10 s. The summary data in Figure 5.6C 

indicate that reducing the stimulus interval to 10 s increased the mean contraction 

amplitude from 1.4 ± 0.1 to 3.8 ± 0.2 mN (p<0.0001, n=7) and that subsequent 

addition of ICA069673 reduced mean contraction amplitude to 2.3 ± 0.2 mN 

(p<0.001, n=7). The effect of ICA069673 on M2R-dependent contractions of ASM 

was further investigated by examining their effects on 4-DAMP-resistant 

contractions induced by CCh. The data shown in Figure 5.6B demonstrate that the 

phasic contractions which remained in the presence of 4-DAMP (3 nM) were 

abolished by ICA069673. The mean contraction area was reduced from 2703 ± 
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248.8 to 262.5 ± 84.3 mN.s (p<0.001, n=6) in the presence of ICA069673 (Figure 

5.6D). These data suggest that opening of Kv7.4 channels can inhibit M2R-

dependent contractions of ASM. 

 

5.2.3. Effect of the Kv7.4 and Kv7.5 channel activator, ML213 on M2R-

mediated ASM contractions 

In addition to ICA069673, Brueggemann et al. (2014) reported that another 

Kv7 channel activator, ML213 markedly increased the maximum conductance of 

both Kv7.4 and Kv7.5 channels. We examined the effects of ML213 on Kv7.4 and 

Kv7.5 currents recorded from transfected HEK293 cells using whole-cell patch-

clamp recordings. As shown in Figures 5.7A and B, ML213 (5 µM) enhanced Kv7.4 

current amplitude, produced a negative shift in voltage-dependence of activation, 

and prolonged current deactivation. Summary activation curves (Figure 5.7C) 

indicate that ML213 increased the mean Gmax of Kv7.4 currents from 1.0 to 1.6 ± 

0.08 (p<0.001, n=6) and shifted the V1/2 to more negative potentials. The mean tau 

of deactivation measured from tail currents increased from 17.15 ± 1.4 msec (in 

control) to 43.0 ± 4.6 msec in the presence of ML213 (p<0.01, n=6; Figure 5.7D). 

ML213 produced even greater effects on Kv7.5 currents (Figure 5.8A and B). The 

activation curves in Figure 5.8C demonstrate that ML213 shifted the V1/2 of activation 

from -46.6 ± 2.3 mV to -84.5 ± 7.3 mV (p<0.05, n=6) and increased Gmax from 0.98 

± 0.01 to 2.6 ± 0.3 (p<0.01, n=6). The mean tau of deactivation at -120 mV increased 

from 46.2 ± 3.3 msec to 100 ± 9.8 msec (p<0.001, n=6; Figure 5.8D). 

 

The experiments summarised in Figures 5.9 and 5.10 demonstrate that 

ML213 also reversed the inhibitory effects of M2R activation (via CCh) on Kv7.4 and 

Kv7.5 currents, respectively. In Kv7.4 and M2R-expressing cells, addition of CCh 

(10 µM) reduced Gmax from 1.0 to 0.61 ± 0.04 (p<0.001, n=6), while subsequent 

addition of 5 µM ML213 restored Gmax to 1.04 ± 0.1 (p<0.01, n=6; Figure 5.9B). A 

similar trend was observed in M2R and Kv7.5 co-expressing cells (Figure 5.10B), 

where CCh reduced Gmax from 0.96 ± 0.02 to 0.49 ± 0.09 (p<0.01, n=6), and ML213 

subsequently increased it to 1.9 ± 0.2 (p<0.01, n=6). These findings demonstrate 

that ML213 reversed the M2R-mediated inhibition of Kv7.4 and Kv7.5 channels. 
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We next examined whether ML213 could attenuate M2R-dependent 

potentiation of EFS-evoked ASM contractions. Representative traces (Figures 5.11A 

and C) show that 5 µM ML213 abolished the M2R-mediated enhancement in 

contraction amplitude, reducing the mean contraction amplitude from 3.3 ± 0.3 mN 

to 0.98 ± 0.2 mN (p<0.01, n=6). ML213 also decreased mean contraction area 

evoked by CCh, in the presence of 4-DAMP, from 3050 ± 37 to 225.1 ± 121.2 mN.s 

(p<0.001, n=7; Figure 5.11B and D). 

 

The experiments above show that ML213 had greater effects than 

ICA069673, indicating that activation of both Kv7.4 and Kv7.5 channels had greater 

effects than activation of Kv7.4 alone. This was examined further by examining if 

ML213 induced additional inhibitory effects when applied to tissues already 

pretreated with ICA069673. Figure 5.12A shows that the addition of ML213, in the 

presence of ICA069673, further suppressed EFS-evoked contractions of ASM. 

Summary data (Figure 5.12B) show that ICA069673 reduced mean contraction 

amplitude from 3.8 ± 0.2 mN to 2.3 ± 0.2 mN (p<0.01, n=7) and that subsequent 

ML213 application further decreased it to 1.05 ± 0.05 mN (p<0.0001, n=7). These 

results indicate that pharmacological activation of Kv7.4 and Kv7.5 channels 

reversed M2R-dependent inhibition of Kv7.4 and Kv7.5 currents in HEK293 cells 

and inhibited M2R-dependent contractions of ASM. Kv7.4 and Kv7.5 are known to 

co-assemble to form heterotetramers, therefore we examined whether activation of 

M2Rs was able to reduce the amplitude of currents recorded from HEK293 cells co-

expressing M2Rs with both Kv7.4 and Kv7.5. Data shown in Figure 5.13 shows that 

CCh reduced the mean Gmax of Kv7.4/7.5 currents by 41.5% (p<0.001, n=7). 

 

Control experiments were performed to confirm that the inhibitory effects of 

CCh on Kv7.4 and Kv7.5 currents were mediated by activation of M2Rs (Figures 

5.14 and 5.15). When CCh was applied to HEK293 cells expressing Kv7.4, without 

M2Rs, it did not reduce the amplitude or affect the voltage-dependence of activation 

of the Kv7.4 currents (Figures 5.14A and B). The summary activation curves (Figure 

5.14C) show that the mean Gmax shifted from 1.0 to 0.96 ± 0.03 (ns, n=7) in the 

presence of CCh. CCh was similarly ineffective on HEK293 cells only expressing 

Kv7.5 (Figures 5.15A-C). These findings confirm that CCh does not directly 

modulate Kv7.4 or Kv7.5 channels and that the inhibitory effects observed 

previously in co-expressing cells were specifically mediated via M2R activation. 
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5.2.4. Role of the adenylate cyclase-cyclic AMP pathway in M2R-mediated 

inhibition of Kv7 channels 

M2Rs couple to Gi α subunits which inhibit adenylate cyclase and suppress 

cAMP/PKA signalling pathways [158]. Mani et al. (2016) reported that activation of 

the cAMP/PKA signalling pathway enhanced Kv7.5, but not Kv7.4 currents [465] and 

Brueggemann et al. (2018) demonstrated that Kv7.5 currents recorded from cultured 

human ASM cells were augmented by activation of the cAMP/PKA pathway [299]. 

Therefore, we investigated the effects of the PKA activator 6MB-cAMP (300 μM) on 

Kv7.4 and Kv7.5 currents recorded from HEK293 cells. As shown in Figure 5.16A 

and B, Kv7.4 currents were not enhanced by 6MB-cAMP. In 6 cells, the Gmax of Kv7.4 

currents recorded at +50 mV was reduced by 6MB-cAMP, from 0.99 ± 0.001 to 0.7 

± 0.06 (p<0.0.01, n=6, Figure 5.15C). In contrast, 6MB-cAMP enhanced the 

amplitude of Kv7.5 currents across the voltage range and negatively shifted the V1/2 

of activation from -42.8 ± 1.5 to -54.7 ± 4.4 mV (p<0.001, n=6, Figures 5.17). The 

summary activation curves illustrated in Figure 5.17C show that the Gmax increased 

from 0.98 ± 0.02 in control to 1.35 ± 0.1 in the presence of 6MB-cAMP (p<0.05, n=6)  

and the tau of deactivation increased from 56.3 ± 3.7 msec in control to 81.3 ± 10.8 

msec in the presence of 6MB-cAMP (p<0.05, n=6; Figure 5.17D).  

 

We then investigated if M2R-dependent contractions of ASM were inhibited 

by activation of PKA. Figure 5.18A shows a representative isometric tension 

recording demonstrating that 6MB-cAMP (100 μM) reversed the M2R-dependent 

augmentation of cholinergic nerve-evoked contractions of ASM elicited by a 

reduction in stimulus interval from 100 to 10 s. Summary data in Figure 5.18C 

demonstrate that 6MB-cAMP reduced the mean amplitude of EFS-evoked 

contractions of ASM at 10 s intervals from 4.4 ± 0.3 to 1.7 ± 0.2 mN (p<0.0001, n=6). 

To further examine regulation of M2R responses by the cAMP/PKA pathway, we 

tested forskolin (1 µM), a direct activator of adenylate cyclase. Figure 5.18B shows 

that forskolin abolished the M2R-mediated enhancement of contraction amplitude 

when the EFS interval was reduced to 10 s. The summary data (Figure 5.18D) 

indicate that forskolin reduced mean contraction amplitude from 4.1 ± 0.4 to 1.6 ± 

0.2 mN (p<0.001, n=6). Similarly, Alkawadri (2022) also showed that 6MB-cAMP 

(100 μM) and forskolin (1 μM) abolished the M2R-dependent phasic contractions 

induced by CCh in the presence of 4-DAMP [488]. These results support the idea 
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that M2R-mediated suppression of cAMP/PKA signalling could contribute to the 

inhibition of Kv7.5 channels in ASM. 

 

5.2.5. Role of PIP2 depletion in M2R-mediated inhibition of Kv7 channels 

PIP2 is a membrane phospholipid which couples the voltage-sensing domains 

(VSDs) and pore domains (PDs) of Kv7 channels to open the channels [306, 489, 

490]. Depletion of PIP2 is known to suppress Kv7 currents [491, 492] and 

Brueggemann et al. (2020) showed that Kv7.4 channels have a higher resting affinity 

for PIP2 than Kv7.5 [493]. Therefore, we hypothesised that the inhibitory effects of 

M2R activation on Kv7.4 could be related to depletion of PIP2. To test this idea, we 

compared the effect of CCh on HEK293 cells co-expressing M2Rs and Kv7.4 

channels using patch pipettes that contained the PIP2 analogue, PIP2 diC8. Figures 

5.19A and B show families of Kv7.4 currents recorded from a cell dialysed with 200 

μM PIP2 diC8, before and in the presence of CCh, respectively. Inclusion of PIP2 

diC8 in the pipette caused a leftward shift in the activation V1/2 of Kv7.4 currents and 

greatly reduced the inhibitory effects of CCh, compared to cells that were not 

dialysed with PIP2 diC8. The summary GV curves in Figure 5.19C indicate that, in 6 

cells, CCh (10 μM) only reduced the Gmax at +50 mV by 16%, compared to 53% in 

cells not dialysed with PIP2 diC8 (Figure 4.16). The V1/2 of activation was -32.1 ± 1.8 

mV before addition of CCh compared to -35.3 ± 3.5 mV in its presence (p>0.05, 

n=6). In contrast, the inhibitory effects of CCh on Kv7.5 were unaffected by addition 

of PIP2 diC8 in the pipette solution (Figure 5.20). Addition of CCh reduced the mean 

Gmax of Kv7.5 currents at +50 mV by 46.5% from 0.92 ± 0.03 mV to 0.43 ± 0.07 mV 

(p<0.01, n=6; Figure 5.20C). These data suggest that the inhibitory effects of CCh 

on Kv7.4, but not Kv7.5, are related to depletion of PIP2. Collectively, these findings 

indicate that PIP₂ depletion contributes to M2R-mediated inhibition of Kv7.4, but not 

Kv7.5 channels, suggesting that the two subtypes differ in their PIP2 dependence 

and regulatory mechanisms during M2R activation. 
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5.3. Discussion 

 

 

 

 

 

 

 

 

 

Figure 5.21. Schematic model showing cellular pathways by which activation of M2R leads to 

contraction of ASM. Binding of ACh to postjunctional M2R induces activation of Giα subunits, 

which leads to inhibition of Kv7.5 channels via a reduction in PKA levels. Activation of Gβγ 

subunits leads to inhibition of Kv7.4 channels via stimulation of PLC and depletion of PIP2. 

