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Abstract 
TMEM16A Ca2+-activated Cl- channels (CaCC) control vital functions including arterial 

smooth muscle tone and blood flow. The TMEM16A has a pore with regions surrounding 

plasmalemmal lipids, an arrangement where lipids can directly influence the ion 

permeation and gating of the channel. Here, it is hypothesised that TMEM16A channel 

may serve as a lipid sensor and couple changes in lipid metabolism to changes in cell 

electrical activity. It is also argued that TMEM16A channels may be indirectly modulated 

by the lysosome and in particular by the lysosomal lipid transporter Niemann-Pick type 

C 1 (NPC1) protein, given the key involvement of this organelle in the control of 

plasmalemmal lipid composition. Thus, it is suggested that changes in the 

plasmalemmal composition driven by lysosomes, can modulate the plasma membrane-

residing TMEM16A channel, impacting vascular function. Indeed loss-of-function 

mutations in NPC1 leads to Niemann-Pick disease Type C (NPC), a neurodegenerative 

disorder with a range of systemic alterations, including vascular. Here, I explore the 

capacity of the NPC1 to control TMEM16A function, and examine the consequence of 

this modulation on the tone of isolated arteries, which abundantly express TMEM16A. 

Key results include: (i) TMEM16A currents were enhanced during NPC1 inhibition; (ii) 

depletion of plasmalemmal phosphatidylinositol 4,5-biphosphate (PIP2) prevented this 

activation; (iii) plasmalemmal PIP2 distribution was increased during NPC1 inhibition; 

(iv) aortic rings and cerebral capillaries obtained from Npc1 null mice showed enhanced 

contractility; (v) β-cyclodextrin, a drug currently studied for treating NPC disease, 

prevented TMEM16A activation and aortic contractility in samples obtained from Npc1 

null mice. These results indicate that TMEM16A activity is modulated by NPC1. This 

regulation affects the tone of arteries. PIP2-dependent changes in TMEM16A activity 

may be the basis of vascular overactivity associated with NPC disease. 
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This chapter outlines the composition and function of the mammalian cardiovascular system, 

with emphasis on the role of ion channels in the regulation of vascular smooth muscle cells 

(VSMCs) contractility. This overview includes an account of the structural organisation and 

functions of the vessels and then continues on a cellular level, examining how the regulation 

of intracellular calcium affects the contractility of VSMCs. Many of the ion channels expressed 

in VSMCs are sensitive to plasmalemmal lipids, thus, the biochemistry of the plasma 

membrane is examined with focus on the function of the lysosome and particularly on the 

lysosomal protein NPC1 in controlling cellular lipid homeostasis. Specifically, the lipid-

sensitive CaCC channel encoded by the TMEM16A gene, is hypothesised to play an essential 

role in VSMCs contraction and vascular disease.  

1.1 Blood vessel structure and function 

The mammalian circulation fulfils two fundamental functions: (i) distribution and (ii) exchange. 

Distribution refers to transport of blood to and away from a given organ. Exchange involves 

the diffusive passage of gasses, nutrients and waste product (i.e. CO2, urea, lactic acid), as 

well as the transfer of fluids between blood and tissues (Klabunde 2012, Herring 2018). While 

the blood flow (i.e. cardiac output) enables the stroke volume to reach distal bodily organs 

rapidly, ultimately the exchange of substances with a given organ occurs via diffusion, in the 

direction determined by the local Starling forces (Klabunde 2012, Herring 2018). The 

circulation also fulfils a range of other functions, including transfer of heat, distributions of a 

range of hormones and immune responses (Klabunde 2012, Herring 2018). The circulatory 

system may also be the source of regulatory factors (e.g. nitric oxide (NO) produced by 

vascular, natriuretic peptides released by atrial myocytes, angiotensin II produced in lung 

endothelium etc.). Figure 1.1.1 shows the organisation of the mammalian circulatory system, 

where arteries distribute oxygenated blood from the heart to tissues and organs, while veins 

collect the blood from tissues and organs to transport it back to the heart (Pugsley and 

Tabrizchi 2000, Klabunde 2012, Guyton 2015). The diameter and thickness of the arteries 
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decrease as the distance from the heart increases (Levy 2007, Klabunde 2012). The aorta is 

the largest artery (25 mm diameter in humans) and is normally subjected to pressure ranging 

from 80 mmHg (diastolic blood pressure) to 120 mmHg (systolic blood pressure) (Wei, Galaviz 

et al. 2020). The wall of the aorta is especially elastic and thick (2 mm thick in humans) in 

order to accumulate the stroke volume during ventricular systole and discharge that volume 

with diastole, a process known as Windkessel effect (Levy 2007, Klabunde 2012). The 

thickness of the aortic wall requires specific blood flow to reach the deeper parts of the artery 

wall. This is obtained by a network of small vessels and capillaries called vasa vasorum 

(Heistad and Marcus 1979, Billaud, Donnenberg et al. 2017). Like the aorta, other large 

arteries have also a high ratio of elastin to tolerate stretch in response to diastolic and systolic 

blood pressure changes. The walls of small arteries and arterioles dynamically tune the local 

blood flow and are regulated by a range of locally-released and circulating substances (Levy  

2007, Klabunde 2012). In contrast, venules and veins have a low ratio of smooth muscle cells 

and elastin as they return blood to the heart to lower blood pressure (Klabunde 2012, Guyton 

2015).  

 

Vascular cells include: VSMCs, endothelial cells and pericytes. VMSC from the tunica media 

(see below), while the endothelila cells (ECs) line the lumen of the vessels. Pericytes wrap 

around the endothelial cells forming the capillaries wall to regulate their diameter by 

constricting or relaxing in response to a wide range of stimuli (Peppiatt, Howarth et al. 2006, 

Attwell, Mishra et al. 2016, Hartmann, Berthiaume et al. 2021). Arteries and veins are 

composed by three main layers: the tunica intima (inner layer), the tunica media (middle layer) 

and the tunica adventitia (outer layer). The tunica intima is characterised by a monolayer of 

endothelial cells on the basement membrane and elastic lamina in the internal membrane 

(Klabunde 2012). Endothelial cells release vasoactive substances such as NO, prostacyclin, 

endothelin and prostanoids (Deanfield, Halcox et al. 2007, Garland, Hiley et al. 2011). The 

tunica media is composed of smooth muscle cells, elastin fibres, collagen and glycoproteins 

(Klabunde 2012, Guyton 2015). This layer is found in all vessels apart from capillaries and 
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venules (Klabunde 2012, Guyton 2015). The tunica adventitia is rich in collagen, fibroblasts 

and autonomic nerve endings which release neurotransmitters such as noradrenaline (NA), 

neuropeptide Y and adenosine trisphosphate (ATP) regulating the vascular tone (Levy 2007, 

Klabunde 2012). The proportion of the different layers depends on the size and function of the 

blood vessels as illustrated in Figure 1.1.1.  

 

 
 

Figure 1.1.1 Structural organisation of the mammalian cardiovascular system. 

 

Schematic illustration of the cardiovascular system. The aorta separates into arteries and 

arterioles. The network of capillaries connects arterioles with venules, which then collects 

into the veins and the vena cava. Diameter of vessels is taken from (Burton et al. 1954).  

 

1.1.1 Regulation of vascular tone 

In addition to the regulation by chemical factors, arterioles are also sensitive to mechanical 

forces. The ‘myogenic tone’ refers to arteriolar contraction in response to an increase in blood 

pressure (Seftel, Johnson et al. 1980, Jackson 2021). This mechanism is essential to regulate 

local blood flow and was first observed over than a century ago by Bayliss (Bayliss 1902). 
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When the luminal pressure of the vessel increases, the radial force is transmitted to the wall 

of the blood vessels increasing the tangential wall stress (T) which is given by Laplace law: 

 

 

 
𝑇 =

𝑃 ∙ 𝑟

∆
 

Equation 1 

 

where P is the pressure of the lumen of the wall, r is the radius of the lumen and  is the 

thickness of the wall (Jackson 2020). An initial increase in T induces a passive dilation of the 

vessel that activates non-selective cation channels in VSMCs leading to calcium (Ca2+) influx 

and contraction leading to the pressure-induced myogenic tone and reduction in local blood 

flow (Jackson 2020).  

 

More generally, any factor that affect artery diameter will affect the vessel resistance to blood 

flow, according to the Poiseuille’s law as: 

 

 
𝐹 =

∆𝑃 ∙ 𝜋 ∙ 𝑟4

8 ∙ 𝜂 ∙ 𝐿
 

 Equation 2 

 

Where F is the blood flow, P is the difference in pressure between two ends of the vessels 

in Pascal (arterial minus venous pressure), r is the radius of the lumen of the vessel,  is the 

viscosity of the blood and L is the length of the vessel. Under steady state physiological 

conditions, the blood viscosity and length of the vessels can be considered near constant. The 

apparent blood viscosity increases as the diameter of the vessel increases in a non-linear 

fashion (Pries, Neuhaus et al. 1992). Thus, the apparent blood viscosity is much higher in 

capillaries than in large arteries. The Poiseuille law was derived on the assumption that the 

vessel is straight and rigid tube. While this approximation does not strictly apply to blood 

vessels, this law remains a very useful conceptual framework, and it has been used 

extensively to model haemodynamic of human and animal blood vessels (Secomb 2016). 
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According to the Poiseuille law, a change in the diameter of the vessel is quantitatively the 

most important factor that modifies the blood flow to fourth power. F can be expressed using 

the Darcy’s law as: 

 

 
𝐹 =

∆𝑃 

𝑅
 

Equation 3 

 

where R is the resistance of the vessel. It should be noted that the Darcy’s law offers a good 

approximation of blood flow within a single organ, but the Bernulli’s equation may be more 

suitable for calculation of blood flow in different organs since it takes into account the total 

mechanical energy of the blood. Combining equation 2 and 3, R is equal to: 

 

 

 
𝑅 =

8 ∙ 𝜂 

𝑟4  ∙  𝜋
 

Equation 4 

 

The structural organisation of the vessels in an organ also affects the total resistance they 

provide to blood flow. The total resistance of blood vessels disposed in parallel (RT) is equal 

to the sum of the reciprocal individual resistances (Levy 2007, Klabunde 2012, Guyton 2015): 

 

 1

𝑅𝑇
=

1

𝑅1
+

1

𝑅2
+

1

𝑅3
+ ⋯, 

Equation 5 

 

This equation implies that in a network of parallel vessels, the total resistance is less than the 

single lowest resistance. This is important for example in the network of capillaries. These 

individual vessels have the high resistance because of their small diameter. However, their 

total resistance is reduced as they form an intricate network of parallel vessels in the 

microvasculature (Levy 2007, Klabunde 2012, Guyton 2015). The second principle is that in a 

network of many parallel vessels, changing the resistance of one single vessel will have little 
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effect on the total resistance. Therefore, the various organs in the body are connected in 

parallel to ensure an overall low resistance to blood flow (cardiac output) and also to ensure 

that oxygenated blood can reach each organ simultaneously.  

 

In contrast, vessels disposed in series are associated with a total resistance (RT) which is 

equal to the sum of the individual resistances (Levy 2007, Klabunde 2012, Guyton 2015): 

 

 𝑅𝑇 = 𝑅1 + 𝑅2 + 𝑅3 + ⋯, Equation 6 

 

Therefore, for vessels disposed in series, an increase in the individual resistance can largely 

affect the total resistance. Arterioles, which are the primary site of resistance, have the biggest 

contribution to total resistance to blood flow and in the systemic circulation they are considered 

to provide 80% of the total peripheral resistance (Levy 2007, Klabunde 2012, Guyton 2015).   

 

1.1.2 Regulation of contraction in vascular smooth muscle cells 

 

VSMCs are typically 5 to 10 m in diameter and 50 to 300 m in length (Jackson 2021). The 

surface area of VSMCs is increased up to 70% by the presence of 50-90 nm invaginations 

known as caveolae (Parton and Simons 2007, Dart 2010). These structures play an important 

role in the coordination of cell excitability according to their position in relation to intracellular 

organelles (i.e. sarcoplasmic reticulum), and also by being enriched with specific populations 

of receptors, ion channels and proteins (Parton and Simons 2007, Dart 2010). VSMCs control 

the vascular tone in response to chemical, electrical, mechanical and metabolic stimuli 

(Jackson 2020). Examples of chemical stimuli are noradrenaline, ATP, angiotensin II, atrial 

natriuretic peptide (ANP) and vasopressin (Herring 2018). Mechanical stimuli include changes 

in (i) vessel wall tension, which is the trigger for the myogenic response described above or 

(ii) shear stress that originates from increase in blood flow and is sensed by ECs (Brozovich, 

Nicholson et al. 2016). Electrical and chemical stimuli from neighbouring cells may lead to 
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depolarisation of the VSMC membrane. This is permitted by gap-junctions between 

neighbouring VSMCs and between VSMCs and ECs (Garland, Hiley et al. 2011, Jackson 

2021). Endothelial cells can modulate VSMCs contractility through Ca2+-dependent release of 

vasodilators and by conducting Ca2+-dependent membrane hyperpolarisation through gap-

junctions (Garland, Hiley et al. 2011, Jackson 2021). For example, increase in intracellular 

free calcium concentration ([Ca2+]i) or inositol-3-phosphate (IP3) in VSMCs can be passed to 

endothelial cells through gap-junctions thereby inducing the production of Ca2+-dependent 

vasodilators in endothelial cells (Lemmey, Garland et al. 2020). Gap-junctions are formed by 

the connexin (cx) family members which are highly conserved among mammals (Kumar and 

Gilula 1996, Bennett, Contreras et al. 2003). Connexins form a hemichannel in the plasma 

membrane of a cell that connects to a hemichannel in the adjacent cell. Cx32, Cx37, Cx40, 

Cx43 are predominately expressed in endothelial cells, while Cx40, Cx43 are also present in 

VSMCs (Ek-Vitorin and Burt 2013). Gap-junctions play an important role in blood vessel 

homeostasis. For example, their alteration has been implicated in altered blood coagulation 

and inflammation such as in mutations in the GJB1 gene encoding for Cx32 (Sato, Kubo et al. 

2012).  

 

Regarding regulation of VSMCs, paracrine hormones can be released locally on neighbouring 

cells by the tissues surrounding the vessel. These hormones, e.g. prostacylin and 

thromboxane, are formed by cyclooxygenase (COX) from fatty acid and arachidonic acid 

residing in the plasma membrane (Rahman 2019). While COX-1 is constitutively expressed, 

COX-2 is expressed during inflammation (van der Donk, Tsai et al. 2002). A change in 

metabolic rate can also affect the vascular tone. During altered metabolic state, adenosine, 

inorganic phosphates, carbon dioxide, potassium and hydrogen ions can accumulate in the 

interstitial fluid, all these factors can stimulate VSMC tone. The uptake or removal of these 

metabolites by the circulating blood can therefore influence the smooth muscle cell contractility 

(Wolin 1991).   
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Overall, Ca2+
 influx through the plasma membrane and [Ca2+]i release from intracellular stores 

such as the sarcoplasmic reticulum (SR), are the major sources of [Ca2+]i increase leading to 

depolarisation and smooth muscle constriction (Jackson 2020). Figure 1.1.2 shows a 

schematic illustration of the major stimuli and signalling pathways in vascular smooth muscle 

cells. VSMC contractile properties acutely depends on cytosolic [Ca2+]i  levels and they 

possess a range of mechanisms that tightly control [Ca2+]i. These mechanism include control 

of Ca2+entry from the extracellular space, Ca2+ release from intracellular stores and extrusion 

to remove cytoplasmic Ca2+ (Amberg and Navedo 2013).  

1.1.2.1  Calcium entry/removal mechanisms  

 

In mammalian cells, [Ca2+]i  increase in the cytosol is achieved via (i) Ca2+ entry from the 

extracellular space or (ii) Ca2+ release from intracellular stores. Ca2+ entry from the 

extracellular space involves several plasma membrane resident ion channels such as voltage-

sensitive calcium channels, non-selective cation channels and store operated calcium 

channels (SOCCs), described in greater detail in section 2.1.2 (Jackson and Blair 1998). Ca2+ 

release in the cytosol from intracellular stores is tightly regulated by IP3 receptors (IP3Rs), 

ryanodine receptors (RyRs) and nicotinic acid adenine dinucleotide phosphate (NAADP)-

gated receptors (Galione and Churchill 2002). RyRs are big proteins (>500 kDa) formed by 

four subunits (Liu, Zhang et al. 2015, Van Petegem 2015, Zalk, Clarke et al. 2015). RyRs are 

activated when [Ca2+]i  increases from 300 nM up to 10 M. However, they are inhibited by 

[Ca2+]i >10 M (Tykocki, Boerman et al. 2017). IP3Rs are homotetramers (>310 kDa) with one 

IP3 binding site per monomer (Foskett, White et al. 2007). They are activated both by IP3 

binding or by sensing low [Ca2+]i  (<300 nM), while they are inhibited by high [Ca2+]i  (>10 M) 

(Taylor 2002). When active, IP3R induces Ca2+ release from the endoplasmic reticulum (ER) 

which results in the positive feedback known as Ca2+-induced calcium-release (CICR), where 

elevation in [Ca2+]i  stimulates more release of Ca2+ from the ER via IP3R and RyRs (Deanfield, 

Halcox et al. 2007). IP3R and RyRs serve as a positive-feedback mechanism where they 
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induce peaks of [Ca2+]i  release, also known as Ca2+ sparks (Curtis, Tumelty et al. 2004, 

Balasubramanian, Ahmed et al. 2007, Kur, Bankhead et al. 2013). It also has been shown that 

IP3R and RyRs mediate the release of Ca2+ from the Golgi complex and acidic granules 

(Pinton, Pozzan et al. 1998, Patel and Docampo 2010, Yoo 2010). In fact, the Golgi complex 

was shown to have similar luminal [Ca2+]i  to the ER, with concentrations ranging from 300 M 

to 1.4 mM in Hela cells (Pinton, Pozzan et al. 1998). Endosomes are acidic granules forming 

at the plasma membrane. Even though they are expected to have high luminal [Ca2+]i  

resembling the [Ca2+]e ( 1 mM), it was shown that the endosomal luminal [Ca2+]i falls to  3 

M within 20 minutes from formation (Gerasimenko, Tepikin et al. 1998, Patel and Docampo 

2010). Nevertheless, the luminal [Ca2+]i in the endosomes is still an order of magnitude higher 

that [Ca2+]i, thus, endosomes are considered as Ca2+ stores enabling local release of Ca2+ 

(Patel and Docampo 2010). Similarly, lysosomes are also considered as acidic granules and 

Ca2+ stores. It was found, in macrophages and fibroblasts, that the low lysosomal pH (4-5) 

corresponds to luminal [Ca2+]i of  500 M which is comparable to ER [Ca2+]i (Miyawaki, Llopis 

et al. 1997, Christensen, Myers et al. 2002, Lloyd-Evans, Morgan et al. 2008). Non-selective 

cation channels are present in the lysosomal membrane to enable Ca2+ release in the cytosol 

once activated. For example, agonists such as endothelin-1 can result in NAADP production, 

which activates the lysosomal-resident two-pore channel (TPC) contributing to [Ca2+]i  

elevation (Ruas, Rietdorf et al. 2010). TRPM2 channels, activated by cytosolic ADP-ribose, 

and TRPML1 channels, activated by PI(3,5)P2, are also present on lysosomal membranes and 

contribute to [Ca2+]i  elevation (Venkatachalam and Montell 2007, Dong, Shen et al. 2010). 

TRPV2 channels, sensitive to heat, have been found in early lysosomes where they are also 

shown to have a role in [Ca2+]i  mobilisation (Wainszelbaum, Proctor et al. 2006, Saito, Hanson 

et al. 2007).  

 

There are several mechanisms that maintain low [Ca2+]i (< ~30 nM) during resting conditions 

and to prevent cellular damage and toxicity that would result in apoptosis and cell death in 

case [Ca2+]i  was maintained elevated for long period of time (Hill-Eubanks, Werner et al. 
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2011). The tone of a VSMC is directly dependent on [Ca2+]i, thus Ca2+-extrusion mechanisms 

enable muscle relaxation. Plasma membrane resident transporters such as plasma 

membrane Ca2+ ATPase (PMCA) and Na+/Ca2+ exchanger (NCX) are two mechanisms 

responsible for extruding Ca2+ from the cytosol into the extracellular space against its 

concentration gradient (Van Baelen, Dode et al. 2004, Brini and Carafoli 2011). PMCA was 

first discovered in erythrocytes, where it was shown that Ca2+ was pumped against the 

concentration gradient via ATP (Dunham and Glynn 1961). PMCA was later identified as a 

140 kDa protein present in all mammalian plasma membranes (Enyedi, Vorherr et al. 1989). 

Calmodulin and acid phospholipids were shown to be activators of PMCA (Enyedi, Vorherr et 

al. 1989). The NCX exchanger can pump either Na+ or Ca2+ depending on the electrochemical 

gradient. There are three isoforms in the NCX family 1-3, with NCX1 being highly expressed 

in VSMCs (Blaustein and Lederer 1999). In VSMCs, following application of agonists that 

induce CICR, replacement of extracellular Na+ with Li+ blocked NCX inducing accumulation of 

[Ca2+]i (Zheng and Wang 2007). Cytosolic Ca2+ can also be sequestered in intracellular 

organelles. The sarco(endo)plasmic reticulum Ca2-ATPases (SERCA) sequesters calcium in 

the SR via ATP to lower [Ca2+]i for relaxation and to store calcium for muscle contraction. 

SERCA is a pump of 110 kDa and its activity is regulated by small proteins such as 

phospholamban (PB) (Periasamy and Kalyanasundaram 2007). When unphosphorylated, PB 

was shown to act as an inhibitor of SERCA, while upon adrenergic activation, PB 

phosphorylation leads to SERCA activation (MacLennan, Asahi et al. 2003). 
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Figure 1.1.2 Ion channels and signalling pathways in VSMCs. 

Schematic illustration of major ion channels and signalling pathways regulating the vascular 
tone of blood vessels in a smooth muscle cell. Black arrows indicate activation. Black 
capped lines show inhibition or deactivation. Also shown are the agents responsible for 
receptor binding initiating the respective intracellular signalling cascades. Adapted from 
(Jackson 2020). 
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1.2 Ion channels and membrane potential regulation in VSMCs  

Cellular membranes constitute dielectric material that separates two conducting solutions (the 

extracellular fluid and the cytoplasm). The presence of ion channels and transporters allows 

selective ion passage through the plasma membrane. Ions are unequally distributed on the 

two sides of the membrane due to the presence of active transport mechanisms and as a 

consequence of the ‘Donnan effect’ produced by the overall net negative change of 

intracellular proteins (Hille 2001). In the hypothetical case of a membrane solely permeable to 

one ion species, the membrane potential would rapidly reach a stable equilibrium point at 

which the ion fluxes due to the concentration and electrical gradient equate. This equilibrium 

potential is described by the Nernst equation: 

 
Eion = 

RT

zF
ln

[X]o

[X]i
 

Equation 7 

       

where Eion is the electrochemical potential for an ion X, R is the universal gas constant (8.31 

Jmol-1/k-1), F the Faraday’s constant (96485 C.mol-1), T the temperature in Kelvin (room 

temperature 294 K) , z the valence of the ion in question, [X] o and [X] i the outside and inside 

ion-concentration of the cell respectively (Hille 2001).  In a living cell, the membrane potential 

(Vm) is influenced by both the intracellular and extracellular ionic composition and the 

membrane permeability to each ion species. The Goldman-Hodkin-Katz equation (GHK) 

(Goldman 1943) takes these factors into consideration as: 

 
𝑉𝑚 =

𝑅𝑇

𝐹
𝑙𝑛 (

𝑝𝐾[𝐾+]𝑜 + 𝑝𝑁𝑎[𝑁𝑎+]𝑜+𝑝𝐶𝑙[𝐶𝑙−]𝑖

𝑝𝐾[𝐾+]𝑖 + 𝑝𝑁𝑎[𝑁𝑎+]𝑖+𝑝𝐶𝑙[𝐶𝑙−]𝑜
) 

Equation 8 

 

where Vm is the membrane potential in volts, pion is the relative permeability of the ion (Table 

1) for VSMCs, R is the gas constant, T is the temperature in Kelvin and F is the Faraday’s 

constant. Since cell membranes of most mammalian cells are predominantly permeable to K+, 

for most cell types the Vm is close to the reversal potential for K+ (EK) (i.e. between -70 to -90 
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mV). The resting Vm of VSMCs, however, is maintained between -40 and -60 mV (Nelson, 

Cheng et al. 1995); this range is more depolarised than EK, suggesting that other 

conductances are also open at resting state, contributing to a resting Vm in VSMCs that is more 

depolarised than the Vm of other cell types (Hirst and Edwards 1989, Thorneloe, Meredith et 

al. 2005). Table 1 illustrates the physiological Eion in VSMCs. In VSMCs, intracellular Cl- 

concentration ([Cl-]i) is higher than other cells types such as some neuron or skeletal muscle 

(Matchkov, Secher Dam et al. 2013, Bulley and Jaggar 2014, Hübner, Schroeder et al. 2015). 

The transporters HCO3
-/Cl- and the Na+-K+-2Cl- are responsible for accumulating [Cl-]i 

(Matchkov, Aalkjaer et al. 2005).  

  

Ion [ion]i (mM) [ion]e (mM) Eion (mV) 

K+ 165 5 -89 

Na+ 9  137 69 

Cl- 54 134 -23 

Ca2+ 0.0001 1.2  124 

 

Table 1 VSMC ion concentrations.  

[ion]i: intracellular ion concentration, [ion]e: extracellular ionic concentration, Eion: Nernst 

equilibrium potential. Ionic concentrations are reproduced from (Herring 2018). VSMC is 

measured in a relaxed state and it is assumed [Ca2+]i is in a free, unbound state. 
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1.3  Ion channels and transporters in smooth muscle cells 

According to their ion selectivity, channels can be grouped into K+, Na+, Ca2+, and Cl- channels. 

Furthermore, ion channels can be sub-divided according to their regulatory mechanisms (e.g. 

voltage-dependent or Ca2+ activated) or to other biophysical properties (e.g. outward or inward 

rectification).  

1.3.1  K+ channels 

VSMCs express high density of large-conductance voltage- and Ca2+-activated K+ channels  

(BKCa) (Neylon 2002). BKCa are activated by membrane depolarisation and an increase in 

[Ca2+]i  (Jackson 2020). These channels are formed by a tetramer of KCa1.1 -subunits with 

seven transmembrane domains and large conductance (200 pS) (Tykocki, Boerman et al. 

2017). BKCa channels provide a negative-feedback mechanism where their activation prevents 

excessive excitation (vasospasm) of VSMCs (Tykocki, Boerman et al. 2017). These channels 

are inactive under resting condition as they need high [Ca2+]i threshold (> 3 M) to open 

(Jackson and Blair 1998). This high [Ca2+]i is reached by the Ca2 sparks released by ryanodine 

receptors in the SR (Nelson, Cheng et al. 1995). Pharmacological blockage of ryanodine 

receptors induces the same effect as directly blocking BKCa (Jackson 2021). Tetraethyl 

ammonium (TEA) and iberiotoxin were shown to block BKCa inducing vasoconstriction 

(Jackson 2020). Endothelium-derived vasodilators, such as NO and cGMP-protein kinase G 

(PKG), can also activate BKCa and induce vasodilation (Jackson 2021). It is also known that 

BKCa expression is increased in hypertension as a mechanism of negative feedback in 

response to increased vasoconstriction (Tykocki, Boerman et al. 2017). Thus, it can be 

inferred that both voltage-gated K+ channels (Kv) and BKCa play an important role in the 

negative-feedback regulation of vascular tone.  

 

Inwardly-rectifying K+ (Kir) channels get their name based on the fact that they conduct more 

current at negative than at positive voltages (Quayle, Bonev et al. 1994). This asymmetrical 
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conductance property is due to the channel pore being blocked by intracellular polyamines 

and Mg2+ at depolarised voltages (Matsuda 1988, Lopatin, Makhina et al. 1994, Shyng, Sha 

et al. 1996). In the vascular system, these channels are particularly expressed in small 

resistance arteries and arterioles, with predominance of the Kir2.1 isoform (Longden and Nelson 

2015). As Kv and BKCa channels, when Kir channels open they favour hyperpolarisation 

amplifying the cAMP pathways of vasodilators (Jackson 2005, Longden and Nelson 2015, 

Sonkusare, Dalsgaard et al. 2016). 

 

Kv channels are gated open by membrane depolarisation (Kuang, Purhonen et al. 2015). 

Blockers of Kv channels enhances VSMC contraction upon stimulation of vasoconstrictors 

such as phenylephrine (PE) and angiotensin II (Clément-Chomienne, Walsh et al. 1996, Mistry 

and Garland 1999). This is because an increase in [Ca2+]i  was shown to inhibit Kv7 channels 

by binding calmodulin (Alaimo and Villarroel 2018). The compound 4-amino pyridine (4-AP) 

was shown to block Kv channels in a calcium-dependent way (Tammaro, Smith et al. 2005, 

Baeyens, Bouryi et al. 2014, Hübner, Schroeder et al. 2015). Inactivation of Kv channels 

contributes to membrane depolarisation which leads to vasoconstriction (Cooke, Rossitch et 

al. 1991, Chadha, Zunke et al. 2012). These data suggest that Kv channels have a role in 

maintaining hyperpolarised Vm. Elevated [Ca2+]i  was shown  also to inhibit ATP-activated K+ 

channels (KATP). These channels are independent by voltage and their activity decreases in 

response to intracellular ATP (Foster and Coetzee 2016, Jackson 2020). As the other K+ 

channels discussed above, vasoconstrictors acting via the cAMP or PKC pathway block KATP 

channels (Akatsuka, Egashira et al. 1994, Rainbow, Parker et al. 2011). Moreover, KATP 

blockage by the specific blocker glibenclamide induces vasoconstriction (Nelson, Patlak et al. 

1990, Farouque, Worthley Stephen et al. 2002, Jackson 2020).  These data indicate that both 

Kv and KATP channels contribute to the positive-feedback mechanisms that increases VSMC 

constriction and hence, myogenic tone.  
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1.3.2  Other cation channels 

 
Voltage-gated Ca2+ channels (Cav) channels such as L-type and T-type voltage-gated 

channels are essential in modulating contraction of VSMCs. Cav channels formed by the 

Cav1.2 -subunits provide the main source of Ca2+ influx during VSMCs depolarisation 

(Tykocki, Boerman et al. 2017). Following CICR via the IP3 pathway from intracellular stores, 

cell depolarisation activates Cav to further increase intracellular calcium levels.  

 

Cav are closed in resting condition but since they are highly dependent on voltage, a 

depolarisation of Vm of only 3 mV induces a two-fold increase in their current (Nelson, Patlak 

et al. 1990). Calmodulin binds to the C-terminus of Cav1.2 channels to regulate the calcium-

dependent inhibition of these channels (Shah, Chagot et al. 2006). Once intracellular Ca2+ 

stores such as the SR have been depleted, SOCCs are activated to refill the depleted stores. 

In response to SR Ca2+ depletion the SR-resident stromal-interaction molecule (STIM) 

proteins activate via oligomerisation and translocate to the plasma membrane to open Ca2+ 

release-activated Ca2+ modulator 1 (ORAI1) channels (Kar and Parekh 2013, Qiu and Lewis 

2019). This results in Ca2+ influx in the cell, where it is sequestered back in intracellular calcium 

stores such as in the ER by SERCA. Receptor-activated cation channels are also important 

for VSMC contraction. For instance, the transient receptor potential cation (TRPC) channels 

activated by PLC-coupled receptor and the ATP-ligand gated purinergic (P2X) both facilitate 

intracellular Ca2+ entry hence modulating vascular tone (Earley and Brayden 2015).  

 

VSMCs express several TRP family members. For example, TRPM4 is largely expressed in 

cerebral resistance arteries (Gonzales, Yang et al. 2014). The Ca2+ sensitivity of TRPM4 

channels is regulated by calmodulin, rho kinase and protein kinase-C (Li, Lu et al. 

2017),(Gonzales, Yang et al. 2014). Their activation results in Na+ influx inducing 

depolarisation and VSMC contraction (Earley and Brayden 2015). The TRPC6 and TRPP1 
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are non-selective cation channels that induce depolarisation by allowing entry of both Ca2+ 

and Na+ (Tykocki, Boerman et al. 2017).   

 

TPCs are non-selective channels residing in the endolysosomes (Patel and Cai 2015). While 

some studies have shown that TPCs are Ca2+-permeable and activated by NAADP (Brailoiu, 

Churamani et al. 2009, Brailoiu, Rahman et al. 2010, Ruas, Davis et al. 2015), other studies 

have indicated that these channels are Na+-permeable and activated by phosphatidylinositol 

3,5- bisphosphate (PI(3,5)P2), and/or by voltage (Boccaccio, Scholz-Starke et al. 2014, Guo, 

Ma et al. 2017). Some studies have also observed both mechanisms of TPC activation (Pitt, 

Lam et al. 2014, Ogunbayo, Duan et al. 2018). Zhang et al. showed that NAADP is not a direct 

ligand of the TPC channel as the LSM12 binding protein is required for activation of TPC2 by 

NAADP, while the JTP2 protein interacts with TPC1  (Gunaratne, Brailoiu et al. 2021, Zhang, 

Guan et al. 2021).  

 

1.3.3  Cl- channels 

 

In VSMCs [Cl-]i is higher than in other cell types due to the Cl-/HCO3
- exchanger and the 

Na+/K+/Cl- co-transporter (Matchkov, Secher Dam et al. 2013). Therefore, the equilibrium 

potential for Cl- is more positive than in other cells types (Bulley and Jaggar 2014, Hübner, 

Schroeder et al. 2015) and the [Cl]i concentration in VSMCs is higher than the ECl. Therefore, 

opening of Cl- channels causes a depolarising Cl- efflux, which activates Cav (Heinze, Seniuk 

et al. 2014). The rise in [Ca2+
 ]i  activates myosin light chain kinase via calmodulin, resulting in 

contraction (Chipperfield and Harper 2000). Four main families of Cl- channels are expressed 

in VSMC: the cystic fibrosis transmembrane conductance regulator (CFTR), bestrophins, 

volume-activated Cl- channels (ClCs) and CaCCs. Several studies have showed that in 

different vascular beds such as aorta, portal veins and pulmonary arteries, Gq coupled 

receptor (GqPCR) agonists as noradrenaline, endothelin and histamine induce Cl - currents 

(Van Renterghem and Lazdunski 1993). These data support a role of Cl- channels in 
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modulating VSMCs vasoconstriction. This was confirmed by demonstrations that non-

selective Cl- channel blockers, such as 4,4’-diisothiocyanatostilbene-2,2’-disulphonic acid 

(DIDS), hyperpolarised rat cerebral arteries (Nelson, Conway et al. 1997). Moreover, lowering 

extracellular Cl- or substituting it with Br- and NO3
-, which are more permeant anions than Cl-, 

potentiated constriction in rat cerebral arteries (Sayet, Neuilly et al. 1993).  

 

CFTR is a cAMP-activated Cl- channel mainly expressed in epithelial cells (Riordan, Rommens 

et al. 1989). It was shown that in rat intrapulmonary arteries CFTR activation by agonists 

induced vasorelaxation of aortic rings independent from endothelial cells (Cook, Rector et al. 

2016). Moreover, vasoconstrictors induced aortic contraction more in CFTR-/- mice than in 

CFTR+/+ mice (Robert, Norez et al. 2005). However, a precise role of CFTR in VSMCs remains 

unknown since CFTR channels have not been directly measured in VSMCs by 

electrophysiology.  