Inhibition of Kv7.4 and Kv7.5 leads to membrane depolarisation and activation of LTCC. Figure 

created with a licensed version of BioRender.com. ACh, acetylcholine; ASM, airway smooth 

muscle; Cam, calmodulin; DAG, diacylglycerol; LTCC, L-type Ca2+ channel; MLC, myosin light 

chain; MLCK, myosin light chain kinase; MLCP, myosin light chain phosphatase; PIP2, 

phosphatidylinositol 4,5-bisphosphate; PLC, phospholipase C. 

 

The purpose of the experiments performed in Chapter 5 was 1) to investigate 

the contribution of Kv7.1. Kv7.4 and Kv7.5 channels to M2R-mediated contraction 

of ASM and 2) to examine the cellular mechanisms responsible for the inhibitory 

effects of M2R activation on Kv7 currents. We found that activators of Kv7.4 and 

Kv7.5 channels inhibited M2R-dependent contractions of ASM. In contrast, 

modulation of Kv7.1 failed to affect ASM contractility. The PKA activator 6MB-cAMP 

enhanced Kv7.5, but not Kv7.4 currents, and inhibited M2R-dependent contractions 

of ASM. The inhibitory effects of CCh on Kv7.4 currents were greatly reduced in cells 

dialysed with PIP2 diC8, suggesting that M2R-induced inhibition of Kv7.4 currents 

was related to depletion of PIP2. In contrast, the inhibitory effects of M2Rs on Kv7.5 

were preserved in cells dialysed with PIP2 diC8. These data suggest that 
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contractions of ASM induced by activation of M2Rs involve inhibition of Kv7.4 and 

Kv7.5 channels by pathways that involve depletion of PIP2 and reduced activation 

of PKA, respectively (Figure 5.21). 

 

In the previous chapter, we observed that application of CCh to HEK293 cells 

expressing Kv7.1 and M2Rs led to a reduction in the amplitude of Kv7.1 currents. 

However, in the present chapter, we found that cholinergic contractions of bronchial 

rings were unaffected by the Kv7.1 modulators chromanol 293B and ML277, 

suggesting that Kv7.1 channels are of little functional importance with regard to 

cholinergic contractions of ASM. This accords with the conclusions of other 

investigators who reported that Kv7.1 channels were not involved in ASM 

contraction [494, 495]. Chadha et al. (2012) found that chromanol 293B had little or 

no contractile effect in vascular smooth muscle, implying that Kv7.1 channels 

contribute little to the basal Kv7-mediated current in those vessels [495]. Moreover, 

a review by Haick and Byron (2016) noted that while Kv7.1 is transcriptionally 

expressed in smooth muscle, there is no convincing electrophysiological or 

pharmacological evidence that it contributes to smooth muscle membrane potential 

or contraction [494]. Reasons for this disparity between expression and functional 

role are unclear but could be related to modulation by KCNE3 and KCNE4 subunits 

(subunits which showed high mRNA expression in bronchial tissues; Figure 4.5B). 

High KCNE3 expression may render Kv7.1 channels constitutively open and 

voltage-independent, while KCNE4 suppresses channel activation by stabilising the 

closed state. The presence of these subunits could lead to Kv7.1 channels that are 

either continuously open or non-functional, resulting in little contribution to 

membrane potential regulation. 

 

ML213 is marketed as a selective activator of Kv7.2 and Kv7.4 channels 

[496]; however, Brueggemann et al. (2014) found that it can activate homomeric 

Kv7.4 and Kv7.5 channels, as well as heteromeric Kv7.4/Kv7.5 channels [471]. In 

contrast, ICA069673 is thought to be a selective opener of Kv7.2 and Kv7.3 

channels [497], but Brueggemann et al. (2014) showed that it can also activate 

Kv7.4 channels [471]. We found that ICA069673 enhanced Kv7.4 currents, but not 

Kv7.5, whereas ML213 enhanced both Kv7.4 and Kv7.5 currents. As Kv7.2 and 

Kv7.3 were minimally expressed in ASM, we employed ML213 and ICA069673 as 

pharmacological tools to investigate the effects of activating Kv7.4 and Kv7.5 
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channels on M2R-mediated contractions of ASM. We found that M2R-dependent 

contractions of ASM, evoked by EFS or exogenous application of CCh, were 

inhibited by both ICA069673 and ML213. However, ML213 had greater effects than 

ICA069673 and produced additional inhibitory effects when applied in the presence 

of ICA069673. While this could suggest an additional contribution of Kv7.5 channels, 

an alternative interpretation should be considered. At the concentration used (30 

µM), ICA069673 is reported to produce substantial activation of Kv7.4 channels 

(Brueggemann et al., 2014) and therefore would be expected to engage the majority 

of the available Kv7.4 channel population [471]. However, our data indicate that 

ICA069673 did not produce maximal activation, as evidenced by a relatively modest 

increase in Gmax despite a pronounced negative shift in V1/2. In contrast, subsequent 

application of ML213 resulted in a further significant increase in Gmax along with an 

additional negative shift in V1/2, suggesting that ML213 is capable of recruiting 

additional channel activity beyond that achieved with ICA069673 alone. In this 

context, the additional inhibition observed upon ML213 application may reflect 

further activation of Kv7.4 channels and/or recruitment of Kv7.4/Kv7.5 heteromeric 

channels, rather than selective engagement of Kv7.5 alone. Consistent with this, we 

found that CCh reduced the mean Gmax of Kv7.4/Kv7.5 heteromeric currents when 

co-expressed with M2Rs in HEK293 cells (Figure 5.13), demonstrating that M2R 

activation functionally suppresses heteromeric Kv7 channel activity. This supports 

the view that the observed effects are likely mediated, at least in part, through 

modulation of Kv7.4/Kv7.5 heteromeric channel complexes. 

 

Importantly, the experimental design, in which ICA069673 was applied prior 

to ML213, was based on its relatively greater reported selectivity towards Kv7.4, 

allowing an initial assessment of Kv7.4-mediated effects before introducing a 

broader Kv7 activator. While reversing the order of application (ML213 followed by 

ICA069673) could provide further insight into the extent of channel recruitment and 

maximal activation, the current findings already support the conclusion that Kv7 

channel activation exerts a strong inhibitory influence on M2R-mediated ASM 

contraction. Nevertheless, such experiments would be valuable in future studies to 

more precisely delineate the relative contributions and pharmacological behaviour 

of Kv7 channel subtypes in native tissue. 
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Bruggemann et al. (2018) reported that Kv7.5 channels were the prominent 

Kv7 subtype in cultured human ASM cells [299]. Kv7.5 currents recorded from these 

cells were enhanced by activation of the cAMP/PKA pathway, similar to effects 

demonstrated on cloned Kv7.5, but not Kv7.4 channels [465]. As M2Rs are coupled 

to Gi proteins that reduce adenylate cyclase activity and cytosolic cAMP levels [158], 

it is possible that activation of M2Rs could reduce Kv7.5 activity via inhibition of the 

cAMP/PKA pathway. We found that the PKA activator 6MB-cAMP enhanced the 

amplitude and negatively shifted the voltage-dependence of activation of Kv7.5 

currents in HEK293 cells and inhibited M2R-dependent contractions of ASM. In 

contrast, 6MB-cAMP did not affect the voltage-dependence of activation of Kv7.4 

currents and caused a slight reduction in current amplitude rather than an increase. 

This suggests that the inhibitory effects of 6MB-cAMP on M2R-dependent 

contractions of ASM are more likely to be mediated by activation of Kv7.5 than Kv7.4 

channels. However, M2R responses in ASM were also reduced by selective 

activation of Kv7.4 with ICA069673, and ICA069673 was also able to reverse the 

inhibitory effect of CCh on Kv7.4 currents in HEK293 cells, suggesting that Kv7.4 

channels also have an important regulatory role in ASM excitability.  

 

Kv7 channel activity in neurones is reduced by activation of M1R and M3Rs 

via activation of PKC, increased intracellular Ca2+ levels and depletion of PIP2, which 

stabilises the open state of Kv7 channels [297, 492, 498-500]. Addition of PIP2 has 

also been shown to restore Kv7.2/Kv7.3 channel activity, co-expressed with M1Rs 

in human tsA-201 cells [480, 501]. In the present study, we found that the inhibitory 

effects of CCh on Kv7.4 currents were diminished in cells dialysed with PIP2 diC8. 

In contrast, dialysis of PIP2 diC8 did not reduce the inhibitory effects of M2R 

activation on Kv7.5. Therefore, it is possible that M2R-dependent contractions of 

ASM involve inhibition of Kv7.4 channels via a pathway that involves PIP2 depletion. 

While Gi α subunits are not thought to activate PLC, it is recognised that Gβγ subunits 

(from Giα-Gβγ heterotrimers) can activate PLCβ isoenzymes to deplete PIP2 [502-

508]. A recent study by Pfeil et al. (2020) demonstrated that activation of PLCβ by G 

βγ subunits required priming by Gq α subunits [134]. If this is the case in ASM, it 

could explain why cholinergic contractions of ASM can be potentiated by activation 

of postjunctional M2Rs, but are fundamentally reliant on activation of M3Rs [153]. It 

is also worth noting that the net effect of M2R signalling on Kv7.4 activity by the Gβγ  
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subunits would be dependent on a balance between the stimulatory effects of Gβγ 

subunits on Kv7.4 channels [509] and inhibitory effects induced via activation of 

PLCβ and depletion of PIP2. 

 

In summary, this study demonstrated, for the first time, that activation of M2Rs 

in HEK293 cells suppressed Kv7.4 and Kv7.5 currents. The Kv7 channel openers 

ICA069673 and ML213 reversed the inhibitory effects of M2R activation on Kv7 

currents and inhibited M2R-dependent contractions of ASM. While Kv7.4 is well 

established to form functional homomeric channels, the existence of Kv7.5 as a 

homomer in native systems is less certain, with increasing evidence suggesting that 

Kv7.5 preferentially contributes to heteromeric channel assemblies, particularly with 

Kv7.4. Therefore, it is likely that the functional effects observed in this study arise, 

at least in part, from modulation of Kv7.4/Kv7.5 heteromeric channels rather than 

purely homomeric Kv7.5 populations. In this context, the greater inhibitory effect 

observed with ML213 and its additional effect in the presence of ICA069673 may 

reflect a synergistic enhancement of activity across heteromeric channel complexes. 