 

Bestrophins are a four-family cGMP-dependent Cl- channels. Bestrophin-3 mRNA and protein 

are mainly expressed in VSMCs, with bestrophin-1 and -2 weakly expressed (Matchkov, 

Larsen et al. 2008).  It was shown that bestrophin-3 knockdown reduced cGMP-dependent Cl- 

current activated by Ca2+ in rat mesenteric arteries (Matchkov, Larsen et al. 2008). Moreover, 

studies showed that bestrophin 3-knockdown reduced vasomotion and cell viability (Lee, 

Chakraborty et al. 2012, Dam, Boedtkjer et al. 2014).  

 

Among ClCs family members, ClC-3 is predominantly expressed in VSMCs (Hume, Wang et 

al. 2010, Bulley and Jaggar 2014). This channel is particularly important to regulate vascular 

cell proliferation (Eggermont, Trouet et al. 2001). It was demonstrated that Cl- movements is 

essential to compensate cell swelling during cell proliferation (Stutzin and Hoffmann 2006).  

 

CaCCs are abundantly expressed in VSMCs and are activated by a combination of 

depolarising Vm and increase in [Ca2+]i (Large and Wang 1996). Upon activation, CaCCs 

promote Cl- extrusion from the cell, thus membrane depolarisation and vasoconstriction 
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(Nelson, Cheng et al. 1995, Large and Wang 1996, Hartzell, Putzier et al. 2005, Leblanc, 

Ledoux et al. 2005, Pedemonte and Galietta 2014).  This work of thesis is centred on the 

CaCCs coded by the TMEM16A gene. The molecular physiology and pharmacology of these 

channels is described in detail in section 4.1.  

 

1.4 The biochemistry of the plasma membrane 

The plasma membrane has the crucial role in providing a physical separation and signalling 

between the intracellular and extracellular compartments of a cell. Internal membranes 

compartmentalize intracellular organelles and regulate communication between them (Habibi, 

Emamian et al. 2014). Biomembranes are generally formed by lipids, proteins and 

carbohydrates. However, they are dynamically regulated and heterogeneous in order to 

modulate various cellular processes. For example, the flux of ions across the cell membrane 

is specifically maintained according to the membrane selective permeability (Ek-Vitorin and 

Burt 2013, Shinoda 2016). By regulating the transport of ions between the inside and outside 

of the cell, membranes enable an ion gradient that allows cell signalling (Uings and Farrow 

2000). Moreover, specific functions of biomembranes are associated with specific morphology 

(Heald and Cohen-Fix 2014). For instance, tight junctions in the blood brain barrier and the 

epithelial cells are essential to prevent leakage of molecules or ions between tissues 

(Giepmans and van Ijzendoorn 2009). Because of all of the properties mentioned above, 

biomembranes are pivotal in the maintenance of cellular homeostasis.  

The first evidence of an osmotic barrier separating the inside and outside of a cell, came by 

observing a monolayer of lipids forming at the air-water interface, with the hydrophilic polar 

head groups point to the liquid phase while the hydrophobic backbones repelled the water by 

facing to the air phase (Langmuir 1917). The plasma membrane was later identified as a lipid 

bilayer when it was discovered that the extract of lipids from human erythrocytes was 2-fold of 

the cell surface (Gorter and Grendel 1925). The model of “fluid mosaic” was proposed in 1972 
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by Singer and Nicolson, whom considered that proteins are completely or partially inserted in 

the lipid bilayer and can dynamically diffuse through it (Singer and Nicolson 1972). The word 

mosaic represents the heterogeneity of the lipid bilayer composition, being highly diverse in 

terms of thickness and lipid/protein ratio (Feigenson 2006). Biomembranes are also 

characterised by specialised lipid domains or lipid rafts, which were first identified in the 

glycolipid-rich apical membrane of epithelial cells (Simons and van Meer 1988). Lipid rafts are 

small regions, 10-200 nm, highly heterogeneous and dynamic, enriched with sterols and 

sphingolipids (Pike 2006). These regions are also enriched with longer hydrocarbon chains 

and ceramide backbones, forming specific platforms for interaction with selected signalling 

molecules (Simons and Sampaio 2011). In fact, lipid rafts are populated by lipids that have 

the ability to act as first and second messengers in signalling cascades (van Meer, Voelker et 

al. 2008).  

The diversity of lipids present in the cell membranes (Figure 1.4.1) can be divided in categories 

based on their structural and chemical properties (Lydic and Goo 2018). The most abundant 

membrane lipids are phospholipids, formed by a polar head group and two hydrophobic 

hydrocarbon tails, which are usually fatty acids ranging in length from 14 to 24 carbons. One 

tail is usually unsaturated, with one or more cis-double bond, while the other is saturated. The 

presence of a double bond created a kink in the tail. Hence, different phospholipid composition 

of membranes can affect how the lipid pack one against the other, influencing the overall 

fluidity of the membrane.  
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Figure 1.4.1 Lipid composition of the plasma membrane. 

 

The bilayer lipid composition of the mammalian cell membrane differs between the intracellular 

and extracellular leaflet. The proportion of major lipid head-groups residing in the inner and 

outer leaflet of the plasma membrane are reproduced from Van Meer 2008 (van Meer, Voelker 

et al. 2008).  

 

Glycerophospholipids are another main structural component of eukaryotic membranes. They 

have three components: a fatty acid group, glycerol and a phosphate usually present in the 

sn-3 position of the glycerol. Different classes of glycerophospholipids are distinguished by 

the group that is linked to the phosphate. Some examples are phosphatidylcholine (PC), 

phosphatidylethanolamine (PE), phosphatidylserine (PS), phosphatidylglycerol (PG) and 

phosphatidylinositol (PI) (van Meer 2005).  

 

Sphingolipids (SLs) have the same components as glycerophospholipids but with ceramide 

as the hydrophobic group. The backbone is a sphingoid base that after acetylation forms 

ceramide can be linked to various head groups (Zheng, Kollmeyer et al. 2006). For example, 

glycosphingolipids (GSLs) have a single carbohydrate residue, glucosylceramide (GlcCer) or 

galactosylceramide (GalCer), while gangliosides have an oligoside containing sialic acid 

linked to the ceramide backbone (Kolter 2012). In mammals, SLs with a chain length of 18 

carbons, such as sphingosine, are the most prevalent backbones.  
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Sterols are the major class of non-polar lipids in biomembranes (van Meer, Voelker et al. 

2008). In mammals, cholesterol is the predominant sterol (40% of the plasma membrane) and 

highly regulates membrane fluidity (Ayuyan and Cohen 2018). It also influences the 

organisation of other lipids such as in lipid rafts and lipid-anchored membrane proteins (Silvius 

2003, Grouleff, Irudayam et al. 2015). The lipid distribution across the inner and outer leaflet 

of biomembranes is asymmetrical (van Meer and de Kroon 2011). For example, SLs are 

mainly present in the extracellular face of the plasma membrane, while PS and PE are 

predominantly located in the cytosolic leaflet.  

 

Lipid distribution is also distinct within cellular membranes (van Meer and de Kroon 2011). For 

instance, the plasma membrane is enriched in SLs and cholesterol (Brown and London 1998), 

the acidic compartments are abundant in negatively charged bis(monoacylglycerol)phosphate 

(Kolter and Sandhoff 2010) and the inner mitochondrial membranes are highly distributed with 

cardiolipin (Brown and London 1998). Ratio between proteins and phospholipids is also 

variable across biological membranes. In the plasma membrane there is a ratio of 1 protein 

per 25 phospholipids while in the mitochondrial internal membrane there is an average of 1 

protein per 15 lipids (Casares, Escribá et al. 2019). This is because the mitochondria are 

specialised in energy processing. The myelin enclosing nerve cells is another example of 

specialised composition of the cell membrane according to its function. Myelin is used as 

electrical insulator, in these cells there is a ratio of 1 protein for 70 lipid molecules (William K. 

Purves 2004). 

 

Lipids are synthesised in the ER and Golgi complex and transported by vesicular transport to 

the plasma membrane (De Matteis and Luini 2008), where they have diverse biological roles 

such as modulators of signal transduction (Lingwood 2011). Lipids can also undergo 

endocytosis and can be recycled in early endosomes to the Golgi complex after re-

glycosylation or degraded in the lysosomes (Daniotti and Iglesias-Bartolomé 2011).  
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1.4.1  The endocytic system  

Cells can internalise lipids, ligands and membrane proteins via endocytosis. This dynamic 

process is determined by the endosomal pathways and contributes to the plasma membrane 

composition which in turn influences cellular homeostasis (Grant and Donaldson 2009). The 

mechanism of endocytosis can be clathrin dependent (CDE) or clathrin independent (CDI). In 

CDE, adaptor proteins recognise specific cytoplasmic domains allowing the transport of cargo 

into the cell through clathrin-coated vesicles. CDI includes numerous forms of endocytosis 

such as transport of GSLs, phagocytosis and macropinocytosis (Mayor and Pagano 2007). 

This latter mechanism is highly reliant on lipid rafts. For instance, fluorescent GSLs analogues 

cluster in membrane microdomains prior to internalization (Singh, Puri et al. 2003, Sharma, 

Brown et al. 2004).  

 

Following either CDE or CDI, endocytosed material is delivered to early endosomes where 

the cargo is sorted either back to the plasma membrane or targeted to the lysosome for 

degradation (Jovic, Sharma et al. 2010). Early endosomes, once formed at the plasma 

membrane, are vesicular compartments located in the cell periphery with slightly acidic pH of 

6, which can allow dissociation of receptors from their ligands (Gruenberg 2001, Jovic, Sharma 

et al. 2010). For example, following CDE of low-density lipoproteins (LDL), lysosomal acid 

lipase A (LipA) hydrolyses cholesteryl esters from LDL producing unesterified cholesterol 

(UC). The latter is then extruded from the lysosomal via the lysosomal transport proteins 

Niemann-Pick type C 2 (NPC2) and NPC1 (Figure 1.4.2). This mechanism allows the recycling 

of the LDL-receptor (LDL-R) to the plasma membrane (Goldstein, Anderson et al. 1979).  
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Figure 1.4.2 Lysosome mediation of cholesterol delivery to the plasma membrane. 

Diagrammatic representation of the lipid transport of LDL cholesterol from the lysosome 
(Goldstein, Anderson et al. 1979).   LDL-R is endocytosed in the endosome. Upon endosome 
maturation, LDLs are broken down by lysosomal acidic lipase (LipA) to release unesterified 
cholesterol (UC). NPC2 delivers cholesterol to the transmembrane protein NPC1, which 
allows cholesterol sorting to different cell compartments, including the plasma membrane via 
membrane contact sites. LDL-R is recycled to the plasma membrane.  
 
 

1.4.2  The lysosome 

Lysosomes were first discovered in 1955 by Christian de Duve when he detected hydrolytic 

activity in biochemical fractions (de Duve 1983). Later studies identified lysosomes as 

membrane-bound organelles specialising in the breakdown and recycling of intracellular 

macromolecules (Klumperman and Raposo 2014). The degradative function of the lysosome 

is driven by up to 60 hydrolytic enzymes including lipases, proteases and nucleases contained 

in the endo-lysosomal lumen (Sagné, Agulhon et al. 2001, Rong, McPhee et al. 2011, Liu, 

Zhou et al. 2012). The acidic pH of the lysosome allows optimal activity of the hydrolyses 

mentioned above (Bright, Davis et al. 2016). The low pH (4.5-5.5) is maintained by the H+-

ATPase pump and by a counter flux of other ions such as Cl-, Na+ and K+ (Mindell 2012, Ishida, 

Nayak et al. 2013). Overtime early endosomes accumulates ligands and mature into late 

endosomes which have a pH of 5 and move along microtubules to reach the perinucleus 

(Dunn and Maxfield 1992). Ca2+ release from the late endosomes is necessary for fusion of 

these organelles with lysosomes (Luzio, Bright et al. 2007) 
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During endosome maturation, the lysosome lysosomal lumen is gradually acidified to enable 

fusion with other intracellular vesicles such as the late phagosome and the autophagosome 

(Johnson, Ostrowski et al. 2016). In fact, the lysosome is the terminal compartment of multiple 

endocytic pathways including endocytosis, phagocytosis and autophagy (Figure 1.4.3) (Di 

Fiore and von Zastrow 2014). However, lysosomes are not simply an endpoint of the cell’s 

endocytic system, rather they are found in diverse trafficking routes sorting and recycling 

intracellular material via a microtubule-based system (Burkhardt, Echeverri et al. 1997, 

Harada, Takei et al. 1998). Moreover, there are lines of evidence showing that in response to 

a rise in [Ca2+]i, lysosomes can fuse with the plasma membrane to repair areas of damage to 

the plasma membrane (Rodríguez, Webster et al. 1997). This was shown by lysosomal protein 

markers such as Lamp1 appearing on the plasma membrane of fibroblasts at the site of 

mechanical disruption (Bakker, Webster et al. 1997). In fact, it is now known that the lysosome 

plays key roles in a variety of cellular processes such as cell signalling, repair and apoptosis 

(Galione and Churchill 2002, Jaiswal, Andrews et al. 2002, Divangahi, Chen et al. 2009).  
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Figure 1.4.3 The role of the lysosome in endocytosis, phagocytosis, and autophagy. 

Diagrammatic representation of the importance of the lysosome in regulating endocytosis, 
phagocytosis, and autophagy. In endocytosis, endocytic vesicles mature into lysosomes. 
Similarly, in phagocytosis and autophagy, the lysosome is fusing with either phagolysosome 
or autophagosomes to degrade the endocytic material.  
 

The lysosomal lipid-transport proteins NPC1 and NPC2 coordinate the export of unesterified 

cholesterol out of the lysosome (Infante, Abi-Mosleh et al. 2008). NPC2 is a protein present in 

the lysosomal lumen. This soluble protein harbours a cholesterol-binding pocket lined with 

hydrophobic residues that are buried in a pocket; in contrast, hydroxyl groups are exposed to 

the lumen (Li, Wang et al. 2016). Thus, NPC2 can bind cholesterol in the hydrophobic pocket 

and deliver it to the NPC1 membrane-embedded protein. NPC1 is a protein of the lysosomal 

membrane that has a luminal N-terminal domain with a N-terminal sterol-sensing domain 

which is thought to bind cholesterol (Infante, Abi-Mosleh et al. 2008). The crystal structure of 

NPC1 shows that this protein has an opposite orientation of the sterol hydrophobic pocket to 

NPC2, supporting a coordinated transfer of cholesterol from the hydrophobic pocket of NPC2 

to the one in the N-terminal domain of NPC1 (Li, Wang et al. 2016).  Moreover, the lysosomal 
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proteins Lamp1 and Lamp2 were shown to bind cholesterol with high affinity and specificity to 

the luminal domain 1 which is also capable of interacting with NPC1 and NPC2 (Li, Wang et 

al. 2016, Marques and Saftig 2019). Once cholesterol and sphingolipids have been transferred 

to the cytosolic leaflet of the lysosome limiting membrane by NPC1, they are rapidly 

transported to cellular membranes such as the ER, Golgi, peroxisomes and the plasma 

membrane through tethering contact sites (Jin, Strunk et al. 2015, Hoglinger, Burgoyne et al. 

2019, Marques and Saftig 2019). 

1.5  NPC gene/protein defects  

The NPC1 gene is located on chromosome 18q11 (Carstea, Polymeropoulos et al. 1993) and 

encodes a 13-transmembrane domain protein of 1278 amino acid (Carstea, Morris et al. 1997) 

which resides in the membranes of late endosomes and lysosomes (Ioannou 2005).  NPC1 

has been proposed as the only mammalian resistance-nodulation cell-division (RND) 

permease transporter (Pentchev, Comly et al. 1985, Tseng, Gratwick et al. 1999, Scott and 

Ioannou 2004). Davies et al showed that NPC1 can transport acriflavine, a known RND 

permease substrate (Davies, Chen et al. 2000). This was further supported when it was 

demonstrated that the yeast orthologue of NPC1, ncr1, could compensate for NPC1 deficiency 

when expressed in mammalian patient-derived cells (Malathi, Higaki et al. 2004). As RND 

permeases function as transmembrane efflux pumps, it was proposed that NPC1 could aid 

the transport of various lipids out of the late endosomes and lysosomes (Lloyd-Evans and 

Platt 2010). Moreover, ncr1 is expressed on the yeast vacuole which is functionally equivalent 

to the eukaryotic lysosome (Patel and Cai 2015).  

 

The NPC1 protein has three luminal domains: a N-terminal domain, a middle luminal domain 

and a C-terminal domain (CTD) which is cysteine-rich (Scott and Ioannou 2004). The 

transmembrane domains TM3-7 form the sterol-sensing domain which is highly conserved 

(Kuwabara and Labouesse 2002). It was shown that the small molecule U18666A can block 
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cholesterol export and that a point mutation in the NPC1 SSD can prevent binding of U18666A 

to NPC1 (Ohgami, Ko et al. 2004, Lu, Liang et al. 2015). The recent NPC1 single-particle 

electron cryomicroscopy (cryo-EM) structure revealed for the first time the clearly defined CTD 

and showed that mutagenesis of the NPC1 CTD blocks cholesterol transport from the late 

endosomes to the ER (Li, Lu et al. 2017). Mutations in either NPC1 or NPC2 results in 

Niemann-Pick disease type C (NPC), which is an autosomal recessive inherited 

neurodegenerative lysosomal storage disorder. More than  400 mutations have been identified 

in NPC patients (Park, O'Brien et al. 2003, Vanier 2010) of which 45% are distributed in the 

CTD of NPC1 (Scott and Ioannou 2004). The most common NPC1 mutation, I1061T, induces 

NPC1 misfolding resulting in protein degradation and a negligible amount of NPC1 delivered 

to the lysosomal membrane (Praggastis, Tortelli et al. 2015).  

 

1.5.1  Lipid storage in NPC disease 

NPC disease is characterised by lipid storage within lysosomes, such as cholesterol, and 

multiple sphingolipids including sphingosine, sphingomyelin and GSLs (including 

glucosylceramide, lactosylceramide, and monosialogangliosides GM2 and GM3) (te Vruchte, 

Lloyd-Evans et al. 2004, Chevallier, Chamoun et al. 2008, Lloyd-Evans, Morgan et al. 2008). 

This storage impairs lysosomal function resulting in a block of the endocytic pathway that 

impairs fusion of lysosomes and late endosomes, as well as the formation of autophagic 

vacuoles or phagosomes (Ko, Gordon et al. 2001, Mayran, Parton et al. 2003, Lloyd-Evans, 

Morgan et al. 2008). Crocker and Farber initially characterised NPC as a primary 

sphingomyelin storage disease (Crocker and Farber 1958). This idea was dismissed in 1984 

when NPC was reclassified as a lactosylceramide (LacCer) storage disease and then in 1985 

when Pentchev suggested that NPC was associated with a defect in LDL cholesterol recycling 

(Elleder and Smíd 1985, Pentchev, Comly et al. 1985). After the identification of the gene in 

1997, sequence similarity between NPC1 and mediators of cholesterol regulation supported 

the hypothesis that NPC was a cholesterol storage disease. It was then reported that LDL 
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does not only contain cholesterol but also ceramide and GSLs (Garner, Harvey et al. 2001, 

Lightle, Tosheva et al. 2003). Moreover, variants of NPC disease show no storage of LDL-

derived cholesterol, while still showing sphingolipid storage (Sun, Marks et al. 2001). More 

importantly, addition of sphingosine to healthy cells was showed to induce NPC lipid storage 

whereas addition of free cholesterol could not (Roff, Goldin et al. 1991).  

In 2008, Lloyd et al reported that in NPC disease altered cellular lipid trafficking starts with 

sphingosine storage in the late endosomes and lysosomes, followed by defective endocytic 

trafficking and secondary storage of lipids such as cholesterol and GSLs (Lloyd-Evans, 

Morgan et al. 2008). Initial evidence of the key role of sphingosine in NPC diseases indicated 

that a 12-fold sphingosine increased was observed in liver and spleen of NPC patients and a 

4-fold increase in the brain (te Vruchte, Lloyd-Evans et al. 2004). Following sphingosine 

elevation in NPC cells, this lipid reduces late endosomal and lysosomal Ca2+ levels resulting 

in secondary lipid storage and impairment of vesicular fusion/trafficking (Pryor, Mullock et al. 

2000, Lloyd-Evans, Morgan et al. 2008, Lloyd-Evans and Platt 2010). More recently, it has 

been shown that NPC1 functions as a tethering protein between the lysosomes and the ER to 

allow cholesterol egress (Hoglinger, Burgoyne et al. 2019). In fact, in NPC1-null cells and in 

cells treated with U18666A, the membrane contact sites (MCS) between lysosomes and the 

ER were significantly reduced and resulted in cholesterol accumulation (Hoglinger, Burgoyne 

et al. 2019).  In contrast, by artificially expressing the MCS protein ORLP1, the contact sites 

and cholesterol accumulation were both rescued (Hoglinger, Burgoyne et al. 2019). Therefore, 

NPC1 is not only important for transporting cholesterol but also for regulating tethering 

between intracellular organelles.  

1.5.2  Therapeutics for NPC disease  

NPC affects 1 in 120, 000 living births (Vanier 2010, Hendriksz, Anheim et al. 2017). This 

disease manifests with high heterogeneity with variable age of onset and different rates of 

progression (Yerushalmi, Sokol et al. 2002, Wassif, Cross et al. 2016). NPC patients often 
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present with initial liver disease followed by neurological signs including ataxia and dementia 

(Vanier 2010). Main pathological features of NPC include Purkinje cell loss in the cerebellum, 

cerebral microvascular and neuronal excitability alterations (Cendelin 2016, Winstone, 

Stellitano et al. 2017). Additionally, there are some reports of vascular impairment, such as 

alteration of coronary circulation (Patterson, Clayton et al. 2017). Some patients also present 

with coagulation and platelet changes such as thrombocytopenia, anaemia and petechial rash 

(Spiegel, Raas-Rothschild et al. 2009, Chen, Colaco et al. 2020). Furthermore, associations 

between NPC1 polymorphism and cardiac disease have been identified (Wraith, Guffon et al. 

2009).   

Currently there is no cure for NPC disease and therapeutic options are limited. N-

butyldeoxynnojirimycin (miglustat) is the only approved therapy for NPC (Lyseng-Williamson 

2014) while CD, arimoclomol and gene therapy are under investigation (Hastings, Vieira et 

al. 2019).  

Miglustat reduces GSLs storage by inhibiting glucosylceramide synthase and it was originally 

developed for Gaucher disease, which is characterised by primary defect in GSLs metabolism 

(Vella 1996, Cox, Lachmann et al. 2000). Miglustat has been approved for NPC pathology 

worldwide (apart in the USA) and early treatment slows disease onset as well as progression 

(Patterson, Vecchio et al. 2007). Patterson et al. have recently showed long-term survival data 

showing that miglustat delays disease progression and extends life span by more than 10 

years (Patterson, Garver et al. 2020). 

CD was first use as a delivery system for allopregnanolone in NPC mice. This steroid was 

solubilised in 20% CD improving mice lifespan and neuropathology (Griffin, Gong et al. 

2004). It was then discovered that treatment with CD alone as vehicle was responsible for 

the majority of improvements seen in NPC mice (Davidson, Ali et al. 2009). Intra-cisternal 

injection of CD in feline models of NPC showed delay in cerebellar degeneration and in 

Purkinje cell loss while reducing lipid storage and increasing life span (Hastings, Vieira et al. 
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2019). CD is a cyclic oligosaccharide of seven glucopyranose units, exposing hydrophilic 

residues while internalising hydrophobic ones. In the formation of CD-lipid complexes, CD 

can enhance the solubility of lipophilic compounds such as cholesterol. CD can induce 

lysosomal exocytosis by damaging the plasma membrane and releasing storage materials 

entrapped in the endocytic system (Chen, Li et al. 2010). Even though CD does not cross 

the blood-brain barrier (BBB), it is proposed that low concentrations of the compound are 

enough to change intracellular junctions and altering membrane structures, as well as 

enhancing solubilisation of lipids in the brain endothelial cells (Vecsernyés, Fenyvesi et al. 

2014, Coisne, Hallier-Vanuxeem et al. 2016). Several studies are now demonstrating that CD 

can reduce systemic and neurologic manifestations of NPC in patients (Hastings, Vieira et al. 

2019).  

1.6  Lipid modulation of ion channels 

Lipids are essential components of cellular membranes where ion channels reside. Over the 

last decade several lines of evidence demonstrated that lipids can act as major modulators of 

ion channel activity. In this section, I will provide an overview of the main classes of lipids that 

can interfere with ion channel activity. For example, cholesterol is a predominant component 

of the plasma membrane regulating cell viability, growth and proliferation.  Another important 

class of lipids are phosphoinositides, which are less abundant in membranes but direct many 

signalling pathways. Moreover, sphingolipids such as ceramide and sphingosine are also 

signalling lipids involved in several cellular functions and modulating some ion channel activity. 

Overall, lipids can modulate ion channels by direct interaction, by altering the physical 

properties of membranes or by facilitating the interaction of the channels with auxiliary proteins 

or other lipid complexes (Rosenhouse-Dantsker 2019).  
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1.6.1  Cholesterol  

 

Unesterified cholesterol is mainly found at the plasma membrane (Davis and Poznansky 1987, 

Lange 1991). Its steroid rings are embedded in the membrane parallel to the hydrocarbon 

chains of the phospholipids while its hydroxyl group is exposed to the intracellular aqueous 

component (Yeagle 1985). Cholesterol was shown to commonly decrease channel activity 

and its open probability as seen for K+ channels such as KIR, KV and BKCa, as well as CaCCs, 

Na+ and Ca2+ channels. For example, for KIR channels, the single point mutation L1222I is 

enough to abolish channels sensitivity to cholesterol  (Rosenhouse-Dantsker, Leal-Pinto et al. 

2010). For BKCa channels, cholesterol depletion with methyl-CD increased single-channel 

activity (Tajima, Itokazu et al. 2011). For CaCC channels, it was shown that methyl-CD 

complexed with cholesterol increases TMEM16A current rundown (De Jesus-Perez, Cruz-

Rangel et al. 2018).  

 

In contrast, cholesterol is essential for activation of other ion channels. For example, 

incubation of lipid bilayers with reconsituted epithelial Na+ channels (eNaC) methyl-CD alone 

reduced eNaC current (Shlyonsky, Mies et al. 2003). Similarly, incubation of TRP1-expressing 

HepG cells with CD prevented carbachol-induced activation of TRP1 (Lockwich, Liu et al. 

2000)  

 

1.6.2  Phosphoinositides  

 

Among phosphoinositides, the most abundant at the plasma membrane is PIP2 and is a source 

of several second messengers such as IP3 and DAG (Plaster, Tawil et al. 2001). PIP2 levels 

depend on cellular metabolism since it can be hydrolysed, phosphorylated at the D-3 hydroxyl 

inositol group to form PI(3,4,5)P3 or dephosphorylated to remove the phosphate in either 

position D-4 or D-5 of the inositol group. Its synthesis is regulated by phosphatidylinositol 4-

kinase (PI4-K) and phosphatydilinositol 4-phosphate 5-kinase (PIP5K). Conversely to 
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cholesterol, PIP2 generally increases channel activity and open probability like for KIR, KV, 

CaCCs, Na+, TRP and Ca2+ channels (Hille 2001). Molecular dynamics simulations have 

shown how PIP2 opens KIR channels by facilitating the conformational movement of the CTD 

upward (Li, Lü et al. 2015). In KCNQ2 channels, PIP2 binds to the S4-S5 linker in the open 

configuration of the channel which is crucial for the increase in voltage sensitivity and current 

amplitude (Zhang, Zhou et al. 2013). For TRP channels, a chimera where the CTD of TRPV1 

replaced the CTD of TRPM8 was employed to study the role of PIP2 binding and demonstrating 

that the CTD of TRPV1 is required for PIP2 sensitivity (Brauchi, Orta et al. 2007) For CaCC 

channels, Ta et al. showed that TMEM16A and TMEM16B are respectively activated and 

inactivated by dic8- PIP2 (Ta, Acheson et al. 2017). Moreover, recent studies have identified 

multiple PIP2 binding residues located in the TM3-5 of the TMEM16A channel (Le, Jia et al. 

2019).  

 

In fewer cases PIP2 inhibits channel densities such as for intracellular Ca2+ release channels 

I(1,4,5)P3 receptors and cyclic nucleotide gated channels (Hille 2001, Zhainazarov, Spehr et 

al. 2004). PIP2-channel interactions have been shown to be mainly electrostatic with negatively 

charged phosphate groups of the phosphate head interacting with positively charges amino 

acids of the channel such as arginines, lysines and histidines (Rosenhouse-Dantsker 2019). 

It is also known that a cross-talk between cholesterol and PIP2 levels can modulate several 

ion channels. For example, high cholesterol levels can down-regulated PIP2 interaction with 

the Mg2+-inhibitory cation (MIC) and KCNQ channels (Chun, Shin et al. 2010).  

 

1.6.3  Sphingolipids 

 

The sphingolipid ceramide is generated by sphingomyelin hydrolysis or via ceramide 

synthases during different cellular processes including cellular stress, ischaemia, apoptosis 

and senescence (Hannun 1996). Similarly to cholesterol, ceramide increases the rigidity of 

cell membranes and inhibits a variety of ion channels such as Kir, KV and CFTR (Wu, Lo et al. 
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2001, Bock, Szabó et al. 2003, Ramu, Xu et al. 2007). Sphingosine-1-phosphate (S1P) is 

another sphingolipid involved in important cellular functions such as angiogenesis, cell 

migration, cell survival and maintenance of vascular tone (Hla 2003, Spiegel and Milstien 

2003, Hla 2004, Saba and Hla 2004).  S1P was shone to activate TRPC in ECs and VSCMs 

(Crousillac, Colonna et al. 2009, Formigli, Sassoli et al. 2009). Furthermore, S1P activates Kir, 

BKCa and Cl- channels (Wang, Carbone et al. 2002, Yin and Watsky 2005).  

1.7  The lipid-sensitive TMEM16A Ca2+-activated Cl- channel  

 

In the 1980’s, endogenous CaCC current was recorded for the first time in Xenopus laevis 

oocyte and salamander photoreceptors (Miledi 1982) (Miledi 1982, Barish 1983). This current 

was characterised by outward rectification in response to increase in [Ca2+]i and depolarising 

voltage (Kuruma, Hirayama et al. 2000). The molecular identity of this channel remained 

elusive until 2008 when three group independently identified the TMEM16A gene to encode a 

CaCC (Caputo, Caci et al. 2008, Schroeder, Cheng et al. 2008, Yang, Cho et al. 2008). At low 

[Ca2+]i, CaCC current was observed to be slowly activated at positive voltages, while at 

negative voltages the current was reversibly deactivated (Caputo, Caci et al. 2008, Schroeder, 

Cheng et al. 2008, Yang, Cho et al. 2008). In contrast, in the presence of high [Ca2+]i , CaCC 

current was activated in a broader range of Vm including at hyperpolarised Vm (Yang et al., 

2008). Yang et al used bioinformatics approaches followed by functional validation of the 

cloned TMEM16A gene as CaCC (Yang, Cho et al. 2008). Schroeder et al. used an oocyte 

model from Ambystoma mexicanum, in which CaCCs were not present, to express an isolated 

clone of TMEM16A from Xenopus oocyte (Schroeder, Cheng et al. 2008). In this way, 

TMEM16A expression produced current-voltage (IV) relationships that resembled 

endogenous ICaCC currents (Schroeder, Cheng et al. 2008). At that time, it was also known that 

interleukin-4 (IL-4) increased ICaCC in human bronchial epithelial cell (Galietta, Pagesy et al. 

2002). Caputo et al. based his work on this latter notion and discovered that TMEM16A 

expression was increased seven-fold upon IL-4 treatment (Caputo, Caci et al. 2008). 
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Additionally, uridine 5’-trisphosphate (UTP) and the Ca2+ ionophore ionomycin produced ICaCC 

in cells transfected with TMEM16A (Caputo, Caci et al. 2008). Moreover, ICaCC could be 

blocked by the CaCC inhibitor niflumic acid (NFA) (Caputo, Caci et al. 2008). Later studies 

used siRNA or genetic deletion of the TMEM16A gene to confirm that TMEM16A expression 

is required to produce native CaCCs in several human and animal models (Flores, Cid et al. 

2009, Huang, Rock et al. 2009, Manoury, Tamuleviciute et al. 2010, Scudieri, Sondo et al. 

2012, Cho, Lee et al. 2020). We now know that TMEM16A is expressed in many cells types 

such as VSMCs, interstitial cells of Cajal, olfactory neurons, pericytes, nociceptive and 

somatosensory neurons (Heinze, Seniuk et al. 2014, Fedigan, Bradley et al. 2017, Lin, Lv et 

al. 2018, Chen, Tan et al. 2019, Shah, Carver et al. 2020).  

1.7.1  TMEM16x family  

The mammalian TMEM16x family comprises ten members identified with the letter A to J (not 

including I). These ten paralogs share high sequence homology while forming a functionally 

diverse group of proteins. TMEM16x proteins may (i) form Ca2+-activated Cl- channels 

(CaCCs), (TMEM16A and B) (Duran and Hartzell 2011, Kunzelmann, Tian et al. 2011, 

Scudieri, Sondo et al. 2012, Yu, Whitlock et al. 2015); (ii) function as lipid scramblases, which 

facilitate bidirectional movement of lipids across the cell membranes, and may also possess 

non-selective ion channel activity (TMEM16D, E, F, K and J) or (iii) have additional cellular 

roles (TMEM16C, G, H) (Kunzelmann, Tian et al. 2011). 

The TMEM16A and TMEM16B CaCCs share some electrophysiological properties, including 

comparable degrees of selectivity and permeability to a range of anions, and sensitivity to 

intracellular Ca2+ (Duran and Hartzell 2011, Kunzelmann, Tian et al. 2011, Scudieri, Sondo et 

al. 2012, Yu, Whitlock et al. 2015). TMEM16A and B channels also share some 

pharmacological properties. For example they are modulated in a complex manner by 

antracene‐9‐carboxilic acid (A9C) and are inhibited by other commonly used Cl− channel 

blockers such as DIDS and NFA to a similar extent(Garner, Harvey et al. 2001). In contrast, 
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the drug Ani9 was shown to selectively inhibit TMEM16A, with no significant effect on 

TMEM16B (Seo, Lee et al. 2016). TMEM16A is expressed in epithelial cells, where it 

contributes to secretion of transepithelial fluid and in contractile tissues, where it facilitates 

pacemaker activity as in interstitial cells of Cajal or contractile wave activity in gastrointestinal 

smooth muscle cells (Schroeder, Cheng et al. 2008, Hong, Lee et al. 2019). TMEM16A is also 

expressed in the brain, where it controls bradykinin-induced nociception and microvascular 

circulation (Brown and Passmore 2010, Suzuki, Suzuki et al. 2021). In contrast, TMEM16B is 

mainly expressed in olfactory and photoreceptors sensory neurons (Sagheddu, Boccaccio et 

al. 2010, Billig, Pál et al. 2011, Dibattista, Amjad et al. 2012, Pifferi, Cenedese et al. 2012). 

TMEM16C to TMEM16G and TMEM16J are Ca2+-dependent phospholipid scramblases 

(Suzuki, Fujii et al. 2013, Gyobu, Miyata et al. 2016). While the TMEM16x family members 

described above are plasma membrane-resident channels, TMEM16H, TMEM16J and 

TMEM16K are found in intracellular membranes (Tian, Schreiber et al. 2012, Bushell, Pike et 

al. 2019). TMEM16F functions as a phospholipid-scramblase and non-specific ion channel 

(Suzuki, Umeda et al. 2010, Brunner, Lim et al. 2014, Yu, Whitlock et al. 2015). Figure 1.7.1 

illustrates the difference in the channel structure between the scramblases and ion channels 

of the TMEM16x family. Suzuki et al. showed that TMEM16F can scramble a variety of 

phospholipids such as PS, PI, and PE (Suzuki, Umeda et al. 2010). For example, Toshihiro et 

al. showed that TMEM16F is required for exposure of PS, which activates platelets during 

blood coagulation (Fujii, Sakata et al. 2015). Point mutations in TMEM16F are associated with 

Scott Syndrome, a bleeding disorder caused by defective phospholipid scrambling in platelets 

(Brooks, Catalfamo et al. 2015). The Ca2+-sensitivity of TMEM16F was demonstrated to be 

significantly lower than for TMEM16A-B (EC50 between 10-100 M vs 1.3 and 1.9 M) and 

with much longer time-dependence IV relationships (Adomaviciene, Smith et al. 2013). 