Mechanistically, these effects were mediated by signalling pathways involving PIP2 

depletion and inhibition of cAMP/PKA signalling. 
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Figure 5.1. Effect of Kv7.1 channel inhibitor, chromanol 293B on EFS-evoked 

contractions of ASM. (A) Representative isometric tension trace showing that chromanol 

293B (30 µM) had no effects on EFS-evoked contractions at 100 s stimulation intervals. (B) 

Summary bar chart showing the effect of chromanol 293B on EFS contractions at 100 s 

intervals (**p<0.01, n=6, N=4, one-way ANOVA).

138



A 

D

B 

100 s 10 s
5 min

1
 m

N

ML277 (10 µM)

CCh (300 nM) 4-DAMP (3 nM)
ML277 (10 µM)

10 min

1
 m

N

0

2000

4000

6000

8000

10000

C
o

n
tr

a
c

ti
o

n
 a

re
a

 (
m

N
.s

)

✱✱✱✱

✱✱✱

4-DAMPControl

6000

4000

2000

0C
o
n
tr

a
c
ti
o
n
 a

re
a
 (

m
N

.s
)

8000

10000

0

2

4

6

A
m

p
lit

u
d

e
 (

m
N

)

✱✱✱✱ ns

10 s + 

ML277

100 s 10 s

A
m

p
lit

u
d
e
 (

m
N

)

0

2

4

6C

4-DAMP

+ ML277

Figure 5.2. Effect of Kv7.1 channel activator, ML277 on EFS and CCh-evoked 

contractions of ASM. (A) Representative isometric tension trace showing that ML277 (10 

µM) did not affect the M2R-mediated enhancement of EFS-evoked contractions at 10 s 

stimulation intervals. (B) Representative trace illustrating that ML277 (10 µM) failed to 

abolish M2R contractions evoked by CCh that remained in 4-DAMP. (C) Summary bar 

chart showing the effect of ML277 on EFS contractions evoked at 10 s intervals (ns, non-

significant, ****p<0.0001, n=6, N=4, one-way ANOVA). (D) Summary bar chart showing the 

response of ML277 on contractions evoked by CCh that remained in 4-DAMP (***p<0.001, 

****p<0.0001, n=6, N=4, one-way ANOVA).
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Figure 5.3. Effects of Kv7.4 channel activator, ICA069673 on Kv7.4 currents recorded 

from HEK293 cells transfected with Kv7.4. (A) Typical families of currents obtained from 

wildtype Kv7.4 channels expressed in HEK293 cells. Voltage clamp protocol is illustrated in 

the inset. Red dotted lines represent the zero current levels. (B) Effect of ICA069673 (30 

µM) on currents from the same cell. (C) Summary activation curves obtained by measuring 

tail currents in seven cells before (black circles) and during (red circles) application of 

ICA069673 (n=7). The curves were fit with the Boltzmann equation. (D) Summary graph 

showing the increase in the deactivation time constant (𝜏) following ICA069673 treatment 

(***p<0.001, n=7, paired t-test).
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Figure 5.4. Effects of ICA069673 on Kv7.5 currents recorded from HEK293 cells 

transfected with Kv7.5. (A) Typical families of currents obtained from wildtype Kv7.5 

channels expressed in HEK293 cells. (B) Effect of ICA069673 (30 µM) on currents from the 

same cell. (C) Summary activation curves obtained by measuring tail currents before (black 

circles) and during (red circles) application of ICA069673 (n=6). The curves were fit with the 

Boltzmann equation. (D) Summary graph showing the increase in the tau of deactivation (𝜏) 
following ICA069673 treatment (ns, non-significant, n=6, paired t-test).
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before, in the presence CCh and CCh + ICA069673 (B) Summary activation curves 
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(red circles) and ICA069673 (open circles; n=7). The curves were fit with the Boltzmann 

equation.
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Figure 5.6. Effect of ICA069673 on EFS and CCh evoked M2R contractions of ASM. 

(A) Representative isometric tension trace showing that ICA069673 (30 µM) attenuated the 

M2R-mediated enhancement of EFS-evoked contractions at 10 s stimulation intervals. (B) 

Representative trace illustrating that ICA069673 (30 µM) abolished CCh-evoked 

contractions that remained in the presence of 4-DAMP. (C) Summary bar chart showing the 

effect of ICA069673 on EFS contractions at 10s intervals (***p<0.001, ****p<0.0001, n=7, 

N=4, one-way ANOVA). (D) Summary bar chart depicting the response of ICA069673 on 

M2R response evoked by CCh and 4-DAMP (**p<0.01, ****p<0.0001, n=6, N=5, one-way 

ANOVA).
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Figure 5.7. Effects of Kv7.4 and Kv7.5 channel activator, ML213 on Kv7.4 currents 

recorded from HEK293 cells transfected with Kv7.4. (A) Typical families of currents 

obtained from wildtype Kv7.4 channels expressed in HEK293 cells. (B) Effect of ML213 (5 

µM) on currents from the same cell. (C) Summary activation curves obtained by measuring 

tail currents before (black circles) and during (red circles) application of ML213 (n=6). The 

curves were fit with the Boltzmann equation. (D) Summary graph showing the increase in 

the tau of deactivation following ML213 treatment (**p<0.01, n=6, paired t-test).
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Figure 5.8. Effects of ML213 on Kv7.5 currents recorded from HEK293 cells 

transfected with Kv7.5. (A) Typical families of currents obtained from wildtype Kv7.5 

channels expressed in HEK293 cells. (B) Effect of ML213 (5 µM) on currents from the 

same cell. (C) Summary activation curves obtained by measuring tail currents before (black 

circles) and during (red circles) application of ML213 (n=6). The curves were fit with the 

Boltzmann equation. (D) Summary graph showing the increase in the tau of deactivation 

following ML213 treatment (***p<0.001, n=6, paired t-test).
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Figure 5.9. Effects of ML213 on M2R and Kv7.4 currents in the presence of carbachol 

(A) Representative families of currents recorded from HEK293 cells expressing M2R and 

Kv7.4 before and during the presence of CCh and CCh and ML213. CCh application 

reduced the current amplitude with ML213 (5 μM) reversed the effect of CCh. (B) Summary 

activation curves obtained by measuring tail currents before (black circles) and during 

application of CCh (red circles) and ML213 (open circles; n=6). The curves were fit with the 

Boltzmann equation.
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Figure 5.10. Effects of ML213 on M2R and Kv7.5 currents in the presence of 

carbachol (A) Typical families of currents obtained from HEK293 cells transfected with 

M2Rs and Kv7.5. CCh reduced the current amplitude and this effect was reversed by 

ML213 (5 μM). (B) Summary activation curves obtained by measuring tail currents before 
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The curves were fit with the Boltzmann equation.
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Figure 5.11. Effect of ML213 on EFS and CCh-evoked M2R contractions of ASM. (A) 

Representative isometric tension trace showing that ML213 (5 µM) attenuated the M2R-

mediated enhancement of EFS-evoked contractions at 10 s stimulation intervals. (B) 

Representative trace illustrating that ML213 (5 µM) reduced the CCh-evoked contractions 

that remained in the presence of 4-DAMP. (C) Summary bar chart plotting mean amplitude 

of contractions evoked by EFS at 100 s and 10 s intervals and at 10 s intervals in the 

presence of ML213 (**p<0.01, n=6, N=4, one-way ANOVA). (D) Summary bar chart 

showing mean contraction amplitude evoked by CCh before and during 4-DAMP and 4-

DAMP plus ML213 (***p<0.001, n=7, N=4, one-way ANOVA).
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Figure 5.12. Effect of co-administration of ICA069673 and ML213 on EFS-evoked 

contractions of ASM. (A) Representative isometric tension trace showing that ICA06963 

(30 µM) reduced the M2R-mediated enhancement of EFS-evoked contractions at 10 s 

stimulation intervals. Addition of ML213 (5 µM) further reduced the amplitude of the 

contractions. (B) Summary bar chart showing the effect of ICA069673 and ML213 on EFS 

contractions at 10 s intervals (**p<0.01, ****p<0.0001, n=7, N=5, one-way ANOVA).
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Figure 5.13. Effects of carbachol (10 µM) on M2R and Kv7.4 + Kv7.5 currents. 

(A) Families of currents, recorded from HEK293 cells co-expressing M2R with Kv7.4 and 

Kv7.5 heterotetramer. Dotted lines represent the zero current levels. (B) Families of currents, 

recorded in the presence of carbachol (10 μM) from the same HEK293 cells co-expressing 

M2R with Kv7.4/7.5 (C) Summary activation curves obtained by measuring tail currents before 

(black circles) and during (red circles) application of carbachol (n=7). The curves were fit with 

the Boltzmann equation.
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Figure 5.14. Effects of carbachol on Kv7.4 currents recorded from HEK293 cells 

transfected with Kv7.4. (A) Typical families of currents obtained from wildtype Kv7.4 

channels expressed in HEK293 cells. (B) Effect of CCh (10 µM) on currents from the same 

cell. (C) Summary activation curves obtained by measuring tail currents in seven cells 

before (black circles) and during (red circles) application of CCh (n=7). The curves were fit 

with the Boltzmann equation.
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Figure 5.16. Effects of PKA activator, 6MB-cAMP on Kv7.4 currents recorded from 

HEK293 cells transfected with Kv7.4. (A) Typical families of currents obtained from 

wildtype Kv7.4 channels expressed in HEK293 cells. (B) Effect of 6MB-cAMP (300 µM) on 

currents from the same cell. (C) Summary activation curves obtained by measuring tail 

currents before (black circles) and during (red circles) application of 6MB-cAMP (n=6). The 

curves were fit with the Boltzmann equation. (D) Summary graph showing the increase in 

the tau of deactivation following 6MB-cAMP treatment (ns, non-significant, n=6, paired t-

test).
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Figure 5.17. Effects of 6MB-cAMP on Kv7.5 currents recorded from HEK293 cells 

transfected with Kv7.5. (A) Typical families of currents obtained from wildtype Kv7.5 

channels expressed in HEK293 cells. (B) Effect of 6MB-cAMP (300 µM) on currents from 

the same cell. (C) Summary activation curves obtained by measuring tail currents before 

(black circles) and during (red circles) application of 6MB-cAMP (n=6). The curves were fit 

with the Boltzmann equation. (D) Summary graph showing the increase in the tau of 

deactivation following 6MB-cAMP treatment (*p<0.05, n=6, paired t-test).
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Figure 5.18. Effect of 6MB-cAMP and adenylate cyclase activator, forskolin on EFS-

evoked contractions of ASM. (A) Representative isometric tension trace showing that 