TMEM16F non-specific ion current is suggested to coincide with its scramblase activity 

(Scudieri, Caci et al. 2015, Yu, Whitlock et al. 2015). The physiological function of TMEM16F 

current remains uncertain as Cl- is not required for scrambling activity (Yu, Whitlock et al. 
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2015). In fact, it was shown that Cl- channel inhibitors or substitution of extracellular Cl- with 

other anions does not alter TMEM16F scramblase properties (Kmit, van Kruchten et al. 2013).  

TMEM16K is an ER-resident lipid scramblase with non-specific ion channel activity (Bushell, 

Pike et al. 2019). The activity of this channel is dependent on Ca2+ and on short chain lipids. 

The ER membrane has symmetrical lipid distribution, which does not occur at the plasma 

membrane. Since many lipids are synthesised on the cytoplasmic side of the ER, scramblases 

play an important role in the formation of the ER membrane symmetrical lipid distribution. 

TMEM16K has been associated with several cellular phenomena, including spindle formation, 

Ca2+ signalling, volume regulation and apoptosis (Kramer and Hawley 2003, Wanitchakool, 

Ousingsawat et al. 2017). The fact that TMEM16K truncations and missense variants lead to 

autosomal recessive spinocerebellar ataxia type 10 (SCAR10), suggest incorrect lipid 

distributions in ER and other membranes in the pathophysiology of this disease (Vermeer, 

Hoischen et al. 2010, Balreira, Boczonadi et al. 2014). 
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Figure 1.7.1 TMEM16x family: scramblases and ion channels. 

Diagrammatic representation of the TMEM16x family members. Scramblases have a pore 

directly exposed to the lipid bilayer allowing lipid translocation form one side of the membrane 

to the other. In contrast, the pore of TMEM16 channels is partly shielded from lipids and allows 

only conductance of ions.  

 

 

 

1.7.2  TMEM16A structure 

TMEM16A has four splice variants, a-d, which results from different insertion or deletion of 

exons (Ferrera, Caputo et al. 2009, Ferrera, Caputo et al. 2010). As the other TMEM16x family 

members, TMEM16A is formed by ten transmembrane domains (TMDs) with intracellular N 

and C-terminal (Yang, Cho et al. 2008, Milenkovic, Brockmann et al. 2010). TMEM16A forms 

a homodimer with two pores (Fallah, Römer et al. 2011, Sheridan, Worthington et al. 2011) 

that are independently activated (Jeng, Aggarwal et al. 2016, Lim, Lam et al. 2016). 

Dimerisation of TMEM16A subunits is suggested to be irreversible as it is not affected by Ca2+ 
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fluctuations or by disruption of actin filaments (Fallah, Römer et al. 2011, Sheridan, 

Worthington et al. 2011). The residues forming the dimerisation domain in the N-terminal 

region of TMEM16A are highly conserved among the other TMEM16x family members (Tien, 

Lee et al. 2013). In 2014 Brunner et al. obtained the X-ray structure of TMEM16A from the 

fungal homologue Nectria haematococca TMEM16 (nhTMEM16) (Brunner, Lim et al. 2014). 

More recently, in 2017 two groups independently identified the structure of mouse TMEM16A 

(mTMEM16A) via cryo-EM (Dang, Feng et al. 2017, Paulino, Kalienkova et al. 2017). They 

showed that TMEM16A is indeed formed by ten -helixes embedded in the plasma membrane 

with cytosolic N- and C-terminal (Dang, Feng et al. 2017, Paulino, Kalienkova et al. 2017).  

The ion permeation pathway is formed by helixes TM4-TM6 harbouring conserved Ca2+ 

binding residues (Brunner, Lim et al. 2014, Dang, Feng et al. 2017, Paulino, Kalienkova et al. 

2017). These residues were identified through alanine mutagenesis studies as E654, E702, 

E705, E734 and D738 (Tien, Lee et al. 2013). These acidic residues form a negatively charged 

barrier to Cl- flux. Upon binding of Ca2+, this barrier is relieved through a conformational 

change in which the sixth TM domain opens the ion permeation pathway of TMEM16A 

(Paulino, Kalienkova et al. 2017, Peters, Gilchrist et al. 2018). Figure 1.7.2 illustrates the cryo-

EM structure of TMEM16A and its Ca2+ binding sites. 

Recently, Dinsdale et al. identified an outer pore region by investigating the biphasic effect of 

the small molecule anthracene-9-carboxylic acid (A9C) on TMEM16A (Dinsdale, Pipatpolkai 

et al. 2021). This work demonstrated that [Ca2+]i induces a conformational change in the outer 

pore of TMEM16A, where the residues V539 and I636 shrink (Dinsdale, Pipatpolkai et al. 

2021, Pifferi and Menini 2021). This indicates that [Ca2+]i is essential to obtain a wider opening 

of the pore. The TMEM16A channel pore is partially lined with lipids (Dang, Feng et al. 2017, 

Paulino, Kalienkova et al. 2017). This is in accordance with the ancestral evolution of 

TMEM16A from lipid scramblases of the TMEM16x family (Whitlock and Hartzell 2017). Unlike 

other ion channels in which the ion permeation pathway is completely shielded from proteins, 
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a section of the TMEM16A pore is lining in proximity with the plasmalemmal lipids (Whitlock 

and Hartzell 2017).  

TMEM16A is selectively permeable to large anions SCN- > I- > Br- > Cl- > F-  (Schroeder, Cheng 

et al. 2008, Yang, Cho et al. 2008, Sagheddu, Boccaccio et al. 2010, Adomaviciene, Smith et 

al. 2013). The conductance of TMEM16A was reported to be 3-8 pS according to the 

expression system (Yang, Cho et al. 2008, Adomaviciene, Smith et al. 2013, Ta, Acheson et 

al. 2017).  

 

Figure 1.7.2 TMEM16A structure 

Cryo-EM structure of the TMEM16A channel (Paulino, Kalienkova et al. 2017), formed by two 
subunits which can be activated independently by two calcium ions (illustrated in pink). 

 

1.7.3  TMEM16A biophysical properties  

The TMEM16A channel presents an outwardly rectifying IV curve, as opening of the channel 

is favoured at depolarising membrane potentials (Kuruma and Hartzell 1999). TMEM16A 

currents are sensitive to voltage and Ca2+ (Caputo, Caci et al. 2008, Schroeder, Cheng et al. 

2008). TMEM16A is gated open by [Ca2+]i < 100 nM and [Ca2+]i regulates the extent of 

TMEM16A outward rectification (Ferrera, Caputo et al. 2010, Adomaviciene, Smith et al. 
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2013). TMEM16A current is voltage and time-dependent when [Ca2+]i is < 1 M, which results 

in a steep outward rectifying IV relationship (Ferrera, Caputo et al. 2010). Instead, when [Ca2+]i 

increases to > 1 M voltage and time-dependence are reduced, producing a more linear IV 

curve (Ferrera, Caputo et al. 2010). The possibility that TMEM16A is regulated by calmodulin 

has been studied in depth in the literature. Several lines of evidence indicated that TMEM16A 

Ca2+-activation is independent by calmodulin. For example, in patch-clamping experiments, 

application of WT calmodulin or a mutant form of calmodulin did not affect TMEM16A current 

density (Vocke, Dauner et al. 2013, Yu, Zhu et al. 2014). Moreover, purified human TMEM16A 

(hTMEM16A) in reconstituted proteolisosomes elicited TMEM16A current in the absence of 

calmodulin (Terashima, Picollo et al. 2013). 

Different groups showed that TMEM16A can be activated in the absence of Ca2+ by a strong 

membrane depolarisation of 200 mV (Xiao, Yu et al. 2011, Contreras-Vite, Cruz-Rangel et al. 

2016, Cruz-Rangel, De Jesus-Perez et al. 2017). Zhang et al. showed that the synergy 

between Ca2+ and voltage in activating TMEM16A is due to Ca2+ binding reducing the energy 

barrier required to gate open the channel at a given voltage (Zhang, Chen et al. 2014). It has 

also been proposed that activated TMEM16A currents can be fitted with a double exponential, 

suggesting that at least two states of Ca2+ binding are required for channel activation (Zhang, 

Chen et al. 2014).  

1.8  TMEM16A role in vascular smooth muscle contraction  

Several lines of evidence showed that TMEM16A is expressed in various vascular beds and 

plays a pivotal role in agonist-induced VSMC contraction (Gritli-Linde, Vaziri Sani et al. 2009, 

Davis, Forrest et al. 2010, Manoury, Tamuleviciute et al. 2010, Thomas-Gatewood, Neeb et 

al. 2011, Wang, Yang et al. 2012). As discussed above, VSMCs accumulate high [Cl-]i, 

therefore TMEM16A activation enables Cl- extrusion favouring membrane depolarization and 

vasoconstriction.  
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CaCC currents were identified for the first time in the 1980s by several groups (Bader, 

Bertrand et al. 1982, Miledi 1982, Wang, Fermini et al. 1995), while the molecular identify of 

the currents was later resolved (Caputo, Caci et al. 2008, Schroeder, Cheng et al. 2008, Yang, 

Cho et al. 2008). It was then found in VSMCs that TMEM16A activation leads to opening of L-

type Cav channels, enhancing Ca2+ influx hence leading cell contraction (Manoury, 

Tamuleviciute et al. 2010). Manoury et al. showed that gene silencing with short interfering 

RNA (siRNA) targeting TMEM16A in cultured pulmonary artery VSMCs dramatically reduced 

CaCC current, providing the first published evidence that TMEM16A forms CaCCs in VMSCs 

(Manoury, Tamuleviciute et al. 2010). Subsequent work showed that antibody blocking the 

TMEM16A pore significantly reduced TMEM16A-mediated current in cerebral artery (Thomas-

Gatewood, Neeb et al. 2011, Wang, Yang et al. 2012). In mouse aorta, it was demonstrated 

that the TMEM16A inhibitor tannic acid reduced phenylephrine-induce contractions 

(Namkung, Thiagarajah et al. 2010). Similarly, in mesenteric rat arteries, TMEM16A down-

regulation reduced agonist-induced contraction and vasomotion (Dam, Boedtkjer et al. 2014). 

Moreover, in airway VSMCs chronic inflammation induces increased TMEM16A expression 

along with enhanced VSMC contractility (Zhang, Li et al. 2013).  

These data support the role of TMEM16A in mediating VSMC induced vasoconstriction. Figure 

1.8.1 illustrates the signalling pathway involved in VSMC constriction in response to 

TMEM16A activation. Upon binding of an agonist such as NA to the GqPCR, activation of PLC 

cleaves the second messenger PIP2 in DAG and IP3. Subsequently, IP3 binds to the IP3R and 

stimulates release of [Ca2+]i from the SR. Increase in cytosolic [Ca2+]i released from 

intracellular stores, is enough to activate the calcium-sensitive TMEM16A. The 

electrochemical gradient for Cl- in a smooth muscle cell, is such that TMEM16A opening 

results in diffusion of Cl- out of the cell and membrane depolarisation. Voltage-gated calcium 

channels (Cav) are then activated by membrane depolarisation and their opening results in 

influx of calcium. Increase of [Ca2+]i activated calmodulin, which induces phosphorylation of 

myosin light chain via myosin light kinase. Myosin light chain phosphorylation then allows 
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interaction with actin and thus, contraction of the VSMC. Hence, TMEM16A is required for 

amplifying the initial increase in [Ca2+]i by inducing depolarisation. Heinze et al. showed the 

TMEM16A tamoxifen-induced knock-out results in a significant reduction of aortic contractility 

in mouse in response to angiotensin II or U46619 (Heinze, Seniuk et al. 2014).  

 

Figure 1.8.1 Role of TMEM16A in VSMC vasoconstriction. 

Schematic illustration of the signalling pathway involved in TMEM16A-mediated constriction 
of smooth muscle cells in the aorta. In brief, upon activation of GqPCR by an agonist as NA, 
PLC cleaves PIP2 and its product IP3 induces release of [Ca2+]i from the SR. [Ca2+]i increase 
activates TMEM16A and Cl- efflux results in cell depolarisation. This in turn stimulates Cav 
to open and calcium influx further increases [Ca2+]i. Contraction of VSMC occurs by 
interaction of actin and myosin chains. 

 

1.9  TMEM16A pharmacology 

Since TMEM16A identification, several Cl- channel blockers have been studied to inhibit 

TMEM16A, such as 5-nitro-2-(phenylpropylamino)-benzoate (NPPB), DIDS and NFA (Liu, 

Zhang et al. 2015). However, these compounds are not specific to TMEM16A as they can also 

act on volume-regulated anion channels (VRAC) (Xu 1997, Greenwod and Large 1998, 

Matchkov 2013, Best 1997) or affect K+ channels (Li, Wang et al. 2014) and intracellular Ca2+ 

stores (Ni, Kuan et al. 2014).   
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Synthetic TMEM16A inhibitors such as 2-acylaminocycloalkylthiophene-3- carboxylic acid 

arylamides (AACTs) (Truong et al., 2017), N-((4-methoxy)-2-naphthyl)-5- nitroanthranilic acid 

(MONNA) (Oh et al., 2013), CaCCinh-A01 (De La Fuente et al., 2008), and T16Ainh-A01 

(Namkung et al., 2011) have also been showed to inhibit VRAC activity (Seo 2016). In 

contrast, the small molecule TMEM16A inhibitor Ani9, has been reported to selectively inhibit 

TMEM16A in a potent nM range while having negligible effect on TMEM16B (Seo, Lee et al. 

2016). The small molecule TMinh-23 has been shown to block ionomycin induced TMEM16A 

activation and to lower blood pressure in spontaneously hypertensive rats (Cil, Chen et al. 

2021) (Figure 1.9.1).  

 

Figure 1.9.1 Synthetic TMEM16A inhibitors 

Chemical structures of non-selective (DIDS and CaCCinh-A01) and selective (T16Ainh-

A01, TMinh-23 andAni-9) TMEM16A inhibitors.  

 

Some polyphenols such as tannic and digallic acid have also been studied to inhibit TMEM16A 

(Namkung 2010). Among them, the natural dietary gallotannins, which is found in red wine 

and green tea, inhibited TMEM16A without affecting CFTR Cl- channels (Namkung, Finkbeiner 

et al. 2010). Other dietary components inhibiting TMEM16A include dietary polyunsaturated 

fatty acids (PUFAs) (De Jesus-Perez, Cruz-Rangel et al. 2018), cholesterol (Sones, Davis et 

al. 2010) and flavonoids (Zhang, Li et al. 2017). Additionally, some compounds found in 
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Chinese herbal medicine can also inhibit TMEM16A. For instance, eugenol, an active 

ingredient of Thai herbal anti-diarrheal medicine, inhibited intestinal contractions in interstitial 

cells of Cajal from mouse ileum segments (Yao, Namkung et al. 2012). 

1.10 Potential role for TMEM16A in vascular disease  

Contraction of VSMCs within the walls of blood vessels, is a major determinant of vascular 

tone and blood pressure. TMEM16A is highly expressed in the aortas (Jensen, Joergensen et 

al. 2018) and small arteries (Dam, Boedtkjer et al. 2014), where it mediates Ca2+-activated Cl- 

channels. It has been postulated that this channel plays a pivotal role in the regulation of 

arterial blood pressure and peripheral resistance (Hübner, Schroeder et al. 2015). TMEM16A 

is also expressed in brain capillaries, where it regulates the blood flow to the central nervous 

system (CNS) and the integrity of the BBB (Liu, Zhang et al. 2019, Suzuki, Suzuki et al. 2021, 

Korte, Ilkan et al. 2022). 

1.10.1  Hypertension 

Hypertension affects more than 25% of the global population and is a risk factor for stroke, 

coronary heart disease, heart failure and renal failure (Hajjar, Kotchen et al. 2006, Elliott 2007, 

Cipolla, Liebeskind et al. 2018). There is an unmet need for hypertensive drugs, as the current 

hypertensive drugs may have low efficacy in significant proportions of hypertensive patients 

and may lead to sides effects (Persell 2011, Sim, Bhandari et al. 2013, Lamirault, Artifoni et 

al. 2020). Several studies have pinned TMEM16A as a potential target to reduce blood 

pressure (Wang, Li et al. 2015, Askew Page, Dalsgaard et al. 2019). Downregulation of 

TMEM16A activity reduced vasoconstriction in response to NA and vasopressin in rat 

mesenteric arteries (Davis, Forrest et al. 2010, Dam, Boedtkjer et al. 2014). Heinze et al. 

showed that in constitutive TMEM16A-knockout mice, the mean arterial blood pressure was 

decreased (Heinze, Seniuk et al. 2014). TMEM16A inhibitors have also been used to study 

the effect of these small molecules on blood pressure. For example, T16A(inh)-A01 was used 
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to relax human and mice blood vessels (Davis, Shi et al. 2013). Cil et al. showed that the 

TMEM16A-inhibitor TMinh-23 decreased blood pressure in mesenteric arteries of 

spontaneously hypertensive rats (Cil, Chen et al. 2021). Moreover, in idiopathic pulmonary 

arterial hypertension, TMEM16A was strongly upregulated in small pulmonary arteries and in 

pulmonary artery smooth muscle cells (Papp, Nagaraj et al. 2019). 

1.10.2  Microcirculation in the brain  

Pericytes are contractile cells found in microvessels of small diameters such as the arterioles, 

venules and capillaries (Armulik, Abramsson et al. 2005). They were first described in the late 

19th century and early identified as responsible for the structural and functional properties of 

local blood flow in the brain (Eberth 1871, Rouget 1873). Even though the brain accounts only 

of 2% of the adult human body weight, it receives 20% of cardiac blood flow to the CNS (Willie, 

Tzeng et al. 2014). In the CNS, blood vessels are classified according to their size in arterioles, 

capillaries and venules (Attwell, Mishra et al. 2016). The arterioles originate from large arteries 

penetrating into the cortex and running in the brain parenchyma into smaller arterioles and 

then into capillaries as their diameter decreases (Yamazaki and Kanekiyo 2017). The 

capillaries then increase their diameter again and separate into post-capillary venules, which 

join with others into larger veins (El-Bouri and Payne 2016). TMEM16A is expressed in VSMCs 

and pericytes which share markers such as neuron-glial antigen 2 (NG2), platelet derived 

growth factor receptor beta (PDGFR) or vimentin (Smyth, Rustenhoven et al. 2018).  

Pericytes play a pivotal role in maintaining the structure and stability of the vascular network. 

Cerebral flow is finely tuned by neuronal activity in a process known as neurovascular coupling 

(NVC) where capillary diameter changes with neuronal activity (Peppiatt, Howarth et al. 2006, 

Hall, Reynell et al. 2014, Kisler, Nelson et al. 2017, Wardlaw, Benveniste et al. 2020). NVC 

involves pericytes, endothelial cells, VSMCs, astrocytes and neurons (Abbott, Patabendige et 

al. 2010, Attwell, Buchan et al. 2010, Kisler, Nelson et al. 2017). Pericytes induce constriction 

of capillaries by responding to agonists such as endothelin-1 (ET-1), thromboxane A2 and 
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angiotensin II  (Dodge, Hechtman et al. 1991). In contrast, they induce capillary vasodilation 

in response to other factors such as prostacyclin (Dodge, Hechtman et al. 1991).  Individual 

pericytes are present on capillaries, which are closely located to neurons. In fact, capillaries 

are positioned ~ 8.4 m of distance from neurons while ~ 70 m from arterioles (Bergers and 

Song 2005). This tight regulation helps pericytes to tune the diameter of capillaries to increase 

or reduce local blood flow and energy supply to neurons. Figure 1.10.1 illustrates pericytes 

organisation around capillaries in the CNS.  

 

Figure 1.10.1 Pericytes surrounding capillaries in the brain. 

Diagrammatic representation of pericytes positioned on the capillaries in the brain. Pericytes 

are characterised by long extensions that enables them to surround the capillary diameter. 

In this way, they can regulate the vasoconstriction and dilation of the vessel in response to 

neurotransmitter-stimulation.   

In the CNS, the BBB forms a semipermeable barrier where tight junctions and adherents’ 

junctions control movements of circulating ions, molecules and materials between the blood 

and the brain (Luissint, Artus et al. 2012, Daneman and Prat 2015). Pericytes play a crucial 

role in maintain the BBB as they control tight junctions and alignment with endothelial cells 

(Bergers and Song 2005). 
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Pericytes are also pivotal in the generation of new blood vessels or angiogenesis. During this 

process, pericytes are recruited from the bone marrow and brain parenchyma in response to 

the secretion of PDGFR from endothelial cells (Rajantie, Ilmonen et al. 2004, Gaengel, 

Genové et al. 2009). On the other hand, pericytes control the stabilisation of endothelial cells 

by releasing factors such as transforming growth factor beta (TGFβ), angiopoietin 1 (Angpt1) 

and vascular endothelial growth factor (VEGF)  (Durham, Surks et al. 2014, Teichert, Milde et 

al. 2017, Blocki, Beyer et al. 2018).  

In pathological conditions such as ischaemic stroke and vascular dementia, pericytes die 

readily in rigor constricting the capillaries in a no-reflow phenomenon (Yemisci, Gursoy-

Ozdemir et al. 2009). During ischaemia, hypoxia reduces levels of intracellular ATP, which 

increases [Ca2+]i as it prevents Ca2+ cellular extrusion as PMCA requires ATP for its function 

(Arnould, Michiels et al. 1992, Peters, Tijsen et al. 1998). Pericytes death in rigor around 

capillaries results in long-lasting reduction in the diameter of capillaries results in decrease of 

cerebral blood flow, breakdown of the BBB, neuronal damage and cell death (Kloner, King et 

al. 2018). Pericytes death can further increase neuronal damage because via receptor-

mediated endocytosis or phagocytosis, pericytes uptake neurotoxic products (i.e. 

immunoglobins, fibrin and albumin) which can enter a breached BBB (Armulik, Genové et al. 

2010, Bell, Winkler et al. 2010, Schultz, Byman et al. 2017). Moreover, in vascular dementia, 

pericytes degeneration leads to vessel instability and demyelination (Bell, Winkler et al. 2010).  

Pericytes can clear amyloid- (A) deposition through the LDL-R mediated pathway (Ma, Zhao 

et al. 2018). It was shown that pericytes loss aggravates A deposition in transgenic mice 

(Sagare, Bell et al. 2013) and that A can constrict human capillaries (Nortley, Korte et al. 

2019). These data show that pericytes function and properties are fundamental to maintain 

cerebral homeostasis.  
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1.11 Hypothesis and aims 

 

TMEM16A Ca2+-activated Cl- channel are a key depolarising force in VSMCs (Matchkov, 

Aalkjaer et al. 2005, Manoury, Tamuleviciute et al. 2010, Bulley and Jaggar 2014, Hübner, 

Schroeder et al. 2015). TMEM16A has a pore with some degree of exposure to the 

surrounding plasmalemmal lipids; this may confer lipid sensitivity to the channel (Whitlock 

and Hartzell 2017). Mutations in NPC1 lead to NPC, a disorder associated with impaired lipid 

homeostasis, which causes neurodegeneration and vascular impairment (Platt 2018). In this 

thesis it is hypothesised that the TMEM16A channel is modulated by lipid and thus indirectly 

controlled by the activity of NPC1. It is further hypothesised that this modulation will constitute 

a means of control of VSMCs and pericytes tone, which abundantly express TMEM16A and 

that pharmacological modulation of the channel can counteract its control by NPC1. The 

specific aims are: 

 

• To define the electrophysiological and pharmacological properties of TMEM16A and 

TMEM16x paralogues expressed in VSMCs. 

• To examine if cellular inhibition of the lysosomal protein NPC1 can alter TMEM16A 

activity and to elucidate the underlying mechanism. 

• To establish if TMEM16A modulation by NPC1 occurs in isolate rodent arteries and 

capillaries, where TMEM16A in highly expressed.  
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Chapter 2 

Methods 
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2.1 Chemicals and reagents  

 

Unless stated otherwise, chemicals were purchased from Sigma-Aldrich, UK. Primers were 

purchased from IDT Technologies (Belgium). Sequencing was performed by GATC Biotech, 

Germany. The compounds AUT11813, AUT11814 and AUT11817 were manufactured by 

Autifony Therapeutics.  

2.2 Animals 

 

All animal care and experimental protocols were in accordance with the UK Home Office 

regulations (Guidance on the Operation of Animals, Scientific Procedures Act, 1986). The use 

of transgenic mice was approved by the University Ethics Committee. Animal studies were 

reported in compliance with the ARRIVE guidelines (Kilkenny, Browne et al. 2010, McGrath 

and Lilley 2015). BALBc/NPC1nih and their respective wild-type (WT) controls (Npc1+/+) were 

bred as heterozygotes to generate homozygous null (Npc1−/−) (Pentchev, Gal et al. 1980). 

Mice were housed under non-sterile conditions, with food and water available ad libitum. Since 

Npc1 deficiency affects both genders similarly (Morris, Bhuvaneswaran et al. 1982), mice of 

either sex were selected randomly on the day of the experiment. Adult mice aged 8-8.6 weeks 

were used in this study.  
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2.3 Cell preparation  

 

2.3.1 Cell lines  

 

Chinese Hamster Ovary (CHO) and Human embryonic kidney 293T (HEK-293T) were used 

for heterologous expression studies. These cell lines are used widely as heterologous 

expression systems because for their low expression of endogenous Cl- channels 

(Adomaviciene, Smith et al. 2013, Ta, Acheson et al. 2017). The HEK-293T cells are 

engineered to express the Simian Virus 40 (DV40), which is a large T-antigen that increases 

the transfection efficiency and viral replication (Lin, Boone et al. 2014). CHO cells were WT or 

containing a deletion for the Npc1 locus (Npc1-/-) (Dahl, Reed et al. 1992, Millard, Srivastava 

et al. 2000, Higaki, Ninomiya et al. 2001). Gene trap mutagenesis was used to delete the Npc1 

locus as described in the literature (Higaki, Ninomiya et al. 2001). Gene trap mutagenesis is 

based on the integration of a reporter gene lacking a promoter into the genome and its 

expression from a tagged endogenous promoter (Friedrich and Soriano 1991). In brief, a CHO 

cell line expressing the murine ecotropic virus receptor was incubated with a supernatant 

containing gene trap retroviruses (Higaki, Ninomiya et al. 2001). Infected cells were selected 

by isolating G418-resistant colonies by colony-lifting and expanded in nonselective medium 

(Higaki, Ninomiya et al. 2001). The insertion site of the trap vector was determined by PCR 

analysis using a primer specific for the trap vector as previously described (Zambrowicz, 

Imamoto et al. 1997).  
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2.3.2 Cell culture 

 

Cell lines used were cultured in Dulbecco’s Modified Eagle’s Medium F-12 (Sigma-Aldrich, 

UK) supplemented with 10% foetal bovine serum (Sigma-Aldrich, UK) and 0.5% gentamicin 

(Sigma-Aldrich, UK). Cells were cultured in a humified incubator with 5% CO2 at 37°C. Cells 

were grown in T25 flasks (Corning, UK), passaged when reaching 70-80% confluency, and 

media was replaced every 2-3 days. Cells were washed with 5 ml of phosphate buffered saline 

solution (PBS) (Thermo Fisher Scientific, UK) at room temperature, followed by incubation 

with trypsin (Sigma-Aldrich, UK) for 1 minute at 37°C. Cell media (4 ml) was then added to the 

detached cells in order to deactivate trypsin. Cells were then centrifuged at 2000 rpm for 3 

min. Cells were then counted using a hemacytometer and plated on continuation flasks. ~ 

50,000 cells were plated in 35 mm Petri dishes (Corning, UK) and cultured for 24 hours before 

transfection.  

 

2.3.3 Cell transfection 

 

Cells were transiently transfected with 0.3-1 μg vectorial DNA for expression of TMEM16 

channels and 0.2 μg of CD8 construct using Fugene HD (Promega, UK) transfection reagent. 

In some experiments, the TMEM16A channel was co-transfected with 1 μg of 1 receptor or 

with 1 μg of PH-PLC. The Fugene HD reagent is a lipid-based transfection. This mechanism 

of transfection comprises of DNA contained in a monolayer of lipids to be taken up into cells 

via endocytosis  (Jacobsen, Calvin et al. 2004). DNA and transfection reagent were combined 

in 50 μl of culture medium. The transfection reagent (1.5 μl) was used for every 1 μg of total 

DNA. The mix containing culture medium, DNA and transfection reagent was added to cells 

plated 24 hours previously. Cells were used ~12–48 h after transfection. For patch-clamp 

recordings, cells were washed with extracellular solution and transfected cells were identified 

by adding 1.2 μl Dynabeads anti-CD8 antibody-coated beads (Invitrogen, UK). This process 
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allows antibody-coated beads to bind to cells expressing the CD8 membrane antigen which 

should be presumably expressed along the co-transfected DNA construct of interest (Jurman, 

Boland et al. 1994).   

 

2.3.4 Native smooth muscle cells isolation 

 

Wild-type or Npc1-/- Balb/c mice were sacrificed by cervical dislocation according to the UK 

Home Office guidelines. The heart and lungs were removed and the thoracic aorta was 

isolated and placed in ice-cold physiological salt solution (PSS), Table 2. The thoracic aorta 

was then mechanically cleaned from connective tissue and perivascular fat in ice-cold PSS by 

using forceps and scissors under a stereo-microscope (Leica, zoom 2000). The cleaned aorta 

was laterally cut into three sections and then opened longitudinally in order to increase the 

surface area for enzymatic digestion. Artery sections were then washed with ice-cold PSS and 

followed by dissociation medium (DM), Table 3.  

 

Pieces of aorta were then placed for 1 hour at 4°C in 1.5 mg/ml papain. Papain is a cysteine 

protease that is activated when the sulphydryl groups are reduced. The activation of papain 

was achieved by adding 0.5 mg/ml of the reducing agent dithiothreitol (DTT) and incubated in 

a water bath at 37°C for 5 min. Aortic sections were then placed in DM enriched with 0.35 

mg/ml of collagenase type I from Clostridium histolyticum in a water bath at 37°C for 4 min. 

Collagenase was used for its endopeptidase activity to digest collagen in the connective tissue 

around the vessel. The aortic sections were then washed twice in DM at room temperature to 

remove any enzymatic residue. They were then triturated using a polished glass pipette for 

30-60 s to separate the aortic VSMCs from the vessel. The isolated VSMCs were stored in 

DM on ice and used on the same day for experiments. A drop of cell suspension was placed 

on a 35 mm Petri dish (Corning, UK) and left for 5 min to allow cells adhesion. After addition 
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of appropriate extracellular solution to the dish, cells were used for patch-clamp 

electrophysiology.  

 

Table 2 Physiological salt solution (PSS) 

Compounds Concentration (mM) 

NaCl 122 

KCl 5 

HEPES 10 

KH2PO4 0.5 

NaH2PO4 0.5 

MgCl2 1 

D-Glucose 11 

CaCl2 1.8 

pH to 7.4 with NaOH 

 

 

 

Table 3 Dissociation medium (DM) 

Compounds Concentration (mM) 

NaCl 110 

KCl 5 

HEPES 10 

KH2PO4 0.5 

NaH2PO4 0.5 

Taurine 10 

EDTA 10 

D-glucose 10 

CaCl2 0.2 

MgCl2 2 

Phenol red 0.03 

pH to 7.3 with NaOH 
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2.4 Molecular Biology 

 

2.4.1 Bacterial transformation 

 

DNA constructs were subcloned into a vector containing a selectable marker gene, conferring 

resistance to an antibiotic (ampicillin or kanamycin), which allowed selection of bacteria that 

have taken up the vector (Table 4). A strain of Escherichia Coli non-infectious to humans (50 

l), Subcloning Efficiency DH5 Competent Cells (Invitrogen, UK), were used to transform 

plasmid DNA (Hanahan 1983). In brief, 100 ng of plasmid DNA was added to the DH5 cells. 

The mix was then incubated on ice for 30 min and then heat-shocked at 42°C for 20 s. This 

process forms small pores on the bacterial membrane surface to allow the uptake of plasmid 

DNA into the bacterial cells.  The latter were then incubated with 250 ml of a super optimal 

broth with catabolite repression (SOC medium) in a shaker at 3000 rpm for an hour at 37°C. 

Catabolite repression is a regulatory mechanism that involves rapid inhibition of the use of 

certain sources when a preferred source is present. This mechanism allows bacteria to quickly 

adapt and selectively use substrates from a mixture of different carbon sources. Bacteria were 

then plated on a lysogeny broth (LB) agar plate supplemented with the appropriate antibiotic 

(ampicillin at 100 mg/ml or kanamycin at 50 mg/ml) and incubated overnight at 37°C. Only 

bacteria cells that have been transformed with the DNA plasmid containing the marker gene 

for resistance to either ampicillin or kanamycin were able to grow on the plate. An individual 

colony of bacteria was inoculated into a 5 or 100 ml of LB-broth supplemented with the 

appropriate antibiotic and incubated in a shaker at 3000 rpm for 16 hours at 37°C in order to 

expand bacteria cells (mini or midi-prep). Bacterial transformation was performed next to a 

Bunsen Burner flame to create an aseptic environment and reduce the possibility of unspecific 

bacterial infection add (Green 2012).  
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Table 4 Plasmid DNA. 

DNA 

construct 

Vector Antibiotic 

resistance 

Gene number 

(PubMed) 

Providers 

TMEM16A pcDNA3.1 Ampicillin NM_178642.5  OriGene, USA 

TMEM16B pcDNA3.1 Ampicillin NM_153589.2 OriGene, USA 

TMEM16F PCMV6 Kanamycin NM_175344 OriGene, USA 

TMEM16K pcDNA3.1 Ampicillin NM_018075 OriGene, USA 

DrVSP pIRES-EGFP Kanamycin NM_001025458.1 Prof. Y. Okamura, Osaka 
University  
 

1-receptor pcDNA3.1 Ampicillin NM_000680 OriGene, USA 

CD8 Custom Vector Ampicillin NM_001145873.1 Dr M. Pusch 

KCNE1-CD8 pIRES-CD8 Ampicillin NM_000219.5 G. Sandoz, Université Cote 

d’Azur, CNRS, INSERM, 

iBV, Nice, France 

PH-PLC pcDNA3.1 Ampicillin NM_006225.4 Addgene, USA 

 

2.4.2 DNA extraction and purification 

Plasmid DNA was extracted and purified using either QIAprep Spin Miniprep kit (Qiagen, UK) 

or HiSpeed Plasmid Midi Kit (Qiagen, UK). The procedure was performed as per 

manufacturer’s instruction. Briefly, bacteria cells were pelleted via contribution and 

resuspended in solution containing alkaline detergents to lyse the cells. Lysed cells were then 

pelleted via contribution and the lysate containing DNA was neutralised and absorbed onto a 

silica membrane. Ethanol was used to wash the membrane, then eluted with a buffer 

containing Tris and EDTA to solubilise DNA. The Tris deprotonates and solubilises the DNA, 

while the EDTA inhibits nucleases preventing DNA degradation. DNA concentration and purity 

were measured using a Nanodrop 2000c spectrophotometer (Thermo Scientific, UK). The 

DNA concentration was measured with a spectrophotometer (Nanadrop 2000cTM, Thermo 

Scientific). The ratio of optical density measured at 260 nm wavelength over that measured at 
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280 nm or 230 nm wavelength indicates purity of the DNA (Lucena-Aguilar, Sánchez-López 

et al. 2016). 