6MB-cAMP (100 µM) attenuated the M2R-mediated enhancement of EFS-evoked 

contractions at 10 s stimulation intervals. (B) Representative trace illustrating that forskolin 

(1 μM) reversed the increase in contraction amplitude induced  by reducing the stimulation 

interval from 100 s to 10 s. (C) Summary bar chart showing the effect of 6MB-cAMP on 

EFS contractions at 10 s intervals (****p<0.0001, n=6, N=6, one-way ANOVA). (D) 

Summary bar chart showing the effect of forskolin on EFS contractions at 10 s intervals 

(**p<0.01, ***p<0.001, n=6, N=5, one-way ANOVA).
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Figure 5.19. Effects of carbachol on Kv7.4 currents recorded from HEK293 cells 

dialysed with the PIP2 analogue, PIP2 diC8. (A) Typical families of currents obtained from 

Kv7.4 channels in HEK293 cells transfected with M2R and Kv7.4. Potassium pipette 

solution contained PIP2 diC8 (200 μM) in it. (B) Effect of carbachol (10 µM) on currents 

from the same cell. (C) Summary activation curves obtained by measuring tail currents in 

six cells before (black circles) and during (red circles) application of CCh (ns, non-

significant, n=6). The curves were fit with the Boltzmann equation.
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Figure 5.20. Effects of carbachol on M2R and Kv7.5 currents recorded from HEK293 

cells dialysed with PIP2 diC8. (A) Typical families of currents obtained from Kv7.5 

channels in HEK293 cells transfected with M2R and Kv7.5. Potassium pipette solution 

contained PIP2 diC8 (200 μM) in it. (B) Effect of carbachol (10 µM) on currents from the 

same cell. (C) Summary activation curves obtained by measuring tail currents in patches 
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test). The curves were fit with the Boltzmann equation.

157



 

158 
 

Chapter 6 

 

Involvement of Ca2+ buffering by the SERCA pump and Ano1 Ca2+-

activated Cl− channels in M2R-mediated ASM contractions 
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6.1. Introduction 

Data in the previous chapters demonstrated that M2R-dependent 

contractions of ASM involve Ca2+ influx via LTCC, possibly by a mechanism involving 

inhibition of Kv7.4 and Kv7.5 channels. Janssen et al. (1999) reported that Ca2+ 

influx via LTCC in canine tracheal myocytes was heavily buffered by the activity of 

SERCA pumps present on the superficial SR located in close proximity to the plasma 

membrane  [355]. This mechanism, whereby the superficial SR is able to remove 

Ca2+ which enters smooth muscle cells before it can reach the myofilaments was 

referred to as the superficial buffer barrier (SBB) hypothesis [356-358]. In vascular 

smooth muscle, inhibition of the SBB has been proposed as a mechanism to 

enhance agonist-induced contractions resulting from the opening of VDCCs [358]; 

however, it is not yet known if this mechanism contributes to the contraction of ASM. 

Importantly, Mahn et al. (2009) observed reduced SERCA protein expression in ASM 

cells isolated from asthmatic patients compared with those from healthy individuals, 

suggesting a pathophysiological link between impaired Ca2+ reuptake and AHR 

[359]. 

 

ASM cells express abundant Ano1 CACC [510]. However, the functional 

contribution of Ano1 channels to cholinergic contractions of the airways remains 

controversial. Previous studies reported that CACC blockers, including niclosamide 

and benzbromarone, could relax ASM [256, 260, 266]. However, it is now recognised 

that these agents have off-target effects [267]. In contrast, Ani9, a more potent and 

selective Ano1 inhibitor did not affect CCh-induced contractions of human or mouse 

ASM [267, 511, 512]. Wang et al. (2018) reported that contractions of ASM induced 

by MCh (10 µM) remained intact in mice lacking Ano1 channels, but responses 

induced by lower concentrations (300 nM) were 50% smaller than their wild-type 

(WT) counterparts [513]. Therefore, it is possible that Ano1 CACC contribute to 

cholinergic contractions of ASM, but only to responses evoked by low concentrations 

of cholinergic agonist. The purpose of the experiments contained in the present 

chapter was to investigate if the M2R-mediated component of cholinergic ASM 

contractions involves inhibition of SERCA activity and activation of Ano1 CACC. 
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6.2. Results 

 

6.2.1. Distribution and expression of SERCA in airway smooth muscle cells 

Janssen et al. (1999) reported that Ca2+ influx via LTCC in canine tracheal 

myocytes was heavily buffered by the activity of SERCA pumps present on the 

superficial SR located in close proximity to the plasma membrane [355]. Given the 

reliance of M2R-dependent contractions of ASM on Ca2+ influx via LTCC we 

investigated the hypothesis that M2R-dependent contractions of ASM involve 

inhibition of SERCA adjacent to the plasma membrane, leading to reduced buffering 

of Ca2+ influx via LTCC. This concept is contingent on SERCA being located at the 

periphery of ASM cells; therefore, we examined the cellular distribution of SERCA2 

in isolated murine ASM cells using immunocytochemistry with selective SERCA2 

antibodies. The reason we looked at only SERCA2 is that it is the dominant SERCA 

isoform in smooth muscle. In contrast, SERCA1 is almost exclusively expressed in 

fast-twitch skeletal muscle fibres and is essentially absent from ASM. SERCA3 

expression is mainly confined to non-muscle cell types such as endothelial cells, 

immune cells, and some epithelial tissues, and where it is present, it generally shows 

much lower expression and activity in contractile smooth muscle compared to 

SERCA2 [514-517]. The data in Figure 6.1A show dense SERCA2 staining around 

the periphery of ASM cells, along with some staining around the perinuclear region. 

The qPCR data in Figure 6.1B indicate that SERCA2B was the most highly 

expressed SERCA isoform in mice bronchial tissues. This suggests that in ASM 

cells, SERCA2B is predominantly expressed in the cell periphery near the plasma 

membrane, allowing it to buffer Ca2+ entry via LTCC. 

 

6.2.2. Effect of SERCA inhibition on contractions of ASM evoked by activation 

of LTCC 

To establish if inhibition of SERCA led to enhanced LTCC-dependent 

contractions of ASM, we investigated if contractions induced by the LTCC activator, 

FPL 64176 were enhanced by inhibition of SERCA using thapsigargin, which has 

been shown to be an irreversible inhibitor of the SERCA pump [518]. Figure 6.2A 

shows that FPL 64176, applied at 300 nM and 1 µM, induced a series of rapid phasic 

contractions. When reapplied to the same muscle strip in the presence of 

thapsigargin (1 µM), its effects were dramatically increased. The summary data in 
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Figure 6.2B shows that mean contraction area induced by FPL 64176 (300 nM) 

increased from 221.1 ± 172.1 mN.s under control conditions to 1072 ± 662.3 mN.s 

in the presence of thapsigargin (p<0.05, n=6). Contractions induced by FPL 64176 

(1 µM) increased from 776 ± 540.5 mN.s under control conditions to 2,686 ± 1574 

mN.s in the presence of thapsigargin (p<0.05, n=6). These data suggest that Ca2+ 

influx via LTCC in ASM cells is dampened by the Ca2+ buffering capacity of SERCA 

pumps and that inhibition of SERCA enhanced contractions that were induced by 

Ca2+ influx via LTCC. 

 

6.2.3. Effect of SERCA inhibition on EFS and CCh-induced contractions of 

ASM 

We next examined whether inhibition of SERCA enhanced the amplitude of 

cholinergic nerve-evoked contractions of ASM and, if so, whether these responses 

were inhibited by blockade of LTCC. The representative trace and summary data in 

Fig. 6.3A and B show that application of SERCA inhibitor, thapsigargin (1 µM) 

increased the amplitude of EFS-evoked contractions of ASM, at 100 s intervals, from 

1.38 ± 0.1 mN under control conditions to 3.2 ± 0.3 mN (p<0.01, n=6). By way of 

example, reducing the stimulus interval to 10 s in the same muscle strips increased 

contraction amplitude to 3.5 ± 0.5 mN (p<0.05, n=6). Addition of nifedipine reduced 

the mean amplitude of responses recorded in the presence of thapsigargin to 

0.7 ± 0.08 mN (p<0.01, n=6; Figure 6.3A and B). 

 

Figure 6.4A shows that thapsigargin (1 µM) enhanced contractions induced 

by CCh that remained in the presence of 4-DAMP, and this effect was also reversed 

by 1 µM nifedipine. In 6 preparations, addition of thapsigargin increased mean 

contraction area from 1312 ± 295 to 2761 ± 312 mN.s (p<0.001, n=6) and addition 

of nifedipine reduced contraction area to 464.7 ± 165.7 mN.s (p<0.001, n=6, Figure 

6.4B). Experiments were also performed to investigate whether thapsigargin could 

mimic the M2R effects and restore oscillatory contractions in M2R KO mice. As 

shown in Figure 6.5A, addition of 4-DAMP (3 nM) in the presence of 300 nM CCh 

failed to elicit oscillatory contractions, confirming the absence of functional M2R 

activity. However, subsequent application of thapsigargin (1 μM) induced oscillatory 

contractions, resembling M2R-mediated responses. This activity was also abolished 

by nifedipine, indicating LTCC involvement. The summary data in Figure 6.5B show 

that CCh increased mean contraction area to 3277 ± 386 mN.s, which was reduced 



 

162 
 

to -36.1 ± 69.2 mN.s (p<0.01, n=6) in 4-DAMP. Further addition of thapsigargin 

increased mean contraction area to 982.4 ± 257.5 (p<0.05, n=6) and this effect was 

sensitive to nifedipine, which reduced mean contraction area to 81.1 ± 47.2 (p<0.05, 

n=6). Therefore, it is evident that inhibition of SERCA enhanced cholinergic nerve-

evoked contractions of ASM, similar to the effects of M2R activation, and that this 

effect was reliant on Ca2+ influx via LTCC. It is also noteworthy that nifedipine had a 

greater effect on EFS responses at 100 s intervals in the presence of thapsigargin 

than in its absence (Figure 3.1A and C). 

 

6.2.4. Effect of Kv7 channel modulators and thapsigargin on M2R-mediated 

contractions of ASM 

Thus far, our data indicate that thapsigargin and XE991 were both able to 

potentiate EFS-induced contractions of ASM, albeit to a lesser extent than reducing 

the stimulus interval to 10 s. Therefore, we next examined whether these effects 

were cumulative by investigating whether XE991 produced additional stimulatory 

effects on EFS-evoked contractions of ASM when thapsigargin was already present. 

Figure 6.6A shows that the addition of a low concentration of thapsigargin (300 nM) 

elevated the amplitude of EFS-induced contractions at 100 s intervals. 

Coadministration of 10 μM XE991 caused a further increase in contraction amplitude 

and also induced an increase in basal contractile activity. These effects were 

reversed by 1 μM nifedipine. Summary data in Figure 6.6B shows that thapsigargin 

increased the mean contraction amplitude from 0.72 ± 0.11 under control conditions 

to 1.1 ± 0.1 mN (p<0.01, n=6) and addition of 10 µM XE991 further increased 

contraction amplitude to 1.71 ± 0.12 mN (p<0.01, n=6). The combined effects of 

thapsigargin and XE991 were comparable to the effects induced by reducing the 

stimulus interval to 10 s (1.7 ± 0.2 mN). Nifedipine reduced contraction amplitude to 

0.47 ± 0.14 mN (p<0.001, n=6). Together, these findings suggest that M2R-mediated 

Kv7 inhibition occurs independently of SERCA inhibition and that both mechanisms 

can synergistically enhance ASM excitability and contractility. 