2.4.3 Site directed mutagenesis and primer design  

 

Primers were designed using Primer3web (version 4.0.0, Whitehead Institute and Howard 

Hughes Medical Institute, http://primer3.sourceforge.net/) and sequences aligned using the 

Basic Local Alignment Search Tool (BLAST®, NCBI). Primers used to construct mutant 

TMEM16A channels are described below, Table 5. A Quikchange® Lightning Site-directed 

Mutagenesis kit (Agilent Technologies, UK) was used for single point mutagenesis (Figure 

2.4.1). The mutagenesis reaction was performed as detailed in the manufacturer’s 

instructions. In brief, 5 μl 10x reaction buffer, 1.25 μl (125 ng) of each primer, 1 μl dNTP mix, 

1.5 μl QuikSolution reagent, 1 μl Quikchange® Lightning enzyme and ddH2O to a total volume 

of 50 μl were added to 10-100 ng mTMEM16A DNA. The PCR reaction protocol was; 95°C 

for 2 min, 95°C for 20 s, 60°C for 10 s, 68°C for 3 min (based on a plasmid size of 5.4 kbp, 30 

s/kb of plasmid length) and a final extension step of 68°C for 5 min. The temperature cycling 

allowed the primers to anneal to the DNA template and extend the length of the new DNA 

constructs with the desired mutation. Dpn I (2 μl) restriction enzyme was added to each 

amplification reaction and incubated at 37 ˚C for 5 min with gentle shaking. The Dpn I enzyme 

digests parental, nonmutated, supercoiled DNA.  Mutant DNA was amplified by transforming 

into XL10-Gold® ultracompetent cells (Qiagen, UK). XL10-Gold® ultracompetent cells have a 

high transformation efficiency phenotype (average efficiency ≥ 5 x 109 transformants/μg of 

supercoiled DNA). Also, 2 μl β-mercaptoethanol was added to 45 μl XL-10-Gold® 

ultracompetent cells and incubated on ice for 2 min. The β-mercaptoethanol provides 

conditions which increases the efficiency of transformation. To ensure the single-point 

mutation had been successful mutant DNA was sequenced.  
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Figure 2.4.1 Single point site directed mutagenesis 

Diagrammatic representation of the steps for insertion of a single point mutation into template 

DNA (plasmids) using PCR with forward and reverse primers complementary to the sequence 

of interest. The DNA is then transformed into DH5α cells and grown overnight to expand 

individual bacterial colonies. The DNA is then extracted and purified using Qiaprep Spin 

Miniprep kit (Qiagen, UK), and sent for Sanger sequencing. 

 

 

Table 5 Primers designed to constitute mutant TMEM16A channels 

DNA  Forward primer (5’-3’) Reverse primer 

R482A CTGACCTGGAGGGACGCATTCCCAGCCTATTTC GAAATAGGCTGGGAATGCGTCCCTCCAGGTCAG 

R575A GAAGAGCTTTGAGGAGGCGCTAACCTTCAAGGC GCCTTGAAGGTTAGCGCCTCCTCAAAGCTCTTC 

Q645A GGCAAGCAGCTAATCGCCAACAATCTCTTCGAG CTCGAAGAGATTGTTGGCGATTAGCTGCTTGCC 

I637A TGTATCCAGCTGAGCGCCATTATGCATGGGCAAG CTTGCCCAGCATAATGGCGCTCAGCTGGATACA 
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2.5 Patch-clamp electrophysiology  

Patch-clamp electrophysiology is a technique that allows to measure the electrical properties 

of cell membranes through the use of microelectrodes (Hamill, Marty et al. 1981). The 

approach enable either voltage clamp or current clamp across the cell membrane. The 

experiments described in this thesis have been performed in the voltage clamp to enable 

assessment of membrane current to any give imposed voltages. Furthermore, different 

configurations can be adopted such as whole-cell and inside out configuration (used in this 

thesis, and detailed below). 

The cell can be considered equivalent to an electrical circuit where the cell membrane is acting 

as an insulator separating two conductors (intracellular and extracellular solutions with defined 

electrolyte composition). In this way, the cell can store charges as a capacitor when a given 

voltage is clamped across the membrane. The amount of charge stored is dependent on the 

surface area, thus the size of the cell is estimated based on the measured capacitance. In 

fact, the capacitance is proportional to the surface area, with large cells having larger 

capacitance. The relationship between capacitance (C) and charge (Q) can be described as: 

 
𝐶 =

∆𝑄

∆𝑉
 

Equation 9 

 

where V is the change in voltage. In the cell, the flux of ions generating ionic current (I I) is 

controlled by ion channels which act as variable resistors (R). Upon channel opening, voltage 

flows across the membrane (capacitor) as in a circuit. This generates a capacitative current 

(Ic) dependent on the change in voltage per s (V/t): 

 
𝐼𝐶 = 𝐶

𝛥𝑉

𝛥𝑡
 

Equation 10 



75 
 

 

The total current (IT) in a circuit is given by the contribution of II and Ic (Figure 2.5.1). It follows 

that: 

 𝐼𝑇 = 𝐼𝐼 + 𝐶 𝛥𝑡̅̅ ̅
𝛥𝑣 Equation 11 

 

 

Figure 2.5.1 The cell membrane as a model of an electrical circuit.  

C is the membrane capacitance; R is the electrical resistance of the membrane; IC and II are 

the capacitive and the ionic currents, respectively.  

 

Applying a voltage pulse to the cell causes the cell membrane to become temporarily charged, 

and a transient cell capacitance current is observed. The change in membrane potential 

always takes place after a delay as a result of the cell’s capacitance. After this brief charging 

period, a steady state is reached (V/t = 0), the capacitor current becomes zero and the total 

current is only made up of the ionic current. Thus, the current flowing across the membrane is 

proportional only to the conductance, i.e. the number of open ion channels. Due to the voltage-

dependent nature of ion channels, the voltage-clamp technique allows for a direct 

measurement of ionic currents by controlling the voltage, thus the opening and closing of 
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voltage-gated ion channels. However, since Ic is a transient current only visible at the start of 

a voltage step, the overall current flowing across the membrane is proportional only to the I I.  

In this thesis the patch-clamp experiments were carried out in the out in whole-cell and inside-

out configuration during voltage clamp mode. The membrane Vm was held at a desired value 

by constantly injecting a compensatory current (Molleman 2008). The amplitude of this current 

changes as a function of alterations in the resistance of the membrane, such as those due to 

changes in ion channel gating.  

2.5.1 Patch-clamp experimental set up 

 

An Olympus IX51 inverted microscope (Olympus, UK) and micromanipulator (Scientifica, UK) 

were positioned on an anti-vibration air table (Newport, USA) and surrounded by a Faraday 

cage to provide mechanical stability and electrical shielding (Molleman 2008). Optimal 

electrical shielding was obtained by connecting the individual items of the set-up to a single 

ground point, avoiding current loops between the instruments (Molleman 2008). GePulse 

software (http://users.ge.ibf.cnr.it/pusch/programs-mik.htm) with an analogue-to-digital and 

digital-to-analogue (AD/DA) converter (USB-6221, National Instruments, UK). All currents 

were low-pass filtered at 2-5 kHz and sampled at 10 kHz (unless otherwise stated). The signal 

is filtered using a low-pass anti-aliasing filter to “clean” it from white noise. Whole-cell 

capacitance and in-series resistance were compensated by ~70% during voltage clamp, using 

the Axon amplifier in-built compensation circuits.  

Pipettes were pulled daily from borosilicate glass capillaries using a two-stage vertical puller 

(Narishege, UK) and had resistances between 2 and 3.5 MΩ in the working solutions. The 

bath solution was grounded through an Ag–AgCl reference electrode. An AgCl electrode was 

also used for the pipette electrode and connected to a head stage. The AgCl electrodes 

consist of a silver wire (0.01 mm diameter) that has an outer coat of AgCl. The ionic current 
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from the cell is converted to an electrical current within the metal wire according to the following 

reaction: 

 𝐶𝑙−  +  𝐴𝑔 ↔  𝐴𝑔𝐶𝑙 +  𝑒− Equation 12 

which occurs at the interface between the liquid and the metal. This reaction is reversible, 

minimising the solid-liquid junction potential induced by redox reaction (electron transfer) 

between the metal electrodes and the salt solutions (Hamill, Marty et al. 1981). Experiments 

were conducted at 20-22°C (room temperature).  Liquid junction potential was calculated and 

subtracted offline (Neher 1992).  

 

Figure 2.5.2 Diagrammatic representation of the whole-cell patch clamp experimental set up. 

In the whole-cell configuration circuit, the patch pipette is attached to the cell to diffuse the 
solution from the pipette into the cell. Once the solution of the pipette is in contact with the 
cell, current is injected using the electrode present in the pipette to clamp membrane potential. 
The reference electrode present in the bath records changes in membrane potential in 
response to ion channel activity. The signal is then amplified by the integrated circuit and 
converted by the analogue to digital/digital to analogue converter on to the computer (PC). 
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2.5.2 Patch-clamp configurations 

 

To establish whole-cell and inside-out patch-clamp configurations, the tip of the pipette is first 

gently pressed on the cell membrane and suction is applied to obtain a high resistance (>1 

GΩ) seal. The whole-cell patch-clamp configuration can be achieved following the formation 

of the GΩ seal, when additional suction is applied to rupture the membrane and enable the 

pipette solution to come in contact with the cell interior. Whole-cell patch- clamp configuration 

allows recording of the overall activity of all the open ion channels on the cell membrane. As 

soon as the whole-cell configuration was obtained, cells were lifted and held at 0 mV for 3 min, 

prior to commencement of the experiment. This facilitated the intracellular solution in patch-

pipette to enter the cell and fully equilibrate with the intracellular environment.  

To obtain the inside-out configuration, the patch of the cell membrane that is in contact with 

the tip of the pipette was excised after formation of the GΩ seal, by pulling the pipette 

diagonally away from the membrane. In this way, the cytosolic side of the cell membrane was 

exposed to the bath solution while the extracellular side was facing the pipette solution. The 

inside-out configuration was used to study the effect of modulators applied to the intracellular 

side of the membrane.  

In the whole-cell configuration, capacitance is present as the cell membrane can store charge 

and act as a capacitor. The series resistance refers to the sum of the access resistance and 

pipette resistance in series with the membrane capacitator (Molleman 2008). Membrane 

resistance and cell capacitance need to be overcome to control the Vm and therefore needs 

to be compensated. Because larger cell membranes can store more charge, the cell 

capacitance also reflects the size of the cell. To compare currents from cells of different sizes, 

the current (expressed in pA) was normalised for cell capacitance (expressed in pF) and thus, 

the current density data is given as pA/pF.  
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Figure 2.5.3 Diagrammatic representation of recording configurations in patch-clamp 
electrophysiology. 

Schematic illustration of the configurations whole-cell and inside-out patch clamp 
configurations used in this thesis. In the whole-cell mode, the solution present in the pipette is 
in contact with the intracellular solution. In the inside-out mode, the pipette tip is used to pull 
part of the cellular membrane so that the intracellular side is exposed.  

 

2.5.3 Perfusion system  

 

Some experiments required the cell or excised patch to be exposed to various modulators. 

The exchange of solutions was achieved by using a gravity-driven local perfusion system 

consisting of eight tubes of 1.2 mm diameter. The perfusion system was then lowered into the 

bath solution, and the cell or excised patch attached to the tip of the patch pipette moved in 

front of a tube. The change of solution was achieved via manually moving the tubes.  
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2.5.4 Stimulation protocols 

 

2.5.4.1 Current versus voltage relationship (IV-Ramp)  

 

IV-Ramp protocol consisted of gradual changes in Vm from -100 mV and + 100 mV obtained 

during a 1 s intervals. Ramps were elicited every 1 s from a holding a holding potential of 0 

mV. 

2.5.4.2 Current versus voltage relationships (IV-CaCC)  

 

IV-CaCC protocol consisted of 1s steps ranging from -100 mV to + 100 mV in 20 mV 

increments wach followed by a step of -60 mV. Pulses were elicited every 2 s from a holding 

potential of 0 mV. The peak current was measured at each potential, divided by the cell 

capacitance (Cm) and plotted versus Vm. 

2.5.4.3 Current versus ligand relationship (IV-Steps) 

 

IV-Steps protocol consisted of 1.5 s steps from 0 to + 70 mV for 1.5 s followed by -70 mV step 

for 1 s before returning to 0 mV. The steady-state current measured at increasing 

concentration of the ligand was normalised for the current measured in the absence of the 

ligand (I/I0) and plotted versus the ligand concentration. The dose-response curve was fitted 

with the Hill equation where Kd is the apparent dissociation constant and h is the Hill 

coefficient: 

 𝐼

𝐼ligand

=  
1

1 + (
[𝑙𝑖𝑔𝑎𝑛𝑑]

𝐾𝑑
)

ℎ 
Equation 13 
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2.5.4.4 Current versus ligand relationship (IV-Tail) 

IV-Tail protocol consisted of 1 s steps from -100 to + 140 mV in 40 mV increments (test pulse). 

Each test pulse was preceded every 2 s by a pre-pulse of +70 mV with a holding potential of 

0 mV. Steady-state currents were measured at the end of the test pulse and normalised to the 

pre-test pulse at +70 mV.   

 

Figure 2.5.4 Voltage stimulation protocols for patch-clamp electrophysiology recordings. 

(A) IV-Ramp voltage protocol, (B) IV-CaCC voltage protocol, (C) IV-Tail protocol and (D) 
IV-Steps protocol. Dashed lines indicate 0 mV. 

 

2.5.5 Solutions for electrophysiology  

 

Electrophysiological solutions were designed to isolate the ICaCC elicited by the TMEM16A and 

TMEM16B channels. In order to prevent K+ currents, Cs+ was used to replace K+. Free 

intracellular Ca2+ ([Ca2+]i) was controlled by EGTA or HEDTA. These two different chelators 

have different affinities for Ca2+ and were used to obtain different concentrations of [Ca2+]i 

(McGuigan and Stumpff 2013). The individual compositions of intracellular and extracellular 
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solutions are reported in Table 6, Table 7 and Table 8. The concentration of free [Ca2+]i in 

intracellular solution was calculated using Patcher’s Power tool (Dr Mendez and Dr 

Wurriehausen, Max-Planck Institute). 

Table 6 Extracellular solution for measurement of ICaCC (ECS) 

Compounds Concentration (mM) 

NaCl 150 

D-mannitol 10 

D-glucose 10 

HEPES 10 

MgCl2 1 

pH to 7.4 with NaOH 

 

Table 7 Intracellular solution for measurement of ICaCC (ICS) 

Compounds Concentration (mM) 

CsCl 130 

EDTA or HEDTA 10 

HEPES 10 

CaCl2 See Table 8 

MgCl2 1 

pH to 7.3 with NaOH 
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Table 8 Ca2+ for intracellular solution for measurement of ICaCC 

Free [Ca2+]i (M) Concentration (mM) Chelator 

0 - EGTA 

0.056 4.5 EGTA 

0.103 6 EGTA 

0.206 7.5 EGTA 

0.274 8 EGTA 

0.605 2.1 HEDTA 

1.04 3.1 HEDTA 

2.27 4.8 HEDTA 

12.46 7.8 HEDTA 

78.07 9 HEDTA 

 

Table 9 Low EGTA intracellular solution for measurement of ICaCC 

Compounds Concentration (mM) 

CsCl 130 

EGTA 1.5 

HEPES 10 

CaCl2 1 

MgCl2 1 

pH to 7.3 with NaOH 
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2.5.6 Noise analysis  

In the macroscopic steady state current, there is a population of individual channels opening 

and closing in random order. In this way, the mean current level fluctuates creating noise. 

Noise analysis is a method that allows to identify the single channel conductance (i), the open 

probability (Po) of a channel and the numbers on channels (N) in a cell. These values can be 

determined by assessing the mean and variance of the steady state current (Hille 2001). 

For non-stationary noise analysis, a voltage step protocol of 3 s at 70 mV was applied 

repeatedly every 2 s to allow each steps to start in the same condition (Heinemann and Conti 

1992, Tammaro and Ashcroft 2007). The mean current recorded at the start of each step (I(t)) 

was calculated as the sum of the currents elicited by each step at a time point derived by the 

number of steps 

 
𝐼(𝑡) =

1

𝑛
∑ 𝐼

𝑛

𝑘=1

k(t) 
Equation 14 

 

Where I(t) is the mean current at the time t when each step stars, n is the number of steps, k 

is the step at time t, and Ik(t) Is the current amplitude elicited by the step at time t.  

The variance at time t is the sum of squared difference between Ik(t) and I(t) divided by the 

number of steps 

 
𝜎𝐼(𝑡) =

1

𝑛
∑(𝐼

𝑛

𝑘=1

k(t)‐I(t))2 
Equation 15 

 

The macroscopic current (I) can be determined through a number of identical and independent 

channels (N) by this product: 
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 I= iNPo Equation 16 

And the variance (2) is:  

 𝜎2=Ni2Po(1-Po) Equation 17 

 

where (1-Po) is the probability of the channels being closed. By combining the equations, 

values of I and 2 can be calculated using this equation: 

 𝜎2= 𝑖𝑁 −  
1

𝑁
 Equation 18 

The values of I and 2 were calculated by equation 18. Background variance and current at 0 

mV were subtracted. 2 versus I relationship was fitted with equation 18 which gives an 

estimation of i and N. Substitution of these values into equation 17 will result in Po. 

2.6 Wire myography  

Myography from myo meaning muscle in Latin, can be used to measure or “graph” the 

isometric tension of isolated blood vessels. Isometric derives from Greek referring to equal 

“iso” and measuring “metria”. Myography involves two wires passing through the lumen of the 

vessel and connected to jaws that can be separated to induce a stretch in the artery ring 

(Mulvany and Halpern 1977). The tension is detected by a piezoelectric force transducer 

attached to one of the jaws (Figure 2.6.1). Piezoelectricity, derived from Greek “piezo” 

meaning squeeze or press and “electron” referring to an ancient source of electric charge, is 

the ability to generate electricity in response to applied pressure (Marino, Genchi et al. 2017).  
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Figure 2.6.1 Diagrammatic representation of the wire myography set up 

Schematic illustration of the set up for wire myography. The aortic or mesenteric ring is 
depicted in red, with two wires lined on each vessel wall. One arm of the myograph is 
connected to the force transducer to read changes in force as mN, while the other arm is a 
micrometre which enables to mechanically stretch the ring.  

 

2.6.1 Wire myography experimental setup 

The thoracic aorta was dissected immediately after cervical dislocation of control or Npc1-/- 

mice. It was then cleaned from all perivascular fat and connective tissue in ice-cold PSS. For 

the mesenteric artery, the entire mesenteric bed was dissected and place in ice-cold PSS. 

Third-order branches of the superior mesenteric artery were then dissected and cleaned from 

all perivascular fat and connective tissue in ice-cold PSS.  The aorta or mesenteric artery was 

then cut in 2 mm length rings. The aorta or mesenteric artery rings  were mounted on the jaws 

of the wire myograph 410A system (Danish Myo Technology, Denmark) using a 40 m or 25 

m gold-plated tungsten wire (Goodfellow, UK), respectively. One of the myograph jaws was 

connected to a micrometer that allowed manual adjustment of the distance between the two 

jaws. This allowed to control basal artery stretch. The other jaw was connected to a force 

transducer measuring the tension produced by the artery ring in response to stretch. The 

myograph chamber was split in two independent chambers of 5 ml which were maintained at 

37°C.   
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2.6.2 Normalisation theory 

The magnitude of contraction and sensitivity of a vessel to agonists varies depending on the 

extent of stretch applied to that vessel. It is therefore necessary to apply an equal amount of 

stretch to all vessels regardless of vessel length, animal sex or genotype so that vessel 

responses can be accurately compared with each other (Mulvany and Halpern 1977). The aim 

of the normalisation procedure was to identify the micro-meter reading, i.e. distance between 

the jaws, necessary to produce the internal circumference (IntCir) that the vessel would have 

if relaxed under 90 % of 100 mmHg transmural pressure (Mulvany and Halpern 1977), this 

was termed the IntCir
100

.  

Mesenteric arteries were set to an IntCir that would achieve a transmural pressure of 70 mmHg 

(IntCir
70

) as mesenteric vascular bed experiences less pressure than the aorta. 

In order to normalise the amount of stretch applied to the vessel segments to the appropriate 

IntCir, a computer program was written with by Dr Paolo Tammaro and Dr Hannah Garnet 

which implemented the algorithm determined by Mulvany and Halpern (Mulvany and Halpern 

1977) into the IGOR (Wavemetrics, USA) platform. This programme was termed the 

normalisation procedure script. The normalisation procedure script is underpinned by the 

LaPlace law:  

 
T = 𝑃𝑖 × 

𝐼𝑛𝑡𝐶𝑖𝑟

2𝜋
 

Equation 19 

 

Where Pi is the effective pressure for each vessel segment and T is the tension as force (in 

mN) divided by the vessel length x2 (in mm). The Pi is an estimate of the pressure needed to 

stretch the vessel to the measured IntCir
100

.  
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2.6.3 Normalisation procedure  

To acclimatise the artery rings to the wire myograph, ice-cold PSS was replaced with PSS 

warmed to 37 °C immediately after mounting and vessels left to stabilise for ~30 min. The 

stretch of the vessel was then increased step-wise by increasing the distance between the 

myograph jaws in 100 μm or 50 μm increments for the aorta or mesenteric artery, respectively. 

The normalisation procedure script takes the jaw measurement and tension values at each 

step as inputs, alongside the vessel length and wire thickness to calculate the jaw 

measurement that must be applied to create the desired transmural pressure, which is at 90 

% of measured IntCir
100 for the aorta. The normalisation procedure was designed by Dr Paolo 

Tammaro in WaveMetrics, USA. The program calculates the internal circumference of the 

vessel over the range of measurements in response to mechanical stretch. These values were 

plotted versus the tension and fitted with an exponential curve. For aortic rings, the internal 

circumference was set at 100 mmHg and for mesenteric arteries at 70 mmHg. The program 

then uses this values and the thickness of the wire 40 m and 25 m respectively for aortic 

and mesenteric rings, to calculate the desired transmural pressure. 

2.6.4 Wire myography experimental design 

Isometric tension measurements were recorded using an AD/DA converter (USB-6221, 

National Instruments, UK) and Chart v5 (Strathclyde University, UK) software. All experiments 

were performed at 37 °C. Functional viability of vessels was assessed after normalisation by 

ensuring the contractile response to KCl (55 mM) remained consistent over three repeats. 

Each KCl treatment lasted 6 min in length. Between additions vessel tension was relaxed back 

to baseline by washing with PSS pre-warmed to 37 °C. All data was normalised to percentage 

change from maximum PE-induced constriction to allow for variation in overall contractile 

force. 
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2.6.5 Wire myography solutions 

Isolated aortic or mesenteric rings were dissected, stored on ice, and studied in PSS using 

wire myography, Table 10. Vessels were pre-constricted with PSS in which the K+ 

concentration had been raised to 50 mM by equimolar substitution of NaCl with KCl (High K+ 

PSS) (Table 11). The contractile response is presented as relative to the K+ PSS (50 mM) re-

tone. In experiments where the contribution of chloride channels was studied, low [Cl-]o PSS 

was used. In these experiments [NaCl] was reduced in PSS and replaced with equimolar Na-

methanesulfonate (Na-MES), Table 12. This was used to maintain the [Na+] without affecting 

the permeability of TMEM16A as MES is impermeant. For the K+ dose response experiments, 

K-MES was used to increase the [K+] (Table 13). 

Table 10 Physiological salt solution (PSS) 

Compounds Concentration (mM) 

NaCl 122 

KCl 5 

HEPES 10 

KH2PO4 0.5 

Na2PO4 0.5 

MgCl2 1 

D-Glucose 11 

CaCl2 1.8 

pH to 7.4 with NaOH 

Table 11 High K+ physiological salt solution (PSS) 

Compounds Concentration (mM) 

NaCl 72 

KCl 55 

HEPES 10 

KH2PO4 0.5 

NaH2PO4 0.5 

MgCl2 1 

D-Glucose 11 

CaCl2 1.8 

pH to 7.4 with NaOH 
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Table 12 Low Cl- physiological salt solution (PSS) 

Compounds Concentration (mM) 

NaCl 22 

KCl 5 

HEPES 10 

KH2PO4 0.5 

NaH2PO4 0.5 

MgCl2 1 

D-Glucose 11 

CaCl2 1.8 

Na-MES 100 

pH to 7.4 with NaOH 

 

Table 13 K-MES physiological salt solution (PSS) 

Compounds Concentration (mM) 

NaCl 22 

KCl 1 

HEPES 10 

KH2PO4 0.5 

Na2PO4 0.5 

MgCl2 1 

D-Glucose 11 

CaCl2 1.8 

K-MES See Table 14 

pH to 7.4 with NaOH 

 

 

Table 14 K-MES MES physiological salt solution (PSS) for variable K-MES concentrations 

K-MES (mM) Concentration (mM) 

1 0 

10 9 

30 29 

70 69 

100 99 

Mannitol was added to obtain 285.4 mOsm 
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2.6.6  [PE]-tension relationship analysis  

Contractility of aortic rings was measured in response to increasing doses of PE. Dose 

response data was based on cumulative additions of the drug (diluted in PSS) to the bath 

solution. TMEM16A modulators, such as Ani9, were pre-incubated with the aortic rings for 25 

min prior to adding the first dose of PE. Data was normalised to the third KCl (50 mM) 

contractile response to allow for variation in overall contractile force. Each KCl (50 mM) 

treatment lasted for 6 min, after which the vessel was washed with PSS until the tension 

relaxed back to baseline. The tension versus [PE] relationship was collected for each set of 

experiments and fitted to the Hill Equation as following: 

 
𝑇 =

𝑇𝑚𝑎𝑥

1 + (
[𝑃𝐸]
𝐸𝐶50

)
ℎ 

Equation 20 

where the Tmax is the maximal force reached, [PE] is the concentration of phenylephrine, EC50 

is the effective concentration producing 50% of the maximal response and h is the Hill 

coefficient.  

2.7 Cortical slices preparation 

Cortical slices (300 μm-thick) were prepared for immunostaining and cell death experiments 

on a Leica VT1200S vibratome in ice-cold, oxygenated (95% O2/5% CO2) slicing solution (Hall, 

Reynell et al. 2014). The slicing solution is described in Table 15. 

The slices were incubated at 37°C in the slicing solution (20 min), and then transferred into a 

modified solution at room temperature in which the N-methyl-D-glucamine chloride, MgCl2, 

CaCl2 and Na ascorbate were replaced by (in mM) 92 NaCl, 1 MgCl2 2 CaCl2 and 1 Na-

ascorbate. Experiments involving cortical slices were performed within 3-4 hrs of sacrificing 

mice. 
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Table 15 Slicing solution for cortical slices 

Compounds Concentration (mM) 

N-methyl-D-glucamine Cl 93 

KCl 2.5 

NaHCO3 3 

MgCl2 10 

NaH2PO4 1.2 

D-Glucose 25 

CaCl2 0.5 

HEPES 20 

Na-ascorbate 5 

Na-pyruvate 3 

Kynurenic acid 1 

pH to 7.4 with NaOH 

 

2.8 Imaging 

 

2.8.1 Immunocytochemistry & Immunocytochemistry  

Immunofluorescence staining was carried out using the (i) CHO WT, (ii) CHO Npc1-/-, and (iii) 

HEK-293T cell lines. Cells were plated at a density of approximately 10,000 cells/cm2 on glass 

coverslips and were allowed to grow for ~24 hrs prior to staining. Before fixation, cells were 

washed three times with cold PBS (Gibco, UK) and fixed in 4% paraformaldehyde in PBS for 

20 min. After fixation, cells were washed twice with cold PBS. For staining of intracellular 

components, cells were permeabilised with 0.2% (v/v) Triton-X-100 (Merck, UK) in PBS for 

5 min. Following this, cells were washed with cold PBS and then blocked with 1% bovine 

albumin serum (BSA) in PBS for 30 min at room temperature. Coverslips were then incubated 

in PBS containing 1% BSA with the primary antibodies (Table 16) for 1 h at room temperature. 

Coverslips were then washed three times with PBS and stained with appropriate secondary 

antibodies for 1 h at room temperature. Following this, coverslips were washed three times 

with PBS and then nuclei were stained with 4ʹ,6-diamidino-2-phenylindole (DAPI) in PBS for 
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5 min at room temperature. Coverslips were then washed three times with double distilled 

water before being mounted onto microscope slides using a drop of Vectashield mounting 

medium (Vector Laboratories, USA) and sealed with generic nail varnish. The microscope 

slides were stored in the dark at 4 °C until imaged. 

Table 16 Antibodies and dyes used for live and fixed staining  

Antibodies or 

Dyes 

Origin 

Anti-KDEL Ab12223 

Anti-LAMP1 Ab25245 

Anti-HA  H6908 

Ani-NPC1 Sc-271335 

Anti-NG2 AB5320 

Anti-IB4 I32450 

Anti-ANO10  HPA051569 

Anti-16A Ab53212 

Anti-Ano6 HPA038958 

Anti-TMEM16B  Ab91573 

Anti-PIP2 Sc-53412 

Anti-PI 81845 

Filipin  F9765 

Dil D3911 

 

2.8.2 Live Imaging  

Stable cell lines were grown on sterile glass petri dishes. Before imaging, cells were 

transfected with 800 ng of a genetic encoded probe for PIP2, PH-PLC  After 16-24h from 

transfection, cells were washed twice for 5 min with ECS at room temperature. Cells were then 

incubated with the plasma membrane marker Dil (1:100) for 5 min at 37  °C. Before imaging, 

cells were then washed twice for 5 min with ECS at room temperature to get rid of excessive 

dye. Cells were excited with a 405 nm laser at room temperature. 



94 
 

2.8.3 Calcium imaging 

Cells were washed with recording media and incubated with 1 M of Fluo-4 (F14201) at room 

temperature for 30 min in the dark. After the incubation, cells were washed with the recording 

medium (Table 17) and were then excited with a 470 nm laser. Images were acquired at room 

temperature. Changes in Fluo-4 fluorescence were measured by drawing regions of interest 

(ROIs) over the soma of cells in FIJI and by normalizing each intensity value to the baseline 

average (F/F0). 

Table 17 Calcium imaging recording medium  

Compounds Concentration 

(mM) 

KCl 5 

NaCl 140 

D-Glucose 10 

NaH2PO4 1 

MgCl2 1 

CaCl2 2 

Ascorbate 1 

pH to 7.4 with NaOH 

 

 

2.8.4 Cortical slice capillary pericyte imaging 

Acute cerebral cortical slices were perfused at a rate of 5 ml/min with heated (~34 °C) artificial 

cerebrospinal fluid (aCSF) solution described in Table 18. The aCSF was gassed with 20% 

O2, 5% CO2, 75% N2. The oxygen- and glucose- deprived (OGD) aCSF solution was obtained 

by replacing glucose with 7 mM sucrose and by equilibrating the solution with 5% CO2 and 

95% N2. Endothelin-1 (ET-1) was applied following a 5-min baseline. 

For ischaemia pericyte death experiments, cortical slices were prepared from Sprague Dawley 

rats as described above (Section 2.7). Slices were transferred into conical flasks under OGD 

or control (aCSF) conditions in the absence of presence of Ani9. The solutions were 
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supplemented with 7.5 μM of the necrosis marker propidium iodide and kept in the dark for 

the entire duration of the experiment.  After the 1 hr incubation, the slices were swiftly washed 

3 times (using the above incubation solutions in the absence of propidium iodide, prior to 

transfer to 12-well plates for fixation in 4% paraformaldehyde for 1 hr on a rocking shaker. 

Following 3 washes in PBS, slices were incubated in 10 µg/ml IB4 in blocking buffer (10% 

(vol/vol) horse serum, 0.3% (vol/vol) Triton X-100, 1.5% (wt/vol) glycine and 1% (wt/vol) bovine 

serum albumin in PBS) overnight at 4°C on a shaker. Slices were then washed 3 times in PBS 

before incubation with the nuclear stain DAPI in PBS on a shaker at room temperature for 1 

hr. Following 3 washes in PBS, slices were mounted on microscope slides in ProLong™ Glass 

Antifade Mountant before imaging.  

Table 18 Artificial cerebrospinal fluid (aCSF) solution 

Compounds Concentration 

(mM) 

KCl 2.5 

NaCl 124 

D-Glucose 10 

HEPES 10 

MgCl2 1 

CaCl2 2 

pH to 7.4 with NaOH 

 

2.9 Imaging analysis 

Imaging analysis was performed by the LSM510 META confocal laser scanning system (Zeiss, 

UK) connected to an inverted AxioVert 200 microscope with a ×63 objective (Zeiss, UK), 

controlled by Zen 2012 (Blue edition) software (Zeiss, UK)  

ImageJ was used to analyse images collected. Co-localisation studies were performed with a 

60x oil-immersion objective. Co- localisation was assessed by quantitatively determining the 

Manders’ overlap coefficient (MOC) and Pearson’s correlation coefficient (PCC) using Fiji 
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software with the Coloc2 plugin (Costes, Daelemans et al. 2004, Dunn, Kamocka et al. 2011). 

Two different MOCs were obtained (M1 and M2), which quantify the independent contributions 

of two selected channels to the pixels of interest. MOCs represents the fractions of a marker 

present in the other. PCCs were also calculated as a measure of pixel-by-pixel cross-

correlation coefficients. MOC and PCC values range from 0 (no correlation) to 1 (complete 

overlap). 

For analysis of pericytes in brain slices, Z-stacks (xyz dimensions 292 µm x 292 µm x 10 µm) 

were used with a 20x objective at 1 µm z-step size in layer IV starting at a depth of 20-30 µm 

from the surface of the slice to exclude cells damaged by slicing. Pericytes were identified as 

being embedded in the IB4-labeled capillary basement membrane with a bump-on-a-log 

morphology. The fraction of dead pericytes was obtained by dividing the number of propidium 

iodide -containing pericytes by the total number of pericytes counted using the Cell Counter 

plugin in FIJI. Imaging was performed in 2-4 slices and 3-4 regions per slice for each animal. 

2.10 Data & statistical analysis 

Electrophysiological data was analysed using ANA (Dr M. Pusch, CNR, Italy) or IGOR 

(Wavemetrics, USA). Myography data was analysed using IGOR. ImageJ (National Institutes 

of Health, USA) and Graph-Pad Prism 9 (GraphPad Software Inc., CA, USA) were used for 

analysis of imaging data. D'Agostino-Pearson omnibus test was used to assess the normality 

of data. For non-normally distributed data, a non-parametric statistical analysis was performed 

using the Mann-Whitney U Test (comparing 2 groups, unpaired), the Wilcoxon test with 

continuity correction (comparing 2 groups, paired) or the Kruskal-Wallis test with Dunn’s post 

hoc test (comparing > 2 groups). For normally distributed data, two-tailed Student’s t-test 

(comparing 2 groups) or one-way ANOVA (comparing > 2 groups). To reduce the probability 

of a false positive or Type I Error, Bonferroni's post-hoc test was used for statistical analysis 

as appropriate. Data are presented as mean ± SEM alongside the number of experiments (n) 

and number of animals (N), where appropriate. Differences were considered significant if p < 
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0.05 and all tests were 2-tailed. Graphs were plotted using IGOR (Wavemetrics, USA) and 

images were finalized with CorelDraw (X8, Corel Corporation). BioRender.com and Microsoft 

Power Point were used for creating diagrammatic representations.  

2.10.1 Experimental design  

This project involved the use of mice for cell and tissue studies. The use of human samples 

was not possible due to low availability of samples from patients with NPC disease. The use 

of freshly isolated VSMCs from arteries was necessary as cultured cells may have remodelled 

expression of the various ion channels. Rodents (mice or rats) were used because they 

represent a well-established model for cardiovascular physiology, thus enabling comparison 

of my results with those already published in the literature. Rodents share physiological and 

biochemical properties with humans; thus, the observations made using this model provides 

insight into human physiology and biochemistry. 

2.10.2 Randomisation   

Randomisation was carried out as effectively as possible throughout this thesis. In 

experiments involving transfection, transfected cells were identified using anti-CD8 beads, and 

then selected at random for patch-clamp electrophysiology. Patch-clamp electrophysiology 

experiments using native cells also relied on cells being selected at random. For myography 

experiments, the thoracic aorta was dissected and then freshly isolated aortic rings were 

chosen at random for experimentation. In experiments using two or more different treatments, 

randomisation was achieved by changing the order of application of the agents. For 

electrophysiological experiments, each cell was obtained from a petri dish containing cells that 

were independently passaged and transfected. Thus, recording obtained from individual cells 

were considered as independent observations. Furthermore, automated analysis procedures 

for an objective method of analysis (e.g. count of vesicles number per cell, measurements of 

current amplitude or capillary diameter), were used for each group when possible. The 
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methods of analysis were established during study design and prior to the execution of the 

experiments. 

2.10.3 Operator blinding 

Blinding is a useful approach in the collection and analysis of data that could involve a bias in 

the collection of data, or a degree of qualitative interpretation of the results. Objective methods 

of analysis, such as automated analysis procedures were used for each experiment type, with 

methods of analysis devised prior to execution of the experiment. Myography experiments 

could not be blinded as for most experiments both myography chambers contained aortic rings 

obtained from either wild-type or mutant mice were obtained from a colony managed by the 

operator. Mice were randomly assigned to treatment groups and the drugs coded and the staff 

blinded to treatment. Automated analysis of tension at selected time points ensured no user 

bias during data analysis occurred. Objective methods of analysis, such as automated 

analysis procedures (e.g. curve fitting) built in the Igor analysis platform (Wavemetrics, USA), 

were used for each group. This overall approach removed the possibility that differential 

assessment of experimental results could potentially result in bias during the study. 

2.11 Contribution to work  

 

Unless otherwise state, all experiments in this thesis were designed by Lara Scofano and Dr 

Paolo Tammaro. Experiments were executed and analysed by Lara Scofano. Dr Kathryn 

Acheson contributed to the collection data for figure 4.1.2. Dr Rumaitha Al Hosni contributed 

to the collection of data for figure 4.2.1 and 5.3.2. Dr Zeki Ilkan contributed to the collection of 

data for figure 5.3.3. I also would like to thank Zuzanna Borawska, whom I supervised during 

her final year undergraduate project, for her contribution to figure 4.3.4.  
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Chapter 3 

TMEM16A characterisation  
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3.1 Functional and cellular properties of TMEM16 channels 

 

This project begun by investigating the TMEM16A current (ICaCC) in a heterologous expression 

system (HEK-293T cells). Specifically, the Ca2+ and Vm sensitivity of the channel and response 

to pharmacological modulators were studied and compared with that of other TMEM16x 

members (TMEM16B, TMEM16F and TMEM16K) that are also expressed in VSMCs, as 

outlined in greater detail in the Introduction (Section 1.3.3) (Davis et al., 2010; Manoury, 

Tamuleviciute, & Tammaro, 2010). This characterisation enabled comparison of cloned 

TMEM16A mediated currents with ICaCC measured in isolated aortic VSMCs (described in 

Chapter 5, Section 5.1.1). 

The pharmacological agents used were (i) Ani9 (Seo, Lee et al. 2016), (ii) a series of novel 

blockers developed by Autifony Therapeutics (AUT11813 and AUT11814), and (iii) a small 

molecule activator provided by Autifony Therapeutics (AUT11817). This chapter provides a 

detailed characterisation of the function and pharmacological properties of theTMEM16A 

channel, and thus enabled me to identify the appropriate experimental conditions for the 

recording of ICaCC in heterologous systems (Chapter 4) and in freshly isolated VSMCs and 

native systems (Chapter 5). 
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3.2 Electrophysiological profile of TMEM16A 

Whole-cell TMEM16A currents were recorded from transfected HEK-293T cells with an 

intracellular pipette solution containing 0, 100, 300 or 600 nM free [Ca2+]i (Figure 3.2.1). To 

examine whether the endogenous Cl- current are elicited in HEK-293T cells, mock-transfected 

HEK-293T cells were whole-cell patch-clamped and stimulated with the “IV-CaCC” protocol. 

Figure 3.1 shows that currents elicited in the absence of [Ca2+]i were comparable to the 

currents recorded from mock-transfected cells over membrane potentials ranging from -100 

to +100 mV. When [Ca2+]i was raised to 100 nM, ICaCC was still negligible. This can be explained 

by the variety of Ca2+ sensitivity reported in different TMEM16A splice variants in the literature 

(Ni, Kuan et al. 2014), ranging from <100 nM (Yang, Cho et al. 2008) to > 2μM (Tien, Peters 

et al. 2014). In the presence of 300 nM [Ca2+]i, large outward and inward ICaCC were observed 

in response to depolarising and hyperpolarising voltages, respectively. The instantaneous 

ICaCC elicited in response to each voltage step increment in the “IV-CaCC” protocol, relaxed 

towards a time-dependent plateau that was reached at the new steady-state. The current 

amplitude was larger at positive Vm than at negative Vm of the same magnitude, indicating 

outward rectification in accordance with what has been observed in native ICaCC (Hartzell, Yu 

et al. 2009, Davis, Forrest et al. 2010). At +100 mV cells expressing TMEM16A elicited an 

ICaCC of 312.0 ± 08.1 pA/pF when dialysed with 300 nM free [Ca2+]i. and 601.2 ± 12.2 pA/pF 

when the intracellular pipette solution was increased to 600 nM free [Ca2+]i. The “IV-CaCC” 

stimulation also revealed the voltage dependency of TMEM16A-mediated ICaCC. In fact, in the 

presence of 300 nM free [Ca2+]i. the ICaCC was -15.06 ± 4.0 pA/pF at -60 mV and 316.0 ± 38.5 

pA/pF at +100 mV. Overall, these data show the strong Ca2+ and Vm dependency of 

TMEM16A-mediated ICaCC. 
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Figure 3.2.1  TMEM16A IV-relationship 

 

(A) i) Whole-cell currents recorded from a mock-transfected HEK-293T cell or HEK-293T cell 

expressing TMEM16A dialysed with 0, 100, 300 or 600 nM [Ca2+]i as indicated. Dashed horizontal 

line represents the zero-current level. Voltage protocol “IV-CaCC” is described in the Methods 

(Figure 2.5.4); ii) mean activating whole-cell current versus Vm relationships measured at the end 

of the 1 s voltage pulse from - 100 to + 100 mV in 20 mV increments in mock-transfected HEK-

293T cells (n=6) or TMEM16A-expressing HEK-293T cells dialysed with 100 (n=8), 300 (n=9) or 

600 nM (n=6) [Ca2+]i.  

 

 

To identify the range of [Ca2+]i  in which TMEM16A channels are activated, [Ca2+]i  sensitivity was 

studied with the inside-out patch clamp configuration in CHO or HEK-293T cells. (Figure 3.2.2). 

The Ca2+ sensitivity of CHO cells expressing TMEM16A was compared to the one in HEK-293T 

cells. This is because a genetic cell line of CHO cells (knock-out for Npc1 gene locus) was used 

in Chapter 4 to study TMEM16A modulation by NPC1 inhibition. In both cell lines, patches were 

excised from TMEM16A-transfected HEK-293T or CHO cells and held at +70 mV prior to exposure 

to solutions with various [Ca2+]i,. The current was normalised to the average current elicited at the 

two highest [Ca2+]i of 12 and 78 μM (Imax). I/ Imax was plotted against [Ca2+]i  and fitted with the Hill 

equation (Equation 13). The EC50 was 0.7 ± 0.1 μM in HEK-293T cells (n=15) and 0.8 ± 0.0 μM in 
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CHO cells (n=7).  The Hill coefficient was 1.63 ± 0.06 in HEK-293T cells (n=15) and 1.94 ± 0.27 

μM in CHO cells (n=7). No significant difference was observed in the EC50 and Hill coefficient 

values between HEK-293T cells and CHO cells (Table 19).  

 

 

Figure 3.2.2 TMEM16A calcium-sensitivity. 

TMEM16A currents were recorded at +70 mV from inside-out patches excised from i) HEK-

293T cells (n=15) and ii) CHO cells (n=7). Mean current versus [Ca2+]i relationship 

normalised to the current recorded in the two highest [Ca2+]I was fitted using the Hill 

equation. 

 

 

Cell lines  EC50 (M) max h N 

HEK-293T 0.68  ± 0.01 0.98 ± 0.01 1.63 ± 0.06 15 

CHO 0.78 ± 0.06 0.96 ± 0.03 1.94 ± 0.27 7 

 

Table 19 Hill-fit parameters (EC50, max and h) (Eq. 13) for HEK-293T and CHO cells. 

Current versus [Ca2+]i relationships obtained in HEK-293T and CHO cells. 
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3.3 Other TMEM16x family members expressed in the 

vasculature  

3.3.1 Electrophysiological profile and cellular expression of 

TMEM16B  

The next set of experiments aimed to characterise the current mediated by the other 

TMEM16x members (TMEM16B, TMEM16F and TMEM16K) for which expression in VSMCs 

has been reported (Davis, Forrest et al. 2010, Manoury, Tamuleviciute et al. 2010). TMEM16B 

was expressed in HEK-293T cells and the whole-cell ICaCC was recorded in response to the 

“IV-CaCC” protocol. TMEM16B currents are less sensitive to [Ca2+]i than TMEM16A currents 

(Adomaviciene, Smith, Garnett, & Tammaro, 2013). Thus, TMEM16B currents were measured 

in the presence of 600 nM [Ca2+]i to obtain a degree of Ca2+-dependent activation comparable 

to that observed for TMEM16A currents in 300 nM [Ca2+]i (Adomaviciene, Smith et al. 2013). 

At +100 mV TMEM16A currents were 122 ± 6.0 pA/pF while TMEM16B currents were 62 ± 

7.6 pA/pF. Both currents had a strong outwardly rectifying IV-relationship. To compare the 

activation kinetics of the ICaCC recorded from cells expressing TMEM16A or TMEM16B, the 

activation time constant, 1/2, was calculated at 60, 80 and 100 mV. The 1/2 was calculated as 

the time taken to reach the half-maximal current. In cells expressing TMEM16A, 1/2 increased 

with Vm resulting in a 1/2 of 96.4 ± 1.4 pA/pF at +60 mV and 111.2 ± 2.5 pA/pF at +100 mV. In 

cells expressing TMEM16B,  1/2 was ~ 2-fold faster than for TMEM16A channels (Figure 

3.3.1).  

 

To assess the subcellular localisation of TMEM16A and TMEM16B, HEK-293T cells 

expressing TMEM16A were fixed and stained with either the TMEM16A or TMEM16B antibody 

as described in more detail in the Method (Section 2.8.1). Nuclei were stained with DAPI. In 

accordance with the literature (Schreiber, Ousingsawat et al. 2020), I found that both the 

TMEM16A and TMEM16B channels were abundantly expressed at the plasma membrane 

(Figure 3.3.1).  
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Figure 3.3.1 Properties of TMEM16A and TMEM16B IV-relationships. 

 
(A) i) Whole-cell currents recorded from a TMEM16A or TMEM16B expressing HEK-293T 
cells, as indicated. [Ca2+]i was 300 nM for TMEM16A and 600 nM for TMEM16B. Dashed 
horizontal line represents the zero-current level. Voltage protocol “IV-CaCC” is described in 
the Methods (Figure 2.5.4); ii) mean activating whole-cell current versus Vm relationships 
measured at the end of the 1 s voltage pulse from - 100 to + 100 mV in 20 mV increments 
in TMEM16A (n=7) or TMEM16B (n=6) transfected HEK-293T cells. Inset in (ii) shows mean 

1/2 of current activation for TMEM16A and TMEM16B, measured in the presence of 300 and 
600 nM [Ca2+]i respectively and at various membrane potentials (n= 7–8). * indicates p≤0.05, 
unpaired t-test. (B) Representative confocal images of HEK-293T cells expressing 
TMEM16A or TMEM16B (green) and DAPI (blue). Scale bar = 10 μm. 
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3.3.2  Electrophysiological profile and cellular expression of 

TMEM16F  

In addition to the TMEM16A and TMEM16B CaCC channels, the TMEM16x family includes 

the scramblase TMEM16F (Hartzell, Yu et al. 2009, Pedemonte and Galietta 2014). The Cl- 

TMEM16F current amplitude gradually increases from the point where whole cell configuration 

is established (Acheson, 2016; Hartzell, Yu, Xiao, Chien & Qu, 2009; Pedemonte & Galietta, 

2014). TMEM16F is reported to have very low affinity to [Ca2+]i compared to TMEM16A and 

TMEM16B, thus it was studied in the presence of 78 μM [Ca2+]i as previously established 

(Grubb, Poulsen et al. 2013, Scudieri, Caci et al. 2015). The “IV-CaCC” protocol was run every 

2 minutes after achieving whole-cell (defined as t=0 minutes) in HEK-293T cells transiently 

expressing TMEM16F. TMEM16F current increased over time from the establishment of the 

whole-cell configuration, with full development of an outward-rectifying current at 10 minutes 

(Figure 3.4). From 6 minutes since the beginning of the experiments, large outward membrane 

currents were generated in response to depolarising voltages and large tail currents were 

observed when returning to hyperpolarising voltages in accordance with previous reports 

(Scudieri, Caci et al. 2015). At +100 mV, the TMEM16F increased from 31.4 ± 7.5 pA/pF at 

t=2, to 81.5 ± 7.9 pA/pF at t=6 and to 158.8 ± 17.6 pA/pF at t=10 (Figure 3.3.2). To assess 

subcellular localisation of TMEM16F compared to TMEM16A and TMEM16B-expressing 

HEK-293T cells, I performed immunofluorescence experiments in TMEM16F-expressing 

HEK-293T cells (Figure 3.3.2). I found that TMEM16F was distributed mainly at the plasma 

membrane, similarly to the TMEM16A and TMEM16B channels described above (Figure 

3.3.1) and in line with to the literature (Scudieri, Caci et al. 2015). 
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Figure 3.3.2 TMEM16F time-dependent current. 

(A) i) Whole-cell currents recorded from a mock-transfected HEK-293T cell or HEK-293T 

cell expressing TMEM16F dialysed with 78 M [Ca2+]i as indicated. Dashed horizontal line 

represents the zero-current level. Voltage protocol “IV-CaCC” is described in the Methods 

(Figure 2.5.4); ii) mean activating whole-cell current versus Vm relationships measured at 

the end of the 1 s voltage pulse from - 100 to + 100 mV in 20 mV increments in TMEM16F-

expressing HEK-293T cells reordered at t=2 (n=11), t=6 (n=7) and t=10 (n=9). * indicates 

p≤0.05, unpaired t-test. (B) Representative confocal images of HEK-293T cells expressing 

TMEM16F and DAPI (blue). Scale bar = 10 μm. 
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3.3.3  Electrophysiological profile and cellular expression of 

TMEM16K 

Among the ten members of the TMEM16x family, the electrophysiological properties and 

cellular localisation of TMEM16K was recently published by our group (Bushell, Pike et al. 

2019). We first tested if TMEM16K could function at the plasma membrane as a CaCC like 

TMEM16A, TMEM16B and TMEM16F. Whole-cell currents were measured in the presence of 

either 300 nM or 78 μM of [Ca2+]i. These [Ca2+]i were selected as they are sufficient to elicit 

ICaCC in cells expressing TMEM16A, TMEM16B or TMEM16F, respectively. However, the 

presence of 300 nM or 78 μM of [Ca2+]i did not activate any current in TMEM16K-expressing 

HEK-293T cells. In fact, similar currents were recorded in TMEM16K and mock-transfected 

cells. At +100 mV, the recorded ICaCC in the presence of 300 nM [Ca2+]i was 4.0 ± 0.6 pA/pF in 

cells expressing TMEM16K and 274.2 ± 33.9 pA/pF in TMEM16A-transfected cells.  This 

suggested that TMEM16K does not form Ca2+-activated channels at the plasma membrane. 

In high [Ca2+]i of 78 M, the recorded ICaCC was 28.1 ± 3.1 pA/pF in cells expressing TMEM16K 

and 135.2 ± 19.4 pA/pF in TMEM16F-transfected cells. The absence of membrane current, 

led us to hypothesise that TMEM16K is localised intracellularly. Thus, I next studied TMEM16K 

cellular localisation using immunocytochemistry. In accordance with the patch-clamp 

experiments, I observed no TMEM16K localisation at the plasma membrane. Endogenous 

TMEM16K was stained with TMEM16K antibody in human bone osteosarcoma epithelial 

(U2OS) cells (Figure 3.3.3). These cells were also stained with the ER marker KDEL and 

nuclei marker DAPI. The correlation coefficients (Pearson’s, M1 and M2), described more in 

details in the Method section (2.9), were measured to assess the overlap of TMEM16K with 

the ER marker. Figure 3.3.3 shows that the correlations coefficients were 0.70 ± 0.0, 0.79 ± 

0.0 and 0.81 ± 0.0 for Pearson’s, M1 and M2, respectively. These data indicate that TMEM16K 

is subcellularly localised in the ER. 
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Figure 3.3.3 TMEM16K is an intracellular channel localised at the ER. 

 

(A) i) Whole‐cell current versus voltage relationships for HEK-293T cells expressing 

TMEM16A (n = 13) or TMEM16K (n = 13). [Ca2+]i was 0.3 μM; ii) Whole‐cell current versus 
voltage relationships for HEK-293T cells expressing TMEM16F (n = 17) or TMEM16K 
(n = 11). [Ca2+]i was 78 μM. Dashed horizontal line represents the zero-current level. Voltage 
protocol “IV-CaCC” is described in the Methods (Figure 2.5.4) (B) i) Representative confocal 
images of U2OS cells stained using antibodies to endogenous TMEM16K (green), the ER 
resident protein signature KDEL (red), along with DAPI staining of nuclei and the merge. 
Insets show the degree of colocalisation of TMEM16A and KDEL (yellow). Scale 
bars = 10 µm; ii) Quantitative analysis of TMEM16K and KDEL co-localisation in U2OS cells 
(n=23-48).  
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3.4 Pharmacology of TMEM16A channels 

 

3.4.1 Ani9 is a selective TMEM16A inhibitor 

 

Ani9 has been identified by Seo et al. as a potent inhibitor of TMEM16A, with an IC50 of 106 

nM in Fischer rat thyroid cells stably expressing human TMEM16A (Seo, Lee et al. 2016). 

Here, we tested Ani9 in heterologously expressed TMEM16A channels in HEK-293T cells, 

since no previous reports of the potency of Ani9 in this cell system have been published to 

date. TMEM16A currents were recorded in response to the “IV-tail” protocol described in 

details in Methods (Section 2.5.4.4). TMEM16A currents were measured at the end of the test 

pulse, and normalised to the pre-pulse. Figure 3.4.1 shows that 2 M of Ani9 in the presence 

of 300 nM [Ca2+]i, was able to produce a near full block of the elicited TMEM16A current. Ani9 

blocked the TMEM16A current at all the Vm tested. Moreover, the potency of Ani9 in the 

presence of high [Ca2+]i was studied (n=6). Figure 3.4.1 shows that in the presence of high 

[Ca2+]i (1 M), 3 M of Ani9 blocked the TMEM16A current less potently than in the presence 

of 300 nM [Ca2+]i, leaving a residual, unblocked, TMEM16A current of ~8 fold (n=6). These 

data indicates that the potency of Ani9 on the TMEM16A channel is Ca2+-dependent. 

  

The effect of Ani9 on the closely related family member TMEM16B was also studied in the 

HEK-293T expression system. Whole-cell TMEM16B currents were elicited in response to the 

“IV-tail” protocol in the presence of 600 nM [Ca2+]i. TMEM16B currents were measured at the 

end of the test pulse, and normalised to the pre-pulse measure in the absence of Ani9. There 

was no significance difference between TMEM16B current in the presence or absence of 3 

M of Ani9 (n=4) (Figure 3.4.2). Therefore, it was confirmed in line with Seo et al. that Ani9 

has no effect on TMEM16B (Seo et al. 2016).  

 



111 
 

 
 

Figure 3.4.1 Effect of Ani9 on cloned TMEM16A currents  

(A) i) Whole-cell currents recorded from a HEK-293T cell expressing TMEM16A dialysed 

with low [Ca2+]i (300 nM) in the presence or absence of Ani9 (2 M), as indicated. Dashed 

horizontal line represents the zero-current level. Voltage protocol “IV-tail” is described in the 

Methods (Figure 2.5.4); ii) mean activating whole-cell current versus Vm relationships 

measured at the end of test pulses from -100 mV to + 140 mV and normalised to the end of 

to the 1 s pre-pulse at + 70 in TMEM16A-expressing HEK-293T cells reordered recorded in 

the presence or absence of Ani9 (3 μM) (n=6). (B) Whole-cell currents recorded from a HEK-

293T cell expressing TMEM16A dialysed with high [Ca2+]i (1 M) in the presence or absence 

of Ani9 (3 M), as indicated; ii) mean activating whole-cell current versus Vm relationships 

measured in TMEM16A-expressing HEK-293T cells reordered recorded in the presence or 

absence of Ani9 (3 μM) (n=6). * indicates p≤0.05, paired t-test.   
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Figure 3.4.2 Effect of Ani9 on cloned TMEM16B currents 

 (A) i) Whole-cell currents recorded from a HEK-293T cell expressing TMEM16A dialysed with 

300 nM [Ca2+]i  in the presence or absence of Ani9 (3 M), as indicated; ii) mean activating 

whole-cell current versus Vm relationships measured in TMEM16A-expressing HEK-293T cells 

reordered recorded in the presence or absence of Ani9 (3 μM) (n=4). Dashed horizontal line 

represents the zero-current level. Voltage protocol “IV-tail” is described in the Methods (Figure 

2.5.4); (B) Whole-cell currents recorded from a HEK-293T cell expressing TMEM16B dialysed 

with 600 nM [Ca2+]i in the presence or absence of Ani9 (3 M), as indicated; ii) mean activating 

whole-cell current versus Vm relationships measured in TMEM16B-expressing HEK-293T cells 

reordered recorded in the presence or absence of Ani9 (3 μM) (n=4). * indicates p≤0.05, paired 

t-test.  
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3.4.2  AUT11813 and AUT11814 as TMEM16A inhibitors 

 

Ani9 was confirmed to be a potent and selective inhibitor of TMEM16A (Figure 3.6 and Figure 

3.7). In order to identify novel inhibitors of the TMEM16A currents, the effects of AUT11813 

and AUT11814 were tested in heterologous TMEM16A system. Unpublished work form our 

lab showed that Ani9 is subjected to high first pass metabolism and may have poor BBB 

permeability. Thus, Ani9 may not be suitable for possible future in vivo studies. As part of my 

pharmacological characterisation, I have studied new compounds (AUT11813 and 

AUT11814) with improved pharmacokinetic characteristics. These compounds have been 

provided by Autifony Therapeutics. While the structure of these compounds was not made 

available to me because currently protected by intellectual patent rights, these new 

compounds may provide a valuable resource for possible future in vivo studies. Thus, I have 

characterised these compounds as part of my project.  

 

The TMEM16A-mediated ICaCC was studied using the whole-cell configuration of the patch-

clamping technique. TMEM16A-transfected HEK-293T cells were perfused with increasing 

concentrations from 0.3 to 10 M of AUT11813 or AUT11814 compounds. Following the 

application of the compounds, cell was washed by perfusing with ECS between each 

concentration to allow the current to return to baseline levels. At the end of the experiment, 

the cell was perfused with high concentration of Ani9 (3 M) in order to subtract cell leakage.  

Both compounds blocked the TMEM16A currents in HEK-293T cells (Figure 3.4.3). Their 

effects were tested in response to increasing concentrations from 0.3 to 10 M. The IC50 were 

1.4 ± 0.6 M and 0.8 ± 0.2 M for AUT11813 and AUT11814, respectively (Table 20). In 

response to the maximal concentration of 10 M, the maximum inhibition was 70 ± 0.0 % (n=8) 

for AUT11813 and 99 ± 0.0 % (n=3) for AUT11814.  
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Figure 3.4.3 The effects of AUT11813 and AUT11814 on whole-cell TMEM16A currents 

(A) i) Inside-out patch currents measured in response to 1 s +70 mV step followed by -70 

mV from a HEK-293T cell expressing TMEM16A dialysed with 300 nM [Ca2+]i  and perfused 

with AUT11813 (n=8-15); ii) Inside-out patch currents measured in response to 1 s +70 mV 

step followed by -70 mV from a HEK-293T cell expressing TMEM16A dialysed with 300 nM 

[Ca2+]i  and perfused with AUT11814 (n=3-10). Data was fitted with the Hill equation 

(Equation 13). 

  

 

 

HEK-293T IC50 (M) max h N 

AUT11813 1.35  ± 0.68 1.00 ± 0.04 0.96 ± 0.34 8-15 

AUT11814 0.78 ± 0.24 0.98. ± 0.03 0.92 ± 0.29 3-10 

 

Table 20 Hill-fit parameters (IC50, max and h) (Eq. 13) for HEK-293T cells expressing 
TMEM16A. 

Mean current versus [AUT11813] and [AUT11814]  relationships obtained in inside-out patches 

excised from TMEM16A-expressing HEK-293T cells.  
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3.5 TMEM16A functional role in the vasculature  

 

3.5.1 TMEM16A-mediated mouse aortic contractility  

As described in more details in the Introduction, TMEM16A channels are important 

components of agonist-induced vasoconstriction (Pedemonte and Galietta 2014). To quantify 

the contribution of TMEM16A to agonist-induced contraction in isolated rodent artery rings, 

the isometric force generated by rodent aortic arteries rings was investigated via wire-

myography. PE, an agonist of the α1 Gq coupled receptor, was used to activate the IP3-

pathway leading to [Ca2+]i  increase and activation of TMEM16A. Aortic rings were exposed to 

increasing concentrations of PE (Figure 3.5.1). The tension versus [PE] relationship was fitted 

with the Hill equation (Equation 13). 

To determine the contribution of TMEM16A to PE-induce contraction, aortic rings were 

incubated with the selective TMEM16A inhibitor Ani9 (3 M). Ani9 inhibited 49 % of the 

contraction induced in response to the maximal PE concentration (10 M). The contribution of 

VGCCs was also studied as Cl- efflux upon TMEM16A activation depolarises the membrane 

to allow activation of this family of channels, described more in details in the Introduction 

(Section 1.8). Thus, we were interested in studying the residual TMEM16A activity by 

comparing inhibition of PE-induce contraction between the TMEM16A blocker Ani9 (Seo, Lee 

et al. 2016) and nifedipine, a VGCC blocker (Shen, Jiang et al. 2000, Zhang, Berra-Romani et 

al. 2007). Aortic rings were incubated with nifedipine (10 nM) prior to the application of PE.  

Fig 3.5.1 shows that nifedipine inhibited 65 % of the contraction induced in response to the 

maximal PE concentration (10 M).  
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Figure 3.5.1 The effect of Ani9 on phenylephrine-induced contraction in mouse arteries. 

 

(A) i) Isometric aortic ring tension induced by cumulative addition of phenylephrine (PE) in 

the range 0.01 – 10 M in untreated mouse aortic rings (control) or in the presence of 3 M 

Ani9 or nifedipine (10 nM). Dotted line represents baseline tension; ii) change in isometric 

tension versus [PE] relationship of mouse aortic rings in control (N=9), in the presence of 3 

M Ani9 (N=7) or in the presence of nifedipine (10 nM) (N=5). Tension was normalised to 

50 mM KCl and fitted with the Hill equation (Equation 13). * indicates p≤0.05, paired t-test.     

 

Aortas EC50 (M) max h N 

Control 0.12  ± 0.00 0.98 ± 0.01 1.28 ± 0.07 9 

Ani9 0.21 ± 0.02 * 0.77 ± 0.02 0.97 ± 0.07 7 

Nifedipine 0.14  ± 0.01 0.67  ± 0.01 

* 

0.98  ± 0.06 5 

 

Table 21 Hill-fit parameters (EC50, max and h) (Eq. 13) for mouse aortic rings.  

Mean tension versus [PE]i relationships obtained in mouse aortic rings. * indicates p≤0.05, 

unpaired t-test. 

 



117 
 

3.5.2 TMEM16A-mediated rat aortic contractility  

 

Selective TMEM16A activators are not well known in the literature. Hence, I next investigated 

the AUT11817 compound which has been developed as a potential activator of the TMEM16A 

channel. AUT11817 (300 nM) was did not induce any aortic constriction in the absence of an 

agonist (Figure 3.5.2). In contrast, AUT11817 enhanced the PE-induced constriction of rat 

aortic rings in response to increasing concentrations of PE. In response to the maximal PE 

concentration (1 M), AUT11817 induced 40 ± 0.1 % increase in the PE-induced contraction 

compared to untreated aortic rings (control) (Figure 3.5.2).  

 

I have shown that Ani9 is a suitable tool compound to selectively and potently block TMEM16A 

(Section 3.4.1). In order to study other pharmacological TMEM16A inhibitors, I investigated 

the effect of the TMEM16A inhibitors AUT11814 and Ani9 on the PE-induced constriction of 

rat aortic rings. AUT11814 and Ani9 induced a similar block of 90 ± 0.1 % and of 94 ± 0.1 % 

respectively on the contraction induced in response to the maximal PE concentration (1 M) 

(Figure 3.5.2).  
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Figure 3.5.2 The effect of AUT11817, AUT11814 and Ani9 on phenylephrine-induced 
contraction in rat arteries. 

 

(A) i) Isometric aortic ring tension induced by cumulative addition of phenylephrine (PE) in 

the range 10 – 1000 nM in untreated rings (control) or in the presence of AUT11817 (300 

nM), AUT11814 (10 M) or Ani9 (3 M). Dotted line represents baseline tension; ii) change 

in isometric tension versus [PE] relationship of mouse aortic rings in control (N=3), in the 

presence of 300 nM AUT11817 (N=7), 10 M AUT11814 (N=4) or 3 M Ani9 (N=3). Tension 

was normalised to 50 mM KCl and fitted with the Hill equation (Equation 13). * indicates 

p≤0.05, paired t-test.   
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3.6 Discussion 

 

This chapter has outlined the key electrophysiological properties and cellular localisation of 

cloned TMEM16A, TMEM16B and TMEM16F in an heterologous system. The role of 

TMEM16K was also explored and was found to localise in the ER (Bushell, Pike et al. 2019). 

The extent by which TMEM16A contributes to agonist-induced contraction in rodent aortic 

rings was assessed. The pharmacology of the TMEM16A channels was explored with a focus 

on small molecules such as the potent and selective TMEM16A-blocker Ani9 (Seo, Lee et al. 

2016) and some compounds currently under development (Autifony Therapeutics). These 

small molecules were assessed in heterologous systems as well as in isolated vessels. 

AUT11814 potently inhibited ICaCC in heterologous system and also the agonist-induced 

contraction in aortic rings. AUT11817 significantly potentiated the agonist-induced contraction 

in aortic rings.  

3.6.1 Properties of cloned TMEM16A-mediated currents and other 

TMEM16x family members 

 
The features of the TMEM16A and TMEM16x family members were studied in this chapter. 

While the electrophysiological features of the TMEM16x have been previously reported 

(Scudieri, Caci et al. 2015, Pifferi 2017, Bushell, Pike et al. 2019, Dinsdale, Pipatpolkai et al. 

2021), there is no published systematic study in which these channels have been studied and 

compared in the same expression system and in equivalent recording conditions (including 

stimulation protocols and electrophysiological solutions).  The work presented in this chapter 

remedy this deficit and enabled me to identify the appropriate experimental conditions to study 

TMEM16A channels in heterologously and native systems for the rest of the work conducted 

as part of my DPhil project .  

 

Cloned TMEM16A channels expressed in HEK-293T cells produced a distinctive outwardly 

rectifying current characterised by large currents at positive Vm and small currents at negative 
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Vm. Ca2+ was essential for activation of TMEM16A channels, as the ICaCC elicited in the 

presence of 0 nM [Ca2+]i was equivalent to that recorded in mock-transfected HEK-293T cells. 

Moreover, increasing the [Ca2+]i from 300 nM to 600 nM, resulted in a significant increase in 

the ICaCC-mediated TMEM16A current. These data are consistent with that present in the 

literature describing TMEM16A in heterologous systems (Caputo, Caci et al. 2008, Yang, Cho 

et al. 2008, Adomaviciene, Smith et al. 2013, Heinze, Seniuk et al. 2014). The ICaCC-mediated 

TMEM16A current response was also studied in inside-out patches in HEK-293T and CHO 

cell lines. In both cellular model, increasing doses of [Ca2+]i induced an increment in ICaCC-

mediated TMEM16A at +70 mV.  

Among the TMEM16x family members, only TMEM16B-transfected cells elicited ICaCC at 

low [Ca2+]i. This is in accordance with the literature indicating that even if TMEM16A and 

TMEM16B share similar biophysical properties, TMEM16A channels are activated by 300-600 

nM  [Ca2+]i  while TMEM16B is activated by 800-1000 nM [Ca2+]I (Ferrera, Caputo et al. 2009, 

Pifferi, Dibattista et al. 2009, Adomaviciene, Smith et al. 2013). Activation and deactivation 

kinetics are also very different between TMEM16A and TMEM16B channels. Figure 3.4.1 

shows that in accordance with the literature, the difference in time constant between these 

two channel family members is more than 10-fold (Caputo, Caci et al. 2008, Pifferi, Dibattista 

et al. 2009). This is also reflected in the single channel conductance which is known to be 

around 1 pS for TMEM16B, while up to 3-5 pS for TMEM16A (Pifferi 2009, Adomaviciene 

2013).  In native tissues, TMEM16B expression has been reported to be minimal in smooth 

muscle (Davis, Forrest et al. 2010). In fact, it is reported in the literature that TMEM16B mainly 

functions as CaCC in photoreceptors and olfactory neurons (Li, He et al. 2019, Wang, Simms 

et al. 2019).  

 
As described in more details in the introduction (Section 1.7.1) TMEM16F is functionally and 

structurally divergent from TMEM16A and TMEM16B due to its lipid scramblase properties. In 

this chapter, TMEM16F-induced current was studied in the presence of 78 M [Ca2+]i. Figure 
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3.3.2 showed that TMEM16F produced ICaCC after 3 minutes in the presence of high [Ca2+]i. 

Thus, under physiological condition, it is unlikely that TMEM16F can contribute to native ICaCC 

in VSMCs either under resting conditions, where [Ca2+]i ~ 300-400 nM or under excitation 

where [Ca2+]i ~ 1 M (Hill-Eubanks 2011). Moreover, since TMEM16F current develops slowly 

over the duration of several minutes, it is unlikely that the fast Ca2+ sparks can activate the 

channel (Jaggar, Porter et al. 2000). In fact, it has been proposed in the literature that 

TMEM16F works mainly as a scramblase and that its current is equal to the ionic leak 

associated with phospholipid translocation (Gyobu, Ishihara et al. 2017, Ye, Han et al. 2018).  