 

The experiments shown in Figures 6.7A and C demonstrate that opening of 

Kv7 channels with zinc pyrithione (3 µM) markedly attenuated the thapsigargin-

induced enhancement of EFS-evoked contractions at 100 s intervals, reducing 

mean contraction amplitude from 3.2 ± 0.3 mN to 1.6 ± 0.2 mN (p<0.05, n=6). 

Figures 6.7B and D show that zinc pyrithione greatly diminished contractions evoked 
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by CCh in the presence of 4-DAMP and thapsigargin. Thapsigargin increased the 

mean contraction area recorded in the presence of CCh and 4-DAMP from 1780 ± 

170.7 mN.s to 3824 ± 289.1 mN.s (p<0.01, n=6) and subsequent addition of zinc 

pyrithione decreased it to 314.8 ± 124.1 mN.s (p<0.001, n=6). 

 

6.2.5. Effect of Ano1 CACC on M2R-mediated contractions of ASM 

The results obtained so far indicate that M2R-dependent contractions of ASM 

may involve inhibition of SERCA and activation of LTCC. We reasoned that SERCA 

inhibition could increase Ca2+ concentration in the subsarcolemmal space between 

the SR and the plasma membrane, such that it could activate Ca2+-activated 

channels such as Ano1 CACC. To test this, we examined the effect of a selective 

Ano1 inhibitor, Ani9 on EFS-induced contractions of ASM in the presence of 

thapsigargin. As shown in Figure 6.8A, application of 1 µM Ani9 reversed the 

thapsigargin-mediated enhancement of EFS-evoked contractions at 100 s intervals. 

The summary data in Figure 6.8B show that 1 µM thapsigargin increased mean 

contraction amplitude from 0.8 ± 0.1 mN to 1.7 ± 0.1 mN (p<0.01, n=7), and 

subsequent addition of Ani9 reduced the amplitude to 0.65 ± 0.04 mN (p<0.001, 

n=7). Similarly, Ani9 markedly attenuated the effect of thapsigargin on 4-DAMP-

resistant contractions induced by CCh (Figures 6.9A and B). Ani9 reduced mean 

contraction area from 4463 ± 943.3 mN.s to 501.6 ± 340.4 mN.s (p<0.01, n=6), 

supporting a role of Ano1 CACC in thapsigargin-induced contractions of ASM. 

 

We next investigated if activation of Ano1 channels contributed to M2R-

dependent contractions of ASM. Data in Figure 6.10A shows that, similar to the 

effects of nifedipine, Ani9 (1 µM) had little effect on contractions of ASM induced by 

EFS at 100 s intervals. However, it reversed the enhancement of these contractions 

elicited by a reduction in stimulus interval to 10 s (from 1.4 ± 0.11 to 0.44 ± 0.08 mN, 

p<0.01, n=6, Figure 6.10B & D). Similarly, Ani9 abolished 4-DAMP-resistant 

contractions of ASM induced by CCh (Figure 6.11B) but had no effects on CCh 

responses in the absence of 4-DAMP (Figure 6.11A). Summary data in Figure 6.11D 

illustrates that addition of Ani9 reduced mean contraction area from 1334 ± 231 

mN.s to -11.48 ± 278 mN.s (p<0.01, n=7). To rule out the possibility that the inhibitory 

effects of Ani9 involved an action on nerves, the experiment was repeated in the 

presence of TTX (1 µM). Figure 6.12A shows that TTX did not affect the oscillatory 

contractions of ASM induced by CCh or the inhibitory effects of Ani9 on these 
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responses. The summary data shown in Figure 6.12B demonstrate that 300 nM CCh 

increased mean contraction area to 6531 ± 659.7 mN.s, which was reduced to 1621 

± 405.6 mN.s upon addition of 4-DAMP (p<0.01, n=6). Subsequent application of 1 

µM Ani9 further decreased mean contraction area to 156.7 ± 202.1 mN.s (p<0.05, 

n=6). These findings indicate that M2R-dependent contractions of ASM are inhibited 

by blockade of Ano1 channels. 

 

To further examine the involvement of Ano1 channels in M2R-mediated ASM 

contractions, we examined the effects of another Ano1 blocker, CaCCinh-A01. As 

shown in Figure 6.13A, application of 10 µM CaCCinh-A01 abolished the M2R-

mediated enhancement of contraction amplitude at EFS 10 s intervals, consistent 

with the effects observed with Ani9. The summary data in Figure 6.13C indicate that 

CaCCinh-A01 significantly reduced the mean contraction amplitude from 2.9 ± 0.3 

mN to 1.5 ± 0.3 mN (p<0.001, n=6). Likewise, CaCCinh-A01 markedly inhibited 

CCh-induced contractions that persisted in the presence of 4-DAMP (Figure 6.13B), 

decreasing the mean contraction area from 1775 ± 219.4 mN.s to -39.2 ± 33.86 

mN.s (p<0.001, n=7; Figure 6.13D). These findings suggest an important role for 

Ano1 channels in M2R-dependent contractions of ASM. 
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6.3. Discussion 

 

 

 

 

 

 

 

 

 

 

Figure 6.15. Model showing cellular mechanism underlying contractions of ASM induced by EFS at 

(A) 100 s intervals and (B) 10 s intervals. At 100 s intervals, EFS-evoked contractions of ASM are 

mediated by activation of M3Rs leading to release of Ca2+ from the sarcoplasmic reticulum via IP3Rs. 

Ca2+ influx via LTCC is buffered by the activity of SERCA pumps at peripheral sarcoplasmic reticulum. 

Reducing the stimulus interval to 10 s leads to activation of M2Rs. M2R activation induces inhibition 

of SERCA, possibly via phosphorylation of phospholamban (PLB), resulting in reduced buffering of 

Ca2+ influx via LTCC. Increased Ca2+ levels in the subsarcolemmal space activate Ano1 CACC, 

leading to Cl- efflux, inhibit Kv7 channel, causing K+ accumulation, membrane depolarisation and 

further activation of LTCC. Increased cytosolic Ca2+ levels increase contraction amplitude. Figure 

created with a licensed version of BioRender.com. 

 

The main findings of this chapter were that: 1) M2R-dependent contractions 

of ASM were augmented by the SERCA inhibitor, thapsigargin and these effects 

were inhibited by the LTCC inhibitor, nifedipine; 2) SERCA2 showed abundant 

distribution at the periphery of isolated ASM cells; 3) contractions of ASM evoked by 

direct activation of LTCC with FPL were enhanced by thapsigargin; 4) blockade of 

Kv7 channels with XE991 induced additional stimulatory effects to that of 

thapsigargin; 5) M2R-dependent contractions of ASM were inhibited by the Ano1 

CACC inhibitors, Ani9 and CACCinh-A01; 6) the stimulatory effects of thapsigargin 

on M2R responses were also reversed by Ani9 (Figure 6.15). 

 

We propose that activation of M2Rs leads to reduced Ca2+ buffering by 

SERCA2 located on SR present at the periphery of ASM cells, which acts as a SBB 
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[356-358] (Figure 6.1A). Inhibition of the SBB means that Ca2+ entry via LTCC is no 

longer buffered, resulting in accumulation of Ca2+ in the cytosol that can access the 

contractile filaments to augment ASM contraction. In addition, the rise in intracellular 

Ca2+ levels may activate Ano1 channels, resulting in membrane depolarisation and 

further activation of LTCC. A central tenet of the SBB hypothesis is that Ca2+ that 

enters the cell across the cell membrane is, in part, pumped into the SR before it 

can induce contraction [356-358]. In contrast to vascular smooth muscle, where this 

pathway is well recognised, its role in ASM has not been fully established. However, 

Janssen et al. (1999) reported that Ca2+ influx via LTCC in canine tracheal myocytes 

was heavily buffered by the activity of SERCA pumps present on the superficial SR 

located in close proximity to the plasma membrane [355]. Further, Janssen et al. 

(2001) also reported that at low levels of cholinergic stimulation, inhibition of the 

SERCA pump with CPA enhanced ASM contraction, as SERCA normally functions 

as a SBB that rapidly sequesters Ca2+ near the membrane and limits its access to 

the contractile apparatus. When this buffering is diminished, due to SERCA 

inhibition, the Ca2+ concentration increases, thereby augmenting contraction [519]. 

Interestingly, Mahn et al. (2009) found that SERCA protein expression was 

diminished in native and cultured ASM from endobronchial biopsies of patients with 

mild and moderate/severe asthma compared with that of healthy subjects and 

predicted that reduced expression or functionality of SERCA2 would potentiate Ca2+ 

influx-induced elevations of [Ca2+]i [359]. Therefore, it is recognised that SERCA has 

the ability to regulate Ca2+ influx in ASM.  

 

qPCR studies of the bronchi tissue showed that the SERCA2b isoform was 

the major SERCA subtype expressed (Figure 6.1B), which is in accordance with 

Álvarez-Santos et al. (2022) [520]. Clark et al. (2010) demonstrated that SERCA2b 

is predominantly expressed within 1.5 µm of the plasma membrane in pulmonary 

arterial smooth muscle cells, co-localising with RyR1, whereas SERCA2a and RyR3 

are mainly confined to regions within 1.5 µm of the nucleus [360]. This spatial 

organisation suggests distinct functional roles for each SERCA subtype. The 

subplasmalemmal SR, enriched with SERCA2b and RyR1, regulates local Ca2+ 

dynamics associated with BKCa channel activation or Ca2+ extrusion via Na+/Ca2+ 

exchanger (NCX), thereby mediating smooth muscle relaxation [360, 521]. In 

contrast, the perinuclear SR, containing SERCA2a together with RyR2 and RyR3, 
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is more directly involved in contractile Ca2+ release leading to smooth muscle 

contraction. Based on this compartmentalisation, inhibition of SERCA2b could 

disrupt Ca2+ sequestration near the plasma membrane, causing local Ca2+ 

accumulation, membrane depolarisation, and subsequent LTCC activation, resulting 

in smooth muscle contraction. However, if SERCA2a activity remains functional, 

Ca2+ release via RyR2 and RyR3 in the deeper SR could still elicit contraction 

independently of LTCC activity. Therefore, for contractions that are strictly LTCC-

dependent, inhibition of both SERCA2a and SERCA2b is required, a scenario 

consistent with M2R activation, since M2R-mediated responses are strongly LTCC-

dependent. This finding suggests that M2R activation likely inhibits both SERCA2a 

and SERCA2b isoforms.  

 

The question arises as to how M2R activation could lead to inhibition of 

SERCA? SERCA activity is regulated by phospholamban (PLB), a small protein that 

interacts with SERCA [522]. When PLB is in an unphosphorylated state, it reduces 

the affinity of SERCA for Ca2+ [523, 524]. However, when it is phosphorylated by 

cAMP-dependent PKA, it dissociates from SERCA and its ability to inhibit SERCA 

activity is reduced. Therefore, pathways that activate PKA tend to promote Ca2+ 

uptake by SERCA, whereas pathways that reduce PKA activity inhibit SERCA and 

reduce the buffering capacity of the SR. Since M2Rs are coupled to Gi-proteins that 

reduce adenylate cyclase activity and cAMP levels, it is likely that M2R activation 

would reduce phosphorylation of PLB and inhibit SERCA [525]. However, more 

experiments would be required to test this idea. 

 

We found that the Kv7 activator (zinc pyrithione) diminished the thapsigargin-

mediated increase in ASM contraction (Figure 6.7). This effect is likely due to 

membrane hyperpolarisation caused by Kv7 channel activation, which prevents the 

membrane potential from reaching the threshold required to open LTCCs, thereby 

reducing Ca2+ influx and contraction. The data in this thesis suggest that stimulation 

of M2Rs can both inhibit Kv7 channels and SERCA. The twin action of these 

pathways is to drive Ca2+ entry via LTCC to contract ASM. 

 

Ano1 channels and muscarinic receptors are highly expressed in ASM cells 

[513]. Similar to the disputed role of M2Rs and LTCC in cholinergic contractions of 

ASM, the contribution of Ano1 CACC has also been controversial. For example, 
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Danielsson et al. (2015) showed that Ano1 antagonists prevented methacholine-

induced ASM contraction [266, 267], whereas Wang et al. (2018) showed that 

methacholine-induced contractions of ASM were still present in ASM taken from 

TMEM16A KO mice. Interestingly, however, it was noted that contractions induced 

by low (30 nmol/L or 100 nmol/L) concentrations of MCh were 50% smaller than WT 

controls [513]. This implies a role for Ano1 channels in cholinergic responses, but 

only in responses evoked by low concentrations of agonist. This is reminiscent of 

the effects of M2R and LTCC blockers which were also more effective against 

contractions of ASM evoked by low concentrations of agonist [164, 233]. For 

example, Farley and Miles (1978) reported that verapamil inhibits ACh contractions 

of dog tracheal smooth muscle at lower concentrations, but had little effect at higher 

concentrations [233]. Therefore, our data fit with the model that M2R-dependent 

contractions of ASM rely on activation of LTCC and Ano1 channels, but that these 

responses may be functionally diminished in experiments using high agonist 

concentrations that would lead to M3R-dependent Ca2+ release from stores and 

inactivation of LTCC. 

 

Our study demonstrated that Ani9 did not affect EFS responses at 100 s 

intervals (Figure 6.11A). These responses are exclusively reduced by activation of 

M3Rs [153]. Therefore, it is apparent that the M3R-dependent contractions of ASM 

do not involve activation of LTCC or activation of Ano1 channels. Precise reasons 

as to why CACC channels are not involved in M3R responses require further 

investigation. However, in most smooth muscles, opening of CACC induces 

contraction by providing enough depolarisation to activate LTCC. Therefore, under 

circumstances when LTCC are inactivated by Ca2+, for example, following release 

of Ca2+ from intracellular stores, then the contractile response to CACC activation 

may be diminished. 

 

We observed a significant augmentation in the contraction amplitude when 

thapsigargin was added to EFS contractions at 100 s intervals. This increase in 

amplitude closely resembled EFS contractions occurring at 10 s intervals, which 

involve activation of M2Rs. This suggests that thapsigargin may mimic responses 

initiated by activation of M2Rs. Notably, the heightened contraction amplitude in the 

presence of thapsigargin exhibited sensitivity to both nifedipine (Figure 6.3A) and 

Ani9 (Figure 6.9A), mirroring the characteristics observed in EFS responses at 10 s 
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intervals. This is consistent with our hypothesis that inhibiting SERCA pumps, 

primarily situated in the superficial region adjacent to the plasma membrane, 

disrupts the SBB, leading to accumulation of Ca2+ from LTCC and activation of Ano1 

channels, which acts as a positive feedback mechanism to further drive Ca2+ influx 

via LTCC, ultimately triggering ASM contraction.  

 

In conclusion, the findings in this chapter indicate that the enhancement of 

cholinergic nerve mediated contractions in ASM through M2R activation may involve 

inhibition of SERCA and activation of Ano1 CACC. 
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Figure 6.1. Expression of SERCA isoforms in the murine ASM. 

(A) Representative confocal images of a freshly isolated murine ASM cell treated with 

antibodies against SERCA2 (A.ii) and -actin (A.iii). A.i is a negative control showing image 

of a cell not treated with any primary antibodies and A.iv is an overlay image of A.ii & A.iii, 

respectively. (B) Summary bar chart showing relative expression of SERCA2A and B and 

SERCA3A-C isoforms from murine bronchi using real-time quantitative PCR (n=3, N=9). 
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Figure 6.2. Effect of FPL64176 on contractions of ASM the absence and presence of 

the SERCA inhibitor, thapsigargin. (A) Representative trace showing effects of 

FPL64176 at 300 nM and 1 µM, before and in the presence of thapsigargin (1 µM). (B) 

Summary bar chart plotting mean contraction area induced by FPL64176 (300 nM and 1 

µM) before and during the presence of thapsigargin (shaded bars) (*p<0.05, n=6, N=5, 

multiple paired t-test). 
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Figure 6.3. Effect of thapsigargin on contractions of ASM evoked by EFS at 100 s 

intervals. (A) Representative trace showing that EFS-evoked contractions of ASM at 100 s 

intervals were enhanced by thapsigargin (1 µM), to a similar level as a reduction in stimulus 

interval to 10 s. Nifedipine (1 µM) abolished the stimulatory effects of thapsigargin on 

contraction amplitude. (B) Summary bar chart showing mean peak contraction amplitude at 

100 s and 10 s intervals under control conditions and at 100 s intervals in the presence of 

thapsigargin and thapsigargin plus nifedipine. (ns, non-significant, *p<0.05, **p<0.01, n=6, 

N=5, one-way ANOVA).
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Figure 6.4. Effect of thapsigargin on 4-DAMP resistant contractions of ASM evoked 

by CCh. (A) Representative trace showing that 4-DAMP resistant contractions of ASM 

induced by CCh were enhanced by thapsigargin (1 µM) and this effect was abolished by 1 

µM nifedipine. (B) Summary bar chart plotting mean contraction area induced by CCh 

before and during 4-DAMP and in the presence of 4-DAMP plus thapsigargin and 4-DAMP 

plus thapsigargin and nifedipine (ns, non-significant, **p<0.01, ***p<0.001, n=6, N=5, one-

way ANOVA).
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Figure 6.5. Thapsigargin induces nifedipine sensitive contractions in ASM taken from 

M2R KO mice. (A) Representative tension recording from a bronchial ring taken from an 

M2R KO mouse. CCh-evoked contractions were abolished by 4-DAMP and subsequent 

addition of thapsigargin (1 µM) induced phasic contractions that were abolished by 

nifedipine. (B) Summary bar chart plotting mean contraction area induced by CCh before 

and during 4-DAMP and in the presence of 4-DAMP plus thapsigargin and 4-DAMP plus 

thapsigargin and nifedipine (*p<0.05, **p<0.01, n=6, N=3, one-way ANOVA). 
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Figure 6.6. Effects of thapsigargin and XE991 on ASM contractions evoked by EFS at 

100 s intervals. (A) Representative trace showing that cumulative addition of thapsigargin 

(300 nM) and XE991 (10 µM) induced contractions of ASM and these responses were 

abolished by nifedipine (1 µM). (B) Summary bar chart showing mean peak contraction 

amplitude at 100 s and 10 s intervals under control conditions and at 100 s intervals in the 

presence of thapsigargin, thapsigargin and XE991 and after subsequent addition of 

nifedipine. (*p<0.05, **p<0.01, ***p<0.001, n=6, N=5, one-way ANOVA).
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Figure 6.7. Thapsigargin-induced enhancement of cholinergic contractions of ASM 

are inhibited by zinc pyrithione. (A) Representative trace showing that thapsigargin (1 

µM) enhanced EFS-evoked contractions at 100 s intervals, which was abolished by zinc 

pyrithione (3 µM). (B) Representative trace illustrating that thapsigargin increased 

contractions of ASM induced by CCh in the presence of 4-DAMP and this effect was 

abolished by zinc pyrithione (3 µM). (C) Summary bar chart showing mean peak contraction 

amplitude at 100 s and 10 s intervals under control conditions and at 100 s intervals in the 

presence of thapsigargin and thapsigargin plus zinc pyrithione. (ns, non-significant, 

*p<0.05, **p<0.01, n=6, N=4, one-way ANOVA). (D) Summary bar graph showing mean 

contraction areas under control, 4-DAMP, 4-DAMP plus thapsigargin, and 4-DAMP plus 

thapsigargin plus zinc pyrithione conditions (ns, non-significant, p<0.01, *p<0.001, 

**p<0.0001, n=6, N=4, one-way ANOVA).
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Figure 6.8. Effect of thapsigargin and Ano1 channel blocker, Ani9 on EFS-evoked 

contractions of ASM at 100 s intervals. (A) Representative trace showing that EFS-

evoked contractions of ASM at 100 s intervals were enhanced by thapsigargin (1 µM) and 

that this effect was reversed by Ani9 (1 µM). (B) Summary bar chart showing mean peak 

contraction amplitude at 100 s and 10 s intervals under control conditions and at 100s 

intervals in the presence of thapsigargin and thapsigargin plus Ani9. (ns, non-significant, 

**p<0.01, ***p<0.001, n=7, N=4, one-way ANOVA).
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Figure 6.9. Effect of thapsigargin and Ani9 on CCh evoked contractions of ASM that 

remained in the presence of 4-DAMP. (A) Representative trace showing that thapsigargin 

(1 µM) enhanced contractions when applied in the presence of CCh and 4-DAMP, and that 

this effect was subsequently reversed by Ani9 (1 µM). (B) Summary bar chart showing the 

mean contraction area induced by CCh under control conditions, in the presence of 4-

DAMP, following addition of thapsigargin in the presence of 4-DAMP, and after subsequent 

application of Ani9 (ns, non-significant, *p<0.05, **p<0.01, ***p<0.001, n=6, N=5, one-way 

ANOVA).
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Figure 6.10. Effect of Ani9 on EFS-induced contractions of ASM.