 

TMEM16K currents were similar to endogenous currents in mock-transfected cells, excluding 

the possibility that TMEM16K can elicit ICaCC at the plasma membrane. The 

immunocytochemistry data showed that TMEM16K is located in the ER. In fact, we reported 

that TMEM16K is a ER-resident lipid scramblase with non-specific ion channel activity 

(Bushell, Pike et al. 2019).  Scramblases play an important role in the ER to maintain the 

symmetrical distribution of membrane lipids. Unlike the plasma membrane, where lipids are 

asymmetrically arranged, most of the lipids produced in the cytoplasmic side of the ER, have 

to be transported by scramblases, like TMEM16K, in the inner side of the ER membrane to 

maintain lipid symmetry. More recently, TMEM16K has also been reported to form contact 

sites between the ER and the endosomes (Petkovic, Oses-Prieto et al. 2020).  

 

Overall, these data indicate a primary role of TMEM16A among the TMEM16x family 

members, to elicit ICaCC in an heterologous system. Since this project is focussed on studying 

ICaCC, the properties of TMEM16A are studied more in depth in this thesis. The scramblase 

properties of TMEM16F and TMEM16K could be investigated in a different project.  
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3.6.2 Action of the TMEM16A-inhibitors in heterologous system  

 

To date, Ani9 has been identified as a TMEM16A inhibitor with a potent IC50 (Seo et al). In this 

thesis, the selectivity and potency of Ani9 was confirmed by showing that Ani9 potently and 

specifically inhibits TMEM16A over TMEM16B (Figure 3.3.1). Moreover, since the modulatory 

effect of Ani9 has not been characterised in depth in the literature, I also studied Ani9 inhibition 

on TMEM16A in condition of high [Ca2+]i (1 μM). This experiment revealed that Ani9 left a 

residual, unblocked, TMEM16A current in condition of high [Ca2+]i at positive and negative Vm 

(Figure 3.4.1). Therefore, this data suggests that Ani9 action on TMEM16A is modulated by 

[Ca2+]i. Previous studies from our group (unpublished data) have shown that Ani9 has off 

targets such as TMEM16F and also that it crosses the BBB in limited amounts. Therefore, this 

thesis looked at the effect of other pharmacological compounds based on Ani9 structure, as 

potential alternative candidates to be studied in vivo to block the TMEM16A channel. I 

constructed a dose response for the compounds AUT11813 and AUT1184 in TMEM16A-

transfected HEK-293T cells (Figure 3.3.2). While both compounds inhibited TMEM16A 

current, AUT11814 showed a more similar IC50 to Ani9 and thus could be studied further in 

the future to be a potential target for in vivo TMEM16A inhibition.  

3.6.3 Features of TMEM16A-mediated vessel contraction in the aorta 

 

The role of TMEM16A in inducing agonist-mediated contraction in the aorta was studied both 

in mice and rat tissues. In both animal models, TMEM16A has shown to play a major role in 

regulating this mechanism. In fact, Cil et al. and Heinze et al. independently showed that 

pharmacological or tamoxifen-induced inhibition of TMEM16A, respectively, abolishes 

agonist-induced aortic contractility (Heinze, Seniuk et al. 2014, Cil, Chen et al. 2021). 

Incubation of aortas with Ani9 resulted in a dramatic inhibition of agonist-induced contraction. 

Nifedipine, a blocker of L-type gated [Ca2+]i channels was used to fully block agonist-induced 

contraction (Sun, Xia et al. 2012, Danielsson, Perez-Zoghbi et al. 2015). The application of 

nifedipine revealed that the residual contribution of L-type gated [Ca2+]i channels in the agonist-
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induced contraction is minimal, while most of the response could be inhibited by the 

TMEM16A-specific inhibitor Ani9. The inhibition of aortic agonist-induced contraction by Ani9 

was also studied in rat tissues. Figure 3.5.1 and 3.5.2 show that Ani9 blocked aortic agonist-

induced contraction in rat tissues to a similar extent as in mouse tissues. From my studies in 

heterologous system, I found that AUT11814 is a potent TMEM16A-inhibitor. Thus, I studied 

the effect of AUT11814 in aortic rings. I found that AUT11814 blocked agonist-induced 

contraction similar to Ani9 treatment. This indicates that AUT11814 could be studied as a 

physiological TMEM16A blocker. The recently identified TMEM16A-inhibior TMinh-23 (Cil, 

Chen et al. 2021) showed a similar block in agonist-induced contraction compared to 

AUT11814 treatment.  

 

Regarding activators of TMEM16A channels in native tissues, there is a lack of potent and 

selective compounds shown in the literature. Some compounds, such as Eact and Fact, have 

been shown to activate TMEM16A currents indirectly by increasing TMEM16A current in the 

absence of [Ca2+]i (Namkung, Phuan et al. 2011, Genovese, Borrelli et al. 2019). This effect 

was explained by activation of TRP4V and thus, increase of [Ca2+]i to activate TMEM16A 

(Genovese, Borrelli et al. 2019). Thus, I studied the effects of AUT11817 in the absence of the 

PE agonist as well as in response to increasing concentrations of PE (Figure 3.5.2). I showed 

that in the absence of extracellular stimulus from agonist (0 M PE), application of AUT11817 

to aortic rings does not alter contraction. In contrast, AUT11817 application during aortic 

stimulation from 10 nM PE to 1 M PE induced an increase in contraction. These data 

indicates that physiologically, AUT11817 can increase agonist-induced contraction only upon 

TMEM16A activation by an agonist.  

 

Overall, this chapter has shown that the TMEM16A and TMEM16x functional and cellular 

properties can be studied in heterologous and native systems according to the literature. I 

showed that Ani9 can be used as a pharmacological tool to block TMEM16A current both in 
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cellular models and in tissues. Moreover, I identified AUT11814 and AUT11817 as potential 

candidates for blocking and activating TMEM16A channels, respectively.  
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Chapter 4 
 

Control of TMEM16A activity by the 

lysosomal NPC1 protein  
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4.1 NPC1 modulation of TMEM16A channel properties 

As described in more details in the Introduction (Section 1.7.1), there are ten protein members 

within the e mammalian TMEM16 family: TMEM16A-K, excluding I (Pedemonte and Galietta 

2014, Falzone, Malvezzi et al. 2018). The majority of the TMEM16 family members function 

as lipid scramblases, translocating lipids across membranes and also acting as non-selective 

ion channels (Yang, Kim et al. 2012, Malvezzi, Chalat et al. 2013, Lee, Khelashvili et al. 2018, 

Lee, Watanabe et al. 2020). While the TMEM16K and TMEM16H have lower sequence 

homology from the rest of the family, the remaining paralogs have similar homology 

(Pedemonte and Galietta 2014, Falzone, Malvezzi et al. 2018). TMEM16A and TMEM16B 

have strong anion selectivity over cations (Yang, Cho et al. 2008, Pifferi, Dibattista et al. 2009, 

Lim, Lam et al. 2016, Jiang, Yu et al. 2017). Most ion channels types (e.g. K+ or Na+ channels) 

have a pore composed of series of -helical domain arranged to form a proteinaceous water 

filled pore (Hille 2001).  In contrast, TMEM16A has a pore with large sections directly exposed 

to the lipids of the plasma membrane (Whitlock and Hartzell 2017). The cryo-EM structures 

of the TMEM16A channel (Dang, Feng et al. 2017, Paulino, Kalienkova et al. 2017) show 

that the pore assumes an hourglass shape that is largely shielded from the membrane, but a 

detachment of TM4 and TM6 creates a funnel-shaped vestibule that has regions directly 

exposed to the cytoplasm and the lipid bilayer. The vicinity of plasmalemmal lipids to the ion 

permeation pathway suggests that TMEM16A-mediated currents can be directly influenced 

by lipids. In accord with this proposition, is the notion that the channel is controlled by a 

range of lipids including PIP2 (Ta, Acheson et al. 2017, Le, Jia et al. 2019, Hawn, Akin et al. 

2021, Jia and Chen 2021) and omega-3 dietary fatty acids (De Jesus-Perez, Cruz-Rangel 

et al. 2018, Leon-Aparicio, Sánchez-Solano et al. 2022).  

 

The central hypothesis of my project (Introduction, Section 1.11) is that the structural features 

of the pore of the TMEM16A channel confer the channel the capacity to response to changes 

in the lipid composition of the plasma membrane (Falzone, Malvezzi et al. 2018, Kalienkova, 
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Clerico Mosina et al. 2021); thus the TMEM16A channel could serve as a lipid sensor to couple 

changes in lipid homeostasis to changes in cell electrical activity.  The focus of this chapter 

are the plasma membrane changes that occur as a consequence of loss-of-function of the 

NPC1 protein. As outlined in greater detail in the Introduction (Sections 1.4.2), the lysosomal 

NPC1 protein is a key mediator of intracellular lipid trafficking (Infante, Abi-Mosleh et al. 2008). 

Mutations of NPC1 lead to the NPC disease, a fatal disorder associated with impaired cellular 

lipid homeostasis, which causes neurodegeneration and vascular impairment (Louwette, 

Regal et al. 2013, Benussi, Cotelli et al. 2019). Loss of NPC1 activity causes a block of 

intracellular lipid transport, inducing extensive lipid accumulation in the lysosomes and late 

endosomes, as well as reduced lipid transport to intracellular membranes (Wojtanik and 

Liscum 2003). The key results presented in this chapter indicate that changes in plasma 

membrane composition by NPC1 are a powerful cellular mean to control the activity of the 

TMEM16A channels.  

4.1.1   NPC1 inhibition impairs cholesterol distribution  

 

In order to study the effect of NPC1 inhibition on intracellular lipid distribution, the naturally 

fluorescent antibiotic filipin was used to detect unesterified cholesterol (Vivas, Tiscione et al. 

2019). Two distinct cellular models of  loss-of-NPC1 function were used: i) HEK-293T cells 

treated with the specific NPC1 inhibitor U18666A (5 μM, 24h) (Lu, Liang et al. 2015) and ii) 

CHO M12 cells in which the Npc1 gene was deleted, termed CHO-Npc1-/- (Millard, Srivastava 

et al. 2000). After U18666A treatment in HEK-293T or in CHO-Npc1-/- cells, filipin staining was 

visible as intracellular inclusions (vesicles) in the endolysosomes (Figure 4.1.1) There was a 

~ 2-fold increase in the number of vesicles per cell when NPC1 was inhibited 

pharmacologically or via gene deletion (Figure 4.1.1). Treatment of these two cell lines with 

βCD prevented cholesterol accumulation (Coisne, Tilloy et al. 2016, Megías-Vericat, 

Company-Albir et al. 2018). Cells that were maintained in the culture medium supplement with 

βCD (250 μM) for 24 hours showed reduced number of cholesterol-filled vesicles per cell to a 

level similar to that observed in untreated cells (Figure 4.1.1). In addition, the number of 
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cholesterol-filled vesicles per cell did not differ from control cells or cells in which Npc1 was 

re-introduced via stable viral expression. Thus, pharmacological inhibition of NPC1 or deletion 

of the Npc1 gene induced cholesterol accumulation in cell lines (which is an hallmark of NPC1 

dysfunction) and this change was prevented by treatment with βCD or by re-introduction of 

the Npc1 coding region (Lloyd-Evans, Morgan et al. 2008, Megías-Vericat, Company-Albir et 

al. 2018, Tiscione, Vivas et al. 2019, Vivas, Tiscione et al. 2019). 

 

Figure 4.1.1 NPC1 inhibition or Npc1 gene deletion impairs intracellular lipid homeostasis. 

(A) Representative confocal images of HEK-293T (i) and CHO-Npc1-/- (ii) cells stained with 

the cholesterol marker filipin. (B) i) Number of vesicles per cell in HEK-293T cells exposed 

to vehicle (n=42), 5 μM U18666A (n=83) and U18666A in the presence of 250 μM βCD 

(n=129); ii) Number of vesicles per cell in WT CHO cells (n=68), CHO-Npc1-/- (n=36), CHO-

Npc1-/- cells exposed either to 250 μM βCD (n=35) or in Npc1-/- cells where Npc1 was re-

introduced (n=39). Unpaired t-test. Scale bar = 10 μm 

 

4.1.2  Pharmacological NPC1 inhibition or genetic Npc1 deletion 

enhances TMEM16A currents 
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The next set of experiment aimed to investigate the consequence of lipid redistribution 

described above on the electrophysiological properties of heterologous TMEM16A channels. 

In either HEK-293T treated with U18666A or CHO-Npc1-/- cells transfected with TMEM16A, 

the magnitude of the whole-cell current was assessed. NPC1 inhibition with U18666A (5 μM, 

24 h) enhanced heterologous TMEM16A current density in HEK-293T cells by ~2 fold. At +100 

mV, TMEM16A current increased from 100.2±16.0 pA/pF (n=18) in control cells to 234.0±39.5 

pA/pF (n=21) in cells exposed to U18666A (p=0.005) (Figure 4.1.2). Figure 4.1.2 shows that 

CHO-Npc1-/- cells, the heterologous TMEM16A current density was also increased. For 

example, at +100 mV, TMEM16A current was activated of ~ 3-fold from 236.4 ± 62.5 pA/pF in 

WT cells (n=15) to 636.7±65.4 pA/pF in Npc1-/- cells (n=15) (p=0.02) (Figure 4.1.2).  In NPC1 

inhibition with U18666A or in Npc1 deletion, the Erev was not significantly affected being ~0 in 

each case (very close to the expected equilibrium potential for Cl- (ECl) in our recordings 

conditions). The increases in TMEM16A current amplitude described above may be due to 

underlying changes in channel gating, which may manifest in changes in current kinetics. 

Thus, the kinetic of the TMEM16A current before and after NPC1 inhibition was assed and 

expressed as the time required for the current to reach half maximal amplitude (1/2) at a given 

Vm during the IV-CaCC protocol (see Methods, Chapter 3, section 2.5.4.2). NPC1 inhibition 

resulted in a reduction of  1/2 by about 2-fold. At +100 mV, in untreated HEK-293T cells τ1/2 

was 111.2 ± 4.0 ms (n=14) and in cells treated with U18666A 1/2 was 60.4 ± 3.2 ms (n=15) 

(p<0.05) (Fig. 4.1.2). In WT cells, at +100 mV, 1/2 was 145.0 ± 10.1 ms (n=14) and 70.2 ± 6.5 

ms (n=12) in CHO-Npc1-/- cells (p<0.05) (Fig 4.1.2).  

 

TMEM16A shares ~70% sequence homology with TMEM16B channel, and ~20% with 

TMEM16F channel and scramblase (Suzuki, Fujii et al. 2013, Falzone, Malvezzi et al. 2018). 

The next set of experiments aimed at gaining insight into whether NPC1 selectively controls 

TMEM16A or can also affect other members of the TMEM16A family. Thus, I studied the effect 

of NPC1 inhibition on the TMEM16B Cl- current, as well as on the TMEM16F non-selective 
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cation current, using the whole-cell configuration of the patch-clamp technique. HEK-293T 

cells expressing either TMEM16B or TMEM16F (Figure 4.1.3) were incubated overnight with 

U18666A (5 μM). In the presence of 600 nM of [Ca2+]i, NPC1 inhibition had no effect on whole-

cell TMEM16B currents (Fig. 4.1.3). At +100 mV TMEM16B current was 122.2 ± 20.0 pA/pF 

(n=15) in control HEK-293T cells and 132.0±26.4 pA/pF (n=12) in cells where NPC1 was 

inhibited (p>0.05). As described in Chapter 3 (Section 1.7.1), TMEM16F is far less sensitive 

to [Ca2+]i  than TMEM16A, therefore I studied TMEM16F current in the presence of 78 M of 

[Ca2+]i. At +100 mV, TMEM16F current was 116.4±2 pA/pF (n=11) in control cells and 

106.3±37.5 pA/pF (n=7) in U18666A-treated cells (p>0.05). These results indicate that NPC1 

loss of function affects TMEM16A and not the closely-related members of the same family.  
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Figure 4.1.2 TMEM16A current is enhanced during NPC1 inhibition 

 (A) i) Whole-cell currents recorded from a TMEM16A expressing HEK-293T cell in the 

presence or absence of U18666A (5 M), as indicated. The cell was dialysed with 300 nM 

[Ca2+]i; ii) mean whole-cell current versus Vm relationships measured at the end of the 1 s 

voltage pulse from - 100 to + 100 mV in 20 mV increments in the absence (n=18) or presence 

(n=21) of U18666A. Inset in (ii) shows mean 1/2 of current activation for TMEM16A expressing 

HEK-293T cell in the presence (n=14) or absence of U18666A (n=15), as indicated. (B) i) 

Whole-cell currents recorded from a TMEM16A expressing WT or Npc1 -/- CHO cells, as 

indicated. The cell was dialysed with 300 nM [Ca2+]i; ii) mean whole-cell current versus Vm 

relationships measured at the end of the 1 s voltage pulse from - 100 to + 100 mV in 20 mV 

increments in WT (n=14) or Npc1-/- (n=12) cells. Inset in (ii) shows mean 1/2 of current 

activation in WT CHO cells (n=68), CHO-Npc1-/- (n=36). Dashed horizontal line represents the 

zero-current level. Voltage protocol “IV-CaCC” is described in the Methods (Figure 2.5.4), * 

indicates p≤0.05, unpaired t-test. 
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Figure 4.1.3 TMEM16B and TMEM16F activity during NPC1 inhibition 

 (A) i) Whole-cell currents recorded from a TMEM16B expressing HEK-293T cell, as 

indicated. The cell was dialysed with 600 nM [Ca2+]i; ii) mean whole-cell current versus Vm 

relationships measured at the end of the 1 s voltage pulse from - 100 to + 100 mV in 20 mV 

increments in the absence (n=15) or presence (n=12) of U18666A. (B) i) Whole-cell currents 

recorded from a TMEM16F expressing HEK-293T cell, as indicated. The cell was dialysed 

with 78 M [Ca2+]i; ii) mean whole-cell current versus Vm relationships measured at the end 

of the 1 s voltage pulse from - 100 to + 100 mV in 20 mV increments in the absence (n=10) 

or presence (n=7) of U18666A. Dashed horizontal line represents the zero-current level. 

Voltage protocol “IV-CaCC” is described in the Methods (Figure 2.5.4), * indicates p≤0.05, 

unpaired t-test. 
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Based on the premise that TMEM16A activity is enhanced by NPC1 loss-of-function, I 

investigated whether the underlying mechanism is an alteration of the intracellular distribution 

of the TMEM16A and NPC1 protein following NPC1 inhibition. After U18666A treatment, the 

overall intracellular distribution of TMEM16A and NPC1 was assessed in HEK-293T cells. The 

colocalisation between TMEM16A and NPC1 assessed before and after NPC1 inhibition with 

U18666A (Figure 4.1.4). Mander’s correlation coefficient (M1) was 0.4±0.0 (n=60) in control 

cells and 0.4±0.0 (n=61) in the presence of U18666A (p>0.05) (Figure 4.1.4). The intracellular 

distribution of TMEM16B and TMEM16F was also studied before and after NPC1 inhibition 

with U18666A. The colocalisation of either TMEM16F or TMEM16B with NPC1 was not 

affected by U18666A treatment (Figure 4.1.4). These results suggest that there is partial 

overlap of cellular localisation between TMEM16x (TMEM16A, TMEM16B or TMEM16F) and 

NPC1. However, their cellular distribution was not affected by NPC1 inhibition excluding the 

possibility that large rearrangement of TMEM16 proteins and NPC1 distribution are required 

for modulation of TMEM16A currents by NPC1.  
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Figure 4.1.4 NPC1 co-localisation with cloned TMEM16A, TMEM16B and TMEM16F 
channels. 

(A) i) Representative confocal images of HEK-293T cells expressing TMEM16A. TMEM16A, 

TMEM16B or TMEM16F (red), DAPI (blue) and the degree of TMEM16A and NPC1 overlap 

is shown (yellow). Scale bar = 10 μm; ii) Mander’s correlation coefficient (M1) determined 

for the overlap of TMEM16A, TMEM16B and TMEM16F with NPC1 in the absence or 

presence of 5μM U18666A (n=60-100). 
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4.1.3   Treatment with βCD or NPC1 re-introduction rescues 

TMEM16A activation  

The data presented above shows that the altered lipid distribution in HEK-293T treated with 

U18666A or in CHO-Npc1-/- cells can be rescued by overnight incubation with βCD (Figure 

4.1.5).  Thus, the next experiment aimed at studying if βCD treatment can alter TMEM16A 

current density. Following NPC1 inhibition in HEK-293T cells via U18666A incubation, cells 

were treated with βCD (250 μM; 24h) and the effect of whole-cell current density was 

assessed. Under these conditions, the current density was indistinguishable from that 

obtained in the absence of βCD; similarly, current density in CHO-Npc1-/- cells treated with 

βCD was also similar to control CHO cells (Figure 4.1.5). The data suggests that βCD prevents 

the TMEM16A current activation caused by inactivation of NPC1 function. This idea was tested 

further by Npc1 re-introduction into CHO-Npc1-/- cells via stable viral infection. I observed that 

TMEM16A current density recorded from Npc1-/- cells expressing Npc1 did not differ from the 

one recorded in WT cells (Figure 4.1.5).  
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Figure 4.1.5 TMEM16A activation by NPC1 is rescued by βCD treatment or NPC1 re-
introduction. 

(A) i) Whole-cell currents recorded from a TMEM16A expressing HEK-293T cell dialysed 

with 300 nM [Ca2+]i in the absence or presence of 5 μM U18666A alone or with  250 μM 

βCD, as indicated; ii) mean whole-cell current versus Vm relationships measured at the end 

of the 1 s voltage pulse from - 100 to + 100 mV in 20 mV increments in the absence (n=16) 

or presence (n=18) of U18666A alone or with 250 μM βCD (n=8). (B) i) Whole-cell currents 

recorded from a WT and Npc1-/- cells in the presence or absence of  250 μM βCD or Npc1-

/- cells where Npc1 was re-introduced , as indicated; ii) mean whole-cell current versus Vm 

relationships measured in the WT (n=15), Npc1-/- cells (n=15),  Npc1-/- cells treated with 250 

μM βCD (n=12) or Npc1-/- cells where Npc1 was re-introduced (n=12). Dashed horizontal 

line represents the zero-current level. Voltage protocol “IV-CaCC” is described in the 

Methods (Figure 2.5.4.); * indicates p≤0.05, unpaired t-test. 
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4.1.4  TMEM16A response to α1 adrenergic-receptors is modulated 

by NPC1 

The experiments described above used fixed [Ca2+]i in the pipette solution achieved via a 

controlled degree of [Ca2+]i buffering with an appropriate concertation of EGTA (see Methods 

Section 2.5.5) . However, as described in the Introduction (Section 1.8), in vivo TMEM16A is 

activated by a dynamic change in Ca2+ in response to GqPCR activation. To examine whether 

TMEM16A channel activation by a GqPCR, is also subjected to modulation by NPC1, the α1-

R was co-expressed with TMEM16A in HEK-293T cells. Whole-cell currents were assessed 

in the presence or absence of U18666A (control). PE was used to activate the α1-R. In control 

conditions, following perfusion of the cell with a solution supplemented with PE, the whole-cell 

current amplitude increased substantially reaching a peak after ~ 3 s of exposure to PE (Figure 

4.1.6). For example, at +95 mV, the TMEM16A current increase was of 3.5±0.8 fold (n=14) as 

a result of exposure to PE (1 μM) (Figure 4.1.6). In the presence of U18666A, the PE-mediated 

current increase was enhanced further (Figure 4.1.6); at +95 mV the TMEM16A current 

increase the presence of U18666A was of 12.4±3.0 fold (n=13) (Figure 4.1.6).  

To examine whether the lager TMEM16A current increase involved recruitment of an 

endogenous current during 1 receptor activation in HEK-293Tcells, the specific TMEM16A 

inhibitor Ani9 (3 μM) was used. After PE perfusion, Ani9 was added in the presence of PE in 

in cells co-transfected with TMEM16A and the 1 receptor that were exposed to U18666A (5 

M) for 24h or left untreated (control). In both conditions, Ani9 blocked TMEM16A activation 

by PE. These data show that NPC1 inhibition enhanced the agonist-induced TMEM16A 

activation.  
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To evaluate whether NPC1 inhibition interferes with the function of the 1 receptor, Ca2+ 

release was assessed in cells co-transfected with TMEM16A and the 1 receptor that were 

exposed to U18666A (5 M) for 24h or left untreated (control). When PE (10 μM) was applied 

to HEK-293T cells expressing the α1-adrenoceptor, an increase in the Fluo-4-AM signal was 

observed in control cells or cells treated with U18666A. (Figure 4.1.6). There was no difference 

in the F/F0 in cells treated with U18666A compared to control. Therefore, the TMEM16A PE-

mediated activation during NPC1 inhibition was not dependent on TMEM16A activation by 

[Ca2+]i . 
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Figure 4.1.6 Activation of TMEM16A current by α1-adrenergic receptor activation is 
enhanced upon NPC1 inhibition 

(A) i) Whole-cell currents recorded from HEK-293T cells co-expressing TMEM16A and the 

α1 adrenergic receptor in the presence or absence of U18666A (5 μM) and Ani9 (3 μM) as 

indicated. Voltage protocol “IV-Ramp” is described in the Methods (Figure 2.5.4) and 

intracellular solutions contained low intracellular EGTA. PE (1 μM, red) and Ani9 (3 μM, blue) 

were added as indicated in control cells or in cells treated U18666A; ii) mean whole-cell 

current versus Vm relationships recorded in control cells in the absence (n=13) or presence 

(n=13) of PE alone or with Ani9 (n=5); iii) mean whole-cell current versus Vm relationships 

recorded in cells treated with U18666A in the absence (n=11) or presence (n=11) of 1 μM 

PE alone or with Ani9 (n=5). * indicates p≤0.05, paired t-test. (B) i) Individual traces for Fluo-

4-AM fluorescence ratios elicited in response to 10 μM PE in the presence (n=18) or 

absence (n=19) of μM U18666A; ii) mean fluorescence Fluo-4-AM peak F/F0 from control 

cells (n=30) or cells treated with 5 μM U18666A (n=27) in response to 10 μM PE. * indicates 

p≤0.05, unpaired t-test.  
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4.1.5   TMEM16A gating is affected during NPC1 inhibition 

As described in more details in the Method (Section 2.5.6), the amplitude of the whole-cell 

TMEM16A current (I) is given by the product of the number of channels in the membrane (N), 

the channel open probability (Po), and the single-channel current (i) as I=NPoi (Eq. 16). We 

argued that the increase in TMEM16A current during NPC1 inhibition described above, should 

involve modulation of one or more of these parameters. Thus, I utilised non stationary noise 

analysis to simultaneously assess changes in N, i and Po of TMEM16A channels in the 

absence and presence of NPC1 inhibition. In these experiments, cells with comparable current 

density of 70.63±10.1 pA/pF (n=10, control) and 94.2±16.2 pA/pF (n=10, U18666A), were 

used to ensure comparable levels of signal to background noise in the two conditions. The 

analysis revealed that Po was increased during cell treatment with U1*666A (5 μM, 24h), while 

the single channel conductance was unchanged and consequently the number of channels 

per pF (channel density) was slightly reduced to give rise to current densities of similar 

amplitude before and after NPC1 inhibition.  

 

It was argued that if NPC1 inhibition affects TMEM16A gating (i.e. increase in Po), mutant 

forms of the TMEM16A channel in which the transmembrane helix 6 (TM6) gate is biased in 

the open state may not be susceptible to this modulation. Thus, I studied the effects of 

U18666A (5 μM, 24h) on TMEM16A mutant channels where the TM6 steric gate is 

constitutively open, even in the absence of [Ca2+]i. These mutant channels have isoleucine 

637 or glutamine 645 substituted with an alanine and were termed TMEM16A-I637A and 

TMEM16A-Q645A, respectively. Figure 4.1.7 demonstrates that the TMEM16A-I637A and 

TMEM16A-Q645A current densities were not affected by NPC1 inhibition at all Vm tested. 

Thus, removal of the main TMEM16A gating component abolished the U18666A-medited 

current increase suggesting that NPC1 inhibition may interfere with that gating of the TM6 of 

TMEM16A.  
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Figure 4.1.7 TMEM16A channel gating is modulated by NPC1 inhibition 

(A) i) Whole‐cell stationary noise analysis recorded from TMEM16A expressing HEK-293T 

cells in the absence and presence of U18666A (5 μM). [Ca2+]i was 600 nM and Vm was +70 

mV. The parabolic line is the best simultaneous fit of the data using Equation 17; ii) mean 

Po obtained from stationary noise analysis in cells exposed to vehicle (n=10) or U18666A 

(n=10). (B) i) Whole-cell currents recorded from TMEM16A-I637A expressing HEK-293T 

cells in the presence of 0 [Ca2+]i.  Mean whole-cell current versus Vm relationships measured 

at the end of the 1 s voltage pulse from - 100 to + 100 mV in 20 mV increments in in the 

absence (n=10) or presence (n=14) of 5 μM U18666A; ii) mean whole-cell current versus 

Vm relationships measured in TMEM16A-Q645A transfected HEK-293T cells in the absence 

(n=12) or presence (n=8) of 5 μM U18666A. Dashed horizontal line represents the zero-

current level. Voltage protocol “IV-CaCC” is described in the Methods (Figure 2.5.4.) * 

indicates p≤0.05, unpaired t-test. 
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4.2  Sphingosine does not affect in TMEM16A activation by 

NPC1  

To address the mechanism underlying the change in TMEM16A gating during NPC1 inhibition, 

we investigated if the primary lipid stored in the NPC pathogenic cascade could affect 

TMEM16A activity. Sphingosine is the first lipid stored in the endosolysosomes after treatment 

with U18666A (Lloyd-Evans, Morgan et al. 2008). Thus, I asked if sphingosine could be 

responsible for activating TMEM16A during NPC1 inhibition. I investigated the direct effect of 

sphingosine on TMEM16 by exposing inside-out patches excised from TMEM16A expressing 

HEK-293T cells to increasing doses of sphingosine. In these experiments, Vm was kept 

constant at +70mV and [Ca2+]i was 600 nM, in order to induce half-maximal TMEM16A 

activation (Ta, Acheson et al. 2017). I found that TMEM16A activity was not altered by 

sphingosine concentrations ranging from 0.1 to 10 μM (Figure 4.2.1). This result indicates that 

sphingosine may not be primarily involved in the regulation of the TMEM16A channel by 

NPC1.  

In order to study if sphingosine metabolism could modulate TMEM16A current, we incubated 

cells with either the ceramidase inhibitor, ceranib (0.4 μM), or the sphingosine kinase 1 

inhibitor, PF-543 (0.1 μM) (Figure 4.2.1). With either treatment, in whole-cell patch-clamps 

where [Ca2+]i was 300 nM, TMEM16A current was unchanged in the presence or absence of 

either ceranib or PF-543 (Figure 4.2.1). These results further exclude a direct modulation of 

TMEM16A by sphingosine when NPC1 is inhibited.  
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Figure 4.2.1 Sphingosine secondary effect on TMEM16A activation. 

(A) TMEM16A currents recorded in inside-out patches excised from HEK-293T cells to 

[sphingosine] (μM), as indicated. The voltage was maintained at +70 mV for the whole 

duration of the recordings. Mean current versus [sphingosine] relationship measured at +70 

mV and normalised to the current measured in the highest [sphingosine] concentration (n=5-

6). (B) i) Diagrammatic illustrations of the pathways involving ceranib and PF-543; 

ceramidase synthase (CerS1-6), sphingosine kinase 1 (SPK1), sphingosine 1 phosphatase 

(S1P); ii) whole-cell currents were recorded in TMEM16A-transfected HEK-293T cells with 

the “IV-CaCC” protocol in the presence of 0.3 μM [Ca2+]i; mean whole-cell current versus Vm 

relationships recorded in the absence (n=12) or presence (n=13) of 0.4 μM ceranib; iii) mean 

whole-cell current versus Vm relationships recorded in the absence (n=17) or presence 

(n=18) of 0.1 μM PF-543. Dashed horizontal line represents the zero-current level. Voltage 

protocol “IV-CaCC” is described in the Methods (Figure 2.5.4.)  
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4.3  The action of NPC1 on the TMEM16A channel involves 

PIP2  

Based on the notion that sphingosine is not the primary lipid responsible for directly activating 

TMEM16A current during NPC1 inhibition, I then examined if the potent TMEM16A activator 

PIP2 might be involved in this mechanism. We argued that changes in PIP2 levels might 

underlie the change in current density since (i) TMEM16A is highly sensitive to PIP2 (Ta, 

Acheson et al. 2017), (ii) PIP2 cellular distribution is dynamically regulated by the lysosomes 

(Ebner, Koch et al. 2019) and (iii) PIP2 plasmalemmal levels are altered when NPC1 is 

inhibited (Vivas, Tiscione et al. 2019). 

 

To ensure that the heterologous model used in this project was suitable to study the direct 

modulation of PIP2 on the TMEM16A channel, the water soluble PIP2 analogue diC8-PIP2 was 

tested. Inside-out patches were excised from HEK-293T cells expressing TMEM16A and 

perfused with diC8-PIP2. The Vm was kept constant at +70 mV and [Ca2+]i was 600 nM. When 

the excised patch was perfused with increasing doses of diC8-PIP2 in a range from 0.3 to 100 

μg/mL, TMEM16A current increased up to ∽ 2 fold when the patch was perfused with 100 

μg/mL (n=10) (Figure 4.3.1). The inside-out patch clamp configuration allowed me to assess 

the direct effect of exogenous diC8-PIP2 on the TMEM16A channel independent from 

intracellular components.  

 

The danio rerio voltage phosphatase (DrVSP) was used to deplete PIP2 from the plasma 

membrane. This was to establish the conditions to obtain plasma membrane depletion of PIP2  

as previously shown (Ta, Acheson et al. 2017). DrVSP is a protein localised at the plasma 

membrane, which when activated by depolarizing voltages depletes membrane-localised PIP2 

content (Okamura et al. 2009). In cells co-expressing TMEM16A and DrVSP, the TMEM16A 

current was reduced after DrVSP activation at +100 mV (Figure 4.3.1). Additionally, I co-

transfected HEK-293T cells with TMEM16A and the mutant DrVSP where the PIP2 
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dephosphorylating domain was rendered inactive by cysteine replacement in position 302 with 

a serine (DrVSP (C302S)) to inactivate the phosphatase activity (Imai et al. 2012). In HEK-

293T cells co-expressing TMEM16A and DrVSP(C302S), the elicited current was unaffected 

by the depolarising step from -100 mV to +100 mV (Figure 4.3.1). These results indicate that 

PIP2 is a potent activator of the TMEM16A channel in accordance with the literature (Ta, 

Acheson et al. 2017).  
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Figure 4.3.1 TMEM16A current is activated by diC8-PIP2 and reduced by PIP2 depletion 

(A) i) Inside-out current recorded from TMEM16A-expressing HEK-293T excised patches. 

diC8-PIP2 (30 μg/mL) was applied to the intracellular side of the patch, as indicated by the 

horizontal bar. Vm was maintained at +70 mV for the duration of the recordings in the 

presence of 600 nM [Ca2+]i. Dashed lines represent zero-current levels; ii) mean current 

versus [diC8-PIP2] relationships expressed relative to the current measured in the absence 

of diC8-PIP2 (n=10). (B) i) Diagrammatic representation of the pathway involved in PIP2 

depletion by DrVSP; ii) diagrammatic representation of the mechanism of PIP2 

dephosphorylation by DrVSP. At hyperpolarised Vm the catalytic domain of DrVSP does not 

interact with PIP2, upon depolarisation, PIP2 hydrolysis occurs; iii) effects of DrVSP or 

DrVSP(C302S) on the kinetics of TMEM16A. Currents were recorded in the presence of 0.3 

μM [Ca2+]i in response to the ‘IV-Step’ protocol described in Method (Section 2.5.4.3).  
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4.3.1  DrVSP-mediated PIP2 depletion prevents NPC1 modulation of 

TMEM16A 

 

The experiment illustrated above confirmed that PIP2 is a potent activator of the TMEM16A 

current. It was then investigated whether the increased in TMEM16A-current induced by NPC1 

inhibition (Section 4.1.2) could be mediated by PIP2. In order to do so, I co-transfected HEK-

293T cells with TMEM16A and DrVSP. Whole-cell TMEM16A current was studied in response 

to PIP2 depletion in HEK-293T cells in the presence or absence (control) of U18666A.  As 

shows in the diagrammatic illustration of the stimulation protocol (Figure 4.3.2) a pre-pulse 

from -100 mV to +100 mV was used to activate DrVSP to deplete plasmalemmal PIP2 (Figure 

4.3.2). The pre-pulse then enabled the study of whole-cell TMEM16A currents in the absence 

of PIP2. I observed that TMEM16A steady-state current upon PIP2 depletion was unchanged 

in the presence or absence of U18666A in HEK-293T cells (Figure 4.3.2). At +100 mV 

TMEM16A current after PIP2 depletion was 26.9±4.5 pA/pF in control cells and 22.1±5.2 pA/pF 

in cells treated with U18666A (p>0.05) (Figure 4.3.2).  