(A) and (C) Representative trace and summary bar chart showing that Ani9 (1 µM) did not 

affect contractions of ASM induced by EFS (2 Hz) at 100 s intervals (ns, non-significant, 

n=7, N=5, paired t-test). (B) Representative trace shows that decreasing the stimulus 

interval from 100 to 10 s increased contraction amplitude. Application of Ani9 (1 µM) 

reduced the amplitude of contractions evoked at 10 s intervals. (D) Summary plot of mean 

peak contraction amplitude at 100 s intervals and at 10 s intervals before and during the 

presence of Ani9 (**p<0.01,***p<0.001, n=6, N=6, one-way ANOVA).
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Figure 6.11. Effect of Ani9 on CCh-induced contractions of ASM

(A) Representative trace showing the effect of Ani9 (1 µM) on CCh-induced tonic 

contractions of ASM. (B) Representative trace illustrating that CCh (300 nM)-induced 

contractions persisting in the presence of 4-DAMP were abolished by Ani9 (1 µM). (C) 

Summary bar graph showing the mean contraction area induced by CCh under control 

conditions and following addition of Ani9 (ns, non-significant, n=7, N=6, paired t-test). (D) 

Summary bar graph showing the mean contraction area induced by CCh under control 

conditions, in the presence of 4-DAMP, and in the presence of 4-DAMP plus Ani9 

(**p<0.01, ***p<0.001, n=7, N=7, one-way ANOVA).
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Figure 6.12. Effects of Ani9 on CCh evoked contractions of murine bronchial rings 

that remained in the presence of 4-DAMP. (A) Representative isometric tension trace 

showing CCh (300 nM)-induced contractions in the presence of 4-DAMP (3 nM), illustrating 

the characteristic M2R-mediated oscillatory activity. Subsequent addition of Ani9 (1 µM) 

abolished these oscillations. TTX (1 µM) was added into bath before start of the 

experiment. (B) Summary bar chart plotting CCh contraction amplitude (measured by area 

under the curve) before and during the presence of 4-DAMP and 4-DAMP + Ani9 (*p<0.05, 

**p<0.01, ***p<0.001, n=6, N=6, one-way ANOVA). 
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Figure 6.13. Effect of CaCCinh-A01 on EFS and CCh-induced M2R contractions of 

ASM. (A) Representative trace showing the effect of CaCCinh-A01 (10 µM) on EFS-

mediated contractions of ASM evoked at 10 s intervals (B) Representative trace illustrating 

that CCh (300 nM)-induced contractions persisting in the presence of 4-DAMP were 

abolished by CaCCinh-A01 (10 µM). (C) Summary bar graph showing the mean contraction 

amplitude induced by EFS under 100 s and 10 s interval and following addition of CaCCinh-

A01 (**p<0.01, ***p<0.001, n=6, N=6, one-way ANOVA). (D) Summary bar graph showing 

the mean contraction area induced by CCh under control conditions, in the presence of 4-

DAMP, and in the presence of 4-DAMP and CaCCinh-A01 (***p<0.001, n=7, N=7, one-way 

ANOVA).
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Chapter 7 

General discussion 
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ASM contraction represents a critical determinant of airway tone and AHR in 

diseases such as asthma and COPD [54, 526, 527]. Parasympathetic activity is 

enhanced in asthma and COPD and is regarded as the major reversible component 

of airway obstruction [398-400, 528-530]. Asthmatic patients are hypersensitive to 

cholinergic agonists and anticholinergics are used to treat both COPD and asthma 

[397, 531-533]. ACh induces bronchoconstriction primarily by binding to muscarinic 

receptors on ASM cells [165, 167]. Muscarinic receptors are categorised into five 

subtypes (M1R-M5R), each encoded by a distinct gene, although ASM cells mainly 

possess M2Rs and M3Rs [156, 167, 534-536]. The ratio of M2Rs to M3Rs in ASM 

is approximately 4:1 in most species, yet ACh-induced contractions of ASM are 

thought to be primarily mediated by M3Rs [537, 538]. M3Rs are coupled to Gq 

proteins which induce contractions of ASM by activating the PLC signalling cascade 

to increase IP3 levels and stimulate Ca2+ release from intracellular stores [222, 538, 

539]. Despite the abundance of M2Rs in ASM, it was widely thought that they had 

no direct role in ASM contractions induced by activation of cholinergic nerves [399, 

540-542]. However, several studies have shown that cholinergic contractions are 

still present in M3RKO mice and that knockout of both M2R and M3Rs was required 

to completely abolish cholinergic responses [145, 166]. Studies in murine ileum and 

trachea have shown that involvement of M2Rs is evident in contractions evoked by 

low concentrations of agonists, suggesting that experimental parameters greatly 

impact these responses [163]. The present thesis systematically explored the 

mechanisms underlying M2R-dependent contractions of ASM, revealing roles for 

Ca2+ influx via LTCC, inhibition of Kv7 channels, inhibition of SERCA and activation 

of Ano1 channels (Figure 7.1). 

 

Alkawadri et al. (2022) showed that activation of post-junctional M2Rs made a direct 

contribution to ASM contraction, rather than merely opposing β-adrenergic effects 

[153]. They demonstrated that nerve-evoked contractions of ASM evoked by low-

frequency EFS (2 Hz) were enhanced when the stimulus interval was reduced from 

100 to 10 s. This enhancement was abolished by selective M2R antagonists 

(methoctramine and AFDX-116) and was absent in M2R KO mice, confirming that 

the response was mediated by M2Rs. CCh-evoked contractions of ASM that 

remained in the presence of the M3R antagonist 4-DAMP were also blocked by M2R 
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antagonists, confirming involvement of M2Rs in cholinergic contractions of ASM 

[153]. 

 

We demonstrated that potentiation of cholinergic, nerve-evoked ASM contractions 

induced by M2R activation was mediated by Ca2+ influx through LTCCs. While ACh-

induced contractions have long been attributed to Ca2+ release from intracellular 

stores via IP3Rs and RyRs, the role of Ca2+ entry through LTCCs in these responses 

is disputed as the effect of blockers of these channels on cholinergic agonist-

induced contractions of ASM has been mixed. For example, Farley & Miles (1978) 

reported that verapamil diminished ACh-induced contractions of canine trachea, but 

only those responses evoked by low (<1 μM) concentrations of ACh [233]. In 

contrast, Chen & Sanderson (2017) showed that the LTCC inhibitors, nifedipine and 

nimodipine only induced a partial relaxation of murine airways precontracted with 

methacholine [228]. Hirota et al. (2007) reported that nifedipine reduced the 

amplitude of ACh-induced contractions of bovine trachea by 50% but concluded that 

this was attributable to an effect on refilling of intracellular Ca2+ stores [543]. Byron 

et al. (2013) comprehensively reviewed this issue, reporting that LTCC blockers 

such as nifedipine are more effective at inhibiting submaximal cholinergic responses 

than those induced by maximal agonist concentrations, suggesting that LTCC-

mediated Ca2+ influx dominates at low agonist levels [234]. Consistent with these 

observations, we found that nifedipine abolished the enhanced contractile 

responses observed at short stimulation intervals (10 s) which involve M2R 

activation, but not those at 100 s intervals which are primarily mediated by M3Rs. 

Similarly, M2R-dependent phasic contractions induced by low concentrations of 

CCh (300 nM), in the presence of the M3R antagonist 4-DAMP, were abolished by 

nifedipine. These findings support the concept that M2R-mediated cholinergic 

responses rely on Ca2+ influx via LTCC, as opposed to the pharmacomechanical 

coupling that dominates at high agonist concentrations through IP3-mediated SR 

Ca2+ release [267]. The reliance of M2R-mediated contractions on Ca2+ influx via 

LTCC may provide a mechanistic explanation as to why the contribution of M2Rs to 

airway cholinergic contractions has been underestimated in earlier studies. LTCCs 

are known to undergo CDI at high [Ca2+]i, thereby reducing their contribution under 

conditions of strong M3R stimulation or SR Ca2+ release [544]. Unno et al. (2005) 

proposed a similar phenomenon in ileal smooth muscle, whereby LTCCs are 
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inactivated following large Ca2+ transients [163]. Therefore, M2R-dependent 

responses could be masked in preparations exposed to high agonist concentrations 

that promote M3R dominance.  

 

ASM cells express several TRP channel subtypes, including members of the TRPC 

and TRPV families [241, 246, 450], which have been implicated in cholinergic 

signalling and AHR associated with asthma and COPD. Pharmacological inhibition 

of these channels using selective antagonists has demonstrated therapeutic 

potential in animal models. For instance, Pyr3, a TRPC3/6 antagonist, was shown 

by Wang et al. (2017) to reduce ASM proliferation and migration in OVA-sensitised 

mice [545]. Similarly, Mažerik et al. (2023) reported that treatment with the TRPV4 

antagonist, HC-067047 alleviated asthmatic symptoms, reducing cough frequency, 

specific airway resistance (sRaw), and ACh-induced contractions in an experimental 

guinea pig model of ovalbumin-induced allergic asthma [546]. In contrast, HC-070, 

a potent and selective TRPC4/5 inhibitor, has not yet been tested in airway or lung 

models but has been shown to alleviate mechanical hypersensitivity in rodent 

models of visceral and neuropathic pain, suggesting potential for targeting 

TRPC4/5-mediated Ca2+ entry in respiratory pathophysiology [547]. A major focus 

of this thesis was to investigate the mechanisms which coupled activation of M2Rs 

to Ca2+ entry via LTCC. As activation of muscarinic receptors has previously been 

shown to activate mICAT in gastrointestinal smooth muscle cells, mediated by 

activation of TRP channels [243, 244], we examined the effect of several TRP 

channel blockers on the M2R responses. However, we observed that the 

enhancement of nerve-evoked ASM contractions induced by M2R activation was 

unaffected by Pyr3, HC-070, or HC-067047 (Figure 3.6). These findings indicate 

that, although M2R-mediated responses depend on voltage-dependent Ca2+ entry, 

they are not mediated through activation of TRPC3/6, TRPC4/5 or TRPV4 channels. 

 

ASM possess BKCa and Kv7 channels, which are known to be regulated by 

activation of muscarinic receptors [286, 461, 464]. Therefore, we next investigated 

if the M2R responses involved inhibition of these channels. Our data revealed that 

blockade of Kv7 channels with XE991 markedly potentiated nerve-evoked 

contractions of ASM, mimicking the effects of M2R activation. In contrast, inhibition 

of BKCa channels with iberiotoxin produced only minor effects, indicating that BKCa 

channels are not the primary targets of M2R signalling. These observations align 
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with the findings of Semenov et al. (2011), who showed that BKCa β₁ subunits 

antagonise M2R-mediated contraction [164]. Using qPCR, we detected prominent 

expression of Kv7.1, Kv7.4 and Kv7.5 in murine ASM, consistent with expression 

patterns reported by Brueggemann et al. (2018) and Haick & Byron (2016) [299, 

494]. Functionally, selective activation of Kv7.4 with ICA069673 and of Kv7.4/7.5 

with ML213 abolished M2R-dependent contractions, confirming that opening these 

channels could suppress M2R responses. M2R responses were unaffected by 

Kv7.1 modulators. 