 

I then co-transfected HEK-293T cells with TMEM16A and the mutant DrVSP(C302S). In these 

cells, the TMEM16A current density was potentiated by inhibition of NPC1 with U1866A, 

reinforcing the hypothesis that PIP2 is required for NPC1-mediated activation of TMEM16A 

channels (Figure 4.3.2). 
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Figure 4.3.2 PIP2 depletion by DrVSP abolishes NPC1 activation of TMEM16A current 

(A) i) Protocol steps for activation of DrVSP with a pre-pulse of +100 mV followed by the IV-
CaCC protocol for assessing TMEM16A current density; ii) mean whole-cell current versus 
Vm relationships recorded in the absence (n=13) or presence (n=13) of U18666A from HEK-
293T cells co-expressing TMEM16A and DrVSP; iii) mean whole-cell current versus Vm 
relationships recorded in the absence (n=10) or presence (n=9) of U18666A from HEK-293T 
cells co-expressing TMEM16A and DrVSP(C302S). Dotted black and red lines indicate 
TMEM16A current recorded from control and U18666A-treated cells.  Currents were 
recorded in in the presence of 0.3 μM [Ca2+]i in response to the ‘IV-CaCC’ protocol described 
in Method (Section 2.5.4.2). * indicates p≤0.05, unpaired t-test.  
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4.3.2  Scavenging PIP2 with neomycin prevents NPC1 modulation of 

TMEM16A 

The effect of neomycin, which binds with high affinity to PIP2 thus effectively preventing its 

action on the channel (Suh and Hille 2007, Xie, John et al. 2008), was also tested. The 

intracellular pipette solution was supplemented with neomycin (1 mM) during whole-cell 

recordings in HEK-293T cells transfected with TMEM16A. I observed that in the presence of 

neomycin there was no difference in TMEM16A steady-state current in the presence or 

absence of the NPC1 inhibitor U18666A. For example, at +100 mV, with neomycin in the 

intracellular pipette solution, TMEM16A current was 43.8±8.9 pA/pF in control cells and 

41.0±9.7 pA/pF in cells treated with U18666A (p>0.05) (Figure 4.3.3). 

 

Figure 4.3.3 Neomycin sequesters PIP2 blocking TMEM16A current activation by NPC1 

(A) i) Whole-cell currents recorded from a HEK-293T cell expressing TMEM16A dialysed 

with 300 nM [Ca2+]i in the absence or presence of U18666A alone or with neomycin (1 mM); 

ii) mean whole-cell current versus Vm relationships measured at the end of the 1 s voltage 

pulse from - 100 to + 100 mV in 20 mV increments in the absence (n=8) or presence (n=11). 

Dotted black and red lines indicate TMEM16A current recorded from control and U18666A-

treated cells in the absence of neomycin (Figure 2.5.4.2). Currents were recorded in in the 

presence of 0.3 μM [Ca2+]i in response to the ‘IV-CaCC’ protocol described in Method 

(Section 2.5.4.2). Unpaired t-test.  
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4.3.3  A PIP2-insensitive TMEM16A mutant channel is also 

insensitive to NPC1 

To further confirm that PIP2 is involved in the modulation of TMEM16A by NPC1, I mutated a 

key residue proposed in the binding sites of TMEM16A to PIP2 (Le, Jia et al. 2019). I mutated 

the basic residues R482 essential for maintaining the open state of TMEM16A by PIP2 to an 

alanine (R482A) (Le, Jia et al. 2019). I then confirmed that the TMEM16A-R482A mutant 

channel is insensitive PIP2. This experiment was conducted by co-transfecting HEK-293T cells 

with the TMEM16A-R482A mutant channel and DrVSP. I showed that the whole-cell 

TMEM16A-R482A current was not altered by activation of DrVSP and PIP2 depletion (Figure 

4.3.4). In the presence or absence of the NPC1 inhibitor U18666A, the TMEM16A current 

recorded from WT TMEM16A channels was not different from the one recorded in cells 

expressing the TMEM16A-R482A mutant channel (Figure 4.3.4). For example, in the 

TMEM16A-R482A mutant channel, at +100 mV, the current recorded was 87.8±18.6 pA/pF 

(n=21) in control cells and 69.2±18.4 pA/pF (n=20) in cells treated with the U18666A (p>0.05) 

(Figure 4.3.4). 

To further understand how PIP2 can modulate TMEM16A current during NPC1 inhibition, I 

reduced PIP2 degradation by inhibiting PLC with edelfosine (10 M, 30 min) (Suenami, Iino et 

al. 2018). It was hypothesised that PLC inhibition by edelfosine would raise plasmalemmal 

PIP2 levels, hence activating TMEM16A current. In HEK-293T cells expressing WT TMEM16A 

channels, edelfosine application enhanced TMEM16A current to a similar extend of NPC1 

inhibition (2-fold) (Figure 4.3.5). In contrast, in cells expressing the PIP2-insensitive 

TMEM16A(R482A) channels, edelfosine treatment did not alter the TMEM16A current 

properties (Figure 4.3.5). These data further support that PIP2 is a major modulator of 

TMEM16A-NPC1 regulation. 
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Figure 4.3.4 TMEM16A-R482A mutant channel is not modulated by NPC1 inhibition 

(A) i) Whole-cell currents recorded from HEK-293T cells expressing TMEM16A or 

TMEM16A-R482A in response to the “IV-steps” voltage protocol; ii) mean TMEM16A (n=13) 

or TMEM16A-R482A (n=13) normalised current. Peak currents were normalised to the 

steady-state current. (B) i) Whole-cell currents recorded from HEK-293T cells expressing 

TMEM16A-R482A in the presence or absence of 5 U18666A; ii) mean whole-cell current 

versus Vm relationships recorded in the absence (n=21) or presence (n=20) of U18666A 

from HEK-293T cells expressing TMEM16A-R482A. Dotted black and red lines indicate WT 

TMEM16A current recorded from control and U18666A-treated cells. Currents were 

recorded in in the presence of 0.3 μM [Ca2+]i in response to the ‘IV-CaCC’ protocol described 

in Method (Section 2.5.4.2). * indicates p≤0.05, unpaired t-test. 
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Figure 4.3.5 Block of PLC with edelfosine enhances TMEM16A currents  

(A) i) Diagrammatic representation of edelfosine mechanism of action; ii) mean whole-cell 

current versus Vm relationships recorded in the presence of 10 μM edelfosine from HEK-

293T cells expressing TMEM16A (n=6); iii) mean whole-cell current versus Vm relationships 

recorded in the presence of 10 μM edelfosine from HEK-293T cells expressing 

TMEM16A(R482A) (n=9). Currents were recorded in in the presence of 0.3 μM [Ca2+]i in 

response to the ‘IV-CaCC’ protocol described in Method (Section 2.5.4.2). * indicates 

p≤0.05, unpaired t-test. 
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4.3.4  Plasmalemmal PIP2 level is increased during NPC1 inhibition  

To elucidate the role of PIP2 in TMEM16A regulation by NPC1, I investigated if the distribution 

of PIP2 at the plasma membrane, is altered during NPC1 inhibition. I labelled PIP2 by 

transfecting HEK-293T cells with a cyan fluorescent protein (CFP) fused to the pleckstrin 

homology (PH) domain of PLCδ1 that specifically binds to PIP2 (Tuzi, Uekama et al. 2003, van 

Leeuwen, Vermeer et al. 2007). The plasma membrane was stained by using a lipophilic 

membrane stain (Dil) that is weakly fluorescent until incorporated into membranes (Yektaeian, 

Mehrabani et al. 2019). I observed that PIP2 overlap with the plasma membrane increased in 

the presence of the NPC1 inhibitor U18666A. Specifically, the mean Mander’s coefficient (M1) 

increased from 0.54±0.0 in control cells to 0.64±01 (n=68) in the presence of U18666A (n=68) 

(p=0.0006) (Figure 4.3.6). 

Since I showed that βCD can rescue both cholesterol accumulation in the endocytic system 

and TMEM16A activation, I then tested if βCD acts by correcting PIP2 at the plasma 

membrane. In HEK-293T cells incubated with βCD (250 μM, 48h), the M1 coefficient was 

similar to control cells. This indicates that the molecular mechanism of TMEM16A activation 

upon NPC1 inhibition is relying on more PIP2 distributed at the plasma membrane.  
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Figure 4.3.6 PIP2 cellular distribution is increased at the plasma membrane during NPC1 
inhibition 

(A) i) Live HEK-293T cells transfected with the PIP2 sensor PH-PLCδ (blue) and stained with 

the plasma membrane (PM) marker Dil (red). In the merged panel the degree of PIP2 and 

PM overlap is shown (pink). Scale bar is 10 μm; ii) Mean correlation coefficient between PH-

PLCδ and Dil signal for cells in the presence or absence of U18666A (n=59-69). Unpaired 

t-test. 
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4.4  TMEM16A modulation by NPC1 is not affected by the 

KCNE1 auxiliary subunit 

 
The potassium voltage-gated channel subfamily E member 1 (KCNE1) protein, is a component 

of the Kv7 potassium channels. KCNE1 has recently been shown to also combine with and 

modulate the function of the TMEM16A channel (Prado et al. 2021).  The association of 

KCNE1 with TMEM16A was demonstrated both in recombinant overexpression and in native 

cells (Ávalos Prado, Häfner et al. 2021). In Kv channels, KCNE1 forms part of cholesterol and 

PIP2 binding sites (Coyan, Abderemane-Ali et al. 2014, Dvir, Strulovich et al. 2014). Thus, I 

explored the possibility that KCNE1 also participates to the lipid sensitivity of the TMEM16A 

channel. Co-expression of KCNE1 and TMEM16A in HEK-293T cells led to a ~ 4.5 fold 

increase in TMEM16A current density, consistent with the notion that KCNE1 has an activation 

effect on TMEM16A (Prado et al. 2021) (Figure 4.4.1). Incubation of these co-transfected cells 

with U18666A (5 μM, 24 h) lead to a further ~2 fold increase on the current, comparable to 

that seen in the absence of KCNE1, thus indicating that KCNE1 is not involved in the NPC1-

induced activation of the TMEM16A channel (Figure 4.4.1).  
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Figure 4.4.1 The TMEM16A auxiliary subunit KCNE1 does not regulate the channel 
modulation by NPC1. 

(A) i) Whole-cell currents recorded from a HEK-293T cell expressing TMEM16A-KCNE1 

dialysed with 300 nM [Ca2+]i in the absence or presence of U18666A. Dashed horizontal line 

represents the zero-current level. Voltage protocol “IV-CaCC” is described in the Methods 

(Section 2.5.4.2); ii) mean whole-cell current versus Vm relationships measured at the end 

of the 1 s voltage pulse from - 100 to + 100 mV in 20 mV increments in the absence (n=6) 

or presence (n=10) of U18666A * indicates. p≤0.05, unpaired t-test 
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4.5  Discussion 

 

The TMEM16A channel pore was shown to be partially accessed by plasmalemmal lipids 

(Paulino, Kalienkova et al. 2017) and modulated by a variety of lipids such as PIP2 and DHA 

(De Jesus-Perez, Cruz-Rangel et al. 2018). The NPC1 lysosomal protein is a pivotal regulator 

of lipid trafficking (Davies, Chen et al. 2000) and mutations in this protein cause a genetic 

lysosomal disorder associated with impaired lipid homeostasis, NPC (Carstea, Morris et al. 

1997). This chapter demonstrates that the TMEM16A-mediated currents recorded from cells 

where NPC1 is not functional are significantly enhanced compared to control cells with normal 

NPC1 activity.  

 

Cells where NPC1 was pharmacologically inhibited or genetically deleted were identified as 

suitable models of altered lipid homeostasis as reported in the literature (Du, Lukmantara et 

al. 2017, Vivas, Tiscione et al. 2019). NPC1 inhibition was found to increase TMEM16A 

currents specifically, as it had no effect on the two other TMEM16 family members TMEM16B 

and TMEM16F. The cellular distribution of TMEM16A and the other two family members was 

found to not be altered during NPC1 inhibition. TMEM16A modulation by NPC1 was abolished 

by treating cells with βCD, a drug in clinical trials for NPC disease (Coisne, Tilloy et al. 2016), 

or by genetic re-introduction of the NPC1 protein. A direct role of sphingosine to activate 

TMEM16A was excluded, as exogenous sphingosine application or interference with 

sphingosine metabolism pathways did not produce any effect on TMEM16A activity. 

TMEM16A modulation by NPC1 occurred in response to α1 adrenergic receptor stimulation, 

indicating that endogenous modulators of TMEM16A can activate the channel during NPC1 

inhibition. PIP2 was shown to be a major regulator of TMEM16A activation by NPC1. I also 

demonstrate that NPC1 inhibition can increase PIP2 levels which can be rescued by βCD, an 

agent that modulates membrane-cholesterol levels, which are affected upon NPC1 inhibition 

(Taglieri, Delfín et al. 2013, Chun and Chung 2020). Moreover, expression of the TMEM16A 
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auxiliary subunit KCNE1 (Ávalos Prado, Häfner et al. 2021) did not alter TMEM16A modulation 

by NPC1. Overall, the main findings of this chapter were that TMEM16A activity is enhanced 

by NPC1 inhibition by increased levels of plasmalemmal PIP2 and thus, affecting the channel 

response to PIP2. 

4.5.1  TMEM16A current is activated by NPC1 inhibition  

It is widely accepted that loss of function in the NPC1 lysosomal protein causes impaired lipid 

homeostasis by inducing a block in the endolysosomal lipid trafficking (Platt 2018). This results 

in accumulation of unesterified cholesterol, which appears as intracellular lipid inclusions 

(Cenedella 2009). I demonstrated that NPC1 inhibition with the specific NPC1 inhibitor 

U18666A (Lu, Liang et al. 2015) or genetic deletion of the Npc1 locus (Carstea, Morris et al. 

1997) resulted in accumulation of filipin-stained vesicles compared to control cells with normal 

NPC1 activity. In both cell models of NPC1 inhibition, I found that TMEM16A current in the 

whole-cell mode of patch-clamp recordings was significantly increased. I demonstrated that 

among some members of the TMEM16 family (TMEM16B and TMEM16F) this effect is 

specific to TMEM16A. It was recently reported that in the OSC19 cell line model of human 

squamous cell carcinoma overexpressing TMEM16A, lysosomal number and acidic vesicles 

are increased together with an increase in their area and perimeter (Vyas, Gomez-Casal et al. 

2022). This data is in accordance with our discovery that TMEM16A is enhanced during NPC1 

inhibition, where lysosomes are also enlarged and accumulating in number due to impairment 

in endolysosomal fusion and trafficking (Lloyd-Evans, Morgan et al. 2008).  

 

4.5.2  TME161A activation by NPC1 inhibition can be corrected by 

βCD and Npc1 re-introduction  

 

In accordance with data in the literature reporting that treatment with βCD can normalise 

cholesterol levels in cells where NPC1 is inhibited (Peake and Vance 2012, Swaroop, Thorne 

et al. 2012), I showed that filipin-staining in βCD treated cells is corrected to control levels. To 

further investigate if NPC1 is responsible for TMEM16A activation, I used a cell line model 
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where NPC1 was reintroduced via stable viral expression. I found that re-introduction of NPC1 

normalised TMEM16A current to control levels. This suggests that NPC1 loss of function 

specifically activates TMEM16A and that this activation can be corrected by ameliorating 

NPC1 function through βCD treatment or NPC1 reintroduction. 

  

4.5.3  TMEM16A open probability is increased during NPC1 

inhibition 

From non-stationary noise analysis studies I found that pharmacological NPC1 inhibition 

increased TMEM16A Po without affecting single channel conductance. Consistent with the 

notion that the TM6 forms the pore of the TMEM16A channel (Peters et al. 2018), I studied 

two mutant TMEM16A channels in the TM6. There was no difference in the current recorded 

from cells expressing either the TMEM16A mutant channels I637A or Q645A during NPC1 

inhibition. These channels were open in the absence of [Ca2+]i  as substitutions of isoleucine 

for an alanine in position 637 (I637A) or glutamine for an alanine in position 645 (Q645A) 

renders the channel constitutively open (Peters, Gilchrist et al. 2018).   

 

4.5.4  Effect of α1 adrenergic receptor stimulation during NPC1 

inhibition 

As described in Chapter 1, TMEM16A can be activated by an increase in [Ca2+]i  induced by 

Gq coupled signalling. I used PE as a synthetic analogue of NA, which binds to the Gq α1 

adrenergic receptor to induce the IP3 pathway and subsequent increase in [Ca2+]i . In cells co-

expressing TMEM16A and the α1 adrenergic receptor, TMEM16A current was enhanced 

significantly more when NPC1 was inhibited compared to control cells. The TMEM16A inhibitor 

Ani9 reduced the PE-induced activation during NPC1 inhibition. One potential mechanism to 

explain the increase in PE-induced TMEM16A activation by NPC1 is based on an increase 

[Ca2+]i upon NPC1 inhibition. It is known in published work that NPC disease is characterised 

by defective calcium signalling from the intracellular stores (Lloyd-Evans and Platt 2010, 
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Tiscione, Vivas et al. 2019). In this chapter I show that the overall [Ca2+]i is not altered during 

NPC1 loss of function in accordance with other work (Lloyd-Evans and Platt 2010, Vitner, Platt 

et al. 2010, Tiscione, Vivas et al. 2019). 

 

4.5.5  PIP2 is a potent mediator of the TMEM16A channel regulation 

by NPC1 

Recent studies identified PIP2 as a potent activator of TMEM16A (Ta, Acheson et al. 2017). 

Here, I showed that indeed PIP2 modulates TMEM16A by increasing its current density. 

Moreover, I found that PIP2 is a major regulator of the TMEM16A modulation by NPC1 as i) 

scavenging endogenous PIP2 with neomycin prevented NPC1 modulation by NPC1; ii) 

depletion of plasmalemmal PIP2 with a voltage-sensitive phosphatase abolished TMEM1A 

activation during NPC1 inhibition and iii) the PIP2 insensitive mutant where an arginine has 

been replaced with an alanine in position 482 (R482A) were also insensitive to NPC1 

inhibition.  

 

4.5.6  PIP2 activates TMEM16A during NPC1 inhibition by 

distributing at the plasma membrane in a cholesterol-dependent 

manner 

I showed that PIP2 distribution at the plasma membrane is increased upon NPC1 loss of 

function and that treatment with βCD reduced both PIP2 levels at the plasma membrane and 

TMEM16A activation by PIP2. This data is in accordance with studies indicating a cross-talk 

between cholesterol and PIP2 levels at the plasma membrane (Kwik, Boyle et al. 2003, Chun, 

Shin et al. 2010). Increasing membrane cholesterol was shown to increase phospholipase-C 

(PLC) isoforms which are responsible for hydrolysing plasma membrane PIP2. It was also 

shown that cholesterol enrichment reduces γ32-P incorporation into PIP2 by 35% (Chun, Shin 

et al. 2010). Moreover, the effect of cholesterol on PIP2 levels can be prevented by incubation 

with PLC inhibitors (Chun, Shin et al. 2010). Another study in support of cholesterol modulation 
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of PIP2 levels showed that a high-cholesterol diet increased the levels of brain PLC (Chun, Oh 

et al. 2013).  

We hypothesise that during NPC1 inhibition, plasma membrane cholesterol is reduced as 

cholesterol is entrapped in the endolysosomal system (Garver, Krishnan et al. 2002, Wiegand, 

Chang et al. 2003) (Figure 4.1.1), leading to reduced activation of PLC and higher PIP2 

plasmalemmal levels thus activating TMEM16A current (Ta, Acheson et al. 2017, De Jesus-

Perez, Cruz-Rangel et al. 2018). This hypothesis was tested by inhibiting PLC with edelfosine 

and showing that edelfosine increased TMEM16A current density to a similar extent of NPC1 

inhibition (Figure 4.1.2). I also reported a 10% increase in plasmalemmal PIP2 levels at the 

plasma membrane (Figure 4.3.6). In human platelets, the concentration of plasmalemmal PIP2 

was reported to be ~200 μM (Hartwig, Bokoch et al. 1995). Therefore, a 10% increase could 

account for an increment of ~20 μM in plasmalemmal PIP2 levels. From the inside-out dose-

response to PIP2, it possible to infer that an increment of ~20 μM in plasmalemmal PIP2 levels 

would produce an increase of ~2 fold in TMEM16A current (Figure 4.3.1). This is in accordance 

with the increment of ~2 fold observed at + 70 mV in the TMEM16A current density during 

NPC1 pharmacological inhibition or Npc1 locus deletion (Figure 4.1.2). Moreover, a recent 

study has found that during NPC1 inhibition, the cholesterol/PI4P cycle is altered leading to 

increased recruitment of PI4K on Golgi and lysosomal membranes (Vyas, Gomez-Casal et al. 

2022). Consequences of this altered pathway include enhanced anterograde trafficking to the 

plasma membrane (Vyas, Gomez-Casal et al. 2022) which could also result in increased 

plasmalemmal PIP2 levels activating TMEM16A as observed in this project.  
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4.6  TMEM16A auxiliary subunit KCNE1 does not affect the 

channel response to NPC1 inhibition   

 

It was recently discovered that KCNE1 is an auxiliary subunit of two distinct ion channels 

KCNQ1 (Nakajo and Kubo 2015) and TMEM16A (Ávalos Prado, Häfner et al. 2021). Thus, in 

this chapter I explored if NPC1 loss of function could affect KCNE1 assembly to TMEM16A 

and thus, TMEM16A activity. In the presence of the NPC1 inhibitor U18666A, there was no 

difference in the current recorded from TMEM16A-expressing cells to cells co-expressing 

TMEM16A and KCNE1. Thus, excluding a role of KCNE1 in the enhanced TMEM16A activity 

during NPC1 inhibition.  

4.7  Conclusions  

The data presented in this chapter suggest that TMEM16A activity is enhanced upon NPC1 

inhibition. We suggest that this modulation might arise because of higher PIP2 levels in 

membranes of cells where the lipid homeostasis is impaired due to loss of NPC1. We propose 

that TMEM16A activity could be increased in disease models where NPC1 function is lost, as 

in NPC disease. This discovery is in line with recently published data showing a link between 

lysosomal flux and TMEM16A suggesting that TMEM16A overexpression is associated with 

increased lysosomal number and flux (Vyas, Gomez-Casal et al. 2022). Thus, the link between 

TMEM16A and lysosomal function is just starting to be shed light on and could aid to a better 

understanding of intracellular pathways that are involved in lysosomal disorders such as NPC.  
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Chapter 5 
 

Vascular over-activity in Npc1-/- mice 

relies on TMEM16A potentiation  
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5.1  Native TMEM16A currents in vascular smooth muscle cells 

are modulated by NPC1 

 

As it was outlined in greater detail in the Introduction, the TMEM16A channel is a key 

depolarising force in VSMCs and in pericytes (Introduction, section 1.8 and 1.10). The channel 

is gated open by a rise in [Ca2+]i which in VSMCs is typically initiated by agonists acting on 

GqPCRs; thus TMEM16A is crucially involved in Vm depolarisation in response to locally 

released (e.g. noradrenaline and ATP released by sympathetic nerve terminal) or circulating 

(e.g. angiotensin II or thromboxane) contractile agonists (Manoury, Tamuleviciute et al. 2010, 

Bulley and Jaggar 2014, Matchkov, Boedtkjer et al. 2015). Having established in Chapter 4 

that TMEM16A current is enhanced in a heterologous system during loss-of- NPC1 function, 

in this chapter the physiological relevance of the regulation of the channel by NPC1 is studied 

with emphasis in VSMCs where TMEM16A and NPC1 are abundantly expressed. Specifically, 

the work presented in this chapter aimed to: (i) assess the magnitude of the whole-cell CaCC 

current in freshly VSMCs isolated from Npc1-/- mice and WT; (ii) study the contractile response 

of the aorta and mesenteric arteries (Npc1-/- and WT) to the NA analogue PE using wire 

myography and (iii) image cerebral cortical pericytes in isolated brain slices obtained from 

Npc1-/- and WT mice either during agonist stimulation or during ischaemic challenge (oxygen 

glucose deprivation conditions). Supported by the combined use of selective inhibitors of the 

TMEM16A channel and ionic substitution experiments, the data presented in this chapter 

demonstrate that Npc1 deletion results in enhanced CaCC current in contractile vascular cells 

and hypersensitivity of these cells to contractile agonists.  
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5.1.1  TMEM16A current is enhanced in vascular smooth muscle 
cells isolated from Npc1-/- mice  

 

There is no published report of the electrophysiological properties of VSMCs when NPC1 is 

not functional. This investigation is described in this chapter and began by examining the 

properties of TMEM16A-mediated CaCC currents in VSMCs. These cells were obtained from 

thoracic aorta dissected from Npc1-/- mice and matching WT controls using the protocol 

described in Methods, Section 2.3.4. The electrophysiological properties of VSMCs were 

studied using the whole-cell patch-clamp technique. The currents were recorded in response 

to the “IV-CaCC” protocol (Methods 2.5.4.2) from a holding Vm of 0 mV. In these experiments, 

[Ca2+]i was buffered to 600 nM to enhance the endogenous CaCC current. Figure 5.1.1 shows 

that in cells that lack the Npc1 gene, the CaCC current is significantly elevated at all Vm tested. 

This was with the exception of the current measured in response to the pulse to 0 mV because 

at this voltage the currents are very small given the vicinity of this Vm to the ECl (~1 mV) in our 

recording conditions. For example, the CaCC current increased by ~2 fold (at +100 mV) from 

18.6±2.8 pA/pF (n=24, N=10) in WT VSMCs to 37.5±5.9 pA/pF (n=22, N=9) in Npc1-/- VSMCs 

(p=0.005) (Figure 5.1.1). This activation of CaCC current is comparable to the activation 

observed for the heterologous TMEM16A current Chapter 4 (Figure 4.1.2).  

Our Cs-based intracellular solution (Methods, 2.5.5) enables selective recording of Cl- currents 

in VSMCs. To assess what fraction of the total Cl- current recorded is mediated by TMEM16A, 

whole-cell Cl- were also recorded in the presence of Ani9, a specific TMEM16A blocker (Seo, 

Lee et al. 2016). Figure 5.1.1 shows that in the presence of Ani9 (3 M), the CaCC current 

recorded in VSMCs obtained from either WT or Npc1-/- mice was significantly reduced and 

reached comparable level at all Vm tested. For example, at +100 mV the whole cell current 

was 7.2±2.7 pA/pF (n=3, N=3) and 7.0±2.0 pA/pF (n=3, N=3) (p=0.95) for WT and Npc1-/- in 

VSMCs, respectively. 
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Given the fact that aortic VSMCs have high input resistance of >1 GΩ (Worley, Deitmer et al. 

1986), a ~ 6 pA increase due to NPC1 inhibition has the potential to produce significant 

membrane depolarisation (estimated ~ 6 mV) which is sufficient to reach the activation 

threshold for Cav channel and thus trigger [Ca2+]e influx and VSMCs contraction (Akaike, 

Kanaide et al. 1989, Aaronson and Smirnov 1996, Rorsman, Ta et al. 2018).  

 

Figure 5.1.1 TMEM16A currents in VSMCs. 

(A) Whole-cell currents recorded from VSMCs isolated from WT or Npc1-/- thoracic aortas in 

the presence (ii) or absence of Ani (3 M).VSCMs were dialysed with 600 nM [Ca2+]i. Voltage 

protocol “IV-CaCC” is described in the Methods (Section 2.5.4.2); (B) Mean activating  
whole-cell current versus Vm relationships measured at the end of the 1 s voltage pulse from 
- 100 to + 100 mV in 20 mV increments in WT (n=22, N=9) or Npc1-/- (n=24, N=10) VSMCs 

and in WT (n=3, N=3) or Npc1-/- (n=3, N=3) SMCs in the presence of Ani9 (3 M). * indicates 

p≤0.05, unpaired t-test. 
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5.2  TMEM16A modulation by NPC1 impacts arterial function 

Experiments in the previous section demonstrated the contribution of the TMEM16A channel 

in the increase of CaCC currents observed in VSMCs isolated from Npc1-/- mice compared to 

WT.  Since isolated VSMCs from Npc1-/- mice show an increase of 2 fold at resting Vm, we 

hypothesised that Npc1-/- aortic vessels are more sensitive to GqPCRs activation which leads 

to TMEM16A activation, VSMCs depolarisation and contraction. Therefore, this section aimed 

to study the agonist-induced contractile properties of native Npc1-/- vessels.  

 

5.2.1  PE-mediated vessel contraction is increased in the 

vasculature of Npc1-/- mice 

 

To study the role of TMEM16A in arterial contraction, I performed experiments on isolated  

aorta and mesenteric arteries for the following reasons: (i) these arteries express functional 

TMEM16A channel (Figure 5.1.1) (Davis, Forrest et al. 2010, Heinze, Seniuk et al. 2014, Cil, 

Chen et al. 2021); (ii) the comparative analysis enables the investigation of the importance of 

TMEM16A in both a large conduit artery (aorta) and smaller resistance arteries (mesenteric 

arteries).   

 

Isolated artery rings from WT or Npc1-/- mice were exposed to increasing [PE] during isometric 

tension recording via a wire myograph (Methods 2.6). An increase in the vessel tension above 

baseline was observed as [PE] was raised to 0.03 μM [PE]. The PE-induce tension reached 

a maximal level at 10 μM [PE]. The tension measured in the presence of each [PE] was 

normalised to the tension evoked by KCl (50 mM).  

 

The normalised tension was plotted versus [PE] and the relationship fitted using the Hill 

Equation (Eq. 13). The fitted curve revealed that in aortic rings isolated from Npc1-/- mice, the 

plateau obtained from each [PE] was significantly increased compared to WT mice (Figure 
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5.2.1) as shown in Table 22. Similarly, for isolated mesenteric rings from Npc1-/- mice, the 

plateau was significantly higher for [PE] in the concentration range between 1 and 10 μM 

(Figure 5.2.1). For aortic rings, there was a shift on the EC50 calculated by the fit of the [PE]-

response curves from 0.15 ± 0.01 μM in WT to 0.07 ± 0.08 μM in Npc1-/- mice (Table 22). For 

mesenteric rings, the shift in EC50 was even more pronounced giving a value of 1.49 ± 0.13 

μM in WT and of 0.55 ± 0.03 μM in Npc1-/- mice (Table 23). For both aortas and mesenteric 

arteries, an increase in the maximal tension was also observed (Table 22-23).  
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Figure 5.2.1 PE-induced contraction in isolated aortic rings and mesenteric arteries from 
Npc1-/- mice 

(A) i) PE-induced isometric tension in aortic rings isolated from WT and Npc1-/- mice; ii) 

mean tension versus [PE] relationship of aortic rings isolated from WT (n=18, N=9) and 

Npc1-/- (n=18, N=9) mice. (B) i) PE-induced isometric tension in mesenteric arteries isolated 

from WT and Npc1-/- mice; ii) mean tension versus [PE] relationship of mesenteric arteries 

isolated from WT (n=4, N=4) and Npc1-/- (n=5, N=5) mice. Dotted line represents baseline 

tension. * indicates p≤0.05, unpaired t-test. 
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Aortas EC50 (M) max h N 

WT 0.15 ± 0.01 * 1.45 ± 0.02 * 1.16 ± 0.08  9 

Npc1-/- 0.07 ± 0.08 * 1.88 ± 0.03 * 1.07 ± 0.0  9 

 

Table 22  Hill-fit parameters (EC50, max and h) (Eq. 13) for aortic rings. 

Tension versus [PE] relationships obtained in aortic rings isolated from WT or Npc1-/- mice. 
* indicates p≤0.05, unpaired t-test. 
 

Mesenteric 

arteries 

EC50 (M) max h N 

WT 1.49 ± 0.13 * 1.56 ± 0.04 * 1.03 ± 0.05 4 

Npc1-/- 0.55 ± 0.03 * 2.12 ± 0.04 * 0.92 ± 0.03 5 

 

Table 23  Hill-fit parameters (EC50, max and h) (Eq. 13) for mesenteric rings. 

Tension versus [PE] relationships obtained in mesenteric rings isolated from WT or Npc1 -/- 

mice. * indicates p≤0.05, unpaired t-test. 
 

To examine whether the enhanced contractility to PE observed in Npc1-/- mice relies on 

enhanced TMEM16A currents, the response of WT and Npc1-/- rings to an increase in [K+]e 

was studied. It was argued that a rise in [K+]e will cause a depolarising shift in the Vm thus 

bypassing the depolarisation provided by TMEM16A (Heinze, Seniuk et al. 2014). It was 

anticipated that no change would therefore be observed in the response to high [K+]e in WT 

and Npc1-/- rings. 

 

To achieve this, aortic rings were constricted by raising [K+]e to depolarise the membrane to a 

more positive equilibrium potential than the ECl (Casteels, Kitamura et al. 1977, Rorsman, Ta 

et al. 2018). Under these conditions, L-type Cav are activated resulting in an increase of [Ca2+]i 

and thus, contraction. I was able to study the contractility properties of aortic rings independent 

from the contribution of Cl- channels by replacing [Cl-]E with K-MES. This is because MES is 

not permeable to Cl- channels. Therefore, I was able to study if the increased aortic constriction 

observed in Npc1-/- mice was dependent on Cl- channels. WT or Npc1-/- aortic rings were 
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exposed to increasing concentration of [K+]e (1, 10, 30, 70, 100 mM).  There was no difference 

between the tension induced by the increasing doses of KCl in WT and Npc1-/- mice (Figure 

5.2.2, Table 24).  

 

 

Figure 5.2.2 Structural properties of isolated aortic rings from Npc1-/- mice 

(A) i) Isometric tension recordings obtained from WT and Npc1 -/- aortic rings in response to 
increasing doses of K-MES; ii) Mean tension in response to KCl for aortic rings obtained from 
WT (n=6, N=6) and Npc1-/- mice (n=5, N=5) mice. Unpaired t-test. 
 

Aortas EC50 (M) max h N 

WT 16.48 ± 1.07 1.36 ± 0.04 1.67 ± 0.16 5 

Npc1-/- 18.95 ± 2.04 1.32 ± 0.06 1.88 ± 0.03 5 

 

Table 24  Hill-fit parameters (EC50, max and h) (Eq. 13) for aortic rings. 

Tension versus [K+]e relationships obtained in aortic rings isolated from WT or Npc1-/- mice. 

Unpaired t-test.  
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It was argued that histological changes in the arteries might have occurred as a result of Npc1 

deletion. Histological change could potentially affect smooth muscle force of contraction 

and/or affect vessel compliance. To assess the vessel compliance, I studied the response of 

aortic and mesenteric rings to stretch. Rings were mounted on the wire myograph and 

gradually stretched by increasing the distance between the myograph jaws in increments of 

100 μm for aortic rings and 50 μm for mesenteric rings (Figure 5.2.3). No difference in vessel 

compliance in response to stretch was observed in either types of arteries between WT and 

Npc1-/- mice. 

 

Figure 5.2.3 Structural properties of isolated aortic rings and mesenteric arteries from 
Npc1-/- mice 

(A) Mean tension in isometric tension in response to increasing stretch for aortic rings 
isolated from WT and Npc1-/- mice (n=18, N=9); (B) Change in isometric tension in response 
to increasing stretch for mesenteric arteries isolated from WT and Npc1 -/- mice (n=18, N=9); 
Unpaired t-test. 
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5.2.2  βCD treatment of Npc1-/- mice restores enhanced PE-

mediated vessel contraction  

 

Based on the premise that i) βCD is used to reduce lipid accumulation in NPC disease (Liu 

2012, Tanaka, Yamada et al. 2015, Hastings, Vieira et al. 2019) and ii) treatment with βCD 

reduced the enhanced activity of TMEM16A heterologous systems (Chapter 4, section 4.1.3), 

the effect of βCD on the PE-induced contraction of aortic rings isolated from Npc1-/- mice was 

investigated. Npc1-/- mice were treated with βCD (4 g/kg/week) via intravenous injection for the 

five weeks preceding the experiment. Aortic ring obtained from Npc1-/- treated with βCD were 

mounted of a wire myograph to study their sensitivity to PE during isometric tension 

recordings. An increase in the vessel tension was observed from 0.03 M [PE] and reached 

a maximal level at 10 M [PE]. However, there was no difference in the [PE]-evoked tension 

between WT mice and Npc1-/- mice treated for 5 weeks with βCD. For example, in response 

to 1 M of PE, the isometric tension was 1.25 ± 0.12 mN and 1.24 ± 0.11 mN in WT and βCD-

treated Npc1-/- mice, respectively (p>0.05) (Figure 5.2.4). Treatment with βCD did not change 

the EC50, calculated by the Hill fit (Eq. 13) of the [PE]-response curves between WT and Npc1-

/- aortic rings. Upon βCD treatment, for WT aortic rings the EC50 was 0.04 ± 0.00 M and 0.16 

± 0.00 M for Npc1-/- (Table 25). These data indicate that βCD treatment is rescuing the 

increased aortic contractility observed for untreated Npc1-/- mice in response to PE and mirror 

the reduction in heterologous TMEM16A current that follows βCD treatment (Chapter 4, Figure 

4.1.5).  
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Figure 5.2.4  PE-induced contraction in aortic rings from Npc1-/- mice treated with βCD 

(A) Mean tension versus [PE] relationship of aortic rings isolated from Npc1 -/- mice treated 
with βCD. Dotted lines represent WT and Npc1-/- aortic rings from figure 5.3.  

 

 

Table 25 Hill-fit parameters (EC50, max and h) (Eq.13) for aortic rings in mice treated with 

CD. 

Tension versus [PE] relationships obtained in aortic rings isolated from WT or Npc1 -/- mice 
treated with βCD (4 g/kg/week) for 5 weeks. Unpaired t-test.  
  

 

 

 

 

 

 

 

 

 

CD  EC50 (M) max h N 

WT 0.04 ± 0.00 1.49 ± 0.02 1.02 ± 0.08 3 

Npc1-/- 0.16 ± 0.02 1.48 ± 0.04 0.95 ± 0.09 5 
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5.2.3  Blocking TMEM16A reduces contractility of Npc1-/- aortas 

 

To examine the role of TMEM16A in PE-induced contraction in WT and Npc1-/- mice, I inhibited 

TMEM16A with the specific inhibitors Ani9 (Seo, Lee et al. 2016) and TMinh-23 (Cil, Chen et 

al. 2021) during wire myography. Aortic rings isolated from WT or Npc1-/- mice were mounted 

on a wire myograph and incubated for 30 minutes with Ani9 (3 μM) or TMinh-23 (3 μM) before 

exposure to various [PE]. In the presence of Ani9 or TMinh-23, there was no change between 

the PE-induced contraction of aortic rings isolated from WT or Npc1-/- mice (Figure 5.2.5).  In 

the presence of Ani9, the EC50 was 0.21 ± 0.02 in WT and 0.19 ± 0.02 in Npc1-/- aortic rings 

(Table 26). Incubation of aortic rings with TMinh-23 reduced the EC50 to 0.11 ± 0.0 in WT and 

0.09 ± 0.0 for Npc1-/- (Table 26-27). The maximal response to 10 M PE (max) was 0.97 ± 

0.02 in WT and 0.92 ± 0.02 for Npc1-/- aortic rings in the presence of Ani9, while 1.16 ± 0.03 

and 1.10 ± 0.01 in the presence of TMinh-23, respectively (Table 26-27).  
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Figure 5.2.5 PE-induced contraction in Npc1-/- isolated aortic rings in the presence of the 
TMEM16A inhibitors Ani9 or TMinh-23. 

(A) Mean tension versus [PE] relationship of aortic rings isolated from WT (n=9, N=9) and 

Npc1-/- (n=9, N=9) mice in the presence of Ani9 (3 M). (B) Mean tension versus [PE] 

relationship of aortic rings isolated from WT (n=4, N=4) and Npc1-/- (n=4, N=4) mice in the 

presence of TMinh-23 (3 M). p>0.05, unpaired t-test. 

 

 

Table 26 Hill-fit parameters (EC50, max and h) (Eq.13) for aortic rings in the presence of the 
TMEM16A inhibitor Ani9. 

Tension versus [PE] relationships obtained in aortic rings isolated from WT or Npc1 -/- mice. 

Rings were incubated with Ani9 (3 M) for 30 minutes before incremental additions of [PE]. 

Unpaired t-test.  
 
 
 
 

Ani9 (3 M) EC50 (M) max h N 

WT 0.21 ± 0.02 0.97 ± 0.02 0.98± 0.07 9 

Npc1-/- 0.19 ± 0.02 0.92 ± 0.02 0.88± 0.07 9 



177 
 

 

 

Table 27 Hill-fit parameters (EC50, max and h) (Eq.13) for aortic rings in the presence of the 
TMEM16A inhibitor TMinh-23. 

Tension versus [PE] relationships obtained in aortic rings isolated from WT or Npc1 -/- mice. 

Rings were incubated with TMinh-23 (3 M) for 30 minutes before incremental additions of 
[PE]. Unpaired t-test. 
 
 

5.2.4  Aortas isolated from Npc1-/- mice are more sensitive to 

changes in extracellular chloride 

 

The experiments described above implicate TMEM16A in the enhanced PE-induced 

contractility in Npc1-/- mice. To test this proposition further, I performed myography 

experiments under conditions of altered [Cl-]E. The rationale was that altering [Cl-]E would 

induce a shift in transmembrane Cl- hence increasing the magnitude of the outward Cl- 

currents to depolarise Vm and induce muscle contraction. Thus, I examined the effect of 

lowering [Cl-]e in aortic rings stimulated by PE with the expectation that this will cause a 

depolarising shift in ECl. If TMEM16A plays a primary role in the enhanced contraction 

observed in Npc1-/- mice, we anticipated that lowering [Cl-]e would have more of an effect on 

the tone of aortic rings isolated from Npc1-/- mice than WT. 

 

PE (0.03 μM) was used for Npc1-/- aortic rings in order to elicit the same amount of vessel 

constriction to WT. Contraction of the aortic rings in low [Cl-]e were normalised to the 

contraction recorded in normal [Cl-]e. Low [Cl-]e strongly enhanced contraction of aortic rings 

in Npc1-/- compared to WT, indicating a role for Cl- channels in this response. Isometric tension 

recordings in low [Cl-]e showed that at an agonist concentration of 0.03 μM PE, normalised 

aortic tension increased of ~1.5 fold from 2.1±0.2 in WT (n=10) to 3.14±0.4 in Npc1-/- (n=10) 

TMinh-23 (3 M) EC50 (M) max h N 

WT 0.11 ± 0.0 1.16 ± 0.03 1.47 ± 0.2 4 

Npc1-/- 0.09 ± 0.0 1.10 ± 0.01 1.21 ± 0.08 4 
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(p=0.007) (Figure 5.2.6). These data further implicate TMEM16A in the enhanced PE-induced 

contractility in Npc1-/- mice.  

 

 

 Figure 5.2.6 Extracellular Cl- in PE-induced arterial contraction in Npc1-/- aortic rings 

(A) i) Isometric tension recordings recorded from aortic rings obtained from WT or Npc1-/- 
mice. PE and low [Cl-] were applied as indicated; ii) mean fold change in tension induced by 
low [Cl-], in aortic rings obtained from WT and Npc1-/- mice. * indicates p≤0.05, unpaired t-
test. 
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5.3  TMEM16A modulation on NPC1 affects capillary function   

5.3.1  Pericytes density is decreased in brain slices of Npc1-/- mice  

 

Pericytes play a pivotal role in the regulation of the microvasculature in the brain as described 

in Chapter 1. The Tammaro lab has shown that TMEM16A is highly expressed in cerebral 

cortical pericytes where it controls the agonist-induced contraction around the surrounding 

capillary (Korte, Ilkan et al. 2022). It is also known that NPC disease is characterised by 

vascular dementia resulting in neuronal cell death (Sévin, Lesca et al. 2007, Lin, Liu et al. 

2021). Thus, we investigated the pericytes density and distribution in brain slices of WT and 

Npc1-/- mice. Brain slices of 200 μm thickness were stained for pericytes using the primary 

antibody NG-2 (red) and capillaries were labelled with isolectin-4 (green) (Figure 5.3.1). 

Isolecting-4 (IB-4) binds α-D-galactose groups in the basement membrane of capillaries 

(Nelson, Sagare et al. 2020). NG-2 antibodies, binding to chondroitin sulfate proteoglycan, 

were used to stain positive pericytes processes (Mishra, O'Farrell et al. 2014). Pericytes were 

identified by the presence of i) NG-2 red staining, ii) IB-4 staining of the basement membrane 

of capillaries and iii) by their specific bump-on-a-log morphology with thin processes (Mishra, 

O'Farrell et al. 2014, Korte, Ilkan et al. 2022). I counted the number of pericytes in each cortical 

slice, measured the capillary length for each slice and expressed the number of pericytes for 

every 100 μm capillary of length. Figure 5.3.1 shows that the mean number of pericytes per 

100 μm capillary length reduced from 1.1±0.1 in WT (n=34, N=5) to 0.7±0.0 in Npc1-/- (n=27, 

N=5) mice (p=0.01). There was no difference in the density of capillaries between WT and 

Npc1-/- mice (Figure 5.3.1)  
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Figure 5.3.1 The distribution of pericytes in Npc1-/- mice microvasculature 

(A) i) Representative immunostaining of capillaries isolectin (green), pericytes NG-2 (red) 
and nuclei DAPI in (blue). Scale bar = 10 μm; ii) mean pericytes number per 100 μm capillary 
length in WT (n=34, N=5) and Npc1-/- mice (n=27, N=5). p≤0.05, unpaired t-test; iii) capillary 
density μm per 100 mm2 in WT (n=34, N=5) and Npc1-/- mice (n=27, N=5). Unpaired t-test. 
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5.3.2  TMEM16A modulation of NPC1 increases capillary 

contractility properties in Npc1-/- mice 

 

Based on the enhanced PE-induced contractility observed in Npc1-/- aortas and mesenteric 

arteries (Figure 5.2.1), we then asked if the contractility properties of brain capillaries in 

response to an agonist were also enhanced. Endothelin-1 (ET-1) was used as a powerful 

vasoconstrictor of capillaries to activate pericytes in WT and Npc1-/- freshly isolated cerebral 

slices (Nortley, Korte et al. 2019, Korte, Ilkan et al. 2022). The diameter of a capillary was 

measured, next to the corresponding soma of a pericyte (indicated by the red arrows in Figure 

5.3.2), before (baseline) and during perfusion with 10 nM ET-1 for 35 minutes. In response to 

ET-1 perfusion capillaries from Npc1-/- constricted significantly more than capillaries from WT 

mice. Their diameter reduced by ~80% in cortical capillaries of Npc1-/- and by ~50% in WT 

mice. This data indicates that the capillaries found in Npc1-/- brain microvasculature show 

enhanced agonist-induced contractility compared to WT. 
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Figure 5.3.2 Capillary constriction in response to endothelin-1 in Npc1-/- brain 
microvasculature 

(A) i) Representative bright field images of cerebral capillaries from WT and Npc1 -/- mouse 

brain slices before and after ET-1 (10 nm) exposure. Red arrow heads indicate pericytes 

and yellow lines show capillary diameter. Scale bar = 10 m; ii) average capillary diameter 

change in WT (N=7) and Npc1-/- (N=7) mice in response to ET-1 perfusion.  
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5.3.3   TMEM16A modulation of NPC1 increases pericytes cell 

death in Npc1-/- mice 

 

As described in the Introduction, pericytes play a crucial role in regulating capillary function in 

physiology and pathophysiology (Hall, Reynell et al. 2014). For example, during ischaemia, 

low [ATP]i can block the ATP-dependent Ca2+ pumps and thus raise [Ca2+]i. We expected that 

this process may activate TMEM16A as recently published by our lab (Korte, Ilkan et al. 2022). 

Moreover, in accordance with the enhanced TMEM16A activity found in Npc1-/- native tissues, 

we also expected that TMEM16A activation during ischaemia may be even more pronounced 

in Npc1-/- mice. OGD was used to induce brain damage in freshly isolated cortical slices from 

WT and Npc1-/- mice (Tasca, Dal-Cim et al. 2015, Ryou and Mallet 2018). Isolectin-4 was used 

to label the blood vessels while propidium iodide was used to stain dead cells (Hall, Reynell 

et al. 2014). When cerebral slices were incubated with the aCFS, there was minimal pericyte 

cell death which was unchanged in WT and in Npc1-/- mice. In contrast, in OGD conditions, 

there was ~70% pericytes cell death in Npc1-/- mice and ~40% in WT mice (Figure 5.3.3). The 

TMEM16A specific inhibitor Ani9 reduced pericytes death to the same level in WT and Npc1-

/- mice. These data indicates that in Npc1-/- brain microvasculature, TMEM16A might mediate 

the enhanced OGD-induced pericyte death.  
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Figure 5.3.3 Pericytes cell death in Npc1-/- brain microvasculature. 

(A) i) Representative images from WT and Npc1-/- mouse brain slices where green indicates 

isolectin-1 (capillaries) and red propidium iodide (dead cells). Scale bar = 30 m; ii) average 

percentage pericyte death in WT (N=4) and Npc1-/- (N=4) brain slices under baseline 

(ACSF), and ischaemia (OGD) conditions with and without Ani9 (2 M).  
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5.4  Discussion 

This chapter has outlined that Npc1-/- mice have enhanced TMEM16A currents in isolated 

VSMCs and that this results in enhanced agonist-induced contractility in the vasculature 

compared to WT mice, including large conduit (aorta), resistance (mesenteric) arteries, and 

microvasculature (cerebral cortical capillaries). Furthermore, cortical pericytes density was 

reduced in Npc1-/- mice and the extent of cell death in response to OGD was enhanced in 

Npc1-/- mice. Pharmacological inhibition of the TMEM16A channel could rescue the vascular 

phenotype in ex vivo studies. These data provide insights into the mechanisms underlying 

vascular alterations in NPC disease. 

 

5.4.1  Electrophysiological properties of native Npc1-/- smooth 

muscle cells 

 

Experiment involving heterologous TMEM16A expression demonstrated that TMEM16A 

current is enhanced during NPC1 inhibition. We therefore studied the effect of Npc1 genetic 

deletion on currents of VSMCs isolated from the aorta of 8 weeks-old Npc1-/- mice. TMEM16A 

current was found to be increased by ∽2 fold at +100 mV and by ∽1 fold at -100 mV and -80 

mV. However, this increment in current is lower than seen in heterologous systems. This 

difference could be due to auxiliary units present in native currents that are not found in cloned 

channels. For example, association between the L-type CaV1.4 and TMEM16A in 

physiological conditions makes TMEM16A susceptible to changes in Ca2+ channels (Caputo, 

Piano et al. 2015). In heterologous system, 300 nM [Ca2+]i was used while in VSMCs, while 

600 nM [Ca2+]i was used to enhance opening of native TMEM16A channels. Overall, this data 

is showing the TMEM16A current is enhanced during NPC1 inhibition not only in heterologous 

system, but also in cells isolated from symptomatic Npc1-/- mice. In fact, from the 8th week of 

age, Npc1-/- mice have been described to mimic visceral and neuronal human NPC1 disease 

phenotype (Santiago-Mujica, Flunkert et al. 2019) .  
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5.4.2  Agonist-mediated contractility in Npc1-/- mice  

 

As described in Chapter 1, TMEM16A is highly expressed and functional in the aorta and in 

mesenteric arteries (Furness 2017). Some studies have shown that NPC disease is 

associated with cardiovascular disease as altered levels of cholesterol can lead to forms of 

atherosclerosis, myocardial infarction and stroke (Podechard, Le Ferrec et al. 2009, Ma, Xu 

et al. 2010, Afzali, Nakhaee et al. 2013, Afzali, Hashemi et al. 2017, Jeong, Bae et al. 2019). 

Moreover, it is known that in NPC disease, altered lipid homeostasis leads to severe 

accumulation of foam cells deriving from macrophages and VSMCs that form lipid-laded 

deposits on blood vessel walls (Podechard, Le Ferrec et al. 2009, Koga and Aikawa 2012). 

Despite the report of cardiovascular disease in some NPC patients, there is limited 

understanding of the underlying mechanism. In this chapter, the response of the aorta and 

mesenteric artery to PE was studied in WT and Npc1-/- mice. The response to PE was 

increased of ∽2 fold in aortas and mesenteric arteries of Npc1-/- compared to WT mice (Figure 

5.2.1). PE was used as a synthetic analogue of NA which leads VSMCs contraction by the 

stimulation of the α1 GqPCR as outlined in Chapter 1. The enhanced response to PE in vessels 

isolated from Npc1-/- mice is in accordance with the increased TMEM16A currents recorded in 

the heterologous system when TMEM16A was co-expressed with the α1 adrenergic receptor 

and stimulated with PE during NPC1 inhibition in Chapter 4.  

 

I also tested if the isolated vessels from Npc1-/- mice had a different response to contraction 

induced by a change in [K+]e. Thus, KCl was used as a depolarising agent to reduce the 

electrochemical gradient for K+ in order to induce contraction by membrane depolarisation. 

There was no difference in the KCl-induced contraction in both aortic and mesenteric rings 

isolated from Npc1-/- or WT mice. Since the extent of contraction and sensitivity in isolated 

vessels depends on the stretch applied to the vessel, we also compared the tension generated 

to a change in stretch in Npc1-/- or WT mice. There was no difference in the tension induced 

by stretch in aortic and mesenteric rings isolated from Npc1-/- or WT mice. This data suggests 
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that the enhanced PE-contractility observed in Npc1-/- native tissues is dependent on the 

contribution to the agonist-induced contraction rather than to the response to stretch or 

membrane depolarisation.  

 

Several studies have shown that βCD-treatment reduces accumulation of cholesterol and 

other lipids in NPC disease (Liu 2012, Jeong, Bae et al. 2019). Here we found that the 

enhanced PE-induced contractility in Npc1-/- mice was reduced to WT levels in Npc1-/- mice 

treated intravenously with βCD for 5 weeks. βCD is reported to have low penetration of the 

blood brain barrier (Liu et al 2009) and is administered systemically to target major organs or 

injected in the cerebrospinal fluid (Davidson, Ali et al. 2009, Coisne, Hallier-Vanuxeem et al. 

2016, Pallottini and Pfrieger 2020). This data indicates that βCD might be a suitable compound 

to reduce the increased agonist-mediated contractility in Npc1-/- mice. 

 

5.4.3  TMEM16A modulates agonist-mediated contractility in Npc1-

/- mice 

 

In order to study if the enhanced agonist-mediated contractility in Npc1-/- mice is regulated by 

TMEM16A we studied the TMEM16A current properties in VSMCs, as well as the agonist-

induced contraction of aortas and mesenteric arteries.  

 

TMEM16A current was increased in Npc1-/- VSMCs, aortas and mesenteric arteries. The 

specific TMEM16A inhibitors Ani9 and TMinh-23 were used as a pharmacological tool to block 

TMEM16A activity in native tissues (Seo, Lee et al. 2016, Centeio, Cabrita et al. 2020, Cil, 

Chen et al. 2021). Incubation with TMEM16A inhibitors reduced PE-induced contraction in 

aortic and mesenteric Npc1-/- arteries to the same levels recorded from WT mice.  

Systolic hypertension is a vascular problem associated with NPC1 disease but the underlying 

mechanisms are not well understood (Afzali, Nakhaee et al. 2013, Afzali, Hashemi et al. 2017). 

TMEM16A has been proposed as a determinant of systemic blood pressure (Heinze, Seniuk 
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et al. 2014, Askew Page, Dalsgaard et al. 2019). For example, several studies showed an 

increase in TMEM16A current in both conduit and resistance arteries of spontaneous 

hypertensive rats (Wang, Li et al. 2015, Askew Page, Dalsgaard et al. 2019). Systolic blood 

pressure (SBP) is influenced by factors such as ejection fraction, arterial compliance and the 

timing of wave reflection (Herring 2018). An increased vascular reactivity, such as that 

observed in isolated Npc1-/- aortic rings, may lead to increased pulse wave velocity, and 

consequently higher SBP.  

 

In this chapter I also showed that mesenteric arteries, which are known to significantly 

contribute to peripheral resistance (Levy, Ambrosio et al. 2001), have increased agonist-

induced contraction Npc1-/- mice. Even though blood pressure abnormalities were thought to 

originate from altered kidney function for more than four decades, several studies have more 

recently showed that primary abnormalities in the vasculature can also directly cause 

abnormalities of blood pressure (Mendelsohn 2005, Davis, Shi et al. 2013, Seo, Lee et al. 

2016, Cil, Chen et al. 2021). Hence, the enhanced activity in aortas of Npc1-/- mice could 

explain the hypertension observed in some NPC disease patients (Afzali, Nakhaee et al. 2013, 

Afzali, Hashemi et al. 2017). 

5.5  TMEM16A modulation on NPC1 regulates brain capillaries 

function in Npc1-/- mice 

Within the brain, TMEM16A is functionally expressed in the microvasculature, specifically in 

cerebral pericytes and VSMCs surrounding arterioles and capillaries (Vanlandewijck, He et al. 

2018, Zeisel, Hochgerner et al. 2018). Therefore, we examined if the enhanced vessel 

contractility in Npc1-/- mice could also occur in the brain. We investigated the properties and 

function of pericytes in the prefrontal cortex, where pericytes are highly abundant (Persidsky, 

Hill et al. 2016). We show that the density of pericytes per 100 μm of capillaries was 

significantly reduced in Npc1-/- mice compared to WT mice. This data indicates that altered 
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properties of blood vessel contractility in Npc1-/- mice can be related to structural changes of 

pericytes density in the brain. Pericytes density reduction and degeneration was shown to be 

associated with Alzheimer disease and vascular dementia in the literature (Sagare, Bell et al. 

2013, Halliday, Rege et al. 2016, Miners, Schulz et al. 2018). Moreover, some studies indicate 

that NPC disease shares similar pathophysiology, such as failure in cholesterol and endo-

lysosomal trafficking, with Alzheimer disease where cerebrovascular dysfunction is 

responsible for neuronal cell death (Nixon, Wegiel et al. 2005, Roher, Debbins et al. 2012, 

Cruz Hernández, Bracko et al. 2019). Therefore, the reduction of pericytes density observed 

in Npc1-/- cerebral slices (Figure 5.3.1), might be a significant contributing factor to the 

neurodegeneration observed in NPC disease.   

 

We also showed that pericyte function is enhanced in Npc1-/- cerebral slices leading to an 

increase in agonist-induced constriction. It is known that increased contractility of pericytes in 

the brain can lead to neurovascular uncoupling and reduced blood flow (Larivière, Thibault et 

al. 1993, Hibbs, Love et al. 2021). Thus, we hypothesised that the increased contractility in 

Npc1-/- cerebral slices might result in increased pericytes death during pathophysiology. OGD 

was used to induce artificial ischaemia in brain slices of Npc1-/- and WT mice. We observed a 

significant increase in pericytes cell death in Npc1-/- mice compared to WT which was rescued 

by incubation with the TMEM16A inhibitor Ani9. These results implicate TMEM16A in the 

impaired pericyte-mediated capillary contractility observed in Npc1-/- mice. This is very 

important in the regulation of brain function as impaired pericyte activity can lead to pericytes 

dying in rigor around capillaries reducing blood flow to the brain and thus affecting 

neurovascular coupling as described in the Introduction (Section 1.10.2).  

5.6  Conclusions 

The data presented in this chapter suggest that TMEM16A plays an important role in 

regulating the enhanced agonist-induced contractility in aortas, mesenteric arteries and brain 
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capillaries of Npc1-/- mice. In freshly isolated VSMCs from Npc1-/- aortas, the CaCC current 

recorded from patch-clamping experiments, was significantly increased compared to VSMCs 

isolated from WT mice. Moreover, treating Npc1-/- VSMCs with the TMEM16A-inhibitor Ani9 

prevented this activation. On a tissue level, aortic and mesenteric blood vessels showed 

enhanced agonist-induced contractility in Npc1-/- mice. This regulation is dependent on Cl-

channels, as i) depolarising the membrane with high [K+]e did not alter contractility in Npc1-/- 

mice from WT and ii)  lowering [Cl-]e to activate Cl- channel exacerbated the enhanced agonist-

induced contractility in Npc1-/- mice. The Cl- channel TMEM16A plays an important role in this 

mechanism, as blocking the channel with the specific inhibitors Ani9 or TMinh-23 reduced 

enhanced agonist-induced contractility in Npc1-/- mice to WT levels. Moreover, the data 

illustrated in this chapter also suggests that blood vessel contractility properties are also 

affected in Npc1-/- brain, where the contractility of capillaries is tightly regulated by pericytes 

expressing TMEM16A. Pericytes distribution was reduced in Npc1-/- brain while the agonist-

mediated capillary constriction was increased. During artificial ischaemic conditions, more 

pericytes cell death was observed in Npc1-/- and this could be rescued by application of Ani9. 

We therefore propose that TMEM16A activity could be targeted in NPC disease 

pathophysiology.  
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Chapter 6  
 

Concluding Remarks 
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Concluding remarks  
 

The overall objectives of this thesis were (i) to examine the possibility that TMEM16A channel 

senses and responds to change in plasmalemmal lipid composition determined by the 

lysosome, (ii) to define the role of the NPC1 protein in these effects and (iii) to advance our 

understating of the pharmacology of the TMEM16A channel with the view of correcting 

alterations in channel function in disease of altered lipid homeostasis. This work of thesis 

reveals a previously unanticipated mechanism of control of the TMEM16A channel by the 

lysosome. The work also demonstrates that the TMEM16A channel current is enhanced during 

NPC1 inhibition. Physiologically, this increase results in enhanced arterial contractility in 

response to GqPCR agonists. This knowledge could help in the future to design new therapies 

for NPC and to study other lysosomal disorders where TMEM16A function might also be 

altered.  

 

The work of this thesis begun with a systematic characterisation of TMEM16A and its family 

members TMEM16A, TMEM16B, TMEM16F and TMEM16K, which are also expressed in 

VSMCs (Manoury, Tamuleviciute et al. 2010). This examination involved the analysis of the 

electrophysiological profile and cellular localisation of these channels. We discovered that 

TMEM16K, unlike the other TMEM16x family members which are plasma membrane resident 

channels, is an intracellular channel residing in the ER (Bushell, Pike et al. 2019). The effect 

of Ani9, a potent and selective TMEM16A blocker, was studied and reported to be selective 

over TMEM16B, in accordance with the literature (Seo, Lee et al. 2016). The ability of the 

novel small molecules AUT11813 and AUT11814 (designed and synthesised by Autifony 

Therapeutics), to inhibit TMEM16A current in heterologous system was studied. Since 

AUT11814 showed a more potent IC50 compared to AUT11813, is was then used as a tool to 

specifically block TMEM16A in isolated aortic rings in response to PE stimulation of the 1-

adrenergic receptors. This analysis demonstrated that both Ani9 and AUT11814 strongly 

inhibited mouse aortic rings constriction in response to PE treatment. In addition, since there 
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is limited knowledge of TMEM16A activators, the novel small molecule activator AUT11817, 

was used to gain further insights in the physiological role of vascular TMEM16A channels. It 

was found that AUT11817 strongly activated the response of rat aortic rings to PE.  

 

A key finding of the work presented in this thesis is the novel discovery that the TMEM16A 

channels are activated during inhibition of the lysosomal lipid transporter protein NPC1. 

TMEM16A has a strong sensitivity to a variety of lipids which has been characterised by 

several groups (Ta, Acheson et al. 2017, De Jesus-Perez, Cruz-Rangel et al. 2018) and its 

pore has regions directly exposed to the plasmalemmal lipids (Whitlock and Hartzell 2016). 

We combined this knowledge with the notion that NPC1 regulates the transport of lipids from 

the lysosome to several intracellular organelles and the plasma membrane (Lloyd-Evans and 

Platt 2010, Hoglinger, Burgoyne et al. 2019) and thus hypothesised that a cross-talk between 

TMEM16A and NPC1 may occur. We discovered that TMEM16A Cl- current is enhanced 

during NPC1 pharmacological inhibition or deletion of the Npc1 locus. We showed that CD, 

an investigational therapy for NPC1 disease, or genetic re-introduction of the Npc1 locus were 

able to rescue TMEM16A activation by NPC1 inhibition in heterologous systems. The effect 

of NPC1 inhibition was also studied in response to activation of TMEM16A via the 1-

adrenergic receptor. It was found that PE stimulated TMEM16A Cl- currents, that this activation 

was exacerbated during NPC1 inhibition and that it could be blocked by Ani9.  

 

We then worked towards the understanding of the mechanism involved in TMEM16A 

potentiation by NPC1. TMEM16A gating components were studied using stationary noise 

analysis and the TMEM16A mutants, I637A and Q645A, where the pore of the channel is 

locked in its open conformation. We discovered that NPC1 inhibition increased the TMEM16A 

open probability and did not alter the current density of TMEM16A gating mutants. Moreover, 

we demonstrated that PIP2 is required for TMEM16A activation by NPC1. This finding was 

cross-validated by a number of several independent experiments: (i) PIP2 plasmalemmal 
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depletion by DrVSP and (ii) the PIP2 scavenger neomycin prevented TMEM16A activation by 

NPC1, (iii) the PIP2 insensitive TMEM16A channel R482A was also insensitive to NPC1 

inhibition and (iv) the PLC inhibitor edelfosine induced TMEM16A activation to a similar extent 

to NPC1 inhibition. Using confocal microscopy, we discovered that plasmalemmal PIP2 is 

increased during NPC1 inhibition and CD can be used to rescue it. Our results indicate that 

TMEM16A is activated by NPC1 via an increase in the channel open probability which is based 

on increased PIP2 plasmalemmal levels.  

 

We also worked towards elucidating if the increased TMEM16A activity observed in 

heterologous system could be translated into native tissues. We observed that in VSMCs 

isolated from Npc1-/- mice, TMEM16A current was increased to a similar extent as in our 

heterologous system and could be rescued by treatment with Ani9. In addition, we studied the 

response of Npc1-/- mouse aortic and mesenteric rings to PE, and discovered that PE 

stimulation was increased in both vessel types. The increased aortic contractility found in 

Npc1-/- aortic rings could be prevented by (i) treatment with CD, incubation with the 

TMEM16A specific blockers (ii) Ani9 or (iii) TMinh-23. We discovered that the increased 

contractility in Npc1-/- tissues was also present in cortical brain capillaries in response to ET1. 

Moreover, it was found that Npc1-/- cortical brain slices have a deficit in pericytes distribution 

compared to WT mice. In addition, during oxygen-glucose deprivation conditions, pericytes 

death was increased in Npc1-/- cortical slices and this increase could be blocked by Ani9.  
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The work present in this thesis provides insights into the mechanisms underlying vascular 

impairments when NPC1 is not functional (Figure 6.1). This is in accordance with reports 

showing cardiovascular alterations in some NPC disease patients like narrowing and swelling 

of coronary arteries (Ishii, Takahashi et al. 2006, Afzali, Hashemi et al. 2017). Correcting 

vascular impairments in NPC disease could be particularly important at a cardiac level to 

improve narrowing of coronary arteries due to lipid accumulation and at a microvascular level 

in the brain where reduced blood flow can enhance neurodegeneration (Ishii, Takahashi et al. 

2006, Jeong, Bae et al. 2019).  

 

 

Figure 5.6.1 Proposed mechanism of TMEM16A activation and increased vascular 
contractility in a VSMC cell during NPC1 inhibition. 

Diagrammatic summary of the key results of the study presented in this thesis. The TMEM16A 
channel activity is enhanced during NPC1 inhibition in a VSMC. Activation of α1-adrenergic 
receptors GqPCRs by PE initiates the IP3 signalling pathways leading to Ca2+ release from the 
ER. The resulting activation of TMEM16A leads to Cl- efflux, membrane depolarisation, CaV 
channels activation, Ca2+ entry and contraction. TMEM16A activation during NPC1 inhibition 
is based on increased open channel probability due to augmented plasmalemmal PIP2 levels. 
TMEM16A activation can lead to increased vascular contractility in NPC disease models 
where NPC1 is not functional.  
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Future Directions  

 
The work presented above shows that the mechanism underlying TMEM16A activation during 

NPC1 inhibition relies on PIP2. Additional work would be required in order to elucidate this 

mechanism further: 

 

1) The molecular mechanism responsible for altered PIP2 levels during NPC1 inhibition is 

not fully defined. In this work, we have hypothesised that altered levels of cholesterol 

can affect intracellular PIP2 levels and distribution. In Chapter 4, I have speculated that 

PLC may be involved because PLC is normally activated by cholesterol and the 

reduced cholesterol on the plasma membrane during NPC1 inhibition as a result may 

reduce the activity of PLC, potentially leading to accumulation of PIP2.  It would be 

important to experimentally assess the level of plasmalemmal cholesterol in cells 

where NPC1 was pharmacologically inhibited or genetically deleted. Exogenous 

addition of cholesterol in these cellular models during path-clamp experiments could 

give information on how and if cholesterol is affecting TMEM16A current during NPC1 

impairment. However, cholesterol is a difficult lipid to dissolve due to its high 

hydrophobicity and some studies have applied cholesterol complexed to CD instead 

of direct application. An alternative approach could be to utilise siRNA for PLC isoforms 

to probe the role of PLC in cholesterol-mediated PIP2 accumulation in the cells systems 

used in this project.  

 

2) This work has shown that plasmalemmal PIP2 levels are increased during NPC1 

inhibition (Figure 4.3.6). However, I have also shown that upon 1 adrenergic 

activation with PE, PIP2 cleavage increases [Ca2+]i levels activating TMEM16A and that 

this activation is enhanced in cells where NPC1 was pharmacologically inhibited 

(Figure 4.1.6). Additional work would be required to confirm that higher PIP2 levels are 

responsible for the enhanced TMEM16A current in response to 1-adrenergic receptor 
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activation observed in cells where NPC1 is inhibited. This could be studied by co-

expressing TMEM16A, DrVSP and the 1-adrenergic receptor in the presence or 

absence of the NPC1 inhibitor. After activation of DrVSP to deplete PIP2 levels, 

followed by 1-adrenergic receptor activation, TMEM16A currents can be studied to 

understand the contribution of PIP2 during 1-adrenergic stimulation.  
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