 

This study provides the first direct evidence that M2R activation suppresses Kv7 

currents in a heterologous expression system, extending the earlier findings of 

Shapiro et al. (2000) who showed muscarinic inhibition of M1R-Kv7.2/7.3 currents 

[468] and Guo and Schofield (2003) who found that activation of M3R with 

oxotremorine-M produced a robust suppression of the M-current in HEK293 cells 

expressing M3R and KCNQ2/3 [548]. Importantly, the inhibitory effects of M2R 

activation on Kv7.4, but not Kv7.5, was suppressed in cells dialysed with PIP₂ diC8, 

suggesting that the inhibitory effects of M2R activation on Kv7.4 may involve 

depletion of PIP₂. In contrast, the PKA activator 6-Mb-cAMP potentiated Kv7.5 but 

not Kv7.4 currents, suggesting that the effects of M2R activation on Kv7.5 could be 

associated with decreased cAMP/PKA signalling. Unlike M3Rs, which couple to Gq 

proteins and activate PLC, M2Rs are coupled to Gi proteins which inhibit adenylate 

cyclase. Therefore, it is not immediately intuitive as to how M2R activation could 

lead to depletion of PIP2. However, Pfeil et al. (2020) showed that Gβγ subunits 

released from Gi proteins can activate PLCβ following priming by Gq subunits, 

suggesting a molecular basis for M2R-M3R crosstalk [134]. In the context of ASM, 

this could mean that M3R-mediated Gq signalling initiates contraction, while 

concurrent M2R activation sustains depolarisation by inhibiting Kv7 channels, 

thereby maintaining LTCC activity. Collectively, these findings provide a new 

mechanistic framework in which M2R activation enhances ASM contractility by 

inhibiting Kv7.4 and Kv7.5 channels via PIP2 depletion and down-regulation of 

cAMP/PKA, respectively [549]. Inhibition of Kv7 channels could depolarise 

membrane potential and promote LTCC-mediated Ca2+ influx, thereby coupling M2R 

signalling directly to excitation-contraction mechanisms. 
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Experiments in chapter 6 revealed that M2R-dependent contractions of ASM were 

potentiated by the SERCA inhibitor thapsigargin. These effects were abolished by 

nifedipine, and thapsigargin was also able to enhance contractions induced by direct 

activation of LTCC with FPL. SERCA was found to be primarily located around the 

periphery of the ASM cell, indicating that inhibition of SERCA pumps could diminish 

Ca2+ buffering of Ca2+ entry across the plasma membrane. We propose that 

activation of M2Rs disrupts SERCA activity that would normally limit access of Ca2+ 

influx via LTCC to the contractile machinery [355]. Consequently, during M2R 

stimulation, we propose that inhibition of Kv7 currents enhances Ca2+ entry via LTCC 

to initiate contraction and that this process is potentiated by reduced buffering of 

Ca2+ influx by SERCA pumps. 

 

Clark et al. (2010) demonstrated distinct spatial segregation of SERCA2 isoforms in 

pulmonary arterial smooth muscle cells, with SERCA2b enriched in the 

subplasmalemmal SR and SERCA2a localised more perinuclearly [360]. 

Thapsigargin is more lipophilic and exhibits higher affinity (1000 times) toward 

SERCA2b than CPA. Our data are consistent with the idea that M2R activation 

inhibits SERCA2b, disrupting the SBB, allowing Ca2+ to access the contractile 

machinery of the cell and also activate plasmalemmal Ano1 channels, to further 

depolarise membrane potential and drive Ca2+ influx via LTCC. Thapsigargin also 

inhibits SERCA2a, and if this isoform remains active, Ca2+ release via RyR2 and 

RyR3 in the deeper SR could still drive contraction independently of LTCCs. Thus, 

a purely LTCC-dependent contraction requires inhibition of both SERCA2a and 

SERCA2b, consistent with the effects of M2R activation. These observations 

suggest that M2R activation likely suppresses both SERCA2a and SERCA2b 

activity.  

 

Mechanistically, it is possible that the Gi-coupled nature of M2Rs contributes to 

SERCA inhibition via reduced cAMP/PKA signalling and consequent 

dephosphorylation of PLB, a negative regulator of SERCA activity [524]. Reduced 

phosphorylation of PLB would decrease SERCA Ca2+ affinity, thus impairing SR 

Ca2+ uptake and enhancing cytosolic Ca2+ accumulation. Danielsson et al. (2015) 

and Wang et al. (2018) provided contrasting reports on the role of Ano1 in cholinergic 

contraction; however, both noted that its contribution was most evident at low 

agonist concentrations, conditions under which M2R-LTCC signalling predominates 
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[265, 266]. In agreement with these findings, our study showed that inhibition of 

Ano1 with Ani9 abolished thapsigargin enhanced and M2R-dependent contractions, 

suggesting that Ano1 could participate in a positive feedback mechanism sustaining 

depolarisation and Ca2+ entry. 

 

The findings presented in this thesis could have important physiological and 

therapeutic implications. Firstly, we suggest that M2Rs act as amplifiers of ASM 

responsiveness under conditions of modest ACh elevation, such as during airway 

inflammation when non-neuronal ACh release occurs [550-552]. Secondly, we 

identified Kv7.4/7.5 channels and SERCA2 as potential pharmacological targets for 

modulating ASM tone. Kv7 activators or drugs that enhance SERCA function could 

represent novel therapeutic strategies for reducing airway hyperreactivity. Finally, 

the interplay between M2R activation, PIP2 depletion and cAMP suppression 

highlights potential molecular convergence points that could be targeted to attenuate 

excessive ASM excitability in obstructive airway diseases. 

 

The clinical relevance of the mechanisms identified in the present study will 

ultimately be contingent upon the degree to which they apply in human ASM. The 

present study was performed on mice, which may be useful for the investigation of 

airway physiology [553], but are limited in modelling airway disease, as mouse 

models of asthma and COPD do not fully replicate the inflammatory, immune and 

histological changes that occur in humans [554]. In the future, we would like to 

repeat these experiments in human bronchi, with intact cholinergic responses [554] 

but suggest that the present study provides a basis for these investigations. 

Interestingly, Mahn et al. (2009) showed that SERCA protein expression was 

diminished in native and cultured ASM from endobronchial biopsies of patients with 

mild and moderate/severe asthma compared with that of healthy subjects [359]. 

Therefore, it is possible that dysregulation of the SBB and enhanced [Ca2+]i levels 

following Ca2+ entry via LTCC contribute to AHR in asthmatic patients. 

 

In summary, this thesis puts forward several mechanisms by which post-junctional 

M2R activation enhances ASM excitability, including inhibition of Kv7.4/7.5 

channels, suppression of SERCA-mediated Ca2+ buffering and activation of Ano1 

and LTCC. These pathways operate in concert to sustain depolarisation and Ca2+ 

influx, leading to enhanced contraction. The findings advance our understanding of 
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cholinergic control of airway tone and provide a foundation for developing targeted 

interventions to alleviate AHR in asthma and COPD. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.1. Model illustrating M2R-mediated ASM contraction. M2R activation via Gαi reduces 

cAMP/PKA signalling, inhibiting Kv7.5 channels, while Gβγ-mediated activation of PLC depletes PIP₂, 

inhibiting Kv7.4 channels. Concurrently, M2R signalling suppresses SERCA function, likely via 

phospholamban (PLB), reducing Ca²⁺ reuptake and enhancing subsarcolemmal Ca²⁺ accumulation. 

Elevated Ca²⁺ activates Ano1 Ca²⁺-activated Cl⁻ channels (CACC), promoting Cl⁻ efflux, membrane 

depolarisation, and further LTCC activation. The resulting increase in intracellular Ca²⁺ enhances 

calmodulin (CaM) dependent activation of MLCK, promoting myosin light chain (MLC) 

phosphorylation and augmented ASM contraction. Figure created with a licensed version of 

BioRender.com. 
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Future experiments 

Building upon the findings of this thesis, several experimental approaches can be 

undertaken to validate and extend the proposed mechanisms in physiologically 

relevant models and clinical settings. These studies will help determine the 

translational potential of M2R signalling pathways in AHR and identify novel 

therapeutic targets for asthma and COPD. 

1. Murine models of asthma and COPD 

The mechanisms identified in this thesis should be validated in vivo using 

ovalbumin and LPS-induced asthma models and cigarette smoke-induced 

COPD models in mice. These studies will determine whether M2R-mediated 

inhibition of Kv7 channels and SERCA, and activation of LTCC/Ano1, contribute 

to bronchoconstriction and alteration of functional respiratory parameters. 

Furthermore, targeting these pathways pharmacologically or genetically could 

reveal whether modulating these mechanisms can reverse disease severity and 

improve airway function. 

 

2. Human bronchial tissue validation 

Functional and molecular analyses should be extended to human bronchial rings 

obtained from healthy donors and COPD patients through clinical collaborations. 

Comparative evaluation of M2R signalling, Kv7 expression and LTCC 

dependence will help to assess the translational relevance of the proposed 

pathways to human disease. 

 

3. Conditional knockout or knockdown of Kv7.4 and Kv7.5 

To dissect isoform-specific contributions, conditional Kv7.4 and Kv7.5 knockout 

mice or morpholino-induced knockdown in bronchial tissue could be employed. 

Such models will confirm whether the loss of either subtype alters M2R-

dependent depolarisation and ASM contractility in vivo. 

 

4. Influence of inflammatory cytokines on M2R and Ano1 function 

Inflammatory cytokines such as IL-4, IL-5, and IL-13 (known to be elevated in 

asthma and COPD) should be examined for their ability to modulate M2R 

signalling and upregulate Ano1 expression, as shown by Huang et al. (2012) 
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[256]. Understanding cytokine-dependent amplification of M2R-Ano1 coupling 

will link inflammatory signalling to enhanced ASM excitability. 

 

5. Cigarette smoke extract (CSE) and M2R signalling 

CSE at different concentrations should be tested for its ability to alter muscarinic 

receptor expression and function, G-protein coupling, and Kv7/LTCC function in 

cultured ASM cells or bronchial tissues. My preliminary findings indicate that CSE 

augments sensitivity to carbachol. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

6. M2R regulation of Kv7.4/7.5 heterotetramers 

Since Kv7.4 and Kv7.5 also assemble as heterotetramers, future patch-clamp 

experiments in co-transfected HEK293 cells should assess whether M2R 

activation differentially inhibits heteromeric versus homomeric channels. This will 

clarify whether channel composition determines sensitivity to muscarinic 

inhibition and pharmacological modulators. 
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7. M2R crosstalk with the RhoA/ROCK pathway 

While M3R-driven Ca2+ sensitisation via the RhoA/ROCK cascade is well 

established [477], the potential of M2R activation to modulate this pathway 

remains unexplored. Studies using ROCK inhibitors (e.g., Y-27632) could 

determine whether M2R-induced contractions involve secondary activation of 

Rho kinase or PKC-dependent Ca2+ sensitisation mechanisms. 

 

8. Real-time Ca2+ and membrane potential imaging 

High-resolution Ca2+ imaging and voltage-sensitive dye studies in live ASM 

preparations could visualise dynamic M2R-mediated depolarisation and LTCC 

activation. Combining this with optogenetic or biosensor approaches will yield 

mechanistic insight into temporal coordination of ion channel activity during 

cholinergic stimulation. 

 

9. Single-cell transcriptomic and proteomic profiling 

Integration of single-cell RNA sequencing (scRNA-seq) and proteomics on 

human ASM and immune cells from COPD lungs could delineate co-expression 

networks linking M2R, Kv7 subunits, SERCA2 isoforms and Ano1. This will 

identify patient-specific regulatory signatures relevant to airway hyperreactivity. 

 

10. Design of selective M2R antagonists 

Collaboration with medicinal chemists could facilitate the design of selective M2R 

antagonists with minimal cardiac or presynaptic side-effects. Such agents could 

represent next-generation bronchodilators by selectively targeting post-

junctional M2Rs to reduce airway tone without compromising M3R-mediated 

physiological functions. 
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